Cover Page

The handle http://hdl.handle.net/1887/22862 holds various files of this Leiden University
dissertation

Author: Askar, Said F.A.

Title: Cellular and molecular mechanisms of arrhythmias in cardiac fibrosis and beyond :
from symptoms to substrates towards solutions

Issue Date: 2013-12-11


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/22862

95| Chapter IV: Similar Arrhythmicity by Distinct
Substrate-Specific Mechanisms

Cellular and Molecular Mechanisms of Arrhythmias in
Cardiac Fibrosis and Beyond:
From Symptoms to Substrates towards Solutions



Cellular and Molecular Pro-Arrhythmic]|96
Mechanisms in Cardiac Fibrosis and Beyond

Chapter IV

Similar Arrhythmicity in Hypertrophic and Fibrotic
Cardiac Cultures Caused by Distinct Substrate-Specific
Mechanisms

Substrate-Dependent Arrhythmic Mechanisms

Said F. A. Askar, MSc*; Brian O. Bingen, MD*; Martin J. Schalij, MD, PhD; Jim
Swildens, Msc; Douwe E. Atsma, MD, PhD; Cindy I|. Schutte, BSc; Antoine A. F. de
Vries, PhD; Katja Zeppenfeld, MD, PhD; Dirk L. Ypey, PhD; Daniél A. Pijnappels, PhD.

*Equal contribution

Adapted from Cardiovasc Res 2013;97:171-181



97| Chapter IV: Similar Arrhythmicity by Distinct
Substrate-Specific Mechanisms

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
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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.



Cellular and Molecular Pro-Arrhythmic| 104
Mechanisms in Cardiac Fibrosis and Beyond

A Col-l a-actinin DNA

(-]
o
]

60+

MFB percentage (%)
-
T

Fibrotic

T
Control Fibrotic

c Cx43 a-actinin DNA

Cx43 expression (arb. units)

CMC-CMC CMC-MFB

T

L] w
& o
A 1 A J

-
o
1

D

L 4

-
LS
[

ANP expression (Arb. Units)

0

Fibrotic 4@ 15 Control Fibrotic

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
control myocardial culture showing
uniform and rapid propagation (6ms
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non-high-pass filtered and spatially
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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.
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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.
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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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