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1 - Supplementary Methods

1.1 The Calibrated Trovato2020 Model

Figure 1B illustrates the structure of the new human Purkinje model, the Trovato2020 model,
with 6 cellular compartments, 18 trans-membrane ionic currents, 3 intracellular concentrations
(Na+, K+ and Caz+) for each of the 3 cellular compartments, Caz+ buffers and CaMKII kinetics
as in the ORd model (O’Hara et al. 2011), and Caz+ subsystem as in the PRd model (Li and
Rudy 2011). Overall, the Trovato2020 model has 46 state variables.
Cellular compartments: the intracellular compartmentalisation was defined as in the PRd
model, based on a triple-layer structure suggested by (Stuyvers et al. 2005). The cell,
represented as a cylinder, is divided into 3 cytoplasmic compartments: i) peripheral coupling
subspace (SS), where sarcolemmal Caz2+ entry (via lcaL) interacts with the sarcoplasmic
reticulum (SR); ii) sub-sarcolemmal region (SL), representing the layer of cytoplasm
underneath the membrane; iii) bulk myoplasm, that represents the innermost region of the cell.
The SR is also divided into 3 compartments:
i) junctional SR, with two Caz+-release units (RyR3 and IP3R), which respond to Caz+
changes in the SS;
i) corbular SR, representing the SR portion close to the cell membrane, and with Caz+-
release units (RyR2) which respond to Caz+ changes into the bulk myoplasm only;
iii) network SR, representing a region between JSR and CSR with no expression of
Caz+-release units (Li and Rudy 2011).
Potassium Currents: ltw, Isus and Ik1 formulations were constructed using Dataset | (Han et al.,
2002) as follows. I formulation includes one activation gate and two inactivation gates (fast
and slow) with steady state activation/inactivation curves and inactivation time constants,
larger in PCs than in VCs, based on experiments by Han et al., 2002, and activation time
constant as in the ORd model (no experimental data available). Thus, the Trovato2020
representation of lw differs both from the ventricular formulation used by ten Tusscher and
Panfilov 2008 and from the one implemented in Stewart et al. 2009. In particular, the latter
describes It inactivation using only one gate, using experimental data for the slow inactivation
time constant published by (Han et al. 2002), whereas, the activation time constant is fitted on
the experimental data for lw fast inactivation. The small ORd background K+ current was
replaced with a single instantaneous voltage-dependent current, based on the experimental 1-V

curve for Isus. The Ik1 formulation was modified by fitting the instantaneous voltage-dependent



rectification gate to the experimental 1-V curve, shifted by -14 mV to account for the liquid
junction potential and to match the reversal potential to the potassium Nerst potential computed
from the intra and extra-cellular concentrations. The maximum conductances of these three
currents were also set based on the experimental -V curves, after correcting the data for heart
failure (+25% and +56% for Ik1 and ltw, respectively), as described in (Stewart et al. 2009). Ikr
and Iks formulations were left as in the ORd model, since no human Purkinje data are available
in literature (Nagy et al. 2015) and gene expression levels for these proteins in humans (hERG
and KvLQT1) were found to be similar in PCs and VCs (Gaborit et al. 2007). Based on the
sensitivity analysis, some changes were made to Ixr kinetics: activation time constants were
shifted by +15 mV and the time-independent inactivation gate was scaled by a factor of 0.3
(Table S1).

Sodium Currents: The Trovato2020 model includes the modified ORd formulation of Ina
described in (Dutta et al. 2017; Passini et al. 2016) which supports AP propagation also in 3D
simulations. Several studies in PCs (Haissaguerre et al. 2016; Nagy et al. 2015) highlighted the
role of non-cardiac isoforms of the sodium channel, which have slower inactivation kinetics
and a different sensitivity to tetrodotoxin. In order to account for the sodium current
characteristics and functional role experimentally shown in PCs, the original ORd formulation
of InaL was kept in the Trovato2020, though its conductance was increased 2.5 folds, based on
experimental evidence by (lyer et al. 2015; Haufe et al. 2005). However, we did not split the
formulation into cardiac and non-cardiac isoform contributions, which might be a possible
future development when data from human PCs become available. Background Na+ current
was increased by the same amount as InaL, as in (Passini et al. 2016).

Calcium Currents: Ica. formulation was left as in the ORd model, since no human Purkinje
data are available in literature (Nagy et al. 2015). Based on the sensitivity analysis, some
changes were made to the current kinetics: both inactivation and activation gates were shifted
by +2 mV, and inactivation time constants were scaled of 30% and shifted by +15 mV (Table
S1). Icat was incorporated into the model, using the formulation proposed in the PRd model.
Background Caz+ current (Icab) and the sarcolemmal Caz+ pump (Ipca) were left as in the ORd
model.

Other currents: I+ was included in the model, using the formulation proposed in the PRd model.

Incx and Inak were kept as in the ORd model.

1.2 Sensitivity Analysis

A sensitivity analysis was conducted on the initial model to investigate how the 6 criteria for



model calibration are affected by variations in the conductances of all the ionic currents (Ina,
INaL, IcaL, lcaT, lto, Isus, Ikr, Iks, If, Ik1, INcx, INak) and in the kinetics of Icar and Ikr (IcaL: steady
state activation and inactivation, fast and slow inactivation time constants; Ixr: fast and slow
activation time constants, steady state inactivation). Each current conductance was varied from
10% to 200% of its nominal values, while specific variation ranges were defined for each
current Kinetics parameter (Table S1). For each value of each parameter, the protocols 1-6 were
simulated to evaluate the effects of the current modulation on each of the 6 criteria used for the
model design. A sensitivity analysis was also performed for the optimised model (see below,
Section 1.3), varying only the current conductances. Correlation coefficients between ionic
currents and AP biomarkers were computed at 1 Hz, similarly to (Romero et al. 2009). For

each biomarker bi, current conductance gj and conductance scaling factor x the changes in

respect to control (ABijx) and the sensitivity coefficient (Sij) were computed as follows:

1<i<9 AP biomarkers
AB;jy = bijx—bijs 1<j<12 conductances
01<x<2 scaling factors
AB; yax = maxABi,j,x; AB; v = min ABi,j,x;
J1,X Jj.x
_ AB;j, —AB; ;o4
Sl,j -

; |ABL’,MIN |}

where bijx is the value of biomarker biwhen gj = X; b; ; , is the value of biomarker bi using the

max {|ABL',MAX

baseline model; AB; y4x and AB; y,are the maximum and the minimum changes for each

biomarker bi, respectively.

1.3 Optimisation with a Multi-Objective Genetic Algorithm

A multi-objective genetic algorithm (Matlab function gamultiobj) was used for automated
multi-object optimisation (Deb 2001) of the calibrated model described above. All the ionic
current conductances (except for the background currents) were allowed to vary in the range
[50-150]% of their nominal values, to exclude extreme up/down-regulations. The 7 kinetic
parameters of IcaL and Ikr were allowed to vary in the ranges reported in Table S1, based on
the sensitivity analysis results. The algorithm was run for 30 generations, with 300 models
each. The multi-object cost function was computed as a weighted sum of 2 error functions: i)
distance from the experimental mean of the AP biomarkers in control condition at 1 Hz (Dataset
I1, Section 2.1 in the main text); ii) a linear combination of errors, based on the criteria 2-5
described in the main text (Section 2.2) for the APDso rate-dependence, AP response to lca.

and Ikr modulations and EADs inducibility. At the end of each generation, the Pareto front



(Deb 2001) was computed, to identify the 35% of local minima of the cost function, i.e., the
models with the best performances, then combined to create the following generation. After 30
generations, the model with best performance was chosen as the final optimised Trovato2020

model.

1.4 1D Purkinje Fibre

In order to evaluate the effects of intracellular coupling on the protocols tested (Section 2.5 in
the main text), a 1D Purkinje fibre model was constructed using the Trovato2020 model to
represent membrane Kinetics. The 5 cm fibre was discretised in 100 nodes to obtain a spatial
resolution of 500 um. Temporal integration step was set to 500 us. Both spatial and temporal
resolutions where determined to guarantee the best compromise between spatial and temporal
convergence errors (<10%) (Bueno-Orovio et al. 2014) and computational time for
simulations. The monodomain formulation was used to simulate propagation along the fibre
(Keener and Sneyd 2009) and was solved using the Fourier spectral method for fractional
diffusion (Bueno-Orovio et al. 2014). The Rush-Larsen method (Rush and Larsen 1978) was
implemented for the integration of the gating variables to speed up the simulations. Stimulus
duration was set to 2.2 ms, i.e. twice the minimum value to achieve propagation in the fibre.
The fibre was stimulated on one side for 1 mm. For each protocol tested, three beats were
simulated in the fibre, to allow relaxation from the initial conditions (all the nodes were
initialised to the SS computed at cellular level). APDgo and CV were computed for the last beat.
CV was computed at the centre of the fibre, to avoid border effects, as the distance between
the 17 central nodes (set to 0.26 cm), divided by the difference of activation times (identified
as the instant with maximum dV/dt) at the border nodes.

Diffusion coefficient was set to 9 cmz/s to match the CV of 1.6 m/s computed from observations
at sinus rhythm in human Purkinje fibres (Kupersmith et al. 1973, Durrer et al. 1970). Protocols
1, 5, 6 and 8 (Section 2.5) were simulated in fibre. In addition, effects of Ina blocks on the CV
were considered, modifying the protocol used for hERG-blocks. Ina was reduced up to 100%,

or until propagation failure was observed.



2 - Supplementary Tables

Table S1. Parameters and ranges to perform the sensitivity analysis and to optimise the
calibrated model trough multi-object genetic algorithm

Sensitivity analysis =~ Calibrated model Optimisation Final Model
range Pre-optimisation Range Post-optimisation
Min Max Coefficients Min Max Coefficients
Conductances
GNa 1 0.75
GnNaL 2.5* 1
GeaL 1 0.75
Gcat 1 0.96
Gto 1 0.93
Gsus 1 1.28
[10 ; 200] % [50 ; 150] %
Gkr 1 0.93
Gks 1 0.84
Gt 1 0.97
Gk1 1 0.67
GnNex 1 1.2
GNak 1 1.1
lcaL Kinetics
Activation/
Inactivation V -4 4 2 0 4 3.3
shift (mv)
UIMEEDTHEMS Y g 30 15 10 20 15.2
shift (mv)
Slow time 0.1 3 0.7 0.4 1 0.49
constants scales
FESEIS 0.1 3 0.7 0.4 1 0.72
constants scales
lkr Kinetics
Fast time constant .
V shift (mV) [-10; 30] mV 15 10 20 17.6
Slow time constant .
V shift (mV) [-10; 30] mV 15 10 20 17.2
Inactivation slope [0.3;3]] 0.3 0.1 0.5 0.32

Varied parameters (1st column). Ranges investigated via sensitivity analysis (2nd & 3ra columns). Conductances
scaling factors and kinetics coefficients for the calibrated model (4t column). Optimisation ranges for the multi-
object genetic algorithm (5t & 6t columns). Conductances scaling factors and kinetics coefficients for the final

model are reported in bold (7 column). *from (lyer et al., 2015).



Table S2. Normalised relative correlation coefficients for each ionic current and simulated
AP biomarker at 1 Hz.

Ina  Inat dear dar ho bsus e ks Is laa Incx Inak

%(v/s) 1.0 01 o1 0.2
APDg 0.4 -0.6  -1.0 -0.1 0.3
APD;s 0.4 0.6 -1.0 03
APDs, | 01 05 o1 08 -1.0 0.4

APD; | -02 04 03 1.0 -03 0.4 0.1

APD;, | 05 03 04 02 | -1.0

APA 1.0 0.1 0.4 -0.4 -0.9 -0.2 -0.3 0.3 0.1 0.4

TOP -0.1 -0.2 0.2 0.5 1.0 -1.0 -0.5 -0.8

EOP -0.1 -0.2 0.3 0.4 1.0 -1.0 -0.5 -0.8

Values bigger than 0.60 are highlighted in bold. Values smaller than 0.1 are not shown. The upstroke velocity is

set by the I, and, to a lesser extent, by I; 1, and I,.. The APD at late stages of repolarisation, 50-75-90%, is

determined by the contribution of different currents: I, and the I, prolong the AP; I . and I, shorten it. At

sus

the early phase of repolarisation, APD at 10-25%, the effects of I, and I, are reduced, whereas, I, and I, play

NaL

amore relevant role in setting the APD. Both I, and I, increase the AP amplitude whereas I, and I_ reduce it.
Inak @nd, to a lesser extent, 1, and I, affect the APA indirectly, since they affect the membrane resting potential.

The major currents responsible for the membrane repolarisation are, I, and 1, whereas I, depolarises the cell

during the diastolic interval. No relevant changes were induced by the modulation of I,  and I,;.



Table S3. Comparison between experimental and simulated AP biomarkers with different
cardiac models at 1Hz

BIOMARKER EXPERIMENTS TR%’Z‘?O STW TT08 ORD PRD
av
E(WS) 387 + 143 381 522 742 264 527
APDsgo 294 + 76 306 285 374 268 527
(ms)
A HYE 261 + 67 280 254 364 248 328
(ms)
APDso 210 £ 52 224 197 330 208 208
(ms)
APD2s 117 + 46 143 13 209 167 31
(ms)
APD1o 33+35 34 4 3 74 2
(ms)
il 106 + 7 110 120 146 128 134
(mV)
ToP 85+2.4 -86.5 740 -86.0 -87.8 -84.1
(mV)
2017 8642 -87.3 773 -8.0 -880 -84.9
(mV)

dV/dtmax: maximum depolarisation rate; APDx: AP Duration at X% of repolarisation; APA: action potential
amplitude; TOP: take-off potential, voltage level before depolarisation; EOP: end of potential, voltage level at
the end of repolarisation. STW: Stewarts et al. 2009 model; TTO08: ten Tusscher et al 2008 model; ORd:
O’Hara et al 2011 model; PRd: Pan Li & Rudy 2011 model.
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Table S4. Effects of simulated Ina block on the maximum depolarisation velocity and
conduction velocity in Purkinje cell and fibre using the Trovato2020 model.

SINGLE CELL FIBRE
dv AP CcVv AP
| lock — - .
Na bloc dt"™ (V/S) Inducibility (cml/s) propagation
Control Yes,
(No Block) 380 Na+ driven 160 Yes
30% 315 ves, 147 Yes
Na+ driven
Y
50% 260 €, 136 Yes
Na+ driven
90% 92 Yes, 88 Yes
Na+ driven
95% 44 ves, 69 Yes
Na+ driven
Yes
(0) ! -
Lol = Caz+ driven A

dv

—Max; maximum depolarisation rate computed in single cell; CV: conduction velocity

dt

computed in a5 cm 1D fibre.
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3 - Supplementary Figures
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Figure S1. Overview of Dataset Il. BCL: basic cycle length. dV/dtmax: maximum

depolarisation rate; APDx: AP Duration at X% of repolarisation; APA: action potential

amplitude; TOP: take-off potential, voltage level before depolarisation; EOP: end of potential,

voltage level at the end of repolarisation.
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Figure S2. Sensitivity analysis performed on the initial model varying current conductances as
reported in Table S1. Investigation of each current contribution in EADs inducibility and
APDago response to Ica. modulations. The legend indicates the percentage of modulation for
each conductance. A) Simulated APs following Protocol 5 for EADs inducibility. B) Percental
changes in the APDago following Protocol 3 in response to Ica. conductance changes (£30%).
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Figure S3. Sensitivity analysis performed on the initial model, varying Ikr and IcaL Kinetics, as

reported in the legend and in Table S1. Investigation of each current contribution in EADs

inducibility and APDgo response to Ica. modulations. A) Simulated APs following Protocol 5

for EADs inducibility. B) Percental changes in the APDgo following Protocol 3 in response to

Ica changes (£30%). *Nominal value for the initial model.
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Figure S4. Models obtained through optimisation with the multi-objective genetic algorithm.

Parameter set for the 8 final models for: A) current conductances B) lca. and Ikr Kinetics.
Ranges are definite as in Table S1. C) Simulated APs at 1 Hz. D) APDwo rate dependence. E)
Simulated APs to induce EADs. F) APDso changes induced by Ikr block or Ica. modulation.

*Final Trovato2020 model.
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Figure S5. The new Trovato2020 model: simulated AP at 1 Hz in control condition, with the

underlying ionic currents, pumps, exchangers, intracellular Caz+ concentrations and fluxes.
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Figure S6. Comparison of different cardiomyocytes models. A) Human Purkinje: TT08 in grey
(ten Tusscher and Panfilov 2008), STW in orange (Stewart et al. 2009), the new Trovato2020
model (black) and experiments (green). APs comparison at 1 Hz in control; B) APD90 rate-
dependence; C) EADs protocol: 85% Ikr block, pacing at BCL=4000 ms. Control (dash line),
AP with Ikr block (solid line); D) AP response to Dofetilide 100 nM: control (dash line), AP

with Dofetilide (solid line). E) APs, intracellular and submembrane [Caz2+], and refitted K+
currents, lto, Ik1, Isus for Trovato2020 (black), ORd (O’Hara et al. 2011, pink) and PRd (Li and
Rudy 2011, light blue) models. *Not implemented into ORd.
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Figure S7. Effects of CaMKII signalling on the Trovato2020 model: control (black) and no
CaMKII signalling (light blue). A) APDago rate-dependence, [Caz+]i and [Caz+]si peaks. B)
DADs protocol, fast pacing with RyR hypersensitivity.
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Figure S8. Simulated APs, [Caz2+]sL and [Caz+]nsr for a selection of 3 models (green, pink and

blue traces) from the population producing DADs, in control (solid line) and with selective

conductance restored to the corresponding baseline value (dashed line): A) GcaL; B) Gnex;

19



4 - Sensitivity Analysis

Optimised model
Trovato2020
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Control — 1 Hz
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Figure SAL. Single current conductances modulation: simulated APs of the optimised new
Trovato2020 model, following Protocol 1 for each changed conductance in the range [0.1 -
2]% of their nominal value (Table S1).
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Figure SA2. Simulation of the APDqo rate-dependence behaviour in response to single current

conductances modulation in the range [0.1 - 2]% of their nominal value (Table S1) using the

optimised new Trovato2020 model. *EAD were induced in case of slow pacing rate with lIsus

and Ikr downregulation (-90%). **Automaticity was observed at slow pacing rate with 1K1

downregulation (-90%).
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Figure SA3. Simulated AP responses to selective channel blockers at different concentrations
and conductances modulation in the range [0.1 - 2]% of their nominal value (Table S1) using
the optimised Trovato2020 model: A) Ikr block at 30%, 50% and 80%; B) £ 30% lcaL

modulation.
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EADs Protocol
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Figure SA4. Simulated APs at slow pacing and with 85% Ixrblock and selective conductances
modulation in the range [0.1 - 2]% of their nominal value (Table S1) using the optimised new
Trovato2020 model. EADs are enhanced by increased Icat, InaL, or Incx and reduced lto, Isus, Or
Ikr, while modulation of the other currents (Ina, Icat, ks, If, Ik1 and Inak) do not seem to play a

significant role.
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DADs - 3.3 Hz
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Figure SA5. Simulated APs at fast pacing in control (A) and with RyR hypersensitivity (B)
and selective conductances modulation in the range [0.1 - 2]% of their nominal value (Table
S1) using the optimised new Trovato2020 model. In control, DADs were observed only with

high Incx downregulation and in every case when including RyR hypersensitivity.
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5 - Model Parameters and Equations

Stimulus

A
o#2
uF

Amplitude Istim = —4 Duration= 1ms.

Extracellular Concentrations

[Na*]o = 140 mM; [Cazt], = 1.8 mM; [Kt]o = 5.4 mM

Cell Geometry

L= 0.0164cm r = 0.00175 cm
Age(): 27T'T‘2+27T'T"L = 2'10_4cm2 Acapz 2'Age0=4' 10_4H,L
Vel = T 12+ L = 1610 pL

Vmyo = 0.6 -vcell =9.5- 105 ulL Unsr = 0.04-vcell = 6.3-10-6ul
vss = 0.02-vcell =3.1-106 ulL Visr = 0.002 - vcell =3.1-107 uL
vs = 0.15-vcell =2.4-10°5 ulL Vesr = 0.008 - veell = 1.3-106 ul

Steady State conditions at 1Hz (after 1000 beats)

V =86.55; i=0.38; ffp=1,;
[Na*];=8.23; hsp=0.6; fcafp = 1;
[Na*]s =8.23; jp=0.8; b=0;
[Na*]ss=8.23; mL = 0; g=1;
[K*]) =144; hL=0.5; xrf = 0;
[K*]sL =144, hLp = 0.2; xrs = 0.6;
[K*]ss =144; a=0; xsl=0.2;
[Ca?*],=4.36e-05; i=0.6; xs2 =0;
[Ca%*]s1=1.0e-04; i2=1,; xkl=1;
[Ca?*]ss=1e-04; d=0; y=0.2;
[Ca?*]isr=1.25; ff=1; CaMKt =0;
[Ca**]nsr =1.27; fs=1; u=0.5;
[Ca?*]csr =1.27; fcaf = 1; Jrel; = 0;
m =0; fcas=1; Jrel; = 0;
hf =0.8; jca=1;

hs=0.8; nca =0;
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Maximum Current Conductances (mS/uF)

Gna
GnaL
Gcal
Gcar
Gto
Gsus
Gkr
Gks
GfNa
Gk
Gk1
Gnak

Gnex

39.46
0.0189
7.7677e-05
0.0754
0.192
0.0301
0.0342
0.0029
0.0116
0.0232
0.0455
32.4872
9.5709e-04

Calcium Buffer Constants

BSRmax
Kmagsr
BSLmax
Kmags.
CSQNwmax,csr
CSQNmax,isr
Kmcsan
CMDNmaxi
CMDNwmax,si
Kmcmon
TRPNmax,i
TRPNwmax,sL
Kmtren

0.019975
0.00087
0.4777
0.0087
2.88
1.2
0.8
0.1125
1.25e-2
0.00238
3.15e-2
3.5e-3
0.0005
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Voltage

C dV— lion + 1
mdt = (1on stlm)

lion = INa + INaL + Ito + Isus + IcaL + Icat + Icana + Icak + Ixr + Ixs + It + Ix1 + INaca + INak
+ INab + Icap + IpCa + Istim

Fast-Sodium Current (Ing)
from (Dutta et al. 2017; Passini et al. 2016)

1
Me = V+48.6264
1+ e_( 9.871 )
1
Tm = V+11.64 V+77.42
6.755 - e( 34.77 ) + 8.552 - e_( 5.955 )
1
heo = V+78.5
1+ e( 6.22 )
1
Th,fast = V+3.8875 V—04963
3.686-1076- e_( 7.8579 ) +16- e( 9.1843 )
1
Thslow = (V175 (TE5730)
0.009764 - e \ 2805 / + (0.3343 e\ 56.66
Ah,fast = 099, Ah,slow =1- Ah,fast
h = Ah,fast b hfast + Ah,slow - hslow
joo = hoo
1
T = 4.8590 + ~(TELEs Ty (Gezrs)
0.8628-¢ 76 J+ 1.1096 - e\ 9.0358
1
hcamg .o = T V4847
1+ e( 6.22 )
Th,CaMKslow — 3- Th,slow
Ah,CaMK,fast = Ah,fast Ah,CaMK,slow = Ah,slow

hCaMK,oo = hfast

hCaMK = Ah,CaMK,fast b hCaMK,fast + Ah,CaMK,slow ) hCaMK,slow
jcaMK o = Joo

TjcaMk = 1.46 - Tj

1
1+ Km,camk

Km,CaMK,active

Km,camk = 0.15, DiNa,CaMK =
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INa,fast =GNa*(V - Ena)- m3- ((1 — DiNacamk)® h - j + BiNacamk - hcamk 'jCaMK)

Late-Sodium Current (Inai)
from (O’Hara et al. 2011)

1
My, 0= _<V+42.85)
1+e \ 5.264
Tm,L = Tm
1
hy o= _(V+87.61)

Th = 200 ms

N _ 1
L,CaMK,c0= (V19381
1+e\ 7.488
Th,LCaMK = 3 * ThL
1
Km,camk = 0.15, DiNaL,CaMK = R
1 mca_
Km,CaMK,active

INalate =GNaL'(V - Ena)- my ((1 — @iNaL,camk)" i + @iNaL,camk * hi,camk )

L-type Calcium Current (lcar)
from (O’Hara et al. 2011), modified as described in 1.1

1

d= _(V+7.24)

1+e \ 423

_ 1

Ta=06+ e—0.05:(V+6) | o—0.09:(V+14)
£ = 1
o (V+22.88)

1+4e\ 3.696

1
Tifast = 7+ (B (1)
0.0045- ¢ 10 /4 0.0045-e\ 10
1
Teslow = 1000 + _(V+20.19) (V+20.19)
0.000035-e 4 + 0.000035-e\ 4

Af,fast = 0-6, Af,slow =1- Af,fast

f= Af,fast - ffast + Af,slow ) fslow

fCa,oo = foo



1

Tf,Cafast = 7+

_(V—11.19) (V—11.19)
0.04-¢ "7 J4+004-el"7
1
Ticastow = 100 + _(V+20) (V+20)
0.00012-e 3 /4+0.00012-e\ 7
0.6

Af, Ca, fast = 0.3+ W B Af,Ca,slow =1-— Af,Ca,fast

14e\ 10
fCa = Af,Ca,fast b fCa,fast + Af,Ca,slow ) fCa,slow
jCa,oo = fCa,oo
Tjca= 75
fCaMK,oo - foo
Tf CaMK fast — 2.5 - Tf fast
Af,CaMK,fast = Af,fast, Af,CaMK,slow = Af,slow
fcami stow = fstow
fCaMK = Af,CaMK,fast b fCaMK,fast + Af,CaMK,slow b fCaMK,slow
fCa,CaMK,oo = fo
TfCa,CaMK fast = 2.5 - Tf Ca fast
Af,Ca,CaMK,fast = Af,Ca,fast, Af,Ca,CaMK,slow = Af,Ca,slow

fCa,CaMK,slow = fCa,slow

fCa,CaMK = Af,Ca,CaMK,fast - fCa,CaMK,fast + Af,Ca,CaMK,slow ) fCa,CaMK,slow

Km,n = 0002, K+2,n = 1000, K—Z,n = jCa
1
p =
Kmn )\ *
I[<(+2,n+ (1 + e([Ca2+]sl)>
-2,n
YCai == 1, YCao = 0.34’1, ZCa = 2
2 24 ZCaVF 2t
5, VF® vy [Ca™T]ss - e RT — ycy, - [Ca™ ],
¥ea = %G "Ry Z¢VF
e RT —1.0

Icar, = Gear * Pea
Pcana = 0.00125 - P, , YNai = 0.75, YNao = 0.75, zZna =1

ZNaVF

2 VF? YNai ° [Na+]SS e RT  — ypngo - [Na+]o
lpCaNa - ZNa ' RT ' ZNaVF
e RT —1.0

Icana = Peana * Weana
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PCaK = 3574 ' 10_4 ' PCa , YKi — 075, YKo = 075, ZK = 1

Zg VF

5 VF? yg t[K*]gs - € RT — yg, - [K*],
l'IJCZ{K - ZK ' RT ) zZg VF
e RT —1.0

Icak = Peak * Weak
l:)Ca,CaMI( =11" GCaL

ICaL,CaMK = PCa,CaMK - Wea

l)CaNa,CaMK = 0.00125 - PCa,CaMk

ICaNa,CaMK = PCaNa,CaMK * Weana

Pcak camk = 3.574 - 107* - Pey cami

ICaK,CaMK = PCaK,CaMK * Weak

1
Km,CaMK = 0.15, ¢ICaL,CaMK = + _Km.caMK

CaMKjctive

Icar = lear  d " (1 = Drcarcamx) - (- (1 = 1) + fea* nvjea) + lcancamk * 9 * Drcar,cami
+ (feamx " (1 = n) + feacamk - N jca)

Icana = lcana * d - (1 - Q)ICaL,CaMK) ~(f-(1—n) +fea" n+jca) + Icanacamk * d

* DicaL,caMK * (fCaMK “(1-n)+feacamk® N 'jCa)

lcak = lcak - d - (1 - Q)ICaL,CaMK) ~(f-(1—n) +fca- n-jca) + Icakcamk * 4 * DicaLcamk

* (feamx * (1 = n) + feacamk * N *jca)

T-type Calcium Current (l¢cqr)
From (Pan and Rudy 2011)

1
Do = ——— 35
1+e 7))
1
T = ~(Ie3) =)
1.068- e 30 /4+1.068-e\ 30
1
8o = —vigil
1+ e(g)
1
T = V—71.7 V+71.7
0.015- e_( 83.3 ) + 0.015- e( 154 )

Icar=Gcar'b - g+ (V - Eca)
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Transient Qutward Current (l:,)
Data from (Han et al. 2002)

1
oo = 20—V
1+eC13)
1.0515
Ta =
1 4 3.5
V —18.41 V + 100
L2:(1+exp (5935 ) 1+exp (o35
. 1
e = — Va7
1+ eC13)
iZ,OO = il,oo
43 + 1
Tis =
0.001416 - exp (— %8552) +1.7-1078 - exp (V ;3"(}71;11)
1
Tir= 6.16 +

0.39 - exp (— %) +0.08 - exp (%)

lto=gto"a"is"ir"g*(V - Ex)

Sustained Potassium Current (lsys)
Data from (Han et al. 2002)

1
asus = ——vy-ig
1+e i)
Isus = 8sus " dsus * (V - EK)

Rapid Delayed Rectifier Potassium Current (lk,)
from (O’Hara et al. 2011), modified as described in 1.1

1

V+8.337
1+ e_( 6789 )

Xroo =

1
Txr,fast = 12.98 +

V-14.06 V-30.18
0.3652 - e( 3.869 ) + 4.%23 -10-5- e_(m)

Txr,s]()w = 1.865 +

(V—19.7) _(V—12.54)
0.06629-e\'7355) +1.128-1075-¢e \ 2594
Axr,fast = ﬁ, Axr,slow =1- Axr,fast
1+e3821 )
Xr = Axr,fast * Xrfast + Axr,slow * Xr,slow
1
Rr = (V+55) (V—lO)
(1+el 24 ))-(1+el 96 ))
. K+*]o
IKr = 8Kr - 5 4 'Xr'RKr'(V_EK)
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Slow Delayed Rectifier Potassium Current (lxs)
from (O’Hara et al. 2011)

1
Xslo = — vyiite,
1+ e_( 8.932 )
1
Tx,s1 = 817.3 +

_(V+210) (V+48.28)
0.001292-e \ 230 / 4+ 2.326-10"%4-e\ 1738

Xs2,00 = Xs1,00

1

Tx,s2 =

V-50 V+66.54
0.01- e(T) +0.0193- e_( )

/ 0.6 \l'X

i s — s " | 1 +
K = 8K 14_<313-10—5>L4
T

Hyperpolarization-activated Current (Is)
from (Pan and Rudy 2011)

s1 " Xs2 " (V - EKS)

1
Yoo = V+87
1+ eo5)
2000
Ty =
V+ 132 V+57
(" 10 )'*eXp( 60 )

itk = gex -y (V— Ex)
ifNa = gfNa"y - (V - ENa)
If = igk + ifNa

Inward Rectifier Potassium Current (lxi1)
Data from (Han et al. 2002)

1
XK1,0 = V+2.5538[K*]o+144.59
1+ e_< 1.5692-[K+]o+3.8115 )
122.2
Tkl = V+127.2 V+236.8
e_( 20.36 ) + e( 69.33 )
1
Rk = (V+116—5.5-[K+]o)
1+e 1
o [K*]o
i1 = gk1 - xk1 * Rk1 * (V — Ex)

5.4

Sodium-Calcium Exchange Current (Ingcq)
from (O’Hara et al. 2011)
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For, Y € {i, ss}:

Kyna: = 15 mM, Knaz = 5 mM, Knaz = 88.12 mM, Kasymm = 12.5
Ong = 6 *10* Hz, ®cy = 6 *10* Hz, ONaca = 5 - 103 Hz
Kcaon = 1.5 -10° ==, Keaope = 5 - 103 Hz
qna = 0.5224, qca = 0.1670
— dcaVF _ qnaVF
he, = exp (?), hy, = exp (?)’
Na*
h1= 1+[ ]Y(1+ hNa)
kNa3
ho = [Na*]y - hy,
,= — 2
kNa3 ’ h1
he = 1
3= h,
[Na*]y < [Na+]Y>
h, =1+ 1+
* kNa1 kNa2
R |\ C e
> Ky * Kyar* Knaz
h = 1
6 h,
[Na*], 1
h, =1+ (1+ )
7 kNa3 hNa
Nat
N L
kNa3 ' hNa' h7
b= 1
9 h,
Nat Na*
hyo = Kasymm + 1 + [ ]°(1 + [ ]°>
kNa1 kNaz
[Na*],’
h11 = ) -
h10 kNal kNaZ
h. = 1
P hy
ky = hyy- [Caz+]o ’ kCa,on
k, = kCa,off
k3l = h9 : (Dca
k3” = h8 * WNaca
k3 — k3l + k3/l
h; - ®
k4’ — 3 Ca
hCa
k4 = hz' ONaca
k4 — k4, + k4ll
kS = kCa,off
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ke = hg - [Caz+]Y' kCa,on

k7 = hs-hy " oy,

kg = hghy; - o,

x1 = Ky 'Ky (k7 + Kg) + ks - ks (ky + k3)
X, = kg 'Ky (kg + ks) + kg - kg (kg + Kg)
x3 = ki k3 (k; + kg) + kg kg (kp + k3)
X4 = ky " kg (kg + Ks) + k3 -ks - (ky + kg)

E e

1_x1+ X, + X3+ X4

E =2

2T+ X+ X3+ x4
X3

E3=

X+ X, + X3+ X4
X4

CX X+ X3+ xy

E4

Kimcaaet = 150 1076 mM
1
Kmcaact )
mCaACt
1+ ([Caz+]Y)
]NaCa,Na,Y = 3- (E4 ’ k7 — E;- ks) + E; 'k4” - E; 'k3”
JNacacay = E2 "k — E; 'Ky
ZNa =1;2¢a =2;

alloY =

INacai = GNaca* 0.8 alloi ’ (ZNa ' ]NaCa,Na,i + Zca- ]NaCa,Ca,i)

INacass = GNaca* 0.2 alloss ’ (ZNa ’ ]NaCa,Na,ss + Zca- ]NaCa,Ca,ss)
INaCa = INaCa,i + INaCa,ss

Sodium-Potassium ATPase Current (Inqx)
from (O’Hara et al. 2011)

k,;" =949.5Hz; k,” =1824mM™"; k,” = 687.2Hz; k,” = 39.4 Hz
k;* = 1899 Hz; k;~ =79300Hz-mM~2; k,* = 639.0Hz; k,” = 40 Hz
Knai® = 9.073mM; Ky,,° = 27.78 mM

A= —01550

Knai = Knai® - exp (?_'RL_'D; Knao = Knao? * exp ((1;_AR).:'F)

Kgi = 0.5 mM; Kko = 0.3582 mM

[MgADP] = 0.05;  [MgATP] = 9.8

[Kmgarp| = 1.698 - 1077 mM

[H*] = 1077 mM

[EP] = 4.2 mM

Kip = 1.698- 1077 mM, Ky,p =224mM, Kgp =292 mM

[XP]

[H*] , [Na']; [K+]i>
1+ + +
( KH,P KNa,P KK,P

[P] =
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s (mf

KNai
T NatY K]\
(1+ KNai) +(1+ KKi) -1
B, = ky - [MgADP]
a, = ky*
_ ([Na*], 3
i ()
B, = v 2
[Nat], [K*1o\" _
<1+ KNao) +<1+ KKo) 1
Kt ([Ié*]o)z
asz = 3 = 2
(1+ Ree) +(1+ ) -1
8. = k3 - [P]-[H*]
37 |, [MgATP]
+ KMgATP
o = ki - [P]-[H*]
*7 | [MgATP]
* KMgATP
(KLY
K (K )
_ Ki
P (1+ el ’ [K*];)°
+ KNal) + 1+ KKi) -1

X1
E1 =
X1+X2+X3+X4
X2
EZ =
X1+Xo+X3+Xy
X3
E,= —2
X1+Xo+X3+Xy
X4
E,= — %
X1+X2+X3+X4_

ZIna=1;7, =1;
IJnakNa = 3 (E1-a3— Ez-B,)
Jnakk = 2 (E4- B, — E3-ay)

Inak = Guak * (ZNa * INakNa T Zk * INak k)

Background currents: Ings, Icab, Ipca
from (O’Hara et al. 2011)

Pyap = 3.75° 107 % cm/s; zy, = 1;
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Inab =
Peab =

lcap =

VFz
vrz [Na*];-exp (Tpe) - [Na*],

PNab ’ ZNaZ ’ RT

VFzZy,
e (“gr) -1
2.5 1078 cm/s; Yeai = L Ycao = 0-341; Zca = 2;

VFz
VF2 YCal ) [Ca2+]l ’ exp ( R’I'Ca) - YCaO ) [Ca2+]0

pCab ) anz ) RT

ex () -1

Gpca = 0.0005 mS/uF;

IpCa =

G . [Ca2+]sl
P2 0.0005 + [Ca?t]y

Calcium/Calmodulin-Dependent Protein Kinase (CaMK)

from (O’Hara et al. 2011)

Ocamk = 0.05 ms™1; Beamx = 0-00068 ms™*;
CaMK, = 0.05; Kmcam = 0.0015 mM
1-— CaMKtrap
CaMKypoung = CaMK,+ ————
1+ KmCaM
[Ca2+]SS
CaMK;ctive = CaMKpoung + CaMKtrap
dCaMKtrap
T = Ocamk * CaMKpoung * (CaMKpoung + CaMKtrap) - BCaMK
Sarcoplasmic Reticulum Ca** Fluxes
from in (Pan and Rudy 2011)
e RyR3

ACap

Visr
RelRyR3 = —(lcaL- —Vss 2 F (]RyR3 + Jip3r ._V + Jaifs1
SS

2-(1+

0.28 8
1+ (—)
[CaMKactive]

TRyR3 = 0.0123

1+ ———
[Ca2+]]SR

If (Relgyrs>0)

else

dJryr3

1

0.28 8
1+ (reamie—T)
[CaMKactive]

T <ﬁ>8

15 - RelRyR3 - (1 +

RyR3,, =

RyR3, =0
_ RyR3. — Jryrs

dt

TRyR3

* CaMK(rap
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e RyR2

Visr Vsi, Vesr
RelRsz = —Jserca V_ + Jaifr2 V— + Jryr2 V—
Myo Myo Myo
1
6-(1+
( " +( 0.28 )8
T _ [CaMKactive]
RyR2 — 1+ 0.0123
[Ca?*]csr

If (Relgyr2>0)
1

0.28 8
1+ (reamiee—T)
[CaMKactive]

1+ (mf

91 - RelRYRZ - (1 +

RyR2,, =

else
RyR2, =0

d]RyRZ _ RyR2¢, — Jryra
dt TRyRZ

e IP3R Ca* release:
ko = 96000 mM~1s7 1 k., = 9.6s 1k, = 150000 mM~1s71; k,, = 165571
k, = 1800 mM~1s7 1 k,, = 0.21s7%; 1psg = 3.7s71
[IP3] = 0.001 mM/L;

du
C;?R = [Ca**]gs Ky - (1 — uspag) — Koa " Uypsg
Tipsr * [IP3] - [Ca?t]ss - (1 — u;psp)
Jipsr = 10.92 - —=% = PR ([€a®*]ysp — [Ca**]ss)

(1 + %) : (1 + [Ca?t]ss kk_lla)

e Ca* uptake via SERCA:
M
AKompre = 0.00017 mT" AJosercacamkx = 0.75; Km,camx = 0.15;

M M M
]O,SERCA,l = 00002 mT/mS, ]O,SERCA,Z = 00026mT/mS, Km,SERCA = 000028mT,

— mM
NSR = 15T
CAMK ;i
AK — AK . active
mPLE o PLE Km,CAMK + CAMKactive
CAMK ;i

AJsgreacamk = Dlo,sercacamk * Ko camx + C(‘l,fl &;(actwe
] =] . (1 + A]SERCA,CAMK) — 0.0042 - [Ca?*]ysr
SERCA1 0,SERCA,1 L Kpszrca — DK pis . —m

[Ca?*]s,
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(1 + A]SERCA,CAMK) — 0.00105 - [Ca**]nsr

]SERCA,Z = ]O,SERCA,Z )

1+ Ko serca — DK pLp NSR
[Ca?t];
Diffusion Fluxes
o = 120 ms
J = ([Ca2+]NSR_[Ca2+]15R). | — ([Ca2+]N5R_[Ca2+]CSR)
tr,1 - ; tr,2 o
Tgiff1 = 0.2 ms, T4iff2 = 12 ms
_ ([ca?*]so=[ca*]sp. _ (ca?*]g, ~[ca*])
Jaiff1,ca = -~ ; Jaiff2,ca = —
diff1 diff2
] _ (INa*]ss—[Natlsy) _ (INa*]lsp—[Nat]y)
diff1,Na = _— ; Jaitf2,Na = _—
diff1 diff2
_ (k*lss=[K*1s1), _ ([K*ls—[K*1)
Jaitk =~ —— Jaitex = —— ——
diff1 Tdiff2

lonic Concentrations

L 1C02+lss

1
Bocs =
K — K
14 BSR- m,BSR + BSL- m,BSL
([Ca?*]ss + Ky Bsr) ([Ca?*]ss + K psL)
d [Ca“] A \V
C ]SR
T BPCS ( (ICaL 2 INaCa SS) V—aSF + (]Rsz + ]1p3R) ]dszl)
o [Ca®]s

a[ca™] A Vss v

Cap NSR
TSL = —(Icar + Ipca + Icap — 2 * Inacast) - Viazl; *aifpr 7 = Jsercat” Vo

]dlffZ
—_— [Ca2+]SL
TRPNg, = TRPN; -
st St [Ca2+]SL + Km,TRPN
[Ca2+]SL

CMDNSL - CMDNSL "

[Ca?*]s, + K cmpn
[Ca**]spor = [Ca?*]s, + TRPNs, + CMDNg;, + d[Ca**]g,

bs, = TRPNg, + CMDNg;, — [Ca®* sy ror + Kmrren + Kmcmpn

Cst = Km,TRPN ' Km,CMDN - [Ca2+]SL,tot ' (Km,TRPN + Km,CMDN) + TRPNg,, - Km,CMDN
+ CMDNg,, - Km,TRPN



_ ) . 24
dg, = — m,TRPN " Csi, KmrPN [Ca ]SL,tot

2 1 _ 9bSLCSL - 2b5L3 - 27dSL bSL
[Ca*ls. = 3+ [bsu” =3+ csu- cos (5 ( 2bs? —3c)” ) 3
s — 9Csi,
° [C02+li
2+
d|Ca ]i:]' . Vsi . _VNSR+] _VCSR)
dt W12 Vinyo SERCA,2 Vityo ~ T2 Viryo
e To3 v [Ca?*];
TRPNyyo = TRPNyy, [Ca?* T, + Koo
[Ca®*];

CMDNMyO = CMDNMyo ) [Ca2+]l + Km,CMDN

[Ca2+]i,t0t = [Ca“]i + TRPNMyO + CMDNMyO + d[Ca“]i
buyo = TRPNyyo + CMDN 0 — [Ca?*]; ot + Kimrren + Kmcmpn

cmyo = Kmrren * Kmempn — [Ca* i tor - (Kmrren + Kmempn) + TRPNpyyo * Km,cmpn
+ CMDNMyo ’ Km,TRPN

_ ) ) 2+
dMyo = —Kmnrren * CMyo KmrrPN [Ca ]i,tot

2 1
[Ca®*]; = §\/bMy02 — 3" Cpyo COS (gcos‘l(
o [Ca®]isk

d [Ca2+]]SR
dt =Jr1 ~Jryrs ~Jip3r

9bMyoCMyo — 2bMyo3 B 27dMyo>> _ bMyo
1.5
Z(bMyOZ - 3CMyO) 3

[Ca2+]]SR

[Ca?*] sk + Km,cson
bisg = W]S‘R + CSQNsp — [Ca2+]]SR + d[Ca2+]]SR + K cson
¢isr = Kmcson " (CSQN sg + [Ca®*]sp + d[Ca?*];sr)

CSQN]SR = CSQN]SR )

b]SR2 —4- Cisp — b]SR
2

[Ca2+]]SR =
o [Ca®]csr

d [Ca2+]]SR
dt =Jr2 ~ryra

[Ca2+]CSR
[Ca?*]csr + Kmcson

+ CSQN¢sp — [Ca®*]csg + d[Ca*t]csp + Kmcson

CSQN¢sg = CSQNigp -

bCSR = CSQN

CSR
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cesr = Kmeson - (CSQNesg + [Ca®Flesg + d[Ca*]csr)

bCSR2 — 4 ccsr — besr
2

[Ca2+]CSR =

i IC02+1NSR
2+
d[Ca ]NSR 3 + o Vs o Vs
= Jsercan tsercaz —Jm Vs 02 Viyer
o [Na']ss

+
d[Na ]ss__l +3-1 . Acap  _
T = ( CaNa NaCa,SS) m ]diffl,Na

L 1N0+15L

d [Na+]SL Vv

Acap ss
dt = _(3 “Inak + Ina + Invar + INaCa,i + IfNa + INab) VeiZnaF + ]diffl’NaV_SL - ]diffZ,Na

o [Na*l,-

+
d [Na ]i _ Vg,
dt — Jdiff2,Na VMyo

o [K'ss

d [K+] A
—— 55 = —leak '%_]diffl K
dt VSS Zg F ’

o [K']s

+
a[K ]SLz_(I Lo T+ Tigs + L+ Tt + Lsgom — 2+ Iyat) - o224
T dr to sus Kr Ks f.K K1 stim NaK VSL “Zg F dif f1,K

- ]diffZ,K
o [K']i

d [KJ’L Vs,

dr ~Jaifrak Vityo

Vss
Vsi,
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