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1 Formulation of the hiPSC-CM model

V: membrane potential in V. VmV: membrane potential in mV. time: simulation time in s.

All the time constants in ms. All the ionic concentrations in mM. All the reversal potentials in V.

1.1 Extracellular ionic concentrations

Na, =151 (mM)
K, =54(mM)

Ca, =1.8 (mM)

1.2 Cell size and dimensions

C, =98.7109¢—12 (F)
V. =8800e—18 (m’)

V. =583.73¢~18 (m’)

1.3 Maximum conductances and currents

gy, =3671.2302 (S/F)
gy, =17.25(S/F)

g = 8.635702e —5(m’/(F x 5))



g, =29.9038 (S / F)

g4 = 29.8667(S/F)

2. = 2.041 (S/F)

g, =28.1492(S/ F)

g, =30.10312 (S/F)

P, =2.6351 (4/F)
K0, =3917.0463 (4] F)
= 62.5434 (mM |/ 5)

Irel ,max

V. =0.5113 (mM/s)

max,up

I

leak ,max

=4.7279¢-4 (1/5)
2 ,c0 = 0.4125(A/F)
G =0.95(S/ F)

g, =0.727272(S / F)

1.4 Other constants

Buf, =0.25(mM)
Buf,, =10 (mM)

K, = 0.001(mM)
K,, =03 (mM)

K, =3.1928e-4 (mM)
K, =0.0005 (mM)

F =96485.3415 (C / mol)
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R=28.314472 (J / (mol xK))
T=310(K)

L, =0.025 (dimensionless)
O =2.3 (dimensionless)

P,

kna

=0.03 (dimensionless)
K., =0.1(dimensionless)
K, . =138(mM)

K . =87.5(mM)

mNai

a =2.5371 (dimensionless)

y =0.35 (dimensionless)
K, ,, =40 (mM)

K, =1(mM)

RyR,, =0.05354 (uM)
RyR,, =0.0488 (1M )
RyR, ,,y =0.02427 (uM)
RyR, ;= 0.01042 (uM)

RyR.,,,, =0.00144 (M)

1.5 Initial conditions of state variables

h, = 0.75(dimensionless)
Jo = 0.75(dimensionless)
m, =0 (dimensionless)

mL, =0 (dimensionless)



hL, =0.75 (dimensionless)
d, = 0 (dimensionless)
fCa, =1 (dimensionless)
f1, =1 (dimensionless)
f2,=1 (dimensionless)

¥, =0 (dimensionless)

q, =1 (dimensionless)
Xrl, = 0(dimensionless)
Xr2, =1 (dimensionless)
Xs, = 0(dimensionless)
Xf, = 0.1(dimensionless)
RyRa, = 0.3 (dimensionless)
RyRo, = 0.9 (dimensionless)

RyRc, = 0.1 (dimensionless)

V,=-0.070(V)
Na, =9.2(mM)
K, =150 (mM)

Ca, = 0.0002 (mM)

Cag, =032 (mM)

1.6 Membrane Potential

dv
dtime

on

— ] = —(IK1 I, 41 + 1+
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1.7 Na" current, Ina
Ly, =gy, m hj-(V-Ey) (S2)

1.7.1 Ina, h gate
1

By = (S3)
‘ VmV+72.1
(1 +e 37 J
—VmV-80
a,=0.057-¢ ©F (S4)
ﬂh — 27 .80.079-VmV +31X105 .60.3485-VmV (SS)

L5 , if VmV <=38.5(mV)
r=la B (36)

2.54205 , if VmV 2-38.5(mV")

h . —h
dh__1000. 2 (87)
dtime 7,
1.7.2 Ina, j gate
jinf = hinf (88)
(—25428- "1™ —6.948e—6-¢ "™ ). (VmV +37.78)
a; = 1 4 O3 1Hmy+7923) » if YmV < =40 (mV') (S9)

0, otherwise

0.02424 . e—OAOIOSZ'VmV .
|4 g O if VmV < =40 (mV')
B = (S10)

O 6 .eOA057»VmV

1+e—0.1-(VmV+32) >

otherwise

(S11)

dtime T




1.7.3 Ina, m gate

"= 1
inf 341V \M3
[l +e 3 J
_ 1
am —-60—VmV
l+e °?
0.1 0.1
'Bm VmV +35 VmV =50
1+e ° 1+e 200
Tm = am ' IBm
dm min T
— =1000-—~
dtime T

1.8 Late Na* current, Ina.

Iy, = 8na -mL’ - hL '(V_ENa)

1.8.1 InaL, AL gate

1
hLinf - VmV +87.61
(1 +eo 7488 j

7, =200 (ms)

hL . —hL
dhL =1000. —»

Thr

dtime

1.8.2 InaL, mL gate

1
mLinf - —VmV—42.85
l+e 5264
_ 1
Ay = ~60—VmV
l+e °
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(S14)

(S15)

(S16)

(S17)

(S18)

(S19)

(S20)

(S21)

(S22)

(S23)



0l 0.1
:BmL - (VmV +35) + (VmV =50)
l+e ° l+e 200

z-mL = amL " PmL

Al _ . e 10

dtime T,

1.9 L-type Ca?* current, Icar

2w
Wy P [Cal»eR'T —0.341~Ca0]
ga . . .
Cal — CLR_T ) 2VF d-f1-f2- fCa

e BT —1

1.9.1 IcaL, d gate

1
dinfzw
l1+e 7
14
a; = —57m +0.25
l+e B
14

ﬁd:W
l+e 3
B 1
Va = T somr
l+e 2

T, = Pty

d, —d
1900 L =4

dtime T,

1.9.2 Icav, fca gate
1

[ e ——
fc Ca, 8
1+
0.0006
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(S25)

(S26)

(S27)

(S28)

(S29)

(S30)

(S31)

(S32)

(S33)

(S34)



B 0.1
p fCa Ca;~0.0009
l+e 00001
B 0.3
Vca = €a;~0.00075
l+e 00008

_ A fcq +:BfCa +7 rca

Ca,
SCay 1.3156
Tioa = 2 (ms)
Ca .— fC
dfﬂ:constha-lOOO-M
dt T e

constfCa = {1

2

1.9.3 IcaL, f1 gate

0, if fCa,, > fCa and VmV >—60 (mV)

1
flirzf - VmV +26
l+e 3
{(VmV+27)2T
15 200
7, =|1102.5-¢ —
l+e 10

L. —f1
AR A Tt A
dtime T

1.9.4 IcaL, f2 gate

0.67
S 20 =~ +0.33

1+e *

2
_ (Ymy+25) 3]

— . 170
T 600-¢e TR

l+e 10 l+e
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(S37)

(S38)

(S39)

(S40)

(S41)

(1+1433-(Ca, ~50e~6)) , if L1 >0

dtime
1, otherwise

(S42)

(S43)

(S44)

(845)



2 —12
Y2 =1ooo-—f w =S
dtime 7,

1.10 Transient outward current, I,
[to :gto rg(V_EK)

1.10.1 I, r gate
1

inf 223-VmV
l+e 1875

- 14.40516
e 1.037000/mV+3061) | () 360 ,7012:(VmV'+23.84)

10002 ="
dtime T

I

1.10.2 I, g gate
1

Qg = Vmrsss
l+e B

— 39.102
[ 0.57 008 0mV+44) | (3 (65 ,0-1(/mV+4593)

+6.06

d9_ _1000. 9 ~4

dtime 7,

1.11 Rapid delayed rectifier K* current, Ik,

I =gKr~,/f—Z~Xr1~Xr2-(V—EK)

1.11.1 Ikr, Xrl gate

(1+ o
R-T 2.6
-In

F- !
Q LO-(1+Ca")

I/half,Xrl = 1000 -

+2.75352

(S46)

(S47)

(S48)

(S49)

(S50)

(S51)

(S52)

(S53)

(S54)

(S55)
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1
Xrlyy = (S56)
l+e %
450

Oyt = 57mr (S57)

l+e 10

6

By = v (S58)

l4+e 13
Ty = Ay B (S59)
dxrl Xrl, — Xrl

. =1000- 2 " (S60)
dtime Ty
1.11.2 Ikr, Xr2 gate
1
Xr2y = — (S61)
I+e
3

Axe2 = 60V (S62)

I+e 2°

1.12

B2 = (S63)

l+e 20
Ty = iy P (S64)

2 Xr2. —Xr2
W2 900 22w — 22 (S65)
dtime Tn
1.12 Slow delayed rectifier K™ current, Iks
2 0.6

I, =gy - Xs™ | 1+ '(V—EKS) (S66)

1.4
(38e—5J
1+
Ca.

1

10



1.12.1 Iks, Xs gate

1
Xs inf 20— VmV
l+e ¢
o. = 1100
Xs 10—VmV
l+e ¢
B 1
ﬂXs o ViV —60
l+e 2

z-)(5 = aXs .ﬁ){s

dXs ] XS,'nf

=1000

dtime Ty

1.13 Inward rectifier K* current, Ix1

_ 3.91
Ay = 1 4 @0-5942 (FmV=1000-E=200)
_1.509. 0002 (/mV-1000-E-+100) | ,0.5886(VimV ~1000-E; ~10)
IBK1 - 0.4547-(VmV —1000-E, )
a
XK1 inf = K1
Oy + IBKI

1.14 Hyperpolarization activated funny current, It

I, =g, 'Xf'(V_Ef)

1.14.1 I1, Xf gate

1

Xfmf = Vv +77.85

l+e 3

(S67)

(S68)

(S69)

(S70)

(S71)

(S72)

(S73)

(S74)

(S75)

(S76)

(S77)
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1900
Ty = ViV +15
l+e 10
Xf . — X
dxf —1000. Yo =X
dtime Tyr

1.14.2 Na* component of It
[, =042-g,-X-(V-E,,)

1.15 Na*/K* pump current, Inak

K Na,

[
P K{) +KmK Nai+KmNa
NaK —0.1.V-F -V-F

1+0.1245-¢ RT  +0.0353-¢ BT

1

Nak

1.16 Na*/Ca’" exchanger current, Inaca

yV-F (y-1)V-F
A, RT . 3, _, RT 3, .
Ky.c.'le Na;-Ca,—e Na; -Ca, -«

]NaCa -

(y-1)V-F
(K’"N“i3 + Na"3 ) ' (KmCa +Ca, ) '(1 +K,, e T J

1.17 Ca?" dynamics
1

Cagg—0.3
1+e o1

RYR s =1—

Ry Ra2
1000-Ca; ~RyRq paiy
1 P 0.0082

RyRa,; = RyR,, —

Trora = 1000 (ms)

dRyRa _ 1000- RyRa, . — RyRa

dtime T ke
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1

1000-Ca;—(RyRa +RyR, )
l+e 0.003

RyRo, . =1-

18.75, if (RyRo,, > RyRo )
T o
o 1.875, otherwise

dRyRo RyRo. ;. — RyRo

- =1000-
dtime Tayko
RyRc. . = !
VRCipe = 1000-Ca; ~(RyRa+RyR, 1)
l+e 0.001

175.0, if(RyRcmf > RyRc)
TRyRc =

87.5, otherwise

dRyRc _ 1000- RyRc, . — RyRc

dtime Tryitc

l,=1 ‘RyR ¢ - RvRo -RyRc -(Cag, —Ca;)

rel rel ,max

_ max,up
up K 2
1+
Ca,
[leak = Ileak,max ) (CaSR - Cai )
1
Ca, =
bufe - Buf. - K i,
(Ca, + Ky )?
1
Ca =
"bufor 1+ Buf,, 'Kbufsr
(Cag +K,, )
dCa, —ca 1 o—1 41 _(ICaL + 1y, +Ipca _2'1Naca) C
dtlme Tufe leak up rel 2 . I/L F m

(S87)

(S88)

(S89)

(S90)

(S91)

(S92)

(S93)

(S94)

(S95)

(S96)

(897)

(S98)
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Ca Vv
dCClSR . Thufsr c
= , (1 —(1 +1
dtime 14 ( up (Lo + L ))

sr

1.18 Ca*' pump current, I ca

— nga.Cai
o Ca, +K g,

1.19 Reversal potentials

E, = R'T-lnNa”
F Na,
E, Z;T-an”
F K,
E[(S — R.T.ano_{—Ema.Nao
F Ki+Bma.Nai
E. = O.5~R-T-lrl Ca,
F Ca,
E, =-0.017 (V)

1.20 Sodium dynamics

dNa, C 'INa+1NaL+IfNa+]bNa+3]NaK+31NaCa

| —

dtime " F-V.

1.21 Background currents

[bNa = nga '(V_ENa)

Lica = 8hca '(V_ECa)

Supplementary Material

(S99)

(S100)

(S101)

(S102)

(S103)

(S104)

(S105)
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2 Delayed afterdepolarizations
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Supplementary Figure 1. Time-courses of the membrane potential (A) and cytosolic Ca?>" (B) of the

Paci2018 in conditions of hypercalcemia. The DAD-like abnormalities at second 31 cause a transition
to a higher rate of Ca?* transients and APs.
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Supplementary Figure 2. DADs in APs obtained by pacing the Paci2018 model at different
frequencies in hypercalcemia conditions. On one hand, the blue solid trace shows APs paced at 38
bpm, corresponding to the spontaneous AP rate. On the other hand, the red dashed trace shows APs
paced at 57 bpm, i.e. we increased the pacing rate by 50%. Also at 57 bpm, despite the shorter diastolic
phase, we obtained a fully developed DAD.

A sor

V (mV)

INaCa (AF)

Time (s)

Supplementary Figure 3. Effect of Inaca block on DADs. (A) APs traces. (B) Inaca traces. DADs were
obtained as in Figure 7 at control extracellular Ca?* concentration, by shifting RyRopnair and RyRe pai
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by -0.002 and 0.002 mM respectively, doubling RyR, time constant and reducing to half of its nominal
value RyR. time constant. The Paci2018 was paced at 1 Hz (stimulus amplitude 750 pA). The solid
blue AP trace (no Inaca block) shows small DADs. The 50% Inaca block (dashed orange line) is not
enough to cancel DADs: in fact, the inward Inaca component is still strong enough and further enhanced
by the cytosolic Ca>* accumulation, due to the very same Inaca block. This results in even larger DADs
than in the no block case. DADs did not occur by blocking 70% (dashed purple) and 90% (dashed
green) INaca.

3 Early afterdepolarizations

We tested the capability of the Paci2018 model to generate early afterdepolarizations (EADs) by
blocking Ik by 90% from steady state conditions. Ik block was tested i) on the original Paci2018,
whose parameter set was obtained by means of the optimization presented in the main manuscript, and
il) in three additional hiPSC-CMs models generated by modulating the maximum
conductances/currents of the Paci2018 model, as done in (Paci et al. 2016). In detail, the maximum
conductances/currents of Ina, Inar, Icar, If, Tto, Ikr, Iks, Ik1, INaca, Inak and Ipca were rescaled according
to coefficients included in the range [0.5, 2]. The three sets of coefficients were chosen among those
that generated repolarization abnormalities (EADs or repolarization failure) in (Paci et al. 2016) and
they are presented in the Supplementary Table 1.

The effect of the 90% Ik block on the four hiPSC-CM models is shown in Supplementary Figure 4.
The Paci2018 model (blue) did not produce repolarization abnormalities. Conversely, the models
produced by means of the coefficient sets 2 (in green) and 3 (in red) showed different patterns of EADs.
Finally, set 4 (in magenta) produced a model which failed to repolarize without producing EADs.

Supplementary Table 1. Sets of coefficients used to rescale the maximum conductances and currents
in the Paci2018 model. The first coefficient set corresponds to the baseline Paci2018 model. The other
coefficient sets were taken from (Paci et al. 2016), in order to represent repolarization abnormalities.
Column AB reports the repolarization abnormalities observed as consequence of a 90% block of Ix;:
for sets 2 and 3 we observed EADs, while for set 4 we observed repolarization failure (RF) without
EAD:s.

ID Gna Gr GeaL Gio Gs Gkr Gk INaca Inak Gpca GNaL AB
1 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | NO
2 1.6890 | 1.9912 | 1.6558 | 0.8900 | 1.1459 | 1.8201 | 1.0149 | 1.0927 | 1.6938 | 0.5574 | 1.3234 | EAD
3 1.3978 | 1.8679 | 1.1943 | 1.2455 | 1.9848 | 1.6000 | 0.5817 | 1.2807 | 1.5267 | 1.0590 | 0.7438 | EAD
4 1.0621 | 1.8146 | 1.6017 | 1.8869 | 1.9849 | 1.6180 | 0.6656 | 1.3178 | 1.3769 | 1.7040 | 1.2419 | RF
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Supplementary Figure 4. Effects of 90% Ik block on the Paci2018 model (blue) and the three hiPSC-
CM models derived from it (green, red and magenta).

4 Alternans-like patterns
We tested the capability of the Paci2018 model to produce alternans in two different conditions.

The first test consisted in pacing at 120 bpm (stimulus amplitude 900 pA, pulse duration 5 ms) the
Paci2018. We observed that an alternans-like pattern emerged, as shown in Supplementary Figure 5,
panel A

The second test aimed to assess alternans in ischemia-like conditions. We modified the Paci2018 model
similarly as in (Hopenfeld 2006), to replicate ischemic conditions. In particular, 1) Ko = 12 mM to
simulate hyperkalemia, ii) I, maximum conductance was multiplied by 2.3 and iii) Icac maximum
conductance was reduced to 40% of its nominal value. The Paci2018 model was then paced at very
high frequency (200 bpm, stimulus amplitude 900 pA, and pulse duration 5 ms). We observed that 1)
the maximum diastolic potential was strongly depolarized, as commonly observed in ischemia
conditions, and that i1) 2:1 alternans appeared, as shown in the Supplementary Figure 5, panel B.
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Pacing at 120 bpm

1 2 3 4 5

Pacing at 200 bpm in ischemia-like conditions

_80 1 1 L
0 1 2 3 4 5

Time (s)

Supplementary Figure 5. Alternans simulations with the Paci2018 model. (A) Alternans-like patterns
emerging when stimulating the Paci2018 model at 120 bpm (2 Hz). (B) 2:1 alternans emerging when
pacing the Paci2018 at 200 bpm (3.33 Hz) in ischemia-like conditions.
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