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Sodium channel subpopulations with distinct biophysical properties and subcellular
localization enhance cardiac conduction
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Summary.

Sodium channels are organized in multiple “pools” with distinct biophysical properties and
subcellular localization, but the role of these subpopulations is not well-understood.
Computational modeling predicts that intercalated disk-localized sodium channels with shifted
steady-state activation and inactivation voltage-dependence promote faster cardiac conduction.

Abstract.

Sodium (Na*) current is responsible for the rapid depolarization of cardiac myocytes that triggers
the cardiac action potential upstroke. Recent studies have illustrated the presence of multiple
“pools” of Na* channels with distinct biophysical properties and subcellular localization, including
clustering of channels at the intercalated disk and along the lateral membrane. Computational
studies predict that Na* channel clusters at the intercalated disk can regulate cardiac conduction
via modulation of the narrow intercellular cleft between electrically coupled myocytes. However,
these studies have primarily focused on the redistribution of Na* channels between intercalated
disk and lateral membranes and not considered the distinct biophysical properties of the Na*
channel subpopulations. In this study, we simulate computational models of single cardiac cells
and one-dimensional cardiac tissues to predict the functional consequence of distinct Na*
channel subpopulations. Single cell simulations predict that a subpopulation of Na* channels with
shifted steady-state activation and inactivation voltage-dependency promote an earlier action
potential upstroke. In cardiac tissues that account for distinct subcellular spatial localization,
simulations predict that “shifted” Na* channels contribute to faster and more robust conduction,
with regards to sensitivity to tissue structural changes (i.e., cleft width), gap junctional coupling,
and rapid pacing rates. Simulations predict that the intercalated disk-localized shifted Na*
channels provide a disproportionally larger contribution to total Na* charge, relative to lateral
membrane-localized Na* channels. Importantly, our work supports the hypothesis that Na*
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channel redistribution may be a critical mechanism by which cells can rapidly respond to
perturbations to support fast and robust conduction.

INTRODUCTION

Sodium (Na*) ionic current carried by voltage-gated Na* channels (Nav) are primarily responsible
for driving propagation of electrical activity in the heart. Na* current (Ina) drives the rapid
depolarization of myocytes that triggers the upstroke of the cardiac action potential (AP). Ina
dysfunction can result in pathological conditions associated with both pathological conduction
and repolarization, including Brugada syndrome, long QT syndrome, atrial fibrillation, sick sinus
syndrome, and heart failure=3. As such, the proper expression and regulation of voltage-gated
Na* channels in the heart is essential for healthy cardiac function. The primary voltage-gated Na*
channel in cardiac myocytes is Nav1.5. A wide range of proteins have been identified to interact
and regulate Nav1.5%3, Different interacting proteins have been found to impact expression,
trafficking, internalization, phosphorylation, and modulation of channel biophysical properties.
Additionally, Nav1.5 is known to associate with potentially four different B subunits, which can
also impact channel surface expression and biophysical properties, in addition to playing a role
in cellular adhesion*™’,

Over the past two decades, multiple studies have provided evidence supporting the existence of
so-called “multiple pools” of Nav1.5 in cardiac myocytes, with distinct subcellular localization,
specifically referred to different subpopulations of Na* channels localized at the intercalated disk
(ID), i.e., at the cell-cell junctions, and at the lateral membrane2-10, Note that evidence has also
suggested a third distinct subpopulation of Na* channels in the transverse tubules; however, in
this study, we primarily focus on ID- and lateral membrane-localized Na* channels. In addition to
distinct subcellular localization, these subpopulations associate with different interacting and
scaffolding proteins, which supports the potential for these subpopulations to exhibit distinct
biophysical properties. Indeed, macropatch measurements from Lin and colleagues showed that
the ID-localized Ina steady-state activation (SSA) and inactivation (SSI) voltage-dependence are
shifted, compared with lateral membrane-localized In,!t. While the multiple Nav1.5 pool
conceptual model is well-demonstrated across different experimental measurements, including
imaging studies, protein pull-down experiments, and patch clamp®!™%5, the functional roles of
these distinct subpopulations are not fully appreciated.

Although it is difficult to quantify the relative fraction of ID vs. lateral membrane-localized Na*
channels or Ina, measurements from Lin et al suggest that the majority of Ina (relative to the entire
cell) is localized at the ID. Computational modeling studies have provided strong evidence for the
function role of these ID-localized Na* channels in supporting and modulating electrical
conduction®®* At the ID, Nav1.5 has been shown to cluster with electrical and mechanical
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junctional proteins, primarily connexin-43 (Cx43) in the ventricles and N-cadherin, respectively,
which results in the close apposition of Na* channel-dense ID membranes, separated by a narrow
(on the order of 5-50 nm) inter-cellular cleft space. These conditions, specifically the clustering
of interacting channels adjacent to a narrow cleft space, support so-called “ephaptic coupling,”
a cell-cell coupling mechanism predicted to occur in cardiac myocytes and other excitable cells!®~
13 such as neurons?°.

In brief, this mechanism of ephaptic coupling can be described as follows: Consider electrical
propagation between two coupled cells, cell 1 and cell 2, for which cell 1 is “upstream” of cell 2,
i.e., propagation proceeds from cell 1 to cell 2. In cell 1, rapid inward Ina at the ID membrane
during the AP upstroke drives an increase in cell 1 intracellular potential; concurrently this same
pre-junctional Ina results in a hyperpolarization of the inter-cellular cleft space between the two
cells. This cleft hyperpolarization increases the transmembrane potential across the post-
junctional ID membrane in cell 2, which can promote early activation of the cell 2 post-junctional
Ina. This cell-cell coupling occurs in parallel with direct electrical current flowing from cell 1 to cell
2 via gap junctions. The role of ephaptic coupling in cardiac electrical propagation was proposed
over 50 years ago?™?4, and subsequent computational studies have predicted that conduction
depends on key properties governing ephaptic coupling, including the width of the inter-cellular
cleft space and the relative fractions of Iy, at the ID and the lateral membranel?16-1825-42 Ag the
clustering of Na* channels at the ID occurs in conjunction with gap junctions, it is difficult to
experimentally separate the relative contribution of gap junction and ephaptic coupling
mechanisms, motivating computational modeling studies.

In a seminal study, Kucera and colleagues demonstrated that the impact of ephaptic coupling
depended on the relative strength of gap junctional coupling®®. Specifically, a narrow cleft space
(thus promoting ephaptic coupling) enhances conduction for weaker gap junctional coupling, due
to the earlier activation of post-junctional ID Ina (which was later termed “self-activation”49).
However, for stronger gap junctional, a narrow cleft can slow conduction, as the cleft
hyperpolarization and post-junctional ID transmembrane potential depolarization can ultimately
result in a smaller Ina driving force, which in turn reduces peak Ina and thus slows conduction,
which was termed “self-attenuation.”® Subsequent studies have found that conduction due to
ephaptic coupling can further depend on additional properties, such as the relative fraction of
ID-localized Ina and total Ina conductance (across the whole cell)?®, and structural properties,
including heterogeneous structure within different regions of the 1D264%42 separation between
Na* channels and gap junctions on the ID membrane®®*?, and cell size?.

While these computational studies have provided important insights and predictions as to how
the subcellular distribution of Na* channels can influence cardiac conduction via ephaptic and
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gap junctional coupling, all of these prior studies have assumed that the biophysical properties
of Na* channels localized at the ID and lateral membrane are the same. In this study, we perform
a series of simulations in both single cells and tissue to predict the impact of subpopulations of
Na* channels with distinct biophysical properties on cardiac conduction. In tissue simulations,
we consider several different subcellular distributions to identify the contributions of Na*
channels with distinct spatial localization, Na* channels with shifted biophysical properties, and
the contribution of both occurring in tandem. Collectively, our results support the conclusion that
ID-localized Na* channels with shifted biophysical properties enhance cardiac conduction, with
enhanced sensitivity to cleft width changes (and thus greater adaptability to ID structural
perturbations). Further, while simulations predict that lateral membrane-localized Na* channels
do contribute the total cell Ina, ID-localized Na* channels provide the greatest contribution to the
total Na* charge, a property which is enhanced for weaker gap junctional coupling.

METHODS

Na* channel biophysical properties.

Simulations were performed in single cells and a one-dimensional tissue. We utilize the well-
established Luo-Rudy 1991 (LR1) model*® to represent ionic current dynamics. All currents,
except Na* as described here, are unchanged from the original model. Pertinent to this study,
Na* channel dynamics are governed by activation, fast inactivation, and slow inactivation gates,
represented by gating variables m, h, and j, respectively. These gating variables follow typical
Hodgkin-Huxley type kinetics,

dxPoP xPP —xpoP

o for x € {m, h,j} and pop € {base, shift}, (1)

dt
where gating variable steady-state x2’? = aP°P/(al°? + BL°P) and time constant 72°F =
1/(ab®? + BP°P) exhibit voltage-dependence through rates, a2%¢ = a, (V) and 2%5¢ = B,.(V),
the superscript “base” here refers to the baseline model, and the functions (a, (V), B,(V)) are
the nominal LR1 model voltage-dependent rate functions. The steady-steady activation (SSA)
mb23s¢ (V) and inactivation (SSI) h235¢(V) (which is equivalent to j2%¢(V)) curves are shown as
functions of voltage for the baseline model parameters in Figure 1A (blue).

To account for a subpopulation of Na* channels with different biophysical properties, we define
a fraction of Ina current governed by “shifted” steady-state (and time constant) voltage-

dependence. Specifically, we define the activation rates af,?ift =an(V— VShift) and ,B,thift =

act
B (V = VM) and the inactivation rates ai " = a, (V — VI, g"E = B, (v — VYY),
].Shift = a;(V — V"), and ﬁjsmft = B;(V — V") Based on measurements of the steady-
state activation and inactivation curves from Lin et al*!, we define l/}lscizift = —5.5mV and
VSR = 7.8 mV. The shifted steady-steady activation m5”“(V) and inactivation hor”* (V)
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curves are shown for the shifted model parameters in Figure 1A (red). Note to account for
differences in species and other experimental conditions, we incorporate the relative shift in SSA
and SSI between ID and lateral membrane Ina, not the exact values for half-activation or -
inactivation, from Lin et al*'.
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Figure 1. Na* channel biophysical properties, electrical circuit representation, and spatial distributions. (A) The

steady-state activation (left) and inactivation (right) curves, as functions of voltage V, are shown for the baseline
(blue) and shifted (red) Ina subpopulations. (B) Electrical circuit representation of the one-dimensional tissue model
(see text for circuit element description). (C) Diagrams of the localization of baseline (blue) and shifted (red) Na*
channels for the 7 Na* channel distributions considered. Note that the distributions in (C) correspond with fy, = 2/3.

Single cell and tissue models.

In single cell simulations, we simulate the LR1 model, replacing the nominal model Na* current,
Ina (comprised of 100% baseline Ina) with a sum of baseline and shifted Ina. We define the
parameter fna, which refers to the fraction of the total Na* current conductance that has the
shifted biophysical properties. That s,

Ina = Ij3* + Ilflfclzift' (2a)
where

base = (1 = fya)gnamPasenbase base(y — g, Y, (2b)

Ishlft FraGnamSHFERshiftjshift(y — g 3, (2¢)

gna is the total sodium conductance and Ena is the sodium reversal potential. Importantly, we
highlight that, while these single cell simulations account for varying proportions of the two
subpopulations with baseline and shifted Ina biophysical properties, they do not account for
different spatial localization of the subpopulations.
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To investigate the impact of Na* channel subpopulations with distinct biophysical properties and
subcellular spatial locations, we simulate a tissue model of a one-dimensional chain of 50 cells,
previously used by us and others!®2>27:30.38 \which accounts for gap junction and ephaptic
coupling (Figure 1B). We account for non-uniform spatial localization of Na* channels by spatially
discretizing each cell into three membrane “patches,” specifically the post-junctional, lateral, and
pre-junctional membranes, with total membrane currents denoted as Iy, l1qr, @and Iy,
respectively. Thus, each cell is represented by three intracellular nodes, with intracellular
resistance modeled by two resistors, R; = p;L/(2nr?), where L is the cell length of 100 um, ris
the cell radius of 11 pum, and intracellular resistivity p; = 150 Q - cm. Capacitance of each
membrane is proportional to surface area, such that the lateral membrane capacitance C;;; =
2nrLc,, and pre- and post-junctional intercalated disk membrane capacitance C; = nrc,,,
where capacitance per unit area ¢, = 1 uF/cm?.

The dynamics of the intercellular cleft voltage (between adjacent cells) are governed by the
corresponding pre- and post-junctional membrane currents I, and I, respectively, and the
cleft radial resistance’® R, = p./(8nw), where w is the cleft width (varied between 5-60
nm)*123044 “and cleft resistivity p,; = 150 Q - cm. Thus, cleft resistivity and width are inversely
related. Gap junctional coupling is represented by a resistor, with conductance ggap, directly
connecting pre- and post-junctional intracellular spaces. In this study, we vary ggap from 7.67 to
767 nS*¥>5,

Na* channel distributions.

Estimates based on macropatch measurements suggest that between 50-90% of Na* current is
localized at the ID !; therefore, in this study, we consider different values for the fraction of
current with shifted Ina and for the fraction of current localized at the ID junctional membranes.
Parameter fna defines the fraction of shifted Ina and/or the fraction of junctional membrane-
localized Ina, depending on the Na* channel distribution, as described below and in Table 1.

We consider 7 distinct Na* channel distributions, which collectively enable a thorough
investigation of the role of different Ina biophysical properties and spatial localization (Figure 1C),
where we denote the fraction of the total Na* current conductance of each Ina subpopulation on
each membrane: (i) Baseline/Lateral — all baseline Ina localized on the lateral membrane; (ii)
Shifted/Lateral — all shifted Ina localized on the lateral membrane; (iii) Mix/Lateral — a mix of fya
shifted Ina and (1-fna) baseline Ina subpopulations, all localized on the lateral membrane; (iv)
Baseline/Polarized — (1-fna) baseline Ina localized on the lateral membrane and fna baseline Ina
localized on junctional membranes; (v) Shifted/Polarized — (1-fna) shifted Ina localized on the
lateral membrane and fna shifted Ina localized on junctional membranes; (vi) Mix/Heterogeneous-
Polarized — (1-fna)? baseline Ina and fua(1-fna) shifted Ina localized on the lateral membrane, and
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fna(1-fna) baseline Ina and fna? localized on the junctional membrane; and (vii) Mix/Homogeneous-
Polarized — (1-fna) baseline Ina localized on the lateral membrane and fna shifted Ina localized on
the junctional membrane. Note the junctional Ina is evenly split between the pre- and post-
junctional membranes. The fraction of the total Na* current conductance of each Ina
subpopulation on each membrane is shown in Table 1, with the specific fna = 0.7 shown for clarity.

We highlight that the Mix/Homogeneous-Polarized distribution is consistent with a physiological
representation of the Ina distribution, specifically channels with shifted biophysical properties
localized at the junctional membranes, while channels with baseline properties are localized on
the lateral membrane. In contrast, the Baseline/Lateral distribution represents the typical model
assumption, i.e., consistent with the standard monodomain model, in which all Ina is represented
with baseline biophysical properties and localized on the lateral membrane. The
Baseline/Polarized distribution is consistent prior studies of ephaptic coupling, in which a fraction
of Na* channels are localized at the junctional membranes but with the same Ina biophysical
properties as channels localized on the lateral membrane. We also highlight the difference
between the Mix/Heterogeneous-Polarized and Mix/Homogeneous-Polarized distributions. The
later distribution, again representing physiological conditions, and the former distribution both
have the same total fraction of Ina with shifted biophysical properties and the same total fraction
of Ina localized at the junctional membranes. However, the Heterogeneous distribution has a mix
of both Ina subpopulations on both the lateral and junctional membranes, while for the
Homogeneous distribution, the two Ina subpopulations are localized in spatially distinct regions.
Importantly, unless otherwise stated, the total Ina conductance (for a given cell) is the same for
all 7 Na* channel distributions, with the differences only arising due to the Ina subpopulations and
subcellular localization.

Distribution Baseline Iy, on Shifted Iy, on Lateral Baseline Iy, on Shifted Iy, on
Lateral Membrane Membrane Junctional Membranes | Junctional Membranes

(i) Baseline/Lateral 1 0 0 0

(i) Shifted/Lateral 0 1 0 0

(iii) Mix/Lateral 0.3 (1-fna) 0.7 (fna) 0 0

(iv) Baseline/Polarized 0.3 (1-fna) 0 0.7 (fna) 0

(v) Shifted/Polarized 0 0.3 (1-fna) 0 0.7 (fna)

(vi) Mix/Het-Polarized 0.09 (1-fna)? 0.21 [fna (1-fna)] 0.21 [fna (1-fna)] 0.49 (fna)?

(vii) Mix/Hom-Polarized 0.3 (1-fna) 0 0 0.7 (fna)

Table 1. Values for the fraction of baseline and shifted Iy, on the lateral and junctional membranes for the 7 Na*
channel distributions investigated in tissue simulations, shown for a representative example of fy, = 0.7.

Simulations and numerical methods.
Numerical experiments were performed by varying key model parameters in single cell and tissue
simulations. In single cells, we vary the fraction of shifted Ina (fna) and quantify the Ina peak and
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total Na* charged carried Q.. In tissue, we vary the Na* channel distributions, cleft width w, gap
junction conductance ggap, and the fraction of Na* channels with shifted biophysical properties
and localized at the junctional membranes (fna), as described in Table 1. For each tissue
simulation, we quantify the conduction velocity (CV), and in a subset of simulations, the total
charged carried by Ina on the lateral and junctional membranes. Unless otherwise stated, CV was
measured following electrical wave initiation from resting conditions.

In single cell simulations, electrical activity initiated an applied stimulus of 1-ms duration for a
cycle length of 500 ms. In tissue, a propagating wave was initiated by simulating cells 1-5. For
each simulation, activation time was calculated as the first time the intracellular voltage increases
above -60 mV for each cell or membrane patch (in tissue). CV was calculated by measuring the
difference in activation time between the middle 50% of the one-dimensional tissue (cells 13-
38). For single cells, the ordinary differential equations for gating variables and voltage are
integrated using the MATLAB (The Mathworks, Inc.) ode solver odel5s. Tissue simulations are
solved using an operator splitting method, as described in detail in our recent work?®. In brief,
gating variables for each membrane patch are integrated using forward Euler or Rush-Larson
methods (for Hodgkin-Huxley type variables), which are subsequently used to update membrane
ionic currents. The resulting system of ordinary differential equations and algebraic expressions
governed by the electrical circuit (Figure 1B) are integrated using the backward Euler method to
update intracellular and cleft voltages. For both single cells and tissue, initial conditions are set
to steady-state values consistent with the resting potential of -84.5 mV.

RESULTS

Channels with shifted Ina biophysical properties promote an earlier action potential upstroke.
We first investigate the impact of heterogeneous Ina populations in a single cell. Critically, in the
single cell model, all ion channels are represented as being localized on the same membrane
patch, i.e., there is no Ina spatial distribution. We first consider the case of a mixed 50:50 Ina
distribution (fna = 0.5), equally split between baseline and shifted Ina (Mmagenta [voltage traces],
red/blue [Ina traces]) and compare with the nominal homogeneous model, with only baseline Ina
(black). At the level of the single cell AP, we find almost no difference between the cell with the
mixed Ina subpopulations and only baseline Ina, except for small changes in the peak voltage
(Figure 2A). However, closer examination reveals that the presence of the shifted Ina results in
an earlier AP upstroke (magenta), compared with the only baseline Ina model (black). We find
that the early AP upstroke is due to the subpopulation of shifted Ina activating earlier (red), which
in turn activates the subpopulation of baseline Iy, earlier (blue), compared with the only baseline
Ina model (black). Additionally, in the cell with both subpopulations, the peak of the shifted Ina is
greater than the peak of the baseline Ina. That is, even though the conductances of the two
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subpopulations are equal, the magnitude of the shifted Ina subpopulation is larger compared with
the baseline Ina.

In a single cell with 70% shifted Ina (fna = 0.7), we find that the effects described above are
magnified (Figure 2B). The AP upstroke is earlier, compared with the 50-50% distribution, and
the shifted Ina subpopulation is greatly enhanced and is almost equal in magnitude (red) to the
only baseline Ina (black).

A 50:50 Baseline:Shifted INa distribution B  30:70 Baseline:Shifted INa distribution
501 504
% 01 0
> 501 -50 1
-100 -100
0 100 200 300 400 0 100 200 300 400
time (ms) time (ms)
100 1
50{ —Homogeneous (Only Baseline)

— Baseline/Shifted

S
E 0 0
> .50
-100 -100
07 2 5 07
. —Homogenous INa \‘\
E 107 . 1/2 Homogenous -10
_g _og{ —Baseline | 20
—Shifted INa
30 30
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time (ms) time (ms)

Figure 2. Addition of a subpopulation of Iy, with shifted biophysical properties results in earlier AP upstroke and
larger Ina current in a single cell. Transmembrane voltage (V) (row 1, 2; magenta) and Iy, (row 3; blue/red) are shown
as functions of time for a single cell with a (A) 50:50 and (B) 30:70 distribution of baseline:shifted Iy, subpopulations.
The corresponding voltage and Iy, curves are shown for the homogeneous (only baseline Iya) single cell in black. In
(A), Ina scaled by a factor of 1/2 is shown for comparison with Iy, from the baseline/shifted single cell (dashed black
line).

We next quantified how the Iy, peak and total Na* charge (Qna) for the two Ina subpopulations
varies, as the fraction of the shifted Ina subpopulation changes in a single cell (Figure 3). We first
measure the ratio of the shifted Ina peak to the baseline Ina peak as a function of fna (Figure 3A).
As fna increases, the shifted Ina peak ratio also increases, as expected. However, we can compare
this increase with expectations based solely on the change in conductance between the two
subpopulations. Based on conductance changes alone, we would expect the ratio between the
two peaks to scale with fna/(1-fna) (dashed line). Critically, the actual simulated ratio (black) is
always greater than this expectation, meaning that the shifted Ina peak is always proportionally
larger than the shifted Ina conductance.
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We also quantified the total charge carried by the two Ina subpopulations and measured the
fraction of the total Na* charge (Qua) carried by the shifted Ina subpopulation (Figure 3B). Based
on conductance alone, we would expect this fraction to scale with fya (dashed line). However, we
find that the shifted Qua (black) is always greater than this expectation as well. That is, the shifted
Ina subpopulation carries a proportion of the total Na* charge greater than its respective
conductance. Plots of the Ina and Qua ratios against fna/(1-fna) similarly show that the shifted Ina
subpopulation proportionally contributes more to the total Na* current, compared with the
baseline Ina, than expected based on conductance (Figure 3C, D).

A Shifted INa peak ratio (o] Shifted INa peak ratio
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Figure 3. Na* current with shifted biophysical properties is proportionally larger and contributes more charge than
its conductance fraction in single cells. (A) The ratio of the shifted In, peak-to-baseline In, peak and (B) the fraction
of charge carried by the shifted In, subpopulation Qy, are shown as a function of the shifted Iy, conductance fraction
(fna). (C) The shifted Iy, ratio and (D) shifted Qua ratio are shown as a function of the shifted Iy,-to-baseline Iy,
conductance fraction ratio (fna/[1-fna]).

Shifted Ina subpopulation enhances conduction in cardiac tissue.

The above results demonstrate that in a single cell, channels with shifted Ina biophysical
properties contribute to an earlier AP upstroke. We next systematically investigate to what
extent conduction in a one-dimensional tissue depends on the presence of Na* channels with
shifted Ina and their localization at the ID. Further, we investigate how these properties also
depend on ID structure, specifically the intercellular cleft width and the strength of gap junctional
coupling.
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As described in the Methods, we consider 7 distinct Na* channel distributions, chosen to
elucidate the role of both the presence of channels with shifted Ina biophysical properties and
their localization at the ID. In Figure 4, we plot CV as a function of the cleft width for different
values of the gap junction conductance gqap. As expected, for all Na* channel distributions, CV
increases with increasing gqop. For the three distributions with only Lateral Na* channels (Figure
4A-C), CV does not depend on cleft width, also as expected since these distributions do not
engage ephaptic coupling. Of these three Lateral distributions, conduction is fastest in the tissue
with only shifted Ina (Figure 4B), slightly faster than in tissue with a 30:70 Baseline:Shifted Mixed
Ina distribution (Figure 4C), with the only baseline Ina slowest (Figure 4A).

The presence of the shifted Ina subpopulation in the Polarized distributions similarly results in
faster conduction. In contrast with the Lateral distributions, the four Polarized distributions
(Figure 4D-G) exhibit a clear dependence on the cleft width. Consistent with prior
studies'®17:2>27.33 for all Polarized distributions, narrowing the cleft tends to slow conduction for
stronger gap junctional coupling, while narrowing the cleft tends to enhance conduction for
weaker gap junctional coupling. Further, we find that the tissue with Shifted/Polarized and
Mixed/Polarized In, distributions exhibit greater sensitivity to the cleft width, compared with the
Baseline/Polarized distribution.

A Baseline/Lateral B Shifted/Lateral C Mix/Lateral 9gap (NS)
60 —7.67
—122
—19.3
Q = 30.5
I 40 —— 48.4
o - 76.7
> 122
O 193
— 305
— 484
) ———— — 767
D Baseline/Polarized E Shifted/Polarized F Mix/Het-Polarized G Mix/Hom-Polarized
60 S i i
% ///’/_—_ e =
P — e erem— e e —
@) e — /ﬁ,, - (///—7 —
T 40 = :
8 =
=
O 20
= ———— —— = = =
= — N == =———
= == — E——— E————
0
5 10 30 60 5 10 30 60 5 10 30 60 5 10 30 60
w (nm) w (nm) w (nm) w (nm)

Figure 4. Conduction velocity depends on Na* channel distribution, cleft width, and gap junctional coupling.
Conduction velocity (CV) is shown as a function of cleft width (w) for different Na* channel distributions and gap
junction conductance gg.p. For Polarized distributions, narrow cleft slows conduction for high gg., and enhanced

11


https://doi.org/10.1101/2023.03.09.531903
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.09.531903; this version posted March 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

conduction for low gg,p. The physiological distribution (Mix/Homogeneous-Polarized) exhibits the greatest sensitivity
to cleft width.

In Figure 5, we plot the same CV measurements, as a function of gga, for different values of cleft
width w. The Lateral Ina distributions similarly exhibit no dependence on cleft width (Figure 5A-
C). From this presentation, it is also more clear to what extent CV varies for the four Polarized
distributions, as a function of cleft width and ggap (Figure 5D-G). As noted above, cleft narrowing
results in condution slowing for high ggap and conduction enhancing for low ggap. Importantly, we
find that the Mixed/Homogeneous-Polarized distribution depends on cleft width for the widest
range of ggap Values and demonstrates the greatest sensitivity to cleft width (for a given ggap).
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Figure 5. Conduction velocity depends on Na* channel distribution, gap junctional coupling, and cleft width.
Conduction velocity (CV) is shown as a function of gap junction conductance gg, for different Na* channel
distributions and cleft width w. CV slows for decreasing gg.p, With sensitivity to cleft width greater for polarized
distributions with the shifted and mix Iy, subpopulations.

In Figure 6, we plot CV as a function of ggp and directly compare a subset of the Na* channel
distributions. For all cleft widths and most ggap values (except the extreme high and low ggap),
conduction is fastest for the Mixed/Homogeneous-Polarized (blue), followed by the
Mixed/Heterogeneous-Polarized (magenta), Mixed/Lateral (black), Baseline/Polarized (red), and
Baseline/Lateral (green). We also show ratios of the CV values for several combinations of Na*
channel distributions, to identify to what extent Na* channel composition vs. localization regulate
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conduction. Comparing the Polarized vs Lateral Distribution with Baseline Ins, the Polarized
distribution has faster CV, i.e., ratio > 1, for a range of ggap values between about 50-500 nS, but
slower CV for larger or smaller ggap outside this range (Figure 6B, solid black). Comparing the
Polarized vs Lateral Distribution for the Mixed Ina distributions, the Polarized distributions is
similarly faster for a ggp range and slower for outside the range (Figure 6B, dashed black).
However, the ggap range for enhanced CV is widened to about 20-500 nS. That is, polarizing the
mixed Ina subpopulation enhances conduction for a wider range of ggap.
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Figure 6. The physiological (Mix/Homogeneous-Polarized) distribution exhibits enhanced conduction. (A) Conduction
velocity (CV) is shown as a function of gap junction conductance gg.p for cleft widths of 10 (left), 20 (middle), and 30
(right) nm and different Na* channel distributions. (B, C) The ratio of CV for different Na* channel distribution

combinations are shown. Parameters: fy, = 0.7.

We can also directly compare the Mixed/Homogeneous-Polarized vs Mixed/Heterogeneous-
Polarized distributions, which have the same fraction of baseline vs shifted Ina current and the
same fraction of Ina polarized at the ID, with the only difference being whether or not the Ina
subpopulations are spatially distinct. We find that for nearly all ggap values, this CV ratio > 1, i.e.,
polarization specifically of the shifted Ina subpopulation enhances conduction (Figure 6B, dotted
line). Comparing the Mixed/Lateral vs Baseline/Lateral distribution, we find that the CV ratio > 1
for all ggap values, and the ratio is increases as ggap is decreased (Figure 6C, solid line). That is,
with only Lateral Na* channels, the Mixed Ina subpopulations always enhances conduction,
relative to Baseline Ina, and to a greater extent for weak gap junctional coupling. Interestingly,
when we make the comparable comparison in Polarized tissue (Mixed/Homogeneous-Polarized
vs. Baseline/Polarized), we observe the same general trend, with the addition of an additive
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“bump” between ggap of 30 and 200 nS (Figure 6C, dashed line). Across all distributions and ggap,
the magnitude of these effects generally decreases as cleft width w increases.

Collectively, these results support the following general conclusions: (i) the inclusion of a
subpopulation with shifted Ina biophysical properties speeds up conduction, with CV
enhancement increasing as gap junctional coupling weakens; (ii) polarization of any Na* channels
enhances conduction over a wide range of gap junctional coupling levels; (iii) polarization of the
shifted Ina subpopulation results in an additional conduction enhancement (over a wider ggap
range); and (iv) the influence of Na* channel polarization on conduction depends on the cleft
width, while the role of shifted Ina subpopulation predominantly does not depend on cleft width
(except in the 30-100 nS ggap range).

In Supporting Figures S1 and S2, we plot these same CV ratios for different combinations of Na*
channel distributions for different values of fya. For nearly all cases, the magnitude of the
relationships described above are larger as fa is increased. That is, the influence of the shifted
Ina subpopulation and the polarization of specific Na* channel subpopulations is magnified as the
subpopulation fraction is increased.

In Figure 7, we show contour maps of CV for the Baseline/Polarized, Mix/Homogeneous-
Polarized, and Shifted/Polarized distributions as functions of cleft width and fna for different
values of gap junction conductance ggap. Importantly, these maps illustrate the range of CV
changes due solely to tissue structural changes (i.e., cleft width variation) and Na* channel
subpopulation redistribution (i.e., varying fna) for a fixed degree of gap junctional coupling.
Several key points are apparent from these plots: For all conditions, CV is larger for the
Mix/Homogeneous-Polarized distribution, relative to Baseline/Polarized, but slower than the
Shifted/Polarized distribution. Further, CV depends on both cleft width and fya; however, this
relationship depends on gap junctional coupling. For low ggap, CV predominantly depends on
cleft width, while for high ggap, CV predominantly depends on fna, with moderate ggap exhibiting
comparable dependence on both. Thus, for weak gap junctional coupling, CV is most effectively
modulated by changes in cleft width, while for strong gap junctional coupling, CV is most
effectively modulated by Na* channel redistribution. Additionally, the number of contour regions
(with 1-cm/s spacing) illustrates that CV for the Mix/Homogenous-Polarized distribution exhibits
the greatest variability, compared with either the Baseline/Polarized or Shifted/Polarized
distributions. That is, the physiological distribution, through cleft width changes and Na* channel
redistribution, can result in a wider range of CV values, for fixed gap junctional coupling. Further,
this variability in CV is wider for moderate ggap, i.e., CV can be modulated to the greatest degree
for moderate levels of gap junctional coupling.
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Figure 7. The physiological (Mix/Homogeneous-Polarized) distribution exhibits sensitivity to cleft widths and Na*
channel redistribution. Contour maps of the conduction velocity (CV) are shown for the (A) Baseline/Polarized, (B)
Mix/Homogeneous-Polarized, and (C) Shifted/Polarized distributions as functions of cleft width w and fa,, with 1-
cm/s spacing.

Shifted Ina subpopulation promote larger faster cell-cell transmission and post-junctional Ing.
We next sought to understand the mechanisms underlying the changes in conduction due to Na*
channel biophysical properties and distribution. In Figure 8A (top), we plot the activation time
for the Baseline/Polarized (black) and Mix/Homogeneous-Polarized (magenta) distributions as a
function of the cell number, for which the time of post-junctional, lateral, and pre-junctional
membrane activation is denoted for each cell. Both simulations have moderate gap junctional
coupling (ggap = 100 nS) and Ina polarization (fva = 0.7). Consistent with the faster CV
measurements above, activation time is earlier for the Mix/Homogeneous-Polarized distribution.
For direct comparison, we also shifted the curves, such that the two align at the activation time
of either the pre-junctional membrane of cell 24 (Figure 7A, middle) or post-junctional membrane
of cell 25 (bottom). From these two plots, we can identify that the primary difference in activation
time is due to the delay in time between the cell 24 pre-junctional membrane and the cell 25
post-junctional membrane, i.e., the time for the electrical wave to propagate across the cell-cell
junction. In contrast, the delay between the post-junctional and pre-junctional membrane of cell
25 is near identical for the two distributions, i.e., there is no difference in the time for the
electrical wave to propagate across the intracellular space.
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Figure 8. Enhanced post-junctional In, with shifted biophysical properties promotes faster cell-cell transmission and
conduction. (A) (top) Activation time for post-junctional, lateral, and pre-junctional membranes for each cell for the
Baseline/Polarized (black) and Mix/Homogeneous-Polarized (magenta) distributions. The change in activation time
is shown, adjusted to (middle) cell 24 pre-junctional membrane and (bottom) cell 25 post-junctional membrane
activation times. (B, C) Intracellular potential ¢; (row 1); cleft potential dces (row 2); pre- and post-junctional Ina (B,
green; C, red) and lateral In, (B, black; C, blue) (row 3); and gap junction current (row 4) are shown as functions of
time for (B) Baseline/Polarized and (C) Mix/Homogeneous-Polarized distributions. Parameters: ggp = 100 nS, fya =
0.7, w=10 nm.

We next investigate the voltage and Ina changes associated with these two cases (Figure 8B, C).
We observe a slower AP upstroke in the Baseline/Polarized distribution, compared with the
Mix/Homogeneous-Polarized distribution (Figure 8B, C, row 1), consistent with the single cell
simulations in Figure 2. In both distributions, the cleft space between the cells is hyperpolarized,
consistent with prior studies of ephaptic coupling mechanisms!62>26:4042 (Figyre 8B, C, row 2).
However, we find a larger magnitude hyperpolarization in the Mix/Homogeneous-Polarized
distributions (magenta). Further, while there are small differences in time course and magnitude,
the gap junctional current is comparable in both distributions, highlighting that the differences
in conduction velocity are directly attributable to the differences in Na* channel distribution.

However, examination of the Ina reveals critical differences between the two distributions,

specifically considering the cell 24 lateral and pre-junctional Ina; cell 25 post-junctional, lateral,
and pre-junctional Ins; and cell 26 post-junctional and lateral Ina. For the Baseline/Polarized
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distribution, for a given cell (here, cell 25) we find that the post-junctional Ina (green) activates
earliest, as expected. However, the lateral (black) and pre-junctional (green) Ina activate at almost
the same time, with the pre-junctional Ina peak slightly earlier. Additionally, the post-junctional
peak Ina is largest in magnitude, while the lateral and pre-junctional peak Ina are almost identical
magnitude. For the Mix/Homogeneous-Polarized distribution, again for a given cell (considering
cell 25), the post-junctional Ina (red) similarly activates earliest and has the largest peak. However,
the pre-junctional Ina (red) activates next and has the second largest peak, while the lateral Ina
(blue) activates last and has the smallest peak. That is, due to the shifted Ina biophysical
properties of the junctional Ina current, the pre-junctional Ina activates before the lateral
membrane, despite being further ‘downstream’ in the cell. In Supporting Figure S3, we quantify
the delay between the timing of the Ina peak for the post-junctional, lateral, and pre-junctional
Ina for cell 25 and the AP activation of the cell 24 post-junctional membrane, for different values
of fna and cleft width. We find that the post-junctional Ina peak is consistently earliest and
increasingly so for larger fna and smaller cleft width. For nearly all cases and both distributions,
the pre-junctional Ina peak is earlier than the lateral membrane. However, the difference in peak
timing is greatest for the Mix/Homogeneous-Polarized distribution, compared with the
Baseline/Polarized distribution, and for larger fna and smaller cleft width.

For the value of fna = 0.7 (Figure 8), the total Ina conductance distribution is thus 35%, 30%, and
35% for the post-junctional, lateral, and pre-junctional membranes, respectively. However, for
both Na* channel distributions considered in Figure 8, the post-junctional Ina is disproportionally
larger, compared to this expectation based on conductance. Further, for the Mix/Homogeneous-
Polarized distribution, the lateral Ina is disproportionally smaller. That is, the pre-junctional Ina
contributes more to the total Ina, while the lateral Ina contributes less, than simply the expected
proportion based on the conductance distribution.

We quantify these trends by plotting the fraction of total charge carried by Ina on each membrane
(Qna) as a function of fna and for different cleft widths (Figure 9). Based on conductance
distribution, the post- and pre-junctional membranes would be expected to scale with fya/2,
while the lateral membrane would be expected to scale with 1-fya, shown as dashed black lines.
As expected, both post- and pre-junctional Qua increase with fna, while lateral Qna decreases with
fna. We find that for both distributions, post-junctional Qua is larger than expectation based on
the conductance distribution (Figure 9A), with Qna for the Mix/Homogeneous-Polarized
distribution consistently larger than the Baseline/Polarized distribution. Both of these trends are
greatest for narrow cleft width.
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Figure 9. Post-junctional In, contributes proportionally more charge than the conductance fraction. The fraction of
Na* charge Qua carried by (A) post-junctional, (B) lateral, and (C) pre-junctional In, is shown as a function of fy,, for
cleft widths of 10 (left), 20 (middle), and 30 (right) nm and different Na* channel distributions (Baseline/Polarized,
black; Mix/Homogeneous-Polarized, magenta). The dashed black line corresponds with the conductance fraction on
each membrane (fna/2 on post- and pre-junctional; 1-fy, on lateral membrane). Parameters: ggap = 100 NS.

Interestingly, the lateral Qna for the Baseline/Polarized distribution is nearly identical to the
conductance expectation (dashed line), i.e., the lateral Ina charge is proportional to its
conductance (Figure 8B). In contrast, lateral Qna for the Mix/Homogeneous-Polarized distribution
is less than the conductance distribution. Due the opposing trends for the post-junctional and
lateral Qua, the pre-junctional Qna fraction trends are inconsistent. For smaller fna, the
Mix/Homogeneous-Polarized distribution pre-junctional Qna fraction is larger than the
Baseline/Polarized distribution, and to a greater extent for wider cleft width.

Thus, in summary, for both distributions, the post-junctional Ina is consistently contributing the
largest fraction of the total Ina charge, with a greater contribution for the Mix/Homogeneous-
Polarized distribution. As a consequence, the lateral membrane Ina contribute proportionally
contribute less to the total Ina, more so for tissues with the Mixed subpopulation.

In Figure 10, we plot the Qua fractions as functions of ggap for different values of fna and cleft width

for the Mix/Homogeneous-Polarized distribution. For all cleft width and ggap, post- and pre-
junctional Qua increase with increasing fna, while lateral Qna decreases, as expected. However,
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Qua fractions exhibit an interesting dependence on ggap. For all cases, the lateral Qna decreases as
8gap decreases (Figure 10B). However, post-junctional Qua exhibits a biphasic dependence on ggap,
with a positive ‘bump’ between around 30 and 300 nS (Figure 10A), while pre-junctional Qna
exhibits a similar negative ‘bump’ in the same ggap range (Figure 10C). Thus, collectively these
results demonstrate that as gap junctional coupling weakens, lateral Qna decreases, such that the
two junctional membranes constitute a larger Qna contribution. Further, the post-junctional Qna
is always larger than the pre-junctional Qna. However, this disparity is greatest for ggap values
around 30-300 nS, with pre-junctional Qna disproportionally largest, while for extreme cases of
either high or low gap junctional coupling, post- and pre-junctional Qna are much similar in
magnitude. The magnitude of these trends is generally smaller for wider cleft width. In
Supporting Figure S4, we observed similar trends for the Baseline/Polarized distribution, with the
lateral Quna generally contributing a larger proportion, consistent with the result in Figure 10.
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Figure 10. Post-junctional I, contribution is enhanced for moderate gap junction coupling. The fraction of Na* charge
Qua carried by (A) post-junctional, (B) lateral, and (C) pre-junctional Ina is shown as a function of gap junction
conductance ggp for cleft widths of 10 (left), 20 (middle), and 30 (right) nm and different values of fy, for the

Mix/Homogeneous-Polarized distribution.

To further demonstrate the functional role of the ID-localized Ina, we measure CV for membrane-
specific block in the Mix/Homogeneous-Polarized distribution for fna = 0.7 (Figure 11).
Specifically, we reduce the Ina conductance on either the ID (red) or lateral (blue) membranes,
while maintaining the same conductance on the other membrane. We consider the full range
from the nominal Mix/Homogeneous-Polarized distribution with 70% ID-localized shifted Na*
channels and 30% lateral membrane-localized baseline Na* channels and decrease one of these
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subpopulations individually until only the other subpopulation is present. We note that this
results in a decrease in overall cell Ina conductance. We find that reducing the conductance of
either the ID- or lateral membrane-localized Ina slows conduction. However, across all conditions
(cleft width and gap junction conductance), we find that reducing ID-localized Ina results in
greater conduction slowing, with generally a greater disparity for larger ggap. In Supporting Figure
S5, we find the same trends for fna = 0.5.
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Figure 11. Membrane-specific Ina block in the Mix/Homogeneous-Polarized distribution. (A-C) Conduction velocity
(CV) is shown as a function of the Iy, conductance block of the ID (red) or lateral (blue) membrane, for different
values of cleft width w and gap junction conductance gg,p. Parameters: fy, = 0.7.

All of the previous simulations considered conduction from rest. We next consider how different
Na* channel distributions impact conduction for faster pacing rates, i.e., shorter basic cycle length
(BCLs). For the Baseline/Polarized and Mix/Homogeneous-Polarized distributions, we paced the
tissues at different BCL values until steady-state or a steady-state alternating pattern was
reached and measured CV for different cleft widths and ggap (Figure 12). Consistent with the
above results, across all BCLs, conduction is faster for the Mix/Homogeneous-Polarized
distribution (magenta), compared with the Baseline/Polarized distribution (black). Additionally,
for all cleft widths and ggap, tissue with the Mix/Homogeneous-Polarized distribution could be
paced at shorter BCLs, before loss of 1:1 capture or conduction block. Additionally, for faster
pacing rates, the tissues exhibited spatially concordant alternans, in which action potential
duration alternates on a beat-to-beat basis. This alternation occurs concurrently with a beat-to-
beat alternation in CV, such that the CV vs. BCL bifurcates at this alternans onset cycle length.
We find that alternans onset is consistently at a shorter BCL for the Mix/Homogeneous-Polarized
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distribution, i.e., faster pacing is required to induce alternans. In Supporting Figure S5, we plot
CV against the preceding diastolic interval (DI) (i.e., the CV restitution curve) for these conditions.
We find that the CV restitution curve extends to shorter DI values for the Mix/Homogeneous-
Polarized distribution, and in most cases, the curve is flatter, i.e., CV is less sensitive to changes
in DI
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Figure 12. The Mix/Homogeneous-Polarized distribution exhibits faster conduction, compared with the
Baseline/Polarized distribution, for all basic cycle lengths (BCLs). Conduction velocity (CV) is shown as a function of
BCL for different values of cleft widths (w) and gap junction conductance gg,,. Note, for the cases in the upper left
panels (low ggap, Narrow cleft width), conduction failed to capture at shorter BCL values.

Finally, we consider to what extent conduction differences due to the Mixed distribution depend
on the shift in either the SSA or SSI curves. Thus, we consider cases in which the shifted Ina
subpopulation have only either a shift in the SSA or SSI relationships. In Figure 13A, we plot CV
as function of ggap for these two cases, with the Baseline/Polarized and Mix/Homogeneous-
Polarized (with both SSA- and SSI-shifts) distributions shown for comparison. CV increases for
increasing ggap, as in previous results. Importantly, for all ggap and cleft widths, we find that the
Mix/Homogeneous-Polarized distribution (magenta), with both SSA and SSI shifts, exhibits the
largest CV, while the Baseline/Polarized distribution (black) exhibits the slowest CV. The
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Mix/Homogeneous-Polarized distribution, with only the SSA shift, has the next fastest CV, while
the case with only the SSI shift is third.

Relative to the Mix/Homogeneous-Polarized distribution, the CV ratio for tissue with only SSA-
shifted Ina is above 0.9, nearly independent of ggap or cleft width (Figure 13B). In contrast, the CV
ratio for the tissue with only SSI-shifted Ina is consistently lower, varying between 0.6 and 0.9,
generally decreasing as ggap decreases. The CV ratio for the Baseline/Polarized distribution is the
smallest and always less than 1 (Note: this curve is the inverse of the dashed line in Figure 6C).
Thus, we find that, while both SSA and SSI shifts result in enhancement in conduction (relative to
the Baseline/Polarized case), the shift in the SSA curve is primarily responsible for the increase in
conduction observed in the Mix/Homogeneous-Polarized distribution.
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Figure 13. The shift in steady-state activation (SSA) predominantly reproduces the conduction changes in the shifted
Ina Subpopulation. (A) Conduction velocity (CV) is shown as a function of gap junction conductance gg.p and cleft
widths of 10 (right), 20 (middle), and 30 (right) nm, for the Baseline/Polarized (black) and Mix/Homogeneous-
Polarized (both shifts, magenta; only SSA, blue; only SSI, green) distributions. (B) The ratio of CV values for different
distributions, with the Mix/Homogeneous-Polarized distributions, are shown.

DISCUSSION

Summary of main findings.

In this study, we demonstrate that a subpopulation with distinct biophysical properties,
specifically shifted SSI and SSA voltage-dependence, can modulate cardiac conduction. In a single
cell, this subpopulation promotes an early AP upstroke, in a manner such that the shifted Na*
channels provide a proportionally greater contribution to the total Na* charge during the

upstroke. In a one-dimensional tissue model that accounts for the subcellular spatial localization
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of the different subpopulations, the shifted Na* channel promote faster conduction. Further, the
shifted Na* channels result in greater CV sensitivity to changes in the intercellular cleft width, and
this occurs across the entire range of physiological values for the gap junction conductance. The
ID-localized shifted Na* channels also provide a proportionally greater contribution to the total
Na* charge, in particular the post-junctional Na* channels, while lateral membrane-localized Na*
channels contribute proportionally less, such that loss of the ID-localized Na* channels result in
greater conduction slowing. Additionally, we find that the ID-localized shifted Na* channels
enable conduction for faster pacing rates, in a manner that results in a flatter CV restitution curve.
Finally, we demonstrate that the shift in the SSA curve is primarily responsible for the
enhancement in conduction.

Physiological sources and consequences of two Na* channel subpopulations.

We highlight that our computational study is agnostic as to the specific “source” for the different
biophysical properties between the Na* channel subpopulations, which could arise due to
differences in interacting and scaffolding proteins at the distinct subcellular locations2%°¢, We
speculate that association with different § subunits, which have been shown to alter Nav1.5
biophysical properties>®, in different subcellular locations could also contribute to distinct Na*
subpopulations. Finally, there is increasing evidence for the presence of different Navl.x isoforms
in cardiac myocytes,*”*® which could also result in subpopulations with distinct biophysical
properties. Our computational study provides a framework for investigating the potential impact
of different Na* channel subpopulations. Here, we specifically considered two subpopulations,
with “baseline” and “shifted” biophysical properties based on measures from Lin et al'!; we
highlight that the specific subpopulation biophysical properties were based on one specific set of
conditions. However, these properties can and likely do vary for different conditions and disease
settings.
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Figure 14. Negative shifts in steady-state activation and positive shifts in steady-state inactivation enhance

conduction. Contour maps of the conduction velocity (CV) are shown as functions of V:C}ziﬂ and Vifl};ig;t, for different

values of cleft widths (w) and gap junction conductance gg.p, with 1-cm/s spacing. Parameters: Mix/Homogeneous-
Polarized distribution, fya = 0.7.

As a final investigation illustrating how different biophysical properties impact conduction, we

measure CV for different values of V"¢ and V"¢
Mix/Homogeneous-Polarized distribution (Figure 14). Across all cleft widths and gap junction
conductances, a negative (left) shift in SSA and positive (right) shift in SSI both promote faster
conduction, with shifts in SSA modulating CV with greater sensitivity. Thus, the directional shifts
in both SSA and SSI curves in the physiological Na* channel distribution both contribute to faster
conduction. Further, we note that the large CV ranges observed due to shifts in the SSA and SSI
curves of on the order of 10 mV. Thus, our study illustrates that biophysical properties differences
can have important functional consequences for cardiac conduction and the contributions of the
different subpopulation. Further, our approach could be naturally extended to consider multiple
subpopulations with both distinct and mixed spatial localization, with biophysical properties

based on interacting proteins, B subunits, and Nav isoforms. Future work will consider such

for the ID-localized Na* channels in the

complexities, in collaboration with experimental groups performing microscopy, patch clamp,
and biophysical measurements.

We note that our computational study tests several predictions posed in the study from Lin and
colleagues!. In their Discussion, the authors posit that Na* channels in the middle of the cell “are
mostly inactivated at a normal resting potential, leaving most of the burden of excitation to
..[Na*] channels in the ID region.” Consideration of the Mix/Homogeneous-Polarized
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physiological Na* distribution, our results mostly agree with this prediction (Figures 8-9). In
particular, our results do predict that ID-localized Na* channels provide the majority of the
burden of excitation (quantified by the fraction of total Na* charge), in particular the pre-
junctional ID Na* channels. However, we predict that the lateral membrane-localized Na*
channels also contribute, albeit less than their respective proportion of the total Na*
conductance. Further, Lin and colleagues state that “[Middle Na*] channels have a minimum
contribution to Ina under control conditions but represent a functional reserve that can be
upregulated by exogenous factors.” Our simulations also generally agree with these predictions.
Interestingly, the lateral membrane-localized Na* channels contribute the least to excitation as
gap junctional coupling is reduced, while pre-junctional Na+ channels contribute the most for
moderate values of gap junctional conductance (Figure 10). While our study does not specifically
test the hypothesis that lateral membrane Na* channels are upregulated by exogeneous factors
under some conditions, our study does provide support for the notion of these channels serving
as a functional reserve. That is, as fna decreases, the channels will provide a greater contribution
to the burden of excitation. Additionally, while our study predicts that the loss of junctional Na*
channels results in greater conduction slowing, the loss of the lateral membrane-localized Na*
channels also slows conduction (Figures 11, S5), consistent with prior experimental studies®.

One interesting observation from the simulations across all 7 considered Na* channel
distributions is that the physiological distribution (i.e., the Mix/Homogeneous-Polarized), in
general, did not support the fastest conduction (Figure 4); rather, the Shifted/Polarized
distribution generally had the largest CV across different cleft widths and gap junction
conductances. That is, the fastest conduction occurred for tissues with only the shifted Na*
channels, which naturally suggests the question of why the physiological distribution may be
beneficial, compared with this Shifted/Polarized distribution of only shifted Na* channels. First,
our data demonstrates that the Mix/Homogeneous-Polarized distribution exhibits the greatest
sensitivity in response to changes in cleft width (Figure 7). Thus, if we analogize conduction as
being regulated by a series of “dials,” then gap junctional conductance is the “strongest” dial,
highlighted by the wide range of CV values over the physiological range for gg,. While in this
study, overall Na* channel conductance is fixed, prior work has also shown strong sensitivity to
this value,?® suggesting overall Na* channel conductance is additional key “dial” modulating
conduction. Our current study suggests that additional “dials” include the cleft width and Na*
channel biophysical properties and subcellular localization.

Additionally, we speculate that restricting Na* channels with shifted biophysical properties to the
ID and not the lateral membrane or t-tubules could potentially play an anti-arrhythmogenic
protective role via several mechanisms. In the setting of dysfunctional calcium (Ca?*) handling,
prior work has shown that spontaneous calcium release events can promote an influx of
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depolarizing current via the Na*/Ca?* exchanger (NCX), which in turn can promote pro-arrhythmic
delayed afterdepolarizations (DADs)®%2, Colocalization of shifted Na* channels (specifically with
left-shifted SSA) with the Ca?* handling proteins in t-tubules would be more likely to activate due
to the NCX current and thus drive DADs, such that restricting these shifted Na* channels to the
ID would be anti-arrhythmogenic. In contrast, due to inter-cellular cleft hyperpolarization
described above, the subpopulation of shifted Na* channels at the ID will, by design, activated
earlier (Figures 8, S3) and is thus ideal for supporting robust conduction in concert with ephaptic
mechanisms. Additionally, at faster pacing rates (and thus short Dls), prior studies have shown
that steeper CV restitution curve promotes spatially discordant alternans, which can lead to
conduction block and wavebreaks to initiate spiral waves and arrhythmias®%°, suggesting that
the flatter CV restitution curve of the physiological distribution is also anti-arrhythmic (Figures
12, S6).

Limitations, Future Directions, and Conclusions.

We note potential limitations of our study. Our tissue simulations represent a one-dimensional
“fiber” or chain of coupled cells that does not account for the complex and heterogeneous three-
dimensional geometry of the heart. This limits our ability to make predictions on the potential
impact of Na* channel subpopulations on transverse conduction or inherently higher dimensional
electrical dynamics, such as spiral waves and arrhythmia initiation. Additionally, while we vary
the distribution of Na* channels and their respective biophysical properties, we do not consider
the role of other ionic currents. While most other ionic currents will have minimal impact on
conduction, the relative expression of the inward rectifier Ix1 current has been shown to impact
excitability via regulation of the resting membrane potential.®®

Further, we assume that the biophysical properties and localization of the subpopulations are
static; however, we speculate that these characteristics may be dynamic. Indeed, our study
demonstrates that variability in these properties provide additional mechanisms for regulating
conduction. Thus, our study can be considered a “snapshot” of conduction for a given Na*
channel distribution. We also do not consider additional degrees of heterogeneity, both within
the tissue and within the ID. While to our knowledge, there are no measures of the spatial
heterogeneity in Na* channel distributions, it highly plausible that such heterogeneity exists
within the ventricles, and we hypothesize that conduction is robust to some degree of spatial
heterogeneity in these properties. This question is a focus of future work. Additionally, there is
significant spatial heterogeneity within the ID, specifically within plicate and interplicate regions,
in membrane structure and intermembrane separation. We have recently developed a finite-
element framework to model ID structure and integrate the resulting heterogeneity in ID and
cleft properties into a tissue-scale model.?® The broad parameter investigation performed here
would have been computationally prohibitive with this more detailed model; however, we are
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also investigating the role of both ion channel organization and biophysical properties on
conduction in future work.

In conclusion, we investigate the role of Na* channel subpopulations with distinct biophysical
properties and spatial localization on cardiac conduction. We find that ID-localized Na* channels
with shifted SSA and SSI biophysical properties support the majority of burden of excitation, and
contribute to faster and more robust conduction, specifically sensitivity to tissue structural
changes (i.e., cleft width), gap junctional coupling, and fast pacing rates. Our work supports the
hypothesis that Na* channel redistribution and biophysical properties regulation are critical
mechanisms by which cardiac cells rapidly respond to perturbations to support electrical
conduction.
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