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Intercalated disk nanoscale structure regulates
cardiac conduction
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The intercalated disk (ID) is a specialized subcellular region that provides electrical and mechanical connections between
myocytes in the heart. The ID has a clearly defined passive role in cardiac tissue, transmitting mechanical forces and electrical
currents between cells. Recent studies have shown that Na* channels, the primary current responsible for cardiac excitation,
are preferentially localized at the ID, particularly within nanodomains such as the gap junction-adjacent perinexus and
mechanical junction-associated adhesion-excitability nodes, and that perturbations of ID structure alter cardiac conduction.
This suggests that the ID may play an important, active role in regulating conduction. However, the structures of the ID and
intercellular cleft are not well characterized and, to date, no models have incorporated the influence of ID structure on
conduction in cardiac tissue. In this study, we developed an approach to generate realistic finite element model (FEM) meshes
replicating nanoscale of the ID structure, based on experimental measurements from transmission electron microscopy
images. We then integrated measurements of the intercellular cleft electrical conductivity, derived from the FEM meshes, into
a novel cardiac tissue model formulation. FEM-based calculations predict that the distribution of cleft conductances is sensitive
to regional changes in ID structure, specifically the intermembrane separation and gap junction distribution. Tissue-scale
simulations predict that ID structural heterogeneity leads to significant spatial variation in electrical polarization within the
intercellular cleft. Importantly, we found that this heterogeneous cleft polarization regulates conduction by desynchronizing
the activation of postjunctional Na* currents. Additionally, these heterogeneities lead to a weaker dependence of conduction
velocity on gap junctional coupling, compared with prior modeling formulations that neglect or simplify ID structure. Further,
we found that disruption of local ID nanodomains can either slow or enhance conduction, depending on gap junctional coupling

strength. Our study therefore suggests that ID nanoscale structure can play a significant role in regulating cardiac conduction.

Introduction

The intercalated disk (ID) is the specialized structure at the site
of the cell-cell interface connecting myocytes in the heart, fa-
cilitating electrical coupling via gap junctions (GJs) and me-
chanical coupling via mechanical junctions (MJs; Leo-Macias
et al.,, 2015). Recent evidence has highlighted the structural
heterogeneity of the ID (Zhang et al., 1996; Miyamoto et al.,
2002; Shimada et al.,, 2004; Leo-Macias et al., 2015; Pinali
et al.,, 2015; Leo-Macias et al., 2016; Vanslembrouck et al.,
2018; Vanslembrouck and Kremer, 2020): the ID consists of
highly tortuous plicate regions (which are oriented perpendicular
to the myocyte’s axis, comprise membrane “folds,” and contain the
majority of MJs [adherens junctions, desmosomes, and composite
junctions]) and interplicate regions (which run parallel to the
myocyte’s axis and contain most GJs). MJs and GJs have clearly
defined roles in the passive conduction of mechanical forces and
electrical currents, respectively. However, recent studies show
that multiple electrogenic proteins regulating conduction, in

particular the voltage-gated Na* channel, Nayl.5, are localized at
the ID (Maier et al., 2004; Lin et al., 2011; Petitprez et al., 201;
Rhett et al., 2012; Agullo-Pascual et al., 2014; Veeraraghavan et al.,
2015, 2018; Veeraraghavan and Gourdie, 2016; Vermij et al., 2017),
in close proximity to the junctions, specifically GJ-adjacent
perinexi and MJ adhesion-excitability nodes, forming special-
ized nanodomains in the intercellular cleft spaces (Radwarski
et al,, 2018). Further, structural perturbations of the ID have
been shown to alter conduction and risk of arrhythmias
(Veeraraghavan et al., 2012; Mezache et al., 2020; George et al.,
2015; George and Poelzing, 2016; Veeraraghavan et al., 2018), and ID
structure is disrupted in patients with atrial fibrillation (Raisch
et al,, 2018). Collectively, these findings suggest that ID structure
plays an important active role in regulating cardiac conduction.
Standard cardiac tissue modeling approaches, e.g., the mon-
odomain model, typically neglect ID structure and nonuniform
ion channel distributions. However, prior in silico studies,
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including our work, that do account for these details predict that
Nayl.5 localization at the ID facilitates cell-cell coupling via a
mechanism known as ephaptic coupling (Lin and Keener, 2010;
Mori et al., 2008; Tsumoto et al., 2020; Kucera et al. 2002; Wei
et al,, 2016; Wei and Tolkacheva, 2020; Sperelakis and Mann,
1977; Sperelakis and Mann, 2002; Weinberg, 2017; Greer-Short
et al., 2017; Nowak et al., 2020; Nowak et al., 2021; Veeraraghavan
et al., 2015; Tveito et al., 2017). Ephaptic coupling is mediated by
interactions between Na* currents, Iy,, on adjacent ID mem-
branes sharing a restricted intercellular cleft space and the
associated electrochemical gradients that form in this space.
Specifically, during the cardiac action potential, Iy, at the ID in
a depolarizing cell (i.e., prejunctional Iy,) reduces the electrical
potential of the intercellular cleft. This reduction in intercel-
lular cleft potential depolarizes the apposing cell from the
extracellular, rather than the intracellular, side of the cell
membrane. Additionally, ID-localized Iy, reduces the local Na*
concentration of the intercellular cleft, and collectively these
electrochemical gradients alter both the apposing ID membrane
transmembrane potential and postjunctional Iy, driving force.
Prior work has predicted that a narrow intercellular cleft
width, which enhances the effects of ephaptic coupling, can
either enhance or slow conduction, depending on the timing
and magnitude of postjunctional Iy, (Kucera et al., 2002;
Mori et al., 2008; Weinberg, 2017).

While providing important insights into how nonuniform
Na* distribution regulates conduction, most of these modeling
studies simply represent the intercellular cleft as a single, uni-
form compartment. Two recent studies have considered spatial
variation within the ID and the cleft: Mori et al. (2008) inves-
tigated ephaptic coupling in a radially symmetric strand of cells,
and Hichri et al. (2018) modeled the ID Na* channel distribution
as either uniform or in two apposing clusters. However, all of
these prior studies make a key simplifying assumption about the
ID and intercellular cleft space, specifically that the cleft is a
uniform, cylindrical space and the intermembrane separation
between apposing ID membranes is uniform throughout the ID.
Thus, all prior modeling studies have neglected the structural
heterogeneity of the ID and intercellular cleft space (e.g.,
variations between plicate and interplicate regions). Thus,
the mechanisms underlying conduction changes due to ID
structural perturbations (Veeraraghavan et al., 2012; Mezache
et al., 2020; George et al., 2015; George and Poelzing, 2016;
Veeraraghavan et al., 2018) are not well understood.

The goal of this work is to develop an approach to integrate ID
structural heterogeneity into a model of cardiac tissue and in-
vestigate the impact of this heterogeneity on conduction. For
this approach, we first generate realistic 3-D finite element
model (FEM) meshes of the ID and intercellular cleft, based on
measurements from transmission electron microscopy (TEM)
images of mouse ventricles. We then calculate a reduced elec-
trical network, based on the FEM meshes, to represent the cleft,
crucially bypassing the computationally costly step of simulating
electrostatics on the full 3-D FEM mesh, and incorporate this
reduced network into a novel cardiac tissue model formulation
that accounts for the heterogeneity at the ID. In our study,
simulations predict that ID structural heterogeneity has a
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significant impact on electrical conduction. Notably, we find
that both the monodomain and single-cleft tissue models either
over- or underestimate predictions of conduction velocity (CV),
depending on the relative strength of GJ coupling. Importantly,
the ID structure results in heterogeneous, asynchronous be-
havior of the electrical potential and Na* concentration in the
intercellular cleft and Iy, at the ID, and these changes collec-
tively regulate cardiac conduction. These findings improve our
understanding of arrhythmia mechanisms associated with
pathological ID structural remodeling and suggest the ID
structure as a potential new therapeutic target.

Materials and methods

The overall goal of incorporating ID structure into a cardiac
tissue model is accomplished in three stages. First, we develop
an algorithm to construct a 3-D FEM mesh of the ID and inter-
cellular cleft, reproducing the structure of key ID measurements
from TEM images. Importantly, this mesh generation in-
corporates several orders of magnitude of structural details,
from the nanoscale structure of intermembrane separation, up
to the microscale structure of the interplicate and plicate re-
gions. Second, we calculate an equivalent electrical network for
the conductivity within and out of the intercellular cleft space.
We calculate this reduced cleft network by partitioning the
full finite element mesh into a tractable number (25-200) of
compartments and determining the equivalent electrical con-
ductance between all pairs of adjacent compartments. Finally,
we incorporate this cleft network into a cardiac tissue model,
in which neighboring myocytes are coupled via GJs and their
shared intercellular cleft space. Importantly, by representing
ID-localized ion channels that induce heterogeneous electrical
polarization and ionic concentration gradients within the in-
tercellular cleft spaces, the tissue model links nanoscale ID structure
with macroscale cardiac tissue function.

Tissue collection

All animal procedures were approved by Institutional Animal
Care and Use Committee at the Ohio State University and were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health (publication no. 85-23, revised 2011). Male C57/BL6 mice
(30 g, 6-18 wk) were anesthetized with 5% isoflurane mixed
with 100% oxygen (1 liter/min). After loss of consciousness,
anesthesia was maintained with 3-5% isoflurane mixed with
100% oxygen (1 liter/min). Once the animal was stably in a
surgical plane of anesthesia, the heart was excised, leading to
euthanasia by exsanguination. The isolated hearts were pre-
pared for fixation for TEM. Ventricles were dissected and fixed
overnight in 2% glutaraldehyde at 4°C for resin embedding and
ultramicrotomy as previously described (Mezache et al., 2020;
Veeraraghavan et al., 2018).

TEM and quantification

TEM images of the ID, particularly GJs and MJs, were obtained at
6,000x, 10,000x, and 20,000x magnification on an FEI Technai
G2 Spirit transmission electron microscope (Thermo Fisher
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Source for SEM image: Zhang L, et al.(1996),
Arch Histol Cytol.
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Figure 1. ID structure and FEM representation. (A) Scanning electron microscopy (SEM) image of the ID from monkey ventricular myocyte. S and R indicate
“steps” and “risers,” denoting the plicate and interplicate regions, respectively. Reproduced from Zhang et al. (1996) with permission. (B) TEM image of mouse
ventricular myocyte ID, illustrating the plicate and the interplicate regions. (C) View of the 3-D FEM model, with plicate and interplicate regions and GJs
highlighted. (D) Slice through the FEM mesh, illustrating a corresponding view to the 2-D TEM image. The sections in the gray boxes are enlarged in E.

(E) Magnified view of TEM images and FEM mesh slices, showing structural details for the plicate folds (top) and the GJs (bottom).

Scientific). Morphometric quantification was performed using
Image] (National Institutes of Health) by manually identifying
and quantifying the following 11 specific ID measurements.
Images at 6,000x magnification were used to quantify total ID
cross-sectional length (1). Images at 10,000x magnification were
used to quantify the length of plicate and interplicate regions (2
and 3; Fig. 1 B); the amplitude and frequency of plicate folds (4
and 5; Fig. 1 E), and the lengths of GJs and the fraction of
membrane comprised of GJs, in both plicate and interplicate
regions (6-9; Fig. 1 E). Images at 20,000x magnification were
used to quantify the intermembrane distance in the plicate and
interplicate regions, identified by regions outside MJs and GJs,
respectively (10 and 11; Fig. 1 E). The Wilcoxon rank sum test was
used for single comparisons between plicate and interplicate
region measurements. A P value of <0.01 was considered sta-
tistically significant. Measurements are reported by the mean +
SEM and the first and third quartile range.

FEM mesh generation

Based on measurements from TEM images, we developed an
approach to replicate the nanoscale structure of the ID, gener-
ating realistic 3-D FEM meshes of the two cell membranes at the
ID and the enclosed intercellular cleft space (Fig. 1). The re-
sulting structures are randomly generated but parametrically
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defined based on the TEM measurements described above (Fig.
S1, left). Specifically, these mesh parameters define the key
features of the ID structure and fit them to experimental data: ID
diameter, plicate and interplicate region length, plicate and in-
terplicate region intermembrane distance, GJ size and distribu-
tion in both regions, and plicate fold amplitude and frequency
(Table S1).

ID and GJ map generation

The first step in the mesh generation involves developing
“maps” that represent the patterns for two key structures, spe-
cifically the plicate regions within the ID and location of GJ
clusters (Fig. 2). Full details of this map generation approach are
described in the Supplemental text at the bottom of the PDF. The
ID map represents a cross section of the entire ID, such that the
map defines different levels or tiers of plicate regions (defined
as representing the (x,y) plane), which are separated by inter-
plicate regions (in the z-direction; see Fig. 1 C). The GJ map
represents the locations of individual GJ clusters. The same
methodology is used to generate maps of both structures, with
different algorithm parameters. In brief, a 2-D map is generated
by filtering and thresholding Gaussian random noise (Fig. S2
A), for which the threshold defines two sets of clusters (plicate
levels for the ID map, GJ versus membrane for the GJ map).
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Figure 2. Outline of FEM mesh generation algorithm. The ID map defines two levels of plicate regions, such that the interplicate region mesh is defined by
the region separating the two levels. The cell-cell junction distribution determines a G) map for both plicate and interplicate regions, which defines the lo-
cations of the two membranes connecting. A 2-D sine wave function replicates the folds in the plicate membranes. A series of connecting meshes join the
plicate and the interplicate region membranes, ensuring that the full mesh encloses a continuous volume (i.e., the mesh is “waterproof”). Combining all of these

mesh components generates the cleft mesh.

By varying the properties of the Gaussian noise and filter, we
vary the properties of the resulting maps (Fig. S2, B and C).
Importantly, we adjust mesh generation parameters (Table S1)
such that the map properties match the corresponding TEM
measurements, specifically measurements of plicate region
length, and GJ lengths and distributions in the plicate and in-
terplicate regions. In particular, estimating the map generation
parameters required comparing the 2-D map properties with
the 1-D measurements obtained from TEM images; we made
“slices” of the 2-D maps to obtain a series of 1-D length meas-
urements along each slice to directly compare model and ex-
perimental measurements (illustrated in Fig. S3). Additionally,
the random nature of the algorithm is a key feature of the mesh
generation and overall study, as this enables the generation of
multiple IDs with comparable and statistically similar overall
properties and allows us to account for experimental variability
in ID structure.

Finite element mesh construction

After generating maps of the individual ID structures fit to
TEM measurements, we next generate the finite element
mesh, which is comprised of plicate regions, interplicate
regions, and small connections between these regions (Fig. 2).
Each plicate and interplicate mesh is initially defined by two
rectangular surfaces, which represent the two apposing cell
membranes, and then is populated by GJs, with distribution
specific to that ID region and determined independently. As
GJs mediate direct electrical communication between cells,
at the location of GJs, the two apposing cell membranes
connect, which appear as “holes” in the mesh (Fig. 1, C-E).
Additionally, the distance between the two membranes is
defined, based on TEM measurements, denoted as dp for the
plicate region and dj, for the interplicate region. Impor-
tantly, we note that these two distances can be indepen-
dently varied.
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We next transform the individual mesh components into the
shape of the ID. The plicate meshes are cropped into the shapes of
the individual levels, determined by the ID map, and further are also
folded using the shape of a 2-D sine wave, to match the amplitude
and frequency of the plicate folds (Fig. 1, C-E). The interplicate
region meshes are rectangles, with lengths that match the contours
of the plicate region levels and heights determined by the TEM
measurements of interplicate region length. The interplicate
meshes are then curved and rotated to be positioned between the
corresponding plicate region meshes. Small mesh pieces then join
all adjacent plicate and interplicate regions. This complete mesh
represents the two apposing cell membranes. The mesh is then
checked and repaired using the meshfix algorithm (Attene, 2010),
ensuring that the surfaces completely enclose a volume, repre-
senting the intercellular cleft. Finally, we use Gmsh, finite element
mesh generation software (Geuzaine and Remacle, 2009), to gen-
erate a 3-D tetrahedral mesh of the intercellular cleft space.

Intercellular cleft conductance measurement

We next developed an approach to reduce the full 3-D finite
element mesh of the intercellular cleft space to an equivalent
electrical network (Fig. S1, right). Network connections repre-
sent the electrical conductivity between adjacent regions in the
intercellular cleft and are calculated by solving the full electro-
statics problem on each pair of adjacent cleft compartments.
This simplification facilitates incorporating the reduced cleft
network into a cardiac tissue model, thus integrating the
nanoscale detail of the ID into a tissue-scale model (Fig. 3). The
finite element mesh is first divided into M compartments, where
M is a tractable number between 25-200, using the Metis par-
titioning algorithm (Karypis and Kumar, 1998) in Gmsh, which
generates partitions of approximately equal volume and well-
behaved boundaries (Fig. 3 A). We next calculate the centroid
of each compartment, which represent the location of the cleft
network nodes (Fig. 3, D and G, right). For each pair of adjacent
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Figure 3. Intercellular cleft conductivity and tissue model with ID nanodomains. (A) Partitioning of the FEM mesh into 200 partitions or compartments,
with different colors denoting different compartments. Overlaid on the mesh is a partial sketch of the reduced electrical network. (B) Example of adjacent
partitions remeshing for equivalent conductance calculation. Partition centroids (orange circles), connecting line (solid black line), and cut lines (dashed black
lines) are shown. (C) Solution to Laplace’s equation (Eq. 1) on the shared volume. (D) Resulting reduced electrical network for 200 nodes and the corresponding
connections between adjacent partitions. Connection thickness is proportional to the conductance value, and edges in plicate or interplicate regions are shown
as orange and blue, respectively. (E) Solution to Laplace’s equation on the full-cleft FEM mesh. (F) Comparison between voltages on the full-cleft FEM mesh
and reduced network results. (G) Schematic of the electrical circuit (Eq. S2) and illustration of the corresponding electrical network at the ID, equivalent to the
network shown in D.

compartments (j and k), we cut (dashed lines) and generate a
new finite element mesh of the shared volume between the two
centroids (Fig. 3 B). To calculate an equivalent conductance be-
tween the adjacent nodes, we solve the full 3-D electrostatics
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problem on this new mesh using the finite element solver in
Matlab (Mathworks); specifically we solve Laplace’s equation for
electrical potential (Fig. 3 C), given by the following partial dif-
ferential equation:
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V'V =0,(xy2)€Q, (1)

where V(x,y,2) is the electrical potential on the shared volume
mesh, and Q is the domain of the shared volume. The boundary
conditions are defined such that V = V,,, on one of the cut sur-
faces running through a centroid (dashed line in Fig. 3 B), and
V = 0 on the other cut surface. Using the numerically calculated
potential V, we next calculate the total current between the two
boundaries through the mesh, I, given by the following sur-
face integral over one of the cut boundaries,

I _l
fer Pext

N
{,E - ds, (2)
where E = ~VV is the electrical field, pex: is the resistivity of the
extracellular cleft space, and S is one of the cut surfaces on the
boundary. Numerically, we calculate this integral by summing
over all N triangular finite element faces on the boundary S,

1 N
Ifem = o Z(El . ﬁ1)1‘\1, (3)

ext ]=1

where 1_5'>1 is the electrical potential gradient, averaged over the 3
vertices of the Ith element face, 7 is the unit vector normal or
perpendicular to Ilth element face, and 4, is the Ith element face
area. We note that since Laplace’s equation is linear, the con-
ductance value calculations do not depend on which boundary
surface is used for the current calculation or the value of V.
Thus, for simplicity, we set Vem =1 V.

Finally, the equivalent conductance between cleft compart-
ments j and k (gc;;x), for the cleft between cells i and i + 1, is
calculated by dividing the total current through the mesh, by the
voltage difference across the mesh, i.e., gcijx = Ifem/Viem. Sup-
plemental text at the bottom of the PDF illustrates this equiva-
lent conductance calculation in a regular rectangular geometry,
resulting in the established relationship between electrical
conductance, geometry, and electrical resistivity (Fig. S4). We
repeat this calculation over all pairs of adjacent compartments
in the intracellular cleft to obtain the intracleft conductances
9e,i,k for all combinations of j, k = 1,..., M and j # k. By definition,
Geijk = O for nonadjacent compartments and g.;;; = 0. Addi-
tionally, for all compartments on the ID periphery, we calculate
the effective conductance between cleft compartment and the
bulk extracellular space (gy;;) using a similar procedure, re-
placing the second compartment centroid with the center of the
compartment-ID boundary; for all compartments not adjacent
to the bulk, g;;; = 0.

We investigate the dependence of the cleft conductance
measurements on intermembrane separation by repeating the
mesh generation and cleft conductance measurements for different
values of dp and dy,. Additionally, we perform this process five times
to replicate the experimental variability in ID and cleft properties.
We also investigate the influence of ID structures by measuring cleft
conductances in the absence of either GJs or plicate folds.

The resulting electrical network is formed by nodes repre-
senting the average electrical potential of the compartment and
edges representing intracleft electrical conductance (Fig. 3 D).
We validate this approach by comparing the electrical potential
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on the reduced cleft electrical network and the corresponding
full 3-D cleft finite element mesh (calculated in finite element
solver COMSOL). We note that the reduced cleft network rep-
resents a significant computational reduction: solving for the 3-
D cleft potential requires solving Laplace’s equation on the entire
cleft finite element mesh, comprising ~300,000 finite element
tetrahedra (Fig. 3 E), ~1 min of computational time, while
solving for the cleft potential on the reduced cleft network
requires solving an M-dimensional linear system, obtained
from applying Kirchoff’s current law to the network circuit,
requiring <1 s of computational time. Fig. 3 F illustrates the
close comparison of the voltage of the cleft network nodes and
the corresponding average partition voltage, for all partitions.
In the supplemental text, Iteration we quantify the RMSD be-
tween the cleft network and cleft finite element solution, and
we found that increasing the number of partitions M reduced
the error (Fig. S5). Importantly, for 50 partitions, we found
that the error for the reduced cleft network potential is <10%.

Cleft network tissue model with ID nanodomains

We next developed a novel cardiac tissue model formulation that
incorporates the reduced cleft network, thus integrating the
effects of ID nanoscale structure into a tissue-scale model. Full
details of the cardiac tissue model are provided in the supple-
mental text, including equations, parameters, and numerical
methods. In brief, we simulate a 50-cell cable of ventricular
myocytes, with membrane patch dynamics governed by the Luo-
Rudy 1 model (Luo and Rudy, 1991). As in our prior work
(Weinberg, 2017; Greer-Short et al., 2017; Nowak et al., 2020;
Nowak et al., 2021) and work by others (Tsumoto et al., 2020;
Kucera et al., 2002; Lin and Keener, 2010; Veeraraghavan et al.,
2015; Wei et al., 2016; Wei and Tolkacheva, 2020), we account
for nonuniform Na* subcellular localization by spatially dis-
cretizing each cell into axial membrane patches along the lateral
membrane and ID membrane patches at site of the cell-cell
junctions. In contrast with prior work in which each ID mem-
brane was represented by a single membrane patch, in this
study, each ID is discretized into M membrane patches (Fig. 3 G).
The extracellular side of each ID membrane patch, representing
the intercellular cleft space, is coupled via the reduced cleft
electrical network (Fig. 3, D and G, right), as described above.
That is, the jth and kth cleft potentials between the ith and i+1th
cell (¢c;; and ¢ respectively) are coupled with conductance
gcijk- This critical modification incorporates the ID nanoscale
structure into the macroscale tissue model.

The intracellular electrical potential (¢,,;) in each cell is
coupled to the pre- and postjunctional intracellular potentials
(¢r; and ¢, referring to right and left potentials, respectively)
with conductance gpy,. In addition to ephaptic coupling via the
shared intercellular cleft, pre- and postjunctional intracellular
potentials (¢,; and ¢y;,,, respectively) are coupled by a GJ con-
ductance ggqp ;. Note that the finite element mesh generates the
spatial location of individual GJ clusters, such that the tissue
model can represent these distinct electrical connections be-
tween the pre- and postjunctional intracellular spaces. However,
all of the GJ resistors are connected in parallel, such that the
overall GJ conductance between neighboring cells can be
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represented by a single resistor, with conductance equal to the
sum of the individual GJ cluster conductances (i.e., the macro-
scopic GJ conductance). We also note that while in general
the cleft conductances (gc,i,j,k) could differ between different
clefts, we assume these values are the same throughout the
tissue, i.e., gc1jk = G2k = = = gen-1k- Similarly we assume
the same GJ conductance between all adjacent cells, i.e., ggap,i =
Ygap-

We account for the dynamic [Na*] in each of the intercellular
cleft compartments ([Na‘].;), where [Na‘]; in the jth cleft
compartment is governed by the Na* current in the jth pre- and
postjunctional ID membrane patch, and ionic flux between ad-
jacent compartments (and the bulk, for periphery compart-
ments). The ionic flux between cleft compartments is governed
by the electrochemical gradient, i.e., the cleft potential and ionic
concentration differences between the adjacent compartments.

We perform simulations with the cleft network tissue model
using the cleft conductances obtained from the finite element
meshes for different intermembrane separation values. We also
vary GJ coupling levels, i.e., values of ggqp. For comparison with
the cleft network model, we also perform simulations with a
single-cleft tissue model, the typical approach of prior studies of
ephaptic coupling that neglects ID structural heterogeneity
(Kucera et al., 2002; Weinberg, 2017; Lin and Keener, 2010), and
also with the standard monodomain tissue model formulation,
which does not account for the ID, intercellular cleft space, or
nonuniform Na* channel distribution (Fig. S6). For all the tissue
simulations, we pace the leftmost cell (cell 1) at a cycle length of
500 ms. CV was computed by linear regression of the activation
times of the intracellular potential of cells 15-35, where the ac-
tivation time is defined as the time when ¢,, crosses above
-60 mV.

Online supplemental material

Fig. S1 illustrates mesh generation and cleft conductance calcu-
lation algorithms. Fig. S2 shows map generation algorithm and
GJ distribution calculations. Fig. S3 shows the fitting of cluster
length measurements to 2-D maps. Fig. S4 illustrates Laplace’s
equation on a regular geometry and uniform material. Fig. S5
shows the error of the cleft network approximation of the
Laplace’s equation solution on the full 3-D cleft FEM mesh. Fig.
S6 is a schematic of the electrical circuits for the tissue models
compared in the study. Fig. S7 shows interplicate and plicate
region conductances for different FEM mesh variants. Fig. S8
shows examples of FEM mesh variants used in the calculations
in Fig. 4. Fig. S9 shows mesh incorporating larger GJs at the ID
edge. Table S1 lists parameters for cleft FEM mesh generation.
Table S2 lists key parameters and values in the cleft network
tissue model. Supplemental text at the bottom of the PDF pro-
vides full details of the mesh map generation.

Results

ID structural properties

Representative TEM images illustrate the interplicate and pli-
cate regions of the ID (Fig. 1 B) and plicate folds, GJs, and in-
termembrane distance in the plicate and interplicate regions

Moise et al.

Intercalated disk regulates conduction

JGP

(Fig. 1 E). Summary measurements of the key ID structures used
to generate the finite element meshes are shown in Table 1. In
particular, we find several key differences between the plicate
and interplicate regions. GJ length is longer and GJs comprise
a larger percentage of the cell membrane in the interplicate,
compared with the plicate. Intermembrane separation is nar-
rower in the interplicate regions, compared with the plicate,
consistent with our recent measurements in atria (Mezache
et al., 2020). Our measurements of plicate fold amplitude are
comparable with recent studies as well (Vanslembrouck et al.,
2018; Vanslembrouck and Kremer, 2020). Additionally, we find
that plicate regions tend to be longer than interplicate, although
not significantly.

Intercellular cleft conductances

Using the baseline mesh generation parameters obtained from
TEM measurements (Table S1), we first demonstrate the gener-
ality of the mesh generation process and created five different ID
maps and meshes (Fig. 4, A and B). Importantly, each finite ele-
ment mesh is generated from the same parameters but differs due
to randomness inherent in the mesh generation process. Slices
through the meshes are visually quite comparable to TEM images
but also differ from each other due to differences in the mesh and
orientation of the slices, exhibiting differences in plicate and GJ
lengths (Fig. 4 C). As described above, we calculate the intracleft
conductances between all adjacent cleft compartments for each
mesh. We divided each mesh into 200 compartments or parti-
tions, resulting in ~450 cleft network edges, split between the
plicate and interplicate regions. Histograms of the cleft con-
ductances show some small differences between the different
meshes (Fig. 4 D); however, overall the cleft conductance dis-
tributions are similar, with nearly identical means (black lines).

We next investigated the differences between cleft con-
ductances specifically within the interplicate (gy,) and plicate
(gp) regions, and then further to what extent different ID
properties altered these conductances. Histograms illustrate
that conductances in the plicate are typically larger than in
the interplicate, with the mean plicate conductance (gp, or-
ange vertical line) almost twice as large as the mean inter-
plicate conductance (gIP, blue vertical line; Fig. 5, A and E).
Note that these conductances represent all of the values from
the five meshes in Fig. 4. This overall trend is consistent with
higher conductance associated with the wider intermembrane
separation in the plicate, compared with the interplicate.

We next investigate to what extent nanoscale ID structures
influence cleft conductance, specifically the presence of GJs and
plicate folds. We find that GJs decrease conductance in the in-
terplicate (Fig. 5 B), due their high density in this region. Thus,
in addition to providing a direct electrical connection between
coupled myocytes, GJs also reduce the electrical conductance of
the intercellular cleft. In contrast, as GJs are both smaller and
rarer in the plicate, the presence of GJs in the plicate minimally
influences cleft conductances (Fig. S7 D). We also find that pli-
cate folds greatly decrease plicate conductance (Fig. 5 F), as the
folds increase the effective cleft length and thus decrease con-
ductance. As expected, plicate folds do not influence interplicate
conductances (Fig. S7 B).
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Figure 4. Illustration of multiple-cleft FEM meshes and cleft conductance calculations. (A) Five example ID maps, illustrating variable but similar overall
geometries. (B and C) Corresponding FEM meshes (B) and slices through the meshes above (C), illustrating variation in the lengths of plicate and interplicate
regions, and GJs. (D) Distribution of cleft conductances (g¢) in each mesh, for M = 200 partitions. The black line represents the mean conductance for each
mesh. Parameters: plicate membrane distance dp = 30 nm, interplicate membrane distance djp = 15 nm.

We additionally investigate how changes in intermembrane
separation influence the interplicate and plicate conductances.
As expected, increasing interplicate intermembrane separation
dp, shifts the interplicate conductance histogram to the right
(Fig. 5 C), consistent with an overall increase in mean inter-
plicate conductance gy, (Fig. 5 D, blue line). Interestingly, we also
observe a small increase in mean plicate conductance g5 as dy,
increases, due to a few cleft compartments at the interface be-
tween interplicate and plicate (Fig. 5 D, orange line). Similarly,
we find that increasing plicate intermembrane separation dp
shifts the plicate conductance histogram to the right (Fig. 5 G),
consistent with an overall increase in mean plicate conductance
gr (Fig. 5 H, orange line), with minimal increase in gy, as dp
increases (Fig. 5 H, blue line).
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Overall, the results show that both intermembrane distance
and ID structural features alter local intracleft conductance.
Interestingly, calculations also predict that the plicate region is
more sensitive to changes in intermembrane separation, com-
pared with the interplicate. In the absence of irregular structure,
conductance would be directly proportional to intermembrane
separation. However, simulations predict that a 2-fold increase
indp (from 30 to 60 nm) leads to a 3.1-fold increase in gp, while a
similar 2-fold increase in dy, (from 15 to 30 nm) leads to a 1.8-fold
increase in gp,. Thus, these changes in sensitivity specifically
arise due to structural heterogeneities introduced by GJs and
plicate folds. Illustrations of the presence/absence of these ID
structures and different intermembrane separation are shown
in Fig. S8.
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Table 1. Summary of TEM measurements of ID structures

JGP

Mean : Standard Error (N) (Quartile range, Q1-Q3)

Baseline value for model fit (Range
investigated)

TEM measurement Plicate

Interplicate ID

Diameter (um)

9.83 + 0.49 (53) (7.84-11.50) 11.0

Region length (um) 1.76 + 0.09 (207) (0.77-2.39) 2.0

154 + 0.08 (131) (0.90-2.01) 1.0

GJ length (um)? 0.21 + 0.022 (48) (0.13-0.24)  0.27

0.52

Intermembrane distance (hm)®  17.25 + 0.52 (154) (12.30-20.72)

(
0.51 + 0.034 (135) (0.26-0.63)
30P (15-60) 14.16 + 0.55 (91) (10.14-17.53)

15 (7.5-60)

G) membrane fraction (%) 11.05 + 1.74 (16) (5.34-16.87) 12

46.15 + 2.55 (64) (29.82-62.61) 45

Fold frequency (folds/um)  2.51 + 0.08 (92) (1.92-3.02) 2.50

Fold amplitude (um) 0.17 + 0.0070 (109) (0.12-0.22) 0.18

Data are pooled from images of 3 mouse hearts, 51 IDs (for intermembrane distance), and 76 IDs (for all other measurements).
aStatistically significant differences (P < 0.01) between plicate and interplicate measurements.
bBaseline model value for the plicate intermembrane separation parameter was based on our earlier work in atria (Veeraraghavan et al, 2018; Mezache et al,,

2020).

ID structure regulation of electrical conduction

We next investigate how nanoscale ID structure and changes in
this structure influence tissue level conduction. We first compared
our cleft network model with the standard monodomain model
and a single-cleft tissue model (Fig. 6). As expected, the mono-
domain model illustrates the activation of Na* current during
conduction but does not account for changes in cleft potential and
[Na], as these are not accounted for in the formulation (Fig. 6, left
column). Consistent with prior work (Lin and Keener, 2010;
Weinberg, 2017; Greer-Short et al., 2017; Veeraraghavan et al.,
2015), the single-cleft model illustrates cleft hyperpolarization
and a transient depletion of cleft [Na*]; additionally, the Na*
current magnitude at the ID is increased, relative to the mono-
domain model, due to the preferential localization of Na* current
on the ID membrane (Fig. 6, middle column). In contrast with the
single-cleft model, the cleft network model illustrates the heter-
ogeneous ID Na* currents, cleft [Na*], and cleft potentials during
conduction (Fig. 6, right column).

Importantly, we note that the cleft network average (thick
lines) differs from the single-cleft model, demonstrating that the
single-cleft model does not capture the overall dynamics of ID
currents, cleft concentrations, and cleft potentials. Specifically, we
find that cleft potentials are hyperpolarized to a greater extent and
cleft [Na*] refills slower, compared with the single-cleft model,
due to the complicated ID geometry and weaker coupling to the
bulk. Both of these changes ultimately reduce Na* current driving
force, such that Na* current at the ID is also reduced, compared
with the single-cleft model. In Fig. 6 E, we illustrate the hetero-
geneity of cleft polarization during conduction. We find that cleft
nodes closer to the ID center are more hyperpolarized than those
toward the periphery, due to the low conductance path from the
center to the bulk. Further, nodes in the interplicate also tend to be
more hyperpolarized than in the plicate, due to lower interplicate
conductance (compare Fig. 5, A and E).

We next investigate to what extent ID structural differences
alter CV (Fig. 7). We measured CV in the cleft network models
and compared measurements with the standard monodomain
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tissue model and a tissue model with a single-cleft compartment.
Additionally, in the two cleft models, we varied the intermem-
brane separation for the single-cleft or specifically in the in-
terplicate regions for the cleft network (i.e., varying d1p), for
values within a physiological regimen (15-60 nm) and also
considered a pathologically disrupted interplicate (200 nm).
We varied interplicate intermembrane separation, as opposed
to varying intermembrane separation throughout the ID, to in-
vestigate the influence of perturbations that target specific re-
gions of the ID. We note that the same ID and GJ maps were used
to generate finite element meshes with varying interplicate in-
termembrane separation. Experimental measurements of mac-
roscopic GJ conductance vary considerably, typically on the
order of 10s to 100s of nanosiemens (Desplantez et al., 2007;
Kwak and Jongsma, 1996; McCain et al., 2012; Moreno et al.,
1994; Valiunas et al., 2002; Verheule et al., 1997; White et al.,
1990; Nielsen et al., 2012; Radisiili and Weingart, 1989; Weingart,
1986; Wittenberg et al., 1986). Thus, our simulations consider a
range of GJ conductances.

We find that for strong GJ coupling, CV was highest in the
monodomain model and lowest in the cleft network model (Fig. 7
A). By neglecting the ID and nonuniform channel distribution,
the monodomain model overestimates CV by ~20-30%. The
single-cleft model also overestimates CV by ~10% by neglecting
ID structural heterogeneity. For both cleft models, increased
intermembrane separation increases CV, to a slightly greater
extent in the cleft network model.

For moderate GJ coupling, CV is similar for all three models,
although the monodomain model also predicts a slightly faster
CV compared with the cleft models (Fig. 7 B). Interestingly, the
cleft models predict different trends for increasing intermem-
brane separation: CV decreases in the single-cleft model and
increases in the cleft network model, although these differences
are small. Finally, for weak GJ coupling, we find both quantita-
tive and qualitative differences between model predictions
(Fig. 7 C). The single-cleft model predicts CV slower than the
monodomain model and CV increasing as intermembrane
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Figure 5. Interplicate and plicate region conductances. (A) Distribution of conductances in the interplicate region (g;,), with values from the five meshes in
Fig. 4. (B) Interplicate conductances in the presence and absence of GJs. (C) Interplicate conductance distributions for increasing interplicate intermembrane
distance djp. (D) Mean interplicate conductance (g;,) and mean plicate conductance (gp) are shown as a function of dj,. Note that the blue line values correspond
to the vertical lines in C. (E) Distribution of conductances in the plicate region (gp), with values from the five meshes in Fig. 4. (F) Plicate conductances in the
presence and absence of plicate folds. (G) Plicate conductance distributions for increasing plicate intermembrane distance dp. (H) g, and gp are shown as a
function of dp. Note that the orange line values correspond to the vertical lines in G. In A-C and E-G, vertical lines denote distribution means. Parameters: A-D,

dp = 30 nm; E-H, dj, = 15 nm.

separation increases. In contrast, CV in the cleft network model
is ~20% faster compared with the monodomain model, and CV
decreases as interplicate membrane separation increases. Fur-
ther, the cleft network model is much more sensitive to changes
in intermembrane separation, compared with the single-cleft
model, as dj, increasing from 15 to 60 nm results in an ~20%
decrease in CV.

In Fig. 7 D, we plot CV as a function of GJ conductance (ggqy)
for different values of interplicate intermembrane separation
(dip). This plot in particular highlights that CV is most sensitive
to GJ conductance for wide interplicate intermembrane sepa-
ration, while in contrast, CV is least sensitive to GJ conductance
for narrow interplicate intermembrane separation. Additionally,
we observe that CV is most sensitive to interplicate intermem-
brane separation for either low or high GJ conductance, with
opposite trends as noted above. Further, the cleft network model
CV, normalized relative to the CV in the monodomain model, is
most sensitive to interplicate intermembrane separation for low
GJ conductance, demonstrating the regimen of the greatest ID
structural sensitivity and discrepancy with the monodomain
model. Additionally, we note that as dj, increases, for all gap
junctional coupling strengths, the cleft network model CV tends
to be closer to the monodomain model, i.e., the normalized value
approaches 1 (dashed horizontal line), demonstrating that
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weaker ephaptic coupling in the cleft network model (and
specifically in the interplicate region) results in conduction
closer to the standard monodomain model.

Collectively, these findings show that CV in the cleft network
model exhibits a weaker dependence on GJ coupling, in partic-
ular for narrow interplicate membrane separation, compared
with standard modeling approaches that neglect the ID or as-
sume a homogeneous ID. Further, we find that ID structural
heterogeneity can result in enhanced sensitivity to intermem-
brane separation, compared with the single-cleft modeling ap-
proach assuming a homogeneous ID and intercellular cleft.

We next investigate the mechanism underlying intermem-
brane separation sensitivity due to ID structural heterogeneity
in the cleft network model. To investigate this sensitivity and
the differing responses to interplicate expansion, we consider
cleft and membrane dynamics during conduction for four cases
(Fig. 8): (1) strong GJ coupling and narrow interplicate, (2) weak
GJ coupling and narrow interplicate, (3) strong GJ coupling and
expanded interplicate, and (4) weak GJ coupling and expanded
interplicate. In all cases, we illustrate the intracellular (black)
and cleft potentials (blue), cleft [Na*] (red), GJ current (orange),
and the Na* currents at the prejunctional (cyan) and postjunc-
tional (magenta) membranes, in the middle of the tissue (be-
tween cells 25 and 26).
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Figure 6. Simulation of conduction in cardiac tissue models, comparing the monodomain model, the single-cleft model, and the FEM-derived cleft
network model. (A) Axial membrane transmembrane potential (¢,,), illustrating a propagating electrical wave (top) and a magnified view of the action
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potential upstroke (bottom). (B) Na* current (Iy) on the axial membrane (monodomain model) or at the ID (single- and network-cleft models). (C) [Na*] in the
intercellular cleft. The monodomain model does not account for dynamic [Na*] or voltage in the cleft. [Na*] values in all cleft compartments are shown for the
cleft network model, with the average shown by the thicker line. (D) Cleft potential (¢.) in the single-cleft and network-cleft models, with all compartment
potentials and average (thick lines) shown for the cleft network model. In A-D, colored lines represent cell or cleft 13 (blue), 25 (orange), and 37 (yellow) in the
50-cell tissue. (E) Cleft voltage hyperpolarization in the cleft network model. Top: Axial transmembrane potential ¢, and cleft potential ¢, for cell or cleft 25
are shown, with the dashed line indicating the time of maximum cleft hyperpolarization. Bottom: Color indicates the cleft hyperpolarization at each node in the
cleft, with node position indicating the location in the 3-D cleft space (shown from two views). Parameters: single cleft, d = 15 nm; cleft network, M = 100, dp =

30 nm, dj, = 15 nm.

For strong GJ coupling and narrow interplicate (Fig. 8 A), the
cleft is hyperpolarized in a highly heterogeneous manner (blue;
see also Fig. 6 E), and cleft [Na*] (red) is locally depleted, re-
ducing Na* current driving force heterogeneously. Collectively,
these effects result in desynchronized activation of the post-
junctional Na* currents, with variable current magnitude (ma-
genta), which reduces the overall ID Na* current density (thick
magenta). In contrast, for wider interplicate (Fig. 8 C), cleft
hyperpolarization is reduced and cleft depletion is attenuated,
such that postjunctional Na* current is more synchronized and
less variable, resulting in a larger ID Na* current density. Ad-
ditionally, GJ current magnitude (orange) is greater for the
wider interplicate. Collectively, the larger Na* and GJ current
result in a faster upstroke and thus faster CV for the wider
interplicate.

For weak GJ coupling (Fig. 8, B and D), in both cases, GJ current
is greatly reduced and conduction is slower, compared with strong
GJ coupling, as expected. Interestingly, expansion of the interplicate
exhibits a behavior similar to the previous case, but with opposite
effect on conduction: For narrow interplicate (Fig. 8 B), heteroge-
neous cleft hyperpolarization and cleft [Na*] depletion similarly
result in desynchronized postjunctional Na* current. However, the
larger magnitude of cleft polarization results in both an overall
earlier activation and longer duration of postjunctional Na* current,
compared with a wider interplicate (Fig. 8 D), which results in an
earlier upstroke and faster conduction for the narrower interplicate.
Thus, we find that ID structural heterogeneity plays a significant
role in regulating conduction: narrow intermembrane separation
promotes desynchronized and varying magnitude postjunctional
Na* current, which slows conduction for strong GJ coupling yet
enhances conduction for weak GJ coupling.

Discussion

In this study, we developed an approach to generate realistic
FEM meshes of the ID, based on TEM-derived measurements of
nano- to microscale structure, which are incorporated into a 1-D
tissue model of cardiac conduction. To our knowledge, this is the
first study to integrate FEM-based nanoscale structural model-
ing with a tissue-scale cardiac electrophysiology model. We in-
vestigated the effects of ID structure on intracleft conductance
on multiple FEM mesh samples. We found that conductance
increases with intermembrane distance, with differences be-
tween distinct regions (i.e., plicate versus interplicate), and that
conductance in interplicate regions is decreased by the nano-
scale structure of GJs and associated perinexi (Rhett et al., 2012;
Rhett and Gourdie, 2012; Veeraraghavan et al., 2015), while
membrane folds have a similar effect in plicate regions.
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By incorporating FEM mesh structural data into a tissue
model, we demonstrate that changes in regional ID intermem-
brane distance (i.e., in the interplicate regions) regulate cardiac
conduction. In particular, we found that for tissue with strong
GJ coupling, interplicate region intermembrane expansion in-
creased CV, while for tissue with weak GJ coupling, the opposite
relationship was observed. Importantly, we found that both
effects depend on the ID and cleft structural heterogeneity:
specifically, heterogeneous cleft hyperpolarization leads to
desynchronized activation of the postjunctional Na* cur-
rents. This heterogeneous behavior, for strong GJ coupling,
leads to a lower average Na* current and slower CV. How-
ever, in the case of weak GJ coupling, this behavior activates
the downstream cell earlier and thus increases CV. More
broadly, we find that previous model formulations that ne-
glect ID structural heterogeneity (i.e., the single-cleft model)
or the ID entirely (i.e., the monodomain model) can either under-
or overestimate predictions of CV. Overall, the cleft network
model exhibits a weaker dependence of CV on GJ coupling
compared with other modeling approaches. In particular, across
a wide range of GJ coupling strengths, we find that CV is less
sensitive to GJ coupling for narrower interplicate intermem-
brane separation, while in contrast, CV sensitivity to GJ coupling
is enhanced for wider interplicate intermembrane separation.

Our model predictions demonstrate two critical points with
implications for predicting arrhythmia risk in physiological
and pathological settings, specifically (a) that incorporating ID
structural details into cardiac tissue models can impact con-
duction predictions (compared with prior approaches), and (b)
that perturbations in ID structure (e.g., interplicate intermem-
brane expansion) can significantly alter conduction. This second
point is consistent with prior experimental studies demon-
strating that ID disruption can alter conduction and arrhythmia
risk. For example, recent work has shown that perinexal
structure (interplicate ID) is perturbed in atrial tissue from pa-
tients’ atrial fibrillation (Raisch et al., 2018). We also recently
showed that vascular leak, induced by inflammatory cytokine
vascular endothelial growth factor, disrupts ID nanodomains in
both GJ- and M]J-adjacent regions, and ultimately slows con-
duction and increases susceptibility to arrhythmias (Mezache
et al., 2020). We previously showed that disruption of GJ-
adjacent perinexi via edema (Veeraraghavan et al., 2012, 2015,
2016; George et al., 2015), inflammation (George et al., 2015), or
adhesion-disrupting peptides targeting the Na* channel subunit
(Veeraraghavan et al., 2018) can also slow conduction. In agree-
ment with the majority of GJs residing in the interplicate re-
gions, these conduction-slowing trends are consistent with our
findings in the setting of weaker GJ coupling and interplicate
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Figure 7. Comparison of CV for different tissue models, intermembrane separation, and GJ coupling strength. (A) Strong G coupling: CV in the single-
cleft and network models is slower compared with the monodomain model. In the cleft models, CV slightly increased for increased intermembrane separation
(in the single-cleft model) and interplicate distance d, (in the cleft network model). (B) Intermediate GJ coupling: CV is slightly reduced in the cleft models, with
minimal dependence on intermembrane separation. (C) Weak GJ coupling: CV is reduced in the single-cleft model but increased in the cleft network model,
with different dependence on intermembrane separation. (D) Left: For all dj, values, CV decreases as gap junctional conductance gy, decreases. CV is more
sensitive to dy, for either high or low ggqp and CV is less sensitive to ggq, for low dj,. Right: Cleft network model CV, normalized to the monodomain CV, is
typically >1 for low ggqp and <1 for high gga,. This ratio is highly sensitive to dj, for low ggq,. Dotted gray lines corresponding to gga, values in A-C. Note the
logarithmic scale for the x axis. Parameters: Ggap (nS): A, 388; B, 116; C, 38.8; cleft network plicate distance, dp = 30 nm; single cleft intermembrane separation,

d-dp,

expansion (Fig. 7 C). We speculate that differences between
experiments and simulations for cases of stronger GJ coupling
may arise due to the lack of accounting for intracleft clustering
of Na* channels at GJ-adjacent perinexi (Veeraraghavan et al.,
2018; Veeraraghavan et al., 2015; Veeraraghavan and Gourdie,
2016) and MJ-associated nanodomains (Leo-Macias et al., 2016;
Mezache et al., 2020) within the different ID regions (Rhett
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et al., 2012; Veeraraghavan et al., 2015). Incorporating these
details is a focus of future work.

We note that the differences between our modeling approach
incorporating ID structure and the standard monodomain model
over a wide range of GJ coupling strengths counters the argu-
ment that gap junctional coupling is solely governing conduction
in one regimen, while ephaptic coupling is solely governing
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Figure 8. Membrane and cleft dynamics during electrical conduction in the cleft network model for the following cases. (A) High G coupling, narrow
interplicate. (B) Weak GJ coupling, narrow interplicate. (C) Strong G) coupling, wide interplicate. (D) Weak GJ coupling, wide interplicate. Top in each panel:
Transmembrane potential ¢y, (black, for cells 25 and 26; gray for upstream and downstream cells), cell 25 prejunctional (right, Iy, cyan) and cell 26 post-
junctional (left, Iy,, magenta) Na* current, GJ current (orange). Bottom in each panel: Cleft potential ¢, and cleft [Na*] for all cleft compartments are shown as a
function of time. Dark cyan and magenta curves represent the mean pre- and postjunctional Iy, respectively. Parameters: M = 100; plicate distance dp = 30 nm;
gap junctional conductance gy, (nS): A and C, 388; B and D, 38.8; interplicate distance dj, (nm): A and B, 15; C and D, 60.

conduction in another regimen. Our results suggest that the
relationship between these forms of coupling is more nuanced,
in the sense that neither is a “switch” that is turned on or off for
certain conditions, but rather both mechanisms operate in tan-
dem to maintain robust conduction under different conditions.
Specifically, for strong GJ coupling, ephaptic coupling tends to
slow conduction, however with relatively weak sensitivity. In
contrast, for weaker GJ coupling, ephaptic coupling tends to
enhance conduction with greater sensitivity. Similarly, for
strong ephaptic coupling, conduction is less sensitive to GJ
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coupling, while for weak ephaptic coupling, conduction is more
sensitive to GJ coupling. Importantly, the relative roles of these
forms of coupling are interconnected and dependent.

As noted above, experimental measurements of macroscopic
GJ conductance under physiological conditions vary consider-
ably, typically on the order of 10s to 100s of nanosiemens
(Desplantez et al., 2007; Kwak and Jongsma, 1996; McCain et al.,
2012; Moreno et al., 1994; Valiunas et al., 2002; Verheule et al.,
1997; White et al., 1990; Nielsen et al., 2012; Rudisiili and
Weingart, 1989; Weingart, 1986; Wittenberg et al., 1986), such
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that our simulations for weak GJ coupling correspond with the
lower end of this range and those for strong GJ coupling corre-
spond with the upper end of this range. While this variability in
measurements may be partially due to differences in species, cell
type, and experimental conditions, the individual studies also
typically found a wide range in GJ conductance measurements.
Additionally, GJ protein expression has been shown to be re-
duced in the diseased myocardium, in cases of heart failure
(Akar et al., 2004, 2007) or myocardial ischemia (Cascio et al.,
2005). Collectively, these data suggests that the range of GJ
conductance investigated in this study is within a physiologi-
cally relevant regimen, with reduced GJ coupling tending to
represent more pathological conditions. Our simulation results,
particularly for the weak GJ coupling case, may help resolve
apparent discrepancies between the time course of GJ remod-
eling and conduction slowing in the failing heart (Akar et al.,
2004, 2007), where edema is known to play a role (Boyle et al.,
2007). We therefore expect that CV sensitivity to interplicate
intermembrane separation (shown in Fig. 7) is important in
modeling these pathologies, especially in a heterogeneously af-
fected tissue. One important direct extension of our current
work is to investigate mechanisms of electrical dysfunction in
failing hearts. Since we find that interplicate membrane sepa-
ration has a greater impact on conduction for weaker GJ cou-
pling, our modeling approach should be particularly well suited
for modeling pathological cases (such as heart failure or ische-
mia), for which both GJ coupling and overall ID structure are
expected to be perturbed. Importantly, our approach is suffi-
ciently flexible to incorporate ID structural data from failing
hearts into FEM and tissue models, and such mechanistic studies
are a key focus of future work. The present study is a critical step
toward such work, enabling us to develop the necessary imaging,
image analysis, and modeling workflows and pipelines.

A number of prior studies quantify ID structure. Our meas-
urements of overall ID size (Bennett et al., 2006; Wilson et al.,
2014), intermembrane spacing and GJ cluster size (Severs, 1990),
and plicate folds and amplitude (Vanslembrouck and Kremer,
2020) are quite similar to previously published data. In con-
trast with our approach, other studies have characterized the
entire 3-D structure of the ID using 3-D stacking and image
segmentation (Leo-Macias et al., 2015; Vanslembrouck et al.,
2018; Vanslembrouck and Kremer, 2020). We note that our
approach of mesh partitioning and calculating equivalent cleft
conductances, which could be then incorporated into the cleft
network tissue model, can be applied to a 3-D FEM model based
on a 3-D ID reconstruction. However, our approach is more
flexible and has a number of specific advantages over a direct 3-
D reconstruction. First, we are able to directly modify specific
features of the ID mesh geometry, to investigate the role of such
features on conduction. A comparable 3-D reconstruction would
be required for each experimental case, and as 3-D stacking and
segmenting images is quite time-consuming and challenging,
this would greatly limit the conditions investigated. Second, our
approach can determine ID geometry based on hundreds of
images from multiple hearts and IDs, thus accounting for
physiological variability, while a 3-D reconstruction provides
information only on the specific ID being imaged. Finally, our
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approach is not limited to TEM images, as we could derive FEM
parameters from any imaging modality, provided that there is
sufficient resolution to characterize the relevant ID structures.

In a prior modeling study, Hichri et al. (2018) simulated two
equally spaced apposing cell membranes, separated by an in-
tercellular cleft space modeled using a uniform FEM mesh. They
similarly predicted that cleft potential (¢.) is variable within the
cleft, specifically with larger-magnitude hyperpolarization to-
ward the center (a result also described by Mori et al. [2008] ina
3-D radially symmetric model). This variability in turn drives
heterogeneous activation of the postjunctional membrane, sim-
ilar to our results in Fig. 8, and the authors show that these ef-
fects are amplified by both decreased intermembrane distance
and Na* channel clustering. We similarly find that the cleft is
more polarized toward the center (Fig. 6). We further predict
that the potential distribution is in fact even more variable and
heterogeneous due to the irregular structure of the ID meshes
and variations in structure that arise due to differences in in-
termembrane separation in the plicate and interplicate and the
presence of GJs and plicate folds. Additionally, our approach to
derive an equivalent reduced electrical circuit to represent the
cleft conductances eliminates the computationally costly step of
simulating electrochemical dynamics on the full 3-D FEM mesh,
facilitating simulation of cardiac tissue and predictions of CV.

Interestingly, the mechanism of conduction slowing/en-
hancing shown in Fig. 8 is similar to the single-cleft model
previously predicted by Kucera et al. (2002): for strong GJ
coupling, narrow intercellular clefts enhance cleft polarization
and thereby reduce Na* current driving force, which slows
conduction, a mechanism described as “self-attenuation.” In
contrast, for weak GJ coupling, narrow clefts activate the post-
junctional membrane earlier and enhance conduction. Our study
builds on this prior work and predicts that cleft heterogeneity
also contributes to these mechanisms. Specifically, for strong GJ
coupling, self-attenuation and reduced Na* current also arise
due to desynchronized activation of the postjunctional mem-
brane. For weak GJ coupling, narrow clefts enhance cleft
polarization heterogeneity that facilitates an overall earlier
activation of postjunctional Na* channels. Additionally, this
earlier activation in one region of the postjunctional ID mem-
brane in turn contributes to the activation of additional Na*
channels in other regions, similar to the mechanism of “self-
activation” described by Hichri et al. (2018). In addition to il-
lustrating regulation by ID structural heterogeneity, our study
illustrates that these mechanisms of conduction regulation can
be mediated by intermembrane separation changes in a specific
region of the ID, specifically the interplicate. Our ongoing work
is investigating how additional ID structural changes impact
conduction.

We conclude by acknowledging limitations of our study. Al-
though our model formulation incorporates significant sub-
cellular details in the representation of cardiac tissue, this
representation is still a simplification of the complex cardiac
tissue structure. Specifically, our tissue model represents a 1-D
strand of coupled cells and thus does not account for the 3-D
tissue structure of the heart. Importantly, however, our model
formulation does represent key subcellular and structural
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details, specifically nonuniform Na* channel distribution and ID
structure. Further, our approach can modified to account for
specific ID structural heterogeneity that is not specifically rep-
resented in TEM images. One such example is large GJs that have
been identified toward the periphery of the ID (Gourdie et al.,
1990, 1991). Although we did not measure these directly in our
TEM images, we can investigate their potential role in modu-
lating conduction. To illustrate this approach, we created a FEM
mesh with a distribution of larger GJs on the ID periphery (Fig.
S9), and interestingly found that these larger GJs reduced con-
nection to the extracellular bulk, and thus amplify the CV sen-
sitivity to changes in intermembrane distance. More broadly,
our work can be further extended to incorporate structural
details from other imaging modalities, e.g., ion channel
clustering within GJ- and MJ-associated nanodomains, as
noted above.

Further studies are also needed to investigate the role of
additional electrogenic proteins that have been identified to
be preferentially localized at the ID, in particular K* channels
(Hong et al., 2012; Veeraraghavan et al., 2015; Vermij et al.,
2017); here we focused on the role of Na* channels and their
role in regulating conduction at the ID. Finally, while ac-
counting for the irregular structure of the ID membrane, we
assume that the lateral membrane follows an overall cylin-
drical shape, and prior work has shown that microscale
heterogeneity, in particular in cell shape/geometry and GJ
protein distribution, can impact conduction delays and
lead to heterogeneous conduction (Spach et al., 2000, 2007;
Hubbard and Henriquez, 2012). We are interested in how
these nano- and microscale heterogeneities can influence each
other and impact conduction, in particular in pathological
settings and associated structural remodeling. Overall, while
these limitations may account for quantitative differences
in model predictions, importantly our study demonstrates a
novel mechanism in which ID nanoscale structural heter-
ogeneity modulates ID-localized Na* channels and regulates
cardiac conduction.
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Supplemental material

Map generation algorithm
2-D maps representing the overall ID geometry and GJ distributions are generated as follows. A 2-D array is generated with a shape
corresponding to the specific region of interest. For the ID map, the shape of the 2-D array is a circle (representing the ID cross
section) with diameter D. GJs are present in all regions of the ID; therefore, a distinct GJ distribution is determined in each segment of
the ID, where a segment refers to individual plicate regions and individual interplicate regions (both determined from the ID map).
For individual plicate regions, the shape of the 2-D array is the outline of the plicate region. For individual interplicate regions, the
shape of the 2-D array is a rectangle, with a length representing the contour separating two plicate regions and a height given by the
interplicate length (Ly,, measured in TEM).

At all locations within the 2-D array (x,y), a random variable is drawn from a Gaussian distribution with mean . and standard
deviation Z. The resulting array of noise is smoothed by filtering with a 2-D Gaussian smoothing kernel with standard deviation o,
using the Matlab imgaussfilt function. Finally, we apply a threshold to the filtered map [filt(x, y)] :

[ 0if filt(x, y) < thresh,
map(x,y) = {li;fﬁlt((;z ;))> thresh, © (5D

The resulting map comprises regions of either 0’s or I's (Fig. S2 B), where 0’s and 1’s represent different levels of plicate regions in
the ID map and the membrane and GJ clusters in the GJ maps, respectively.

By varying the noise, filtering, and thresholding parameters, we can tune the properties of the resulting maps to match ex-
perimental measurements. For simplicity, we vary only u and o, using a fixed relationship for ¥ = 5¢ and a constant threshold, thresh
= 1. Thus, we define the parameters p and o for the ID map and for the GJ] maps in the plicate and interplicate regions, given by p,
Mp, and g, and app, 0p, and oy, respectively.

For the ID map, pp = 1, which corresponds with a particular location being equally likely to be in either of the two plicate levels
(due to thresh = 1). The value of o, was fitted to match the TEM measurements of plicate length, as described below. For the GJ maps,
the GJ cluster area distribution can be varied by altering p and o (Fig. S2, B and C). As described below, these parameters (up, pir, Op,
and oy,) were independently fitted to match TEM measurements of GJ lengths in the plicate and interplicate regions, respectively.

Map parameter estimation

Estimating the map generation parameters required comparing the 2-D resulting map properties with the 1-D measurements ob-
tained from TEM images, specifically measurements of plicate and GJ lengths. To make this comparison, the 2-D maps are sliced to
obtain a series of 1-D length measurements along the slice (Fig. S3). Four slices are taken for a given 2-D map, and all corresponding
length measurements are averaged to obtain an average length for the feature of interest (GJ or plicate region). ID map generation
parameter oyp was varied to fit the TEM-based measurement of plicate length Lp. For GJ maps, two experimental measurements were
required to constrain the map generation parameters p and ¢ (see also Fig. S2 C). Thus, TEM measurements of GJ length and fraction
of membrane occupied by GJs were used to fit p and o. As noted above, this parameter estimation was performed separately for GJs
in the plicate and interplicate regions. Baseline parameters are shown in Table S1.

Measuring an equivalent conductance in a regular geometry

We can apply the approach to calculate an equivalent conductance described in Materials and methods to a regular rectangular prism
geometry (Fig. S4), to obtain the well-established relationship between resistivity and electrical resistance in a uniform material.
Again, starting with Laplace’s equation for electrical potential V(x,y,z) (Eq. 1),

V3V =0,

with the boundary conditions V(0,y,2) = 0, V(L,y,2) = Vo, and VV - i = 0 on all other faces, i.e., no-flux conditions. In this regular
geometry, the apposing faces with fixed potentials, denoted by S, have area A and are separated by distance L. By the symmetry of the
problem, the electrical potential V depends only on position x, and the electric field Eis parallel to the x axis, i.e.,

Vox

V(x,,2) = L

and the electric field E is given by
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To obtain the current flowing through one of the two boundary faces S, we start with the microscopic or vector form of Ohm’s law,
which relates current density J and the electrical field Eata given location, ] E/ p. We then integrate over the boundary surface S to
obtain the equivalent current I, through the surface:

2 1.- VQA
Iy=\J-dS=-|E-dS=—.

f-ds= 15 as-

To determine the equivalent resistance across the material, we relate the above result with the familiar macroscopic form of Ohm’s
law, V = IR or I = gV, such that

A
R=E2 ==
2 o9 o

the standard relation between resistivity and electrical resistance of a uniform material.

Cleft network tissue model

The cleft network tissue model formulation describes the dynamics of a 1-D tissue model with heterogeneous ID and intercellular
cleft geometry. ID heterogeneity results in a heterogeneous distribution for intercellular cleft electrical conductivity. The model is
described by intracellular and intercellular electrical potentials, intercellular cleft ionic concentrations, and membrane currents and
gating variables. The tissue comprises N cardiac cells coupled via GJs and ephaptic coupling. In nearly all prior modeling studies that
have modeled ephaptic coupling, (Greer-Short et al., 2017; Lin and Keener, 2010; Mori et al., 2008; Sperelakis and Mann, 2002;
Weinberg, 2017; Nowak et al., 2020; Tsumoto et al., 2020), the coupling is mediated by a single membrane patch on each side of a
cell-cell junction (i.e., pre- and postjunction). In this new model formulation, to account for the heterogeneous structure of the ID,
ephaptic coupling is mediated by M ID membrane patches and similarly M associated intercellular cleft compartments, where M is on
the order of 25-200. Equations for this formulation are presented below, and parameters are included in Table S2.

Kirchoff's current law is applied to each node of the electrical circuit governing the tissue model (Fig. 3 G). Note that boundary
conditions are imposed at the intracellular axial nodes, such that cell 1 comprises only an axial and right (prejunctional) node, and
cell N comprises only an axial and left (postjunctional) node, while cells 2 to N - 1 comprise a left, axial, and right node.

The potentials in the tissue model are defined by N, = 3N - 2 + M(N - 1) total electrical potentials at the following nodes: the N
intracellular axial nodes, N - 1 intracellular right nodes, N - 1 intracellular left nodes, and (N - 1)M intercellular cleft nodes. These
potentials are governed by the following Ny equations (Eq. S2):

Axial intracellular potential equations
The N equations governing the axial intracellular potentials are given by

?tnl +Int + Gryo (Py = #11) = 0, (S22)

d m,
Cm ¢tN +1In, Nt Gmyo (¢m,N - ¢1,N) =0, (Szb)

Cn

and, fori=2,..,N-1,

d m,i
Cm% +Ini + Gmyo (¢m,1 - ¢r,1) + Gmyo (¢m,i - ¢l,i) =0, (S20)

where ¢, ; is the intracellular potential and I,,; is the total ionic current for the axial membrane patch (governed by a specific ionic
model, described below) for the ith cell, Cy, is the axial or lateral membrane capacitance, and Gmyo is the intracellular conductance.

Right intercalated disc intracellular potential equations
The N - 1 equations governing the right (prejunctional or upstream) ID intracellular potential are given by the following: fori =1,
N-1,

M
gmyo ¢r1 ¢m1 + Z< Tij d;,‘lj +Ir,i,j> +ggap,i (¢r,i - ¢1,i+1) =0 (SZd)

j=1

where ¢, ; is the right ID intracellular potential for the ith cell, I, ;; is the total ionic current for the jth right ID membrane patch
between celliandi + 1, V;;; = ¢ - ¢ is the right transmembrane potential for the jth ID membrane patch between cell i and i + 1,
@i is the cleft potential for the jth cleft compartment between cell i and i + 1, C;;; is the right ID membrane patch capacitance, and
Ggap,i is the gap junctional conductance between cell i and i + 1.
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Left intercalated disc intracellular potential equations
The N - 1 equations governing the left (postjunctional or upstream) ID intracellular potential are given by the following: fori = 2,...,
N’

M d i
Gmyo (¢l,i - ¢m,i) + Z <Clu dlt + Ih;) + Ggap,i-1 (¢¢,i - ¢r,i-1) =0, (529)
=

where ¢y; is the left ID intracellular potential for the ith cell, I;;; is the total ionic current for the jth left ID membrane patch between
celli-landi, Viz;= ¢1; — ¢c;-14 is the left transmembrane potential for the jth ID membrane patch between cell i - 1and i, and C;;; is
the left ID membrane patch capacitance.

Cleft potential equations
The (N - 1)M equations governing the cleft potentials are given by the following: fori = 1,.., N - land j = 1,..., M,

dVr i,j dV'Li+ j 2 S,
Cm'JT'J + L+ CWT” RIS (IS)J * Iﬁ,g.j,k) =0, (s2f)
S k=1,

k#j

where intracleft (I ( i) and cleft-bulk (I ( ;) currents for ionic species s € {Na, K, Ca} are given by the following, respectively:

B RT sc,i,
I i}k Geijk {%i.}' = Peik~ zTFIn(sC :)} (S2¢g)
RT Sp
le = Obij [¢c ij zs Fln (g):| ’ (SZh)

where g is the cleft conductance between compartments j and k between cells i and i + 1, gy;; is the conductance between cleft
compartment j and the bulk between cells i and i + 1, s.;; is the intercellular concentration for species s in the jth cleft compartment
between cells i and i + 1, and sy, is the bulk concentration for ionic species s. Cleft conductances g.;;x and gy,;; are calculated using the
FEM simulations, as described in the main text. The bulk is assumed to be electrically grounded (0 mV). Note that if compartment j is
not coupled to the bulk or if compartments j and k are not coupled to each other, then the corresponding conductance value is 0.

Baseline bulk extracellular concentrations (s) are given by the following: Na;, = 140 mM, K, = 5.4 mM, and Cay, = 1.8 mM. Further,
note that we present the model formulation in generality in which multiple ionic species are dynamic in the intercellular cleft;
however, in the simulations in this study, only cleft Na* concentration varies.

Cleft concentration equations

The ny(N - 1)M equations governing cleft concentrations are given by the following: fori=1,..., N-1,j=1,...,M,s€ {Na, K, Ca}, and
= |s| (the number of dynamic cleft ionic concentrations),

dSc’i,j 1 (s)
dt = stvi,j (I ij ll+l] b Zlcl)k SB

k==J

where V;; ] is the volume of the jth cleft compartment between cell i and i + 1, z, is the ionic species valence, F is Faraday’s constant, and

r ; J ) and I Lis1; are the sum of the ionic current for the right and left ID membrane patch carried by ionic species s, respectively, that

enter cleft compartment j. Note that ID membrane patch surface area A;; influences cleft compartment concentration indirectly
through the ionic current conductances (which are proportional to the membrane patch surface area), described below. Also note
that v;; and A;; are calculated directly from the finite element mesh.

lonic currents and state variables

In the cleft network tissue model, there are N axial membrane patches, (N - 1)M left ID membrane patches, and (N - 1)M right ID
membrane patches, for a total of Nj, = N + 2(N - 1)M membrane patches. The ionic currents for the gth membrane patch are a function
of the ionic model state variables y, (typically, gating variables and intracellular concentrations), the membrane patch trans-
membrane potential V,, and the extracellular ionic concentrations S,y q. The specific details of the ionic current (function f) are
defined by the myocyte ionic model used (described below), such that

L= f(yq’vqr Sext,q); (S4)
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where y, is a N,-dimensional vector collecting the state variables, N, is the number of state variables for each membrane patch
(which depends on the details of the ionic model), V, is the transmembrane potential for the qth membrane patch, and S,.,, rep-
resents the extracellular ionic concentrations for the gth membrane patch (a cleft concentration for ID membrane patches and the
bulk concentration for axial membrane patches).

Transmembrane potential V, is constructed from the intracellular potentials and (for ID membrane patches) cleft potentials.
Potentials are collected in the vector ¢" (defined below), for which the gth element is given by the following: for axial intracellular
potentials, q = (i - 1)(M + 3); for right intracellular potentials, q = (i - 1)(M + 3) + 2; for left intracellular potential, q = (i - 1)(M + 3); and
for cleft potentials, q = (i - 1)(M + 3) +j + 2. Extracellular ionic concentrations for axial membrane potentials are given by the (fixed)
bulk concentrations, and for ID membrane patches, concentrations are collected from the cleft concentration vector, for which the
qth element is given by q = (i - )M +j.

State variables for each membrane patch are governed by the following: for q = 1,..., N,

d
% =G <yq, Vq: Sext,q) ’ (55)
where G is a N,-dimensional function describing state variable dynamics. The specific details of the dynamics of gating variables and
concentrations (function G) are defined by the myocyte ionic model used (described below).

Ionic currents are collected in vector I" (defined below), for which the gth element is given by the following: For axial membrane
patch, g = (i - 1)(2M + 1) + 1; for right ID membrane patches, q = (i - 1)(2M + 1) +j + ; and for left ID membrane patches, g = (i - 2)(2M +
D+M+j+1

lonic model for membrane patch currents

The Luo-Rudy 1991 (LR1) ionic model is a well-established and validated model for the dynamics of a ventricular myocyte, based on
guinea pig experimental data (Luo and Rudy, 1991). The model is described by the equations for six ionic currents and eight state
variables, including transmembrane potential, six gating variables, and intracellular calcium concentration. Ionic membrane cur-
rents for membrane patch q (representing I,,;, I, 1), and I, collectively) are described by the sum of Na*, K*, Ca?*, and background
currents, with an additional stimulus current,

Iq = Iq,Na + Iq,K + Iq,Kl + Iq,Kp + Iq,si + Iq,b - Iq,stim- (SGa)

The currents are as follows: Iy, (fast Na* current), Ix (time-dependent K* current), Ix; (inward rectifier K* current), Ix, (plateau K*
current), I; (slow inward Ca?* current), I, (background current), and I, (stimulus current). Note that the membrane patch index g
has been dropped for clarity. The dynamics of Hodgkin-Huxley type gating variables z € {m, h,j,d, f, x} are given by

dz z.-z

g (Seb)

and intracellular calcium concentration dynamics are given by

d(Cai)
dt

= -al; + k([Ca]_, - [Ca;]), (S6c)

where z,, and T, are voltage-dependent steady-state values and time constants for gating variable z, [Ca); is the steady-state in-
tracellular Ca?* level, k is the Ca?* recovery rate, and a is a scaling factor converting I; current to a flux. Note that the last two
equations specify the general state variable dynamics that is defined as function G in Eq. S5. Additional ionic model formulation
details, including ionic current definitions, gating variable and intracellular calcium concentration kinetics, and parameters, are
given in the original model presentation (Luo and Rudy, 1991).

lon channel localization

We assume that ion channels may be nonuniformly distributed between the axial and ID membrane patches, and indeed that ion
channels may be preferentially localized at the ID. Ion channel localization is accounted for in the ID nanodomain tissue model by
altering the maximum ion channel conductance for a specified membrane patch and ionic current. We define loc?, loc’?, and lociD'j as
the fraction of ionic current x localized on the axial membrane, total ID membrane, or jth ID membrane patch, respectively, where

Z}fllociD’j = loc?, and loc® + loc® = 1 (and for the Luo-Rudy 1991 model, x € {Na, K, K1, Kp, si, b}).

For example, if we assume that 90% of Na* channels are preferentially localized at the ID (i.e., locl? = 0.9), then the Na* channel
maximum conductance on the axial membrane patch is 10% of the total cellular sodium channel conductance, i.e., loc§ Gna,tot, Where
Gna,tot = gNaArot; is the total cellular sodium channel conductance, gy, is the channel conductance per unit area, and Ay ; is the total

cell membrane area for the ith cell. Further, if we assume that the ID-localized Na* channels are uniformly distributed between all ID

membrane patches, then locf\l,)’j =loclP A;;/ (2A1p;) and the Na* channel maximum conductance on the jth ID membrane patch is given
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by locﬁ’j Gna,tot» Where A;; is the area of the jth ID membrane patch for the ith cell, App; = Zj{‘fIAi j is the total ID membrane patch area,

and the factor of 2 in the denominator arises because we assume the channels are equally distributed between the left and right ID
membranes. We note that more generally, the ion channel distribution within the ID membranes may also be nonuniform and
depend on the specific regions (e.g., plicate versus interplicate) within the ID.

In this study, for all simulations, we assume that Na* channels are preferentially localized at the ID, i.e., locll, = 0.9, and uniformly
distributed within the ID, i.e., locf\l,fl'. = locf\l,?lAi il (2A1p,;), while all other ion channels are present only on the axial membrane,

i.e., loc’® = 0 and loc® =1 for x € {K, K1, Kp, si, b}

Single-cleft tissue model

For comparison with the cleft network tissue model, we also perform the corresponding simulations in tissue with a single cleft
compartment and single ID membrane patch (two per cell-cell junction), i.e., M = 1, which are comparable to models utilized in prior
studies of ephaptic coupling (Weinberg, 2017; Lin and Keener, 2010; Tsumoto et al., 2020; Kucera et al., 2002). The above model
formulation equations (Egs. S2, S3, S4, and S5) are generally applicable for M = 1, with specific considerations to be an appropriate
comparison with the cleft network model and prior work. Specifically, following Kucera et al. (2002) and others (Lin and Keener,
2010; Greer-Short et al., 2017; Weinberg, 2017; Tsumoto et al., 2020), the cleft-bulk conductance gp,i = 8nd/p,,,, where d is the
intermembrane separation and p,,; is the extracellular resistivity, while by definition, the conductance within the cleft, g.; = 0. For
comparison with the cleft network model, we set d = dy,, interplicate membrane separation. Additionally, for the single-cleft model,

the cleft compartment volume is set equal to the sum of the corresponding cleft compartments from the FEM model, Z}‘flvi j»and the

. . . M .
ID membrane surface area is similarly set to Zj:lAi j» 1€, Apjs.

Standard monodomain tissue model
Additionally, we also compare the single-cleft and cleft network tissue models with simulations of the standard monodomain
formulation of a 1-D tissue, comprising N cells:

d
Ctot,l% + Im,l + Jgap,1 (¢m,1 - ¢m,2) =0, (S7a)

d
ctut,N% + Im,N + ggap,N—l (¢m,N - ¢m,N71) = O; (S7b)

and, fori=2,.,N-1,

d¢m i
Ctat,iTt' + Imi + Ggap,i-1 (¢m,i - ¢m,i—1) + Ggap,i <¢m,i - ¢m,i+1) =0, (S7C)

where ¢,,; is the transmembrane potential for the ith cell, Cyo; is the total cell capacitance for the ith cell, and ggap; and I,,; are
similarly defined as above. Note that for this model comparison, we assume that all extracellular ionic concentrations are fixed.

Tissue simulation numerical methods

Discretization and definitions

We use an adaptive time step numerical integration that incorporates an operator splitting method. For a given time t,, the current

state of the tissue model is described by potentials ¢”, state variables Y*, and cleft concentrations S, where n is the iteration number.
Potential vector ¢" is a N, x 1 vector that collects the intracellular and cleft potentials, as follows:

T

¢n = (¢Z1,1’ ¢rr‘1,1’ ¢21,1’ ¢?,1,2’ bt ¢':,1,M’ ¢:’,12’ ¢:1.2’ ¢:},Z’ ¢?,2,1’ bt ¢?,N—1,M’ ¢Z,N’ ¢Y1':1,N) ’

where ¢ ; = ¢,,;(tn), and similarly ¢7; = ¢;;(tn), $7; = ¢,;(t,) and $Lij = b (tn).
Cleft concentration vector S™ is a n,N, x 1 vector that collects the cleft concentrations, as follows:

n n n n n n T
Naj,, Naj,, ..., Nayy, Nay ,, ..., Nay_, o, Nag o,

n _ n n n n n n
§" = K1,1’ Kl,Z’ “‘Kl,M’ Kz,v cee KN—l,M—l’ KN
n n n n
CaLM, Caz'l, . CaN_LM_I, Cay_,m

-1,M? )

where sf; = sij(ta) (for s € {Na, K, Ca}).
State variable matrix Y" is a Nj, x N; matrix that collects these variables for each membrane patch, as follows:

Y= (y'f,y; y?v,,)T,
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where yI =y, (tr).
The membrane ionic currents I" are collected in a Nj, x 1 vector as follows:

T
In - Inm,p 11:,1,1; weey Ir,l,M; Il,Z,ly weey Il,Z,M; Im,Zx eeey
Im,N—l; Ir,N—l,l: eeey Ir,N—l,MJ Il,N,lr eeey Il,N,M: Im,N

Adaptive time step numerical integration

Initialization. Time is initialized at t, = O ms. Intracellular potentials ¢?n,i, ¢$_i, and ¢fi are initially defined as the resting membrane
i 0 K3y, and Ca) are initially defined
as the corresponding bulk concentrations, Nay, Kp, and Cay, respectively. State variables Y° are initially at steady state.

Iteration. For a given iteration n and time t,:

1. Using the current values for state variables Y", potentials ¢", and cleft concentrations S", the state variables for the next it-
eration Y™! are calculated by integrating the individual variables in Eq. S5 using either Rush-Larsen (Rush and Larsen, 1978) for
Hodgkin-Huxley type gating variables or forward Euler for other variables, using the current time step At,, (where t,,; = t, + At,).

2. Ionic membrane currents I", the elements of which correspond with specific membrane patches q(I,), are also calculated using
current values for Y7, ¢", and S" using Eq. S4.

3. Using current values for ¢7, I", and S", cleft concentrations for the next iteration S"*! are calculated by integrating Eq. S3 using
forward Euler with the current cleft concentration time step At until time t,, + At, (where AtS <At,).

4. The potentials for the next iteration ¢™*! are calculated by solving Eq. S2 using an implicit or backward Euler method with
current time step At,, which results in the following linear system:

potential for the ionic model used. Cleft potentials ¢, ; . are initially 0 mV. Cleft concentrations Na

Pg™! = Q¢ + CI" + H(S™), (S8)

where definitions of the coefficient matrices P(Ng x Ny), Q(Ng x Ny), and C(Ny, x N,,) follow from an implicit finite-difference scheme
for Eq. S2, and function H(Ny x 1) collects the cleft concentration-dependent terms. P and Q depend on the current iteration through
dependence on time step At, that arises from the implicit finite-difference scheme. Examples for P(At,), Q(At,), and C are shown
below for N =3 and M = 2.

In the numerical integration scheme, we use a fixed time step for a time window (T,,;,) immediately following each stimulus,
i.e., for the jth stimulus, between time Tm; and Tgimj + Tyin, time steps At, = Aty and At = At} ., where At ;| < Aty Typical
values used in simulations are Aty = At} ;. Ty, represents the window of time following stimulation in which the fixed time step
is used.

Following this time interval until the next stimulus, i.e., between time Tm; + Tywin and T j.1, We use an adaptive time step
scheme, in which At, = Atn_1A¢maX/max{|¢” - ¢™!|}, where the maximum change in potential Apmay = 0.5 mV. The cleft concen-
tration time step is similarly adaptive, given by At = A,_ ASy . /max{|S" - S|}, where the maximum change in cleft concen-
tration ASy,x = 0.01 mM, and with the additional restriction that At} <At,. If either of the time steps results in potential or cleft
concentration changes greater than A¢y.y or AS;.x, respectively, the corresponding time step is reduced to meet this criterion.
Additionally, time steps are also constrained to be within minimum and maximum values, i.e., Atpin<At, <Afp. and
AL <At <At , where Aty = 0.1 ms and A5, = 0.02 ms.

Finally, if t,, < Tstimj and t, + At,, > T (for allj), i.e., the calculated time step results in the next time point being beyond the time
of a stimulus, then At, is reduced such that t, + At, = Ty;m. Initial time steps are initialized with Aty = At and At = A, .
Iterations for subsequent time points are calculated by t,,.; = t, + At,.

We note that the value for T,,;, is computed such that the minimum time steps (Atyin, AL

s ) are used during and immediately
following the action potential upstroke (i.e., time periods of rapid changes in potentials), which in turn depends on the time for the
electrical wave to propagate the length of the 1-D tissue. We estimate T, by first measuring the time to propagate the length of a
cable Typ in a tissue with the standard monodomain cable model (a much computationally cheaper calculation), with identical
parameters (number of cells, ionic conductances, gap junctional coupling, etc.). With the insight that the monodomain formulation
can underestimate CV, relative to the cleft network tissue model formulation, we conservatively define Ty, = 2Tprop + 15 ms.

The following are example matrices: P(At,), Q(At,), and C for N = 3 cells and M = 2 cleft compartments. Terms j = —Zl\{:’ _ 1 %k for

k=j

ac{p,q} (where ay is the element in row j and column k in the corresponding matrix) represent the negative of the sum of all
elements in row j, excluding terms along the diagonal (i.e., elements aj).
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Mesh generation Calculate cleft conductances

[Generate ID map) ( Split 3D mesh into N partitions J

( Generate plicate junction maps J ( Obtain partition centroids )

(Generate interplicate junction mapsj (Obtain partitions with common faces)
( Generate plicate meshes J [ Cut and remesh partition pairs )
(Generate interplicate meshes) ( Solve Laplace's equation on remeshed pair )
(Generate connecting meshesj ( Measure intracleft and cleft-bulk conductances ]
— A . _/

—~— —

( Create 3D mesh ) (Create reduced network from conductance data]

Figure S1. Illustration of the mesh generation (left) and cleft conductance (right) calculation algorithms.
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Figure S2. Map generation algorithm and GJ distribution calculations. (A) Maps are generated by drawing a 2-D array of Gaussian random noise (left). The
noise is then smoothed (center) and thresholded (right) to generate a map (for either the ID or GJ distribution). (B) Plicate and interplicate GJ distributions. Left:
GJ cluster examples, illustrating GJs (yellow) and membrane (blue). Right: Cluster size distributions for the plicate and interplicate regions. (C) Parameter study
for GJ map algorithm parameters (1 and o, see supplemental text at the bottom of the PDF for details), illustrating the parameter dependence of cluster
membrane area fractions, median cluster area, and mean cluster area. The red + and X denote the plicate and interplicate distribution parameters, respectively.

Moise et al. Journal of General Physiology
Intercalated disk regulates conduction https://doi.org/10.1085/jgp.202112897

S9

920z Areniged 0| uoisenb Aq ypd 26821 1202 dBl/0085081/268Z 1 L 20Z8/8/ES L /Hpd-8oie/dBl/Bio-ssaidnuj/:dny woy pepeojumoq


https://doi.org/10.1085/jgp.202112897

A Gap junction length fitting
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Figure S3. Fitting cluster length measurements to 2-D maps. In both left panels, each of the red lines represent a slice, or a 1-D sample, of the 2-D map,
with the associated 1-D slices plotted on the right. (A) GJ length measurements are obtained by averaging the length of all continuous GJ segments over all
slices (yellow, value of 1). (B) Plicate length measurements are obtained by averaging the length of all continuous plicate segments over all slices, from both

levels (blue or yellow, h = 0 or 1).
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Figure S4. Illustration of Laplace’s equation on a regular geometry and uniform material. The problem has two Dirichlet (fixed) boundary conditions on
apposing faces, with area A and separated by distance L: 0 V on the left face (highlighted in blue) and 1V on the right face (red). All other boundaries have no-
flux conditions. The gray arrows represent the direction of the electric field or current flux.

Moise et al. Journal of General Physiology
Intercalated disk regulates conduction https://doi.org/10.1085/jgp.202112897

S11

920z Ateniga 0| uo 3senb Aq ypd 26821 120z dBl/0085081/268Z | 12029/8/€S | Hpd-ajonte/dbl/Bio ssaidny//:dpy woy papeojumog


https://doi.org/10.1085/jgp.202112897

JGP

0.15 ¢ ' '

Mean RMSE
Reduced network vs. full FE mesh

Root mean square error
o

005 ! T
25 50 100 200

Number of partitions

Figure S5. Error of the cleft network approximation of the Laplace’s equation solution on the full 3-D cleft FEM mesh. The RMSD between the voltage
from the cleft network and 3-D FEM mesh is shown as a function of the number of partitions (see also Fig. 3, D-F). Each data point is the mean + SEM of five
different reduced cleft network/FEM mesh comparisons.
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Figure S6. Schematic of the electrical circuits for the tissue models compared in the study. (A) Standard monodomain model; the cells are directly
connected through the GJ resistor gyq,. (B) Single-cleft model: In addition to GJ coupling, a single intercellular cleft node mediated ephaptic coupling between
adjacent cells at the ID. (C) The extracellular/intercellular cleft space is modeled as a network of nodes, coupled via electrical resistors with conductance values
derived from a FEM mesh (Fig. 3).
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Figure S7. Interplicate and plicate region conductances for different FEM mesh variants. (A) Interplicate conductance g, distribution for varying plicate
distances dp. (B) g _ Ip distribution for the presence or absence of plicate folds. (C) Plicate conductance g, distribution for varying interplicate distances dj,.
(D) g5 distribution for the presence or absence of GJs.
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Figure S8. Examples of FEM mesh variants used in the calculations in Fig. 4. Top: FEM meshes with either no plicate folds or GJs. Bottom: Magnified view
of FEM meshes with varying plicate and interplicate intermembrane separation distances (dp and dy,, respectively).
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Figure S9. Heterogeneous GJ size distribution can impact cardiac conduction. (A) Example of mesh incorporating larger GJs at the ID edge. The dis-
tribution of these larger GJs was defined as occupying the peripheral 10% of the ID and having an average GJ length and fraction of membrane occupied as 50%
greater than baseline values in the interplicate region. (B) CV in the tissue model incorporating meshes with larger GJs at ID edges, compared with the
monodomain and baseline cleft network model, in the case of strong GJ coupling. The large GJs at the edge slow conduction compared with the regular mesh.
(C) In contrast, in the case of weak GJ coupling, CV is increased in tissue with IDs incorporating larger peripheral GJs. Both effects arise because the larger GJs at
ID edges reduce conductance to the extracellular bulk space, thus amplifying ephaptic coupling effects, which slow conduction for strong GJ coupling and
enhance conduction for weak GJ coupling.

Provided online are two tables. Table S1 lists parameters for cleft FEM mesh generation. Table S2 lists key parameters and values in
the cleft network tissue model.
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