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Supplemental Methods

A. Myocyte experiments

Myocyte Isolation. Mouse ventricular myocytes were isolated enzymatically as described previously (2). Briefly,
C57BI/6 mice (6-8 weeks) were injected intraperitoneally with 800 ul heparin (5,000 units/ml) 20-30 minutes
before anesthetization and sacrifice with isoflurane (Phoenix Pharmaceuticals, Inc.). Hearts were quickly excised
by thoracotomy and retrogradely perfused on a Langendorff apparatus maintained at 37°C. Enzyme digestion step
consisted of perfusing Tyrode’s solution containing 1 mg/ml collagenase (Type II; Worthington) and 2.8 mg/mi
protease (Type XIV, Sigma) for 13-15 minutes. Myocytes were separated from digested ventricles by gentle
mechanical dissociation and used within 4-6 hours. The modified Tyrode’s solution contained the following
(mmol/L): 136 NaCl, 5.4 KCI, 0.33 NaH2POs, 1.0 MgCl,, 10 HEPES, and 10 glucose; pH 7.4 (KOH). All
chemicals were purchased from Sigma unless indicated otherwise. All procedures comply with UCLA Animal
Research Committee policies.

Patch Clamp Recordings. APs from isolated myocytes were recorded in the current clamp mode using the
perforated patch technique with Amphotericin B (240 ug/ml), as previously described (6, 7). Borosilicate glass
electrodes (tip resistance 1.5-3 MQ) were filled with internal solution containing (in mmol/L) 110 K-Aspartate,
30 KCI, 5 NaCl, 10 HEPES, 0.1 EGTA, 5 MgATP, 5 creatine phosphate, and 0.1 cAMP; pH 7.2 (KOH). The
standard bath Tyrode’s solution contained (in mmol/L): 136 NaCl, 5.4 KCI, 0.33 NaH2PO4, 1.0 MgCl», 10
HEPES, 1.8 CaCl,, and 10 glucose; pH 7.4 (KOH). Extracellular [Ca] was raised to 2.7 mmol/L to facilitate EADs
and DADs. APs were elicited with square current pulses of 2 ms duration and twice threshold amplitude. Data
were acquired with an Axopatch 200A patch-clamp amplifier and Digidata 1200 acquisition board driven by
pCLAMP 9.0 software (Axon Instruments, Inc.). Corrections were made for liquid junction potentials. Signals
were filtered at 1 kHz. All experiments were carried out at 37°C.

Calcium Imaging. Myocytes were incubated with fluorescent Ca indicator dye Fluo-4 AM (10 uM, Life
Technologies) and nonionic surfactant Pluronic F-127 (0.02%, Life Technologies) in Tyrode’s solution for 30
minutes at room temperature before imaging. Ca fluorescence in isolated myocytes was recorded using an inverted
Nikon Diaphot microscope (60X objective, Olympus) equipped with a charge-coupled device (CCD)-based
Photometrics Cascade 128+ camera (~120 frames/s, 128 x 128 pixels) operating under Imaging Workbench
software (version 6.0, INDEC BioSystems). Voltage was concurrently recorded in patch-clamped myocytes.
Pseudo-line scan images were generated from the acquired video data using ImageJ software (11).

B. Rabbit ventricular cell model

1. The spatial structure of ventricular myocyte model

The ventricular myocyte model is a three-dimensional object containing 19,305 (65%27x11) CRUs
(FIGURE) with CRU spacing being 1.84 um in the longitudinal direction and 0.9 pum in the transverse
direction, corresponding to a dimension 121 pm % 25 um x 11 um. The CRUs are coupled via Ca diffusion
in the cytosolic space and SR. The model was modified from the one developed by Restrepo et al. (12). The
details of the model are described in the sections below. Briefly, each CRU contains five sub-volumes with
defined volume ratios (right panel in FIG.A): network SR (NSR), junctional SR (JSR), dyadic space (DS), sub-
membrane space (SUB), and cytosolic space (CYTQO). Ca from extracellular space enters into DS via LCCs and
is released from the JSR to DS via RyRs. Each CRU has a cluster of 100 RyR channels associated with a cluster
of 12 LCCs, both simulated using random Markov transitions. Ca is extruded from the SUB space via NCX and
taken up into the NSR from CYTO via SERCA pump. Ca diffuses freely between the SR sub-volumes and
between the cytosolic sub-volumes. CRUs are coupled via Ca diffusion between neighboring NSR spaces, SUB
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spaces, and CYTO spaces, respectively. No Ca diffusion exists directly between neighboring JSR spaces or
between neighboring DS spaces.
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FIGURE. Schematics of the computer AP/Ca cycling model. A. Schematic diagrams of 3D structure of
the cell model (left) and the CRU model (right). B. The modified Ica. model. Left: the Hodgkin-Huxley (HH)

scheme. Right: the equivalent Markov scheme of the HH scheme. C. The 4-state RyR model.

However, a directly randomized version of the HH-type formulation is not appropriate for an LCC because
the maximum open probability of an LCC is 100% in the HH-type model at high voltages, whereas that of real
channels is much smaller (~5%). To reduce the open probability, we added a new state (dz in FIG.B) to the d gate
of the HH-type model, with dz being the activated state. The transitions rates o, Bd, o, and Br are the same as in
the Luo and Rudy model (13). The rate constants for Ca-dependent inactivation were modified to account for the
fact that Ca concentration in the DS space, which is much higher than the bulk cytosolic Ca concentration, was
used to mediate LCC inactivation. The steady state of ds (the steady-state activation curve) is:

d,, = %
¥ Py

ay +—(ay +By)
ay.
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ay.

Since the open probability is small, i.e., —>>1, then d,_ ~ da

Ba aq + Py

%4 . which is a rescale of the

original model. Therefore, by shifting the voltage dependence of aq and B4 or ar and PBs, the window Ica,L can be
changed directly without affecting other properties of the channel. The right panel of FIG.B shows the equivalent
Markov scheme of the LCC of the modified HH-type model.

2. Voltage and ionic currents
The differential equation for membrane voltage is

dVv 1
dt = - C (Iion + Istim)
m

where C,.=1 pF/cm? is the cell membrane capacitance, lsim is the stimulus current pulse which was
set as -40 pA/cm? and duration 1 ms, and lion is the total membrane current density, which is described

by

lion = Inq + Ig1 + Ixr + Igs + lio 5 + lios + Inak + Icar + Incx

The mathematical formulations of the ionic currents are detailed in following sub-sections and their
conductance are listed in Table S1. The physical constants and ion concentrations are listed in Table S2.

Table S1. lonic current conductance

Parameter Description Value
ONa Ina cONnductance 12.0 mS/uF
Oto.f lto s conductance 0.11 mS/uF
Oto,s lto,s conductance 0.04 mS/uF
OK1 Ik1 conductance 0.3 mS/uF
OKr Ikr conductance 0.0125 mS/uF
OKs Iks conductance 0.1386 mS/uF
ONak Inak conductance 1.5 mS/uF
Table S2. Physical constants and ionic concentrations
Parameter Description Value
F Faraday constant 96.5 C/mmol
R Universal gas constant 8.315 Jmol K
T Temperature 308 K
[Na]o External sodium concentration 136 mM
[Klo External potassium concentration 54 mM
[K]i Internal potassium concentration 140 mM
[Ca]o External calcium concentration 1.8 mM

2.1. Sodium current (Ina)

Ing = gNam3hj(V - ENa) ’
RT [Na]o
Eng =—In ’

F [Na];
dh
— =ap(1 —h) — Byh,

dt
dj . .
P a(1—=7)—Bjj,
dm
P am(1—m) — fp,m,
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V +47.13

am = 0.32 1 — ¢~ 0.1(v+47.13)"’
v
Bm = 0.08e 11,
ForV = —40ml ,
ap = 0 ,
(lj =0 ,
1
Bn = V+10.66 ’
0.13 (1 + eﬁ)

_ -7
e 2.535x107'V

ﬁj =03 1+ e 01(V+32)’

ForV < —-40mV,
V+80

ap = 0.135e-68,
B = 3.56e%07% + 3.1 x 10°¢%3%V,
(—127140e%2444V — 0.03474e 004391V x (V + 37.78)

aj = 1 + 0311(V+7923) ,

0.1212¢7001052V
j = 1 + ¢-01378(V+40.14) *

2.2. L-type Ca channel model and whole-cell IcaL

The Ca channel model was modified as described in detail in Section 1. The opening of individual
LCCs is simulated by a stochastic 12-state Markov model (panel B in FIGURE). Each CRU is assumed to
have N LCCs under control condition. The Ca flux into the proximal space (dyadic space) of a CRU
(the (m, n, K)" CRU in cell) is given by

7Ca,L (m,n, k) =icq,(m,n,k)L(m,n, k),

where L<N_ is the number of open LCCs in the CRU, and ica. is the single channel current of the CRU which
is:

4PCaZF()/l- cp,(mn, k)e*” -y, [Ca]o)

ez —1 ’
VT
Z = ﬁ
cp(m,n,Kk) is the Ca concentration in the corresponding proximal space of the CRU. Therefore, the whole-
cell L-type Ca current (IcaL) is summation of the Ca currents of CRUs in the cell, i.e.,
M,N,K

lear = Z 7Ca,L (m,n, k)

mmnk=1

iCa,L (m, n, k) =

where M, N, and K are the dimensions of the CRU network forming the cell.
The transition rates between different states of the LCC model are:

_do 1-do
#a = Tq ’ a7 Ta
where
1
oo = V=5’
1+ e 624
V-5
1—e 624 J
td =035 = 5) “=
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A = — , =
r= Br -
where
1
foo = V+32.06’
1+e 86
1
Tf = 2 .
0.0197¢~10.0337(V+7)1? 4 0.02
a — fCaoo ,3 — 1- fCaoo
rea TfCa ’ rea TfCa
where
1
fcao = EEERGE
1+ (_—”)
Cp

ag, and B4, are constants (Table S3). The parameters are listed in Table S3.

Table S3. L-type Ca current parameters

Parameter Description Value
Pca L-type channel permeability 11.9 umolCms?
Yir Yo Activity coefficient of Ca 0.341
N Number of LCCs in each CRU 12
Cp Threshold of Ca-dependent inactivation 6 uM
Tfca Time constant of Ca-dependent inactivation 15 ms
ay Transition rate from dz to ds 0.3ms*
B, Transition rate from ds to d 6 ms*

2.3. Sodium-calcium exchange current (Incx)
The Na-Ca exchange are spatially distributed in the CRUs, which are functions of Ca

concentrations of the local sub-membrane spaces (cs). For the (m,n,k)" CRU, the Na-Ca change

current is:
KaVNaCa(enZ [Na]i [Ca]o - e(n—l)z [Na]gcs(m, n, k))

Ji n k) =
wex (m, m, k) (t1 + to + t3) (1 + kggreM=12)

3
Na];
L+ ([ L) '
KmNai
Cc
t, = K%Naocs(m' n, k)(1+ K
mcai

t3 = Kr?lCao [NCL]? + [Na]?[ca]o + [Nalgcs(m’ n, k);

Kda 3
K,=|1+(—% _
. I +(cs(n,m,k)>l '
VF

zZ=—,
RT

)

where

t1 = Kmcai [Na]cz)

and the whole-cell Incx is:



M,N,K

Incx = z 7ch(m:n:k)

mnk=1

The parameters are listed in Table S4.

Table S4. Sodium-calcium exchange current parameters

Parameter Value Units
VNaCa 7 uM ms -1
KmCai 3.59 ,uM
KmCao 1.3 mM
I'<mNai 12.3 mM
KmNao 87.5 mM
Kda 0.11 MM
Ksat 0.27
n 0.35

2.4. Inward rectifier K current (Iku)

/[K]o Ay
Iy, = V —Ey),
K1 = 9k1 5.4 A, + BKl( k)

1.02
T 1 4 0.2385(V-Eg—59.215) ’

AK1

0.4912490.08032(V—EK+5.476) + 60.06175(V—EK—594.31)

)

K1 = 1 4 —0.5143(V—-Eg+4.753)
RT [K],
E, = —1 :
K=F “([KL-)

2.5. The rapid component of the delayed rectifier K current (Ir)

_ (K],
Igkr = Gkr 5—4 xgrR(V)(V — Ex),

1
R(V) = V+33 ’
1+ e 224

(o0
der Xgkr — XKr
dt Tkr




1

(o]

Xkr = _V+50’
1+e 75
_ 1
tir = 0.00138(V + 7) , 0.00061(V + 10)°’
1 — ¢-0123(v+7) " q{ F ¢0.145(V+10)

2.6. The slow component of the delayed rectifier K current (I ks)
Ixs = GrsXs1%Xs2qxs(V — Eks),

gs =1+ —7—,
Ks 1+(%)3

dt Tysz
o 1
Xs = V=15’
1+4e 167
_ 1
Txs1 = 5.0000719(V + 30) . 0.00031(V + 30) ’
1 — ¢-0148(V+30) —1 + £0.0687(V+30)

Txs2z = 4Txs1

o _RT(IKl, +001833[Na],
Ks = f [K]; + 0.01833[Na]; )

2.7. The fast component of the outward K current (liw)

Ito,f = gto,tho,fYto,f(V — Ex),
1

Xeo = V3
1+e 15
- 1
Yeor = V+335 "’
1+e 10
~(3)
Txto = 3.5¢730) + 1.5,
20
Tytof = viass T 20,
14+e 10
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dXtO,f _ X;);,f - XtO,f
dt TXtO,f ’

dYto,f . Ytog,f - Yto,f
dt TYtO,f

2.8. The slow component of the outward K current (lio,s)

Ito,s = gto,tho,s(Yto,s + O-SR;)O)(V - EK)r

- 1
Rs" = V+33.5’
1+e 10
- 1
XtO,S = V+3
14+e 15
o 1
YtO»S - (V+33.5) "’
1+e 10
9
Txto,s 7+ 1+ 0.5,
1+e15
3000
Tyto,s 77e0 + 30,
1+e 10

2.9. Sodium-potassium pump current (Inak)

[Na],
e673 —1

o=—"",

1

frnak = 0.1VF “VF’
1+ 0.1245e  RT + 0.03650e RT

1 K],
INak = InaxSNak 12 X K], + 15
1+ ot 1.
[Na];




3. Intracellular Ca cycling

3.1. Differential equations for Ca cycling
The Ca cycling are described by the following differential equations [for an arbitrary CRU at a
location (m,n,k) with the spatial location omitted in the equations]:

dcl
ﬁl(cl) (IdSl Iup + Ileak - ITCi + Ici>'
dcs

dt ﬁs(cs) (Idps + INCX Idsi - ITCs + Ics)'

dc
dtp = ﬁp(cp)(lrel + ICa,L - Idps);

dt = (IUP Ileak) - ItT + Lensr)

TLST UTLST

—— = Bsr(¢ )(1 -1 v—’”)

dt JSTr\~Jsr tr T vjsr )
where c; is the free Ca concentration in the bulk myoplasm, cs is the free Ca concentration in a thin layer
just below the cell membrane, c; is the free Ca concentration in the proximal space (dyadic space), Cjsr

is the free Ca concentration in the junctional SR, cnsr is the free Ca concentration in the network SR,
S terms account for instantaneous buffer in corresponding compartments using the rapid buffering
approximation, Iy is the SERCA uptake current representing total flux into the NSR, lieax is the leak

Table S5. Effective volumes of sub-space of a CRU

Parameter Description Value

Vi Cytosolic volume 0.5 um?
Vs Submembrane space volume 0.025 um?®
Vp Proximal space volume 0.00126 um?
Vjsr JSR volume 0.02 umd
Vnsr NSR volume 0.025 um?®

current from NSR to cytosol, Incx is Na-Ca exchange current, Ica,L is the L-type Ca influx, lre is the
total Ca efflux from the JSR, lasi, laps and ly are the diffusion currents from adjacent compartments,
Itci and ltcs are the troponin C dynamic buffering currents in cytosol and submembrane spaces, lci, lcs
and lensr are the diffusive currents between neighboring CRUs in the corresponding compartments. Note

that currents are all local currents for a single CRU, for example, lca. is the same as TCa,L (m,n, k) and Incx

the same as Iycx(m,m, k) in the expressions of the whole-cell currents described in the sections of ionic
currents. The values of compartments volumes are listed in Table S5.

3.2. Instantaneous cytosolic buffering

The factors gi(ci) and fs(cs) describe instantaneous buffering to Calmodulin, SR sites, Myosin
(Ca?*), and Myosin (Mg?*). Note that the concentration of the proximal space rapidly equilibrates, so
we do not require knowledge of the instantaneous buffers in the proximal space. The equation of gi(ci) is

YByK, 17
ﬁl(cl) =11+ (Ci + Kb)z] )
where the sum is over the instantaneous cytosolic buffers Calmodulin, SR sites, Myosin (Ca?"), and
Myosin (Mg?*), with buffer dissociation constants Kcam, Ksr, Kmca, and Kmmg and total concentration
of buffering sites Bcam, Bsr, Bmca, and Bmmg, respectively. In addition to Calmodulin, instantaneous
buffering in the submembrane space includes the subsarcolemmal sites of high affinity with total

9



concentration of sites and dissociation constant Bs . and Ksin, respectively. The parameters for
instantaneous cytosolic buffering are in Table S6.

Table S6. Buffering parameters.

Parameter | Value Units
Kcam 7.0 uM
Bcam 24.0 uM

Ksr 0.6 uM
Bsr 47.0 uM
Kmca 0.033 uM
Bmca 140.0 uM
KsLh 0.3 uM
BsLn 13.4 uM
Bt 70.0 ,LLM
kL 0.0327 | (uM ms)*
ki 0.0196 (ms)-1

3.3. Troponin C buffering
Itci and lrcs describe the rate of change in the concentration of Ca bound to Troponin C in the
cytosolic and submembrane compartments, [CaT]i and [CaT]s. These quantities satisfy
d[CaT]l
. T

with

Ir¢, = kinc;(Br — [CaT];) — kggp[CaTl,,
and analogous expressions apply for the submembrane compartments, replacing the subscript i by s. Here, kI,
and kgff are the on- and off-rate constants for Ca Troponin C binding, and B s the total concentration of
Troponin C buffering sites. The values of these parameters are listed in Table S6.

3.4. Instantaneous luminal buffering
By (Cjsr) describes instantaneous luminal Ca buffering to calsequestrin (CSQN). The expression

of ﬂjsr(cjsr) is

K:Bcsonn(c) + o.n(c)(cK, + cz)>_1

Ble) = (1 + (K. + c)?

where
n(cjsr) = 1\71nM + (1 - 1\71)nD,

1
(1 + 8pBCSQN)2 -1
4pBcson

M = )
and
h
poocjsr
Kh +ch '

jsr

,D(str) =

The parameters for luminal buffering are in Table S7.
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Table S7: Luminal buffering parameters.

Parameter Description Value

Bcson Concentration of CSQN molecules 460 uM
Kc Dissociation constant of CSQN 600 uM
Nm Buffering capacity of CSQN monomers 15
Np Buffering capacity of CSQN dimers 35
P Asymptotic ratio of dimers to monomers | 5000
K Dimerization constant 850 uM
H Dimerization exponent (steep) 23

3.5. SR Ca uptake current (lup)

The parameters are listed in Table S8.

Table S8. Uptake and leak current parameters.
Parameter Value Units

Vup 0.3 uM ms !
Ki 0.3 MM

Knsr 1700 uM
H 1.787

Jieak 1.035% 10°° ms™*

Kisr 500 uM

3.6. SR leak current (lieax)
2

str
lieak = Gieak W (Cnsr - Ci)-

jsr jsr

3.7. RyR release flux (lrer)
Cisyr — C
Lrer = Jimax Bo u'
Up
where Py is the fraction of RyR channels that are in the open state of RyRs. Jmax is the maximum RyR flux

strength. The parameters are listed in Table S9.

3.8. RyR model

The RyR model includes the following 4 states (Panel D in FIGURE): closed CSQN-unbound
(CU), open CSQN-unbound (OU), open CSQN-bound (OB), and closed CSQN-bound (CB). The rates
of transition are:

k12 = KuCZZ,,
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14 BgSQN )
ko1 = T,

_ Mty " Beson
“ Blson
k43 = Kpcp,
kar = T30
kss =157,
lwn = a1k12
32 Kas

The parameters are listed in Table S9. Note that BCSQN/BngN is only different from 1 when the CSQN
concentration is modified.

Table S9. SR release current and RyR model parameters

Parameter Description Value
Jmax Maximum RyR flux strength 1.47 x 1072 um3mst
Ku CSQN-unbound opening rate 3.8 x10* uM?ms™
Kb CSQN-bound opening rate 1x10° uM?ms™t
Tu CSQN-unbindingtimescale 700.0 ms
Tb CSQN-bindingtimescale 10.0 ms
Tc RyR closing timescale 1.0 ms
Beson Normal CSQN concentration 460 uM

3.9. Nearest-neighbor diffusive currents
The diffusive currents in cytosol, submembrane and NSR are given by

) _

m_ o€

Tmn

where the sum is over the six nearest neighbors. The values of the timescales (z,,,,) are listed in Table S10.

Table S10: Parameters of Ca Diffusion

Parameter Description Value
Tl Transverse cytosolic 2.93 ms

TF Longitudinal cytosolic 2.32 ms
tre. Transversal NSR 7.2 ms
k. Longitudinal NSR 24.0 ms
! Transversal submembrane 1.42 ms

Tk Longitudinal submembrane 3.4 ms

C. Mouse ventricular cell model

We used the same spatial CRU structure and distribution as the rabbit ventricular cell model described
above but substituted the ionic currents of mouse ventricular myocytes formulated by Morotti et al (5) except

lcaL Which was the same as in the rabbit ventricular cell model but a 65% increase in conductance, i.e.,
12



Pca=19.635 umolC™ms™. The total ionic current is
Lion = Ing + Inar F+ Inavk + Ik1 + Igr + Lo g + Inak + lcar + lcabk + Incx T Iksiow1 T Iksiowz T+ Iss

The details of the ionic currents are described below. The parameters are the same as in the Morotti et al unless
specified.

Sodium current (Ina)
Ing = gNam3hj(V - ENa) ,

Eyng = Eln <[Na]0> ,

F [Na];
dh
= = an(1=h) = Buh,
dj . .
E = aj(l _]) —’8]-] ’
dm
= = @m(l=m) = Bam,
_ V+47.13
a, = 0.32 1 — -01(V+47.13) ’
v
Bm = 0.08e 11,
ForV = —40mV ,
ap = 0 )
aj = O )
0.66
Bn = V+10.66\ ’
0.13 (1 + eﬁ)
e—2.535><10‘7v

1+ e—O.l(V+32) ’

ForV < —-40mVl,

V+80
a = 0.135e-638

B, = 3.92¢%07°0V"2) 1 3.1 x 105¢%350"72),

(—127140€02444V _ 03474004391V 5 (1 4 37.78)
@ = 1 + g0311(V+79.23) ’
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0.12128_0'01052V
i = 1 + ¢-01378(V+4014) *

Late sodium current (InaL)

Ingr = gNa,LmLBhL (V - ENa,L) )

RT [Na],
Enar = ?ln <[Na]i> )

e = 1+ exp (V 2_.191)

Tn = 4000 ms

where my is the same as m in Ina.

Background sodium current (Inabk)

Inabk = gnabk(V - ENa)

Inward rectifier potassium current (Ik1)

I = [Kl,  Aki
K1 =91 54 A + Bry

(V — Ex),

_ 1.02
Ay = 1 + ¢0-2385(V—-EK—59.215) ’

0_4912460.08032(V—EK+5.4-76) + eO.O6175(V—EK—594-.31)

1 + e—0.5143(V—EK+4-.753) 4
RT . ([Klo

E, =—1 }

K=F “([KL-)

The rapid component of the delayed rectifier potassium current (Ir)

_ (K],
Ixr = Gkr 5—4 xgrR(V)(V — Ex),

R(V) =

V+33
1+e224

14



oo
dXgr _ Xkr — XKr

dt Ter
o 1
Xkr = V450’
1+e 75
1

tkr = 0.00138(V + 7) _ 0.00061(V + 10)’
1 — ¢—0123(V+7) + —1 + 0-145(V+10)

The fast component of the transient outward potassium current (lo,f)

Loy = gto,tho,fYto,f(V — Eg),
1

co _
Xto,f - V+3’

1+e 13

1

V+48"’
1+e 5

Yior =

_(V+25)2
Txto,r = 0.7¢ \ 30 / +0.08,

8 _(V+55)2
TYto,f = 7Vv¥e0 + 32e¢ 16 + 10 ,

1+e 8

dXto,f _ ng,f - Xto,f
dt TXtO,f ’

dYto,f _ Yt%o,f - Yto,f

dt TYto,f
Sodium-potassium pump current (Inax)
[Na],
e673 —1
o - ,
1
frnax = _0.1VF _VE?
1+ 0.1245e RT + 0.03650¢e RT
g L K
Nak = YNak NaK1 N 19 [K], + 15
[Nal;

L-type calcium current (IcaL)
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Ica,L formulation is the same as in the rabbit ventricular cell model except that the activation Kinetics is
shifted to the negative voltage direction for 15 mV, i.e.,

de =

1

_V+10 ’
1+ e 624

_V+10
1—e 6.24

= de.
0.035(V + 10)

Tq

Background calcium leak current (Icabk)

Icapk = gcabk(V — Ecq)

Sodium-calcium exchange current (Incx)
Incx formulation is the same as in the rabbit model with vnaca=3.6 pA/pF.

Slowly inactivating delayed rectifier potassium current (I« siow)

Iksiow = lksiow1 T Iksiowz
Iksiow1 = Gkstow1Xkstow1Ykslow1 V- EK)

Iksiowz = Gkstow2Xkstow2Ykslow2 V- EK)

1

Xkslowss = V+15
1+e 14

Txkstow = 0.95 + 0.05¢ 008V

1
Ykslowss =~ v+as
1+e 62
_(V+55)2 250
Tyksiow1l = 400 + 900e 16 -
1+e 8
_(V+_55)2 550
Tyksiow2 = 400 4+ 900e 16 — s
1+e 8

dXpsiow __ Xkslowss — Xkslow

J
dt Txkslow

dykslowl _ Ykstowss — Ykslow1

)
dt Tykslowl

dykslowz _ Ykstowss — Ykslow2

dt Tykslowz ,
where gksiow1=0.0352 nS/pF and gksiow2=0.028 nS/pF.
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Non-inactivating steady-state current (lss)
[ = gssxss(V — Ex),
where

Xssss = Xkslowss

_(&)2
Tyss = 14+ 70e \ 30

dxss _ Xssss — Xss

dt Tyss

D. Numerical methods

The differential equations for voltage and Ca concentrations of different compartments were
numerically solved using an Euler method with a time step of 0.1 ms. The gating variables were integrated using
the method by Rush and Larsen (14). The LCCs were simulated by a standard Monte Carlo method using the
Markov model shown in FIGURE. The RyRs were simulated using an optimized method developed by Restrepo
et al (12), which is equivalent to the binomial t-leaping method (15). For all the simulations in this study, we
pre-paced the cell model 50 beats to reach the steady state. All computer programs were coded in CUDA C, and
simulations were carried out on a Graphical Processing Unit workstation with 2 intel Xeon E5-26640 processors
and 4 Nvidia Tesla K20 GPUs. To simulate 1 s of electrical and Ca cycling activity, it takes ~ 10 s of
computational time.
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Supplemental Figures
(Complex EAD behaviors observed in experiments from literature)

A EADs B EADs
with increasing amplitude with decreasing amplitude

omv -

—

Fig.S1. Complex EAD behaviors from experiments. A. EADs with growing amplitude. From Liu et al (3). B.
EADs with decreasing amplitude. From Xie et al (9).
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A First decrease and then increase EAD amplitude, long phase-2 plateau

-80 mV—
2s
B Long phase-2 plateau followed by a gradual increase in EAD amplitude
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C EAD bursts
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Fig.S2. Complex EAD behaviors from experiments. A. EADs with decreasing and then increasing amplitude
and long phase-2 plateau. From Orth et al .(1). B. Long phase-2 plateau followed by EADs with growing
amplitude. From Puisieux et al. (8). C. EAD bursts. Upper trace: optical voltage trace. Lower trace: Frequency of
the EAD burst. From Change et al (10).
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Complex EAD pattern and irregular from beat to beat

ALK )

Long phase-2 plateau and
alternating EAD pattern

Control LQT2 (A3)
_80 L

Fig.S3. Complex EAD behaviors from experiments. A. Arecording from a dog Purkinje fiber showing complex

EAD patterns and irregular beat-to-beat change (Courtesy of Robert Gilmour). B. Alternating EAD pattern

following a long phase-2 plateau. During the phase-2 plateau, intracellular Ca is high without oscillation. From
Spencer et al. (4).
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Supplemental Results
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Fig. S4. Model properties. A. AP, [Ca]sr, [Ca];, and a line scan of [Ca]i for the normal control model after steady
state periodic pacing at PCL=2 s. B. [Ca];, [Ca]sr, Inak and Incx for [Na]i=7 mM (black) and 10 mM (red) obtained
under voltage clamp condition using the AP in A and PCL=2 s. C. Upper panel: Steady-state activation (actss) and
inactivation (inactss) curves of lc, . The red curve is the actss with 5 mV left-shift. Middle and lower panels: Ica, and
[Cali before and after a 5 mV left-shift of I, steady-state activation curve under the same voltage clamp condition
asin B. D. AP, IcaL, and [Ca]i under free running condition (paced with PCL=2 s). The parameters are the same as in
C. Note that under AP clamp conditions, 5 mV shift in acts has very small effect on Ic,. and [Ca]i but under free
running condition, EADs occur and the changes of Ic.. and [Ca]; are large. The normal control model was used in

panels A and B, and the L-type Ca channel open probability was increased (the same as in Fig.1 in the main text) in
panels C and D.

Time (s)

Fig.S5. The entire optical recording from which Fig.6B in the main text (from 40 s to around 72 s) was taken.

21



100 ms

[Cal; (M) V, (mV)
[Cal; (mr) Vm (MV)
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[Cal; () Vm (M)

30 CRU

Fig.S6. Complex EAD-DAD dynamics in a mouse ventricular model. A. Time traces of voltage, whole cell
averaged [Ca]; and the corresponding line scan for control conditions. PCL =1 sec, and [Ca]o= 1 mM. B. pacing-
induced EADs. [Ca]o= 2.7 mM and the maximum conductance of Ina=2.7 pA/pF. C. Spontaneous APs (indicated
by asterisk) and EADs due to spontaneous Ca release. [Ca]o,=2.7 mM, the maximum conductance of Ina=1.2
pA/pF, with doubled the RyR leakiness, increased SERCA activity increased by 50%, and L-type Ca current by
50%. The mouse ventricular cell model were based on the model by Morrotti et al (5), as described in detail in the
online supplemental text. The changes in B and C from control were under the assumption that Ca overload
causes CaMKII activation which causes the corresponding changes to late Ina, lcar, RYR, and SERCA.
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Fig.S7. Interactions of voltage oscillations and Ca oscillations during repolarization failure. Shown are voltage,
[Ca]i, and [Ca];s versus time, and line scan of [Ca]i. The arrow in each case indicates the time when voltage clamp started.
The parameters are the same as in Fig.1A in the main text but Ca overload ([Ca],=5 mM) with [Na]i=10 mM and 7 mV
left-shift in actss of lca. A. The free-running voltage case in which repolarization failure occurs. B. Constant voltage
clamp with normal LCCs present in CRUs. C. Same as B, but with a constant uniformly distributed Ic,.. D. Sinusoidal
voltage clamp (V(t)=Asin2xft with A=20 mV and f=4 Hz) with normal LCCs present in CRUs. E. Same as D but with
a constant uniformly distributed Ic... F. Voltage and [Ca]i versus time for a sinusoidal voltage clamp with normal LCCs
present in CRUs, at different driving frequencies. Upper two panels: f=2 Hz. Lower two panels: f=1 Hz.
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Fig.S8. Ca oscillations under different voltage clamp conditions (same as Fig.S7). A and B. The LCCs were
removed without a constant Ca flux for compensation as in Fig.S7. Although the overall Ca decreased, the
oscillations maintained. C. The LCCs were present, but the voltage was clamp at a higher value so that the LCCs
are mostly inactivated to allow Ca oscillations to occur.

Interactions between voltage and Ca cycling during the long AP plateau (Detailed description of Figs.S7 and
S8)

To explain the observation shown in the experiments in Fig.6 and the corresponding simulation in Fig.7
in the main text, in which no Ca oscillations (or very small fluctuations) in the long plateau phase but oscillations
occur during the EAD phase, we carried out simulations (Figs.S7 and S8) by clamping the voltage during the AP
plateau, so that we could observe the intrinsic underlying Ca cycling dynamics. We chose a parameter setting in
which repolarization failure occurred such that voltage during the plateau remained around ~-5 mV, as illustrated
in Fig.S7A. When no voltage clamp was imposed, voltage and whole-cell Ca exhibited small but irregular
oscillations, and [Ca]i remained high. The line scan of Ca shows a random spatiotemporal pattern. We
hypothesized that the random spatiotemporal pattern of Ca release under these conditions was likely to be related
to the random openings of LCCs producing a random spatial pattern of Ca release sites during the plateau. To
investigate how random opening of LCCs affects Ca oscillations, we carried out the following voltage clamp
simulations. After starting each simulation from identical initial conditions, we imposed at a certain time point
(arrow) either a voltage clamp to a constant voltage (Figs.S7B-C) or a voltage oscillation around the mean voltage
(Figs.S7D-F).

When the voltage was held constant to promote random unsynchronized LCC openings, the whole-cell
Ca and line scan (Fig.S7B) were very similar to the free-running case of repolarization failure (Fig.S7A).
However, if LCCs were removed from the CRUs such that they could no longer trigger Ca sparks directly, and
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were replaced by a uniformly-distributed constant Ca flux of the same magnitude as the LCC current so as to
maintain the same cellular Ca level, a clear well-organized oscillation pattern immediately developed, as seen in
the whole-cell Ca and the line scan (Fig.S7C). Even if the LCCs were removed without replacing them with a
uniformly distributed constant Ca flux, Ca oscillations still developed immediately, but subsequently decreased
in amplitude as the cellular Ca level declined due to the reduction in Ca entry (Fig.S8). Alternatively, if the voltage
was held at a higher voltage to completely inactivate the LCCs, similar Ca oscillations occurred (Fig.S8).

If, instead of holding voltage constant during the plateau, a sinusoidal voltage clamp was imposed, the
random spatiotemporal pattern of Ca sparks was replaced by a Ca oscillation pattern at the same frequency as the
voltage oscillation (Fig.S7D), but with an alternating pattern. If the LCCs were removed and substituted by an
equivalent constant Ca flux (Fig.S7E), however, the Ca oscillations did not alternate and exhibited an oscillation
pattern virtually identical to that for the constant voltage case (Fig.S7C). However, now the periodic Ca
oscillations were decoupled from the voltage oscillations, such that the frequencies of Ca and voltage oscillations
were completely different. Fig.S6F shows [Ca]; for different oscillating frequencies of voltage with LCC intact
(as in Fig.S7D). As the voltage oscillation frequency decreased, Ca alternans disappeared and [Ca]; developed a
regular pattern (Fig.S7F, upper trace). However, if the driving frequency was decreased further, an alternating Ca
oscillation pattern occurred again (Fig.S7F, lower trace).

These simulations demonstrate the following. When voltage is constant or nearly constant (Fig.S7B), the
openings of the LCCs are random and uniform in space and time, resulting in random firings of CRUs in space
and time. Therefore, at any time point, a spatially random portion of CRUs have yet to recover from their
preceding firing. This random distribution of refractory CRUs reduces the likelihood that excitable CRUs
activated by random openings of their LCCs or RyRs will be able to recruit neighboring CRUs and synchronize
their refractory periods as required to generate an organized Ca oscillation. This is similar to the mechanism
described in our previous study (2) showing that Ca waves and oscillations are emergent properties of the CRU
network which strongly depend on CRU recruitment. On the other hand, when the LCCs are removed and replaced
by an equivalent Ca flux (Fig. S7C), the number of randomly-firing CRUs causing dispersion of CRU
refractoriness are reduced. This allows more effective recruitment to occur, which synchronizes the CRUs for
organized Ca oscillations.

For the cases in which voltage oscillates (Figs. S7TD-F), fewer LCCs are available for opening at high
voltages but more are available at low voltages, and thus the voltage oscillation causes synchronous opening and
closing of LCCs, resulting in synchronous firing of the CRUSs, accounting for the organized Ca release patterns
shown in Fig.S7D. However, if the driving frequency is fast so that the CRUs have not completely recovered
from their previous firing, Ca alternans results, similar to the refractoriness mechanism of Ca alternans caused by
rapid pacing with a free-running AP (16). When the driving frequency became slower so that CRUs had time to
fully recover between oscillations, Ca alternans disappeared (Fig.S7F, upper traces). At even slower driving
frequencies (Fig. S7F, lower traces), spontaneous synchronous CRU firings occurred between two pacing beats,
resulting in a spontaneous beat followed by a voltage-driven beat, which is another type of Ca alternans.
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