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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 

 

𝐶𝑚
𝑑𝑉

𝑑𝑡
= −(𝐼𝑖𝑜𝑛 + 𝐼𝑠𝑡𝑖𝑚), 

 

where Cm=1 μF/cm2 is the membrane capacitance, Iion is the total ionic current density, and Istim is the 

stimulus current (typically 80 F/A and duration 2 ms).  In this model, the total ionic current is 

 

𝐼𝑖𝑜𝑛 = 𝐼𝑁𝑎 + 𝐼𝑡𝑜,𝑓 + 𝐼𝑡𝑜,𝑠 + 𝐼𝐾𝑟 + 𝐼𝐾𝑠 + 𝐼𝐾1 + 𝐼𝑁𝑎𝐾 + 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 

to 0.01 ms. 
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1.2 Ionic Currents 

1.2.1 The fast sodium current (𝑰𝑵𝒂) 

Original formulation due to Luo and Rudy (4) and used in the Shannon model : 

 

𝐼𝑁𝑎 = 𝑔𝑁𝑎𝑚
3ℎ𝑗(𝑉 − 𝐸𝑁𝑎), 

𝐸𝑁𝑎 =
𝑅𝑇

𝐹
ln (

[𝑁𝑎+]𝑜 

[𝑁𝑎+]𝑖
) , 

𝑑ℎ

𝑑𝑡
= 𝛼ℎ(1 − ℎ) − 𝛽ℎℎ, 

𝑑𝑗

𝑑𝑡
= 𝛼𝑗(1 − 𝑗) − 𝛽𝑗𝑗, 

𝑑𝑚

𝑑𝑡
= 𝛼𝑚(1 − 𝑚) − 𝛽𝑚𝑚, 

𝛼𝑚 = 0.32
𝑉 + 47.13

1 − 𝑒−0.1(𝑉+47.13)
, 

𝛽𝑚 = 0.08𝑒−
𝑉
11. 

For 𝑉 ≥ −40 mV 

𝛼ℎ = 0, 
𝛼𝑗 = 0, 

𝛽ℎ =
1

0.13 (1 + 𝑒
𝑉+10.66
−11.1 )

, 

𝛽𝑗 = 0.3
𝑒−2.535×10

−7𝑉

1 + 𝑒−0.1(𝑉+32)
. 

 

For 𝑉 < −40 mV 

𝛼ℎ = 0.135𝑒
𝑉+80
−6.8 , 

𝛽ℎ = 3.56𝑒
0.079𝑉 + 3.1 × 105𝑒0.35𝑉, 

𝛼𝑗 =
[(−1.2714 × 105𝑒0.2444𝑉 − 3.474 × 10−5𝑒−0.04391𝑉)(𝑉 + 37.78)]

[1 + 𝑒0.311(𝑉+79.23)]
, 

𝛽𝑗 =
0.1212𝑒−0.01052𝑉

1 + 𝑒−0.1378(𝑉+40.14)
. 
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1.2.2 Inward rectifier K+
 current (𝑰𝑲𝟏) 

Formulation due to Luo and Rudy and used in the Shannon model.  

 

𝐼𝐾1 = 𝑔𝐾1√
[𝐾+]𝑜
5.4

𝐴𝐾1
𝐴𝐾1 + 𝐵𝐾1

(𝑉 − 𝐸𝐾), 

𝐴𝐾1 =
1.02

1.0 + 𝑒0.2385(𝑉−𝐸𝐾−59.215)
, 

𝐵𝐾1 =
0.49124𝑒0.08032(𝑉−𝐸𝐾+5.476) + 𝑒0.061750(𝑉−𝐸𝐾−594.31))

1 + 𝑒−0.5143(𝑉−𝐸𝐾+4.753)
, 

𝐸𝐾 =
𝑅𝑇

𝐹
ln (

[𝐾+]𝑜
[𝐾+]𝑖

) . 

1.2.3 The Rapid component of the delayed rectifier K+ current (𝑰𝑲𝒓) 

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.  

 

𝐼𝐾𝑟 = 𝑔𝐾𝑟√
[𝐾+]𝑜
5.4

𝑥𝐾𝑟𝑅(𝑉)(𝑉 − 𝐸𝐾), 

𝑅(𝑉) =
1

1 + 𝑒
𝑉+33
22.4

, 

𝑑𝑥𝐾𝑟
𝑑𝑡

=
𝑥𝐾𝑟
∞ − 𝑥𝐾𝑟
𝜏𝐾𝑟

, 

𝑥𝐾𝑟
∞ =

1

1 + 𝑒−
(𝑉+50)
7.5

, 

𝜏𝐾𝑟 =
1

(
0.00138(𝑉 + 7)
1 − 𝑒−0.123(𝑉+7)

+
0.00061(𝑉 + 10)
−1 + 𝑒0.145(𝑉+10)

)
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1.2.4 The slow component of the delayed rectifier K current (𝑰𝑲𝒔) 

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.   

 

𝐼𝐾𝑠 = 𝑔𝐾𝑠𝑥𝑘𝑠
2 𝑞𝐾𝑠(𝑉 − 𝐸𝐾𝑠), 

𝑑𝑥𝐾𝑠
𝑑𝑡

=
𝑥𝐾𝑠
∞ − 𝑥𝐾𝑠
𝜏𝐾𝑠

, 

𝑥𝐾𝑠
∞ =

1

1 + 𝑒−(𝑉−1.5)/16.7
, 

𝜏𝐾𝑠 =
1

(
0.0000719(𝑉 + 30)
1 − 𝑒−0.148(𝑉+30)

+
0.000131(𝑉 + 30)
−1 + 𝑒0.0687(𝑉+30)

)
, 

𝐸𝐾𝑠 =
𝑅𝑇

𝐹
ln (

[𝐾+]𝑜 + 0.01833[𝑁𝑎
+]𝑜

[𝐾+]𝑖 + 0.01833[𝑁𝑎+]𝑖
) 

 

The slow Ca dependent increase in the conductance is modelled by treating qKs as a dynamical 

variable that obeys the equation 

 

𝑑𝑞𝐾𝑠
𝑑𝑡

=
𝑞𝐾𝑠
∞ − 𝑞𝐾𝑠
𝜏𝑞𝐾𝑠

, 

 

where 𝑞𝐾𝑠
∞ = 0.6𝑐𝑠, and where τqKs=1000 ms. 

1.2.5 The NaK exchanger current (𝑰𝑵𝒂𝑲) 

As in the Shannon model. 

 

𝜎 =
𝑒
[𝑁𝑎+]𝑜
67.3 − 1

7
, 

𝑓𝑁𝑎𝐾 =
1

1 + 0.1245𝑒−
0.1𝑉𝐹
𝑅𝑇 + 0.0365𝜎𝑒−

𝑉𝐹
𝑅𝑇

, 

𝐼𝑁𝑎𝐾 = 𝑔𝑁𝑎𝐾𝑓𝑁𝑎𝐾 (
1

1 + (
12

[𝑁𝑎+]𝑖
)
)(

[𝐾+]𝑜
[𝐾+]𝑜 + 1.5

). 
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1.2.6 The fast component of the rapid inward K+ current (𝑰𝒕𝒐,𝒇) 

As in the Shannon model.  

𝐼𝑡𝑜,𝑓 = 𝑔𝑡𝑜,𝑓𝑋𝑡𝑜,𝑓𝑌𝑡𝑜,𝑓(𝑉 − 𝐸𝐾), 

𝑋𝑡𝑜,𝑓
∞ =

1

1 + 𝑒−
(𝑉+3)
15

, 

𝑌𝑡𝑜,𝑓
∞ =

1

1 + 𝑒
(𝑉+33.5)

10

, 

𝜏𝑋𝑡𝑜,𝑓 = 3.5𝑒−(
𝑉
30
)
2

+ 1.5, 

𝜏𝑌𝑡𝑜,𝑓 =
20

1 + 𝑒
𝑉+33.5
10

+ 20, 

𝑑𝑋𝑡𝑜,𝑓

𝑑𝑡
=
𝑋𝑡𝑜,𝑓
∞ − 𝑋𝑡𝑜,𝑓

𝜏𝑋𝑡𝑜,𝑓
, 

𝑑𝑌𝑡𝑜,𝑓

𝑑𝑡
=
𝑌𝑡𝑜,𝑓
∞ − 𝑌𝑡𝑜,𝑓

𝜏𝑌𝑡𝑜,𝑓
. 

 

1.2.7 The slow component of the rapid inward K+ current (𝑰𝒕𝒐,𝒔) 

Ito,s is given by  

 

𝐼𝑡𝑜,𝑠 = 𝑔𝑡𝑜,𝑠𝑋𝑡𝑜,𝑠(𝑌𝑡𝑜,𝑠 + 0.5𝑅𝑠
∞)(𝑉 − 𝐸𝐾), 

𝑅𝑠
∞ =

1

1 + 𝑒
𝑉+33.5
10

, 

𝑋𝑡𝑜,𝑠
∞ =

1

1 + 𝑒−
𝑉+3
15

, 

𝑌𝑡𝑜,𝑠
∞ =

1

1 + 𝑒
𝑉+33.5
10

, 

𝜏𝑋𝑡𝑜,𝑠 =
9

1 + 𝑒
𝑉+3
15

+ 0.5, 

𝜏𝑌𝑡𝑜,𝑠 =
3000

1 + 𝑒
𝑉+60
10

+ 30, 

𝑑𝑋𝑡𝑜,𝑠
𝑑𝑡

=
𝑋𝑡𝑜,𝑠
∞ − 𝑋𝑡𝑜,𝑠
𝜏𝑋𝑡𝑜,𝑓

, 

𝑑𝑌𝑡𝑜,𝑠
𝑑𝑡

=
𝑌𝑡𝑜,𝑠
∞ − 𝑌𝑡𝑜,𝑠
𝜏𝑌𝑡𝑜,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
𝑑𝑡

= 𝛽𝑠 [
𝑣𝑖
𝑣𝑠
(𝐽𝑟𝑒𝑙 − 𝐽𝑑 + 𝐽𝐶𝑎 + 𝐽𝑁𝑎𝐶𝑎) − 𝐽𝑡𝑟𝑝𝑛

𝑠 ] , 

𝑑𝑐𝑖
𝑑𝑡

= 𝛽𝑖[𝐽𝑑 − 𝐽𝑢𝑝 + 𝐽𝑙𝑒𝑎𝑘 − 𝐽𝑡𝑟𝑝𝑛
𝑖 ], 

𝑑𝑐𝑗

𝑑𝑡
= −𝐽𝑟𝑒𝑙 + 𝐽𝑢𝑝 − 𝐽𝑙𝑒𝑎𝑘, 

𝑑𝑐𝑗
′

𝑑𝑡
=
𝑐𝑗 − 𝑐𝑗

′

𝜏𝑎
, 

𝑑𝐽𝑟𝑒𝑙
𝑑𝑡

= 𝑁𝑠
′(𝑡) ∙ 𝑄(𝑐𝑗

′) −
𝐽𝑟𝑒𝑙
𝜏𝑟

 

 

where cs, ci, and cj 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 𝑐𝑗
′ is the average JSR concentration within dyadic junctions in the whole cell.    The 

concentrations cs and ci are in units of μM, whereas cj and 𝑐𝑗
′ are in units of μM vsr/vi  (μM/l cytosol).   

The current fluxes are:  Jrel, the total release flux out of the SR via RyR channels;  Jd, 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;  Jleak, the leak current from the SR into the bulk 

myoplasm. 

All Ca fluxes are divided by vi and have units of μM/ms, which can be converted to units of 

μA/ μF using the conversion factor nFvi/Cm, where n is the ionic charge of the current carrier, Cm is 

the cell membrane capacitance, and where F is Faraday's constant.   Thus, ionic fluxes can be 

converted to membrane currents using  

 

𝐼𝐶𝑎 = −2𝛼𝐽𝐶𝑎, 
𝐼𝑁𝑎𝐶𝑎 = 𝛼𝐽𝑁𝑎𝐶𝑎, 

 

where 𝛼 = 𝐹𝑣𝑖/𝐶𝑚, and where the ion currents are in units of μA/μF. 
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1.3.1 The L-type Ca current  

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

 

𝐽𝑐𝑎 = 𝑔𝐶𝑎𝑃𝑜𝑖𝐶𝑎, 

𝑖𝐶𝑎 =
4𝑉𝐹2

𝑅𝑇

𝑐̃𝑠𝑒
2𝑎 − 0.341[𝐶𝑎2+]𝑜

𝑒2𝑎 − 1
, 

 

where a=VF/RT, and where 𝑐̃𝑠 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 

 

𝑑𝐶2
𝑑𝑡

= 𝛽𝐶1 + 𝑘5𝐼2𝐶𝑎 + 𝑘5
′ 𝐼2𝐵𝑎 − (𝑘6 + 𝑘6

′ + 𝛼)𝐶2, 

𝑑𝐶1
𝑑𝑡

= 𝛼𝐶2 + 𝑘2𝐼1𝐶𝑎 + 𝑘2
′ 𝐼1𝐵𝑎 + 𝑟2𝑃𝑜 − (𝑟1 + 𝛽 + 𝑘1 + 𝑘1

′ )𝐶1, 

𝑑𝐼1𝐶𝑎
𝑑𝑡

= 𝑘1𝐶1 + 𝑘4𝐼2𝐶𝑎 + 𝑠1𝑃𝑜 − (𝑘2 + 𝑘3 + 𝑠2)𝐼1𝐶𝑎, 

𝑑𝐼2𝐶𝑎
𝑑𝑡

= 𝑘3𝐼1𝐶𝑎 + 𝑘6𝐶2 − (𝑘4 + 𝑘5)𝐼2𝐶𝑎, 

𝑑𝐼1𝐵𝑎
𝑑𝑡

= 𝑘1
′𝐶1 + 𝑘4

′ 𝐼2𝐵𝑎 + 𝑠1
′𝑃𝑜 − (𝑘2

′ + 𝑘3
′ + 𝑠2

′ )𝐵1𝐵𝑎, 

𝑑𝐼2𝐵𝑎
𝑑𝑡

= 𝑘3
′ 𝐼1𝐵𝑎 + 𝑘6

′𝐶2 − (𝑘5
′ + 𝑘4

′ )𝐼2𝐵𝑎, 

 

where the open probability satisfies 

 

𝑃𝑜 = 1 − (𝐶1 + 𝐶2 + 𝐼1𝐶𝑎 + 𝐼2𝐶𝑎 + 𝐼1𝐵𝑎 + 𝐼2𝐵𝑎). 

 

The rates are given by: 

𝛼 = 𝑝𝑜
∞ 𝜏𝑝𝑜⁄  

β =
1 − 𝑝𝑜

∞

𝜏𝑝𝑜
 

𝑝𝑜
∞ =

1

1 + 𝑒−𝑉 8⁄
, 

𝑠1 = 0.0182688𝑓(𝑐𝑝), 
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𝑘1 = 0.024168𝑓(𝑐𝑝), 

𝑠2 = 𝑠1(𝑘2 𝑘1⁄ )(𝑟1 𝑟2),⁄  
𝑠2
′ = 𝑠1

′(𝑘2
′ 𝑘1

′  ⁄ ) (𝑟1 𝑟2⁄ ), 

𝑓(𝑐𝑝) =
1

1 + (𝑐𝑝̃ 𝑐𝑝⁄ )
3 , 

𝑘3 =
𝑒−

(𝑉+40)
3

3(1 + 𝑒−(𝑉+40) 3⁄ )
, 

𝑘3
′ = 𝑘3, 
𝑘4 = 𝑘3(𝛼 𝛽⁄ )(𝑘1 𝑘2⁄ )(𝑘5 𝑘6⁄ ), 
𝑘4
′ = 𝑘3

′ (𝛼 𝛽⁄ )(𝑘1
′ 𝑘2

′⁄ )(𝑘5
′ 𝑘6

′⁄ ), 

𝑘5 =
1 − 𝑃𝑠
𝜏𝐶𝑎

, 

𝑘6 =
𝑓(𝑐𝑝)𝑃𝑠

𝜏𝐶𝑎
, 

𝑘5
′ =

1 − 𝑃𝑠
𝜏𝐵𝑎

, 

𝑘6
′ =

𝑃𝑠
𝜏𝐵𝑎

, 

𝜏𝐶𝑎 = (𝑅(𝑉) − 𝑇𝐶𝑎)𝑃𝑟 + 𝑇𝐶𝑎, 
𝜏𝐵𝑎 = (𝑅(𝑉) − 𝑇𝐵𝑎)𝑃𝑟 + 𝑇𝐵𝑎, 

𝑇𝐶𝑎 =
78.0329

1 + (
𝑐𝑝
𝑐𝑝̅
)
4 , 

𝑅(𝑉) = 10 + 4954𝑒
𝑉
15.6, 

𝑃𝑟 =
𝑒−

(𝑉+40)
4

1 + 𝑒−
(𝑉+40)

4

, 

𝑃𝑠 =
1

1 + 𝑒−
(𝑉+40)
11.32

. 

 

The dependence of Ca release on SR Ca load is determined by the function 𝑄(𝑐𝑗
′), which has the 

functional form  

 

𝑄(𝑐𝑗
′) =

{
 

 0 0 < 𝑐𝑗
′ < 50

𝑐𝑗
′ − 50 50 ≤ 𝑐𝑗

′ ≤ 𝑐𝑠𝑟

𝑢𝑐𝑗
′ + 𝑠 𝑐𝑗

′ > 𝑐𝑠𝑟

, 
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which is the local Ca release at a dyadic junction in units of 10-6μM/ms.  The slope u controls the 

slope of the SR Ca release vs. SR Ca load relationship at high loads i.e. for cj>csr. 

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 𝑁𝑠
′  is proportional to the total Ca entry 

into the cell 

 

𝑁𝑠
′ = 𝑔𝑅𝑦𝑅(𝑉)𝑃𝑜𝑖𝐶𝑎, 

 

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 

 

𝑔𝑅𝑦𝑅(𝑉) = 𝑔𝑅𝑦𝑅
𝑒−𝑏(𝑉+30)

1 + 𝑒−𝑏(𝑉+30)
, 

 

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. cp is the average concentration of 

Ca in the vicinity of L-type Ca channels and have the form 

 

𝑑𝑐𝑝

𝑑𝑡
= 𝐽𝑆𝑅 + 𝐽𝐶𝑎 −

𝑐𝑝 − 𝑐𝑠

𝜏𝑑
, 

𝐽𝐶𝑎 = −𝑔̃𝐶𝑎𝑃𝑜𝑖𝐶𝑎, 

𝐽𝑆𝑅 = 𝐺𝑆𝑅(𝑉)𝑃𝑜𝑄(𝑐𝑗𝑠𝑟), 

𝐺𝑆𝑅(𝑉) = 𝑔̃𝑆𝑅
𝑒−𝑏(𝑉+30)

1 + 𝑒−𝑏(𝑉+30)
, 

where 𝐽𝑆𝑅 and 𝐽𝐶𝑎 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  

𝑠1 = 𝑠1
0𝑓(𝑐𝑝), 
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𝑘1 = 𝑘1
0𝑓(𝑐𝑝), 

where  

𝑓(𝑐𝑝) =
1

1 + (𝑐̃𝑝/𝑐𝑝)
3 

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 

 

𝐽𝑑 =
𝑐𝑠 − 𝑐𝑖
𝜏𝑑

. 

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 

 

𝛽𝑠 = (1 +
𝐵𝑆𝑅 + 𝐾𝑆𝑅
(𝑐𝑠 + 𝐾𝑆𝑅)2

+
𝐵𝑐𝑑 + 𝐾𝑐𝑑
(𝑐𝑠 + 𝐾𝑐𝑑)2

)
−1

 

𝛽𝑖 = (1 +
𝐵𝑆𝑅 + 𝐾𝑆𝑅
(𝑐𝑖 + 𝐾𝑆𝑅)2

+
𝐵𝑐𝑑 + 𝐾𝑐𝑑
(𝑐𝑖 + 𝐾𝑐𝑑)2

)
−1

. 

 

Time dependent buffering to Troponin C is described by 

 

𝑑[𝐶𝑎𝑇]𝑖
𝑑𝑡

= 𝐽𝑡𝑟𝑝𝑛
𝑖 , 

𝑑[𝐶𝑎𝑇]𝑠
𝑑𝑡

= 𝐽𝑡𝑟𝑝𝑛
𝑠 , 

𝐽𝑡𝑟𝑝𝑛
𝑖 = 𝑘𝑜𝑛

𝑇 𝑐𝑖(𝐵𝑇 − [𝐶𝑎𝑇]𝑖) − 𝑘𝑜𝑓𝑓
𝑇 [𝐶𝑎𝑇]𝑖, 

𝐽𝑡𝑟𝑝𝑛
𝑠 = 𝑘𝑜𝑛

𝑇 𝑐𝑠(𝐵𝑇 − [𝐶𝑎𝑇]𝑠) − 𝑘𝑜𝑓𝑓
𝑇 [𝐶𝑎𝑇]𝑠, 
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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  

 

𝐽𝑁𝑎𝐶𝑎 = 𝑔𝑛𝑎𝑐𝑎 ∙ 𝐾𝑎 ∙
𝑒𝜉𝑎[𝑁𝑎+]𝑖

3[𝐶𝑎2+]𝑜 − 𝑒
(𝜉−1)𝑎[𝑁𝑎+]𝑜

3𝑐𝑠 

(1 + 𝑘𝑠𝑎𝑡𝑒
(𝜉−1)𝑎) ∙ 𝐻

, 

 

where 

 

𝐻 = 𝐾𝑚,𝐶𝑎𝑜[𝑁𝑎
+]𝑖
3 + 𝐾𝑚,𝑁𝑎𝑜

3 ∙ 𝑐𝑠 +𝐾𝑚,𝑁𝑎𝑖
3 [𝐶𝑎2+]𝑜 ∙ (1 +

𝑐𝑠
𝐾𝑚,𝐶𝑎𝑖

) + 𝐾𝑚,𝐶𝑎𝑖[𝑁𝑎
+]𝑜
3 ∙ (1 +

[𝑁𝑎+]𝑖
3

𝐾𝑚,𝑁𝑎𝑖
3 )

+ 
[𝑁𝑎+]𝑖

3 ∙ [𝐶𝑎2+]𝑜 + [𝑁𝑎
+]𝑜
3 ∙ 𝑐𝑠 

 

and where 

𝐾𝑎 =
1

1 + (
𝑐𝑛𝑎𝑐𝑎
𝑐𝑠

)
3. 

 

1.3.5 The SERCA (uptake) pump 

This current pumps Ca from the bulk myoplasm into the SR and is formulated as  

 

𝐽𝑢𝑝 =
𝑣𝑢𝑝𝑐𝑖

2

𝑐𝑖
2 + 𝑐𝑢𝑝2

. 

 

1.3.6 The SR leak flux 

The leak flux from the SR is modelled as 

 

𝐽𝑙𝑒𝑎𝑘 = 𝑔𝑙𝐿(𝑐𝑗)(𝑐𝑗 ∙ 𝑣𝑖/𝑣𝑠𝑟 − 𝑐𝑖), 
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where L(cj) is a threshold function of the form 

 

𝐿(𝑐𝑗) =
𝑐𝑗
2

𝑐𝑗
2 + 𝑐̃𝑗

2. 

 

1.3.7 Averaged Ca dynamics in the dyadic space 

The average concentration in active dyadic junctions is modelled phenomenologically as  

 

𝑑𝑐𝑝

𝑑𝑡
= 𝐽𝑆𝑅 + 𝐽𝐶𝑎 −

𝑐𝑝 − 𝑐𝑠

𝜏𝑑
, 

𝐽𝐶𝑎 = −𝑔̃𝐶𝑎𝑃𝑜𝑖𝐶𝑎, 

𝐽𝑆𝑅 = −𝑔𝑆𝑅(𝑉)𝑄(𝑐𝑗
′)𝑃𝑜𝑖𝐶𝑎, 

𝑔𝑆𝑅(𝑉) = 𝑔̃𝑆𝑅
𝑒−0.356(𝑉+30)

1 + 𝑒−0.356(𝑉+30)
. 

1.4 Sodium dynamics 

The dynamics of sodium is given by 

 

𝑑[𝑁𝑎+]𝑖
𝑑𝑡

=
1

𝛼′
(𝐼𝑁𝑎 + 3𝐼𝑁𝑎𝐶𝑎 + 3𝐼𝑁𝑎𝐾), 

 

where the factor 1/α’ converts membrane currents in μA/μF to sodium fluxes in units of Mm/ms.  

The conversion factor is given by α’=1000α. 

 

  



 
13 

2 Tables 

2.1 Table 1 : Ca cycling parameters 

Parameter Definition Value 

𝜏𝑟  

𝜏𝑎 

𝑔𝑅𝑦𝑅 

𝑢 

𝑐𝑠𝑟 

𝑏 

𝑠 

𝜏𝑑 

Spark lifetime 

NSR-JSR relaxation time 

Release current strength 

Release slope 

Threshold for steep release function 

Gain function parameter 

Release function parameter 

Diffusion time constant   

30 ms 

100.0 ms 

1.22×103 sparks/μM 

11.3 ms-1 

90 M/l cytosol 

0.05 (mV)-1 

(1-u)csr-50 μM/ms 

4 ms 

 

2.2 Table 2 : Ca buffer parameters 

Parameter Definition Value 

𝐵𝑇 

𝐵𝑆𝑅  

𝐵𝐶𝑑  

𝑘𝑜𝑛
𝑇

 

𝑘𝑜𝑓𝑓
𝑇

 

𝐾𝑆𝑅  

𝐾𝐶𝑑  

Total concentration of Troponin C 

Total concentration of SR binding sites 

Total concentration of Calmodulin binding 

sites 

On rate for Troponin C binding 

Off rate for Troponin C binding 

Dissociation constant for SR binding sites 

Dissociation constant for Calmodulin binding 

sites 

70 μmol/l cytosol 

47 μmol/l cytosol 

24 μmol/l cytosol 

0.0327 (μM)-1(ms)-1 

0.0196 ms-1 

0.6 μM 

7 μM 
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2.3 Table 3: Exchanger, uptake, and SR leak parameters 

Parameter Definition Value 

𝑐𝑢𝑝 

𝑣𝑢𝑝 

𝑔𝑁𝑎𝐶𝑎 

𝑘𝑠𝑎𝑡 

𝜉 

𝐾𝑚,𝑁𝑎𝑖 

𝐾𝑚,𝑁𝑎𝑜 

𝐾𝑚,𝐶𝑎𝑖 

𝐾𝑚,𝐶𝑎𝑜 

𝑐𝑛𝑎𝑐𝑎 

𝑔𝑙 

𝑐̃𝑗 

Uptake threshold 

Strength of Uptake 

Strength of exchange current 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Constant 

Strength of leak current 

Threshold for leak onset 

0.5 μM 

0.4 μM/ms 

0.84 μM/s 

0.2 

0.35 

12.3 mM 

87.5 mM 

0.0036 mM 

1.3 mM 

0.3μM 

2.069×10-5 ms-1 

50 μM 
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2.4 Table 4 : L-type Ca current parameters 

Parameter Definition Value 

𝑔𝐶𝑎  

𝑔̃𝐶𝑎 

𝑔̃𝑆𝑅 

𝑐̃𝑝 

𝑐𝑝̅ 

𝜏𝑝𝑜 

𝑟1 

𝑟2 

𝑠1
′  

𝑘1
′  

𝑘2 

𝑘21
′  

𝑇𝐵𝑎 

Strength of Ca current flux 

Strength of local Ca flux due to L-type Ca 

channels 

Strength of local Ca flux due to RyR channels 

Threshold for Ca induced inactivation 

Threshold for Ca induced inactivation 

Time constant of activation 

Opening rate 

Closing rate 

Inactivation rate 

Inactivation rate 

Inactivation rate 

Inactivation rate 

Time constant 

1.82×102 mMl ms-1cm-1 

4.86 mMl (ms Cm)-1 

12.7 mMl (ms Cm)-1 

3.0 μM 

10.0 μM 

1.0 ms 

0.3 ms-1 

3 ms-1 

0.00195 ms-1 

0.00413 ms-1 

1.03615 ×10-4 ms-1 

0.00224 ms-1 

450 ms 

 

2.5 Table 5 : Physical constants and ionic concentrations 

Parameter Definition Value 

𝐶𝑚 

𝑣𝑖  

𝑣𝑠  

F 

R 

T 

Cell capacitance  

Cell volume 

Submembrane volume 

Faraday constant 

Universal gas constant 

Temperature 

3.1×10-4 μF 

2.58×10-5 μl 

0.02 𝑣𝑖 

96.5 C/mmol 

8.315 Jmol-1K-1 

308 K 
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[𝑁𝑎+]𝑜 

[𝐾+]𝑖 

[𝐾+]𝑜 

[𝐶𝑎2+]𝑜 

External sodium concentration 

Internal potassium concentration 

External potassium concentration 

External calcium concentration 

136 mM 

140 mM 

5.4 mM 

1.8 mM 

 

2.6 Table 6 : Ionic current conductance 

Parameter Definition Value 

𝑔𝑁𝑎 

𝑔𝑡𝑜,𝑓  

𝑔𝑡𝑜,𝑠  

𝑔𝐾1 

𝑔𝐾𝑟  

𝑔𝐾𝑠  

𝑔𝑁𝑎𝐾  

Peak INa conductance 

Peak Ito,f conductance 

Peak Ito,s conductance 

Peak IK1 conductance 

Peak IKr conductance 

Peak IKs conductance 

Peak INaK conductance 

12.0 mS/μF 

0.11 mS/μF 

0.04 mS/μF 

0.3 mS/μF 

0.0125 mS/μF 

0.1386 mS/μF 

1.5 mS/μF 
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