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1 Cell model

In this study, we used the physiologically detailed rabbit ventricular action potential developed by
Mahajan et al.(1). This model is based on the rabbit ventricular action potential model by Shannon et
al., (2) and intracellular Ca cycling model by Shiferaw et al (3).

1.1 Membrane voltage dynamics

The membrane voltage (V) is described by

av

CmE=—

(Iion + Istim)r

where Cn=1 pF/cm? is the membrane capacitance, lion is the total ionic current density, and Isim is the
stimulus current (typically 80 uF/pA and duration 2 ms). In this model, the total ionic current is

lion = Ing + Ito,f + Ito,s + Igr + Igs + Ig1 + Inag + Ica + Inaca-

Parameter values of the currents were kept the same as in Shannon et al. (2), and are listed in the
tables.

The model was integrated using the Euler method with an adaptive time step ranging from 0.1
t0 0.01 ms.
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1.2 lonic Currents

1.2.1 The fast sodium current (I,)
Original formulation due to Luo and Rudy (4) and used in the Shannon model :

Ing = gNam3hj(V - ENa),
RT [Na+]0
Eng =—In ’

F [Nat];
dh
= = an(1—h) = Buh,
dj . .
E = aj(l _]) - ﬁf]’
dm
E = am(l - m) - .Bmm'
~ V+47.13
a, = 0.32 1 — ¢-0-1(V+47.13)"
1%
Bm = 0.08e 11,
ForV = —40 mV
ap, = 0:
aj = 01
1
By = V+10.66\ ’
0.13 (1 + eﬁ)
8—2.535><1o—7v

1 4 e-01(V+32)"

ForV < —40 mV

V+80
ap = 0.135e -638,

Bn = 3.56e007% 4 3.1 x 105035,
[(—=1.2714 x 10502444V _ 3 474 x 10~5¢=0-04391V) ()7 4 37.78)]
aj = [1 + e0311(V+79.23)] ,

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




1.2.2 Inward rectifier K* current (Ix4)
Formulation due to Luo and Rudy and used in the Shannon model.

I — [K+]o AKl
K1 =961 7547 A+ By

1.02

A = 1.0 + e9-2385(V-Eg—59.215)’
0.491240-08032(V-Eg+5.476) | ,0.061750(V—Eg—594.31))

(V — E),

K1 = 1 4 ¢—0.5143(V—-Eg+4.753) ’

RT [K*],
EK = ?11’1<[K+]l>

1.2.3 The Rapid component of the delayed rectifier K* current (I,)

Formulation due to Luo and Rudy, with modifications for the rabbit myocyte due to Puglisi et al. (5),
and as implemented in the Shannon model.

[K*To

Ixr = Gkr karR(V)(V — Ex),
R(V) = V+33’
1+e224
der — xl?; — XKkr
dt Tr
w 1
Xkr = _(V+50)’
14+e 75

1

tkr = 70.00138(V + 7) . 0.00061(V + 10)
1 = g-0.123(V+7) + —1 + g0.145(v+10)
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1.2.4 The slow component of the delayed rectifier K current (Igs)

Originally formulated by Luo and Rudy and implemented as in the Shannon model. The Ca
dependence of the conductance was modified to fit dynamic restitution data.

Igs = glg@st%SQKs(V — Exs),
dxks _ Xks — Xks

dt Tks
o 1
Xks = 1 + e-(V-15)/16.7’ .
Tks = 0.0000719(V + 30) , 0.000131(V + 30)\’
1 — ¢g—0.148(V+30) —1 + ¢0.0687(V+30)

o _Rr(IK*], +001833[Na"],
s = "\ TK*]; + 0.01833[Na*];

The slow Ca dependent increase in the conductance is modelled by treating gxs as a dynamical
variable that obeys the equation

dqks _ dxs ~ ks
dt Toks

where qg, = 0.6¢5, and where 7qxs=1000 ms.

1.2.5 The NaK exchanger current (Inqx)
As in the Shannon model.

[Na+]o
e 673 —1
o = ,
7
1
fNaK = VF VFE’

0.1
1+ 0.1245e  RT + 0.03650e RT

Inak = INakfNak ! < K7, )
a ak/Na 12 K+, +15)
1+ (e )



1.2.6 The fast component of the rapid inward K* current (I, )

As in the Shannon model.

Lio,f = Gro,fXtofYeor (V — Ey),
1

Xiof = —(V+3)’
1+e 15
o 1
Yto,f - (V+33.5)’
1+e 10
%)
TXtO,f = 359 30/ + 15,
20
Tytof = visss T 20,
1 +e 10
dXior  Xeoy — Xtof
dt TXto,f ’
AYeor Yoy —Yior
dt TYtO,f

1.2.7 The slow component of the rapid inward K* current (I, ;)

lwo,s IS given by

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

. 1
Ry = — s
1+e 10
_ 1
XtO,S = V+3?
1+e 15
. 1
Yios = V+33.5’
1+e 10
9
TXtO,S = 7Vv+3 + 05,
1+e15
3000
Tyto,s = V+60 + 30,
1 i e 10
dXto,s _ Xto,s B Xto,s
dt TXtO,f ’

(o]
dYto,s _ Yto,s - Yto,s

dt Tyto,s
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1.3 Intracellular calcium cycling

Intracellular Ca cycling in the rabbit myocyte is described using a model due to Shiferaw et al. (3).
The equations for Ca cycling are:

dcs v; s

E = B [_ Uret — Ja + Jca +]NaCa) _]trpn] ’
Vs

dCi i

E = Bi[]d _]up + Jieak _]trpn]'

dc;

]
d_t = —Jrel +]up — Jieaks

1A 1A
dcj GG

dc 1,
d]rel N 24 4 Jrel
7r = Ns ®) - Q(g )—?

where Cs, Ci, and ¢;j are the average concentrations of free Ca in a thin layer just below the cell
membrane (the submembrane space), in the cytosol, and the SR, with volumes vs, vi, and vsr,
respectively. Here, the SR volume includes both the junctional SR (JSR) and the network SR
(NSR). Also ¢; is the average JSR concentration within dyadic junctions in the whole cell.  The

concentrations ¢s and ci are in units of uM, whereas ¢j and ¢; are in units of uM vsr/Vi (LM/1 cytosol).

The current fluxes are: Jrel, the total release flux out of the SR via RyR channels; Jg, the
diffusion of Ca from the submembrance space to the bulk myoplasm; Jup, the uptake current via
SERCA channels on the SR; Jca, the current flux into the cell via L-type Ca channels; Jnaca, the
current flux into the cell via the NaCa exchanger; Jiea, the leak current from the SR into the bulk
myoplasm.

All Ca fluxes are divided by vi and have units of uM/ms, which can be converted to units of
uA/ uF using the conversion factor nFvi/Cr, where n is the ionic charge of the current carrier, Cn is
the cell membrane capacitance, and where F is Faraday's constant. Thus, ionic fluxes can be
converted to membrane currents using

leq = —20a]cq,
INnaca = ¥Nacar

where a = Fv;/C,,, and where the ion currents are in units of pA/uF.



1.3.1 The L-type Ca current
The Ca flux into the cell due to the L-type Ca current is given by

Jea = 9caPolcar
_ 4V F? ﬁseza - O.341[Ca2+]0

tca = T e2a — 1 ’

where a=VF/RT, and where & is the submembrane concentration in units of mM.

The open probability of the L-type Ca current is dictated by the kinetics of the Markov model
shown in Mahajan et al. (1). The equations for the Markov states are

% = BCy + kslycq + kslzpa — (ke + kg + @) Gy,

% = aCy + kylicq + kylipa + 2P — (ry + B+ ky + k)G,
dilltca = k1Cy + kylzcq + 51F — (kz + k3 + s2)l1cas

dilztca = kzlica + keCy — (ks + ks)lzcq,

dillfa = kiC, + kil,p, + 1P, — (kj + k5 + 53)Biga,

dilzf“ = k3lipg + kgCyp — (ks + ki) Izpg,

where the open probability satisfies

P, =1—(C1+ Cy + Iica + Irca + Iipa + I2ga)-

The rates are given by:

a:pgo/Tpo

g = 1-po
Tpo
o 1
Po =¥ evre

s, = 0.0182688f(c,),
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k; = 0.024168f(c,),
sz = s1(ka/k1)(11/72),
sy = s1(ka/k1) (r1/72),

f(cp) = 3’
1+ (é;/cp)
_(V+40)
e 3
ks = 3(1+ e—(V+40)/3) ’
ké == k3,

ky = k3(a/B)(k1/ks)(ks/ke),
ki = ilcé(ap/ﬁ)(ki/ké)(ké/ké),

ke = ,
> Tca
f(cp)Ps
ke = =222,
12
ki = °
;Ba
kg =—,
TBa

Tca = R(WV) = Tea) P + Tea,
Tga = (R (V) - TBa)Pr + Tga,

78.0329
Teq = 7R
1+ (_—p>
Cp )
R(V) = 10 + 4954755,
_(V+40)
e 7)
k= —(+40)’
1+e 4
1
P = ~(V+40)°
14 e 1132

The dependence of Ca release on SR Ca load is determined by the function Q(c;), which has the
functional form

]

/ /
kucj +s ¢ > Csr

0 0<¢ <50
Q(¢))=1{¢/ =50 50<¢ <cq,



which is the local Ca release at a dyadic junction in units of 10°°uM/ms. The slope u controls the
slope of the SR Ca release vs. SR Ca load relationship at high loads i.e. for ¢j>Cs.

The formulation of Ca release from the SR is modelled by computing the rate at which sparks
are recruited in the whole cell. The rate of spark recruitment N is proportional to the total Ca entry
into the cell

/

N; = IRrRyR (NP, icar

where g(V) is the gain function, which controls the voltage dependence of Ca released into the SR in
response to a trigger from the L-type Ca current. This quantity has units of sparks/ms. The voltage
dependence has the form

e—b(V+30)

Iryr(V) = gryr 15 o030y

where the parameter b is chosen so that the voltage dependence of release is shifted roughly by 10
mV with respect with the whole cell Ca entry.

Ca induced inactivation was modelled phenomenologically. c; is the average concentration of
Ca in the vicinity of L-type Ca channels and have the form

dc C, —C
p = = p s

—_ = + — ,
lt ]SR ]Ca T4

Jea = —GcabPoicar

jSR = Gsp (V)POQ(str)'
e —b(V+30)
Gsr(V) = Gsr 11 o b0 +30y

where Jgr and J, are the components due to the Ca fluxes from the SR and L-type Ca current
respectively, while the last term denotes the diffusion of Ca into the submembrane space.

Then, Ca induced inactivation is modeled by letting the inactivation rate constants obey

S, = sff(cp),
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ky = kY f(cp),
where

1

f(ep) =m

1.3.2 Diffusive flux

Following Shiferaw et al. (3) the flux of Ca from the submembrane space to the bulk myoplasm is
described by

1.3.3 Nonlinear Buffering

Instantaneous buffering of Ca to SR and calmodulin sites in the submembrane and bulk myoplasm
are modelled following Shannon et al. (6), and are described by

B, = ( Bsp + Ksg + Bea + Kea )_1

y (cs + Ksp)?  (cs + Keq)?
Bsgp + Ksg | Bea + Kea >_1
(ci + Ksp)? (i + Kcq)?

Time dependent buffering to Troponin C is described by

d [CaT] i i

d = Jtrpn
d[CaTls .

dt = Jtrpn

]tirpn = kz;nci(BT — [CQT]l' — kgff[CaT]i,
]tsrpn = kgnCS(BT — [CaT]S) — kgff[CaT]s,

10



1.3.4 The NaCa exchange (NCX) flux

The flux of Ca due to the NaCa exchanger is based on the formulation of Luo and Rudy (4), with
modifications in ref (7). The equation is

B X et?[Na*3[Ca?*], — e DeNa*]3c,
]NaCa = Ynaca a (1 + ksate(f_l)a) H )

where

c [Na*]3
H = Km,Cao [1\]a+]13 + K%,Nao "Cs Tt Kﬁn,Nai [Ca2+]o ) <1 + > > + Km,Cai [Na+]3 ’ <1 + K3 -
m,Cai m,Nai

+
[Na*]?-[Ca®*], + [Na*]3 - ¢

and where

1.3.5 The SERCA (uptake) pump
This current pumps Ca from the bulk myoplasm into the SR and is formulated as

VypCi

Jup = = 2
(o8 +cup

1.3.6 The SR leak flux
The leak flux from the SR is modelled as

Jieak = glL(Cj)(Cj Vi [Vgr — Ci)'

11
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where L(cj) is a threshold function of the form

¢/
L(Cj) = Cjz n C~]2'

1.3.7 Averaged Ca dynamics in the dyadic space
The average concentration in active dyadic junctions is modelled phenomenologically as

dc c, —C

14 ¥ 7 14 S
_P_ + _ )
dt ]SR ]Ca Td
Jea = —GcabPoicar

jSR = _gSR(V)Q(Cj/ )Poicw
o ~0.356(V+30)

Isr(V) = gsr 1 + —0356(V+30)°

1.4 Sodium dynamics

The dynamics of sodium is given by

d[Na*]; 1
—at = 77 Una + 3lnaca + 3lnax),

where the factor 1/a’ converts membrane currents in pA/uF to sodium fluxes in units of Mm/ms.
The conversion factor is given by a’=1000a.

12



2 Tables

2.1 Table1: Cacycling parameters

Parameter Definition Value
T, Spark lifetime 30 ms
Tq NSR-JSR relaxation time 100.0 ms
IRryR Release current strength 1.22x10° sparks/uM
u Release slope 11.3 ms?
Cor Threshold for steep release function 90 M/I cytosol
b Gain function parameter 0.05 (mVv)*
S Release function parameter (1-u)csr-50 uM/ms
4 Diffusion time constant 4 ms
2.2 Table 2 : Ca buffer parameters
Parameter Definition Value
Br Total concentration of Troponin C 70 umol/I cytosol
Bsg Total concentration of SR binding sites 47 umol/I cytosol
Bcg Total concentration of Calmodulin binding 24 umol/I cytosol
sites
kT, 0.0327 (uM)?(ms)?t
On rate for Troponin C binding
kD 0.0196 ms™
Off rate for Troponin C binding
Ksp o o 0.6 uM
Dissociation constant for SR binding sites
7 uM
Kcq

Dissociation constant for Calmodulin binding
sites

13



2.3 Table 3: Exchanger, uptake, and SR leak parameters
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Parameter Definition Value
Cup Uptake threshold 0.5uM
Vup Strength of Uptake 0.4 uM/ms

INaca Strength of exchange current 0.84 uM/s
k Constant 0.2
sat
£ Constant 0.35
K ) Constant 12.3 mM
m,Nai
K Constant 87.5 mM
m,Nao
Constant 0.0036 mM
Km,Cai
Constant 1.3 mM
Km,Cao
Constant 0.3uM
Cnaca
Strength of leak current 2.069x10° ms™!
g
B Threshold for leak onset 50 uM
Cc

14



2.4 Table 4 : L-type Ca current parameters

Parameter Definition Value
Jca Strength of Ca current flux 1.82x10?> mMI mstecm?
Jca Strength of local Ca flux due to L-type Ca 4.86 mMI (ms Cm)*
channels
Jsr 12.7 mMI (ms Cm)*
Strength of local Ca flux due to RyR channels
o 3.0 uM
Threshold for Ca induced inactivation
¢, 10.0 uM
Threshold for Ca induced inactivation
T 1.0 ms
po Time constant of activation
. 0.3ms*
! Opening rate
. 3ms?
z Closing rate
o 0.00195 ms™?
1 Inactivation rate
K 0.00413 ms™?
1 Inactivation rate
K 1.03615 x10*ms*
2 Inactivation rate
! 0.00224 ms™*
21 Inactivation rate
T 450 ms
Ba Time constant
2.5 Table 5 : Physical constants and ionic concentrations
Parameter Definition Value
Cp, Cell capacitance 3.1x10* pF
v; Cell volume 2.58x107° ul
Vg Submembrane volume 0.02 v;
F Faraday constant 96.5 C/mmol
R Universal gas constant 8.315 Jmol iK™

T Temperature 308 K
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[Nat], External sodium concentration 136 mM
[K*]; Internal potassium concentration 140 mM
[K*], External potassium concentration 54 mM

[Ca?t], External calcium concentration 1.8 mM

2.6 Table 6 : lonic current conductance
Parameter Definition Value
INa Peak Ina conductance 12.0 mS/uF
Jrof Peak It f conductance 0.11 mS/uF
Jros Peak Iy s conductance 0.04 mS/uF
Jx1 Peak Ik1 conductance 0.3 mS/uF
Jkr Peak Ikr conductance 0.0125 mS/pF
Jxs Peak ks conductance 0.1386 mS/puF
Inak Peak Inak conductance 1.5 mS/uF

16
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