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Background

Cardiac disease is a leading cause of morbidity and mortality throughout the world.
Strongly represented among these diseases is structural heart disease that disrupts
the normally highly organized 3-dimensional cardiac architecture as well as the
electrophysiological functioning of the main cardiac functional unit, the
cardiomyocyte (CMC). Adequate cardiac function relies on very tight regulation of
structural organization and electrophysiology and concomitantly, a significant
disruption of these parameters predisposes towards potentially lethal arrhythmias
that are a major cause of sudden death. Due to the lethality and burden of
arrhythmias, time, effort nor money have been spared to invent and improve
therapeutic strategies to prevent and treat cardiac arrhythmias. Anti-arrhythmic
drugs were among the first strategies to emerge and more recently, more
sophisticated anti-arrhythmic strategies have surfaced, such as implantable
defibrillators and radiofrequency catheter ablation. To an extent, these efforts
have been successful in reducing the incidence of arrhythmia-related sudden
cardiac death by focusing on symptomatic treatment, namely treatment for the
arrhythmia itself. However, the incomplete understanding of pro-arrhythmic
mechanisms and suboptimal anti-arrhythmic efficacy emphasize the necessity of
investigating the underlying disease process, pro-arrhythmic mechanisms and
substrate to be able to treat patients more adequately in the future. As cardiac
arrhythmias are highly complex phenomena, its components need to be dissected
and individually studied to increase our understanding of pro-arrhythmic
mechanisms and accordingly, develop novel, more effective anti-arrhythmic
strategies. To accomplish such a task, it is important to comprehend the basics of
cardio-electrophysiology.

Basics of Cardiac Electrophysiology

For adequate cardiac function, rhythmic contraction and forceful extrusion of blood
is achieved through careful structural organization of sequential contraction.?
Contraction of CMCs is accomplished by a process termed excitation-contraction
coupling, and the electrical cascades known as action potentials that are
responsible for initiating, coordinating and regulating this process therefore lie at
the core of cardiac function.?

The action potentials are in turn mediated by voltage-gated ion channels that allow
selective passage of their respective an- or cat-ionic currents across the cellular
membrane down their electrochemical gradient.® “The voltage difference across
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the cellular membrane is the key regulating element of the conductance of these
voltage-gated ion channels and is thereby the driving force of the cardiac action
potential. By subtle changes in the trans-membrane voltage, ion channel activation
and inactivation ports can rapidly change their confirmation, which alters
conductance of the ion channel and subsequently changes ionic currents and the
transmembrane voltage.” This in turn influences the conductance of other ion
channels and their respective ionic currents, giving rise to an electrical cascade
known as an action potential. To coordinate CMC contraction throughout the
entire heart, action potentials need to be propagated between CMCs through gap-
junctions.® These gap-junctions consist of hexameres of proteins called connexins
that form transmembrane hemichannels (connexons) that connect to connexons of
neighboring cells.”®

Such gap-junctions may consist of different subtypes of connexins, of which the
expression levels are tissue and site-specific to allow for specific modulation of
conduction. In mammalian hearts, ventricles mainly express Cx43 and Cx45,
whereas Cx40, Cx43 and Cx45 are mainly found in the atria and conduction
system.1% 1! Each of these subtypes has its own conductance for cat- or anions and
low-molecular weight compounds below 1kDa, and responds differently to
environmental changes which allows for complex biophysical behavior and
modulation of cardiac action potential propagation.'>!> CMCs are generally
connected by gap-junctions in a head-to-tail fashion at intercalated discs that
contain a high concentration of proteins involved in intercellular communications.
Although CMCs express very high levels of connexins, other cardiac cell types such
as fibroblasts also express connexins, albeit in lower quantities.'*> Gap-junctions
are essential in intercellular communication and apart from action potential
propagation, have been shown to be involved in regulation of other biological
processes, such as cellular differentiation and embryonic development.®'” To
overcome the high resistance posed by cellular membranes, gap-junctions form
low-resistance intercellular channels that allow passage of ions and small
molecules (<1 kDa). The resistance provided by the intercalated discs roughly
approximates that of the CMC cytosol.'® Due to rapid Na* influx during excitation,
intracellular [Na+] rises and may therefore pass to neighboring, unexcited CMCs
cells that are connected by gap-junctions. This passage of Na* ions can depolarize
the coupled unexcited CMC beyond the excitation threshold and evoke excitation
in this cell, thereby realizing action potential propagation.
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Through these gap-junctions, diffusion of ions occurs from the activated CMC, e.g.
the source, to a coupled, resting CMC, e.g. the sink. As long as the electrical charge
delivered by the source exceeds the charge required by the coupled CMC to
become excited, propagation will be successful or otherwise stated the safety
factor of conduction exceeds 1.2 For cellular excitability, its capacitance that is
mainly determined by cell size, its expression level of ion channels, their functional
states as well as the resting membrane potential are crucial determinants. Source-
sink mismatch that may cause the safety factor of conduction to fall below 1 at
which conduction fails may develop by a myriad of permutations of the above
mentioned factors that may exist in the source or sink cell. Without excitability of
sink-cells, passive electrotonic propagation is slow and does not reach beyond 300
um.2° It is therefore no surprise that sodium channel expression in CMCs is highest
near intercalated discs, to ensure that depolarization by Na* influx from an
adjacent, coupled cell is sensed and responded upon as quickly as possible to
maintain fast conduction.?! Furthermore, while gap-junctional coupling can be
reduced by 70% without affecting conduction velocity, even slightly reducing /na
slows conduction.'®?2 Beside the implications of a vast gap-junctional reserve, this
also emphasizes the importance of excitability in maintaining fast conduction that
in turn, is essential for proper sequential cardiac activation and contraction.
Inversely, it is well established that slow conduction is a feature that predisposes
towards heart rhythm disturbances known as arrhythmias.®1®

Arrhythmias

Cardiac electrophysiology is a complex phenomenon organized at the molecular,
cellular, 2- and 3-dimensional tissue level. Therefore, alterations at any of these
levels can disrupt cardiac electrophysiology and predispose towards arrhythmias.
Arrhythmias comprise a wide range of conditions, each of which confers a
disturbance of atrial or ventricular contraction rate. Although sinus bradycardia or
tachycardia are a cause of morbidity, the most dangerous are the tachyarrhythmias
that do not originate from the sinus node and exhibit exceptionally high activation
frequencies that preclude diastolic filling of the atria or ventricles, which thereby
may cause stroke, hemodynamic instability and sudden cardiac death. These
tachyarrhythmias can be based on multiple patterns of activation, being focal,
reentrant or fibrillatory.?3
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Focal tachyarrhythmias

Focal tachyarrhythmias are based on an ectopic focus or multiple foci that overrule
the sinoatrial node and dominantly activate the myocardium. Clinically, the life-
threatening “Torsade des Pointes” is a prime example of such an arrhythmia. A
proposed mechanism of these arrhythmias is based on early afterdepolarizations
(EADs). 2425

An EAD is reactivation of depolarizing force that may occur during phase 2 and
phase 3 repolarization of the action potential and represents a potentially
detrimental electrophysiological phenomenon.?*?> Phase-2 EADs are considered to
be based on reactivation of L-type calcium channels due to slow repolarization that
allows the channels to de-inactivate and subsequently reactivate as the membrane
voltage lingers within the so-called “window current”.?® If the criteria for a balance
between de-inactivation and activation are met, this can lead to perpetual
oscillations in membrane voltage and lead to a sustained focal tachyarrhythmia.
Phase-3 EADs depend on Navl.5-based mechanisms of reactivation and may play a
role in EADs that are evoked by structural heterogeneity.?” Since EADs typically
occur before full repolarization, excitability is not fully recovered and therefore
conduction is slowed. Moreover, apart from the decreased depolarizing force
supplied by an EAD compared to normal action potentials, the downstream
myocardium (sink) typically has not fully repolarized and therefore may be more
difficult to excite. These changes in source and sink during EADs may therefore lead
to a source-sink mismatch which may cause propagation to fail if these EADs are
not generated in a synchronous fashion by sufficient amounts of CMCs. 282°
Thereby, heterogeneity of repolarization time throughout the cardiac tissue causes
zones of conduction block, while other sites are able to propagate the EAD due to
more favorable source-sink relationships because of shorter refractory periods that
even in healthy hearts differ between different zones of myocardium.3%3! This
increased dispersion of repolarization is a feature that strongly predisposes
towards arrhythmias.3? As a result of increased dispersion of repolarization,
unidirectional conduction block may develop, which forces activation in one
direction around a refractory area that now functions as a non-conducting
obstacle. If repolarization of the refractory area occurs while the activating wave
front moves around this area, such critical timing would allow for the initiation of
circular or reentrant activation, in which the activating front would chase its
repolarizing tail.
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Reentrant tachyarrhythmias

Reentrant excitation is a long known phenomenon that is highly relevant to cardiac
electrophysiology, as reentry is an often observed propagation pattern of
tachyarrhythmias.3® During reentry, there is a constant spatial interaction between
depolarization and repolarization that is crucial for the sustainability, stability and
cycle length of the arrhythmia. Although reentry was first considered to mostly rely
on anatomic pathways that facilitate circular conduction such as post-myocardial
infarction scars or around the pulmonary veins,3*3> reentry was also shown to be
able to exist without anatomical obstructions, giving rise to the term “functional”
reentry.3® It was later shown that functional reentry takes the form of an
Archimedean spiral that continuously depolarizes the cardiac tissue.3” The
continuous depolarization is maximal at the pivot point of reentry, or core that is
therefore nonexcitable3, and decreases towards the periphery.3*° Since functional
reentry does not rely on anatomical fixation, such reentry may meander
throughout the tissue which gives rise to polymorphic electrograms.*! Inversely,
anatomical reentry is mostly considered as a highly stable form of reentry that
manifests itself with a monomorphic appearance on electrograms. Although it is
tempting to view functional and anatomic reentry as separate phenomena, it is
becoming increasingly clear that both phenomena exist at the edges of a spectrum
of reentrant arrhythmias that may often exhibit features of both reentry types. This
is illustrated by the observation that functional reentrant arrhythmias can pin to
anatomic obstructions.*?

Further adding to the complexity of reentrant arrhythmias is the possible presence
of multiple rotors during arrhythmias. Moreover, focal and reentrant arrhythmias
can occur simultaneously during the most complex arrhythmia type known as
fibrillation. During fibrillation, complex interactions between multiple activating
wave fronts cause a polymorphic aspect of electrograms. But despite the seemingly
chaotic nature of fibrillation, its organization is still based on spatial and temporal
availability of the electrophysiological function cardiac tissue.**As a result, slow
conduction and refractory state of cardiac tissue are key elements that modulate
the time windows for multiple activation fronts to interact and predispose towards
reentrant arrhythmias.** Therefore, these parameters are often targeted in anti-
arrhythmic strategies.
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Current treatment of arrhythmias

The primary tool against arrhythmias has been symptomatic treatment by
pharmacological modulation of ion channel function. Most of these anti-arrhythmic
drugs exhibit an ion-channel blocking function and have been categorized
according to the Singh Vaughan Williams classification.*> These agents can block
Na* channels, K* and Ca?* channels, which slows conduction, prolongs refractory
periods or shortens refractory periods, respectively. Interestingly, despite a
predictably pro-arrhythmic effect of conduction slowing by Na* channel blockade,
anti-arrhythmic effects of such pharmacological interventions can be observed,
which may be explained by attenuation of phase-3 EADs by blockade of the late
sodium current. *6%7 Moreover, sodium channel blockade may induce drift of
reentrant tachyarrhythmias which may terminate these arrhythmias should the
arrhythmia encounter unexcitable borders of cardiac tissue. *>*8 Potassium channel
is known to prolong the refractory period of cardiac tissue and thereby decrease
the propensity towards reentrant arrhythmias as reentry needs a refractory period
that is short enough to favor reentrant excitation.®*° However, prolongation of
action potential duration can be pro-arrhythmic by predisposing towards EADs and
increased complexity of reentrant arrhythmias.>®*! Blockade of L-type calcium
channels was also reported to yield anti-arrhythmic effects in context of acute
myocardial infarctions,®? but its effects on vascular tone and inotropy make it an
undesirable agent for a large portion of patients with pro-arrhythmic substrates,
that often also suffer from mechanical cardiac dysfunction and are prone to
become hemodynamically comprised.>® As all of these pharmacological agents can
have either anti- or pro-arrhythmic effects, it is unfortunately unsurprising that
their therapeutic efficacy at preventing sudden cardiac death is disappointingly
low.>* Such results may be explained by our incomplete understanding of pro-
arrhythmic mechanisms, and provided incentive to invent different anti-arrhythmic
interventions, such as the Implantable Cardioverter-Defibrillator (ICD). This
implanted device monitors heart rhythm and rate and delivers electrical shocks or
anti-tachy pacing to terminate arrhythmias should it detect abnormal heart rates.
While effective at preventing sudden cardiac death, it constitutes a purely
symptomatic treatment that does not positively affect the underlying pro-
arrhythmic mechanisms. >>5¢ Moreover, shocks are experienced as very stressful by
patients and inappropriate shocks remain an issue with potentially lethal
effects.>”®® In addition, recurrent ventricular arrhythmias remain a problem.®
Therefore, a technique that aims to more specifically target the underlying pro-
arrhythmic substrate instead of symptoms known as radio-frequency catheter
ablation was developed. During such a procedure, the aim is to damage pro-
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arrhythmic tissue and prevent recurrence of arrhythmias.®® This technique has very
strong anti-arrhythmic potential, especially in arrhythmias with a clear anatomical
substrate such as Wolff-Parkinson-White syndrome or post myocardial
infarction.’%%2 However, high success rates are often achieved by multiple
procedures.’* Moreover, due to the invasiveness of the technique it is prone to
serious complications such as cardiac perforation.’* Although radiofrequency
catheter ablation selectively targets pro-arrhythmic tissue and thereby positively
affects the underlying pro-arrhythmic substrate, it does not selectively target
underlying pro-arrhythmic mechanisms. By furthering our understanding of pro-
arrhythmic mechanisms of underlying substrates, we may be able to increase
therapeutic efficacy even further without resorting to damaging cardiac tissue to
stop and prevent arrhythmias.

Pro-arrhythmic substrates as anti-arrhythmic targets

As adequate cardiac electrophysiology relies on structural integrity and optimal ion
channel functionality of CMCs, it is easily conceivable that a change in any of these
parameters have pro-arrhythmic consequences. The most clearly identifiable pro-
arrhythmic substrates of cardiac arrhythmias lie in the domain of the genetically
inherited channelopathies, which are based on mutations in ion channel genes that
affect the functionality of the associated translated protein.®> As there are a myriad
of ion channel genes, the patient population affected by these channelopathies is
highly heterogeneous and may require different treatments depending on the
particular mutation.®® However, most arrhythmia-prone patients do not suffer from
such a clear etiology of pro-arrhythmia, as a substantially larger group of patients
suffer from arrhythmias due to genetic or acquired structural cardiac disease.®’
Cardiac hypertrophy, the adaptive response of CMCs to increase their size and
number of sarcomeres to compensate altered pressure and strain profiles, is not
widely associated with arrhythmias if hypertrophy is adequate and physiologic.®®
However, this adaptive response may become maladaptive or pathological
hypertrophy, which is marked by re-initiated activity of the fetal gene program and
predisposition for arrhythmias.®®7? Pathological hypertrophy is the result of a
response that fails to properly compensate the change in cell size with increased
ion channel expression and other necessary electrophysiological alterations and
can result in altered CMC excitability and action potential characteristics. >75 In
addition, changes in connexin expression levels and distributions from head-to-tail
connections at intercalated discs to a more side-to-side distribution can
significantly affect conduction.”®’” Moreover, hypertrophic CMCs have been shown
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to be vulnerable to formation of EADs.”® As a result, electrical remodeling that
occurs in structural cardiac disease predisposes to cardiac arrhythmias, although its
exact pro-arrhythmic mechanisms are still unclear. 7 Therefore, targeting
mechanisms to prevent or reverse hypertrophy may prove to also be an anti-
arrhythmic strategy.®

A factor that further complicates our understanding of the pro-arrhythmic
mechanisms of pathological hypertrophy is the often coinciding fibrosis, which
consists of an increase in the amount of fibroblasts and excessive extracellular
matrix deposition. Fibrosis is a healing process that occurs in response to injury and
is strongly associated with arrhythmias.88* Since cellular proliferation and
differentiation are opposite phenomena in biology, the highly differentiated
phenotype of CMCs precludes any adequate amount of proliferation of these cells,
even in response to injury.®># When injurious stimuli occur, fibroblasts switch their
phenotype to the phenotype of myofibroblast (MFB), a proliferative and secretory
cell type. These injurious stimuli can be of chemical or mechanical nature. In
normal hearts, mechanical stimuli do not reach the fibroblasts that are
interspersed in the stable matrix network. However, disruption of the structural
integrity of the heart, strong immune response or altered myocardial strain
exposes the fibroblasts to mechanical or chemical stress that can activate them to
become MFBs.8287 Then, MFBs secrete increased amounts of ECM to compensate
the mechanical stress or loss of myocardium. As a result, loss of CMCs or CMC
functionality is compensated by fibrosis to maintain structural integrity to such a
degree that it even prevents cardiac rupture after myocardial infarction.® While
beneficial at first, the increased thickness of the collagen fibers effectively separate
cell-cell contacts between cardiomyocytes and may therefore disrupt slow or even
block conduction by increasing intercellular resistance. Indeed, the increased
matrix deposition in fibrosis has been shown to be cause pro-arrhythmic
conduction slowing through zigzag courses that force conduction along a longer
path of activation, thereby increasing myocardial activation times and increasing

8 Moreover, interspersion of fibroblasts

the propensity towards arrhythmias.
between CMCs may also contribute to anatomical mechanisms of conduction
slowing.®® In addition to the anatomically based pro-arrhythmic mechanisms of
fibrosis, recent evidence suggests that the phenotypical switch to MFBs may cause
them to modulate CMC electrophysiology more directly.®* More specifically, this is
suggested to be mediated through heterocellular gap-junctional coupling that may
slow conduction, induce ectopic activity and predispose towards reentrant

arrhythmias. 2%°2°* Paracrine->> and mechanical coupling mediated®®®” pro-



19|Chapter |I: General Introduction and Outline
of this Thesis

arrhythmic mechanisms of MFBs further complicate the pro-arrhythmic substrate
of fibrosis. More importantly, this complexity hampers our understanding and the
development of more effective treatment strategies against fibrosis-associated
arrhythmias. Therefore, investigation and targeting of substrate-specific pro-
arrhythmic mechanisms may provide a powerful future anti-arrhythmic strategy
against prevalent fibrosis-associated arrhythmias.

Aim and Outline of Thesis

To be able to more effectively treat arrhythmias, it is essential to comprehend the
complexity of cardiac electrophysiology and its relation to cardiac structure as
discussed in Chapter I.

Therefore, the aim of this thesis was to develop and utilize in vitro models of pro-
arrhythmic substrates to investigate their pro-arrhythmic mechanisms to provide a
rationale for future substrate-oriented anti-arrhythmic and preventive strategies.

In cardiac fibrosis, a dramatic increase in MFBs by proliferation occurs. As MFBs are
key players in highly pro-arrhythmic fibrosis, limiting their numbers may counteract
pro-arrhythmic effects of fibrosis. Therefore, it is tested in Chapter Il whether anti-
proliferative treatment of MFBs may confer anti-arrhythmic effects in an in vitro
model of fibrosis with proliferating fibroblasts in cardiac cultures.

After attainment of the MFBs phenotype, these cells express relatively high
amounts of Cx43.%! In addition, MFBs have been shown to be pro-arrhythmic in
cardiac cultures and have been demonstrated to electrically couple to CMCs.
Chapter lll is therefore an investigation of the anti-arrhythmic effects of Cx43 down
regulation in MFBs.

Cardiac pathophysiology is a complex agglomerate of several processes that try to
compensate structural or functional changes of the myocardium. As such, cardiac
fibrosis and hypertrophy often coincide. As a result, no distinction can be made
between fibrosis- and hypertrophy specific mechanisms. Therefore, Chapter IV set
out to investigate differences between pro-arrhythmic mechanisms of fibrosis and
of hypertrophy, and how this may influence anti-arrhythmic strategies.

Adequate pharmacological treatment of arrhythmias remains difficult due to its
high complexity and potential lack of specificity of the drugs. Although action
potential duration is a common parameter to increase to terminate reentrant
arrhythmias, its efficacy may provide contradictory results. Therefore, Chapter V
aimed to investigate the effect of the minimal action potential duration in an in
vitro and ex vivo model of fibrillation and how it can be utilized to destabilize and
terminate reentrant arrhythmias using a wide arrangement of pharmacological
agents.
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Cardiac fibrosis is a process that is initiated after loss of CMCs, due to their poor
proliferative capability. Therefore, regenerative medicine has focused on
replenishing these lost CMCs or enhancing survival and cardiac function with an
external cell source. Although mesenchymal stem cells (MSCs) show limited
capability to differentiate towards CMCs, their therapeutic use in cardiac fibrosis is
gaining increasing attention and more focus is placed on increasing the amount of
transplanted MSCs to maximize their therapeutic potential. However, due to the
complexity involved in transplanting and integrating stem cells into the heart,
potentially pro-arrhythmic consequences may arise by increasing the number of
MSCs transplanted. Therefore, Chapter VI set out to investigate the pro-arrhythmic
effects and mechanisms of MSC engraftment pattern and amount.

In Chapter VII, a novel method to limit fibroblast arrhythmogeneity was
investigated. As fibroblasts may be pro-arrhythmic by several mechanisms, anti-
arrhythmic reprogramming was attempted by forcing heterocellular fusion
between human ventricular scar fibroblasts and neonatal rat cardiomyocytes.

To selectively target cell-type specific pro-arrhythmic mechanisms is difficult
without also unintentionally modifying other cardiac cell types. Therefore, adeno-
associated-viral vectors were developed that selectively force transgene expression
in either the cardiomyocyte or the fibroblast in Chapter VIIl.

In conclusion, Chapter IX summarizes the findings of this thesis. Moreover, results
are discussed and placed in future perspectives.
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Abstract

Aims: Cardiac fibrosis is associated with increased incidence of cardiac arrhythmias, but
the underlying pro-arrhythmic mechanisms remain incompletely understood and
antiarrhythmic therapies are still suboptimal. This study tests the hypothesis that
myofibroblast (MFB) proliferation leads to tachyarrhythmias by altering the excitability of
cardiomyocytes (CMCs), and that inhibition of MFB proliferation would thus lower the
incidence of such arrhythmias.

Methods & Results: Endogenous MFBs in neonatal rat CMC cultures proliferated freely, or
under control of different dosages of antiproliferative agents (mitomycin-C and paclitaxel).
At day 4 and 9, arrhythmogeneity of these cultures was studied by optical and multi-
electrode mapping. Cultures were also studied for protein expression and
electrophysiological properties.

MFB proliferation slowed conduction from 15.3%3.5 cm/s (day 4) to 8.8%0.3 cm/s (day 9)
(n=75, P<0.01), while MFB numbers increased to 37.4+1.7% and 62.0+2%. At day 9, 81.3%
of these cultures showed sustained spontaneous reentrant arrhythmias. However, only
2.6% of mitomycin-C treated cultures (n=76, P<0.0001) showed tachyarrhythmias, and
ectopic activity was decreased. Arrhythmia incidence was drug-dose dependent and
strongly related to MFB proliferation. Paclitaxel-treatment yielded similar results. CMCs
were functionally coupled to MFBs, and more depolarized in cultures with ongoing MFB
proliferation, in which only L-type Ca?* channel-blockade terminated 100% of reentrant
arrhythmias, in contrast to Na*-blockade.

Conclusion: Proliferation of MFBs in myocardial cultures gives rise to spontaneous,
sustained reentrant tachyarrhythmias. Antiproliferative treatment of such cultures
prevents the occurrence of arrhythmias by limiting MFB-induced depolarization,
conduction slowing and ectopic activity. This study could provide a rationale for a new
treatment option for cardiac arrhythmias.
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Introduction

Cardiac arrhythmias remain a leading cause of mortality in the Western world, despite a
variety of treatment options.! Particularly, implantable cardioverter defibrillators have
shown to be effective in improving survival of patients at risk. However, the underlying
arrhythmogenic substrate is left untreated and therefore the occurrence of arrhythmias is
not prevented.? Catheter ablation therapy may serve as an alternative and potentially
curative treatment modality. However, its long-term benefits and effects on survival are
yet unknown.3 Furthermore, anti-arrhythmic drug therapy appears to have no significant
effect on the survival in larger groups of patients suffering from cardiac arrhythmias and is
associated with significant and potentially lethal side effects.* The limited therapeutic
efficacy and adverse effects associated with these therapies is partly explained by our
insufficient understanding of the tissue substrate and pro-arrhythmic mechanisms that are
responsible for the occurrence of lethal ventricular tachyarrhythmias.

Taken together, current treatment of cardiac arrhythmias, including means to prevent
arrhythmias, is still suboptimal. It is therefore essential to better comprehend the
underlying pro-arrhythmic tissue substrate and to provide new rationales for the
development of more effective treatment options aimed at preventing arrhythmias from
occurring.

Cardiac fibrosis, for example as a result of ischemic heart disease and aging, deteriorates
the well-organized nature of the working myocardium due to a dramatic increase in
fibroblastic cells, called myofibroblasts (MFBs).>® This may increase electrical
heterogeneity and the risk for lethal arrhythmias.”® However, the functional role of MFBs
in cardiac arrhythmias is still incompletely understood, especially the impact of their
proliferative capacity on myocardial tissue. We hypothesized that MFB proliferation is a
key factor in the incidence of spontaneous arrhythmias by altering the excitability of
cardiomyocytes (CMCs), resulting in slow conduction and increased ectopic activity, and
that inhibition of MFB proliferation may lower, or even prevent, the incidence of cardiac
arrhythmias. To test this hypothesis, we studied the role of MFB proliferation in the
occurrence of spontaneous reentrant arrhythmias in cardiac cultures using several
antiproliferative agents, with cytological and extra- and intracellular electrophysiological
techniques.
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Methods

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and conform to the Guide for the Care and Use of
Laboratory Animals as stated by the US National Institutes of Health. A more detailed
description can be found in the Supplemental Material.

Cell isolation, cell culture and antiproliferative treatment

Neonatal rat ventricular CMCs were isolated and cultured as described previously.® Cells
were plated on fibronectin-coated, round coverslips (15 mm) at a density of 4-8x10°
cells/well in 24-well plates. Endogenous MFBs, present in these cultures, were allowed to
proliferate freely, or under control of antiproliferative agents (mitomycin-C (0.05-10
ug/ml) and paclitaxel (0.085 mg/ml), which were added at day 1 of culture and incubated
for 2h, resulting in partial or full inhibition of MFB proliferation. In addition, defined ratios
of MFBs and CMCs (10/90%, 25/75%, 50/50%) were mixed and co-cultured in 24-well
plates and treated with mitomycin-C as described above, to maintain initial ratio and cell
density.

Immunocytological analyses

Cultures were fixed in 1% paraformaldehyde, permeabilized with 0.1% Triton X-100 and
stained with 1:50-1:200 diluted primary antibodies (see Online Supplement for details on
antibodies). Corresponding Alexa fluor-conjugated secondary (Invitrogen, Carlsbad, CA,
USA) antibodies were used at a dilution of 1:400. Subsequently, nuclei were
counterstained with Hoechst 33342. Cultures were photographed and quantified with
dedicated software (Image-Pro Plus, version 4.1.0.0, Media Cybernetics, Silver Spring, MD,
USA).

Western blot analyses

Homogenates were made from either 3 different purified CMC cultures, 50/50%
CMC/MFB co-cultures or purified MFB cultures. Next, proteins were separated by SDS-
page and transferred to Hybond PVDF membranes. Blots were blocked in 5% bovine
serum albumin in TBS-T. Primary and corresponding HRP-conjugated secondary antibodies
were incubated for 1 h, after which chemiluminescence was induced by ECL advance
detection reagents.

Proliferation assays

Proliferation assays consisted of quantification of Ki67 expression as judged by Ki67
staining. Furthermore, MFB numbers in cardiac cultures were quantified at day 1, 4 and 9,
based on collagen-I staining.
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Apoptosis assay
Possible pro-apoptotic effects of the antiproliferative treatments were investigated by
active caspase-3 staining, using aforementioned protocol.

Optical and multi-electrode mapping

At day 4 and 9, cardiac cultures were loaded with 16 pumol/L di-4-ANEPPS, given fresh
DMEM/Ham's F12 (372C) and immediately mapped using the Ultima-L optical mapping
setup (SciMedia, Costa Mesa, CA, USA). Throughout mapping experiments, cultures were
kept at 379C. Optical signal recordings were analyzed using Brain Vision Analyze 0909
(Brainvision Inc, Tokyo, Japan) in order to assess conduction velocity (CV). Spontaneous
ectopic activity was assessed in all groups for 24 s after unipolar electrical stimulation, so
that if present, reentrant arrhythmias were eliminated, which allowed for ectopic or other
spontaneous activity to resume.

For multi-electrode array (MEA) mapping, cells were cultured in glow-discharged,
fibronectin-coated MEA culture dishes (Multi Channel Systems, Reutlingen, Germany) and
measurements were performed in the associated data acquisition system, typically within
10 seconds after optical mapping. Electrograms were analyzed off-line using MC-Rack
software (version 3.5.6, Multi-Channel Systems).

Whole-cell patch clamp and dye transfer

Measurements were performed in co-cultures of CMCs and MFBs treated with or without
mitomycin-C at day 9 of culture, or co-cultures of CMCs and eGFP-labeled MFBs. After
identification of CMCs by phase contrast or fluorescence microscopy, maximal diastolic
potentials in CMCs were recorded in current-clamp. For data acquisition and analysis,
pClamp/Clampex8 software (Axon Instruments, Molecular Devices, Sunnyvale, CA, USA)
was used. To further study functional cell-cell coupling, co-cultures of calcein AM-loaded
CMCs (green) and Katushka-expressing MFBs (red) were investigated for gap junction-
mediated calcein transfer into MFBs by fluorescence microscopy.

Pharmacological interventions

The role of ion channel blockade in the maintenance of reentrant arrhythmias was
investigated using the selective Navl1.5 blocker Tetrodotoxin (TTX, 5-10 umol/L; TTX,
Sigma-Aldrich) or verapamil (100 umol/L; Centrafarm, Etten-Leur, the Netherlands) as
Cavl.2 blocker. These blockers were added to the mapping medium, after which the
cultures were studied by optical mapping.
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Statistical analyses

Statistical analyses were performed using SPSS11.0 for Windows (SPSS Inc., Chicago, IL,
USA). Differences were considered statistically significant if P<0.05. A more detailed
description of the Materials and Methods can be found in the Online Supplement.

Results

Characterization of cardiac cell cultures

Cultures from neonatal rat ventricles (25 isolations) were studied for expression of cell
type-specific and gap junction proteins at day 9 of culture. All cultured fibroblasts had the
MFB phenotype as judged by a-smooth muscle actin (a-SMA) and vimentin expression
(Figure 1). Connexin43 (Cx43) was present between adjacent CMCs, MFBs and at
heterocellular junctions (Figure 1A).Dye transfer experiments demonstrated functional
gap junctional MFB-CMC coupling (supplemental Figure 1). Western blot analyses revealed
an inverse linear relationship between MFB percentage and Cx43 levels. In contrast, a-
SMA levels showed a positive linear relationship with MFB numbers (Figure 1B-C). Of all a-
SMA positive MFBs, 98.5+1.6% also expressed cytoplasmic collagen-I, centered at the
nucleus (R?=0.9921) (Figure 1D, G). CMCs did not express collagen-I, but stained positive
for a-actinin (Figure 1E). Of the vimentin-positive MFBs, 98.4+1.3% also co-expressed
collagen-l (R?=0.9960) (Figure 1F, H). Immunocytological staining for collagen-I as MFB
marker and cardiac a-actinin as CMC-specific marker therefore allowed us to quantify
endogenous MFBs in a reliable and standardized manner.

Supplemental Figure 1. Dye transfer experiments of CMCs loaded with calcein (green) and MFBs
labeled with Kathushka (red). MFBs in direct contact with calcein-loaded CMCs (top) were positive
for the gap-junctional permeable green fluorescent dye calcein. In contrast, MFBs that remained
separate (bottom) from CMCs were negative for this dye. These results indicate that CMCs and MFBs

are functionally coupled.
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Figure 1. Character/zat/on of cardiac cell cultures at day 9. (A) Immunocytological double-staining for

Cx43, a-SMA (MFB) or a-actinin (CMC). White arrows mark intercellular expression. (B) Western blot
of primary CMC cultures, 50%/50% co-cultures of MFBs/CMCs, and purified MFB cultures. (C)
Quantification of Western blots normalized for 8-tubulin shows opposing trends of Cx43 and a-SMA
expression related to MFB quantity. *:P<0.05 vs. CMC; **:P<0.05 vs. CMC and 50%/50%. (D) a-SMA
and collagen-I double-staining in MFBs. (E) Collagen-I and a-actinin double-staining showing highly
specificity for MFBs and CMCs, respectively. (F) Collagen-I and vimentin double-staining in MFBs. (G)
Relationship between co-expression of a-SMA and collagen-I in MFBs, and (H) co-expression of
vimentin and collagen-I in MFBs. FOV=Field of View.

Uninhibited MFB proliferation and spontaneous reentrant arrhythmias

MFB percentage in primary cardiac cultures was 15.6+£3.2% at day 1 and progressively
increased to 37.4+1.7% at day 4 (P<0.0001) (Figure 2A). At day 2, a spontaneously beating
confluent monolayer had formed. At day 4, 24.2% of these cultures showed sustained,
spontaneous reentrant tachyarrhythmias (n=33) (Figure 2F), with an average cycle-length
of 267122 ms and conduction velocity (CV) of 15.3+3.5 cm/s. Sustained reentry was
defined as repetitive circular activation lasting 230 s. MFB proliferation resulted in an MFB
percentage of 62.2+2.0% at day 9 (P<0.0001 vs. day 1 and 4) (Figure 2B), and a decrease in
CV to 8.8%0.3 cm/s (P<0.0001) (Figure 2C). At day 9, 81.3% of all spontaneously active
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cultures showed reentrant activity (n=75) (Figure 2D). The cycle-lengths of these
arrhythmias had increased to 365257 ms (P<0.001 vs. day 4) (Figure 2E).
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Figure 2. Proliferation of MFBs in cardiac cultures causes conduction abnormalities. (A)
Immunocytological staining for a-actinin (CMC;red) and collagen-1 (MFB;green) in cardiac cultures at
day 1, 4, and 9. (B) Quantification of collagen-I positive MFBs at day 1, 4 and 9. Quantities are
expressed as a percentage of total number of nuclei. *:P<0.0001 vs. day 1. **:P<0.0001 vs. day 1 and
4. (C) Progressive increase in MFBs is associated with a lower CV. *:P<0.0001 vs. day 4, and (D) is also
associated with an increase in the occurrence of spontaneous reentrant tachyarrhythmias and (E) an
increase in cycle-length of the reentrant circuits between day 4 and 9. *:P<0.0001 vs. day 4. (F) Time-
lapse (spacing: 40ms) of a typical high-pass-filtered, spatially averaged optical signal of reentrant
activation. Colours represent signal intensities related to changes in membrane potential.

Inhibition of MFB-proliferation preserves high CV, decreases ectopic activity and prevents
reentrant arrhythmias

Assessment of proliferative activity of MFBs was performed by Ki67 staining (Figure 3A).
Quantification showed a significant decrease in proliferating MFBs following mitomycin-C
treatment (Figure 3B). In such cultures, MFB quantities remained constant throughout
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follow-up (Figure 3C), with no significant increase in apoptosis compared to control (Figure
3D and Supplemental Figure 2).

Under mapping conditions, >60% of both treated and untreated -cultures were
spontaneously active at day 4 and 9. At day 4, CV of mitomycin-C treated cultures was
23+1.9 cm/s, which was significantly higher than in control cultures (~15 cm/s, P<0.0001)
(Figure 4E). Furthermore, no arrhythmias were observed (n=17) in mitomycin-C treated
cultures (Figure 4C, H). At day 9, CV in mitomycin-C treated cultures remained unaltered.
Interestingly, at day 9, only 2.6% of spontaneously active mitomycin-C treated cultures
showed sustained reentrant tachyarrhythmias (n=76), which is a dramatic decrease
compared to proliferating control cultures (~81% arrhythmias (n=75) at day 9, Figure 4B,
F-G and Movie 1).
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Figure 3. Mitomycin-C is a potent inhibitor of MFB proliferation (A) Typical examples of Ki67 staining
in MFBs, indicating proliferation at baseline (day 1) and 3 days later for control and mitomycin-C
treated cultures. Insets show magnified nucleus positive for Ki67 staining. (B) Effect of mitomycin-C
treatment on Ki67 positive staining in MFBs. *:P<0.001 vs. baseline and control. (C) MFB
quantification in mitomycin-C treated cardiac cultures shows a stable MFB quantity throughout time
(p=ns). (D) Quantification of active caspase-3 staining shows no significant differences in apoptosis
between mitomycin-C treated and control cultures, although small but significant increases were
found over time (*:P<0.05).
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Supplemental Figure 2. Mitomycin-C does not increase apoptosis in myocardial cultures.
Representative images of immunocytochemical staining for caspase-3 in mitomycin-C treated
cultures and control cultures at day 4 and 9. Nuclei were counterstained with Hoechst and caspase-3
positive nuclei were quantified and expressed as a percentage of total cell count, which was not
significantly affected by mitomycin-C treatment. Total cell count was defined as the total number of
viable nuclei added to the amount of caspase-3 positive cells.

For further evaluation of arrhythmogeneity, the incidence of ectopic activity was studied
in treated and untreated cultures. Ectopic activity, e.g. multiple simultaneous or
alternating pacemaker sites in one culture, was observed less frequently in mitomycin-
treated cultures than in untreated cultures at day 4 (25% (n=24) versus 43% (n=23)) and
day 9 (8% (n=37) versus 71% (n=35), respectively (Figure 4A, D). An example of how
ectopic activity can lead to reentrant arrhythmias is demonstrated in Movie 3.

Analyses of extracellular electrograms from MEA mapping experiments showed distinct
differences between control cultures (n=12) and mitomycin-C treated cultures (n=11)
(Figure 4l-J). Peak-to-peak electrogram amplitude was higher in mitomycin-C treated
cultures (7021304 pV vs. 96123 uV, P<0.0001) (Figure 4K). Spontaneous electrical
activation frequency was lowered by mitomycin-C treatment compared to control
(0.28+0.22HZ vs.. 3.22+0.22Hz, P<0.0001) (Figure 4L).
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Figure 4. Effects of mitomycin-C treatment on ectopic activity, CV and reentrant tachyarrhythmias in
cardiac cultures. (A) Activation map of ectopic activity in an untreated culture at day 4 (4ms
isochronal spacing). Red asterisks mark ectopic foci. (B) Activation map of a reentrant
tachyarrhythmia in an untreated cardiac culture (spacing: 4ms). (C) Typical activation map of
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uniform conduction across a mitomycin-C treated culture (spacing: 4ms). (D) Quantification of
incidence of ectopic activity at day 4 and 9 reveals a substantial reduction by mitomycin-C treatment.
(E) CV measured by optical mapping. *:P<0.001 vs. mitomycin-C day 4-9 and control day 9.
**:p<0.001 vs. day 4-9 mitomycin-C. (F) Spontaneous reentry occurrence in mitomycin-C treated and
control cultures at day 4 and 9. (G) Typical example of a non-high-pass-filtered, spatially filtered
optical signal of repetitive activation in a non-treated, fibrotic culture showing reentrant
tachyarrhythmias. (H) Typical example of a non-high-pass-filtered, spatially filtered optical signal of
uniform conduction across a mitomycin-C treated culture. (1) Local extracellular multi-electrode array
recording of a reentrant tachyarrhythmia. (J) Multi-electrode array recording of a mitomycin-C
treated culture. (K) Quantification of electrical signal amplitude from multi-electrode array
recordings at day 9 (P<0.0001 vs. control). (L) Beating frequency of cultures measured by such arrays
at day 9. *: P<0.0001 vs. control.

Dose-dependent effects of mitomycin-C treatment on preservation of electrophysiological
parameters

As mitomycin-C treatment had such a profound impact on conduction properties of
myocardial cultures, dose-dependency was studied next. Dosages administrated at day 1
of culture were 10, 5, 2.5, 0.5 and 0.05 ug/ml. At day 9, cultures were studied and
subsequently stained for collagen-I (Figure 5A). Mitomycin-C decreased the amount of
MPFBs in a dose-dependent manner (Figure 5B). Furthermore, mitomycin-C had a strong
dose-dependent effect on cell density (P<0.001). In addition, cardiomyocyte count,
calculated by subtracting collagen-I positive cells from total cell count, did not change
significantly (Figure 5C).

These dose-dependent changes in MFB quantities and cell density were related to
significant electrophysiological changes in the cultures. At day 9, CV was 7.3+2.4 cm/s at
0.05 pg/ml mitomycin-C and significantly rose with increasing dosages (Figure 5D). MFB
percentages at various mitomycin-C dosages directly correlated with CV (R?=0.94) (Figure
5E). Furthermore, the incidence of sustained reentrant arrhythmias showed a negative
mitomycin-C dose-dependent relationship, with no occurrence of arrhythmias at 10 pg/ml
(n=25) and 5 pg/ml (n=20), 10% at 2.5 pg/ml (n=31), 29% at 0.5 pg/ml (n=17), 92% at 0.05
ug/ml (n=13), and 93% for control (n=27) (Figure 5F).

CMC-MFB co-cultures at predetermined cell density and MFB-dependent conduction
abnormalities

Cell density is an important determinant of conduction patterns, as this directly influences
cell-to-cell contacts essential for action potential propagation. To further study the
guantitative effects of MFBs on conduction and arrhythmias, fixed ratios of MFBs and
CMCs were plated out, while inhibiting proliferation with 10 ug/ml mitomycin-C. As a
result, average cell density between the co-culture groups did not differ significantly at
day 9.
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Figure 5. Dose-dependent effect of mitomycin-C treatment on arrhythmias at day 9 of culture. (A)
Immunocytological double-staining for c-actinin (CMC;red) and collagen-I (MFB;green) in cardiac
cultures treated with different dosages of mitomycin-C. (B) Dose-dependent effect of mitomycin-C on
MFB quantities in cardiac cultures as determined by collagen-I staining. *:P<0.001 vs. all including
control (0 pg/ml). (C) Quantification of collagen-I staining shows a dose-dependent effect of
mitomycin-C on total cell count without affecting CMC count. CMC count was calculated by subtract

the number of MFBs from the total number of nuclei. *:P<0.01 vs. all including control. (D) Dose-
dependent effect of mitomycin-C on CV (*:P<0.05 vs. all). (E) Plot of average MFB percentage found
for different dosages against CV found in these groups shows a negative linear association between
MFB percentage and CV. FOV: Field of View. (F) Dose-dependent effect of mitomycin-C on reentry

occurrence.
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Supplemental Figure 3. MFB-CMC co-cultures at predetermined cell density and the effects on
conduction abnormalities. (A) CV slows according to plated MFB percentage, except for 10% MFBs.
*:p<0.05 vs all. (B) CV at day 4 shows a strong linear association with added MFB percentage. Dotted
line represents regression line. (C) Occurrence of spontaneous arrhythmias at day 9 is MFB quantity-
dependent and rises with increasing added MFB percentages. (D) Mitomycin-C administration to
50%/50% MFB-CMC co-cultures results in a higher CV at day 4 compared to control. *:p<0.0001 vs
control. (E) Uninhibited proliferation of MFBs in a 50%/50% CMC/MFB co-culture results in a 3.1-fold
increase in reentry occurrence (n=23) compared to mitomycin-C treated cultures (n=17) of initially
identical cellular composition.

MFB quantities were 15.7+2.0% (0% added MFBs), 26.8+2.5% (10% added), 38.0+3 (25%
added) and 59.0+1.6% (50% added) at day 9. CV did not differ significantly between 0%
(n=18) and 10% (n=20) added MFBs (23.1+2.2 cm/s vs. 22.1+1.8 cm/s, p=0.51) at day 9.
However, 25% and 50% added MFBs slowed conduction to 14.243.5 cm/s and 10.9+2.4
cm/s, respectively (P<0.05 vs.. all) (Supplemental Figure 3A). Furthermore, no arrhythmias
were found in cultures containing 0% and 10% added MFBs, but at 25% and 50% added
MFBs, occurrence was 27.8% (n=36) and 35.7% (n=28), respectively (Supplemental Figure
30).
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Unfortunately, cultures with added MFB percentages higher than 50% developed
structural inhomogeneities from day 6 onwards and could therefore not be studied at day
9. Nevertheless, linear regression analysis revealed a strong inverse relationship between
plated MFB percentages and CV at day 4 (Supplemental Figure 3B).

A potentially secondary preventive effect of mitomycin-C on the occurrence of
spontaneous arrhythmias was studied in 50%/50% CMC/MFB co-cultures either treated
with mitomycin-C or allowed to proliferate freely. At day 4, CV in mitomycin-C treated
cultures was 10.943.3 cm/s with 60.2+3.8% MFBs. In contrast, in control cultures with an
equally high initial number of MFBs, CV decreased to 4.9%1.1 cm/s, while MFB
percentages increased to 78.8+4.7% (P<0.0001 vs. treated cultures) (Supplemental Figure
3D). Furthermore, arrhythmia occurrence was 3.1-fold higher in the non-treated cultures
(26% (n=17) vs. 82% (n=23)) (Supplemental Figure 3E).

Characteristics of reentrant tachyarrhythmias

In untreated, arrhythmic cultures, cycle-length of the reentrant circuits was strongly
related to CV (R?=0.83, Figure 6A). Reentry was typically associated with a decrease in CV
of 5.0+1.2 cm/s as compared to non-reentrant conduction in cultures from the same
experimental group. Furthermore, administration of tetrodotoxin (TTX) to 12 untreated,
arrhythmic cultures at concentrations of 5 uM and 20 uM at day 9 of culture, resulted in a
significantly lower CV (Figure 6B, D-E), but had only a mild to moderate effect on
terminating reentrant arrhythmias (Figure 6C). Next, 100 uM verapamil was administered
to block L-type CaZ*-channels, which terminated 100% of the remaining arrhythmias
(Figure 6C and Movie 2). Internal PBS control did not affect arrhythmia persistence.
Additionally, 12 untreated, arrhythmic cultures were immediately treated with verapamil
without prior TTX administration, which also terminated all arrhythmias. In mitomycin-C
treated cultures, 20 uM TTX completely blocked propagation for 230 seconds, after which
propagation resumed at a significantly lower CV of 11.5%2.0 cm/s (n=10, previously
24.2+2.0 cm/s, P<0.0001).

To further study the role of MFB proliferation in arrhythmogeneity, CMCs were
investigated for their electrophysiological properties by patch-clamp experiments in active
cultures treated with or without mitomycin-C. Cultures had comparable beating
frequencies (0.5-1 Hz). After 9 days of on-going MFB proliferation, the maximal negative
diastolic potential of CMCs was significantly reduced (-44+9mV, n=11) as compared to
those of CMCs in mitomycin-C treated cultures (-68+7mV, n=12, P<0.001) (Figure 6F).
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In co-cultures of eGFP-labelled MFBs with CMCs, at equal density and ratio as day 9 of free
proliferation, diastolic membrane potentials of CMCs (-48+6mV, n=8) were comparable to
those derived at day 9 of free proliferation. This is in agreement with the low CV and
increased ectopic activity found in such cultures and their tolerance to TTX treatment.
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Figure 6. Characteristics of reentrant tachyarrhythmias at day 9. (A) Linear association between
cycle-length and CV (R?=0.83, n=35). (B) TTX significantly decreased CV in a dose dependent manner
(*:P<0.05 vs. baseline, **:P<0.0001 vs. 0 and 5 uM). (C) Persistence of reentrant circuits after
administration of TTX and/or verapamil. (D) Activation map of a reentrant tachyarrhythmia in an
untreated cardiac culture (spacing: 4ms). (E) Activation map of the same reentrant tachyarrhythmia
shown in panel E after 5 min of incubation with 20 uM TTX. Of note is the increased number of
isochronal lines (4 ms), indicating conduction slowing. (F) Maximal diastolic potential measured in
CMCs from control and mitomycin-C treated cultures at day 9.

Prevention of arrhythmias by paclitaxel, another antiproliferative agent

Cultures were treated with 0.085 mg/ml paclitaxel and studied identically to mitomycin-C
treated cultures. In paclitaxel-treated MFB cultures, less Ki67 positive cells were found
(Supplemental Figure 4B-C) and apoptosis was not significantly increased compared to
vehicle-control (0.9% DMSO) treated cultures (Supplemental Figure 4D, 5). Interestingly,
vehicle treatment alone also inhibited proliferation. Spontaneous activity under optical
mapping conditions was >60% for both treated and untreated groups. CV at day 4 was
17.3%1.6 (vs. 11.143.6 cm/s in control), without reentry (n=27) in the paclitaxel-treated
group, whereas 61.5% (n=13) of controls showed reentry (Supplemental Figure 4E-F). At
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day 9, paclitaxel-treated cultures contained 33.3+2.9% MFBs (Supplemental Figure 4A),
and CV was 15.0#1.5 cm/s (P<0.01 vs. day 4 and control), while arrhythmias were
observed in 5% of spontaneously active cultures (n=23). In control cultures at day 9, CV
was 6.5+1.4 cm/s, with a reentry incidence of 93% (n=15) (Supplemental Figure 4E-F).
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cardiac culture. (B) Ki67 staining shows a
substantial reduction in positive cells by paclitaxel administration. (C) Quantification of Ki67-positive
MEFBs before and after paclitaxel treatment. *:p<0.05 vs baseline, **:p<0.05 vs baseline and control.
(D) Quantification of apoptotic cells by active caspase-3 staining shows no significant increase in
apoptosis by 10 umol/L paclitaxel. (E) Paclitaxel-treated cultures maintain a higher CV compared to
control cultures. *:p<0.05 vs paclitaxel at day 4. **:p<0.05 vs paclitaxel at day 4 and control at day 9.
**%:p<0.05 vs control at day 4 and paclitaxel at day 9. (F) Paclitaxel treatment dramatically
decreased reentry occurrence compared to control at both day 4 and 9 of culture.
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Supplemental Figure 5.
Representative images of active
caspase-3 immunocytochemical
staining in paclitaxel-treated cultures
and control cultures at day 4 and 9.

. Nuclei were counterstained with
100 pm

Paclitaxel Paclitaxel Hoechst and active caspase-3 positive

nuclei were quantified and expressed
as a percentage of total cell count,
which was not significantly affected
by paclitaxel treatment. Total cell
count was defined as the total
number of viable nuclei added to the
amount of caspase-3 positive cells.

Discussion

Key findings of this study are (1) proliferation of myofibroblasts in myocardial cultures
results in a highly pro-arrhythmogenic substrate, in which CMCs are depolarized,
conduction is slow and mainly Ca%*-driven, and ectopic activity is increased, thereby giving
rise to spontaneous, sustained reentrant tachyarrhythmias, and (2) antiproliferative
treatment of these cultures prevents or substantially reduces the occurrence of
arrhythmias by limiting myofibroblasts-induced depolarization and preserving uniform,
rapid, Na*-driven impulse propagation in CMCs, with less ectopic activity, but without
noticeable adverse effects on electrophysiological properties and without increased
apoptosis in the treated cultures.

Myofibroblasts and Cardiac Arrhythmogeneity

In vitro studies indicate that MFBs could play a role in modulating electrophysiological
properties in remodeled hearts, and thereby contribute to arrhythmogenesis. Rook et al.
showed that cardiac fibroblasts and CMCs are able to form functional heterocellular gap
junctions.® Gaudesius et al.,'® and previous studies by our group,'*!2 demonstrate that
fibroblasts coupled to CMCs are able to slowly conduct electrical impulses through
electrotonic interaction. Paracrine activity of cardiac fibroblasts may also contribute to a
reduction in CV.'3 Besides their effects on CV, MFBs may also induce ectopic activity in
cardiac cultures as demonstrated by Miragoli et al.** Recently, a study by Zlochiver et al.
showed that MFBs are able to contribute to rhythm disturbances in cardiac cultures,®
which was further investigated in a number of in silico studies.'®'” Novel in the present
study is the finding that ongoing proliferation of endogenous MFBs in neonatal rat CMC
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cultures results in the creation of a highly arrhythmogenic substrate, and that
antiproliferative treatment of cardiac cultures prevents spontaneous reentrant
tachyarrhythmias.

Reentrant tachyarrhythmias in cardiac cultures with ongoing MFB proliferation

In previous studies, functional reentry was induced by rapid electrical pacing of the
cultures.*>81% |n the present study the focus was on the ability of myocardial cultures to
spontaneously generate such reentrant arrhythmias. MFBs are known to contribute to
both automaticity and slow conduction,%1#2° therefore reentry may occur in the absence
of externally applied electrical impulses. We confirmed this by showing that ~81% of all
cultures with ongoing MFB proliferation and without apparent anatomical obstacles,
showed spontaneous, sustained reentrant tachyarrhythmias at day 9 of culture.

By allowing MFBs to proliferate freely in CMC cultures, CMCs became increasingly
depolarized due to increasing MFB-CMC interactions. The present study shows that this
eventually leads towards a depolarized resting membrane potential at which voltage-
gated fast Na*-channels are largely inactivated and propagation becomes mainly
dependent on activation of Ca?*-channels. It is known that Ca?*-driven propagation
contributes to slow conduction.” In line with this observation, all arrhythmias in the
present study were terminated when L-type Ca?*-channels were blocked. In contrast, most
arrhythmias sustained after Na*-channel blockade, indicating that electrical propagation in
such conditions appears to be mainly Ca%*-driven. Recently, Chang et al. showed similar
results in another in vitro model of reentry, using non-fibroblastic cells.’®* Moreover, as
these CMCs become depolarized by increasing numbers of MFB, they could become active
as local pacemaker site through depolarized-induced automaticity,?* and thereby add to
the pro-arrhythmogenic nature of fibrotic cultures. The present study shows that around
50% of all fibrotic cultures, which did not show reentrant arrhythmias at the time of
mapping, showed multiple simultaneous or alternating pacemaker sites.

Ongoing MFB proliferation also had an effect on the cycle-length of the tachyarrhythmias.
At day 4, average cycle-length was 267+22 ms at a CV of 15.34#3.5 cm/s, whereas at day 9,
the cycle-length increased to 36557 ms at a CV of only 8.8+3 cm/s. These data may
explain how different degrees of fibrosis during various stages of cardiac remodelling
could both determine the vulnerability to arrhythmias and the rate of atrial or ventricular
arrhythmias. Therefore, future in vivo studies are required to better understand the role
of MFBs in the arrhythmic heart.

Antiproliferative treatment of endogenous myofibroblasts

In the present study, two different antiproliferative agents were used to study the role of
MFB proliferation in arrhythmogeneity. One of these agents is mitomycin-C, a potent
DNA-crosslinking agent. After proliferation inhibition by mitomycin-C, CV remained stable
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from day 4 to day 9, and spontaneous reentry occurrence decreased from 81.3% to 2.6%.
Concerning the underlying mechanisms, in cultures treated with mitomycin-C the resting
membrane potential of CMCs remained more negative. Therefore propagation remained
fast and mainly Na*-driven, as was shown by addition of TTX to these cultures, in contrast
to cultures with ongoing MFB proliferation. In addition, less ectopic activity was observed
in cultures treated with mitomycin-C, which most likely resulted from limited MFB-
induced depolarization and a subsequent reduction of the occurrence of depolarization-
induced automaticity. As a consequence of fast propagation and less ectopic activity the
occurrence of reentrant arrhythmias is expected to decrease, which was confirmed in the
present study.

By inhibition of MFB proliferation, not only MFB-induced depolarization of CMCs is
minimized, but also disruption of low-resistant gap junctional coupling between CMCs by
infiltrating MFBs may be prevented, thereby preserving rapid propagation. Calculations on
cell densities indicated that antiproliferative treatment does coincide with a lower total
cell density while maintaining the same number of CMCs as the non-treated cultures. In
addition, any negative, paracrine effect of MFBs on CV in cardiac cultures will be stabilized
after inhibition of proliferation; as such an effect is expected to be cell number-
dependent.

To exclude a mitomycin-C specific effect and to establish that proliferation is the key
factor in this study, another antiproliferative agent was studied. Paclitaxel, a member of
the taxanes drug category, interferes with breakdown of microtubules during cell division.
Park et al. used the antiproliferative potential of paclitaxel to inhibit coronary restenosis
and neo-intimal hyperplasia in the myocardium.?? We show that paclitaxel is also suited as
agent to reduce the incidence of reentrant tachyarrhythmias in myocardial cultures.
Control experiments for paclitaxel included incubation with DMSO (0.9%). DMSO is known
to have several effects on cells,?® and therefore may explain the high incidence of reentry
at day 4 in these cultures. The lower CV found in paclitaxel-treated cultures may also be
explained by its mechanism of action.?* Nevertheless, no reentry was observed in
paclitaxel-treated cultures with DMSO as vehicle. Importantly, both agents did not result
in increased apoptosis, which is in agreement with earlier studies.?>?%

In vivo translation

The present study provides new insights in the way cardiac fibrosis may result in
arrhythmias, and how this may provide a rationale for a preventive strategy, which
currently does not exist. In the clinical setting, myocardial fibrosis increases arrhythmia
vulnerability in diseased and aged hearts, and finds its basis in proliferation of MFBs and
matrix deposition by these cells. Although functional MFB-CMC coupling remains to be
proven in vivo, the key role of MFBs in cardiac fibrosis suggests a high significance for in
vivo arrhythmogeneity of these cells. Measures to control MFB proliferation may
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therefore counteract different pro-arrhythmic aspects at once. Naturally, in vivo studies
are necessary to determine whether progressive fibrosis (e.g. in post myocardial infarction
or aging) and its pro-arrhythmic consequences can be limited by reducing MFB
proliferation. Considering the role of cell proliferation in different physiological processes

2 careful

in the heart,>?”?® and possible cardiotoxic effects of antiproliferative agents,
consideration of the time-frame, location and strength of intervention seems of
importance. Still, the strong in vitro evidence from this study suggests that approaches to
limit MFB proliferation in hearts vulnerable to fibrosis-related conduction disturbances

may have profound effects on arrhythmia vulnerability.

Study limitations

The use of adult human CMCs and MFBs may have been more clinically relevant, but these
CMCs cannot be kept in culture for longer periods and the proliferation rate of such MFBs
in vitro does not allow a study like this within a reasonable time-frame. Furthermore,
cardiac MFBs are also involved in secretion of extracellular matrix components, which
could contribute to deleterious effects on conduction in fibrotic cardiac tissue. These
aspects were not studied in detail and need more dedicated studies in the future.
However, it may be expected that with inhibition of MFB proliferation, the secretion of
such components is indirectly lowered.

Conclusions

Proliferation of MFBs in myocardial cultures gives rise to spontaneous, sustained reentrant
tachyarrhythmias. However, antiproliferative treatment of such cultures prevents the
occurrence of arrhythmias significantly by preserving a physiological membrane potential
and rapid, Na*-driven propagation in CMCs. Hence, our study indicates that MFB
proliferation may be a novel target for future anti-arrhythmic strategies.
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Supplemental Material

Methods

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and conform to the Guide for the Care and Use of
Laboratory Animals as stated by the US National Institutes of Health.

Cell isolation and culture

Primary neonatal rat cardiomyocytes (CMCs) and cardiac fibroblasts were isolated and
cultured as described previously3®3!. Immediately following isolation, cell suspensions
were spinned down, resuspended and filtered through a 20 um cell-strainer to remove
cell-aggregates. Subsequently, cells were counted and plated out on fibronectin-coated
round coverslips (15 mm) at a cell density of 4-8x10° cells/well in 24-well plates (Corning
Life Sciences, Amsterdam, the Netherlands), depending on the experiment.

For co-culture experiments with fixed myofibroblast (MFB) quantities (0%, 10%, 25%, 50%,
75%, and 90%), primary CMCs, and MFBs obtained from an earlier isolation (passage 3-4),
were counted and mixed in specific, pre-determined ratios before plating. Co-cultures
were treated with mitomycin-C (Sigma-Aldrich, St. Louis, MO, USA) to maintain original
CMC-fibroblast ratios. All cultures were refreshed daily and cultured in a humidified
incubator at 372C and 5% CO,.

Antiproliferative treatment

Antiproliferative treatment of cultures was performed at day 1 of culture. The choice of
different types of antiproliferative agents was based on their specific mechanisms of
action, thereby allowing a more accurate study of the role of proliferation in
arrhythmogeneity, rather than an agent-specific effect.
Different dosages of the antiproliferative agent of interest (mitomycin-C dissolved in PBS;
ranging from 10 pg/ml to 0.05 pg/ml or paclitaxel dissolved in DMSO; 0.085 mg/ml, both
from Sigma-Aldrich) were diluted in growth medium (Ham's-F10 supplemented with 10%
fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), 10% horse serum (HS, Invitrogen),
and penicillin (100 U/ml) and streptomycin (100 pg/ml, P/S; Bio-Whittaker, Carlsbad, CA,
USA)) and incubated for 2 hours. Cultures were then rinsed twice in PBS and once in a 1:1
mixture of Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) and Ham’s F10
medium (ICN Biomedicals, Irvine, CA, USA) supplemented with 5% HS and P/S, before
being kept on this medium throughout the experiment. Non-treated controls were rinsed
identically.
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Immunocytochemical analyses

Following mapping experiments, cultures were stained for proteins of interest, or cultures
were stained parallel to mapping experiments, as described in earlier studies3’. Cultures
were stained for a-smooth muscle actin (a-SMA) and vimentin expression to study
fibroblasts phenotype (Sigma-Aldrich), collagen-I expression to quantify myofibroblast
(MFB) numbers (Abcam, Cambridge, MA, USA), Ki67 expression to identify actively
proliferating cells (Abcam) and o-actinin as cardiomyocyte-specific marker (Sigma-
Aldrich). Furthermore, cultures were also stained for connexin 43 (Cx43) (Sigma-Aldrich) to
study gap junction formation between CMCs and MFBs. Alexa donkey-anti-mouse IgG 568
and Alexa donkey-anti-rabbit 1gG 488 secondary (Invitrogen) antibodies were used at a
dilution of 1:400. For all staining, nuclei were counterstained using Hoechst 3342
(Invitrogen). A fluorescent microscope equipped with a digital camera (Nikon Eclipse,
Nikon Europe, Badhoevedorp, the Netherlands) and dedicated software (Image-Pro Plus,
version 4.1.0.0, Media Cybernetics, Silver Spring, MD, USA) was used to analyze the
cultures. All proteins of interest were studied in at least 6 different cultures from a specific
group, from which at least 20 representative images were taken at different
magnifications (10, 40, 100x). All cultures were stained using the same solutions and
captured using equal exposure times for the protein of interest.

Western-blot analyses

Cx43 expression was studied in a MFB-density dependent manner and correlated with a-
SMA expression. Homogenates were made from 3 different purified CMC cultures,
50%/50% CMC/MFB co-cultures and purified MFB cultures, size-fractionated on NuPage
12% Tris-Acetate NuPage gels (Invitrogen) and transferred to Hybond PVDF membranes
(GE Healthcare, Waukesha, WI, USA). These membranes were incubated with antibodies
against Cx43 or a-SMA (both from Sigma-Aldrich) for 1 h followed by incubation with
corresponding HRP-conjugated secondary antibodies (Santa Cruz Biotechnologies,Santa
Cruz, CA, USA). B-tubulin (Millipore, Billerica, MA, USA) expression was determined to
check for equal protein loading. Chemiluminescence was induced by ECL advance
detection reagents (GE Healthcare) and caught on Hyperfilm ECL (GE Healthcare), after
which the intensity of Cx43 and a-SMA bands were quantified by Scion Image analysis
software (Scion Corporation, Frederick, MD, USA).

Proliferation assays

To assess the effect of antiproliferative treatments on MFB proliferation, MFB cultures
were seeded at 5x10* cells/well in a 24-wells plate and stained for Ki67 (Abcam). Ki67 is a
cellular marker for cell proliferation, and was quantified for positive staining in MFBs,
before and 3 days after treatment. Quantification was performed on 6 cultures from
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which 8 images were taken per culture at 40x magnification. These cultures were kept on
DMEM/Ham's F10 + 5% HS and refreshed daily. Furthermore, collagen-I staining was
performed after optical mapping experiments on at least 6 cardiac cultures to determine
the number of MFBs in cultures treated with different antiproliferative agents and
dosages (mitomycin-C 10 pg/ml, 5 pg/ml, 2.5 pg/ml, 0.5 pug/ml, 0.05 pg/ml) at day 1, 4 and
9. Quantification of total nuclei count, and cells expressing collagen-l was performed on at
least 6 images and averaged per culture per timepoint per dosage.

Apoptosis assay

Antiproliferative treatment may lead to increased apoptosis. Therefore, we investigated
the expression of active caspase-3 (Abcam), an established marker for apoptosis, in
cultures treated with antiproliferative agents and appropriate controls. These cardiac
cultures were seeded at 4x10° cells/well in a 24-wells format. The same protocol was used
as described earlier for immunocytochemical staining. Total nuclei number and cells
expressing active caspase-3 were quantified within the same image and averaged for 6
images per culture for 6 different cultures at 40x magnification.

Optical and multi-electrode mapping

To investigate action potential propagation patterns on a whole-culture scale, cultures
(8x10° cells/well in a 24-wells format), treated with or without antiproliferative agents,
were optically mapped with the voltage-sensitive dye di-4-ANEPPS (Invitrogen), on day 4
and 9. For reasons of standardization and reproducibility, only spontaneously active
cultures with high degrees of structural and functional homogeneity (determined by light-
microscopy and electrophysiological mapping) were included for further analyses. As a
result, 95 out of every 100 cultures (wells) were included. On days of mapping
experiments, cells were incubated with culture medium (DMEM/Ham's F10 + 5% horse
serum) containing 16 umol/L di-4-ANEPPS for 155 minutes. Following incubation, cells
were refreshed with DMEM/Ham's F12 (379C) and immediately mapped. Mapping
experiments in a 24-well plate typically did not exceed 30 min. Excitation light
(Aex=525+25nm) was delivered by a halogen arc-lamp (MHAB-150W, Moritex Corporation,
San Jose, CA, USA). Fluorescent emission light (Aem>590 nm) was passed through a camera
lens (1x Plan-Apo, WD=15 mm); Leica, Wetzlar, Germany) and focused onto a 100 by 100
pixels (100 mm?2) CMOS camera (Ultima-L, SciMedia, Costa Mesa, CA, USA) by a 1.6x
converging lens, resulting in a total field of view of 256 mm?and a spatial resolution of 160
um/pixel. During measurements, cultures were kept at 372C. Electrical activation was
recorded for at least 4 seconds at a rate of 500 frames/s, high-pass filtered and analyzed
using Brain Vision Analyze 0909 (Brainvision Inc, Tokyo, Japan). The same culture was
never exposed for longer than 40 s to minimize phototoxic effects. Importantly, mapping
of the same culture at both day 4 and 9 appeared to be well tolerated as no structural
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inhomogeneities were observed and CV did not change significantly over time in
mitomyocin-C treated cultures.

Each pixels’ signal was averaged in a fixed grid of 3x3 pixels. Activation time points were
determined at dF/dtya, Which corresponds to the timepoint of maximum upstroke
velocity. Conduction velocity (CV) in cultures with a uniform activation pattern was
calculated between two 3 by 3 pixel grids, typically spaced 2-8 mm apart, and
perpendicular to the activation wavefront. For cultures showing reentrant conduction
wavefronts, CV was determined similarly at half the maximal distance from the core
perpendicular to the wavefront over a length of 2-4 mm. Per culture, CV was determined
in 6-fold and averaged for further comparisons. Reentrant cycle length was calculated
from 3 separate cycles per culture and averaged. As this study focuses on reentry
occurrence and prevention of such arrhythmias, all CV values for reentry and non reentry
cultures were pooled within each different group, as this inclusion makes CV a valuable
parameter in determining therapeutic effects in vitro.

For multi-electrode array (MEA) mapping, cells were cultured in glow-discharged,
fibronectin-coated MEA culture dishes (Multi Channel Systems, Reutlingen, Germany) and
measurements were performed as described previously 3!, typically within 10 seconds
after optical mapping.

Assessment of ectopic activity

Spontaneous ectopic activity was defined as multiple simultaneous or alternating
pacemaker sites. In our cultures, 53% of fibrotic cultures (n=47) versus 23% (n=44) in
mitomycin-C treated cultures showed ectopic activity spontaneously at day 4. However, at
day 9 a high percentage of non-treated cultures showed spontaneous reentry, which
continuously excites the cardiac tissue and thereby greatly decreases the possibility of
ectopic activity. Therefore, to be able to quantify ectopic activity at day 9, reentry needed
to be eliminated in a non-pharmacological manner. For this purpose, we used a custom-
made epoxy-coated platinum electrode and performed unipolar stimulation with 6 V for 4
seconds using an electrical stimulus module with corresponding software (Multichannel
Systems), which successfully eliminated re-entry in >90% of the cultures. This allowed for
spontaneous ectopic activity to resume, which was detected by mapping of the cultures
for 24 seconds directly after applying the stimulus. This allowed for quantification of
ectopic activity at day 9. To provide a balanced comparative view, these experiments were
performed identically at day 4 and 9 in mitomycin-C treated and control cultures.
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Whole-cell patch-clamp

Whole-cell patch-clamp measurements were performed in co-cultures of CMCs and MFBs
treated with or without mitomycin-C at day 9 of culture. In addition, MFBs were labeled
with eGFP using lenti-viral vectors (LV.CMV.eGFP.HBVPRE; MOI 10), refreshed daily and
passaged twice before these cells were co-cultured with CMCs at equal density and ratio
at day 9 of free MFB proliferation. After identification of CMCs by phase contrast or
fluorescence microscopy, maximal diastolic potentials in CMCs were recorded in current-
clamp. Whole-cell recordings were performed at 25°C using a L/M-PC patch-clamp
amplifier (3kHz filtering) (List-Medical, Darmstadt, Germany). The pipette solution
contained (in mmol/L) 10 Na,ATP, 115 KCI, 1 MgCl,, 5 EGTA, 10 HEPES/KOH (pH 7.4). Tip
and seal resistance were 2.0-2.5 MQ and >1 GQ, respectively. The bath solution contained
(in mmol/L) 137 NaCl, 4 KCl, 1.8 CaCly, 1 MgCl,, and 10 HEPES (pH 7.4). For data acquisition
and analysis, pClamp/Clampex8 software (Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) was used.

Dye transfer

To establish functional coupling between MFBs and CMCs, MFBs were labeled with a lenti-
viral vector encoding kathuska (MOI 20). MFBs were kept in culture for 2 weeks and were
at least passaged twice before usage in experiments. CMC cultures with a density of
1.0x10° cells/well were treated with 10 pg/ml mitomycin-C to prevent endogenous MFB
overgrowth. At day 4, these cultures (n=12) were loaded for 30 minutes with calcein-AM
(Invitrogen) diluted in HBSS (Gibco), which once internalized is converted to the green
fluorescent dye calcein. Cells were rinsed twice with PBS and kept on culture medium
containing 2.5 mmol/L probenecid (Invitrogen) to block extracellular leakage. Kathuska
labeled MFBs were subsequently plated out in a 1:1 ratio with the calcein-loaded CMCs.
Brightfield and fluorescent images (at least 10 per culture) were captured after 24 hours.

Pharmacological interventions

To study the role of Navl.5 and Cavl.2 channels in the maintenance of reentrant
arrhythmias in cultures with high numbers of MFBs, increasing doses of Tetrodotoxin (TTX)
(5 and 20 umol/L; Sigma-Aldrich) were added to the cultures followed by administration of
verapamil (100 umol/L; Centrafarm, Etten-leur, the Netherlands) during optical mapping
experiments. As internal control, PBS was administered to the mapping medium prior to
pharmacological interventions. To study the role of Cavl.2 blockade exclusively,
arrhythmic cultures were immediately treated with verapamil without prior TTX
administration. Both 20 uM TTX and 100 uM verapamil are expected to fully block the
targeted ion channels in neonatal rat CMCs3%33, The electrophysiological effects of these
drugs were evaluated by optical mapping, directly, 1 min and 5 min after administration.
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In identical fashion, TTX was administered to mitomyocin-C treated cultures at day 9,
showing uniform, rapid activation, and evaluated for persistence of electrical activation.

Statistical analysis

Statistical analyses were performed using SPS511.0 for Windows (SPSS Inc., Chicago, IL,
USA). Data were compared with one-way or two-factor mixed ANOVA test with Bonferroni
post-hoc correction if appropriate, and expressed as meanzSD. Linear correlation analysis
was performed by calculating Pearson’s correlation coefficient. Comparison between two
groups was performed using the student-t test. Differences were considered statistically
significant if p<0.05.
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Abstract

Aims: Arrhythmogenesis in cardiac fibrosis remains incompletely understood.
Therefore, this study aims to investigate how heterocellular coupling between
cardiomyocytes (CMCs) and myofibroblasts (MFBs) affects arrhythmogeneity of
fibrotic myocardial cultures. Potentially this may lead to the identification of novel
anti-arrhythmic strategies.

Methods & Results: Co-cultures of neonatal rat CMCs and MFBs in a 1:1 ratio were
used as a model of cardiac fibrosis, with purified CMC cultures as control.
Arrhythmogeneity was studied at day 9 of culture by voltage-sensitive dye mapping.
Heterocellular coupling was reduced by transducing MFBs with lentiviral vectors
encoding shRNA targeting Connexin43 (Cx43) or Luciferase (pLuc) as control.

In fibrotic cultures, conduction velocity (CV) was lowered (11.2+1.6cm/s vs.
23.9+2.1cm/s P<0.0001), while action potential duration and ectopic activity were
increased. Maximal diastolic membrane potential (MDP) of CMCs was less negative
in fibrotic cultures. In fibrotic cultures, (n=30) 30.0% showed spontaneous reentrant
tachyarrhythmias compared to 5% in controls (n=60). Cx43-silencing in MFBs made
the MDP in CMCs more negative, increased excitability and CV by 51% (P<0.001),
reduced action potential duration and ectopic activity (P<0.01), thereby reducing
reentry incidence by 40%, compared to pLuc-silenced controls. Anti-arrhythmic
effects of Cx43-downregulation in MFBs could be reversed by depolarization of CMCs
through I inhibition or increasing extracellular [K*].

Conclusion: Arrhythmogeneity of fibrotic myocardial cultures is mediated by Cx43
expression in MFBs. Reduced expression of Cx43 causes a more negative MDP of
CMCs. This preserves CMC excitability, limits prolongation of repolarization and
thereby strongly reduces the incidence of spontaneous reentrant tachyarrhythmias.



Cellular and Molecular Pro-Arrhythmic]|66
Mechanisms in Cardiac Fibrosis and Beyond

Introduction

Cardiac fibrosis is associated with an increased risk of potentially lethal
tachyarrhythmias.! While increasing numbers of patients are suffering from such
rhythm disturbances, the underlying cellular pro-arrhythmic substrate of fibrosis
remains incompletely understood. In addition, there is a need for more effective
treatment options.? This provides a strong incentive for obtaining a better
understanding of the fibrotic substrate and to identify novel therapeutic targets.
One of the hallmarks of cardiac fibrosis is a substantial increase in the relative
number of myofibroblasts (MFBs) that actively remodel the myocardium.3* These
MPFBs are inexcitable, and may contribute to ectopic activity, conduction slowing and
increased propensity towards reentrant tachyarrhythmias.>® However, the exact
mechanism through which MFBs exert their pro-arrhythmic effects remains
incompletely understood. Various in vitro studies suggest that heterocellular
coupling between cardiomyocytes (CMCs) and MFBs is potentially pro-arrhythmic.
Through electrotonic interaction, CMC excitability is altered and conduction velocity
(CV) and upstroke velocity are reduced while ectopic activity becomes more
prevalent.> However, the effects of MFB-induced depolarization on repolarization
dynamics remain largely unknown, especially how such alterations could be related
to ectopic activity. Although heterocellular coupling has been proposed as a pro-
arrhythmic mechanism, experimental down regulation of such coupling to establish
its role in arrhythmogeneity has not been performed. To further define the pro-
arrhythmic mechanisms in fibrotic myocardial cultures and to identify novel anti-
arrhythmic targets, we investigated the effect of direct inhibition of MFB-CMC
coupling on arrhythmogeneity of fibrotic myocardial cell cultures by selective down
regulation of connexin43 (Cx43) expression in MFBs.

Our results demonstrate that inhibition of heterocellular coupling in co-cultures of
CMCs and MFBs acts anti-arrhythmic by preserving CMC excitability and reducing
prolongation of repolarization, both resulting from less MFB-induced depolarization.
The maximal diastolic membrane potential (MDP) of CMCs was shown to be a key
factor, as the anti-arrhythmic effects of MFB-selective Cx43 knockdown could be
reversed by /i1 blockade-induced or high extracellular [K*]-induced depolarization of
CMCs.



67|Chapter Ill: Cx43 Knockdown in MFBs is Anti-
Arrhythmic: Role of Maximal Diastolic Potential

Methods

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and conform to the Guide for the Care and Use of
Laboratory Animals as stated by the US National Institutes of Health. A more detailed
description can be found in the Supplemental Material.

Cell isolation and culture

Primary ventricular CMCs and cardiac fibroblasts were isolated from hearts of
neonatal Wistar rats. Animals were anesthetized using 4-5% isoflurane inhalation
anesthesia. Adequate anesthesia was assured by absence of reflexes prior to rapid
heart excision. Next, the ventricular cardiac tissue was chopped into small pieces and
enzymatically digested under agitation at 372C by 2 sequential 45-minute treatments
with collagenase type | (450 units/ml; Worthington, NJ, USA). The resulting cell
suspension was transferred to plastic dishes (Falcon Primaria; BD Biosciences, Breda,
the Netherlands) to allow preferential attachment of non-CMCs (mainly cardiac
fibroblasts). Seventy-five minutes later, the non-adhered cells (mostly CMCs) were
passed through a nylon cell strainer with a mesh pore size of 70 um (Becton
Dickinson, Franklin Lakes, NJ, USA) to remove undigested tissue fragments and cell
aggregates. Next, the cells were counted and plated on fibronectin (Sigma-Aldrich,
St. Louis, MO, USA)-coated round glass coverslips (15 mm @) at a density of 1-8x10°
cells/well in 24-well plates (Corning Life Sciences, Amsterdam, the Netherlands),
depending on the experiment.

Fibrosis was mimicked by co-cultures of primary CMCs and MFBs obtained from an
earlier isolation. Cells were counted and mixed in a 1:1 ratio before plating, as this
ratio has been shown to be pro-arrhythmic and allows for adequate detection of
anti-arrhythmic effects.® To maintain initially seeded ratios (for fibrosis and control),
all cultures were treated with the anti-proliferative agent mitomycin-C (Sigma-
Aldrich, St. Louis, MO, USA) at day 1 of culture.® All cultures were refreshed daily
with DMEM/Ham’s F10 in a 1:1 mixture with 5% added horse serum (HS) (all from
Invitrogen, Breda, the Netherlands) and cultured in a humidified incubator at 379C
and 5% CO,.

Immunocytological analyses

At day 9 of culture, cultures were stained for proteins of interest.2 Quantification of
fibroblast numbers was based on collagen type | staining.

Cultures were stained with antibodies specific for Cx43 (Sigma-Aldrich) or Cx45
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and a-actinin (Sigma-Aldrich), to
study gap-junction formation between CMCs and MFBs. Corresponding AlexaFluor-
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568 conjugated donkey-anti-mouse IgG and AlexaFluor-488 conjugated donkey-anti-
rabbit IgG secondary antibodies (Invitrogen) were used at a dilution of 1:400. Nuclei
were stained with Hoechst 33342 (10 pg/mL; Invitrogen). Fluorescent images were
captured by fluorescent microscopy and analyzed using dedicated software (Imagel,
National Institutes of Health, Bethesda, MA, USA).

SIN-LV production

Vesicular stomatitis virus G-protein-pseudotyped self-inactivating human
immunodeficiency virus type | vectors (SIN-LVs.) were produced in 293T cells. These
cells were transfected with a lentiviral vector shuttle plasmid together with psPAX2
(Addgene, Cambridge, MA, USA) and pLP/VS.VG (Invitrogen) using 25-kDa linear
polyethyleneimine (Polysciences, Warrington, PA, USA) as transfection agent. After
16 hours, transfection medium was replaced by culture medium and after 64 hours,
the culture fluid was collected by centrifugation and freed of cellular debris by
filtration. Concentration of lentiviral vector particles was performed by
ultracentrifugation through a 20% (w/V) sucrose cushion. Pellets containing vector
particles were suspended in phosphate-buffered saline with 1% bovine serum
albumin fraction V (Sigma-Aldrich).

Lentiviral knockdown of Cx43 expression in MFBs

To suppress Cx43 expression, MFBs were transduced by lentiviral vectors carrying a
Cx43-specific ShRNA (Open Biosystems, Huntsville, AL, U.S.A.). The lentiviral vectors
LV.SM2C.Cx43.hPGK.eGFP targeting Cx43 and LV.SM2C.pLuc.hPGK.eGFP targeting
firefly luciferase (control) have been described previously.® Knockdown was
structurally confirmed by immunocytological and Western Blot analyses and
functionally confirmed by dye transfer assay.

Western blot analyses

At day 9 of culture, cultures were rinsed in ice-cold PBS and homogenized in RIPA-
buffer. Homogenates were size-fractionated on NuPage 12% Bis-Tris gels
(Invitrogen) before transfer to Hybond PVDF membranes (GE Healthcare,
Leiderdorp, the Netherlands). These membranes were incubated with an antibody
against Cx43 (Sigma-Aldrich) for 1 h followed by incubation with a matching HRP-
conjugated secondary antibody (Santa Cruz Biotechnologies, Santa Cruz, CA, USA).
To check for equal protein loading, B-tubulin (Millipore, Billerica, MA, USA)
expression was determined. ECL Advance Detection reagents (GE Healthcare) were
used to induce chemiluminescence which was subsequently caught on Hyperfilm ECL
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(GE Healthcare). Intensities of Cx43 and B-tubulin bands were quantified by Scion
Image analysis software (Scion Corporation, Frederick, MD, USA).

Optical mapping

Action potential propagation patterns of purified CMC cultures and MFB-CMC co-
cultures (8x10° cells/well in a 24-wells format) were studied by optical mapping with
the voltage-sensitive dye di-4-ANEPPS (Invitrogen). On day 9 of culture, cells were
incubated for 155 min with serum-free culture medium (DMEM/Ham's F10)
containing 8 umol/L di-4-ANEPPS. After incubation, cultures were refreshed with
DMEM/Ham's F10 (37°C) and subsequently mapped at 372C. To limit phototoxic
effects, the same culture was never exposed to excitation light for 240s and mapping
experiments typically did not exceed 30 min. Electrical activation was optically
recorded (Ultima-L, SciMedia, Costa Mesa, CA, USA) and subsequently analyzed
(Brain Vision Analyze 1103, Brainvision Inc, Tokyo, Japan). Action potential duration
was defined as the period between the timepoint of maximal upstroke velocity and
90% repolarization (APDgo). Ectopic activity was defined as the presence of multiple
sites of initiating activation.® Early afterdepolarizations (EADs) were defined as
reversal of repolarization of at least 10% of the optical action potential amplitude of
the initial activation, before full repolarization occurred. Pharmacological
interventions were performed by directly pipetting the agent of interest into the
mapping medium under mapping conditions, and effects were assessed after gentle
agitation during an incubation period of 30 seconds in all groups. Tetrodotoxin (TTX)
was obtained from Alomone Labs (Jerusalem, Israel).

Whole-cell patch-clamp

Whole-cell patch-clamp measurements were performed in purified CMC cultures,
MFB cultures and co-cultures of CMCs and Cx43-silenced or pLuc-silenced, eGFP
expressing MFBs at day 7-9 of culture. CMCs were identified by phase contrast
microscopy and lack of fluorescence signal. Next, action potentials in CMCs were
recorded in current-clamp at 25°C. Whole-cell recordings were performed using a
L/M-PC patch-clamp amplifier (3 kHz filtering) (List-Medical, Darmstadt, Germany).
Tip and seal resistance were 2.0-2.5 MQ and >1 GQ, respectively. For data
acquisition and analysis, pClamp/Clampex8 software (Axon Instruments, Molecular
Devices, Sunnyvale, CA, USA) was used. Parameters of interest were maximal
diastolic potential (MDP), maximal upstroke velocity (dV/dtma) and APDg. In a
different set of experiments, 0.5 mM BaCl, was added to the cultures to study the
effect on MDP.
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Dye transfer

Mitomycin-C-treated CMC cultures were loaded for 7 min with calcein-red-orange
AM (Invitrogen) diluted in Hank’s buffered salt solution (HBSS, Gibco, Grand Island,
USA). Cells were rinsed twice and kept on culture medium containing 2.5 mmol/L
probenecid (Invitrogen), which blocks multidrug resistance protein-dependent
calcein efflux from the cells. Lentivirally eGFP-labeled MFBs or MFBs with Cx43
knockdown or pLuc knockdown were subsequently plated out in a 1:1 ratio with the
calcein-loaded CMCs. The presence of dye transferred from CMCs to labeled MFBs
and intensity of fluorescent signal were captured and subsequently quantified using
dedicated software (Imagel).

Statistical analysis

Statistical analyses were performed using SPSS11.0 for Windows (SPSS Inc., Chicago,
IL, USA). Data were compared with one-way or two-factor mixed ANOVA test with
Bonferroni post-hoc correction when appropriate, and expressed as meanzSD.
Comparison between two groups was performed using paired or unpaired Student’s-
t test where appropriate. Differences were considered statistically significant if
P<0.05.

Results

Conduction slowing, prolonged repolarization, ectopic activity and spontaneous
reentrant tachyarrhythmias are commonly found in fibrotic cultures

In all cultures, >98% of all fibroblasts expressed a-SMA and collagen-l and were
therefore considered MFBs as described previously.® In fibrotic cultures, relative
MFB numbers were 53.0+0.6% at day 9, whereas purified CMC cultures contained
18.7+1.2% MFBs, as judged by quantification of collagen I/a-actinin staining (Figure
1A). To assess the arrhythmogenic potential of MFBs, fibrotic co-cultures of MFBs
and CMCs and purified CMC cultures were assessed for several electrophysiological
parameters using optical mapping. CV was significantly lower in fibrotic cultures
compared to controls (11.2+1.6 cm/s vs. 23.9+2.1 cm/s; P<0.0001 n=30 and n=60)
(Figure 1B). Basal spontaneous activation frequencies were 0.52+0.39Hz in controls
and 0.90+0.61Hz in fibrotic cultures (P<0.05). Optical signal characteristics were
distinctly altered in fibrotic cultures (Figure 1C). Time until 90% repolarization
(APDqo), was significantly increased in fibrosis (Figure 1D). This signified slowing of
repolarization in addition to slowed depolarization. Furthermore, prolonged
repolarization was observed to precede early afterdepolarizations (EADs). EADs
comprised 58% of 36 episodes of ectopic activity (Figure 1C arrow), whereas
remaining episodes consisted of spatially alternating sites that initiated activation.
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Consequently, of fibrotic cultures (total n=30), 53.3% showed ectopic activity as
opposed to 18.3% of CMC cultures (total n=60) (Figure 1E, G). Moreover, the
incidence of reentrant tachyarrhythmias was considerably higher in fibrotic cultures
when compared to CMC cultures (5.0% vs. 30%) (Figure 1F, H). Of 14 episodes of
spontaneous spiral wave formation, all were initiated by EADs, emphasizing their
importance in arrhythmogenesis. Together, these results strongly demonstrate the
pro-arrhythmogenic effects of MFBs in cardiac cultures.

Heterocellular coupling is associated with an elevated MDP of CMCs in fibrotic
cultures

To study intercellular coupling between CMCs and MFBs, CMC-MFB co-cultures were
stained for the gap-junctional proteins Cx43 and Cx45. Immunocytological staining
revealed that Cx43 as well as Cx45 were expressed between adjacent MFBs, CMCs
and MFBs adjacent to CMCs, suggesting the ability of MFBs to form homo- and
heterocellular gap-junctions with both connexins (Supplemental Figure 1A). Of
heterocellular junctions, 50.2% of 227 cell pairs showed expression of Cx43, whereas
25.5% of 180 cell pairs showed expression of Cx45. Furthermore, areas covered by
Cx43 expression were significantly larger than areas covered by Cx45 at homocellular
(Supplemental Figure 1B) and heterocellular junctions (Supplemental 1C), consistent
with a dominant role of Cx43 in gap-junctional protein expression. Heterocellular
gap-junction functionality was studied by calcein-red-orange dye transfer from CMCs
to adjacent MFBs. Supplemental Figure 1D shows a representative image of adjacent
calcein-positive MFBs and CMCs, confirming this ability, as isolated cells did not show
such transfer of calcein (Supplemental Figure 1E). On an electrophysiological level,
whole-cell current-clamp performed on CMCs in fibrotic cultures during
spontaneous 0.5-1 Hz activation revealed a less negative MDP (-49.41+6.1 mV; n=7)
compared to CMCs in control cultures (-64.8+5.9 mV; n=8; P<0.001) (Supplemental
Figure 1F). The resting membrane potential of MFBs in homocellular cultures was -
17.016 mV (n=9), which could explain their depolarizing effect on neighbouring CMCs
after the establishment of functional heterocellular gap junctions.
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Figure 1. Fibrotic cultures are pro-arrhythmic. (A) Typical example of a collagen | (green) and
a-actinin (red) double staining showing more MFBs in fibrotic cultures compared to control
cultures. Nuclei are stained blue with Hoechst 33342. (B) CV was slowed in fibrotic cultures *:
P<0.001. (C) Typical optical signal trace shows prolongation of the action potential, the
occurrence of an EAD in a fibrotic culture. (D) APDq is increased in fibrotic culture. *:P<0.05
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vs. control. (E) Incidence of ectopic activity was significantly higher in the fibrotic group, as was
the case for (F) spontaneous reentry. (G) Isochronal maps (6 ms) showing ectopic activity in a
fibrotic culture and (H) 2 subsequent activations during a reentrant tachyarrhythmia in a
fibrotic culture.
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Supplemental Figure 1. Heterocellular coupling is associated with a less negative MDP of
CMCs in fibrotic cultures. (A) Cx43 and Cx45 were present at homo- and heterocellular
junctions. Red arrows indicate homocellular CMC-CMC junctions. Yellow arrows indicate
heterocellular MFB-CMC junctions. (B) Cx43 covers relatively larger areas at homocellular or
(C) heterocellular junctions compared to Cx45. *p<0.05. (D) Typical photomicrographs of a dye
transfer assay show that (E) eGFP-labeled MFBs in direct contact with calcein red-orange AM-
loaded CMCs exhibit transfer of the calcein, whereas isolated MFBs showed no such transfer.
(F) MDP obtained from whole-cell current-clamp recordings during 0.5-1 Hz spontaneous
activity showed that CMCs in fibrotic cultures are significantly more depolarized as compared
to those in purified CMC cultures (control). *: P<0.001.

Taken together, these results implicate that MFBs and CMCs are functionally coupled
and that CMCs are significantly depolarized in the proximity of MFBs, which may play
a key role in the arrhythmogeneity of MFBs and may therefore represent a
therapeutic target.
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shRNA-mediated Cx43 silencing by viral transduction

To investigate heterocellular coupling as a potential target for anti-arrhythmic
interventions, Cx43 expression in MFBs was downregulated by means of lentiviral
shRNA-mediated RNA interference. After transduction with
LV.SM2C.Cx43.hPGK.eGFP, Cx43 expression in MFBs was 53% lower than in
LV.SM2C.pLuc.hPGK.eGFP-transduced MFBs as judged by Western blot analysis
(Supplemental Figure 2A). Assessment of eGFP expression by fluorescence
microscopy revealed that both SIN-LVs. had transduced the cells at equally high
levels (Supplemental Figure 2B). To exclude the possibility that Cx43 knockdown
solely affected the intracellular Cx43 pool, the western blot data were
complemented with immunocytological analysis. After transduction with
LV.SM2C.Cx43.hPGK.eGFP, Cx43 expression at MFB-MFB junctions was 74% lower in
than control cells (Supplemental Figure 2B, C).

Silencing Cx43 expression in MFBs reduces functional heterocellular coupling without
affecting homocellular CMC expression of Cx43

The effect of Cx43 knockdown on functional heterocellular coupling was first
assessed by calcein transfer experiments. The effect of Cx43 knockdown on
intercellular dye transfer between MFBs and CMCs was a lower percentage of
calcein-positive LV.SM2C.Cx43.hPGK.eGFP-transduced MFBs in co-cultures when
compared to Lv.SM2C.pLuc.hPGK.eGFP-transduced MFBs in co-cultures (22.416.5%
vs. 40.8+10.6%; P<0.01 n=50 cell pairs across 7 photos per group) (Figure 2A and B).
In addition, fluorescence intensity of the transferred dye was significantly lower in
the Cx43 knockdown group than in the pLuc-silenced MFB group (Figure 2C). In 1:1
co-cultures with either pLuc- or Cx43-silenced MFBs, the MFB numbers and
distribution were equal (Figure 2D). Homocellular Cx43 expression between CMCs
was not affected by Cx43-silencing in MFBs. However, intercellular Cx43 expression
at heterocellular junctions was 68% lower in co-cultures with Cx43-silenced MFBs
than in co-cultures with pLuc-silenced MFBs (2.7+1.3 arb. units vs. 8.5+3.8 arb. units;
P<0.001, Figure 2E, F).
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Supplemental Figure 2. shRNA-mediated Cx43 silencing by lentiviral vectors decreases Cx43
expression in MFBs. (A) Typical example and quantification of Cx43 expression, normalized for
B-tubulin expression from Western blot analysis showing significantly lower expression of Cx43
in Cx43-silenced MFBs compared to control (p<0.001). (B) Typical example of an
immunocytological staining, showing less intercellular expression of Cx43 between Cx43-
silenced MFBs compared to pLuc-silenced MFBs (control). (C) Quantification of intercellular
Cx43 expression. *: p<0.001 vs. pLuc silencing (control).

Preserved MDP and faster repolarization of CMCs in fibrotic cultures by heterocellular
uncoupling

Next, CMCs in co-cultures were analysed by whole-cell patch-clamp to evaluate the
electrophysiological consequences of Cx43 knockdown in fibrotic cultures
(Supplemental Figure 3, Figure 3A). As a result of depressed heterocellular coupling,
MDP was preserved in co-cultures with LV.SM2C.Cx43.hPGK.eGFP-transduced MFBs
compared to co-cultures containing pLuc-silenced MFBs (-61.415.7 mV vs. -51.6+4.0
mV; P<0.05, (Figure 3B).Concomitantly, dV/dtmax was significantly higher in fibrotic
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cultures with Cx43-silenced MFBs (Figure 3C), implying increased excitability. In
addition, repolarization occurred faster in CMCs of the Cx43 knockdown group, as
APDgo was reduced to 33335 ms vs. 525242 ms in the pLuc group (225+21 ms for
non-fibrotic controls, Figure 3D).

A

_ Calcein-Red Orange eGFP

o
o
)
»
o
J

»
o
1
w
o
1

w
o
1
N
o
1

-
o
("
-
o
1

o
1

1

Transferred Dye Intens. (Arb. Units) ()

pLucl  Cx43l

pLucl Cx43l

"T1 MFBs showing dye-transfer (%)

Cx43 expression (arb. units)
0 6 12 18 24 30
' ' L J

1 1

CMC-CMC pLucl
CMC-MFB pLuc!
CMC-CMC Cx43.

CMC-MFB Cx43)

Figure 2. Functional consequences of MFB Cx43 silencing in CMC-MFB co-cultures. (A) Typical
examples of calcein Red-Orange loaded CMCs in co-culture with eGFP expressing, Cx43-
silenced or pluc-silenced MFBs. Yellow arrows indicate MFBs that show transfer, whereas
green arrows indicate MFBs that do not receive calcein from neighboring CMCs. (B)
Quantification of the number of eGFP-positive MFBs showing transfer of calcein Red-Orange
per image. *: P<0.001 (C) Fluorescence intensity of the transferred dye. *: P<0.001. (D) Typical
examples of a merged image of phase-contrast and eGFP fluorescence showing equal
distribution and relative numbers of Cx43-silenced or pLuc-silenced green MFBs in co-cultures.
(E) Typical example of Cx43/a-actinin double staining showing decreased intercellular Cx43
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expression in co-cultures with Cx43-silenced MFBs compared to co-cultures with pLuc-silenced
MFBs (control). (F) Homo- and heterocellular Cx43 expression. *:P<0.05 vs. CMIC-CMC pLuc
silencing. **:P<0.05 vs. CMC-CMC Cx43 silencing and CMC-MFB pLuc silencing.
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Supplemental Figure 3. EGFP-labeling of MFBs in fibrotic co-cultures allowed for the selective
intracellular measurement of CMCs.
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Cx43 knockdown in MFBs preserves excitability and prevents prolonged
repolarization, ectopic activity and reentrant tachyarrhythmias in fibrotic myocardial
cultures

At the tissue level, CV was significantly higher in co-cultures with Cx43-silenced MFBs
than in co-cultures with plLuc-silenced MFBs (16.0%3.2 cm/s vs. 10.6%4.3 cm/s;
P<0.001) (Figure 4A, B). Furthermore, Cx43-silencing in MFBs resulted in
morphological changes in optical action potentials (Figure 4C). Consistent with the
dV/dtmax - increasing effect of MFB-specific Cx43 silencing in patch-clamp
experiments, the decrease in CV after Iy, inhibition by 20 uM TTX was significantly
larger in co-cultures with Cx43-silenced MFBs than in co-cultures with pLuc-silenced
MFBs (Figure 4D). This indicated reduced MFB-induced depolarization and larger
availability of Nav1.5 channels in CMCs by Cx43-knockdown in MFBs. This indicated
reduced MFB-induced depolarization and larger availability of Nav1.5 channels in
CMCs by Cx43-knockdown in MFBs.
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Figure 4. Cx43-silencing in MFBs preserves culture excitability and fast conduction. (A) Typical
activation maps of uniform propagation in co-cultures with Cx43-silenced MFBs and pLuc-
silenced MFBs (6 ms isochrones). (B) CV was significantly higher for co-cultures with Cx43-
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silenced MFBs than in co-cultures with pLuc-silenced MFBs. *: P<0.001 vs. fibrotic cultures with
pLuc-silenced MFBs. (C) Optical signal traces show different action potential morphologies by
Cx43-silencing in MFBs. (D) Nav1.5 blockade by 20 uM TTX decreases CV in both groups to
similar values, although the decrease was larger for the Cx43-silenced group, indicating
increased excitability. *:P<0.05 vs. pre TTX. **:P<0.05 vs. all.

Findings of faster repolarization in patch-clamp experiments were also confirmed at
the population level by optical mapping, as APDgg was significantly reduced by Cx43
knockdown in MFBs (Figure 5A, B, C). Furthermore, the incidence of ectopic activity
in co-cultures was significantly decreased by Cx43 downregulation in MFBs. Of all co-
cultures with Cx43-silenced MFBs 19.4% (total n=62) showed ectopic activity
compared to 36.4% in co-cultures with pLuc-silenced MFBs (total n=33) (Figure 5D).
Foremost, Cx43 knockdown in MFBs (n=55) decreased the incidence of reentrant
tachyarrhythmias in co-cultures by 40% when compared to co-cultures with pLuc-
silenced MFBs (n=32) (16.4% vs. 56.4%, Figure 5E). If a co-culture with Cx43-silenced
MPFBs exhibited a reentrant tachyarrhythmia, its reentrant cycle length was shorter
than observed in a co-culture with pLuc-silenced MFBs (248+19ms vs. 296+48ms,
P<0.05).
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Figure 5. Reduction of prolonged repolarization signifies a decrease in ectopic activity and
spontaneous arrhythmias by Cx43-silencing in MFBs. (A) Typical optical signal trace during 1-
2 Hz activation of fibrotic cultures with Cx43-silenced MFBs or (B) pLuc-silenced MFBs showing
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that (C) APDgy was significantly decreased by Cx43-silencing in MFBs. *:P<0.05 vs. plLuc-
silencing. (D) Co-cultures with Cx43-silenced MFBs showed less ectopic activity and (E) less
spontaneous reentrant activity compared to co-cultures with pLuc-silenced MFBs (control).

Re-induced depolarization abolishes anti-arrhythmic effects of Cx43 knockdown in
MFBs in fibrotic myocardial tissue

To investigate whether the anti-arrhythmic mechanism of Cx43 knockdown was due
to prevention of MFB-induced depolarization of the CMCs, depolarization was re-
induced by /; inhibition with 0.5 mM BacCl,. Indeed, BaCl, elevated the MDP of CMCs
in co-culture with Cx43-silenced MFBs towards values found in the pLuc co-cultures
(-59.01£4.7 mV (n=4) vs. -48.3+4.1 mV (n=4) before and after, respectively, P<0.05,
Figure 6A). At the tissue level, this more positive MDP of CMCs caused by /i
inhibition decreased CV in Cx43-knockdown cultures from 15.2+1.1 cm/s (n=62) to
9.7+1.1 cm/s (n=18), negating the higher CV normally found when compared to pLuc
control cultures, which were not significantly affected (n=19, Figure 6B). Similarly,
APDgy was increased in the Cx43 knockdown group after BaCl, (Figure 6C, D) and
associated with increased ectopic activity by 27% (Figure 6E) and reentry by 36%
(Figure 6F), thereby abolishing the anti-arrhythmic effects of down regulation
heterocellular coupling in fibrotic myocardial cultures. To confirm these findings,
CMCs in these cultures were depolarized by adding 10 mM of KCl to the mapping
medium to increase the extracellular K* concentration to 14 mM. In accordance with
the BaCl, experiments, increased extracellular [K*] also reversed the anti-arrhythmic
potential of MFB-specific Cx43 knockdown in fibrotic co-cultures, as CV was
decreased, whereas APDg and ectopic and arrhythmic activity were increased in
these cultures (Supplemental Figure 4).



O

Fluorescence Intensity

(Arb. Units)

Max. Dia. Membr. Potential (mV)

8l|Chapter Ill: Cx43 Knockdown in MFBs is Anti-
Arrhythmic: Role of Maximal Diastolic Potential

Cc

-204

-40-

APDg, (ms)

-60-

Conduction Velocity (cm/s)

NV \V g il i NV Nl Nid i NV
& & & & o & & o & o
\4 & \2 N \2 & \2
< & N W F O F RO ) “4\\“’\
> Ui AR S SR AR
G o ¥ ¥ ¥ ¥ &

150+ mCx43 | pre BaCl,
e Cx43 | with BaCl,

(=2
o
1

-

o

o
1

w»
o
1
N
o
1

0-

Reentrant arrhythmia incidence (%)
S

0 100 200 300 400 500

N\ 0\"& 0\'\«

O\‘D o\'\ 0\'\ 0\'&

Time (ms) 2 o o o P o o oF
e & & & e & & &
%Q‘ %4& %Q‘ %4.‘\\ §Q‘ %q.\\\ §Q‘ %4‘\\
SRR ) X o ° 0
¥y &FF ¥ &

Figure 6. Increased excitability of CMCs after Cx43-silencing in MFBs and the preventive effect
on ectopic activity and arrhythmias is reversed by depolarization of the resting membrane
potential. (A) Inhibition of Ix; by 0.5 mM BaCl elevated the MDP of CMCs in the Cx43-silencing
group towards values of the pLuc group. The same intervention did not affect pLuc cultures.
*:P<0.05 vs. all. (B) Depolarization by Iy inhibition using BaCl2 slowed CV only in the Cx43
silencing group. *:P<0.05 vs. all. (C) Ix1 inhibition cancels the effect of Cx43-silencing in MFBs
on APDgp of optical action potentials and thus lengthens repolarization. (D) Increased APDgyy by
BaCl, increases the propensity towards EADs as marked by the arrow. (E) The preventive effect
of Cx43 silencing on ectopic activity or (F) reentry is abolished by depolarization by i
inhibition.
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Supplemental Figure 4. Depolarization in fibrotic myocardial cultures by increased
extracellular K* reverses anti-arrhythmic potential of Cx43 knockdown in MFBs. Administration
of 10 mM KCl to fibrotic CMC cultures has a more profound effect on (A) conduction velocity
(*:p<0.05 vs pre KCl), (B) repolarization (*:p<0.05 vs all) or (C) ectopic and arrhythmic activity
in co-cultures with Cx43-silenced MFBs than in those containing pLuc-silenced MFBs. The
number of cultures analyzed were 10 and 10 for the pLuc group and 8 and 10 for the Cx43-
knockdown group in the absence and presence of extra KCl, respectively.

Discussion

Key findings of this study are (1) Silencing of Cx43 expression in MFBs leads to
reduced heterocellular functional coupling and less MFB-induced depolarization of
CMCs. 2) Preservation of the MDP of CMCs by Cx43 down regulation in MFBs leads
to increased excitability and reduced prolongation of repolarization as compared to
control, thereby limiting conduction slowing and decreasing ectopic activity. 3) The
aforementioned changes are associated with a lower incidence of spontaneous
reentrant tachyarrhythmias in fibrotic myocardial cultures. 4) MDP of CMCs is a key
factor in the anti-arrhythmic effects of Cx43 down regulation in MFBs as all of the
favorable changes could be reversed by depolarization of CMCs through I, inhibition
or increasing extracellular [K*].
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Cardiac fibrosis and abnormal impulse propagation and generation

The pro-arrhythmogenic effects of cardiac fibrosis, a process which consists of
excessive MFB proliferation and extracellular matrix deposition, have been
demonstrated in vitro and in vivo. Unfortunately, the exact pro-arrhythmic
mechanisms are incompletely understood and the therapeutic efficacy of current
anti-arrhythmic treatment options remains suboptimal. Initially, the mechanism by
which cardiac fibrosis was considered to be pro-arrhythmic was that of extracellular
matrix-mediated CMC separation, which leads to anatomical zigzag course of
conduction and conduction block.1%* However, in recent years several studies have
demonstrated that MFBs, independent of matrix deposition, could play a more
crucial pro-arrhythmic role than initially thought. In fibrotic myocardial cultures, slow
conduction, increased ectopic activity and propensity towards reentrant arrhythmias
have been described, as was confirmed by the present study.>?

In vitro studies have indicated that MFB-CMC coupling could be responsible for
arrhythmogenesis by altering electrophysiological characteristics of CMCs.
Functional heterocellular coupling between cardiac fibroblasts and CMCs was first
observed by Rook et al.l? The mechanism by which heterocellular coupling causes
slowed conduction is thought to be based on electrotonic interaction leading to
depolarization of CMCs to membrane potentials at which fast sodium channels are
largely inactivated, thereby reducing excitability and CV.13

Besides causing conduction slowing, MFBs have also been shown to contribute to
ectopic activity when seeded on top of cultured CMCs.® As the sarcolemma of CMCs
becomes increasingly less negative with increasing numbers of adjacent MFBs, a
level of depolarization can be reached that allows for depolarization-induced
automaticity as basis for ectopic activity. Slowed conduction and ectopic activity are
known to increase arrhythmogeneity in in vitro models of cardiac tissue and are both
caused by heterocellular interactions. >7: 14

Anti-arrhythmic effects of Cx43 down regulation in MFBs

As electrotonic interaction is mediated through gap-junctions and has been
suggested to be the basis of both conduction slowing and increased ectopic activity,
this study investigated whether down regulation of this heterocellular coupling
would have anti-arrhythmic effects. Although heterocellular coupling occurs
through, at least, both Cx43 and Cx45-based connexons, a strong, functionally
relevant reduction in heterocellular coupling could be achieved by solely down
regulating Cx43 in MFBs. This can be explained by the higher expression levels of
Cx43 at heterocellular junctions compared to Cx45, as was confirmed in this
study.**1> The relatively higher occurrence of heterocellular Cx43 and Cx45
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expression in this study compared to other studies can be explained by the notion
that the fibroblastic cells are a-SMA positive myofibroblasts as opposed to a-SMA
negative fibroblasts.'® Conduction slowing by heterocellular coupling seems to be
based on depolarization-induced inactivation of fast sodium channels, thereby
reducing excitability. Indeed, the decrease in heterocellular coupling by lentiviral
Cx43 knockdown in MFBs led to an increased CV and upstroke velocity. Nav1.5
blockade by 20 uM TTX yielded larger decreases in CV in the Cx43 knockdown group
than in fibrotic control cultures, thereby proving that excitability was increased by
reducing heterocellular coupling. Furthermore, by Cx43 knockdown in MFBs, CMCs
were significantly less depolarized, also indicating increased excitability. As
junctional Cx43 expression in MFBs was not completely abolished by transduction of
these cells with LV.SM2C.Cx43.hPGK.eGFP, it was to be expected that CV would not
be fully restored due to residual heterocellular coupling through Cx43 and Cx45. In
addition, other mechanisms than heterocellular electrical coupling may contribute
to arrhythmogeneity of fibrotic myocardial cultures. In a recent study, mechanical
coupling and contractile forces between MFBs and CMCs were shown to affect CV
and inducibility of arrhythmias in an anisotropic co-culture model.” However, the
role of mechanical coupling may be of lesser influence in the current model, possibly
because, unlike in the previous study, cells were not treated with TGF-B, different
cellular ratios and tissue organizations were studied at different time-points.

Cx43 silencing in MFBs had also a pronounced effect on ectopic activity. The basis
for increased ectopic activity in fibrotic cultures is still not fully understood. The
current study provides a possible explanation by describing altered repolarization
dynamics in fibrotic cultures. Triangulation of the action potential, or phase 3
prolongation is considered to be a highly pro-arrhythmic phenomenon as it can
precede TdP in vivo.'® In fibrotic cultures, APDgo was increased and preceded ectopic
activity in the form of EADs. This is in accordance with computer simulations
predicting that EADs occur more frequently in fibrotic cultures and are critical in
spiral wave formation.'®!® Prolongation of repolarization is currently thought to
increase the chance of EAD generation by prolonging the time spent within the
membrane potential range of the window current of L-type calcium channels, which
allows for de-inactivation and subsequent reactivation.?’

The combination of slowed conduction and increased ectopic activity is known to
increase the pro-arrhythmic potential of cardiac tissue.?! Hence, an increase in CV
and a decrease in ectopic activity by Cx43 knockdown in MFBs reduce
arrhythmogeneity, reflected by a lower incidence of spontaneous tachyarrhythmias.
The importance of depolarization of CMCs as a key pro-arrhythmic mechanism was
demonstrated by administration of BaCl,, which effectively blocks /1 and thereby
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depolarizes CMCs independently of heterocellular coupling.?? The dosage of BaCl,
used in the present study is expected to completely and selectively block /x; without
significant effects on other potassium currents.?%2® or L-type calcium current.?* The
Ika-inhibition-induced depolarization immediately resulted in conduction slowing,
prolonged repolarization, ectopic activity by EAD formation and spontaneous
reentry in fibrotic cultures with Cx43-silenced MFBs, thereby reversing the anti-
arrhythmic effect of reducing heterocellular coupling. In accordance, fibrotic cultures
with pLuc knockdown as a control were not as strongly affected by BaCl,-induced
depolarization, suggesting that MFB-induced depolarization elevated the membrane
potential towards values at which excitability was low enough to be relatively
insensitive to further depolarization. Increasing extracellular [K*] confirmed the
effects of BaCl, on reversing the anti-arrhythmic effect of Cx43-silencing in MFBs.
Taken together, the results of this study provide mechanistic insight into how MFBs
exert their pro-arrhythmic effects on CMCs and how modulation of heterocellular
coupling between CMCs and MFBs, as well as the MDP of CMCs could be targeted by
anti-arrhythmic strategies.

Study limitations

Human adult CMCs are a more clinically relevant cell type than neonatal rat CMCs,
but cannot be kept in culture for extended periods of time and are limited in
availability. Although fibrosis consists of both an increase in MFBs and extracellular
matrix, the latter was not investigated, as in vitro deposition of matrix of quality and
quantity comparable to an in vivo situation is difficult to achieve. Although it is well
established that MFBs and CMCs functionally couple in vitro, strong, undeniable
proof of this phenomenon in vivo has yet to appear. Consequently, it is recognized
that more in vivo research is necessary before in vitro results can be translated to
clinical implications.

Conclusions

MFBs are able to form functional heterocellular gap-junctions with CMCs and are
thereby able to diminish CMC excitability, reduce CV in cardiac cultures, prolong
repolarization and induce ectopic activity, and give rise to spontaneous reentrant
tachyarrhythmias in fibrotic myocardial cell cultures. Targeting heterocellular gap-
junctional coupling by selective silencing of Cx43 expression in MFBs preserves CMC
excitability, limits conduction slowing, prolonged repolarization and the incidence of
ectopic activity and thereby prevents reentrant tachyarrhythmias. This effect
resulted from decreased depolarization of CMCs through heterocelullar coupling as
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I1 inhibition or an increase in extracellular [K*] abolished the anti-arrhythmic effects
of Cx43-silencing in MFBs.

Funding

This work was supported by the Dutch Heart Foundation (2008/B119). D.A.P. is the
recipient of the Netherlands Organisation for Scientific Research (NWO) VENI grant
(91611070).

Acknowledgements
We thank Dr. Wilbert P.M. van Meerwijk for constructive discussions, and Huybert
J.F. van der Stadt for excellent technical support.

Conflict of Interest
None declared



87|Chapter Ill: Cx43 Knockdown in MFBs is Anti-
Arrhythmic: Role of Maximal Diastolic Potential

Supplemental Material

Methods

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and conform to the Guide for the Care and Use of
Laboratory Animals as stated by the US National Institutes of Health.

Immunocytochemical analyses

Following mapping experiments at day 9 of culture, cultures were stained for
proteins of interest, or cultures were stained parallel to mapping experiments as
described earlier.! Cultures were stained for a-smooth muscle actin (a-SMA) and
vimentin expression to study fibroblasts phenotype (Sigma-Aldrich, St. Louis, MO,
USA), collagen-I expression to quantify MFB numbers (Abcam, Cambridge, MA, USA),
and a-actinin (Sigma-Aldrich) as CMC-specific marker. In addition, cultures were also
stained for connexin43 (Cx43) (Sigma-Aldrich) and connexin45 (Cx45) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), to study gap junction formation between CMCs
and MFBs. Corresponding AlexaFluor-568 conjugated donkey-anti-mouse 1gG and
AlexaFluor-488 conjugated donkey-anti-rabbit IgG secondary antibodies (Invitrogen,
Breda, the Netherlands) were used at a dilution of 1:400. Nuclei were stained with
Hoechst 33342 (10 pg/mL; Invitrogen). A fluorescent microscope equipped with a
digital camera was used to capture images (Nikon Eclipse, Nikon Europe,
Badhoevedorp, the Netherlands) and dedicated software (Image-Pro Plus, version
4.1.0.0, Media Cybernetics, Silver Spring, MD, USA) was used to analyze stained
cultures. All proteins of interest were studied in at least 6 different cultures from a
specific group, from which at least 20 representative images were acquired at
various maghnifications (10, 40, 100x). All cultures were stained using the same
solutions and captured using equal exposure times for the protein of interest.
Analysis of images was performed with ImageJ 1.44p (National Institutes of Health,
USA). For analysis of gap-junctional Cx43 or Cx45 expression, percentual area
coverage was determined in a fixed predefined area after setting a threshold value
at 33% of maximal signal intensity. Fluorescent intensity levels were determined as
an average pixel value within a fixed area, at least 5-fold per cell, or cell-cell junction
for connexin staining.
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SIN-LV production

To suppress Cx43 expression, MFBs were transduced by lentiviral vectors carrying a
Cx43-specific shRNA (Open Biosystems, Huntsville, AL, U.S.A.). The lentiviral vectors
LV.SM2C.Cx43.hPGK.eGFP targeting Cx43 and LV.SM2C.pLuc.hPGK.eGFP targeting
firefly luciferase (control) have been described previously.?

Vesicular stomatitis virus G-protein-pseudotyped self-inactivating human
immunodeficiency virus type | vectors (SIN-LVs.) were produced by seeding six 175
cm? culture flasks with 1 x 10° 293T cells per cm? in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Invitrogen) and 10 umol/L
cholesterol (Sigma-Aldrich). The next day, these producer cells were transfected with
either one of the lentiviral vector plasmids together with psPAX2 (Addgene,
Cambridge, MA, USA) and pLP/VSVG (Invitrogen) at a 2:1:1 molar ratio using a total
of 200 ng DNA/cm?and 3 ng polyethyleneimine (Polysciences, Warrington, USA) per
ng DNA as transfection agent. Sixteen hours later, the transfection medium was
replaced by DMEM containing 5% FBS, 10 mM HEPES-NaOH (pH 7.4) and 10 pumol/L
cholesterol. At 64 h post-transfection, the culture fluid was collected and freed of
cellular debris by centrifugation at room temperature for 10 min at 825x g and
filtration through a 0.45 um pore-sized cellulose acetate filter (Pall Corporation, East
Hills, NY, USA). To concentrate the lentivirus vector particles, a 5 mL cushion of 20%
sucrose in phosphate-buffered saline (PBS) was loaded under 30 ml of the cleared
culture medium, which was then centrifuged for 90 min at 15,000 rpm and 10°C in
an SW28 rotor (Beckman Coulter, Fullerton, CA, USA). Next, the supernatant was
discarded and the pellets with the vector particles were suspended in 400 pL of PBS
containing 1% bovine serum albumin (BSA fraction V from Sigma-Aldrich) by gentle
rocking overnight at 4°C.

The gene transfer activity of the vector stocks was determined by end-point titration
on Hela indicator cells using flow-cytometric analysis of eGFP as read-out. The titers
of the SIN-LV preparations are thus expressed in Hela cell-transducing units (HTUs)
per mL.

MFBs were transduced with SIN-LV particles at a multiplicity of infection (MOI) of 32
HTUs per cell in culture medium containing 20 ug/mL diethylaminoethyl-dextran
sulfate (GE Healthcare, Diegem, Belgium). After 4 h, the cultures were washed three
times with PBS and supplied with fresh culture medium. MFBs were passaged twice
before application in experiments.
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Western blot analyses

MFB  cultures were transduced with LV.SM2C.Cx43.hPGK.eGFP  or
LV.SM2C.pLuc.hPGK.eGFP parallel to mapping experiments. At day 9 of culture,
transduced and mock-transduced cultures were rinsed in ice-cold PBS and
homogenized in RIPA-buffer consisting of 50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L
NaCl, 1% NP-40, 0.5% sodiumdeoxycholate, and 0.1% SDS. Homogenates were size-
fractionated on NuPage 12% gels before wet transfer to Hybond PVDF membranes
(GE Healthcare). These membranes were incubated with an antibody against Cx43
(Sigma-Aldrich) for 1 h followed by incubation with corresponding HRP-conjugated
secondary antibody (Santa Cruz). To check for equal protein loading, B-tubulin
(Millipore, Billerica, MA, USA) expression was determined. ECL Advance Detection
reagents (GE Healthcare) were used to induce chemiluminescence which was
subsequently caught on Hyperfilm ECL (GE Healthcare). The intensity of Cx43 and B-
tubulin-specific signals were quantified by Scion Image analysis software (Scion
Corporation, Frederick, MD, USA).

Optical mapping

Action potential propagation patterns of purified CMC cultures and CMC-MFB co-
cultures (8x10° cells/well in 24-wells plate) were studied by optical mapping with the
voltage-sensitive dye di-4-ANEPPS (Invitrogen). Structurally heterogenous cultures
(<5%, determined by light microscopy or electrophysiological mapping) were all
excluded for reasons of standardization and reproducibility. On day 9 of culture, cells
were incubated for 155 min with culture medium (1:1 DMEM/Ham's F10 + 5% HS)
containing 8 umol/L di-4-ANEPPS. After incubation, cultures were refreshed with
DMEM/Ham's F12 (372C) and subsequently mapped at 372 C. Epi-illumination
excitation light (Aex=525+25 nm) was delivered by a halogen arc-lamp (MHAB-150W,
Moritex Corporation, San Jose, CA, USA). To limit phototoxic effects of the mapping
protocol on the cultures, the same culture was never exposed to excitation light for
longer than 40s and mapping experiments in a 24-well plate typically did not exceed
30 min. Fluorescent emission light (Aem>590 nm) passed through a camera lens (1x
Plan-Apo, WD=15 mm; Leica, Wetzlar, Germany) and a dichroic mirror, after which
it was focused onto a 100 by 100 pixels (100 mm?) CMOS camera (Ultima-L, SciMedia,
Costa Mesa, CA, USA) by a 1.6x converging lens, resulting in a total field of view of
256 mm?and a spatial resolution of 160 pm/pixel. Electrical activation was recorded
for at least 4 s at a rate of 167 or 500 frames/s, high-pass filtered and analyzed using
Brain Vision Analyze 1103 (Brainvision Inc, Tokyo, Japan). For each pixel, signals were
averaged with 8 of its nearest neighboring pixels. Time point at which the rate of rise
of fluorescence signal (dF/dt) was maximal was defined as the activation time point.
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CV in cultures with a uniform activation pattern at an activation frequency of 1-2 Hz,
was calculated between two 3 by 3 pixel grids, typically spaced 2-8 mm apart, and
perpendicular to the activation wavefront. Per culture, CV was determined in 6-fold
and averaged for further comparisons. Action potential duration, measured from the
timepoint of maximal upstroke velocity (dF/dTma) until 90% of repolarization
(APDg), was determined in 3-fold and averaged. Reentry was defined as >4 cycles of
a circular activation pattern. Reentrant cycle length was calculated from 3 separate
cycles per culture and averaged. Ectopic activity was defined as the presence of
multiple sites of initiating activation.! Early after depolarizations (EADs) were defined
as the reversal of repolarization of at least 10% of the optical action potential
amplitude of the previous activation. Pharmacological interventions were performed
by directly pipetting the agent of interest into the mapping medium under mapping
conditions and effects were assessed after gentle agitation during an incubation
period of 30 seconds in all groups.

Dye transfer

To investigate functional coupling between MFBs and CMCs, eGFP-labeled MFBs
were kept in culture for 2 weeks and at least passaged twice before they were used
in experiments. CMC cultures containing 10° cells/well were treated with 10 pg/ml
mitomycin-C to prevent endogenous MFB overgrowth. At day 4, these cultures
(n=12) were loaded for 7 min with 10 pug/mL calcein-red-orange AM (Invitrogen) in
HEPES-buffered salt solution (HBSS, Gibco, Grand Island, USA), which once
internalized is hydrolyzed to the orange fluorescent dye calcein-red-orange. Cells
were rinsed twice with PBS and kept on culture medium containing 2.5 mmol/L
probenecid (Invitrogen) which prevents calcein efflux*. eGFP-labeled MFBs were
subsequently plated out in a 1:1 ratio with the calcein-loaded CMCs. To determine
the functional effect of Cx43 downregulation in MFBs, dye transfer experiments
were performed using MFBs transduced with LV.SM2C.Cx43.hPGK.eGFP or
LV.SM2C.pLuc.hPGK.eGFP, and CMCs loaded with 10 pg/mL Calcein Red-Orange-AM
(Invitrogen). Fluorescent images (at least 10 per culture, at least 12 cultures per
group) were acquired after 7 h of co-culture under equal exposure times and
maghnifications. The percentage of eGFP-labeled MFBs that had received calcein from
adjacent CMCs as well as the intensity of the dye-associated fluorescent signal per
calcein-positive MFB were determined using Imagel.
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Abstract

Aims: Cardiac hypertrophy and fibrosis are associated with potentially lethal arrhythmias.
As these substrates often occur simultaneously in one patient, distinguishing between pro-
arrhythmic mechanisms is difficult. This hampers understanding of underlying pro-
arrhythmic mechanisms and optimal treatment. This study investigates and compares
arrhythmogeneity and underlying pro-arrhythmic mechanisms of either cardiac
hypertrophy or fibrosis in in vitro models.

Methods & Results: Fibrosis was mimicked by free myofibroblast (MFB) proliferation in
neonatal rat ventricular monolayers. Cultures with inhibited MFB proliferation were used
as control or exposed to phenylephrine to induce hypertrophy. At day 9, cultures were
studied with patch-clamp and optical-mapping techniques and assessed for protein
expression. In hypertrophic (n=111) and fibrotic cultures (n=107), conduction and
repolarization were slowed. Triggered activity was commonly found in these substrates and
led to high incidences of spontaneous reentrant arrhythmias (67.5% hypertrophic, 78.5%
fibrotic vs. 2.9% in controls (n=102)) or focal arrhythmias (39.1% 51.7% vs. 8.8%
respectively). Kv4.3 and Cx43 protein expression levels were decreased in hypertrophy but
unaffected in fibrosis. Depolarization of cardiomyocytes (CMCs) was only found in fibrotic
cultures (-48+7mV vs. -667mV in control, P<0.001). L-type calcium-channel blockade
prevented arrhythmias in hypertrophy, but caused conduction block in fibrosis. Targeting
heterocellular coupling by low doses of gap-junction uncouplers prevented arrhythmias by
accelerating repolarization only in fibrotic cultures.

Conclusions: Cultured hypertrophic or fibrotic myocardial tissues generated similar focal
and reentrant arrhythmias. These models revealed electrical remodeling of CMCs as a pro-
arrhythmic mechanism of hypertrophy and MFB-induced depolarization of CMCs as a pro-
arrhythmic mechanism of fibrosis. These findings provide novel mechanistic insight into
substrate-specific arrhythmicity.
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Introduction

Pathophysiological alterations in myocardial structure as observed in cardiac fibrosis or
hypertrophy are associated with the occurrence of lethal cardiac arrhythmias.!® As
hypertrophy and fibrosis may occur concomitantly to varying degrees in cardiac remodeling
in one patient, it remains unclear how these adaptations independently contribute to the
arrhythmogeneity of remodeled tissue. Hence, the mechanisms through which hypertrophy
or fibrosis cause arrhythmias remain incompletely understood. Because hypertrophy and
fibrosis are characterized by specific modifications at molecular and cellular levels, these
alterations could thereby provide a basis for distinct substrate-specific pro-arrhythmic
mechanisms. Although treatment of cardiac arrhythmias has improved over recent years, it
remains suboptimal in terms of efficacy and safety.*® The notion that pharmacological anti-
arrhythmic treatment does not significantly improve survival, and may in fact evoke lethal
arrhythmias, could indicate that anti-arrhythmic treatment, without detailed knowledge of
the underlying pro-arrhythmic mechanisms, may limit therapeutic efficacy.” Therefore, this
study aimed to identify and compare independent mechanisms of arrhythmias in
hypertrophic or fibrotic myocardial tissue and thereby determine the arrhythmogeneity per
substrate. The results revealed a similar occurrence of prolongation of repolarization,
triggered activity and reentrant tachyarrhythmias in fibrotic and hypertrophic myocardial
cultures. However, the underlying pro-arrhythmic mechanisms in these substrates were
distinct, being of intrinsic nature in cardiac hypertrophy and of extrinsic origin in cardiac
fibrosis.
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Materials and Methods

All animal experiments were approved by the Animal Experiments Committee of the Leiden
University Medical Center and conform to the Guide for the Care and Use of Laboratory
Animals as stated by the US National Institutes of Health.

Cell Isolation and culture

Isolation of primary neonatal rat ventricular myocardial cells was performed as described
previously.® In brief, animals were anaesthetized with 4-5% isoflurane inhalation
anaesthesia. Adequate anaesthesia was assured by the absence of reflexes prior to rapid
heart excision. After animal sacrifice by rapid heart excision, ventricular tissue was minced
and digested with collagenase | (450 units/ml; Worthington, NJ, USA) in two digestion steps
of 50 and 40 minutes. After a 75-minute pre-plating step to minimize the amount of
fibroblasts in cardiac cell preparation, cells were plated out on fibronectin-coated, round
glass coverslips (15 mm) at a cell density of 1-8x10° cells/well in 24-well plates (Corning Life
Sciences, Amsterdam, the Netherlands) depending on the experiment. To mimic fibrosis,
endogenously present myofibroblasts (MFBs) proliferated freely. As control, proliferation
was inhibited by 10 pg/mL Mitomycin-C (Sigma-Aldrich, St. Louis, MO, USA) at day 1.° To
induce hypertrophy, control cultures were exposed to 100 uM phenylephrine (PE, Sigma)
for 24h at day 3 and day 8.

Immunocytological analyses

Cultures were stained for several markers of interest after 20 minute fixation in 1%
paraformaldehyde and permeabilization with 0.1% Triton X-100. Primary antibodies (1:200)
and corresponding secondary Alexa fluor-conjugated antibodies (1:400, Invitrogen,
Carlsbad, CA, USA) were incubated for 2 hours. Counterstaining of nuclei was performed
with Hoechst 33342 (Invitrogen). Images of cultures were quantified using dedicated
software (Image-Pro Plus, version 4.1.0.0, Media Cybernetics, Silver Spring, MD, USA).

Western Blot

Hypertrophic, fibrotic or control cultures were homogenized in RIPA-buffer containing 50
mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 1% Triton X-100, 0.5% sodiumdeoxycholate and
0.1% SDS. Then, 10 pg of protein per sample (at least 3 samples per group) were size-
fractionated on NuPage 12% gels (Invitrogen) and transferred to Hybond PVDF membranes
(GE Healthcare, Diegem, Belgium). Membranes were blocked in TBS-Tween (0.1%) + 5%
Bovine Serum Albumin (Sigma) for 1h. Afterwards, these membranes were incubated with
primary antibodies directed against Nav1.5 (Abcam, Cambridge, UK), Cav1.2, Kv4.3, Kir2.1,
Kv7.1 (all from Alomone Labs, Jerusalem, Israel) for 1h, rinsed three times in TBS-Tween and
then incubated with corresponding HRP-conjugated secondary antibodies (Santa Cruz
Biotechnlogy, Santa Cruz, CA, USA) for 1h. Chemiluminescence was detected and caught on



Cellular and Molecular Pro-Arrhythmic| 100
Mechanisms in Cardiac Fibrosis and Beyond

hyperfilm ECL using ECL Prime detection reagents (GE Healthcare). To check for equal
protein loading, GAPDH (Millipore, Billerica, MA, USA) expression was determined. To
compare fibrotic and control groups, protein expression was subsequently adjusted for CMC
content by normalizing for a-actinin (Sigma).

Optical mapping

Optical mapping in 24-well plates at a density of 8x10° cells/well and subsequent analyses
were performed as previously described.® At day 9, cultures were incubated with 8 uM Di-
4-ANEPPS after which cultures were refreshed with DMEM/Hams F10 (37 °C) and optically
mapped immediately using the Ultima-L mapping setup (SciMedia, Costa Mesa, CA, USA).
Mapping experiments typically did not exceed 30 minutes per 24-wells plate. Also, cultures
were not exposed to excitation light for longer than 50 s to limit possible phototoxic effects.
Parameters of interest were determined using Brain Vision Analyze 1108 (Brainvision, Inc.,
Tokyo, Japan). The incidence of triggered activity was assessed in all groups after eliminating
reentrant conduction by electrical stimulation. Triggered activity was defined as all newly
formed optical action potentials independent of initial pacing- or spontaneous frequency,
with >10% of the optical amplitude of the initial paced or spontaneous action potential. An
early after depolarization (EAD) was defined as a reversal of repolarization during phase 2
or 3 of the action potential of > 10% of optical amplitude. Focal tachyarrhythmias were
defined as non-reentrant activation patterns >3 repetitions faster than 2 Hz. Reentrant
tachyarrhythmias were defined as repetitive circular activation patterns for >3 rotations at
>2 Hz.

Pro-arrhythmic mechanisms studied by pharmacological interventions

Different pharmacological agents were administered during optical mapping for
investigation of pro-arrhythmic mechanisms. To reduce the net inward current, L-type Ca®*
current was inhibited by administration of a relatively low dose of nitrendipine (3 uM)
(Sigma) or verapamil (10 uM) (Centrafarm, Etten-Leur, the Netherlands) directly into the
mapping medium. To reduce heterocellular coupling, a relatively low dose of 2-Amino-
ethoxy diphenyl borate (2-APB, 5 uM) (Tocris Bioscience, Bristol, United Kingdom) or
carbenoxolone (100 uM) (Sigma) was incubated for 20 minutes. To investigate effects of
Navl.5 blockade, tetrodotoxin (TTX, 20 uM, Alomone Labs) was directly used. For
investigation of the involvement of intracellular calcium handling in arrhythmogeneity,
intracellular calcium was buffered using 10-50 uM BAPTA-AM (Sigma) which incubated for
20 minutes. To investigate the effect of action potential duration (APD) prolongation on
arrhythmogeneity, 0.5 mM sotalol (Sigma) was used. For reproducibility and comparability
between all pharmacological interventions, all cultures were paced with a 1 Hz supra-
threshold stimulation protocol during optical mapping recordings.
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Whole-cell patch-clamp
Membrane potential recordings were performed with the whole-cell patch-clamp

technique in hypertrophic cultures, co-cultures of cardiomyocytes (CMCs) and eGFP labeled
MFBs at equal cell quantity and density as fibrotic cultures with freely proliferating MFBs,
and control cultures. At day 9, after identification of CMCs by phase contrast and
fluorescence microscopy, action potential properties were determined in current-clamp.
Whole-cell recordings were performed at 25°C using a L/M-PC patch-clamp amplifier (3kHz
filtering) (List-Medical, Darmstadt, Germany). The pipette solution contained (in mmol/L)
10 Na,ATP, 115 KCl, 1 MgCl,, 5 EGTA, 10 HEPES/KOH (pH 7.4). Tip and seal resistance were
2.0-2.5 MQ and >1 G, respectively. The bath solution contained (in mmol/L) 137 NaCl, 4
KCI, 1.8 CaCly, 1 MgCly, and 10 HEPES (pH 7.4). In a subset of experiments, CMCs were
functionally uncoupled by incubation for 20 minutes with 25 umol/L 2-APB to investigate
action potential characteristics in hypertrophic, fibrotic or control cultures. For data
acquisition and analysis, pClamp/Clampex8 software (Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) was used.

Statistical analysis
Statistical analyses were performed using SPSS11.0 for Windows (SPSS, Inc., Chicago, IL,
USA). Differences were considered statistically significant if P<0.05.

Results

Cellular characterization of hypertrophic myocardial cultures

In PE-treated cultures, expression levels of ANP (126.9+8.1 vs. 93.4+5.6 arbitrary units,
P<0.001) (Supplemental figure 1A and 1B) and a-Skeletal Muscle Actin (131.0+£9.0 vs.
116.5+17.0 arbitrary units, P<0.01) (Supplemental figure 1C and 1D) were significantly
higher compared to control cultures. Furthermore, a significant increase from 1.4+0.7 10°
pixels to 2.6+0.6x10° pixels (P<0.05) in cell surface area was observed (Supplemental figure
1F). Non-myocytes expressed a-Smooth-Muscle-Actin and Collagen-I as determined by
immunocytological staining and were therefore considered MFBs. Moreover, cellular
composition of cultures was analyzed by collagen I/a-actinin double staining, suitable for
distinction between MFBs and CMCs.® Administration of PE to cardiac cultures did not
influence MFB quantities (18.6+2.8% vs. 18.1+2.0% in control cultures, p=ns) (Supplemental
figure 1E) or CMC quantities. As MFB quantities were as low as control cultures, PE-treated
cultures were considered primarily pathologically hypertrophic with a minimal fibrotic
component.
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Supplemental Figure 1. Cellular characterization of hypertrophic myocardial cultures. (A) Typical
examples of immunocytological double-staining for ANP (red) and a-actinin (green). (B) Quantification
of ANP signal. *:p<0.001 vs control. (C) Immunocytological double-staining for a-skeletal actin (red)
and a-actinin (green). (D) Quantification of a-skeletal actin signal. *:p<0.01 vs control. (E)
Immunocytological double-staining for collagen type | (red) and a-actinin (green). (F) Quantification
of cell surface tracing, *:p<0.05.

Cellular characterization of fibrotic myocardial cultures

At day 9 of culture, fibrotic cultures contained 61.5£2.6% MFBs whereas control cultures,
treated with the antiproliferative agent mitomycin-C, contained 18.9+2.4% MFBs (P<0.001)
(Supplemental figure 2A and B). Immunocytological staining revealed intercellular Cx43
expression at MFB-MFB, CMC-CMC and CMC-MFB junctions (Supplemental figure 2C).
Heterocellular coupling was confirmed by calcein dye transfer between CMCs and MFBs
(data not shown). Expression levels of Cx43 at heterocellular CMC-MFB junctions were
significantly lower than at homocellular CMC-CMC junctions (35.5+12.3 vs. 7.8+3.1 arbitrary

Control Hypertrophic

Control Hypertrophic

Control Hypertrophic
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units, P<0.0001) (Supplemental figure 2D). Importantly, as fibrotic cultures did not show an

increase in cell surface area (1.2+0.46 106 pixels in control cultures vs. 1.1+0.35 10° pixels in

fibrotic cultures) or up regulation of ANP expression

(16.8+4.8 vs. 17.316.6 arbitrary units

in control and fibrotic cultures, respectively, p=ns), absence of a hypertrophic component

was confirmed (Supplemental figure 2E and 2F).

Conduction and repolarization are slowed in fibrotic and in hypertrophic cultures

Optical mapping recordings similarly showed 3000+ —— Control

slow conduction in uniformly propagating
hypertrophic and fibrotic cultures (12.2+2.5 and
13.2+3.0 cm/s, respectively, vs. 24.5£2.1 cm/s
in controls, P<0.0001) (Figure 1A). APDg
restitution curves from spontaneous optical

2000+

APDgq(ms)

signals showed prolonged repolarization
compared to control cultures, which was most
pronounced at activation frequencies <1 Hz
(238465 ms in control [range of 157-393 ms] vs.
7211404 ms [range of 396-1842] and 820+681
ms [range of 400-2474 ms], P<0.001 and P<0.05
respectively) (Supplemental Figure 3 and Figure
1B). Apart from AP prolongation, AP triangulation
(APD30-APDgo) was significantly increased (140+£59 ms
in control vs. 303117 ms and 29864 ms in
hypertrophy and fibrosis, P<0.05) (Figure 1C, 1D and
1E). Furthermore, the maximal spatial APDg

2500+

\
15004

1000

—+— Hypertrophic
—— Fibrotic

5004

o

Activation frequency
Supplemental Figure 3: APDg
restitution curve shows that the
slope of APDg, restitution strongly
increases at activation frequencies
below 1 Hz in hypertrophic or fibrotic
cultures.

dispersion was higher in both pathological substrates (240+92ms in hypertrophic and

2331151ms in fibrotic cultures vs. 53+36ms in controls, P<0.01) (Figure 1F), suggesting

increased heterogeneity of repolarization in hypertrophic or fibrotic cultures.
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Supplemental Figure 2. Cellular characterization of fibrotic myocardial cultures. (A) Typical examples
of immunocytological double-staining for collagen-I (red) and a-actinin (green) (B) Quantification of
MFB count by collagen-I signal *:p<0.0001 vs control (C) Immunocytological double-staining of Cx43
(red) and a-actinin (green) showing homocellular (red arrow) and heterocellular Cx43 expression
(indicated by small red arrow) between CMCs (green) and MFBs. (D) Quantification of homocellular
(CMC-CMC) and heterocellular (CMC-MFB) Cx43 expression. *:p<0.001 vs control. (E) Typical examples
of ANP (red) and a-actinin (green) double-staining. (F) Quantification of ANP signal.
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Triggered activity caused by abnormal repolarization gradients underlies focal
tachyarrhythmias that occur in fibrotic and hypertrophic cultures

Apart from prolonged repolarization in fibrotic or hypertrophic cultures, triggered activity
due to EADs was frequently observed. The incidence of EADs in both hypertrophy (40%,
n=25) and fibrosis (65.5%, n=29) was significantly higher compared to control cultures
(4.2%, n=24) (Figure 2D). The occurrence of EADs not only lengthened APDgy, but also
dramatically increased the spatial heterogeneity of repolarization (from 197+78ms during
uniform repolarization to 1570+1155ms during EADs, P<0.05, Supplemental Figure 4). EADs
could be observed spontaneously but were also easily evoked by 1Hz stimulation in both
substrates. Additionally, EADs could repeatedly oscillate.
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Figure 2. Spontaneous focal tachyarrhythmias are formed in both hypertrophic and fibrotic myocardial
cultures by repetitive EADs. (A) Typical example of an activation map of an uniformly propagating
control culture (6 ms isochronal spacing). Corresponding non-high-pass filtered and spatially filtered
optical signals indicated by numbers 1-3 show short APDs and low activation frequency. Black arrows
indicate the diverging direction of AP propagation as a result of the convex waveform. (B) Activation
map of focal tachy-arrhythmic activation in a hypertrophic or (C) fibrotic culture (6ms isochrones
spacing). Corresponding optical signals show ceased repolarization at point 1, initiation of the first EAD
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after slow repolarization in point 2 followed by several propagated EADs and propagation of the first
and following EADs in point 3 resulting in a high activation frequency. Black arrows indicate
converging/planar direction of AP propagation. (D) Incidence of EADs and (E) spontaneous focal
arrhythmias. (F) Repetitive focal activation increases activation frequency in both substrates when
compared with normal, uniformly propagating control cultures. *:P<0.001 vs. control.
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Supplemental Figure 4: Effect of EADs on APD dispersion. Examples are taken from fibrotic cultures
but are also representative for hypertrophic cultures. Uniform activation is shown on the left (6 ms
isochrones). After such activation, repolarization occurs throughout the culture (bottom-right
repolarization map). However, repolarization can reverse in fibrotic or hypertrophic cultures. The
resulting EADs greatly lengthen local APDs (top-right repolarization map), which considerably
enhances spatial APD dispersion. This creates a substrate that is vulnerable to reentrant conduction as
enhanced differences in refractoriness facilitate formation of unidirectional block. The same
observations were made in hypertrophic cultures.

Triggered activity resulted in an increased activation frequency (2.6410.42 Hz in
hypertrophic or 2.99+0.54 Hz for fibrotic cultures vs. 0.82+0.83 Hz in uniformly conducting
control cultures, both P<0.001 vs. control) (Figure 2F), thereby identifying this activation
pattern as a focal tachyarrhythmia. These focal arrhythmias were infrequently observed in
controls (8.8%, n=57, Figure 2A), but were prominent in both hypertrophic (39.1%, n=23)
(Figure 2B) and fibrotic cultures (51.7%, n=29, Figure 2C, 2E). During focal tachyarrhythmias,
repolarization locally ceased, (Figure 2B and C, point 1) resulting in a sustained depolarized
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area in both substrates. As a consequence of juxtaposed repolarizing tissue and the
resulting repolarization gradient, tissue at the border of the sustained depolarized area
(Figure 2B, C point 2) repolarized very slowly. This translated to a diminished maximal
repolarizing down stroke velocity in these areas (0.71%0.16 in controls vs. 0.26+0.04 in
hypertrophic and 0.251+0.06 arbitrary optical units/ms in fibrotic cultures, P<0.001),
thereby providing a prolonged time window for reactivation of the depolarizing force, which
could lead to EAD formation. As the membrane potential of tissue distal from the
constitutively depolarized area lowers again after the triggered action potential,
repolarization in proximity of the depolarized area again occurs slowly. This provided an
opportunity for subsequent EADs, persistently repeating the previous sequence of events.

Both hypertrophy and fibrosis cause spontaneous reentrant tachyarrhythmias by critically
timed EADs

Interestingly, both hypertrophic (n=111) and fibrotic cultures (n=107) showed a high
incidence of spontaneous reentrant tachyarrhythmias, whereas control cultures (n=102)
exhibited uniform and fast propagation (Figure 3A, 3B and 3C). Spontaneous reentry
incidence was 67.5%, 78.5% and 2.9% in hypertrophic, fibrotic and control cultures,
respectively (Figure 3D). To investigate the mechanisms behind these high incidences,
reentry formation was studied in these cultures. Spontaneous reentry formation in both
substrates was found to be a consequence of triggered activity caused by EADs. The
common determinant of reentry initiation was the critical timing of EADs, which is described
hereafter. During EADs, APD was increased in both hypertrophic and fibrotic cultures
compared to controls (Figure 3B and C, point 1) prior to reentrant conduction, as was the
case for APD dispersion (Supplemental Figure 4). Consequentially, hypertrophic and fibrotic
cultures were vulnerable to conduction block following EADs. These EADs typically formed
at the edge of an area with long APD (Figure 3B and C, point 2) where down stroke velocity
of repolarization was locally slowed and thus could prolong the time frame for reactivation
of depolarizing current (Figure 3B and C, point 2). If an EAD was generated, this newly
generated EAD propagates away from the area with the long APD, as the AP will only meet
relatively well-repolarized tissue in that direction (Figure 3B and C point 3). Thereby,
unidirectional conduction block was formed (Figure 3, indicated by double black lines). If
repolarization occurred at the site of EAD origin before return of the wave front, reentry
was enabled by such critical timing. This resulted in increased activation frequency
(0.82+0.83Hz in uniformly conducting controls vs. 3.22+0.41Hz in hypertrophic or
3.93+0.66Hz in fibrotic cultures showing reentry P<0.0001) (Figure 3E, 3F and 3G)
identifying this conduction pattern as another type of tachyarrhythmia.
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Figure 3. Both hypertrophy and fibrosis
give rise to spontaneous reentrant
tachyarrhythmias by generation of
critically timed EADs. (A) Typical
example of an activation map of a
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places indicated by numbers 1-4. Gray
of AP
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spacing). Corresponding optical signals at places indicated by numbers 1-4. Gray arrow indicates the
critically timed EAD. Double black lines indicate unidirectional block, black arrow indicates direction of
AP propagation. (D) Incidence of spontaneous reentrant tachyarrhythmias. (E) Activation frequency in
normal, uniformly propagating control cultures compared to hypertrophic or fibrotic cultures showing
reentrant conduction. *:P<0.0001 vs. control, **:P<0.0001 vs. control and hypertrophic cultures. (F)
Typical example of a full AP trace of a hypertrophic and (G) fibrotic culture, showing a critically timed
EAD (gray arrow) followed by a reentrant tachyarrhythmia.

Substrate-specific effects on electrophysiological properties of CMCs

To investigate substrate-specific effects on CMCs, protein expression of several ion channels
and Cx43, as well as action potentials were investigated in all groups. Expression of Kv4.3
was decreased by 29%, in hypertrophic CMCs compared to controls (p=0.015). Expression
of Navl.5, Cavl.2, Kir2.1, and Kv7.1 were not significantly altered in hypertrophic cultures
(Figure 4A,B). In contrast to hypertrophic cultures, CMCs in fibrotic cultures exhibited
significantly higher expression of Kir2.1 only, compared to CMCs in control cultures
(p=0.048 vs. control, Figure 4A, C). However, this difference is most likely not attributable
to electrical remodeling, but to Kir2.1 expression in myofibroblasts contributing to the
overall Kir2.1 expression when corrected for a-actinin.'® Expression of intercellular Cx43
between CMCs at the protein level was decreased in hypertrophic cultures, while in fibrotic
cultures, intercellular protein expression of Cx43 between CMCs was unaltered (12.2+7.1
arbitrary units in hypertrophy vs. 32.8+10.9 and 33.5+10.2 in control and fibrosis, P<0.01)
(Figure 4D and 4E). Intracellular membrane potential recordings revealed distinctly different
action potential morphologies (Figure 4E); with wide action potentials in hypertrophic CMCs
and CMCs in fibrotic cultures and narrow action potentials in control CMCs. Furthermore,
CMCs in fibrotic cultures were depolarized as maximal diastolic potentials were -48+7 mV
(n=12, P<0.0001 vs. control) whereas hypertrophic CMCs showed no such alteration (-62+6
mV, n=8, p=ns) compared with control (-66+7 mV, n=8) (Figure 4F and 4G). Importantly,
maximal diastolic potential of CMCs in fibrotic cultures became more negative after gap-
junctional uncoupling with 25 uM 2-APB (-59+4 mV (n=5) vs. -48+7 mV (n=12) in untreated
fibrotic cultures respectively. In contrast, CMCs in hypertrophic or control cultures showed
no significant change after 2-APB in maximal diastolic potential (-62+6 mV without vs. -65+4
mV with 2-APB in hypertrophic cultures, p>0.05 n=4 and -66+7 without vs. -68+5 mV with
2-APB in control cultures, p>0.05, n=4). Moreover, APDgy, was strongly reduced in CMCs in
fibrotic cultures after uncoupling (608+20ms without vs. 286+32ms with 2-APB, P<0.05,
n=5) while APDg, remained largely unchanged after uncoupling CMCs in hypertrophic
(732+26ms without vs. 715+23ms with 2-APB, p>0.05, n=4) or CMCs in control cultures
(216£11ms without vs. 202+13ms with 2-APB, p>0.05). These data imply intrinsic electrical
remodeling that decreases repolarization reserve as a pro-arrhythmic mechanism of
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hypertrophy, as opposed to extrinsic MFB-induced depolarization as a pro-arrhythmic
mechanism of fibrosis.

ES
Q,
C % >
A °o,,° %y, %f‘ B
% 7
< e < P @ control
NaVL.5 —  — — € @ Hypertrophic
>
g
L& =
Cav1.2 ‘: —— ] :
Kir2.1 [ — GE— Nav1.5 Cav1.2 Kir2.1 Kv4.3 Kv7.1
Kv4.3 " e - C
) - -Control
KV7.1 Sy — < ) Fibrotic
>
g
C-ACHNIN — — 2
: mllm -
GAPDH s s — Nav1.5 Cav1.2 Kir2.1 Kv4.3 Kv7.1

D

Cx43 a-actinin DNA

R

Control

E F G

Hypertrophic Fibrotic

2
= X
5 50- 30 . = Control =~
a8 ] 201 N == Hypertrophic £
< Fibrotic =
< 40 s ' £ 504
c 3 = -20
o 4 = 01 [
‘@ 2 2
g 301 = g
s 4 8- § -40
s 20 5 g -
. o
©® .g @ _L
7 £ S .60+ *
g 8 .
O 10 o
o :
= s
Q oA . 7035 : : . = .80 T T T
g Control  Hypertrophic Fibrotic 0 400 800 1200 Control Hypertrophic Fibrotic
ms
[&]



Cellular and Molecular Pro-Arrhythmic]|112
Mechanisms in Cardiac Fibrosis and Beyond

Figure 4. Conduction slowing and AP triangulation are associated with either ion channel- and gap
junctional remodeling or MFB-induced depolarization. (A) Typical examples of protein expression
profiles in hypertrophic, fibrotic or control cultures as visualized by Western Blot analysis. (B)
Quantification of ion channel protein expression corrected for corresponding GAPDH expression and
a-actinin in control and hypertrophic cultures (*:P<0.01) and (C) control and fibrotic cultures. (D)
Immunocytological staining of a-actinin (green) and Cx43 (red) in control, hypertrophic or fibrotic
cultures. (E) Quantification of intercellular Cx43 signal, *:P<0.01. (F) Current-clamp traces of action
potential in control, hypertrophic and fibrotic cultures. (G) Quantification of maximal diastolic
potential. *:P<0.001.

Substrate-specific effects of pharmacological interventions imply differing pro-arrhythmic
mechanisms

To further characterize differences between pro-arrhythmic mechanisms of hypertrophy
and fibrosis, in vitro effects of several drugs on arrhythmogeneity were compared between
hypertrophic and fibrotic myocardial cultures. Single point 1Hz stimulation for 10 ms evoked
focal or reentrant arrhythmias in hypertrophic and fibrotic cultures (Figure 5A, lower
records) with incidences of 75% in hypertrophy, 78% in fibrosis and 3% in control. To study
the role of reduced repolarization reserve in arrhythmogeneity, 0.5 mmol/L sotalol was
administered to control cultures, prolonging APDsy to 118% of initial values. Moreover,
cultures showed EADs and reentrant arrhythmias after sotalol, which thereby increased
arrhythmic incidence from 0% to 50% (n=16). L-type calcium channels were blocked by 3
UM nitrendipine, which is expected to lower net inward current and thereby reduce APD
and arrhythmia incidence. In both hypertrophic and fibrotic cultures, no EADs, focal or
reentrant arrhythmias could be evoked after nitrendipine (n=25 and n=15 for hypertrophic
and fibrotic cultures) (Figure 5B and 5C). Pacing at 1Hz after nitrendipine administration
resulted in electrical capture in all hypertrophic cultures (n=24), and shortening of APDgo
(57.717.2% of untreated cultures, P<0.001) (Figure 5B), while 9 out of 19 fibrotic cultures
were rendered unexcitable (Figure 5B and 5C). In line with these results, 10 uM verapamil
treatment fully prevented formation of arrhythmias in both groups, but produced
conduction block in fibrotic cultures (11 unexcitable cultures out of 15) (Figure 5B and 5C),
while all hypertrophic cultures remained excitable (n=14). To investigate the effect of
blockade of the fast sodium channel in the different substrates, 20 uM TTX was
administered to hypertrophic or fibrotic cultures in another set of experiments. Before TTX
administration, arrhythmic incidence was 13 out of 22 hypertrophic cultures and 12 out of
19 fibrotic cultures. In 16 controls, no arrhythmias were detected. Following TTX
administration, EAD incidence remained largely unchanged, as incidences were 16 out of 22
hypertrophic cultures and 11 out of 19 fibrotic cultures, making navl.5-dependent
mechanisms of EADs unlikely in the tested cultures. To test the contribution of altered
intracellular calcium handling to arrhythmogenesis in these models, all intracellular calcium
was buffered by treatment with 10-50 uM BAPTA-AM in an optical mapping experiment.
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Interestingly, BAPTA-AM treatment did not decrease arrhythmia incidence in hypertrophic

nor fibrotic cultures (90%, n=40 and 76%, n=39, respectively) compared to non-treated

cultures. These findings demonstrate that generation of EADs in these substrates is largely

independent of intracellular calcium handling.
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Figure 5. Substrate-specific effects of L-type calcium channels blockade on arrhythmogeneity. (A)
Typical examples of spatially and non-high-pass filtered optical signal traces, occurring spontaneously
(above) and during 1Hz pacing (below) in untreated control (left), hypertrophic (middle) and fibrotic
(right) cultures. (B) Same traces during 1Hz pacing in control (left), hypertrophic (middle) and fibrotic
(right) cultures after treatment with 3 uM nitrendipine (above) and 10 uM verapamil (below). (C)
Quantification of the incidence of spontaneous (focal and reentrant) arrhythmias and conduction block
in control (left), hypertrophic (middle) and fibrotic (right) cultures after treatment with 10 uM
verapamil or 3 uM nitrendipine.

Control Hypertrophic Fibrotic

604 60+

"3
o
3

454

&
o
1

45+

304 304 304

Fluorescent intensity (Arb. Units)
Fluorescent intensity (Arb. Units)

0 1000 2000 3000 4000 g 0 10‘00 20’00 30'00 40‘00 0 1000 2000 3000 4000
Time (ms) Time (ms) Time (ms)
60+ £ 60+ £ 60+
3 £
> S
45 £ a5 £ a5
Ey >
- -
304 < 30- £ 30-
E £
15+ $ 154 S 154
3 S
0 0
e e
0+ So ; - T y S o+
0 1000 2000 3000 4000 w 0 1000 2000 3000 4000 u 0 1000 2000 3000 4000
Time (ms) Time (ms) Time (ms)

| I—

=

1l | || —

—]

I

Figure 6. Effect of gap junctional uncoupling on arrhythmogeneity depends on the arrhythmogenic
substrate. (A) Typical examples of spatially filtered and non-high-pass filtered action potential traces
during 1Hz pacing in control (left), hypertrophic (middle) and fibrotic (right) cultures after treatment
with 5 uM 2-APB or (B) 100 uM carbenoxolone. (C) Quantification of the incidence of spontaneous
(focal and reentrant) arrhythmias in control (left), hypertrophic (middle) and fibrotic (right) cultures
after treatment with 5 uM 2-APB or 100 uM carbenoxolone.
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As heterocellular coupling is a pro-arrhythmic feature of fibrosis in vitro,*' partial gap
junctional uncoupling was performed to further examine differences in arrhythmogeneity
of hypertrophic and fibrotic cultures. As MFB-CMC intercellular Cx43 expression is
significantly lower than at CMC-CMC junctions (Supplemental Figure 2D), partial uncoupling
can lead to inhibition of heterocellular MFB-CMC coupling while preserving sufficient CMC-
CMC coupling for propagation. Therefore, cultures were treated with 5 uM 2-APB or 100
UM carbenoxolone. Treatment with 2-APB reduced arrhythmias in fibrotic cultures (12.5%,
n=16vs. 78%, n=18 in untreated fibrotic cultures, P<0.05) (Figure 6A and 6C), and decreased
APDgo (68.7+£31.7% of untreated cultures, P<0.05). Such anti-arrhythmic effect was absent
in hypertrophic cultures (86% arrhythmias n=14, vs. 75% n=12 in untreated hypertrophic
cultures) (Figure 6A and 6C). Carbenoxolone also ameliorated arrhythmogeneity in fibrotic
cultures, while arrhythmia incidence remained high in hypertrophic cultures (83%
arrhythmias, n=12) (Figure 6B and 6C).

Discussion

Key findings of this study are (1) both hypertrophic and fibrotic myocardial cultures give rise
to triggered activity causing both focal and reentrant tachyarrhythmias. (2) Underlying pro-
arrhythmic mechanisms highly differ between these two pathological conditions; mainly
being electrical remodeling of CMCs in hypertrophic cultures or MFB-induced
depolarization of CMCs in fibrotic cultures.

Triggered activity, focal and reentrant tachyarrhythmias in experimental models

Cardiac fibrosis and cardiac hypertrophy are both associated with spontaneous
tachyarrhythmias.’3? Traditionally, whole-heart mapping studies suggest either focal or
reentrant mechanisms underlying these ventricular tachyarrhythmias.'*!* However, the
complexity of 3-dimensional myocardial tissue hampers complete interpretation of findings
and therefore, arrhythmogenesis has also been investigated in experimental 2D and
computational models to unequivocally establish the existence of reentrant and focal
mechanisms.'>1¢ Additionally, despite the spontaneous occurrence of arrhythmias in
patients, arrhythmogenesis has been mostly studied by externally applied burst stimulation
to force induction of arrhythmias, ”1° thereby precluding investigation of internal
arrhythmic triggers in arrhythmogenesis.

In this study, triggered activity in the form of EADs was found spontaneously and could be
evoked by low-frequency stimulation. Moreover, this activity was found to be responsible
for the initiation of both focal and reentrant tachyarrhythmias in hypertrophic and fibrotic
cultures. It was shown that the onset of focal and reentrant tachyarrhythmias depends on
the generation of EADs, which either oscillate during phase 2 or 3 of the AP (focal) or are
critically timed to form unidirectional block, slow conduction and thereby facilitate reentry.
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The importance of EADs in the onset of ventricular tachycardias is in line with previous in
silico, in vitro and in vivo studies.?®?! Traditionally, this correlation of EADs with arrhythmias
was studied by inducing EADs by pharmacological or genetic interventions or, in the case of
in silico studies, by altering ion channel properties to reduce repolarization reserve. While
these studies proved useful to implicate EADs as a principal underlying mechanism of
arrhythmogeneity, it remained unclear how prevalent acquired cardiac diseases such as
hypertrophy or fibrosis may lead to arrhythmias. For hypertrophy, spontaneous EAD
generation has been demonstrated in isolated CMCs.?%23 The current study shows that EADs
in hypertrophy also overcome electrotonic load and propagate in 2-dimensional tissue.
Additionally, how predicted source-sink mismatching of propagated EADs is overcome is
illustrated by the concave waveform (Figure 2B, C) found during focal tachyarrhythmias.
This is in accordance with calculations that show that EAD propagation is favored in concave
activation as such waveform morphology helps to overcome the source-sink mismatch that
determines the threshold of EAD propagation.?*

As EADs are reactivations of depolarizing current during repolarization, slowed
repolarization is a critical facilitating factor for EAD generation. This was demonstrated in
the present study by adding sotalol to control cultures, which prolonged APD and caused
focal tachyarrhythmias. In addition, dispersion of repolarization causes steep repolarization
gradients, which may provide the depolarizing force necessary for reactivation.?> This
reactivation was mainly calcium-dependent, as Nav1.5 blockade had no pronounced anti-
arrhythmic effect in either hypertrophic or fibrotic cultures. Additionally, intracellular
calcium buffering was ineffective to prevent EADs and arrhythmias while Cav1.2 blockade
ameliorated EADs. Findings of prolonged and dispersed repolarization may readily explain
the similar pro-arrhythmogenic findings of triggered activity in hypertrophic or fibrotic
tissue. However, the similarities between pro-arrhythmogeneity of hypertrophy and fibrosis
end at the cellular level of the mechanisms of repolarization prolongation and dispersion.

Substrate-specific pro-arrhythmic mechanisms in cardiac hypertrophy and fibrosis

During cardiac remodeling, hypertrophy and fibrosis may develop to varying degrees. As a
result, the resulting pro-arrhythmic features found in cardiac remodeling remain
incompletely understood, as concomitance of these substrates precludes distinction
between pro-arrhythmic mechanisms of these substrates and therefore, hamper the
development of novel anti-arrhythmic treatment modalities. In this study, cellular and ionic
mechanisms of arrhythmogeneity substantially differed between cardiac fibrosis and
hypertrophy. In fibrosis, fibroblast proliferation and extracellular matrix deposition are
known to extrinsically alter cardiac action potential propagation by forming spatial
separations between CMCs, which reduces cell-to-cell contact, favors zigzag conduction and
provides anatomic obstacles that increase the propensity towards arrhythmias.2627 17,
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However, in recent years, focus has shifted towards the MFB in cardiac fibrosis as a possible
key factor in the extrinsic pro-arrhythmic mechanisms of fibrosis.?®3! In culture, MFBs can
inactivate voltage-gated potassium channels by depolarizing CMCs and thereby preclude
proper repolarization and facilitate EAD generation.!>'232 This study confirms these
extrinsic effects on CMCs, as high MFB content in cardiac cultures was associated with
depolarized membrane potentials in CMCs, prolonged APDg and an increased incidence of
EADs that ultimately led to tachyarrhythmias. Other studies showed that paracrine factors
secreted from cardiac fibroblasts were also able to induce a certain degree of ion channel
remodeling in CMCs, although no EADs were reported in these CMCs.33 However, no such
effects were detected if cardiac fibroblasts were directly co-cultured with CMCs, as was
done in the present study. In our study fibrosis led to an increase in Kir2.1 expression when
corrected for alpha actinin. However, this is unlikely the result of a functional
overexpression of Kir2.1 in cardiomyocytes. In the hypothetical case of functional kir2.1
overexpression in CMCs the MDP in fibrotic cultures would be more negative after
uncoupling compared to non-fibrotic controls, while the opposite is true. This means that
either the extra kir2.1 is derived from myofibroblasts or does not lead to an increase in
inward rectifier current. Furthermore, Findings of strong anti-arrhythmic effects of partial
uncoupling confirm dominance of coupling-based pro-arrhythmic mechanisms over
paracrine mechanisms in the currently used model. This anti-arrhythmic effect is possibly
due to the vast functional reserve capacity of CMC-CMC coupling, which is considerably
lower in MFB-CMC coupling and thereby allows for heterocellular uncoupling.3*

In contrast to fibrosis, partial uncoupling had no anti-arrhythmic effects in hypertrophic
tissue indicating differing pro-arrhythmic mechanisms. Reduction of total expression and
altered distribution of Cx43 are all features of pathologically hypertrophied myocardium
that compromise proper intercellular conduction and thereby lead to conduction
slowing.?** In addition, repolarization reserve is diminished by down regulation of voltage-
gated potassium channels, which may increase the propensity towards EADs and ultimately
towards arrhythmias.3®> In our study, lowered Cx43 expression, increased ANP and altered
ion channel protein expression were confirmed in hypertrophic CMCs, and absent in CMCs
in fibrotic and control cultures (Supplemental Figures 1, 2 and Figure 4 C, D). The down
regulation of Kv4.3, which contributes to the transient outward current (/) was in
accordance with other studies.3”*®” Hoppe et al showed that a reduction in /, leads to a
marked increase in APD by an increase in the plateau potential, thereby altering the early
trajectory of repolarization.3®

Due to differences in pro-arrhythmic mechanisms, L-type calcium channel blockade
shortened APD and was anti-arrhythmic in hypertrophic cultures but blocked conduction in
fibrotic cultures as propagation in such cultures was largely dependent on calcium channels
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due to MFB-induced depolarization and concomitant inactivation of fast sodium channels.
Nevertheless, the arrhythmogenic pathways of hypertrophy and fibrosis converge at the
point of prolongation of repolarization, APD dispersion and EAD formation. These results
suggest that lowering the incidence of spontaneous arrhythmias by preventing EAD
generation may require a different approach in hypertrophic or fibrotic-substrates.
Alternatively, common pro-arrhythmic factors should be targeted. Future research is
needed to elaborate on the implications these findings may have for the in vivo setting.

Study Limitations

In our study, fibrosis was mimicked by MFB proliferation in myocardial cultures. However,
the deposition of extracellular matrix as another component of fibrosis was not
investigated, as in vitro deposition of matrix comparable to in vivo quality and quantity is
difficult to achieve. Although it is well established that MFBs and CMCs functionally couple
in vitro, strong, undeniable proof of this phenomenon in vivo has yet to appear. The
implications of changes in expression of Kv4.3 protein found in hypertrophic rat cells cannot
be directly extrapolated to human hearts due to differences in expression levels and
functions of the associated currents. Consequently, this study establishes an in vitro proof-
of-principle of cellular pro-arrhythmic mechanisms and recognizes that more in vivo
research is necessary before this kind of in vitro results can be translated to clinical
implications.

Conclusions

Hypertrophic and fibrotic myocardial tissues are independent, pro-arrhythmic substrates.
Both substrates are characterized by slow conduction, APD prolongation, formation of EADs
and subsequent focal and reentrant tachyarrhythmias. However, while pathological
hypertrophy is characterized by electrical remodeling of CMCs, fibrosis is mainly
characterized by MFB-induced depolarization of CMCs. These differences may stress the
importance of a substrate-based approach in the treatment of cardiac arrhythmias.
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Supplemental Material

Materials and Methods

All animal experiments were approved by the Animal Experiments Committee of the Leiden
University Medical Center and conform to the Guide for the Care and Use of Laboratory
Animals as stated by the US National Institutes of Health.

Experimental protocol

All control cultures were treated with the antiproliferative agent Mitomycin-C (10 pg/ml,
Sigma-Aldrich, St. Louis, MO, USA), to prevent proliferation of endogenously present, a-
smooth muscle actinin-positive myofibroblasts (MFBs). For this purpose Mitomycin-C
dissolved in PBS was diluted in growth medium (Ham’s F10 supplemented with 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), 10% horse serum (HS, Invitrogen) and
penicillin (100U/ml) and streptomycin (100 ug/ml, P/S; Bio-Whittaker, Carlsbad, CA, USA)
and incubated for 2 hours. Subsequently, cultures were rinsed twice in PBS and once in a
1:1 mixture of DMEM/HAMS F10 supplemented with 5% HS and P/S before being kept on
this medium throughout the experiment. To induce hypertrophy, Mitomycin-C treated
cultures were exposed to 100 uM phenylephrine (PE, Sigma) for 24h at day 3 and day 8*. To
mimic fibrosis, endogenously present MFBs were allowed to proliferate freely, by treatment
with PBS instead of Mitomycin-C. Fibrotic cultures were rinsed identically as control cultures
control and hypertrophic cultures after Mitomycin-C/PBS treatment. For reasons of
comparability, fibrotic cultures and control cultures received PBS instead of PE.

Immunocytological analyses

Immunocytological stainings were performed as described in earlier studies.®*° Cultures
were fixed in 1% paraformaldehyde for 20 minutes on ice, after which cultures were rinsed
twice with Phosphate Buffered Saline (PBS) and permeabilized with 0.1% Triton X-100. After
2 subsequent wash-steps, cultures were incubated overnight with primary antibodies
diluted in PBS with 1% Fetal Bovine Serum. Primary antibodies were directed against a-
actinin (Sigma), a-smooth muscle actinin (Sigma), a-skeletal muscle actinin (Abcam,
Cambridge, MA, USA), atrial natriuretic peptide (Abcam) or Collagen type | (Abcam) and
used at a dilution of 1:200. Double-staining was performed by using primary antibodies that
were raised in either mouse or rabbit host species. Corresponding secondary donkey anti-
rabbit or donkey anti-mouse Alexa fluor-conjugated antibodies (Invitrogen) were incubated
for 2 hours at room temperature at a dilution of 1:400. After rinsing twice, nuclei of these
cultures were counterstained for 5 minutes with Hoechst 33321 (Invitrogen). Following 2
wash steps, stained glass coverslips were mounted in Vectashield mounting medium
(Vector Laboratories Inc, Burlingame, CA, USA) to minimize photobleaching. Images of
cultures were taken and quantified using dedicated software (Image-Pro Plus, version
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4.1.0.0, Media Cybernetics, Silver Spring, MD, USA). Quantification of all staining was
performed in at least 6 cultures per group with at least 20 photos taken per culture.
Quantification of fluorescent signal intensity was performed in at least 15-fold per photo.

To confirm a pathological hypertrophic phenotype in PE-treated CMCs, cultures were
characterized at day 9 for protein expression of the hypertrophic markers atrial natriuretic
peptide and a-skeletal muscle actin by immunocytological staining. In addition, cell surface
area of CMCs was quantified as another measure of hypertrophy. To confirm fibrosis in
cardiac cultures, cultures were stained for collagen-l (Abcam) and positive cells were
considered to be MFBs and quantified.®

Optical mapping

Propagation of action potentials was investigated on a whole-culture scale in hypertrophic,
fibrotic or control cultures using voltage-sensitive dye mapping as described earlier.® For
reasons of standardization and reproducibility, only cultures without structural
inhomogeneities as judged by mapping and light microscopy were included for further
analyses. Cardiac cultures were plated out in 24-well plates (Corning) at a cell density of
8x10° cells per well. At day 9, cultures were optically mapped. At least 2 hours after the daily
refreshing of culture medium, cultures were incubated with culture medium containing 8
pumol/L di-4-ANEPPS for 1545 minutes at 372 C in a humidified incubator. Subsequently,
cultures were refreshed with serum-free, colorless DMEM/HAMS F10 mixed in a 1:1 ratio.
Next, electrical propagation patterns were recorded by optical mapping at 372C. Mapping
experiments typically did not exceed 30 minutes per 24-wells plate. Also, cultures were not
exposed to excitation light for longer than 50 s to limit possible phototoxic effects.
Excitation light (eex = 52525 nm) was delivered by a halogen arc-lamp (MHAB-150W,
Moritex Corporation, San Jose, CA, USA) through epi-illumination. Fluorescent emission
light passed through a dichroic mirror and a long-pass emission filter (>590 nm) and was
focused onto a 100x100 pixels CMOS camera (Ultima-L, SciMedia, Costa Mesa, CA, USA) by
a 1.6x converging lens (Leice, Wetzlar, Germany). This resulted in a spatial resolution of 160
um/pixel and a field of view of 16 by 16 mm. Spontaneous or stimulated electrical activity
was recorded for 6-24 seconds at 6ms exposure time per frame. Data analysis was
performed with specialized software (Brainvision Analyze 1101, Brainvision Inc, Tokyo,
Japan) after pixels signals were averaged with 8 of its nearest neighbors to minimize noise-
artifacts. Conduction velocity (CV), maximal optical action potential upstroke (dF/dTmax),
maximal action potential downstroke velocity (dF/dTmin), action potential duration until
80% repolarization (APDgy) were determined at <1 Hz at six different locations equally
distributed throughout the culture and averaged before inclusion in further analyses.
Spatial dispersion of repolarization was defined as the maximal difference in APDgowithin a
culture and was determined at activation frequencies of <1 Hz.
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Assessment of EADs and focal tachyarrhythmias

As prevalent reentrant conduction precludes assessment of conduction patterns other than
reentry, reentry needed to be eliminated to analyze all possible conduction patterns and
spontaneous activity in included cultures. To maintain ion channel properties, reentry had
to be eliminated in a non-pharmacological manner. For this purpose, we used a custom-
made epoxy-coated platinum electrode and performed unipolar stimulation with 6 V for 4
seconds using an electrical stimulus module with corresponding software (Multichannel
Systems), which successfully eliminated reentry in >90% of the cultures. After absence of
reentry was confirmed by 2s optical mapping, spontaneous activity was detected by
mapping of the cultures for 24 seconds following application of the stimulus. This allowed
for detection of EADs and spontaneous focal arrhythmias that otherwise would be
overruled by reentrant activation. All cultures included in this analysis, regardless of the
presence of reentry, underwent equal stimulation for standardization purposes.

Pharmacological anti-arrhythmic interventions

To investigate the antiarrhythmic potential of pharmacological interventions in different
substrates, several pharmacological agents were administered to hypertrophic, fibrotic or
control cultures under optical mapping conditions. Inhibition of L-type Ca%* inward current
was performed by application of a relatively low dose of verapamil (10 uM) (Centrafarm,
Etten-Leur, the Netherlands) or nitrendipine (3 uM) (Sigma) directly into the mapping
medium. As this instantly abolished all spontaneous activity in all cultures regardless of
composition, cultures were stimulated at 2V (1Hz intervals) for 4 seconds to evaluate
capture and propagation parameters. For standardization purposes, arrhythmic activity
before verapamil and nitrendipine administration was also investigated following 1Hz
stimulation.

To reduce heterocellular coupling between CMCs and MFBs in hypertrophic or fibrotic
myocardial cultures, a relatively low dose of the 2-APB (5 uM) (Tocris Bioscience, Bristol,
United Kingdom) or carbenoxolone (100 uM) (Sigma) was supplied in the mapping medium
and incubated for 20 minutes. To investigate effects of Nav1.5 blockade, tetrodotoxin (TTX,
20 uM, Alomone Labs) was pipetted into the medium and incubated for 10s. For
investigation of the involvement of intracellular calcium handling in arrhythmogeneity,
intracellular calcium was buffered using 10-50 uM BAPTA-AM (Sigma) which incubated for
20 minutes. To investigate the effect of action potential duration (APD) prolongation on
arrhythmogeneity, 0.5 mM sotalol (Sigma) was used. For reproducibility and comparability
between all pharmacological interventions, all cultures were paced with a 1 Hz supra-
threshold stimulation protocol during optical mapping recordings.
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Whole-cell patch-clamp

Whole-cell current-clamp measurements were performed in spontaneously active (0.2-1
Hz) hypertrophic, fibrotic or control cultures. For fibrotic cultures, MFBs were labeled with
eGFP using the vesicular stomatitis virus G protein-pseudotyped self-inactivating lentivirus
vector CMVPRES as described previously.® Subsequently, these labeled MFBs were plated
out with CMCs in equal quantity and density as fibrotic cultures with freely proliferating
MFBs at day 9. To maintain the initially plated ratio, cultures were treated with mitomycin-
C. Therefore, CMCs were easily identifiable in these fibrotic cultures. At day 9, after
identification of CMCs by fluorescence microscopy, current-clamp experiments were
performed in these cells. Whole-cell recordings were performed at 25°C using a L/M-PC
patch-clamp amplifier (3kHz filtering) (List-Medical, Darmstadt, Germany). The pipette
solution contained (in mmol/L) 10 Na,ATP, 115 KCI, 1 MgCl,, 5 EGTA, 10 HEPES/KOH (pH
7.4). Tip and seal resistance were 2.0-2.5 MQ and >1 G, respectively. The bath solution
contained (in mmol/L) 137 NaCl, 4 KCI, 1.8 CaCl,, 1 MgCl,, and 10 HEPES (pH 7.4). In a subset
of experiments, CMCs were functionally uncoupled by incubation for 20 minutes with 25
umol/L 2-APB to investigate intrinsic action potential morphology in hypertrophic, fibrotic
or control cultures. For data acquisition and analysis, pClamp/Clampex8 software (Axon
Instruments, Molecular Devices, Sunnyvale, CA, USA) was used.

Statistical analysis

Statistical analyses were performed using SPSS11.0 for Windows (SPSS Inc., Chicago, IL,
USA). Comparison between numerical data of groups was performed using the student-t
test or paired t-test where appropriate. Values were expressed as meanSD. Significance of
differences in incidences between groups was determined by the Chi-square statistical test.
Differences were considered statistically significant if p<0.05.
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Abstract:

Aims: Sustained ventricular fibrillation (VF) is maintained by multiple stable rotors.
Destabilization of sustained VF could be beneficial by affecting VF complexity (defined by
the number of rotors). However, underlying mechanisms affecting VF stability are poorly
understood. Therefore this study aimed to correlate changes in arrhythmia complexity with
changes in specific electrophysiological parameters, allowing to search for novel factors and
underlying mechanisms affecting stability of sustained VF.

Methods & Results: Neonatal rat ventricular cardiomyocyte monolayers, and Langendorff-
perfused adult rat hearts, were exposed to increasing dosages of the gap junctional
uncoupler 2-aminoethoxydiphenyl borate (2-APB) to induce arrhythmias. lon channel
blockers/openers were added to study effects on VF stability. Electrophysiological
parameters were assessed by optical-mapping and patch-clamp techniques.

Arrhythmia complexity in cardiomyocyte cultures increased with increasing dosages of 2-
APB (n>38), leading to sustained VF: 0.0+0.1 phase singularities/cm?in controls vs. 0.0+0.1,
1.0£0.9, 3.3+3.2, 11.04£10.1 and 54.3+£21.7 in 5,10,15,20 and 25umol/L 2-APB, respectively.
Arrhythmia complexity inversely correlated with wavelength. Lengthening of wavelength
during fibrillation could only be induced by agents (BaCl,/Bayk8644) increasing APD at
maximal activation frequencies (minimal APD); 123+£32%/117+24% of control. Minimal APD
prolongation led to transient VF destabilization, shown by critical wave front collision
leading to rotor termination, followed by significant decreases in VF complexity and
activation frequency (52%/37%). These key findings were reproduced ex vivo in rat hearts
(n=6 per group).

Conclusions: These results show that stability of sustained fibrillation is regulated by
minimal APD. Minimal APD prolongation leads to transient destabilization of fibrillation,
ultimately decreasing VF complexity, thereby providing novel insights into anti-fibrillatory
mechanisms.
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Introduction

Ventricular fibrillation (VF) is the most common cause of sudden cardiac death.! Treatment
of VF has vastly improved over the past years, mainly through progress in engineering
strategies that resulted in defibrillating devices. However, while defibrillators can have a
significant effect on survival, the majority of VF victims are not defibrillator candidates and
at least 50% have VF as their first symptom of heart problems.? This is indicative of an
unabated need to expand the current understanding of mechanisms underlying VF stability
and termination.

One of the factors which can underpin the initiation of VF is gap junction remodeling. It is
widely accepted that gap junctions are redistributed or down regulated following
myocardial infarction, in cardiac hypertrophy and other causes of cardiomyopathy.? Such
reorganization of gap junctions is associated with the onset of malignant ventricular
tachyarrhythmias.?

After initiation, VF progresses through several distinct activation pattern phases, of which
the hindmost are characterized by a reduction in the number of new rotor formations,
reduced rotor meandering and increased spatiotemporal periodicity,®*° leading to a more
organized and stable form of fibrillation. Affecting the stability of sustained VF may lead to
a lower complexity of VF (estimated by the number of phase singularities per cm?), but the
underlying mechanisms are poorly understood. Traditionally, the fibrillatory aspect of
conduction as well as arrhythmia complexity during fast VF is believed to be determined by
conduction velocity (CV), action potential duration (APD), APD restitution slope and
wavelength (the product of CV and APD).*'* However, considering the distinctive VF
activation patterns, the importance of these factors could differ significantly during the
different phases of VF. Furthermore, while data on the first phases after VF initiation are
abundant,'#1® data on sustained VF are scarce.’ Therefore, a new in vitro and ex vivo
model of sustained VF was developed that enabled to correlate a systematic and
controllable increase in arrhythmia complexity with changes in specific electrophysiological
parameters. Subsequent pharmacological modification of key parameters was used to
search for novel factors affecting the stability of sustained VF and thereby unravel the
underlying anti-fibrillatory mechanisms.
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Methods

All animal experiments were approved by the Animal Experiments Committee of the Leiden
University Medical Center and conform to the Guide for the Care and Use of Laboratory
Animals as stated by the US National Institutes of Health. A more detailed description can
be found in the Supplemental Material.

Cell isolation and culture

Neonatal rat ventricular myocytes were isolated by collagenase digestion as described
previously,’” Animals were anaesthetized with 4-5% isoflurane inhalation anesthesia.
Adequate anesthesia was assured by the absence of reflexes prior to rapid heart excision.
Ventricles were minced and digested using collagenase (Worthington, Lakewood, NJ, USA)
and DNAse (Sigma-Aldrich, St. Louis, MO, USA). After isolation, cells were plated out
isotropically on fibronectin-coated, round glass coverslips (15 mm) at a cell density of 2-
8x10° cells/well in 24-well plates (Corning Life Sciences, Amsterdam, the Netherlands). To
prevent overgrowth of remaining cardiac fibroblasts, proliferation was inhibited by
Mitomycin-C (Sigma-Aldrich, St. Louis, MO, USA) treatment at day 1, as described
previously.?” All cultures were refreshed daily with DMEM/HAM'’s F10 in a 1:1 mixture with
5% HS and cultured in a humidified incubator at 372 C and 5% CO,.

Immunocytological analyses

Cultures were stained for Connexin40 (Sigma), Connexin43 (Santa Cruz Biotechnologies,
Santa Cruz, CA, USA) and Connexin45 (Santa Cruz) to assess presence of gap junctional
proteins, and for active caspase-3 (Abcam, Cambridge, MA, USA) to assess the number of
apoptotic cells. Images of cultures were taken and quantified using dedicated software
(ImageJ, National Institutes of Health, USA).

Optical mapping of myocardial cultures

At day 4 of culture, propagation of action potentials was investigated on a whole-culture
scale by optical mapping using di-4-anepps (Sigma) as voltage sensitive dye, as described
previously.?” Cells were incubated with 2-APB in 5 different concentrations (5, 10, 15, 20
and 25 pM) for 20+2 minutes, targeting Connexin43, Connexin4d5 and Connexin40® to
induce arrhythmias of increasing complexity, while vehicle-treated cultures were used as
controls. Data analysis, construction of activation maps and stripe analysis (e.g. plotting of
optical signal amplitude against time, at the maximal diameter of a culture or short and long
axis of whole heart) were performed with specialized software (Brainvision Analyze 1101,
Brainvision Inc, Tokyo, Japan) after pixel signals were averaged with 8 of its nearest
neighbors, minimizing noise-artifacts. CV in cultures with uniform or reentrant activation
patterns was calculated perpendicular to the activation wave front, between two 3 by 3
pixel grids typically spaced 2-8 mm apart. CV, activation frequency, minimal APD (during
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maximal paced activation frequency) and 1Hz APD were determined at 6 different locations
equally distributed throughout the culture and averaged before further analysis. APD was
determined at 80% of repolarization (APDgo) because of the rat action potential shape.
Wavelength was calculated by the product of average CV and an APDgy (for uniform
propagation) or reentrant cycle length? Arrhythmia complexity was defined as the number
of phase singularities per cm?, determined by using the phase space method?® and
correlated with CV, APDgo and wavelength in order to identify potential targets that can be
modified to affect VF stability and thereby reduce VF complexity. As a result of the outcome
of this correlation, appropriate drugs (3 pmol/L nitrendipine (Sigma), 1 mmol/L sotalol
(Sigma), 0.5 mmol/L BaCl, (Merck, Darmstadt, Germany) or 1 pmol/L BayK8644 (Sigma))
were administered to 2-APB treated and control cultures to modify these targets and study
the effects on arrhythmia complexity.

Assessment of arrhythmia complexity

Arrhythmia complexity in cardiomyocyte cultures was defined as the number of phase
singularities per cm?. To quantify the number of phase singularities the phase space
approach was used.?° Time series analyses using the empirical mode decomposition method
and the Hilbert transform were used to determine the phase.?! Data was smoothed by
Gaussian filtering with a spatial size of 5 pixels (approx. 0.75 mm) and a temporal size of 5
frames (30 ms). Subsequently, a discrete Fourier transform was performed for each pixel
over the full time series. By using the Fourier spectra the dominant frequency was
determined. After that a band-pass filter was applied to each time series removing low and
high frequencies. Next, the local extrema for the time series were found using a half of the
inverse dominant frequency as the window size. Local maxima (and local minima) were
interconnected by a piece-wise linear curve and their mean curve was subtracted from the
corresponding time series. Then by using the Hilbert transform of the resulting time series
the phase ¢;;(t) for every pixel (i, ) at the moment of time t was determined as

pij (t) = atan2 (1;; (1) , H [1;; (1)])
Where [;;(t) is the filtered and detrended intensity of the optical mapping signal for the
pixel (i, j) at the moment t and H[-] denotes the Hilbert transform.
The topological charge of the area () is determined by

1
—
n(Q) > aﬂgradgodl

where the integral is taken along the oriented boundary of Q. For each pixel (i, j) we defined
€);; as a square around it with the side of 3 pixels. Thus the integral was approximated by
the sum of 9 finite differences.
1
n(ﬂij) = %((%—1,;’—1 - §0i—1,j) + (901'—1,]' - <Pi—1,j+1) + -t (‘Pi,j—1 - <Pi—1,j—1))



135|Chapter V: Prolongation of Minimal Action
Potential Duration in Fibrillation

The overall algorithm was implemented in the OCaml programming language using the
GTK+ toolkit for visualization.

Meandering of the phase singularities was defined as the maximal straight distance covered
by the same phase singularity within 6 s of optical mapping.

Whole-cell patch-clamp

Whole-cell measurements were performed in spontaneously active cultures plated out in a
density of 4x10° cells/well in 24 well plates as described previously.'” At day 4 of culture,
current-clamp experiments were performed in CMCs at 25°C using an L/M-PC patch-clamp
amplifier (3 kHz filtering) (List-Medical, Darmstadt, Germany). To study the effects of 2-APB
on electrophysiological properties of CMCs, 25 uM 2-APB (Tocris Bioscience, Bristol, United
Kingdom) was incubated for 20 min prior to measurements.

Ex vivo experiments

For ex vivo experiments, female adult Wistar rats of 623 months were anesthetized through
inhalation of 3-5% isoflurane and received 400 IE of heparin intraperitoneally. After
confirmation of adequate anesthesia by absence of pain reflexes, beating hearts were
rapidly excised and immediately submersed in cold Tyrode solution comprised of (in mM)
NacCl 130, CaCl, 1.8, KCI 4.0, MgCl, 1.0, NaH,PO4 1.2, NaHCOs 24 and glucose 5.5 at pH 7.4.
Subsequently, the aorta was canulated and retrogradely perfused with Tyrode that was
freshly oxygenated with carbogen (95% O3, 5% CO,) and supplemented with 20mM of 2,3-
butanedione monoxime (BDM) to reduce motion artifacts, at a constant flow of 1512
ml/min at 37° C using a modified Langendorff apparatus (AD instruments, Spechbach,
Germany). Hearts were stained with 2 uM di-4-anepps by a 10 ml bolus injection into the
bubble trap. The optical mapping camera was positioned facing the ventral surface of the
heart, viewing equal portions of the left and the right ventricle during mapping. All hearts
exhibited spontaneous sinus rhythm during initial acclimatization. Arrhythmia complexity
was defined as the as the number of separate wave fronts present at the epicardial surface
of the heart. The targets that were shown to affect arrhythmia complexity in vitro were
modified by administration of 0.5 mM BaCl, to the perfusate for 10 minutes prior to
measurements to confirm their ex vivo effects on arrhythmia complexity.

Statistical analysis

Statistical analyses were performed using SPSS11.0 for Windows (SPSS, Inc., Chicago, IL,
USA). Data were compared with one-way ANOVA test with Bonferroni post-hoc correction
if appropriate and expressed as mean+SD. Comparison between two groups was performed
using a student t-test. Before and after comparisons were performed with a paired t-test.
Differences were considered statistically significant if P<0.05. Non-linear regression curves
were constructed by using a robust exponential two phase decay curve fit. Accuracy of these
curves was expressed as the robust standard deviation of the residuals (RSDR).
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Results

Cell culture characterization and the effect of gap junctional uncoupling by 2-APB
Immunocytological analysis of cultures by collagen-1 and a-actinin double-staining, suitable
for distinction between fibroblasts and CMCs,'” showed that cultures consisted of
17.613.1% fibroblasts (n=6) (Supplemental Figure 1A). Fibroblasts were homogeneously
spread across the culture. In addition, cultures showed expression of Connexin43 and
Connexin4d5 as well as heterogeneous expression of Connexin40 in between CMCs, which

are the targets for 2-APB,*®*° as judged by immunocytological staining (Supplemental Figure
1B, 1C and 1D).
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Supplemental Figure 1. Cell culture characterization, gap junctional protein expression and
modulation of gap junctional coupling. (A) Immunocytological double-staining of a-actinin (red) and
collagen-I (green), (B) Connexin43 (green), (C) Connexin45 (green) and (D) Connexin40. (E) Typical
examples of membrane potential traces in control cultures and cultures treated with 25 umol/L 2-APB
and (F) Assessment of dV/dTmax.

2-APB causes stable multi-rotor tachyarrhythmias, resembling sustained VF, in a dose-
dependent relation

During optical mapping, spontaneously active control cultures typically showed uniform and
fast conduction (Figure 1A). However, after incubation with 2-APB, cultures showed a strong
increase in the incidence of spontaneous reentrant tachyarrhythmias (Figure 1A and 1B).
Furthermore, we observed a significant increase in the complexity of tachyarrhythmias, as
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judged by the number of phase singularities per cm? with increasing dosages of 2-APB
(Figure 1A, 1C and Supplemental movie 1). As a consequence of the increasing incidence of
reentry with increasing 2-APB dosages (activation is higher during reentrant activation
when compared to spontaneous uniform activation), average activation frequency was
significantly increased after incubation with increasing dosages of 2-APB (Figure 1D). CV was
dose-dependently decreased by treatment with 2-APB (Figure 1E). The decrease in CV
remained apparent even when determined only during reentrant activation (Figure 1E,
hatched subsets). Despite the high complexity of the tachyarrhythmias observed, the
arrhythmias showed a high degree of stability that resembled sustained VF. In more detail,
after initiation of reentry by treatment with 2-APB cultures showed a minimal extent of
rotor meandering, which further decreased significantly with increasing 2-APB dosages
(Supplemental Figure 3B). In addition, a relatively low number of fibrillating cultures
showed new rotor formations, while all cultures showed minimal dispersion in optical signal
amplitude as well as reentrant cycle length (Supplemental Figure 3 C-E), exemplified by
stripe analysis of optical mapping recordings (Figure 1F).

The effect of gap junctional uncoupling by 2-APB

Treatment by 2-APB did not significantly change the AP morphology (Figure 1E), and
dV/dTmax (Supplemental Figure 1F). Apoptosis was not increased in 2-APB treated cultures
as judged by the expression of active caspase-3 (P=ns vs. control) (Supplemental Figure 2).
Together these results suggest that the gap junction uncoupling agent 2-APB does not
negatively affect cell excitability and viability.

Supplemental Figure 2. 2-APB does not increase
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100'_ apoptosis in myocardial cultures. Quantification of
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60'_ of total cells (number of positive nuclei for Hoechst
40- 33342 counterstaining).
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Figure 1. (A) Activation maps (6ms isochronal spacing) of control cultures and 5-25umol/L 2-APB
treated cultures. (B) Quantification of reentry incidence, (C) complexity, (D) average activation

frequency (both uniform and reentrant conduction included) and (E) CV in control cultures and 5-
25umol/L 2-APB treated cultures (n=38, n=38, n=39, n=39, n=61 and n=39 respectively). Hatched
subsets indicate average CV during reentry in control and 5umol/L 2-APB treated cultures (n=1 and 1).
*: P<0.05 vs. control. (F) Typical line scan analysis across the diameter of a culture treated with
20umol/L 2-APB (dotted line indicates rotor position).
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Arrhythmia complexity increase is strongly related to wavelength shortening

To identify factors associated with increased arrhythmia complexity, the relationship
between several electrophysiological parameters and complexity were investigated at
variable 2-APB concentrations. As increasing 2-APB concentrations dose-dependently
increased complexity, while at the same time decreasing CV, expectedly CV showed a strong
hyperbolic-like relationship with complexity (RSDR=1.9) (Figure 2A). Furthermore, APDgo
showed a weak inverse correlation with complexity in the low complexity range (Figure 2B).
However, as at the highest 2-APB concentration the beating frequency decreases (Figure
1D), APD increases in cultures treated with 25umol/L 2-APB. This slightly decreased the
negative correlation between APD and complexity, while greatly increasing variation in APD.
As wavelength is the product of CV and APD, wavelength shortening strongly related to
complexity increases (RSDR=0.4) (Figure 2C). Together, these results support that inversely,
complexity may be strongly diminished by increasing wavelength.
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Figure 2. Relationship between (A) CV and complexity, (B) APDsy and complexity, (C) wavelength and
complexity (D) 1/[wavelength]? and complexity in control and 2-APB treated cultures (5-25umol/L).

Effects of pharmacological ion current modulators on 1Hz and minimal APD

To test whether arrhythmia complexity can be diminished by increasing wavelength, several
ion channel modulators were selected, which according to their mechanism of action should
have an effect on APD and wavelength. However, as fast activation, during fibrillation, can
have an effect on activation and inactivation status of targeted ion channels,?? the effect of
the selected ion channel modulators might differ between fibrillation and normal uniform
activation. Therefore, we assessed the effect of pharmacological ion channel modulation on
APD at 1Hz electrical activation and at the minimal diastolic interval during 1-10Hz pacing
(measuring minimal APD) in absence of reentrant circuits. As expected, nitrendipine, which
inhibits Ica1, significantly shortened the 1Hz APD by 28% (to 72+12%, P<0.05 vs. control)
(Figure 3A and 3l), as well as minimal APD (to 84+14%, P<0.05 vs. control) (Figure 3E and
3J). Treatment with sotalol and BaCl, slowed repolarization and thus prolonged 1Hz APD (to
117+12% P<0.05 and 162+25% P<0.05 vs. control, respectively) (Figure 3B, 3C and 3l).
However, the effect of sotalol on minimal APD was not significant, (Figure 3F and 3J), while
BaCl, still had a significantly prolonging effect on APD during 10Hz pacing (to 145+9%,
P<0.05 vs. control) (Figure 3G and 3J). Additionally, activation of Ic,. by Bayk8644 increased
both 1Hz (to 168+13% P<0.05 vs. control) (Figure 3D and 3I) and minimal APD (to
133.7+9.6% P<0.05 vs. control) (Figure 3H and 3J) significantly.
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Different effects of ion channel modulators on 2-APB induced fibrillation

In order to correlate the effects of selected ion channel modulators on minimal APD with
their effects on the characteristics of fibrillation (i.e. APD, wavelength, stability, activation
frequency and complexity), tachy-arrhythmic cultures induced by 2-APB were treated with
nitrendipine, sotalol, BaCl, and BayK8644 (n>24 per agent).

In line with the previous, electrically stimulated experiments, APDgy was significantly
decreased by nitrendipine throughout all 2-APB dosages, while APD was increased by both
BaCl, and BayK8644. In contrast, sotalol did not affect APD significantly (Figure 4A,
supplemental table 1). Wavelength was decreased significantly by nitrendipine treatment
in the lowest concentration of 2-APB, although there was no significant effect in the other
2-APB dosages. In contrast, wavelength was significantly increased after BaCl, and
BayK8644 treatment while sotalol did not significantly affect wavelength (Figure 4B,
Supplemental Table 2). Interestingly, decreasing the APD with nitrendipine increased
activation frequency of tachyarrhythmias. Conversely, lengthening of APD decreased
activation frequency as seen after treatment with BaCl, and BayK8644 throughout all 2-APB
dosages (Figure 4C, Supplemental Table 3). Sotalol induced a small but significant decrease
in activation frequency in 15 and 20umol/L 2-APB treated cultures only.
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Figure 3. Typical optical action potential records in control (black) and (A) nitrendipine (red), (B) sotalol
(orange), (C) BaCl, (green) and (D) BayK8644 (blue) treated cultures illustrating treatment effects on
1Hz APD and minimal APD (E-H) and (1) APD restitution. Colored circles indicate the average minimal
APD. Quantification of (J) 1Hz APD and (K) minimal APD before and after treatments. *: P<0.05 vs.
control.

The average complexity of conduction did not significantly alter after nitrendipine, while
sotalol only had a small but significant effect on complexity in 25umol/L 2-APB treated
cultures. However, in BaCl, and BayK8644 treated cultures arrhythmia complexity was
significantly lowered throughout all 2-APB concentrations except for the less complex
arrhythmias after 10pumol/L 2-APB (Figure 4D, Supplemental Table 4). These results are
indicative of the importance of minimal APD in decreasing and increasing complexity,
through specific ion channel modulation.
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Figure 4. (A) Quantification of APD, (B) wavelength, (C) activation frequency and (D) complexity after
treatment with sotalol (orange), nitrendipine (red), BaCl, (green) and Bayk8644 (blue). Dotted black
lines indicate controls (prior to treatment set at 100%). *: P<0.05 vs. control.

Mechanism of decrease in arrhythmia complexity by increase in minimal APD

Optical mapping through a permeable membrane during minimal APD prolongation by
BayKk8644 and BaCl, again showed that both substances decrease the number of rotors in
vitro (Figure 5A). Prior to the addition of BaCl, or BayK8644, optical signal amplitude, spatial
rotor distribution and rotor cycle lengths were highly stable (Figure 5B, D left). During
incubation of BaCl, or BayK8644 transient instability in optical signal amplitude, spatial rotor
distribution and rotor cycle length was induced (Figure 5B, D middle and Supplemental
Figure 4A,B). Subsequently, a new equilibrium was formed, with increased optical signal
amplitude, decreased number of rotors and stable but increased rotor cycle lengths (Figure
5B, D right and Supplemental Figure 4A,B). During incubation of BaCl, and BayK8644 this
transient instability, which was mediated by an increase in wavelength, led to termination
of neighboring rotors. Rotor termination resulted from critical collisions of wave fronts
propagated from 2 different rotors, after which activation of that particular tissue is taken
over by a separate pre-existing rotor, decreasing the total number of rotors (Figure 5C, 5D).
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Figure 5. (A) Activation maps of a culture treated with 20uM 2-APB, before (left) and after (right)
minimal APD prolongation. White circles indicate rotor position. (B) Examples of 3 consecutive 3D
(rotated 159) line scan analyses, during 1800 s, from point | to point Il in culture shown in A, before
(left), during (center) and after (right) minimal APD prolongation. (C) Consecutive activation maps
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during rotor termination by APD prolongation. The green, blue, black and red bars indicate the area of
critical wave front collision. (D) Optical action potentials at the areas of critical wave front collision of
corresponding colors shown in C. Black arrows mark the moment of critical wave front collision.
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Supplemental Figure 4. Increasing minimal APD by BaCl, causes transient instability in optical signal
amplitude and rotor cycle length. (A) Quantification of temporal dispersion of optical signal amplitude
and (B) temporal dispersion of rotor cycle length, prior to, during and after increasing minimal APD by
the incubation with BaCl,. *:P<0.05 vs. before BaCl,,

2-APB in adult rat heart ventricles

To investigate the functional implications of in vitro findings on the intact heart,
Langendorff-perfused adult rat hearts were subjected to ex vivo optical mapping. Baseline
activation frequency before addition of BDM to the oxygenated Tyrode perfusate was
4.50+0.5Hz. After addition of BDM sinus rhythm remained stable for at least 1 hour at an
average activation frequency of 2.5+0.4Hz (Supplemental Figure 5A and 5B). Perfusion with
oxygenated Tyrode supplemented with 5umol/L 2-APB for 20 minutes slowed conduction
from 54.1£3.2cm/s to 27.8+2.7cm/s (n=6, P<0.05). No arrhythmias developed at this dosage
and sinus rhythm was maintained at 2.5+0.5Hz (Supplemental Figure 5A-C, P>0.05 vs.
control). Perfusion of hearts with 10 pumol/L 2-APB caused VT in all hearts (2.2+0.2 wave
fronts at 5.4+3.3Hz, n=6), whereas complexity of arrhythmias increased to fibrillation with
20umol/L 2-APB (5.0+1.1 wave fronts at 11.0+0.9Hz, n=6) (Supplemental Figure 5A and 5C).
Complexity of arrhythmias stabilized within 10 minutes of incubation with 2-APB.
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Supplemental Figure 5. A 2-APB dose-dependent increase in arrhythmia complexity in adult Wistar rat
hearts leading to sustained VF. (A) Typical snapshots of ventricular activation during optical mapping
of Langendorff-perfused adult rat heart perfused with (from left to right) normal Tyrode solution and
tyrode solution supplemented with 5, 10 and 20 uM 2-APB. (B) Quantification of average activation
frequency and (C) complexity in control hearts, and hearts treated with 2-APB. *: P<0.05 vs control
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Minimal APD determines arrhythmia complexity in adult rat heart ventricles

To investigate whether BaCl, lowered arrhythmia complexity ex vivo as in vitro, rat hearts
were first perfused with 20mmol/L 2-APB until fibrillation was present and stable for at least
5 min. Then, 500 mmol/L of BaCl, was added to the perfusate consisting of tyrode with
20mmol/L 2-APB. Typically within 5 min, BaCl, decreased arrhythmia complexity by 71.4%
compared with controls (Figure 6A, C, and D, n = 6). Also, activation frequency decreased
from 9.98+0.9 to 2.8+0.3 Hz by BaCl, (Figure 6A and C). Importantly, BaCl, treatment
significantly increased minimal APD80 to 265.4+35.1% of control hearts (Figure 6B, n = 6).
Together these results show that, similar to in vitro experiments, arrhythmia complexity can

be decreased by increasing minimal APD ex vivo.
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Figure 6. (A) Typical sequence (12ms between snapshots) of activation in (from top to bottom)

Langendorff-perfused control hearts, 20uM 2-APB treated hearts, and 20uM 2-APB treated hearts
after introduction of BaCl, with corresponding optical action potential signals. (B) Quantification of
minimal APD in control hearts and hearts perfused with 500umol/L BaCl, (C) Assessment of activation
frequency and (D) complexity in hearts treated with 20uM 2-APB before and after introduction of
BaCl,. *: P<0.05 vs. control.
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Discussion

The key findings of this study are (1) incubation with 2-APB induces reentrant
tachyarrhythmias in myocardial cultures and adult rat hearts, which are maintained by
multiple stable and co-existing rotors, resembling sustained VF. (2) The complexity of these
arrhythmias increases exponentially with increasing dosages of 2-APB, allowing a systematic
study of arrhythmia complexity in vitro and ex vivo. (3) Increasing arrhythmia complexity
during fibrillation is associated with a shortening of the average wavelength and APD. (4)
Hence, complexity and activation frequency during fibrillation could be decreased
pharmacologically by transient destabilization of sustained VF through prolongation of
minimal APD in vitro and ex vivo, regardless of ionic mechanism.

The importance of wavelength in reentrant tachyarrhythmias

Since the introduction of the circus movement reentry theory?> and the leading circle
concept,?* it has been established that if the wavelength of a given reentrant circuit exceeds
the path-length, reentry cannot be sustained as a consequence of a vanishing excitable gap.
Hence, wavelength prolongation has traditionally been viewed as an important anti-
arrhythmic strategy.>'3 Elaborating on this theory, we now demonstrated that wavelength
prolongation affects co-existence of multiple neighboring rotors, although rotor
termination by prolongation of wavelength in single rotor tachyarrhythmias appeared to be
more complicated (Figure 4D; 10umol/L 2-APB). The slope in the relationship between
wavelength and complexity is steepest in the low complexity range (<2 rotors) (Figure 2D).
This implies that in the lower complexity range a greater wavelength prolongation is
necessary to facilitate the same decrease in complexity. Also, the absence of boundaries
formed by neighboring rotors diminishes the chance of rotor termination in the lower
complexity range. Moreover, we show that the effect of a given agent on arrhythmia
complexity depends on the activity of the agent at high frequency activation, which can
differ from its effect at low frequencies. Sotalol, for instance had a significant effect on 1Hz
APD, but not on minimal APD , which may explain the inability of sotalol to terminate rotors
during VF. In contrast, increasing minimal APD by BaCl, and BayK8644, induced a notable
reduction in the number of rotors during VF. However, decreasing minimal APD by
nitrendipine treatment did not increase average arrhythmia complexity. This can be
explained by the minute tendency for the formation of new wave breaks during sustained
VF, despite an increase in effective size of the culture.

Importantly, in earlier in silico work by Ten Tusscher et al., minimal APD was shown to be
predictive of arrhythmia complexity in animal and human hearts.?>?®* We now showed that
minimal APD is not only predictive of arrhythmia complexity, but that prolongation of
minimal APD also strongly and effectively reduced arrhythmia complexity.
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APD and CV restitution in fibrillation

Other theories involving prevention or termination of VF mostly originate from the ‘multiple
wavelet’ and the ‘mother rotor’ theory.'®?” In general, both assume flattening of APD
restitution or narrowing of CV restitution should prevent wave breaks and consequent
disorganization of conduction, which should result in termination of VF.1®?” Indeed, several
studies confirmed that flattening of APD restitution by for instance verapamil or bretylium
can convert VF to VT,101114.28

However, the anti-fibrillatory effects of aforementioned substances are generally confirmed
by mapping or in silico models during or resembling the first minute after VF induction. Yet,
Wiggers et al. showed that the heart goes through several stages during VF,® by which
organization and periodicity increase after the first 2 min.5%1° Hence, therapies aiming to
decrease disorganization of conduction could prove to be effective only in this first phases
of fibrillation. The findings in the present study partially explain Wiggers’ stages Ill and IV of
fibrillation because as ischemia progresses, gap junctional coupling is reduced which may
slow VF into a stable, organized and periodical multi-rotor arrhythmia. Our data on these
typical characteristics of sustained VF are consistent with a previous report of sustained
(slow) VF in an isolated rabbit heart model of VF.1° Furthermore, we showed that during
these phases of VF, interventions that flatten APD or CV restitution in an attempt to
terminate VF may be considered inadequate. This is best exemplified by the effect of the
IcaL inhibitor nitrendipine on VF after 2-APB treatment, which according to earlier studies
should have flattened APD restitution and terminated VF. However, nitrendipine only
caused detrimental effects: increasing activation frequency without affecting complexity.
Interestingly, activation of Ic,, by BayK8644 treatment, did decrease complexity during VF,
exemplifying the reversal of effects of Ic, targeting in the early phases through the later
phases of VF.

Ik blockade and VF termination

Another approach to revert sustained VF to VT or sinus rhythm could be to destabilize the
rotors maintaining VF in an effort to achieve termination of these rotors by collision with a
preexisting boundary.'>?° In several studies rotor stability was demonstrated to depend on
specific ion channel currents, such as /x;.14*>?%-31 We showed that blockade of I; during VF
decreased rotor frequency and the complexity of conduction, ultimately reverting VF back
to VT.32 However, rotor stability during VF did not seem to be specifically dependent on the
Ik1 current but on the effect blockade of /x; had on the minimal APD. Therefore, the decrease
in complexity could be reproduced with Bayk8644, a substance that increases minimal APD
by augmenting Ica., without affecting /k1.33 By altering the stability of these rotors, collision
of rotors with preexisting boundaries, but also novel critical boundaries formed by wave
fronts propagated from adjacent rotors are enforced, significantly reducing the complexity
of activation patterns during fibrillation.



Cellular and Molecular Pro-Arrhythmic| 150
Mechanisms in Cardiac Fibrosis and Beyond

Patients suffering from sustained VF are still in a timeframe to be resuscitated without
cerebral damage.3* Therefore, the observation that an increase in minimal APD decreases
complexity of sustained VF may have important consequences for the treatment of VF, since
VF, when driven by a smaller number of rotors, requires less energy for defibrillation.3*

Study limitations

In our study, 2-APB treatment was used to induce arrhythmias. This agent is known to block
gap junctional communication, but also the IP3 receptor and TRP channels, while causing
activation of voltage- independent calcium channels.'®1%36 Of these effects, gap junctional
uncoupling has been shown to be related to arrhythmia induction in CMC cultures as a
consequence of wave breaks caused by preexistent heterogeneity in gap junctional
coupling.23”38 |n addition, voltage-independent calcium influx may also cause pro-
arrhythmic features in 2-APB treated hearts.3® As such, the clinical significance of these
mechanisms of VF initiation may be very limited. However, as VF can show the same
maintenance properties, regardless of the method of initiation3?, this does not hinder the
study of VF maintenance and termination as was performed in the present study.

In the ex vivo mapping experiments, complexity was determined by the number of
epicardial wave fronts, instead of the number of rotors. However, in line with previous
research we found that during sustained VF, the number of epicardial rotors is minimal,
attenuating the significance of the epicardial number of rotors.*°

Moreover, this study makes use of a neonatal rat cardiomyocyte culture model as well as
adult rat hearts. Rat hearts differ considerably from human hearts in terms of the ion
currents determining the action potential morphology. Hence, the conclusions drawn from
this study are only conceptual in relation to the mechanisms of ventricular fibrillation
maintenance and cannot be readily extrapolated to the human or clinical setting.

Conclusions

Incubation of neonatal rat myocardial cultures or Langendorff-perfused adult rat hearts
with increasing dosage of 2-APB allows for the systematic study of arrhythmia complexity,
ultimately resembling sustained VF. Arrhythmia complexity and activation frequency during
fibrillation can be decreased pharmacologically by transient VF destabilization through
prolongation of minimal APD in vitro and ex vivo, regardless of ionic mechanism.
Accordingly, this study could provide a novel conceptual framework for future anti-
arrhythmic drug design as well as an extension in the rationale for treatment options of
sustained VF.
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Supplemental Material

Methods

All animal experiments were approved by the Animal Experiments Committee of the Leiden
University Medical Center and conform to the Guide for the Care and Use of Laboratory
Animals as stated by the US National Institutes of Health.

Cell Isolation and culture

Neonatal rat ventricular myocytes were isolated by collagenase digestion as described
previously.’” Briefly, animals were anaesthetized with 4-5% isoflurane inhalation
anesthesia.

Adequate anesthesia was assured by the absence of reflexes prior to rapid heart excision.
After animal sacrifice by rapid heart excision, ventricles were minced and digested using
collagenase (Worthington, Lakewood, NJ, USA) and DNAse (Sigma-Aldrich, St. Louis, MO,
USA). Cell suspensions from a 50 minutes and a subsequent 45 minutes dissociation were
pooled, centrifuged and resuspended in HAM’s F10 medium supplemented with 10% fetal
bovine serum and 10% horse serum (HS) (Invitrogen, Carlsbad, CA, USA). Cells were
preplated on Primaria coated culture dishes (BD Biosciences, Franklin Lakes, NJ, USA) to
allow preferential attachment of cardiac fibroblasts. Subsequently, cell aggregates and
debris were removed by filtering non-adherent cells through a 70 uM cell strainer. Following
isolation myocardial cells were plated out on fibronectin-coated, round glass coverslips (15
mm) at a cell density of 2-8x10° cells/well in 24-well plates (Corning Life Sciences,
Amsterdam, the Netherlands) depending on the experiment. To prevent overgrowth of
remaining cardiac fibroblasts, proliferation was inhibited by Mitomycin-C (Sigma) treatment
at day 1, as described previously.?” All cultures were refreshed daily with DMEM/HAM'’s F10
in a 1:1 mixture with 5% HS and cultured in a humidified incubator at 372 C and 5% CO..

Immunocytological analyses

Cultures were stained for Connexin40 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA)
connexin43 (Sigma), and connexin45 (Santa Cruz) to assess presence of gap junctional
proteins, and for active caspase-3 (Abcam, Cambridge, MA, USA) to assess the number of
apoptotic cells. For this purpose, cells were fixated in 1% paraformaldehyde in PBS and
permeabilized with 0.1% Triton X-100 in PBS. Primary antibodies and corresponding
secondary Alexa fluor-conjugated antibodies (Invitrogen) were used at a 1:200 dilution.
Counterstaining of nuclei was performed with Hoechst 33342 (Invitrogen). Images of
cultures were taken and quantified using dedicated software (Imagel, National Institutes of
Health, USA).
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Whole-cell patch-clamp

Whole-cell measurements were performed in spontaneously active cultures plated out in a
density of 4x10° cells/well in 24 well plates. At day 4 of culture, current-clamp experiments
were performed in CMCs at 25° C using an L/M-PC patch-clamp amplifier (3 kHz filtering)
(List-Medical, Darmstadt, Germany). The pipette solution contained (in mmol/L) 10 Na,ATP,
115 KCl, 1 MgCl,, 5 EGTA, 10 HEPES/KOH (pH 7.4). To study the effects of gap junctional
uncoupling by 2-APB on electrophysiological properties of CMCs, 25 uM 2-APB (Tocris
Bioscience, Bristol, United Kingdom) was incubated for 20 minutes prior to
measurements. 1740

Tip and seal resistance were 2.0-2.5 MQ and >1 GQ, respectively. The bath solution
contained (in mmol/L) 137 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, and 10 HEPES (pH 7.4). For data
acquisition and analysis, pClamp/Clampex8 software (Axon Instruments, Molecular Devices,
Sunnyvale, CA, USA) was used.

Optical mapping

At day 4 of culture, propagation of action potentials was investigated on a whole-culture
scale by optical mapping using di-4-anepps as voltage sensitive dye, as described
previously.?” Structurally inhomogeneous cultures, as judged by light microscopy and
mapping, were excluded for reasons of reproducibility and standardization (90 out of every
100 cultures were included). CMC cultures were plated out in 24-well plates (Corning) at a
cell density of 8x10° cells per well. Cultures underwent daily refreshing of culture medium
and >2 hours prior to mapping, after which cultures were incubated with serum-free DMEM
and colorless HAM’s F10 in a 1:1 mixture (mapping medium), with 8 umol/L di-4-anepps
(Sigma) for 1545 minutes at 372 C in a humidified incubator. Subsequently, cultures were
refreshed with mapping medium. Cells were incubated with 2-APB dissolved in DMSO in 5
different concentrations (5, 10, 15, 20 and 25 uM) for 2042 min in mapping medium,
targeting Connexin43, Connexin45 and Connexin40 to induce gap junctional uncoupling,®*°
while vehicle treated cultures were used as controls. Next, electrical propagation patterns
were recorded by optical mapping at 372 C. Mapping experiments typically did not exceed
20 minutes per 24-wells plate. Also, cultures were not exposed to excitation light for longer
than 40 s to limit possible phototoxic effects. Excitation light (ex=525+25 nm) was delivered
by a halogen arc-lamp (MHAB-150W, Moritex Corporation, San Jose, CA, USA) through epi-
illumination. Fluorescent emission light passed through a dichroic mirror and a long-pass
emission filter (>590 nm) and was focused onto a 100x100 pixels CMOS camera (Ultima-L,
SciMedia, Costa Mesa, CA, USA) by a 1.6x converging lens (Leice, Wetzlar, Germany). This
resulted in a spatial resolution of 160 um/pixel and a field of view of 16 by 16 mm.
Spontaneous or stimulated electrical activity was recorded for 6-24 s at 6 ms exposure time
per frame. Data analysis, construction of activation maps and stripe analysis (e.g. plotting
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of optical sighal amplitude against time, at the maximal diameter of a culture or short and
long axis of whole heart) were performed with specialized software (Brainvision Analyze
1101, Brainvision Inc, Tokyo, Japan) after pixel signals were averaged with 8 of its nearest
neighbors, minimizing noise-artifacts. Conduction velocity (CV), action potential duration
until 80% repolarization (APDgo) and activation frequency were determined at six different
locations equally distributed throughout the culture and averaged before further analysis.
Wavelength was calculated by the product of average CV and APDg, (for uniform
propagation) or reentrant cycle length > Temporal dispersion of optical signal amplitude
was defined as the difference between the minimal and the maximal optical signal
amplitude (in arbitrary units) within 6 s of mapping, expressed as a percentage of the
minimal optical signal amplitude. Temporal dispersion of reentrant cycle length was
defined as the difference between the minimal and the maximal reentrant cycle length (in
ms) within 6 s of mapping, expressed as a percentage of the minimal reentrant cycle length.

Assessment and modification of 1 Hz and minimal APD

As a result of the outcome of correlating changes in APD and wavelength with arrhythmia
complexity, the effect of several ion channel modulators on APD was tested during low and
high-frequency activation. This was necessary to study the effect of ion channel activation
and inactivation dynamics during normal versus rapid activation on the outcome of
pharmacological ion channel modulation on APD. For this purpose, we used a custom-made
epoxy-coated platinum electrode and performed supra-threshold, 10 ms duration, square,
unipolar stimulation using an electrical stimulus module with corresponding software
(Multichannel Systems, Reutlingen, Germany). Using this electrode, cultures were paced at
1-10 Hz with 1 Hz increments. Minimal APD was defined as the APDgo determined at the
pacing frequency (1-10 Hz) resulting in the shortest possible diastolic interval for that
specific culture. lon channel modulation was performed by administering specific ion
channel modulators (which according to their mechanism of action should have an effect
on APD) directly into the mapping medium and dispersing them by gentle agitation. To
reduce the Ca?*influx, L-type Ca®* inward current (/cal) was inhibited by administration of
nitrendipine (3 umol/L) (Sigma) to reduce APD. Sotalol (ImM) (Sigma), 0.5mM BaCl, (Merck,
Darmstadt, Germany) , inhibiting the inward rectifier the current and BayK8644 (1 umol/L)
(Sigma) increasing the Ica, were used to increase APD. Cultures were optically mapped prior
to and after 10s incubation with these pharmacological agents

During ex vivo experiments in adult rat hearts, APDgy was measured during 3 s of pacing
with a unipolar platinum electrode at 1-10 Hz, to determine minimal APD. To assess the
effect of BaCl, on minimal APD ex vivo, 500 umol/L BaCl, was added to the perfusate for 5
minutes prior to determination of minimal APD.
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Pharmacological interventions during VF

To investigate the effects of APD modifications on VF characteristics, the above mentioned
pharmacological agents were also administered to 2-APB treated and control cultures.
Cultures were optically mapped before and after 10 s of incubation.

In experiments involving agents that reduced VF complexity, optical signals were recorded
through a transparent, permeable membrane (0.4 um pore size) (Corning) placed in the
solution above the culture that allowed for a slow and even distribution of the agents. Using
this method the actual process of complexity reduction could be visualized and its
underlying mechanisms could be analyzed.

During ex vivo experiments, after initiation of VF by 10 minutes perfusion of 20 umol/L  2-
APB, 500 umol/L BaCl, was added to the perfusate for 10 minutes prior to measurements
to study its effects on arrhythmia complexity. Importantly, the perfusate contained 2-APB
prior to and during BaCl, perfusion to prevent washout of 2-APB.
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Supplemental Results

2-APB APDg (% of control); p value vs control

dosage Nitrendipine Sotalol BaCl, BayK8644

10 uM 73+12%; P<0.01 107+3%; P=ns 167+28%; P<0.05 140£19%; P<0.05

15 uM 77+8%; P<0.001 105+6%; P=ns 159+27%; P<0.001 154+25%; P<0.01

20 uM 73+10%; P<0.0001 110+6%; P=ns 179+38%; P<0.0001 150+20%; P<0.001

25 uM 77+10%; P<0.01 112+11%; P=ns 149+10%; P<0.0001 155+13%; P<0.0001
Supplemental Table 1. APDg, values after pharmacological ion channel modulation by
nitrendipine, sotalol, BaCl, or BayK8644 during 2-APB (10-25 puM) induced fibrillation.
Controls are set at 100%. ns: non-significant.

2-APB Wavelength (% of control); p value vs control

dosage Nitrendipine Sotalol BaCl, BayK8644

10 uM 87+7%; P<0.01 105+9%; P=ns 131+37%; P<0.05 126+24%; P<0.05

15 uM 85+16%; P=ns 95+23%; P=ns 155+28%; P<0.001 153+44%; P<0.05

20 uM 94+14%; P=ns 110+18%; P=ns 163+54%; P<0.001 160+40%; P<0.01

25 uM 891+13%; P=ns 111+15; P=ns 150+£20%; P<0.01 1504£23%; P<0.001
Supplemental Table 2. Wavelength values after pharmacological ion channel modulation
by nitrendipine, sotalol, BaCl, or BayK8644 during 2-APB (10-25 uM) induced fibrillation.
Controls are set at 100%. ns: non-significant.

2-APB Activation frequency (% of control); p value vs control

dosage Nitrendipine Sotalol BaCl, BayK8644

10 uM 113+6%; P<0.01 95+6%; P=ns 75116%; P<0.05 7519%; P<0.01

15 uM 112+11%; P<0.05 94+4%; P<0.05 67111%; P<0.0001 661+13%; P<0.001

20 uM 117+6%; P<0.0001 92+6%; P<0.05 55+19%; P<0.0001 73+8%; P<0.0001

25 uM 112+11%; P<0.05 93+9%; P=ns 69+7%; P<0.0001 6915%; P<0.0001
Supplemental Table 3. Activation frequency values after pharmacological ion channel
modulation by nitrendipine, sotalol, BaCl, or BayK8644 during 2-APB (10-25 uM) induced
fibrillation. Controls are set at 100%. ns: non-significant.

2-APB Complexity (% of control); p value vs control

dosage Nitrendipine Sotalol BaCl, BayK8644

10 uM 100£0%; P=ns 100+0%; P=ns 89119%; P=ns 83141%; P=ns

15 uM 111+17%; P=ns 108+20%; P=ns 73+25%; P<0.05 56+22%; P<0.01

20 uM 99+15%; P=ns 102+14; P=ns 30+22%; P<0.0001 43+15%; P<0.0001

25 uM 10219%; P=ns 87+7%; P<0.01 52+11%; P<0.0001 37+11%; P<0.0001
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Supplemental Table 4. Complexity values after pharmacological ion channel modulation
by nitrendipine, sotalol, BaCl, or BayK8644 during 2-APB (10-25 uM) induced fibrillation.
Controls are set at 100%. ns: non-significant
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Abstract

Background: After intramyocardial injection, mesenchymal stem cells (MSCs) may engraft
and influence host myocardium. However, engraftment rate and pattern of distribution are
difficult to control in vivo, hampering assessment of potential adverse effects. In this study,
the role of MSCs engraftment patterns on arrhythmicity in controllable in vitro models is
investigated.

Methods & Results; Co-cultures of 4x10° neonatal rat cardiomyocytes (nrCMCs) and 7% or
28% adult human (h) MSCs in diffuse or clustered distribution patterns were prepared.
Electrophysiological effects were studied by optical mapping and patch-clamping. In diffuse
co-cultures, hMSCs dose-dependently decreased nrCMC excitability, slowed conduction
and prolonged APDqo. Triggered activity (14% vs. 0% in controls) and increased inducibility
of reentry (53% vs. 6% in controls) were observed in 28% hMSC co-cultures. MSC clusters
increased APDg, slowed conduction locally, and increased reentry inducibility (23%),
without increasing triggered activity. Pharmacological heterocellular electrical uncoupling
increased excitability and conduction velocity to 133% in 28% hMSC co-cultures, but did not
alter APDqo. Transwell experiments showed that hMSCs dose-dependently increased APDoy,
APD dispersion, inducibility of reentry and affected specific ion channel protein levels, while
excitability was unaltered. Incubation with hMSC-derived exosomes did not increase APD in
nrCMC cultures.

Conclusions: Adult hMSCs affect arrhythmicity of nrCMC cultures by heterocellular coupling
leading to depolarization-induced conduction slowing and by direct release of paracrine
factors that negatively affect repolarization rate. The extent of these detrimental effects
depends on the number and distribution pattern of hMSCs. These results suggest that
caution should be urged against potential adverse effects of myocardial hMSC engraftment.
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Introduction

Over the past decade, stem cell therapy has been subject of studies aiming to improve
function of damaged hearts. Particularly mesenchymal stem cells (MSCs) have been of
interest in these efforts.>? In spite of the fact that only low percentages of injected MSCs
survive and integrate in damaged myocardium, therapeutic effects have been found in pre-
clinical studies.>* Moreover, genetically modified MSCs have also been investigated as
vehicles of biological functions such as biological pacemakers.> Also, intramyocardial
transplantation of bone marrow-derived cells, including human (h) MSCs, into diseased
human myocardium has been shown to improve cardiac function.b These positive effects
on cardiac function are believed to be mainly mediated by paracrine factors released from
the transplanted cells.” Therefore, increasing engraftment rate to improve the therapeutic
effects of transplanted cells seems a logical step and is indeed the focus of current stem cell
research.®® However, the risk of adverse effects with higher engraftment rates in largely
uncontrolled engraftment patterns is unknown. The number of transplanted cells that
actually engrafts and their distribution patterns are difficult to regulate. Only few studies
have focused on these aspects. Fukushima et al. showed that engraftment patterns of
transplanted bone marrow cells may depend on administration route, i.e. direct
intramyocardial injection resulted in a more clustered distribution than intracoronary
infusion.1® Such clustering may lead to formation of local conduction blocks, potentially
facilitating reentrant tachyarrhythmias. Additionally, in vitro studies by Chang et al. have
indicated that administration of hMSCs to myocardial cell cultures may indeed increase pro-
arrhythmic risk.* However, besides indirect implications that electrotonic coupling of MSCs
with host cardiomyocytes may be responsible for their pro-arrhythmic effects, the
mechanisms underlying MSC-dependent arrhythmogeneity remain unknown. Also, insights
concerning differences between pro-arrhythmic effects of distinct engraftment profiles of
MSCs are still limited. As a result, further investigation of potentially pro-arrhythmic actions
of hMSCs is required. Such studies are especially important to improve therapeutic efficacy
and to contain the hazardous potential of MSC therapy in the heart. Therefore, this study
aimed to investigate the effects of engraftment characteristics of MSCs (i.e. different
numbers and distribution patterns) on arrhythmicity using controllable in vitro models. We
found that hMSCs can indeed be pro-arrhythmic depending on their number and
distribution pattern and that direct contact between neonatal rat ventricular
cardiomyocytes (nrCMCs) and hMSCs as well as paracrine effects of hMSCs on nrCMCs are
important contributors to the pro-arrhythmic effects of hMSCs. The results of this study
suggest that caution is warranted against potential pro-arrhythmic effects of MSC
transplantation in cardiac tissue. The acquired knowledge about the mechanisms by which
hMSCs can cause arrhythmias may help to develop strategies how to increase the safety
and efficacy of intramyocardial hMSC administration.
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Materials and Methods

A more detailed description of the materials and methods can be found in the Supplemental
Material, which also includes methods of immunocytological stainings, western blot, dye-
transfer and patch-clamp experiments.

Isolation, culture and characterization of hMSCs

Human tissue samples were collected after having obtained written informed consent of
the donors and with the approval of the medical ethics committee of Leiden University
Medical Center (LUMC). The procedures used in this investigation conformed to the
Declaration of Helsinki. Human MSCs were purified from leftover bone marrow samples
derived from adult ischemic heart disease patients (n=4 donors). hMSCs were characterized
by immunophenotyping and by their adipogenic and osteogenic differentiation potential as
described in the online supplement.

Isolation and culture of nrCMCs

All animal experiments were approved by LUMC's animal experiments committee and
conform to the Guide for the Care and Use of Laboratory Animals, as stated by the US
National Institutes of Health (10236).12 Briefly, hearts were rapidly excised from isoflurane-
anesthetized animals, the ventricles were minced into pieces and dissociated by treatment
with collagenase type | (450 units/mL; Worthington Biochemical, Lakewood, NJ). The
myocardial cells were pre-plated to minimize contamination of the nrCMC cultures with
non-cardiomyocytes. Purified myocardial cells were plated on fibronectin (Sigma-Aldrich
Chemie, Zwijndrecht, the Netherlands)-coated coverslips in 24-wells plates (Corning Life
Sciences, Amsterdam, the Netherlands) at a density of 1-4x10° cells/well depending on the
experiment. All cultures were treated with 10 pg/mL mitomycin-C (Sigma-Aldrich Chemie)
to halt proliferation of endogenous fibroblasts.

Co-culture of nrCMCs and clustered or diffusely spread hMSCs

To investigate the effects on arrhythmicity of myocardial engraftment of hMSCs in different
patterns and doses, co-cultures of nrCMCs and hMSCs were prepared. To mimic a diffuse
engraftment pattern, 4.0x10° nrCMCs were mixed with 2.8x10* (7%) or 1.12x10° (28%)
hMSCs and added onto coverslips in wells of a 24-well cell culture plate. To mimic a
clustered engraftment pattern, rings with an outer diameter of 15 mm and a central inner
diameter of 3 or 6 mm were lasered in Parafilm M (Bemis Company, Neenah, WI, USA) and
attached to the coverslips. Next, hMSCs were applied in these circles (3 mm: 2.8x10* cells
or 6 mm: 1.12x10° cells). After attachment, the Parafilm was removed and the attached
hMSCs were overlaid with 4.0x10° nrCMCs.
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Optical mapping

Electrophysiological parameters were determined by optical mapping as described
previously.?® Cultures were loaded with di-4-ANEPPS (Invitrogen, Breda, the Netherlands)
for 10 min at 37°C. Cultures were then given fresh DMEM/F12 (Invitrogen) and optically
mapped using the Micam Ultima-L optical mapping system (Scimedia USA, Costa Mesa, CA).

Analysis of the influence of paracrine factors on electrophysiological parameters of
nrCMC cultures

Mitomycin-C-treated adult hMSCs were seeded in 24-well plate transwell inserts (Corning
Life Sciences). To mimic as much as possible the conditions of the non-transwell
experiments, the inserts contained 2.8x10% or 1.12x10° hMSCs and were placed above
4.0x10°> mitomycin-C-treated nrCMCs seeded on fibronectin-coated coverslips. Control
cultures consisted of nrCMC cultures with no, empty or nrCMC (1.12x10° cells)-filled
transwell inserts. In addition, exosomes were derived from hMSCs!**> and incubated with
nrCMCs cultures for 9 days.

Statistics

Experimental data was analyzed by the Mann-Whitney-U test for direct comparisons, or the
Wilcoxon signed-rank test for paired observations. For multiple comparisons, the Kruskal-
Wallis test with Dunn’ s post-hoc correction was used. Experimental results were expressed
as meanzstandard deviation (SD) for a given number (n) of observations. Statistical analysis
was performed using SPSS 16.0 for Windows (SPSS, Chicago, IL). Differences were
considered statistically significant at P<0.05.
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Results

Diffusely spread hMSCs dose-dependent decrease conduction velocity (CV) and excitability
in myocardial cell cultures

Adult hMSCs used in this study fulfilled established identity criteria, as shown in the Online
Supplement (Supplemental Figure 1). The pro-arrhythmic effects of hMSCs were first
investigated in co-cultures of hMSCs and nrCMCs in which the hMSCs were evenly
distributed throughout the monolayer (Figure 1A). Addition of 7% or 28% hMSCs to nrCMCs
dose-dependently slowed conduction from 21.6+£1.8 cm/s (0% hMSCs, n=15) to 17.1+3.1
(7% hMSCs, n=20) and 12.6%3.2 cm/s (28% hMSCs, n=64, P<0.05 between experimental
groups, Figure 1B). Current-clamping of parallel cultures revealed a decrease in upstroke
velocity in 28% hMSC-containing myocardial cell cultures (102 [n=5] vs. 94+10 V/s [n=7] in
control cultures, P<0.05, Figure 1C-D). Moreover, maximal diastolic potentials (MDPs) were
less negative for nrCMCs in co-culture with 28% hMSCs (-44+5 [n=5] vs. -721+5 mV [n=7] in
control cultures, P<0.05, Figure 1E-F). To study the effects of diffusely spread hMSCs on
excitability of nrCMC cultures, CV after administration of the voltage-gated sodium channel
blocker tetrodotoxin (TTX) in increments of 5 umol/L to 20 pmol/L was measured. In co-
cultures containing 0% or 7% hMSCs, a TTX concentration-dependent decrease in CV was
observed for the entire dose range (Figure 1G). However, in cultures with 28% added
hMSCs, the conduction-slowing effect of TTX was saturated between 15 and 20 umol/L
(P>0.05). Moreover, the magnitude of the drop in CV by increasing TTX doses declined with
increasing hMSC numbers, indicating diminished availability of Navl.5 and thereby
confirming the ability of hMSCs to decrease excitability.

hMSCs exert pro-arrhythmic effects through electrical coupling with neighboring nrCMCs
The mechanisms through which hMSCs negatively affect the excitability of nrCMCs were
studied by investigating co-cultures for the expression of N-cadherin, o smooth muscle
actinin (aSMA) and connexin-43 (Cx43). Adult hMSCs co-cultured with nrCMCs (n=3,000
hMSCs analyzed) stained negative for aSMA (Supplemental Figure 2A). Also, no N-cadherin
was present at hMSC-nrCMC junctions (Supplemental Figure 2B). Cx43 was detected at
interfaces between hMSCs and nrCMCs (Figure 2A1), but in lower quantities (20.2+2.2%,
P<0.0001) than at nrCMC-nrCMC junctions (Figure 2A2). Functional electrical heterocellular
coupling between hMSCs and nrCMCs was investigated by dye-transfer experiments. The
enhanced green fluorescent protein (GFP)-labeled hMSCs showed a significantly lower dye
intensity (18.743.0%, P<0.001) than adjacent, calcein-loaded nrCMCs (Figure 2B1-B2).
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Figure 1. Conduction slowing and decreased excitability in myocardial cell cultures containing diffusely
spread hMSCs. (A) Fluorescent microscopy images of myocardial cell cultures containing 0%, 7% or
28% hMSCs stained for human-specific lamin A/C (green). (B) Activation maps of myocardial cell
cultures with 0%, 7% or 28% added hMSCs. Isochrones: 6 ms. (C) Typical action potential upstroke
traces recorded with current-clamp in nrCMCs in a control culture or in culture with 28% hMSCs.
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(D) Quantification of maximum depolarization rate (dV/dtme). *P<0.05 vs. 0% hMSCs. (E)
Quantification of MDP recorded in nrCMCs. *P<0.05 vs. 0% hMSCs. (F) Typical voltage traces from
nrCMCs in myocardial cell cultures containing 0% or 28% hMSCs. (G) Quantification of the effect of
stepwise increasing TTX dose. *P<0.05 vs. 0 umol/L TTX, **P<0.05 vs. 5 umol/L TTX, #P<0.05 vs. 10
umol/L TTX, #P<0.05 vs. 15 umol/L TTX.

Also, although a large fraction of GFP-positive cells had taken up the dye (84.5+4.5%), not
all hMSCs were positive for calcein.

100 981"@ 38425 983}

Positive Cells (%) 2>

020% 0.10% ND %

CD90 CD73 CD105 CD31 CD34 CD45

Supplemental figure 1. Characterization of adult BM hMSCs. (A) Flow cytometric analyses showed
abundant surface expression of the MSC markers CD90, CD73 and CD105 and hardly any surface
expression of the hematopoietic cell markers CD34 and CD45 or the endothelial cell marker CD31.
Percentages are means of 24 measurements. ND is not detected. (B) Adipogenic differentiation was
visualized by the presence of Oil Red O-stained fat vacuoles. (C) Calcium depositions and alkaline
phosphatase activity were present after osteogenic differentiation of the hMSCs.
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Figure 2. Diffusively spread hMSCs slow conduction through electrotonic coupling. (A1)
Immunocytological analyses reveals lower Cx43 (green) levels at heterocellular interfaces between
human lamin A/C-positive hMSCs (red) and a-actinin-positive nrCMCs (red/orange) than at
homocellular junctions between nrCMCs. (A2) Quantification of junctional Cx43 levels at hAMSC-nrCMC
and at nrCMC-nrCMC interfaces. *P<0.001 vs. nrCMCs. (B1) Dye transfer from nrCMCs to GFP-positive
hMSCs. (B2) Quantification of dye intensity in GFP-positive hMSCs. *P<0.001 vs. nrCMCs. (C) Activation
maps before and after 2-APB administration to a myocardial cell culture containing 28% diffusely
spread hMSCs. (D) 2-APB treatment increases CV in myocardial cell cultures with hMSCs. *P<0.05 vs.
pre-2-APB. (E) Partial uncoupling by 2-APB does not affect repolarization in myocardial cell cultures
containing evenly spread hMSCs.
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Supplemental figure 2. Analysis of markers involved in mechanical coupling. (A) Immunocytological
staining showed no expression of alpha smooth muscle actin (aSMA; orange/red) by adult BM hMSCs
in co-culture with nrCMCs. (B) Also, no N-cadherin (indicated as N-CAD; orange/red), was detected at
contact areas between hMSCs and nrCMCs. hMSCs were detected using an antibody directed against

human-specific lamin A/C (red), while nrCMCs were identified using an antibody directed against
cardiac troponin | (cTnl; green). Nuclei were stained with the DNA-binding fluorochrome Hoechst
33342.

The lower Cx43 levels at hMSC-nrCMC borders than at nrCMC-nrCMC interfaces were
utilized to investigate the effect of heterocellular uncoupling by a low dose of the gap-
junctional uncoupler 2-aminoethoxydiphenylborate (2-APB) on conduction in hMSC-nrCMC
co-cultures. After administration of 2 pmol/L 2-APB, CV in 19 co-cultures of nrCMCs and
28% hMSCs rose to 133+16% of the values measured before 2-APB addition (Figure 2C-D),
whereas vehicle-treated (0.01% DMSO, n=5) cultures showed no significant change (i.e. CV
post 0.01% DMSO was 104+8% of CV before 0.01% DMSO). 2-APB increased action potential
upstroke velocity from 1043 to 2917 V/s (n=4, P<0.05). Furthermore, negativity of MDP of
nrCMCs increased by 33% to -59+4 mV (P<0.05 vs. without 2-APB) while action potential
duration until 90% repolarization (APDso) remained unaltered by the 2-APB treatment of
the co-cultures (Figure 2E). Importantly, treatment with 2 pmol/L 2-APB did not significantly
affect any of these parameters in myocardial cell cultures lacking hMSCs (data not shown).
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Diffusely spread hMSCs decrease repolarization reserve and increase arrhythmicity in
myocardial cell cultures

APDgo was 314161 and 379+60 ms in myocardial cell cultures containing 7% (n=24) and 28%
hMSCs (n=86), respectively, compared to 221+43 ms in control cultures (n=16) (Figure 3A-
B). This corresponds to an hMSC dose-dependent prolongation of repolarization time of
142% and 171%, respectively (P<0.05 between all groups). These findings were confirmed
with patch-clamp experiments (APDgo of 18610 ms for nrCMCs in control cultures and of
300+21 ms in cultures with 28% added hMSCs [n=5, P<0.05]). Optical mapping showed that
addition of hMSCs to myocardial cell cultures caused an increase in spatial heterogeneity of
repolarization (Figure 3C). In control cultures, the maximal spatial difference between APDgyo
values within the same culture was 65121 ms (n=18). In cultures with 7% or 28% added
hMSCs, APDg, dispersion was 103+29 (n=13) and 181+59 ms (n=17), respectively (P<0.05,
Figure 3D).

Pro-arrhythmic consequences of these findings were revealed by 1 Hz stimulation, which
evoked triggered activity in 14% of cultures with 28% added hMSCs (n=66, Figure 3E).
Cultures containing 7% hMSCs showed a lower incidence of triggered activity (2.6%, n=39)
and triggered activity was absent in control cultures (n=39, Figure 3F). Next, inducibility of
reentrant arrhythmias was investigated by applying a burst stimulation protocol (Figure 3G).
Reentry was induced in 6% (n=16), 20% (n=10) and 53% (n=15) of cultures containing 0%,
7% and 28% hMSCs, respectively (Figure 3H).

After confirming reproducibility of triggered activity in the same culture, the ATP-sensitive
K*-channel opener P1075 was administered, which abolished all episodes of triggered
activity (n=6, Figure 4A, B). As P1075 strongly shortened APDq (Figure 4C) and reduced APD
dispersion (Figure 4D) without affecting CV (Figure 4E), reduced repolarization reserve and
steeper spatial APD gradients caused by hMSCs seem to be crucial for inducing triggered
activity.
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Figure 3. Slowing and dispersion of repolarization in myocardial cell cultures containing diffusely
spread hMSCs. (A) Optical traces of myocardial cell cultures containing 0%, 7% or 28% hMSCs show (B)
prolongation of repolarization in an hMSC dose-dependent manner. *P<0.05 vs. 0 and 28% hMSCs,
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**Pp<0.05 vs. 0% and 7% hMSCs. (C) APDso maps of myocardial cell cultures reveal (D) an hMSC dose-
dependent increase in dispersion of repolarization throughout the entire culture. *P<0.05 vs. 0 and
28% hMSCs, **P<0.05 vs. 0% and 7% hMSCs. (E) Optical trace of triggered activity in a myocardial cell
culture containing 28% hMSCs. (F) Incidence of triggered activity positively correlates with the number
of hMSCs in myocardial cell cultures. (G) Activation map of 2 consecutive reentrant activations during
a reentrant tachyarrhythmia in a myocardial cell culture containing 28% hMSCs. (H) Inducibility of
reentry increases with the number of hMSCs in myocardial cell cultures.
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Figure 4. Increasing repolarization reserve lowers the incidence of triggered activity in nrCMC cultures
containing diffusely spread hMSCs. (A) Optical traces of a myocardial cell culture with 28% hMSCs
before and after P1075 administration, and corresponding (B) incidences of triggered activity. (C)
Quantification of APDgy, (D) APDgoy dispersion and (E) CV before and after P1075 treatment in
myocardial cell cultures with 28% hMSCs. *P<0.05 vs. 28% hMSCs.

Clustered hMSCs provide a substrate for reentry in myocardial cell cultures.

Optical mapping of myocardial cell cultures containing a central cluster of hMSCs revealed
local slowing of conduction to 4.7+1.6 and 5.4+1.3 cm/s in hMSC clusters with a diameter
of 3 mm (n=21) and of 6 mm (n=20), respectively (P=NS), whereas CV outside these clusters
remained as high as in control cultures (22.2+1.7 and 22.4+1.8 vs. 22.4+2.3 cm/s, P=NS,
Figure 5A-C). APDgy was prolonged inside the 3-mm hMSC clusters (333130 vs. 25458 ms
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outside, P<0.05) and inside the 6-mm hMSC clusters (343+48ms vs 310+40 ms outside,
P<0.05, Figure 5D-G). Due to these local effects, APDyy dispersion was also increased in
cultures with a 3- or 6 mm cluster of hMSCs (Figure 5D). Interestingly, APDgg in the ring of
nrCMCs around 6-mm hMSC clusters was significantly prolonged (310+40 ms) compared to
that in control cultures (245161 ms) or in the ring of nrCMCs around 3-mm hMSC clusters
(254458 ms, P<0.05 vs. all, Figure 5F-G). No triggered activity was observed in any of these
cultures. However, burst stimulation induced reentry in 6% of the control cultures (n=16)
and in 14% (n=22) and 23% (n=30) of the cultures with 3- and 6-mm central clusters of
hMSCs, respectively (Figure 5H-J). Induced reentrant arrhythmias anchored to the hMSC
clusters.

hMSCs release free paracrine factors that prolong repolarization but do not affect
conduction

To study a possible paracrine contribution® to hMSC-induced APD prolongation, transwell
experiments were conducted. Transwells with inserts containing 0%, 7% or 28% hMSCs had
almost identical CVs of 21.9+0.9, 22.3+1.3 and 22.9+0.7 cm/s (P=NS). Additionally, the
conduction-slowing effect of TTX was very similar for transwell cultures containing different
numbers of hMSCs (P>0.05, Figure 6A). However, APDg was dose-dependently affected by
hMSCs, as APDgp was 227+35 ms for controls (n=38) as compared to 300+91 and 362+88 ms
for transwells with inserts containing 7% hMSCs (n=46) and 28% hMSCs (n=45), respectively
(P<0.05, Figure 6B). Dispersion of repolarization showed a similar positive relation with
hMSC numbers, with APDgo dispersion values of 78+23, 105#50 and 148+72 ms for
transwells whose inserts contained 0%, 7% and 28% hMSCs (Figure 6C). None of the
transwell cultures displayed triggered activity. However, inducibility of reentry was slightly
increased from 14% (n=29) in controls to 16% (n=44) and 24% (n=38) for transwells with 7%
and 28% of hMSCs, respectively (Figure 6D). Patch-clamp experiments also showed a
prolonged APD in nrCMCs exposed to the secretome of 28% hMSCs (33516 ms, n=4)
compared to unexposed CMCs (193+7 ms, n=4, P<0.05, Figure 7A-B).



Cellular and Molecular Pro-Arrhythmic]|176
Mechanisms in Cardiac Fibrosis and Beyond

Cc

Conduction Velocity (cm/s)

30
®
& m— cluster
o 20 === ring T
32 == control E;
@~ k3

10 [=}
w = —~ o

0 ’“;/Aé: T T T T
100 300 200 400 500 600

Time (ms)

8 8 3

Now
S o

Incidence of Induced
Reentry (%)

=
=)

o

[} 3 6
hMSC cluster size (mm)
Figure 5. Myocardial cell cultures containing clustered hMSCs are substrates for reentry. (A) Typical
activation map of a myocardial cell culture containing 28% hMSCs in a centrally located cluster with a
diameter of 6 mm (black dotted line). (B) Pseudo-voltage map sequence projected over a picture of the

same culture containing a 6-mm hMSC cluster shows (C) local conduction slowing inside the cluster.
*P<0.05 vs. outer ring. (D) APDgy map of a culture with a 3-mm cluster of hMSCs. (E) Micrograph of a
myocardial cell culture with a 3-mm hMSC cluster and (F) traces of action potentials inside (blue) and
outside (red) of the hMSC cluster. (G) APDgy in myocardial cell cultures containing different-sized hMSC
clusters. *P<0.05 vs. outer ring, **P<0.05 vs. control and outer, 3-mm ring. (H) Activation map and (1)
pseudo-voltage map sequence of a reentrant tachyarrhythmia anchored at a 6-mm hMSC cluster
(demarcated by black dotted and white line, respectively). (J) The incidence of induced reentry in
myocardial cell cultures increases with the size of the centrally located hMSC cluster.
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Figure 6. Paracrine mechanisms are responsible for hMSC-dependent prolongation of repolarization
in myocardial cell cultures. (A) Dose-dependent effects of Nav1l.5 blockade by TTX do not differ
between control cultures and myocardial cell cultures exposed to the secretomes of different numbers
of hMSCs. *P<0.05 vs. 0 umol/L TTX, **P<0.05 vs. 5 umol/L TTX, #P<0.05 vs. 10 umol/L TTX, #P<0.05
vs. 15 umol/L TTX. (B) Quantification of APDg. *P<0.05 vs. 0% and 28% hMSCs, **P<0.05 vs. 0% and
7%. (C) Quantification of dispersion of repolarization. *P<0.05 vs. 0%. (D) Incidences of induced reentry
in myocardial cell cultures exposed to transwells containing 0%, 7% or 28% of added hMSCs.

However, dV/dtmax (10427 V/s vs. 10749 V/s in controls, P=0.72, Figure 7C) and resting
membrane potential (-68+4 mV vs. -67+3 mV in controls, P=0.72) were unaffected by the
hMSC secretome. Western blot analysis of ion channel protein levels in nrCMCs exposed to
the hMSC secretome of 28% hMSCs revealed lower levels of Cav1.2 (0.43+0.01 vs. 0.22+0.04
arbitrary units, P<0.05) and Kv4.3 (0.26+0.04 vs. 0.22+0.04 arbitrary units, P<0.05), while
the Kir2.1 level was not significantly altered (0.30+0.03 vs. 0.27+0.05, P>0.05, Figure 7D).

To investigate whether exosomes (i.e. microvesicles secreted by mammalian cells
containing instructive molecules including cytokines, mRNAs and miRNAs) were responsible
for these effects, exosomes from the hMSC secretome (representing 28% hMSCs) were
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added to pure nrCMC cultures and refreshed every 2 days (Figure 8A). At day 9, optical

mapping did not reveal any changes in APDy, (Figure 8B) or CV (Figure 8C) by adding hMSC-

derived exosomes to nrCMC cultures, suggesting that the effect of the hMSC secretome on

APD prolongation is primarily mediated by directly secreted factors, rather than by secreted

microvesicle-associated factors.
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Figure 7. The hMSC secretome
also affects nrCMCs at the
cellular level. (A) Typical voltage
traces of action potentials
recorded in  current-clamp
experiments on nrCMCs
subjected to the hMSC
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nrCMCs show (B) prolonged APD
but (C) normal dV/dt . *P<0.05
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Kir2.1  levels. Values are
corrected for glyceraldehyde 3-
phosphate dehydrogenase
(GAPDH) levels. *P<0.05 versus
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Figure 8. Human MSC-derived exosomes do not appear to exert pro-arrhythmic effects on nrCMCs. (A)
Schematic overview of experiments investigating the pro-arrhythmic effects of hMSC-derived
exosomes. (B) Adding exosomes to nrCMC cultures does not affect CV or (C) APDgy under optical
mapping conditions.
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Discussion

This study has shown that (i) adult bone marrow-derived hMSCs contribute to APD
dispersion, triggered activity and reentrant tachyarrhythmias in neonatal rat myocardial cell
cultures; (ii) the pro-arrhythmic effects of hMSCs are mediated by two separate
mechanisms, i.e. functional coupling of hMSCs with adjacent nrCMCs resulting in partial
nrCMC depolarization and conduction slowing, and paracrine signaling of hMSCs to
neighboring nrCMCs that slows nrCMC repolarization; and (iii) the number and distribution
pattern of the MSCs in the myocardial cell cultures determine the type and severity of the
arrhythmias.

Effect of hMSC transplantation on cardiac electrophysiology

Whether and how cardiac cell therapy may increase the risk of ventricular arrhythmias
remain topics of debate.'’-2° Gap-junctional coupling between transplanted cells and host
cardiomyocytes appears to be essential for functional electrical integration, thereby
preventing an increase in electrical heterogeneity, leading to arrhythmias.?! Other studies
have emphasized the role of cell alignment in electrical integration of transplanted cells in
recipient myocardium and the potential pro-arrhythmic consequences of malalignment.??
The number and distribution of donor cells in the host myocardium may also affect their
arrhythmogenic potential.’! However, very little is known about cell therapy-associated
pro-arrhythmic mechanisms.

The current study demonstrates that both evenly spread and clustered hMSCs can exert
pro-arrhythmic effects in myocardial cell cultures in a dose-dependent manner. However,
the types of evoked arrhythmias depended on hMSC distribution pattern. By applying the
hMSCs in a diffuse pattern, interactions with surrounding nrCMCs are maximized leading to
increases in triggered activity and induced reentry incidence, while in myocardial cell
cultures containing central clusters of hMSCs only the propensity towards reentry was
increased. Triggered activity in diffuse co-cultures was associated with decreased
repolarization reserve as APD shortening by opening of ATP-sensitive K*-channels abolished
such episodes, which together with pseudo-electrogram morphology, points to early
afterdepolarizations as likely cause of triggered activity. As the P1075-treated cultures did
not show any triggered activity, the concomitant APD shortening by P1075 did not lead to
increased reentry incidence.?

The mechanism of early afterdepolarizations is considered to be reactivation of L-type
calcium channels that linger within the window current due to a decreased repolarizing
force.?® As this mechanism is based on a highly complex and delicate balance between
depolarizing and repolarizing forces that depends on activation and (de-)inactivation
mechanics of ion channels, the absence of triggered activity in myocardial cell cultures
containing clustered hMSCs can be explained by hMSC density-dependent skewing of action
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potential dynamics beyond the window current. The notion of density-dependent pro-
arrhythmic effects of hMSCs is supported by findings of differences in CV and APD inside
the 6-mm hMSC clusters in comparison to equal amounts of more diffusely integrated
hMSCs. As hMSC clusters formed local zones of conduction delay and refractoriness, the
cluster size-dependent increase in inducibility of reentry is most likely attributable to the
increased possibility of spiral wave anchoring with increasing obstacle sizes.?* Higher
inducibility of reentry in cultures with diffusely spread hMSCs than in those containing
clustered hMSCs indicates stronger pro-arrhythmic effects of widespread than of locally
concentrated hMSC-nrCMC interactions.

Role of heterocellular coupling in conduction slowing by hMSCs

Conduction slowing is widely recognized as a pro-arrhythmic feature that increases the
probability of wave front collision, partial conduction block and spiral wave formation.? In
an earlier study, Chang et al. revealed that hMSCs slow conduction in myocardial cell
cultures, presumably by electrotonic heterocellular interactions.!® Two other studies
showed the ability of hMSCs to overcome local conduction blocks by functional coupling to
nrCMCs and passively and slowly conducting action potentials.?>2¢ In the present study, we
confirmed slowed conduction by hMSCs in myocardial cell cultures without anatomical
conduction block. Importantly, hMSCs were shown to reduce nrCMC excitability as dV/dtmax
and TTX sensitivity were decreased. Treatment of diffuse co-cultures with low doses of the
gap-junctional uncoupler 2-ABP indicated that heterocellular coupling was the dominant
mechanism responsible for the conduction-slowing effect of hMSCs. Although 2-APB, as
most pharmacological agents, has other known effects, 2?8 these effects occur at higher
dosages and cannot account for the increase in CV observed in Figure 2D. Partial
heterocellular uncoupling increased CV in co-cultures and nrCMCs showed a more negative
MDP and a higher action potential upstroke velocity, which are all indicative of partially
restored excitability.?® Heterocellular mechanical coupling was also investigated in the
current study. Myofibroblasts were recently shown to exert pro-arrhythmic effects by
providing a non-compliant mechanical resistance through their rigid cytoskeleton, which
contains large amounts of aSMA and may thereby activate stretch-activated ion channels
in nrCMCs.3%31 However, the adult hMSCs used in this study did not express aSMA or N-
cadherin in co-cultures with nrCMCs, which makes it unlikely that mechanical coupling plays
a major role in hMSC-associated conduction slowing and arrhythmicity.

Role of paracrine signaling in repolarization slowing and dispersion by hMSCs

In cardiac arrhythmogenesis, prolonged repolarization times and dispersion of
repolarization are considered crucial pro-arrhythmic factors for triggered activity and
reentrant tachyarrhythmias.?® Interestingly, while experiments with commercially obtained
hMSCs reported no effect of these cells on repolarization or the incidence of triggered
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activity,! the present study provides evidence that clinically used hMSCs from ischemic
heart disease patients in co-culture with nrCMCs can prolong repolarization time, increase
repolarization dispersion and promote triggered activity, which is likely to be caused by
spatial repolarization gradient steepening.?> The mechanism of decreased repolarization
reserve was elusive at first. In contrast to the effects of heterocellular uncoupling between
nrCMCs and myofibroblasts,3 decreasing heterocellular coupling between hMSCs and
nrCMCs did not affect APD. However, it is becoming increasingly evident that the hMSCis a
cell type with high paracrine activity that secretes a wide variety of directly secreted and
exosome/microvesicle-associated factors associated with reverse remodeling and anti-
inflammatory and pro-angiogenic activity.3*3> These findings combined with the APD
prolongation at the periphery of co-cultures containing clustered hMSCs, where there is no
physical contact between hMSCs and nrCMCs raised the possibility that paracrine rather
than electrotonic mechanisms are responsible for the decreased repolarization reserve.
Indeed, experiments with hMSCs in transwell inserts to allow passage of the hMSC
secretome without physical contact between hMSCs and nrCMCs, revealed hMSC dose-
dependent increases in APD, dispersion of repolarization and inducibility of reentry in the
nrCMCs seeded on the bottom of the transwell. As hMSC-derived exosomes did not
significantly affect nrCMC APD, it is likely that APD prolongation in our model was based on
directly secreted paracrine factors. Loss of biological activity of exosomes is unlikely, since
they were purified using established procedures.'**> The current study has not provided
any indication of pro-arrhythmic effects of exosomes purified from hMSC cultures. As
exosomes may have a significant contribution to the therapeutic effects caused by the
paracrine activity of MSCs, they might therefore represent a safer alternative to cell therapy
for improving heart function.'36

Paracrine activity of hMSCs has been associated with beneficial effects in in vivo models of
cardiac remodeling.3®* A common feature of these models was the low engraftment rate of
the hMSCs. As suggested in this study, higher hMSC engraftment rates might lead to
increased production of paracrine factors tipping the balance from beneficial to adverse
effects. Interestingly, paracrine signaling did not alter conduction or excitability, as the
sensitivity of CV to Nav1.5 blockade by TTX remained the same between myocardial cell
cultures exposed to the secretome of 0%, 7% or 28% hMSCs. It did, however, change the
ion channel levels as revealed by western blot analyses. In particular, Cavl.2 and Kv4.3
levels were significantly lowered by exposure to the hMSC secretome. While decreased
Cav1l.2 expression would theoretically shorten APD, lowered Kv4.3 expression prolongs
APD by decreasing /1.3’ Since APD prolongation was found both in optical mapping and
patch-clamp experiments, the effect of lowered Kv4.3 expression appeared to be
dominant in our cultures. The Kir2.1 level was not significantly altered in nrCMCs cultured
below hMSC-containing transwell inserts, which is consistent with findings of intact
excitability of nrCMCs exposed to the hMSC secretome. Although functional effects of
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altered ion channel expression are likely, more research is needed to be certain, since
paracrine factors may also modulate the activity of proteins involved in cardiac impulse
propagation by direct binding to these proteins or by inducing their post-translational
modification. For example, a recent study by Desantiago showed that MSCs are able to
increase Ic.. through the PI3K/Akt pathway.3® Pinpointing the paracrine factors that are
responsible for the pro-arrhythmic effects observed in our study and unraveling their
mechanisms of action are subjects of future studies. The findings of the current study may
raise cautionary concerns regarding the use of genetically-modified MSCs as biological
pacemakers. > Such an approach relies on the premise that MSCs are electrically inert,
other than their ability to couple to surrounding cells and achieve automaticity by
electrotonic interactions. If MSCs modulate electrical behavior via secreted factors, using
MSCs as pacemakers may have unintended APD prolonging effects and may increase the
pro-arrhythmic risk.

Study Limitations

Due to ethical and technical limitations, cardiomyocytes of human adults could not be not
investigated in this study. As an alternative, nrCMCs were used as these cells are available
in large amounts and can be maintained in culture as contractile monolayers for the time
period needed for mechanistic studies on stem cell engraftment. However, their ion channel
expression profile and distribution of gap junctions differs from those of human adult CMCs.
Therefore, the comparability of neonatal rat CMCs to adult and clinical situations may be
limited. Nevertheless, 2-dimensional in vitro models of rat myocardial tissue have shown to
be relevant for studying cardiac electrophysiology, by mimicking key electrophysiological
processes in the intact heart.®

As the current model utilized healthy nrCMCs, the implications of current findings for
disease models for stem cell therapy need to be investigated in future studies. To assess the
consequences of this study for hMSC transplantation in the heart, our findings should be
considered in the context of 3-dimensional, anisotropic myocardium.

Conclusion

In myocardial cell cultures, adult hMSCs slow conduction, prolong repolarization, increase
spatial dispersion of repolarization and cause triggered activity and reentrant arrhythmias
by different mechanisms. Electrotonic coupling of hMSCs to nrCMCs reduces excitability and
thereby CV, while the paracrine factors that are directly secreted by hMSCs slows nrCMC
repolarization. Thus, caution is warranted against potential pro-arrhythmic effects of MSC
transplantation in cardiac tissue. The observation that the pro-arrhythmic activity of hMSCs
in co-cultures with nrCMCs is strongly influenced by their number and distribution suggests
that by controlling MSC engraftment rate and patterns the critical balance between
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therapeutic potential and hazardous risk of MSC therapy for cardiac diseases may be tipped
in the right direction.
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Supplemental Material

Isolation, culture and characterization of human mesenchymal stem cells (hMSCs)

Human tissue samples were collected after having obtained written informed consent of
the donors and with the approval of the medical ethics committee of Leiden University
Medical Center (LUMC), where all investigations were performed. Investigations with
human tissues conformed to the Declaration of Helsinki. Adult hMSCs were purified from
leftover bone marrow (BM) samples derived from ischemic heart disease patients (n=4
donors). Briefly, the mononuclear cell fraction of the BM was isolated by Ficoll density
gradient centrifugation, transferred to a 75-cm? cell culture flask (Becton Dickinson, Franklin
Lakes, NJ) in standard hMSC culture medium (i.e. Dulbecco's modified Eagle's medium
[DMEM; Invitrogen, Breda, the Netherlands] containing 10% fetal bovine serum [FBS;
Invitrogen and incubated at 372C in humidified 95% air/5%CO,. Twenty-four h after seeding,
the non-adherent cells were removed and the remaining hMSCs were expanded by serial
passage using standard methods.*® The hMSCs were characterized according to generally
accepted criteria using flow cytometry for the detection of surface antigens and adipogenic
and osteogenic differentiation assays to establish multipotency. Surface marker expression
was examined after culturing the cells for at least 3 passages. Thereafter, the hMSCs were
detached using a buffered 0.05% trypsin-0.02% EDTA solution (TE; Lonza, Vervier, Belgium),
suspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin fraction
V (BSA; Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands) and divided in aliquots of 10°
cells. Cells were then incubated for 30 min at 4°C with fluorescein isothiocyanate- or
phycoerythrin-conjugated monoclonal antibodies (MAbs) directed against human CD105
(Ancell, Bayport, MN), CD90, CD73, CD45, CD34 or CD31 (all from Becton Dickinson).
Labeled cells were washed three times with PBS containing 1% BSA and analyzed using a BD
LSR Il flow cytometer (Becton Dickinson). Isotype-matched control MAbs (Becton Dickinson)
were used to determine background fluorescence. At least 10* cells per sample were
acquired and data were processed using FACSDiva software (Becton Dickinson). Established
differentiation assays were used to determine the adipogenic and osteogenic
differentiation ability of the cells. Briefly, 5x10* hMSCs per well were plated in a 12-well cell
culture plate (Corning Life Sciences, Amsterdam, the Netherlands) and exposed to
adipogenic or osteogenic differentiation medium. Adipogenic differentiation medium
consisted of MEM-plus (i.e. a-minimum essential medium [Invitrogen] containing 10% FBS,
supplemented with insulin, dexamethason, indomethacin and 3-isobutyl-1-methylxanthine
(all from Sigma-Aldrich Chemie) to final concentrations of 5 pg/mL, 1 umol/L, 50 umol/L and
0.5 umol/L, respectively, and was refreshed every 3-4 days for a period of 3 weeks. Lipid
accumulation was assessed by Oil Red O (Sigma-Aldrich Chemie) staining of the cultures (15
mg of Oil Red O per mL of 60% 2-propanol). Osteogenic differentiation medium consisted
of MEM-plus containing 10 mmol/L B-glycerophosphate, 50 ug/mL ascorbic acid and 10
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nmol/L dexamethason (all from Sigma-Aldrich Chemie) and was refreshed every 3-4 days
for a period of 3 weeks. Osteogenic differentiation was evaluated by histochemical
detection of alkaline phosphatase activity and calcium deposition. To measure alkaline
phosphatase activity, cells were washed with PBS and subsequently incubated for 5 min
with substrate solution (0.2 mg/mL a-naphthyl-1-phosphate [Sigma-Aldrich Chemie] 0.1
mol/L Tris-HCI [pH 8.9], 0.1 mg/mL magnesium sulfate and 0.6 mg/mL Fast Blue RR [Sigma-
Aldrich Chemie]). Thereafter, calcium deposits were visualized by staining of the cells for 5
min with 2% Alizarin Red S (Sigma-Aldrich Chemie) in 0.5% NH4OH (pH 5.5).

Neonatal rat ventricular cardiomyocyte (nrCMC) isolation and culture

All animal experiments were approved by LUMC's animal experiments committee and
conformed to the Guide for the Care and Use of Laboratory Animals, as stated by the US
National Institutes of Health!? (permit number: 10236). Isolation of nrCMCs from two-day-
old neonatal Wistar rats was done essentially as described previously.?® In brief, hearts were
rapidly excised from isoflurane-anesthetized animals and minced into small pieces. After
two sequential digestion steps with collagenase type | (450 units/mL; Worthington,
Lakewood, NJ), a 75-min pre-plating step was performed to minimize the number of non-
cardiomyocytes in the myocardial cell suspension. Next, the resulting cell suspension was
passed through a nylon cell strainer with a mesh pore size of 70 um (Becton Dickinson) to
remove cell aggregates and, after counting, the cells were plated on fibronectin (Sigma-
Aldrich Chemie)-coated round glass coverslips in 24-well cell culture plates (Corning Life
Sciences, Amsterdam, the Netherlands) at a density of 1-4x10° cells/well depending on the
experiment. To stop cell proliferation and to maintain the initial established ratios between
cell types, cultures were incubated for 2 h with 10 ug/mL mitomycin-C (Sigma-Aldrich
Chemie) at day 1 of culture. Culture medium was refreshed daily, except in experiments
investigating paracrine effects. In these experiments, cells received fresh medium every 2
days to allow for sufficient exposure to paracrine factors. Cultures were refreshed with
DMEM/Ham’s F10 culture medium (1:1, v/v; both from Invitrogen) supplemented with 5%
horse serum (HS; Invitrogen) and cultured in a humidified incubator at 372C and 5% CO..

Preparation of co-cultures between nrCMCs and clustered or diffusely spread hMSCs

To investigate in an ex vivo model system the effects of myocardial engraftment of hMSCs
in different patterns and doses on arrhythmogeneity, co-cultures of nrCMCs and hMSCs
were prepared. To mimic a diffuse engraftment pattern, 4.0x10°> nrCMCs with mixed with
2.8x10* (7%) or 1.12x10° (28%) hMSCs and added onto a fibronectin-coated glass coverslip
in a well of a 24-well cell culture plate. To mimic a clustered engraftment pattern, the hMSCs
were applied to the center of a glass coverslip in a circle with a diameter of 3 mm (2.8x10*
cells) or of 6 mm (1.12x10° cells). To keep the hMSCs centered, rings with an outer diameter
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of 15 mm and an inner diameter of 3 or 6 mm were lasered in Parafilm M (Bemis Flexible
Packaging, Neenah, WI, USA) using a PLS3.60 laser (Universal Lasersystems. Scottsdale, AZ).
Next, these rings were sterilized with 70% ethanol and attached to fibronectin-coated
coverslips. A drop of hMSC suspension was then applied to the center of each ring and the
cells were allowed to adhere for at least 2 h. Finally, the rings of Parafilm M were removed
and 4.0x10° nrCMCs were plated out on top of the hMSC cluster.

Electrophysiological measurements in co-cultures of nrCMCs and hMSCs

To facilitate the identification of hMSCs in co-cultures with nrCMCs, these cells were labeled
with enhanced green fluorescent protein (GFP) using the vesicular stomatitis virus G
protein-pseudotyped, self-inactivating human immunodeficiency virus type 1 vector
CMVPRES,*! essentially as described by van Tuyn et al.*> At day 9 of culture, co-cultures of
nrCMCs and GFP-labeled hMSCs in a diffuse or clustered pattern were subjected to whole-
cell patch-clamp experiments in parallel to optical mapping experiments. Whole-cell
current-clamp recordings were performed at 252C using an L/M-PC patch-clamp amplifier
(List Medical, Darmstadt, Germany) with 3 kHz filtering. Pipette solution contained (in
mmol/L) 10 Na,ATP, 115 KCl, 1 MgCl,, 5 EGTA, 10 HEPES/KOH (pH 7.4). Tip resistance was
2.0-2.5 MQ, and seal resistance >1 GQ. The bath solution contained (in mmol/L) 137 NaCl,
4 KCI, 1.8 CaCl,, 1 MgCl,, 10 HEPES/KOH (pH 7.4). For data acquisition and analysis
pClamp/Clampex8 software (Axon Instruments, Molecular Devices, Sunnyvale, CA) was
used. Current-clamp recordings were performed in unlabeled nrCMCs adjacent to GFP-
labeled hMSCs. For partial uncoupling experiments, nrCMCs were studied after 20 min of
incubation with 2-aminoethoxydiphenyl borate (2-APB; Tocris, Ballwin, MO).

Optical mapping

Electrophysiological parameters were determined by optical mapping as described
previously.? In brief, nrCMC-hMSC co-cultures were loaded with 6 umol/L of the voltage-
sensitive dye di-4-ANEPPS (Invitrogen) diluted in DMEM/Ham’s F12 culture medium
(Invitrogen) for 10 min at 379C in humidified 95% air/5%CO,. Subsequently, the culture
medium was replaced by fresh DMEM/Ham’s F12 and the cultures were optically mapped
using the Micam Ultima-L optical mapping system (SciMedia USA, Costa Mesa, CA). Optical
signals were recorded and analyzed using Brainvision Analyze 1108 (Brainvision, Tokyo,
Japan). Cultures were electrically stimulated with a 10 ms pulse at >1.5x diastolic threshold
and paced at 1 Hz (Multichannel systems, Reutlingen, Germany) to determine conduction
velocity (CV) and action potential duration at 90% of full repolarization (APDgp), as well as
dispersion of repolarization. Dispersion of repolarization was calculated as the maximal
spatial difference in APDgo within the same culture. Areas of dispersion analysis were at
least 4x4 pixels. Inducibility of reentry was tested by applying a bipolar, 14-Hz burst
stimulation protocol. Reentry was defined as >2 consecutive circular activations. For partial
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uncoupling experiments, cultures were mapped before and after 20 min of incubation with
2-APB. The principle of partial uncoupling was based on the low connexin 43 (Cx43) plaque
density at heterocellular hMSC-nrCMC junctions as compared to that at homocellular
nrCMC-nrCMC junctions. This renders the gap junctional communication between nrCMCs
and hMSCs more sensitive to uncoupling by 2 umol/L of 2-APB than that between nrCMCs
and nrCMCs. Thus, treatment of the co-cultures with 2-APB could effectively uncouple
hMSCs from nrCMCs while preserving nrCMC reserves of Cx43 necessary for conduction.
Although 2-APB may have other known effects, these are not expected to be active at the
used dosages?”?® and are not expected to increase conduction velocity. To study the effects
of fast sodium channel blockade, cultures were successively exposed to 5, 10, 15 and 20
umol/L tetrodotoxin (TTX; Alomone Labs, Jerusalem, Israel) by stepwise increasing the drug
concentration. The influence of APD on arrhythmicity was studied using the ATP-sensitive
potassium channel opener P1075 (10 umol/L; Tocris).

Analysis of markers involved in mechanical and electrical coupling

Alpha smooth muscle actin (SMA) and N-cadherin, proteins involved in mechanical
coupling, were visualized by immunostaining as described previously.*® In short, on day 9
after culture initiation, the co-cultures of nrCMCs and adult BM hMSCs were fixed on ice
with 4% formaldehyde in PBS for 30 min, washed with PBS, permeabilized with 0.1% Triton
X-100 in PBS for 5 min at 4°C and rinsed again with PBS. To decrease non-specific antibody
binding, the cells were next incubated at room temperature with 0.1% donkey serum
(Sigma-Aldrich Chemie) in PBS for 30 min. Thereafter, the co-cultures were incubated
overnight at 4°C with an aSMA-specific mouse MAb (clone 1A4; A2547; Sigma-Aldrich
Chemie) or with an N-cadherin-specific mouse MADb (clone ID-7.2.3; C3825; Sigma-Aldrich
Chemie) diluted 1:400 and 1:100, respectively, in PBS containing 0.1% donkey serum. To
distinguish nrCMCs from hMSCs, co-cultures were stained with a rabbit polyclonal antibody
(PAb) recognizing the striated muscle-specific protein troponin | (H-170; Santa Cruz
Biotechnology, Santa Cruz, CA; dilution 1:100). Binding of the primary antibodies to their
target antigen was visualized using Alexa Fluor 568-conjugated donkey anti-mouse IgG and
Alexa Fluor 488-conjugated donkey anti-rabbit 1gG (both from Invitrogen) at dilutions of
1:200. hMSCs in the co-cultures were identified by labeling with a human lamin A/C-specific
murine MAb (clone 636; Vector Laboratories, Burlingame, CA; dilution 1:200). Lamin A/C
staining was visualized with Qdot 655-streptavidin conjugates (Invitrogen; dilution 1:200)
after incubation of the cells with biotinylated goat anti-mouse IgG2b secondary antibodies
(Santa Cruz Biotechnology; dilution 1:200). Nuclei were stained by incubating the cells for
10 min at room temperature with 10 ug/mL Hoechst 33342 (Invitrogen) in PBS.

The expression of the gap junctional protein Cx43, which plays an important role in the
electrical coupling of nrCMCs, was also studied by immunocytological stainings. Co-cultures
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of nrCMCs and hMSCs were stained with a Cx43-specific rabbit PAb (C6219; Sigma-Aldrich
Chemie) and with a mouse MAb recognizing sarcomeric a-actinin (clone EA53; Sigma-
Aldrich Chemie; dilution 1:200). The primary antibodies were visualized using Alexa Fluor
568-coupled donkey anti-mouse IgG and Alexa Fluor 488-linked donkey anti-rabbit IgG
secondary antibodies at dilutions of 1:200 (both Invitrogen). Again, the hMSCs in the co-
cultures were identified by labeling with a human lamin A/C-specific murine MAb as
described above. Nuclei were stained using a 10 pg/mL solution of Hoechst 33342 in PBS.
Cells that went through the entire staining procedure but were not exposed to primary
antibodies served as negative controls. A fluorescence microscope equipped with a digital
color camera (Nikon Eclipse 80i; Nikon Instruments Europe, Amstelveen, the Netherlands)
and dedicated software (NIS Elements [Nikon Instruments Europe] together with Image)
[version 1.43; National Institutes of Health, Bethesda, MD]) were used for data analysis.
Imagel was used to determine the intensity of the Cx43-associated fluorescence in several
randomly chosen, equally-sized border regions between hMSCs and nrCMCs and between
adjoining nrCMCs. Fluorescent images of cells stained with the same antibody were always
recorded with the same exposure time.

Analysis of functional coupling

Dye transfer assays were used to directly determine functional heterocellular coupling
between nrCMCs and GFP-positive hMSCs. Four days after cell isolation, nrCMC cultures
with a density of 2x10° cells per well in a 12-well cell culture plate (Corning Life Sciences)
were loaded with dye by incubation for 15 min with 4 umol/L calcein red-orange AM
(calcein; Invitrogen) in Hank’s balanced salt solution (Invitrogen). Thereafter, the cells were
rinsed three times with PBS and were kept in the incubator in nrCMC culture medium
supplemented with 2.5 mmol/L Probenecid (Invitrogen) for >30 min before 2x10* GFP-
positive hMSCs (n=3 cultures for each of the 4 hMSC isolates) were added. Probenecid
blocks organic anion transporters located in the plasma membrane thus preventing calcein
efflux from the dye-loaded nrCMCs. Fluorescent images (=30 per group) were captured
after 8 h and evaluated in a blinded manner. In all experimental groups, GFP-positive hMSCs
surrounded by the same number of nrCMCs were analyzed. Imagel was used to determine
the intensity of the calcein-associated fluorescence in several randomly chosen, equally-
sized subcellular regions for both the GFP-positive hMSCs and the adjoining nrCMCs. To
correct for possible variations in calcein loading efficiency, the dye intensity in the GFP-
positive hMSCs was expressed as a percentage of that in the surrounding nrCMCs. The
percentage of calcein-positive cells among the GFP-labeled hMSCs was also determined by
counting these cells in >60 fields of view per experimental group.
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Analysis of the influence of paracrine factors on nrCMC cultures

To investigate the influence of hMSC paracrine factors on the electrophysiological
properties of nrCMC cultures, transwell experiments were conducted. Mitomycin-C-treated
adult hMSCs were seeded in 24-well plate transwell inserts (membrane diameter: 6.5 mm,
surface area: 0.33 cm?, membrane pore size: 0.4 um; Corning Life Sciences). To allow direct
comparison with the previously described co-culture experiments, the transwell inserts
contained 2.8x10* or 1.12x10°> hMSCs, which were placed above 4.0x10° mitomycin-C-
treated nrCMCs seeded on fibronectin-coated coverslips. Control cultures consisted of
nrCMC cultures with empty transwells, nrCMC cultures without transwells and nrCMC
cultures with transwells containing 1.12x10° nrCMCs. All cultures included in these
experiments were refreshed with standard nrCMC culture medium every 2 days. To confirm
optical mapping results, patch-clamp experiments were also performed on nrCMCs exposed
to the hMSC secretome using the transwell cell culture system and on nrCMCs of control
cultures.

Western blot analyses

To investigate Cavl.2, Kir2.1 and Kv4.3 levels, western blot analyses were performed on
whole-cell protein extracts obtained from nrCMC layers cultured under transwell inserts
containing hMSCs or no cells. Proteins were extracted by homogenization using RIPA buffer
(150 mM NacCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI [pH
8.0] supplemented with protease inhibitors [cOmplete, Mini Protease Inhibitor Cocktail
Tablets from Roche Diagnostics Nederland, Almere, the Netherlands]). At least 5 samples
comprised of >2 cultures per group were used. Total protein (10 pg/lane) was loaded onto
NuPage 10% Bis-Tris gels (Invitrogen) and electrophoresis was performed for 2 h at 150 V,
after which proteins were transferred to Hybond-P polyvinylidene difluoride membranes
(GE healthcare, Diegem, Belgium) overnight using a wet blotting system. After blocking for
1 h at room temperature with 10 mmol/L Tris-HCI (pH7.6), 0.05% Tween-20 and 150 mmol/L
NaCl (TBST) containing 5% BSA, the membranes were incubated for 1 h at room
temperature with primary antibodies diluted in TBST-5% BSA. The primary antibodies were
affinity-purified rabbit anti-mouse Cav1.2 (ACC-003; Alomone labs; dilution: 1/500), rabbit
anti-human Kir2.1 (APC-026; Alomone labs; dilution: 1/1,000) and rabbit anti-rat Kv4.3
(P0358; Sigma-Aldrich Chemie; dilution: 1/1,000). For normalization purposes, a mouse
MADb recognizing the housekeeping protein glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; clone 6C5; MAB374; Merck Millipore, Billerica, MA; dilution 1:50,000) was used.
Following three 15-min washing steps with TBST, the membranes were incubated with
appropriate horseradish peroxidase (HRP)-conjugated rabbit or mouse IgG-specific goat
secondary antibodies (sc-3837 and sc-2005 from Santa Cruz Biotechnology, Santa Cruz, CA)
diluted 15,000-fold in TBST-5% BSA. Following additional washing steps, blots were
developed using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
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Scientific, Rockford, IL). The chemiluminescence signals were captured using a ChemiDoc
XRS imaging system (Bio-Rad Laboratories, Veenendaal, the Netherlands).

Exosome experiments

To investigate their pro-arrhythmic effects, exosomes from the hMSC secretome were
isolated under sterile conditions using previously established procedures.'**> Human MSCs
were seeded into porcine skin gelatin type A (Sigma-Aldrich Chemie)-coated cell culture
flasks with a surface area of 75 cm? (1.8 million cells per flask). As control, equal-sized
gelatin-coated flasks without cells were used. Every 2 days, culture medium was collected
from the flasks and spun for 10 minutes at 303 x g to remove cellular debris. The
supernatant was transferred to clean tubes and stored shortly at 4°C. Subsequently,
supernatants were centrifuged for 30 min at 4°C and 10,000 x g in a precooled Optima L-
70K ultracentrifuge (Beckman Coulter Nederland, Woerden, the Netherlands) for another
debris removal step. Next, supernatants were filtered through Millex 0.45-um pore size
polyethersulfone syringe filters (Merck Millipore) and spun for 60 min at 4°C and 100,000 x
g to pellet the exosomes. Exosomes were resuspended in ice-cold PBS by gentle agitation
for 2 h at 4°C. Exosomes were stored at -80°C until later use.

To study the effects of the hMSC-derived exosomes on the electrical properties of nrCMCs,
4x10° of these cells were added to single wells of a 24-well cell culture plate onto a
fibronectin-coated glass coverslip. The resulting nrCMC cultures were given fresh medium
with or without exosomes every 2 days. Exosomes were added to the medium in a quantity
calculated to approximate the amount of exosomes in the hMSC secretome during the
transwell experiments (Amount of hMSCs per flask / amount of hMSCs in transwells (i.e.
1.12 x10° cells) = dilution of exosome stock needed per nrCMC culture). After 9 days of
culture, nrCMC cultures were subjected to optical mapping for electrophysiological
investigation by a blinded researcher.
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Abstract

Aims: Fibroblasts can be pro-arrhythmic due to their detrimental effects on cardiomyocyte
electrophysiology through several mechanisms that rely on suboptimal integration into
the cardiac syncytium. To force full integration of fibroblasts into the cardiac syncytium,
the feasibility of heterocellular fusion between fibroblasts and cardiomyocytes as a novel
anti-arrhythmic strategy was investigated.

Methods & Results: Human ventricular scar cells (hVSC) were isolated from human
ventricular post-myocardial infarction scars. Co-cultures of eGFP- or Vesicular-Stomatitis-
G-protein- and eGFP-expressing hVSCs and neonatal rat cardiomyocytes (nrCMCs) were
prepared in a 1:4 ratio. Fusion was induced by brief exposure to acidic buffer (pH6.0) at
day 3 and electrophysiological effects of fusion were evaluated at day 5 by optical
mapping. Simultaneous expression of fibroblast-specific collagen-I and nrCMC-specific a-
actinin was observed in multinucleated cells that contained both human and rat nuclei,
without increased apoptosis as judged by annexin V staining. These nrCMC-hVSC
heterokaryons retained sarcomeric a-actinin expression and remained contractile, while
vimentin expression in nrCMC-hVSC heterokaryons was lower than in non-fused hVSCs.
Moreover, Cx43 and Cavl.2 protein levels were increased in heterokaryons compared to
unfused hVSCs. Fused cultures showed faster conduction (16.8+1.6 vs. 10.3+2.6 cm/s,
P<0.05) and shorter action potential duration (32856 vs. 480+79ms, P<0.05). Triggered
activity and reentry were ameliorated by heterocellular fusion (incidences of 63%, n=8 vs.
0%, n=23 in fused co-cultures).

Conclusion: Heterocellular fusion between hVSCs and nrCMCs is feasible and well-
tolerated as it forms contractile heterokaryons. Importantly, heterocellular fusion had
strong anti-arrhythmic effects. As the nrCMC phenotype appeared to be dominant within
the heterokaryon, these results may provide novel insights in anti-arrhythmic
reprogramming of fibroblasts.
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Introduction

Despite the well-established pro-arrhythmic role of cardiac fibrosis, its mechanisms
remain incompletely understood. Although the extracellular matrix-synthesizing
fibroblasts have long been known to be key effectors of fibrosis, it has only relatively
recently become apparent that fibroblasts themselves can contribute to arrhythmogeneity
through several mechanisms.'® These unexcitable cells are abundantly present after pro-
fibrotic myocardial injury such as myocardial infarction. Such fibroblastic ventricular scar
cells (VSCs) form clusters and intersperse between cardiomyocytes, which due to their
inexcitability and poor gap-junctional coupling to cardiomyocytes, anatomically obstructs
conduction and contributes to pro-arrhythmogeneity. Moreover, their membrane is more
depolarized compared to cardiomyocytes, which leads to pro-arrhythmic effects by
heterocellular gap-junctional coupling.? Therefore, targeting fibroblast integration may be
too complex to be broadly applicable as an anti-arrhythmic strategy if fibroblast
inexcitability is not overcome.* Moreover, pro-arrhythmic mechanisms of fibroblasts
based on paracrine factors and mechanical coupling are unlikely to be affected by such an
approach.'?® Therefore, alternative strategies of modifying electrical fibroblast integration
need to be explored that may offer a radically different, but effective approach.

In regenerative medicine, cellular fusion has been studied mostly as an infrequently
occurring spontaneous phenomenon between stem cells and cardiomyocytes in the
context of cellular (de-)differentiation.>® However, its effects have never been
experimentally studied in the context of fibrosis-associated arrhythmias. Heterocellular
fusion between fibroblasts and cardiomyocytes may not only promote full electrical
integration of fibroblasts with cardiomyocytes, but also may limit all of their pro-
arrhythmic mechanisms as cellular properties can be altered by cellular fusion.” Thereby,
cellular fusion may provide a novel strategy to target the pro-arrhythmic effects of
fibroblasts. In the current study, we therefore investigated the effects of cellular fusion
between human ventricular scar cells (hVSCs) and neonatal rat cardiomyocytes to explore
the concept of heterocellular fusion as a strategy to limit pro-arrhythmic effects exhibited
by hVSCs in vitro.
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Methods

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center and conform to the Guide for the Care and Use of
Laboratory Animals as stated by the US National Institutes of Health.

Cardiomyocyte isolation and culture

All animal experiments were approved by the Animal Experiments Committee of the
Leiden University Medical Center (LUMC) and conform to the Guide for the Care and Use
of Laboratory Animals, as stated by the US National Institutes of Health’ (permit number
10236). Ventricular cardiomyocytes (nrCMCs) were isolated from neonatal Wistar rats and
cultured as described previously.® In brief, hearts were rapidly excised from animals after
confirmation of adequate anesthesia with 4-5% isoflurane and subsequently minced into
small pieces. After two sequential digestion steps with collagenase | (450 units/mL;
Worthington, Lakewood, NJ, USA), a pre-plating step was performed to minimize neonatal
rat fibroblast contamination of the myocardial cell suspension. Myocardial cells were
plated on fibronectin-coated cover slips in 24-wells plates (Corning Life Sciences,
Amsterdam, the Netherlands) at a density of 5x10° cells/well. To stop proliferation and
maintain initially plated cell population ratios, cultures were treated with 10 pg/mL
mitomycin-C (Sigma-Aldrich, St. Louis, MO, USA) at day 1 of culture for 2 h.

Human Ventricular Scar Fibroblast isolation

All human-derived tissues were collected in accordance to guidelines posed by the
Medical Ethics committee of the LUMC and adhered to the principles described in the
Declaration of Helsinki. Human Ventricular Scar Cells (hVSCs) were isolated from human
myocardial scar tissue of 6 different post-myocardial infarction patients that was excised
during the surgical Dor procedure. After dissection into small pieces, the tissue was placed
in 0.1% gelatin coated six-wells plates (Corning) and covered by glass cover slips to
prevent floating of the tissue. Culture plates were refreshed twice a week with culture
medium consisting of Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Breda, the
Netherlands) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 pg/mL
penicillin and 100 pg/mL streptomycin (Bio-Whittaker, Carlsbad, CA, USA). Cells grew out
for 2-4 weeks, and were trypsinized and passaged 3-6 times before use in experiments.
During cell culture, hVSCs were refreshed twice a week.

Co-cultures of hVSCs and cardiomyocytes were prepared by counting and mixing the cell
suspensions in ratios of 1:4 and plated out in a cell density of 2-5.0x10° cells per well
depending on the experiment.
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Lentiviral Viral Vector production

Self-inactivating human immunodeficiency virus type | vectors were produced in 293T cells
as described previously.? In brief, these cells were transfected with a lentiviral vector
shuttle plasmid together with psPAX2 (Addgene, Cambridge, MA, USA) and pLP/VSVG
(Invitrogen) using 25-kDa linear polyethyleneimine (Polysciences, Warrington, PA, USA) as
transfection agent. After 16 hours, transfection medium was replaced by culture medium
and after 64 hours, the culture fluid was collected by centrifugation and freed of cellular
debris by filtration. Concentration of lentiviral vector particles was performed by
ultracentrifugation through a 20% (w/V) sucrose cushion. Pellets containing vector
particles were suspended in phosphate-buffered saline with 1% bovine serum albumin
fraction V (Sigma-Aldrich).

Viral Transduction

One day prior to transduction, hVSCs were trypsinized and plated onto a 0.1% gelatin-
coated six-well plate at a density of 4 x10° cells per well. Cells from different patients were
pooled for standardization and reproducibility. Cells were subsequently exposed overnight
to an inoculum of 800 L culture medium containing 10 ug/ml DEAE dextran and lentiviral
particles of either LV.hCMV-IE.VSV-G.IRES.eGFP.hHBVPRE or LV.IRES.eGFP.hHBVPRE as
control. Following transduction, cultures were rinsed three times with PBS and kept on
culture medium until usage in experiments.

Induction and assessment of fusion

To induce fusion, a recently developed technique termed V-fusion was utilized.2® This
technique uses transgenic expression of the Vesicular Stomatitis Virus — G (VSV-G) protein
which normally is involved in viral entry into mammalian cells. Fusogenic potency of this
protein is increased by exposure to acidic solutions. Therefore, VSV-G expressing hVSCs in
confluent co-culture with nrCMCs were exposed to CMC culture medium adjusted to pH
6.0 using 0.5 mol/L 2-(N-Morpholino)ethanesulfonic acid sodium salt (MES, Sigma-Aldrich)
during 3-5 minutes at 37°C at day 3 of culture. All cultures, including cultures containing
control hVSCs that solely expressed eGFP and control cultures without hVSCs were
identically treated with acidic buffer.

Fusion was assessed using immunocytological staining for co-expression of the normally
mutually exclusive cytoplasmic expression of collagen-I (hVSC-specific) and a-actinin
(nrCMC specific) as well as the presence of multiple nuclei, positive (of human origin) or
negative (of rat origin) for human-specific Lamin A/C. Fused cells were defined as
multinucleated cells as judged by cytoplasmic collagen-I expression with nuclear lacunae,
whereas heterokaryons were defined as multinucleated cells that also contained at least 1
human nucleus and 1 rat nucleus.
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Immunocytological characterization

Co-cultures were fixed in 4% formaldehyde, permeabilized with 0.1% Triton X-100 for 20
min, and stained with primary antibodies. Permabilization for >15 min resulted in loss of
eGFP signal. Primary antibodies specific for human lamin A/C (Vector laboratories,
Burlingame, CA, USA), cardiac a-actinin, (all Sigma-Aldrich Chemie, Zwijndrecht, the
Netherlands) and collagen type | (Abcam, Cambridge, MA, USA) were used to distinguish
between hVSCs and CMCs. Antibodies specific for Connexin43 (Cx43) or a-smooth muscle
actin (aSMA) and N-cadherin were used to investigate expression of proteins involved in
electrical or mechanical coupling, respectively. Primary antibodies were visualized with
Alexa fluor-conjugated antibodies (Invitrogen), or with biotin-labeled secondary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Qdot 655-streptavidin
conjugates (Invitrogen). Nuclei were stained using Hoechst 33342 (Invitrogen). A
fluorescence microscope equipped with a digital camera (Nikon Eclipse, Nikon Europe,
Badhoevedorp, The Netherlands) and dedicated software (NIS Elements, Nikon and Image
J, version 1.43; Institutes of Health, Bethesda, MD) were used to analyze the data. All
cultures were treated equally using the same antibody dilutions and exposure times.
Quantification of average pixel intensity from pictures of fluorescent staining was
performed in areas of interest of a fixed size per cell that showed maximal fluorescent
intensity to compare the uppers limit of expression potential of the cells in question.
Quantification was performed on cells within fused co-cultures, as these cultures
contained unfused hVSCs, unfused nrCMCs and heterokaryons and therefore facilitate the
highest degree of comparability. In addition, quantifications in unfused co-cultures
showed that the expression values of unfused hVSCs and unfused nrCMCs in these
cultures was not significantly different from the expression levels found in the same cell
types in fused co-cultures (data not shown).

Optical mapping

Investigation of electrophysiological parameters at the tissue level were performed with
optical mapping as described previously.!! In brief, cultures were loaded with 6 pmol/L of
the voltage-sensitive dye di-4-ANEPPS (Invitrogen) diluted in DMEM/HAMS F12
(Invitrogen) for 10 min in a humidified incubator at 37°C. Cultures were refreshed with
DMEM/HAMS F12 and optically mapped using the Micam Ultima-L optical mapping
system (Scimedia, Costa Mesa, CA, USA). Optical signals were recorded and subsequently
analyzed using Brainvision Analyze 1108 (Brainvision Inc, Tokyo, Japan). Cultures were
electrically stimulated with a 10 ms pulse at >1.5x diastolic threshold and paced at 1-2Hz
(Multichannel systems, Reutlingen, Germany) to determine conduction velocity (CV) and
action potential duration (APDgo), as well as dispersion of repolarization. Arrhythmic
episodes of reentrant tachyarrhythmias and early-afterdepolarizations were quantified
during spontaneous activity or following 1Hz pacing. Dispersion of repolarization was
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calculated as the maximal spatial difference in APDgy within the same culture during the
same activation wave. The size of areas of dispersion was at least 4x4 pixels.

Statistical Analyses

Experimental results were expressed as meantstandard deviation (SD) for a given number
(n) of observations. Data was analyzed by Student's t-test for direct comparisons. Analysis
of variance followed by the appropriate post-hoc analysis was performed for multiple
comparisons. Statistical analysis was performed using SPSS 16.0 for Windows (SPSS,
Chicago, IL). Differences were considered statistically significant at P<0.05.

Results

hVSCs are highly pro-arrhythmic in co-culture with nrCMCs

CMCs and hVSCs were characterized with immunocytological staining. Human VSCs were
all positive for collagen-1 (n=506 cells) and vimentin (n=713 cells), but were negative for a-
actinin. Cardiomyocytes were defined as a-actinin positive, and were negative for
collagen-l (n=645 cells). Purified neonatal rat ventricular monolayers consisted of
12.6+3.9% neonatal rat fibroblasts and 87.4%3.9% CMCs as determined by collagen I/a-
actinin staining as described previously.? Fibrotic co-cultures of nrCMCs and hVSCs
contained 24.415.8% hVSCs as determined by human-specific Lamin A/C staining. At day 5
of culture, optical mapping revealed that CV was severely decreased by the presence of
hVSCs (11.1+2.7 cm/s vs. 23.4+0.6 cm/s in control (P<0.05, Figure 1 A-C). In addition,
pseudo-voltage traces showed a distinctly different action potential morphology (Figure
1D), signified by an increase in APDgo (349452 ms vs. 259425 ms in controls, P<0.05, Figure
1E). In addition, spatial dispersion of APDgy was increased by hVSCs (103+33 ms vs. 38+19
ms, P<0.05, Figure 1F).

Importantly, hVSCs were found to be highly pro-arrhythmic. Arrhythmic episodes, defined
as early afterdepolarizations and reentrant arrhythmias could be observed frequently in
the hVSC group (22 out of 25 cultures) but were rarely observed in the control group (1
out of 25 cultures, Figure 1G).
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The V-fusion protocol leads to well-tolerated heterocellular fusion between hVSCs and

nrCMCs

To induce cellular fusion without affecting intracellular membranes, a technique named V-
fusion was utilized that was mediated by lentiviral VSV-G overexpression and subsequent
fusion induction by brief exposure to acidic (pH=6.0) buffer. Overexpression of VSV-G was

confirmed by immunocytological staining, and absence of VSV-G was confirmed in control
hVSCs expressing eGFP (Figure 2A). Exposure to acidic buffer induced cellular fusion in

VSV-G expressing hVSCs (Figure 2B).

LV.IRES.eGFP.hHBVPRE

LV.hCMV-IEVSVG.IRES.eGFP.hHBVPRE

LV.hCMV-IEVSVG.IRES.eGFP.hHBVPRE

Figure 2. V/SV-G overexpression induces cellular
fusion. (A) Typical  picture  of an
immunocytological staining for VSV-G in hVSCs
transduced  with  LV.IRES.eGFP.hBVPRE or
LV.hCMV-IE.VSVG.IRES.eGFP.hHBVPE show VSV-
G expression was only present in the latter
group. (B) Cellular fusion ensued within 5
minutes after exposing the VSVG expressing
cultures to acidic buffer (pH=6.0). Such fusion
did not occur between eGFP-expressing hVSCs.
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Figure 3. Forced heterocellular fusion of nrCMCs and hVSCs leads to formation of hybrid
heterokaryotic cells. (A) Typical picture of an immunocytological staining for a-actinin, lamin A/C and
DNA of an unfused co-culture. For unfused cells, collagen-I expression is normally specific to hVSCs
and not found in nrCMCs, while a-actinin is specific to nrCMCs and never found in hVSCs. (B) By
forced heterocellular fusion, both of these markers were co-expressed within the same cell.
Moreover, human nuclei (Lamin A/C positive) and rat nuclei (Lamin A/C negative) were shown to be
present within the same cytoplasm as evidenced by the nuclear cavities seen in cytoplasmic collagen
| expression.

Next, co-cultures containing VSV-G expressing hVSCs and nrCMCs (from here on referred
to as “fused co-cultures”) or solely eGFP expressing hVSCs and CMCs in a 1:4 ratio
(henceforth referred to as unfused co-cultures) were prepared. Effects of heterocellular
fusion were characterized at day 5 by immunocytological staining for human-specific
Lamin A/C, Collagen-I, a-actinin and DNA. In unfused co-cultures, hVSCs expressed
collagen-I and did not show positive staining for a-actinin (Figure 3A). Moreover, there
were no human-specific Lamin A/C-expressing nuclei observed in a-actinin expressing
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cells. However, fused co-cultures did contain heterokaryons, which were defined as cells
that contained at least 2 nuclei of different species within the same cytoplasm.

Such heterokaryons co-expressed collagen-I and a-actinin and contained multiple nuclei of
human and rat origin (Figure 3B). In fused co-cultures, 70+9% of human nuclei were
present inside multinucleated cells, while 1£2% of human nuclei in unfused co-cultures
were present within multinucleated cells. The collagen-I staining also stains cytoplasmic
pro-collagen I, which produces nuclear cavities in the staining profile and, when combined
with human-specific lamin A/C and Hoechst staining, allowed to identify nuclei from
different species within the same cytoplasm (Figure 3). On average, heterokaryons
consisted of 6+3 nuclei per cell (range of 2-17). Of these nuclei, 46+18% was positive for
lamin A/C and therefore originated from hVSCs (range of 13-83%). In unfused co-cultures,
7 multinucleated cells were found, of which 6 contained only human nuclei. Moreover, all
these cells contained 2 nuclei. Analysis of nuclear composition of heterokaryons (n=45)
showed that 13 heterokaryons contained more than 50% human nuclei, while 10
heterokaryons contained exactly 50% human nuclei. Concomitantly, 22 heterokaryons
contained more nrCMC nuclei than human nuclei. There were 3 fused cells (of 48 fused
cells) that were comprised of only human nuclei. Annexin-V staining revealed no increases
in apoptosis by forced cellular fusion (1.3+£1.3% in eGFP controls versus 0.9+1.3% in VSV-G
co-cultures, P>0.05), indicating that heterocellular fusion was well-tolerated.

Cytoskeletal reorganization after heterocellular fusion

To investigate cytoskeletal composition after heterocellular fusion, vimentin expression
was quantified by immunocytological staining. In unfused nrCMCs, vimentin expression
was low whereas vimentin expression was high in unfused hVSCs (Figure 4A, B).
Interestingly, heterokaryons showed a substantial decrease in vimentin expression
compared to unfused hVSCs (Figure 4B). Moreover, vimentin expression did not correlate
(r’=0.05) to the percentage of nuclei of human origin within the heterokaryon (Figure 4C).
The contribution of nrCMC-specific cytoskeletal protein to the cytoskeleton of the
heterokaryon appeared more dominant, as quantification of a-actinin staining revealed
that sarcomeres remained intact in the majority of heterokaryons. More specifically, 89%
of 46 heterokaryons expressed sarcomeric a-actinin, while none out of 8 fused cells
comprised of only hVSCs expressed sarcomeric a-actinin. Moreover, hybrid cells remained
contractile as observed under phase-contrast light microscopy.
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Figure 4. Cytoskeletal rearrangement after cellular fusion. (A) Typical example of a vimentin staining
showing Lamin A/C positive unfused hVSCs that are strongly positive, whereas unfused nrCMCs
express lower amounts of vimentin. (B) Quantification of vimentin expression levels based on
immunocytological staining. *:P<0.05 vs. fused cells and nrCMCs. **:P<0.05 vs. unfused hVSCs and
nrCMCs. (C) Vimentin expression levels weakly correlated with the percentage of human nuclei within
the heterokaryon.
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Effects of forced heterocellular fusion on gap-junctional protein and ion channel expression
levels

To investigate whether expression of proteins involved in electrophysiology were affected
by heterocellular fusion, fused and unfused cultures were stained for Cx43, the dominant
cardiac gap-junctional protein. This staining revealed that while unfused hVSCs expressed
low amounts of intercellular Cx43, unfused nrCMCs expressed high amounts of Cx43 at
intercellular junctions (Figure 5A, B). Moreover, heterokaryons expressed Cx43 at levels
higher than hVSCs and similar to nrCMCs (Figure 5B). Interestingly, Cx43 expression levels
did not linearly correlate in the slightest to the amount of human nuclei present within the
heterokaryon (r?=0.05, Figure 5C). To investigate ion channel expression in heterokaryons,
staining were performed for Cavl.2, the pore-forming unit of the L-type calcium channel,
which was strongly expressed in unfused nrCMCs but barely detectable in unfused hVSCs
(Figure 6A). Interestingly, Cavl.2 was also expressed in fused heterokaryons (Figure 6B),
and in higher quantities than in unfused hVSCs (Figure 6C). Expression levels of Cav1.2 did
not linearly correlate (r’=0.02) to the amount of human nuclei present within
heterokaryons, showing positive staining even when human nuclei outnumbered rat
nuclei 1:4 (Figure 6D).

Figure 5. Cx43 expression
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Forced cellular fusion of hVSCs and CMCs is anti-arrhythmic

Electrophysiological effects of heterocellular fusion were evaluated at day 5, 2 days after
induction of fusion with the acidic buffer. Importantly, this buffer did not affect CV or
APDgo within 4 hours after exposure or 2 days after exposure in purified CMC cultures
(data not shown). By induction of heterocellular fusion, CV was significantly higher than in
unfused co-cultures (16.8£1.6 cm/s vs. 10.3£2.6 cm/s, P<0.05, Figure 7A, B), while the
amount of hVSC nuclei were confirmed to be equal in both groups (19.6+6.0% of nuclei in
non-fused co-cultures [n=30 pictures with 74+21 nuclei per picture] vs. 21.2+7.0% of
nuclei in fused co-cultures [n=42 pictures with 72+23 nuclei per picture, P>0.05], P>0.05).

Additionally, APDgo was significantly shorter and optical action potential morphology was
distinctly different by heterocellular fusion (328+56ms vs. 480+79 ms, P<0.05, Figure
7C,D). Spatial dispersion of repolarization was also significantly lowered by heterocellular
fusion (86+45 ms vs. 156240 ms in unfused co-cultures, P<0.05, Figure 7C, E). Early
afterdepolarizations and reentrant arrhythmias were not observed in fused cultures (n =
23), whereas 63% of non-fused cultures (n=8) showed such arrhythmic activity (Figure 7F).
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Next, culture excitability was tested by programmed electrical stimulation. Lowest bipolar
stimulus voltage to result in 2Hz capture was found to be 2.6+1.4V in fused co-cultures, as
opposed to 5.1+2.2V in unfused co-cultures without VSV-G expression (P<0.05, Figure 7G),
indicating increased excitability of these cultures by heterocellular fusion. In addition, the
maximal capture rate was increased by heterocellular fusion (2.9+0.3 vs. 2.2+0.4 Hz in
control cultures, P<0.05, Figure 7H).
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Figure 7. Forced heterocellular fusion is anti-arrhythmic. (A) Typical activation maps with 6ms
isochronal spacing showing (B) increased CV by heterocellular fusion. *:P<0.05 vs. nrCMC and fused
co-cultures. **:P<0.05 vs. unfused co-cultures and nrCMCs. (C) Typical APD maps of nrCMC cultures,

unfused co-cultures and fused co-cultures. (D) APD was shortened in cultures with heterocellular
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fusion. *:P<0.05 vs. nrCMC and fused co-cultures. **:P<0.05 vs. unfused co-cultures and nrCMC
cultures. (E) APD dispersion was decreased by heterocellular fusion. *:P<0.05 vs. nrCMC cultures and
fused co-cultures. **:P<0.05 vs. unfused co-cultures and nrCMC cultures. (F) Arrhythmic activity was
ameliorated by heterocellular fusion. (G) The threshold of electrical stimulation to evoke electrical
activation was lower in fused co-cultures. *:P<0.05 vs. unfused co-cultures. (H) Maximal capture rate
is increased in fused co-cultures. *:P<0.05 vs. unfused co-cultures.

Discussion

Key findings of this study are (1) heterocellular fusion of hVSCs and nrCMCs is feasible,
well-tolerated and preserves cellular structural integrity and (2) can be anti-arrhythmic (3)
Moreover, the nrCMC phenotype appears to be dominant in heterokaryons, suggesting
heterocellular fusion may serve as a strategy to reprogram fibroblasts towards
cardiomyocytes.

Pro-arrhythmic aspects of fibroblasts

Fibrosis, an increase in extracellular matrix deposition and number of fibroblasts in
response to cardiac injury, can cause conduction slowing and block, which predispose to
potentially lethal cardiac arrhythmias.!®> Apart from the anatomical obstructions provided
by the ECM, recent evidence suggests that fibroblasts themselves may be pro-arrhythmic
through several mechanisms. Due to the poor gap-junctional coupling capacity of
fibroblasts, these cells act as current-sinks with a high intercellular resistance.*%>
Conduction is hindered even further by their inexcitability, which is paramount for fast
conduction and therefore leads to slow, electrotonic conduction.* Moreover, fibroblasts
can intersperse between CMCs and may therefore obstruct conduction by reducing the
gap-junctional communication between CMCs due to physical separation. Therefore,
conduction slowing and block by fibroblast interspersion may play an important role in
fibrosis-associated arrhythmias. By increasing gap-junctional coupling of fibroblasts,
conduction block could be overcome in vitro, implying a potentially anti-arrhythmic effect
of such an intervention.'® However, modulating electrical fibroblast integration as an anti-
arrhythmic strategy may proof to be more challenging, as fibroblast inexcitability and their
depolarized membrane can negatively affect CMC electrophysiology through gap-
junctional coupling.>>1718 Qvercoming the inexcitability, depolarized membrane and poor
intercellular coupling of fibroblast may represent a robust anti-arrhythmic strategy that is
becoming increasingly successful.?2! In the current study, a novel alternative solution
which consisted of forced cellular fusion of hVSCs with nrCMCs in an attempt to fully
electrically integrate these fibroblastic cells into the cardiac syncytium was investigated.
By heterocellular fusion, the amount of interspersed fibroblastic cells that were taken
from human post-myocardial infarction scars was decreased while the amount of nuclei
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remained the same. Thereby, electrical integration of hVSCs would be expected to be
maximized as per definition, intercellular resistance is non-existent if cells have been fused
together into one hybrid cell. Such forced heterocellular fusion decreases the amount of
interspersed, high resistance current-sinks and forced the incorporation of inexcitable
cellular membrane of a fibroblast into an excitable membrane of the CMC. Overall, these
changes translated to an increased CV in fused co-cultures, indicating that maximizing
fibroblast integration by incorporating them within an excitable membrane may represent
a novel anti-arrhythmic strategy. Although cellular fusion has been previously used to
induce ion channel expression in cells,?? the current study is, to our knowledge, the first to
use such a strategy as an anti-arrhythmic intervention.

Electrophysiological effects of cellular fusion

Although cellular fusion is an established phenomenon in biology, its implications for
cardiology have mostly been studied in the context of regenerative medicine and stem cell
differentiation while little research has focused on its implications for electrophysiological
concepts.’ In the current study, a recently developed protocol of inducing cellular fusion
was utilized, which is termed V-fusion.l® By overexpressing the Vesicular Stomatitis Virus
G-protein in a cell and subsequently lowering the extracellular pH to 6.0 for a brief period,
fusion was easily induced in a more efficient manner than older methods of cellular
fusion.® In addition, V-fusion only causes cellular membrane fusion without causing fusion
of intracellular membranes as seen with other types of cellular fusion induction and
thereby appears to be a solid, well-tolerated technique to investigate the effects of
cellular fusion on electrophysiology.”® Theoretically, by cellular fusion, intercellular
resistance becomes void while cellular capacitance increases as the cellular volume
increases with the amount of fused cells. While the increased cellular capacitance may
delay phase 0 of the action potential and thereby slow conduction, the decreased
intracellular resistance increase CV.1> Moreover, the altered source-sink relationships
caused by increased capacitance through heterocellular fusion may lower the ease by
which EADs are propagated. 2% In the current study, cultures with heterocellular fusion
showed no EADs, while unfused hVSCs did cause EADs. Apart from altered source-sink
relations, the APD shortening that was accomplished by heterocellular fusion may also
contribute to the lack of observed EADs. Moreover, overall culture excitability was
increased, as electrical stimulus threshold was significantly lowered by heterocellular
fusion. Considering the importance of excitability for fast conduction, CV may have been
increased by increased excitability in fused co-cultures. Besides the anti-arrhythmic
implications of increased excitability, the lower electrical stimulus threshold to evoke
electrical activation may therefore also be relevant to cardiac resynchronization therapy,
of which the efficacy is hindered by the presence of scar tissue. 2
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Phenotypical dominance of nrCMCs within heterokaryons

Increased excitability of fused co-cultures was likely to be a result of the expression of
cardiac ion channels from the nrCMC part of the heterokaryon, as cav1.2 was found to be
expressed within the membrane of heterokaryons. Indeed, cellular fusion leads to merging
of cellular membranes, and thereby their integrins and ion channels are expressed and
functional in the resultant hybrid membrane. % In addition, connexin expression was also
increased for heterokaryons compared to unfused hVSCs and was equal to connexin
expression levels of nrCMCs. This suggests that the degree of electrical integration of
heterokaryons into the cardiac syncytium was higher compared to unfused hVSCs.
However, if heterokaryons were just a sum of their parts, their expression levels of Cx43
would not be expected to be equal to nrCMC expression levels and therefore, dominance
of the nrCMC phenotype is likely. In line with these findings were the findings that
expression levels of Cx43, vimentin or Cavl.2 did not linearly correlate with the nuclear
composition of the heterokaryon. Phenotypical dominance of nrCMCs within
heterokaryons in our study was further supported by the observation that most
heterokaryons retained sarcomeric a-actinin expression and were contractile, which is
consistent with current literature.?® Since our purified nrCMC cultures contained a small
amount of endogenous fibroblasts, it is likely that the low numbers of heterokaryons that
did not express a-actinin contained neonatal rat fibroblasts instead of nrCMCs. Inversely,
as vimentin is more dominantly expressed in fibroblasts, the steep decrease in vimentin
expression in fused cells compared to non-fused hVSCs is also consistent with dominance
of the nrCMC phenotype within heterokaryons. The mechanism of nrCMC dominance is
unlikely to be based on a simple “majority-rules” principle, as heterokaryons were often
composed of more hVSCs than nrCMCs while retaining cardiac-specific protein expression
at levels higher than to be expected for such a principle. Rather, the mechanism of nrCMC
dominance within heterokaryons may be more complex. By forcing multiple nuclei inside
the same cytoplasm, exposure to normally separated intracellular environments that are
rich in celltype specific gene, mRNA, miRNA and protein expression profiles may occur.
Such pancellular cross-talk can influence all present nuclei to alter their gene expression
profiles?”-?%, Since CMCs can increase their size and protein expression profiles in response
to mechanical® and humoral stimuli®® and even changes in ionic currents3! the
dominance of the nrCMC phenotype may lie in increased transcriptional and translational
activity in response to the strong alterations in cellular configuration after heterocellular
fusion.

Although hVSCs were outnumbered by nrCMCs (in a 1:4 ratio) in the current study, the
average number of human nuclei within a heterokaryon exceeded the more predictable
value of 20%, indicating that homocellular hVSC-fusion is favored. This is likely due to VSV-
G expression in both cells that allows for easier fusion than in heterocellular fusion.
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Despite the relatively high amount of human nuclei within heterokaryons, the apparent
phenotypical dominance of CMCs within heterokaryons suggests that heterocellular fusion
may even have anti-arrhythmic effects in circumstances where CMCs are outnumbered by
fibroblasts. As modifying fibroblasts to resemble or even mimic CMCs is a key focus in
current anti-arrhythmic research, heterocellular fusion may represent a novel and
promising candidate for more in-depth exploration.

Future Perspectives

Cardiac architecture and intercellular contacts are highly regulated in vivo through
intercalated discs and anisotropic fiber direction to optimize conduction and contraction.
Cellular fusion may interfere with these important aspects of cardiac physiology and may
be undesirable as a widespread anti-arrhythmic solution in the 3-dimensional heart.
Therefore, heterocellular fusion would be most suited for sites with a high degree of CMC-
Fibroblast interactions that are prone to arrhythmias, such as the infarct border zone of
which selective genetic modification can vyield anti-arrhythmic effects.3? In vivo,
extracellular matrix deposition may limit physical contact between CMCs and fibroblasts
and thereby limit the potential for fusion to occur. However, such deposition of matrix
occurs in later healing phases and adequate timing of fusogenic interventions may
circumvent such hindrances. In addition, should the dominance of the CMC phenotype
prevail in vivo as well, reduced extracellular matrix deposition may occur by heterocellular
fusion. By increasing tissue excitability, heterocellular fusion may have implications for
cardiac resynchronization therapy as lower voltages could be used for electrical
stimulation. Although such perspectives must remain speculative for the time being, the
strong anti-arrhythmic effects of heterocellular fusion demonstrated in this proof-of-
concept study provide strong incentive to explore the feasibility of forced heterocellular
fusion as an anti-arrhythmic intervention.

Conclusion

Forced heterocellular fusion of hVSCs with nrCMCs is feasible and well-tolerated and
produces a hybrid, contractile cell type. Moreover, forcing cellular fusion in hVSC-nrCMC
co-cultures is anti-arrhythmic. Moreover, nrCMCs appear to be dominant within the
heterokaryon which indicates that heterocellular fusion may represent a novel concept of
anti-arrhythmic reprogramming of fibroblasts.

Study limitations

In the current study, neonatal rat cardiomyocytes were utilized due to their availability
and ability to remain in culture for extended periods of time, although use of human adult
cardiomyocytes would bear more clinical relevance. Nevertheless, using a 2d-model with
these cells has proven to be relevant for studying key electrophysiological processes in the
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heart. The use of 2 species in our fusion experiments was necessary to distinguish
between human and rat nuclei and determine heterokaryon compositions. Despite the
similarities between rat and human cells, interspecies differences and effects that depend
on these differences are unlikely but possible. Although staining showed that ion channel
and connexin expression did not linearly depend on nuclear composition of the
heterokaryon, a technique to correct functional ion channel measurements for the
heterokaryon nuclear composition is currently unknown due to technical limitations. As a
result, despite the implied likelihood of non-linear functional effects of heterocellular
fusion on ionic currents, such “dose-dependent” effects cannot be determined at a
functional level in the current study, and need to be investigated in a dedicated future
study with novel technical refinements.
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Abstract

Introduction: Scar formation after myocardial infarction is an important cause of cardiac
dysfunction. This makes myocardial scar fibroblasts (MSFs) interesting targets for
therapeutic intervention. One way of modulating the properties of MSFs is by genetic
modification with viral vectors. Among the currently used viral gene delivery vehicles,
adeno-associated virus (AAV) vectors stand out for their in vivo safety and ability to spread
easily through tissues. The aim of this study was to compare the transduction of neonatal
rat cardiomyocytes (nrCMCs) and of human, mouse and rat MSFs by AAV vectors with
different capsids and with transgenes driven by different promoters.

Methods & Results: AAV vector shuttle plasmids containing a LacZ gene driven by 9
different promoters including the human, mouse and rat cytomegalovirus immediate early
gene (CMV-IE) promoter were constructed. The AAV vector genomes specified by these
plasmids were packaged in AAV serotype 2 (AAV2) capsids. B-galactosidase assays
revealed that of all CMV-IE promoters, the human CMV-IE promoter outperformed the
rodent CMV-IE promoters in human MSFs while the rodent CMV-IE promoters were more
active in murine and rat MSFs. Furthermore, of all nine promoters tested the human
eukaryotic translation elongation factor 1 alpha 1 gene (hEF1la) promoter was most active
in rodent MSFs while the Rous sarcoma virus (RSV) promoter gave the highest transgene
expression in nrCMCs. A comparison of the transduction efficiency of rat MSFs and
nrCMCs with AAV2 vectors carrying capsids of AAV serotypes 2, 5, 6, 8 and 9 showed that
transduction of rat MSFs was most efficient with AAV2/2 vectors whereas AAV2/9 best
transduced the nrCMCs. Substitution of the surface-exposed tyrosine residues at amino
acid positions 444, 500 and 730 in the AAV2 VP1 protein resulted in a 6-fold increase in
the transduction efficiency of rMSFs by AAV2/2 vectors but also quadrupled their ability to
transduce nrCMCs.

Conclusion: The highest transgene expression in rat MSFs is obtained by transduction with
an AAV2/2 vector containing an hEFla promoter-driven transgene while transgene
expression in nrCMC is highest after transduction with an AAV2/9 vector in which foreign
gene expression is controlled by the RSV promoter.
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Introduction

After myocardial infarction (M), cardiomyocytes in the affected region die and are
replaced by scar tissue consisting of fibroblasts and dense extracellular matrix (ECM). The
scar tissue contributes to the stiffening of the myocardium, reducing the overall
contractile performance of the heart.! Furthermore, the scar tissue prevents proper action
potential propagation due to (i) poor electrical coupling of scar fibroblasts with each other
and with adjacent cardiomyocytes and (ii) high electrical resistance of the ECM.2

To overcome the adverse mechanical and electrical effects of scar tissue on cardiac
performance, several approaches have been tested. First of all, transplantation of
unmodified autologous bone marrow-derived stem cells (BMSCs) has been attempted to
regenerate the damaged myocardium.? Some minor improvement of cardiac function was
observed in some studies,*® with the therapeutic effect being predominantly attributable
to paracrine factors released by the donor cells rather than to the differentiation of the
injected BMSCs into cardiomyocytes.” To increase their therapeutic effect, it has been
proposed to endow BMSCs with genes that can induce their cardiomyogenic
differentiation before injecting them into the heart.® However, numerous issues remain
with cardiac cell therapy, including the inefficient retention of the donor cells at the site of
injection, the poor survival of the injected cells, and the low propensity of the surviving
BMSCs to differentiate into cardiomyocytes.

A possible strategy to bypass at least some of the limitations associated with cell therapy
is to directly target the resident myocardial scar fibroblasts (MSFs) using in vivo gene
therapy with the aim to endow them with more favorable biosynthetic, contractile and/or
electric properties. Via this approach, the number of cells available for therapeutic
intervention would be much higher than by the injection of stem cells, provided that the
MSFs can be efficiently transduced in vivo with the gene construct of choice. Of the
various gene delivery vehicles available for cardiac gene therapy, adeno-associated virus
(AAV) vectors constitute an attractive option due to their excellent in vivo safety record
and small size (=20 nm in diameter) allowing them to penetrate dense tissues better than
other commonly used viral vectors. Other advantages of AAV vectors are their low
immunogenicity and the long-term persistence of their genomes in target cells mainly as
episomes leading to prolonged transgene expression with a low chance of insertional
mutagenesis.® Vectors based on recombinant AAV serotype 2 (AAV2) genomes packaged
in capsids of AAV serotypes 1 through 9 (i.e. AAV2/1 through AAV2/9 vectors) have been
tested in healthy rodent hearts. 113 Unfortunately, in none of these in vivo experiments
the identity of the transduced cardiac cells was investigated making it impossible to
determine the contribution of the four major cell types in the non-diseased heart (i.e.
cardiac fibroblasts, cardiomyocytes, vascular smooth muscle cells and endothelial cells) to
the observed transgene expression. However, Qi et al. did test the ability of AAV2/2,
AAV2/5, AAV2/7, AAV2/8 and AAV2/9 vectors to transduce cardiac fibroblasts and
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cardiomyocytes of neonatal rats in culture!® but thus far the transduction of MSFs by
different AAV vector pseudotypes has not been investigated.

Depending on the therapeutic strategy that is being pursued to treat infarcted hearts by
gene therapy, it may be important to develop AAV vectors that efficiently transduce MSFs
and induce high-level therapeutic expression in these cells but do not cause appreciable
transgene expression in cardiomyocytes. In an attempt to generate an AAV vector meeting
these requirements, five different AAV vector pseudotypes were tested for the efficiency
by which they transduce MSFs as compared to cardiomyocytes. These experiments
revealed that AAV2/6 and AAV2/2 vectors best transduce neonatal rat cardiomyocytes
(nrCMCs) and rat MSFs (rMSFs), respectively. In addition, MSFs of man, mouse and rat and
nrCMCs were exposed to AAV vectors carrying nine different promoters, to determine
which of these promoters is most specific for either of these cell types. Of all promoters
tested, the human eukaryotic translation elongation factor 1 alpha 1 gene (hEFla)
promoter was the most active in rodent MSFs while the human cytomegalovirus
immediate early gene (hCMV-IE) promoter and Rous sarcoma virus (RSV) promoter
performed best in human MSFs (hMSFs) and nrCMCs, respectively. We also generated two
new helper plasmids based on the widely used AAV packaging construct pDG* for the
production of AAV2/8 and AAV2/9 vectors in a two-plasmid system. Use of these new
helper plasmids resulted in AAV vector yields similar to those obtained with commonly
applied AAV2/8 and AAV2/9 vector production systems based on the transfection of host
cells with three different plasmids.
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Materials and Methods

Primary cell cultures

All animals were treated in accordance with national guidelines and with permission of the
Animal Experiments Committee of the Leiden University Medical Center.

rMSFs were obtained from myocardial scar tissue of 16-week-old Wistar Kyoto rats 2
weeks after Ml induction by ligation of the left anterior descending artery (LAD). The white
scar tissue was dissected from the heart and cut into small pieces. Each of these pieces
was then placed in a gelatin-coated 10-cm? cell culture dish (Greiner Bio-One, Alphen a/d
Rijn, the Netherlands) containing Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin (all from Invitrogen, Breda, the Netherlands) and covered with a glass
coverslip. After 7 days, the scar tissue was removed and the adherent fibroblasts that had
grown out from the tissue were passaged. rMSFs were further propagated in DMEM
supplemented with 20% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin.

mMSFs were obtained from myocardial scar tissue of 10 week old NOD/Scid mice 6 days
after Ml induction by ligation of the LAD. The white scar tissue was dissected from the
heart and used to obtain mMSFs following the same protocol as for the isolation of the
rMSFs.

Cultures of nrCMCs and neonatal rat cardiac fibroblasts (nrCFBs) were prepared from 2-
day-old rats as described before.’> nrCMCs were cultured in a 1:1 mixture of DMEM and
Ham’s F10 (Invitrogen) supplemented with 5% HS, (Invitrogen) 100 U/mL penicillin and
100 pg/mL streptomycin. In order to determine the fraction of nrCFBs present in purified
nrCMC cultures, these cultures were immunostained for the cardiomyocyte marker
sarcomeric a-actinin and for the fibroblast marker collagen type I. To this end, the cells
were incubated overnight at 4°C with mouse IgGl-anti-sarcomeric a-actinin antibody
(clone EA-53; Sigma-Aldrich, St. Louis, MO) and with collagen type I-specific rabbit 1gG
(ab292; Abcam, Cambridge, MA) which were diluted 1:400 in phosphate-buffered saline
(PBS) + 5% FBS. The next day, the cells were washed once with PBS and then incubated for
1 hour at 4°C with Alexa Fluor 568-conjugated goat-anti-mouse IgG and Alexa Fluor 488-
conjugated goat-anti-rabbit IgG antibodies (both from Invitrogen) diluted 1:400 in PBS +
5% FBS. The percentage of nrCFBs in purified nrCMC cultures ranged from 5 to 10% of the
total cell number. nrCFBs were cultured in DMEM supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin.

hMSFs were obtained and cultured as described before.!® All primary cells were cultured
at 37°Cin an atmosphere of 10% CO; in air saturated with water vapour.
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Cell lines

293T cells!” were cultured in DMEM supplemented with 10% FBS at 37°C and 10% CO..
911E4 cells®® were grown in DMEM supplemented with 10% FBS, 0.4 mg/mL geneticin
(Invitrogen) and 0.1 mg/mL hygromycin B (Invitrogen) at 37°C and 10% CO,. Upon seeding
the 911E4 cells for end-point titration of AAV vector stocks, the cells were cultured in
DMEM supplemented with 10% FBS, 0.4 mg/mL geneticin, 0.1 mg/mL hygromycin B and
100 ng/mL of doxycyclin (Sigma-Aldrich).

Plasmid constructs

The various AAV vector shuttle plasmids encoding Escherichia coli f-galactosidase were
constructed as follows. The AAV vector shuttle constructs pDD1, pDD2 and pDD345
containing RSV, hCMV-IE and the hybrid, chicken B-actin gene-based CAG promoter, a
multiple cloning site and the simian virus 40 (SV40) polyadenylation signal (pA) flanked by
the AAV2 inverted terminal repeats (ITRs) were a gift of Dongsheng Duan.*® First, the 3.1-
kb XholxXbal fragment from pCMVp.LacZnls12co (Marker Gene Technologies, Eugene, OR)
containing a LacZ gene that is codon-optimised for expression in mammalian cells and
encodes a nuclear-targeted version of B-galactosidase (LacZnls12co) was ligated to the
vector backbone of Xhol- and Xbal-digested pDD345 using T4 DNA ligase to create
pDD.CAG.nlsLacZco.SV40pA. Next, a 46-bp synthetic polyadenylation (synpA) signal®
flanked by BamHI and Notl restriction enzyme recognition sequences was created by
hybridizing two oligonucleotides (sense strand: 5’-
GGCCGCAATAAAATATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTG-3’;  antisense  strand: 5’-
GATCCACACAAAAAACCAACACACAGATGTAATGAAAATAAAGATATTTTATTGC-3’). The synpA site was
subsequently cloned into BamHI- and Notl-digested pDD.CAG.nlsLacZco.SV40pA to make
pDD.CAG.nlsLacZco.synpA. The latter construct was incubated with BamHI and HindlIl and
the 3.2-kb fragment containing the LacZ gene and synpA was combined with the 4.7-kb
fragment of BamHI- and HindllI-digested pDD2 to produce pDD.hCMV-IE.nlsLacZco.synpA.
The hybrid, SV40 early gene-based SRa promoter was excised from plasmid pMX1 (R&D
Systems, Abingdon, UK) using Xbal and Bglll and inserted in Xbal- and BamHI-digested
pBluescriptSK(-) (Stratagene, Palo Alto, CA) to generate pBluescriptSK(-).SRa. The SRa
promoter was subsequently excised from pBluescriptSK(-).SRa using EcoRV and inserted in
reverse orientation in EcoRV-digested pBluescriptSK(-) to generate pBluescriptSK(-).SRa(-).
The latter construct was treated with Bcul and Hindlll and the resulting 0.7-kb fragment
containing the SRa promoter was combined with the 7.2-kb BculxHindlll fragment of
pDD.CAG.nlsLacZco.synpA using T4 DNA ligase. This led to the construction of AAV vector
shuttle plasmid pDD.SRa.nlsLacZco.synpA.

The RSV promoter was obtained by digestion of pDD1 with Xhol and Hincll and cloned into
EcoRV- and Sall-digested pBluescriptSK(-) yielding pBluescriptSK(-).RSV. Next, the 0.7-kb
BculxHindIll fragment from pBluescriptSK(-).RSV containing the RSV promoter was
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combined with the 7.2-kb BculxHindlll fragment of pDD.CAG.nlsLacZco.synpA vyielding
pDD.RSV.nlsLacZco.synpA.

The mouse S$100 calcium binding protein A4 gene (mFSP1) promoter?l, rat lysyl oxidase
(rLOX) promoter, hEFla promoter, mouse CMV-IE gene (mMCMV-IE) promoter and rat
CMV-IE gene (rCMV-IE) promoter sequences were obtained by polymerase chain reaction
(PCR). The mFSP1 and rLOX promoters were amplified from chromosomal DNA, whereas
the hEFla, rCMV-IE and mCMV-IE promoters were amplified from pLVET-KRAB?Z,
pSSHK3% and pMH5 (Microbix Biosystems, Mississauga, Ontario, Canada), respectively.
The PCRs were performed in a total volume of 50 L using 200 ng (for genomic DNA) or 10
ng (for plasmid DNA) template, 0.5 umol/L of both forward and reverse primer (mFSP1: 5'-
GCTGATATCGAAGCCTGGTTCCCAGAC-3”  and  5'-CTGGATATCACCTTTCTGTGCCTCTCA-3’;  rLOX: 5’-
GCCGATATCCTGGGGTTTATTCGCTG-3” and 5’-GAAGATATCGATGATCTCCCGGCTCGTC-3’; hEFlo: 5'-
GCTGATATCGGCTCCGGTGCCCGTCAG-3" and 5’-CTGGATATCTCACGACACCTGAAATGG-3’; mCMV-IE: 5’-
CTAACTAGTGGGGTGGTGACTCAATGGCC-3’ and 5’-GATAAGCTTAGTACCGACGCTGGTCGCGC-3’; rCMV-IE: 5’-
GTACTAGTTCCCATATTAAGAATGAGTTATAG-3” and 5’-GTAAAGCTTCCGATCCGAAGACTGTGACTG-3’), 200
pumol/L of each dNTP, 1x Phusion HF buffer (Finnzymes, Espoo, Finland) and 1 U Phusion
high-fidelity DNA polymerase (Finnzymes). The PCRs were performed according to the
protocol provided with the DNA polymerase using an annealing temperature of 60°C and
35 amplification cycles. The 1.1-kb PCR fragment containing the mFSP1 promoter, the
rLOX promoter PCR fragment of 0.8 kb and the 1.2-kb PCR fragment containing the hEFla
promoter were digested with EcoRV, purified from agarose gel using the JETSORB gel
extraction kit (GENOMED, Lohne, Germany) and cloned into EcoRV-digested
pBluescriptSK(-) to produce pBluescriptSK(-).mFSP1, pBluescriptSK(-).rLOX and
pBluescriptSK(-).hEF1la, respectively. The mFSP1 promoter was released from
pBluescriptSK(-).mFSP1 using EcoRV and combined with the 7.2-kb EcoRV fragment of
pDD.SRa.nlsLacZco.synpA to generate pDD.mFSP1.nlsLacZco.synpA. The rLOX and hEFla
promoters were excised from pBluescriptSK(-).rLOX and pBluescriptSK(-).hEFla,
respectively, using Bcul and Hindlll and combined with the 7.2-kb BculxHindlIIl fragment of
pDD.CAG.nlsLacZco.synpA to produce pDD.rLOX.nlsLacZco.synpA and
pDD.hEFla.nlsLacZco.synpA. The 1.1-kb PCR fragments containing the mCMV-IE and
rCMV-IE promoter were digested with Bcul and Hindlll, purified from agarose gel and
ligated to the 7.2-kb BculxHindlll fragment of pDD.CAG.nlsLacZco.synpA vyielding
pDD.mCMV-IE.nIsLacZco.synpA and pDD.rCMV-IE.nlsLacZco.synpA, respectively. The
correctness of the cloned PCR fragments was verified by nucleotide sequence analysis
using the BigDyeTerminator v3.1 cycle sequencing kit, the BigDye XTerminator purification
kit and the 3730xI DNA analyzer (all from Applied Biosystems Life Technologies, Carlsbad,
CA).

To create an AAV vector containing an hEFla promoter-driven Aequorea victoria
enhanced green fluorescent protein (eGFP) gene, the AAV vector shuttle plasmid
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pTR.hCMV-IE.eGFP.WHVPRE.bGHpA, a derivative of pTR-CMVgfp containing the
woodchuck hepatitis virus posttranscriptional regulatory element (WHVPRE)* was
digested with BamHI and Kpnl. Next, the 5'- and 3’-recessed ends were blunted using T4
DNA polymerase and the 1.6-kb fragment containing the eGFP gene and the WHVPRE was
ligated to the 5.2-kb Klenow DNA polymerase-treated HinclixHindlll fragment of
pDD.hEFla.nlsLacZco.synpA to create pDD.hEFla.eGFP.WHVPRE.synpA. The latter AAV
shuttle plasmid was incubated with Munl and Xhol and the resulting 5.8-kb digestion
product was combined with the 0.5-kb RSV promoter-containing MunlxXhol fragment of
pDD1 to produce pDD.RSV.eGFP.WHVPRE.synpA.

Helper plasmids for making AAV2/8 and AAV2/9 vectors in a two-plasmid production
system were generated by replacing the AAV2 cap gene in pDG by the cap gene of AAV
serotype 8 (AAVS8) and AAV serotype 9 (AAV9), respectively. To this end, pDG (obtained
from Jurgen Kleinschmidt; 14) was digested with Bsu15l, treated with the Klenow fragment
of DNA polymerase | and subsequently digested with Sall. The AAV8 and AAV9 cap genes
were released from pAAV2/8 or pAAV2/9 (both obtained from James Wilson; Penn Vector
Core, Philadelphia, PA), respectively, by digesting these plasmids with Mssl and Sall. The
resulting 3.1-kb fragments containing the cap gene of either AAV8 or AAV9 were
combined with the 18.7-kb Bsul5IxSall fragment of pDG to create pDP8 and pDP9,
respectively.

To make, in a three-plasmid production system, wild-type AAV2 vectors and AAV2 vectors
in which the surface-exposed tyrosine residues at positions 444, 500 and 730 of the VP1
protein are replaced by phenylalanines, we first generated plasmid pUCBM21.Smal.Cap2
by combining the 2.6-kb HindlliIxKlenow polymerase-blunted Bsul5l fragment from pDG
(Grimm et al.,, 2002) with the 2.7-kb HindllixSmal fragment of pUCBM21PSXSP.
pUCBM21PSXSP is a derivative of pUCBM21 (Boehringer Mannheim) containing extra non-
spaced Mssl, Smil and Xhol restriction enzyme recognition sites (adaptor molecule
contained Hindlll overhang, Mssl, Smil and Xhol site, complete Ncol site and Eco32I half-
end) in between the Hindlll and Ncol target sequences and extra non-spaced Smil and
Mssl recognition sites (adaptor molecule contained BamHI overhang, complete Smal site,
Smil and Mssl sites and EcoRI overhang) in between the Smal and EcoRlI target sequences.
Plasmid pUCBM21.Smal.Cap2 was used as template for site-directed mutagenesis of the
codons corresponding AAV2 VP1 amino acid residues 444, 500 and 730 essentially as
described by Liu and Naismith (2008) (reference: Liu H, Naismith JH. An efficient one-step
site-directed deletion, insertion, single and multiple-site plasmid mutagenesis protocol.
BMC Biotechnol 2008;8:91) except for the use of VELOCITY DNA polymerase (Bioline)
instead of Pfu DNA polymerase. The oligodeoxyribonucleotide pairs for introducing the
tyrosine-to-phenylalanine substitutions were 5’ CTGTATTTCTTGAGCAGAACAAACACTCCAAGTGGAAC
3’ and 5  CTGCTCAAGAAATACAGGTACTGGTCGATGAGAGGATTC 3’  for  Tyr* 5
GTGAATTCTCGTGGACTGGAGCTACCAAGTACCACC 3’ and 5’ GTCCACGAGAATTCACTGTTGTTGTTATCCGCAGATG
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3’ for Tyr’® and 5 ACCAGATTCCTGACTCGTAATCTGTAATTGCTTGTTAATCAA 3’ and 5 of
AGTCAGGAATCTGGTGCCAATGGGGCGAG 3’ for Tyr’3. The plasmid encoding a version of AAV2 VP1
carrying all  three  tyrosine-to-phenylalanine mutations  was  designated
pUCBM21.Smal.Cap2Y444500730F. After having confirmed the correctness of the AAV2
sequences in pUCBM21.Smal.Cap2 and in pUCBM21.Smal.Cap2Y444500730F by dideoxy
nucleotide sequence analysis, both plasmids were incubated with Smil and the resulting
2.3-kb digestion products were combined with the 4.9-kb SmilxEco32l fragment of
pAAV2/8 to generate pAAV2/2 and pAAV2/2Y444500730F, respectively.

All restriction and DNA modifying enzymes as well as the dNTPs were purchased from
Fermentas (St. Leon-Rot, Germany) and the oligodeoxyribonucleotides were provided by
Eurofins MWG Operon (Ebersberg, Germany).

AAV vector production, purification and quantification

AAV vector particles were produced in 293T cells. Per AAV vector production, 10°® (small
scale) or 7x107 (intermediate scale) cells were seeded at a density of 10° cells/cm? and
cultured in DMEM supplemented with 10% FBS 1 day before transfection. Two hours prior
to transfection, the cell culture medium was refreshed with DMEM + 10% FBS. The cells
were transfected with 71 ng AAV vector shuttle plasmid and 214 pDG*, pDF5, pDG6%,
pDP8 or pDP9 per cm? of cells (two-plasmids production system) or 71 ng AAV vector
shuttle plasmid, 71 ng pAAV2/2, pAAV2/2Y444500730Y, pAAV2/8 or AAV2/9 and 143 ng
pAd.AF6 (provided by James Wilson; Penn Vector Core)? per cm? of cells (three-plasmids
production system) using 3 ng linear 25-kDa polyethylenimine (Polysciences Europe,
Eppelheim, Germany) per ng DNA as transfection agent. After 16 hours, the medium was
replaced by DMEM + 5% FBS. Sixty-four hours after transfection, the 293T cells from four
175 cm? flasks were collected in 10 mL PBS + 1 mM CaCl, + 1 mM MgCl,. The cells were
then subjected to 3 cycles of snap freezing in liquid nitrogen and thawing in a water bath
of 37°C to release the AAV vector particles from the cells. The AAV vector preparation was
then treated for 30 min with 100 U of OmniCleave Endonuclease (EPICENTRE
Biotechnologies, Madison, WI) per mL sample at 37°C. Next, the cell debris was pelleted at
250 x g and the supernatant was collected.

The AAV vector particles were purified using an iodixanol block gradient. To this end, 17.5
mL of the cleared vector suspension was loaded into a 39-mL polyallomer tube (Quick-
Seal, 25 x 89 mm; Beckman Coulter, Fullerton, CA, USA). Next, 9 mL of 15%, 5 mL of 25%, 5
mL of 40% and 3 mL of 60% iodixanol solution (OptiPrep, Sigma-Aldrich) in 1 mM MgCl,,
2.5 mM KCl was sequentially layered under the AAV vector preparation, which was then
centrifuged for 70 min at 69,000 revolutions per min in a 70 Ti rotor (Beckman Coulter).
Thereafter, the bottom of the centrifuge tube was punctured and the AAV vector particles
at the 40-60% iodixanol interface were collected.
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Finally, the AAV vector particles were washed with PBS + 5% sucrose and concentrated in
three steps to approximately 200 uL per AAV vector in an Amicon Ultra-15 filter unit with
a nominal molecular weight limit of 100 kDa (Millipore, Amsterdam, the Netherlands)
following the instructions of the filter supplier. AAV vector stocks were stored in 50 pL
aliquots at -80°C.

Titration of AAV vector stocks

The titers of AAV vector stocks were determined by dot-blot assay and are based on
DNase-resistant AAV genome copies (GC). Two pL of each AAV vector stock was treated
for 30 min at 37°C with 10 U OmniCleave in 30 uL 50 mM Tris-HCI (pH 8.0), 1 mM MgCl, to
digest any unpackaged DNA. Then, 10 uL proteinase K solution (50 mM Tris-HCI [pH 8.0], 8
M urea, 4 mM CaCl, and 1 pg/ul proteinase K [Fermentas]) was added and the sample was
incubated at 37°C for 1 hour to release the AAV vector genomes. Next, the samples was
boiled for 5 min in a water bath and immediately chilled on ice to denature the vector
DNA. The sample was subsequently diluted 1:1 with 20x SSC buffer (3 M NaCl, 300 mM
trisodium citrate [pH 7-8]) and blotted onto a Hybond-N+ nylon membrane (GE
Healthcare, Diegem, Belgium) using a Bio-Dot microfiltration apparatus (Bio-Rad
Laboratories, Veenendaal, the Netherlands). The vector DNA was then fixed to the
membrane by incubation for 2 hours at 80°C. The AlkPhos direct labelling and detection
system with CDP-Star (GE Healthcare) was used to quantify the DNA. As a probe either a
501-bp fragment specific for nisLacZco (primers: 5’-CGTGACCGTGTCCCTGTGGC-3' and 5-
‘GGCACCATGCCGTGGGTCTC-3’) or a 438-bp fragment binding to the WHVPRE (primers: 5’-
TCAGGCAACGTGGCGTGGTGTG-3’ and 5’-AAGACCAAGCAACACGGACCGG-3’ was obtained by PCR and
isolated from agarose gel. The membrane was prehybridized for 30 min at 55°C after
which 150 ng of the thermostable alkaline phosphatase-labelled probe was added to
hybridize overnight at 55°C. Stringency washes and signal detection were performed
following the recommendations of GE Healthcare. The ChemiDoc XRS+ system and
Quantity One software (both from Bio-Rad Laboratories) were used to quantify the DNA.
The titers typically ranged from 10! to 102 GC/mL.

To compare the amount of pTR.hCMV-IE.eGFP.WHVPRE.bGHpA-based AAV vectors
produced with the two- and three-plasmid AAV2/8 and AAV 2/9 vector production
systems, unconcentrated vector preparations were subjected to end-point titration in
911E4 cells using flow cytometric analysis of eGFP expression at 6 days post transduction
as readout. Vector yields were expressed in transducing units (TU)/producer cell.

AAV transductions

To test the ability of different AAV vector pseudotypes to transduce MSFs and nrCMCs and
to compare the activity of the different promoters in MSFs and nrCMCs, cells were seeded
in fibronectin (Sigma-Aldrich)-coated cell culture dishes at a density of 6.25x10* cells/cm?.
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For measuring B-galactosidase activity by chemiluminescence assay, cells were cultured in
96-well plates (Corning Life Sciences, Amsterdam, the Netherlands). Chromogenic
detection of B-galactosidase activity was done with cells maintained in 24-well plates
(Greiner Bio-One). To test the ability of the AAV vectors
AAV2/2.hEF1a.eGFP.WHVPRE.synpA, AAV2/2Y444500730Y.hEF1la.eGFP.WHVPRE.synpA
(hereinafter referred to as AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA) and
AAV2/9.RSV.eGFP.WHVPRE.synpA to achieve cell type-specific transgene expression in
rMSFs and nrCMCs, cells were seeded on fibronectin-coated round glass coverslips (14
mm @) in 24-well cell culture plates.

All nrCMC cultures were treated with the anti-proliferative agent mitomycin C (10 pg/mL;
Sigma-Aldrich) at day 1 of culture for 2 hours to inhibit the proliferation of the remaining
nrCFBs in these cultures. The next day, the cells were transduced with 100,000 GC of AAV
vector per cell in 500 pL (2-cm? well) or 100 pL (0.32-cm? well) of a 1:1 mixture of DMEM
and Ham’s F10 without FBS. After 2 hours, an equal volume of 1:1 mixture of DMEM and
Ham’s F10 supplemented with 10% HS, 200 U/mL penicillin and 200 ug/mL streptomycin
was added to the cells. The MSFs were transduced at day 1 of culture with 100,000 GC of
AAV vector per cell in 500 pL (2-cm? well) or 100 uL (0.32-cm? well) DMEM without FBS.
After 2 hours, an equal volume of DMEM + 20% FBS, 200 U/mL penicillin and 200 pg/mL
streptomycin was added to the cells.

At 7 days post transduction, the cultures were either lysed and the lysates stored at -80°C
for future B-galactosidase activity measurements using a chemiluminescence assay or the
cells were fixed for subsequent cytochemical visualisation of B-galactosidase activity.

B-galactosidase activity assays

To quantify B-galactosidase levels in whole cell cultures, cells in a single well of a 96-well
plate were lysed in 50 pL lysis buffer (25 mM Tris-HCl [pH 7.8], 2 mM 1,2-
diaminocyclohexanetetraacetic acid, 2 mM dithiothreitol, 10% glycerol and 1% Triton X-
100). The Galacto-Light B-galactosidase reporter gene assay system (Applied Biosystems
Life Technologies) was used to quantify B-galactosidase activity using a Wallac 1420
VICTOR 3 multilabel plate reader (Perkin EImer Nederland, Groningen, the Netherlands).
These experiments were performed in triplicate to allow for statistical analysis.

To visualize B-galactosidase in individual cells, cell cultures were incubated for 10 min with
0.25% (v/v) glutaraldehyde (grade II; Sigma-Aldrich) in PBS. The cells were then washed
twice with PBS to remove the fixative and incubated overnight with 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-gal) solution (1 mg/mL X-gal [Sigma-Aldrich], 100 mM
Na;HPO4/NaH,PO; [pH 7.0], 2 mM MgCl,, 5 mM KsFe(CN)s, 5 mM KsFe(CN)g) at 37°C. After
two 5-min washes with PBS to remove the X-gal solution, the cells were viewed using an
inverse microscope (IX51; Olympus, Zoeterwoude, the Netherlands) equipped with a
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Peltier-cooled digital camera (XC30) and CellF software (both from Olympus) for image
capture and processing/analysis, respectively.

Immunofluorescent staining

Cell cultures exposed to 10° GCs of AAV2/2.hEFla.eGFP.WHVPRE.synpA,
AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA or AAV2/2.RSV.eGFP.WHVPRE.synpA per cell
were fixed 7 days after transduction by a 20-min incubation on ice with phosphate-
buffered 4% formaldehyde (Mallinckrodt Baker, Phillipsburg, NJ). After fixation, the cells
were washed 3 times with PBS containing 10 mM glycine (PBSG) and permeabilized by
incubation for 5 min on ice with PBS containing 0.1% Triton X-100. After 3 more washes
with PBSG, the cells were incubated for 1 hour with 5% 0.22-um filter-sterilized FBS in PBS
to block potential aspecific antibody binding sites. To distinguish nrCMCs from nrCFBs, the
nrCMC cultures were stained for the cardiomyocyte marker sarcomeric a-actinin or for
the fibroblast marker collagen type | as described above except for the use of 400-fold
diluted Alexa Fluor 568-conjugated donkey-anti-mouse IgG or Alexa Fluor 568-conjugated
donkey-anti-rabbit 1gG antibodies (both from Invitrogen) as secondary antibodies. Next,
the cells were incubated for 10 min at room temperature with 10 pg/ml Hoechst 33342 in
PBS. After washing the cells 4 times for 5 min with PBS, staining results were analyzed with
the aid of the aforementioned Olympus IX51 inverse fluorescence microscope. The
intensity of the fluorescent signals was determined using Image) software
(http://rsb.info.nih.gov/ij/index.html). Image analysis was performed by a blinded
investigator using pictures with a resolution of 1280x1024 pixels and of equal exposure
time. Quantification of green fluorescent signal was performed in a fixed area or interest
(AOI) of 52 by 47 pixels once per cell and expressed in arbitrary units of the mean grey
value. Placement of the AOI in the cytoplasm was at a distance between 0 and 2 AOIs from
the nucleus. Picture background was determined at sites without apparent fluorescence,
averaged and subtracted from the fluorescent signal of cells in that picture. For
guantifications performed on nrCMC cultures that contain endogenous nrCFBs, mean
fluorescence of all cells was divided by the average fluorescent signal of nrCFBs to derive
the fold difference in transgene expression between cell types per viral vector.
Quantification was performed in 25 pictures per group and an average of 177 cells.

Western blot analyis

Western blot analysis of eGFP levels was performed on whole-cell protein extracts of
purified nrCMC, nrCFB or rMSF cultures exposed to 10° GCs of
AAV2/2 hEFla.eGFP.WHVPRE.synpA, AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA or
AAV2/9.RSV.eGFP.WHVPRE.synpA per cell. At 7 days post transduction, cells were lysed in
RIPA buffer (150 mM NacCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50
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mM Tris-HCl [pH 8.0] supplemented with protease inhibitors [cOmplete, Mini Protease
Inhibitor Cocktail Tablets from Roche Diagnostics Nederland, Almere, the Netherlands]).
After clearance of the cell lysates by centrifugation for 20 min at 4°C and 21.130 x g, the
protein concentration in each sample was determined using the Pierce BCA Protein Assay
Kit Total (Thermo Scientific, Rockford, IL). Next, per sample, 4 ug total protein was applied
to individual lanes of NuPage 12% Bis-Tris gels (Invitrogen) and electrophoresis was
performed for 2 h at 150 V, after which proteins were transferred to Hybond-P
polyvinylidene difluoride membranes (GE Healthcare) overnight using a wet blotting
system. After blocking for 1 h at room temperature with 10 mmol/L Tris-HCI (pH7.6),
0.05% Tween-20 and 150 mmol/L NaCl (TBST) containing 2% ECL Advance blocking agent
(BA; GE Healthcare), the membranes were incubated for 1 h at room temperature with
primary antibodies diluted in TBST-2% BA. Primary antibodies were rabbit anti-eGFP
(ab290; Abcam; 1:1,000), mouse anti-cardiac troponin | (clone 19C7; 4T21; Hytest, Turku,
Finland; 1:1,000), mouse anti-vimentin (clone V9; V6630; Sigma-Aldrich; 1:200). After
washing the blots for 4 times 5 min with TBST, membranes were incubated with
corresponding horseradish peroxidase (HRP)-conjugated rabbit or mouse IgG-specific goat
secondary antibodies (sc-3837 and sc-2005 from Santa Cruz Biotechnology, Santa Cruz,
CA) diluted 15,000-fold in TBST-2% BA. Following 4 additional washing steps, blots were
developed using ECL Prime Western Detection Reagent (GE Heathcare). The
chemiluminescence signals were captured using a ChemiDoc XRS imaging system (Bio-Rad
Laboratories, Veenendaal, the Netherlands). Chemiluminescence signals were quantified
using ImagelJ.

Statistics

The significance of differences between means was calculated by one-way analysis of
variance followed by the Bonferroni’s post hoc test whenever appropriate using Graph
Pad Prism 4 (Graph Pad Software, La Jolla, CA). Comparison between two groups was
performed using Student’s t-test. Differences were considered significant if p<0.05.
Results are expressed as mean * standard deviation.
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Results

Comparison of two- and three-plasmid AAV vector production systems

AAV vector production protocols that do not require infection of the producer cells with a
helper virus have improved the safety of AAV vectors for in vivo use. In addition, the
development of the AAV helper plasmids pDG, pSH3 and pSH5 encoding not only the AAV
Rep and Cap proteins but also adenoviral helper functions has reduced efforts and costs to
produce AAV2 vector particles compared to three- or four-plasmid based production
systems.'*?” Two-plasmid-based systems for the production of AAV2 vectors pseudotyped
with capsids from AAV serotypes 1, 3, 4, 5 and 6 have also been generated?® but are not
yet available for generating other AAV vector pseudotypes. Since AAV vectors carrying
capsids of AAV8 or AAV9 have been shown to efficiently transduce the hearts of rodents
10111328 e set out to generate pDG-based helper plasmids for the production of AAV2/8
and AAV2/9 vectors. To this end, the AAV2 cap gene in pDG was replaced by the cap gene
of AAVS or of AAV9, resulting in construction of pDP8 and pDP9, respectively.

To compare the AAV vector yields obtained with these new helper plasmids to those
achieved with conventional three-plasmid-based AAV2/8 and AAV2/9 vector production
methods, crude AAV2/8. hCMV-IE.eGFP.WHVPRE.bGHpA and AAV2/9.hCMV-
IE.eGFP.WHVPRE.bGHpA vector preparations were made using both production systems.
Limiting dilution assays in 911E4 cells revealed that the amounts of functional AAV vector
particles generated with pDP8 and pDP9 did not differ significantly from those obtained
with a combination of pAd.AF6 and either pAAV2/8 or pAAV2/9 (8.60+3.28 TU/cell vs.
11.7543.81 TU/cell, p>0.05, and 20.70%+3.72 TU/cell vs. 24.18+2.68 TU/cell, p>0.05,
respectively; n=6; Figure 1). These results show that the new helper plasmids pDP8 and
pDP9 can be used to produce high-titered stocks of functional AAV2/8 and AAV2/9 vector
particles.

Comparison of promoter activity in MSFs and nrCMCs

To compare the efficiency by which MSFs of man, mouse and rat can be transduced by
AAV2/2 vectors, cultures of these cells were exposed to equal doses of AAV2/2.hCMV-
IE.nIsLacZco.synpA, AAV2/2.mCMV-IE.nlsLacZco.synpA or AAV2/2.rCMV-
IE.nIsLacZco.synpA. X-gal staining at 7 days post infection revealed that hMSFs were
transduced with a higher efficiency than mMSFs and rMSFs (Figure 2). Furthermore, in
hMSFs LacZ expression was highest when driven by the hCMV-IE promoter, while in
mMSFs and rMSFs the immediate early gene promoters of the rodent cytomegaloviruses
were more active. These results show that there is some level of species specificity in the
activity of CMV-IE promoters.
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Figure 1. Titers of small-scale AAV2/8 and AAV2/9
vector stocks generated with the aid of two- or
three-plasmid AAV vector production systems. AAV
vectors were produced using the eGFP-encoding
AAV vector shuttle plasmid pTR.hCMV-
IE.eGFP.WHVPRE.bGHpA and titered by serial
dilution in 911E4 cells. Titers are based on the
number of eGFP-positive cells as assessed by flow
cytometry at 6 days post infection and given as the

p AA'VZIs pDG8 p AA'VZIS pDG9 number of TU obtained per producer cell. The titers
+ pAd.AF6 + pAd.AFé of AAV vector stocks made with the two-plasmid

method (pDG8 or pDG9) did not differ significantly

from those produced with the corresponding three-plasmid approach (pAd.AF6 and pAAV2/8 or
pAAV2/9). Pseudotransduction did not contribute to the observed gene transfer activities as eGFP-
positive 911E4 cells were undetectable when the AAV vector productions were carried out with
helper plasmids lacking the AAV cap gene (data not shown).
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Figure 2. 6-galactosidase staining of AAV2/2 vector- or mock-transduced MSFs. The hCMV-IE
promoter induces high-level transgene expression in hMSFs but is hardly active in mMSFs or rMSFs.
The mCMV-IE and rCMV-IE promoters are more active in mMSFs and rMSFs than the hCMV-IE
promoter and give similar low levels of LacZ expression in hMSFs.
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Next, the activity of the three CMV-IE promoters in MSFs was compared with that of other
ubiquitous promoters and of two fibroblast-specific promoters (Table 1). For this purpose,
MSF cultures were transduced in quadruplicate by AAV2/2 vectors carrying the nisLacZco
gene driven by one of nine different promoters. After 7 days, the cells were lysed and the
B-galactosidase activity in the cell lysates was measured to assess the transcription rate of
each promoter. The results showed that in hMSFs the hCMV-IE promoter displays the
highest transcriptional activity, resulting in significantly higher B-galactosidase levels
compared to those found with the other promoters (p<0.001; Figure 3A). Furthermore, in
mMSFs, rMSFs and nrCFBs the hEFla promoter showed the highest transcription rate,
which resulted in significantly higher B-galactosidase levels than were obtained with the
other promoters (p<0.001; Figure 3B, C and D).

To achieve the selective transduction of myocardial scar tissue, a promoter should ideally
not only direct high levels of transgene expression in MSFs, but also be show low or no
activity in cardiomyocytes. Thus, the activity of the nine promoters was also determined in
purified nrCMC cultures. Quantification of B-galactosidase levels in each cell culture
showed that the RSV promoter had a significantly higher transcriptional activity in nrCMCs
than the other promoters (p<0.001), whereas the hEFla promoter was only weakly active
in these cells (3E). Together, these results indicate that of the promoters tested, the hEFla
promoter is preferred when targeting myocardial scar tissue in mouse or rat models, since
it causes high-level transgene expression in MSFs but is relatively weakly active in nrCMCs.

promoter promoter AAV genome
length (in nts) length (in nts)

Rous sarcoma virus long terminal repeat (RSV) 715 4503

Simian virus 40 early + R-U5 from human T cell 741 4368

leukemia virus I long terminal repeat (SRa)

Human cytomegalovirus immediate-early (hCMV-IE) 1099 4711

Mouse cytomegalovirus immediate-early (mCMV-IE) 1126 4733

Rat cytomegalovirus immediate-early (rCMV-IE) 1177 4824

hCMV-IE enhancer + chicken B-actin core promoter 1110 4774

+ rabbit B-globin intron (CAG)

Human elongation factor 1a (hEF1a) 803 4484

Mouse fibroblast-specific protein 1 (mFSP1) 522 4284

Rat lysyl oxidase (rLO) 616 4354

Table 1.0verview of the promoters used to drive LacZ expression in the AAV vectors.
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Comparison of the gene transfer activity of five different AAV vector pseudotypes in rMSFs
and nrCMCs

Beside through transcriptional targeting, cell type-specific transgene expression in MSFs
may also be accomplished by transductional targeting. To determine which AAV vector
pseudotype transduces MSFs most specifically, rMSF and purified nrCMC cultures were
exposed to AAV2 vectors with capsids of AAV serotypes 2, 5, 6, 8 or 9. To achieve the
highest possible transgene expression levels, MSFs were transduced with vectors carrying
an hEFla promoter-driven nlsLacZco expression unit, whereas the cardiomyocytes
received vectors in which the B-galactosidase-coding sequence was preceded by the RSV
promoter.

In rMSFs, transduction with AAV2/2 vectors resulted in higher B-galactosidase levels than
those obtained with the other AAV vector pseudotypes (p<0.001; n=6; Figure 4A). In
addition, AAV2/6 vectors showed superior transduction of rMSFs compared to AAV2
vectors with capsids of AAV serotypes 5, 8 and 9 (p<0.001 vs. AAV2/8 and AAV2/9 vectors,
p<0.01 vs. AAV2/5 vectors). In contrast, nrCMCs were most efficiently transduced by
AAV2/6 vectors (p<0.001 vs. the other AAV vector pseudotypes), followed by AAV2/2 and
AAV2/9 vectors (p<0.001 vs. AAV2/5 and AAV2/8; Figure 4A).

Based on these results, rMSFs are best transduced with AAV2/2 vectors while AAV2/9
vectors are a good candidate for the selective transduction of nrCMCs since they induce
high-level transgene expression in these cells and poorly transduce MSFs, in contrast to
AAV2/2 and AAV2/6 vectors (Figure 4B).

Although AAV2/2 vectors better transduced rMSFs than the other AAV vector
pseudotypes tested, AAV2/2-mediated gene transfer to these cells was still rather
inefficient. Recently, Li et al. (2010) reported that transduction of murine embryonic
fibroblasts by AAV2/2 could be greatly improved by substituting the surface-exposed
tyrosine residues at positions 444, 500 and 730 of the AAV2 VP1 protein for
phenylalanines. To investigate whether the same would hold true for rat cardiac
(myo)fibroblasts, AAV2 genomes carrying a recombinant eGFP gene under control of the
hEFla promoter were packaged in wild-type AAV2 capsids or AAV2 capsids carrying each
of the three aforementioned amino acid substitutions. Next, nrCFBs were exposed to 10°
GCs/cell of both vectors. As is evident from Figure 5A, the nrCFBs were more efficiently
transduced by the vectors with the tyrosine-mutated AAV2 capsids.
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Figure 4. (A) Comparison of the ability of five different AAV vector pseudotypes to transduce nrCMCs
(white bars) or rMSFs (black bars). Transduction efficiencies were determined by luminometric
quantification of 8-galactosidase levels in lysates of each sample prepared at 7 days after infection
(n=6 samples per cell type and per AAV vector pseudotype). The nrCMCs were transduced with AAV
vectors carrying LacZ driven by the RSV promoter while the rMSFs were transduced by AAV vectors in
which the B-galactosidase-coding sequence was preceded by the hEFla promoter. No: no
transduction; # p<0.001 vs. all other AAV vector pseudotypes in nrCMCs; ## p<0.001 vs. AAV2/5 and
AAV2/8 vectors in nrCMCs; * p<0.001 vs. all other AAV vector pseudotypes in rMSFs; ** p<0.001 vs.
AAV2/8 and AAV2/9 vector pseudotypes, p<0.01 vs. AAV2/5 vector pseudotypes in rMSFs. (B) Ratio
between the 6-galactosidase activity in rMSFs and in nrCMCs for AAV2.hCMV-IE.nlsLacZco.synpA
vectors packaged in AAV2, AAV5, AAV6, AAV8 or AAVI capsids.
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Figure 5. Representative fluoromicrographs of nrCFB cultures taken at 7 days after transduction with
10° GCs/cell of AAV2/2.hEF1a.eGFP.WHVPRE.synpA (AAV2/2) or

AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA (AAV2/2mt). (B-D) Quantification of eGFP signals from
fluoromicrographs of (B) nrCFB, (C) rMSF, and (D) nrCMC cultures transduced with 10° GCs/cell of
AAV2/2.hEF1a.eGFP.WHVPRE.synpA (AAV2/2), AAV2/2mt.hEF1la.eGFP.WHVPRE.synpA (AAV2/2mt)
or AAV2/9.RSV.eGFP.WHVPRE.synpA (AAV2/9). *:P<0.05 vs. AAV2/2 and AAV2/9. **:P<0.05 vs.
AAV2/2 and AAV2/2mt.

Transduction of nrCMCs and rat cardiac (myo)fibroblasts with optimized AAV vectors

Based on the previous results, we generated an AAV2/9 vector in which eGFP expression is
driven by the RSV promoter and compared its ability to transduce nrCMCs, nrCFBs and
rMSFs with that of AAV2/2.hEF1la.eGFP.WHVPRE.synpA and of
AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA. Both nrCFBs and rMSFs were poorly transduced
by AAV2/9.RSV.eGFP.WHVPRE.synpA (Figure 5B, C) while this vector greatly outperformed
the wild-type and tyrosine-mutant AAV2/2 vector in purified nrCMC cultures (Figure 5D).
Substitution of the surface-exposed tyrosine residues at amino acid positions 444, 500 and
730 in the VP1 protein of AAV2/2.hEF1a.eGFP.WHVPRE.synpA yielded 3.9-, 6.1- and 3.6-
fold higher transduction levels (in terms of mean eGFP signals) in nrCFBs, rMSFs and
nrCMCs (Figure 5B, C and D). The presence in purified nrCMC cultures of 5-10% nrCFBs
allowed us to compare in single cultures the efficiency with which both cell types could be
transduced by AAV2/2 hEFla.eGFP.WHVPRE.synpA,
AAV2/2mt.hEF1la.eGFP.WHVPRE.synpA or AAV2/9.RSV.eGFP.WHVPRE.synpA through
immunostaining for the cardiomyocyte marker a-actinin together with direct eGFP
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fluorescence recordings. This experiment confirmed the preferential transduction of
cardiac fibroblasts by the AAV2/2 vectors (Figure 6A, B, D and E) and of cardiomyocytes by
AAV2/9.RSV.eGFP.WHVPRE.synpA (Figure 6C, F). It also illustrates the increased gene
transfer activity of the AAV vectors with the tyrosine mutant AAV2 capsids in comparison
to those possessing the wild-type AAV2 capsids (compare the green fluorescence intensity
of the a-actinin-negative cell in Figure 6A with that of the a-actinin-negative cell in Figure
6B). Moreover, selectivity for nrCFBs was higher for the AAV2/2 vector with the mutant
capsid (Figure 6D, E). These data were supported by western blot analyses (data not
shown). Collectively, our results demonstrate that through rational design it is possible to
make AAV vectors for the preferential transduction of cardiac (myo)fibroblasts or
cardiomyocytes and provide a basis for determining the transduction profiles of
AAV2/2(mt).hEF1la.eGFP.WHVPRE.synpA and AAV2/9.RSV.FP650.WHVPRE.synpA in
infarcted rat hearts.
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Figure 6. (A-C) Representative fluoromicrographs of (A) AAV2/2.hEFla.eGFP.WHVPRE.synpA
(AAV2/2)-,  (B) AAV2/2mt.hEF1a.eGFP.WHVPRE.synpA  (AAV2/2mt)-  and (C)
AAV2/9.RSV.eGFP.WHVPRE.synpA (AAV2/9)-transduced cultures of nrCMCs containing endogenous
nrCFBs. The cells were fixed at 7 days post transduction and stained for a-actinin to discriminate
nrCMCs from nrCFBs and with Hoechst 33342 to visualize cell nuclei. (D-F) Quantification of the eGFP
signal per cell type in nrCMCs containing endogenous nrCFBs following their transduction with 10°
GCs/cell of (D) AAV2/2.hEF1a.eGFP.WHVPRE.synpA (AAV2/2), (E)
AAV2/2mt.hEF10.eGFP.WHVPRE.synpA (AAV2/2mt) or  (F) AAV2/9.RSV.eGFP.WHVPRE.synpA
(AAV2/9). The mean eGFP signal in nrCFBs was set to 1. *:P<0.05 vs. nrCFB.
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Discussion

The aim of this study was to develop AAV vectors conferring MSF-specific transgene
expression. To this purpose, nine different promoters were tested for their activity in
MSFs and cardiomyocytes. Furthermore, five distinct AAV vector pseudotypes were
assessed for the efficiency with which they transduce MSFs and cardiomyocytes. Of the
AAV vectors showing sufficiently high absolute transduction levels the ones with capsids
of AAV2 and a transgene driven by the hEFla promoter resulted in most specific
transgene expression in rMSFs compared to nrCMCs. In addition, we found that among
the effective AAV vectors the one with AAV9 capsids and the RSV promoter was least
specific for rMSFs and would therefore be ideal to use when nrCMCs but not rat cardiac
(myo)fibroblasts are the preferential target.

Although recombinant baculovirus-based AAV vector production systems are rapidly
gaining popularity?®, co-transfection of 293 cells or derivatives of these cells with an AAV
vector shuttle plasmid containing the AAV ITRs, a construct encoding AAV Rep and Cap
proteins and a plasmid providing adenovirus helper functions (e.g. pAd.AF6 or pAd Helper
4.1)%031 still represents the most common means of producing AAV vectors. The
production of AAV vectors by plasmid transfections has been simplified by the
development of packaging constructs such as pDG and later pDP1 and pDP3 to pDPS6, in
which the AAV rep and cap genes are combined with the E2A, E4orf6 and VAI and VAl
genes of adenovirus to provide in one plasmid all trans-acting functions that are required
for efficient AAV vector production and that are not encoded by the producer cells. Similar
packaging plasmids have thus far not been reported for the production of AAV vectors
with capsids of more recently discovered serotypes. Since several studies comparing
different AAV vector pseudotypes for their capability to transduce rodent hearts have
shown that AAV2/8 and AAV2/9 vectors are superior compared to the other AAV vector
pseudotypes that were tested®111328 e constructed two pDG-based helper plasmids for
the production of AAV2 vectors with capsids of AAV8 or AAV9. The yields of AAV vectors
produced with these new helper plasmids are similar to those of AAV vectors produced
using pDG or one of its previously constructed derivatives.?> pDG8 and pDG9 may thus be
useful to facilitate the production of AAV2/8 and AAV2/9 vectors in quantities sufficient
for animal experiments.

Cardiac fibrosis or scar formation after MI negatively affect cardiac function and
predispose the heart to the development of arrhythmias.3? To treat the effects of cardiac
fibrosis, the electrical properties of the MSFs may be genetically altered to either improve
the conduction through these cells or to functionally uncouple them from the surrounding
cardiomyocytes thus reducing the risk of early afterdepolarizations. Since coupling
between cardiac (myo)fibroblasts and cardiomyocytes results in the partial depolarization
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of the latter cells, it may also be beneficial to increase the resting membrane potential of
the former cells. Alternatively, it may be possible to endow the MSFs with properties of
cardiomyocytes by their genetic reprogramming with cardiac transcription factor genes.
However, cardiac (myo)fibroblast-directed gene therapy may have a detrimental effect on
the function of neighboring healthy cardiomyocytes when these cells become transduced
in parallel. The gene delivery vectors to be used for this purpose should therefore ideally
transduce cardiac (myo)fibroblasts with high specificity. Thus far, in papers about the
transduction of the heart by AAV vectors, no distinction was made between
cardiomyocytes and cardiac (myo)fibroblasts. In this study, we aimed to generate an AAV
vector for the preferential transduction of MSFs in comparison to cardiomyocytes. Five
distinct AAV vector pseudotypes were compared to determine which of them is most
suited for the selective transduction of MSFs. Also, nine different promoters were tested
for their transcriptional activity in MSFs versus nrCMCs. In rMSFs and mMSFs, the hEFla
promoter was superior to the other promoters tested, whereas in hMSFs the hCMV-IE
promoter was most active. The high transcriptional activity of the hEF1la promoter in the
rodent cells is in concurrence with a study by Smolenski et al., who showed by serial
analysis of gene expression in mouse cardiac fibroblasts that the hEF1a transcript was the
most abundant of all RNA polymerase Il transcripts. It is conceivable that the rat or mouse
EFla promoter may even be more active in the rodent MSFs than the hEFla promoter.
This will, however, only be beneficial if these rodent promoters not also display an
undesirable increase in transgene expression in the nrCMCs. The high and low activity of
the RSV promoter in nrCMCs and rat cardiac (myo)fibroblasts, respectively, is consistent
with previous findings3® and suggests that this promoter is very useful to induce high-level
transgene expression in cardiomyocytes but not in cardiac (myo)fibroblasts. The
fibroblast-specific promoters that were tested displayed only very low activity in the
rodent MSFs. Possibly, crucial cis-acting signals and enhancer sequences are missing from
these promoters, which had to be kept short due to the limiting packaging capacity of the
AAV capsid. A challenge for future research would therefore be to construct a small but
strong fibroblast-specific promoter.

Comparison of five different AAV vector pseudotypes showed that only AAV2/2 vectors
transduce rMSFs efficiently, whereas cardiomyocytes are best transduced by AAV2/2,
AAV2/6 and AAV2/9 vectors. The only other study that investigated the transduction by
AAV vectors of cardiac fibroblasts and cardiomyocytes separately yielded similar results,
although AAV2/6 vectors were not tested in that study!®. Since the goal of the
aforementioned study was to identify an AAV vector pseudotype that displayed a
preferential tropism for cardiomyocytes, they did not investigate other ways to achieve
cardiomyocyte-specific transgene expression. However, our findings and those of Qi et al.
show that AAV2/2 vectors, whilst being the only option to efficiently transduce MSFs, also
targets nrCMCs. Thus, in order to obtain specific transgene expression in MSFs multiple
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targeting strategies need to be combined. The combination of transductional and
transcriptional targeting to preferentially transduce either rMSFs or nrCMCs was tested
with AAV2/2 vectors expressing eGFP under control of the hEFla promoter and with
AAV2/9 vectors expressing eGFP under control of the RSV promoter. The results indeed
show some degree of specificity for rMSF of the AAV2/2.hEF1o.eGFP.WHVPRE.synpA
vector that can be attributed to the differential promoter activity. The vector
AAV2/9.RSV.eGFP.WHVPRE.synpA, which was designed for the selective transduction of
cardiomyocytes, showed a more pronounced difference in transgene expression between
rMSFs and nrCMCs, which is due to the combination of both transductional and
transcriptional targeting. Ideally, we would like to target the rMSFs with the same level of
specificity as the nrCMCs. This may be achieved by incorporating cardiomyocyte-specific
microRNA target sites into the untranslated region(s) of the transcripts encoded by the
transgene whose expression should occur in cardiac (myo)fibroblasts but not in
cardiomyocytes.3* This method exploits the naturally occurring microRNA-based gene
regulatory mechanisms of cells to posttranscriptionally silence expression of genes that
contain the target sequence of such a microRNA in their mRNAs. Selective suppression of
transgene expression in cardiac muscle cells depends on the identification of
cardiomyocyte-specific microRNAs. MicroRNA-1, -133, -206 and -208 may all qualify for
this purpose as they have been shown to be (cardiac) muscle cell-specific.3>3¢

Another interesting finding of this study is the difference in the capability of AAV vectors
to transduce MSFs from different species. This may be caused by many factors including
differences in receptor availability or amino acid sequence or differences in the fate of the
vector particles after cellular uptake. In a recent study, Bhrigu and Trempe showed that
nuclear entry of AAV2 particles is impaired in murine fibroblasts as compared to that in
human cervical carcinoma cells.” Furthermore, it was shown that tyrosine-mediated
ubiquitination and subsequent proteasomal degradation of internalized AAV particles
limits the transduction of cells by AAV2 vectors.3® Mutation of three tyrosines in the AAV2
capsid into phenylalanines greatly reduced the susceptibility of AAV2/2 vectors to
proteasomal degradation and caused a 130-fold increase in transgene expression in
mouse fibroblasts transduced with these vectors.3® These results indicate that it might be
beneficial to equip the MSF-specific AAV2/2 vectors with AAV2 capsids containing the
three tyrosine-to-phenylalanine substitutions. In addition to increasing gene transfer to
both nrCMCs and nrCFBs, our study shows that these capsid mutations also improved the
specificity of transduction of cardiac fibroblasts, as the difference in transduction level
between nrCMCs and nrCFBs was bigger for the tyrosine mutant AAV2/2 vector than for
the wild type AAV2/2 vector. Such selectivity may be beneficial for situations where
genetic modification of just one cardiac cell type is desirable.
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In conclusion, this study showed that in order to efficiently transduce -cardiac
(myo)fibroblasts with AAV vectors, an AAV2/2 vector containing a transgene driven by the
hEFla promoter should be used. In addition, in nrCMCs the highest transgene levels are
obtained using an AAV2/9 vector that has the RSV promoter to drive the transgene. In the
absence of a strong, small-sized fibroblast-specific promoter, some level of specificity for
MSFs can be obtained by a combination of transductional and transcriptional targeting,
but other (e.g. microRNA-based) targeting principles should be added to achieve truly
MSF-specific transgene expression in rMSFs. Our optimized AAV vectors should next be
tested in vivo to confirm our in vitro findings.
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Summary

The general introduction of this thesis described the basic mechanisms of cardiac
electrophysiology and how these relate to arrhythmias. Furthermore, the current
anti-arrhythmic treatments were discussed and while these strategies are effective,
it can be concluded that the efficacy of these strategies may be optimized. This
suboptimal efficacy may be due to our incomplete understanding of pro-arrhythmic
mechanisms, which are often due to structural heart disease that forms pro-
arrhythmic substrates. Due to the complexity of such substrates, its components
need to be dissected and studied in detail using in vitro and in vivo models. The aim
of this thesis was therefore to investigate cellular and molecular pro-arrhythmic
mechanisms in in vitro models of pro-arrhythmic substrates such as fibrosis and
hypertrophy and provide and expand a mechanistic basis for future, substrate-
oriented anti-arrhythmic strategies.

Chapter Il investigated the anti-arrhythmic effects of anti-proliferative treatment of
myofibroblasts (MFBs) in cardiac cultures. MFB proliferation is a prominent feature
of cardiac fibrosis. As cardiac fibrosis is strongly associated with arrhythmias, this
study tested the hypothesis that anti-proliferative treatment of MFBs may yield anti-
arrhythmic effects. For this purpose, neonatal rat myocardial cultures were treated
with mitomycin-C or paclitaxel at day 1 of culture to inhibit proliferation of
endogenously present MFBs. Cardiac cell cultures were kept in culture for 9 days,
and electrophysiologically evaluated at day 4 and 9 using optical mapping and patch-
clamp. Antiproliferative agents did not significantly increase apoptosis at the used
dosages and kept MFB content stable throughout the culturing period by limiting
their proliferative capacity. While free MFB proliferation progressively slowed
conduction between day 4 and 9 (from 15.3+3.5 cm/s to 8.8+0.3 cm/s, P<0.05),
conduction velocity (CV) was higher and stable throughout the culturing period in
cultures that received anti-proliferative treatment. Of fibrotic cultures with high
amounts of fibroblasts, 81% showed spontaneous reentrant arrhythmias, whereas
3% of mitomycin-C treated and 5% of paclitaxel-treated cultures showed
arrhythmias. Importantly, culture arrhythmogeneity was found to depend on drug-
dose and was thereby dependent on the quantity of MFBs. Investigation by patch-
clamp experiments revealed that by anti-proliferative treatment of MFBs,
cardiomyocytes (CMCs) were less depolarized and more excitable. This study may
therefore provide a rationale for future preventive anti-arrhythmic strategies for
fibrosis-associated arrhythmias.
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In Chapter lll, the anti-arrhythmic effect of down regulating heterocellular coupling
between CMCs and MFBs was evaluated. For this purpose, shRNA’s directed against
Cx43 were expressed in MFBs using a lentiviral vector. In MFB-CMC co-cultures with
Cx43 knockdown, conduction was faster (16.0+3.2 cm/s vs. 10.6+4.6, P<0.05) and
action potential duration was shorter. Moreover, the incidence of ectopic activity
and spontaneous reentry was significantly lowered by reducing heterocellular
coupling. In line with these findings, CMCs were less depolarized in fibrotic co-
cultures by reducing heterocellular coupling (-61.4+£5.7 mV vs. 51.634.0 mV). This
depolarization was identified as a key pro-arrhythmic factor, as reintroducing
depolarization of the membrane by I inhibition with BaCl, or by increasing
extracellular [K*] rendered the anti-arrhythmic potential of heterocellular
uncoupling ineffective. In conclusion, this study showed that MFB-induced
depolarization is highly pro-arrhythmic, and that MFB-CMC coupling is a major
mechanism of such depolarization.

Chapter IV evaluated differences between pro-arrhythmic mechanisms of fibrosis
and hypertrophy in vitro, because while arrhythmias are often found in remodeled
hearts, discerning between hypertrophy- or fibrosis-associated mechanisms is
virtually impossible in vivo, although differences in pro-arrhythmic mechanisms may
hold relevance for the anti-arrhythmic potential of interventions. Therefore,
neonatal rat myocardial cultures were exposed to phenylephrine to induce
hypertrophy, or exhibited free MFB proliferation to mimic fibrosis. Interestingly,
arrhythmic findings were highly similar, with similar slowing of conduction and
repolarization in both groups. Also, incidences of focal arrhythmias (based on early
afterdepolarizations) and reentrant arrhythmias were similarly increased in
hypertrophic and in fibrotic cultures. However, further investigation revealed
differences in their pro-arrhythmic mechanisms. Protein expression levels of Kv4.3
and Cx43 were decreased in hypertrophy but unaffected in fibrosis. Targeting
heterocellular coupling by administration of low doses of gap-junctional uncoupling
agents was only anti-arrhythmic in fibrotic cultures, whereas I-type calcium channel
blockade prevented arrhythmias in hypertrophy, but caused conduction block in
fibrosis. These findings provide novel insight into how distinct substrate-specific pro-
arrhythmic mechanisms may give rise to similar phenotypical arrhythmicity, and how
this might affect therapeutic efficacy.

Chapter V investigated mechanisms that underlie sustained ventricular fibrillation,
which is maintained by multiple stable rotors that are difficult to terminate. The aim
of this study was to correlate changes in arrhythmia complexity with changes in
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specific electrophysiological parameters. This approach would allow for the
identification of novel factors and underlying mechanisms that affect the stability of
sustained fibrillation and thereby the efficacy of anti-fibrillatory interventions. For
this purpose, a novel in vitro model of fibrillation was developed that allowed a dose-
dependent increase in fibrillatory complexity using the gap-junctional uncoupler 2-
aminoethoxydiphenyl borate (2-APB). Arrhythmia complexity in cardiomyocyte
cultures increased with increasing dosages of 2-APB (n > 38), leading to sustained VF:
0.0 + 0.1 phase singularities/cm? in controls vs. 0.0 + 0.1, 1.0+ 0.9, 3.3+ 3.2,11.0 +
10.1,and 54.3£21.7in 5, 10, 15, 20, and 25 umol/L 2-APB, respectively. Arrhythmia
complexity inversely correlated with wavelength. Lengthening of wavelength during
fibrillation could only be induced by agents (BaCl,/BayK8644) increasing the action
potential duration (APD) at maximal activation frequencies (minimal APD); 123 +
32%/117 * 24% of control. Minimal APD prolongation led to transient VF
destabilization, shown by critical wave front collision leading to rotor termination,
followed by significant decreases in VF complexity and activation frequency
(52%/37%). Interestingly, these key findings were reproduced ex vivo in adult rat
hearts (n=6 per group). These results show that stability of sustained fibrillation is
highly regulated by the minimal APD. Minimal APD prolongation leads to transient
destabilization of fibrillation, ultimately decreasing VF complexity and thereby
provides novel insights into anti-fibrillatory mechanisms.

Chapter VI explored the effects of stem cell engraftment on pro-arrhythmic risk. Due
to low engraftment rates, the current paradigm for stem cell therapy is to increase
engraftment rate to increase its therapeutic effects. However, it is unknown whether
increasing the stem cell engraftment rate also increases the risk of pro-arrhythmic
effects of stem cell therapy. Moreover, stem cell engraftment patterns are difficult
to regulate in vivo. To investigate the pro-arrhythmic mechanisms of stem cell
therapy, human mesenchymal stem cells (hMSCs) were seeded in co-culture with
neonatal rat cardiomyocytes in a quantity of 7% or 28% in a diffuse or clustered
pattern, after which electrophysiology was evaluated by optical mapping and patch-
clamp experiments at day 9 of culture. Interestingly, in diffuse co-cultures, hMSCs
dose-dependently slowed conduction and increased APD. Conduction slowing was
shown to be dependent on heterocellular gap-junctional coupling, as partial
uncoupling increased CV, but did not affect APD. As hMSCs did not express a-smooth
muscle actinin or n-cadherin, mechanical heterocellular coupling did not appear to
play a significant pro-arrhythmic role. Triggered activity and inducibility of reentry
were dose-dependently increased by diffuse hMSC engraftment. For clustered hMSC
engraftment, conduction slowing and APD prolongation were locally observed.
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Moreover, only reentry inducibility was dose-dependently increased while triggered
activity was not observed with clustered engraftment. Transwell experiments
revealed that the hMSC secretome dose-dependently increased APD, APD dispersion
and inducibility of reentry, while CV was unaffected. Interestingly, hMSC-derived
exosomes did not yield any detectable effects on culture electrophysiology. These
findings not only strongly illustrate the pro-arrhythmic potential of higher
engraftment rates of hMSCs, but also show that the specific pro-arrhythmic effects
are due to gap-junctional coupling and paracrine mechanisms. Thereby, this study
provides cautionary data that may aid to prevent future adverse pro-arrhythmic
effects of stem cell therapy when engraftment rate is increased beyond the
therapeutic window.

Chapter VIl investigated a novel method to counteract fibroblast arrhythmicity, as
fibroblasts can be pro-arrhythmic due to their detrimental effects on cardiomyocyte
electrophysiology through several mechanisms that rely on suboptimal integration
into the cardiac syncytium. Therefore, the feasibility of forced cellular fusion
between human ventricular scar cells (hVSCs) and nrCMCs as a potentially anti-
arrhythmic strategy was explored. For this purpose, hVSC were isolated from human
ventricular scars and co-cultured with nrCMCs in a 1:4 ratio. Prior to co-culture, these
hVSCs were genetically modified with a lentiviral vector to express Vesicular-
Stomatitis-G-protein- and eGFP that produces fusogenic hVSCs or solely eGFP
(control hVSCs). Fusion was induced by brief exposure to acidic buffer (pH=6.0) at
day 3 and electrophysiological effects of fusion were evaluated at day 5 by optical
mapping. Co-expression of fibroblast-specific collagen-l and nrCMC-specific a-actinin
was observed in multinucleated cells that contained both human and rat nuclei,
without increased apoptosis as judged by annexin V staining. These nrCMC-hVSC
hybrids retained sarcomeric a-actinin expression and remained contractile, while
vimentin expression in nrCMC-hVSC hybrids was lower than in non-fused hVSCs.
Moreover, Cx43 and Cavl.2 protein expression levels were increased in
heterokaryons compared to unfused hVSCs. Importantly, the expression levels did
not linearly correlate to the percentage of human nuclei in the heterokaryons. Fused
cultures showed faster conduction (16.8+1.6 vs. 10.3+2.6 cm/s, P<0.05) and shorter
action potential duration (328456 vs. 480+70ms, P<0.05). Triggered activity and
reentry were ameliorated by heterocellular fusion (incidences of 58%, n=12 vs. 0%,
n=23 in fused co-cultures). The results of this study showed that heterocellular fusion
between hVSCs and nrCMCs is feasible and well-tolerated as it forms excitable and
contractile heterokaryons. Moreover, heterocellular fusion had a strong anti-
arrhythmic effect in hVSC-nrCMC co-cultures. As the nrCMC phenotype appeared to
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be relatively dominant within the heterokaryon, these results may provide novel
insights in anti-arrhythmic reprogramming of fibroblasts.

Chapter VIII investigates viral vectors capable of selectively transducing myocardial
scar fibroblasts (MSFs), as these cells may represent therapeutic targets due to their
potentially detrimental effects on conduction. One way of modulating the properties
of MSFs is by genetic modification with viral vectors. Among the currently used viral
gene delivery vehicles, adeno-associated virus (AAV) vectors stand out for their in
vivo safety and ability to spread easily through tissues. The aim of this study was to
compare the transduction of nrCMCs and of human, mouse and rat MSFs by AAV
vectors with different capsids and with transgenes driven by different promoters.
For this purpose, vector shuttle plasmids containing a LacZ gene driven by 9 different
promoters including the human, mouse and rat cytomegalovirus immediate early
gene (CMV-IE) promoter were constructed. The AAV vector genomes specified by
these plasmids were packaged in AAV serotype 2 (AAV2) capsids. B-galactosidase
assays revealed that of all CMV-IE promoters, the human CMV-IE promoter
outperformed the rodent CMV-IE promoters in human MSFs while the rodent CMV-
IE promoters were more active in murine and rat MSFs. Furthermore, of all nine
promoters tested the human eukaryotic translation elongation factor 1 alpha 1 gene
(hEF1la) promoter was most active in rodent MSFs while the Rous sarcoma virus
(RSV) promoter gave the highest transgene expression in nrCMCs. A comparison of
the transduction efficiency of rat MSFs and nrCMCs with AAV2 vectors carrying
capsids of AAV serotypes 2, 5, 6, 8 and 9 showed that transduction of rat MSFs was
most efficient with AAV2/2 vectors whereas AAV2/9 best transduced the nrCMCs. In
conclusion, the highest transgene expression in rat MSFs is obtained by transduction
with an AAV2/2 vector containing an hEFla promoter-driven transgene while
transgene expression in nrCMC is highest after transduction with an AAV2/9 vector
in which foreign gene expression is controlled by the RSV promoter.

In conclusion, MFBs may represent a target for several anti-arrhythmic interventions
in the context of cardiac fibrosis. By decreasing the proliferative capacity of MFBs,
their numbers and thereby their dose-dependent pro-arrhythmic effects can be
limited in vitro. However, as anti-proliferative treatment has the potential for serious
systemic adverse side-effects, more specific targeting of MFB-induced depolarization
can be considered preferable. One such approach was also investigated in this thesis,
by limiting heterocellular coupling through genetic connexin43 knockdown in only
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MFBs or pharmacological heterocellular uncoupling, which yielded significant anti-
arrhythmic effects based on the pro-arrhythmic mechanism. Alternatively, it was
shown that through heterocellular fusion, fibrotic co-cultures showed faster
conduction, shorter action potential duration (APD) and lower arrhythmic incidence
compared to unfused fibrotic co-cultures. Additionally, this thesis emphasizes the
importance of targeting such substrate-specific mechanisms in its specific substrate
by demonstrating that hypertrophic cultures do not benefit from the same anti-
arrhythmic interventions as fibrotic cultures, despite their highly similar
arrhythmicity. Instead, these cultures suffered from intrinsic electrical remodeling
and benefited from other interventions. By targeting the key parameters of
arrhythmias that are formed by the substrate, substantial anti-arrhythmic effects
could be achieved in these models. This concept was expanded upon by showing that
the minimal APD is the key parameter that determines arrhythmic complexity in an
in vitro and ex vivo model of ventricular fibrillation. In addition, this thesis provides
evidence for dose-dependent pro-arrhythmic mechanisms of MSC transplantation.
Taken together, this thesis demonstrates multiple cellular and molecular arrhythmic
mechanisms in several pro-arrhythmic substrates, and how these mechanisms may
be targeted as an anti-arrhythmic intervention.

Discussion and Future Perspectives

In vitro disease modeling and optimization of anti-arrhythmic treatment

Although current anti-arrhythmic treatments are beneficial to the patient, the
suboptimal efficacy of these strategies may be attributed to an incomplete
understanding of the underlying pro-arrhythmic substrate (see the general
introduction of this thesis). In clinical cardiology, this realization was responded upon
with the Sicilian Gambit, a statement that recognizes the complexity of arrhythmias
and the infeasibility of adequately treating different arrhythmias with the same
drugs without understanding the arrhythmic mechanisms.! The Sicilian Gambit
proposed the concept of the vulnerable parameter, which is the critical parameter
to alter for optimal anti-arrhythmic effects.? To be able to investigate such
parameters, basic research using in vitro and in vivo models to identify and modify
pro-arrhythmic substrates is essential to improve upon our current knowledge and
therapeutic efficacy of anti-arrhythmic drugs.® Such disease models are generally
developed to allow for more standardized interpretation of results. For this purpose,
most computer simulations and in vitro studies using monolayers simplify the 3-
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dimensional cardiac structure into a 2-dimensional structure in which pro-
arrhythmic mechanisms and features can be studied in greater detail. Due to the
complexity of arrhythmias in 3-dimensional context, simplification by such 2-
dimensional models facilitates the interpretation of data. Also, in vitro models
typically facilitate a high degree of control over the experimental environment that
allows isolating and investigating key components. By starting with a simplified
disease model and then gradually increasing its complexity, not only can novel pro-
arrhythmic mechanisms be uncovered that are difficult to investigate in vivo, but can
these models also be extrapolated eventually to more relevant in vivo situations. An
example of such a concept of a vulnerable parameter studied in a simplified model
in this thesis is the minimal action potential duration (Chapter V), which determines
the refractory state of tissue during fibrillation. In our 2-dimensional in vitro model
of ventricular fibrillation that was induced by gap-junctional uncoupling,
prolongation of the minimal APD showed a reduction of arrhythmic complexity,
which was predicted by in silico studies. The mechanism of reducing the complexity
of arrhythmias relied on transient destabilization of the arrhythmia, which could only
be studied in detail in this model due to its relative simplicity. Moreover, by
replicating the same model using adult rat hearts ex vivo, it was shown that the in
silico and in vitro concept of prolonging the minimal APD remained relevant to the
adult 3-dimensional situation. By increasing the complexity of the in vivo models to
larger animals, these findings obtained in simplified models may ultimately prove to
be relevant to the treatment of human ventricular fibrillation in the future.

In addition to the simplification of pro-arrhythmic substrates, in vitro models can also
provide a platform that allows the study of substrates that normally coincide in vivo
independently of each other to be able to distinguish between and elucidate their
individual pro-arrhythmic mechanisms. An example of such an approach in this thesis
was in the case of hypertrophy and fibrosis which often co-exist during cardiac
remodeling.? Interestingly, it was found that the arrhythmogeneity of both
substrates in separate conditions was highly similar. However, the underlying pro-
arrhythmic mechanisms were distinct. These differences could implicate that each
substrate may need different pro-arrhythmic treatment. However, regardless of the
mechanistic insights such studies offer, it is important to stay vigilant of overstating
the implications of in vitro models for in vivo situations as oversimplification of the
in vivo situation can be a potential hazard of in vitro research. Therefore, it needs to
be taken into account what the model represents and how this is achieved. In the
current example, fibrosis was mimicked by extensive myofibroblast (MFB)
proliferation, which is an established feature of fibrosis in vivo that even in the
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absence of extensive extracellular matrix deposition produced a highly pro-
arrhythmic model. Hypertrophy in vitro was achieved by treatment of CMCs with
phenylephrine, an al-agonist that is known to be involved in the induction of
hypertrophy in vivo. However, hypertrophy may also be induced by other agents and
in vivo is often a result of altered pressure and volume load in addition to hormonal
changes. It is therefore difficult to determine where the in vitro hypertrophy fits in
the scale of progressive hypertrophy and heart failure that is seen during cardiac
remodeling in vivo. Due to the strong pro-arrhythmogeneity in this model of
hypertrophy, it is likely that it represents an end-stage of hypertrophy, and may
therefore hold relevance for the treatment of arrhythmias in the stage of heart
failure. Ironically, at that stage of cardiac remodeling, fibrosis which can function as
a pro-arrhythmic substrate independently of hypertrophy, is often also present as
both hypertrophy and fibrosis are compensatory mechanisms against pressure
overload. Furthermore, the extent of fibrosis and hypertrophy may differ between
patients, and therefore the extent of the involvement of individual substrate-specific
pro-arrhythmic mechanisms may play different roles for different patients in
different stages of their structural heart disease. Besides the notion that the
concomitance of these two substrates was the motivation behind the investigation
of their individual pro-arrhythmic mechanisms, it may also be responsible for the
choice of largely symptomatic anti-arrhythmic treatment due to the complexity it
proposes. As both substrates were discovered to be equally pro-arrhythmic,
treatment of one substrate may yield insufficient anti-arrhythmic effects due to the
co-existence of another pro-arrhythmic substrate. Moreover, rather than attempting
the complicated task of treating different pro-arrhythmic substrates in proportion to
its presence in a heart at a given time, it may be more feasible to target common
pro-arrhythmic features in the presence of multiple pro-arrhythmic substrates. In
the example of our models of hypertrophy and fibrosis, pharmacologically targeting
the common APD prolongation in such substrates may yield beneficial results.
However, the complexity of combined arrhythmic substrates also emphasizes the
need for more in-depth investigation of pro-arrhythmic substrates for the
optimization of anti-arrhythmic drug regimes.

The concept of substrate-specific intervention fits within the surfacing paradigm of
tailor-made patient care throughout the field of medicine, in which the complexity
of disease is increasingly recognized and responded upon by the investigation and
use of mechanism-specific interventions. For example, the realization of the
complexity of not only arrhythmias but all human disease has motivated researchers
to investigate to possibility of patient-specific drug screening using induced
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pluripotent stem cells (iPS cells).® By genetically modifying somatic cells with several
transcription factors, these cells dedifferentiate to an embryonic stem cell-like
phenotype, and can subsequently be differentiated towards different patient-
specific cell lineages including cardiomyocytes. Although the maturity and purity of
iPS-derived cardiomyocytes remain an issue that needs to be overcome for its clinical
relevance, this approach is promising throughout the field of biology.® Alternatively,
efforts are being made to directly reprogram easily obtainable somatic cells towards
CMCs.” Using such techniques, patient-derived cell types that are otherwise difficult
to obtain such as CMCs can be cultured and tested for their response to specific
drugs.? Thereby, optimal drug selection can be realized in a patient-specific manner,
which may optimize therapeutic effects of pharmacological treatment. By combining
this technique with already available in vitro models of different pro-arrhythmic
substrates, our understanding of arrhythmias may one day be sufficient to
pharmacologically treat all patients optimally through tailor-made patient-specific
anti-arrhythmic drug regimes.

Targeting of the MFB in vivo as an anti-arrhythmic strategy

While drugs are often administered to treat arrhythmias, their efficacy is largely
based on symptomatic alleviation. As a result, underlying pro-arrhythmic substrates
such as structural heart disease are not modified despite the fact that they are a
prominent cause of arrhythmias. Therefore, intrinsically changing the underlying
pro-arrhythmic substrates by disease modifying drugs, genetic modification or cell
therapy may lead to more optimal and longer lasting results than pharmacological
treatment. In the case of fibrosis, myofibroblasts (MFBs) have been gaining interest
in recent years as potential key players in fibrosis-associated arrhythmias. Initially
thought to be a rather quiescent cell type that maintained the extracellular matrix,
the discovery of MFBs functionally coupling to CMCs has implicated these cells in the
context of fibrosis-associated arrhythmias.® Since then, heterocellular coupling
between CMCs and MFBs has been shown to dose-dependently slow conduction,°
increase ectopic activity!’! and increase the propensity towards reentrant
arrhythmias.’?> While these in vitro results provide promising concepts that further
improve our understanding of arrhythmias and are supported by in silico
simulations,'® translation to in vivo experiments is expectedly more difficult. As a
result, the clinical relevance of such findings is a predictable subject of debate. An
example of such a discussion is about the clinical relevance of heterocellular coupling
between MFBs and CMCs, which has not been clearly demonstrated in vivo yet.141¢
Functional coupling between administered cells that have been genetically labeled
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and native myocardium has been demonstrated in vivo,*” but to unequivocally
establish functional coupling between natively present and therefore unlabeled cell
types is more difficult to realize from a technical standpoint. Furthermore, although
proving functional coupling in vivo is technically challenging, it is per definition more
challenging to provide compelling evidence that disproves the existence of such
mechanisms. Further complicating the matter of MFB-induced arrhythmogeneity is
the notion that MFBs may also exert pro-arrhythmic effects through mechanical
coupling and paracrine mechanisms.'®1° As this is in line with the only partial
recovery of electrophysiological health after reducing heterocellular coupling in vitro
(Chapter Ill), this suggests that perhaps the entire phenotype of the MFB itself needs
to be targeted instead of targeting all of its individual pro-arrhythmic mechanisms to
alleviate fibrosis-associated arrhythmias in vivo. Moreover, an intervention that
targets MFBs as a whole may also affect extracellular matrix deposition, a feature
that is still considered of paramount importance in the pro-arrhythmogeneity of
fibrosis in vivo, but remains difficult to properly investigate in vitro.° A potentially
feasible approach of targeting the whole of MFB arrhythmogeneity was
demonstrated in Chapter I, in which inhibition of MFB proliferation yielded strong
anti-arrhythmic effects. Since MFBs can be expected to exert their pro-arrhythmic
effects in a dose-dependent manner, decreasing their numbers indirectly lowers the
effects of all their combined pro-arrhythmic mechanisms. Limiting proliferative
capacity of MFBs has been shown to prevent excessive scar formation in non-cardiac
tissue by also limiting extracellular matrix deposition.?! Expectedly, evidence is
surfacing that such a strategy may also yield anti-arrhythmic effects in vivo. 223
However, pharmacologic agents that inhibit proliferation are notorious for side-
effects due to their often systemic administration and unwanted binding affinity to
off-target molecules. The technical advantages that genetic modification can offer
over pharmacological treatment are important, such as longer-lasting effects and
reduced side-effects by selectively targeting specific cell and tissue types using cell
type specific promoters and viruses with tissue-specific tropisms. As a result,
interventions that alter the behavior of MFBs may be preferentially delivered
through genetic modification. For instance, by reducing expression of myocardin-
related transcription factor-a, myofibroblast activation is limited and as a result, the
pro-fibrotic response of these cells is strongly diminished in vivo.?*

A similar anti-arrhythmic approach that targets the entire MFB is cellular
reprogramming, that aims to force MFBs to act like a cell type that is less detrimental
to cardiac function, such as stem cells or even CMCs. Initially realized by nuclear
reprogramming,? cellular reprogramming of MFBs into stem cells or cardiomyocytes
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can now be realized by genetic modifications with a few transcription factors,
although this approach is still considered rather inefficient.” In this context, forced
heterocellular fusion as investigated in this thesis may provide a future alternative
route of anti-arrhythmic MFB reprogramming, as fusion can effectively be used to
genetically reprogram cells.?> Alternatively, MFBs can be genetically modified to
electrically resemble a CMC by forcing expression of the gap-junctional protein
connexin43 and the ion channels kir2.1 and nav1.5, which also yields expectable anti-
arrhythmic effects.?®?” A novel and refined method of genetic modification is found
in the field of optogenetics, which allows for the regulation of transgene activity by
exposure to light. Recently, optical control of even protein activity was
demonstrated.?® Such delicate approaches allow precise direction and timing of the
genetic intervention of choice, which due to the complexity of arrhythmic substrates,
may be a powerful tool to investigate and targeting pro-arrhythmic mechanisms.
Based on the light-sensitive rhodopsins, optogenetics has already been shown to be
a powerful technique in the field of neurology and may be used to modify the
electrical behavior of cardiomyocytes or fibroblasts as a future anti-arrhythmic
strategy.?® Regardless of the way in which MFBs will be targeted in future in vivo
studies, the advances in our understanding of their detrimental effects and advances
in biological technology are likely to provide novel mechanistic insights into new anti-
arrhythmic strategies for the foreseeable future, which may ultimately result in
optimal substrate-oriented treatment of fibrosis-associated arrhythmias.

Modifying a substrate beyond its pro-arrhythmic mechanisms as the ultimate anti-
arrhythmic strategy

The idea of looking more closely at certain phenomena as the best way to uncover
their mechanisms, has been widely incorporated into science since the invention of
the microscope. As stated above, targeting of pro-arrhythmic mechanisms is
considered necessary to more adequately treat arrhythmias in the future. Therefore,
more profound experiments that investigate deeper underlying pro-arrhythmic
experiments remain necessary to understand arrhythmias to their finest details.
However, the vastly expanding knowledge of different pro-arrhythmic mechanisms
may indicate that the complexity of treating pro-arrhythmic mechanisms in all
substrates may be too high to realize optimal anti-arrhythmic treatments in the near
future. Due to the currently expanding epidemic of atrial fibrillation and structural
cardiac disease, there is a need for timely action against pro-arrhythmic substrates.
In addition, while targeting of pro-arrhythmic mechanisms of individual substrates
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such as fibrosis and hypertrophy may ultimately lead to the optimized treatment of
arrhythmias, these pro-arrhythmic substrates are often also associated with
decreased mechanical cardiac functionality which in turn may lead to systemic co-
morbidity such as emboli and fatigue. While cardiac hypertrophy is a (mal)adaptive
response aimed to increase cardiac output, cardiac fibrosis is a response to pressure
overload to maintain structural integrity of the heart. As a result, both contractility
and myocardial compliance or stiffness are affected. Importantly, cardiac stiffness
itself can have pro-arrhythmic consequences. Therefore, targeting of the entire
structural substrate may be necessary to alleviate all arrhythmogeneity it is
associated with. Regenerative medicine with the use of stem cell therapy is such a
strategy that is considered to positively modify and even reverse multiple aspects of
structural heart disease and may therefore yield anti-arrhythmic effects at a level
upstream of pro-arrhythmic mechanisms. Initially, the rationale behind cardiac stem
cell therapy initially was to administer cells capable of cardiomyogenic
differentiation to fibrotic myocardium to replenish the loss of excitable cells to
counteract arrhythmias. However, the differentiation potential of such cells remains
disappointingly low.?° In recent years, the basis of the small but significant
therapeutic effect of stem cell therapy is considered to be mostly based on its
paracrine effects that modify structural heart disease.3! Due to low engraftment
rates, the current aim in stem cell research is to increase the therapeutic efficacy by
increasing engraftment rates by a variety of strategies that involve tissue engineering
and genetically or magnetically modifying cells.323* However, as demonstrated in
this thesis, such strategies may invoke its own pro-arrhythmic consequences, as
heterocellular coupling and non-exosomal paracrine pro-arrhythmic mechanisms
are exhibited by mesenchymal stem cells in a dose-dependent manner in healthy in
vitro cardiac monolayers. In this context, it needs to be elucidated if the beneficial
effects on the modification of the pro-arrhythmic substrates electrophysiologically
outweigh the pro-arrhythmic effects of heterocellular coupling and paracrine
signaling of MSCs. Interestingly, a large portion of the beneficial effects of stem cell
therapy may be attributed to the release of exosomes, which are small lipid vesicles
that contain mRNA, miRNAs and proteins that reside in the MSC secretome. 3>3¢ As
exosomes did not show significant pro-arrhythmic effects in our study, these
components of the MSC secretome may be a future, safe alternative to cell therapy
that may be able to modify the substrate positively without concomitant pro-
arrhythmic effects. Besides stem cell therapy, methods such as angiotensin-II
blockade counteract fibrosis as a whole and therefore act upstream of its pro-
arrhythmic mechanisms, which may vyield indirect anti-arrhythmic effects.?’
Alternatively, anti-fibrotic reprogramming by knockdown of transcription factors in
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MPFBs could be feasible as an anti-arrhythmic strategy that also improves mechanical
cardiac function.?* Such approaches benefit from advances in selective genetic
modification targeting specific cell types using adeno-associated-viral vector (AAV)
technology as demonstrated in this thesis. Moreover, AAVs may be incorporated into
clinical practice sooner rather than later, as phase-I and phase-Il clinical trials that
demonstrate the success of such strategies are beginning to surface.3®3° Taken
together, all the options and tools that are or soon will be available to investigate
and target pro-arrhythmic mechanisms demand more effort, dedication and
investigation by the scientific community that may ultimately lead to the best anti-
arrhythmic option that can be achieved: curing the pro-arrhythmic substrate instead
of treating it.
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Dutch Summary - Nederlandse Samenvatting

De algemene introductie van dit proefschrift beschreef de basale mechanismen van
cardiale elektrofysiologie en hoe deze zich verhouden tot aritmién. Tevens werden
de huidige anti-aritmische strategién besproken, waarvan de efficiéntie, ondanks de
bewezen werkzaamheid van dergelijke behandelingen, nog geoptimaliseerd kan
worden. De suboptimale efficiéntie van deze strategién is mogelijk te wijten aan het
incomplete begrip van pro-aritmische mechanismen, die vaak zijn gerelateerd aan
structureel hartlijden en de bijoehorende formatie van pro-aritmische substraten.
Wegens de complexiteit van zulke substraten moeten de individuele componenten
worden onderscheiden en in detail worden bestudeerd met behulp van in vitro en in
vivo modellen. Het doel van dit proefschrift was daarom om cellulaire en moleculaire
pro-aritmische mechanismen in in vitro modellen van pro-aritmische substraten
zoals fibrose en hypertrofie te bestuderen om zo een mechanistische basis voor
toekomstige, substraat-gerichte therapiéen te vormen en uit te breiden.

Hoofdstuk Il onderzocht de anti-aritmische effecten van anti-proliferatieve
behandeling van myofibroblasten (MFBs) in hartcel-kweken. MFB proliferatie is een
prominente eigenschap van cardiale fibrose. Aangezien cardiale fibrose sterk is
geassocieerd met aritmién, testte deze studie de hypothese dat anti-proliferatieve
behandeling van MFBs anti-aritmische effecten zou kunnen hebben. Hiertoe werden
myocardiale kweken van neonatale rattencellen behandeld met mitomycine-C of
paclitaxel op de eerste dag van kweek om proliferatie te remmen van de endogeen
aanwezige MFBs. Gedurende de kweekperiode van 9 dagen werd de
elektrofysiologie van deze kweken op dag 4 en dag 9 in kaart werd gebracht middels
optical mapping en patch-clamp experimenten. Apoptose werd niet significant
verhoogd door de antiproliferatieve reagentia en deze hielden de hoeveelheid MFBS
constant gedurende de kweekperiode door het remmen van de proliferatieve
capaciteit van deze cellen. Hoewel vrije MFB proliferatie de geleidingssnelheid
progressief liet afnemen tussen dag 4 en 9 (van 15.3+3.5 cm/s tot 8.8+£0.3 cm/s,
P<0.05), was de geleidingssnelheid hoger en stabiel gedurende de kweekperiode in
kweken die anti-proliferatieve behandeling hadden ontvangen. Van de fibrotische
kweken met veel fibroblasten had 81% spontane reentry aritmiéen, terwijl slechts
3% van mitomycin-C en 5% van paclitaxel behandelde kweken dergelijke aritmién
liet zien. Aritmogeniteit van de kweken was afhankelijk van de dosering van de anti-
proliferatieve drugs en was daarmee afhankelijk van de hoeveelheid MFBs. Patch-
clamp experimenten onthulden dat cardiomyocyten (CMCs) minder gedepolariseerd
en meer exciteerbaar waren na antiproliferatieve behandeling. Deze studie kan een
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rationale verschaffen voor toekomstige preventieve anti-aritmische strategién voor
fibrose-gerelateerde aritmién.

In hoofdstuk Il werd het anti-aritmische effect geévalueerd van het verminderen
van heterocellulaire koppeling tussen CMCs en MFBs. Dit werd bewerkstelligd met
shRNA’s die waren gericht tegen Cx43, die tot expressie werden gebracht in MFBs
met behulp van een lentivirale vector. In MFB-CMC co-culturen met Cx43 knockdown
was de geleiding sneller (16.0£3.2 cm/s vs. 10.614.6, P<0.05) en de actiepotentiaal
duur korter. Bovendien was de incidentie van ectopische activiteit en spontane
reentry significant lager door de reductie in heterocellulaire koppeling. Eveneens
waren CMCs minder gedepolariseerd in fibrotische co-culturen (-61.415.7 mV vs.
51.6x4.0 mV). Deze depolarisatie werd geidentificeerd als een belangrijke pro-
aritmische factor, aangezien de herintroductie van depolarisatie van het membraan
middels /x1 inhibitie met BaCl, of door het verhogen van extracellulair [K*] het anti-
aritmische effect van heterocellulaire ontkoppeling teniet deed. Deze studie
demonstreert dat MFB-geinduceerde depolarisatie zeer pro-aritmisch is, en dat
MFB-CMC koppeling een belangrijk mechanisme is van dergelijke depolarisatie.

Hoofdstuk IV onderzocht verschillen tussen pro-aritmische mechanismen van
fibrose en hypertrofie in vitro. Ondanks dat aritmién vaak voorkomen in
geremodelleerde harten, is het uitermate lastig onderscheid te maken tussen
hypertrofie- of fibrose-geassocieerde mechanismen, hoewel verschillen in pro-
aritmische mechanismen mogelijk relevant kunnen zijn voor het anti-aritmische
potentiéel van interventies. Myocardiale kweken van neonatale rattenharten
werden blootgesteld aan phenylephrine om hypertrofie te induceren, of hadden
vrijelijk proliferende MFBs als model voor fibrose. De aritmische bevindingen waren
gelijksoortig in beide groepen, die trage geleiding en repolarisatie lieten zien.
Incidenties van focale aritmién (gebaseerd op early afterdepolarizations) en reentry
aritmién waren eveneens gelijksoortig verhoogd in hypertrofische en in fibrotische
kweken. Verder onderzoek liet echter zien dat er verschillen waren in hoe deze
aritmische uitingen tot stand kwamen. Eiwitexpressie niveaus van Kv4.3 en Cx43
werden verlaagd in hypertrofie maar waren niet aangedaan in fibrose. Gedeeltelijke
ontkoppeling door toediening van een lage dosering van gap-junction
ontkoppelende stoffen was alleen anti-aritmisch in fibrotische kweken, terwijl L-type
calcium kanaal blokkade aritmién tegenging in hypertrofische kweken maar
geleidingsblokkade veroorzaakte in fibrotische kweken. Deze bevindingen
verschaffen nieuwe inzichten in hoe sterk verschillende substraat-specifieke pro-
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aritmische mechanismen kunnen leiden tot gelijksoortige aritmiciteit en hoe dit
mogelijk therapeutische werkzaamheid kan beinvioeden.

Hoofdstuk V onderzocht de mechanismen van stabiele ventriculaire fibrillatie, dat
onderhouden wordt door meerdere stabiele rotors die moeilijk te termineren zijn.
Het doel van deze studie was het correleren van veranderingen in aritmie
complexiteit met veranderingen in specifieke elektrofysiologische parameters.
Middels deze aanpak kunnen nieuwe factoren die de stabiliteit van ventriculaire
fibrillatie veranderen worden geidentificeerd, om uiteindelijk de werkzaamheid van
anti-fibrillatoire interventies te verbeteren. Hiervoor werd een nieuw in vitro model
van fibrillatie ontwikkeld, waarin een dosis-afhankelijke toename in fibrillatoire
complexiteit mogelijk werd gemaakt door het gap-junction ontkoppelende farmacon
2-aminoethoxydiphenyl boraat (2-APB). De complexiteit van aritmién in neonatale
rattenhart kweken nam toe met toenemende doseringen van 2-APB (n > 38) en
leidde tot stabiele VF: 0.0 + 0.1 phase singularities/cm? in controles versus 0.0 + 0.1,
1.0+£0.9,3.3+3.2,11.0+£10.1, en 54.3 + 21.7 in respectievelijk 5, 10, 15, 20, en 25
umol/L 2-APB. De complexiteit van aritmién was omgekeerd evenredig met de
golflengte van aritmieén. Verlengen van de golflengte gedurende fibrillatie kon
slechts worden geinduceerd met reagentia (BaCl,/BayK8644) die de actiepotentiaal
duur verlengen bij maximale activatie frequenties (de zogeheten minimale APD); 123
+32%/117 + 24% van controles. Verlenging van de minimale APD leidde tot tijdelijke
destabilisatie van fibrillatie, middels de botsing van activatie-fronten die daarmee
tot rotor terminatie leidde, gevolgd door een significante vermindering in de
complexiteit en activatiefrequentie van VF (52%/37%). Deze bevindingen werden ex
vivo gereproduceerd in adulte rattenharten (n=6 per groep). Deze resultaten laten
zien dat de stabiliteit van fibrillatie sterk afhankelijk is van de minimale APD.
Verlenging van de minimale APD leidt tot tijdelijke destabilisatie van fibrillatie en
verlaging van de complexiteit en verschaft daarmee nieuw inzicht in anti-fibrillatoire
mechanismen.

Hoofdstuk VI verkende de pro-aritmische effecten van stamceltherapie op
myocardiale kweken. Omdat weinig stamcellen na transplantatie in hart achter
blijven, is het huidige streven binnen de stamceltherapie om meer stamcellen te
laten hechten in het myocard. Het is echter onbekend of dergelijke veranderingen
tevens het pro-aritmische risico van stamceltherapie vergroten. Bovendien is het
integratie patroon van stamcellen moeilijk te reguleren in vivo. Om de pro-aritmische
mechanismen van stamcel therapie te onderzoeken werden humane mesenchymale
stamcellen (hMSCs) uitgeplaat in co-cultuur met neonatale ratten cardiomyocyten



269 | Chapter IX: Summary, Conclusions,
Discussion and Future Perspectives

in hoeveelheden van 7% of 28% in een diffuus of geclusterd patroon, waarna
elektrofysiologische eigenschappen middels optical mapping en patch-clamp
experimenten in kaart werden gebracht op dag 9 van de kweek. In diffuse co-kweken
vertraagden de hMSCs de geleiding op een dosis-afhankelijke wijze, terwijl de APD
werd verlengd. Het vertragen van de geleiding was afhankelijk van heterocellulaire
koppeling middels gap-junctions, aangezien gedeeltelijke ontkoppeling de CV
verhoogde, maar de APD niet veranderde. Omdat hMSCS geen a-smooth muscle
actinin of n-cadherine tot expressie brengen was het onwaarschijnlijk dat
mechanische heterocellulaire koppeling een significante pro-aritmische rol speelt.
Triggered activity en de induceerbaarheid van reentry werden verhoogd op een
dosis-afhankelijke manier door diffuus verspreide hMSCs. Voor co-culturen met
geclusterde hMSCs werden ter plaatse van het cluster geleidingsvertraging en APD
verlenging waargenomen. Bovendien werd alleen de induceerbaarheid van reentry
verhoogd op dosisafhankelijke wijze, terwijl triggered activity niet werd
geobserveerd. Experimenten met transwells onthulden dat het secretoom van
hMSCs op dosisafhankelijke wijze de APD, dispersie van APD en de induceerbaarheid
van reentry verhogen, terwijl de geleidingssnelheid niet was aangedaan. Exosomen
afkomstig uit dit secretoom hadden geen detecteerbare elektrofysiologische
effecten. Deze bevindingen illustreren niet alleen het pro-aritmische potentiéel van
het verhogen van het aantal getransplanteerde hMSCs, maar ook dat de specifieke
effecten worden gemedieerd door koppeling middels gap-junctions en paracriene
mechanismen. Deze studie biedt data die mogelijk helpt eventuele toekomstige pro-
aritmische effecten van stamcel therapie te voorkomen wanneer de hoeveelheid
gehechte stamcellen toeneemt voorbij de therapeutische index.

Hoofdstuk VII onderzocht een nieuwe methode om fibroblast-geassocieerde
aritmiciteit tegen te gaan, aangezien MFBs pro-aritmisch kunnen zijn middels
meerdere mechanismen die berusten op suboptimale integratie in het cardiale
syncytium. Daarom werd de toepasbaarheid van geforceerde cellulaire fusie tussen
humane ventriculaire litteken cellen (hVSCs) en nrCMCs als potentiéel anti-
aritmische strategie verkend. Hiertoe werden hVSCs geisoleerd van humane
ventriculaire littekens en in co-cultuur gebracht met nrCMCs in een ratio van 1:4.
Voor de co-cultuur werden deze hVSCs genetisch gemodificeerd middels een
lentivirale vector om zo Vesiculair-Stomatitis-G-Protein en eGFP tot expressie te
brengen en fusogene cellen te produceren, of werd slechts eGFP tot expressie
gebracht ter controle. Fusie werd geinduceerd door korte blootstelling aan zure
buffer (pH=6.0) op dag 3 van de kweek en de elektrofysiologische effecten van fusie
werden geévalueerd op dag 5 middels optical mapping. Co-expressie van fibroblast-
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specifiek collageen-l en nrCMC-specifiek a-actinine werd geobserveerd in
meerkernige cellen die zowel humane als van ratten afkomstige celkernen bevatten,
terwijl een annexin-V kleuring niet wees op verhoogde apoptose door cellulaire
fusie. Deze nrCMC-hVSC hybriden behielden sarcomerische a-actinine expressie en
contractiliteit, terwijl vimentine expressie in nrCMC-hVSC hybriden lager was dan in
niet gefuseerde hVSCs. Bovendien waren Cx43 en Cavl.2 eiwitexpressie niveaus
hoger in heterokaryons ten opzichte van ongefuseerde hVSCs. De expressie niveaus
waren niet recht evenredig met het percentage van humane kernen in
heterokaryons. Gefuseerde culturen lieten snellere geleiding (16.8+1.6 vs. 10.3+2.6
cm/s, P<0.05) en kortere actiepotentiaal duraties zien (328+56 vs. 480+70ms,
P<0.05). Heterocellulaire fusie was sterk anti-aritmisch, aangezien triggered activity
en reentry niet werden gezien (incidenties van 58%, n=12 in controles vs. 0% n=23 in
gefuseerde co-culturen). De resultaten van deze studie lieten zien dat
heterocellulaire fusie tussen hVSCs en nrCMCs haalbaar is en goed wordt
getolereerd gezien de behouden exciteerbaarheid en contractiliteit van
heterokaryons. Bovendien has heterocellulaire fusie een sterk anti-aritmisch effect
in hVSC-nrCMC co-culturen. Aangezien het nrCMC fenotype relatief dominant leek
te zijn binnen het heterokaryon, kunnen deze resultaten mogelijk nieuwe inzichten
verschaffen in anti-aritmische herprogrammering van fibroblasten.

In hoofdstuk VIII wordt een studie beschreven waarin virale vectoren worden
onderzocht die myocardiale litteken fibroblasten (MSFs) selectief kunnen
transduceren, omdat deze cellen therapeutische doelen kunnen zijn wegens de pro-
aritmische effecten van deze cellen. Van de huidige vehikels voor genetische
modificatie, zijn de adeno-associated viruses (AAV) vectoren het beste hiervoor
geschikt wegens de in vivo veiligheid en het verpsreidingsgemak door weefsels. Het
doel van deze studie was het vergelijken van de transductie van nrCMC en humane,
muis en rat MSFs door AAVs met verschillende capsiden en met transgenen die
werden gedreven door verschillende promotors. Voor dit doel werden vector shuttle
plasmiden met een LacZ gen gedreven door 9 verschillende promotors waaronder
de humane, muis en rat cytomegalovirus immediate early gene (CMV-IE)
geconstrueerd. De AAV vector genomen die werden gespecificeerd door deze
plasmiden werden verpakt in AAV serotype 2 (AAV2) capsiden. B-galactosidase
assays onthulden dat van alle CMV-IE promotors, de humane CMV-IE promotor beter
presteerde dan de murine of rat CMV-IE promotors in humane MSFs, terwijl de
murine of rat CMV-IE promotors actiever waren in murine en rat MSFs. Van alle 9
promoters die werden getest was de human eukaryotic translation elongation factor
1 alpha 1 (hEFla) promotor het meest actief in murine en rat MSFs terwijl de Rous
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sarcoma virus (RSV) promotor de hoogste transgen expressie genereerde in nrCMCs.
Een vergelijking van de transductie efficiéntie van rat MSFs en nrCMCs met AAV2
vectoren met capsiden van AAV serotypes 2, 5, 6, 8 en 9 liet zien dat transductie van
rat MSFs het meest efficiént is met AAV2/2 vectoren terwijl AAV2/9 de nrCMCs het
beste transduceerde. In conclusie werd de hoogste transgen expressie in ratten
MSFs verkregen door transductie met een hEFla promotor in een AAV2/2 vector,
terwijl transgen expressie in nrCMCs het hoogste was na transductie met een
AAV2/9 vector waarvan de transgen expressie wordt gecontroleerd door de RSV
promoter.

Concluderend zijn MFBs een mogelijk aangrijpingspunt voor verschillende anti-
aritmische interventies in de context van cardiale fibrose. Door het verlagen van de
proliferatieve capaciteit van MFBs kunnen de hoeveelheden en daarmee de dosis-
afhankelijke effecten van MFBs worden beperkt in vitro. Echter, wegens de kans op
ernstige systemische bijwerkingen van anti-proliferatieve behandeling is het
wenselijk om MFB-geinduceerde depolarisatie op specifiekere wijze aan te pakken.
Een dergelijke aanpak werd eveneens onderzocht in dit proefschrift, waarbij
heterocellulaire ontkoppeling middels farmaca of genetische Cx43 downregulatie in
MFBs werd bewerkstelligd en significante anti-aritmische effecten had op basis van
het pro-aritmische mechanisme. Een alternatieve aanpak was heterocellulaire fusie,
waardoor fibrotische co-culturen sneller geleidden, repolariseerden en minder
aritmién vormden in vergelijking met ongefuseerde co-culturen. Dit proefschrift
benadrukt het belang van het aanpakken van dergelijke substraat-specifieke
mechanismen met de demonstratie dat hypertrofische kweken niet gebaat zijn bij
dezelfde anti-aritmische interventies als fibrotische kweken ondanks de nagenoeg
identieke aritmische bevindingen. Hypertrofische kweken leden echter aan
intrinsieke elektrische remodelering en behoefden andere interventies ter
voorkoming van aritmiéen. Via het aanpakken van belangrijke aritmische
parameters, die worden bepaald door het onderliggende substraat, konden
substantiéle anti-aritmische effecten worden bereikt in deze modellen. Dit concept
werd verder verkend door te demonstreren dat de minimale APD de sleutel
parameter is die de aritmische complexiteit bepaald in een in vitro en ex vivo model
van ventriculaire fibrillatie. Dit proefschrift verschaft eveneens bewijs voor dosis-
afhankelijke pro-aritmische mechanismen van MSC transplantatie. Ter
samenvatting, demonstreert dit proefschrift meerdere cellulaire en moleculaire
aritmische mechanismen in meerdere pro-aritmische substraten, en hoe deze
mechanismen kunnen worden aangepakt middels nieuwe anti-aritmische
interventies.
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Discussie en toekomst perspectieven

In vitro ziekte-modellen en de optimalisatie van anti-aritmische behandeling

Hoewel huidige anti-aritmische behandelingen de patiént ten goede komen, kan de
suboptimale werkzaamheid van deze strategién mogelijk worden toegeschreven aan
een incompleet begrip van het onderliggende pro-aritmische substraat (zie de
algemene inleiding van dit proefschrift). In de klinische cardiologie werd gereageerd
op deze realisatie met het opstellen van de Sicilian Gambit, een stelling die de
complexiteit van aritmién en de onhaalbaarheid van adequate behandeling van
verschillende aritmién met dezelfde middelen zonder begrip van de onderliggende
mechanismen erkende.! De Sicillian Gambit stelde het concept van de kwetsbare
parameter voor, hetgeen de kritische parameter is om te veranderen voor optimale
anti-aritmische effecten.? Om zulke parameters te kunnen onderzoeken is basaal
onderzoek dat gebruik maakt van in vitro en in vivo modellen om pro-aritmische
substraten te identificeren en modificeren essentiéel om huidige kennis en
therapeutische werkzaamheid van anti-aritmische drugs te verbeteren.? Dergelijke
ziektemodellen worden over het algemeen ontwikkeld wegens de mogelijkheid tot
gestandaardiseerde interpretatie van onderzoeksresultaten. Voor dit doeleinde
versimpelen de meeste simulatie- en in vitro studies die gebruik maken van
zogeheten monolayers de 3-dimensionale cardiale structuur tot een 2-dimensionale
structuur waarin pro-aritmische mechanismen en kenmerken in groter detail kunnen
worden onderzocht. Bovendien faciliteert de 2-dimensionale simplificatie de
interpretatie van data, die in de 3-dimensionale context van aritmién uiterst complex
kunnen zijn. Tevens is er typisch een hoge mate van controle over de experimentele
omgeving bij in vitro modellen, waardoor het mogelijk is sleutelcomponenten te
isoleren en te onderzoeken. Door te starten met een versimpeld ziekte model en
vervolgens geleidelijk de complexiteit van het model te verhogen, kunnen niet alleen
nieuwe pro-aritmische mechanismen worden verkend die in vivo moeilijk te
onderzoeken zijn, maar is het eveneens mogelijk de bevindingen uit deze modellen
te extrapoleren naar klinisch meer relevante in vivo situaties. Een voorbeeld van een
dergelijk concept van een kwetsbare parameter onderzocht in een versimpeld model
binnen dit proefschrift is de minimale actiepotentiaal duratie (Hoofdstuk V), hetgeen
de refractaire status bepaalt van weefsel gedurende fibrillatie. In het
gepresenteerde 2-dimensionale in vitro model van ventriculaire fibrillatie dat werd
geinduceerd middels ontkoppeling van gap-junctions, veroorzaakte verlenging van
de minimale APD een reductie in de aritmische complexiteit, hetgeen eerder werd
voorspeld door in silico studies. Het mechanisme van complexiteit reductie berustte
op tijdelijke destabilisatie van de aritmie, hetgeen alleen in dit model bestudeerd
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kon worden gezien de relatieve simpliciteit. Bovendien werd middels replicatie van
hetzelfde model in adulte ratten harten ex vivo gedemonstreerd dat het in silico en
in vitro concept van minimale APD verlenging relevant bleef in de adulte 3-
dimensionele situatie. Door de complexiteit van de in vivo modellen verder te
vergroten richting grotere dieren kunnen de bevindingen uit versimpelde modellen
uiteindelijk relevant blijken in de behandeling van humaan ventrikelfibrilleren.

Behalve de simplificatie van pro-aritmische substraten, kunnen in vitro modellen
tevens een platform bieden waarin gewoonlijk tegelijk voorkomende substraten
afzonderlijk kunnen worden onderzocht, zodat er onderscheid tussen pro-aritmische
mechanismen kan worden gemaakt en deze uitvoeriger kunnen worden onderzocht.
Een voorbeeld van een dergelijke aanpak in dit proefschrift is in het geval van
hypertrofie en fibrose welke vaak samen voorkomen bij cardiale remodelering.* Een
interessante bevinding was dat aritmische bevindingen in elk van deze afzonderlijke
substraten nagenoeg gelijk waren in vitro. De onderliggende pro-aritmische
mechanismen verschilden echter significant. Deze verschillen impliceren dat ieder
substraat mogelijk een specifieke pro-aritmische behandeling behoeft. Ongeacht het
mechanistische inzicht dat dergelijke studies kunnen verschaffen is het belangrijk om
waakzaam te blijven tegen het overdrijven van de implicaties van in vitro modellen
voor in vivo situaties aangezien het overmatig versimpelen van de in vivo situatie een
potentieel gevaar is van in vitro onderzoek. Daarom moet in acht worden genomen
wat het model tracht na te bootsen en hoe dit wordt bewerkstelligd. In het huidige
voorbeeld werd fibrose nagebootst door uitgebreide MFB proliferatie, hetgeen een
kenmerk is van in vivo fibrose en zelfs in afwezigheid van de eveneens bekende
excessieve matrix depositie een zeer pro-aritmisch model produceerde. In vitro
hypertrofie werd behaald door behandeling van CMCs met fenylefrine, een ail-
agonist waarvan het belang voor in vivo inductie van hypertrofie bekend is.
Hypertrofie kan echter ook worden geinduceerd door andere stoffen en is in vivo
vaak een resultaat van veranderde druk- en volumebelasting in combinatie met
hormonale veranderingen. Het is daarom moeilijk te bepalen waar in vitro
hypertrofie past in de schaal van progressieve hypertrofie en hartfalen die wordt
geobserveerd gedurende cardiale remodelering in vivo. Wegens het sterke pro-
aritmische fenotype van het gebruikte model van hypertrofie is het waarschijnlijk dat
het overeenkomt met een eindstadium van hypertrofie en is derhalve mogelijk
relevant voor de behandeling van aritmiéen in het hartfalen stadium. Omdat fibrose
zelfstandig als pro-aritmisch substraat kan functioneren, is het ironisch dat in het
hartfalen stadium van cardiale remodelering vaak eveneens fibrose wordt
geobserveerd aangezien zowel hypertrofie als fibrose compensatoire mechanismen



Cellular and Molecular Pro-Arrhythmic|274
Mechanisms in Cardiac Fibrosis and Beyond

zijn tegen cardiale overbelasting. Bovendien kan de uitgebreidheid van fibrose en
hypertrofie verschillen tussen patiénten, en daarom varieert mogelijk de
betrokkenheid van individuele substraat-specifieke mechanismen in verschillende
patiénten tijdens verschillende stadia van cardiale remodelering. Buiten dat het
gelijktijdig bestaan van deze twee substraten de initiéle motivatie was achter het
onderzoek naar de individuele pro-aritmische mechanismen, kan dit tevens een
reden zijn voor de keuze van vooral symptomatische anti-aritmische behandelingen
wegens de veronderstelde complexiteit. Aangezien beide substraten vrijwel
gelijkwaardige pro-aritmische kenmerken bezitten kan behandeling van slechts één
substraat mogelijk onvoldoende anti-aritmisch effect behalen wegens het bestaan
van een ander, minder gevoelig pro-aritmisch substraat. Derhalve is het mogelijk
meer haalbaar om een gemeenschappelijk pro-aritmisch kenmerk te behandelen
wanneer meerdere pro-aritmische mechanismen werkzaam zijn, dan te trachten
verschillende pro-aritmische substraten te behandelen in proportie tot de
aanwezigheid in een hart op moment van behandeling. In het voorbeeld van de
gebruikte modellen van hypertrofie en fibrose behaalt het aanpakken van de
gemeenschappelijke APD verlenging in zulke substraten mogelijk positieve
resultaten. De complexiteit van gecombineerde pro-aritmische substraten leidt
echter ook tot een behoefte aan uitgebreider onderzoek van pro-aritmische
substraten teneinde anti-aritmische drug-regimes te optimaliseren.

Het concept van substraat-specifieke interventie past binnen het opkomende
paradigma van patiéntenzorg als maatwerk, waarin de complexiteit van ziekten
steeds meer wordt erkend en wordt beantwoord met het onderzoek en gebruik van
mechanisme-specifieke interventies. De erkenning van de complexiteit van niet
slechts aritmién maar humane ziekte in het algemeen is een drijfveer geweest voor
het onderzoek naar de mogelijkheid tot patiént-specifieke medicijn-testen middels
induced pluripotent stem cells (iPS cellen).> Met behulp van genetisch modificatie
van somatische cellen middels enkele transcriptiefactoren dedifferentiéren deze
cellen tot een op embryonale stamcel gelijkend fenotype, waarna deze kunnen
differentiéren naar verschillende patiént-specifieke cellijnen waaronder
cardiomyocyten. Hoewel de uitrijping en puurheid van iPS-afgeleide cardiomyocyten
obstakels zijn die overkomen dienen te worden voor daadwerkelijke klinische
relevantie, is deze aanpak veelbelovend voor het biologische onderzoeksveld.® Als
alternatief wordt er gestreefd naar de mogelijkheid van het direct reprogrammeren
van eenvoudig verkrijgbare somatische cellen tot CMCs.” Met dergelijke technieken
kunnen patient-specifieke celtypen zoals cardiomyocyten, die normaliter moeilijk te
verkrijgen zijn, worden gekweekt en kan de respons op verschillende farmaca
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worden getest.® Zodoende kan optimale medicijn selectie worden gerealiseerd op
patiént-specifieke wijze, hetgeen de therapeutische werkzaamheid van
farmacologische behandeling kan optimaliseren. Door deze techniek te combineren
met reeds bestaande in vitro modellen van verschillende pro-aritmische substraten,
kan ons begrip van aritmién uiteindelijk toereikend zijn om alle patiénten
farmacologisch optimaal te behandelen door op maat gemaakte anti-aritmische
patiént-specifieke drug regimes.

Het aanpakken van de MFB in vivo als anti-aritmische strategie

De werkzaamheid van anti-aritmica is vooral gebaseerd op symptomatische
verlichting. Hierdoor worden onderliggende pro-aritmische substraten zoals cardiale
remodelering niet gemodificeerd ondanks de prominente rol in aritmogenese. Het is
daarom mogelijk dat het bewerkstelligen van intrinsieke veranderingen van pro-
aritmische substraten door ziekte-modificerende medicijnen, genetische modificatie
of celtherapie kan leiden tot meer optimale en langdurige resultaten dan wat
behaald kan worden met farmacologische behandeling. In het geval van fibrose
genieten MFBs sinds recentelijk steeds meer aandacht als potentiéle hoofdrolspelers
in fibrose-geassocieerde aritmieén. Hoewel deze cellen initieel werden
verondersteld een nagenoeg latent te zijn en gedacht werd dat zij slechts de
extracellulaire matrix onderhielden, is recentelijk ontdekt dat MFBs functioneel
kunnen koppelen met CMCs hetgeen impliceert dat deze cellen een actieve rol
kunnen spelen in de context van fibrose-geassocieerde aritmieén.® Sindsdien is
gebleken dat heterocellulaire koppeling tussen CMCs en MFBs op dosis-afhankelijke
wijze geleiding vertraagt,’® ectopische activiteit verhoogt!! en de neiging tot het
vormen van reentry aritmieén vergroot.’> Alhoewel deze in vitro experimenten,
gesteund door in silico simulaties,® veelbelovende concepten aan de orde brengen
die ons begrip van aritmién verbeteren is een vertaling naar in vivo situaties moeilijk.
Daarom is de klinische relevantie van dergelijke bevindingen een voorspelbaar
onderwerp van discussie. Een voorbeeld van een dergelijke discussie betreft de
klinische relevantie van heterocellulaire koppeling tussen MFBs en CMCs, hetgeen
tot op heden niet duidelijk is aangetoond in vivo.**'® Functionele koppeling tussen
toegediende, genetisch gelabelde cellen en myocard is aangetoond in vivo,” maar
onomstotelijk bewijs van koppeling tussen endogeen aanwezige en daardoor
ongelabelde cellen is moeilijk te realiseren vanuit technisch oogpunt. Alhoewel het
bewijzen van het bestaan van functionele heterocellulaire koppeling in vivo een
technische uitdaging vormt, is het vele malen uitdagender om met onomstotelijk
bewijs het bestaan van dergelijke mechanismen uit te sluiten. Een verder
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complicerende factor van MFB-geinduceerde aritmieén is het gegeven dat tevens
mechanische koppeling en paracriene mechanismen een mogelijke rol spelen.!®1°
Aangezien deze bevindingen in lijn liggen met het slechts gedeeltelijke herstel van
elektrofysiologische functie na heterocellulaire ontkoppeling in vitro (Hoofdstuk I11),
is het mogelijk dat, om fibrose-geassocieerde aritmiéen effectief te behandelen in
vivo, het gehele fenotype van de MFB aangepast moet worden in plaats van ieder
afzonderlijk pro-aritmisch mechanisme te behandelen. Bovendien zou een
interventie die de gehele MFB modificeert ook de extracellulaire matrix depositie
kunnen aantasten, een belangrijk pro-aritmisch kenmerk van fibrose in vivo dat tot
op heden nauwelijks te onderzoeken is in vitro.?° Een mogelijk haalbare aanpak van
de gehele MFB werd gedemonstreerd in Hoofdstuk I, waarin remming van MFB
proliferatie sterke anti-aritmische effecten teweeg bracht. Omdat MFBs pro-
aritmische effecten op een dosis-afhankelijke wijze, zal het verlagen van de
hoeveelheid aanwezige MFBs indirect de pro-aritmische effecten van alle bekende
en onbekende pro-aritmische mechanismen tegengaan. Het verminderen van de
proliferatieve capaciteit van MFBs voorkomt excessieve littekenformatie in non-
cardiaal weefsel, waarbij tevens extracellulaire matrix depositie is verminderd.?! Het
is te verwachten dat in toenemende mate bewijs wordt geleverd dat een dergelijke
strategie tevens anti-aritmische effecten teweeg kan brengen in vivo.?>® Echter is
het van groot belang te erkennen dat proliferatie-remmende stoffen berucht zijn
wegens ernstige, vaak systemische neveneffecten en ongewenste binding aan
gevoelige, perifere celtypen. De meerwaarde die genetische modificatie kan bieden
boven farmacologische behandeling is substantieel, zoals langere
werkzaamheidsduur en verminderde neveneffecten door selectieve transductie van
specifieke cel- en weefseltypen door gebruik te maken van celtype-specifieke
promotors en virussen met weefsel-specifiek tropisme. Hierdoor is het preferabel
het gedrag van MFBs te moduleren middels genetische modificatie. Een voorbeeld
hiervan is het verlagen van myocardin-related transcription factor-a, waardoor
myofibroblast activatie wordt verhinderd hetgeen resulteert in een sterk verlaagde
pro-fibrotische respons van deze cellen in vivo.?*

Een gelijksoortige anti-aritmische benadering die de gehele MFB modificeert is
cellulaire herprogrammering, met als doel de MFB te forceren zich te gedragen als
een celtype met minder schadelijke gevolgen voor de hartfunctie, zoals stamcellen
of zelfs CMCs. Hoewel cellulaire herprogrammering initieel werd gerealiseerd door
nucleaire herprogrammering?®> wordt cellulaire herprogrammering van MFBs tot
stamcellen of CMCs tegenwoordig bewerkstelligd door genetische modificatie met
enkele transcriptie factoren, alhoewel deze aanpak vooralsnog als inefficiént wordt
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beschouwd.” In deze context zou geforceerde heterocellulaire fusie zoals onderzocht
in dit proefschrift een toekomstige alternatieve route kunnen bieden voor anti-
aritmische MFB herprogrammering, aangezien fusie kan worden gebruikt voor
genetische herprogrammering van cellen.?® Als alternatief kunnen MFBs genetisch
worden gemodificeerd om qua elektrofysiologie een CMC gedeeltelijk na te bootsen
door expressie te forceren van Cx43 en de ionkanalen Kir2.1 en Nav1.5, hetgeen ook
voorspelbare anti-aritmische effecten heeft.?6?” Een nieuwe methode van
genetische modificatie is optogenetica, waarmee transgen activiteit kan worden
gereguleerd door middel van blootstelling aan licht. Recentelijk is zelf optische
controle over eiwitactiviteit gedemonstreerd.?® Dergelijke verfijnde methoden laten
het toe om een genetische interventie precies te richten en timen, hetgeen wegens
de complexiteit van aritmische substraten een krachtige mogelijkheid is voor het
onderzoek en de toekomstige behandeling van pro-aritmische mechanismen.
Optogenetica is gebaseerd op de lichtgevoelige rhodopsines en is binnen
neurologisch onderzoek inmiddels een bewezen krachtige techniek die in de
toekomst mogelijk gebruikt kan worden om CMCs danwel MFBs te modificeren.?®
Ongeacht de wijze waarop MFBs zullen worden aangepakt in toekomstig in vivo
onderzoek zullen de voortschrijdende inzichten in de pro-aritmische mechanismen
van MFBs alsmede de vooruitgang in biotechnologie blijven leiden tot nieuwe anti-
aritmische strategiéen voor de voorzienbare toekomst, die uiteindelijk kunnen
resulteren in optimale substraat-georiénteerde behandeling van fibrose-
geassocieerde aritmiéen.

Het modificeren van een substraat voorbij de pro-aritmische mechanismen als de
ultieme anti-aritmische strategie

Sinds de ontdekking van de microscoop persisteert binnen de wetenschap het idee
dat het nader bekijken van bepaalde fenomenen de beste wijze is om de
onderliggende mechanismen te begrijpen. Zoals reeds besproken, worden pro-
aritmische mechanismen als aangrijpingspunt gezien voor meer adequate
toekomstige anti-aritmische behandeling. Daarom zullen voorlopig experimenten
die diep gelegen pro-aritmische mechanismen onderzoeken nodig blijven om
aritmiéen tot in de diepste details te kunnen begrijpen. De snel uitbreidende kennis
betreffende verschillende pro-aritmische mechanismen wijst er echter op dat de
complexiteit van het behandelen van deze mechanismen in alle substraten te hoog
is om in de nabije toekomst optimale anti-aritmische therapieén te realiseren.
Wegens de huidige uitbreidende epidemie van atriumfibrilleren en structurele
hartziekte is het nodig tijdig actie te ondernemen tegen pro-aritmische substraten.
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Ondanks dat het behandelen van pro-aritmische mechanismen van individuele
substraten zoals fibrose en hypertrofie uiteindelijk kunnen leiden tot een
geoptimaliseerde anti-aritmische behandeling, zijn deze pro-aritmische substraten
tevens geassocieerd met verminderde mechanische hartfunctie die vervolgens
systemische co-morbiditeit kan veroorzaken zoals thrombus-vorming met
embolisatie en vermoeidheid. Waar cardiale hypertrofie erop is gericht om cardiale
output te handhaven, is cardiale fibrose een respons op drukoverbelasting om zo de
structurele integriteit van het hart te behouden. Dit resulteert in veranderde
contractiliteit en cardiale stijfheid, het geen op zichzelf pro-aritmische
consequenties kan hebben. Daarom zou het nodig kunnen zijn het gehele structurele
substraat te modificeren om de gehele aritmogeniteit te behandelen. Een dergelijke
strategie is stamceltherapie, waarvan wordt verondersteld dat het meerdere
nadelige aspecten van structurele hartziekten positief beinvioedt of zelfs kan
omkeren waardoor het mogelijk anti-aritmische effecten kan bewerkstelligen op een
hoger organisatieniveau dan individuele pro-aritmische mechanismen. Initieel was
de rationale achter cardiale stamceltherapie het vervangen van verloren
exciteerbare cardiomyocyten in fibrotisch myocard door middel van toediening van
cellen die in staat waren tot cardiale differentiatie om zodoende aritmiéen tegen te
gaan. Het potentieel tot cardiale differentiatie van dergelijke cellen is echter
teleurstellend laag.3® De laatste jaren wordt verondersteld dat het kleine maar
significante therapeutische effect van stamceltherapie berust op paracriene effecten
die structurele hartziekte ten goede beinvloeden.3! Wegens de lage hoeveelheid
stamcellen die achterblijft bij stamceltherapie, is het huidige streven binnen
stamcelonderzoek om de werkzaamheid van deze therapie te verhogen door meer
stamcellen in het myocard achter te laten middels verschillende technieken
waaronder tissue engineering en genetische of magnetische modificatie van
cellen.323% Echter, zoals gedemonstreerd in dit proefschrift, kunnen dergelijke
strategieén pro-aritmische effecten hebben, aangezien mesenchymale stamcellen
middels heterocelulaire koppeling en non-exosomale paracriene activiteit pro-
aritmische effecten hebben op CMCs op dosisafhankelijke wijze. In deze context
moet worden verhelderd of de voordelige effecten van stamceltherapie berusten op
de afgifte van exosomen, hetgeen kleine lipide vesikels zijn die mRNA, miRNA en
eiwit bevatten.3>3¢ Aangezien exosomen in onze studie geen significante pro-
aritmische effecten liet zien, kunnen deze componenten van het MSC secretoom een
toekomstig, veilig alternatief voor celtherapie vormen dat mogelijk het substraat
positief beinvloed zonder de pro-aritmische effecten. Behalve stamceltherapie zijn
er methoden als angiotensine-Il blokkade waarmee fibrose in het geheel wordt
tegengegaan, waardoor indirecte anti-aritmische effecten kunnen worden bereikt
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op een organisatieniveau boven individuele pro-aritmische mechanismen.3” Als
alternatief kan anti-fibrotische reprogrammering door verlaging van
transcriptiefactor expressive in MFBs een haalbare anti-aritmische strategie zijn die
tevens mechanische cardiale functie zou kunnen verbeteren.?* Zulke benaderingen
profiteren van vorderingen in selectieve genetische modificatie waarin specifieke
celtypen worden aangepakt middels AAV technologie zoals beschreven in dit
proefschrift. Bovendien wordt behandeling middels AAVs mogelijk relatief spoedig
opgenomen in de kliniek, aangezien fase-I en fase-Il klinische trials die het succes van
dergelijke strategieén demonstreren inmiddels worden beschreven.383°
Samenvattend vragen alle strategieén die nu of in de nabije toekomst beschikbaar
zijn om pro-aritmische mechanismen te onderzoeken en te behandelen meer
aandacht, toewijding en onderzoek door de wetenschappelijke gemeenschap,
hetgeen uiteindelijk kan leiden tot de beste anti-aritmische strategie die kan worden
bereikt: het genezen van een pro-aritmisch substraat in plaats van het slechts te
behandelen.
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