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Recruiting RyRs to Open in a Ca2D Release Unit:
Single-RyR Gating Properties Make RyR Group
Dynamics
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ABSTRACT In cardiac myocytes, clusters of type-2 ryanodine receptors (RyR2s) release Ca2þ from the sarcoplasmic reticu-
lum (SR) via a positive feedback mechanism in which fluxed Ca2þ activates nearby RyRs. Although the general principles of this
are understood, less is known about how single-RyR gating properties define the RyR group dynamics in an array of many chan-
nels. Here, we examine this using simulations with three models of RyR gating that have identical open probabilities: the
commonly used two-state Markov gating model, one that utilizes multiple exponentials to fit single-channel open time (OT)
and closed time (CT) distributions, and an extension of this multiexponential model that also includes experimentally measured
correlations between single-channel OTs and CTs. The simulations of RyR clusters that utilize the multiexponential gating model
produce infrequent Ca2þ release events with relatively few open RyRs. Ca2þ release events become even smaller when OT/CT
correlations are included. This occurs because the correlations produce a small but consistent bias against recruiting more RyRs
to open during the middle of a Ca2þ release event, between the initiation and termination phases (which are unaltered compared
to the uncorrelated simulations). In comparison, the two-state model produces frequent, large, and long Ca2þ release events
because it had a recruitment bias in favor of opening more RyRs. This difference stems from the two-state model’s single-
RyR OT and CT distributions being qualitatively different from the experimental ones. Thus, the details of single-RyR gating
can profoundly affect SR Ca2þ release even if open probability and mean OTs and CTs are identical. We also show that
Ca2þ release events can terminate spontaneously without any reduction in SR [Ca2þ], luminal regulation, Ca2þ-dependent inac-
tivation, or physical coupling between RyRs when Ca2þ flux is below a threshold value. This supports and extends the pernicious
attrition/induction decay hypothesis that SR Ca2þ release events terminate below a threshold Ca2þ flux.
SIGNIFICANCE This work provides insights into ryanodine receptor (RyR)2-mediated Ca2þ release by a cluster of RyRs
interacting only via their fluxed Ca2þ. It is shown that 1) common proxies like the single-RyR open probability versus
cytosolic [Ca2þ] curve and mean open or closed times are poor predictors of sarcoplasmic reticulum Ca2þ release
dynamics, 2) Ca2þ release events can self-terminate below a flux threshold without any other regulatory mechanisms, 3)
commonly used two-state Markov gating models can produce qualitatively different Ca2þ release events (larger and
longer) compared to simulations in which complete single-channel open and closed time distributions are used, and 4)
correlations between an RyR’s open times and previous closed duration (and vice versa) significantly limit Ca2þ release by
tamping down the number of open RyRs.
INTRODUCTION

Over the last two decades, modeling of Ca2þ release from
the cardiac sarcoplasmic reticulum (SR) through Ca2þ

release units (CRUs) has revealed the underlying nature
of Ca2þ sparks, calcium-induced calcium release (CICR),
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and intracellular Ca2þ movement and cycling during a heart
muscle contraction (1–14). At the core of these macroscopic
processes is a fundamental nanoscale process, the release of
Ca2þ through ryanodine receptors (RyRs) in the membrane
of the SR. RyRs are both Ca2þ-conducting and Ca2þ-acti-
vated channels that release Ca2þ from the SR via a positive
feedback system: an initial Ca2þ flux (either through dihy-
dropyridine receptors or a random RyR opening) activates
one or more RyRs (CICR) whose fluxed Ca2þ activates
more and more RyRs (inter-RyR CICR) within the cluster
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Recruiting RyRs to Open in a CRU
of RyRs that defines a CRU. Although much is known about
the downstream effects of this Ca2þ release (e.g., the mak-
ing of a spark), relatively few details are known about the
mechanism of inter-RyR CICR.

Because there are no experiments that can directly mea-
sure what occurs in a CRU, simulations are the only avenue
to explore the nanoscale dynamics of RyRs opening and
closing because of fluxed Ca2þ. There are two main compu-
tational difficulties. First, it is difficult to make Markov
gating models from single-RyR data that elucidate all the
open and closed states (15,16), especially under physiolog-
ical ionic conditions in which open probability (Po) is low
and currents small. Second, modeling Ca2þ flux and its buff-
ering by various chelators in the very narrow subsarcolem-
mal space (�10–15 nm tall and �400 nm wide) is
computationally extremely challenging. To sidestep these
challenges, it is common to use simplified gating models
like two-state gating models with one open (conducting)
and one closed (nonconducting) state (C 4 O) (2–9,17)
defined by single-RyR mean open times (MOTs) and
mean closed times (MCTs) (18). Also, the Ca2þ movement
in the subsarcolemmal space is often simplified, for
example, by assuming the [Ca2þ] to be homogeneous
throughout the subspace and other compartments (6–11).

These approximations have been vital because they make
calculations of Ca2þ sparks and intracellular Ca2þ move-
ment possible and therefore are directly responsible for
our basic understanding of these processes. With this foun-
dational knowledge in hand, we must now develop a more
nuanced understanding of RyR group dynamics within a
CRU RyR cluster. Only then will we be able to define the
pathological effects on RyR-mediated Ca2þ release of
proarrhythmic mutations (19–22) and diseases such as heart
failure and atrial fibrillation (23,24), as well as the therapeu-
tic effects of RyR-targeted drugs and drug candidates
(25–27). These mutations, diseases, and drugs, as well as
regulatory proteins, alter RyR gating and Ca2þ sensitivity.
Therefore, we must first understand how single-RyR gating
properties affect the group dynamics of a multi-RyR cluster.
This is our goal here.

There are several open questions in particular that we
want to probe in this study:

1) Are composite quantities that describe RyR gating like
Po sufficient to give at least a qualitative prediction of
SR Ca2þ release? If not, are MOT and MCT, the consti-
tutive parts of Po, sufficient? These quantities are
commonly used to assess the ‘‘Ca2þ sensitivity’’ of the
RyR, but here we find that none of these are enough to
give even a qualitative assessment of Ca2þ release; the
entire distributions of open times (OTs) and closed times
(CTs) are required, not just their mean values. This has
ramifications for modeling of SR Ca2þ release because
most simulations currently rely on gating models derived
solely from MOTs and MCTs.
2) What is the impact of correlations between RyROTs and
CTs, and what might their physiological role be, if any?
We recently showed that RyR OTs are highly correlated
to the length of previous closure and vice versa (28).
These can be seen in Fig. S3. Moreover, we showed
that RyR only responds to cytosolic Ca2þ when it is
closed. These observations have not been included in
previous simulations, and here we probe the importance
of the OT/CT correlations. We find that the correlations
have a moderating effect on SR Ca2þ release, making
release events with fewer open RyRs. (The lack of
Ca2þ response in the open state prevents RyR from acti-
vating itself with its own fluxed Ca2þ. Because this is not
seen in experiments, we do not explore it further.)

3) Can RyRs in a cluster that interact only via their fluxed
Ca2þ initiate and terminate release? We examine what
such clusters can and cannot do in the absence of things
like physical coupling between RyRs, calmodulin, calse-
questrin, low luminal [Ca2þ], or Ca2þ-dependent inacti-
vation. These are gating modulators or have been
proposed as Ca2þ release termination mechanisms. By
stripping away these factors, one can start to define their
roles and assess whether they are necessary for termina-
tion or act as modulators. Previous work by us and others
has given rise to the idea that termination occurs auto-
matically and inevitably in clusters of RyRs that interact
only via fluxed Ca2þ. Specifically, there is a threshold
Ca2þ flux below which RyR interactions are not strong
enough to sustain release (a mechanism named perni-
cious attrition by us (13) and induction decay by others
(4,5)). Because this mechanism is similar to a phase
change seen in statistical mechanics (29,30), it should
be unavoidable. Here, we find further support for this
idea, whereas future work will focus on the specific ef-
fects of calsequestrin and luminal [Ca2þ] on regulating
this termination mechanism.

We probe these questions by using a very simple model of
inter-RyR CICR. The idea is that with a stripped-down
nonphysiological system, we can elucidate physiologically
relevant information about RyR clusters in general. This
approach is akin to single-RyR recordings in a bilayer; the
system is far from that in vivo, but historically they have re-
vealed physiologically relevant properties like RyR’s Ca2þ

responsiveness and what factors modulate gating, selec-
tivity, and conduction.

In our reduced model, we do not model the geometry of
the subsarcolemmal space, cytosolic Ca2þ buffers, or deple-
tion of Ca2þ from the SR. Rather, each RyR is a point source
of Ca2þwhose flux is constant when it is open (but the chan-
nel may open and close repeatedly), with Ca2þ diffusing
radially outward into an infinitely large reservoir. It is as
if we placed an array of RyRs into the bilayer of a single-
channel experiment and recorded the resulting openings
and closings. Because the RyRs still interact via Ca2þ, we
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will be able to see what factors significantly alter the RyRs’
response and group dynamics. In this way, our results will
provide physiological insights because our underlying sin-
gle-RyR data were taken under physiologically relevant
conditions and because the RyR group dynamics seen in
this reduced system are likely present in more complex
systems.

To address the questions listed above with this system, we
consider three subtly different models of RyR gating and
compare the results. The three models of single-RyR gating
are all derived from the same experimental data, and at
every measured cytosolic [Ca2þ], the three models have
identical MOT, MCT, and Po. They differ in how their OT
and CT distributions are summarized for each cytosolic
[Ca2þ]: one model is the equivalent of a two-state Markov
gating model and fits a single-exponential distribution to
the OTs and CTs; another model fits them with up to five ex-
ponentials; the third model also uses multiple exponentials
but, as described later, takes into account the measured cor-
relations between OTs and CTs. As a shorthand, we refer to
these as the two-state, uncorrelated multi-t, and correlated
multi-t gating schemes, respectively. (Multi-t refers to the
multiple time constants t, as opposed to the single time con-
stant for the two-state model.)

Collectively, our simple model reveals several new, to our
knowledge, insights into RyR2 group dynamics in a CRU
and SR Ca2þ release in general:

1) The single-RyR Po versus cytosolic [Ca2þ] curve is a
poor predictor of SR Ca2þ release properties. By design,
all three of our gating models have identical Po curves,
but all three have very different release properties, espe-
cially for the largest release events. Moreover, SR Ca2þ

release was qualitatively different just by switching from
the two-state gating scheme to the uncorrelated multi-t
scheme. The only difference between the two is how
many exponentials are used to describe the OT and CT
distributions. Thus, we conclude that RyR group dy-
namics depend strongly on the details of the single-
RyRs gating properties and how well the gating model
recapitulates the single-RyR OT and CT distributions.

2) The correlations between RyROTs and CTs significantly
decrease the number of RyRs open during a Ca2þ release
event (which we define throughout as first channel open
to last channel closed). Interestingly, they do not alter
release event initiation or termination but instead only
limit the recruitment of more channels to open. This
core phase of Ca2þ release occurs between initiation
(the initial recruitment of a few channels) and termina-
tion (the closing of the last few channels) and determines
the number of RyRs open during the main part of the
release event. To our knowledge, this phase of Ca2þ

release has not been considered in detail before.
3) In the model, the RyRs interact only via their fluxed

Ca2þ, and if the flux is sufficiently small, the Ca2þ
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release events terminate spontaneously even though
there is no SR Ca2þ depletion; a decrease in SR [Ca2þ]
is not necessary to stop release. This lends support to
the pernicious attrition idea that there is a threshold
Ca2þ flux below which release events cease (4,5,13).
Those works assume that a decreasing SR [Ca2þ] is vital
for termination. Our results, with a constant SR [Ca2þ],
extend the pernicious attrition hypothesis by showing SR
depletion is not strictly necessary for Ca2þ release self-
termination; there is a threshold of constant Ca2þ flux
below which Ca2þ release events always terminate.
Overall, this work supports the idea that termination is
a built-in property of RyRs in clusters and that molecular
modulators of gating potentially regulate that process but
may not drive it (but more on this needs to be done).

4) The two-state gating scheme, which has been used in
many earlier studies (2–9,17), behaves qualitative differ-
ently during all three phases ofCa2þ release fromour other
gating schemes (the twomulti-t schemes). If initiation of a
release event is defined as the opening the first few chan-
nels (e.g., (3)), then initiation is the rate at which one-
and two-channel events do not end before they become
three-channel events. The two-state scheme is signifi-
cantlymore successful at converting one- and two-channel
events into release events with two and three channels
opens, respectively; it is far more efficient at initiating a
Ca2þ release event than the multi-t schemes. During the
core phase of the Ca2þ release, the two-state scheme is
similarly more successful at opening other RyRs than
either multi-t scheme, leading to more open RyRs per
event. Lastly, the time required to close the last few
RyRs is much shorter for the two-state scheme. This sug-
gests that two-statemodels are likely not the best choice to
replicate how RyRs work in clusters. We propose that this
is because the two-state model is a poor representation of
the single-RyR OT and CT distributions. With its single
exponential for these distributions, it severely underrepre-
sents both short and long events in the single-channel dis-
tributions and therefore in the simulations.

Lastly, we note one aspect of our simulation method that
may be of wider interest to the modeling community. Spe-
cifically, we use an algorithm to stochastically flip channel
states that may be an effective alternative to traditional Mar-
kov gating models. It is fast and easy to implement because
it directly translates the OTand CT distributions into closing
and opening probabilities after fitting the data to a sum of
exponentials (see Supporting Materials and Methods). As
such, it does not provide physical insights into the gating
process like a Markov model might; increasing the number
of exponentials has no physical interpretation in our algo-
rithm. However, our algorithm is much easier to set up
because the sole purpose of our fitting is to accurately repro-
duce the data, for which increasing the number of exponen-
tials can be helpful.
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MATERIALS AND METHODS

We briefly describe the experiments, the simulations, and the three gating

schemes, with complete details given in the Supporting Materials and

Methods.
Experiments

The single-RyR data we use have been previously published (31) and

analyzed (28). Specifically, rat RyR2s were recorded in artificial bilayers

with 1000 mM luminal (intra-SR) Ca2þ and with 0.1, 1, 10, 50, 200, and

1000 mM cytosolic Ca2þ with cell-like cytosolic Mg2þ and ATP levels,

which are potent modulators of RyR2 gating (32,33). This ensures gating

and divalent ion concentrations are as close to physiological as possible

while a large Csþ gradient was used to make large, easily measured

currents. Further details are in the Supporting Materials and Methods and

Tables S1 and S2.

As described in (28), our native (nonpurified) RyRs exhibit different

modes of gating. RyRs in cells are subject to post-translational modifica-

tions like phosphorylation and oxidation and are also known to be associ-

ated with various protein partners like calmodulin, calsequestrin, FKBP,

kinases, junctin, and triadin. The single-RyR recordings used here were

made by fusing native SR microsomes into planar lipid bilayers. Conse-

quently, the post-translational modification status and/or protein comple-

ment of the RyRs fused into our planar bilayers likely varies from

channel to channel, not unlike the situation within living cells.

In our simulations here, we use an averaged version of the different

modes, lumping all the data together to produce OT and CT distributions.

This does not affect our results because our aim is not complete physiolog-

ical accuracy, but rather, to understand how changes in the descriptions of

single-RyR gating (e.g., using one exponential or multiple exponentials for

the OT and CT distributions) affect Ca2þ release through multiple RyRs in

an array.
Simulations

A simple geometry

We do not model the geometry of the subsarcolemmal space, cytosolic Ca2þ

buffers, or depletion of Ca2þ from the SR. Rather, each RyR is a point

source of Ca2þ whose flux is constant when it is open (the channel may

open and close repeatedly) with Ca2þ diffusing radially outward into an

infinitely large reservoir. It is as if we placed an array of RyRs into the

bilayer of a single-channel experiment.

This approach has pros and cons. The biggest drawback is lack of in situ

realism (e.g., no confining geometry, no Ca2þ buffers). On the other hand,

working in a simpler geometry facilitates studying RyR group dynamics

(the goal of this work) by removing complicating factors to focus purely

on the factors affecting Ca2þ-activated release. The idea is that our results

will provide physiological insights because our underlying single-RyR data

were taken under physiologically relevant conditions and because RyR

group dynamics seen in a simple system are likely present in more complex

systems. Overall, RyRs react to Ca2þ whether it was buffered first or not,

and our approach captures this: buffers modulate [Ca2þ] but do not change

the underlying actions of Ca2þ on RyR. The buffering, especially the fast

buffering of the sarcolemmal membranes (34,35), will affect the details

of RyR group dynamics, but not our conclusions about single-RyR gating

properties defining Ca2þ release events.

From a numerical point of view, our simplified geometry and lack of

Ca2þ buffers are a computationally tractable way to compute sufficient

numbers of rare Ca2þ release events to be statistically relevant. Currently,

a full three-dimensional reaction-diffusion system with subnanometer and

submicrosecond spatial and temporal resolution that can run minutes of

simulated time is not practical. However, a recently derived analytic solu-

tion to the spherically symmetric diffusion equation from a point source
with variable flux (36) (see Supporting Materials and Methods) makes

our simulations fast enough to compute hours of simulated time and mil-

lions of Ca2þ release events.

Moreover, the use of a constant Ca2þ flux is useful for our analysis. By

maintaining the same current all the time when channels are open, during a

Ca2þ release event, the cytosolic [Ca2þ] seen by closed RyRs remains

consistent. Specifically, if, for example, four RyRs are open, then the other

closed RyRs are exposed to a cytosolic [Ca2þ] distribution (Fig. S2). This is
same whenever four RyRs are open, regardless of the gating scheme used or

RyR array size (data not shown). Therefore, any differences in RyR group

dynamics are not due to differences in cytosolic [Ca2þ] felt by other chan-

nels in the array, as might happen with a variable SR [Ca2þ].
Lastly, by stochastically gating our channels by sampling the OT and CT

distributions (see below) rather than using a Markov gating model, we can

directly test the importance of the RyR OT/CT correlations on RyR group

dynamics by simply turning off any memory of the previous state.

Stochastic gating

All RyRs are closed at the beginning of the simulation. When one RyR

opens randomly, Ca2þ diffuses to nearby RyRs that may react by opening

and flowing more Ca2þ into the system. One crucial aspect, then, is how

RyRs open and close, both randomly and in response to Ca2þ. Here, we
do not construct traditional Markov gating models from the experimental

single-channel data. Instead, our simulations stochastically open and close

channels with a probability derived from the distribution of OTs and CTs, as

described by Colquhoun and Hawkes (18).

As an example, consider an RyR that has been open for some amount of

time T. The probability that it will close during the next time step Dt is the

conditional probability that it will close between T and T þ Dt given that it

has already been open for time T. Using the shorthand notation of o@ t and

c @ t to denote open at time t and closed at time t, respectively, this condi-

tional probability is (18)

Prðc@TþDt j o@TÞ ¼
R TþDt

T
foðt0Þdt0RN

T
foðt0Þdt0

; (1)

where fo(t
0) is the probability distribution function of the OTs. This function

is derived from the experimentally measured distributions of OTs by fitting

it with a sum of exponentials (see below). At every time step in the simu-

lation, Eq. 1 is used to determine whether an open channel closes by draw-

ing random numbers from the probability distribution fo(t
0). (A similar

probability is used for opening a closed channel but based on fc(t
0), the prob-

ability distribution function of CTs.) The fo(t
0) and fc(t

0) are derived from

the data at every experimental cytosolic [Ca2þ] (as described below for

the three gating schemes) and then interpolated to other [Ca2þ], which is

necessary because different RyRs in the array see a continuum of cytosolic

[Ca2þ].
The open or closed state of each channel in the array is updated at each

time step depending on the [Ca2þ] each sees, with channels changing state

based on randomly generated numbers and the probability of flipping states

defined by Eq. 1.

Detailed descriptions of how the gating was implemented, how the sim-

ulations were performed, and how the fo(t
0) and fc(t

0) were interpolated to

nonexperimental cytosolic [Ca2þ] are in the Supporting Materials and

Methods.

Incorporating recent findings

In (28), it was shown that RyR does not respond to its own fluxed Ca2þ

because it responds to cytosolic [Ca2þ] only when it is closed. Moreover,

it was shown that the duration of an opening is strongly correlated to the

duration of the previous closure and, vice versa, that the CT is correlated

to the OT of the previous opening. Unlike previous studies, we incorporate

these two findings in the simulations. (The technical details of how this is

done are described in the Supporting Materials and Methods.)
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FIGURE 1 (A) Po versus cytosolic [Ca2þ]. The
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scheme; red: uncorrelated multi-t scheme; blue:

correlated multi-t scheme). Note the symbols are
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Po. The solid line is the Hill equation fit of the

data taken directly from (28). (B) OT distributions

are shown. Gray bars: experimental data. Black:

single-exponential fit. Red: multiexponential fit.

Blue: multiexponential fit of OTs with short CTs

(0–0.531 ms) of the previous closure (solid line) and of OTs with long (R530.9 ms) previous closures (dashed). (C) shows the same as in (B), but for

CT distributions. Blue: short previous OTs (solid) are 0–0.266 ms and long previous OTs (dashed) are R53.1 ms. In (B) and (C), the cytosolic [Ca2þ] is
1 mM where the MOT is 7.23 ms and the MCT is 107.2 ms, respectively. The fit of the blue curves to the corresponding data is shown in Fig. S1. To see

this figure in color, go online.
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The OT and CT correlations are recapitulated in Fig. S3. Here, one focus

in particular is comparing gating schemes with and without this memory of

the previous state’s duration. In yet unpublished single-RyR recordings in

other species and in the presence of calsequestrin, these correlations are

consistently found (M. Fill, personal communication), and so we believe

them to be physiologically relevant.
Three RyR gating schemes

The most common way to model gating of channels is via Markov models,

with a number of so-called open and closed states and one conducting state.

Although Markov models with multiple states better represent the single-

RyROTand CT data, it is difficult to elucidate all the open and closed states

(15,16). Therefore, two-state Markov RyR gating models are very common

in simulations of SR Ca2þ release (2–9,17).

In a two-state gating scheme, the channel switches between a conducting

and nonconducting state, and the distributions of OTs and CTs are a single-

exponential fit of the data, with the time constant being the measured MOT

and MCT (18). This is one of the gating schemes we will use here, in which

the fo(t
0) (and fc(t

0)) in Eq. 1 is this single-exponential function. Colquhoun

and Hawkes (18) showed that a two-state Markov gating model is equiva-

lent to using Eq. 1 in a simulation.

By definition, this gating scheme recapitulates the single-RyR MOT and

MCT for each cytosolic [Ca2þ] and therefore the experimental Po versus

cytosolic [Ca2þ] curve (black symbols in Fig. 1 A). However, the single

exponential fo(t
0) and fc(t

0) OT and CT distribution functions do a poor

job of reproducing the single-RyR data (black curves in Fig. 1, B and C,

respectively). In the simulation, it is these probability density functions

that are sampled, and therefore the two-state model will have few short

and long openings and closings because the black curves in Fig. 1, B and

C miss these almost entirely. (Note that adjusting the two-state model to

include missed recorded events does not change this, as shown in the Sup-

porting Materials and Methods.)

One goal of this study is to understand whether this has a significant

impact on simulated Ca2þ release or whether merely having the MOT

and MCT correct is sufficient. Therefore, to faithfully reproduce the RyR

data, we fitted the OT and CT distributions with up to five exponentials.

The red curves in Fig. 1, B and C are the resulting fo(t
0) and fc(t

0). When

fitting the data with multiple time constants t, the fit was again constrained

to reproduce the experimental MOTs and MCTs, so the Po was the same as

for the two-state scheme (Fig. 1 A, black and red symbols). OTs and CTs

were fitted independently of each other. Sampling these multi-t fitted dis-

tributions in our simulations evolves the system via what we call the uncor-

related multi-t gating scheme.

It is important to note that neither of the multi-t schemes are a Markov

gating model. We have not defined multiple open and closed states, and the

number of exponentials used to fit the data has no physical interpretation, as

it does in a Markov model. In fact, we have explicitly avoided multistate

Markov models because they are difficult, cumbersome, and time
236 Biophysical Journal 118, 232–242, January 7, 2020
consuming to create. By directly using the red curves in Fig. 1, B and C

(the fo(t
0) and fc(t

0)) in Eq. 1 to define whether a channel switches states

from open to closed (or vice versa) during the simulation, we can sidestep

the Markov model creation process entirely. In fact, using Eq. 1 to propa-

gate the simulation in time allows us to move straight from the experimental

data to doing simulations. All that is required is to fit OTand CT distribution

data to produce fo(t
0) and fc(t

0) that accurately reproduce the data.

We call it the ‘‘uncorrelated’’ gating scheme because neither it nor the

two-state scheme produce correlations between the OTs and CTs. To flip

from open to closed, for example, in these schemes, the complete OT dis-

tribution is sampled at each time step, without any knowledge of the previ-

ous closure. To include this memory and produce OT and CT correlations,

we break the experimental OT and CT data into smaller parts. For OTs, for

example, first all OTs are paired with the CT of the preceding closed state.

These pairs are then binned into ranges of CTs so that there are at least 1000

pairs in each bin. The corresponding OTs in each CT bin are then fitted with

exponentials (up to 5) to produce an OT distribution for each CT bin (blue

lines in Fig. 1, B and C; see also Fig. S1). As before, the fits are constrained

to reproduce the experimental mean value of the OTs in each data subset. A

similar thing is done to link CTs paired with previous OTs. In a simulation

with only one channel, this reproduces the experimental MOTs and MCTs

of the full data set and therefore the Po, as shown in Fig. 1 A (blue symbols).

Moreover, it reproduces the experimental correlations (Fig. S3). Therefore,

we call this the correlated multi-t gating scheme.

In this way, we have three differently gated kinds of RyRs: two-state, un-

correlated multi-t, and correlated multi-t. For all the experimental cytosolic

[Ca2þ] (0.1, 1, 10, 50, 200, and 1000 mM), they have the same MOT and

MCTand therefore Po. Therefore, in simulations with only one channel pre-

sent, each recapitulates the experimental Po versus cytosolic [Ca
2þ] curve

(symbols in Fig. 1 A).

Where they differ is in their single-RyROTand CT distributions. Specif-

ically, in single-channel simulations, the OT and CT distributions each

scheme generates are the ones used to define the gating scheme (data not

shown). For the two-state scheme, that is the black lines in Fig. 1, B and

C. Both multi-t schemes reproduce the red lines in Fig. 1, B and C, but

the uncorrelated multi-t scheme does not reproduce the experimental OT

and CT correlations (data not shown), whereas the correlated multi-t

scheme does (Fig. S3). Therefore, the two-state scheme has OTand CT dis-

tributions that compare poorly to the experimental ones (while retaining the

experimental MOT, MCT, and Po), whereas the multi-t schemes compare as

best as we can make them. One level deeper, the correlated multi-t scheme

also reproduces the experimental OT and CT distributions that take into ac-

count the length of the previous event (Fig. S1).
RESULTS AND DISCUSSION

Here, we examine how these different RyR gating schemes
produce different Ca2þ release behavior in an array in which
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the RyRs interact only via their fluxed Ca2þ. By comparing
how similar the Ca2þ release events are for three gating
schemes that retain the same MOT, MCT, and Po versus
cytosolic [Ca2þ] curves, we assess how well composite
quantities like MOT, MCT, and Po can predict SR Ca2þ

release or whether the recapitulation of full OT and CT dis-
tributions is necessary. In addition, by comparing the results
of the two multi-t schemes, we hope to assess what the func-
tional effect of the OT/CT correlations is and whether they
might be physiologically significant. Lastly, by varying the
size of the Ca2þ flux by which the RyRs interact, we hope to
get a better understanding of how such a CRU works and
under what conditions it can self-terminate Ca2þ release
events.

At the start of our simulations, all RyRs in the array
(ranging from 3 � 3 to 14 � 14 in size) are closed, and
only a random opening perturbs the system, as in diastole,
to kick off Ca2þ release. Also, to mimic diastole, the
background cytosolic [Ca2þ] is 0.1 mM. Representative
traces of the number of open channels versus time are shown
in Fig. 2 A.
Termination

We start by noticing that Ca2þ release events terminate spon-
taneously, even though the unitary RyR Ca2þ flux is constant
in time. This has been reported before (37) in Stern’s sto-
chastic attrition termination mechanism. However, like
others (38), we find termination occurs even when Stern’s
original analysis (which treated the channels is independent)
suggested it would not (because our channels are coupled via
Ca2þ). Here, we also extend that original result to show that
there is a threshold flux (which varies by array size) below
which spontaneous termination always occurs; above the
threshold, Ca2þ release can continue indefinitely.

The threshold fluxes are seen in Figs. 2 D and S4, in
which the event frequencies decrease rapidly with
increasing Ca2þ flux. Above the threshold, Ca2þ release
events do not terminate, and the frequency of events drops
to one event for the entire 100-s-long simulation. As array
size increases, the interval over which the frequency de-
clines narrows, and the transition from many events to one
event sharpens; it becomes more of a true threshold phe-
nomenon as the array size increases. (As a technical aside,
this behavior is consistent with a phase transition, in which
sharpening of transitions is expected for increasing array
size (39).)

Below the threshold Ca2þ flux, all of the millions of Ca2þ

release events in our simulations terminated spontaneously
for all three gating schemes. Even when so many channels
are open that the neighboring closed channels see >10
mM cytosolic [Ca2þ] (Fig. S2) at which the Po is >50%
(Fig. 1 A), every release event eventually stopped for the
conditions shown in Fig. 2 A. This is consistent with recent
work showing there is a flux threshold below which contin-
uous Ca2þ release is not possible (4,5,13,29,30). In fact, it
Biophysical Journal 118, 232–242, January 7, 2020 237
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strengthens this pernicious attrition/induction decay hypoth-
esis because here we do not rely on a decreasing Ca2þ flux to
produce or facilitate termination. For large fluxes, some SR
Ca2þ depletion (which this model does not include) is likely
necessary to decrease the flux sufficiently to end Ca2þ

release, but this remains to be verified.
Overall, this shows that over a reasonable range of condi-

tions, Ca2þ-coupled RyRs will terminate release by them-
selves and without other mechanisms like Ca2þ-dependent
inactivation (also described in (38)), luminal depletion, or
other luminal regulation. However, it still remains to be
shown in future work how different RyR array spacings
and modulators of RyR gating that we have not considered
here (e.g., calmodulin, calsequestrin, low SR [Ca2þ]) will
alter termination.
Different gating schemes, different Ca2D release

Two-state gating is qualitatively different

It is evident from the traces in Fig. 2 A that the three gating
schemes have very different group dynamics. As discussed
in detail below, the two-state scheme (black lines) produces
Ca2þ release events that are longer and have more open
channels than the two multi-t schemes. In turn, the uncorre-
lated multi-t scheme (red) has more open channels per
release event than the correlated multi-t scheme (blue).

As shown in Fig. 1 A, all three gating schemes produce
identical Po versus cytosolic [Ca2þ] curves because, by
design, each fitting with exponentials of OTand CT distribu-
tions was constrained to reproduce the experimental MOTs
and MCTs. Therefore, any differences in how the channels
behave in a cluster of RyRs are not due to different channel
Ca2þ affinities (i.e., shifts of the Po curve to the left or right)
or different MOTs and MCTs that retained the same Po (e.g.,
the MOTs and MCTs were not both 50% smaller in one
gating scheme than in another).

A notable difference between the three gating schemes is
in the large release events (i.e., the Ca2þ release events with
a large average number of channels open). To illustrate this,
we performed 25 simulations lasting 100 s for different uni-
tary RyR fluxes. The means of the largest and longest-last-
ing events from each simulation are shown in Fig. 2, B and C
for 5 � 5 and 7 � 7 arrays, respectively. (10 � 10 arrays are
shown in Fig. S4.) The two-state scheme (black lines) be-
haves significantly differently than either of the multi-t
schemes. At low unitary RyR flux, the large two-state events
have far more channels open than the multi-t schemes’
release events, and the longest events tend to be much
shorter. At high flux, however, the exact opposite is true.
Moreover, the frequency of large Ca2þ release events is
qualitatively different; the two-state scheme produces a
higher rate of events with multiple channels open (Fig. 2
D) and a lower rate of single-channel events compared to
either multi-t scheme (Fig. S4).
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One important result seen in Figs. 2 and S4 is the substan-
tial differences between the two-state and uncorrelated
multi-t schemes (black and red curves, respectively). In
the simulations, the only difference between them is how
many exponentials are used to fit the OT and CT distribu-
tions (Fig. 1, B and C). Just by moving to a multiexponential
fit (red lines) of the same data but otherwise changing
nothing, the group dynamics have changed qualitatively.
Because the multi-t fit reproduces the experimental data
more faithfully, this indicates that a two-state gating scheme
does not seem to capture how RyRs function collectively in
a cluster. Such a fundamental difference will also affect
Ca2þ release in more realistic models of a CRU.

In some sense, this is not surprising. From a Markov
gating scheme point of view, having only one conducting
state and one nonconducting state is convenient and reason-
able; the average OTs and CTs are used to approximate the
behavior of the channel. However, looking at this from the
point of view of the OT and CT data, the reason for the dif-
ferences between the two-state and multi-t gating schemes
is clear: a single exponential is an extremely poor represen-
tation of the data (Fig. 1, B and C). Even though the black
curves and red curves have the same MOT and MCT
(Fig. 1, B and C, respectively), both short and long events
are missing in the two-state scheme.

Effect of OT and CT correlations

Next, we compare the uncorrelated and correlated multi-t
schemes (red and blue curves, respectively, in Figs. 2 and
S4). These also exhibit important differences, but to a lesser
extent. At low and high unitary RyR Ca2þ fluxes, the two
behave very similarly, but at intermediate fluxes (shown
by thin vertical lines in Fig. 2, B–D), the correlated multi-
t scheme has fewer RyRs open during the largest events
(Fig. 2 B), and the longest events are shorter (Fig. 2 C).
Interestingly, both multi-t schemes can have the same fre-
quency of release events with three or more RyRs open
(Fig. 2 D), as well as the same frequency of events with
one or two RyRs open (Fig. S4).

To explore these differences, we grouped Ca2þ release
events according to the maximum number of open RyRs
(Nmax). We then computed the fraction of release events
for each possible Nmax (i.e., what percentage of release
events had a maximum of one RyR open, a maximum of
two open, etc.). This is shown in Fig. 3 A for all three gating
schemes for the 5 � 5 array of RyRs. The same is shown in
Fig. S5 for the 7 � 7 and 10 � 10 arrays. Because events
with a large Nmax are rare, we performed five hundred
100-s-long simulations at one RyR unitary Ca2þ flux (thin
vertical lines in Fig. 2, B–D) to ensure statistical confidence.
In total, the red and blue curves in Fig. 3 each summarize 2.8
million release events, 4.7 million in Fig. S5 A, and 6
million in Fig. S5 B.

The figures show that both the uncorrelated and corre-
lated multi-t schemes have a similar probability of small
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events (i.e., with Nmax small), but they diverge as Nmax

grows. The correlated multi-t scheme produces far fewer
large release events than the uncorrelated multi-t scheme.
This is significant because large Ca2þ release events can
be physiologically detrimental. And although ours is not
the physiological case, there is no a priori reason to believe
that such a fundamental difference would disappear in vivo.

This could reflect a difference in event initiation (i.e.,
converting a small event with few open RyRs into a big
event with many RyRs open). This, however, does not
seem to be the case. First, at the flux used in Fig. 3, both
multi-t schemes have identical event frequencies for
Nmax ¼ 1, Nmax ¼ 2, and for Nmax R 3 (Fig. S4). Specif-
ically, if the uncorrelated multi-t scheme were more suc-
cessful at recruiting RyRs to open during the initial stages
of a release event when the number of open RyRs was small
(e.g., one or two), then one might expect lower event fre-
quencies for Nmax ¼ 1 and for Nmax ¼ 2 and higher fre-
quencies for Nmax R 3. But this is not the case (Fig. S4).
Second, we directly computed the rate at which one- and
two-channel events were converted to 3þ-events and the
rate at which the small events were snuffed out (i.e., self-
terminated). These were identical for both multi-t gating
schemes: in the 5 � 5 array, for a flux of 25,000 s�1,
97.2% of one- and two-channel events were snuffed out
and only 2.8% grew to 3þ-channel events; in the 7 � 7
array, for a flux of 15,000 s�1, 95% of small events termi-
nated and 5% grew larger. (The two-state gating scheme is
qualitatively different in another way. For the 5 � 5 array,
it had a conversion rate of �14%, three to five times that
of the multi-t schemes; only�86% of one- and two-channel
events were snuffed out.) Therefore, the difference between
the uncorrelated and correlated schemes does not seem to be
in recruitment during the initial period of the release event.

We next explored whether the correlated multi-t gating
scheme was more efficient at terminating a Ca2þ release
event. During a release event, the number of open channels
fluctuates greatly (Fig. 2 A). To focus on the termination
phase of the event, we focused on the very end of a release
event, specifically the very last time three RyRs were open.
We wanted to gauge the speed of termination (i.e., how long
it took to go from three RyRs open to zero) to see whether
one gating scheme was more efficient than another at clos-
ing the last few channels. The multi-t gating schemes were
identical (46.4 ms for the uncorrelated multi-t scheme and
47.1 ms for the correlated), indicating that neither is more
efficient than the other at terminating an event. (Counterin-
tuitively, the two-state scheme was much faster at 14.4 ms,
despite its much longer release events. The reason for this is
discussed below.)

Recruitment bias

To delve further into the difference between the uncorre-
lated and correlated multi-t schemes, we focused on what
occurred during the middle of the release events, the core
phase of Ca2þ release. We reasoned that if one scheme’s
Ca2þ release event is consistently smaller than another,
then there may be a bias toward having fewer RyRs open
at any one time. This can occur either by having a lower pro-
pensity to open neighboring closed RyRs or a higher pro-
pensity to close already-open RyRs. We found that the
correlated gating scheme had both biases and thereby pre-
vented Ca2þ release events from having a large number of
open RyRs. Specifically, we computed the fraction of time
steps that n open RyRs became n þ 1 (Fig. 3 B) or n � 1
(Fig. 3 C); that is, what is the probability that, for example,
four RyRs open became five or three?

The probabilities of increasing the number of open RyRs
from one to two or from two to three were virtually identical
but diverged after that; there is a gap between the red and blue
confidence intervals in Figs. 3 B and S5. Similarly, the prob-
ability of decreasing from two to one or from one to zero
open RyRs is the same for the two multi-t gating schemes
but becomes significantly different for three or more open
RyRs (Fig. 3 C; Fig. S5). It is important to note that the
small but consistent differences between the red and blue
Biophysical Journal 118, 232–242, January 7, 2020 239
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confidence intervals are statistically significant; each confi-
dence interval was computed from 1000 bootstrap resamples
of five hundred 100-s-long simulations that had millions of
Ca2þ release events (enumerated earlier), each of which
had many changes in the number of open RyRs (Fig. 2 A).

The net effect of the probabilities in Fig. 3, B and C are
described in Fig. 3D. There, the difference of the probabilities
to increase and decrease the number of open RyRs is shown.
A positive value is a bias to open more RyRs and a negative
value to close RyRs. We call this the recruitment bias.

These recruitment biases are small (� �0.005 for the
uncorrelated multi-t scheme when 5 RyRs are open and
��0.015 for the correlated multi-t scheme in a 5� 5 array,
as shown at the maxima in the red and blue lines in Fig. 3 D,
respectively). However, the larger bias toward closing RyRs
by the correlated multi-t scheme (compared to the uncorre-
lated multi-t scheme) has a significant effect in the Ca2þ

release statistics toward smaller Ca2þ release events (i.e.,
fewer RyRs open per event), as seen in Figs. 2 and 3 A;
over the course of millions of channel openings and clos-
ings, the small recruitment bias difference has a large effect.
Moreover, the � þ0.02 bias to open more RyRs of the two-
state model produces very large, long-lasting, and more
frequent Ca2þ release events (black lines in Figs. 2 and 3 A).

These results indicate that a small bias toward opening or
closing RyRs during the middle of release event has sub-
stantial consequences on the global release of Ca2þ from
the SR. They also show why the two-state model is qualita-
tively different from the multi-t gating schemes. Specif-
ically, it is biased toward opening more RyRs until the
number of open channels becomes relatively large (the
black line in Fig. 3 D is positive when the number of open
RyRs is %9).

The fact that the two multi-t gating schemes have very
similar biases when just a few RyRs are open (red and
blue lines in Fig. 3 D) explains why both their initiation
and termination statistics were nearly identical, as both of
these phases of SR Ca2þ release involve, by definition,
few open channels. During the core phase, however, many
RyRs are open, and so this is when the biases toward shrink-
ing or growing the release event have an impact. Moreover,
it makes sense that the correlated nature of the OTs and CTs
manifests itself only during the core phase. It is only then
that the number of open RyRs fluctuates in time (Fig. 2
A), with RyRs opening and closing often. These channels
then have previous CTs and OTs very different compared
to when the RyR array is in a long quiescent state and
only the occasional 1- or 2-channel release event occurs.
Under these conditions, the OT/CT correlations become
important and reveal themselves as a bias toward shrinking
the Ca2þ release event, compared to the RyRs with uncorre-
lated OTs and CTs (the blue line in Fig. 3D is more negative
than the red line).

The recruitment bias also explains the results for the
two-state gating scheme in all three phases of Ca2þ release.
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During the initiation phase, the two-state scheme has a pos-
itive recruitment bias when 2 or 3 RyRs are open, unlike the
negative bias of the multi-t schemes. This results in signif-
icantly fewer small events being snuffed out before growing
larger. Moreover, during the core phase, the positive recruit-
ment bias when nine or fewer RyRs are open in a 5� 5 array
(Fig. 3D) sustains the release event. It does this in two ways,
initially by enhancing the number of open RyRs and then by
delaying termination. After the negative recruitment bias for
10þ open RyRs decreases the number of open RyRs, the
positive bias increases the number again and prolongs the
release event. Counterintuitively, this buoying phenomenon
also explains the two-state scheme’s very fast termination
speed. Although there is a positive recruitment bias when
only a few RyRs are open, it can be overcome, but to close
all remaining channels requires acting against the recruit-
ment bias. These several low-probability RyR closings
must happen in quick succession; the faster they happen,
the less likely the positive recruitment bias prevents full
termination. Therefore, termination is likely to be fast.

Composite quantities and Ca2þ release

Collectively, these results show that RyR group dynamics
depends strongly on the details of the single-channel gating
scheme, even if the RyRs have identical single-channel
MOT, MCT, and Po. Therefore, none of these quantities
are sufficient to predict the size and duration of Ca2þ release
events (and therefore downstream effects like Ca2þ sparks).
In simulations, any model of RyR gating (Markov or other-
wise) must reproduce the full RyR OT and CT distributions
in single-RyR simulations. Moreover, such models should
also reproduce the correlations between OTs and CTs,
which we show have an important role in tamping down
the number of RyRs open during a Ca2þ release event.
Because our single-RyR data were taken under cell-like
conditions, these findings are likely to be physiologically
relevant as well.
CONCLUSIONS

The goal of this work was to define whether the details of
RyR gating are required to predict RyR-mediated Ca2þ

release. We did this using a very simple model of RyRs in
an array. Although this model is not physiological, it retains
the essentials of RyRs activating each other via fluxed Ca2þ

so that we could assess large changes in array behavior
when assumptions about RyR gating were varied. There-
fore, the details of RyR array behavior will change when
more realistic details like Ca2þ buffering, nonuniform
RyR array organization, and luminal SR [Ca2þ] (20,22,32)
are included. However, the qualitative differences and sim-
ilarities in RyR group behavior we found should remain
because they are due to differences in single-RyR gating.

Our first finding is that RyRs that only interact via fluxed
Ca2þ will terminate release spontaneously without physical
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coupling of the channels or other regulatory mechanisms,
even when there is no depletion of SR Ca2þ. This is true
of all three gating models used here. Thus, this study
strongly supports the pernicious attrition/induction decay
mechanism of termination that there is a threshold of
Ca2þ current below which termination occurs. In our con-
stant current simulations with millions of Ca2þ release
events, there is a threshold below which release events al-
ways terminate. And although luminal depletion likely plays
a key role in Ca2þ spark termination, it is not strictly
required.

We also find that measured composite (mean) quantities
like Po (or even its constituents, MOT and MCT) by them-
selves are insufficient to define RyR-mediated Ca2þ release.
In fact, one important take-home message of this work is
that any gating scheme should reproduce the single-channel
data as faithfully as possible because that dictates what OTs
and CTs the simulated channel can stochastically sample.
Intuitively, if it does a poor job reproducing the OT and
CT data in a simulation with only one RyR, how can one
expect it to give physiologically relevant results in a simula-
tion with many RyRs? In addition, we found that the corre-
lations between RyR OTs and previous CTs (and vice versa)
have a moderating effect on Ca2þ release, reducing the num-
ber of RyRs open during a release event.

Overall, this work suggests that different modeling at the
level of single-RyR2 gating may have implications for the
simulation of Ca2þ release. Previously, two-state Markov
gating models have been very successful, from a single
CRU to an entire cell and across both compartmental and
spatial formulations (2–9,17). The results of this study
show that adding full OT and CT distributions and the cor-
relations between OTs and CTs could make sparks less
frequent. This, however, remains to be checked because
(for example) the implementation of other groups’ two-state
gating models may not have positive recruitment bias.

One way to accomplish this goal may be to move beyond
Markov gating models. Although they provide insights into
the internal mechanisms of the RyR gating process, from a
simulation point of view, they are not strictly needed. Our
approach that directly converts the experimental OT and
CT distributions into closing and opening probabilities
may be a useful alternative. It is intuitive, simple, and
numerically fast, and it can be implemented in any CICR
simulation.
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tion of ryanodine receptor channels–reconciling RyR gating models
with tetrameric channel structure. J. Gen. Physiol. 126:515–527.

17. Hake, J., A. G. Edwards, ., A. D. McCulloch. 2012. Modelling car-
diac calcium sparks in a three-dimensional reconstruction of a calcium
release unit. J. Physiol. 590:4403–4422.

18. Colquhoun, D., and A. G. Hawkes. 1995. The principles of the stochas-
tic interpretation of ion-channel mechanisms. In Single-Channel
Recording. B. Sakmann and E. Neher, eds. Plenum Press, pp. 397–482.

19. Wehrens, X. H., S. E. Lehnart,., A. R. Marks. 2003. FKBP12.6 defi-
ciency and defective calcium release channel (ryanodine receptor)
function linked to exercise-induced sudden cardiac death. Cell.
113:829–840.

20. Jiang, D., R. Wang, ., S. R. Chen. 2005. Enhanced store overload-
induced Ca2þ release and channel sensitivity to luminal Ca2þ activa-
tion are common defects of RyR2 mutations linked to ventricular
tachycardia and sudden death. Circ. Res. 97:1173–1181.

21. Liu, Y., J. Wei,., S. R. W. Chen. 2017. CPVT-associated cardiac rya-
nodine receptor mutation G357S with reduced penetrance impairs
Ca2þ release termination and diminishes protein expression. PLoS
One. 12:e0184177.

22. Uehara, A., T. Murayama, ., N. Kurebayashi. 2017. Extensive Ca2þ

leak through K4750Q cardiac ryanodine receptors caused by cytosolic
and luminal Ca2þ hypersensitivity. J. Gen. Physiol. 149:199–218.

23. Kubalova, Z., D. Terentyev, ., S. Györke. 2005. Abnormal intrastore
calcium signaling in chronic heart failure. Proc. Natl. Acad. Sci. USA.
102:14104–14109.

24. Vest, J. A., X. H. Wehrens, ., A. R. Marks. 2005. Defective cardiac
ryanodine receptor regulation during atrial fibrillation. Circulation.
111:2025–2032.

25. Zhou, Q., J. Xiao,., S. R. Chen. 2011. Carvedilol and its new analogs
suppress arrhythmogenic store overload-induced Ca2þ release. Nat.
Med. 17:1003–1009.

26. Zhang, J., Q. Zhou,., S. R. Chen. 2015. Non-b-blocking R-carvedilol
enantiomer suppresses Ca2þ waves and stress-induced ventricular
tachyarrhythmia without lowering heart rate or blood pressure. Bio-
chem. J. 470:233–242.

27. Tan, Z., Z. Xiao, ., S. R. Chen. 2016. Nebivolol suppresses cardiac
ryanodine receptor-mediated spontaneous Ca2þ release and catechol-
aminergic polymorphic ventricular tachycardia. Biochem. J.
473:4159–4172.

28. Fill, M., and D. Gillespie. 2018. Ryanodine receptor open times are
determined in the closed state. Biophys. J. 115:1160–1165.

29. Maltsev, A. V., V. A. Maltsev, and M. D. Stern. 2017. Clusters of
calcium release channels harness the Ising phase transition to confine
their elementary intracellular signals. Proc. Natl. Acad. Sci. USA.
114:7525–7530.

30. Maltsev, A. V., M. D. Stern, and V. A. Maltsev. 2019. Mechanisms of
calcium leak from cardiac sarcoplasmic reticulum revealed by statisti-
cal mechanics. Biophys. J. 116:2212–2223.
242 Biophysical Journal 118, 232–242, January 7, 2020
31. Chen, H., G. Valle, ., P. Volpe. 2013. Mechanism of calsequestrin
regulation of single cardiac ryanodine receptor in normal and patholog-
ical conditions. J. Gen. Physiol. 142:127–136.

32. Laver, D. R. 2007. Ca2þ stores regulate ryanodine receptor Ca2þ

release channels via luminal and cytosolic Ca2þ sites. Biophys. J.
92:3541–3555.

33. Laver, D. R., and B. N. Honen. 2008. Luminal Mg2þ, a key factor con-
trolling RYR2-mediated Ca2þ release: cytoplasmic and luminal regula-
tion modeled in a tetrameric channel. J. Gen. Physiol. 132:429–446.

34. Shannon, T. R., F. Wang, ., D. M. Bers. 2004. A mathematical treat-
ment of integrated Ca dynamics within the ventricular myocyte. Bio-
phys. J. 87:3351–3371.

35. Peskoff, A., J. A. Post, and G. A. Langer. 1992. Sarcolemmal calcium
binding sites in heart: II. Mathematical model for diffusion of calcium
released from the sarcoplasmic reticulum into the diadic region.
J. Membr. Biol. 129:59–69.

36. Gillespie, D. 2015. Algorithm for the time-propagation of the radial
diffusion equation based on a Gaussian quadrature. PLoS One.
10:e0132273.

37. Stern, M. D. 1992. Theory of excitation-contraction coupling in cardiac
muscle. Biophys. J. 63:497–517.

38. DeRemigio, H., and G. D. Smith. 2005. The dynamics of stochastic
attrition viewed as an absorption time on a terminating Markov chain.
Cell Calcium. 38:73–86.

39. Yeomans, J. M. 1992. Statistical Mechanics of Phase Transitions. Ox-
ford University Press, New York.

40. Chamberlain, B. K., and S. Fleischer. 1988. Isolation of canine cardiac
sarcoplasmic reticulum. Methods Enzymol. 157:91–99.

41. Tu, Q., P. V�elez, ., M. Fill. 1994. Streaming potentials reveal a short
ryanodine-sensitive selectivity filter in cardiac Ca2þ release channel.
Biophys. J. 67:2280–2285.

42. Qin, J., G. Valle, ., M. Fill. 2008. Luminal Ca2þ regulation of single
cardiac ryanodine receptors: insights provided by calsequestrin and its
mutants. J. Gen. Physiol. 131:325–334.

43. Györke, I., N. Hester, ., S. Györke. 2004. The role of calsequestrin,
triadin, and junctin in conferring cardiac ryanodine receptor respon-
siveness to luminal calcium. Biophys. J. 86:2121–2128.

44. Beard, N. A., M. G. Casarotto,., A. F. Dulhunty. 2005. Regulation of
ryanodine receptors by calsequestrin: effect of high luminal Ca2þ and
phosphorylation. Biophys. J. 88:3444–3454.

45. Sigworth, F. J., and S. M. Sine. 1987. Data transformations for
improved display and fitting of single-channel dwell time histograms.
Biophys. J. 52:1047–1054.

46. Roux, B., and R. Sauv�e. A general solution to the time interval omis-
sion problem applied to single channel analysis. Biophys. J. 48:49–58.

47. Cabra, V., T. Murayama, and M. Samsó. 2016. Ultrastructural analysis
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