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Abstract The sarcoplasmic reticulum (SR) primarily serves as the intracellular Ca?* store in cardiac myocytes,
mediating cellular function under cardiac physiology and diseases. However, the properties of cardiac
SR Ca?* have not yet been fully determined, particularly in rats and mice, which are the most common-
ly used experimental species in studies on cardiac physiology and diseases. Here, we developed a spa-
tially detailed numerical model to deduce Ca®>* movements inside the junctional SR (jSR) cisternae of
rat cardiomyocytes. Our model accurately reproduced the jSR Ca?* kinetics of local and global SR Ca?*
releases reported in a recent experimental study. With this model, we revealed that jSR Ca?* kinetics
was mostly determined by the total release flux via type 2 ryanodine receptor (RyR2) channels but not
by RyR2 positioning. Although Ca?* diffusion in global SR was previously reported to be slow, our simu-
lation demonstrated that Ca* diffused very quickly inside local jSR cisternae and the decrease in the
diffusion coefficient resulted in a significant reduction of jSR Ca?* depletion amplitude. Intracellular
Ca®* was typically experimentally detected with fluorescence dye. Our simulation revealed that when
the dynamical characteristics of fluorescence dye exerted a minimal effect on actual Ca?* mobility in-
side jSR, the reaction rate of the dye with Ca?* could significantly affect apparent jSR Ca?* kinetics.
Therefore, loading a chemical fluorescence dye with fast kinetics, such as Fluo-5N, into SR is important
for Ca?* measurement inside SR. Overall, our model provides new insights into deciphering Ca?* han-
dling inside nanoscopic jSR cisternae in rat cardiomyocytes.
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INTRODUCTION which form junctions with transverse tubules (TTs) at
the level of the sarcomeric Z lines (Brochet et al. 2005).
Ca?* release from cardiac SR is gated by type 2 ryan-
odine receptor (RyR2), which is the main Ca?* release
channel located at the jSR membrane inside SR-TT
junctions, via the Ca®*-induced Ca?* release mechanism
(Bers 2002). This mechanism generates multiscale and
multimodal cytosolic Ca?* signals, including quarky
Ca®* release, Ca?* sparks, Ca®* transients, and Ca®*
waves, in cardiomyocytes (Cheng et al. 2008; Brochet
et al. 2011). SR Ca?* dynamics is currently recognized

In cardiac myocytes, the sarcoplasmic reticulum (SR)
primarily serves as the intracellular Ca?* store that pro-
vides most contractile Ca?* to myofilaments (Bers
2002; Eisner et al. 2017). Structurally, SR is a continu-
ous membrane-bound organelle that extends across the
cytosolic space with interconnected nanotubules, i.e.,
free SR (fSR), and flat cisterns, i.e., junctional SR (jSR),
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to play a critical role in the regulation of RyR2 gating,
controlling cytosolic Ca?* pattern and cellular Ca?*
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homeostasis (Eisner et al. 2017; Jones et al. 2017;
Zhang et al. 2021). Therefore, further deciphering SR
Ca®* dynamics in cardiac physiology and diseases is in-
formative.

With the development of a protocol that favors the
SR retention of low-affinity Ca?* indicators Fluo-5N in
2005, Ca%* blinks, which are local SR Ca?* events that
accompany Ca?* sparks, were first experimentally ob-
served in rabbit cardiomyocytes (Brochet et al. 2005).
Following this report, a few studies have revealed car-
diac SR Ca?* kinetics and its regulation of cellular Ca?*
homeostasis by interplaying with cytosolic Ca®* events
(Zima et al. 2008; Brochet et al. 2011, 2012; Domeier et
al. 2012; Greensmith et al. 2014; Wang et al. 2014;
Bovo et al. 2015). To date, however, such a strategy for
imaging SR Ca?* has failed to achieve widespread appli-
cation in cardiomyocytes from species other than rab-
bit and sheep, limiting our knowledge about cardiac SR
Ca?* to these species. By expressing SR-targeted car-
boxylesterase via adenoviruses, Lu et al. successfully
imaged SR Ca?* in intact cardiomyocytes from rats and
mice (Lu et al. 2020), small rodents that are most com-
monly used in cardiovascular research, providing most
of our knowledge about cardiac Ca* signaling, particu-
larly in heart diseases. Although quantitative measure-
ments of cytosolic Ca?* dynamics in cardiomyocytes
have demonstrated considerable differences among
species (Bers 2002; Eisner et al. 2017), further extend-
ing our knowledge about SR Ca?* signals to murine car-
diomyocytes is urgent.

Complementing experimental studies, computation-
al modeling has further demonstrated nanoscale de-
tails for Ca?* mobilization, which is experimentally lim-
ited by optical resolution. Although most models have
been developed for cytosolic Ca* Kinetics, several mod-
els have also simulated SR Ca?* kinetics (Sobie et al.
2005; Zima et al. 2008; Cannell et al. 2013; Li et al.
2017). In particular, Cannell et al. developed a model
with considerable details in the dyad and SR network;
this model reproduced most of the spatiotemporal
characteristics of Ca?* sparks/blinks and their termina-
tion mechanism (Cannell et al. 2013). Li et al. devel-
oped a spatially detailed model to describe Ca?* move-
ments inside the jSR of cardiomyocytes (Li et al. 2017).
However, on the basis of Ca?* blinks in rabbit cardiomy-
ocytes, these previous simulations of SR Ca?* kinetics
did not agree well with a recent experimental study on
rat cardiomyocytes (Lu et al. 2020).

In the current work, we developed a spatially
detailed numerical model to deduce Ca?* movements
inside the jSR cisternae of rat cardiomyocytes. Our
model not only agreed well with the experimental Ca?*
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kinetics inside jSR but also revealed the influences of
jSR Ca?* diffusion and fluorescence dye characteristics
on apparent jSR Ca?* kinetics.

RESULTS

In rat cardiomyocytes, a typical Ca®* spark event corre-
sponds to Ca?* release with a peak flux of ~2.5 pA
(Wang et al. 2004) from the jSR cisterna. This value is
four times that of a single RyR current (~0.6 pA) under
physiological conditions (Mejia-Alvarez et al. 1999).
The average lasting time for SR Ca?* release is ~20 ms
during a Ca®* spark (Lu et al. 2020). We then modeled
the accompanying Ca?* event inside jSR, i.e., Ca%* blink,
with an opening of 20 ms for four adjacent RyR2 chan-
nels located at (0, 0), (0, 30), (30, 30), and (30, 0) in
the jSR cisterna (Fig. 1B, top). As shown in Fig. 1C, the
modeling results of Ca®* release through the four chan-
nels agree with the experimental Ca?* blink kinetics of
rat cardiomyocytes (Lu et al. 2020) with an amplitude
(in AF/F,) of 0.185 (model) versus 0.190 (experiment)
and a full duration at half maximum (FDHM; in ms) of
34.1 (model) versus 32.8 (experiment). The depletion
of free Ca* in jSR cisternae reaches up to 45%, which is
~2.4 times of the apparent depletion indicated by Fluo-
5N fluorescence intensity in a Ca?* spark/blink pair
(Fig. 1C).

Although several previous studies have reported the
interplay between adjacent RyR2 channels in the same
CRU (Xie et al. 2010), the locations of open RyR2
channels in a Ca?* spark/blink pair remain unsolved
(Cheng et al. 2008). We then assessed the effect of open
RyR2 positioning on jSR Ca?* kinetics by replacing the
adjacent RyR2 opening with four randomly located
channels (Fig. 1B, bottom). Such alteration exerted
nearly no effect on the modeled Ca?* blink kinetics (Fig.
1C). Meanwhile, the alteration of the total releasing
flux, which can result from changing the number of
open RyR2 channels, or igyg, or the open time of RyR2,
evidently affect the nadir of the modeled Ca?" blink
(Figs. 1D and 1E). Previous studies have indicated that
refilling flux from fSR tubules and the buffering
capacity of CSQ are important in Ca?* blink kinetics (Li
et al. 2017). Similarly, our simulations demonstrated
that changes in refilling fSR tubule number (referred to
as the refilling flux hereafter) and CSQ concentrations
could affect Ca®* blink nadir and recovery time (Figs. 1F
and 1G).

Ca?* transient is the summation of Ca?* spark/blink
throughout a cell. It involves more RyR2 openings at
each CRU (Cheng et al. 2008) and exhibits a triple re-
covery time for cytosolic and jSR [Ca?*] compared with

329 | October 2024 | Volume 10 | Issue 5



RESEARCH ARTICLE

Y.Suetal.
A 30 ms
1.00
0.95
= 0.90
1 0.85
0.90
c . 1.00 E —0.95
Q S E 0.90
3 = 0.95 o
£ 3 S 085
= g 090 = 0.80
= = Adjacent 4 RyRs e
NS 0.6 — Random 4 RyRs § 0.85 S 075
- 1 1 1 1 1 E 0_80 1 1 1 ] NN L 1 1 1 1 1 1
20 40 60 80 10 0 20 40 60 80 100 0'50 5 10 15 20 < 0.70 5 10 15 20 30 40
Time (ms) Time (ms) Time (ms) Open time (ms)
F 10 G_10 H 10
i & &
= = £09
3 0.9 s 0.9 3
= _ =} _ = 0.8 =4 RyRs
§ 08 — n_fSR =4 Og 08 — [CSQ];= 14 § — 6 RyRs
o —nfSR=2 g —[CsQly=7 £ 0.7 8 RyRs
E —n_fSR=8 2 — [CSQ],= 28 E — Overlaying
P 0.71 1 1 1 1 ] e 0.7 1 1 1 1 1 ) 0.6 1 1 1 ]
0 20 40 60 80 10 0 20 40 60 80 10 0 50 100 150 20
Time (ms) Time (ms) Time (ms)

Fig. 1 Simulations of Ca?* kinetics inside the jSR of rat cardiomyocytes. A Schematic of jSR and the connected fSR network. Dots repre-
sent RyR2 channels. B The unstructured grids near the open RyR2 channels and fluorescence contour at the indicated time points. Top,
four adjacent RyR2 channels that correspond to the red dots in panel A. Bottom, four random RyR2 channels that correspond to the blue
dots in Panel A. C The simulated time course curves of Ca?* concentration (left) and normalized Fluo-5N fluorescence (right) in the jSR
of rat cardiomyocytes in response to the four adjacent (red) or random (blue) RyR2 channels. The curves represent the average Ca®* or
CaF concentration in the whole jSR. D The simulated curves of Fluo-5N fluorescence changes in response to the 20 ms opening of the in-
dicated number of open RyR2 channels, or four open RyR2 channels with iz, adding/reducing to 10 folds of the original value. E The
modeled Ca?* blink nadir with different opening times of four RyR2 channels. F,G The modeled Ca?* blink curve in response to the 20 ms
opening of four adjacent RyR2 channels with different numbers of refilling fSR tubules or CSQ concentrations. H The simulated curves

for Ca?* depletion transient inside the jSR of rat cardiomyocytes by overlaying 100 jSR CaF traces from 4-8 open RyR2 channels with
1/3 fSR refilling flux and 0-50 ms Gaussian-distributed latency

a single spark/blink pair (Lu et al. 2020). We modeled
jSR Ca?* depletion transient kinetics by overlaying 100
modeled jSR CaF traces from 4-8 open RyR2 channels
with 1/3 fSR refilling flux and 0-50 ms Gaussian-
distributed latency (Song et al. 2001). As shown in
Fig. 1H, the modeled jSR Ca?* depletion transient exhib-
ited 24.3% depletion of CaF fluorescence, time to nadir
of 48.5 ms, and half recovery time of 69.5 ms, which are

Previous experimental studies have reported a rela-
tively slow mobility of Ca?* inside global SR (with one
or two orders of magnitude lower apparent diffusion
coefficient than that in cytosolic space) (Swietach et al.
2008), which is largely limited by the extremely thin
fSR network. The manner in which Ca?* diffuses inside
the relatively wider jSR space remains unknown. While
reproducing the experiment on Ca?* blink dynamics

extremely close to the experimental characteristics of
jSR Ca?* depletion transients (Lu et al. 2020).
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by using the same Ca?* diffusion coefficient inside jSR
as that in cytosolic space, we tested the effect of the
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reduced Ca?* diffusion coefficient inside jSR on Ca?*
blink kinetics. The decrease in Ca?* diffusion coefficient
to 20%, 10%, or 1% resulted in decreases of the mod-
eled Ca?* blink amplitude by about 16%, 32%, or 80%,
respectively (Fig. 2A). The contour displayed steeper
gradients around the open RyR2 channels with a reduc-
tion in the Ca?* diffusion coefficient (Fig. 2B).

Experimental jSR Ca?* was visually measured with a
fluorescence indicator; hence, we also assessed its in-
fluences on Ca?* and CaF kinetics. As displayed in Fig. 3A,
the diffusion coefficient of the fluorescence indicator
exerted no effect on Ca?* and fluorescent signals. The
association and dissociation constants determine the
reaction rate of fluorescent dye with Ca?*. A reduction
in the association and dissociation constants did not af-
fect jSR Ca?* kinetics, but considerably decreased the
sensitivity of fluorescent signals (Fig. 3B). Notably, the
total concentration of the Ca?* indicator should be con-
trolled to an appropriate range, because it also serves
as a Ca®* buffer and can considerably affect Ca?* and
fluorescent signals inside jSR (Fig. 3C).

DISCUSSION

SR functions as an intracellular Ca?* store in cardiomy-
ocytes (Bers 2002; Eisner et al. 2017). However, the
properties of cardiac SR Ca®* have not been fully deter-
mined, particularly in small rodents, such as rats and

mice, which are the most commonly used experimental
species in studies on cardiac physiology and diseases
(Lu et al. 2020). Here, on the basis of a recent experi-
mental study (Lu et al. 2020), we developed a spatially
detailed numerical model to deduce Ca?* movements
inside the jSR cisternae of rat cardiomyocytes. With this
model, we reproduced local SR Ca?* event, Ca®* blink,
and global Ca?* depletion transient in rat cardiomy-
ocytes.

The number of RyR2 channels that open during the
Ca?* spark remains controversial. An early study re-
vealed that Ca?* sparks in rat ventricular myocytes ex-
hibited quantized Ca?* release flux with a quantal unit
of 1.24 pA and a peak histogram of quantal number at 2
(Wang et al. 2004). Thus, a typical Ca®* spark corre-
sponds to a total SR releasing flux of ~2.5 pA. We mod-
eled four RyR2 openings during a typical local SR Ca?*
release event, because a single RyR2 current was mea-
sured as ~0.6 pA in the bilayer lipid membrane (Mejia-
Alvarez et al. 1999). Our simulated Ca?* blink kinetics
agreed with the recently reported experimental results
(Lu et al. 2020). Considering that in vivo single RyR2
current might differ from this value (0.6 pA), our simu-
lations further revealed that the total release flux, but
not the number or positioning of open RyR channels,
determined jSR Ca?* kinetics in rat cardiomyocytes.

Compared with the open space of cytosol, the intralu-
minal space of thin fSR tubules limits Ca?* mobilization
in the SR network, and thus, a slow diffusion of Ca2* in
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Fig. 2 Effect of the reduction of the Ca?* diffusion coefficient inside jSR on modeled Ca?* blink amplitude. A The simulated time course
curves of Fluo-5N fluorescence in response to the 20 ms opening of four RyR2 channels with different Ca?* diffusion coefficients. B The
fluorescence contour of the indicated Ca?* diffusion coefficients at a time point of 20 ms
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Fig. 3 Effect of the characteristics of fluorescence dye on the modeled Ca?* blink amplitude. The simulated time course curves of Ca®*
concentration (left) and normalized Fluo-5N fluorescence (right) in the jSR of rat cardiomyocytes with different CaF diffusion coeffi-
cients (A), reaction rates between the dye and Ca?* (B), or total Fluo-5N concentrations (C)

global SR is identified (Swietach et al. 2008). In the cur-
rent study, we determined that a reduction in the jSR
Ca?* diffusion coefficient resulted in an evidently de-
creased amplitude of the simulated Ca?* blink, while
simulation with Ca?* mobilization in jSR that was as fast
as cytosol concurred with the experimental results.
Such fast mobilization of Ca?* inside jSR also accounts
for the unimportance of open RyR2 positioning.

When the chemical fluorescence dye is extremely
difficult to load into SR in myocytes, the genetically
encoded Ca?* indicators (GECIs) provide an alternative
strategy. Several low-affinity GECIs located in SR lumen
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were developed previously (Kasai et al. 2004; Jimenez-
Moreno et al. 2010). However, these GECIs can only de-
tect global Ca?* changes, but fail in detecting fast local
SR Ca?* events, such as blinks in cardiomyocytes. These
GECIs typically have considerably slower kinetics than
synthetic chemical Ca?* indicators (Jimenez-Moreno et
al. 2010). In the current study, our simulation suggest-
ed that the reaction rate of Ca?* and dye remarkably af-
fected the sensitivity of detecting apparent Ca®*
changes in jSR, while the real Ca?* kinetics remained
unaltered. Thus, the development of a straegy for load-
ing a chemical Ca?* dye into cardiac SR is crucial for
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research on SR Ca?* signals (Lu et al. 2020). A prior
simulation study described heavy underestimation of
the real local SR Ca?* depletion (~80%) by Fluo-5N sig-
nals (~0.2 AF/F;) due to optical blurring and noise
(Kong et al. 2013). However, this result disagreed with
the recent experimental study on rat cardiomyocytes
that displayed a considerably smaller apparent ampli-
tude of SR Ca?* during Ca?* sparks (~0.19 AF/F,) and
transients (~0.26 AF/F;) compared with caffeine-
induced SR Ca?* depletion (~0.67 AF/F,) (Lu et al.
2020). Thus, determining the extent to which optical
blurring and noise can affect Fluo-5N signals in the SR
of rat cardiomyocytes calls for further investigation.

Our present model has several limitations. Previous
experimental and modeling studies have revealed the
importance of the dyad space between jSR and TTs. As
a relatively closed space between jSR and open cytosol,
dyad Ca?* kinetics is highly distinct from them (Cannell
et al. 2013; Shang et al. 2014). While most models of
Ca®* sparks could not reproduce experimental spatial
characteristics, eg. full width at half maximum
(FWHM), modeling with detailed spatial geometry of
dyad has solved the problem of FWHM (Cannell et al.
2013). Dyad Ca?* concentration is also crucial for RyR2
gating, release flux, and the resultant jSR Ca?* kinetics.
For cytosolic modeling, our present model used a previ-
ous model without precisely describing the dyad com-
partment and RyR2 gating. During an SR Ca?* release
event, RyR2 channels open and close stochastically, and
the diversity of the number and opening time of RyR2
produces SR Ca?* releasing events with changed ampli-
tude and mass (Brochet et al. 2011). In some cases, the
random switch of RyR2 channels can lead to multiple
releases of SR Ca?*, resulting in prolonged Ca®* release
events (Brochet et al. 2011). In the present study, we
used a simple fixed open time but not a random switch
mode for RyR2 channels. Therefore, while reproducing
the average Ca?* blink kinetics, our model is limited
from further deciphering jSR and cytosolic Ca®* move-
ments.

The properties of cardiac sarcoplasmic reticulum (SR)
Ca®* have not yet been fully determined experimentally
and theoretically in small rodents, such as rats and mice,
which are the most commonly used experimental
species in studies on cardiac physiology and diseases.
In the present work, we have demonstrated a simple
numerical model that provides an extremely useful
investigative tool for understanding SR Ca?* handling in
rat cardiomyocytes, and our numerical model provides
new insights into the understanding of Ca?* dynamics
in the SR of rat cardiomyocytes.

© The Author(s) 2024

METHODS
Model geometry

The geometry of jSR cisternae in murine cardiomy-
ocytes is morphologically and structurally similar to
that of rabbits (Brochet et al. 2005, Rog-Zielinska et al.
2021). Thus, we simplified Ca?* diffusion inside a flat
pancake-shaped jSR with a diameter of 600 nm and an
altitude 30 nm as 2D movements in a circle with four
connecting fSR tubules of 30 nm diameter along its pe-
riphery (Fig. 1A). The Ca?* release unit (CRU) in jSR is
composed of a square RyR2 array with a size of 5 x 5
and an interval of 30 nm between adjacent channels
(Fig. 1A).

Reaction/diffusion equations

When a few RyR2 channels in CRU suddenly open,
considerable [Ca?*] gradients between both sides of the
channels drive a rapid and substantial outflow of Ca?*
from jSR to the cytosol of cardiac myocytes, forming a
local or global Ca?* release event. Intra-jSR [Ca?*] is
determined by the following fluxes: local diffusion that
follows Fick’s law, binding of Ca?* to buffers in jSR
cisternae, efflux through RyR2 channels, and influx via
connecting fSR tubules. To mimic experimental Ca®*
signals, a fluorescent dye (Fluo-5N) is also introduced
into our model. It binds Ca?* to form the fluorescence
compound (CaF), indicating alterations in free [Ca?*].
Thus, the governing equations for jSR Ca?* can be
written as

2+ 2 2+ 2 2+
d[Ca ]=DC>< d°[Ca ]+6[Ca ]
ot ox* ay*
+]buf +]dye +]RyR +]ref7 [1)
a[CaF] 9*[CaF] 9°[CaF]
ac D Dex ( PP ) e @

where D¢ and Dy denote the diffusion coefficients of
Ca?* and CaF with values of 350 pm?/s and 20 um?/s,
respectively (Smith et al. 1998).

The flux for calsequestrin (CSQ), the primary Ca?*
buffer in jSR, is given by

Jout = — kisq X [Ca”"]x ([CSQTy — [€aCSQ]) + kesq

x [CaCSQ], (3)
d[CaCS
N~ )
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where [CaCSQ] represents the concentration of Ca®*
that binds to CSQ. The three constants, [CSQ], kESQ,
and kcsq, denote the total concentration of CSQ
(14 mmol/L), and the association (100.0 (unol/L) *-s™1)
and dissociation (60,000 s™1) parameters in the reac-
tion of CSQ and Ca?*, respectively (Li et al. 2017).

The fluxes for the indicator dye take the form of

Jaye = —ki x [Ca”" ] x ([F]; - [CaF]) + kz x[CaF],  (5)

where [F]r, ki, and ki represent the total concentration
of the fluorescence dye Fluo-5N (0.1 mmol/L), and the
association (48.8 (pumol/L)™%s™1) and dissociation
(19,520 s™1) constants in the reaction of Fluo-5N and
Ca?*, respectively (Li et al. 2017).

Ca?* flux through the RyR2 array is proportional to
channel permeability and the concentration gradient
between both sides of the channel. Thus,

iRyR
Far x V,

Jryr = x Y (8;x AlCa™])), (6)
where ipy g denotes the molar flux through a single open
RyR2; Far is Faraday’s constant; V, denotes the volume
elements around RyR2; §; indicates the state of the ith
RyR2 channel with 1 as open and 0 as close; and
A[Caz+],- represents the gradient of [Ca®*] at the two
sides of this opening RyR2, for which [Ca?*] at the
cytosolic side is calculated simultaneously using a
previously reported numerical model (Smith et al.
1998). The calcium current through a single opening
RyR2 is ~0.6 pA upon a 1 mmol/L gradient of [Ca?*]
(Mejia-Alvarez et al. 1999), thus, ipyg = 0.6 pA.

SERCA is located in fSR; hence, the refilling flux of jSR
contributes mostly via influx by connecting fSR tubules.
Therefore,

Jret = Kisr X Z ([Ca” Jisp — [Ca™ D), (7)

where [Ca2+]fSR’,- and [Ca®*]; represent Ca* concen-
trations inside and near the ith connecting fSR tubule,
respectively; and constant kgg = 10 pm?/s denotes
molar flux through single connecting fSR tubules
(Brochet et al. 2005).

Implementation of model

Our model is spatially detailed; that is, [Ca?*], [CaF],
[CaCSQ], and all the fluxes are calculated with detailed
spatial distribution. The jSR space is discretized into
triangle grids through the Delaunay triangulation
technique (Wu et al. 2009). Grid density is greater near
fSR tubules and opening RyR2, where [Ca?*] gradient is
larger. Equations 1-7 are numerically solved using the
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basic function method based on unstructured grids (Wu
etal. 2009).

Initially, jSR space is under resting condition, and thus,
intra-jSR [Ca?*] at every spatial grid node and [Ca®*]wg
are 1.0 mmol/L, cytoplasmic [Ca?*] = 0.1 umol/L,
fluorescence compound [CaF] = 0.0714 pmol/L, and
CSQ bound complex [CaCSQ] = 8.75 mmol/L.

The boundary of the computational domains is
composed of the jSR circle and the circles of opening
RyR2 channels. In accordance with Ca?* movement at
the boundary, it can be divided into three parts: the
efflux boundary (RyR circle), influx boundary (sites of
jSR that connect to fSR tubules), and wall boundary (jSR
circle except influx boundaries).

In the influx and efflux boundaries, the fluxes /.. and
Jryr should be calculated for the major control equation,
i.e., Eq. 1, respectively. In the wall boundary, normal
a[Ca**]

dn
normal vector of the wall boundary.

The program was encoded in Python language.

flux is prevented, i.e., = 0, where n denotes the
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from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Bers DM (2002) Cardiac excitation-contraction coupling. Nature
415(6868): 198-205

Bovo E, Mazurek SR, Fill M, Zima AV (2015) Cytosolic Ca(2)(+)
buffering determines the intra-SR Ca(2)(+) concentration at

© The Author(s) 2024


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/415198a

Modeling rat SR Ca®*

RESEARCH ARTICLE

which cardiac Ca(2)(+) sparks terminate. Cell Calcium 58(3):
246-253

Brochet DX, Xie w, Yang D, Cheng H, Lederer W] (2011) Quarky
calcium release in the heart. Circ Res 108(2): 210-218

Brochet DX, Yang D, Cheng H, Lederer W] (2012) Elementary
calcium release events from the sarcoplasmic reticulum in the
heart. Adv Exp Med Biol 740: 499-509

Brochet DX, Yang D, Di Maio A, Lederer W], Franzini-Armstrong C,
Cheng H (2005) Ca?* blinks: rapid nanoscopic store calcium
signaling. Proc Natl Acad Sci USA 102(8): 3099-3104

Cannell MB, Kong CH, Imtiaz MS, Laver DR (2013) Control of
sarcoplasmic reticulum Ca?* release by stochastic RyR gating
within a 3D model of the cardiac dyad and importance of
induction decay for CICR termination. Biophys ] 104(10):
2149-2159

Cheng H, Lederer W] (2008) Calcium sparks. Physiol Rev 88(4):
1491-1545

Domeier TL, Maxwell JT, Blatter LA (2012) beta-Adrenergic
stimulation increases the intra-sarcoplasmic reticulum Ca®*
threshold for Ca** wave generation. | Physiol 590(23):
6093-6108

Eisner DA, Caldwell JL, Kistamas K, Trafford AW (2017) Calcium
and excitation-contraction coupling in the heart. Circ Res
121(2): 181-195

Greensmith DJ, Galli GL, Trafford AW, Eisner DA (2014) Direct
measurements of SR free Ca reveal the mechanism underlying
the transient effects of RyR potentiation under physiological
conditions. Cardiovasc Res 103(4): 554-563

Jimenez-Moreno R, Wang ZM, Messi ML, Delbono O (2010)
Sarcoplasmic reticulum Ca?* depletion in adult skeletal muscle
fibres measured with the biosensor D1ER. Pflugers Arch
459(5): 725-735

Jones PP, Guo W, Chen SRW (2017) Control of cardiac ryanodine
receptor by sarcoplasmic reticulum luminal Ca(2+). ] Gen
Physiol 149(9): 867-875

Kasai H, Yao A, Oyama T, Hasegawa H, Akazawa H, Toko H, Nagai T,
Kinugawa K, Kohmoto O, Maruyama K, Takahashi T, Nagai R,
Miyawaki A, Komuro I (2004) Direct measurement of Ca®*
concentration in the SR of living cardiac myocytes. Biochem
Biophys Res Commun 314(4): 1014-1020

Kong CH, Laver DR, Cannell MB (2013) Extraction of sub-
microscopic Ca fluxes from blurred and noisy fluorescent
indicator images with a detailed model fitting approach. PLoS
Comput Biol 9(2): e1002931. https://doi.org/10.1371/
journal.pcbi.1002931

Li JH, Xie W], Chen X, Huo YL, Cheng HP, Tan WC (2017) A novel
stochastic reaction-diffusion model of Ca?* blink in cardiac
myocytes. Sci Bull 62(1): 5-8

Lu F, Zhao Y, Xie W, Guo Q, Wang SQ, Wang X, Cheng H (2020)

© The Author(s) 2024

Imaging sarcoplasmic reticulum Ca(2+) signaling in intact
cardiac myocytes. Circulation 142(15): 1503-1505

Mejia-Alvarez R, Kettlun C, Rios E, Stern M, Fill M (1999) Unitary
Ca?* current through cardiac ryanodine receptor channels
under quasi-physiological ionic conditions. ] Gen Physiol
113(2): 177-186

Rog-Zielinska EA, Moss R, Kaltenbacher W, Greiner ], Verkade P,
Seemann G, Kohl P, Cannell MB (2021) Nano-scale morphology
of cardiomyocyte t-tubule/sarcoplasmic reticulum junctions
revealed by ultra-rapid high-pressure freezing and electron
tomography. ] Mol Cell Cardiol 153: 86-92

Shang W, Lu F, Sun T, Xu ], Li LL, Wang Y, Wang G, Chen L, Wang X,
Cannell MB, Wang SQ, Cheng H (2014) Imaging Ca*
nanosparks in heart with a new targeted biosensor. Circ Res
114(3): 412-420

Smith GD, Keizer JE, Stern MD, Lederer W], Cheng H (1998) A
simple numerical model of calcium spark formation and
detection in cardiac myocytes. Biophys ] 75(1): 15-32

Sobie EA, Song LS, Lederer WJ (2005) Local recovery of Ca?* release
in rat ventricular myocytes. ] Physiol 565(Pt 2): 441-447

Song LS, Wang SQ, Xiao RP, Spurgeon H, Lakatta EG, Cheng H (2001)
beta-Adrenergic stimulation synchronizes intracellular Ca(2+)
release during excitation-contraction coupling in cardiac
myocytes. Circ Res 88(8): 794-801

Swietach P, Spitzer KW, Vaughan-Jones RD (2008) Ca?*-mobility in
the sarcoplasmic reticulum of ventricular myocytes is low.
Biophys ] 95(3): 1412-1427

Wang L, Myles RC, De Jesus NM, Ohlendorf AK, Bers DM, Ripplinger
CM (2014) Optical mapping of sarcoplasmic reticulum Ca?* in
the intact heart: ryanodine receptor refractoriness during
alternans and fibrillation. Circ Res 114(9): 1410-1421

Wang SQ, Stern MD, Rios E, Cheng H (2004) The quantal nature of
Ca®* sparks and in situ operation of the ryanodine receptor
array in cardiac cells. Proc Natl Acad Sci USA 101(11):
3979-3984

Wu WY, Xie W] (2009) Basic function method A new numerical
method on unstructured grids. Sci China-Phys Mech Astron
52(12): 2016-2026

Xie W, Brochet DX, Wei S, Wang X, Cheng H (2010) Deciphering
ryanodine receptor array operation in cardiac myocytes. ] Gen
Physiol 136(2): 129-133

Zhang Y, Qi Y, Li J], He W], Gao XH, Zhang Y, Sun X, Tong ], Zhang J,
Deng XL, Du X], Xie W (2021) Stretch-induced sarcoplasmic
reticulum calcium leak is causatively associated with atrial
fibrillation in pressure-overloaded hearts. Cardiovasc Res
117(4): 1091-1102

Zima AV, Picht E, Bers DM, Blatter LA (2008) Termination of cardiac
Ca®* sparks: role of intra-SR [Ca?*], release flux, and intra-SR
Ca?* diffusion. Circ Res 103(8): e105-115

335 | October 2024 | Volume 10 | Issue 5


https://doi.org/10.1016/j.ceca.2015.06.002
https://doi.org/10.1161/CIRCRESAHA.110.231258
https://doi.org/10.1073/pnas.0500059102
https://doi.org/10.1016/j.bpj.2013.03.058
https://doi.org/10.1152/physrev.00030.2007
https://doi.org/10.1113/jphysiol.2012.236117
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1093/cvr/cvu158
https://doi.org/10.1007/s00424-009-0778-4
https://doi.org/10.1085/jgp.201711805
https://doi.org/10.1085/jgp.201711805
https://doi.org/10.1016/j.bbrc.2003.12.189
https://doi.org/10.1016/j.bbrc.2003.12.189
https://doi.org/10.1371/journal.pcbi.1002931
https://doi.org/10.1371/journal.pcbi.1002931
https://doi.org/10.1371/journal.pcbi.1002931
https://doi.org/10.1371/journal.pcbi.1002931
https://doi.org/10.1016/j.scib.2016.12.001
https://doi.org/10.1161/CIRCULATIONAHA.120.047784
https://doi.org/10.1085/jgp.113.2.177
https://doi.org/10.1016/j.yjmcc.2020.12.006
https://doi.org/10.1161/CIRCRESAHA.114.302938
https://doi.org/10.1016/S0006-3495(98)77491-0
https://doi.org/10.1161/hh0801.090461
https://doi.org/10.1529/biophysj.108.130385
https://doi.org/10.1161/CIRCRESAHA.114.302505
https://doi.org/10.1073/pnas.0306157101
https://doi.org/10.1007/s11433-009-0227-6
https://doi.org/10.1007/s11433-009-0227-6
https://doi.org/10.1007/s11433-009-0227-6
https://doi.org/10.1085/jgp.201010416
https://doi.org/10.1085/jgp.201010416
https://doi.org/10.1093/cvr/cvaa163

	INTRODUCTION
	RESULTS
	DISCUSSION
	METHODS
	Model geometry
	Reaction/diffusion equations
	Implementation of model

	Acknowledgements
	Compliance with Ethical Standards
	Conflict of interest
	Human and animal rights and informed consent
	References

