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Detailed Methods

Computational model

The model for electrical conduction along a linear strand of myocytes integrating gap junc-
tional (GJ) and ephaptic coupling was modified from those of several previous publications
[1-3]. Each myocyte was idealized as a symmetric cylinder and discretized into 6 patches: 4
axial and 2 disc (junctional) patches, one at each end of the cell (Fig. 1A). Adult ventricular

myocytes (length: 100 um, radius: 11 um) were larger than graft PSC-CMs (length: 100 um,



radius: between 6-11 um) with sodium channels (NaChs) distributed nonuniformly. specifi-
cally, 90% of NaChs were localized at the disc patches. To achieve this, 45% of maximum
gne conductance (total gy, was fixed across the entire cell) was allocated to each of the two
disc patches; the remaining 10% was distributed across the 4 remaining axial patches. In PSC-
CMs, NaChs were either distributed uniformly or nonuniformly, the former simulating a more
immature cytoarchitecture.

Each myocyte patch generated capacitive and ionic currents proportional to the membrane
surface area of the patch. In host ventricular myocytes, the ionic currents were represented by
the Luo-Rudy phase I (LR 1) ventricular myocyte model equations [4]. The net ionic flux across

each membrane patch j € {1,...,6} in myocyte i was described by 6 distinct ionic currents
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From left to right, the ionic currents on the right hand side are the sodium current, slow inward
(calcium) current, potassium current, inward-rectifier potassium current, plateau potassium cur-
rent, and background Ohmic current. In graft PSC-CMs, a constant depolarizing current (/)
was introduced to the LR1 model as previously described[5, 6]. Thus, the net ionic flux was

described as
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The value of I; determined the rate of spontaneous beating (Figure S1). Parameters for host
and graft myocytes are given in Table 1.

Transmembrane potentials (Vn(f J )) were computed at nodes corresponding to each mem-
brane patch (Fig. 1B, 1C) utilizing the methodology described by Tsumoto et. al. [3, 7] but
with slight modifications. Complete mathematical derivations can be found in . Briefly, my-

oplasmic resistances between adjacent axial nodes and between adjacent axial and disc nodes



were R0 = Pmyoly/(mr?) and %Rmyo, respectively. To represent GJ coupling, nodes corre-
sponding to disc patches of abutting myocytes were connected by a gap junctional resistance,
Rgyqp. A simple two-state dynamic gating model [8] was implemented to represent voltage-
dependent gating of GJs such that R, changed with time. Intercellular voltage differences had
the effect of increasing R,,,. The gating variable between myocytes ¢ and ¢ + 1 were governed

by the following set of equations
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The variables g, and 7, are functions of intercellular voltage difference between myocytes i
and: + 1 (V}i’“rl S VA G VAC +1’1)). Model parameters can be found in Table 2. To represent
ephaptic coupling, the potential of the junctional space at the intercalated disc (ID) between
abutting myocytes was represented by an additional node. This junctional node was connected
to all nodes of abutting myocytes sharing the same junctional space (axial resistances each %Rd)
and bulk extracellular space (radial resistance, R,.q4q) With a T-shaped network of resistances
(Fig. 1B, 1C). We assumed that the junctional spaces had a cylindrical shape; the radius of a
particular junctional space would be equal to that of the largest myocyte at the specific ID. The
axial (%Rd) and radial (R, 44;q) resistances depended on the width (w) and radius (r) of the
junctional space (Ry = peatw/(77?); Rradiat = pewt/(8Tw) [9]). A value of 150 Ohms - cm
was used for the extracellular resistivity, peg:.

Of the ionic species, the LR1 model only accounts for dynamic changes in intracellular Ca**

([CaZ*]) concentration. Within a membrane patch j of an individual myocyte j, the dynamics



of [Ca?"] was governed by
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A9 and V9 are the surface area and volume, respectively, of a given membrane patch.
For disc patches, A% = 772 and V) = [,7r?/2; for axial patches, A/ = 27rL, and
V) = [ wr?. The time constant 7¢, determines the rate of ionic transfer between membrane
patches and is computed as 7o, = L]% /(2D¢,) where D¢, = 0.25 ms [2]. No intercellular ionic

flux was assumed.

Numerical integration

Numerical integration was carried out similar to several previous publications [1, 2] with slight
modifications. The transmembrane potential across all membrane patches was integrated at a
higher temporal resolution than the gating variables and ionic concentrations. First, the ionic
currents and change in gating variable values were computed for each membrane patch at each
discrete point in time ¢. Over the time interval At; = 5 ps, we assumed that changes in the
membrane currents and gating variables were negligible and thus constant. By applying Kir-
choff’s Voltage Law (KVL) and Kirchoff’s Current Law (KCL) (see for detailed derivations),
a set of coupled first-order differential equations with constant coefficients that described the
change in transmembrane potential across all membrane patches was obtained; an implicit in-
tegration method was used to solve this system with a time step of Aty = At;/10 = 0.5 ps.

Specifically, the linear relationship was
(I-ALCRT'L) VL ™ = V' + ALC Tion (7)

where I is a np x np identity matrix, Cy, is a np x np diagonal matrix where each diagonal en-

try corresponds to the membrane capacitance of a particular myocyte patch, R is the resistance



matrix, L is the Laplacian matrix that denotes how individual myocyte nodes are resistively cou-
pled to one another (see for additional details). Once transmembrane potentials were updated
for t + Aty, ionic concentrations and gating variables across all membrane patches and gating
variables across all GJs were numerically integrated using a forward Euler method. Explicitly,

the membrane kinetic gating variables g,, € {m, h, j,d, f, x} were computed as
gm T = gm" + At1g], (8m", Vi) ®)

where g, i is the np x 6 matrix of the membrane gating variables, and g* (g,", A\ ) is the

corresponding vector of derivatives. Similarly, the GJ gating variables were computed as,
gk-‘rl — gk + Atlgk(gk7ka) (9)

[Ca:"] across all myocyte patches was computed as

i vol
ZCaF TCa

-1 1
[CaZt)™*! = [Ca?*)* + A (—V‘lIsi + —LCa[Cai2+]k) (10)
where z¢, = 2, F'is Faraday’s constant, V. is a np X np diagonal matrix where each diagonal

entry corresponds to a particular membrane patch volume, Lg; is a np x 1 vector of [; across all

membrane patches, and L, is the Laplacian matrix taking into account no intercellular flux.
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Quantification of synchrony

The population beating synchrony across all graft PSC-CMs was quantified by the Z statis-
tic[10]. Z was computed as the time average of instantaneous z statistics (z;) or

T
Z:ZZt
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Each z; was defined as the beating synchrony across a given population of N PSC-CMs at time

t. Specifically,
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where 0; is the phase of a particular myocyte j. For each myocyte j, the phase at time ¢ was
computed as 0; = 27z, where z; is defined as the progression through the current cycle length
at time ¢ (i.e., bounded on the interval [0, 1]); cycle lengths were defined as the interval between
adjacent upstrokes of spontaneous beats. The values of z; are bounded on the interval [0, 1]; a
value of z; = 1 indicates complete synchrony (i.e., myocyte phases 0; are all equal) while a

value of z; = 0 indicates complete asynchrony (i.e., uniform distribution of myocyte phases).

Quantification of conduction velocity

Conduction velocity (CV) across the myocardial strand was computed by linear regression of
the activation times of myocytes % and % as previously described|2], where NV is the number of
myocytes in the linear strand. Activation times were defined as when transmembrane potential

crosses above —60mV.

Mathematical derivations

We shall present a derivation of the generalized form of the resistance matrix R used to simulate
electrical impulse propagation across a one-dimensional myofiber strand. The derivation differs
slightly from those detailed in Tsumoto et. al.[3, 7] due to how the potential drop between gap
junctionally-coupled myocytes was computed. From the equivalent circuits in Fig. 1B,1C,
one can derive a system of equations using Ohm’s Law, Kirchoff’s Voltage Law (KVL), and

Kirchoff’s Current Law (KCL). This results in the following linear relationship,
RI=V, (14)

where R is a pn X pn square matrix, I and V are pn x 1 column vectors, and p and n are the
number of patches per myocyte and the number of myocytes in the myofiber, respectively. Each

vector entry in I and V corresponds to a particular intracellular patch node j € {1,...,p} in



myocyte i € {1,...,n},or
V=[ov®D o2 ) [ D) gD ) ]T (15)
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For the current vector I, each entry corresponded to the current flowing from each intracellular
node to its membrane segment; for the voltage vector V, each entry corresponded to the net
potential drop across the specific node.

To derive the full matrix form, we consider three distinct types of myocyte membrane

patches:

1. Axial patches only adjacent to other axial patches: j € {3,...,p — 2},
2. Axial patches adjacent to a disc patch and an axial patch: j € {2,p — 1}, and

3. Disc patches: j € {1, p}.

For the first case, we apply KCL and Ohm’s Law and obtain:

§69) — (i1 4 (i) 17)
(1) _ () (D) _ (i)
— qb’l QSZ + ¢'L qb’l (18)
Rmyo Rmyo
_Z(ZJ)Rmyo — _Qﬁgi,j_l) + 2¢Z(7".7) _ ¢£ifj+1) (19)

For the second case, we apply KCL and Ohm’s law again for two subcases: the disc patch
adjacent to the axial patch being considered is (a) not coupled or (b) is coupled to a disc patch

of another myocyte. For (a), we obtain

{02 = {01 4 369 (20)
1) _ (i,2) (i,3) _ 4(i,2)
— (bz i ¢Z + ¢Z (b’L (21)
§Rmyo Rmyo
i Ry = =20 + 307 — o] (22)
—iCDR, o = —2V0D 4 30D y/03), (23)



The last line is obtained from the fact that V,, = ¢; — ¢. and ¢. = 0 in the bulk interstitial

space. By myocyte symmetry,

—iP IR, o = =2V 0P 4 gy Gp=l) _ yGp=2), (24)

For (b), we obtain,
_Z-(i,2)Rmyo _ _2¢§i,1) + 3¢§i,2) . ¢§i,3) (25)
= —2(¢0") = V,PV) 4+ 3V, — V1Y (26)

Using KCL and Ohm’s law applied at the cleft, we obtain an expression for ¢Sf’” to be:
¢£¢,1) — Z‘(i—l,p)Rmdml + i(i’l)(Rradial + %Rd) (27)
Substituting equation 27 into equation 26 and rearranging, we obtain

i (2Rpggiar) + 1Y (2Rradiar + Rat) — %% Ry = —2V,D + 3V, 02 — V9 (28)

By myocyte symmetry,
iV QR i) + 1P (2R adiar + Ra) — 1PV Ry = =2V, 0P 4 3,07 7 lip=2)
(29)
For the third and final case, we again consider two subcases: the disc patch being considered is

(a) not coupled or (b) is coupled to a another disc patch of another myocyte. For the first, we

obtain

= g (30)
%Rmyo
i o = 0" — 61" 31

For (b), we first apply KVL at the cleft between myocytes ¢ and 7 — 1 and collect terms to obtain

0 =" Ryogiar + 1" (Rradiat + 5 Ret + 5 Rinyo) — #2315 Rngo) + Vi = V2 (32)

i—1, m m
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The term ¢ . is the GJ current between the myocytes and is

(i=1,p) (4,1) (i=1,p) (,1) (i—1,p) (4,1)
0; o; V V + ¢
-gap '3 1 m m € €

i—1,4 i—1, - i—1,4
Rgap Rgap

(33)

where R;a; ' is the GJ resistance between myocytes i and i — 1. Using KVL, we obtain equations

for gb(ei_l’p) and qb(l b

¢(7' 1) — (Z Lp) Rradial + Z.(i’l) (Rradial + %Rcl) (34)

¢ = iV Ryt + i (Rrggiar + 3 Rer) %)

Combining equations 33 - 35 into equation 32 and rearranging, we obtain

— 4(i=1p) (Rradial M) — @1 (Rradml + Rcz + lRmyO + RmyoRCl)

i—1,% i—1,%
4Rgap’ 4Rgap’
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Spi—17 T
m 2R;ap ¢ 2Rgap™" m

And by symmetry again,

- Z.(i’l) (Rradial - RLiRCZ) - i(i_17p) (Rradzal + 35 Rcl + 1Rmyo + RmyORCl>
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The sets of equations 19, 23, 28, 29, 31, 36, 37 form the linear system RI = V. For a linear

homogeneous myofiber where the number of myocyte patches p = 6, the resistance matrix R is

10



described by

[R5 0 0 0 0 0
0 R 0O 0 0 O
0 0 R 0 0 O
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where
RO _Rmyo
RmyoRe
Rl - (Rradial + %Rcl + %Rmyo + ﬁ)
R2 = 2Rradial + Rcl
RmyoRe
RS - (Rradial - #ﬂpl)
R4_2Rradial
Ry = —Ryyo/2

The voltage vector V can be computed using the following relationship

V =LV,

11
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where L is a pn X pn Laplacian matrix. In this particular case, L is defined as

[1-100 00 ]
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where o« = 1 + 5 B b=— f =, and V, is the transmembrane potential at each node
gap gap
Vi = [ VAV e D e | )

To consider additional myocytes coupled together at a single cleft, one can derive a slightly
different form of the resistance matrix R and Laplacian matrix for computing the voltage vector
V. As an example, we provide the form of these matrices when two myocytes are coupled to a

single myocyte at a common cleft.

12
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where the variables Ry, Ry, Ry, R3, R4, and R5 are as described by 39-44 while

(49)
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,and v =1+ IZZ:’:
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These simplified forms can be modified to incorporate additional biophysical detail and
complexity. When considering heterogeneous GJ coupling and GJ gating for example, the term

i—1y

R ap becomes (R 17 /g~ 1) where R’ 1" is the resistance and ¢g*~'* is the gating variable for

gap gap
the GJ between myocytes ¢ — 1 and ¢. To consider heterogeneous myocyte dimensions, the term
R, would need to be indexed appropriately for each myocyte i € {1,...,n}. Similarly, the

terms R, and R,.q;, Would need to be indexed appropriately when considering heterogeneous

cleft dimensions.

14



Supplemental Figures
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Figure S1: PSC-CM automaticity rate across different myocyte sizes and sodium channel
(NaCh) distributions. (A) PSC-CM automaticity rate as a function of depolarizing current,
I, for when PSC-CMs were discretized into either 3 and 6 intracellular patches and NaChs
were distributed uniformly or nonuniformly. Small PSC-CMs were cylindrical with radius = 6
um and length = 18 pm (B) PSC-CM automaticity rate as a function of /; across various sizes
(small: radius = 6 um, length = 18 um); medium: radius = 8 um, length = 40 um); large: radius
= 11 um, length = 100 um) and NaCh distributions.
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Figure S2 (previous page): The effect of electrotonic interactions between host and graft
CMs on graft CM automaticity and the emergence and rate of graft-induced spontaneous
ectopic beats in host CMs. (A,D) Minimum PSC-CM radius required to elicit a spontaneous
ectopic beat in a host ventricular CM when coupled as either (A) 1:1 or (D) 1:4 host-graft
tandems across combinations of gap junctional resistance ([24,,) and cleft width. In both cases,
I; = 3.7 pA/uF. In the 1:4 coupling configuration, initial states were synchronized across all
PSC-CMs. (B,E) Heat maps show how the average cycle lengths of graft-induced ectopic beats
in a host ventricular CM (top) and spontaneously beating graft PSC-CMs (bottom) change with
Rgyqp and ID cleft width for (B) 1:1 and (E) 1:4 coupling configurations; graft PSC-CMs were
the same size as the host CM. (C,F) Representative V,,, traces of host and graft CMs (left)
and junctional gating (right) for (C) 1:1 and (F) 1:4 coupling configurations; values of R,
and cleft widths corresponding to traces are highlighted in panels (B) and (E), respectively. In
the 1:4 coupling configuration, the junction index corresponds to the corresponding graft PSC-
CM index. (C) Instances of 2:1 capture were observed in the 1:1 coupling configuration (top),
while (F) instances of complete suppression of PSC-CM automaticity were observed in the 1:4
coupling configuration.
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Figure S3: Additional PSC-CM cycle length results (cleft width = 10 nm). Average cycle
lengths (top) and deviations (bottom) of 20 linearly coupled PSC-CMs (0-19) when NaChs
were distributed either uniformly (left) or nonuniformly (right). Deviation in cycle length was
computed relative to the cycle length of its corresponding isolated PSC-CM with the same /,; for
each individual PSC-CM in the linear strand. Values of /; are shown below each corresponding
myocyte number.
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Figure S4: Additional PSC-CM cycle length results (cleft width = 100 nm). Average cycle
lengths (top) and deviations (bottom) of 20 linearly coupled PSC-CMs (0-19) when NaChs
were distributed either uniformly (left) or nonuniformly (right). Deviation in cycle length was
computed relative to the cycle length of its corresponding isolated PSC-CM with the same /,; for
each individual PSC-CM in the linear strand. Values of [; are shown below each corresponding
myocyte number.
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Figure S5: Depolarizing currents in spontaneous versus paced beats in PSC-CMs. Rep-
resentative traces for V,,, depolarizing currents (In,, Is;), and Iy, gating variables (m, h, j)
for (A) spontaneous and (B) paced beats (CL = 400 ms). Spontaneous beats are shown for
myocytes 17, 18, 19 (I values of 3.02, 2.39, and 3.45 uA/uF, respectively); paced beats are of
myocyte 0 (; = 2.77 pA/uF). Compared to paced beats, spontaneous beats exhibited reduced
Iy, that depended on ;. PSC-CMs with larger /; had elevated maximum diastolic potentials
that resulted in incomplete reactivation of I, inactivation gates (h, j).
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Figure S6: Average synchrony across linear strand of 20 PSC-CMs paced along one side.
Heat maps of average synchrony across combinations of gap junctional resistances (/244,) and
cleft widths for 20 linearly coupled PSC-CMs with either uniform (left) and nonuniform (right)
NaCh distributions. The myocardial strand was paced from myocyte 0 at a basic CL of 400 ms.
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Computational model parameter values

Table 1: Parameter values for host and graft myocardium

Variable Name Units o r‘nzifl(l)::laerdium Graftza;!)lcl;dium

P Number of patches 6 6
L,=L/(p—2) Axial patch length um 25 25

r Myocyte radius um 11 [6,11]

Coz = Cr(2mrLy) Axial patch capacitance uF 1.73 x 107° [9.42 x 1076,1.73 x 1079]
Caise = C( Disc patch capacitance uF 3.80 x 1076 [1.13 x 1076,3.80 x 1079]
Pmyo Myoplastmic resistivity Q-cm 150 150

Riyo = pmyoLp/(mr?) Myoplasmic resistance kQ 98.65 [98.65, 331.57]

Peat Extracellular resistivity Q-cm 150 150

We Cleft width nm 20 varied between [10, 100]
R adial = pext/(8mw,.) Radial cleft resistance kQ 2.98 varied between [0.60, 2.98]
Re = pestwe/(m7?) Axial cleft resistance Q 78.91 varied based on w, and r

Table 2: Parameter values for gap junctional gating model

Variable Description Units Value

Gmin minimum value for g, 0.2

Imaz maximum value for g, e 1.0

A, o parameter mV~! 0.09

Vy Jso parameter mV 50

o, T, parameter ms~? 1.48 x 1073
k T, parameter mV~! 0.0493
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