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DEFINITIONS AND ABBREVIATIONS
Cell Geometry

Veer VVolume of the cell (uL)
Acap Capacitive membrane area (cm?)
V; VVolume of the myoplasm (uL)
Vnsr Volume of the network sarcoplasmic reticulum (NSR) (uL)
Visr Volume of the junctional sarcoplasmic reticulum (JSR) (uL)
Vss Volume of the submembrane space (uL)
Niotal_dyads Total number of dyads in the cell
v} Volume of the nth dyadic myoplasm (uL)
Ves Volume of the nth dyadic submembrane space (uL)
ViR Volume of the nth dyadic NSR (uL)
VSR Volume of the nth dyadic JSR (uL)
vl Volume of the nth dyadic space volume (uL)
N Number of L-type channels (LCCs) in the n™ dyad
NRyro2 Number of Ryanodine Receptors (RyR2s) in the n™ dyad
Currents
Lion Total ionic current (uA/uF)
Ina Fast Na current (uA/uF)
Ieelt Whole-cell L-type Ca current (uA/uF)
Icana Na current through LCCs (uA/ufF)
Icax K current through LCCs (uA/uF)
Ieel Whole-cell T-type Ca current (uA/uF)
Igr Rapid delayed rectifier K current (uA/uF)
Igs Slow delayed rectifier K current (uA/uF)
Ix1 Time independent K current (uA/uF)
IR, Whole-cell myoplasmic Na-Ca exchanger current (uA/uF)
I L s Whole-cell subomembrane Na-Ca exchanger current (uA/uF)
Inax Na-K pump current (uA/uF)
Inab Background Na current (uA/uF)
1523 Whole-cell current through sarcolemmal Ca pump (uA/uF)
gl Whole-cell background Ca current (uA/uF)
Ixp Plateau K current (uA/uF)
Ica Maximum Ca current through LCCs (uA/uF)
. L-type Ca current in the n™ dyad (uA/uF)
I Background Ca current in the nth dyad (uA/uF)
1 T-type Ca current in the n" dyad (uA/uF)
pCa Sarcolemmal pump current in the n' dyad (uA/uF)
INaca Na-Ca exchanger current in the myoplasm in the n" dyad (HA/uF)
INacass Na-Ca exchanger current in the submembrane space in the n" dyad
B (MA/puF)
Icana Maximum Na current through LCCs (uA/uF)
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Maximum K current through LCCs (uA/uF)
Stimulus current (uA/uF)

Activation gate of Na current

Fast inactivation gate of Na current
Slow inactivation gate of Na current
Activation gate of I,
Time-independent rectification gate of I,
Fast activation gate of I

Slow activation gate of I,
Inactivation gate of I,

Fast activation gate of I,
Activation gate of T-type Ca current
Inactivation gate of T-type Ca current

Conductances and Permeability

GN a
GN ab
GK r

PNa,K

Concentrations

Na,
Nal-
K;

K,
Ca,

C a]”SR
Capsr
Caj
Cal
Ca}
Caicell
CaSett

cell
Cay

cell
Caysr

cell
Ca]SR

Maximum conductance of Iy, (mS/uF)
Maximum conductance of Iy,, (mS/uF)
Maximum conductance of I, (mS/uF)
Permeability ratio of Na ion to K ion
Maximum conductance of Ix; (mS/uF)
Maximum conductance of Iy, (mS/uF)
Maximum conductance of Iy, (mS/uF)
Maximum conductance of I, (mS/uF)
Permeability of membrane to Ca (cm/s)
Permeability of membrane to Na (cm/s)
Permeability of membrane to K (cm/s)

Extracellular Na concentration (mM)

Intracellular Na concentration (mM)

Intracellular K concentration (mM)

Extracellular K concentration (mM)

Extracellular Ca concentration (mM)

Free JSR Ca concentration in the n" dyad (mM)

Free NSR Ca concentration in the n" dyad (mM)
Dyadic space Ca concentration in the n™ dyad (uM)
Submembrane Ca concentration in the n™ dyad (mM)
Myoplasmic Ca concentration in the n™ dyad (mM)
Whole-cell Ca concentration in the myoplasm (mM)
Whole-cell Ca concentration in the submembrane space (mM)
Whole-cell Ca concentration in the dyadic space (uM)
Whole-cell Ca concentration in the NSR (mM)
Whole-cell Ca concentration in the JSR (mM)
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NSR

Fluxes
]gaL

n
]rel

JCaairs
INsraiff

]gadiff_ds_ss
]gadiff_ss_i
JCadiff NSR JsR
Ji

Lyp
] lrtleak

Buffers

csqn
csqn.ca
chsqn
csqn
Bss

Bysk
Bmyo
TRPN
CMDN

KmTRPN
KmCMDN
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Maximum Ca concentration in the NSR (mM)

Ca flux through LCCs in the n™ dyad (uM /ms)

Ca release flux in the ™ dyad (uM/ms)

Diffusive Ca flux into the n™ dyadic space from adjacent dyadic spaces
(uM /ms)

Diffusive Ca flux into the nth dyadic NSR from adjacent dyadic NSRs
(mM /ms)

Diffusive Ca flux from dyadic space into submembrane space (uM /ms)
Diffusive Ca flux from submembrane space into the myoplasm (uM /ms)
Translocation Ca flux from NSR to JSR (mM /ms)

Uptake Ca flux into NSR from the myoplasm in the n" dyad (uM /ms)
Maximum rate of Ca uptake into NSR (uM /ms)

SR leak into NSR in the n™ dyad (mM /ms)

Free calsequestrin (CSQN) concentration (mM)

Ca-bound CSQN concentration (mM)

Half-saturation constant of Ca binding of CSQN (mM)
Total concentration of CSQN (mM)

Instantaneous buffering factor in submembrane space
Instantaneous buffering factor in JSSR

Instantaneous buffering factor in myoplasm

Maximum concentration of Troponin C buffer (mM)
Maximum concentration of Calmodulin (mM)
Half-saturation constant of Ca binding of Troponin C (mM)
Half-saturation constant of Ca binding of Calmodulin (mM)

Rates and Time Constants

kyy
Te fflux

Trefill
Tdiff_ds_ds
Tdiff_NSR_NSR
dryr

Reversal Potentials

ENa
Ex

EKs
E¢q

Transition rate between state x and y in LCC or in RyR2 (ms™1)
Time-constant of Ca diffusion from the dyadic space into the
submembrane space (ms)

Time-constant of Ca translocation from NSR to JSR (ms)
Time-constant of Ca diffusion between dyadic spaces (ms)
Time-constant of Ca diffusion between dyadic NSRs (ms)
Diffusion rate of Ca through open RyR2 (ms™1)

Reversal potential of Na current (mV)
Reversal potential of I, and I, current (mV)
Reversal potential of I (mV)

Reversal potential of Ca in the " dyad (mV)
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Others

Cm Total cellular membrane capacitance (uF/cm?)

Vin Transmembrane potential (mV)

F Faraday constant (C/mol)

R Gas constant (J/kmol/K)

T Temperature (K)

BCL Basic Cycle Length (ms)

K Nai Half saturation constant of Na for I,k

K ko Half saturation constant of K for Iy,x

Kinpca Half saturation concentration for sarcolemmal Ca pump (mM)

Knup Half-saturation constant of SR Ca uptake into NSR (mM)

o Na, - dependent factor of fy.x

fyax Voltage-dependent factor of I,k

Ycai, Ycao Activity coefficient of Ca

Vs Position of energy barrier controlling voltage-dependence of Na-Ca
exchanger current

YNai, ¥Nao Activity coefficient of Na

Yki Vo Activity coefficient of K

Zca Valence state of Ca

ZNa Valence state of Na

Zg Valence state of K

Ngyen Lcc Number of open LCCs in a dyad

Ngen ryr2 Number of open RyR2s in the n™ dyad

LCC L-type channel

RyR2 Type 2 isoform of Ryanodine Receptor

MODEL PARAMETERS

Cell Geometry

Voo = 38-107° ulL

Acap = 1.534-107* cm?

V; = 25.84-107° uL

Vysr = 2.098 - 1076 uL

Visg = 0.182 - 1075 uL

Voo = 0.76 - 1076 uL

Ntotal_dyads = 10,000

It is assumed that the submembrane space occupies a depth of 50 nm from the surface
membrane. If an individual dyadic space occupies an area of 130 nm X 130 nm and if we assume
that there are 10,000 dyads in a ventricular myocyte, Vss can be derived as: Vss = (Acap —
Ntotal_ayaas *Pds)-50 nm = 0.76-10°° 4L, where Ag is the area occupied by an individual dyadic
space. This space is equal to 2% of Vcey. All other values are taken from (1).

n _ Vi
Vg =
Ntotal_dyads
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Vs
ss —
Ntotal_dyads

o _ VNSR

NSR —

Ntotal_dyads

n  _ V]SR

Visr =

Ntotal_dyads

v = 210713 uL

Niee =15

NE g2 = 100

The volume of dyadic space is assumed to occupy the dimensions 130 nm X 130 nm in area and
12 nm in height representing the distance between LCCs and RyR2s.

External Concentrations

Na, = 140 mM
Ca, = 2mM
K, = 4.5mM

Initial Conditions
V, = —86.364 mV

m= 0.001231
h = 0.988864
j = 0.992842
xs; = 0.00611
xs, = 0.029537
xr = 0.000175
b = 0.001229
g = 0.991057

Na; = 12.6233 mM
K; = 124.383 mM

Cal = 8.83-1075 mM
Caly = 8.04-1075 mM
Cal = 8.04-1072 uM
Calsp = 1.29871mM

Caler = 1.29892 mM

Monte Carlo simulations determine the initial state of each LCC and RyR2 based on transition
rates determined by the initial conditions.

Stimulus

A stimulus current (Ig;) of -80 uA/uF amplitude for a duration of 0.5 ms is used to pace the cell.
The current is assumed to be K current (2).

MODEL CURRENTS
Fast Sodium Current
Gng = 16
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F =96500
R = 8310
T =310

R-T Na,
Bvo = () 1 (7g)
B (0.32- (V, + 47.13))
(1 -exp(=0.1- (V, +47.13)))

_Vm
Bm = 0.08 - exp <T>
If (Vi < -40)

am
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((—127140 - exp(0.2444 - V,,) — 3.474 - 1075 - exp(—0.04391 - V) (Vp,, + 37.78))

aj=

(0.1212 - exp(—0.01052 - V)

(1+ exp(0.311 - (%, +79.23)))

(1+ exp(-0.1378 - (U, + 40.14)) )

80 + Vm)

ap = 0.135 -exp( vy

Bn = 3.56 - exp(0.079 - V,,,) + 3.1-10° - exp(0.35 - V,,)

If (Vin 2-40)
ap=a; =0
1

Bn =
(0.13 : <1 + exp (_(Vm —+1?i66))>)

_ 0.3+ exp(—0.0000002535 - ;)
7T 1+ exp(=0.1- (V, +32))

dt

dh

ar - n h— Bn-(1—h)
dj . .
=4I F A=)

INazGNa'mg'h'j'(Vm_ENa)

Fast Component of Delayed Rectifier K Current

o

Gr = 002614 |2
o= () ()
k= \"F ) "™"\k

1

Xrss = <1 t e (_ (V, -’;521.5)>)
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1
T = TT381073 - (U + 14.2) 6.1-10~* - (}, + 38.9)
1—exp(—0.123 - (V,, + 14.2))  exp(0.145 - (V,, + 38.9)) — 1
1
Tkr =
Vn +9
+ew (Hg7)
dx, — Xrss — Xr
dt Torr

Iy = G * Xy * Ty * (Vm - EK)
Slow Component of Delayed Rectifier K Current
Pygx = 0.01833

0.6 \‘
38-.10-5\""
1 + Cagell
L

R‘T K0+PNaK‘NaO
o= (BT) (Kot P

Gys =0.3031-| 1+

F Ki + Pyg i - Na;
1
Xs1ss = Xs2ss =
1.5 - Vm
1+exp (—16.7 )
Txs1 = 7.19 - 1075 - (V,, + 30) 1.31-10~* - (I, + 30)

1—exp(—0.148 - (V,, + 30))  exp(0.0687 - (V},, + 30)) — 1
Tysz2 = 4 Txs1
dxs _ Xs1ss — Xs1

dt Txs1
dys2 _ Xs2ss — Xs2
dt Txs2

Iys = Gis * X1 * X3 * (Vm - EKs)

Inward Rectifier K Current

Ko
GKl = 075 C | =

5.4
fe= () (%)
k= \"F ) "™"\k
1.02
a =
7 1 4 exp(0.2385 - (V, — Ex — 59.215))
B, = 0.49124 - exp(0.08032 - (V},, — Ex + 5.476)) + exp (0.06175 - (V;, — Ex — 594.31))
K 1+ exp(—0.5143 - (Vp,, — E + 4.753))
K, = %Kt
Y agy + B
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Iy = Ggy * Ky » (Vi — Ex)
Sodium Potassium Pump Current

GNaK = 225

Na,

e (5r3) -1
g =
7
f 1
NaK = _ . . —1V_ .
1+0.1245 - exp (%) +0.0365 - o - exp ( g"} TF)
Km,Nai =10
Km,Ko = 15
)i =G . fNaK ( Ko )
NaK NaK 1 R <Km,Nai>2 Ko + Km,Ko
Nal-

Background Sodium Current
Gnap = 0.004

E = (R . T) ] (Nao)
va = T ) M\ Ng,
Inagp = GNab : (Vm - ENa)

Plateau K Current
Ggp = 5.52-1073

o= () ()

1
Ky = 7488 — Vm)

1+ exp ("5 g
IKp = GKp ’ Kp (Vi — Eg)

L-type Ca Current

The LCC scheme is same as in (1). Kinetic state of every single LCC in the model is monitored.
Monte-Carlo simulations determine the state of LCC in the next time step based on transition
rates shown below.

Transition Rates Between States

%4
a = 0.925-exp (%)

-V
=0.39 - <_m>
B exp 20

kcao = a
koca :4‘,3
kcacs =3+ ﬂ

10
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kescz =2+
kcoci = B

-V
kC3IVS S 0005 : exp (_m)

40
Vin
kC3IVf S 024’5 . exp (E)
_Vm
kOIVS = 0.03 " exp (ﬁ)
Vin
kOIVf S 002 . exp (m)
Vi
kIVSO = (0.0011 - exp <%>
_Vm
kIVfO S 0035 : exp (m)

_ kIVsO : kOIVf

ksivy = ks
IVfO

kIVfIVs = kos
koc3 : kIVsO : kC3IVs

kIVSC3 -

kc3o ) kOIVs
kocs - kIVfO ’ kc31Vf

k =
wres keso kOIVf

Ca-dependent Inactivation Transition Rates

1
kyvode v-Mode ca = 1

It car10s

kyode ca—modev = 0.01
LCC is open when the channel is in state O and in Mode V.

_ Zeg Vi * F
i p 2 Vm'FZ VCai'Ca:il'lo 3°exp (%)_ VCao'Cao
ca = Fca’'Zca "pp ox (ZCa‘Vm'F)_1
PURT

P, = 6.075 - 10~*
Ycai = 0.01
Veao = 0.341
ZCa = 2
n = I— . Nglpen LCC
CcalL Ca NLnCC

Nn=N¢total_ dyads
Ig5L = Zno 7 la

a

Ntotal_dyads
n
-1 Cal Acap

Je = . ( > - 1000
cat 2 vcrzls F Ntotal_dyads

11
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The transition rate into Ca-dependent inactivation tier, kKyode v—mode ca @Nd Pc, Were modified
to reproduce I¢Y during pacing in a guinea pig ventricular myocyte.

Sodium (Na) Current through L-type Channels

ZNg * -F
_ Vm'Fz )/Nai'Nai'exp(NaR.t?‘ )_VNao'Nao
Teana = Pra - 234 - :
CaNa Na Na R-T

exp (%) 1
Py, = 1.518 - 1076
YNnai = 0.75
VNao = 075
ZNa = 1
Nn=N¢otal_dyads n

- Nopen LCC

Icana = Icana NT
LCC

n=1

Potassium (K) Current through L-type Channels

P V,, - F? VKi'Ki'exp(%)_ Yko * Ko
cak — 'k "4k~ ’ 3 3
o exp (A )~ 1
Py = 4.34 - 1077
Yki = 0.75
Yko = 0.75
zg =1
Nn=Ntotal_ dyads

- N(;lpenLCC

leak = lcak z —N"
LCC

n=1

Background Ca Current

o (R-T) ] Ca,
ca=\2°F) ""\Ca?
1% = 0.003016 - (V, — Ecg)

Zn=Ntotal,dyads I
n=1 Cab

cell _
ICab -

Ntotal_dyads

T-type Ca Current

1

bss =

1+ exp <—(V71n0t314))

6.1
1+ exp( m4 £ )
1

Iss =

1+ exp (Vm5+660)

12
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1, = —0.875 -V + 12 (V, < 0); 7, = 12 (Vy, = 0)

db  bgs— b
dt 1,
d_g_ Yss — 9
dt g

I¢qr = 0.05 I‘Vb b-g-(Vm— Ecq)
N=Ntotal_dyads

oot = Zn= I
a

N total_dyads
Sarcolemmal Ca Pump Current
n _  L115-Caj

pCa Cal + Kmpca

Kinpca = 0.0005

anNtotal_dyads mn
jeell — Zn=1 pCa
pCa —

Ntotal_dyads
Na-Ca Exchange Current in the Myoplasm

c; = 0.00025
¢, = 0.0001
c3=1

y = 0.15

Zcqg =2

ci - exp (()/ — 112)_'TV"‘ : F) : (exp (m—F) Na} - Ca, —c3 - Na3 - Caln)

n
INaCa -

R
1+c, exp <()/ — lle)..TVm : F) : (exp (M) *Na} - Ca, +c5 - Na3 - Ca{‘)
n=Ntotq ads
Jeell  — Loy “ Iaca
NaCa —

N total_dyads

Na-Ca Exchange Current in the Submembrane Space

i 0.25-c; - exp (()/ — é)_'TVm : F) : (exp (%) Na} - Ca, — c3 - Na3 - Ca?s)
INaCa,ss = — . . .
1+c, exp ((]/ Il?)- TVm F) : (exp (%) “Na? - Ca, + ¢35 - Na3 - Ca?s)
n=Ntotq ads
cell Z:n=1t el dyad Il(llaCa,ss
INaCa,ss - N
total_dyads
Voltage
Cn =1

Iion = INa + Icc“cellLl + ICaNa + ICaK + Ig(elél + IKr + IKs + IKl + Ilflleéa + Ilflflléa,ss + INaK + INab
+ IS+ I+ Iy + It

13
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MODEL FLUXES
SR Ca release

Luminal Ca Sensor

CSQN can act both as SR Ca buffer (CSQN buffer) (3) and as a regulator of RyR2 openings
(CSQN regulator) (4). The model of CSQN function can be interpreted biophysically as follows.
Both free and Ca-bound CSQN form a relatively immobile network of protomers near RyR2s
(CSQN network in Fig. S1), consistent with the scheme presented in (5). Diffusion of SR free Ca
can occur readily in this network, thereby ensuring that the relative concentration of Ca-bound
and free CSQN is spatially uniform in this network. Each RyR2 senses a proximal portion of the
CSQN network in its vicinity (CSQN regulator in Fig. S1). In the RyR2 model (Fig. 1 A of main
text), transition rate from the activation to the refractory tier is proportional to the concentration
of free CSQN in the CSQN regulator domain, and the transition from the refractory to the
activation tier is proportional to Ca-bound CSQN in this domain. In the CSQN network, the
majority of CSQN acts as CSQN buffer (Fig. S1). This functional modeling scheme of luminal
RyR2 regulation is based on the schemes depicted in (6) and (7). In the scheme presented in (6),
the bulk of CSQN acts as SR Ca buffer. Single CSQN monomer binds to the
Triadin/Junctin/RyR2 complex and modulates cytosolic Ca activation of RyR2. In the scheme
presented in (7) CSQN binds to the Triadin/Junctin/RyR2 complex, making the channel
refractory, and Ca-bound CSQN relieves this inhibition. The model was validated by comparing
simulated open probability (P,) of RyR2 at various SR and cytosolic Ca levels to single channel
records measured in lipid bilayers (Fig. 2). The cell model was then fine-tuned to insure robust
termination and appropriate restitution of SR Ca release in the whole cell, and accurate global Ca
transients at all rates.

RyR2 Model

The RyR2 model scheme is shown in Fig. 1 A. The kinetic state of every single RyR2 in the
model is monitored. Monte-Carlo simulations determine the state of each individual RyR2 in the
next time step based on transition rates provided below. The activation and deactivation rates
(Kc101, koic1) and RyR2 channel conductance (dyyr) were adapted from (8). The activation rate
reflects the fact that Ca binds instantaneously to each of the subunits of the RyR2 tetramer before
a slower Ca-independent transition to the open state occurs. The deactivation rate implies that the
mean open time of the RyR2 channel is ~ 2 ms (1/kozc:). Considerations for inclusion of
activation and refractory tiers in the RyR2 model are discussed in the “Luminal Ca Sensor”
section of this Supplement. The transition rates between RyR2 tiers were constrained to
reproduce accurately the local and global Ca concentrations and Ca currents in a guinea-pig
myocyte during pacing at all rates.

Transition Rates

3. (Cam)*
keio1 = (CaD* + (15)*
Koier = 0.48

3-(Cap)*
Kez02 = (CaD)* + (150)*
Kour =048
keico = 0.1- (csZn)

14
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Ny o1 (csqn. ca) 1
cec1 = V. 1+ exp(0.9:-BCL+ to; —t)

ko201 = kcac1
ko102 = kcicz

The dyad is considered active when the open fraction of RyR2s in the dyad is more than 0.2. tre
is the time of last Ca release in the dyad, determined as the time at which open fraction of RyR2s
in the dyad exceeds 0.2 upon activation of Ca release from the dyad.

Jret = dryr * N(;lpenRsz : (1000 : Ca}lSR - Cag)
dryr = 4
csqn - chsqn
(Cajn;r + chsqn)
csqn.ca = csqn — csqn

csqn = 10
Kmcsqgn = 0.8

csqn

csqn =

Ca Diffusion fluxes
Inter-dyad coupling:

In ventricular myocytes, Ca diffusion can occur in both the cytosol and the SR (9). Under
conditions of Ca overload, Ca released in a dyad can diffuse and trigger Ca release in adjacent
dyads, forming traveling Ca waves (10); this provides evidence of cytosolic inter-dyad coupling.
Model inter-dyad coupling in the cytosol was implemented by Ca diffusion between adjacent
dyadic spaces. The parameters of diffusion were chosen so that Ca waves occur only under
conditions of high SR load (with all other model parameters at control values). Simulated Ca
release activity in a quiescent myocyte is shown in Fig. S4. With this choice of parameters,
spontaneous Ca release activity in the form of Ca sparks, but not Ca waves, occurs when the
initial SR load is low at 0.2 mM. Ca waves occur when the initial SR load is high at 5 mM.

Recent evidence suggests rapid diffusion of Ca in SR (9). Therefore, inter-dyad coupling in SR is
implemented by fast Ca diffusion (time constant, 74;¢f nsr nsg = 1 Ms) between dyadic NSRs.

Forn>landn< Ntotal_dyads
Cal*! — 2Cal + Cali™?

n —
jcadlff Tdiff_ds_ds

Tdiff_ds.ds = 15
CaIT\llerz% — 2Caysg + Calr\llgl%

n —
Insraiff =
Tdiff_NSR_NSR

=1

Tdiff nsr NSR
Forn=1
Ca3 — Ca}

Tdiff_ds_ds
2 1
Caysg — Caysg

1 _
Jcaairf =

1 —
Insraiff =
Tdif f_NSR_NSR
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Ca Diffusion from Dyadic Space into Submembrane Space

n n
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Tef flux 1S SAMeE as in (8).
Ca Diffusion from the Submembrane Space into the Myoplasm
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Ca Translocation from NSR to JSR
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Trefin 1S SAMe as in (8).

Ca Uptake in the NSR
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Ca Leak from NSR

]n _ Iup ’ Calr\llSR
leak m
NSR =15
MODEL CONCENTRATIONS AND BUFFERS

Ca Concentration in the Dyadic Space

n
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an 1 Cads
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Note that we use the quasi-equilibrium approximation of Ca}; (11) since the time-scale over
which Ca}} equilibrates with Caly is much faster than other processes such as channel gating and
Ca diffusion from adjacent dyads.

Ca Concentration in the Submembrane Space

1
Bss = B - K By K
1+ ;S'lR mSR + 75le mSL
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BSR = 0.047
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dtss = —Bg
. <_21n . < Acap >+]n . L 10—3 ,]n .
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1+
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Lin=1 Cajsr
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CMDN = 0.05
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K Concentration in the Myoplasm

dK; A
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ADDITIONAL METHODS AND DISCUSSION

Stochastic Model of Ca Cycling

Many existing models of Ca cycling in cardiac ventricular myocytes are deterministic, based on
average, subcellular compartments representation (1, 12-13). They are not stochastic and are not
formulated at the microscopic scale of local dyadic interaction between LCCs and RyR2s.
Several models were developed to investigate local stochastic Ca release at the level of the
dyadic space (14-16). There have been fewer attempts to link these processes to the whole
myocyte behavior. One of these models (17) and its numerical simplification (18) described local
control of Ca release during ECC. Other models (19-20) were used to study cardiac alternans.
The task has proven arduous due to the large number of parameters involved and the large ratio
of computing to simulation time. Our motivation for formulating the multiscale model of Ca
release was to develop a computational framework for relating macroscopic whole-cell behavior
to microscopic Ca release processes. This approach is needed for studying the stochastic nature
of Ca release dysfunction in cardiac arrhythmias such as Catecholaminergic Polymorphic
Ventricular Tachycardia (CPVT) (21). With the stochastic model, one second simulated time
required ~ 90 s of run time on Dell PowerEdge™ 2650 Dual Xeon Processor 2U Servers, with dual
2.8 GHz processors. In these simulations, only 1000 out of the total population of 20000 dyads were
included, with no appreciable differences in results.

Simulation Methods

A global time step of 0.1 ms is used in the simulations. At each time step, the channel states of
the entire population of RyR2 and LCC, and the Ca concentration in each of the dyadic
compartments are tracked. The transition rates between LCC and RyR2 states in every dyad are
calculated based on the local dyadic Ca concentration. Monte Carlo simulations using these
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transition rates determine the state of individual LCCs and RyR2s in the dyad. The Ca fluxes
through LCCs and RyR2s are calculated based on the number of open LCCs and RyR2s,
respectively, and are used to update local dyadic Ca concentrations. The Ca currents in all
individual dyads are added to determine the whole-cell Ca current for a given time step.
Reduction in computing time is achieved by assuming quasi-equilibrium condition of Caq4 (11)
and by including only a subset of 10,000 dyads in the simulations. Simulation results with 1000
dyads were close to results of the same simulations with a full set of 10,000 dyads. With 1000
dyads, one second simulated time during pacing at 1 Hz, implemented on a 164 processor Linux
cluster for high-performance computing, takes about 90 seconds of computing time. All
simulation results shown are for 1000 dyads, unless stated otherwise.

Fraction of active dyads and time of Ca release from the dyad

A dyad is assumed to be active when at least 20% of the RyR2s in the dyad are open indicating
that a significant amount of Ca release is occurring in the dyad. Start time of Ca release from the
dyad is determined as the time at which 20% of RyR2s open.

Ca Spark model

A simulated Ca spark is generated by using Ca efflux from the dyadic space as an input to the
buffering and diffusion model of Ca sparks described previously (22), with the exception that we
do not take into account optical blurring by confocal microscope.

Impairment of function

In the results section, effects of complete impairment of CSQN buffering capacity, luminal
sensor function, or inter-dyad coupling are shown, unless stated otherwise. Impaired CSQN
buffering capacity was implemented by setting total CSQN to 0.01 mM, thus simulating the role
of CSQN as RyR2 regulator only. Impaired luminal Ca sensor regulation was simulated by
setting the transition rates between activation and recovery tiers of RyR2 (Kcic2, Keac1, Ko1o2 and
Ko201) to zero. To simulate complete impairment of CSQN function (as might occur in a knock-
out mouse), both total CSQN concentration and the above transition rates were set to zero.
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SUPPLEMENTARY FIGURES

Dyadic Space

.CSQN Buffer O CSQN Regulator (Luminal Ca Sensor)
® RyR2 O Triadin ©Junctin * Ca?

FIGURE S1. Schematic diagram of CSQN function as represented in the model. Each
RyR2 senses a proximal portion of CSQN network in its vicinity (CSQN Regulator). The
majority of CSQN acts as CSQN Buffer. Junctional Sarcoplasmic Reticulum (JSR) is
defined as the domain of CSQN distribution. The Ca buffering properties of CSQN are
assumed to be identical throughout the CSQN network. Impaired CSQN buffering capacity
was implemented by setting total CSQN to 0.01 mM, thus simulating the role of CSQN as
RyR2 regulator only. Impaired luminal Ca sensor regulation was simulated by setting the
transition rates between activation and recovery tiers of RyR2 (Kcicz, Kcac1, Ko1o2 and
Ko201) to zero. To simulate complete impairment of CSQN function (as might occur in a
knock-out mouse), both total CSQN concentration and the above transition rates were set to
zero.
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FIGURE S2. L-type Ca current (Ica ) summed over an increasing number of dyads. Icy through
1 (A), 10 (B), 100 (C) and 1000 (D) dyads. Note that I, in dyads approaches IS} as
summation is performed over an increasing number of dyads.
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Dyad with long-lasting release
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FIGURE S3. Dyadic variables during a long-lasting Ca release event. (A) Dyadic space Ca.
(B) JSR Ca. (C) Open fraction of RyR2s. (D) Absolute value of dyadic L-type Ca current. *
and + in panel C indicate that the open fraction of RyR2s oscillates approximately between
0.8 and 0.1. Arrows indicate time of pacing stimulus.
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A LowSRIoad (0.2 mm) B High SR load (5 mM)

20 um

1s

FIGURE S4. Effect of SR Ca load on spontaneous Ca release activity in a quiescent
myocyte. (A) Few Ca sparks are seen when the initial SR load was set to a low value of 0.2
mM. (B) Ca waves occur when initial SR load was set to a high value of 5 mM. The duration
of simulation is 5 seconds. Ca waves occur during condition of high SR load, similar to
experimental observation of Ca waves in Ca overloaded cells.
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FIGURE S5. Effect of impaired inter-dyad coupling on whole-cell behavior when volume of
dyadic space is increased. (A) Myoplasmic Ca transient (CaS®!!). (B) JSR Ca concentration

(Caf&R). (C) Carelease flux (J&&'). (D) Fraction of active dyads. The myocyte model is paced at
1 Hz.
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