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Fig. 1. (Color online) (a) – Confocal micrographs of a sec-
tion of anisotropic tissue, Fast Fourier transformation of
the pattern of transverse banding of the actinin cytoskele-
ton. AD is shown as white arrow. (b) – Spatio-temporal
graphs of the movement of the leading wave front during
the formation of reentry in a high-frequency wave train.
Here, the spatial x-coordinate is plotted along the hori-
zontal axis, the y-coordinate is displayed through color-
coding, and time is plotted along the vertical axis (from
top to bottom), u denotes the projection of the CV onto
the x-axis. Semi-translucent white arrows and a vertical
dotted line show the closure of the reentry loop for wave
(n). The (n + 1) wave annihilates with the resulting spi-
ral wave. (c) – Dotted and violin plots showing the dis-
tribution of Tcrit at different values of EpC and different
orientation of AD in the samples

Cardiac arrhythmias are a major cause of cardio-

vascular mortality worldwide. Coordinated and efficient

functioning of cardiac tissue is possible due to the se-

quential transmission of electrical excitation between

cardiomyocytes, the working cells of the heart. This
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transfer of excitation is carried out by intercellular con-

nections of different biological nature – their variability

presumably determines the anisotropy of the conduction

velocity (CV) of the excitation waves [1]. Cardiac tissue

displays significant heterogeneity in excitation conduc-

tion, with functional blocks and reentrant arrhythmia

sources emerging from the inhomogeneities in conduc-

tion, challenging the assumptions held by conventional

homogeneous models [2]. Our aim in this study was to

create a computational model of cardiac tissue that will

allow us to take into account the role of intercellular

connections in the desynchronization of cardiac excita-

tion.

For this purpose, two models of cardiac tissue were

involved in the study – a two-component computational

model (in silico model) and an experimental model

based on a cellular culture of neonatal rat cardiomy-

ocytes (in vitro model). The computational model con-

sisted of the Cellular Potts Model (CPM), used for the

biologically correct distribution of intercellular contacts

[3] and the electrophysiological Courtemanche model,

which describes the generation and propagation of elec-

trical excitation [4]. Two types of intercellular conduc-

tion were introduced in the computational model: gap

junctional and ephaptic intercellular coupling. Both in

in vitro and in silico model, the anisotropy direction

(AD) was specified in the samples, i.e. orientation of

fibers in cardiac tissue. In both cases, samples of the

same size (up to 15 mm) were created with a non-

conducting geometric obstacle having a non-flux bound-

ary. To visualize the excitation wave train in the experi-

mental samples, the fast calcium-dependent fluorescent

label Fluo4-AM was used.

We investigated the conditions under which reen-

trant spiral waves can be generated by a high-frequency

planar wavetrain in the vicinity of a rectangular geo-
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metrical obstacle. The key idea is that the combination

of a rectangular non-conducting obstacle with a global

anisotropy direction aligned with one of its sides makes

it possible to maintain the symmetry of the obstacle’s

tip both when AD or anisotropy ratio (AR) are changed

(where AR is the ratio of CV along AD and across).

We formalized the influence on tissue arrhythmogenic-

ity through a relative change in the vulnerable frequency

corridor: a set of values of the stimulation period Tcrit

at which reentry formation is possible.

We defined that the set of Tcrit shifts and expands

when AD is rotated, while the spiral wave circulation

period and the maximum captured rate (MCR) remain

unchanged. The experimental model showed qualita-

tive consistency with computational results in terms of

Tcrit distribution. At the same time, both models refute

the assessment of changes in Tcrit made using eikonal

equation with homogeneous approximation, which indi-

cates the limit of applicability of the homogeneous mod-

els when describing the occurrence of primary reentry.

Figure 1a shows the alignment of actinin cytoskeleton

structures in a monolayer of rat cardiomyocytes; a simi-

lar organization of intracellular structures was achieved

in our computational model. Figure 1b shows a spa-

tiotemporal sweep depicting the propagation of the lead-

ing edge of the excitation wave during the formation of

reentry. Figure 1c shows the model-predicted shift in

Tcrit values, which was confirmed in a tissue culture ex-

periment.

We have further studied the dependence of arrhyth-

mogenicity on the mechanism of cellular coupling: we

found that ephaptic type of conductance (EpC) directly

controls the spread of Tcrit. These results could be useful

for explanation of cases where non-selective modulation

of ion channels can synergize with changes in EpC.

As a result, we derived a theoretical formulation of

CV anisotropy and validated it through in vitro and

in silico functional experiments as an effective tool for

predicting primal reentry. Joint theoretical and exper-

imental analysis of the relationship between the car-

diac tissue structure and its function revealed two as-

pects. The first one consisted in limitation of the ap-

plicability of the homogeneous formulation of conduc-

tion anisotropy when studying primary reentry, since

the nature of intercellular heterogeneities plays a cru-

cial role in the sustainable growth of a unidirectional

block. The second one showed up in the distinct role of

gap junctional and ephaptic coupling in stabilizing the

high-frequency wavetrain, which modulates tissue ar-

rhythmogenicity bypassing the well-known factors such

as modulation of ionic currents.
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