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TABLE S1: Definitions and abbreviations

BZ
Nz

INa
INaL

Icaq)

Ik,
IKs
Itol

It02

Ixi
IKp
INaCa

Inax

CTaci
CTkci

SR
JSR
NSR
SS

Irel

Lup
Itr

Ilealk
Kleak

Laie

Ik ¢
Ici

Istim

Ca1\/H<Hactive

Canine epicardial border zone
Normal, remote region of infarcted heart

Fast Na' current, pA/pF
Slowly inactivating late Na' current, uA/puF

Ca’" current through the L-type Ca®" channel, pA/uF

Rapid delayed rectifier K" current, pA/uF
Slow delayed rectifier K' current, pA/uF
4AP-sensitive transient outward K™ current, pA/uF

Ca*"-dependent transient outward CI” current, pA/uF

Time-independent K current, pA/uF
Plateau K current, pA/pF
Na'-Ca®" exchanger, pA/uF

Na'-K' pump, pA/uF

Na'-CI’ cotransporter, mmol/L per ms
K'-CI’ cotransporter, mmol/L per ms

Sarcoplasmic reticulum
Junctional SR

Network SR

Ca®" subspace

Ca”" release from JSR to myoplasm, mmol/L per ms
Ca”" uptake from myoplasm to NSR, mmol/L per ms
Ca”" transfer from NSR to JSR, mmol/L per ms

Ca’" leak from JSR to myoplasm, mmol/L per ms
Rate of Ca®" leak from NSR to myoplasm, ms™

Ca®" transfer from SS to myoplasm, mmol/L per ms

Total transmembrane K current
Total transmembrane CI current,

Stimulus current, pA/pF

Fraction of active CaMKII subunits
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CaMKII,
G.

Tf
Tfca
Tfca2

PCa

o and By
o;and f3;

Orel

Vin

[S],and [S],

[Cai]JSR
{gzz%NSR
[Ca* T,

csqn
trpn
cmdn
BSR
BSL

BSR, BSL

A[Ca* s

Fraction of active CaMKII binding sites at equilibrium

Maximum conductance of channel x, mS/uF

Time constant of Ic,1) voltage-dependent inactivation gate, f, ms
Time constant of Iy fast calcium-dependent inactivation gate, f.,, ms
Time constant of Icyr) slow calcium-dependent inactivation gate, fc,, ms

Membrane permeability to Ca**, cm/s

Opening and closing rate constants of Iy, fast inactivation gate, h, ms™
Opening and closing rate constants of Iy, slow inactivation gate, j, ms™

Activation gate of I

Transmembrane potential, mV
Extracellular and intracellular concentrations of ion S, respectively, mmol/L

Ca”" concentration in J SR, mmol/L

Ca”" concentration in NSR, mmol/L

Ca”" concentration in subspace, mmol/L

Concentration of free and buffered intracellular Ca**, mmol/L

Calsequestrin, Ca®" buffer in JSR

Troponin, Ca’" buffer in myoplasm

Calmodulin, Ca®" buffer in myoplasm

Anionic SR binding sites for Ca*" in SS

Anionic sarcolemmal binding sites for Ca*" in SS
Half-saturation concentration, mmol/L

Maximum Ca®" binding capacity of SR and sarcolemmal sites, respectively, mM

Change in Ca®" concentration in SS compartment during one time step,
mmol/L

Volume of SS compartment, pL.

Faraday constant, 96,487 C/mol
Capacitive membrane area, cm”
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TABLE S2: Initial conditions for BZ model

Vin -87.9547 mV
[Ca®™]; 1.06728 x 10 mmol/L
[CI]; 26.5782 mmol/L
[K']; 149.012 mmol/L
[Na']; 10.3891 mmol/L
[Ca® Tisr 2.03302 mmol/L
[Ca® Insr 2.05078 mmol/L
[Ca® s 1.06299 x 10 mmol/L
[Ca®], 1.8 mmol/L
[CIT], 100 mmol/L
Ko 5.4 mmol/L
[Na'lo 140 mmol/L

*After model 1s undisturbed for 10000 s.

TABLE S3: Initial conditions for NZ model

Vm -886616 mV
[Ca®"]; 0.855672x10
mmol/L
[CT]; 26.8349 mmol/L
[K']; 150.430 mmol/L
[Na']; 9.30948 mmol/L
[Ca’ Trsr 1.64673 mmol/L
[Ca* Insk 1.66692 mmol/L
[Ca®]ss 0.876075x10™
mmol/L
CaMKactive 0004379
[C32+]o 1.8 mmol/L
[CTT, 100 mmol/L
[K+]0 5.4 mmol/L
[Na'], 140 mmol/L

*After model is undisturbed for 10000 s.
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UPDATED MODEL EQUATIONS FOR NZ and BZ CELL

This section contains equations that differ from the original Hund-Rudy dynamic (HRd)
epicardial cell model. Complete equations of the original HRd model may be found in the online-
only data supplement of a previous publication [1] and in the research section of the
http://rudylab.wustl.edu website.

MODEL EQUATIONS FOR NZ CELL

A. CaMKII
1

Km,CaM

[Ca™],

CaMK,,,, = CaMK,-(1-CaMK,,, )
1+

dCaMK,,,
T = aCaMK ) CaMKbound : (CaMKboun
CaMK,,,,, =CaMK,,,, +CaMK,
A =0.0006 ms™; S =0.00003 ms™
CaMK,=0.05; Ky car=0.001 mmol/L

+CaMK

trap

) — Bea - CaMK

trap

active

B. lcan)
Loiy=d- foyfour [ -1 ca
7Ca(L) =P, -zé . Ve F . Y cai '[Ca]” .exp(ZCa Vo .F/(RT))_yCao '[Ca]o
- R exp(z¢, ¥, - F /(RT))-1
g 1
* l+exp(-(V, —4)/6.74)
exp(0.052-(V,, +13))
1+exp(0.132-(V,, +13))
0.7
e T oven(, 17.1277) T

280- 0.062-(V +28.3
eXp( ( - ))))+Arf,CaMK

7,=0.59+0.8-

T exp(025+(1), +283
ZTf,cmvfk
1+ (K, e / CaMK )"

m,CaMK

AT/',CaMK =

Krf’CaMK =20ms; Ao =5

0.3 0.55

Seuw = + —+0.15
o _ICa(L) 1+[Caz Iy

0.05 0.002
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1 B 1
Ca2,0 —
¢ _ Iy
0.01
A . Az-fca CaMK
cha,CaMK -

1 +( mcamx | CaMKacttve)

Az—fca,CaMK =10 ms ; hofoa =5

|

Tha = Acha,CaMK +0.5+ 1.0+[Ca2+]ss /0.002 m

- 100.0 +100.0
1+ exp([ Loy, ~0.175]7/0.04)

Km,CaMK =0.05

P, =243x10"" cm/s; Ycai = 1; Ycao = 0.341

C. IreI

0,,(ICa* 1,5, ~[Ca™"],))
The differential equation for O,.; is the same previously used for I [2].
do, _ Orel ,00 + Orel

rel

dt T

Where O,.;. and 7, are functions of Ca*’ jsr as defined previously [2
p y

rel

o - Aol o1
el oo — Prer
1.0+ ((KOO - AKoo,CaMK ) / [Ca2+ Lusw )

arel :K'ﬂr
k=0.1pF/pA; B =525mM
A[<c>oC'aMK

1+( mcamx | CaMKacttve)
=0.35; K

m,CaMK

AK

w,CaMK

=0.05; h

K rel

Acxrel,CaMK = 10 5 A1<oo,CaMK
5.25
/[Ca* ) 5

5.0

Trel =
1+ K

rel,r

=0.0123

rel T
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D. Ina
Ly =Gua-m’-h-j-(V, —Ey,)
G =825 mS/puF
Ey,=(RT/F)-In([Na'],/[Na'],)
Y 0.32-(V,, +47.13)
" 1-exp(-0.1-(V, +47.13))
B, =0.08-exp(-V, /11.0)
If (V,, = AV, cse ) 2—40.0 mV,

a,=0.0
_ 1
' 0.13+(1+exp( (¥, = AV, coe +10.66) /-11.1))
a;=0.0

) 03-exp(-2.535x107 +(V,, — AV, cuuc )
- exp(=0.1+(V,, = AV, e +32)) +1

else
&, =0.135-exp((80.0+7,, = AV, ¢ )/ —6.8)

B, =3.56-exp(0.079-(V,, = AV, ¢ ))+3.1x10° - exp(0.35- (¥, = AV, (e ))

&, ==12714x10° -exp(0.2444-(V,, = AV, o )

&, =3.474x107 -exp(-0.04391-(V,, = AV, o))

@5 = (V= AV o +37.78) (14:exp (0311 (1, = AV, e +79.23)))
a; =1+ A, i ) (@~ )t s

~0.1212-exp(-0.01052-(V, = AV, i ))
b= 1+exp(—0.1378-(Vm ~ AV, ok +4o.14))

AV
_ m,CaMK
AI/m,C(thK - By
1 + (Km,CaMK / CaMKuctive )
Aa,
_ Jj,CaMK
Aaj,CaMK =

1 + (Km,CaMK / CaMKactive )ha/
AV, e ==3:25V5 A, e =018 K., e =0.06 5 hyiy = 4.0 hy= 4.0
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E. INa’L
~ 3
Ly =Grar-my-hy '(Vm _ENa,L)

Ey.. = RT -In [Na ]0
: F [NaJr]l.

Gror = 0.0065-(1 + AENa,L,chK) mS/uF

AGNa,L,CaMK
1 + (Km,CaMK / CaMKamve )hNa,L
ENa,L,CaMK =0.0095; K, cx =0.06; hng = 4.0
0.32:(V,, +47.13)
Otm L=
. l—eXP(_O.l.(Vm +47'13))

y
~0.08 ¢ m
P Xp(n.o)

AGNa,L,CaMK =

1
h =
Y T+exp((v, +91)/6.1)
T = 600 ms
F. Itol

Following the I;,; formulation of Grandi et al. [3], we use activation kinetics for I,; from
Bassani et al. [4].

E, =(RT/F)-In([K"'],/[K"],)
R, =exp(V, /300)
7, =35-exp(~(V,,/30.0)")+15
a, =1/(1+exp((¥, +3.0)/-15.0))
a,=0.03/(1+exp((V, +60)/5))
_0.2-exp((V, +25)/5)
" l+exp((V, +25)/5)
a,, =0.00225/(1+exp((V,, +60)/5))
_0.1-exp((¥, +25)/5)
27 ltexp((V, +25)/5)

Gior =0.79 mS/pF
1,=Guo-a-i-i,-R,-(V, —E,)
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G. IKS

We used a revised fit for the time constant of the Ik activation gate,txs, to data from the
canine [5] (Figure S2).
14

Gr. = 0.028975-(1 10.6/ (1 +(3.8x10° /[Ca™"1,) ))

_ RT In [K+]o +PNa,K '[Na+]g
R [K*),+ Py« [Na'],

X=X = :
=0 T exp(—(7, —10.5)/24.7)

5.0824x107-(V, +18.5172 4.8824x107-(V, +18.5172 B
— m + m

T . =
! 1—exp(—0.064-(Vm +18.5172)) exp(0.064-(Vm +18.5172))—1
Tyn =2 Ty
P, x =0.01833
IKS = EKS .Xs 'XSZ (Vm _EKS)
H. INaCa
We assume that 20% of the Na"/Ca>" exchanger is located in the Ca** subspace [6] .
1y,co = Allo-AE
Allo = 1 5
+ KmCa,act
2+
1.5-[Ca™],
0.8-v._ | [Na*1* [Ca* ], -exp| - E | ~[Na*1,} -[Ca? ] -exp| T=DTE
AE = RT RT

vk p(w—RDTVFD

m,Nai

2+
Km,Cao ’ [Na+ ]13 + Kri,Nao ’ [C'aZJr ]i + K3 . [C‘abr ]0 (1 + [(ja]lj

m,Cai

Na'],

+K,, cq '[Na* X [1 + [3] +[Na" T -[Ca® ], +[Na" I, -[Ca™"],

m,Nai

[NaCa,ss = Alloss ’ AESS
1

K

Allo = >
1+ mCa,act
1.5-[Ca® ],
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o ([N“ I [Ca™], -eXp(ﬂ'?;j‘[Na*]f [Ca™], -exp((ﬂ‘l)'VFjj

AE = e RT
I+k,, eXp(WD'
RT

2+
mCao [Na ] +KmNao [CCIZJr] +K31 Nai [Ca2+]o (14—[&1]“]
m,Cai
+713
K, c.i'[Na ][ [Na]i]+[Na+]?'[Ca2+]o+[Na+]z.[Ca2+]ss
m,Nai

o =3 HA/YF; kg =0.27;=10.35
Km Nai = 12.3 mmol/L; K, oo = 87.5 mmol/L
Kon.coi = 0.00136 mmol/L; K, cao = 1.3 mmol/L
K, o =1.25x107 mmol/L
I Inak

An increased conductance for Inax is used to prevent accumulation of intracellular Na' at
rapid pacing rates.

Grex =0.95875 mS/uF

vJ. ICayb
P, =2.25084x10"" mS/uF

a,

K. IIeak

SR Ca®" leak has been estimated experimentally anywhere from 0.2 to 15 umol/l cytosol
/s at room temperature [7, 8], which assuming a Qo of 2.6 [9], yields a range of 0.52 to
39 umol/l cytosol /s. The maximal leak rate in our control model is equal to 35.022
pmol/l cytosol /s, within the experimentally measured range. The maximal leak rate
with CaMK activation is equivalent to 52.533 umol/I cytosol /s and was selected to
produce a similar decrease in SR load as measured experimentally under conditions of
acute CaMKII overexpression [10].

L =(0.00628125/ NSR)- (14 Al ok connc ) -[Ca™ ]

AT teat cavik
1+(K, o /CaMKW)
Alieak camx =155 K, e = 0.055 hpei = 5.0
NSR =15 mmol/L

AT jeak,camx =
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L. lyp

Shannon et al. measure an SR Ca”" uptake rate of 137 pmol/l cytosol /s at room
temperature [8], which yields a value of 743.6 pmol/l cytosol /s at 37degC (assuming a
Qi correction of 2.6 for temperature differences) [9]. The maximal SR Ca*" uptake rate
used in our control model is 840.54 umol/l cytosol /s, close to the value used by Shannon

et al.
I 7 [Ca2+ ]i
up 2+
[Ca ] + Km up - AI('m,PLB,CaMK
AK
m,PLB,CaMK
AKm,PLB,CaMK =

1+( mcamx | CaMKacnve) v
ZKm pep = 0.00017 mmol/L ; K, oy =0.055 hprp=5.0
Fup =0.008375 mmol/L per ms; K,,, ., = 0.00092 mmol/L

M. Conservative current stimulus

A conservative current stimulus [11] is implemented during pacing protocols.
For duration of current stimulus,
Iy, =1, +05-1

I, = IC”+05 I

stim

stim

N. Subspace Ca**
To preserve conservation [11], and prevent parameter drift, the following formulation is
used to determine [C.':12+]SS in both the control and BZ model.

BSR =0.047mM; BSL =1.124mM;
Km BSR — =0.00087 mM Km BSL — =0.0087 mM

2+
[BSR]=BSR - z[ca L
[Ca +l +K,, por

2+
[BSL]=BSL- z[ca L
[Ca *l +K, o

Tpie = 0.2 ms;
Lo =( [Ca™ Is -[Ca” 1) Toises
[Caz+]ss =dt - (Leyq) " Aca/ (Ve -2 )Ly - Vige IV i)

Cap

10
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[Ca%lﬂ =[Ca2*ls +[BSR]+[BSL]+A| Ca™* | :

Ss

b,=BSR+BSL-[ Ca™ | _+K, ;q tK

ss.T m,BSR m,BSL ?

— 2+
¢, =K pse 'Km,BSL'[Ca lsT

d,=-1- Kosse Knpst 'I:Ca%] 5

ss, T

[Ca2+ls =§«/b12 -3¢ -cos(acos((9-b1 -¢,-2:b’ —27'd1)/(2(b12 _3‘01)15))/3)%1/3;

: (Km,BSR K st ) +BSR K, 5 TBSL-K | per s

MODEL PARAMETERS FOR BZ CELL

The NZ and BZ model equations are the same, with the exception that the BZ model uses
several different parameters for remodeled ion channels and signaling pathways. The parameters
for the BZ model which differ from the NZ model are presented below.

A. CaMKIlI
Ay =0.00315 ms™

B. lcau)
P. =1.56x10""cm/s

C. INa

G =3.22 mS/uF

D. Itol
Gior = 0.0mS/pF
E. ICa’b

Geap =3.0x107 mS/uF
F. I

G =03 KL mS/uF
5.4

11
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A o 0.0 B o0
— i -0.5 1
t:” 1 5_0‘2 | ‘u% 1.0
= — < -1.U 7
g 5-04 =
E ] a2 -1.5
g 2 — Con ‘ %—0.6 1 ut,. 20| —
3 CaMKII3 € .08 | 3 25 CaMKII3
-3 L - : - -1.0 ¢ - - - : -3.0 - : : : -
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time (ms) time (ms) V. (mV)

test

Figure S1. Model simulation of CaMKII effects on lcaw). (A) Simulated current traces (lef?)
during a voltage pulse to +10 mV from a holding potential of -40 mV in the control model (Con,
black lines) and with maximal CaMKII activity (CaMKII®, gray lines). Normalized currents
(right) show slowing of current inactivation in CaMKIId model. (B) Simulated current-voltage
curves. [Ca’], =2.0 mM and intracellular Ca*" buffered with 5 mM BAPTA (K., =

1.27x10" mM).

300 - Figure S2. Voltage dependence of
activation time constant of Ixs.
'g 250 | Experimentally measured values [5]
= (circles) are shown with the least
& 200 - squares fit to the data used in the
Z" mathematical model (/ine).
o
o 150
£
S 100 A - '
© — Simulation
= .
S 50 ® Experiment
S o (Liu & Antzelevitch, Circ Res. 1995)
0 T T T T T T 1

-60 -40 -20 0 20 40 60
V. (mV)

test

12



Supplementary material

A AAPD B Max upstroke velocity
60 (2.0 Hz - 0.5 Hz pacing range) (1.0 Hz pacing freq)
50 300
40

w200
£ 30 £

- £
20 =k e 100 =

i+ i+
Los N N g g N N g
Z e} c c P [aa] c
0 0

Figure S3. CaMKII-independent remodeling of ion channels leads to altered action
potential properties in border zone myocytes. (A) Action potential duration adaptation (APD
at 2.0 Hz pacing — APD at 0.5 Hz pacing) in NZ, BZ, BZ with normal peak L-type Ca®" current
density (Ic,), and BZ with normal peak transient outward K current density (I,). (B) Maximal

upstroke velocity at 1.0 Hz pacing frequency in NZ, BZ, and BZ with normal peak Na" current
density (Ina).

13
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