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Introduction
In all types of muscle cells, contraction is initiated by an 
increase in intracellular Ca2+. Another similarity among 
skeletal, cardiac, and smooth muscle cells is that much 
of the Ca2+ responsible for contraction is released from 
the SR. Beyond these common features, however, mo-
lecular and subcellular differences among muscle types 
can frequently explain functional differences. For in-
stance, SR Ca2+ release in cardiac myocytes occurs pri-
marily through the type 2 RyR (RyR2), whereas different 
release channels are more important in other cell types. 
Another relevant feature in heart is that cells must con-
tract and relax roughly once per second or faster. Thus, 
although skeletal and smooth muscle may experience ei-
ther brief or sustained elevations of intracellular [Ca2+], 
rhythmic and regular heartbeats in cardiac myocytes 
result in continuous oscillations in intracellular [Ca2+], 
accompanied by regular dynamic changes in SR [Ca2+]. 
These concentration changes in the two compartments 
have been shown in recent years to convey information 
and regulate the release process. In this Perspective, 
we aim to review what has been learned about the reg-
ulatory importance of cardiac SR [Ca2+] and establish 
some constraints on plausible ranges for changes in SR 
[Ca2+] during release. In doing so, we emphasize how 
close coupling between experimental studies and nu-
merical simulations has improved our understanding, 
and we discuss the importance of the interplay between 
SR [Ca2+] and diastolic [Ca2+] in the transition between 
stable and unstable cellular Ca2+ release. In particular, 
we argue that increased diastolic [Ca2+] can raise RyR2 
open probability in a manner that is potentially danger-
ous when combined with elevated SR [Ca2+].

Dynamic changes in SR [Ca2+] during calcium cycling
Conservation of mass ensures that Ca2+ can neither ap-
pear out of thin air nor disappear into the void. Thus, 
when Ca2+ is released from the SR, the rise of cytosolic 
[Ca2+] must be accompanied by a corresponding decline 

in SR [Ca2+]. In skeletal muscle, because SR stores are 
very large, individual muscle twitches are accompanied 
by negligible changes in SR [Ca2+] (Launikonis et al., 
2006), and special experimental conditions such as very 
long depolarizations are required to observe substantial 
SR Ca2+ depletion (Manno et al., 2017). In cardiac my-
ocytes, however, SR Ca2+ stores are comparatively much 
smaller. This means that both individual cellular con-
tractions (Shannon et al., 2003) and local release events 
(Brochet et al., 2005) are accompanied by substantial 
depletion of SR [Ca2+]. Although it is clear that these 
changes in SR [Ca2+] regulate the release process, the 
mechanisms involved in this regulation and the precise 
functional importance of changes in SR [Ca2+] remain 
intensively debated.

If the SR penetrated essentially everywhere in the 
cytoplasm and RyR2s released Ca2+ from all locations 
simultaneously, then calculating how increases in cy-
toplasmic [Ca2+] corresponded with decreases in SR 
[Ca2+] would be straightforward. For instance, in the 
absence of both cytosolic and SR Ca2+ buffers, the cy-
tosolic [Ca2+] increase would be quantitatively related 
to the SR [Ca2+] decrease through the ratio of the two 
volumes. We can derive some rough estimates if we as-
sume that the cytosol occupies 65% of the total cellular 
volume and the SR occupies 3% (with the remainder 
primarily mitochondria). If we also assume that, in a 
resting cell, diastolic [Ca2+] and SR [Ca2+] are 100 nM 
and 1 mM, respectively, then complete depletion of SR 
[Ca2+] will cause cytosolic [Ca2+] to increase from 100 
nM to 46.3 µM, whereas 50% depletion will cause an 
increase in cytosolic [Ca2+] to 23.1 µM. The fact that 
cytosolic [Ca2+] never reaches such values, even when 
SR [Ca2+] is emptied, indicates that Ca2+ buffering in 
the cytosol is strong compared with buffering in the SR. 
Although the presence of Ca2+ buffers complicates this 
analysis such that concentration changes are difficult 
to calculate with a pencil and paper, buffer powers in 
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both cytosol and SR have been measured (Berlin et al., 
1994; Shannon and Bers, 1997; Trafford et al., 1999) 
and can be incorporated into the analysis. Fig.  1  A 
shows how a uniform increase in cytosolic [Ca2+] de-
pends on the extent of SR [Ca2+] depletion, assuming 
realistic cytosolic and SR buffering.

What complicates the calculation more than buf-
fers, however, is the fact that the SR does not release 
Ca2+ at all locations simultaneously. Instead, RyR2s 
are clustered, and spatial segregation of these RyR2 
clusters is a critical feature responsible for the sta-
bility of SR Ca2+ release (Niggli and Lederer, 1990; 
Stern, 1992; Cannell et al., 1995). This spatial segre-
gation necessarily means that during SR Ca2+ release, 
cytosolic [Ca2+] is greater in the immediate vicinity 
of the RyR2s, and lower further from the channels. 
By the same logic, SR Ca2+ depletion must be greater 
right next to the RyR2s compared with farther away. 
Spatial nonuniformities in cytosolic [Ca2+] during SR 
Ca2+ release have long been appreciated, and con-
siderable effort has been devoted to estimating the 
extent of the heterogeneity. Indeed, several mathe-
matical modeling studies, dating back more than 30 
yr, have calculated spatial changes in cytosolic [Ca2+] 
(Cannell and Allen, 1984; Langer and Peskoff, 1996; 
Soeller and Cannell, 1997), and novel experimental 
methods have been developed to derive better esti-
mates of [Ca2+] in the immediate vicinity of RyR2s 
(Despa et al., 2014; Shang et al., 2014). It has been 
technically more challenging, however, to determine 
spatial nonuniformity in SR [Ca2+], and as a result 
comparatively less effort has been devoted to under-
standing the luminal side of the SR membrane, even 
though the same principles apply.

Spatial heterogeneity of SR [Ca2+] during local 
Ca2+ release events
During local Ca2+ release, by how much does SR Ca2+ con-
tent deplete? Mathematical modeling studies, beginning 
with ours in 2002 (Sobie et al., 2002), have suggested that 
during a Ca2+ spark, in which release lasts from 10–20 
ms, [Ca2+] in the junctional SR, or JSR, will deplete by 
80–90% (i.e., from a resting level of 1000 µM to 100–
200 µM). This initial estimate was based on a relatively 
simple, phenomenological model of local Ca2+ release, 
but more recent models, which represent geometrical 
details more explicitly, have obtained nearly identical 
calculations of the extent of depletion during sparks 
(Hake et al., 2012; Cannell et al., 2013; Walker et al., 
2014). Experimental studies, however, using Ca2+ indi-
cators localized in the SR, such as fluo-5N, have consis-
tently recorded local depletion signals, or Ca2+ blinks, 
with a nadir of roughly 50–60% of the initial value (Bro-
chet et al., 2005, 2011; Zima et al., 2008b; Picht et al., 
2011). To understand this discrepancy, a critical point to 
note is the limited spatial resolution of the experimental 
recordings. With a typical confocal microscope, an infini-
tesimally small source of light will be imaged to the shape 
of a prolate spheroid. The dimensions of this spheroid, 
measured as full width at half maximal intensity, will be 
∼0.5 µm in the two directions in the plane of focus and 1 
µm in the direction perpendicular to the plane of focus, 
yielding a “recording volume” of roughly 150 aL (atto 
= 10−18). In contrast, a typical region of JSR containing 
RyR2s can be approximated as a disk with diameter ∼300 
nm and a height of ∼35 nm, yielding a volume of 2.5 aL. 
This means that, when measuring Ca2+ blinks, the micro-
scope records from a volume that is ∼60 times larger than 
the JSR volume that is being interrogated. Given that the 

Figure 1.  Hypothetical changes in SR and cytosolic [Ca2+] during SR release. (A) An increase in the fraction of total SR Ca2+ re-
leased causes a decrease in SR free [Ca2+] and a corresponding increase in cytosolic free [Ca2+]. Curves are nonlinear because of the 
presence of Ca2+ buffers in each compartment. Calculations assumed: (1) SR [Ca2+] and cytosolic [Ca2+] were 1,000 µM and 0.1 µM, 
respectively, before release; (2) cytosolic volume was 22.66 times larger than SR volume; (3) cytosolic buffering sites had maximal 
occupancy of 2,500 µM and a KD of 630 µM; (4) SR buffering sites had maximal occupancy of 220 µM and a KD of 0.96 µM. (B) Hypo-
thetical profiles of SR [Ca2+] during release if Ca2+ diffusion within the SR is either extremely fast (blue) or quite slow (red). Because 
of blurring by confocal microscopes, attempts to record these SR [Ca2+] profiles are likely to yield similar values for the apparent 
extent of depletion.
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local [Ca2+] right near the site of release will necessarily 
be lower than the concentration away the site of release, 
it is clear that a typical blink will represent a weighted 
mean of more extensive depletion near the RyR2s and 
less extensive depletion further away from the channels.

When trying to relate the experimental blink signal 
to the true extent of Ca2+ depletion immediately near 
the RyR2s, a critical factor is the spatial scale over which 
[Ca2+] varies within the SR, and this in turn depends on 
the speed of Ca2+ movement in the SR. Here, references 
to SR Ca2+ movement include both diffusion within the 
network SR (NSR) and Ca2+ transfer from NSR to JSR. 
Two hypothetical possibilities are illustrated in Fig. 1 B. 
If Ca2+ movement is extremely fast, [Ca2+] will quickly 
adjust to a relatively constant value throughout the 
SR during release (Fig. 1 B, blue curve). On the other 
hand, if movement is slow, in particular if a “bottleneck” 
exists between the JSR and the NSR, then JSR concen-
tration during release will be dramatically lower than 
the concentration in the surrounding NSR (Fig.  1  B, 
red curve). The important point is that because of blur-
ring by the confocal microscope, both scenarios will 
produce identical Ca2+ blink nadirs.

We believe the latter scenario is more likely than the 
former, for several reasons. First, as noted above, sev-
eral mathematical models, developed by us and other 
groups (Sobie et al., 2002; Hake et al., 2012; Cannell et 
al., 2013; Walker et al., 2014), have predicted that JSR 
[Ca2+] depletes to 10–20% of its initial value during Ca2+ 
sparks. Beyond predicting the extent of Ca2+ depletion 
in the immediate vicinity of the RyR2s, modeling studies 
have also demonstrated that an apparent depletion of 
50% estimated from experimental blink measurements 
is consistent with a true depletion of 80–90% near 
RyR2s (Williams et al., 2011; Hake et al., 2012; Kong et 
al., 2013). Second, related computational studies have 
shown that extremely fast SR Ca2+ diffusion may lead to 
unrealistic behavior. When developing a model of the 
Ca2+ spark, a critical parameter that must be chosen in-
volves the speed of Ca2+ movement from NSR to JSR. 
In our studies, we have constrained these parameters 
on the basis of data showing that, after an initial Ca2+ 
spark, the amplitude of a second spark from the same 
site recovers with a time constant of 70–90 ms (Sobie et 
al., 2005; Ramay et al., 2011; Guo et al., 2012b; Poláková 
et al., 2015). This recovery of Ca2+ spark amplitude is 
broadly consistent with the wide range of Ca2+ blink re-
covery time constants, 30–150 ms, that have been mea-
sured (Brochet et al., 2005; Zima et al., 2008b; Picht et 
al., 2011). In general, we would expect spark amplitude 
to be proportional to total JSR [Ca2+] (free Ca2+ plus 
Ca2+ bound to buffers), a quantity that should recover 
more quickly than the free JSR [Ca2+] that is detected 
in blink measurements. When NSR-to-JSR transfer rates 
are chosen to match these experimental data, Ca2+ 
sparks terminate and recover normally (Ramay et al., 

2011; Cannell et al., 2013; Stern et al., 2013). However, 
when the rate of Ca2+ transfer from NSR to JSR is made 
dramatically faster, Ca2+ sparks can fail to terminate, 
leading to the emergence of so-called metastable sparks 
(Stern et al., 2013; Sato et al., 2016; Song et al., 2016).

Third, as discussed in more detail below, solid evi-
dence indicates that during regenerative Ca2+ waves, in 
which Ca2+ sparks trigger additional sparks in a chain 
reaction that moves through the cell, SR [Ca2+] seems 
to transiently increase at sites that have not yet been 
triggered (Maxwell and Blatter, 2012, 2017). We would 
only expect such behavior if Ca2+ movement between 
JSR and NSR were relatively slow; extremely fast diffu-
sion would create a flat profile of [Ca2+] within the SR 
and make it impossible for Ca2+ to accumulate at untrig-
gered sites. This group of observations, collected under 
different experimental conditions by several different 
groups, supports the idea that within the SR lumen, each 
release unit is mostly disconnected from its neighbors.

The physiological importance of local SR depletion
Why should we care about local decreases in SR [Ca2+]? 
The short answer is that compelling evidence, gathered 
over roughly the past two decades, indicates that local 
reductions in SR [Ca2+] have important regulatory roles 
under normal and pathological conditions. In 2002, a 
stochastic mathematical model of the Ca2+ spark (Sobie 
et al., 2002) and an experimental study published soon 
afterward (Terentyev et al., 2002) independently pos-
tulated that substantial local depletion of SR [Ca2+] is 
required for release termination. In the years following, 
important confirmatory evidence was gathered by sev-
eral groups. Many of these studies are described more 
extensively in the Perspectives by Cannell and Kong 
and Györke et al. in this issue and are therefore not dis-
cussed in detail here. In brief, results obtained in these 
studies included the following: (1) changes in SR Ca2+ 
buffering due to overexpression or knockdown of calse-
questrin affect the duration of sparks (Terentyev et al., 
2003); (2) partial blockade of RyR2s can dramatically 
prolong Ca2+ sparks (Zima et al., 2008a,b), presumably 
by slowing the rate at which the JSR depletes; and (3) 
refilling of SR [Ca2+] controls the time course of Ca2+ 
release refractoriness at both the Ca2+ spark (Sobie et 
al., 2005; Ramay et al., 2011) and cellular (Szentesi et 
al., 2004; Kornyeyev et al., 2012) levels.

Despite the results that clearly indicated an important 
role for SR [Ca2+] depletion in release termination, some 
weaknesses of the early mathematical model (Sobie et 
al., 2002) should be mentioned. In particular, the lim-
ited experimental data available in 2002 required our 
group to make assumptions that have subsequently been 
questioned. First, on the basis of two compelling studies 
investigating RyR gating (Marx et al., 1998, 2001), we 
assumed that the opening and closing of each RyR2 in-
fluenced the behavior of its neighbors through allosteric 
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interactions, or so-called coupled gating. This feature, 
however, has not been confirmed in experiments from 
other groups (Xiao et al., 2007) and is virtually impossi-
ble to either prove or refute in intact cells. Consequently, 
the potential importance of coupled gating remains in-
determinate. Second, in 2002 we assumed that changes 
in SR [Ca2+] had a relatively large effect on RyR2 gat-
ing, on the basis of somewhat limited data (Györke and 
Györke, 1998; Ching et al., 2000). Data gathered subse-
quently, which paint a more complete picture of how SR 
[Ca2+] influences RyR2 gating, seem to indicate that the 
effect is not as strong as originally implemented (Qin 
et al., 2008), and descendants of the 2002 model have 
updated formulations to reflect these new data (Ramay 
et al., 2011; Williams et al., 2011; Wescott et al., 2016).

In addition, mathematical modeling results have 
demonstrated that RyR2 gating does not need to depend 
on SR [Ca2+] in order for Ca2+ sparks to terminate ro-
bustly (Cannell et al., 2013; Laver et al., 2013; Stern et al., 
2013; Walker et al., 2014). In this scenario, the important 
feature is the fact that when [Ca2+] in the JSR decreases, 
the Ca2+ current flowing through each open RyR2 will de-
cline, and each RyR2 opening will be less likely to reopen 
any neighbors that stochastically close, until the spark 
terminates when all RyR2s are closed simultaneously 
(Cannell and Kong, 2017). This termination mechanism 
has been named “induction decay” (Cannell et al., 2013; 
Laver et al., 2013) and, in a less quantitative presentation 
of the same notion, “pernicious attrition” (Gillespie and 
Fill, 2013). These recent studies are important because 
they have demonstrated that regulation of RyR2 gating 
by SR [Ca2+] is not essential, and they have brought re-
newed attention to the importance of the Ca2+ current 
flowing through each open RyR2 (Guo et al., 2012a). It 
is important to note, however, that the ability of an RyR2 
to trigger its neighbors, and the dependence of this on 
SR [Ca2+], has been implicitly included in all previous 
models that simulate realistic depletion of JSR [Ca2+].

The exact physiological role for changes in SR [Ca2+] 
to modulate RyR2 gating, therefore, remains somewhat 
in question, given that this mechanism is not required 
for Ca2+ spark termination. Recent modeling studies 
have proposed reasonable hypotheses, specifically that 
SR [Ca2+] regulation of RyR2 gating may enable a nar-
row distribution of Ca2+ spark durations (Stern et al., 
2013) and that this feature contributes substantially to 
the nonlinear relationship between SR [Ca2+] and re-
lease triggering (Walker et al., 2014). Thus, the math-
ematical modeling has helped to clarify hypotheses, 
but many of these ideas remain to be conclusively con-
firmed or refuted.

Unstable Ca2+ release and the role of SR [Ca2+]
Under pathological conditions, Ca2+ release through 
clusters of RyR2s is not necessarily spatially constrained 
but instead can propagate between RyR2 clusters such 

that spontaneous release occurs throughout the entire 
cell. In this mechanism, the Ca2+ released from one 
RyR2 cluster diffuses in the cytosol to raise [Ca2+] in 
the vicinity of neighboring clusters. When the diffus-
ing Ca2+ is sufficient to activate the opening of RyR2s in 
these nearby clusters, a propagating, regenerative Ca2+ 
wave can result.

It has been well established over many years that these 
Ca2+ waves tend to occur under conditions of elevated 
SR [Ca2+]. In fact, some studies have observed a sharp 
transition from localized local spontaneous release 
(Ca2+ sparks) to regenerative waves, such that a “thresh-
old SR Ca2+ content” can be determined (Díaz et al., 
1997; Eisner et al., 2009). From these data and related 
work examining the consequences of RyR2 mutations, 
some investigators have proposed the concept of SOI​
CR, or store overload–induced Ca2+ release (Jiang et 
al., 2004, 2005). However, although it is clear that in-
creases in SR [Ca2+] contribute to the generation of 
spontaneous Ca2+ waves, it is also clear that these waves 
propagate through a mechanism of CICR in the cyto-
sol. This is illustrated most clearly by the observation 
that cell-wide waves can readily be terminated by adding 
buffers such as EGTA or BAP​TA to the cytosol. Under 
these conditions, elevated SR [Ca2+] continues to en-
courage spontaneous Ca2+ release, but this release oc-
curs only in the form of localized Ca2+ sparks, not in the 
form of cell-wide Ca2+ waves (Lukyanenko et al., 2001; 
Loughrey et al., 2002).

To better understand the practical distinction be-
tween CICR and a purely SR-mediated SOI​CR mech-
anism, we can consider a single cluster of RyR2, with 
an associated JSR volume. The mechanism of action of 
CICR is inherently a positive feedback process. When an 
individual RyR2 within the cluster opens stochastically, 
the efflux of Ca2+ from the JSR raises local [Ca2+] on the 
cytosolic side of the SR membrane. This higher local 
cytosolic [Ca2+] increases the likelihood that adjacent 
RyR2 channels will open. If a second RyR2 opens, the 
additional Ca2+ efflux from the JSR will increase local cy-
tosolic [Ca2+] further, and a Ca2+ spark can be produced 
when sufficient RyR2s are activated. In contrast, SOI​CR 
is intrinsically a negative feedback mechanism. In this 
case, a single RyR2 that opens stochastically because 
of the high [Ca2+] on the luminal side of the SR mem-
brane will pass Ca2+ ions that will act to decrease local 
SR [Ca2+]. This decrease of SR [Ca2+] would then make 
it less likely for a mechanism based on luminal activa-
tion to trigger the opening of additional RyR2s within 
that cluster. Thus SOI​CR, acting in isolation, would not 
constitute a self-sustaining, regenerative process that 
produces Ca2+ sparks and Ca2+ waves. For these reasons, 
it is more appropriate characterize increased SR [Ca2+] 
as encouraging or enabling spontaneous regenerative 
Ca2+ release by CICR rather than directly triggering or 
inducing Ca2+release.
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A question that remains intriguing concerns the spa-
tiotemporal changes in SR [Ca2+] that occur on a time 
scale of tens of milliseconds during waves. It is clear that 
at the local site of Ca2+ release, SR [Ca2+] must decrease 
at the same time that local cytosolic [Ca2+] increases. 
What remain less clear, however, are the changes that 
occur at neighboring clusters of RyR2s. Cytosolic [Ca2+] 
will increase at these untriggered clusters because of 
diffusion of Ca2+ from the initial site of release, but 
what will happen to SR [Ca2+]? This quantity could the-
oretically either decrease if the SR is well-connected 
between neighboring release units, or it could increase 
when Ca2+ that has diffused in the cytosol is pumped 
into the SR by sarco/endoplasmic reticulum Ca2+-AT-
Pase (SER​CA) at locations immediately adjacent to the 
untriggered cluster. A further complication concerns 
how these concentration changes might be altered by 
increased SER​CA pump activity, for instance as occurs 
during β-adrenergic activation. Because an increase in 
SER​CA activity would presumably decrease cytosolic 
[Ca2+] at untriggered clusters while potentially increas-
ing SR [Ca2+] at these locations, the overall effects on 
Ca2+ wave propagation remain ambiguous.

A decade ago, an important experimental study ob-
served that sudden inhibition of the SER​CA pump led 
to an immediate decrease in the velocity of propagat-
ing Ca2+ waves (Keller et al., 2007). On the basis of this 
finding, the authors speculated that SER​CA pumps take 
up Ca2+ near untriggered sites, and the resulting local-
ized increase in SR [Ca2+] sensitizes the RyR2s ahead 
of a propagating Ca2+ wave. A subsequent mathemati-
cal modeling investigation showed that this hypothesis 
is feasible, but only if Ca2+ diffusion in the SR is rela-
tively slow compared with Ca2+ diffusion in the cytosol 
(Ramay et al., 2010). Soon thereafter, an experimental 
study showed that localized increases in SR [Ca2+] do in 
fact occur during Ca2+ waves in ventricular cells (Max-
well and Blatter, 2012), and more recent work suggests 
that this sensitization mechanism is critical to the prop-
agation of SR Ca2+ release in atrial myocytes (Maxwell 
and Blatter, 2017).

This particular issue is notable for a couple of rea-
sons. First, the timeline illustrates the usefulness of 
close interplay between experiments and numerical 
simulations, even when the studies are performed by 
different groups. A hypothesis was proposed on the 
basis of indirect evidence, as a way to explain surpris-
ing results (Keller et al., 2007), numerical simulations 
demonstrated the feasibility of the hypothesis, as long 
as certain conditions hold (Ramay et al., 2010), then 
subsequent experiments provided direct support (Max-
well and Blatter, 2012). Second, the changes in SR 
[Ca2+] that are possible during waves relate closely to 
the nonuniformity of SR [Ca2+] during blinks and in 
turn to how well the experimental blink signal reflects 
the true extent of SR depletion. In this case, simulations 

showed that increases in SR [Ca2+] ahead of Ca2+ waves 
are possible only when SR Ca2+ diffusion is rather slow. 
From this inference, it follows that JSR units in cardiac 
myocytes must be relatively isolated from one another 
and, in turn, that SR [Ca2+] during local release must be 
quite nonuniform (e.g., closer to the red than the blue 
profile in Fig. 1 B).

The semi-neglected factor of diastolic [Ca2+]
With considerable recent research energy focused on 
determining the regulatory importance of changes in 
SR [Ca2+], an additional important factor has been rel-
atively neglected, namely, diastolic [Ca2+], that is, the 
minimum cytosolic [Ca2+] reached in myocytes between 
contractions. Given that CICR is the commonly ac-
cepted mechanism discussed in textbooks, it seems sur-
prising that the importance of cytosolic [Ca2+] could be 
somewhat overlooked. However, small changes in dia-
stolic [Ca2+] can be challenging to track in experiments, 
and investigators naturally focus on the more interest-
ing dynamic time courses rather than on changes in the 
baseline level. Examining diastolic [Ca2+], however, is 
important because of the factors that modify it. Con-
ditions that lead to increased SR [Ca2+], such as rapid 
pacing and β-adrenergic stimulation, are frequently ac-
companied by an increase in diastolic [Ca2+]. When this 
occurs, the rate at which RyR2s spontaneously open at 
rest should be increased in a nonlinear manner. Math-
ematical models based on planar lipid bilayer data gen-
erally assume that the RyR2 opening rate depends on 
local cytosolic [Ca2+] raised to a power between 2 and 
4 (Ramay et al., 2011; Sato and Bers, 2011; Williams 
et al., 2011; Walker et al., 2014; Wescott et al., 2016). 
Thus a 50% increase in diastolic [Ca2+] will not cause 
a 50% increase in the spontaneous RyR2 opening rate 
but instead will increase the opening rate up to five-
fold. These more frequent RyR2 openings will not only 
increase the rate of Ca2+ sparks and the “leak” that is 
seen in resting cells (Bovo et al., 2011) but will also pro-
duce many more potential triggers for regenerative Ca2+ 
waves. Under such conditions, elevated diastolic and SR 
[Ca2+] can synergize in a potentially dangerous way. Di-
astolic [Ca2+] will increase the number of Ca2+ sparks 
that can potentially initiate waves, and the elevated SR 
[Ca2+] will increase the probability that an individual 
event will trigger release from neighboring RyR2 clus-
ters. Together these effects can greatly increase the risk 
of unstable Ca2+ release.

To illustrate this idea, we performed simulations using 
a recently published stochastic mathematical model of 
a cell containing multiple, spatially distributed clusters 
of RyR2s (Wescott et al., 2016). By using the model, we 
are able to independently vary the initial values of SR 
[Ca2+] and diastolic [Ca2+], an intervention that is chal-
lenging to perform in experiments. Fig. 2 A shows sam-
ple results from these stochastic simulations. In these 



SR Ca2+ release regulation | Sobie et al.852

spatiotemporal images, analogous to those that would 
be obtained experimentally by a confocal microscope 
in line-scan mode, we observe both Ca2+ sparks, reflect-
ing release from an individual RyR2 cluster, and larger 
events reflecting release from multiple clusters. The re-
sults show that an increase in SR [Ca2+] can, by itself, 
increase the probability that individual Ca2+ sparks will 
trigger neighboring sites and produce larger release 
events. However, when SR [Ca2+] is increased and dia-
stolic [Ca2+] remains low, these multisite events remain 
relatively uncommon. In contrast, when diastolic [Ca2+] 
and SR [Ca2+] are simultaneously elevated, both the fre-
quency of Ca2+ release events and their spatial extent 
are substantially increased. These effects are quantified 
in Fig. 2 B, which plots the integrated Ca2+ release flux, 
or Ca2+ release “mass,” as a function of SR and diastolic 
[Ca2+]. The potentially dangerous interplay between 
these two factors can be readily seen. Thus, experi-
mental and mathematical modeling studies exploring 
the transition between stable and unstable Ca2+ release 
need to carefully consider the effects of both diastolic 
and SR [Ca2+].

Although the above discussion focuses primarily on 
the role of Ca2+ release in ventricular myocytes, we 
should note that diastolic and SR [Ca2+] can also po-
tentially synergize in other cell types, such as sinoatrial 
nodal cells, atrial myocytes (Blatter in this issue), and 
Purkinje cells. In sinoatrial nodal cells, considerable 
recent evidence suggests that spontaneous Ca2+ re-
lease events, in the form of sparks triggering additional 

sparks, drives the late phase of diastolic depolarization 
when released Ca2+ is extruded from the cell through 
Na+-Ca2+ exchange (Stern et al., 2014; Yaniv et al., 
2015). In atrial and Purkinje cells, Ca2+ release is initi-
ated only at the cell periphery and propagates into the 
cell center under some conditions (Blatter et al., 2003; 
Lee et al., 2011). Both of these phenomena are likely to 
depend on diastolic as well as SR [Ca2+], emphasizing 
the importance of considering the interplay between 
these two factors.

Conclusions and outlook
It is clear that numerous studies performed over the 
past two decades have yielded substantial insight into 
the importance of SR [Ca2+] in regulating Ca2+ release. 
When considering the published literature as a whole, 
a common theme that emerges is the difficult-to-pre-
dict interplay among overall SR [Ca2+] content, local 
changes in free SR [Ca2+], the potential regulation of 
RyR2 gating by SR [Ca2+], and the changes in diastolic 
[Ca2+] that frequently accompany altered SR [Ca2+]. 
The fact that these factors sometimes work in opposite 
directions highlights the need to integrate experimen-
tal studies with mechanistic mathematical modeling, 
and, indeed, many of the advances described above 
came from such efforts.

Going forward, experimental and computational 
advances are likely to help to address the remaining 
unresolved questions and provide additional insight. 
First, technical advances such as knock-in mice, local-

Figure 2.  Contributions of increased SR and diastolic [Ca2+] to unstable Ca2+release. (A) Simulated line-scan images of typical 
stochastic simulations of Ca2+ sparks and waves. Simulations were performed with a mathematical model of Ca2+ release, as recently 
described (Wescott et al., 2016). The horizontal dimension represents time (1 s), and the vertical dimension represents transverse 
distance (14 µm). Labels indicate initial values of cytosolic and SR [Ca2+]. Each SR Ca2+ release unit contains a cluster of 50 stochas-
tically gating RyR2s (see Wescott et al. [2016] for more details), and RyR2 clusters are randomly distributed, with a mean intersite 
distance of 700 nm. Large SR Ca2+ release events involving multiple RyR2 clusters are frequently observed when both SR [Ca2+] and 
diastolic [Ca2+] are increased (bottom right images). (B) Integrated RyR2 Ca2+release flux as a function of initial diastolic [Ca2+]i when 
initial SR [Ca2+] is either 1 mM (blue) or 1.5 mM (red). Flux is integrated over each 1-s simulation and averaged over 50 trials. Error 
bars show standard deviation.
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ized Ca2+ probes, and super-resolution microscopy will 
presumably help to fully resolve issues such as the spa-
tial nonuniformity of SR [Ca2+] during release and the 
importance of SR [Ca2+] in regulating RyR2 gating. 
Second, even though most experimental studies focus 
on the average behavior of events such as sparks and 
blinks, and most models are developed on the basis of 
repeating, uniform units, it is clear that considerable 
heterogeneity exists both within a cell and between 
cells. For instance, both structural parameters such as 
the number of RyR2 per cluster (Baddeley et al., 2009) 
and physiological variables such as blink time constants 
(Zima et al., 2008b) exhibit wide distributions. Mod-
eling studies have shown how heterogeneity between 
RyR2 clusters can influence both Ca2+ spark properties 
(Lee et al., 2013) and the emergence of intracellular 
Ca2+ waves (Nivala et al., 2013), but more work clearly 
needs to be done to understand the consequences of 
heterogeneity. However, with recently developed tools 
in hand to address these unresolved issues, it is clear 
that the next several years will bring significant addi-
tional insight into the roles of SR and diastolic [Ca2+] in 
regulating cardiac myocyte function.
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