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Extended Methods

1. Adaptations to the HRABAR model

1.1 Markov model formulation of the rapidly-activating delayed-rectifier K current (lx,)

The original Hodgkin-Huxley based formulation of Ix, was replaced with a 10-state Markov
model based on the model structure described by Silva and Rudy [1] extended with state-
dependent block of Ik, channels by dofetilide (Figure S1A). Model parameters were adjusted to
reproduce Iy, peak and tail I-V relationships, time constants of activation and time constants of
deactivation measured in canine ventricular myocytes [2] (Figure S1B-D). Channels can enter
the blocked mode via open and inactivated states, based on a V,-dependent modulation of the
dofetilide ECso [3].The model reproduces dofetilide dose-response relationship measured in
rabbit ventricular myocytes [4], use-dependence of relative inhibition as determined in AT-1
cells, [3] and V,-dependence of dofetilide ECs [3] (Figure S1E-G).

Equations for the updated Iy, formulation are as follows:
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1.2 Markov model formulation of the Na* current (Ina)

The Markov-model structure of Clancy and Rudy [5] was employed for both normal inactivation
and slow inactivation populations (Figure S2). The overall model structure is slightly different
from the original model by Clancy and Rudy where one additional row of four states was added
to simulate persistent Iy,. This change was necessary to reproduce characteristics of Iy, and Iya.
from the original Hodgkin-Huxley-based formulation, including PKA- and CaMKII-dependent
alterations [6]. In particular, Iya in the original model has identical activation properties as Iy, but
shows slowed (albeit noticeable) inactivation. As such, both tiers of the Markov model have
inactivated states and identical activation rates. In contrast, rates of inactivation are much
slower in the lower tier. Model Iy, peak |-V relationship and steady-state inactivation are

consistent with those measured in isolated canine ventricular myocytes [7].

Equations for the updated Iy, formulation are as follows:
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1.3 Markov model formulation of sarcoplasmic reticulum (SR) Ca* release

Ca”*-induced Ca* release (CICR) in the original HRABAR model depends directly on the L-type
Ca” current (Ica) based on the formulation by Livshitz et al. [8]. It is difficult to create a
stochastic version of this formulation since it does not exhibit the strong positive feedback
characteristic for CICR (where the Ca®* released by some ryanodine receptors (RyRs) may
activate other RyRs in the same microdomain), which likely affects its stochastic properties. As
such, the original phosphorylated and non-phosphorylated CICR formulations were replaced by
two 4-state Markov Models proposed by Restrepo et al. in their local control model of Ca*
handling in the rabbit ventricular myocyte [9]. Model parameters were adjusted to reproduce

rate-dependent Ca?* transient (CaT) properties (amplitude, time to peak, and time constant of



decay) of the original HRABAR model in the absence or presence of B-adrenergic stimulation
(BARS).

Equations for the updated release formulation are as follows:
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1.4 Additional alterations in model parameters

Parameters of the non-phosphorylated and phosphorylated I, formulations were adjusted
slightly compared to Heijman et al. [6] to reduce the sensitivity of the model for the generation
of early afterdepolarizations (EADS) in response to lx, blockade (requiring 80% I, reduction to
generate EADs compared to 25% in the absence of these changes) and to match the amount of
action-potential duration (APD) prolongation after lxs blockade in the presence of adrenergic

stimulation, while maintaining peak |-V and inactivation characteristics similar to experimental

recordings.
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2. Stochastic formulations of model components

2.1 Random number generation

The Mersenne-Twister random number generator [10] was used in all stochastic simulations to
generate random variables from uniform and normal distributions. Binomial random variables

B(n,p) were generated using the Inverse Function Method or approximated from a normal

istributi . cp (1 — 1. /1—_1’_ /L
distribution N(n-p,n-p - (1 —p)) when |\/H ( 5 1_p>| < 0.3.

2.2 Stochastic formulations of Markov models

Stochastic simulations of Markov models of ion currents were performed as previously
described for local control models [9,12,13]. Briefly, for a given state i in the Markov model with
a state occupancy of n; channels at time t, the probability for any channel to move to state j in
the time interval At is given by r;; - At, where ry; is the transition rate (in ms™) of the deterministic
ODE model. Thus, the number of channels leaving state i in the interval At can be obtained from
a multinomial distribution M(n;,rj; At ..., rj-1 - At, 1 — At- Y rj5, 13541 * At Ty - At). For sufficiently
small At, the transition probabilities are small and can be assumed to be independent. In this
case, the number of channels leaving state i can be approximated based on k independent
binomial distributions B(Tli,l‘i,j -At), significantly reducing the computational complexity [9]. The
number of channels in state i is then updated at every time step by:

n;(t + At) = n;(t) + Z B(n;(®), rj,;(D - At) — z B(n; (1), 1y;(0) - At)

j#i j#i
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This approach was employed for the Markov models of ¢y, Ik, Iks, Ina @nd RyR. In the case of
simulations involving B-adrenergic stimulation, both the non-phosphorylated and phosphorylated

channel populations [6] were simulated using this stochastic formulation.

2.3 Stochastic formulations of Hodgkin-Huxley-based models and instantaneous

currents

Hodgkin-Huxley-based models are a subset of the class of Markov models with only
independent transitions [14]. As such, the methodology for stochastic simulation of Markov
models was also applied to the Markov representation of the equivalent Hodgkin-Huxley model
for I, and Igcq). For ‘instantaneous’ currents that are defined by an algebraic equation in the
deterministic model, a simple 2-state (Open and Closed) model was used. The steady state
distribution between the two states was defined by the original algebraic equation and a global
time constant of 0.1 ms was used to determine the forward and backward rates between the two

states. This approach was employed for stochastic simulations of Ix; and lgy.

2.4 Stochastic formulations of pumps and exchangers

In contrast to channels, where gating is a stochastic process but the flux of ions through an
open channel is instantaneous, ion transport through pumps and exchangers is an active
process. A single iteration of the pump or exchanger transports a given number of ions across
the electrochemical gradient. As such, there is not a single ‘open state’ that defines the flux of
ions but instead there is a state transition (or combination of transitions) that determines the flux
of ions. Because of this, the throughput of a single pump is much lower than that of a channel.
However, the expression of pumps is much higher than that of channels [15], thereby ensuring

that an ionic balance can be maintained.

The SR and sarcolemmal Ca®*-ATPases (underlying l,, and I c., respectively) were simulated
using the two-state, four-transition model structure of Tran et al. [16]. Parameters of the models
were adjusted to reproduce the Ca? dependence of the deterministic formulations. We
assumed that the state distribution changes more rapidly than the changes in ionic
concentrations on both sides of the pump, resulting in a quasi-equilibrium situation in which
individual rates are decoupled. The number of ions transported via each transition was derived

from a binomial distribution and the net ion flux (or current) in the interval At was determined.

12



Equations for the stochastic I,c, and Iy, formulation are as follows:
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where N, equals Avogadro’s number, N, indicates the total number of channels of type x (see

section 2.5) and all other constants are as previously defined [6].

Smith and Crampin have previously described a detailed model of the Na*-K*-ATPase based on
a consecutive (“ping-pong”) model for Na* and K* binding [17]. In their model, ‘slippage’ of ions
is negligible due to a tight coupling between conformational changes of the pump and ion
binding, thereby ensuring a strict 3 Na* : 2 K* stoichiometry. Based on these assumptions and
since both pumps belong to the family of P-type cation transporters, [17] we employed a similar
2-state model structure as that used for SERCA. We set the ‘backward’ (counter-clockwise)
rates to zero to ensure the strict stoichiometry. Forward rates were fitted to reproduce Na*, K*
and V,, dependence of the original Iy formulation for both the non-phosphorylated and

phosphorylated populations:
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Fhak = 3 - B(nRak KNak 14+ - At) —2- B ((1 — fiNak) - NNak — DNak, KNak 2+ - At)

kR =11112-¢ . [Na”l o -—2'0_0 10° k =0

NaK,1+ . NaK <76962 J [Na+]i> NNaK ’ NaK,1—

KR = 1.7324 - QOyax - (Ko e ,2.00-10° P =0
NaK,2+ . NaK <23691 I [K+]O> NNaK ) NaK.Z_

P P
KNak2+ + KNak2— PN
INaK NakK

P
NNak = 7p P P P
kNaK,1+ + kNaK,l— + kNaK,2+ + kNaK,Z—

FNak = 3* B(nﬁaK: kEaK,1+ ' At) —2- B(fIIT\IaK - NNak — NNaks kEaK,2+ : At)

_ (FNak + FRax) - 10°-F
NaK At-Np - Cpy - Acap

Similar to the approach for the other transporters, we used the two-state, four-transition model
structure of Tran et al. [16] for the Na‘/Ca** exchanger. Parameters of the model were adjusted
to reproduce the intracellular and extracellular dependence on Na* and Ca?, as well as the V,,
dependence of the deterministic Iyaca formulation. As in the deterministic model, 80% of the
exchangers were located in the bulk myoplasm, whereas 20% were located in the SR
subspace. We assumed that the state distribution changes more rapidly than the changes in
ionic concentrations on both sides of the pump, resulting in a quasi-equilibrium situation in
which individual rates are decoupled. The model assumes a fixed stoichiometry of Na* and Ca**
ions. As such, the number of charges transported in each direction was derived from a binomial
distribution and the net ion flux (or current) in the interval At was determined as the difference

between both directions:

1 1.0- 107

Ve exXp (T] “Vin %) + Ksat - €xp (Vm ' L) NNaCa

Exchangers located in the bulk myoplasm:
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1+

0.4006 \
93.662)3 /
[Na+]o

Caactl - K
1+ mCa,act
[Ca%*]

. » 17.472 / »

kNa\Ca,i =fy- Caact,i | —1.2231-107* + 84839 10-2 . \1.7804 107 +
S (20

2+ . 20.744 , 21.291

kNaCa,i = fV ' Caact,i - 2.7743- 10 + W -1 1.0179-10 4+ -—
LR (YN 1+ (

Kiacaji = fv " Cagce; - 3.2353- 107"

F
KZacai = fy * Cager; - 8:4790 - 1072 - exp (1.0825 Vi -ﬁ)

2+ 1-
KNacai T KNacai

-0.8-N
1- 1+ 2— 2+ ' NaCa
KNacai T KNacai T KNaca,i T KNacaii

NNacai =

FNacai = B(0.8 - Nnaca — NNacai Kihcai * At) — B(NNacais KNhcai * At)

I o FNacai®10°-F
NaCal ™ At-Np -+ Con - Acap

Exchangers located in the SR subspace:

;

1
Cagcrss = 4 (KmCa,aCt)
[Ca?t]ss

. 4 17.472 / 1 0.4006 \

kN:;\Ca,ss = fV ’ CaaCLSS | e 1+ —8.4839 107 | \1.7804 o 1 93.662 3/
[Caz+]ss + ([Na+]o)

- 1 20.744 / 2 21.291 \

kNaCa,ss = fV ’ CaaCt,SS | 27743-10 ¥ 1+ —55.181 | \1.0179 0 ¥ 43.388 3/
[Ca%t], 1+ ([Na+]ss>

kﬁ;Ca,ss =fy- Caact,ss +3.2353-1071

F
K¥acass = fv * Cagerss " 8:4790 - 1072 - exp (1.0825 Vi -ﬁ)
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k2+ + kl—

NaCa,ss NaCa,ss

n =
NaCass = p1- 4+ kit +kZ . . +k&

NaCa,ss NacCa,ss NacCa,ss NacCa,ss

$0.2- NNaCa

— N 2 1
FNaCa,ss = B(O.Z *NNaca — NNaca,ss» kN-Iz;Ca,ss ' At) - B(nNaCa,ss' kNi-lCa,ss ' At)

I _ FNaCa,ss -10°-F
NaCa,SS At . NA . Cm . Acap

mmol
4 k

With Kpycgace = 1.2400 - 107 —+Ksat =0.32andn = 0.27, as previously defined [6].

2.5 Number of channels / transporters

The appropriate number of channels, pumps or exchangers of each type was estimated based
on the whole-cell conductance in the model and experimentally-determined single-channel
conductance (Table S1). It should be noted that N, represents the maximum number of
effective channels that can open (i.e., the number of channels open when open probability
equals 1.0). There may be additional channels in a myocyte that do not open. In particular, if the
deterministic formulation of a current x is adjusted such that the open probability is halved and
the whole-cell conductance is doubled (giving the same net current), then N, as given below
would be increased by a factor of 2.0. However, because open probability is reduced, the

number of channels that participate during the AP would not change.

3. Generation of a distribution of single-cell models

We employed the method previously described by Sarkar and Sobie [32] to generate a
distribution of individual single-cell models. Briefly, 13 random numbers were generated from a
Gaussian distribution with mean 1.0 and standard deviation 0.3. The whole-cell conductance of
each stochastic current was then multiplied by one of the random numbers and the deterministic
model was simulated with that parameter set under the given conditions untii APD and
intracellular concentrations reached steady-state (2000 seconds of simulation). The state vector
was stored and used as initial state for stochastic simulations with the same parameter set. The
number of channels (Section 2.5) was not altered in these stochastic simulations. APD and BVR

characteristics were stored together with each parameter set and employed in Figures 3 and 8.
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4. Experimental recordings in isolated canine ventricular myocytes

This investigation conformed with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Animal handling was in accordance with the European Directive for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes (86/609/EU).

Transmembrane action potentials (APs) were recorded from isolated left-ventricular canine
midmyocardial myocytes as previously described [33,34]. Briefly, the left anterior descending
coronary artery was cannulated and perfused. After ~20 min of collagenase perfusion and
subsequent washout of the enzyme, the epicardial surface layer was removed from the LV
wedge until a depth of 23 mm was reached. Softened tissue samples were collected from the
midmyocardial layer underneath while contamination with the endocardium was avoided.
Samples were gently agitated, filtered and washed. Cells were stored at room temperature in
standard buffer solution. Only quiescent rod-shaped cells with clear cross-striations were used
for the experiments within 48 h of isolation. APs were recorded at 37 °C using high-resistance
(30-60 MQ) glass microelectrodes filled with 3 M KCI with a microelectrode amplifier
(Axoclamp-2B, Axon Instruments, Inc). Intracellular pacing was applied at various cycle lengths
(CLs; 500 ms — 2000 ms). Only cells showing a stable spike-and-dome AP morphology and

resting membrane potential were accepted for the experiments.
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