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Cellular size, gap junctions, and sodium channel2

properties govern developmental changes in cardiac3

conduction4

SUPPORTING METHODS
Computational Model Details5

The model for electrical conduction along a linear strand of 50 cells was modified from the ephaptic6
coupling model, as in our previous work (Greer-Short et al., 2017; Weinberg, 2017; Nowak et al., 2020,7
2021) and as described by Kucera et al. (2002). The membrane of each cell was discretized into axial8
patches and 2 disc patches, one at each end of the cell (Fig. 1A). Each membrane patch generated currents9
proportional to the patch surface area: a capacitive current, with capacitance Cax or Cdisc, and ionic10
currents Iion governed by the Luo-Rudy dynamic (LRd) guinea pig ventricular myocyte model (Livshitz11
and Rudy, 2007), modified as described below.12

Intracellular nodes were connected by a myoplasmic resistance Rmyo, and the end nodes between cells13
were connected by a gap junction resistance Rgap. The axial extracellular potentials (φaxe ) were assumed to14
be equal to 0, such that the axial intercellular potential (φaxi ) and axial transmembrane potential (V ax

m ) were15
equal. A T-shaped network of two axial resistances, each 1

2Rcl, and a radial intercellular cleft resistance16
Rradial, connecting the intercellular cleft to the bulk extracellular space, accounted for electric field17
coupling in the intercellular cleft, such that the intercellular cleft and disc extracellular potentials, φclefte18
and φdisce , respectively, may be nonzero. Electrical conduction parameters are given in Table S1. Equations19
for the resulting system of differential-algebraic equations for potentials at the intra- and extracellular20
nodes are given in our previous work (Weinberg, 2017).21

In each simulation, a fixed percentage of sodium channels are defined to be localized at the intercalated22
disc, equally distributed between the membrane patches on the two cell ends, and the remaining sodium23
channels are distributed uniformly over the axial membrane patches. For example, if 90% of sodium24
channels are localized at the intercalated disc, i.e., the maximum INa conductance for each patch, gNa,max,25
was set to 45% ΣgNa,max (total maximum conductance for the cell, which is fixed) in each disc patch, and26
the remaining 10% was distributed uniformly over the axial patches.27

The formulation for LRd ionic currents, ionic concentration balances, and calcium handling were28
unchanged from Livshitz and Rudy (2007), except as noted below. The ionic current for each patch j is29
given by the sum of the Na+, K+, and Ca2+ currents carried by channels, pumps, and exchangers:30

Ijion = IjNa,tot + IjK,tot + IjCa,tot, (S1)

where31
IjNa,tot = IjNa + IjNab + 3(IjNCX + IjNCX,ss) + IjCaL,Na + 3IjNaK , (S2)

32
IjK,tot = IjKr + IjKs + IjK1 + IjKp + IjCaL,K − 2IjNaK + Ijstim, (S3)

33
IjCa,tot = IjCaL + IjCab + IjpCa + IjCaT − 2(IjNCX + IjNCX,ss). (S4)
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The currents are as follows: INa (fast Na+ current), INab (background Na+ current), INCX (intracellular34
Na+-Ca2+ exchanger current), INCX,ss (subspace Na+-Ca2+ exchanger current), ICaL,Na (Na+ current35
carried by L-type Ca2+ channel), INaK (Na+-K+ pump current), IKr (rapid component of the delayed36
rectifier K+ current), IKs (slow component of the delayed rectifier K+ current), IK1 (inward rectifier K+37
current), IKp (plateau K+ current), ICaL,K (K+ current carried by L-type Ca2+ channel), ICaL (Ca2+ current38
carried by the L-type Ca2+ channel), ICab (background Ca2+ current), IpCa (Ca2+ pump current), ICaT39
(T-type Ca2+ current), and Istim (stimulus current).40

The Hodgkin-Huxley type gating model for the INa current was replaced with a 13-state Markov chain41
formulation developed by Clancy et al. (2002), to reproduce a wild-type Nav1.5 channel.42

In addition to accounting for the electric field effects via the intercellular cleft extracellular potential,43
we also accounted for localized depletion of intercellular cleft [Na+]. The Na+ reversal potential at the44
intercalated disc membrane patches was given by45

Edisc
Na =

RT

zNaF
ln

(
[Na+]clefte

[Na+]disci

)
, (S5)

where zNa = 1 is the sodium ion valence, F is Faraday’s constant, R is the gas constant, and T is the46
absolute temperature.47

The extracellular sodium concentrations in the clefts between cells ([Na+]clefte ) was governed by48

d[Na+]clefte

dt
=
Ad
∑
IdiscNa

zNaFVcleft
+

[Na+]bulke − [Na+]clefte

τ cleftNa

, (S6)

where the bulk extracellular sodium concentration ([Na+]bulke ) is fixed at 140 mM, Ad = πr2 is the disc49
patch area, r is the cell radius,

∑
IdiscNa is the sum of INa from the disc membrane patches, Vcleft =50

Θcleft · w · πr2 is the nanodomain cleft volume, Θcleft = 0.1 accounts for the cleft volume fraction that51

comprises the Na+ nanodomains localized at the intercalated disc, and τ cleftNa = 303 ms is the time constant52
for cleft refilling.53

The LRd model accounts for dynamic changes in the ionic concentrations of intracellular Na+, K+, and54
Ca2+ in the axial and disc compartments. The dynamics of the intracellular concentration of ion X in55
compartment j are governed by56

d[X]ji
dt

= −
AjI

j
X,tot

zFVj
+

[X]j−1
i − [X]ji
τX

+
[X]j−1

i − [X]ji
τX

, (S7)

where Aj is the compartment surface area, IjX,tot is the total sum of currents carried by ion X, Vj is the57

volume associated with compartment j (Vj = Lp · πr2 for axial compartment, and Vj = Lp · πr2/2 for58
disc compartments), and τX is the time constant for transfer between compartments. No intercellular ionic59
flux were assumed. Time constants are given by τX = L2

p/(2DX), where diffusion coefficients (in units of60
µm2 ms−1) are DNa = 0.5 (Despa and Bers, 2003), DK = 1.3 (Hodgkin and Keynes, 1953), DCa = 0.2561
(Smith, 2005), and DCl = 0.6 (estimated to be equal to Na+), such that (in units of ms) τNa = 83.3,62
τK = 38.5, τCa = 200, and τCl = 83.3.63

2



Supplementary Material

A subspace compartment was diffusively coupled to each intracellular compartment, containing Na+64
and Ca2+. Ca2+ influx via L-type calcium channels and 20% of Na+-Ca2+ exchange (NCX) occurs in the65
subspace compartments. We assumed that NCX and Na+-K+ ATPase (NaK) activity is uniformly distributed66
between the axial compartments and not present at the disc. The equations governing the dynamic of67
subspace [Na+] and [Ca2+], and [Ca2+] in network and junctional sarcoplasmic reticulum, NSR and JSR,68
respectively, included transfer flux terms between adjacent subspace compartments, with time constant69
given by τCa. The equations governing subspace [Na+] and [Ca2+] also included transfer flux between the70
subspace and the corresponding intracellular compartment, with time constant of 0.2 ms (Decker et al.,71
2009).72

To match experimental measurements for conduction velocity , the maximum conductances for INa and73
ICaL were scaled by factors of 2.4 and 1.4, respectively. To maintain calcium homeostasis, L-type calcium74
current steady-state activation curve was shifted -2 mV, JSR release half-saturation constant Kss

rel was75
increased from 1 to 1.5 mM, and the release time constant was increased by 50%.76

Numerical integration and analysis77

We applied a numerical integration scheme similar to Kucera et al. (2002). At each time point t, we78
calculated the membrane current for each patch, based on the membrane patch potentials Vm and gating79
variable values. By applying Kirchhoff’s current law at every node and assuming that the membrane80
currents do not change over a small time interval ∆t1 = 0.5 µs, i.e., between time t and t + ∆t1, we81
obtained a system of coupled first-order differential equations and algebraic relationships. We numerically82
integrated this system using a forward Euler method, with time step ∆t2 = ∆t1/10 = 0.05 µs, and solved83
for all intracellular and extracellular potentials until time t+ ∆t1. Gating variables and ionic concentrations84
were numerically integrated between time t and t+ ∆t1 using a forward Euler method, with time step ∆t1.85
Using values for the membrane patch potentials Vm and gating variables, membrane currents were then86
recomputed at time t+ ∆t1.87

Initial conditions for each cell in the myocyte strand were established by simulating the single cell for88
100 beats at a given pacing rate. Propagating electrical waves were initiated by applying a 0.5-ms stimulus89
current of amplitude −800µA/cm2 in the two center axial nodes of cells 1 to 5. Myocyte strands were first90
paced to a steady-state and then simulations were run for an additional 10 beats for CV measurements. CV91
was computed by linear regression of the activation times of cells 15 to 35.92
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SUPPORTING FIGURE

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 (ρNa) 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 (IDNa). 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 µF/µm2

Lp Axial Patch Length 10 µm
L = Sn0pLp Cell Length Varied (depends on S)
r = Sr0 Cell Radius Varied (depends on S)

Cax = 2πrLp · Cm Axial Patch Capacitance Varied (depends on S)
Cdisc = πr2 · Cm Disc Patch Capacitance Varied (depends on S)

ρmyo Myoplasmic Resistivity 150 Ω · cm
ρext Extracellular Resistivity 150 Ω · cm

Rmyo = ρmyo · Lp/(πr
2) Myoplasmic Resistance 39.45 kΩ

Rgap = R0
gap/fgap Gap Junctional Resistance Varied (depends on fgap)

Rradial = ρext/(8πw) Radial Intercellular Cleft Resistance Varied (depends on w)
Rcl = ρext · w/(πr2) 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
density (ρNa)

Na+ channel ID
localization (IDNa)

Gap junctional
coupling (nS)

Neonatal: 40-60 40-60 10-30 101
Intermediate Stage 1
Uniform ρNa, IDNa increases : 60-80 60-80 30-50 101

Staged S, ρNa increase : 80-100 40-60 10-30 101

Staged S, IDNa increase : 80-100 40-60 10-30 101

Staged ρNa, S increase : 40-60 80-100 10-30 101

Staged ρNa, IDNa increase : 40-60 80-100 10-30 101

Staged IDNa, S increase : 40-60 40-60 70-90 101

Staged IDNa, ρNa increase : 40-60 40-60 70-90 101
Intermediate Stage 2
Uniform ρNa, IDNa increases : 80-100 80-100 50-70 253

Staged S, ρNa increases : 80-100 80-100 10-30 253

Staged S, IDNa increases : 80-100 40-60 70-90 253

Staged ρNa, S increases : 80-100 80-100 10-30 253

Staged ρNa, IDNa increases : 40-60 80-100 70-90 253

Staged IDNa, S increases : 80-100 40-60 70-90 253

Staged IDNa, ρNa 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.
(2014); Spach et al. (2000)].
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