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ABSTRACT Intracellular calcium (Ca2þ) cycling dynamics in cardiac myocytes are spatiotemporally generated by stochastic
events arising from a spatially distributed network of coupled Ca2þ release units that interact with an intertwined mitochondrial
network. In this study, we developed a spatiotemporal ventricular myocyte model that integrates mitochondria-related Ca2þ

cycling components into our previously developed ventricular myocyte model consisting of a three-dimensional Ca2þ release
unit network. Mathematical formulations of mitochondrial membrane potential, mitochondrial Ca2þ cycling, mitochondrial perme-
ability transition pore stochastic opening and closing, intracellular reactive oxygen species signaling, and oxidized Ca2þ/calmod-
ulin-dependent protein kinase II signaling were incorporated into the model. We then used the model to simulate the effects of
mitochondrial depolarization on mitochondrial Ca2þ cycling, Ca2þ spark frequency, and Ca2þ amplitude, which agree well with
experimental data. We also simulated the effects of the strength of mitochondrial Ca2þ uniporters and their spatial localization on
intracellular Ca2þ cycling properties, which substantially affected diastolic and systolic Ca2þ levels in the mitochondria but ex-
hibited only a small effect on sarcoplasmic reticulum and cytosolic Ca2þ levels under normal conditions. We show that mitochon-
drial depolarization can cause Ca2þ waves and Ca2þ alternans, which agrees with previous experimental observations. We
propose that this new, to our knowledge, spatiotemporal ventricular myocyte model, incorporating properties of mitochondrial
Ca2þ cycling and reactive-oxygen-species-dependent signaling, will be useful for investigating the effects of mitochondria on
intracellular Ca2þ cycling and action potential dynamics in ventricular myocytes.
SIGNIFICANCE Intracellular calcium (Ca2þ) cycling dynamics in cardiac myocytes are spatiotemporally generated by
stochastic events arising from a spatially distributed network of coupled Ca2þ release units that interact with an intertwined
mitochondrial network. In this study, we developed a spatiotemporal ventricular myocyte model that integrates
mitochondria-related Ca2þ cycling components into our previously developed ventricular myocyte model consisting of a
three-dimensional Ca2þ release unit network. We propose that this new, to our knowledge, spatiotemporal ventricular
myocyte model, incorporating properties of mitochondrial Ca2þ cycling and reactive-oxygen-species-dependent signaling,
will be useful for investigating the effects of mitochondria on intracellular Ca2þ cycling and action potential dynamics in
ventricular myocytes.
INTRODUCTION

Spatiotemporal intracellular calcium (Ca2þ) cycling dy-
namics in cardiac myocytes are generated by stochastic phe-
nomena arising from a three-dimensional (3D) Ca2þ release
unit (CRU) network composed of ryanodine receptor (RyR)
clusters in the sarcoplasmic reticulum (SR) membrane. The
SR is the major Ca2þ store in cardiac myocytes, and the
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CRUs are coupled via Ca2þ diffusion in both the cytosolic
and SR space. The intracellular Ca2þ dynamics that arise
from this network include Ca2þ sparks, spark clusters, partial
and persistent Ca2þwaves, and whole-cell Ca2þ oscillations,
which play important roles in excitation-contraction, signal
transduction, and arrhythmogenesis. In addition to the SR,
mitochondria also store Ca2þ by taking up Ca2þ via mito-
chondrial Ca2þ uniporter (MCU) and extruding Ca2þ via
mitochondrial Naþ-Ca2þ exchange (NCXm) or mitochon-
drial permeability transition pores (MPTPs). It has also
been shown that mitochondrial depolarization and other
metabolic stress affect the Ca2þ cycling dynamics, including
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Ca2þ spark (1,2), Ca2þ alternans (3–8), and spontaneous
Ca2þ release andwaves (9,10).Mitochondrial depolarization
and Ca2þ cycling can also affect the action potential dy-
namics, such as promoting early afterdepolarizations
(11,12), and lower membrane excitability by opening of
KATP channels (13–15) to promote arrhythmias or modu-
lating the pacemaking activity of cardiomyocytes (16,17).

Mitochondria are coupled to intracellular Ca2þ cycling
and the cardiac action potential in several ways. First, mito-
chondria directly influence intracellular Ca2þ cycling via
mitochondrial Ca2þ cycling in which cytosolic Ca2þ is
sequestered in mitochondria via MCU and then is released
back to the cytosol via NCXm or opening of MPTPs. Second,
mitochondria-related reactive oxygen species (ROS)
signaling and redox regulation affect RyR open probability
and SERCA pump activity (18–23) as well as ion channel
open probability. Third, the SERCA pump and other sarco-
lemmal ion pumps require ATP. Low ATP may impair these
pumps and trigger the opening of the ATP-dependent Kþ

channels. Mitochondrial ROS production and SR Ca2þ

release form a positive feedback loop because leaky RyRs
may result in more mitochondrial Ca2þ uptake, which can
cause mitochondrial depolarization and ROS production
(24,25). Moreover, a ventricular myocyte contains thousands
ofmitochondria, forming amitochondrial network exhibiting
spatiotemporal dynamics (26–33). This network, coupled
with the CRU network, also influences spatiotemporal
Ca2þ cycling dynamics. In addition, the elementary Ca2þ

release events (e.g., Ca2þ sparks) occur randomly because
of random L-type Ca2þ channel (LCC) and RyR openings
(34,35). Similarly, the mitochondrial membrane potential
flickering (36,37) and ROS flashes (38,39) also occur
randomly in the singlemitochondrion level. Therefore, to un-
derstand the interactions between mitochondria and intracel-
lular Ca2þ cycling and action potential, both the spatial
distribution of subcellular components and randombehaviors
arising from ion channel stochasticity need to be considered.

In this study, we developed a ventricular myocyte model
that includes a detailed spatial network of CRUs and mito-
chondria, which couples to membrane voltage, intracellular
cytosolic, SR, and mitochondrial Ca2þ cycling. The model
also incorporates intracellular ROS signaling, oxidized
Ca2þ/calmodulin-dependent protein kinase II (CaMKII)
signaling, stochastic MPTP opening, and mitochondrial
Ca2þ buffering. Rather than incorporating detailed models
of glycolytic and metabolic pathways, we used simplified
models for mitochondrial membrane potential, ATP, and
ROS described by phenomenological functions. The model
was validated against experimental data from literature and
predicts Ca2þ cycling dynamics such as mitochondrial-de-
polarization-induced Ca2þ alternans and Ca2þ waves. This
model provides a new, to our knowledge, platform to inves-
tigate the effects of mitochondria on intracellular Ca2þ

cycling and action potential dynamics of ventricular
myocytes.
2350 Biophysical Journal 117, 2349–2360, December 17, 2019
METHODS

The mathematical equations and parameters of the model were described in

detail in Supporting Materials and Methods. Here, we outline the basics and

the major changes we made from previous models.
The overall ventricular myocyte model structure

The spatiotemporal myocyte model (Fig. 1 A) consists of a 3D coupled

network of CRUs and mitochondria, modified from the model in our recent

study (12), which contains 21,504 (64 � 28 � 12) CRUs and 5376 (64 �
14� 6) mitochondria. These numbers can be changed for modeling different

cell sizes. The CRU distance is �2 mm in the longitudinal direction and �1

mm in the transverse directions. According toVendelin et al. (40), the average

distance between mitochondria is�2 mm in longitudinal direction and�1.5

mm in the transverse direction in cardiac myocytes. Therefore, we attached a

mitochondrion to every CRU along the longitudinal direction and every other

CRU along the transverse direction, resulting in a 4:1CRU/mitochondrion ra-

tio. RyRs and LCCs were modeled by randomMarkovian transitions (Fig. 1,

B andC). Themajor improvements in themodel from our previous study (12)

are an incorporation of 1) a new, to our knowledge, stochastic MPTP gating

model (Fig. 1 F), a new, to our knowledge, model for mitochondrial Ca2þ

buffering, and simplified models for cytosolic ROS and ATP; 2) the MCU

formulation by Williams et al. (41) and the oxidized CaMKII signaling

formulation by Foteinou et al. (42) (Fig. 1, D and E); and 3) ATP, ROS,

and CaMKII signaling effects on RyRs, SERCApump, and the relevant ionic

currents based on previous models and experimental information.
Membrane potential of the cell

The membrane potential (V) of the cell is described in the following

differential equation:

Cm

dV

dt
¼ INa þ INa;L þ ICa;L þ INCX þ IK1 þ IKr þ IKs þ Ito;f

þ Ito;s þ INaK þ IK;ATP þ ICa;b � Isti;

(1)

where Cm ¼ 1 mF/cm2 is the cell membrane capacitance, and Isti ¼ �50

mA/cm2 is the stimulus current density. The ionic current formulations

were taken from the rabbit ventricular myocyte model by Mahajan et al.

(43) with modifications, which are summarized below.

Naþ current

INa is the Na
þ current density and INa,L is the late Na

þ current density, both

of which are CaMKII dependent using the formulations by Hund et al. (44).

L-type Ca2þ current

ICa,L is the L-type Ca
2þ current density. Because the stochastic opening of

LCCs plays important roles in the stochastic firing of Ca2þ sparks, the

gating of LCCs was modeled using a nine-state Markovian model (12) to

describe the different states of the LCCs (Fig. 1 C). We added the

CaMKII-dependent regulation by slowing the inactivation of the LCCs

(45), using the formulation by Hund and Rudy (46).

Naþ/K þ pump current

TheNaþ-Kþ pump current density (INaK)modelwasmodified from the formu-

lation by Cortassa et al. (47) to incorporate dependencies on ATP and ADP.

ATP-sensitive Kþ current

An ATP-sensitive Kþ current (IKATP) was added to the model using the

formulation by Matsuoka et al. (48).
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FIGURE 1 Schematic diagram of the ventricular

myocyte model. (A) A schematic diagram of the

CRU-mitochondria network consisting of 64 �
28 � 12 CRUs and 64 � 14 � 6 mitochondria is

shown. Mitochondria are attached to each CRU in

the longitudinal direction and every other CRU in

the transverse direction. The compartments con-

tained in a CRU are cytosolic space (CYTO), sub-

membrane space (SUB), dyadic space (DS),

junctional SR (JSR), network SR (NSR). Gray ar-

rows indicate the Ca2þ fluxes via LCC, NCX,

RyRs, and SERCA. When a mitochondrion is

attached to a CRU, Ca2þ fluxes via MCU, NCXm,

and MPTP are indicated by the colored arrows.

(B) The four-state RyR model is shown. (C) The

nine-state LCC model is shown. (D) The five-state

CaM model is shown. (E) The seven-state CaMKII

model is shown. (F) The three-state MPTP model is

shown. To see this figure in color, go online.
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Cytosolic and SR Ca2D cycling

We incorporated CaMKII, ATP, and ROS regulation of RyRs and SERCA

pumps into the model as described below.

RyR open probability

The effects of mitochondrial depolarization on the RyR open probability

are mediated by both oxidized CaMKII signaling (49) or redox regula-

tion (20), which increase the RyR open probability. To simulate these ef-

fects, we modified the close-to-open rate of RyRs in the following

equation:

k12 ¼ kbase � Ku � ð1þDkCaMKII þDkROSÞ � �
Ca2þ

�2
p
;

(2)

where DkCaMKII is the CaMKII-dependent component, and DkROS is the

ROS-dependent component. kbase and Ku are two rate constants, and

½Ca2þ�p is the local Ca2þ concentration in the corresponding dyadic space.

SERCA pump

The formulation by Cortassa et al. (47) was used for the dependence of

SERCA pump on ATP. The effects of ROS on SERCA activity are via direct

redox regulation (20), which slows the SERCA pump, or via CaMKII phos-

phorylation of phospholamban, which reduces the half-maximal value ðkiÞ
to increase SERCA activity. The effects of CaMKII signaling on phospho-

lamban (and thus SERCA activity) were simulated using the formulation by

Hund and Rudy (46). Thus, the formulation of SERCA pump is described in

the following equation:

Jup ¼ vup � fup;ATP � fup;ROS

� ½Ca2þ �2i
½Ca2þ �2i þ

�
ki � PLB

�½CaMKII�act
��2; (3)

where fup,ATP is an ATP-dependent function taken from Cortassa et al. (47),

and fup,ROS is an ROS-dependent function.
Background SR leak

We added a CaMKII-dependent background SR Ca2þ leak flux following

the formulation by Hund et al. (44).
Mitochondrial membrane potential

Because metabolism is not the focus of this study, we ignored the details

for mitochondrial membrane potential ðDjÞ generation and usage (50)

and used a simple equation to describe Dj from our previous publication

(32), that is, for each mitochondrion in the cell, Dj is described by the

following differential equation:

dDj

dt
¼ VjS � kjU � Dj� Iuni � INCXm; (4)

where VjS ¼ 3:5 mV=ms is the Dj production rate, kjU ¼ 0:192 ms�1

is the usage rate constant, Iuni is the current density via the MCU of the

mitochondrion, and INCXm is the current density via its NCXm. Note

that Eq. 4 only holds when the MPTP is closed. MPTP opening is

known to effectively dissipate the mitochondrial membrane (51); therefore,

we assume that Dj is immediately depolarized to zero once the MPTP

opens.

A three-state model of MPTP gating kinetics (Fig. 1 F) from our

previous study (51) was used. The transition rate from the state C0 to

the state C1 was assumed to be Ca2þ-dependent as in the following

equation:

kc0c1 ¼ a0

 
1þ 199 � ½Ca2þ�hMPTP

m

½Ca2þ�hMPTP

m þ ½Ca2þ�hMPTP

0

!
; (5)

where hMPTP ¼ 5 is the Hill coefficient, [Ca2þ]m is the free Ca2þ

concentration in the corresponding mitochondrion, and [Ca2þ]0 is the Kd

for the half-maximal value. Other transition rates are assumed to be

constant.
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Mitochondrial Ca2D cycling

Mitochondrial Ca2þ uptake

We incorporated the MCU formulation by Williams et al. (41) into the

model, which was fitted to experimental MCU fluxes over a wide range

of cytosolic Ca2þ concentration.

Mitochondrial Naþ-Ca2þ exchange

We incorporated the mitochondrial Naþ-Ca2þ exchange formulation by

Cortassa et al. (47).

Mitochondrial Ca2þ buffering

The mitochondrial Ca2þ buffering capacity under physiological condi-

tions has been estimated from 33:1 to 30,000:1 (bound/free) (52).

Previous studies showed that most matrix Ca2þ is buffered by P in a

pH-sensitive manner, and when MPTP opens, the buffering capacitance

is reduced because of the decrease in matrix pH (53,54). In a recent

study (55), the time course of mitochondrial free Ca2þ was recorded dur-

ing MPTP opening induced by NCXm inhibition. After MPTP closure,

the mitochondrial free Ca2þ reaccumulated with a steep slope and

then exponentially relaxed to a constant slope with a timescale of

�20 s. A possible interpretation could be that the buffering capacitance

immediately after MPTP closure is still relatively low, and it takes time

for the mitochondrial Ca2þ buffers to recover to their high capacitance.

Therefore, to reproduce this behavior in our model, we assumed that

there is a relaxation time constant for mitochondrial Ca2þ buffers to

adjust their capacitance in response to MPTP closure. Thus, when

MPTP opens, the buffering capacitance is set to bm;on, and when

MPTP closes, the buffering capacitance relaxes to bm;off with a time

constant tm, as in the following equation:

bm ¼
8<
:

bm;on after MPTP opens

bm;off �
�
bm;off � bm

�
e
� t
tm after MPTP closes

:

(6)

The parameters were chosen to be within the physiological range (52)

and were adjusted to reproduce the experimental results by Lu et al. (55)

(see Fig. 4).
Cytosolic ROS

Mitochondrial depolarization causes an ROS burst as shown in many exper-

iments (56,57). In our model, we assume the cytosolic ROS production rate

is high when MPTP opens and remains low when MPTP closes. Accurate

measurement of cytosolic ROS in cells remains difficult (58), but it is

estimated to be less than 0.25 mM under normal conditions and could be

100-fold greater under diseased conditions (59). We applied the following

governing equation for the cytosolic ROS dynamics in each CRU:

d½ROS�
dt

¼ VSODC � VDC þ JROS;Diff ; (7)

where VSODC is the mitochondrial ROS production rate, which is a function

of mitochondrial membrane potential. If the CRU does not have a mito-

chondrion attached to it, this term becomes zero. VDC ¼ KDC[ROS] is the

cytosolic ROS degradation rate. Based on the fact that the lifetime of

H2O2 is reported to be �10 ms (60), KDC was set to be 0.1 ms�1. JROS,Diff
is the cytosolic ROS diffusion flux between neighboring CRUs with the

diffusion constant from Yang et al. (32). VSODC is formulated such that

when a mitochondrion depolarizes, the cytosolic ROS level reaches

�200 mM, and when mitochondrion remains repolarization, the cytosolic
2352 Biophysical Journal 117, 2349–2360, December 17, 2019
ROS level is �0.1 mM, which are reasonably within the pathophysiological

range (42,59).
Cytosolic ATP

ATP cycling in our previous study (50) was formulated using a detailed

glycolysis model. Here, because glycolysis dynamics is not the focus of

this study, we used a simplified ATP model as in the following equation:

d½ATP�
dt

¼ � VATP;consum þ VATPase þ JATP;Diff ; (8)

where VATPase is the mitochondrial ATP production rate, and VATP,consum is

the ATP consumption rate. JATP,Diff is the ATP diffusion flux between

neighboring CRUs with the diffusion constant from Hubley et al. (61). Un-

der the control condition, the cytosolic ATP level is �4.9 mM.
CaMKII signaling

The CaMKII signaling model (Fig. 1 E) developed by Foteinou et al. (42),

which includes the oxidation activation pathway, was incorporated into our

model.
Computer simulation

Stochastic transitions of LCCs, RyRs, and MPTP were simulated using a

modified Gilespie method (62), and the differential equations were solved

using the Euler method with a time step of 0.01 ms. A time adaptive method

(with a time step varying from 0.001 to 0.01 ms) was used for computing

the action potential upstroke of the ventricular cell and the Ca2þ dynamics

in the dyadic space. All computer programs were coded in CUDA C with

double precision. Simulations were carried out on a high-throughput

computation cluster consisting of Nvidia Tesla K20c and K80 GPU cards

(Santa Clara, CA). To simulate an action potential of a PCL 1 s, it takes

�140 s of computer time.
RESULTS

Effects of MCU localization on whole-cell
intracellular Ca2D cycling properties under
normal conditions

Mitochondria are tethered in close proximity to SR Ca2þ

release sites (63), where changes in cytosolic Ca2þ concen-
tration are the most dynamic in cardiac cells. For instance,
MCUs located close to the dyadic space sense much higher
free Ca2þ concentration (�100 mM) than those in the bulk
cytosol (�1 mM). To investigate how the MCU localization
affects the intracellular and mitochondrial Ca2þ cycling dy-
namics, we simulated our cell model under normal condi-
tions with MCU facing the bulk cytosol, the submembrane
space, or the dyadic space only.

Fig. 2 A shows the time courses of cell membrane
potential (V), whole-cell averaged cytosolic free Ca2þ con-
centration ð½Ca2þ�iÞ, whole-cell averaged free Ca2þ concen-
tration in the junctional SR (JSR) ð½Ca2þ�JSRÞ, whole-cell
averaged mitochondrial membrane potential ð� DjÞ,
whole-cell averaged free mitochondrial Ca2þ concentration
ð½Ca2þ�mÞ, and whole-cell averaged active CaMKII activity
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FIGURE 2 MCU localization on action potential

and Ca2þ cycling properties under normal condi-

tions. (A) Time courses of V, ½Ca2þ�i, ½Ca2þ�JSR,
Dj, ½Ca2þ�m, and ½CaMKII�act for MCU facing

cytosol (black), submembrane space (red), and

dyadic space (cyan), respectively, are shown. In

the model, MCU only senses local Ca2þ. For

example, when the MCU faces cytosol, it only

senses the local Ca2þ concentration in the corre-

sponding cytosolic space, that is, [Ca2þ]i. Because
MCU localization exhibits small effects on action

potential and intracellular Ca2þ cycling properties,

the colors are overlapped except in the panels

for Dj and ½Ca2þ�m. (B) Mitochondrial free Ca2þ

amplitude D½Ca2þ�m for the three MCU localiza-

tions is shown. (C) Mitochondrial free Ca2þ in

response to fast pacing is shown. Colored traces

correspond to different MCU localizations. To see

this figure in color, go online.
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ð½CaMKII�actÞ for PCL¼ 5 s andMCU facing different com-
partments. For all three cases, the action potential, the
whole-cell Ca2þ transient ½Ca2þ�i, and SR Ca2þ ½Ca2þ�JSR,
as well as the CaMKII activity exhibit almost no change
for MCU sensing Ca2þ in different compartments. The
mitochondrial membrane potential ðDjÞ exhibits a small
change in which a larger depolarization occurs when
MCU senses the dyadic Ca2þ. Altering MCU localization
mainly altered the mitochondrial Ca2þ load, with MCU fac-

ing the dyad resulting in the highest ½Ca2þ�m and MCU fac-

ing the bulk cytosol the lowest ½Ca2þ�m. The ½Ca2þ�m
diastolic-to-systolic variations are �15%, �20%, and
�40%, respectively, depending on the MCU localization
(Fig. 2 B). This variation is in line with the experiments
by Lu et al. (64) who showed that during the steady-state
pacing (PCL ¼ 5 s), mitochondrial Ca2þ concentration

ð½Ca2þ�mÞ rises to the peak rapidly and declines much

more slowly with a 10–20% diastolic-to-systolic variation.
Fast pacing causes the ½Ca2þ�m diastolic level to rise with

a reduced systolic amplitude (Fig. 2 C), replicating the pac-
ing-dependent behavior of mitochondrial free Ca2þ reported
in experiments by Lu et al. (64). Our simulations predict that
MCU localization affects the mitochondrial Ca2þ level,
which may rise significantly during fast pacing. For
instance, if MCU faces the dyadic space, at a PCL of 2 s,
the ½Ca2þ�m can reach �0.4–0.5 mM.
Effects of MCU activity on the whole-cell Ca2D

transient

As shown in Fig. 2, changing MCU localization can affect
the mitochondrial Ca2þ but has almost no effect on Ca2þ tran-
sient and action potential. However, MCU has been reported
to be upregulated under disease conditions, such as heart fail-
ure (12). Therefore, we performed simulations to further
investigate how the maximal MCU activity affected the intra-
cellular Ca2þ cycling dynamics. In our simulations, the
maximalMCUactivitywas commanded to increase fromcon-
trol to a higher value after 20 beats (PCL ¼ 2 s). Different
MCU localizations as in Fig. 2 were simulated. Fig. 3, A–C
shows the time courses of ½Ca2þ�m, ½Ca2þ�i, and ½Ca2þ�JSR
for the three different MCU localizations. The maximal
MCU activity was increased 20-fold at time t¼ 40 s, causing
mitochondrial Ca2þ to gradually increase as expected. How-
ever, ½Ca2þ�i showed a sudden decrease and then gradually
increased and eventually reached a value higher than the con-
trol for all the three cases. ½Ca2þ�JSR exhibits a similar
behavior as the cytosolic Ca2þ. For comparison, the steady-
state peak values (after 50 beats) of Ca2þ concentration in
mitochondria, bulk cytosol and SR were measured for
1-fold, 10-fold, and 20-fold increases of the maximal MCU
activity (Fig. 3 D). The results show that increasing the
MCU activity up to 20-fold resulted in slight increases in
the steady-state peak values of ½Ca2þ�i and ½Ca2þ�JSR, with
MCU facing the dyadic space having the most pronounced ef-
fect (Fig. 3D, cyan). However, as shown in our previous study
(12), under heart failure conditions, increasing MCU activity
can promote early afterdepolarizations because of the positive
feedback loop between Ca2þ cycling and action potential.
MPTP and Ca2D cycling behaviors in single
mitochondria

We next compared the effects of MPTP opening on Ca2þ

cycling properties in single mitochondria from our cell
model to those reported experimentally by Lu et al. (55). In
the simulations, we setV¼�80mV,maintained the diastolic
½Ca2þ�i in close to 0.1 mM by tuning the background Ca2þ

current across the cell membrane, and inhibited NCXm to
mimic the experimental condition in Lu et al. (55). We re-
corded the time when MPTP opens and the opening duration
Biophysical Journal 117, 2349–2360, December 17, 2019 2353
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FIGURE 3 MCU strength on intracellular Ca2þ cycling. The maximal MCU activity was increased to a higher level after the cell was paced into the steady

state (20 beats). The total number of simulated beats for each case is 50, and the PCL is 2 s. From left to right, time courses of ½Ca2þ�m, ½Ca2þ�i, and
½Ca2þ�JSRare shown. (A) MCU faces the cytosolic space. (B) MCU faces the submembrane space. (C) MCU faces the dyadic space. (D) Bar plots summarize

the peak values of ½Ca2þ�m (left), ½Ca2þ�i (middle), and ½Ca2þ�JSR (right) at the 50th beat for different MCU localizations and different maximal MCU activity.

To see this figure in color, go online.
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of each event. The histograms of those quantities are shown
in Fig. 4 A along with the experimental results by Lu et al.
(55). The transition rates of the Markovian MPTP model
are chosen such that the average MPTP open frequency,
MPTP open probability, and the open time in the model
were 1:4� 10�4 mito�1 min�1, 0:012%, and 51.49 s, respec-
tively, which agree approximatelywith the experimental data
(Fig. 4 B). The time course of [Ca2þ]m is shown in the right
A B

C

FIGURE 4 MPTP activity and Ca2þ cycling behavior in a single mitochondrio

maintains at �0.1 mM by adjusting the background Ca2þ current. The total sim

duration and time when MPTP opens from experiments by Lu et al. (55) and

and mean open duration from experiment by Lu et al. (55) and our simulations a

and closing from experiment by Lu et al. (55) and our simulation in a single m
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panel of Fig. 4 C, which agrees with the experimental obser-
vations by Lu et al. shown in the left panel of Fig. 4 C.
Effects of MPTP opening on Ca2D sparks and the
whole-cell Ca transient

Experiments have shown that mitochondrial depolarization
through MPTP opening exhibits a small effect on Ca2þ
n. The membrane potential is clamped at �80 mV. The free cytosolic Ca2þ

ulated time is 300 s for each simulation. (A) Distributions of MPTP open

our simulations are shown. (B) MPTP open frequency, open probability,

re shown. (C) Time course of mitochondrial free Ca2þ with MPTP opening

itochondrion are shown. To see this figure in color, go online.
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FIGURE 5 MPTP opening on the properties of Ca2þ sparks. The cell remains at rest (V¼ � 80 mV). TheMPTPs in the region where nx%16 and ny%6 are

depolarized by increasing the MPTP close-to-open rate 2000-fold are shown. The total time simulated is 100 s. We define three zones similar to those in

Boyman et al. (52): I: region that is far from the depolarized region (20<ny%28); II: intermediate region (7<ny%20); and III: depolarized region

(nx%16, ny%6). (A) ROS distribution in the cell during mitochondrial depolarization in assigned region is shown. (B) The top panel shows a line-scan image

of Ca2þ sparks along the red line marked in (A). The bottom panel shows sample Ca2þ traces from the three zones as marked by the color bars in the top panel.

(C) The left panel shows overlap plot of the Ca2þ spark profiles from the three zones. The right panel shows experimental measurement of Ca2þ spark profiles

in different zones by Boyman et al. (52). (D) The top panel shows Ca2þ spark amplitude and frequency measured from our simulations. The bottom panel

shows the same quantities from experiments by Boyman et al. (52). To see this figure in color, go online.
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spark amplitude (�15%) but dramatically increases spark
frequency (�3-fold) (1,2,52). Here, we followed the proto-
col by Boyman et al. (52) in which photon stress was used in
a region of the cell to generate ROS in the mitochondria,
leading to mitochondrial depolarization. In our model, mito-
chondria were depolarized in a region (Fig. 5 A) by
increasing the close-to-open rate of MPTPs to ensure
�100% open probability of MPTP within this region.
ROS in the depolarized region reached �200 mM and
quickly declined outside the region because of a short life-
time of ROS (Fig. 5 A). Fig. 5 B shows a line-scan (Fig. 5
A, marked by the red line) image of the cytosolic Ca2þ

and Ca2þ profiles from the three zones (I, far away from
the depolarized region; II, intermediate region; and III, de-
polarized region as marked in Fig. 5 A). The spark frequency
was much higher in the depolarized zone, but the spark
amplitude remained similar in all three regions. We compare
our results with the experimental results from Boyman et al.
(52) in Fig. 5, C and D. Fig. 5 C plots the sample profiles
of Ca2þ sparks from the three different zones, which are
almost identical, in agreement with the experimental record-
ings by Boyman et al. (52). We then collected Ca2þ spark
events for 100 s and plotted the Ca2þ spark amplitude and
frequency from the three different zones (Fig. 5 D), which
shows the amplitude was reduced by �15%, and the fre-
quency was increased by �3-fold for sparks from the depo-
larized zone (III) compared to those from the far away
region (I), also agreeing with the experimental results by
Boyman et al. (52).

The experiments by Boyman et al. (52) showed that Ca2þ

spark frequency and amplitude remained the same when
mitochondria depolarized without ROS elevation, indi-
cating that ROS may play a key role in changing the prop-
erties of Ca2þ sparks. To test effects of ROS generated by
mitochondrial depolarization on Ca2þ sparks, we clamped
ROS at the control level, that is, 0.1 mM. The cell was at
rest with no pacing. After mitochondrial depolarization,
the mitochondrial Ca2þ level increased slightly (from 0.11
to 0.13 mM), tracking the cytosolic Ca2þ. However, the
whole-cell averaged Ca2þ concentration ½Ca2þ�i and SR
load ½Ca2þ�SR exhibited almost no change after the depolar-
ization (Fig. 6 A). Both the Ca2þ spark amplitude and fre-
quency remained almost the same as the control. These
results agree with the experimental observation by Boyman
et al. (52) that ROS are required to change spark properties.
We also carried out simulations with pacing at a PCL of 1 s
Biophysical Journal 117, 2349–2360, December 17, 2019 2355
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FIGURE 6 Effects of ROS on Ca2þ spark and

Ca2þ transient behaviors. (A) Time courses of

Dj, ½Ca2þ�i, ½Ca2þ�m, and ½Ca2þ�JSR without

(black) and with (red) clamped ROS (0.1 mM) are

shown. The right panels show the corresponding

Ca2þ spark amplitude and frequency. In the simula-

tions, the cell remained at rest (V ¼ �80 mV). The

total time simulated is 120 s. (B) The whole-cell

Ca2þ transient during mitochondrial depolarization

with MCU sensing the dyadic Ca2þ for free

running ROS (left) and clamped ROS (right) is

shown. The cell is paced at PCL 1 s. The total

time simulated is 40 s. To see this figure in color,

go online.
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(Fig. 6 B). After mitochondrial depolarization, the whole-
cell Ca2þ transient ½Ca2þ�i exhibited a transient increase
and returned to a new steady state at which the peak
Ca2þ was lower than the control. For comparison, we per-
formed the same simulation but with ROS being clamped
to the control level (0.1 mM). Under this condition, the cyto-
solic Ca2þ exhibited similar transient increase after mito-
chondria were depolarized, but at steady state, the peak
Ca2þ was the same as the control. These results suggest
that the buffered Ca2þ inside the mitochondria may tran-
siently affect intracellular Ca2þ, but it is the ROS that
play a key role in altering intracellular Ca2þ dynamics dur-
ing mitochondrial depolarization.
Mitochondrial depolarization promotes Ca2D

alternans and spontaneous Ca2D waves

Many experimental studies (3–6,9) have shown that meta-
bolic stress or mitochondrial depolarization can cause
Ca2þ alternans and spontaneous Ca2þ waves. Here, we
used our model to simulate the effects of mitochondrial de-
polarization on Ca2þ alternans and waves.

To investigate the effect of mitochondrial depolarization
on Ca2þ alternans, a PCL of 0.5 s was chosen such that un-
der control conditions, the cell did not exhibit Ca2þ alter-
nans. With the cell model paced into the steady state,
mitochondria in the cell were depolarized through the com-
manded opening of MPTP. Immediately after the mitochon-
drial depolarization, Ca2þ alternans developed (Fig. 7 A,
left). However, when the ROS level was clamped to 0.1
2356 Biophysical Journal 117, 2349–2360, December 17, 2019
mM during the mitochondrial depolarization, Ca2þ alternans
was not observed (Fig. 7 A, right).

To study the effect of mitochondrial depolarization on
spontaneous Ca2þ waves and DADs, SERCA pump activity
was increased (vup ¼ 0:8 mM�ms�1 and ki ¼ 0:3 mM),
and the ROS effect on RyR leakiness was enhanced
ðDkROS;max ¼ 2Þ. The cell model was paced into the steady
state at a PCL of 0.3 s and then abruptly stopped. When no
MPTP opened after pacing, no spontaneous Ca2þ release or
DADs were observed (Fig. 7 B, left). However, when MPTP
opening occurred such that mitochondria depolarized, spon-
taneous Ca2þ release and DADs did occur after the pacing
stopped (Fig. 7 B, middle), unless ROS levels were clamped
to 0.1 mM (Fig. 7 B, right).

These results show that our model successfully repro-
duced experimental observations that mitochondrial depo-
larization promotes Ca2þ alternans and spontaneous Ca2þ

waves. Furthermore, these simulations suggest that intracel-
lular ROS generation in response to mitochondrial depolar-
ization plays a key role in these phenomena.
DISCUSSION

In this study, we developed a new, to our knowledge,
spatiotemporal ventricular myocyte model that integrates
membrane voltage, cytosolic, SR, and mitochondrial
Ca2þ cycling, as well as ROS and oxidative CaMKII
signaling. The model correctly simulates the effects of mito-
chondrial Ca2þ cycling and depolarization on intracellular
Ca2þ cycling and action potential dynamics observed in
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FIGURE 7 Mitochondrial depolarization pro-

motes Ca2þ alternans and spontaneous Ca2þ

waves. (A) Time courses of ½Ca2þ�i, and ½Ca2þ�JSR
at PCL ¼ 0.5 s for free running ROS and clamped

ROS (0.1 mM) are shown. Mitochondria are depo-

larized after the cell is paced into the steady state.

(B) Time courses of cell membrane potential (V)

and Ca2þ transient ð½Ca2þ�iÞ at PCL ¼ 0.3 s for

control, mitochondrial depolarization with free

running ROS, and mitochondrial depolarization

with clamped ROS (0.1 mM) are shown.
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experiments. Specifically, we show that under normal condi-
tions, MCU localization can exhibit a large effect on mito-
chondrial load but has very small effects on intracellular
Ca2þ cycling and action potential. Altering MCU activity
exhibits similar effects. Mitochondrial depolarization via
MPTP opening slightly lowers Ca2þ spark amplitude but
causes a more than twofold increase of spark frequency.
Mitochondrial depolarization promotes spontaneous Ca2þ

release causing DADs and can induce intracellular Ca2þ

alternans. These effects are mediated mainly via ROS
signaling because they disappear if ROS levels are clamped.

Computer models of mitochondrial metabolism and its
coupling with excitation and contraction have been devel-
oped previously (47,65–72). Some of the models have
been used to study the action potential dynamics in single
cells (11) and tissue (15). However, most of these models
are not spatially extended models and thus cannot simulate
the spatiotemporal aspects of intracellular Ca2þ cycling dy-
namics (9,10) and mitochondrial depolarization dynamics
(26–33). Our model is a spatiotemporal model that can be
used to simulate these spatiotemporal dynamics and unravel
the dynamical mechanisms arising from coupling of mito-
chondrial membrane potential and mitochondrial Ca2þ

cycling, intracellular Ca2þ cycling, and action potential of
ventricular myocytes. As shown in this study, our model
accurately captures the experimentally observed properties
of single Ca2þ sparks, Ca2þ cycling properties of single
mitochondria, and whole Ca2þ transient dynamics caused
by mitochondria.

There are a couple of advantages of the current model
over the existing ones. Because the model consists of single
mitochondrion and random MPTP opening, it can be used
for simulating the mitochondrial membrane potential flick-
ering (36,37) and ROS flashes (38,39) and their spatiotem-
poral dynamics. Because the model is a coupled network
of mitochondria and SR, it can be used for investigating
the spatiotemporal dynamics of both mitochondrial depolar-
ization wave and Ca2þ waves. A distinct advantage of our
current model is that the mitochondrial network is a 3D
structure, which can be extended to take into account the
mitochondrial-mitochondrial or mitochondrial-SR tethering
and their heterogeneous distributions (58,73–75). Moreover,
the model can be easily extended to include mitochondrial
coupling via ROS-induced ROS release, as shown in models
of previous studies (29,32,33). This feature of the model is
important for investigating the effects of mitochondrial
network structure and coupling remodeling in diseased con-
ditions, such as heart failure (76).

Although in this study we only used the model to investi-
gate the effects of mitochondrial depolarization on Ca2þ

cycling, we can also use it to investigate the effects of mito-
chondrial repolarization on Ca2þ cycling dynamics during
reperfusion injury of ischemic myocardium (77,78). During
this phase, openings of MPTPs occur because of high ROS
and mitochondrial Ca2þ accumulation (77,79). Ca2þ-depen-
dent openings of MPTPs have been incorporated in our
MPTP model. However, the mitochondrial reenergization
or repolarization and the Ca cycling dynamics may be
much more complex than what our current model can prop-
erly simulate and need to be considered in future studies.

Other limitations also still exist in this model. We ignored
detailed glycolytic and metabolic pathways that have been
described in detail in other models (47,65–72), which
were replaced with simplified models to describe Dj,
Biophysical Journal 117, 2349–2360, December 17, 2019 2357
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ROS, and ATP. One rationale for this simplification is that
the timescale of metabolism is much slower than electro-
physiology, so it is not unreasonable to treat them as param-
eters instead of variables. Detailed models of glycolysis and
mitochondrial metabolism have been developed in previous
models (32,50,51), which can be easily incorporated into
this model if desired. In addition, Ca2þ in the mitochondria
may directly participate in mitochondrial metabolism to
affect mitochondrial membrane potential and ROS produc-
tion (80), which is not incorporated in our current model.
We used a very simple mitochondrial Ca2þ buffering to
match the experimental data by Lu et al. (55), but the
Ca2þ buffering is very complex (52,81), which needs to
be considered properly in future studies. Nevertheless, our
current model integrates mitochondrial Ca2þ cycling and
ROS signaling with the SR Ca2þ cycling and action poten-
tial in a spatiotemporal model of ventricular myocyte, which
can be used to simulate the spatiotemporal dynamics of
mitochondrial depolarization waves and intracellular Ca2þ

wave and their effects on action potential dynamics of ven-
tricular myocytes.
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Supplemental Information 

 
 The overall structure of the ventricular myocyte model is described in the Methods section and 
Fig.1 in the main text. Here we describe the detailed mathematical formulations and the parameters of the 
model. 
 
1. Membrane potential and ionic currents 
 The governing differential equation for the membrane potential (V) is 

Cm
dV
dt

= INa + INa,L + IK1 + IKr + IKs + Ito,f + Ito,s + INaK + IK,ATP + ICa,b + ICa,L + INCX − Isti, 

where Isti=-50 µA/cm2 is the stimulus current density and Cm=1 µF/cm2 is the cell membrane capacitance. 
The equations and functions for the ionic currents are detailed in the sub-sections below and their 
maximum conductance are listed in Table S1 except the ones stated in their corresponding sub-sections. 
The formulations for the ionic currents are mainly based on those from the rabbit ventricular myocyte 
model by Mahajan et al (1) except for the ones specifically stated. The physical constants and ion 
concentrations are listed in Table S2. 

Table S1. Maximum ionic current conductance 
Parameter Description Value 
gNa 
gNa,L 
gto,f 
gto,s 
gK1 
gKr 
gKs 
gNaK 
 

Maximum INa conductance 
Maximum INa,L conductance 
Maximum Ito,f conductance 
Maximum Ito,s conductance 
Maximum IK1 conductance 
Maximum IKr conductance 
Maximum IKs conductance 

Maximum INaK conductance 

12.0 mS/𝜇F 
0.0065 mS/ 𝜇F 

0.1 mS/𝜇F 
0.04 mS/𝜇F 
0.6 mS/𝜇F 

0.0078 mS/𝜇F 
0.2 mS/𝜇F 
1.5 mS/𝜇F 
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1.1. Na+ current (INa) 
 The INa formulation is from Hund and Rudy (2), which incorporates CaMKII-dependent 
activation. 

 
INa = gNam3hj(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 − ΔVNa ≥ −40 mV, 
αh = 0 , 
αj = 0 , 

βh =
1

0.13 �1 + e
V+10.66−ΔVNa

−11.1 �
 , 

βj = 0.3
e−2.535×10−7(V−ΔVNa)

1 + e−0.1(V+32−ΔVNa) , 

For V − ΔVNa < −40 mV, 

αh = 0.135e
V+80−ΔVNa

−6.8  , 
βh = 3.56e0.079(V−ΔVNa) + 3.1 × 105e0.35(V−ΔVNa) , 

αj = �1 + Δαj� ⋅
�−127140e0.2444(V−ΔVNa) − 0.03474e−0.04391(V−ΔVNa)� × (V + 37.78 − ΔVNa)

1 + e0.311(V+79.23−ΔVNa)  , 

βj =
0.1212e−0.01052(V−ΔVNa)

1 + e−0.1378(V+40.14−ΔVNa) , 

where 

ΔVNa =
−3.25

1 + �
Km,CaMK

[CaMKII]act
�
4, 

Table S2. Physical constants and ionic concentrations 
Parameter Description Value 
F 
R 
T 
[Na+]o 
[K+]o 
[K+]i 
[Ca2+]o 
 

Faraday constant 
Universal gas constant 

Temperature 
External sodium concentration 

External potassium concentration 
Internal potassium concentration 
External calcium concentration 

96.5 C/mmol 
8.315 Jmol-1K-1 

308 K 
136 mM 
5.4 mM 
140 mM 
1.8 mM 
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Δαj =
−0.18

1 + �
Km,CaMK

[CaMKII]act
�
4. 

Km,CaMK=0.3 was used. 
 
1.2. Late Na+ current (INa,L) 

 The INa,L formulation is from Hund and Rudy (2) , which incorporates CaMKII-dependent 
activation.  

INa,L = (gNa,L + ΔgNa,L) ⋅ mL
3hL ⋅ (V − ENa), 

dmL

dt
= αm,L(1 − mL) − βm,LmL , 

dhL
dt

=
hL,∞ − hL

τh,L
 , 

For V ≥ −47.13 mV, 

αm,L = 0.32
V + 47.13

1 − e−0.1(V+47.13), 
else 

αm,L = 3.2, 

βm,L = 0.08e−
V
11, 

 

hL,∞ =
1

1 + e
V+91
6.1

, 

 
τh,L = 600 ms, 

 

ΔgNa,L =
0.0095

1 + �
Km,CaMK

[CaMKII]act
�
4. 

 
Km,CaMK=0.3 was used. 
 
1.3. L-type Ca2+ current (ICa,L) 
 L-type Ca2+ channels (LCCs) are simulated by a stochastic 9-state Markov model (see Fig.1C) 
that were developed based a Hodgkin-Huxley formulation (3). However, a directly randomized version of 
the Hodgkin-Huxley-type formulation is not appropriate for an LCC, because the maximum open 
probability of an LCC is 100% in the Hodgkin-Huxley-type model at high voltages, whereas that of real 
channels is much smaller (~5%-10%). Therefore, we added a new state (the final open state) to simulate a 
much lower channel open probability (~5%-10%) observed in experiments.  
 Each CRU has a LCC cluster of 5 LCCs under the control condition. The Ca2+ current through the 
LCC cluster into the proximal space (dyadic space) of a CRU is given by  

ICa,L = n ∙ iCa,L 
where n≤5 is the number of open LCCs in the CRU, and iCa,L is the single LCC current, which is: 

iCa,L =
4PCazF�γi [Ca2+]pe2z − γo[Ca2+]o�

e2z − 1
, 

z =
VF
RT

. 
[Ca2+]p is the Ca2+ concentration in the corresponding proximal space of the CRU. Therefore, the 
whole-cell L-type Ca2+ current (ICa,L) is a summation of the Ca2+ currents of all CRUs in the cell, 
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i.e., 

ICa,L = � I̅Ca,L
  (m)

M

m=1

 

 
where M is total number of CRUs in the cell, and IC̅a,L

  (m)is the LCC current in the mth CRU.  
 The transition rates of the LCC model are as follows: 

αd =
d∞
τd

 , βd =
1 − d∞
τd

, 

where 

d∞ =
1

1 + e−
V−5
6.24 

 , 

 

τd =
1 − e−

V−5
6.24

0.035(V − 5) d∞. 

 

αf =
f∞
τf

 , βf =
1 − f∞
τf

 

where 

f∞ =
1

1 + e
V+16.06

8.6
 , 

 

τf =
1

0.0197e−[0.0337(V−9)]2 + 0.02
+ Δτf,CaMK. 

 

αfCa =
fCa,∞

τfCa
 , βfCa =

1 − fCa,∞

τfCa
, 

where 

fCa,∞ =
1

1 + �
[Ca2+]p

c�p
�
2

 
 , 

τfCa = 15 + ΔτfCa,CaMK. 
  
The rate constants r1 and r2 are constants, which are chosen to account for 5%-10% open probability of 
LCC (1). 
 CaMKII-dependent Ca2+ channel phosphorylation results in a slower inactivation (4). Here, we 
use the formulation by Hund et al (5) to change the LCC inactivation time constants as follows: 

ΔτfCa,CaMK =
ΔτfCa,CaMK,max

1 + � kmCaMLCC
[CaMKII]act

�
hCaMLCC

, 

 

Δτf,CaMK =
Δτf,CaMK,max

1 + � kmCaMLCC
[CaMKII]act

�
hCaMLCC

. 
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The corresponding parameters for the ICa,L model are listed in Table S3. 

 
1.4. Na+-Ca2+ exchange current (INCX) 
 The Na+-Ca2+ exchangers are spatially distributed in the CRUs, which senses the Ca2+ 
concentrations of their local sub-membrane spaces ([Ca2+]s). The Na+-Ca2+ exchange current in a single 
CRU is 

 INCX =
KaνNaCa�eηz[Na+]i3[Ca2+]o − e(η−1)z[Na+]o3[Ca2+]s�

(t1 + t2 + t3)(1 + ksate(η−1)z)
, 

where 

t1 = KmCai [Na+]o2 �1 + �
[Na+]i
KmNai

�
3

�, 

t2 = KmNao
3 [Ca2+]s �1 +

[Ca2+]s
KmCai

� 

t3 = KmCao
3 [Na+]i3 + [Na+]i3[Ca2+]o + [Na+]o3[Ca2+]s, 

Ka = �1 + �
Kda

[Ca2+]s
�
3
�
−1

, 

z =
VF
RT

, 
and the whole-cell INCX is 

INCX = � IN̅CX
  (m)

M

m

, 

 
where M is total number of CRUs in the cell, and IN̅CX

  (m)is the LCC current in the mth CRU. 
The parameters are listed in Table S4. 

 

Table S3. L-type Ca2+ current parameters 
Parameter Description Value 

 PCa LCC permeability 11.9 µmolC-1ms-1 

γi, γo Activity coefficient of Ca2+ 0.341 

kmCaMLCC KD of CaMKII activation on LCC 0.1 

hCaMLCC Hill coefficient of CaMKII activation on LCC 
 

4 
c�p Ca2+-dependent inactivation constant of LCC 20 µM 

r1 Opening rate 0.3 ms−1 

r2 Closing rate 6 ms−1 

τfCa Time constant of Ca2+-dependent inactivation 15 ms 

ΔτfCa,CaMK,max 
Maximum increase of the time constant of Ca2+-

dependent inactivation 
5 ms 

Δτf,CaMK,max Maximum increase of the time constant of voltage-
dependent inactivation 

5 ms 
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Table S4. Na+-Ca2+ exchange current parameters 
Parameter Value Units 
𝜈𝑁𝑁𝑁𝑁 21 µM ⋅ ms−1 
KmCai 3.59 µM 
KmCao 1.3 mM 
KmNai 12.3 mM 
KmNao 87.5 mM 
Kda 0.11 µM 
Ksat 0.27  
η 0.35  

 
 
1.5. Inward rectifier K+ current (IK1) 
 

IK1 = gK1�
[K+]o

5.4
 

AK1

AK1 + BK1
(V − EK), 

 

AK1 =
1.02

1 + e0.2385(V−EK−59.215) , 

 

BK1 =
0.49124e0.08032(V−EK+5.476) + e0.06175(V−EK−594.31)

1 + e−0.5143(V−EK+4.753)  , 

 

EK =
RT
F

ln�
[K+]o
[K+]i

�. 

 
1.6. The rapid component of the delayed rectifier K+ current (IKr) 
 

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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1.7. The slow component of the delayed rectifier K+ current (IKs) 
 

IKs = gKsxs1xs2qKs(V − EKs), 

qKs = 1 +
0.8

1 + � 0.5
[Ca2+]��������

i
�
3 , 

 
dxs1

dt
=

xs,∞ − xs1
τxs1

 , 

 
dxs2

dt
=

xs,∞ − xs2
τxs2

 , 

 

xs,∞ =
1

1 + e−
V−1.5
16.7

 , 

 

τxs1 =
1

0.0000719(V + 30)
1 − e−0.148(V+30) + 0.00031(V + 30)

−1 + e0.0687(V+30)

 , 

 
τxs2 = 4τxs1 , 

 

EKs =
RT
F

ln�
[K+]o + 0.01833[Na+]o
[K+]i + 0.01833[Na+]i

�. 

 
1.8. The fast component of the outward K+ current (Ito,f) 
 

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
 . 

 
1.9. The slow component of the outward K+ current (Ito,s) 
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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,s
 , 

 
dYto,s

dt
=

Yto,s,∞ − Yto,s

τYto,s
 . 

 
 
 
1.10. Na+/K+ pump current (INaK) 
 The Na+/K+ pump current formulation is from Cortassa et al (6) to incorporate the ATP and ADP 
dependence of INaK:  

INaK = gNaK ⋅ fNaK ⋅ fNaK,ATP  
1

1 + �
km,Nai
[Na+]i

�

[K+]o
[K+]o + km,Ko

, 

where 

fNaK =
1

1 + 0.1245e−0.1VFRT + 0.0365e−
VF
RT �e

�Na+�o
67.3 − 1

7 �

, 

fNaK,ATP =
1

1 +
ki,NaK,ATP

[ATP] ⋅ �1 + [ADP]
ki,NaK,ADP

�
. 

The parameters are listed in Table S5. 

Table S5. Na+/K+ pump current parameters 
Parameter Description Value 

 ki,NaK,ATP ATP half-saturation constant for Na+/K+ pump  8 µM 

ki,NaK,ADP ADP inhibition constant for Na+/K+ pump 100 µM 
 

km,Nai Na+ half-saturation for Na+/K+ pump 10 mM 
 

km,Ko K+ half-saturation for Na+/K+ pump 1.5 mM 
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1.11. ATP-sensitive K+ current (IKATP) 
 The formulation of ATP-sensitive K+ current (IKATP) is from Matsuoka et al (7): 

IKATP = 2333 ⋅ γ ⋅ (V − Ek) ⋅ pkATP, 
where 

γ = 0.0236 ⋅ ([K+]o)0.24, 

Ek =
RT
F

ln
[K+]o
[K+]i

, 

pkATP =
0.8

1 + (10 ⋅ [ATP])2. 

 
1.12. Background Ca2+ current (ICa,b) 
 The formulation of the background Ca2+ current is from Shannon et al (8). In this model, the 
background Ca2+ current is spatially distributed in the CRUs, which senses the Ca2+ concentrations of 
their local cytosolic space ([Ca2+]i). The background current in a single CRU is 
 

IC̅a,b = vcab ⋅ (V − ECa), 
 

ECa =
RT
2F

ln�
[Ca2+]o
[Ca2+]i

� , 

where vcab = 0.0002513 𝑚𝑚 ⋅ 𝜇𝜇. 
 
The whole-cell background Ca2+ current is 

ICa,b = � IC̅a,b
  (m)

M

m

, 

where M is total number of CRUs in the cell, and IC̅a,b
  (m)is the background Ca2+ current in the mth CRU. 

 
 
2. Intracellular Ca2+ cycling 
 The differential equations for the Ca2+ concentrations in different sub-spaces of a CRU are as 
follows:  

d[Ca2+]i
dt

= βi([Ca2+]i)�Jdsi
vs
vi
− Jup + Jleak + J𝑐𝑁𝑐 − JTCi + Jci + hmito ⋅

vm
vi

⋅ �JNCXm − �1 − fp − fs� ⋅ Juni + JMPTP��, 

d[Ca2+]s
dt

= βs([Ca2+]s) �Jdps
vp
vs

+ JNCX − hmito ⋅ fs ⋅ Juni ⋅
vm
vs

− Jdsi − JTCs + Jcs�, 

d[Ca2+]p
dt

= βp�[Ca2+]p� �Jr + JCa − Jdps − hmito ⋅ fp ⋅ Juni ⋅
vm
vp
�, 

d[Ca2+]NSR
dt

= ��Jup − Jleak�
vi

vNSR
− Jtr

vJSR
vNSR

+ JcNSR�, 

d[Ca2+]JSR
dt

= βJSR�[Ca2+]JSR� �Jtr − Jr
vp

vJSR
�, 

d[CaT]i
dt

= JTCi, 



10 
 

d[CaT]s
dt

= JTCs, 
where hmito=1, if a mitochondrion connects to the CRU, otherwise hmito=0. fp is the fraction of MCUs 
facing the proximal space, and fs is the fraction of MCUs facing the submembrane space. The volumes of 
different compartments are listed in Table S6. Intracellular Ca2+ cycling parameters are listed in Table S7. 
The diffusion flux and buffers of the intracellular Ca2+ cycling remain the same as in (3, 9, 10). 
Mitochondrial Ca2+ cycling parameters are listed in Table S8. 
 

Table S6. Effective volumes of different compartments 
Parameter Description Value 

vi Local cytosolic volume 0.5 µm3 
vs Local submembrane volume 0.025 µm3 
vp Local proximal space volume 0.00126 µm3 

vJSR Local JSR volume 0.02 µm3 
vNSR Local NSR volume 0.025 µm3 
vm Local mitochondrial volume 0.33 µm3 

 
 
2.1. Ca2+ diffusion within a CRU 

Jdsi =
[Ca2+]s − [Ca2+]i

τsi
, 

Jdps =
[Ca2+]p − [Ca2+]s

τps
, 

Jtr =
[Ca2+]NSR − [Ca2+]JSR

τtr
. 

The diffusion time constants are listed in Table S7. 
 
2.2. Ca2+ diffusion among neighboring CRUs 
 The Ca2+ diffusive fluxes within cytosol, submembrane, and NSR are: 

Jc
(n) = ∑�

c(m) − c(n)

τmn
�, 

where the sum is over the six nearest neighbors. The diffusion time constants for Ca2+ in cytosol, 
submembrane and NSR in longitudinal and transverse directions are listed in Table S7. 
 

Table S7. Intracellular calcium diffusive time scales 
Parameter Description Value 

τsi Submembrane to cytoplasm 0.1 ms 
τps Proximal to submembrane 0.022 ms 
τtr JSR refilling 5 ms 
τi,T Transverse cytosolic 2.93 ms 
τi,L Longitudinal cytosolic 2.32 ms  

τNSR,T Transverse NSR  7.2 ms  
τNSR,L Longitudinal NSR 24 ms  
τs,T Transverse submembrane 1.42 ms 
τs,L Longitudinal submembrane 3.4 ms  
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2.3. Troponin C buffering 
 JTCi and JTCs describe the rates of change in the concentration of Ca2+ bound to Troponin C in the 
cytosolic ([CaT]i) and submembrane ([CaT]s) compartments, 

JTCi = kon,T [Ca2+]i(BT − [CaT]i) − koff,T [CaT]i, 
JTCs = kon,T [Ca2+]s(BT − [CaT]s) − koff,T [CaT]s. 

The rate constants are given in Table S8. 
 
2.4. Instantaneous cytosolic Ca2+ buffering 
 The instantaneous cytosolic Ca2+ buffering constant β i(ci) is: 

βi(ci) = �1 +
∑BbKb

(ci + Kb)2 �
−1

, 

where the sum is over the instantaneous cytosolic buffers Calmodulin, SR sites, Myosin (Ca2+), and 
Myosin (Mg2+), with buffer dissociation constants KCAM, KSR, KMCa, and KMMg and total concentration of 
buffering sites BCAM, BSR, BMCa, and BMMg, respectively. The parameters are listed in Table S8. 
 

 
 
 
 

Table S8. Cytosolic buffering parameters 
Parameter Description Value 

kon,T Rate constant of Ca2+ binding to Troponin C 0.0327 µM−1ms−1 
koff,T Rate constant of Ca2+ unbinding from Troponin C 0.0196 ms−1 
KCAM Dissociation constant for Calmodulin 7 µM 
BCAM Total concentration of Calmodulin buffering sites 24 µM 
KSR Dissociation constant for SR sites 0.6 µM  
BSR Total concentration of SR sites 47 µM  

KMCa Dissociation constant for Myosin (Ca2+) 0.033 µM  
BMCa Total concentration of Myosin (Ca2+) buffering sites 140 µM 
KMMg Dissociation constant for Myosin (Mg2+) 3.64 µM  
BMMg Total concentration of Myosin (Mg2+) buffering sites 140 µM 

 
2.5. Instantaneous luminal Ca2+ buffering 
 βJSR([Ca2+]JSR) describes instantaneous luminal Ca2+ buffering to calsequestrin (CSQN). The 
expression of βJSR([Ca2+]JSR) (denoted as 𝛽(𝑐) for simplicity) is  

β(c) = �1 +
KcBCSQNn(c) + ∂cn(c)(cKc + c2)

(Kc + c)2 �
−1

, 

where  
n�cjsr� = M�nM + �1 − M��nD, 

 M� =
�1 + 8ρBCSQN�

1
2 − 1

4ρBCSQN
, 

and 

ρ�cjsr� =
ρ∞cℎ

Kh + cℎ
. 

The parameters are listed in Table S9. 
 
 



12 
 

Table S9. Luminal buffering parameters 
Parameter Description Value 

BCSQN Concentration of calsequestrin (CSQN) molecules 460 µM 
Kc Dissociation constant of CSQN 600 µM 
nM Buffering capacitance of CSQN monomers 15 
nD Buffering capacitance of CSQN dimers 35 
ρ∞ Asymptotic ratio of dimers to monomers  5000 
K Dimerization constant 850 µM 
h Dimerization exponent (steepness) 23 

 
 
2.6. SERCA pump 
 ATP, ROS regulation and CaMKII activation effects on SERCA are incorporated into the model. 
The flux of SERCA is formulated as 

Jup = vup ⋅ fup,ATP ⋅ fup,ROS
[Ca2+ ]i2

[Ca2+ ]i2 + �ki − PLB([CaMKII]act)�
2， 

where 

fup,ATP =
1

1 + [ADP]f
ki,up′ + �1 + [ADP]f

ki,up
�

kmupATP
[ATP]

, 

fup,ROS =
1

1 + �[ROS]
kd,ROS

�
hROS,SERCA

+
0.75

1 + �
kd,ROS
[ROS]�

hROS,SERCA
, 

PLB([CaMKII]act) =
Δkm,up

1 + � kmCaMPLB
[CaMKII]act

�
hCaMPLB

. 

The parameters are listed in Table S10. 
 
2.7. SR Ca2+ leak flux (Jleak) 
 The Hund et al formulation (2) is used for the background SR Ca2+ leak flux due to CaMKII-
dependent phosphorylation: 

Jleak = gleak(1 + Δkleak)([Ca2+]NSR − [Ca2+]i)
[Ca2+]NSR

2

[Ca2+]NSR2 + kJSR2
, 

where 

Δkleak =
kleak,max

1 + � kmCaMleak
[CaMKII]act

�
hCaMleak

. 

The parameters are listed in Table S10. 
 

Table S10. SERCA uptake and leak flux parameters 
Parameter Description Value 

* vup SERCA uptake strength 0.3 µM ⋅ ms−1 
* ki Kd for Ca2+ sensitivity 0.5 µM 

ki,up ADP first inhibition constant for SERCA 140 µM 
ki,up′  ADP second inhibition constant for SERCA 5100 µM 

kmupATP ATP half-saturation constant for SERCA 10 µM 
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kd,ROS Kd for ROS inhibition on SERCA 50 µM 
hROS,SERCA ROS inhibition exponent 1 
Δkm,up Maximal CaMKII-dependent decrease in ki 0.17 µM 

kmCaMPLB Kd for CaMKII activation on PLB 0.15 
hCaMPLB Exponent of CaMKII activation on PLB 1 

gleak Strength of leak current 1.035× 10−5 ms−1 
kJSR Kd for leak current 500 µM 

kleak,max Maximal CaMKII-dependent increase in SR leak 0.5 
kmCaMleak Kd for CaMKII activation on SR leak 0.15 
hCaMleak Exponent of CaMKII activation on SR leak 1 

 

* vup is 0.3 µM ⋅ ms−1 for all the simulations except for the simulations shown in Fig.7B, where its value 
is increased to 0.8. 
* ki  is 0.5 µM for all the simulations except for the simulations shown in Fig.7B, where its value is 
decreased to 0.3. 
 
2.8. Background Ca2+ flux 
 

Jcab = αcab ⋅ ICa,b, 

where αcab = �2Fvi
Cm

�
−1

is the factor to convert the unit of pA/pF to µM
ms

, and IC̅a,b is the background Ca2+ 
current in a single CRU as described in Section 1.12. 
 
2.9. L-type Ca2+ channel flux 
 

JCa = αLCC ⋅ ICa,L, 
 

where αLCC = �2Fvp
Cm

�
−1

is the factor to convert the unit of pA/pF to µM
ms

, and ICa,L is the LCC current in a 
single CRU as described in Section 1.3. 
 
2.10. Na+-Ca2+ exchange flux 
 

JNCX = αNCX ⋅ INCX, 
 

where αNCX = �Fvs
Cm
�
−1

is the factor to convert the unit of pA/pF to µM
ms

, and INCX is the Na+-Ca2+ exchanger 
current in a single CRU as described in Section 1.4. 
 
2.11. Ca2+ release flux from ryanodine receptors  
 

Jr = Jmax ⋅ Po
[Ca2+]JSR − [Ca2+]p

vp
, 

where Po is the fraction of RyR channels that are in the opening state, and Jmax is the maximum RyR flux 
strength.  
 
2.12. RyR gating model 
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The RyR model (see Fig.1B) is the same as the one by Restrepo et al (11), consisting of four 
states: closed CSQN-unbound (CU), open CSQN-unbound (OU), open CSQN-bound (OB), and closed 
CSQN-bound (CB). The rates of transition are: 

k12 = kbase ⋅ Ku ⋅ (1 + ΔkCaMK + ΔkROS) ⋅ [Ca2+]p2 , 

k14 =
M�τb−1BCSQN

BCSQN,0
, 

k21 = τc−1, 

k23 =
M�τb−1BCSQN

BCSQN,0
, 

k43 = Kb[Ca2+]p2 , 
k41 = τu−1, 
k34 = τc−1, 

k32 =
k41k12

k43
, 

where 

ΔkCaMK =
ΔkCaMK,max  

1 + �
KmCaMRyR

[CaMKII]act
�
hCaMRyR

, 

ΔkROS =
ΔkROS,max 

1 + �
KmROSRyR

[ROS] �
hROSRyR

. 

The parameters are listed in Table S11. 
 

Table S11. RyR gating parameters 
Parameter Description Value 

kbase 
Ku 

Pre-factor of Ku 
CSQN-unbound opening rate 

1 
0.00038 µM−2ms−1 

Kb CSQN-bound opening rate 0.00005 µM−2ms−1 
BCSQN,0 Normal CSQN concentration 400 µM 
τu CSQN unbinding timescale  125 ms 
τb CSQN binding timescale  2 ms 
τc RyR closing timescale  1 ms 

ΔkCaMK,max Maximal CaMKII-dependent increase in Ku 0.5 
KmCaMRyR Kd for CaMKII activation on Ku  0.2 
hCaMRyR Exponent of CaMKII activation on Ku 1 

* ΔkROS,max Maximal ROS-dependent increase in Ku 0.3 
KmROSRyR Kd for ROS-dependent increase on Ku 10 µM 
hROSRyR Exponent of ROS-dependent increase on Ku 1 

 

* ΔkROS,max is 0.3 for all the simulations except for the simulations shown in Fig.7B, where its value 
is increased to 2 to increase the leakiness of RyR, promoting Ca2+ waves. 

 
3. Mitochondrial Ca2+ cycling 

The free Ca2+ concentraiton in a single mitochondrion is decribed by: 
d[Ca2+]m

dt
= βm(Juni − JNCXm − JMPTP), 
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where βm is the Ca2+ buffering factor, which is described in Section 3.5. The fluxes, Juni, JNCXm, and JMPTP, 
are described below. 
 
3.1. Mitochondrial uniporter Ca2+ flux  
 The formulation is taken from Williams et al (12): 

Juni = p0 ⋅ NMCU ⋅
iMCU

zFvmyo
, 

iMCU =
gMCU,max

1 + Km
[Ca2+]

⋅ �Δψ − ECa,m �, 

ECa,m =
RT
zF

ln�
[Ca2+]space

[Ca2+]m
�, 

 
where [Ca2+]space is replaced by [Ca2+]i, [Ca2+]s, or [Ca2+]p with the mitochondrial uniporter facing the 
cytosolic, submembrane or dyadic space. The parameters are given in Table S12. 
 
3.2. Mitochondrial Na+-Ca2+ exchange flux  
 The formulation is taken from Cortassa et al (6), 

JNCXm = νNCX,max ⋅
e
bF
RT(Δψ−ψ0) ⋅ [Ca2+]m

[Ca2+]i

�1 + kNa
[Na+]i

�
n
⋅ �1 + kCa

[Ca2+]m
�

. 

The parameters are given in Table S12. 
 
3.3. Mitochondrial permeability transition pore flux  
 

JMPTP = gMPTP ⋅ PMPTP ⋅ ([Ca2+]m − [Ca2+]i), 
 
where PMPTP  is the open probability of MPTPs, which is governed by a stochastic Markov model 
described below. The parameters are given in Table S12. 
 
3.4. Mitochondrial permeability transition pore gating model 
 The MPTP gating kinetics is described by a 3-state Markov model (see Fig.1F), which was 
developed by Korge et al (13). The transition rates are retuned to fit recent experimental data as stated in 
the main text. The transition rates from C0 to C1 is mitochondrial Ca2+ dependent, i.e.,  

kc0c1 = α0 �1 + 199 ⋅
[Ca2+]m

hMPTP

[Ca2+]m
hMPTP + [Ca2+]0

hMPTP
�, 

The other rate constants are given in Table S12. 
 
3.5. Mitochondrial Ca2+ buffering factor 
 When MPTP opens, the buffering factor βm  is set to be βm,on , and when MPTP closes, the 
buffering factor  relaxes to βm,off with a time constant τm, i.e., 
 

βm = �
βm,on, MPTP opens

βm,off − (βm,off − βm)e−
Δt
τoff , MPTP closes

 

 
The parameters are given in Table S12. 
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Table S12. Mitochondrial Ca2+ dynamics parameters 
Parameter Description Value 

p0 
NMCU 

MCU open probability 
Number of MCUs per mitochondrion 

0.9 
200 

vmyo Myoplasmic volume 18 µl 
gMCU,max MCU maximal conductance 8.1 pS 

Km Half-saturation constant for MCU 19 mM 
νNCX,max Maximal Na+-Ca2+ exchanger rate 0.0035 µM ⋅ ms−1 
ψ0 Δψ offset for Ca2+ transporter 91 mV 
b Na+-Ca2+ exchanger Δψ dependence 0.5 

kNa Kd ([Na+]i) for Na+-Ca2+ exchanger 9.4 mM 
n Na+-Ca2+ exchanger cooperativity for [Na+]i 3 

kCa Kd ([Ca2+]i) for Na+-Ca2+ exchanger 0.375 µM 
gMPTP Maximal mPTP conductance 100 ms−1 

α0 Rate constant from C0 to C1 
3.015
× 10−9 ms−1 

[Ca2+]0 Kd for Ca2+ dependent opening 2 µM 
hMPTP Exponent for Ca2+ dependent opening 5 
α1 Rate constant from C1 to O 3.03 × 10−7 ms−1 

β0 Rate constant from C1 to C0 
3.015
× 10−7 ms−1 

β1 Rate constant from O to C1 1.5 × 10−5 ms−1 
βm,on Ca2+ buffer capacitance when MPTP opens 0.1 
βm,off Asymptotic Ca2+ buffer capacitance when MPTP closes 0.01 
τoff Relaxation time constant for Ca2+ buffer when MPTP closes 20 s 

 
3.6 Mitochondrial membrane potential 
 We used a simple formulation for mitochondrial membrane potential (∆𝜓) following Korge et al 
(13), i.e.,  
 

dΔψ
dt

= VψS − kψU ⋅ Δψ − Iuni − INCXm, 

Iuni = 2 ⋅
1

Cmito
⋅ Juni, 

INCXm =
1

Cmito
⋅ JNaCam , 

where Cmito=1.812 µM ⋅ mV−1  is from Cortassa et al (14). VψS = 3.5 mV ⋅ ms−1  and kψU =
0.0192 ms−1 are from Yang et al (15). 
 We assume that mitochondrial membrane potential is immediately depolarized to zero once the 
MPTP in a mitochondrion opens. Therefore, the mitochondrial membrane potential is numerically 
updated as follows: 
 

Δψt+Δt = �Δψ
t +

dΔψ
dt

⋅ Δt, if mPTP closes,

0,                         otherwise.
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4. Cytosolic ATP 
 A simplified ATP model is adapted from our previous study (16). We reformulated the cytosolic 
ATP and ADP cycling as follows: 

[ATP] + [ADP] = TAN, 
d[ATP]

dt
= −VATP,consum + VATPase + JATP,D, 

VATP,consum = kATP,consum
psp

psp + kd,pspconsum
, 

where 

psp =
[ATP]
[ADP]f

. 

VATPase = kATPase�fΔψfADP − gΔψfATP�, 
where 

fΔψ =
Δψ

Δψ + kd,Δψ
, 

fADP =
1

1 + kd,psn ⋅ psp
, 

gΔψ = 0.3�1 − fΔψ�, 

fATP =
psp

psp + kd,psp
. 

 

JATP,D = DATP �
[ATP]i+1,j,k + [ATP]i−1,j,k − 2[ATP]

Δx2

+
[ATP]i,j+1,k + [ATP]i,j−1,k + [ATP]i,j,k+1 + [ATP]i,j,k−1 − 4[ATP]

Δy2
�, 

d[ADP]f
dt

= βADP(TAN − [ATP]), 
where i, j, and k are the indices of a CRU in the model. 
 
The parameters are given in Table S13. 
 

Table S13. Cytosolic ATP and ADP parameters 
Parameter Description Value 

kATP,consum ATP consumption rate constant 0.01 µM ⋅ ms−1 
kd,pspconsum Michaelis constant for psp 200 

kATPase ATP synthesis/hydrolysis rate constant 0.16 µM ⋅ ms−1 
kd,Δψ Michaelis constant for fΔψ 150 
kd,psn Michaelis constant for fADP 0.02 
kd,psp Michaelis constant for fATP 0.5 
DATP Diffusion constant of ATP 0.25 µm2 ⋅ 𝑚𝑠−1 
TAN Total ATP and ADP 7000 µM 
βADP ADP buffer term 0.025 

 
5. Cytosolic reactive oxygen species (ROS) 
 The equation governing the cytosolic ROS level in a single CRU is the following, 

d[ROS]
dt

= VSODC − VDC + JROS,D, 
where 
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VSODC = �
a0 +

Kprod

1 + � 170
200−ΔΨ�

9 ,  if the CRU is attached to a mitochondrion

0, otherwise
, 

 
VDC = KDC[ROS], 

 

JROS,D = DROS �
[ROS]i+1,j,k + [ROS]i−1,j,k − 2[ROS]

Δx2

+
[ROS]i,j+1,k + [ROS]i,j−1,k + [ROS]i,j,k+1 + [ROS]i,j,k−1 − 4[ROS]

Δy2
�, 

 
where i, j and k are the indices of the CRU in the model. 

 
The parameters are given in Table S14. 
 
 
 

Table S14. Cytosolic ROS parameters 
Parameter Description Value 

a0 Baseline production rate 0.036 µM ⋅ ms−1 
Kprod Production rate constant 100 µM ⋅ ms−1 
KDC Degradation rate constant 0.1 ms−1 
DROS ROS diffusion constant 1.2 µm2 ⋅ 𝑚𝑠−1 
Δx CRU separation in the longitudinal direction 1.84 µm 
Δy CRU separation in the transverse direction 0.9 µm 

 
 
6. Ca2+/calmodulin-dependent protein kinase II (CaMKII) signaling 
 The 4-state Ca2+-bound calmodulin model (see Fig.1D) is from Chiba et al (17): 

d[CaMCa]
dt

= −CA1 + CA2, 
d[CaMCa2]

dt
= −CA2 + CA3, 

d[CaMCa3]
dt

= −CA3 + CA4, 
d[CaMCa4]

dt
= −CA4, 

[CaM] = CaMtot − [CaMCa] − [CaMCa2] − [CaMCa3] − [CaMCa4], 
 

CA1 = −k1CaM ⋅ [Ca2+]i ⋅ [CaM] + kn1CaM ⋅ [CaMCa], 
CA2 = −k2CaM ⋅ [Ca2+]i ⋅ [CaMCa] + kn2CaM ⋅ [CaMCa2], 

CA3 = −k3CaM ⋅ [Ca2+]i ⋅ [CaMCa2] + kn3CaM ⋅ [CaMCa3], 
CA4 = −k4CaM ⋅ [Ca2+]i ⋅ [CaMCa3] + kn4CaM ⋅ [CaMCa4], 

 
The CaMKII activation model (see Fig.1E) is from Foteinou et al (18), 

d[CaMKIICaMCa4]
dt

= A1 − A2 − B1 + B2 − E1 + E2, 
d[CaMKIIPCaMCa4]

dt
= B1 − B2 − C1 + C2 − I2 + I1, 
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d[CaMKIIP]
dt

= C1 − C2 − D1 − H2 + H1, 
d[CaMKIIOXB]

dt
= E1 − E2 − F1 + F2, 

d[CaMKIIOXP]
dt

= F1 − F2 − I1 + I2 − G1 + G2, 
d[CaMKIIOXA]

dt
= G1 − G2 + H2 − H1, 

 
[CaMKII] = CaMKIItot − [CaMKIIP] − [CaMKIICaMCa4]– [CaMKIIPCaMCa4] − [CaMKIIOXB]

− [CaMKIIOXP] − [CaMKIIOXA], 
 

[CaMKII]act = [CaMKIIP] + [CaMKIICaMCa4] + [CaMKIIPCaMCa4] + [CaMKIIOXB] + [CaMKIIOXP]
+ [CaMKIIOXA]. 

A1 = kasso ⋅ [CaMKII] ⋅ [CaMCa4], 

A2 = [CaMKIICaMCa4] ⋅ �kdisso �1 −
KmCaM
3

[Ca2+]i3 + KmCaM
3 � + kdissoCa ⋅

KmCaM
3

[Ca2+]i3 + KmCaM
3 �, 

B1 = kcat37c ⋅ P ⋅
[ATP]

[ATP] + KmATP
⋅ [CaMKIICaMCa4], 

P = 1 − �
[CaMKII]
CaMKIItot

�
2

, 

B2 = kcatpp1new ⋅ PP1 ⋅
[CaMKIIPCaMCa4]

[CaMKIIPCaMCa4] + KmPP1
, 

kcatpp1new = kcatpp1 ⋅
1

1 + [ROS]
KmROS

, 

C1 = [CaMKIIPCaMCa4] ⋅ �kdisso2 �1 −
KmCaM
3

[Ca2+]i3 + KmCaM
3 � + kdissoCa2 ⋅

KmCaM
3

[Ca2+]i3 + KmCaM
3 �, 

C2 = kasso ⋅ [CaMKIIP] ⋅ [CaMCa4], 

D1 = kcatpp1new ⋅ PP1 ⋅
[CaMKIIP]

[CaMKIIP] + KmPP1
, 

E1 = kox ⋅ [CaMKIICaMCa4] ⋅ [ROS], 
E2 = kMsrA ⋅ [CaMKIIOXB], 

F1 = kcat37c ⋅ P ⋅
[ATP]

[ATP] + KmATP
⋅ [CaMKIIOXB], 

F2 = kcatpp1new ⋅ PP1 ⋅
[CaMKIIOXP]

[CaMKIIOXP] + KmPP1
, 

I1 = kMsrA ⋅ [CaMKIIOXP], 
I2 = kox ⋅ [CaMKIIPCaMCa4] ⋅ [ROS], 

G1 = [CaMKIIOXP] ⋅ �kdisso2 �1 −
KmCaM
3

[Ca2+]i3 + KmCaM
3 � + kdissoCa2 ⋅

KmCaM
3

[Ca2+]i3 + KmCaM
3 �, 

G2 = kasso ⋅ [CaMKIIOXA] ⋅ [CaMCa4], 
H1 = kMsrA ⋅ [CaMKIIOXA], 

H2 = kox ⋅ [CaMKIIP] ⋅ [ROS]. 
 
 
The parameters are given in Table S15. 
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Table S15. Ca2+-bound calmodulin and CaMKII activation parameters 
Parameter Description Value 

CaMtot Total calmodulin concentration 50 µM 
k1CaM Calcium binding rate 1 0.0025 µM−1ms−1 

kn1CaM Calcium unbinding rate 1 0.05 ms−1 
k2CaM Calcium binding rate 2 0.08825 µM−1ms−1 

kn2CaM Calcium unbinding rate 2 0.05 ms−1 
k3CaM Calcium binding rate 3 0.0125 µM−1ms−1 

kn3CaM Calcium unbinding rate 3 1.25 ms−1 
k4CaM Calcium binding rate 4 0.25 µM−1ms−1 

kn4CaM Calcium unbinding rate 4 1.25 ms−1 
CaMKIItot Total CaMKII concentration 1 µM 

kasso CaMCa4 association rate 0.0021 µM−1ms−1 

kdisso Dissociation rate of CaMCa4 from 
CaMKII_CaMCa4 pathway 1 7 × 10−5 ms−1 

kdissoCa Dissociation rate of CaMCa4 from 
CaMKII_CaMCa4 pathway 2 9.5 × 10−4 ms−1 

kdisso2 Dissociation rate of CaMCa4 from 
CaMKIIP_CaMCa4 pathway 1 7 × 10−8 ms−1 

kdissoCa2 Dissociation rate of CaMCa4 from 
CaMKIIP_CaMCa4 pathway 2 9.5 × 10−7 ms−1 

KmCaM Half saturation of Ca dissociation from from 
CaMKII_CaMCa4 0.03 µM 

kcat37c Phosphorylation rate constant at 37 oC 5.4 × 10−3 ms−1 
KmATP Michaelis constant for the CaMKII-ATP complex 19.1 µM 
kcatpp1 Dephosphorylation rate constant 1.72 × 10−3 ms−1 

KmROS Michaelis constant for the ROS-mediated 
autophosphorylation 1 µM 

KmPP1 Michaelis constant for the PP1-CaMKII complex 11 µM 
kox Oxidation dependent rate 1.28 × 10−5µM−1ms−1 

kMsrA Reductase rate mediated by methionine sulfoxide 
reductase A 10−4 ms−1 

PP1 PP1 concentration 1 µM 
 
 
 
 
Supporting References  
 
1. Mahajan, A., Y. Shiferaw, D. Sato, A. Baher, R. Olcese, L. H. Xie, M. J. Yang, P. S. Chen, J. G. 

Restrepo, A. Karma, A. Garfinkel, Z. Qu, and J. N. Weiss. 2008. A rabbit ventricular action 
potential model replicating cardiac dynamics at rapid heart rates. Biophys J 94(2):392-410. 

2. Hund, T. J., K. F. Decker, E. Kanter, P. J. Mohler, P. A. Boyden, R. B. Schuessler, K. A. 
Yamada, and Y. Rudy. 2008. Role of activated CaMKII in abnormal calcium homeostasis and 
I(Na) remodeling after myocardial infarction: insights from mathematical modeling. J Mol Cell 
Cardiol 45(3):420-428. 



21 
 

3. Xie, A., Z. Song, H. Liu, A. Zhou, G. Shi, Q. Wang, L. Gu, M. Liu, L. H. Xie, Z. Qu, and S. C. 
Dudley, Jr. 2018. Mitochondrial Ca(2+) Influx Contributes to Arrhythmic Risk in Nonischemic 
Cardiomyopathy. J Am Heart Assoc 7(8). 

4. Bers, D. M., and S. Morotti. 2014. Ca(2+) current facilitation is CaMKII-dependent and has 
arrhythmogenic consequences. Front Pharmacol 5:144. 

5. Hund, T. J., and Y. Rudy. 2004. Rate dependence and regulation of action potential and calcium 
transient in a canine cardiac ventricular cell model. Circulation 110(20):3168-3174. 

6. Cortassa, S., M. A. Aon, B. O'Rourke, R. Jacques, H. J. Tseng, E. Marban, and R. L. Winslow. 
2006. A computational model integrating electrophysiology, contraction, and mitochondrial 
bioenergetics in the ventricular myocyte. Biophys J 91(4):1564-1589. 

7. Matsuoka, S., N. Sarai, H. Jo, and A. Noma. 2004. Simulation of ATP metabolism in cardiac 
excitation-contraction coupling. Prog Biophys Mol Biol 85(2-3):279-299. 

8. Shannon, T. R., F. Wang, J. Puglisi, C. Weber, and D. M. Bers. 2004. A mathematical treatment 
of integrated Ca dynamics within the ventricular myocyte. Biophys J 87(5):3351-3371. 

9. Song, Z., C. Y. Ko, M. Nivala, J. N. Weiss, and Z. Qu. 2015. Calcium-voltage coupling in the 
genesis of early and delayed afterdepolarizations in cardiac myocytes. Biophys J 108(8):1908-
1921. 

10. Song, Z., Z. Qu, and A. Karma. 2017. Stochastic initiation and termination of calcium-mediated 
triggered activity in cardiac myocytes. Proc Natl Acad Sci U S A 114(3):E270-E279. 

11. Restrepo, J. G., J. N. Weiss, and A. Karma. 2008. Calsequestrin-mediated mechanism for cellular 
calcium transient alternans. Biophys J 95(8):3767-3789. 

12. Williams, G. S., L. Boyman, A. C. Chikando, R. J. Khairallah, and W. J. Lederer. 2013. 
Mitochondrial calcium uptake. Proc Natl Acad Sci U S A 110(26):10479-10486. 

13. Korge, P., L. Yang, J. H. Yang, Y. Wang, Z. Qu, and J. N. Weiss. 2011. Protective role of 
transient pore openings in calcium handling by cardiac mitochondria. J Biol Chem 
286(40):34851-34857. 

14. Cortassa, S., M. A. Aon, E. Marban, R. L. Winslow, and B. O'Rourke. 2003. An integrated model 
of cardiac mitochondrial energy metabolism and calcium dynamics. Biophys J 84(4):2734-2755. 

15. Yang, L., P. Korge, J. N. Weiss, and Z. Qu. 2010. Mitochondrial oscillations and waves in 
cardiac myocytes: insights from computational models. Biophys J 98(8):1428-1438. 

16. Yang, J. H., L. Yang, Z. Qu, and J. N. Weiss. 2008. Glycolytic oscillations in isolated rabbit 
ventricular myocytes. J Biol Chem 283(52):36321-36327. 

17. Chiba, H., N. S. Schneider, S. Matsuoka, and A. Noma. 2008. A simulation study on the 
activation of cardiac CaMKII delta-isoform and its regulation by phosphatases. Biophys J 
95(5):2139-2149. 

18. Foteinou, P. T., J. L. Greenstein, and R. L. Winslow. 2015. Mechanistic Investigation of the 
Arrhythmogenic Role of Oxidized CaMKII in the Heart. Biophys J 109(4):838-849. 

 


	A Spatiotemporal Ventricular Myocyte Model Incorporating Mitochondrial Calcium Cycling
	Introduction
	Methods
	The overall ventricular myocyte model structure
	Membrane potential of the cell
	Na+ current
	L-type Ca2+ current
	Na+/K + pump current
	ATP-sensitive K+ current

	Cytosolic and SR Ca2+ cycling
	RyR open probability
	SERCA pump
	Background SR leak

	Mitochondrial membrane potential
	Mitochondrial Ca2+ cycling
	Mitochondrial Ca2+ uptake
	Mitochondrial Na+-Ca2+ exchange
	Mitochondrial Ca2+ buffering

	Cytosolic ROS
	Cytosolic ATP
	CaMKII signaling
	Computer simulation

	Results
	Effects of MCU localization on whole-cell intracellular Ca2+ cycling properties under normal conditions
	Effects of MCU activity on the whole-cell Ca2+ transient
	MPTP and Ca2+ cycling behaviors in single mitochondria
	Effects of MPTP opening on Ca2+ sparks and the whole-cell Ca transient
	Mitochondrial depolarization promotes Ca2+ alternans and spontaneous Ca2+ waves

	Discussion
	Supporting Material
	Author Contributions
	Acknowledgments
	Supporting Citations
	References

	bpj_9854_mmc1.pdf
	Supplemental Information
	The governing differential equation for the membrane potential (V) is
	Δ,g-Na,L.=,0.0095-1+,,,,K-m,CaMK.-,,CaMKII.-act...-4...
	,K-m,CaMK.=0.3 was used.
	,,I.-Ca,L.=n∙,i-Ca,L.
	Δ,τ-f,CaMK.=,Δ,τ-f,CaMK,max.-1+,,,,k-mCaMLCC.-,,CaMKII.-act...-,h-CaMLCC....
	The corresponding parameters for the IRCa,LR model are listed in Table S3.
	Table S4. NaP+P-CaP2+P exchange current parameters
	,I-K1.=,g-K1.,,,,,K-+..-o.-5.4.. ,,A-K1.-,A-K1.+,B-K1..,V−,E-K..,
	,A-K1.=,1.02-1+,e-0.2385,V−,E-K.−59.215... ,
	,B-K1.=,0.49124,e-0.08032,V−,E-K.+5.476..+,e-0.06175,V−,E-K.−594.31..-1+,e-−0.5143,V−,E-K.+4.753... ,
	,E-K.=,RT-F.,ln-,,,,,K-+..-o.-,,,K-+..-i.....
	,I-Kr.=,g-Kr.,,,,,K-+..-o.-5.4.. ,x-Kr.R,V.,V−,E-K..,
	R,V.=,1-1+,e-,V+33-22.4.. . ,
	,E-Ks.=,RT-F.,ln-,,,,,K-+..-o.+0.01833,,,Na-+..-o.-,,,K-+..-i.+0.01833,,,Na-+..-i.....
	,Y-to,f,∞.=,1-1+,e-,V+33.5-10... ,
	,I-to,s.=,g-to,s.,X-to,s.,,Y-to,s.+0.5,R-s,∞. .,V−,E-K..,
	,R-s,∞.=,1-1+,e-,V+33.5-10... ,
	,X-to,s,∞.=,1-1+,e-−,V+3-15... ,
	,Y-to,s,∞.=,1-1+,e-,,V+33.5.-10... ,
	,,I.-Ca,b.=,v-cab.⋅,V−,E-Ca..,
	The whole-cell background CaP2+ Pcurrent is
	Table S6. Effective volumes of different compartments
	Table S7. Intracellular calcium diffusive time scales
	Table S8. Cytosolic buffering parameters
	Table S9. Luminal buffering parameters
	Table S10. SERCA uptake and leak flux parameters
	,J-Ca.=,α-LCC.⋅,,I.-Ca,L.,
	,J-NCX.=,α-NCX.⋅,,I.-NCX.,
	Table S11. RyR gating parameters
	,J-MPTP.=,g-MPTP.⋅,P-MPTP.⋅,,,C,a-2+..-m.−,,C,a-2+..-i..,
	The parameters are given in Table S12.
	Table S12. Mitochondrial CaP2+P dynamics parameters
	,ATP.+,ADP.=TAN,
	The parameters are given in Table S13.
	Table S13. Cytosolic ATP and ADP parameters
	,V-DC.=,K-DC.,ROS.,
	Table S14. Cytosolic ROS parameters
	The parameters are given in Table S15.
	Table S15. CaP2+P-bound calmodulin and CaMKII activation parameters


