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Electrotonic Myofibroblast-to-Myocyte Coupling Increases Propensity to
Reentrant Arrhythmias in Two-Dimensional Cardiac Monolayers

Sharon Zlochiver,* Viviana Mufoz,*' Karen L. Vikstrom,* Steven M. Taffet,¥ Omer Berenfeld,* and José Jalife*

*Center for Arrhythmia Research, University of Michigan, Ann Arbor, Michigan; and *SUNY Upstate Medical University,
Syracuse, New York

ABSTRACT In pathological conditions such as ischemic cardiomyopathy and heart failure, differentiation of fibroblasts into
myofibroblasts may result in myocyte-fibroblast electrical coupling via gap junctions. We hypothesized that myofibroblast pro-
liferation and increased heterocellular coupling significantly alter two-dimensional cardiac wave propagation and reentry dynamics.
Co-cultures of myocytes and myofibroblasts from neonatal rat ventricles were optically mapped using a voltage-sensitive dye during
pacing and sustained reentry. The myofibroblast/myocyte ratio was changed systematically, and junctional coupling of the
myofibroblasts was reduced or increased using silencing RNAi or adenoviral overexpression of Cx43, respectively. Numerical
simulations in two-dimensional models were used to quantify the effects of heterocellular coupling on conduction velocity (CV) and
reentry dynamics. In both simulations and experiments, reentry frequency and CV diminished with larger myofibroblast/myocyte
area ratios; complexity of propagation increased, resulting in wave fractionation and reentry multiplication. The relationship between
CV and coupling was biphasic: an initial decrease in CV was followed by an increase as heterocellular coupling increased. Low
heterocellular coupling resulted in fragmented and wavy wavefronts; at high coupling wavefronts became smoother. Heterocellular
coupling alters conduction velocity, reentry stability, and complexity of wave propagation. The results provide novel insight into the
mechanisms whereby electrical myocyte-myofibroblast interactions modify wave propagation and the propensity to reentrant

arrhythmias.

INTRODUCTION

Cardiac fibroblast proliferation and concomitant collagenous
matrix accumulation (fibrosis) develop during myocardial
remodeling in ischemic, hypertensive, hypertrophic, and di-
lated cardiomyopathies (1); arrhythmogenic right ventricular
cardiomyopathy (2); and heart failure. Fibrosis has been
implicated in arrhythmia initiation and maintenance affect-
ing electrical propagation through slow, discontinuous con-
duction with ‘‘zigzag’ propagation (3,4), reduced regional
coupling (5), abrupt changes in fibrotic bundle size (6), and
micro-anatomical reentry (7). Most clinical, experimental,
and numerical studies have regarded fibroblasts and fibrosis
as electrically insulating obstacles, although some evidence
of fibroblast-to-myocyte electrical coupling was shown in the
rabbit SA node (8). However, heart injury promotes fibro-
blast differentiation into myofibroblasts (9), which have been
shown to be coupled electrotonically to myocytes in vitro
(10-14).

Despite accumulating evidence of potential heterocel-
lular electrical coupling in the diseased myocardium and its
implications in arrhythmogenesis, the electrophysiological
interplay between myofibroblasts and their neighboring
myocytes has not been studied in detail. Myofibroblasts are
unexcitable cells; their resting membrane potential is less
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negative than myocytes, and their membrane resistance is
higher (13,15,16). These characteristics suggest that myofi-
broblasts may function as a sink for electrical charge and as
short and long-range conductors (17).

We characterized the effect of heterocellular electrotonic
coupling on wave propagation and arrhythmogenesis in myocyte-
myofibroblast co-cultures and in numerical models. In the
experiments, we employed connexin43 (Cx43) silencing and
overexpression techniques to modify the heterocellular cou-
pling. Simulations provided additional mechanistic insights
by examining activation patterns and dissecting unique contri-
butions of electrotonic coupling and myofibroblast/myocyte
ratio.

METHODS
Heterocellular co-cultures

Cardiocytes from neonatal Sprague-Dawley rats (Charles River, MA) were
isolated and cultured according to methods adapted from Miragoli et al (12).
All procedures followed institutional guidelines. Briefly, hearts from 1- and
2-day-old rats were aseptically removed and collected in calcium-and-
magnesium-free Hank’s balanced salt solution (HBSS). Finely minced
ventricles were digested in 0.125% trypsin (Roche Applied Science,
Indianapolis, IN) and 0.15% pancreatin (Sigma, St. Louis, MO) at 37°C in
consecutive 15-min steps. Cell suspensions were centrifuged and re-
suspended in medium M199 (Cambrex, East Rutherford, NJ) containing
10% fetal bovine serum (FBS) (Cellgro, Lawrence, KS), 20 units/mL peni-
cillin, 20 wg/mL streptomycin. For co-cultures in which myofibroblasts re-
quired no treatment before co-culture with myocytes, the heterocellular cell
suspension was plated at different cell densities in 35 mm collagen type IV
(Sigma)-coated tissue culture dishes to allow myofibroblasts to proliferate
resulting in confluent monolayers with varying myocyte/myofibroblast ra-
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tios. For cultures in which a low myofibroblast/myocyte ratio was desired,
the myofibroblasts were depleted through a two-hour differential preplating.
The myofibroblast-rich population obtained during the preplating step was
kept under conditions identical to the myocytes. After 6 days in culture
myofibroblasts were treated with Cx43 silencing or overexpression agents
(see next section) and plated with freshly dissociated myocytes at varying
myofibroblast/myocyte ratios. Bromodeoxyuridine was added to the growth
media to minimize cell proliferation with consequent RNAi/adenoviral di-
lution loss. Media changes (with 5% FBS medium) were performed 24 and
72 hr after seeding. Experiments were carried out after 4 additional days in
culture at 37°C. In uniform myocyte cultures, the average phase 0 upstroke
velocity was 40 V/sec, and the action potential duration (APD) at 80% re-
polarization (APD80) at 2Hz pacing was 205 = 20 ms.

Cx43 silencing

Myofibroblasts were transfected with a custom-designed rat-specific Stealth
RNAI construct directed against Cx43 (sequence: GGCUUGCUGAGA-
ACCUACAUCAUCA) (Invitrogen, Carlsbad, CA) before co-culture with
myocytes. The sequence GAUACACUGCGUUUCGCUUCGAGUA was
used as a negative control. RNAI transfection was performed before co-
culture with myocytes using Lipofectamine RNAiIMAX (Invitrogen) in se-
rum-free M199 medium without antibiotics. Serum was restored after 4 hr.
RNAI uptake in myofibroblasts was assessed using BLOCK-iT™ Control
Fluorescent Oligo (Invitrogen), and transfection efficiency was found to be
~80% (Supplementary Material, Data S1).

Cx43 overexpression

We used an AdenoExpress Ad5.CMV-hCx43 (MP Biomedicals, Irvine, CA)
adenoviral construct with an AdS subtype delta L327, El1 deleted viral
backbone with a CMV promoter to overexpress Cx43 in myofibroblast-rich
cultures. Myofibroblasts were incubated with the virus at a multiplicity of
infection of 5 during 4 hr before co-culture with myocytes. Control myofi-
broblasts were infected with a GFP adenovirus (Ad_GFP) at the same
multiplicity of infection.

Immunohistochemistry

Cells were fixed with 4% paraformaldehyde/phosphate buffered saline PBS,
permeabilized with 0.1% Triton/(PBS) and blocked with 5% normal donkey
serum/0.05% Tween20 in PBS. Myocytes were identified using a mouse
monoclonal antibody directed against sarcomeric a-actinin (Sigma) and a
horseradish peroxidase-conjugated secondary antibody (Jackson Immuno-
research, West Grove, PA) in combination with Nova Red horseradish per-
oxidase substrate (Vector Laboratories, Burlingame, CA). Cx43 expression
was assessed in sparsely plated heterocellular preparations using a rabbit
primary antibody (Chemicon, Billerica, MA) and fluorochrome-labeled
secondary antibodies (Jackson Immunoresearch). Nuclei were stained with
4*,6-Diamidino-2-phenylindole (DAPI). Images were obtained on a Zeiss
Axioplan 2e imager equipped with structured illumination (Apotome).

Western blotting

Western immunoblots were performed using anti-Cx43 polyclonal and anti-
B-actin monoclonal primary antibodies (Chemicon) diluted to 1:1000 in
blocking buffer (5% nonfat dry milk in PBS with 0.05% Tween20). Incu-
bation in primary antibodies was done overnight at 4°C. Incubation in
horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG
(Jackson Immunoresearch) (1:10000 dilution) was done in blocking solution
for 60 min at room temperature. Immunoreactive bands were visualized with
chemiluminescent (Pierce, Rockford, IL). Quantification of the Western blot
results was obtained using a BioRad ChemiDoc system.
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Optical Mapping

Culture dishes were placed on a heating chamber and continuously super-
fused at 37°C with HBSS (Sigma) containing (in mmol/L): CaCl, (1.6), KC1
(5.4), MgSO, (0.8), KH,PO, (0.4), NaHCO; (4.2), NaCl (136.9), NaHPO,
(0.3), D-Glucose (5.5), and HEPES (10); and NaOH (pH 7.4). Unless oth-
erwise stated, quiescent preparations were paced (pulse duration, 5 ms;
strength, 2X diastolic threshold) using a thin extracellular bipolar electrode.
Pacing frequencies started at 1 Hz and increased until loss of 1:1 capture or
initiation of reentry. When reentry did not occur spontaneously, it was in-
duced by burst pacing. Membrane voltage was recorded after staining
the monolayers with di-8-ANEPPS (40 umol/L) (Invitrogen) for 10 min.
Four-second movies were obtained at 500 frames/s (LabWindows Acquisi-
tion) using an 80 X 80 pixel CCD camera (SciMeasure Analytical Systems,
Decatur, GA). Phototoxicity was minimized by limiting light exposure to
10-50 s. Signals were amplified, filtered, and digitized for offline analysis.
No electromechanical uncouplers were used.

Optical data analysis

Conduction velocity (CV) was measured based on local conduction vectors
determined in a central area of the preparations as described (18). Sites of
wavebreak marked by phase singularities (PSs) were identified in phase maps
(19). PSs are defined as sites toward which all phases of the action potential
converge and around which the continuous spatial phase change reflects the
processes of excitation, plateau, repolarization, and recovery of the action
potential.

Correlation of myocyte/myofibroblast ratio
with electrophysiology

Confluent co-cultures were optically mapped and later immunostained to
correlate the degree of myofibroblast infiltration with the electrophysiolog-
ical parameters measured from fluorescent movies. Myofibroblast shape and
area were automatically registered by color thresholding using software
analysis in at least 10 random regions in each co-culture dish (Bioquant, Life
Science Package, San Diego, CA). In the representative example shown in
Fig. 1 A, gray areas are cells positive for sarcomeric a-actinin (myocytes). In
Fig. 1 B, red contours automatically generated around non-myocytes (i.e.,
myofibroblasts; see results for characterization of non-myocytes) demon-
strate the accuracy of our measurements.

Statistical analysis

Origin software (version 7.0, OriginLab, Northampton, MA) was used for
unpaired student #-test and one-way ANOVA; linear regression was used for
analyses of CV and reentry frequency. Values are expressed as mean = SD.
p < 0.05 was considered significant.

Numerical methods

For the myocyte transmembrane voltage, the following diffusion-reaction
equation was solved, assuming isotropic medium:

OV 1
ot Cn
where V,, [mV] is the transmembrane voltage, C,,, [pF] is the membrane
capacitance, Iy, and I, [pA] are the external stimulation and membrane
ionic currents, respectively, and D [mmz»ms’l] is the electrotonic diffusion
coupling coefficient, which represents myocyte/myocyte gap junctional

coupling. Since there is currently no available mathematical model for the
ionic kinetics of neonatal rat ventricular myocytes, I, calculation was based

(lstim - Im) +V. (DVVm)a (1)
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Heterocellular Monolayer

FIGURE 1 Quantification of areas occupied by myocytes and myofibro-
blasts in co-cultures. (A) Neonatal rat myocyte-myofibroblast co-culture
after peroxidase stain. (Dark gray areas) cells positive for sarcomeric
a-actinin (myocytes). (White areas) myofibroblasts. (B) Areas occupied by
myofibroblasts were quantified using BioQuant software based on color
contrast (26% of total in this example). (C) Low magnification of dish in A.
(D) Computer model of dish in C.

on the mammalian ventricular myocyte model (20). However, we have found
this model to be appropriate in our simulations since the global dynamical
properties (CV, action potential duration, wavelength, and reentry fre-
quency) were similar in the experimental dishes and simulations, as will
be shown below. Discretization and linearization of the differential equation
were performed using the finite volume method to inherently ensure current
flow conservation in the heterocellular domain (21). The space was divided
into a large number of small computational cells; on each, the integral form
of Eq. 1,

av, 1 .
= Ilim_]m = DV m ’ 2
/V< ot Cm( ’ )>6V Sf n 05 @

was numerically estimated, where V denotes the cell volume (9V is a scalar
volume element) and S is the cell’s surface (8§ is a vector surface element).
The right-hand side of Eq. 2 was obtained by employing Gauss’ divergence
theorem. Reducing Eq. 2 into a two-dimensional (2D) model, discretizing it,
and assuming a regular Cartesian grid with a spatial resolution of A/ yields:

o  Cn

cell faces

(%= & ttan =t )35 = 3 DWVL-87

Ah was set to allow cellular level analysis (100 wm), and the temporal
resolution was set to avoid numerical divergence (10 us, Ar<(Ah)?/2D).
The diffusion coefficient, D, was adjusted to match steady state planar wave
propagation velocity in experimental cultures encompassing only myocytes
(D = 0.03 mm>ms~"). Fibrotic grid cells were modeled as unexcitable
elements, using the following passive differential equation for the trans-
membrane local voltage, Vy, similar to Eq. 3:

vy 1 <Vf - V)) 2 P
Gy 2 (D) Van? = D\VV;-Ah. (4
< 31‘ Cf Rf(vf ) celé“ces ' ' ( )

Here C; [pF] is the average capacitance of the myofibroblast patch, which
is assumed equal to myocyte capacitance, Vr = —15.9 mV is the rest-
ing membrane potential (15), Ry [G()] is the membrane resistance of the
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myofibroblast, and Dy [mm?ms~']is an average diffusion coefficient of the
fibrotic tissue. Dy was taken as a fraction of D; i.e., Dy = k¢D represents elec-
trical coupling within myofibroblasts. At the boundary between fibrotic and
myocardial tissue, a harmonic average of diffusion coefficients was taken, to
maintain current flow conservation, i.e., Dpyofibroblast/myocyte = (2D - Dt /D +
Dy) = (2k¢/1+k¢)D. Ry was defined as a function of V to represent the
outward rectified I/V characteristic curve of a myofibroblast, so that Ry =
5GQ for V; = —20mV, and Ry = 25G() otherwise (13,22,23). The finite
volume method formulation that is performed on each individual cell coincides
with the more common finite difference formulation in the case of a homo-
geneous myocardial or fibrotic tissue, as can be seen from Eqgs. 3 and 4 after
the division of both sides by Ah?. However, the technique advantage is that it
gives a natural solution to the description of the current flow at the boundaries
between myocardial and fibrotic regions, which conforms to physical laws.

A disk-shaped 2D geometry, 3.5 cm in diameter, was constructed with
Cartesian resolution of 100 wm per computational cell, which results in a
total of 95,093 cells within the disk. For simulating heterocellular dishes,
myofibroblast attributes were assigned randomly to a portion of the disk cells
to represent various levels of myofibroblast/myocyte area ratios. Diffuse
texture was employed, in which singular fibrotic deposits were of the order of
one computational cell, to correspond with the experimental texture (e.g.,
compare monolayer dish and corresponding numerical model in Fig. 1 C and
D, both of which have a myofibroblast/myocytes area ratio of 0.25).

Code was written in C using the message passing interface library and run
on a 32-processor parallel computer (Microway, Plymouth, MA).

RESULTS
Non-myocyte characterization

We first verified that the non-myocyte cell population that
was isolated during the 2-hr differential preplating consisted
vastly of myofibroblasts. The phenotype of non-myocytes
after 6 days in culture was assessed by immunofluorescence
microscopy and Western immunoblots using antibodies di-
rected against sarcomeric a-actinin (SA), a-smooth muscle
actin («-SMA), discoidin domain receptor 2 (DDR?2) and von
Willebrand factor (VWF) according to Table 1, where + in-
dicates a positive reaction.

Data obtained from examining 10 myofibroblast-rich
preparations immunostained for a-SMA showed that non-
myocytes expressed a-SMA in a stress fiber related pattern as
illustrated in Fig. 2 A. Out of thousands of cells examined
only the nine cells in Fig. 2 B yielded positive reactions for
VWEF. Ideally immunofluorescence assays using a DDR2
antibody should have been used to confirm that the vast
majority of a-SMA positive cells indeed corresponded to
myofibroblasts. Unfortunately, none of the antibodies tested
was suitable for immunocytochemistry in cultured cells. Hence
we performed Western blot analyses in non-myocyte-rich as
well as in myocyte-rich and mixed populations. As shown
in Fig. 2 C, a 130 kDa immunoreactive band is present in
the non-myocyte-rich and mixed populations but not in the
myocyte-rich population. These experiments show that our
non-myocyte population consists almost exclusively of myo-
fibroblasts (Table 1). Additional micrographs of confluent co-
cultured monolayers are given in Fig. 2, confirming the SA
antibody specificity to myocytes (Fig. 2 D) and the composition
of the heterocellular dishes (Fig. 2 E).

Biophysical Journal 95(9) 4469-4480
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TABLE 1 Identification of non-myocytes using
specific antibodies
Endothelial ~ Smooth
Myocytes cells muscle cells Fibroblasts Myofibroblasts

SA + - - - -
a-SMA — — + — +
DDR2 - — — + +

VWF — + — — —

+ indicates a positive reaction; — indicates no reaction.

We have quantified also the purity of our myocyte-rich and
myofibroblast-rich populations before co-culture. Immuno-
cytochemistry methods determined that only 8% of the cells in
5 myocyte-rich preparations after 4 days in culture were SA
negative and a-SMA positive. As for the the myofibroblast—
rich populations, only 11 cells in 5 preparations examined
when the preplate was trypsinized after 6 days in culture and
re-plated were SA positive and a-SMA negative, which is
consistent with the findings by Miragoli et al (12).

Activation patterns during reentry

The number of myofibroblasts significantly modified the
spatio-temporal characteristics of reentry in a monolayer.
Fig. 3 A shows representative examples recorded in mono-
layers with varying myofibroblast/myocyte ratios. In the
phase maps on the top row, each color represents a phase of
the action potential; the convergence of all colors at any given
location is a phase singularity (19). Clearly, the number of
PSs and wavelets multiplied as the myofibroblast/myocyte
ratio increased from 0.1 to 0.5 and 0.7. In the middle row,
time-space plots (TSPs) (24) were constructed for activity
recorded along the horizontal white lines in the phase maps.

anti-

DDR2 130kDa

anti-
R-actin

Biophysical Journal 95(9) 4469—-4480

Zlochiver et al.

They demonstrate that increasing the myofibroblast/myocyte
ratio increased complexity but decreased reentry frequency.
The latter is reflected by the gradual increase in the time
intervals between any two consecutive activations in the
respective TSP. Yet, despite wave fragmentation, the signals
were highly periodic for all cases (Fig. 3 A, bottom row). In
addition, these traces demonstrate how the action potential
durations are shorter at higher activation rates (i.e., in lower
myofibroblast/myocyte area ratios).

In Fig. 3 B rotation frequency (fop) and maximal number
of PSs counted in five randomly selected snapshots of a
4-s-long phase movie (bottom) are plotted against myofibro-
blast/myocyte ratio. Each point corresponds to an individual
experiment; more than one frequency domain was present at
the higher levels of fibrosis, hence the large error bars for those
preparations. The graphs demonstrate that while reentry fre-
quency decreased, the number of PSs, and thus the complexity
of propagation, increased as the myofibroblast/myocyte ratio
increased.

In Fig. 4, a set of computer simulations in which we em-
ployed myofibroblast/myocyte area ratios of 0.1, 0.55, and
0.65 further quantified the electrophysiological conse-
quences of increased myofibroblast infiltration. A myofi-
broblast coupling coefficient, x;, of 0.08 was used, and
reentry was initiated in all cases by S1-S2 cross-field stim-
ulation (100 pA-pF ', 4-ms duration). Fig. 4 A displays, from
top to bottom, phase map snapshots, TSPs, and single pixel
recordings. Overall, the numerical results accurately repro-
duced the experimental data: increasing the myofibroblast/
myocyte ratio slowed the rotating frequency and increased
the degree of fractionation (see also Supplementary Material,
Movie S1, Movie S2, Movie S3, and Movie S4). For a
constant proportion of myofibroblasts, an increase in g
yielded a smoother propagation, i.e., the heterocellular cou-

FIGURE 2 Non-myocyte characterization. (A)
Non-myocytes expressing smooth muscle actin
(@-SMA) in culture. Scale bar = 50 um. (B) Fluo-
rescent image showing the expression of VWF
(green) in 9 cells. Blue fluorescence corresponds
to nuclear specific DAPI stain. Scale bar = 50 wm.
(C) Western immunoblot showing DDR2 expres-
sion only in cultures containing myofibroblasts. M,
myocytes; MF, myofibroblasts. (D) Fluorescent
micrograph of confluent co-cultured monolayer
confirming sarcomeric a-actinin antibody specific-
ity to myocytes (left) with corresponding phase
contrast image (right). (E) Fluorescent micrographs
of a co-cultured preparation triple-stained for sarco-
meric a-actinin (red), a-SMA (green), and DAPI
nuclear probe (blue), demonstrating the specificity
of the antibodies used and cellular composition of
our dishes. Scale bar = 100 wm.
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FIGURE 3 Optical mapping of monolayers. (A) Phase maps (top), TSPs (middle), and single pixel recordings (bottom) show increasing number of
singularity points with increasing number of myofibroblasts in three experiments; myofibroblast/myocyte area ratios: 0.1, 0.5, and 0.7. (B) Rotation frequency
(top, n=19) and number of PSs (bottom, n = 14) as functions of myofibroblast/myocyte area ratio.

pling acted as a spatial low pass filter (Movie S5). Also in
agreement with experiments, propagation wavelength de-
creased as the proportion of myofibroblasts increased as
shown by the reduction in the spatial extension of the excited
state (horizontal width of white bands in the TSPs).

In Fig. 4 B, rotation frequency and the maximal number of
PSs counted in five randomly selected snapshots of 4-s-long
phase movies are plotted versus myofibroblast/myocyte area
ratio. The superimposed plots correspond to coupling coef-
ficients of 0 (complete isolation), 0.08, and 0.2 to simulate
increasing levels of myofibroblast-to-myocyte communica-
tion. An additional graph corresponding to a coupling coeffi-
cient of 0.12 is given in the analysis of PSs. Consistently, the
relationship between rotation frequency and myofibroblast/
myocyte ratio was linear. However, the effect of electrical
coupling was nonlinear and in fact non-monotonic. Regression
analysis yielded change rates of —0.096 for O-coupling, then
reduced to —0.144 for 0.08, and increased back to —0.111
Hz-% ' for 0.2 coupling.

It should be noted in Fig. 4 B that, with the exception of
k¢ = 0.2, for each level of myofibroblast coupling there was
a different *‘take-off’’ myofibroblast/myocyte area value from
which the number of PSs increased from 1, representing a
single rotor, to a larger number. Further, the take-off value
was higher for larger k¢ values (0.35, 0.5, and 0.6 for ¢ values
of 0, 0.08, and 0.12, respectively). Moreover, for all levels of
coupling, propagation was blocked above a certain myofi-
broblast/myocyte ratio because of conduction failure (Fig.

4 B, black lines). But in general, simulations exhibiting lower
values of heterocellular coupling were blocked at lower
myofibroblast/myocyte ratios. Finally, in the case of 0.2
coupling, propagation was blocked above a myofibroblast/
myocyte area ratio of 0.65; no take-off was observed below
that level. Overall, a similar dependency of PS number on
myofibroblast/myocyte ratios was established. The number
of PSs remained at 1 up to a take-off value above which it

grew sharply.

Heterocellular coupling and CV

CV is an important dynamic property with respect to prop-
agation and wavebreak formation. In Fig. 5 A, the relation-
ship between CV and myofibroblast/myocytes area ratio was
measured in computer simulations at a pacing frequency of
2 Hz, and a linear relationship was found. However, as with
rotation frequency (Fig. 4 B), comparison among three levels
of k¢ demonstrated a non-monotonic dependence of CV on
myocyte/myofibroblast coupling. Whereas the rate of change
decreased from —1.9X 1073 at O-coupling to —2.9X 1073 at
0.08 coupling, it increased back to —2.3X 1073 m-sec” "% !
at 0.2 coupling. In Fig. 5 B, numerical simulation activation
maps are shown for a myofibroblast/myocyte area ratio of
0.25 and at low and high heterocellular coupling. The maps
demonstrate quite similar CV values, as indicated by the
graphs in Fig. 5 A. However, wavefront texture was distinctly
affected by the coupling level: propagation was highly het-
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FIGURE 4 Simulations of reentry. All panels organized as in Fig. 2. (A) Phase maps (fop), TSPs (middle), and single pixel recordings (bottom) in three
simulations with myofibroblast/myocyte area ratios of 0.1, 0.55, and 0.65 and myofibroblast coupling coefficient of 0.08. (B) Rotation frequency (fop) and
number of PSs (bottom) as functions of myofibroblast/myocyte area ratio and heterocellular coupling.

erogeneous at low coupling, with wavy isochrones sugges-
tive of microstructural delays and transient wavebreaks. In
contrast, high coupling resulted in relatively smooth wave-
fronts. CV was also measured in co-cultured monolayers
paced at 2 Hz, as shown in Fig. 5 C. It decreased significantly
(p < 0.05) as a function of the myofibroblast/myocyte area
ratio for values of 0.1, 0.3, and 0.5. The activation maps
shown in D provide experimental validation for the dif-
ferences in wavefront texture that were shown numerically
in B. Note that the condition of low heterocellular coupl-
ing was achieved with a specific Cx43 silencer that was
targeted against myofibroblasts as further detailed in the
next section.

Propagation patterns and coupling

The absolute requirement for heterocellular coupling to ex-
plain our findings remains to be formally proven. In principle,
the question could be answered using a pharmacological
approach. To our knowledge, no specific pharmacological
electrical uncoupler exists that could give full assurance that
membrane ion channels other than gap junctions would not
be affected. Therefore, we first investigated whether our co-
culture monolayers expressed the major cardiac gap junction
protein Cx43. In agreement with previous reports (11,12),
Fig. 6 demonstrates that Cx43 (green) was present at junc-
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tions between neighboring myofibroblasts (A), between
myocytes (B) and between myocytes and myofibroblasts (C;
higher magnification in D). We then proceeded to determine
whether or not it was possible to silence Cx43 in myofibro-
blasts by transfection of a custom-designed rat-specific
Stealth RNAi construct directed against Cx43. The Western
immunoblots in Fig. 6 E show the results for myocyte-rich
(left) and myofibroblast-rich (right) populations transfected
with either the Cx43 siRNA or the control siRNA. A sig-
nificant reduction in the signal was observed only in samples
from cultured fibroblasts transfected with the Cx43 silencer.
In contrast, the signal was not reduced for the cultured
myocytes. Quantification of Cx43 expression levels by
normalization to S-actin loading controls showed that,
compared with control myofibroblasts, expression was re-
duced by 90% (p < 10~®, n = 3) in silenced myofibroblasts
and increased by 99% (p < 0.01, n = 3) in Cx43 over-
expressing myofibroblasts compared with controls infected
with Ad_GFP (data not shown). Further, representative data
from Western immunoblots and immunofluorescence (Fig.
7 and additional micrograph in Data S1) demonstrate how
Cx43 expression is attenuated in silenced myofibroblasts
and amplified in myofibroblasts compared with nontreated
myofibroblasts.

We then investigated the effect of myofibroblast Cx43
silencing and overexpression on CV during steady-state
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pacing in co-cultures with a fixed myofibroblast/myocyte
area ratio of 0.25. In Fig. 8 A, measured CV values are shown
for three myofibroblast coupling levels (i.e., silenced, con-
trol, and overexpressed) and pacing frequencies of 3 and 4 Hz
(diamonds and triangles, respectively). Each symbol corre-
sponds to one experiment, and the lines connect the mean CV
values in each coupling condition and pacing frequency.
There was no significant difference in the means between the
3- and 4- Hz data points within each condition (unpaired
t-test, p = 0.20, 0.84, and 0.55 for the silenced, control, and
overexpressed conditions). A clear biphasic dependency of
CV on myofibroblast Cx43 expression level, and thus on
heterocellular coupling level, was observed. An increase in
coupling from silenced to control myofibroblasts resulted
in significantly reduced CV values (p = 0.004, 0.002 for
3 and 4 Hz, respectively), whereas a further increase in
coupling level from control to overexpressed myofibroblasts
resulted in increased CV values.

In Fig. 8 B, the relationship between CV and myofibroblast
coupling was determined in parallel simulations using similar
pacing rates and myofibroblast/myocyte ratio. The «¢ value
was increased gradually from O to 0.45, which demonstrated
a clear non-monotonic dependence of CV on coupling; CV
decreased as k; increased to ~0.07, then it increased, re-
sulting in a biphasic relationship. At high degrees of electrical
coupling, CV accelerated to a level above the zero coupling
value (~0.22 m-s~'). Additionally, there was no significant
difference in CV values when the model was paced at 4 Hz
compared with 3 Hz. These numerical results are remarkably
similar to the experimental results shown in Fig. 8 A, and
suggest that for a given myofibroblast/myocyte area ratio, a
similar value of CV can be observed for two different levels
of heterocellular coupling.

Myofibroblast/Myocyte Area Ratio = 0.25
Control
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B Myofibroblast/Myocyte Area Ratio = 0.25

High Coupling

FIGURE 5 Conduction velocity at 2 Hz ver-
sus percentage of myofibroblasts. (A) Simula-
tion results, with three levels of myofibroblast
coupling coefficient. (B) Typical activation
maps (myofibroblast/myocyte area ratio =
5mm 0.25, low and high myofibroblast coupling co-
efficients) showing fragmented wavefronts at
low coupling. (C) Experimental results, n =
15; p < 0.05. (D) Typical activation maps
(myofibroblast/myocyte area ratio = 0.25,
with and without myofibroblast Cx43 silencer)
reproduce numerical prediction.

DISCUSSION

We investigated the effects of myocyte-myofibroblast inter-
actions on wave propagation dynamics and reentry in co-
cultured monolayers and computer simulations. The major
findings are as follows: 1), Frequency of reentry and CV
diminish with larger myofibroblast/myocyte area ratios,
whereas complexity of propagation increases, resulting in
fractionation, wavebreaks, and increased number of wave-
lets. 2), The effects of myofibroblast-to-myocyte coupling on
rotation frequency and CV are non-monotonic. Heterocel-
lular interactions result in a biphasic relationship between
CV and electrical coupling, whereby an initial decrease in
velocity is followed by a monotonic increase as the coupling
coefficient increases. Thus, the same value of CV may appear
at two widely different coupling levels. 3), The degree of
heterocellular coupling has an impact on the stability of
reentry and on the complexity of wave propagation therein.
Importantly, propagation is highly heterogeneous at a low
level of coupling, with fragmentation and wavy isochrones
suggestive of microstructural delays and transient wave-
breaks. 4), Increased myofibroblast-to-myocyte coupling
supports electrical activity at higher ratios of myofibroblast
infiltrations, but on the other hand reduces the number of
spatially distributed singularity points.

Myofibroblasts interaction within the
cardiac tissue

Although occupying a small portion of the myocardial tissue
volume, cardiac fibroblasts account for 50-70% of the cells
of the normal adult mammalian heart, and even more in
pathological conditions, where differentiation into the myo-
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FIGURE 6 Immunofluorescence samples showing Cx43-positive staining
(green) between two myofibroblasts (A), between two myocytes (B), and
between a myocyte and a myofibroblast (C and D; higher magnification of
box in C). Myocyte-specific sarcomeric a-actinin in red and nuclei in blue.
Scale bars, 10 wm. (E) Western blots from cardiomyocytes after transfection
of Cx43 siRNA (Cx43 Sil) or a control siRNA (Ctr). Abundance of Cx43 in
myocyte or fibroblast monocultures was assessed to determine preferential
Cx43 silencing in fibroblasts. Duplicate immunoblot probed with anti-Bactin
antibody demonstrates equivalent loading of samples.

fibroblast phenotype also occurs (10,25). This observation
highlights the significance of investigating the electrophysi-
ological properties of these ‘‘sentinel cells’’ (26), the impact
of their interactions with myocytes, their effect on cardiac
impulse propagation, and their possible arrhythmogenic role.
It has been long recognized that fibroblasts interact with
myocytes at several levels. Rook et al. (13) showed that
neonatal rat cardiac fibroblasts can connect electrically with
other fibroblasts and with myocytes with single channel
conductance values of 21 pS and 32 pS, respectively. They
also found evidence for Cx43 gap junctions between myo-
cytes and fibroblasts. Gaudesius et al. (11) and Miragoli et al.
(12) were first to demonstrate Cx43 and Cx45 expression
both between myofibroblasts and at myofibroblast-to-myocyte
junctions in cardiac strands.

Several in silico and in vitro models in recent years have
specifically quantified the effects of heterocellular coupling
between myofibroblasts and myocytes on the electrical activity
and passive properties of myocardial tissue. MacCannell et al.
(27) showed in a mathematical model that myofibroblasts
cause a shortening of the adjacent myocytes’ APD, which
reduces the plateau height of the action potential. The resting
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potential of the myofibroblasts was significantly hyper-
polarized to become close to that of the coupled ventricular
myocyte. This conclusion is consistent with the findings of
Rook et al. (13), which showed that, within a co-culture, the
resting potential of myofibroblasts hyperpolarized approxi-
mately to that of connected myocytes. A different result was
presented in the study by Miragoli et al. (12) in which the
impulse conduction velocity and maximal upstroke gradient
were assessed in cultured strands of myocytes coated with
myofibroblasts from neonatal rat hearts. Increasing the density
of myofibroblasts increased conduction velocity and upstroke
gradient up to a certain threshold, followed by a decline of
these two properties. The group found that this nonlinear ef-
fect is due to the gradual depolarization of the myocyte
resting membrane potential from —78 mV to —50 mV as the
density of myofibroblasts increases. This study has demon-
strated the role of myofibroblasts as current sinks for elec-
trical propagation. A previous study from the same group
(11) showed a different possible effect of myofibroblast de-
posits within the myocardium—i.e., myofibroblast deposits
as long range conductors. The investigators co-cultured ne-
onatal rat ventricular myocytes and fibroblasts in a pattern of
myocyte strands interrupted with fibroblasts over various
distances. They concluded that successful, albeit delayed,
conduction along such a disturbed myocyte strand is possible
if the myofibroblast patch is shorter than 300 wm.

In our simulations, during reentry heterocellular coupling
and myofibroblast density had minor effects on the resting
membrane potential and the APD of myocytes, in accor-
dance with the studies of MacCannell et al. (27) and Rook
et al. (13) However, the effect on depolarization rate was
substantial. For a myofibroblast/myocyte area ratio of 0.05,
an increase of the heterocellular coupling coefficient from
0 (no coupling) to 0.2 resulted in a slight increase of 2.7%
in APDO90 and no difference in the depolarization rate. On
the other hand, for an area ratio of 0.5, whereas increasing
the coupling coefficient from 0 to 0.2 resulted in an even
lesser increase of APD90 (2.5% change), the depolariza-
tion rate decreased by 70%. Our computer simulations
therefore show that density and coupling of myofibroblasts
in heterocellular co-cultures have a marginal effect on
the action potential of myocytes in terms of resting mem-
brane potential and APD but have a substantial influence
on depolarization rate. This observation may explain, in
part, the influence observed on conduction velocity (Figs. 5
and 8).

Effects of myofibroblasts on 2D propagation

In our experiments, CV was a function of total myofibroblast
area, consistent with previous studies (11,12). In addition, we
found that both frequency of reentry and complexity of wave
propagation depended on the relative area occupied by
myofibroblasts. In some aspects, these results resemble those
reported in embryonic chick myocyte monolayers in which



Propagation Dynamics in Fibrotic Monolayers

Non-treated Silenced Overexpressed

b L

Cx43

B-actin

culture confluence was varied, resulting in changing ratios
of myocytes and anatomical insulating obstacles that were
empty of myocytes (28-30). However, an important differ-
ence is that here the non-myocyte passive gaps were electri-
cally coupled to the myocytes. In that regard, our model is
somewhat more closely related to a recent study in co-
cultures of human mesenchymal stem cells and neonatal rat
ventricular myocytes, which were also found to form heter-
ocellular gap junctions (31).

Numerical simulations enabled us to factorize the rela-
tive contributions of myofibroblast quantity and electrical
properties. These simulations successfully reproduced the
experimental results with respect to the effect of the
myofibroblast population on both propagation and reentry.
The simulations predicted a non-monotonic, biphasic effect
of myofibroblast/myocyte electrical coupling on CV (Figs.
3 B, 5 B, and 8 B), which was borne out experimentally by the
use of Cx43 RNA silencer and Cx43 overexpression in the
cultured myofibroblasts. Whereas precise control of the de-
gree of coupling was unattainable, we demonstrated a lower
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FIGURE 7 Western blots from nontreated myofibroblasts
as well as myofibroblasts 24 hr after treatment with siRNA
silencer or Cx43 adenovirus. Representative exposure-matched
immunofluorescence images for each myofibroblast treat-
ment condition are shown, Cx43 is stained in green, scale
bars are 20 pwm.

CV in the control co-cultures than in the co-cultures in which
Cx43 was either silenced or overexpressed.

To gain insight into the mechanisms underlying the biphasic
dependence of CV on heterocellular electrical coupling (Fig.
8), we performed simulations using a one-dimensional (1D)
cable model (Fig. 9, inset) consisting of 500 100 wm cells.
‘“Myofibroblasts’’ were interspaced between ‘ ‘myocytes’” at
constant intervals and at myofibroblast/myocyte ratios ranging
between 0.05 and 0.33. For each ratio, the left-most cell in the
cable was paced at 3 Hz and myofibroblast-to-myocyte cou-
pling coefficient was changed between 0.01 and 0.5 while
myocyte-to-myocyte coupling remained constant. CV was
calculated for impulses moving across the central 100 cells
(i.e., between cells numbered 200 and 300). The plots in Fig. 9
demonstrate that a similar pattern repeated for all myofibro-
blast/myocyte ratios: propagation was blocked (i.e., did not
reach cell 300) up to a threshold level of coupling above which
CV increased first abruptly and then more moderately. Both
threshold and overall CV were low for high levels of myofi-
broblast infiltration, and CV increased as the coupling coeffi-

FIGURE 8 Effects of heterocellular electrical coupling dur-
i ing pacing in 2D monolayers and simulations. (A) Experi-
mental CV versus myofibroblast coupling coefficient for
pacing at 3 (diamonds) and 4 Hz (triangles). Three levels of
myofibroblast coupling were achieved using Cx43 siRNA
treated myofibroblasts (silenced), control myofibroblasts
and Cx43 overexpressed myofibroblasts (overexpressed).
(B) Numerical results for CV versus myofibroblast coupling
coefficient for pacing at 3 and 4 Hz. All simulations and
experiments were performed for a myofibroblast/myocyte
area ratio of 0.25.

035 045
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FIGURE 9 1D cable simulations with uniform diffuse
fibroblast distribution. (/nset) cable model consisting of 500
cells. Conduction velocity was calculated from the time of
impulse propagation across the middle 100 cells and plotted
as a function of myofibroblast coupling coefficients for
various myofibroblast/myocyte ratios.
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cient increased. Interestingly, the coupling threshold for
propagation in 1D was similar to the threshold above which
CV increased in the 2D model (~0.07, compare with Fig. 8 B).

The above results lead to the following interpretation re-
garding the biphasic dependence of CV on myofibroblast-to-
myocyte coupling (Fig. 8 B). At very low levels of coupling
the wavefront entering the myofibroblasts is insufficient to
transmit enough depolarizing current downstream to the
neighboring myocytes. Thus, at these levels the myofibro-
blasts behave as current sinks that hamper successful prop-
agation. In the 1D cable this condition resulted in propagation
block (Fig. 9). However, in 2D, the wavefront finds alter-
native pathways and circumnavigates the myofibroblast.
Therefore, conduction is maintained via these alternative
pathways at the expense of overall CV and is characterized by
heterogeneous wave propagation. As coupling increases to-
ward the threshold level, myofibroblasts drain more and more
charge from their neighboring myocytes, resulting in further
CV decrease, which explains the left half of the curve in Fig.
8 B. Above threshold, however, the excitation wave provides
enough charge through the myofibroblasts to excite down-
stream myocytes. At this point the myofibroblasts switch from
being charge sinks to become short-range charge transmitters
that facilitate downstream excitation with increasing levels of
coupling. Hence, wavefronts become smoother, and velocity
increases, which explains the right half of the curve in Fig. 8 B.

Clinical implications

Cardiac injuries such as myocardial infarction may lead to
structural remodeling with fibroblast activation, differentia-
tion into myofibroblast, and proliferation leading to increased
production and accumulation of extracellular matrix (32).
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Although compact fibrosis may arise in an infarct scar, it
usually exhibits a mixture of collagen, myofibroblasts, and
myocardial fibers. Such a structure increases the complexity of
electrical conduction within a labyrinth of surviving myocar-
dial bundles (33). In addition to myocardial infarction, fibrosis
develops in other pathologies: dilated cardiomyopathy is often
associated with mild focal interstitial fibrosis; hypertrophic
cardiomyopathy and arrhythmogenic right ventricular cardio-
myopathy are genetic disorders characterized by widespread
fibrosis and myocardial fibro-fatty replacement, respectively.

It is highly probable that under physiological conditions at
least one fibroblast is in contact with every myocyte (10).
Since myocytes do not proliferate, during fibrosis the ratio of
(myo)fibroblasts/myocytes increases even further. This study
provides insight into the consequences of such enhanced
interactions. In addition to the well-recognized arrhythmo-
genic effect of loss of myocyte connectivity because of the
excessive extracellular matrix, the coupling between myo-
cytes and myofibroblasts plays a role in the mechanisms of
arrhythmias. From this perspective, cardiac (myo)fibroblasts
are a potential target for regulation.

Limitations

Abnormal proliferation and differentiation of fibroblasts re-
sult in the concomitant production and accumulation of
collagenous matrix (fibrosis), which results in the formation
of partial or total insulating barriers between cells. We did not
consider this insulating effect in our study. Electromechani-
cal feedback between myocytes and fibroblasts may result in
mechanically induced potentials in the fibroblasts and pos-
sibly myofibroblasts (15,16). This effect has been attributed
to activation of stretch-activated channels that are permeable
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to Na®, K*, and Ca®", which results in hyperpolarization
and depolarization of the fibroblast membrane potential
during atrial relaxation and contraction, respectively. The
importance of these channels may be high in vivo but neg-
ligible in our cell cultures. Thus we did not account for such
effects in our numerical models. We assumed a similar
membrane capacitance for myofibroblasts as for myocytes,
which was based on observation that these cells exhibit
similar dimensions in our co-cultures (Figs. 2 and 6). It is
however known that fibroblasts are ~20 times smaller than
myocytes in vivo and in isolation (23), which imposes a
potential limitation to our study. Still, we have consistently
used the measure of myofibroblast/myocyte area ratio, and
therefore one computational fibrotic cell may realistically
represent a small cluster of a few myofibroblasts rather than
one biological cell. Finally, we did not study any paracrine
effects that fibroblasts/myofibroblasts may have on the phe-
notype of cultured cardiomyocytes as it is beyond the scope
of this work. Recently, it was found that cardiomyocytes
cultured in fibroblast-conditioned medium were hypertro-
phied and had diminished contractile capacity and distinct
plasticity (34). However, of most importance, these cells
were not affected with respect to the Cx43 expression (Fig.
1 B in Laframboise et al. (34)), and thus electrical coupling
was not altered. Therefore altered electrical propagation in
the heterocellular cultures was largely independent of para-
crine factors.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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