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Cellular size, gap junctions, and sodium channel
properties govern developmental changes in cardiac
conduction

SUPPORTING METHODS
Computational Model Details

The model for electrical conduction along a linear strand of 50 cells was modified from the ephaptic
coupling model, as in our previous work (Greer-Short et al., 2017; Weinberg, 2017; Nowak et al., 2020,
2021) and as described by |[Kucera et al.| (2002). The membrane of each cell was discretized into axial
patches and 2 disc patches, one at each end of the cell (Fig. 1A). Each membrane patch generated currents
proportional to the patch surface area: a capacitive current, with capacitance C,, or Cy;s., and ionic

currents [;,, governed by the Luo-Rudy dynamic (LRd) guinea pig ventricular myocyte model (Livshitz
and Rudyl, 2007), modified as described below.

Intracellular nodes were connected by a myoplasmic resistance R,y,,,, and the end nodes between cells
were connected by a gap junction resistance Ry,),. The axial extracellular potentials (¢¢*) were assumed to
be equal to 0, such that the axial intercellular potential (¢*) and axial transmembrane potential (V") were
equal. A T-shaped network of two axial resistances, each %Rd, and a radial intercellular cleft resistance
R,q4ial, connecting the intercellular cleft to the bulk extracellular space, accounted for electric field
coupling in the intercellular cleft, such that the intercellular cleft and disc extracellular potentials, gbglef t
and ¢g”50, respectively, may be nonzero. Electrical conduction parameters are given in Table|S1, Equations
for the resulting system of differential-algebraic equations for potentials at the intra- and extracellular

nodes are given in our previous work (Wemnberg, 2017).

In each simulation, a fixed percentage of sodium channels are defined to be localized at the intercalated
disc, equally distributed between the membrane patches on the two cell ends, and the remaining sodium
channels are distributed uniformly over the axial membrane patches. For example, if 90% of sodium
channels are localized at the intercalated disc, i.e., the maximum [, conductance for each patch, gn g maaz
was set t0 45% X gna maz (total maximum conductance for the cell, which is fixed) in each disc patch, and
the remaining 10% was distributed uniformly over the axial patches.

The formulation for LRd ionic currents, ionic concentration balances, and calcium handling were
unchanged from |Livshitz and Rudy (2007), except as noted below. The ionic current for each patch j is
given by the sum of the Na*, K*, and Ca®* currents carried by channels, pumps, and exchangers:

[ijon = [g\fa,tot + I;(,tot + [éa,toﬁ (Sl)
where _ . _ . . _ .
[gVa7t0t = []J\fa + [?Vab + 3([]]\70)( + []]VCX755) + [é'aL,Na + 3IJJ\/'aK’ (Sz)
I;(,tot = I}.(r + [g(s + Ii(l + I}.(p + [éaL,K - 21{\7@[( + [(Ztinw (83)
[é'a,tot = Ié’aL + Ié’ab + IIJDCa + [é’aT o 2<Ig\TCX + I‘Zj\fC)st)' (S4)
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The currents are as follows: Iy, (fast Na* current), I, (background Na* current), ¢ x (intracellular
Na*-Ca?* exchanger current), Ic X,ss (Subspace Na*-Ca?* exchanger current), I, L,Na (Na™ current
carried by L-type Ca”* channel), Iy,x (Na*-K* pump current), I, (rapid component of the delayed
rectifier K* current), I (slow component of the delayed rectifier K* current), [ (inward rectifier K*
current), I, (plateau K* current), Icqr, x (K™ current carried by L-type Ca2* channel), I,z (Ca®* current
carried by the L-type Ca2* channel), Iy (background Ca2* current), Ipca (Ca%* pump current), o7
(T-type Ca®* current), and I, (stimulus current).

The Hodgkin-Huxley type gating model for the /5, current was replaced with a 13-state Markov chain
formulation developed by (Clancy et al.|(2002)), to reproduce a wild-type Nay 1.5 channel.

In addition to accounting for the electric field effects via the intercellular cleft extracellular potential,
we also accounted for localized depletion of intercellular cleft [Na*]. The Na* reversal potential at the
intercalated disc membrane patches was given by

. RT [Nat)gelt
Edlsc _ 1 _
Na =g <—[Na+]§“sc ; (S5)

where 2y, = 1 is the sodium ion valence, F is Faraday’s constant, R is the gas constant, and 7 is the
absolute temperature.

The extracellular sodium concentrations in the clefts between cells ([/V a+]§l€f ") was governed by

dNa e AT IR | [Nat ] — [Nt s6)
dt 2N Vereft valzf t ’

where the bulk extracellular sodium concentration ([Nat]%%*) is fixed at 140 mM, Ay = 772 is the disc
patch area, r is the cell radius, I]‘f}‘fbc is the sum of I, from the disc membrane patches, V. =
Ocleft - W - 712 is the nanodomain cleft volume, O, st = 0.1 accounts for the cleft volume fraction that
comprises the Na™ nanodomains localized at the intercalated disc, and T]Cézf ® — 303 ms is the time constant

for cleft refilling.

The LRd model accounts for dynamic changes in the ionic concentrations of intracellular Na*, K*, and
Ca?* in the axial and disc compartments. The dynamics of the intracellular concentration of ion X in
compartment j are governed by

AX Al XU XY XET XY -
dt ZFVY] T Tx y

where A; is the compartment surface area, [ g( 1ot 18 the total sum of currents carried by ion X, Vj is the

volume associated with compartment j (V; = L, - 7r? for axial compartment, and Vi=1L,- 7r? /2 for
disc compartments), and 7y is the time constant for transfer between compartments. No intercellular ionic
flux were assumed. Time constants are given by 7x = L120 /(2D x), where diffusion coefficients (in units of
pum? ms~1) are Dy, = 0.5 (Despa and Bers, 2003), Dx = 1.3 (Hodgkin and Keynes, [1953), D¢, = 0.25
(Smith, 2005), and D¢; = 0.6 (estimated to be equal to Na*), such that (in units of ms) 7y, = 83.3,
TK = 38.9, Tcq = 200, and 7¢; = 83.3.
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A subspace compartment was diffusively coupled to each intracellular compartment, containing Na*
and Ca”*. Ca?* influx via L-type calcium channels and 20% of Na*-Ca®* exchange (NCX) occurs in the
subspace compartments. We assumed that NCX and Na*-K* ATPase (NaK) activity is uniformly distributed
between the axial compartments and not present at the disc. The equations governing the dynamic of
subspace [Na*] and [Ca%*], and [Ca?*] in network and junctional sarcoplasmic reticulum, NSR and JSR,
respectively, included transfer flux terms between adjacent subspace compartments, with time constant
given by 7¢,. The equations governing subspace [Na*] and [Ca®*] also included transfer flux between the
subspace and the corresponding intracellular compartment, with time constant of 0.2 ms (Decker et al.,
2009).

To match experimental measurements for conduction velocity , the maximum conductances for [y, and
Ioq1, were scaled by factors of 2.4 and 1.4, respectively. To maintain calcium homeostasis, L-type calcium
current steady-state activation curve was shifted -2 mV, JSR release half-saturation constant K% was
increased from 1 to 1.5 mM, and the release time constant was increased by 50%.

Numerical integration and analysis

We applied a numerical integration scheme similar to |Kucera et al.| (2002). At each time point 7, we
calculated the membrane current for each patch, based on the membrane patch potentials V;,, and gating
variable values. By applying Kirchhoff’s current law at every node and assuming that the membrane
currents do not change over a small time interval At; = 0.5 us, i.e., between time ¢ and t + Atq, we
obtained a system of coupled first-order differential equations and algebraic relationships. We numerically
integrated this system using a forward Euler method, with time step Aty = At1/10 = 0.05 us, and solved
for all intracellular and extracellular potentials until time ¢ + At;. Gating variables and ionic concentrations
were numerically integrated between time 7 and ¢ + At using a forward Euler method, with time step At;.
Using values for the membrane patch potentials V;,, and gating variables, membrane currents were then
recomputed at time ¢ + At;.

Initial conditions for each cell in the myocyte strand were established by simulating the single cell for
100 beats at a given pacing rate. Propagating electrical waves were initiated by applying a 0.5-ms stimulus
current of amplitude —800..A /cm? in the two center axial nodes of cells 1 to 5. Myocyte strands were first
paced to a steady-state and then simulations were run for an additional 10 beats for CV measurements. CV
was computed by linear regression of the activation times of cells 15 to 35.
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SUPPORTING FIGURE
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Figure S1: Conduction velocity (CV) depends on key cellular and tissue properties for slower pacing rate.
CV is shown as a function of cell size for different values of Na*channel densities (py,) for low (A),
moderately low (B), moderately high (C), and high (D) GJ coupling and 10% (left), 50% (middle), and
90% (right) Na* channel ID localization (I D). Parameters: Cleft width w = 20 nm. BCL = 1000 ms.
Parameter regimes associated with neonatal (gray boxes) and adult (black boxes) tissue are highlighted.
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SUPPORTING TABLES
Variable Name Value
Cm Specific Membrane Capacitance 10~8 puF/pm?
L, Axial Patch Length 10 pm
L=2S nng Cell Length Varied (depends on S)
r=.Srg Cell Radius Varied (depends on S)
Caz = 21mrLy - Cpy Axial Patch Capacitance Varied (depends on S)
Clise = 1% - Cyy, Disc Patch Capacitance Varied (depends on S)
Pmyo Myoplasmic Resistivity 150 © - cm
Pext Extracellular Resistivity 150 2 - cm
Riyo = Pmyo - Lp/ (mr?) Myoplasmic Resistance 39.45 kQ
Rgap = Rgap / fgap Gap Junctional Resistance Varied (depends on fy4))
Rradial = pext/ (8Tw) Radial Intercellular Cleft Resistance | Varied (depends on w)
Ry = pext - w/ (7rr2) Axial Intercellular Cleft Resistance Varied (depends on w)

Table S1. Electrical parameters and equations from Kucera et al. [Kucera et al.|(2002) ephaptic coupling model, including parameters dependent on cell size (S),
relative gap junctional conductance (fgap), and cleft width (w) as described in the main text.

Development stage  Cell size (S) Na™* channel Na™* channel ID Gap junctional
p & density (pn,) | localization (/ Dy,) | coupling (nS)
Neonatal: 40-60 40-60 10-30 101
Intermediate Stage 1
Uniform pyg, I Dy, increases : 60-80 60-80 30-50 101
Staged S, pn, increase Q : 80-100 40-60 10-30 101
Staged S, I Dy, increase JV : 80-100 40-60 10-30 101
Staged pyq, S increase % : 40-60 80-100 10-30 101
Staged png, [ Dy, increase >< : 40-60 80-100 10-30 101
Staged /Dy, S increase D : 40-60 40-60 70-90 101
Staged I Dy, png increase <> : 40-60 40-60 70-90 101
Intermediate Stage 2
Uniform py,, I Dy, increases /\ 80-100 80-100 50-70 253
Staged S, pn, increases O : 80-100 80-100 10-30 253
Staged S, I Dy, increases JV : 80-100 40-60 70-90 253
Staged pyg, S increases % : 80-100 80-100 10-30 253
Staged pnq, [ Dy, increases >< : 40-60 80-100 70-90 253
Staged I Dy, S increases D : 80-100 40-60 70-90 253
Staged I Dy, pNg increases : 40-60 80-100 70-90 253
Adult: 80-100 80-100 70-90 1266

Table S2. Range of model parameters for age progression in Fig. 6. Values given as a percentage (%), as described in the Methods. Values for cell size are
estimated based neonatal and adult myocyte measurements of membrane capacitance, surface area, and cell volume [Cordeiro et al.| (2013);|Vreeker et al.|
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