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Mechanistic link between CaM-RyR2 interactions
and the genesis of cardiac arrhythmia
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ABSTRACT In this study, we develop a computational model of the interaction between ryanodine receptor type 2 (RyR2) and
calmodulin (CaM) to explore the mechanistic link between CaM-RyR2 interactions and cardiac arrhythmia. Our starting point is a
biophysically based computational model of CaM binding to a single RyR2 subunit, which reproduces single-channel RyR2mea-
surements in lipid bilayers. We then integrate this CaM-RyR2 model into a spatially distributed whole-cell model of Ca cycling,
which is used to investigate the relationship between CaM and Ca cycling homeostasis. We show that a reduction in CaM con-
centration leads to a substantial increase in the rate of spontaneous Ca sparks, and this induces a marked reduction in sarco-
plasmic reticulum Ca load during steady-state pacing. Also, we show that a reduction in CaM modifies the RyR2 open
probability, which makes the cell more prone to Ca wave propagation. These results indicate that aberrant Ca cycling activity
during pacing is determined by the interplay between sarcoplasmic reticulum load reduction and the threshold for Ca wave prop-
agation. Based on these results, we show that when CaM is reduced, Ca waves can occur in a cell and induce action potential
perturbations that are arrhythmogenic. Thus, this study outlines a novel, to our knowledge, mechanistic link between CaM-RyR2
binding kinetics and the induction of arrhythmias in the heart.
SIGNIFICANCE In this article, we develop a computational model of the interaction between calmodulin and the
ryanodine receptor. Using this model, we show how the binding reactions between these proteins can induce aberrant
calcium cycling activity at the whole-cell level. Based on these results, we describe a mechanistic link between calmodulin
regulation of RyR2 and cardiac arrhythmias.
INTRODUCTION

Calmodulin (CaM) is an important calcium (Ca) binding
protein that regulates a wide range of cellular functions.
CaM is composed of four EF-hand Ca binding motifs that
are connected by a flexible linker (1). As the Ca concentra-
tion is raised, Ca ions bind to the EF-hand, and this induces a
conformational change of CaM that allows it to selectively
bind to various proteins. This architecture allows CaM to
regulate an array of cellular components in a Ca-concentra-
tion-dependent manner (2,3). In the cardiac cell, CaM plays
an important role as a key regulator of the ryanodine recep-
tor type 2 (RyR2), which controls the flow of Ca between
intracellular stores (4–6). However, the precise mechanism
by which CaM modulates the RyR2 open probability and
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the subsequent downstream effect in the cell are still not
fully understood.

Many studies have demonstrated that the interaction be-
tween CaM and the RyR2 plays an important role in various
heart rhythm disorders (7). In particular, mutations in CaM
have been implicated as a potential underlying mechanism
for catecholaminergic polymorphic ventricular tachycardia
(CPVT) (8–11). Also, various heart failure models have
shown that CaM binding to the RyR2 is compromised
(12–14). In both of these cases, it was demonstrated that
defective CaM-RyR2 interactions disrupted the Ca cycling
homeostasis of the cell, which led to adverse downstream
consequences. In heart failure, it is believed that the main
effect is a depletion of the sarcoplasmic reticulum (SR)
load caused by an increase in spontaneous Ca sparks (10).
Also, studies have demonstrated that abnormal CaM regula-
tion can lead to an increase in the number of subcellular Ca
waves (10,11). It is believed that these Ca waves then per-
turb Ca-sensitive membrane currents, which can induce
membrane excitations such as delayed afterdepolarizations
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FIGURE 1 (A) Illustration of the proposed mechanism underlying CaM

regulation of the RyR2 open probability. Here, CaM competes with the

CaMLD for binding to the CaMBD. Once the CaMLD binds to the

CaMBD, Ca can bind to the CaMLD-CaMBD complex at a different site

to induce a conformational change at the pore. (B) Tetrameric structure

of the RyR2 channel is shown. Each subunit is described by the minimal

Markovian model shown. To see this figure in color, go online.
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(DADs), which can proceed to initiate an arrhythmia
(15,16). These studies indicate that the CaM-RyR2 interac-
tion may be a focal point to understand the underlying
mechanism for a wide variety of cardiac abnormalities.

A fundamental difficulty in establishing the link between
CaM-RyR2 interactions and the initiation of arrhythmia is
that the underlying phenomena span a vast range of length
and timescales. In particular, it is not well understood how a
molecular interactionbetweenCaMand theRyR2can translate
to a whole-heart arrhythmia. The RyR2 is composed of four
identical subunits that form a tightly bound tetramer. Detailed
cryo-electron microscopy (cryo-EM) images show that the
pore is formed at the center of the tetramer and is lined by
four S6 segments from each subunit (17–19). When Ca binds
to the Ca binding activation site at each subunit, a conforma-
tional change is induced that switches the S6 segment from a
closed to an open position. If a sufficient number of subunits
switch to the open state, the pore diameter will increase and
allow Ca ions to flow through. Each subunit of the RyR2 is
regulated by CaM at a specific region, which corresponds to
residues 3614–3643 in the type 1 ryanodine receptor (RyR1),
and this is referred to as the CaM binding domain (CaMBD)
(20). Subsequent high-resolution cryo-EM studies have identi-
fied this domain as residues 3581–3610 within the full-size
RyR2 and also imaged the bound CaM-RyR2 complex at
different levels of Ca concentration (21). However, despite
these advances in imaging, it is still not understood how
CaM regulates the conformational state of the RyR2 subunit.

For RyR1, a plausible mechanism has been proposed by
Xiong et al. (22) and later corroborated by Gangopadhyay
and Ikemoto (23). These studies suggest that RyR1 itself
contains a CaM-like domain (CaMLD) which interacts
directly with the CaMBD and competes with CaM for this
binding site. They hypothesized that when the CaMLD
binds to the CaMBD, this interaction induces a conforma-
tional change that leads to an increase in the RyR2 open
probability. Thus, CaM controls the RyR1 open probability
by regulating the availability of the CaMBD. This hypothe-
sis is consistent with more recent cryo-EM studies that indi-
cate, in both RyR1 and RyR2, that the CaMLD is positioned
directly adjacent to the Ca binding activation site and there-
fore can be coupled to the S6 segment lining the pore (21).
Thus, these structural studies support the hypothesis that the
CaMLD is a key component linking the CaMBD and the
pore. In Fig. 1 A, we illustrate the spatial relationship be-
tween CaM, the CaMBD, the CaMLD, and the Ca binding
activation site, which links the CaMLD to the pore. Based
on this assumption that the CaMLD is directly linked to
the Ca binding activation site, we hypothesize that the tran-
sition to the open state of an RyR2 subunit is dependent on
the amount of Ca bound to the CaMLD-CaMBD complex.
Thus, by regulating the availability of the CaMBD, CaM
will modulate the open probability of the RyR2 channel.

In this study, we develop a computational model of the
CaM-RyR2 interaction that is based on the aforementioned
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experimental work showing that CaM and a CaM-like
domain on the RyR2 compete for a specific binding region
on the RyR2 (22,23). We have integrated this model with a
whole-cell spatially distributed model of an atrial myocyte
to show that a reduction in CaM leads to an increased Ca
leak because of a higher frequency of spontaneous Ca
sparks. Also, a reduction in CaM reduces the threshold SR
Ca concentration necessary for Ca waves to propagate in
the cell. Thus, the effect of CaM on Ca wave propagation
is dependent on the interplay between SR load reduction
and the threshold for Ca waves. We show that these two ef-
fects compete, and we outline the conditions that lead to the
formation of subcellular Ca waves during steady-state pac-
ing. Using these results, we show that a reduction in CaM
can promote Ca waves that disrupt the rhythmic release of
Ca in cardiac cells. This process is highly nonlinear and
leads to dangerous action potential (AP) perturbations,
which can drive localized conduction block in cardiac tis-
sue. Thus, this work outlines a novel, to our knowledge,
mechanistic relationship between the disruption of CaM--
RyR2 interactions and the formation of an arrhythmogenic
substrate in the heart.



CaM-RyR interactions and arrhythmia
METHODS

Model of CaM regulation of a RyR2 subunit

To describe the effect of CaM on RyR2, we will follow the hypothesis of

Xiong et al. (22) and develop a simplified mathematical model of the

competitive binding reactions of CaM and CaMLD to the CaMBD.

Although this mechanism has been proposed only in the context of

RyR1, the close structural similarity between RyR1 and RyR2 makes this

mechanism a reasonable starting point for model building of the cardiac

system. Using this approach, we will develop a Markovian model of a

RyR2 subunit in which the transition rates are regulated by the binding re-

actions at the CaMBD. To proceed, let us denote the concentration of free

CaMBD as [L] and the total concentration as LT. Similarly, we will denote

the free concentration of CaMLD as [R] and the total concentration as RT.

Finally, we will denote [CaM] as the concentration of free CaM. The bind-

ing reactions at the CaMBD are described by

L½ � þ CaM½ �#a
b

LCaM½ � (1)

and
L½ � þ R½ �#a
0

b0
LR½ � ; (2)

where [LCaM] is the concentration of the bound CaM-CaMBD complex;

[LR] is the concentration of the bound CaMLD-CaMBD complex; and a,

b, a0, and b0 are the transition rates. The reaction kinetics are governed

by

d½LCaM�
dt

¼ a½L�½CaM� � b½LCaM� (3)

and
d½LR�
dt

¼ a0½L�½R� � b0½LR�; (4)

and the total concentrations are given by
LT ¼ ½L� þ ½LCaM� þ ½LR� (5)

and

RT ¼ ½R� þ ½LR� : (6)

Because the CaMBD and CaMLD are both part of the RyR2, they have

the same total concentration, which we will denote as Q ¼ LT ¼ RT. In this

study, we will consider the case in which [CaM] is constant so that all the

reactions at the CaMBD have reached equilibrium. In this limit, we find

that the equilibrium concentration of the CaMLD-CaMBD complex is

given by

½LR�eq ¼ Q

�
1þ 1

2k

�
1� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4k
p ��

; (7)

where

k ¼
�

KCaM

KCaMLD

�
Q

KCaM þ ½CaM� (8)

and where KCaM ¼ b/a and KCaMLD ¼ b0/a0 are the dissociation constants

for the CaM and the CaMLD reactions to the CaMBD, respectively. Note

here that a crucial role is played by the ratio of KCaM/KCaMLD, which gives
a measure of the relative strength of the reaction of the CaMBD to CaM and

the CaMLD. Because this ratio has not been measured experimentally, we

will make the simplifying assumption that KCaM/KCaMLD << 1, which cor-

responds to the case in which binding to CaM is favored over binding to the

CaMLD. This is a reasonable assumption because for CaM to be an effec-

tive regulator, it is likely to bind preferentially to the CaMBD. In this limit,

we have

½LR�eq zQ2

�
KCaM

KCaMLD

��
1

KCaM þ ½CaM�
�
; (9)

which gives a more simplified relationship between the amount of bound

complex as a function of [CaM].

Once the CaMLD-CaMBD complex is formed, it can then bind to Ca at a

different binding site to form a Ca-CaMLD-CaMBD complex that regulates

the RyR2 open probability. This reaction is

Ca½ � þ LR
0� �
#
a00

b00
CaLR½ � ; (10)

where [CaLR] is the concentration of the Ca-CaMLD-CaMBD complex

and [LR0] is the concentration of the CaMLD-CaMBD complex that is

not bound to Ca, so that the total concentration is [LR0] þ [CaLR] ¼
[LR]eq. Also, note here that [Ca] denotes the Ca concentration on the

cytosolic side of the RyR2 subunit. In the cardiac cell, this concentration

will correspond to the Ca concentration in the immediate vicinity of

RyR2 subunits. To proceed, we note that the rates a00 and b00 have not

been measured experimentally. However, because it is known that

RyR2s can be activated by rapid submillisecond spikes of local Ca

(24), it is safe to assume that the reaction is fast compared with the re-

actions given by Eqs. 1 and 2, and we can apply the rapid equilibrium

approximation. This gives

½CaLR� ¼ ½LR�eq
½Ca�

KCa þ ½Ca�; (11)

where KCa ¼ b00/a00 is the dissociation constant for Ca binding. The final

concentration is given by

½CaLR� ¼ Q2

�
KCaM

KCaMLD

��
1

KCaM þ ½CaM�
�� ½Ca�

KCa þ ½Ca�
�
:

(12)

Thus, in this approach, Ca serves as an agonist for the reaction that forms

the Ca-CaMLD-CaMBD complex, and CaM serves as the antagonist.
A Markovian model of the RyR2 tetramer

To describe the RyR2 open probability, we will model each subunit using a

reaction scheme given by

C1

kþ
#
k�

O
rþ
#
r�

C2 ; (13)

where C1 is the closed conformation, O is the open state, and C2 is an addi-

tional closed state. Here, we follow Mukherjee et al. (25) and introduce a

second closed state C2 to account for experimental observations of flicker

closings that are more evident at high Ca concentration >10 mM. To model

the Ca dependence of the subunit open probability, we will require that the

open rate be proportional to the concentration of the Ca-CaMLD-CaMBD
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concentration given by Eq. 12. Thus, we will take the open rate of a single

subunit to have the form

kþ ¼ ~kþ

�
1

KCaM þ ½CaM�
�� ½Ca�

KCa þ ½Ca�
�
F
	½Ca�jsr
; (14)

where ~kþ is a proportionality constant that absorbs the constants that orig-

inate from the binding reactions. Given the paucity of information on the

binding kinetics, we will rely on RyR2 transition rate measurements to

constrain this proportionality constant. Also, because the RyR2 open

probability is known to be dependent on the SR load (26,27), we will

include a function F([Ca]jsr), which represents the dependence of the for-

ward rate on the Ca concentration [Ca]jsr on the luminal side of the RyR2

subunit.

The full RyR2, as illustrated in Fig. 1 B, is composed of four bound sub-

units. To model cooperativity, we introduce an energy penalty 3for two

neighboring subunits to be in different states. This approach is inspired

by previous work that applied cooperativity to explain the sensitivity of a

channel complex to changes in the concentration of a ligand (28). To imple-

ment the subunit interactions, we will label each subunit in the clockwise

direction using the index i ¼ 1, 2, 3, 4 (Fig. 1 B). Each subunit will be as-

signed a state si that can be one of the three subunit states C1, O, or C2. To

model nearest-neighbor interactions, we let subunit i in the tetramer transi-

tion to the open state with rate

kiþ ¼ kþ exp Q si; siþ1ð Þ þ Q si; si�1ð Þð Þ; (15)

where Q(si, sj) denotes the interaction energy between subunit i and j

in states si and sj, respectively. Because there is an energetic cost for neigh-

boring subunits to be in different conformational states, we will assign

QðC;CÞ ¼ � ε; (16)

QðC;OÞ ¼ þ ε; (17)
QðO;OÞ ¼ � ε; (18)
FIGURE 2 RyR2 open probability in the absence and presence of 1 mM

CaM. Open probability measured by Xu and Meissner (29) is denoted by

square symbols with black and red denoting 0 and 1 mM [CaM], respec-

tively. Solid lines correspond to the fitted Markovian model. To see this

figure in color, go online.
and

QðO;CÞ ¼ þ ε: (19)

Here, we will not assign an energy penalty between two neighboring sub-

units in different closed states so that C can be either C1 or C2. Similarly, the

reverse rate for subunit i will be

ki� ¼ k� exp Q si; siþ1ð Þ þ Q si; si�1ð Þð Þ: (20)

Using this approach, we can adjust the cooperativity between RyR2 sub-

units by changing the subunit interaction energy 3. To complete the RyR2

tetrameric model, it is necessary to assign how many subunits need to tran-

sition to the open state for the pore to open. However, this number is not

known, so we will leave it as a control parameter that will be adjusted later

to model experimentally measured features of Ca spark statistics. For now,

we will take the state of the tetramer to be

m ¼
X4

i¼ 1

ni; (21)

where ni ¼ 0 if si ¼ C1 or C2 and ni ¼ 1 if si ¼ O. The RyR2 will then be in

the open state if mR mo, where mo can have the value 1, 2, 3, or 4. We will

then vary the necessary number of open channels mo to fit single RyR2 or

Ca spark data.
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Fitting the model to RyR2 open probability
measurements

To determine parameters for our RyR2 model, we will rely mainly on a

study by Xu and Meissner (29), who measured the functional effects of

CaM on RyR2 in lipid bilayers. In this study, the authors varied the cyto-

solic Ca concentration from 0.1 to 100 mM and measured RyR2 open

probability in the absence and presence of a maximally inhibiting 1 mM

CaM. To model their data, we will first determine RyR2 parameters in

the case in which [CaM]¼ 0 mM. To fit their open probability data at fixed

cytosolic Ca, we vary the subunit interaction strength 3, the number of

subunits in the open state mo required to open the channel, and the

threshold for Ca activation KCa. Also, because the Ca concentration on

the luminal side of the lipid bilayer is held fixed, we will set

F([Ca]jsr) ¼ 1. In a later section, we will include the SR load dependence

to model Ca release at a RyR2 cluster.

Xu andMeissner (29) also measured the mean RyR2 closed time at [Ca]¼
2 mM to be tc¼ 13.6 ms and the mean open time to be to¼ 1.6 ms, which can

be used to constrain the values of the rate constants ~kþ and ~k�. To proceed

and fit the transition rates to the second closed state, we rely on recent

work by Mukherjee et al. (25), who noted that at high Ca ([Ca] > 10 mM),

the RyR2 channel makes frequent transitions to a closed state in a Ca-inde-

pendent manner. This result is consistent with the experimental measure-

ments of Xu and Meissner, who showed that for large Ca levels ([Ca] >

100 mM), the open probability of RyR2 is saturated near Po �0.7. This indi-

cates that even when the C1 to O transition is large (kþ >> k�), the RyR2

subunit does not reside in the open state but makes frequent transitions to a

new closed state, which reduces the open probability. Mukherjee et al. (25)

measured the mean time of the closed state and found tc �0.36 ms, which

fixes the backward rate r�. The forward rate rþ is then adjusted to match

the open probability of RyR2 measured at high Ca. Finally, we determine

the dissociation constant KCaM by searching for a good fit to the data acquired

at [CaM]¼ 1 mM. In Fig. 2, we plot the experimental data extracted from the

Xu and Meissner study (29) along with our best-fit curves. The parameters

used are given in Table 1. Here, we find excellent quantitative fits, indicating

that the effect of CaM can be effectively modeled as an antagonist that com-

petes with the CaMLD for the Ca binding site on RyR2. This approach pre-

dicts that the binding kinetics of CaM to RyR2 can be described using a

binding dissociation constant KCaM ¼ 0.364 mM.

A novel, to our knowledge, aspect of our RyR2 subunit model is that we

have explicitly modeled the dynamics of individual subunits. In this formu-

lation, Ca-dependent activation of a single subunit is determined by the Ca

dissociation constant KCa. However, the sigmoid nature of the Ca depen-

dence is dicated by cooperativity, which is determined by the interaction



TABLE 1 RyR2 Markovian model parameters

Parameter Value Units

~kþ 2.79 (ms)�1

~k� 0.33 (ms)�1

rþ 0.25 (ms)�1

r� 0.6 (ms)�1

3 0.8 dimensionless

KCa 15 micromolar

KCaM 0.364 micromolar

mo 3 channels

cth 700 micromolar

g 5 dimensionless

CaM-RyR interactions and arrhythmia
energy 3, and the number of subunits mo required to be in the open state for

the full RyR2 to be open. We found that KCa ¼ 15 mM gave an excellent fit

to the experimental data and was also substantially larger than the typical

resting Ca levels in a myocyte, for which [Ca] �0.1 mM. This choice is

consistent with the observation that RyR2 clusters, in the absence of stim-

ulus from the L-type calcium current (LCCs), have a low open probability,

so that LCC fluxes have to raise local Ca substantially above resting levels

to induce channel openings. To fit the sigmoid response measured by Xu

and Meisner (29), we have set the interaction energy to be 3¼ 0.8. Howev-

er, we note that the experimental data were not sufficient to constrain this

parameter precisely, and good fits can be found in the range 0.4 <

3< 1.4. Finally, we have set the number of open subunits required for chan-

nel opening to be mo ¼ 3. In our simulations, we found that setting mo < 3

led to substantial RyR2 openings even at resting Ca concentration levels.

Interestingly, these background fluctuations led to persistent RyR2 cluster

openings, which made Ca sparks highly unstable even at resting Ca levels.

We also found that setting single-channel and cluster dynamics was insen-

sitive to mo for mo R 3. Thus, we picked mo ¼ 3 as a reasonable compro-

mise given the lack of data to constrain this parameter.
The effect of CaM on the dynamics of a Ca spark

In a cardiac cell, RyR2s are arranged in clusters so that Ca release from one

or a few RyR2s will induce regenerative release from the cluster. These
A

B

C

release events are localized in the vicinity of the cluster and are referred

to as Ca sparks. In this section, we determine the relationship between

the concentration of CaM and the properties of Ca sparks. To accomplish

this, we will integrate our CaM-RyR2 model with a spatially distributed

cell model originally from Restrepo and Karma (30), which has been

extended to describe atrial myocytes (31,32). In this approach, the cell inte-

rior is divided into compartments that contain the key Ca cycling ion chan-

nels (see Fig. 3 captions for details). The basic unit of the model is referred

to as a Ca release unit (CRU), which is composed of the main compartments

that surround a RyR2 cluster in the cell (Fig. 3 A) along with an array of

membrane-bound ion channels, such as the LCC and the sodium-calcium

exchanger (NCX). Here, all ion channels are described using experimen-

tally based Markovian models that evolve in time in a fully stochastic

manner. The Ca concentration regulating RyR2 is referred to as the dyadic

junction Ca concentration, denoted as cijkp in Fig. 3 A. To describe an atrial

myocyte, we note that the cell membrane forms invagination into the cell

referred to as t-tubules (TTs) as shown in Fig. 3 C. In atrial myocytes, these

t-tubules are sparse and do not penetrate fully into the cell, in sharp contrast

to ventricular myocytes where TTs extend deep into the cell interior. To ac-

count for this feature, we allow membrane-bound channels to penetrate into

the cell a distance that is taken from an exponential distribution. In this

manner, we allow some degree of invagination that is representative of an

atrial myocyte. Details of our computational model and the statistical

modeling of the t-tubule system are given in a recent study (31).
RESULTS

Model of an isolated RyR2 cluster

In this section, we will apply a stripped-down version of our
atrial cell model to first evaluate the properties of an RyR2
cluster in isolation. Thus, we will place a single RyR2 clus-
ter with NRyR ¼ 25 channels within an array of 5 � 5 � 5
CRUs. All other CRUs will be devoid of ion channels and
transporters. To achieve robust closing of the RyR2 cluster,
it is necessary to include a dependence on the junctional SR
(JSR) Ca concentration. Thus, we will include a term
FIGURE 3 Schematic illustration of the spatial

architecture of Ca signaling in an atrial myocyte.

The basic unit of Ca signaling is the CRU, which

is composed of six compartments distributed in

the cell. Concentrations at each CRU are desig-

nated with a superscript ijk at position i, j, k in a

three-dimensional grid representation of the cell.

The compartments are the dyadic junction with

concentration cijkp , the submembrane space with

concentration cijks , the local cytosol concentration

cijki , the junctional SR (JSR) concentration cijkjsr ,

and finally the local concentration in the network

SR (NSR) cijknsr . To model an atrial myocyte, we

distinguish junctional CRUs close to the cell mem-

brane that (A) possess LCC and NCX channels,

whereas nonjunctional CRUs (B) do not have these

membrane channels. (C) Spatial architecture of the

cell interior showing TT invaginations along z

planes is given. All compartments in the outer

boundary and along transverse TT invaginations

are treated as junctional CRUs (red squares). To

see this figure in color, go online.
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F
	½Ca�jsr
 ¼ 1

1þ
�

cth
½Ca�jsr

�g ; (22)

where cth is the threshold for the luminal [Ca] concentration
dependence, and g is the Hill coefficient. This term is
included in our formulation of the RyR2 subunit opening
rate given in Eq. 14. In our simulations, we find that including
this term ensures robust Ca spark termination that is driven by
the negative feedback due to the depletion of the local JSR.
To gain further insight on the effect of this JSR load depen-
dence, in Fig. S2 we show the RyR2 open probability as a
function of [Ca]jsr for a range of fixed cytosolic Ca concen-
tration levels. Here, we note that although the mechanism
for RyR2 closing is still not fully understood, our model
serves as a possible mechanism that is based on previous
experimental data and modeling work (33,34). In Fig. 4 A,
we show the local dyadic junction concentration cp during
a Ca spark that is initiated by a small current stimulus at
t ¼ 30 ms (red arrow). Here, we observe that during the
Ca spark, cp rises to �200 mM and then decays to �50 mM
in �30 ms, followed by a slower decay consistent with Ca
spark flux measurements (35). At the same time, the JSR
load [Ca]jsr decreases from the initial 1000 mM to roughly
400 mM. To ensure robust Ca spark termination, we have
used cth ¼ 700 mM. In Fig. 5, A–C, we show cp for a longer
timescale of 1500 ms and also vary the CaM concentration.
Here, we find that the stimulated Ca spark is followed by
A

B
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spontaneous sparks, which fire solely because of RyR2 fluc-
tuations in the absence of a current stimulus. To quantify the
timing of spontaneous sparks more precisely, we measured
the average waiting time from a stimulated spark to the first
spontaneous spark. We measure this quantity because sponta-
neous Ca sparks typically occur during the AP after stimula-
tion from LCC openings. The average waiting time hTsponi,
computed from 5000 independent simulation runs, is plotted
versus [CaM] in Fig. 6, which shows the strong sensitivity of
the spontaneous spark rate on the CaM concentration. Here,
we mention that we have also explored the changes in the
time course of Ca release during a spark. Indeed, we also
find that as [CaM] is reduced, the local flux is increased
because of an increase in the RyR2 open probability.
However, this effect is small, and our simulations indicate
that the main effects of [CaM] on Ca release is due primarily
to the modulation of the spontaneous spark rate rather than
the current flux.
Dependence of Ca cycling homeostasis on [CaM]

In this section, we apply our spatially distributed model to
simulate a full cardiac cell of 40 � 20 � 20 CRUs that is
paced by a freely running AP. To model the AP, we have in-
tegrated our Ca cycling equations with the major ion cur-
rents from the Grandi et al. (36) human atrial cell model.
All Ca cycling components used in the Grandi model have
been replaced by the spatially distributed model described
FIGURE 4 Simulation of a Ca spark due to an iso-

lated RyR2 cluster in a small system of 5 � 5 � 5

CRUs. (A) The dyadic junction Ca concentration

cp in the vicinity of the central RyR2 cluster after

a 3 ms current stimulus is injected at t ¼ 30 ms is

shown (red arrow). (B) The JSR Ca concentration

([Ca]jsr) during the spark is shown. To see this figure

in color, go online.
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FIGURE 5 Long-time simulation of an RyR2

cluster in a small system of 5 � 5 � 5 CRUs.

(A–C) The dyadic junction Ca concentration cp is

shown in the vicinity of the central RyR2 cluster

for different levels of [CaM]. Current stimulus is

delivered at t ¼ 30 ms (red arrow) to induce a

Ca spark. Subsequent Ca release events are sponta-

neous Ca sparks, which are due to regenerative

release that are triggered by RyR2 fluctuations.

The mean waiting time from the first excitation

to the next spontaneous excitation is denoted as

Tspon. To see this figure in color, go online.
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above. Details of this coupled voltage and Ca system have
been described in our previous publications (31,32). Using
this model, we will evaluate the effect of CaM on Ca cycling
homeostasis. To study homeostasis, we pace our cell model
until a steady state is reached in which the SR load and dia-
stolic Ca levels remain effectively constant from beat to
beat. In our simulations, reaching the steady state typically
requires 20–30 beats of pacing until all concentration vari-
ables fluctuate near their equilibrium values. In Fig. 7 A,
we plot the steady-state network SR (NSR) load, which is
defined as the average concentration in all NSR compart-
ments in the cell, as a function of [CaM]. Here, we pace
the cell at a cycle length of CL ¼ 400 ms for 30 beats and
FIGURE 6 The average time between a triggered Ca spark and a sponta-

neous spark, denoted as hTsponi, as a function of [CaM]. Points are

computed by averaging over 5000 independent simulation runs. Error

bars are computed as the standard deviation of five averages of 1000 simu-

lation runs. To see this figure in color, go online.
then measure the NSR concentration at the beginning of
the last paced beat. Our results show that the steady-state
NSR load decreases substantially as the CaM concentration
is reduced. In Fig. 7 B, we have also computed the diastolic
Ca concentration ci, which is defined as the average concen-
tration of all cytosols in the cell interior, as a function of
[CaM]. Here, we observe that the steady-state ci also de-
creases with decreasing CaM, although the observed change
is small. To assess the underlying mechanism for the
reduced SR load in Fig. 7 C, we plot a linescan image of
subcellular Ca at two concentrations of [CaM]. These sim-
ulations show that as [CaM] is reduced, the number of Ca
sparks in the cell interior is increased substantially. Now,
because the TT system is sparse, this implies that the bulk
of these Ca sparks are spontaneous and are not initiated
by LCC openings. Thus, it is clear that the rate of sponta-
neous Ca sparks is markedly increased with a reduction in
[CaM]. To quantify this effect, we have computed the num-
ber of Ca sparks that occur during one CL at steady state. In
Fig. 7 D, we plot the number of sparks in the cell per unit
time on the last beat of pacing, after pacing for 30 beats.
Indeed, we find that the number of Ca sparks recruited in-
creases substantially as the CaM concentration is reduced.
These results demonstrate that the dominant homeostatic
change, due to a reduction in CaM, is an increase in the
rate of spontaneous Ca sparks, which in turn leads to a sub-
stantial reduction in SR load.
The dependence of Ca wave propagation on CaM

In this section, we will evaluate the relationship between Ca
wave propagation in the cell interior and CaM. Our
Biophysical Journal 120, 1469–1482, April 20, 2021 1475
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FIGURE 7 The dependence of Ca cycling ho-

meostasis on CaM. (A) Plot of the average NSR

load (cnsr) as a function of CaM is given. (B) Plot

of the average diastolic Ca concentration as a func-

tion of CaM is given. Both the average diastolic Ca

and NSR load are computed just before the 31st AP

is triggered. The cell is paced at CL ¼ 400 ms. (C)

Longitudinal linescan of subcellular Ca at the indi-

cated levels of [CaM] is shown. (D) The total num-

ber of sparks divided by CL for the last beat is

given, taken at steady state after pacing for 30

beats. Error bars are computed as the standard de-

viation of 10 independent simulation runs. To see

this figure in color, go online.
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approach will be to induce a Ca wave within our three-
dimensional cell model and compute the velocity of propa-
gation for different levels of [CaM]. To accomplish this, we
simulate wave propagation in our spatially distributed cell
model. To induce a Ca wave, we first remove all LCC chan-
nels except those within a 20 � 20 transverse plane at one
end of the cell. We then apply an AP to the cell and trigger
Ca release only within this planar region where the LCCs
reside. The SR load of the cell is then gradually increased
so that at a critical load, a Ca wave will form that will prop-
agate in the longitudinal direction. In Fig. 8 A, we show a
longitudinal linescan of a Ca wave that is nucleated at one
end of the cell (red arrow) and then propagates to the other
end. To compute the wave velocity, we measure the time it
takes for the planar excitation to reach the distal end of the
cell. To get a more complete picture, in Fig. 8 B we plot the
wave velocity as a function of the initial SR load for three
concentrations of [CaM]. Here, we have computed the
wave velocity, denoted as Vwave, by repeating each run 50
times and computing the average speed. A plot of Vwave as
a function of the initial NSR load (cnsr) shows that the
average Ca wave speed increases rapidly near a threshold
denoted as cthsr (vertical dashed line for the case [CaM] ¼
0.1 mM). Here, we point out that the threshold for wave
propagation is sharp in the sense that the interface between
propagation and no propagation is much smaller than the
dynamic range of the SR load during pacing. In particular,
we find that the wave velocity increases from 0 to �0.1
mM/ms over a range of�20 mM, whereas the dynamic range
of SR load during pacing is �500 mM. It is in this sense that
the Vwave dependence on SR load exhibits a sharp threshold
behavior. Note that in these simulations, we have also
1476 Biophysical Journal 120, 1469–1482, April 20, 2021
computed the standard error of Vwave using our 50 simula-
tion runs, showing that error bars are small above and below
threshold (Fig. 8 B) but can be large near threshold. This is
because near-threshold wave propagation will be highly
sensitive to stochasticity, so that fluctuations of wave speed
will be substantial. Thus, the main finding is that a reduction
in [CaM] decreases the critical threshold for wave propaga-
tion and also increases the velocity of longitudinal wave
propagation.
AP perturbations during rapid pacing

In this section, we will explore the role of CaM on the dy-
namics of subcellular Ca during rapid pacing. Our model
analysis reveals that the system can exhibit complex beat-
to-beat dynamics in response to changing levels of CaM.
In particular, we find that a reduction in CaM can induce
nonlinear instabilities in the system in the case when the
excitability of the Ca cycling system is increased. To probe
this parameter regime, we found it necessary to increase the
strength of the whole-cell LCC by 15%, which leads to an
increase in the steady-state SR load. However, at high SR
loads we found that RyR2 clusters did not close reliably,
which prevented Ca waves from propagating in the cell.
Thus, it was necessary to stabilize RyR2 clusters in the
closed state by increasing the coupling parameter to
3¼ 1.2. In this way, we effectively increased the excitability
of the Ca cycling system while keeping local Ca release sta-
ble. To study the V-Ca dynamics under these conditions, we
paced our cell model for 50 beats at CL ¼ 250 ms. We then
analyzed the voltage and Ca for the last 10 beats after the
cell had reached steady state. In Fig. 9 A, we plot the
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FIGURE 8 Dependence of Ca wave propagation

on CaM. (A) An example of Ca wave propagation

in a cell of dimension 18 � 20 � 20 is given. A

line scan along the longitudinal direction is shown.

To initiate the wave, the first sarcomere (red arrow)

is ignited by applying an AP, and LCCs are removed

in all other sarcomeres. In this simulation, we set

[CaM] ¼ 0.3 mM, and the initial SR load is cnsr ¼
900 mM. (B) Ca wave velocity is shown as a function

of the initial SR load at the time the stimulation is

applied. The vertical dashed line denotes the critical

threshold load ðcthsrÞ necessary for waves to propa-

gate in the cell. The wave velocity shown corre-

sponds to an average over 50 independent

simulations. Error bars are computed as the standard

deviation of five averages of 10 independent simula-

tions. To see this figure in color, go online.
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membrane voltage of the cell as a function of time for the
last several beats, along with a simulated longitudinal line-
scan. In this simulation, we have fixed [CaM] ¼ 0.6 mM. In
this case, we find that during pacing, Ca sparks in the cell
interior are rare, and that most of the Ca release occurs at
the cell boundaries. This is due to the fact that Ca sparks
are induced by LCCs, which are distributed mostly at the
cell boundaries because TTs are sparse in atrial myocytes.
In Fig. 9 B, we repeat the simulation with [CaM] ¼
0.15 mM. In this case, we find that the voltage response dis-
plays aperiodic behavior with substantial beat-to-beat varia-
tions in the action potential duration (APD). In particular,
we note that the subcellular Ca waves that propagate into
the interior are induced during rapid pacing. In the example
shown, wave propagation into the cell interior tends to occur
on alternate beats, which induces a corresponding beat-to-
beat alternation in the APD. To capture the beat-to-beat
variations of the AP at steady state, we have plotted the
APD for the last 10 beats. This simulation is then run at
different levels of [CaM], and the steady-state APD (last
10 beats) is plotted as a function of CaM (Fig. 9 C). Indeed,
we find that for this set of parameters, a reduction in [CaM]
can induce a substantial beat-to-beat variation of the APD at
steady state.
DISCUSSION

In this study, we have developed a computational model of
the interaction between CaM and a RyR2 subunit. Our
model is based on the work of Xiong et al. (22), who iden-
tified a CaM-like region of RyR1 that binds to the CaMBD
and is believed to regulate the RyR2 open probability. This
mechanism is consistent with high-resolution cryo-EM im-
aging, which reveals that the main Ca binding activation
site, which regulates the pore open probability, is in close
proximity to a CaM-like region (CAMLD) of RyR1, which
in turn, resides in the vicinity of the CaMBD (37). Given the
strong structural similarity between RyR1 and RyR2, we
have applied this mechanism to develop a computational
model of RyR2 that accounts for CaM. Our approach is to
model the key interactions at the CaMBD to extract the
CaM dependence of the RyR2 open probability. Our compu-
tational model is sufficient to fit existing experimental data
from RyR2 open probability measurements in lipid bilayers
(29). At the single-channel level, we find that a decrease in
the CaM concentration leads to a marked increase in the
RyR2 open probability. This increase occurs via a leftward
shift of the open probability, along with an increase in the
plateau open probability measured at high Ca concentra-
tions. Interestingly, both of these effects can be explained
by our model, in which the open rate of an RyR2 subunit
is proportional to the concentration of the Ca-CaMLD-
CaMBD complex. Thus, our results suggest that RyR2 prop-
erties observed in lipid bilayers can be reproduced by
assuming that individual RyR2 subunits are regulated by
Ca and CaM binding reactions. An application of our model
is that it can be used to investigate downstream conse-
quences of a disruption in the binding of CaM to the
CaMBD. It is well known that various arrhythmias, such
as CPVT, can be traced to specific mutations that are known
Biophysical Journal 120, 1469–1482, April 20, 2021 1477
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FIGURE 9 Role of CaM during rapid pacing. (A

and B) Membrane voltage and longitudinal line

scan for the last 10 beats after pacing for 50 beats

at CL¼ 250 ms are shown. (C) APD for the last 10

beats, after pacing for 50 beats, is given as a func-

tion of [CaM]. Here, APD is computed as the time

for the AP to cross Vc ¼ �30 mV. In some beats,

the voltage V(t) does not cross this threshold, and

we do not compute APD for those beats. In this

simulation model, parameters have been modified

to induce dynamical instability at rapid pacing

rates. To do this, we have adjusted the following

parameters in the model: the whole-cell LCC

strength has been increased by 15%. The uptake

strength, denoted as vup, has been reduced by

33%. Subunit coupling strength is increased to

3 ¼ 1.2, and threshold SR concentration is

increased to cth ¼ 800 mM. To see this figure in co-

lor, go online.
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to disrupt the interaction of CaM and RyR2 (8,10). Within
our model framework, the key parameters governing the
RyR2 transition rates are the dissociation constants KCaM

and KCaMLD, which determine the relative strength of the
respective reactions at the CaMBD. Thus, our computa-
tional model can be used to evaluate how changes in the
local binding kinetics can control the RyR2 open probabil-
ity. We expect that this computational framework can be
applied to investigate how specific mutations in RyR2 can
induce cardiac arrhythmias at the whole-heart level.

We have integrated our CaM-RyR2 model with a
spatially distributed Ca cycling model to investigate the
relationship between homeostasis and CaM. The main
result is that a reduction in CaM leads to a higher frequency
of spontaneous Ca sparks, which induces a marked reduc-
tion in the steady-state SR Ca load. These spontaneous Ca
sparks are due to RyR2 fluctuations, which induce regener-
ative openings of clusters of RyR2, independently of Ca
entry due to membrane-bound channels. These regenera-
tive openings occur when local Ca concentration fluctua-
tions induce RyR2 transitions to the open state. A
reduction in CaM makes these transitions more frequent
because it suggests that the CaMLD more readily binds
to the CaMBD in the absence of CaM. Thus, a reduction
in CaM will increase the probability of a spontaneous Ca
spark. In our computational simulations, this was the domi-
nant effect of CaM on the dynamics of Ca sparks. The
consequence of this change at the whole-cell level is that
the steady-state SR load decreases substantially with
decreasing CaM. This reduction in SR load is due to an au-
toregulation response caused by a rebalancing of the fluxes
across the SR membrane (38,39). To describe these
changes, we define the total number of Ca ions that flow
out of the SR due to RyR in one beat as
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QRyRðnÞ ¼
Zðnþ1ÞT

nT

JRyRðtÞdt; (23)

where JRyR(t) is the total RyR2 flux flowing out of the SR at

time t, n is the beat number, and T is the pacing period. Simi-
larly, we define

QupðnÞ ¼
Zðnþ1ÞT

nT

JupðtÞdt; (24)

where Jup(t) is the total flux flowing into the SR from the
sarco/endoplasmic reticulum calcium ATPase pump. Now,

when the cell reaches equilibrium, we have Qup(n) z
QRyR(n), where n > neq and where neq is the number of
paced beats for equilibrium to be reached (in our simula-
tions, neq �30 beats). For convenience, we will refer to
Qup and QRyR as the total Ca influx and efflux, respectively,
over one beat at steady state, i.e., for n > neq. In our simu-
lations, we find that a reduction in CaM has the effect of
increasing QRyR(n) for n < neq because of the increased fre-
quency of spontaneous Ca sparks. However, the correspond-
ing changes in Qup(n) are not enough to compensate for this
change so that QRyR(n) > Qup(n), and there is a net outward
flux that depletes the SR as long as n < neq. However, when
n > neq, then steady state is reached, and the SR will be
depleted to a level such that QRyR z Qup. This new equilib-
rium is reached because the driving force across the SR
membrane decreases with SR load. Thus, to compensate
for the increased number of Ca sparks, the SR load is simply
adjusted so that the overall Ca efflux is decreased to match
the uptake. Therefore, the dominant homeostatic response to
a reduction in [CaM] is depletion of the SR, which



FIGURE 10 Illustration of the interplay between Ca wave propagation

velocity and Ca cycling homeostasis. The blue (red) line represents the rela-

tionship between Vwave and SR load in the case of high (CaMþ) and low

(CaM�) CaM. C1, C2, and C3 each represent a possible SR load at steady

state. Here, we distinguish the two cases. The first is when a reduction in

[CaM] reduces the steady-state SR load from C1 to C3 < C�
th. In this

case, the change is protective because Ca waves do not propagate at C3.

The second case is when the steady-state SR load changes from C1 to

C2 > C�
th. In this case, the reduction in [CaM] is arrhythmogenic because

Ca waves can propagate at the reduced SR load. To see this figure in color,

go online.
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compensates for the increased frequency of spontaneous Ca
sparks.

In this study, we have also explored the dependence of Ca
waves on CaM. Our key finding is shown in Fig. 8 B, which
demonstrates that the velocity of subcellular Ca waves ex-
hibits a sharp threshold dependence on the SR load.

Effectively, below a critical SR load cthsr, waves do not
propagate, whereas above that threshold, waves propagate
in the longitudinal direction over many sarcomeres. Here,
we note that this transition is sharp in the sense that Vwave

changes substantially over a range of SR loads (�20 mM),
which is much smaller than the full dynamic range
(�500 mM) of the SR load during pacing. This behavior is
due to the highly nonlinear nature of Ca wave nucleation,
which is highly sensitive to the SR load near the onset of
wave propagation. Note that above the onset of Ca wave
propagation, the Ca wave velocity increases linearly as a
function of SR load. Using our computational model, we
show that cthsr decreases and the velocity of wave propagation
Vwave increases as the CaM concentration is decreased. The
underlying mechanism for this effect is the Ca dependence
of the RyR2 open probability Po and its dependence on
CaM. Specifically, we find that a decrease in CaM concen-
tration has two distinct effects on the RyR2 open probabil-
ity. The first is a leftward shift of the Ca concentration at the
half maximum of Po, and the second is an increase in the
maximal Po measured at high Ca. The combined effect of
these two changes is that the excitability of a RyR2 cluster
is directly modulated by the concentration of CaM. As a
consequence, the onset and propagation velocity of Ca
waves is highly sensitive to the CaM concentration in the
cell.

In this study, we have identified the two main effects of
CaM on Ca cycling. The first is a marked reduction in the
steady-state SR load, which is driven by the increased spon-
taneous spark rate. The second is a shift in the critical SR
load for the onset of Ca wave propagation. A natural ques-
tion to address is how these two effects combine to deter-
mine the dynamics of a paced cardiac cell. In Fig. 10, we
illustrate the basic relationship between Vwave and the SR
load for the case of a high [CaM] concentration (blue line,
CaMþ), and also for the case of a lower concentration
(red line, CaM�). Here, the main effect of this change is
that the threshold for wave propagation is reduced from
Cþ
th to C�

th. Now, let us say that the steady-state SR load at
high [CaM] is given by C1. Here, we assume that the cell
is stable and does not exhibit Ca wave propagation. Upon
a reduction in [CaM], there are now two distinct scenarios;
the first is an SR load reduction from C1 / C3. In this case,
the reduction in CaM is largely protective because no Ca
waves are induced at the new steady-state SR load because
C3 < C�

th. However, if the steady-state SR load reduction is
C1 / C2, then the cell becomes susceptible to Ca waves
because the system is above the wave propagation threshold,
i.e., C2 > C�

th. In this case, the reduction in CaM is arrhyth-
mogenic because the steady-state SR load of the cell is
above the wave propagation transition. Thus, the effect of
CaM on the beat-to-beat dynamics of the cell is dependent
on the interplay between the homeostatic balance setting
the SR load and the threshold for Ca wave propagation.
These findings suggest that pharmacologic interventions
that reduce the SR load below the wave propagation
threshold may be protective to arrhythmias. One possibility
to achieve this is to modulate the strength of the sarco-
plasmic reticulum Ca2þ-ATPase transporter, which is
known to regulate the steady-state SR load (40). However,
a systematic approach to control Ca cycling homeostasis
is lacking and deserves further study.

We have applied our computational model to explore the
beat-to-beat dynamics of an atrial cell that is rapidly paced.
Our main result is that a reduction in CaM can induce the
propagation of Ca waves that occur during pacing and can
disrupt the one-to-one relationship between the AP and Ca
release. The emergence of these waves at rapid pacing is
dependent on the structure of the TT system (31,41). In cells
where the TT system is sparse, then there is a large popula-
tion of RyR2 clusters that have not been excited and can
provide an excitable substrate for Ca waves to propagate.
This subcellular architecture is found in atrial and Purkinje
myocytes, which both have an underdeveloped TT system
(42,43) that is concentrated at the cell boundary. This is in
sharp contrast to ventricular myocytes, which have a well-
developed TT system that penetrates deep into the cell, so
that the bulk of the interior RyR2 clusters are ignited by
the AP. Thus, in ventricular cells we expect that the fre-
quency of Ca waves during the AP will be substantially
reduced and that waves will occur later in the AP, after
Biophysical Journal 120, 1469–1482, April 20, 2021 1479
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RyR2 clusters have recovered from excitation. However, in
heart failure the TT system is substantially disrupted (44), so
Ca waves should occur with shorter latency in these cells.
Thus, it is possible that the phenomenology described in
this study may be applicable to heart failure ventricular my-
ocytes. However, we note here that heart failure is a com-
plex diseased state and that many properties of Ca cycling
itself will be altered. Now, when the concentration of
CaM is reduced, the threshold for wave propagation is low-
ered, and the Ca sparks ignited at the cell boundary can coa-
lesce and nucleate wave propagation into the cell interior.
Effectively, the lowering of CaM makes the cell more excit-
able, and the presence of unrecruited RyR2 clusters in the
interior favors the formation of wave propagation. In our
simulations, we found that lowering CaM can induce inter-
mittent Ca waves with a timing that was random and highly
dependent on the pacing rate. Because these waves are
nucleated at RyR2 clusters, their timing and degree of prop-
agation depend on the intrinsic fluctuations of RyR2s. In the
specific example shown in Fig. 9 B, we find that the cell
tended to settle in a roughly alternating pattern in which
Ca waves are nucleated at multiple sites, followed by a
beat during which few waves occur. This alternating pattern
is reminiscent of cardiac alternans and is due to the highly
nonlinear relationship between Ca release and SR load
(41). Effectively, because the wave propagation transition
is sharp, this endows the cell with a highly nonlinear release
load relationship that can drive alternans. However, because
the underling dynamics is stochastic, this alternating
response varies substantially from beat to beat. Now, once
Ca waves occur in the cell, the NCX channel will be acti-
vated by the increased Ca release into the cell. This increase
of NCX can then perturb the AP. In our simulations, we
find that the dominant effect on the AP is a prolongation
of the APD. Thus, under rapid pacing we observed substan-
tial beat-to-beat variations of the APD, which were
driven by the underlying Ca waves. Thus, changes in CaM
can have a profound effect on the voltage time course of
the cell.

The computational framework developed in this study
can be applied to explore how the Markovian scheme
describing an RyR2 subunit can influence cell wide arrhyth-
mogenic activity. In particular, it is useful to evaluate the
role of the second closed state, denoted as C2 in Eq. 13,
on the system behavior. Thus, we have applied our compu-
tational model to determine the model predictions in the
scenario where the RyR2 is governed only by the transitions
from C1 to O (see Supporting materials and methods). In
particular, eliminating C2 induces a leftward shift of the
RyR2 open probability Po, along with an increase in the
plateau open probability at high [Ca] (see Fig. S1 A). Inter-
estingly, this change in Po only has a modest effect on the
time course of a Ca spark (Fig. S1 B). However, we find
that the mean time to a spontaneous Ca spark hTsponi
(Fig. S1 C) and the propagation velocity of a Ca wave
1480 Biophysical Journal 120, 1469–1482, April 20, 2021
(Fig. S1 D) are sensitive to the presence of the C2 state.
This is because eliminating C2 makes the RyR2 more sensi-
tive to changes in [Ca] and therefore makes the system more
excitable. Thus, although the time course of the local Ca dy-
namics is insensitive to C2, features related to the excit-
ability of an RyR2 cluster are highly sensitive to the
presence of this state. However, it should be noted here
that the shape of the nonlinear dependence of system prop-
erties on [CaM] is due primarily to the sigmoid dependence
of PO on [Ca], which is due to the cooperative interactions
between RyR2 subunits. Thus, although specific Markov
states can modulate the quantitative features of the system,
the nonlinear properties are fundamentally due to the effect
of cooperativity.

Several studies have shown that mutations in CaM are
associated with cardiac arrhythmias such as CPVT. In
particular, Nishimura et al. (45) showed that a mutation at
the CaMLD that led to excessively tight binding with the
CaM binding site was associated with lethal arrhythmias
in mice. These authors also showed that this mutation led
to a higher frequency of Ca sparks and waves. In other
studies, calcium dysregulation in Purkinje myocytes has
been implicated as the source of arrhythmogenic activity
in CPVT mouse models (46). However, the mechanism
translating the cellular physiology to a whole-heart
arrhythmia remains unclear. Our computational model sug-
gests that the increased frequency of Ca waves induces
slowed repolarization of the AP because of NCX, which rai-
ses the diastolic potential before the next action potential
stimulus. This increase in diastolic potential, if large
enough, can then induce conduction block of the next action
potential stimulus. Indeed, we found in our previous study
that during rapid pacing of 2D cardiac tissue, a planar
wave can fractionate and form reentry via localized conduc-
tion block (31). The regions at which block occurred corre-
sponded to those regions in tissue with a higher frequency of
Ca waves and therefore a more pronounced increase of dia-
stolic potential. Because Ca cycling in different regions of
tissue evolves in a beat-to-beat manner and is unlikely to
be synchronized, then conduction block will be spatially
localized. When this occurs, wave break and reentry can
ensue under the appropriate conditions. Here, we point out
that this mechanism is distinct from DADs, which occur
because of spontaneous Ca waves. Although these excita-
tions occur and are potentially dangerous, the conditions
for their relevance in cardiac arrhythmias are more stringent
(47,48). This is because spontaneous Ca waves occur during
the diastolic interval and require a long pause. Also, because
these waves occur in a stochastic manner, the formation of a
DAD in tissue requires a large population of cells to be syn-
chronized (16,49). These conditions are restrictive, so
DADs are unlikely to play a role during rapid pacing. Our
work suggests an alternative viewpoint, in which defective
CaM binding promotes localized conduction block, leading
to wave break and reentry.
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