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DEFINITIONS AND ABBREVIATIONS 

Cell Geometry 

𝑉𝑐𝑒𝑙𝑙   Volume of the cell (𝜇𝐿) 
𝐴𝑐𝑎𝑝    Capacitive membrane area (cm2) 
𝑉𝑖    Volume of the myoplasm (𝜇𝐿) 
𝑉𝑁𝑆𝑅    Volume of the network sarcoplasmic reticulum (NSR) (𝜇𝐿) 
𝑉𝐽𝑆𝑅   Volume of the junctional sarcoplasmic reticulum (JSR) (𝜇𝐿) 
𝑉𝑠𝑠   Volume of the submembrane space (𝜇𝐿) 
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠  Total number of dyads in the cell 
𝑣𝑖𝑛   Volume of the nth dyadic myoplasm (𝜇𝐿) 
𝑣𝑠𝑠𝑛    Volume of the nth dyadic submembrane space (𝜇𝐿) 
𝑣𝑁𝑆𝑅𝑛    Volume of the nth dyadic NSR (𝜇𝐿) 
𝑣𝐽𝑆𝑅𝑛    Volume of the nth dyadic JSR (𝜇𝐿) 
𝑣𝑑𝑠𝑛    Volume of the nth dyadic space volume (𝜇𝐿) 
𝑁𝐿𝐶𝐶𝑛    Number of L-type channels (LCCs) in the nth dyad 
𝑁𝑅𝑦𝑅2𝑛    Number of Ryanodine Receptors (RyR2s) in the nth dyad 

Currents 

𝐼𝑖𝑜𝑛   Total ionic current (𝜇𝐴/𝜇𝐹) 
𝐼𝑁𝑎   Fast Na current (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝐿𝑐𝑒𝑙𝑙   Whole-cell L-type Ca current (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝑁𝑎   Na current through LCCs (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝐾   K current through LCCs (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝑡𝑐𝑒𝑙𝑙   Whole-cell T-type Ca current (𝜇𝐴/𝜇𝐹) 
𝐼𝐾𝑟   Rapid delayed rectifier K current (𝜇𝐴/𝜇𝐹) 
𝐼𝐾𝑠   Slow delayed rectifier K current (𝜇𝐴/𝜇𝐹) 
𝐼𝐾1   Time independent K current (𝜇𝐴/𝜇𝐹) 
𝐼𝑁𝑎𝐶𝑎𝑐𝑒𝑙𝑙     Whole-cell myoplasmic Na-Ca exchanger current (𝜇𝐴/𝜇𝐹) 
𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑐𝑒𝑙𝑙   Whole-cell submembrane Na-Ca exchanger current (𝜇𝐴/𝜇𝐹) 

𝐼𝑁𝑎𝐾    Na-K pump current (𝜇𝐴/𝜇𝐹) 
𝐼𝑁𝑎𝑏   Background Na current (𝜇𝐴/𝜇𝐹) 
𝐼𝑝𝐶𝑎𝑐𝑒𝑙𝑙   Whole-cell current through sarcolemmal Ca pump (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝑏𝑐𝑒𝑙𝑙   Whole-cell background Ca current (𝜇𝐴/𝜇𝐹) 
𝐼𝐾𝑝   Plateau K current (𝜇𝐴/𝜇𝐹) 

𝐼𝐶𝑎����   Maximum Ca current through LCCs (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝐿𝑛    L-type Ca current in the nth dyad (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝑏𝑛    Background Ca current in the nth dyad (𝜇𝐴/𝜇𝐹) 
𝐼𝐶𝑎𝑡𝑛    T-type Ca current in the nth dyad (𝜇𝐴/𝜇𝐹) 
𝐼𝑝𝐶𝑎𝑛    Sarcolemmal pump current in the nth dyad (𝜇𝐴/𝜇𝐹) 

𝐼𝑁𝑎𝐶𝑎𝑛    Na-Ca exchanger current in the myoplasm in the nth dyad (𝜇𝐴/𝜇𝐹) 
𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑛   Na-Ca exchanger current in the submembrane space in the nth dyad 

(𝜇𝐴/𝜇𝐹) 
𝐼�̅�𝑎𝑁𝑎   Maximum Na current through LCCs (𝜇𝐴/𝜇𝐹) 
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𝐼�̅�𝑎𝐾   Maximum K current through LCCs (𝜇𝐴/𝜇𝐹) 
𝐼𝑠𝑡   Stimulus current (𝜇𝐴/𝜇𝐹) 

Gates 

𝑚   Activation gate of Na current 
ℎ   Fast inactivation gate of Na current 
𝑗   Slow inactivation gate of Na current 
𝑥𝑟   Activation gate of 𝐼𝐾𝑟  

𝑟𝑘𝑟   Time-independent rectification gate of 𝐼𝐾𝑟 
𝑥𝑠1   Fast activation gate of 𝐼𝐾𝑠 
𝑥𝑠2   Slow activation gate of 𝐼𝐾𝑠 
𝐾1   Inactivation gate of 𝐼𝐾1 
𝐾𝑝   Fast activation gate of 𝐼𝐾𝑝 
𝑏   Activation gate of T-type Ca current 
𝑔   Inactivation gate of T-type Ca current 

Conductances and Permeability 

𝐺𝑁𝑎   Maximum conductance of 𝐼𝑁𝑎 (𝑚𝑆/𝜇𝐹) 
𝐺𝑁𝑎𝑏   Maximum conductance of 𝐼𝑁𝑎𝑏 (𝑚𝑆/𝜇𝐹) 
𝐺𝐾𝑟   Maximum conductance of 𝐼𝐾𝑟 (𝑚𝑆/𝜇𝐹) 
𝑃𝑁𝑎,𝐾    Permeability ratio of Na ion to K ion 
𝐺𝐾𝑠   Maximum conductance of 𝐼𝐾𝑠 (𝑚𝑆/𝜇𝐹) 
𝐺𝐾1   Maximum conductance of 𝐼𝐾1 (𝑚𝑆/𝜇𝐹) 
𝐺𝐾𝑝   Maximum conductance of 𝐼𝐾𝑝 (𝑚𝑆/𝜇𝐹) 

𝐺𝑁𝑎𝐾   Maximum conductance of 𝐼𝑁𝑎𝐾 (𝑚𝑆/𝜇𝐹) 
𝑃𝐶𝑎       Permeability of membrane to Ca (𝑐𝑚/𝑠) 
𝑃𝑁𝑎   Permeability of membrane to Na (𝑐𝑚/𝑠) 
𝑃𝐾   Permeability of membrane to K (𝑐𝑚/𝑠) 

Concentrations 

𝑁𝑎𝑜   Extracellular Na concentration (𝑚𝑀) 
𝑁𝑎𝑖   Intracellular Na concentration (𝑚𝑀) 
𝐾𝑖   Intracellular K concentration (𝑚𝑀) 
𝐾𝑜     Extracellular K concentration (𝑚𝑀) 
𝐶𝑎𝑜   Extracellular Ca concentration (𝑚𝑀) 
𝐶𝑎𝐽𝑆𝑅𝑛    Free JSR Ca concentration in the nth dyad (𝑚𝑀) 
𝐶𝑎𝑁𝑆𝑅𝑛    Free NSR Ca concentration in the nth dyad (𝑚𝑀) 
𝐶𝑎𝑑𝑛   Dyadic space Ca concentration in the nth dyad (𝜇𝑀) 

𝐶𝑎𝑠𝑠𝑛    Submembrane Ca concentration in the nth dyad (𝑚𝑀) 
𝐶𝑎𝑖𝑛   Myoplasmic Ca concentration in the nth dyad (𝑚𝑀) 
𝐶𝑎𝑖𝑐𝑒𝑙𝑙   Whole-cell Ca concentration in the myoplasm (𝑚𝑀) 
𝐶𝑎𝑠𝑠𝑐𝑒𝑙𝑙   Whole-cell Ca concentration in the submembrane space (𝑚𝑀) 
𝐶𝑎𝑑𝑐𝑒𝑙𝑙   Whole-cell Ca concentration in the dyadic space (𝜇𝑀) 
𝐶𝑎𝑁𝑆𝑅𝑐𝑒𝑙𝑙    Whole-cell Ca concentration in the NSR (𝑚𝑀) 
𝐶𝑎𝐽𝑆𝑅𝑐𝑒𝑙𝑙   Whole-cell Ca concentration in the JSR (𝑚𝑀) 
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𝑁𝑆𝑅������   Maximum Ca concentration in the NSR (𝑚𝑀) 

Fluxes 

𝐽𝐶𝑎𝐿𝑛    Ca flux through LCCs in the nth dyad (𝜇𝑀/𝑚𝑠) 
𝐽𝑟𝑒𝑙𝑛    Ca release flux in the nth dyad (𝜇𝑀/𝑚𝑠) 
𝐽𝐶𝑎𝑑𝑖𝑓𝑓𝑛  Diffusive Ca flux into the nth dyadic space from adjacent dyadic spaces 

(𝜇𝑀/𝑚𝑠) 
𝐽𝑁𝑆𝑅𝑑𝑖𝑓𝑓𝑛   Diffusive Ca flux into the nth dyadic NSR from adjacent dyadic NSRs  
   (𝑚𝑀/𝑚𝑠) 
𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑑𝑠_𝑠𝑠
𝑛   Diffusive Ca flux from dyadic space into submembrane space (𝜇𝑀/𝑚𝑠) 
𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖
𝑛   Diffusive Ca flux from submembrane space into the myoplasm (𝜇𝑀/𝑚𝑠) 
𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝐽𝑆𝑅
𝑛   Translocation Ca flux from NSR to JSR (𝑚𝑀/𝑚𝑠) 
𝐽𝑢𝑝𝑛    Uptake Ca flux into NSR from the myoplasm in the nth dyad (𝜇𝑀/𝑚𝑠) 
𝐼𝑢𝑝����   Maximum rate of Ca uptake into NSR (𝜇𝑀/𝑚𝑠) 
𝐽𝑙𝑒𝑎𝑘𝑛    SR leak into NSR in the nth dyad (𝑚𝑀/𝑚𝑠) 

Buffers 

𝑐𝑠𝑞𝑛   Free calsequestrin (CSQN) concentration (𝑚𝑀) 
𝑐𝑠𝑞𝑛. 𝑐𝑎  Ca-bound CSQN concentration (𝑚𝑀) 
𝐾𝑚𝑐𝑠𝑞𝑛    Half-saturation constant of Ca binding of CSQN  (𝑚𝑀) 
𝑐𝑠𝑞𝑛������   Total concentration of CSQN  (𝑚𝑀) 
𝐵𝑠𝑠   Instantaneous buffering factor in submembrane space 
𝐵𝐽𝑆𝑅   Instantaneous buffering factor in JSR 
𝐵𝑚𝑦𝑜   Instantaneous buffering factor in myoplasm 
𝑇𝑅𝑃𝑁��������   Maximum concentration of Troponin C buffer (𝑚𝑀) 
𝐶𝑀𝐷𝑁���������   Maximum concentration of Calmodulin (𝑚𝑀) 
𝐾𝑚𝑇𝑅𝑃𝑁  Half-saturation constant of Ca binding of Troponin C (𝑚𝑀) 
𝐾𝑚𝐶𝑀𝐷𝑁  Half-saturation constant of Ca binding of Calmodulin (𝑚𝑀) 

Rates and Time Constants 

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

submembrane space (𝑚𝑠) 
𝜏𝑟𝑒𝑓𝑖𝑙𝑙   Time-constant of Ca translocation from NSR to JSR (𝑚𝑠) 
𝜏𝑑𝑖𝑓𝑓_𝑑𝑠_𝑑𝑠  Time-constant of Ca diffusion between dyadic spaces (𝑚𝑠) 
𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅  Time-constant of Ca diffusion between dyadic NSRs (𝑚𝑠) 
𝑑𝑟𝑦𝑟      Diffusion rate of Ca through open RyR2 (𝑚𝑠−1) 

Reversal Potentials 

𝐸𝑁𝑎   Reversal potential of Na current (𝑚𝑉) 
𝐸𝐾   Reversal potential of 𝐼𝐾𝑟 and 𝐼𝐾1 current (𝑚𝑉) 
𝐸𝐾𝑠   Reversal potential of 𝐼𝐾𝑠 (𝑚𝑉) 
𝐸𝐶𝑎𝑛    Reversal potential of Ca in the nth dyad  (𝑚𝑉) 
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Others 

𝐶𝑚   Total cellular membrane capacitance (𝜇𝐹/𝑐𝑚2) 
𝑉𝑚   Transmembrane potential (mV) 
𝐹   Faraday constant (𝐶/𝑚𝑜𝑙) 
𝑅   Gas constant (𝐽/𝑘𝑚𝑜𝑙/𝐾) 
𝑇   Temperature (𝐾) 
BCL   Basic Cycle Length (𝑚𝑠) 
𝐾𝑚,𝑁𝑎𝑖   Half saturation constant of Na for 𝐼𝑁𝑎𝐾 
𝐾𝑚,𝐾𝑜      Half saturation constant of K for 𝐼𝑁𝑎𝐾 
𝐾𝑚𝑝𝐶𝑎   Half saturation concentration for sarcolemmal Ca pump (𝑚𝑀) 
𝐾𝑚𝑢𝑝   Half-saturation constant of SR Ca uptake into NSR (𝑚𝑀) 

𝜎   𝑁𝑎𝑜  - dependent factor of 𝑓𝑁𝑎𝐾 
𝑓𝑁𝑎𝐾   Voltage-dependent factor of 𝐼𝑁𝑎𝐾 
𝛾𝐶𝑎𝑖,   𝛾𝐶𝑎𝑜       Activity coefficient of Ca 
𝛾𝑠 Position of energy barrier controlling voltage-dependence of Na-Ca 

exchanger current 
𝛾𝑁𝑎𝑖,   𝛾𝑁𝑎𝑜       Activity coefficient of Na 
𝛾𝐾𝑖,   𝛾𝐾𝑜       Activity coefficient of K 
𝑧𝐶𝑎       Valence state of Ca 
𝑧𝑁𝑎   Valence state of Na 
𝑧𝐾   Valence state of K 
𝑁𝑜𝑝𝑒𝑛 𝐿𝐶𝐶
𝑛   Number of open LCCs in a dyad 

𝑁𝑜𝑝𝑒𝑛 𝑅𝑦𝑅2
𝑛   Number of open RyR2s in the nth dyad 

LCC   L-type channel 
RyR2   Type 2 isoform of Ryanodine Receptor 

MODEL PARAMETERS 
Cell Geometry 

𝑉𝑐𝑒𝑙𝑙 = 38 · 10−6 𝜇𝐿 
𝐴𝑐𝑎𝑝 = 1.534 · 10−4 𝑐𝑚2 
𝑉𝑖 = 25.84 · 10−6 𝜇𝐿 
𝑉𝑁𝑆𝑅 = 2.098 · 10−6 𝜇𝐿 
𝑉𝐽𝑆𝑅 = 0.182 · 10−6 𝜇𝐿 
𝑉𝑠𝑠 = 0.76 · 10−6 𝜇𝐿 
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_𝑑𝑦𝑎𝑑𝑠 ·Ads)·50 nm = 0.76·10-6 µL, where Ads is the area occupied by an individual dyadic 
space. This space is equal to 2% of Vcell. All other values are taken from (1). 

𝑣𝑖𝑛 =
𝑉𝑖

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
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𝑣𝑠𝑠𝑛 =
𝑉𝑠𝑠

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
 

𝑣𝑁𝑆𝑅𝑛 =  
𝑉𝑁𝑆𝑅

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
  

𝑣𝐽𝑆𝑅𝑛 =
𝑉𝐽𝑆𝑅

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
 

𝑣𝑑𝑠𝑛 =  2 · 10−13 𝜇𝐿 
𝑁𝐿𝐶𝐶𝑛  = 15 
𝑁𝑅𝑦𝑅2𝑛 = 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 

𝑁𝑎𝑜 =  140 𝑚𝑀 
𝐶𝑎𝑜 =  2 𝑚𝑀 
𝐾𝑜 =  4.5 𝑚𝑀 
Initial Conditions 

𝑉𝑚 =  −86.364 𝑚𝑉 
𝑚 =   0.001231 
ℎ =   0.988864 
𝑗 =  0.992842 
𝑥𝑠1 =  0.00611 
𝑥𝑠2 =  0.029537 
𝑥𝑟 =  0.000175 
𝑏 =  0.001229 
𝑔 =  0.991057 
𝑁𝑎𝑖 =  12.6233 𝑚𝑀 
𝐾𝑖 =  124.383 𝑚𝑀 
𝐶𝑎𝑖𝑛 =  8.83 · 10−5 𝑚𝑀 
𝐶𝑎𝑠𝑠𝑛 =  8.04 · 10−5 𝑚𝑀 
𝐶𝑎𝑑𝑛 =  8.04 · 10−2 µM 
𝐶𝑎𝐽𝑆𝑅𝑛 =  1.29871 𝑚𝑀 
𝐶𝑎𝑁𝑆𝑅𝑛 =  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 (𝐼𝑠𝑡) of -80 µA/µF 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 

𝐺𝑁𝑎 = 16 
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𝐹 = 96500 
𝑅 = 8310 
𝑇 = 310 

𝐸𝑁𝑎 =  �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝑁𝑎𝑜
𝑁𝑎𝑖

� 

𝛼𝑚 =
�0.32 · (𝑉𝑚 +  47.13)�

�1 − 𝑒𝑥𝑝�−0.1 · (𝑉𝑚 + 47.13)��
 

𝛽𝑚 = 0.08 · 𝑒𝑥𝑝 �
−𝑉𝑚
11

� 
If (Vm < -40) 

𝛼𝑗 =
��−127140 · 𝑒𝑥𝑝(0.2444 · 𝑉𝑚) − 3.474 · 10−5  · 𝑒𝑥𝑝(−0.04391 · 𝑉𝑚)� (𝑉𝑚 + 37.78)�

�1 + 𝑒𝑥𝑝�0.311 · (𝑉𝑚 + 79.23)��
 

𝛽𝑗 =
(0.1212 · 𝑒𝑥𝑝(−0.01052 · 𝑉𝑚))

�1 + 𝑒𝑥𝑝�−0.1378 ·  (𝑉𝑚 + 40.14)��
 

𝛼ℎ = 0.135 · 𝑒𝑥𝑝 �
80 + 𝑉𝑚
−6.8

� 

𝛽ℎ = 3.56 · 𝑒𝑥𝑝(0.079 ·  𝑉𝑚) +  3.1 · 105 · 𝑒𝑥𝑝(0.35 · 𝑉𝑚) 
If (Vm ≥-40) 
𝛼ℎ =  𝛼𝑗 = 0 

𝛽ℎ =
1

�0.13 · �1 + 𝑒𝑥𝑝 �(𝑉𝑚 + 10.66)
−11.1 ���

 

𝛽𝑗 =
0.3 · 𝑒𝑥𝑝(−0.0000002535 · 𝑉𝑚)

1 + 𝑒𝑥𝑝�−0.1 · (𝑉𝑚 + 32)�
 

𝑑𝑚
𝑑𝑡

= 𝛼𝑚 · 𝑚 −  𝛽𝑚 · (1 −𝑚) 
𝑑ℎ
𝑑𝑡

= 𝛼ℎ · ℎ −  𝛽ℎ · (1 − ℎ) 
𝑑𝑗
𝑑𝑡

= 𝛼𝑗 · 𝑗 −  𝛽𝑗 · (1 − 𝑗) 

𝐼𝑁𝑎 = 𝐺𝑁𝑎 · 𝑚3 · ℎ · 𝑗 · (𝑉𝑚 − 𝐸𝑁𝑎) 

Fast Component of Delayed Rectifier K Current 

𝐺𝐾𝑟 = 0.02614 · �
𝐾𝑜
5.4

 

𝐸𝐾 =  �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝐾𝑜
𝐾𝑖
� 

𝑥𝑟𝑠𝑠 =
1

�1 + 𝑒𝑥𝑝 �− (𝑉𝑚 + 21.5)
7.5 ��
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𝜏𝑥𝑟 =
1

1.38 · 10−3 · (𝑉𝑚 + 14.2)
1 − 𝑒𝑥𝑝�−0.123 · (𝑉𝑚 + 14.2)�

+ 6.1 · 10−4 · (𝑉𝑚 + 38.9)
𝑒𝑥𝑝�0.145 · (𝑉𝑚 + 38.9)� − 1

 

𝑟𝑘𝑟 =
1

1 + 𝑒𝑥𝑝 �𝑉𝑚 + 9
18.4 �

 

𝑑𝑥𝑟
𝑑𝑡

=  
𝑥𝑟𝑠𝑠 − 𝑥𝑟
𝜏𝑥𝑟

 

𝐼𝑘𝑟 = 𝐺𝑘𝑟 · 𝑥𝑟 · 𝑟𝑘𝑟 · (𝑉𝑚 − 𝐸𝐾) 
Slow Component of Delayed Rectifier K Current 

𝑃𝑁𝑎,𝐾 = 0.01833 

𝐺𝐾𝑠 = 0.3031 ·

⎝

⎜
⎛

1 +
0.6

1 + �3.8 · 10−5
𝐶𝑎𝑖𝑐𝑒𝑙𝑙

�
1.4

⎠

⎟
⎞

 

𝐸𝐾𝑠 = �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝐾𝑜 + 𝑃𝑁𝑎,𝐾 · 𝑁𝑎𝑜
𝐾𝑖 + 𝑃𝑁𝑎,𝐾 · 𝑁𝑎𝑖

� 

𝑥𝑠1𝑠𝑠 = 𝑥𝑠2𝑠𝑠 =
1

1 + 𝑒𝑥𝑝 �1.5 − 𝑉𝑚
16.7 �

 

𝜏𝑥𝑠1 =
1

7.19 · 10−5 · (𝑉𝑚 + 30)
1 − 𝑒𝑥𝑝�−0.148 · (𝑉𝑚 + 30)�

+ 1.31 · 10−4 · (𝑉𝑚 + 30)
𝑒𝑥𝑝�0.0687 · (𝑉𝑚 + 30)� − 1

 

𝜏𝑥𝑠2 = 4 · 𝜏𝑥𝑠1 
𝑑𝑥𝑠1
𝑑𝑡

=  
𝑥𝑠1𝑠𝑠 − 𝑥𝑠1

𝜏𝑥𝑠1
 

𝑑𝑥𝑠2
𝑑𝑡

=
𝑥𝑠2𝑠𝑠 − 𝑥𝑠2

𝜏𝑥𝑠2
 

𝐼𝑘𝑠 =  𝐺𝑘𝑠 · 𝑥𝑠1 · 𝑥𝑠2 · (𝑉𝑚 − 𝐸𝐾𝑠) 
Inward Rectifier K Current 

𝐺𝐾1 = 0.75 · �
𝐾𝑜
5.4

 

𝐸𝐾 =  �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝐾𝑜
𝐾𝑖
� 

𝛼𝐾1 =  
1.02

1 + 𝑒𝑥𝑝�0.2385 · (𝑉𝑚 − 𝐸𝐾 − 59.215)�
 

𝛽𝐾1 =  
0.49124 · 𝑒𝑥𝑝�0.08032 · (𝑉𝑚 − 𝐸𝐾 + 5.476)� + 𝑒𝑥𝑝 �0.06175 · (𝑉𝑚 − 𝐸𝐾 − 594.31)�

1 + 𝑒𝑥𝑝�−0.5143 · (𝑉𝑚 − 𝐸𝐾 + 4.753)�
 

𝐾1 =
𝛼𝐾1

𝛼𝐾1 + 𝛽𝐾1
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𝐼𝐾1 = 𝐺𝐾1 · 𝐾1 · (𝑉𝑚 − 𝐸𝐾) 
Sodium Potassium Pump Current 

𝐺𝑁𝑎𝐾 = 2.25 

𝜎 =  
𝑒𝑥𝑝 �𝑁𝑎𝑜67.3� − 1

7
 

𝑓𝑁𝑎𝐾 =
1

1 + 0.1245 · 𝑒𝑥𝑝 �−0.1 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � + 0.0365 · 𝜎 · 𝑒𝑥𝑝 �−𝑉𝑚 · 𝐹

𝑅 · 𝑇 �
 

𝐾𝑚,𝑁𝑎𝑖 = 10 
𝐾𝑚,𝐾𝑜 = 1.5 

𝐼𝑁𝑎𝐾 =  𝐺𝑁𝑎𝐾 ·
𝑓𝑁𝑎𝐾

1 + �
𝐾𝑚,𝑁𝑎𝑖
𝑁𝑎𝑖

�
2 · �

𝐾𝑜
𝐾𝑜 + 𝐾𝑚,𝐾𝑜

� 

Background Sodium Current 

𝐺𝑁𝑎𝑏 = 0.004 

𝐸𝑁𝑎 =  �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝑁𝑎𝑜
𝑁𝑎𝑖

� 

𝐼𝑁𝑎𝑏 = 𝐺𝑁𝑎𝑏 · (𝑉𝑚 − 𝐸𝑁𝑎) 
Plateau K Current 

𝐺𝐾𝑝 = 5.52 · 10−3 

𝐸𝐾 =  �
𝑅 · 𝑇
𝐹

� · 𝑙𝑛 �
𝐾𝑜
𝐾𝑖
� 

𝐾𝑝 =
1

1 + 𝑒𝑥𝑝 �7.488 − 𝑉𝑚
5.98 �

 

𝐼𝐾𝑝 = 𝐺𝐾𝑝 · 𝐾𝑝 · (𝑉𝑚 − 𝐸𝐾) 

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 

𝛼 = 0.925 · 𝑒𝑥𝑝 �
𝑉𝑚
30
� 

𝛽 = 0.39 · 𝑒𝑥𝑝 �
−𝑉𝑚
40

� 

𝑘𝐶1𝐶2 = 4 · 𝛼 
𝑘𝐶2𝐶3 = 3 · 𝛼 
𝑘𝐶3𝐶4 = 2 · 𝛼 
𝑘𝐶4𝑂 =  𝛼 
𝑘𝑂𝐶4 = 4 · 𝛽 
𝑘𝐶4𝐶3 = 3 · 𝛽 
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𝑘𝐶3𝐶2 = 2 · 𝛽 
𝑘𝐶2𝐶1 =  𝛽 

𝑘𝐶3𝐼𝑉𝑠 = 0.005 · 𝑒𝑥𝑝 �
−𝑉𝑚
40

� 

𝑘𝐶3𝐼𝑉𝑓 = 0.245 · 𝑒𝑥𝑝 �
𝑉𝑚
10
� 

𝑘𝑂𝐼𝑉𝑠 = 0.03 · 𝑒𝑥𝑝 �
−𝑉𝑚
280

� 

𝑘𝑂𝐼𝑉𝑓 = 0.02 · 𝑒𝑥𝑝 �
𝑉𝑚

500
� 

𝑘𝐼𝑉𝑠𝑂 = 0.0011 · 𝑒𝑥𝑝 �
𝑉𝑚

500
� 

𝑘𝐼𝑉𝑓𝑂 = 0.035 · 𝑒𝑥𝑝 �
−𝑉𝑚
300

� 

𝑘𝐼𝑉𝑠𝐼𝑉𝑓 =  
𝑘𝐼𝑉𝑠𝑂 · 𝑘𝑂𝐼𝑉𝑓

𝑘𝐼𝑉𝑓𝑂
 

𝑘𝐼𝑉𝑓𝐼𝑉𝑠 =  𝑘𝑂𝐼𝑉𝑠 

𝑘𝐼𝑉𝑠𝐶3 =  
𝑘𝑂𝐶3 · 𝑘𝐼𝑉𝑠𝑂 · 𝑘𝐶3𝐼𝑉𝑠

𝑘𝐶3𝑂 · 𝑘𝑂𝐼𝑉𝑠
 

 𝑘𝐼𝑉𝑓𝐶3 =  
𝑘𝑂𝐶3 · 𝑘𝐼𝑉𝑓𝑂 · 𝑘𝐶3𝐼𝑉𝑓

𝑘𝐶3𝑂 · 𝑘𝑂𝐼𝑉𝑓
 

Ca-dependent Inactivation Transition Rates 

𝑘𝑀𝑜𝑑𝑒 𝑉−𝑀𝑜𝑑𝑒 𝐶𝑎 =  
1

1 + 1
𝐶𝑎𝑑𝑛 · 10−3

 

𝑘𝑀𝑜𝑑𝑒 𝐶𝑎−𝑀𝑜𝑑𝑒 𝑉 = 0.01 
LCC is open when the channel is in state O and in Mode V. 

𝐼�̅�𝑎 =  𝑃𝐶𝑎 · 𝑧𝐶𝑎2 ·
𝑉𝑚 · 𝐹2

𝑅 · 𝑇
·
𝛾𝐶𝑎𝑖 · 𝐶𝑎𝑑𝑛 · 10−3 · 𝑒𝑥𝑝 �𝑧𝐶𝑎 · 𝑉𝑚 · 𝐹

𝑅 · 𝑇 � −  𝛾𝐶𝑎𝑜 · 𝐶𝑎𝑜

𝑒𝑥𝑝 �𝑧𝐶𝑎 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � −  1

 

𝑃𝐶𝑎 = 6.075 · 10−4 
𝛾𝐶𝑎𝑖 = 0.01 
𝛾𝐶𝑎𝑜 = 0.341 
𝑧𝐶𝑎 = 2 

𝐼𝐶𝑎𝐿𝑛 =  𝐼�̅�𝑎 · �
𝑁𝑜𝑝𝑒𝑛 𝐿𝐶𝐶
𝑛

𝑁𝐿𝐶𝐶𝑛 � 

𝐼𝐶𝑎𝐿𝑐𝑒𝑙𝑙 =  
∑ 𝐼𝐶𝑎𝐿𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

𝐽𝐶𝑎𝐿𝑛 =  
−𝐼𝐶𝑎𝐿𝑛

2 · 𝑣𝑑𝑠𝑛 · 𝐹 · �
𝐴𝑐𝑎𝑝

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
� · 1000 
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The transition rate into Ca-dependent inactivation tier, 𝑘𝑀𝑜𝑑𝑒 𝑉−𝑀𝑜𝑑𝑒 𝐶𝑎 and 𝑃𝐶𝑎 were modified 
to reproduce 𝐼𝐶𝑎𝐿𝑐𝑒𝑙𝑙 during pacing in a guinea pig ventricular myocyte. 

Sodium (Na) Current through L-type Channels 

𝐼�̅�𝑎𝑁𝑎 =  𝑃𝑁𝑎 · 𝑧𝑁𝑎2 ·
𝑉𝑚 · 𝐹2
𝑅 · 𝑇 ·

𝛾𝑁𝑎𝑖 · 𝑁𝑎𝑖 · 𝑒𝑥𝑝 �𝑧𝑁𝑎 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � −  𝛾𝑁𝑎𝑜 · 𝑁𝑎𝑜

𝑒𝑥𝑝 �𝑧𝑁𝑎 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � −  1

 

𝑃𝑁𝑎 = 1.518 · 10−6 
𝛾𝑁𝑎𝑖 = 0.75 
 𝛾𝑁𝑎𝑜 = 0.75 
 𝑧𝑁𝑎 = 1 

𝐼𝐶𝑎𝑁𝑎 =  𝐼�̅�𝑎𝑁𝑎 · �
𝑁𝑜𝑝𝑒𝑛 𝐿𝐶𝐶
𝑛

𝑁 𝐿𝐶𝐶
𝑛

𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

𝑛=1

 

Potassium (K) Current through L-type Channels 

𝐼�̅�𝑎𝐾 =  𝑃𝐾 · 𝑧𝐾2 ·
𝑉𝑚 · 𝐹2
𝑅 · 𝑇 ·

𝛾𝐾𝑖 · 𝐾𝑖 · 𝑒𝑥𝑝 �𝑧𝐾 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � −  𝛾𝐾𝑜 · 𝐾𝑜

𝑒𝑥𝑝 �𝑧𝐾 · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � −  1

 

𝑃𝐾 = 4.34 · 10−7 
 𝛾𝐾𝑖 = 0.75 
 𝛾𝐾𝑜 = 0.75 
 𝑧𝐾 = 1 

𝐼𝐶𝑎𝐾 =  𝐼�̅�𝑎𝐾 · �
𝑁𝑜𝑝𝑒𝑛 𝐿𝐶𝐶
𝑛

𝑁 𝐿𝐶𝐶
𝑛

𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

𝑛=1

 

Background Ca Current 

𝐸𝐶𝑎𝑛 =  �
𝑅 · 𝑇
2 · 𝐹� · 𝑙𝑛 �

𝐶𝑎𝑜
𝐶𝑎𝑖𝑛

� 

𝐼𝐶𝑎𝑏𝑛 = 0.003016 · (𝑉𝑚 −  𝐸𝐶𝑎) 

𝐼𝐶𝑎𝑏𝑐𝑒𝑙𝑙 =  
∑ 𝐼𝐶𝑎𝑏𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

T-type Ca Current 

𝑏𝑠𝑠 =  
1

1 + 𝑒𝑥𝑝 �−(𝑉𝑚 + 14)
10.8 �

 

𝜏𝑏 = 3.7 +  
6.1

1 + 𝑒𝑥𝑝 �𝑉𝑚 + 25
4.5 �

 

𝑔𝑠𝑠 =  
1

1 + 𝑒𝑥𝑝 �𝑉𝑚 + 60
5.6 �
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𝜏𝑔 =  −0.875 · 𝑉𝑚 + 12 (𝑉𝑚 < 0); 𝜏𝑔 = 12 (𝑉𝑚 ≥ 0) 
𝑑𝑏
𝑑𝑡

=  
𝑏𝑠𝑠 −  𝑏
𝜏𝑏

 

𝑑𝑔
𝑑𝑡

=  
𝑔𝑠𝑠 −  𝑔
𝜏𝑔

 

𝐼𝐶𝑎𝑡𝑛 = 0.05 · 𝑏 · 𝑏 · 𝑔 · (𝑉𝑚 −  𝐸𝐶𝑎𝑛 ) 

𝐼𝐶𝑎𝑡𝑐𝑒𝑙𝑙 =  
∑ 𝐼𝐶𝑎𝑡𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Sarcolemmal Ca Pump Current 

𝐼𝑝𝐶𝑎𝑛 =  
1.15 · 𝐶𝑎𝑖𝑛

𝐶𝑎𝑖𝑛 +  𝐾𝑚𝑝𝐶𝑎
 

𝐾𝑚𝑝𝐶𝑎 =  0.0005 

𝐼𝑝𝐶𝑎𝑐𝑒𝑙𝑙 =  
∑ 𝐼𝑝𝐶𝑎𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Na-Ca Exchange Current in the Myoplasm 

𝑐1 = 0.00025 
𝑐2 = 0.0001 
𝑐3 = 1 
𝛾 = 0.15 
𝑧𝐶𝑎 = 2 

𝐼𝑁𝑎𝐶𝑎𝑛 =  
𝑐1 · 𝑒𝑥𝑝 �(𝛾 − 1) · 𝑉𝑚 · 𝐹

𝑅 · 𝑇 � · �𝑒𝑥𝑝 �𝑉𝑚 · 𝐹
𝑅 · 𝑇 � · 𝑁𝑎𝑖3 · 𝐶𝑎𝑜 − 𝑐3 · 𝑁𝑎𝑜3 · 𝐶𝑎𝑖𝑛�

1 + 𝑐2 · 𝑒𝑥𝑝 �(𝛾 − 1) · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � · �𝑒𝑥𝑝 �𝑉𝑚 · 𝐹

𝑅 · 𝑇 � · 𝑁𝑎𝑖3 · 𝐶𝑎𝑜 + 𝑐3 · 𝑁𝑎𝑜3 · 𝐶𝑎𝑖𝑛�
 

𝐼𝑁𝑎𝐶𝑎𝑐𝑒𝑙𝑙 =  
∑ 𝐼𝑁𝑎𝐶𝑎𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Na-Ca Exchange Current in the Submembrane Space 

𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑛 =  

0.25 · 𝑐1 · 𝑒𝑥𝑝 �(𝛾 − 1) · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � · �𝑒𝑥𝑝 �𝑉𝑚 · 𝐹

𝑅 · 𝑇 � · 𝑁𝑎𝑖3 · 𝐶𝑎𝑜 − 𝑐3 · 𝑁𝑎𝑜3 · 𝐶𝑎𝑠𝑠𝑛 �

1 + 𝑐2 · 𝑒𝑥𝑝 �(𝛾 − 1) · 𝑉𝑚 · 𝐹
𝑅 · 𝑇 � · �𝑒𝑥𝑝 �𝑉𝑚 · 𝐹

𝑅 · 𝑇 � · 𝑁𝑎𝑖3 · 𝐶𝑎𝑜 + 𝑐3 · 𝑁𝑎𝑜3 · 𝐶𝑎𝑠𝑠𝑛 �
 

𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑐𝑒𝑙𝑙 =  

∑ 𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Voltage 

𝐶𝑚  =  1 
𝐼𝑖𝑜𝑛 = 𝐼𝑁𝑎 + 𝐼𝐶𝑎𝐿𝑐𝑒𝑙𝑙 + 𝐼𝐶𝑎𝑁𝑎 +  𝐼𝐶𝑎𝐾 +  𝐼𝐶𝑎𝑡𝑐𝑒𝑙𝑙 + 𝐼𝐾𝑟 + 𝐼𝐾𝑠 + 𝐼𝐾1 + 𝐼𝑁𝑎𝐶𝑎𝑐𝑒𝑙𝑙 + 𝐼𝑁𝑎𝐶𝑎,𝑠𝑠

𝑐𝑒𝑙𝑙 + 𝐼𝑁𝑎𝐾 + 𝐼𝑁𝑎𝑏
+  𝐼𝑝𝐶𝑎𝑐𝑒𝑙𝑙 +  𝐼𝐶𝑎𝑏𝑐𝑒𝑙𝑙 +  𝐼𝐾𝑝 +  𝐼𝑠𝑡  

𝑑𝑉𝑚
𝑑𝑡

 =  
−𝐼𝑖𝑜𝑛
𝐶𝑚
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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 (Po) 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 
(kC1O1, kO1C1) and RyR2 channel conductance (dryr) 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/kO1C1). 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 

𝑘𝐶1𝑂1 =
3 · (𝐶𝑎𝑑𝑛)4

(𝐶𝑎𝑑𝑛)4 +  (15)4 

𝑘𝑂1𝐶1 = 0.48 

𝑘𝐶2𝑂2 =
3 · (𝐶𝑎𝑑𝑛)4

(𝐶𝑎𝑑𝑛)4 +  (150)4 

𝑘𝑂2𝐶2 = 0.48 
𝑘𝐶1𝐶2 = 0.1 · �

𝑐𝑠𝑞𝑛
𝑐𝑠𝑞𝑛������

� 
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𝑘𝐶2𝐶1 = 0.1 · �
𝑐𝑠𝑞𝑛. 𝑐𝑎
𝑐𝑠𝑞𝑛������

� ·
1

1 + 𝑒𝑥𝑝(0.9 · 𝐵𝐶𝐿 + 𝑡𝑟𝑒𝑙 − 𝑡)
 

𝑘𝑂2𝑂1 =  𝑘𝐶2𝐶1 
𝑘𝑂1𝑂2 = 𝑘𝐶1𝐶2 

The dyad is considered active when the open fraction of RyR2s in the dyad is more than 0.2. trel 
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. 

𝐽𝑟𝑒𝑙𝑛 =  𝑑𝑟𝑦𝑟 · 𝑁𝑜𝑝𝑒𝑛 𝑅𝑦𝑅2
𝑛 · �1000 · 𝐶𝑎𝐽𝑆𝑅𝑛 −  𝐶𝑎𝑑𝑛� 

𝑑𝑟𝑦𝑟 =  4 

𝑐𝑠𝑞𝑛 =  
𝑐𝑠𝑞𝑛������ · 𝐾𝑚𝑐𝑠𝑞𝑛

�𝐶𝑎𝑗𝑠𝑟𝑛 +  𝐾𝑚𝑐𝑠𝑞𝑛�
 

𝑐𝑠𝑞𝑛. 𝑐𝑎 =  𝑐𝑠𝑞𝑛������ −  𝑐𝑠𝑞𝑛 
𝑐𝑠𝑞𝑛������ = 10 
𝐾𝑚𝑐𝑠𝑞𝑛 = 0.8 

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, 𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅 = 1 ms) between dyadic NSRs. 

For n > 1 and n < Ntotal_dyads 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓𝑛 =  
𝐶𝑎𝑑𝑛+1 −  2𝐶𝑎𝑑𝑛 + 𝐶𝑎𝑑𝑛−1

𝜏𝑑𝑖𝑓𝑓_𝑑𝑠_𝑑𝑠
  

𝜏𝑑𝑖𝑓𝑓_𝑑𝑠_𝑑𝑠 = 15 

𝐽𝑁𝑆𝑅𝑑𝑖𝑓𝑓𝑛 =   
𝐶𝑎𝑁𝑆𝑅𝑛+1 −  2𝐶𝑎𝑁𝑆𝑅𝑛 +  𝐶𝑎𝑁𝑆𝑅𝑛−1

𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅
 

𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅 = 1 
 
For n = 1 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓1 =  
𝐶𝑎𝑑2 − 𝐶𝑎𝑑1

𝜏𝑑𝑖𝑓𝑓_𝑑𝑠_𝑑𝑠
  

𝐽𝑁𝑆𝑅𝑑𝑖𝑓𝑓1 =  
𝐶𝑎𝑁𝑆𝑅2 − 𝐶𝑎𝑁𝑆𝑅1

𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅
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For n = Ntotal_dyads 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 =  

𝐶𝑎𝑑
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 − 𝐶𝑎𝑑

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠−1

𝜏𝑑𝑖𝑓𝑓_𝑑𝑠_𝑑𝑠
 

 𝐽𝑁𝑆𝑅𝑑𝑖𝑓𝑓
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 =  

𝐶𝑎𝑁𝑆𝑅
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 − 𝐶𝑎𝑁𝑆𝑅

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠−1

𝜏𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝑁𝑆𝑅
 

Ca Diffusion from Dyadic Space into Submembrane Space 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑑𝑠_𝑠𝑠
𝑛 =  

𝐶𝑎𝑑𝑠𝑛 − 𝐶𝑎𝑠𝑠𝑛

𝜏𝑒𝑓𝑓𝑙𝑢𝑥
   

𝜏𝑒𝑓𝑓𝑙𝑢𝑥 = 7 · 10−4 
𝜏𝑒𝑓𝑓𝑙𝑢𝑥 is same as in (8). 

Ca Diffusion from the Submembrane Space into the Myoplasm 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖
𝑛 =  

𝐶𝑎𝑠𝑠𝑛 − 𝐶𝑎𝑖𝑛

𝜏𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖
   

𝜏𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖 = 0.1 

Ca Translocation from NSR to JSR 

𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝐽𝑆𝑅
𝑛 =  

𝐶𝑎𝑁𝑆𝑅𝑛 −  𝐶𝑎𝐽𝑆𝑅𝑛

𝜏𝑟𝑒𝑓𝑖𝑙𝑙
   

𝜏𝑟𝑒𝑓𝑖𝑙𝑙 = 10 
𝜏𝑟𝑒𝑓𝑖𝑙𝑙 is same as in (8). 

Ca Uptake in the NSR 

𝐽𝑢𝑝𝑛 =
𝐼𝑢𝑝���� · 𝐶𝑎𝑖𝑛

𝐶𝑎𝑖𝑛 + 𝐾𝑚𝑢𝑝
 

𝐼𝑢𝑝���� = 0.00875; 𝐾𝑚𝑢𝑝 = 0.00092 

Ca Leak from NSR 

𝐽𝑙𝑒𝑎𝑘𝑛 =
𝐼𝑢𝑝���� · 𝐶𝑎𝑁𝑆𝑅𝑛

𝑁𝑆𝑅������   

𝑁𝑆𝑅������ = 15 

MODEL CONCENTRATIONS AND BUFFERS 
Ca Concentration in the Dyadic Space 

𝐶𝑎𝑑𝑛 =  𝐽𝐶𝑎𝑑𝑖𝑓𝑓𝑛 +  �𝐽𝑟𝑒𝑙𝑛 +  𝐽𝐶𝑎𝐿𝑛 +  
𝐶𝑎𝑠𝑠𝑛

𝜏𝑒𝑓𝑓𝑙𝑢𝑥
� · 𝜏𝑒𝑓𝑓𝑙𝑢𝑥;  𝜏𝑒𝑓𝑓𝑙𝑢𝑥 = 7. 10−4 

𝐶𝑎𝑑𝑐𝑒𝑙𝑙 =  
∑ 𝐶𝑎𝑑𝑠𝑛
𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
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Note that we use the quasi-equilibrium approximation of 𝐶𝑎𝑑𝑛 (11) since the time-scale over 
which 𝐶𝑎𝑑𝑛 equilibrates with 𝐶𝑎𝑠𝑠𝑛  is much faster than other processes such as channel gating and 
Ca diffusion from adjacent dyads. 

Ca Concentration in the Submembrane Space 

𝐵𝑠𝑠 =  
1

1 + 𝐵𝑆𝑅�����  · 𝐾𝑚𝑆𝑅
(𝐶𝑎𝑠𝑠𝑛 +  𝐾𝑚𝑆𝑅)2 +  𝐵𝑆𝐿����  · 𝐾𝑚𝑆𝐿

(𝐶𝑎𝑠𝑠𝑛 +  𝐾𝑚𝑆𝐿)2
 

𝐵𝑆𝑅������ = 0.047 
𝐵𝑆𝐿����� = 1.124 
𝐾𝑚𝑆𝑅 = 0.00087 
𝐾𝑚𝑆𝐿 = 0.0087 
𝑑𝐶𝑎𝑠𝑠𝑛

𝑑𝑡
=  −𝐵𝑠𝑠

· �−2𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑛 · �

𝐴𝑐𝑎𝑝
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 · 𝑧𝐶𝑎 · 𝐹 · 𝑣𝑠𝑠𝑛

� + 𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖
𝑛 −  10−3 · 𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑑𝑠_𝑠𝑠

𝑛

· �
𝑣𝑑𝑠𝑛

𝑣𝑠𝑠𝑛
�  � 

𝐶𝑎𝑠𝑠𝑐𝑒𝑙𝑙 =  
∑ 𝐶𝑎𝑠𝑠𝑛
𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Ca Concentration in the JSR 

𝐵𝐽𝑆𝑅 =  
1

1 +  
𝑐𝑠𝑞𝑛������ · 𝐾𝑚𝑐𝑠𝑞𝑛

�𝐶𝑎𝐽𝑆𝑅𝑛 +  𝐾𝑚𝑐𝑠𝑞𝑛�
2

 

𝑑𝐶𝑎𝐽𝑆𝑅𝑛

𝑑𝑡
=  𝐵𝐽𝑆𝑅 · �−10−3 · 𝐽𝑟𝑒𝑙𝑛 · �

𝑣𝑑𝑠𝑛

𝑣𝐽𝑆𝑅𝑛
� + 𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝐽𝑆𝑅

𝑛  � 

𝐶𝑎𝐽𝑆𝑅𝑐𝑒𝑙𝑙 =  
∑ 𝐶𝑎𝐽𝑆𝑅𝑛
𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Ca Concentration in the NSR 

𝑑𝐶𝑎𝑁𝑆𝑅𝑛

𝑑𝑡
=  𝐽𝑁𝑆𝑅𝑑𝑖𝑓𝑓𝑛 +  �𝐽𝑢𝑝𝑛 −  𝐽𝑙𝑒𝑎𝑘𝑛 −  𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑁𝑆𝑅_𝐽𝑆𝑅

𝑛 · �
𝑣𝐽𝑆𝑅𝑛

𝑣𝑁𝑆𝑅𝑛 �� 

𝐶𝑎𝑁𝑆𝑅𝑐𝑒𝑙𝑙 =  
∑ 𝐶𝑎𝑁𝑆𝑅𝑛𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Ca Concentration in the Myoplasm 

𝐵𝑚𝑦𝑜 =  
1

1 + 𝑇𝑅𝑃𝑁�������� · 𝐾𝑚𝑇𝑅𝑃𝑁
(𝐶𝑎𝑖𝑛 +  𝐾𝑚𝑇𝑅𝑃𝑁)2 +  𝐶𝑀𝐷𝑁

��������� · 𝐾𝑚𝐶𝑀𝐷𝑁
(𝐶𝑎𝑖𝑛 +  𝐾𝑚𝐶𝑀𝐷𝑁)2

 

𝑇𝑅𝑃𝑁�������� = 0.07 
𝐾𝑚𝑇𝑅𝑃𝑁 = 0.0005 
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𝐶𝑀𝐷𝑁��������� = 0.05 
𝐾𝑚𝐶𝑀𝐷𝑁 = 0.00238 
𝑑𝐶𝑎𝑖𝑛

𝑑𝑡
=  −𝐵𝑚𝑦𝑜

· ��𝐼𝐶𝑎𝑏𝑛 +  𝐼𝐶𝑎𝑡𝑛 + 𝐼𝑝𝐶𝑎𝑛 − 2 · 𝐼𝑁𝑎𝐶𝑎𝑛 � · �
𝐴𝑐𝑎𝑝

𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠 · 𝑧𝐶𝑎 · 𝐹 · 𝑣𝑖𝑛
�

+ �𝐽𝑢𝑝𝑛 − 𝐽𝑙𝑒𝑎𝑘𝑛 � · �𝑣𝑁𝑆𝑅
𝑛

𝑣𝑐𝑦𝑡𝑛 � −  𝐽𝐶𝑎𝑑𝑖𝑓𝑓_𝑠𝑠_𝑖
𝑛 · � 𝑣𝑠𝑠

𝑛

𝑣𝑐𝑦𝑡𝑛 �� 

𝐶𝑎𝑖𝑐𝑒𝑙𝑙 =  
∑ 𝐶𝑎𝑖𝑛
𝑛=𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠
𝑛=1
𝑁𝑡𝑜𝑡𝑎𝑙_𝑑𝑦𝑎𝑑𝑠

 

Na Concentration in the Myoplasm 
𝑑𝑁𝑎𝑖
𝑑𝑡

=  −�𝐼𝑁𝑎 + 𝐼𝑁𝑎𝑏 + 𝐼𝐶𝑎𝑁𝑎 + 3 · 𝐼𝑁𝑎𝐾 + 3 · 𝐼𝑁𝑎𝐶𝑎𝑐𝑒𝑙𝑙 + 3 · 𝐼𝑁𝑎𝐶𝑎,𝑠𝑠
𝑐𝑒𝑙𝑙  � · �

𝐴𝑐𝑎𝑝
𝐹 · 𝑉𝑖 · 𝑧𝑁𝑎

� 

K Concentration in the Myoplasm 
𝑑𝐾𝑖
𝑑𝑡

=  −�𝐼𝐾𝑟 + 𝐼𝐾𝑠 + 𝐼𝐾1 + 𝐼𝐾𝑝 + 𝐼𝐶𝑎𝐾 − 2 · 𝐼𝑁𝑎𝐾 +  𝐼𝑠𝑡� · �
𝐴𝑐𝑎𝑝

𝐹 · 𝑉𝑖 · 𝑧𝐾
� 

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 10000 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 Cad (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 (kC1C2, kC2C1, kO1O2 and 
kO2O1) 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 

 

 

 

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 (kC1C2, kC2C1, kO1O2 and 
kO2O1) 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 (ICaL) summed over an increasing number of dyads. ICaL through 
1 (A), 10 (B), 100 (C) and 1000 (D) dyads. Note that ICaL  in dyads approaches ICaLcell  as 
summation is performed over an increasing number of dyads. 
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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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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 (Caicell). (B) JSR Ca concentration 
(CaJSRcell). (C) Ca release flux (Jrelcell). (D) Fraction of active dyads. The myocyte model is paced at 
1 Hz.  
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