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ABSTRACT Cardiac myocytes coordinate the heart contractions through electrical signaling, facilitated by gap
junctions (GJs) in the intercalated disc (ID). GJs provide low-resistance pathways for electrical propagation between
myocytes, acting as the main mechanism for electrical communication in the heart. However, studies show that
conduction can persist in the absence of GJs. For instance, GJ knockout mice still display slow and discontinuous
electrical propagation, suggesting the presence of alternative communication mechanisms. Ephaptic coupling
(EpC) serves as an alternative way for cell communication, relying on electrical fields within narrow clefts between
neighboring myocytes. Studies show that EpC can enhance conduction velocity (CV) and reduce conduction block
(CB), especially when GJs are compromised. Reduced GJs and significant electrochemical gradients are prevalent
in various heart diseases. However, existing models often fail to capture their combined influence on cardiac
conduction, which limits our understanding of both the physiological and pathological aspects of the heart. Our study
aims to address this gap through the development of a two-dimensional (2D) discrete multidomain electrodiffusion
model that includes EpC. In particular, we investigated the interplay between EpC and multidomain electrodiffusion
on action potential (AP) propagation, morphology, and electrochemical properties. Our findings indicate that under
strong EpC, Na+ electrodiffusion enhances CV, reduces the occurrence of CB, and sharpens the upstroke phase of
the AP, while Ca2+ and K+ diffusion shorten the AP duration, alter the repolarization phase, and elevate the resting
membrane potential. Additionally, when EpC is prominent, Na+ electrodiffusion helps stabilize AP propagation
and promotes its spread into ischemic regions. Strong EpC also significantly alters ionic concentrations in the
cleft, markedly increasing [K+], nearly depleting [Ca2+], and causing moderate changes in [Na+]. This multidomain
electrodiffusion model provides valuable insights into the mechanisms of EpC in the heart.

SIGNIFICANCE Our ongoing research focuses on developing a two-dimensional discrete multidomain
electrodiffusion model that incorporates ephaptic coupling (EpC), aiming to create a more biologically detailed
representation of ephaptic conduction in both healthy and diseased heart. This model helps us better understand
the role of EpC in cardiac dynamics, particularly in diseased hearts where gap junctions are remodeled and
electrochemical gradients are elevated. We investigated the interaction between ionic electrodiffusion and EpC,
with particular attention to action potential propagation, morphology, and electrochemical properties in healthy
and ischemic hearts. Ultimately, this work seeks to uncover the mechanisms of EpC and evaluate its potential
as a protective, anti-arrhythmic mechanism in cardiac physiology.

INTRODUCTION
Cardiac cells coordinate muscular contraction to pump blood through electrical communication. Gap junctions (GJs), located in
the intercalated disc (ID) between myocytes, serve as low-resistance pathways mediating the propagation of electrical impulses
in the heart (1–4). GJ was widely acknowledged as the primary mechanism for electrical communication within the heart (5).
However, experimental observations from the 2000s have raised concerns regarding whether conduction can be sustained in
the absence of GJs (6, 7). For instance, intercellular conductance in pairs of GJ-deficient adult rat myocytes was dramatically
reduced from 588 nS to 10 nS (7). Despite this, impulse propagation was only reduced by 50%, suggesting the presence of
alternative mechanisms for cell-to-cell communication in the heart.
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An alternative mechanism for cardiac conduction, known as ephaptic coupling (EpC), has been proposed to explain the
spread of electrical activity in the heart when GJs are compromised. Research has demonstrated that EpC is heavily dependent
on the electrical fields within the narrow clefts between adjacent myocytes (8, 9). Since the mid-20th century, EpC has been the
focus of ongoing experimental and computational investigations; however, direct experimental evidence of its existence remains
elusive. As a result, researchers have sought to indirectly confirm EpC by investigating its physiological role under both normal
and various pathological conditions(9–21). For example, studies suggest that EpC can help restore cardiac conduction when GJ
is compromised. Specifically, studies have demonstrated that EpC enhances conduction velocity (CV) (11, 12, 16, 21–23),
mitigates conduction block (CB) (14, 21), and ultimately terminating reentry (15) in ischemic heart models with diminished GJ.

Remodeled GJs and pronounced electrochemical gradients are common characteristics in various heart diseases, disrupting
normal electrical signaling and potentially leading to arrhythmias (5, 24–31). However, existing models often overlook the
combined influences of the two on cardiac dynamics, hindering our understanding of the pathological states in the heart. For
example, most mathematical models of cellular electrical activity in the heart are based on the cable model, derived from
a current continuity relation on a one-dimensional ohmic cable (11, 12, 22, 23, 32–34). This derivation relies on several
assumptions: ionic concentrations are presumed to remain relatively stable over the time, and a one-dimensional representation
of cell geometry is considered sufficient for describing electrical activity. However, these assumptions may not be valid in
the heart, where microscopic features can critically influence physiological responses. In fact, recent models incorporating
electrodiffusion for the heart have become available. For example, in (35), the authors incorporated the detailed geometry of ID
along one-dimensional (1D) strand of coupled cells. However, they limited the electrodiffusion of Na+ between cleft and the
bulk, which may conflict with the principle of electroneutrality. Indeed, if the concentration of one ion changes, it leads to
changes in the ionic concentration of the rest of ions. In (13), the authors presented an electrodiffusion model that accounted
for the three-dimensional (3D) geometry and ionic concentration effects along a strand of cells. Modeling a strand of cells
alone (13, 35) is insufficient for considering the complexity of arrhythmias in the heart. Our study seeks to bridge this gap by
developing a two dimensional (2D) discrete multidomain electrodiffusion model that incorporates EpC, which captures ion
accumulation and movement at both subcellular and cellular levels. This is the first model to capture the dynamics, particularly
the electrodiffusion, of all major ions across multiple domains, enabling us to reveal the impact of EpC on cardiac function and
arrhythmogenesis.

In this paper, we explored the interplay between ionic electrodiffusion and EpC on cardiac dynamics, including AP
propagation, morphology, and electrochemical properties in both healthy and ischemic hearts. To achieve this, we developed
a 2D discrete multidomain electrodiffusion model that incorporates EpC. Our findings indicate that under strong EpC, Na+
electrodiffusion enhances CV, reduces the occurrence of CB, and sharpens the upstroke phase of the AP, while Ca2+ and K+

diffusion shorten the AP duration, alter the repolarization phase, and elevate the resting membrane potential. Additionally,
when EpC is prominent, Na+ electrodiffusion helps stabilize AP propagation and promotes its spread into ischemic regions.
Strong EpC also significantly alters ionic concentrations in the cleft, markedly increasing [K+], nearly depleting [Ca2+], and
causing moderate changes in [Na+]. This multidomain electrodiffusion model provides valuable insights into the mechanisms of
EpC in the heart.

MATERIALS AND METHODS
Overview
In this section, we aim to develop a 2D discrete multidomain electrodiffusion model with EpC. Fig. 1 (left) illustrates the
lattice view of the model, where each cell is represented as a cylinder, and the cells are interconnected by GJs to form an
𝑀 × 𝑁 rectangular lattice. At each lattice point (𝑖, 𝑗), we assigned electrochemical pairs for intracellular (𝜙 (𝑖, 𝑗 )

𝑖
, 𝐶 (𝑖, 𝑗 )

𝑖
) and

extracellular (𝜙 (𝑖, 𝑗 )
𝑒 , 𝐶 (𝑖, 𝑗 )

𝑒 ) spaces to track the variations in both potential and ionic concentrations of Na+, K+, Ca2+, and
Cl− . The cleft space is located between cells (𝑖, 𝑗) and (𝑖, 𝑗 + 1). We then defined a cleft potential 𝜙 (𝑖, 𝑗+ 1

2 )
𝑐 and concentrations

𝐶
(𝑖, 𝑗+ 1

2 )
𝑐 of the four ions at the location (𝑖, 𝑗 + 1

2 ). The space within the extracellular region, adjacent to the cleft, is referred to

as the extracellular-cleft space. The potential and ionic concentrations in the extracellular-cleft space are denoted by 𝜙
(𝑖, 𝑗+ 1

2 )
𝑒𝑐

and 𝐶
(𝑖, 𝑗+ 1

2 )
𝑒𝑐 , respectively.

Fig. 1 (right) illustrates the connection between lattices. Specifically, it depicts a circuit diagram for two adjacent cells
that are ephaptically coupled through a shared cleft space, with end-to-end gap junctions (𝐺𝐽end). Side-to-side gap junctions
(𝐺𝐽side) and diffusive ionic flows between extracellular spaces, regulated by 𝑅𝑒𝑒 in the transverse direction, are not shown here.
The cleft space was modeled as a single narrow compartment, resistively coupled (𝑅𝑐) to the extracellular-cleft space through
diffusive ionic flows. Communication between extracellular spaces in the longitudinal direction occurs through the shared
extracellular-cleft space, which involves diffusive ionic flows between the extracellular and extracellular-cleft spaces, regulated

2 Manuscript submitted to Biophysical Journal



Electrodiffusion and ephaptic coupling

by 𝑅𝑒𝑐. Intracellular and extracellular spaces in each cell are separated by the cell side membrane, while intracellular and cleft
spaces are separated by the cell end membrane. Both the side and end membranes allow the free flow of ionic and capacitive
currents. To minimize computational costs, we treated each space as isopotential and assumed uniform concentrations within it.

Modeling multidomain electrodiffusion
Electrodiffusion is a passive process by which charged particles are transported between cardiac cells under the influence of two
simultaneously acting forces, namely, the gradients of particle density and electric potential. We applied Goldman-Hodgkin-
Katz (GHK) equation (below) to describe the ionic current labeled by 𝑘 across cell membrane, which is a function of the
transmembrane potential (𝑉𝑚) and the ionic concentrations inside (𝐶𝑖,𝑘) and outside (𝐶𝑒,𝑘) of the cell:

𝐼 (𝑃𝑘 ,𝐶𝑖,𝑘 ,𝐶𝑒,𝑘 ,𝑉𝑖 ,𝑉𝑒) = 𝑃𝑘

𝑧2
𝑘
𝐹2

𝑅𝑇
(𝑉𝑖 −𝑉𝑒)

𝐶𝑖,𝑘 − 𝐶𝑒,𝑘 exp(− 𝑧𝑘𝐹 (𝑉𝑖−𝑉𝑒 )
𝑅𝑇

)
1 − exp(− 𝑧𝑘𝐹 (𝑉𝑖−𝑉𝑒 )

𝑅𝑇
)

,

where 𝑃𝑘 represents the permeability of the membrane for ion 𝑘 and and 𝑧𝑘 denotes its charge valance. The index 𝑘 refers to the
four major ionic species: Na+, K+, Ca2+ and Cl− . 𝑅, 𝑇 , and 𝐹 are the ideal gas constant, absolute temperature and Faraday’s
constant, respectively.

Here, we modeled multiple ion electrodiffusion between four domains. In particular, we modeled the electrodiffusion
between intracellular spaces; between cleft and extracellular-cleft spaces; between extracellular and extracellular-cleft spaces;
and between extracellular spaces in the vertical direction. For each domain, we tracked the potential (𝜙𝑖 , 𝜙𝑒, 𝜙𝑐, 𝜙𝑒𝑐) and
concentration (C𝑖,𝑘 , C𝑒,𝑘 , C𝑐,𝑘 , C𝑒𝑐,𝑘) of each ion. The ionic fluxes between domains are described by GHK flux equation, in
which the movement of ions is tightly coupled to the electrochemical gradient.

Modeling EpC
EpC is strongly dependent on the presence of the cleft space between the ends of adjacent cells. This cleft space communicates
with the end membranes of neighboring cells and the extracellular space independently. We modeled EpC by considering the
active end membranes linked through a shared cleft potential, along with the dynamic interaction between the cleft and the
extracellular space via a high-resistance (𝑅𝑐) diffusion process. 𝑅𝑐 is inversely proportional to the cleft width (𝑑cleft), with the
corresponding formula provided in Table A1 of of (23) and Table 1 of (21). We selected the values of 𝑑cleft ranging from 4
nm to 115 nm to represent the different levels of EpC, which are governed by 𝑅𝑐. A smaller 𝑑cleft corresponds to a larger 𝑅𝑐,
indicating a significantly stronger EpC, whereas a sufficiently large 𝑑cleft signifies the near absence of EpC.

In contrast to our previous work (14, 15, 21), where ionic electrodiffusion was not included, this study tracks the dynamics
of Na+, K+, Ca2+, and Cl− within the cleft. The movement of these ions are influenced by the combined effects of ionic flux
across the opposing end membranes and the diffusive flux between the cleft and the extracellular space, which is regulated by
the electrochemical gradient established between the two.

Figure 1: A lattice view of our 2D discrete multidomain electrodiffusion model (left) and a circuit diagram for two adjacent cells coupled through a shared
single (middle) compartment cleft in the presence of electrodiffusion and end-to-end GJs (𝐺𝐽end, right).

The model equations presented below were derived based on the principles of current balance and concentration conservation
for each domain and ion (𝑘 = 1 ∼ 4 represents Na+, K+, Ca2+, and Cl−). All parameters are drawn from the references
(14, 15, 21). Specifically, the current balance refers to the equilibrium among capacitive currents (𝐶𝑚

𝜕𝜙

𝜕𝑡
), ionic currents

(𝐼side and 𝐼end), and electrodiffusive currents between different domains (GHK currents). This is a discretized version of
the Poisson-Nernst-Planck (PNP) equation, where the discreteness of the model offers a more precise representation of the
discontinuous conduction observed during myocardial ischemia.
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Intracellular space (𝜙 (𝑖, 𝑗 )
𝑖

, 𝐶 (𝑖, 𝑗 )
𝑖,𝑘 ):

4∑︁
𝑘=1

𝐴end𝐼 (𝑃end
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖, 𝑗+1)
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖, 𝑗+1)

𝑖
) +

4∑︁
𝑘=1

𝐴end𝐼 (𝑃end
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖, 𝑗−1)
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖, 𝑗−1)

𝑖
)

+
4∑︁

𝑘=1

𝐴side
2

𝐼 (𝑃side
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖+1, 𝑗 )
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖+1, 𝑗 )

𝑖
) +

4∑︁
𝑘=1

𝐴side
2

𝐼 (𝑃side
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖−1, 𝑗 )
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖−1, 𝑗 )

𝑖
)

+𝐴end𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗 )
𝑖

− 𝜙
(𝑖, 𝑗+ 1

2 )
𝑐 )

𝜕𝑡
+ 𝐴end𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗 )
𝑖

− 𝜙
(𝑖, 𝑗− 1

2 )
𝑐 )

𝜕𝑡
+ 𝐴end𝐼

𝑅,𝐿
end + 𝐴side𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗 )
𝑖

− 𝜙
(𝑖, 𝑗 )
𝑒 )

𝜕𝑡
+ 𝐴side𝐼side = 0,

(1)

𝑣𝑖
𝜕𝐶

(𝑖, 𝑗 )
𝑖, 𝑘

𝜕𝑡
= − 𝐴end

𝐼 (𝑃end
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖, 𝑗+1)
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖, 𝑗+1)

𝑖
)

𝑧𝑘𝐹
− 𝐴end

𝐼 (𝑃end
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖, 𝑗−1)
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖, 𝑗−1)

𝑖
)

𝑧𝑘𝐹

− 𝐴side
2

𝐼 (𝑃side
GJ,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑖, 𝑘 ,𝐶 (𝑖+1, 𝑗 )
𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖+1, 𝑗 )

𝑖
)

𝑧𝑘𝐹
− 𝐴side

2
𝐼 (𝑃side

GJ,𝑘 ,𝐶 (𝑖, 𝑗 )
𝑖, 𝑘 ,𝐶 (𝑖−1, 𝑗 )

𝑖, 𝑘 , 𝜙 (𝑖, 𝑗 )
𝑖

, 𝜙 (𝑖−1, 𝑗 )
𝑖

)
𝑧𝑘𝐹

− 𝐴end
𝐼
𝑅, 𝐿; 𝑘
end
𝑧𝑘𝐹

− 𝐴side
𝐼𝑘side
𝑧𝑘𝐹

(𝑘 = 1 ∼ 4),

(2)

where 𝑃end
GJ,𝑘 and 𝑃side

GJ,𝑘 represent the permeability of end-to-end and side-to-side GJs to the ion 𝑘; 𝑧𝑘 denotes the ionic valence
(+1 for Na+ and K+, +2 for Ca2+, −1 for Cl−); 𝑅, 𝑇 , and 𝐹 are the ideal gas constant, absolute temperature, and Faraday’s
constant, respectively; 𝐴end and 𝐴side refer to the cross-sectional and side areas of a cell, respectively; 𝜙 (𝑖, 𝑗 )

𝑖
, 𝜙 (𝑖, 𝑗−1)

𝑖
, and

𝜙
(𝑖, 𝑗+1)
𝑖

denote the intracellular potentials of cells (𝑖, 𝑗), (𝑖, 𝑗 − 1), and (𝑖, 𝑗 + 1), respectively; 𝐶 (𝑖, 𝑗 )
𝑖,𝑘 , 𝐶 (𝑖, 𝑗−1)

𝑖,𝑘 , and 𝐶
(𝑖, 𝑗+1)
𝑖,𝑘

represent the intracellular concentrations of ion 𝑘 in the cells (𝑖, 𝑗), (𝑖, 𝑗 − 1), and (𝑖, 𝑗 + 1), respectively; 𝜙 (𝑖−1, 𝑗 )
𝑖

and 𝜙
(𝑖+1, 𝑗 )
𝑖

represent the intracellular potentials of cells (𝑖 − 1, 𝑗) and (𝑖 + 1, 𝑗), respectively; 𝐶 (𝑖−1, 𝑗 )
𝑖,𝑘 and 𝐶

(𝑖+1, 𝑗 )
𝑖,𝑘 represent the intracellular

concentrations of ion 𝑘 in cells (𝑖 − 1, 𝑗) and (𝑖 + 1, 𝑗), respectively; 𝜙 (𝑖, 𝑗− 1
2 )

𝑐 and 𝜙
(𝑖, 𝑗+ 1

2 )
𝑐 denote cleft potentials at positions

(𝑖, 𝑗 − 1
2 ) and (𝑖, 𝑗 + 1

2 ), respectively; 𝐶𝑚 is the membrane capacitance per unit area; 𝐼end and 𝐼side represent the outward ionic
current density at the end and side membranes, respectively; 𝜙 (𝑖, 𝑗 )

𝑒 is the extracellular potential of cell (𝑖, 𝑗); 𝑣𝑖 denotes the cell
volume. For 𝑘 = 4, the terms 𝐼𝑘end

𝑧𝑘𝐹
and 𝐼𝑘side

𝑧𝑘𝐹
are omitted from Eq. (2).

Extracellular space (𝜙 (𝑖, 𝑗 )
𝑒 , 𝐶 (𝑖, 𝑗 )

𝑒,𝑘 ):

4∑︁
𝑘=1

𝐴𝑒𝑐 𝐼 (𝑃𝑒𝑐,𝑘 ,𝐶 (𝑖, 𝑗 )
𝑒, 𝑘 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑒𝑐, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 ) +
4∑︁

𝑘=1
𝐴𝑒𝑐 𝐼 (𝑃𝑒𝑐,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑒, 𝑘 ,𝐶 (𝑖, 𝑗− 1
2 )

𝑒𝑐, 𝑘 , 𝜙 (𝑖, 𝑗 )
𝑒 , 𝜙 (𝑖, 𝑗− 1

2 )
𝑒𝑐 )

+
4∑︁

𝑘=1

𝐴𝑒𝑒

2
𝐼 (𝑃𝑒𝑒,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑒, 𝑘 ,𝐶 (𝑖+1, 𝑗 )
𝑒, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖+1, 𝑗 )
𝑒 ) +

4∑︁
𝑘=1

𝐴𝑒𝑒

2
𝐼 (𝑃𝑒𝑒,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑒, 𝑘 ,𝐶 (𝑖−1, 𝑗 )
𝑒, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖−1, 𝑗 )
𝑒 )

−𝐴side𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗 )
𝑖

− 𝜙
(𝑖, 𝑗 )
𝑒 )

𝜕𝑡
− 𝐴side𝐼side = 0,

(3)

𝑣𝑒
𝜕𝐶

(𝑖, 𝑗 )
𝑒, 𝑘

𝜕𝑡
= − 𝐴𝑒𝑐

𝐼 (𝑃𝑒𝑐,𝑘 ,𝐶 (𝑖, 𝑗 )
𝑒, 𝑘 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑒𝑐, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 )
𝑧𝑘𝐹

− 𝐴𝑒𝑐

𝐼 (𝑃𝑒𝑐,𝑘 ,𝐶 (𝑖, 𝑗 )
𝑒, 𝑘 ,𝐶 (𝑖, 𝑗− 1

2 )
𝑒𝑐, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖, 𝑗− 1
2 )

𝑒𝑐 )
𝑧𝑘𝐹

− 𝐴𝑒𝑒

2
𝐼 (𝑃𝑒𝑒,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑒, 𝑘 ,𝐶 (𝑖+1, 𝑗 )
𝑒, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖+1, 𝑗 )
𝑒 )

𝑧𝑘𝐹
− 𝐴𝑒𝑒

2
𝐼 (𝑃𝑒𝑒,𝑘 ,𝐶 (𝑖, 𝑗 )

𝑒, 𝑘 ,𝐶 (𝑖−1, 𝑗 )
𝑒, 𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖−1, 𝑗 )
𝑒 )

𝑧𝑘𝐹

+𝐴side
𝐼𝑘side
𝑧𝑘𝐹

(𝑘 = 1 ∼ 4),

(4)

where 𝐴𝑒𝑐 and 𝐴𝑒𝑒 represent the areas of the extracellular-cleft and extracellular spaces, respectively. 𝑃𝑒𝑐,𝑘 denotes the
permeability of the ion 𝑘 through the resistive connection between the extracellular space and the extra-cleft space, facilitated
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by diffusive ionic flows. 𝑃𝑒𝑒,𝑘 represents the permeability of the ion 𝑘 through the resistive connection between extracellular
spaces in the transverse direction, facilitated by diffusive ionic flows. The extracellular potentials of cells (𝑖, 𝑗), (𝑖 − 1, 𝑗), and
(𝑖 + 1, 𝑗) are denoted by 𝜙

(𝑖, 𝑗 )
𝑒 , 𝜙 (𝑖−1, 𝑗 )

𝑒 , and 𝜙
(𝑖+1, 𝑗 )
𝑒 , respectively. Similarly, the extracellular concentrations of ion 𝑘 for cells

(𝑖, 𝑗), (𝑖 − 1, 𝑗), and (𝑖 + 1, 𝑗) are represented by 𝐶
(𝑖, 𝑗 )
𝑒,𝑘 , 𝐶 (𝑖−1, 𝑗 )

𝑒,𝑘 , and 𝐶
(𝑖+1, 𝑗 )
𝑒,𝑘 , respectively. The extracellular-cleft potentials at

locations (𝑖, 𝑗 − 1
2 ) and (𝑖, 𝑗 + 1

2 ) are denoted by 𝜙
(𝑖, 𝑗− 1

2 )
𝑒𝑐 and 𝜙

(𝑖, 𝑗+ 1
2 )

𝑒𝑐 , respectively, while 𝐶 (𝑖, 𝑗− 1
2 )

𝑒𝑐,𝑘 and 𝐶
(𝑖, 𝑗+ 1

2 )
𝑒𝑐,𝑘 represent the

extracellular-cleft concentrations of ion 𝑘 at those locations. Additionally, 𝑣𝑒 is the volume of the extracellular space. For 𝑘 = 4,
the term 𝐼𝑘side

𝑧𝑘𝐹
is omitted from Eq. (4).

Cleft space (𝜙 (𝑖, 𝑗+ 1
2 )

𝑐 , 𝐶 (𝑖, 𝑗+ 1
2 )

𝑐,𝑘 ):

4∑︁
𝑘=1

𝐴𝑐 𝐼 (𝑃𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑐 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 )

−𝐴end𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗+1)
𝑖

− 𝜙
(𝑖, 𝑗+ 1

2 )
𝑐 )

𝜕𝑡
− 𝐴end𝐶𝑚

𝜕 (𝜙 (𝑖, 𝑗 )
𝑖

− 𝜙
(𝑖, 𝑗+ 1

2 )
𝑐 )

𝜕𝑡
− 𝐴end𝐼

𝑅,𝐿
end = 0,

(5)

𝑣𝑐
𝜕𝐶

(𝑖, 𝑗+ 1
2 )

𝑐, 𝑘

𝜕𝑡
= −𝐴𝑐

𝐼 (𝑃𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑐 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 )
𝑧𝑘𝐹

+ 𝐴end
𝐼
𝑅,𝐿;𝑘
end
𝑧𝑘𝐹

(𝑘 = 1 ∼ 4), (6)

where 𝐴𝑐 represents the area of the cleft space; 𝑃𝑐,𝑘 is the permeability of the ion 𝑘 through the resistive connection between
the cleft space and extracellular-cleft space, mediated by diffusive ionic flows; 𝑣𝑐 denotes the volume of cleft space. For 𝑘 = 4,
term 𝐼end

𝑧𝑘𝐹
is dropped from Eq. (6).

Extracellular-cleft space (𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 , 𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 ):

−
4∑︁

𝑘=1
𝐴𝑐 𝐼 (𝑃𝑐,𝑘 , 𝜙 (𝑖, 𝑗+ 1

2 )
𝑐 , 𝜙 (𝑖, 𝑗+ 1

2 )
𝑒𝑐 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑒𝑐,𝑘 ) −

4∑︁
𝑘=1

𝐴𝑒𝑐 𝐼 (𝑃𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗+1)
𝑒 , 𝜙 (𝑖, 𝑗+ 1

2 )
𝑒𝑐 ,𝐶 (𝑖, 𝑗+1)

𝑒,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 )

−
4∑︁

𝑘=1
𝐴𝑒𝑐 𝐼 (𝑃𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗 )

𝑒 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 ,𝐶 (𝑖, 𝑗 )
𝑒,𝑘 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑒𝑐,𝑘 ) = 0,

(7)

𝑣𝑒𝑐
𝜕𝐶

(𝑖, 𝑗+ 1
2 )

𝑒𝑐, 𝑘

𝜕𝑡
=𝐴𝑐

𝐼 (𝑃𝑐,𝑘 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑐 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑐,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 )
𝑧𝑘𝐹

+
𝐴𝑒𝑐 𝐼 (𝑃𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗+1)

𝑒 , 𝜙 (𝑖, 𝑗+ 1
2 )

𝑒𝑐 ,𝐶 (𝑖, 𝑗+1)
𝑒,𝑘 ,𝐶 (𝑖, 𝑗+ 1

2 )
𝑒𝑐,𝑘 )

𝑧𝑘𝐹

+𝐴𝑒𝑐

𝐼 (𝑃𝑒𝑐,𝑘 , 𝜙 (𝑖, 𝑗 )
𝑒 , 𝜙 (𝑖, 𝑗+ 1

2 )
𝑒𝑐 ,𝐶 (𝑖, 𝑗 )

𝑒,𝑘 ,𝐶 (𝑖, 𝑗+ 1
2 )

𝑒𝑐,𝑘 )
𝑧𝑘𝐹

(𝑘 = 1 ∼ 4),

(8)

where 𝑣𝑒𝑐 is the volume of the extra-cellular space.

Membrane dynamics
To provide a physiological description of the side (Iside) and end membrane (Iend) currents, we employed the Luo-Rudy dynamic
model 2007 (LRd2007) (36). To simplify the numerical simulation of this complex system, which involves multidomain
electrodiffusion of multiple ions, we did not model the calcium handling processes within the sarcoplasmic reticulum (SR) in
each cell. However, we retained essential calcium-related currents, including the L-type calcium current (ICaL), background
calcium current (ICab), sarcoplasmic calcium pump current (IPCa), sodium-calcium exchange current (INaCa), and transient
outward calcium current (ICat).
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Additionally, we modeled the individual localization of fast sodium (INa), L-type calcium (ICaL), and inward rectifier
potassium (IKi) channels at the end membrane, based on experimental observations (37–41). This approach is crucial for
investigating the distinct effects of each channel type on cardiac dynamics and for gaining insights into the mechanisms of EpC.
The localization was implemented by redistributing the channels across the end membrane while keeping the total number
of channels—or equivalently, the total conductance—constant. In particular, we considered three distribution scenarios: (1)
localized INa with uniform ICaL and IKi; (2) localized ICaL with uniform INa and IKi; (3) localized IKi with uniform INa and
ICaL. Other ionic channels are uniformly distributed, with their gating variables functioning independently on the side and end
membranes.

Modeling ischemic region
We modeled myocardial ischemia by defining three regions: the normal zone (NZ, yellow), the ischemic core (IC, blue), and the
border zone (BZ), as shown in Fig.2. The BZ features a finger-like geometry, with the IC protruding into the NZ—consistent
with structures observed in optical coherence tomography (OCT) data (42). We applied methods from (43, 44) to model the
key features of regional acute ischemia—which typically lasts 10–15 minutes—including hyperkalemia, acidosis, anoxia, and
GJ remodeling (45, 46). Hyperkalemia was modeled by increasing the extracellular potassium concentration [K+]o from 4.5
mM (in the NZ) to 14.5 mM (in the IC). Acidosis was represented by reducing the maximal conductance of INa and ICaL by
25% (in the IC), along with a 3.4 mV positive voltage shift in INa current kinetics. The effects of anoxia were modeled by
lowering intracellular adenosine triphosphate (ATP) concentration from 10 mM (in the NZ) to 3 mM (in the IC), influencing
ATP-dependent potassium (IKatp) and ICaL currents. GJ remodeling was simulated by a 99.5% reduction in connexin 43
(Cx43)-mediated GJs, while 100% of GJs remained in the NZ, at 666 mS/cm2 (21). To assign parameter values within the BZ,
we defined a smooth transition from IC to NZ values using the mapping 𝑓 (𝑥, 𝑦) = 𝑓0 (𝑥 − 𝑛 sin(𝑏𝑦)), where

𝑓0 (𝑧) =
𝑎NZ + 𝑎IC

2
+ 𝑎NZ − 𝑎IC

2
tanh

(
𝑧 + 𝐿/2
𝐿/2

)
.

Here, 𝑎NZ and 𝑎IC represent the parameter values in the NZ and IC, respectively. The parameters 𝑏, 𝑛, and 𝐿 control the
frequency, depth, and width of the finger-like protrusions in the BZ.

Figure 2: Display of NZ, BZ (with “fingers"-like geometry) and IC, where 𝑏, 𝑛, and 𝐿 control the frequency, depth, and width of the “fingers" respectively.

Numerical scheme and pacing protocol
To solve the large system of differential equations presented in Eqs 1 - 8, we employed a time-splitting method. In this approach,
we updated potentials (such as 𝜙𝑖 , 𝜙𝑒, 𝜙𝑐, 𝜙𝑒𝑐) and ion concentrations (𝐶𝑖,𝑘 , 𝐶𝑒,𝑘 , 𝐶𝑐,𝑘 , 𝐶𝑒𝑐,𝑘) in the first substep, while gating
variables were updated in the second substep. The nonlinear components (GHK diffusive currents, ionic currents, and gating
kinetics) were linearized using the corresponding potentials and concentrations from the previous time step. These were then
handled using a backward-Euler type discretization along with the linear components. The system was solved using a direct
method implemented in MATLAB.

We performed numerical simulations on a lattice consisting of 𝑀 by 𝑁 cells with a time step of 0.01 ms, where 𝑀 = 40 and
𝑁 = 100. Initially, all gating variables, ionic concentrations, and potentials were set to steady state. Conduction was triggered
by excitatory current pulses with an amplitude of 0.15 𝜇𝐴 and a duration of 2 ms, applied to all cells from either the left-hand

6 Manuscript submitted to Biophysical Journal



Electrodiffusion and ephaptic coupling

side or the top of the lattice to initiate conduction in the longitudinal or transverse direction. Periodic pacing with a basic cycle
length (BCL) of 500 ms was applied as necessary to establish a steady state, and the electrochemical properties of the last two
beats were recorded.

The wavefront of typical AP propagation was characterized by the spatial point where the side transmembrane potential
(𝑉𝑚) exceeded -30 mV, along with a positive temporal derivative ( 𝜕𝑉𝑚

𝜕𝑡
> 0). This criterion was used to differentiate normal APs

from small-amplitude APs (SAP) (14, 21). SAP, as defined in (21), is a unique type of AP that can propagate through cardiac
tissue despite having a reduced amplitude (maximum 𝑉𝑚 = −40 mV) and a significantly shorter action potential duration
(APD), which is the period between the initiation of the AP (depolarization) and its return to the resting membrane potential
(repolarization). Activation was monitored by identifying the earliest activation time (EAT) in each column or row of the 𝑀 by
𝑁 lattice. The CV in the longitudinal (CVL) and transverse direction (CVT) were computed by performing linear regression of
the EAT over 20-80% of the lattice to reduce boundary effects. A CB was defined as the failure of the wavefront to reach the
right-hand side of the lattice.

RESULTS
In this section, we aim to explore the impact of EpC and multidomain electrodiffusion on cardiac dynamics. To achieve this, we
presented a comparison between our previously developed bidomain model (14, 15, 21) and the multidomain electrodiffusion
model, focusing on cardiac dynamics under EpC. We primarily investigated CV, AP morphology, propagation into the ischemic
region, instability of planar front and dynamic changes in ionic concentrations. Each of these findings was explored using three
specific distributions of ionic channels outlined in the Membrane dynamics Section. However, for CV, propagation into the
ischemic region and instability of planar front—all of which are primarily governed by depolarization—the effects of localized
IKi and ICaL are minimal. For this reason, the corresponding data are not shown. Additionally, we sought to elucidate the ionic
mechanisms of EpC by analyzing dynamic changes in cleft ionic concentrations.

Conduction velocity
We initiated our study by evaluating the effect of EpC on CVL and CVT, utilizing both bidomain (black) and electrodiffusion
(red) models, with varying GJs. Figs. 3 and 4 depicted the CVL and CVT, respectively, as a function of 𝑑cleft in the presence of
low (0.5%) and normal (100%) GJ. Additionally, the INa current is localized to the cleft, whereas the IKi and ICaL currents are
uniformly distributed along the membrane.

As shown in Fig. 3, both the bidomain and multidomain electrodiffusion models exhibit qualitatively similar behavior. CVL
exhibits a biphasic behavior with respect to 𝑑cleft when GJ is 0.5%. In contrast, when GJ is 100%, CVL decreases as 𝑑cleft
decreases. However, a distinction between the two models emerges when the cleft is sufficiently narrow, signifying strong
EpC. Specifically, with 0.5% GJ coupling, the multidomain electrodiffusion model supports normal longitudinal conduction at
𝑑cleft = 4 nm, while the bidomain model exhibits SAP. At 𝑑cleft = 8.4 nm, the CVL increases from 5cm/s in the bidomain model
to 7cm/s in the electrodiffusion model. Moreover, with 100% GJ, the electrodiffusion model maintains normal conduction at
𝑑cleft = 5 nm, while the bidomain model experiences CB. Additionally, CVL increases from 20 cm/s in the bidomain model to
25 cm/s in the electrodiffusion model when 𝑑cleft = 8 nm.

In Fig. 4, both models depict a decrease in CVT as 𝑑cleft diminishes, with both eventually showing CB at extremely small
cleft widths. However, distinctions between the two models emerge when EpC becomes moderate to strong. For instance, at
0.5% GJ, the electrodiffusion model exhibits normal transverse propagation at 𝑑cleft = 20 nm and 50 nm, while the bidomain
model shows CB. Moreover, for 𝑑cleft > 50nm, the electrodiffusion model displays a slight increase in CVT compared to the
bidomain model. At 100% GJ, the electrodiffusion model demonstrates regular transverse propagation, whereas the bidomain
model displays CB at 𝑑cleft = 8 nm and 12 nm. Notably, at 𝑑cleft = 20 nm, the electrodiffusion model exhibits an enhanced CVT
compared to the bidomain model. In summary, our findings suggest that moderate to strong EpC, combined with Na+ ion
electrodiffusion, can enhance CV and decrease the likelihood of CB when INa currents are spatially localized.

Action potential morphology
We proceeded to investigate how EpC influences AP morphology for both models. To emphasize the differences between the
two models, we plotted the time profiles of 𝑉𝑚 for a single cell within a 40 by 100 lattice as the AP propagates longitudinally.
Specifically, we focused on the individual localizations of the INa (Fig. 5), ICaL (Fig. 6), and IKi (Fig. 7) channels with GJ at
0.5% (left panel) and 100% (right panel). Our results showed that the differences in AP morphology between the two models
are consistent in both the longitudinal and transverse directions. Therefore, we only presented the data for the longitudinal
direction.
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Figure 3: CVL as a function of 𝑑cleft at 0.5% GJ (left) and 100% GJ (right) when INa is localized. Electrodiffusion model shown in red; bidomain model in
black.

Figure 4: CVT as a function of 𝑑cleft at 0.5% GJ (left) and 100% GJ (right) when INa is localized. Electrodiffusion model shown in red; bidomain model in
black.

Localized INa channels
As shown in Fig. 5, notable differences between the electrodiffusion model (red) and the bidomain model (black) are observed
in the depolarization phase of the AP for both 0.5% and 100% GJ. At 𝑑cleft = 4 nm (dotted) with 0.5% GJ and 6 nm (dotted)
with 100% GJ, the 𝑉𝑚 trace in the bidomain model exhibits SAP, whereas the electrodiffusion model maintains a normal AP.
Furthermore, at 𝑑cleft = 5 nm (dashed) with 0.5% GJ, and 8 nm and 20 nm (dashed and solid) with 100% GJ, the bidomain
model exhibits an AP characterized by a steep initial depolarization followed by a shallow one. In contrast, the electrodiffusion
model presents an AP with a sharper upstroke phase. The differences between the two models during the upstroke phase are
attributed to Na+ electrodiffusion, which reduces the ephaptic effects resulting from the localization of INa channels to the
narrow cleft.

Figure 5: 𝑉𝑚 traces at varying 𝑑cleft during longitudinal AP propagation with localized INa: 0.5% GJ (left) and 100% GJ (right). Electrodiffusion model is
shown in red, and the bidomain model in black.
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Localized ICaL channels
As shown in Fig. 6, significant differences between the electrodiffusion model and the bidomain model are observed in the APD
values for both 0.5% and 100% GJ. Notably, APD values remain constant in the bidomain model as 𝑑cleft changes, whereas in
the electrodiffusion model, APD decreases significantly with decreasing 𝑑cleft. The observed differences in APD between the
two models are attributed to Ca+ electrodiffusion, which enhances the ephaptic effects resulting from localization of ICaL
channels to the narrow cleft.

Figure 6: 𝑉𝑚 traces at varying 𝑑cleft during longitudinal AP propagation with localized ICaL: 0.5% GJ (left) and 100% GJ (right). Electrodiffusion model is
shown in red, and the bidomain model in black.

Localized IKi channels
As shown in Fig. 7, notable differences between the electrodiffusion and bidomain models are observed in the late repolarization
and resting potential, corresponding to phase 4 of the AP, at both 0.5% and 100% GJ. Notably, at 0.5% GJ, CB is observed in
the bidomain model but not in the electrodiffusion model. At 100% GJ, 𝑉𝑚 traces remain unchanged in the bidomain model as
𝑑cleft decreases. In contrast, variations in late repolarization and elevated resting potentials are observed in the electrodiffusion
model at both levels of GJ. These differences are attributed to the electrodiffusion of K+ ions, which enhances the ephaptic
effects caused by the localization of IKi channels to the narrow cleft.

Figure 7: 𝑉𝑚 traces at varying 𝑑cleft during longitudinal AP propagation with localized IKi: 0.5% GJ (left) and 100% GJ (right). Electrodiffusion model is
shown in red, and the bidomain model in black.

In conclusion, we highlighted the differences in AP morphology between the bidomain model and the electrodiffusion
model when EpC is sufficiently strong. As shown in Figs. 5 - 7, discrepancies arise in the depolarization phase, APD values,
late repolarization, and resting potential—key features influenced by the functions of INa, ICaL, and IKi. These findings
suggest that ionic electrodiffusion plays a crucial role in shaping the morphology of the AP, especially in the presence of strong
EpC. Specifically, Na+ electrodiffusion mitigates the ephaptic effects caused by the localization of INa channels to the narrow
clefts by inducing a steep depolarization in the AP. Meanwhile, Ca2+ electrodiffusion further enhances the ephaptic effects
resulting from the localization of ICaL channels to the narrow clefts by shortening APDs. Additionally, K+ electrodiffusion
amplifies the ephaptic effects resulting from the localization of IKi channels to the narrow clefts by accelerating the late phase
of repolarization and elevating resting potentials.
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Conduction across the ischemic region
In this section, we aim to illustrate how EpC, ionic electrodiffusion, and the geometry of the ischemic BZ influence propagation
into the ischemic region. To achieve this, we sought to examine differences between the bidomain and electrodiffusion models
in ephaptic conduction across a 40 × 100 lattice, spanning from NZ to IC, as shown in Fig. 2. Here INa channels are localized,
ICaL and IKi channels are uniformly distributed along the membrane. Our findings suggest that when EpC is either excessively
strong or weak, there is no substantial disparity in AP propagation into the IC between the two models (data not shown).
However, when EpC is at a moderate level, differences in AP propagation and morphology become evident, as shown in Figs. 8
and 9.

Fig. 8 presents snapshots of 𝑉𝑚 for both electrodiffusion (A) and bidomain (B) models along the lattice into the IC,
where 𝑑cleft = 10 nm, 𝑛 = 10, 𝐿 = 20, Numcol = 30, and 𝑏 = 0.8. In this setting, the BZ has a complex geometry because
𝑛 > 0. As shown in Fig. 8, ephaptic conduction successfully propagates into the IC in both models, but with distinct AP
morphologies. Specifically, the electrodiffusion model shows a normal AP, while the bidomain model exhibits a SAP within the
IC, characterized by a significant reduction in voltage amplitudes (-25 mV).

Fig. 9 shows snapshots of 𝑉𝑚 for both the electrodiffusion (A) and bidomain (B) models along the lattice into the IC, with
parameters 𝑑cleft = 13 nm, 𝑛 = 0, 𝐿 = 20, Numcol = 30 and 𝑏 = 1. Compared to Fig. 8, we varied the parameters 𝑏, 𝑛, and 𝑑cleft
to demonstrate that the observed phenomena are not specific to a single parameter set, thereby highlighting the variability in
both the data and the resulting propagation behaviors. In this configuration, 𝑛 = 0 signifies that the BZ has a simple geometry,
with a direct transition from NZ to IC. As shown in Fig. 9A, ephaptic conduction is successful in the electrodiffusion model,
while in the bidomain model (Fig. 9B), it fails to propagate into the IC. In summary, Figs. 8 and 9 demonstrate that Na+
electrodiffusion promotes propagation into ischemic tissue when EpC is moderate.

Figure 8: Snapshots of 𝑉𝑚 illustrating longitudinal AP propagation across a 40 × 100 lattice, spanning from NZ (left) to IC (right) (see Fig. 2), for the
electrodiffusion (A) and bidomain (B) models, with 𝑑cleft = 10 nm and a complex BZ geometry (𝑛 = 10, 𝐿 = 20, Numcol = 30, and 𝑏 = 0.8).
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Figure 9: Snapshots of 𝑉𝑚 illustrating longitudinal AP propagation across a 40 × 100 lattice, spanning from NZ (left) to IC (right) (see Fig. 2), for the
electrodiffusion (A) and bidomain (B) models, with 𝑑cleft = 13 nm and a simple BZ geometry (𝑛 = 0, 𝐿 = 20, Numcol = 30 and 𝑏 = 1).

Instability of planar fronts
In this section, we investigated the impact of Na+ electrodiffusion and EpC on planar front instability, assuming that INa channels
are localized, while ICaL and IKi channels are uniformly distributed along the membrane. In the bidomain model, the AP
propagation manifests as irregular, zigzag-shaped wavefronts that travel through neighboring cells in a spatially heterogeneous
manner across the lattice (Fig. 10A), occurring under conditions of 0.5% GJ and 𝑑cleft = 10 nm. In contrast, the electrodiffusion
model maintains a stable planar front and does not exhibit this instability under the same conditions (Fig. 10B).

The persistence of the zigzag wavefront over time suggests that it arises from an instability of the planar front, as described
in our earlier work (21, 47). We proposed that the instability arises from the coexistence of two conduction modes—ephaptic
and GJ-mediated—that vary spatially in both the 𝑥- and 𝑦-directions. Specifically, a checkerboard pattern of ephaptic and
GJ-mediated alternation gives rise to the instability of planar fronts. Electrodiffusion stabilizes wavefront propagation by
modulating potential and ionic concentration gradients between neighboring cells, thereby suppressing the spatial heterogeneities
that lead to zigzag or unstable fronts under low GJs with active ephaptic interactions.

Dynamic changes in the ionic concentrations
In this section, we investigated the effect of EpC on the dynamic changes in ionic concentration using the electrodiffusion model,
emphasizing one of its key advantages over the bidomain model. To gain a comprehensive understanding of these behaviors, we
systematically varied the localization of INa, ICaL, and IKi channels individually. We monitored the ionic concentration in both
the cleft and extracellular spaces within the lattice during the last two beats of periodic pacing. Given that GJs are set at 100%
along the lattice, we selected a single cleft and extracellular space for plotting.
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Figure 10: Snapshots of 𝑉𝑚 showing planar front instability in the bidomain model (A), which is absent in the electrodiffusion model, under 0.5% GJ,
𝑑cleft = 10 nm, with localized INa and uniform ICaL and IKi channels.

Figures 11 and 12 show the time profiles of extracellular (blue) and cleft (red) concentrations of Na+, K+, Ca2+, and Cl−
with localized INa (A), ICaL (B), and IKi (C) channels at 𝑑cleft = 115 nm and 5 nm, respectively, corresponding to near
absence and strong presence of EpC. As shown in both figures, the extracellular (blue) and intracellular (data not shown) ionic
concentrations exhibit minimal fluctuations. Additionally, Figs. 11B and C show relatively small changes in cleft [Ca2+] and
[K+] at 𝑑cleft = 115 nm. Specifically, there is a slight decrease in cleft [Ca2+] when ICaL channels are localized, and a small
increase in cleft [K+] when IKi channels are localized.

In contrast, Fig. 12 shows more pronounced perturbations in the cleft ionic concentrations at 𝑑cleft = 5 nm. Specifically,
when INa channels are localized, the narrow cleft results in a moderate reduction in cleft [Na+] and [Cl−], along with noticeable
fluctuations in cleft [Ca2+]. Furthermore, when ICaL channels are localized, there is a near depletion of Ca2+ ions in the cleft.
Additionally, when IKi channels are localized, there are significant changes in cleft [K+] and [Ca2+], with relatively minor
changes in [Na+] and [Cl−]. In particular, cleft [K+] increases substantially, reaching 8 mM.

In summary, our findings suggest that changes in extracellular ionic concentrations are minimal regardless of 𝑑cleft.
Furthermore, the ionic concentrations in the cleft space are only slightly perturbed when EpC is weak. However, strong EpC
can dramatically alter the ionic concentrations in the cleft, which are closely related to the localization of ionic channels INa,
ICaL, and IKi. Notably, there is a significant increase in [K+] and near depletion of Ca2+ in the cleft, while changes in cleft
[Na+] are moderate. These findings may provide insight into the ionic mechanism of EpC, specifically the depletion of Ca2+

ions and/or the accumulation of K+ in the cleft.
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Figure 11: The time profiles of extracellular () and cleft (red) concentrations of Na+, K+, Ca2+ and Cl− with localized INa (A), ICaL (B), and IKi (C)
channels at 𝑑cleft = 115 nm.

DISCUSSION
In this paper, we explored the interplay between ionic electrodiffusion and EpC on cardiac dynamics, including AP propagation,
morphology, and electrochemical properties in both healthy and ischemic hearts. To achieve this, we developed a 2D discrete
multidomain electrodiffusion model that incorporates EpC. Our findings indicate that under strong EpC, Na+ electrodiffusion
enhances CV, reduces the occurrence of CB, and sharpens the upstroke phase of the AP, while Ca2+ and K+ diffusion shorten the
AP duration, alter the repolarization phase, and elevate the resting membrane potential. Additionally, when EpC is prominent,
Na+ electrodiffusion helps stabilize AP propagation and promotes its spread into ischemic regions. Strong EpC also significantly
alters ionic concentrations in the cleft, markedly increasing [K+], nearly depleting [Ca2+], and causing moderate changes in
[Na+]. This multidomain electrodiffusion model provides valuable insights into the mechanisms of EpC in the heart.

Our model is the first physiologically accurate 2D model that includes the electrodiffusion of all major ions in conjunction
with EpC. Furthermore, our model simulates ionic transport and accumulation across multiple compartments at both the
subcellular and cellular levels, revealing qualitative and quantitative features that differ from previous one-dimensional studies
where ion electrodiffusion is limited to the cleft. This model can be used to investigate the impact of EpC on arrhythmogenesis
in the ischemic heart, where ionic electrodiffusion plays a critical role. Ultimately, our discrete electrodiffusion model provides
substantial advantages over continuous models by accurately capturing the slow and discontinuous nature of AP propagation in
the diseased heart.

We highlighted key differences between the multidomain electrodiffusion model and the bidomain model in cardiac
functions, including AP kinetics, morphology, and electrochemical properties in both healthy and ischemic hearts. These
findings underscore the influence of multidomain electrodiffusion of multiple ions and its interaction with EpC on cardiac
activity, providing a foundation for investigating their roles in arrhythmogenesis, which earlier models could not achieve.
Myocardial ischemia, caused by severe coronary artery obstruction, leads to significant electrochemical gradients along with
notable physiological and anatomical changes (48–50), which can potentially result in cardiac arrhythmias (51–53). In particular,
reduced and remodeled GJs are prominent features in all ischemia-related heart diseases (48–50). These conditions provides an
ideal setting for the interaction between ionic electrodiffusion and EpC, as both are crucial. Our innovative approach allows
for the interaction between EpC and electrodiffusion in shaping cardiac dynamics and the exploration of various biophysical
phenomena under both healthy and ischemic conditions.

The clinical relevance of ionic electrodiffusion becomes apparent in various conditions such as heart failure, congenital
channelopathies, and acquired arrhythmias. For example, abnormal expression and function of ion channels can lead to
disrupted repolarization and consequently induce arrhythmias such as atrial fibrillation (AF) and ventricular tachycardia (VT)
(54, 55). AF, which increases the risk of stroke and heart failure, has been associated with alterations in K+ channel function
(55–57), particularly in the atrial myocardium. Moreover, genetic mutations affecting the electric properties of ion channels are
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Figure 12: The time profiles of extracellular () and cleft (red) concentrations of Na+, K+, Ca2+ and Cl− with localized INa (A), ICaL (B), and IKi (C)
channels at 𝑑cleft = 5 nm.

increasingly recognized as significant contributors to arrhythmia susceptibility. For instance, mutations in the gene encoding the
cardiac sodium channel, SCN5A, can lead to Brugada syndrome (58, 59), long QT syndrome (60) and cardiac disorders (61),
both characterized by dangerous arrhythmic potential. These conditions highlight the importance of genetic screening and
personalized approaches in managing patients with inherited arrhythmias stemming from ionic electrodiffusion abnormalities.
On the other hand, exploring the underlying mechanisms of EpC in cardiac conduction and arrhythmogenesis is of critical
clinical importance. Studies indicate that EpC can help restore cardiac conduction when GJs are impaired. Specifically, research
has shown that EpC enhances CV (11, 12, 16, 21–23), reduces CB (14, 21), and ultimately terminates reentry (15) in ischemic
heart models with reduced GJs. Gaining a mechanistic understanding of EpC can drive the development of new anti-arrhythmic
drugs and therapies to tackle various cardiovascular issues.

Our ongoing investigation also reveals several limitations. First, we have neglected the intricate geometry of individual cells
and the structure of the intercalated disc, both of which may influence ionic dynamics and arrhythmogenesis in cardiac tissue.
While accounting for these features would significantly increase the complexity of the multidomain electrodiffusion model—and
thus the computational burden—it remains an important direction for future research. Another limitation is the omission of the
branching structure of cardiac tissue, which could impact EpC and alter propagation dynamics. Although incorporating this
anatomical detail would add further computational cost, it represents a meaningful objective for future model development. A
final limitation concerns model validation. We validated our electrodiffusion framework by comparing CV measurements with
results from our previously published bidomain model (14, 21) as well as other studies (23, 62). Additionally, the “finger-like"
geometry of the ischemic region used in our simulations is based on experimental data from Dr. Talkachova’s lab (42). However,
the complexity of EpC and lack of direct experimental data of ion concentrations in the cleft space underscore the challenges in
this field—highlighting the crucial role of mathematical modeling. To address these limitations, we are actively collaborating
with experimentalists to apply our electrodiffusion model in studying how extracellular and cleft-space ion concentrations
influence CV. Furthermore, we are currently employing our 2D electrodiffusion model to explore the interaction between
ephaptic coupling and multidomain electrodiffusion in cardiac arrhythmias—an important step toward understanding the
fundamental mechanisms of EpC in arrhythmogenesis.

CONCLUSION
In this paper, we explored the interplay between ionic electrodiffusion and EpC on cardiac dynamics, including AP propagation,
morphology, and electrochemical properties in both healthy and ischemic hearts. To achieve this, we developed a 2D discrete
multidomain electrodiffusion model that incorporates EpC. Our findings indicate that under strong EpC, Na+ electrodiffusion
enhances CV, reduces the occurrence of CB, and sharpens the upstroke phase of the AP, while Ca2+ and K+ diffusion shorten the
AP duration, alter the repolarization phase, and elevate the resting membrane potential. Additionally, when EpC is prominent,
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Na+ electrodiffusion helps stabilize AP propagation and promotes its spread into ischemic regions. Strong EpC also significantly
alters ionic concentrations in the cleft, markedly increasing [K+], nearly depleting [Ca2+], and causing moderate changes in
[Na+]. This multidomain electrodiffusion model provides valuable insights into the mechanisms of EpC in the heart.
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