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Multiscale Modeling of Calcium Cycling in Cardiac Ventricular Myocyte:
Macroscopic Consequences of Microscopic Dyadic Function
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ABSTRACT In cardiac ventricular myocytes, calcium (Ca) release occurs at distinct structures (dyads) along t-tubules, where
L-type Ca channels (LCCs) appose sarcoplasmic reticulum (SR) Ca release channels (RyR2s). We developed a model of the
cardiac ventricular myocyte that simulates local stochastic Ca release processes. At the local Ca release level, the model repro-
duces Ca spark properties. At the whole-cell level, the model reproduces the action potential, Ca currents, and Ca transients.
Changes in microscopic dyadic properties (e.g., during detubulation in heart failure) affect whole-cell behavior in complex ways,
which we investigated by simulating changes in the dyadic volume and number of LCCs/RyR2s in the dyad, and effects of
calsequestrin (CSQN) as a Ca buffer (CSQN buffer) or a luminal Ca sensor (CSQN regulator). We obtained the following results:
1), Increased dyadic volume and reduced LCCs/RyR2s decrease excitation-contraction coupling gain and cause asynchrony of
SR Ca release, and interdyad coupling partially compensates for the reduced synchrony. 2), Impaired CSQN buffer depresses
Ca transients without affecting the synchrony of SR Ca release. 3), When CSQN regulator function is impaired, interdyad

coupling augments diastolic Ca release activity to form Ca waves and long-lasting Ca release events.

INTRODUCTION

Calcium (Ca) release in a ventricular myocyte occurs in local
domains along t-tubules called dyadic spaces. In this space,
~50-200 ryanodine receptors (RyR2s) in the terminal
cisternae of the sarcoplasmic reticulum (SR), called junctional
SR (JSR), closely appose five to 15 L-type Ca channels
(LCCs) situated along the t-tubules (1). Ca release from
RyR2s can occur in two ways: During excitation-contraction
coupling (ECC), LCCs open in response to the membrane
potential and cause an influx of Ca into the dyadic space
from the extracellular space. This Ca influx triggers a much
larger Ca release from the RyR2s through a process called
calcium-induced calcium release (CICR) (2). Ca release can
also occur spontaneously without an influx of Ca from
LCCs in the dyad (3). A typical ventricular myocyte has
~10,000-50,000 dyads. Global macroscopic Ca release in
the whole cell is then the cumulative sum of microscopic local
Ca releases from the dyads. To understand how modifications
of Ca release processes at the dyadic level translate into
changes in whole-cell Ca behavior, it is necessary to model
Ca release processes at the local dyadic level and extend this
modeling framework to include sarcolemmal ionic currents,
pumps, and exchangers to form an integrated model of the
cell. This is a major objective of the work presented here, moti-
vated by the fact that various disease processes alter dyadic
structure/function to cause abnormal cellular phenotypes.

In a normal ventricular myocyte, t-tubules form a regular
network of invaginations mainly in the transverse direction
(4). The cell-wide regular network ensures that Ca release
occurs nearly synchronously during excitation due to
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membrane depolarization (5). There is evidence that in the
failing heart, remodeling processes lead to disarray of
t-tubules (6). A family of proteins known as junctophilin-2
plays a role in colocalization of t-tubules and SR, thereby
ensuring proper coupling between LCCs and RyR2s in the
dyad (7). Junctophilin-2 deficiency has been observed
during heart failure and can lead to depressed contractility
as well as hyperactive RyR2s (8). Such deficiencies may
result in changes in the structural dyadic properties. ECC
in a ventricular myocyte can be quite sensitive to structural
changes in the dyad that affect the coupling between LCCs
and RyR2s in tight restricted spaces. It is important to
understand how such changes on the molecular scale alter
the whole-cell ECC gain and other cellular properties.

Calsequestrin (CSQN), a native SR protein, can play an
important role in the CICR process by functioning both as
a Ca buffer in the SR (9) and as a luminal Ca sensor by regu-
lating RyR2 openings via interaction with the anchoring
proteins Triadin and Junctin (10). Recently, mutations in
CSQN that cause changes in its Ca buffering capacity or its
ability to interact with RyR2 (11,12) were implicated in
hereditary cardiac arrhythmias. The mutation-induced distur-
bances occur at the level of the dyad but have important global
consequences at the level of the whole cell. Understanding the
relationships between dyadic processes and whole-cell func-
tion requires a multiscale model of Ca cycling.

Motivated by the above findings, in this work we sought to
1), develop a gating model of RyR2 in which RyR2 opening is
a function of cytosolic Ca and CSQN; 2), create a model of the
dyad that takes into account the stochastic nature of LCC and
RyR2 openings; 3), build a multiscale model of ventricular
myocyte Ca cycling and electrophysiology; and 4), investi-
gate how changes in microscopic properties of the dyad affect
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whole-cell behavior. To that end, we examined the following
changes in dyad properties: 1), impaired buffering capacity of
CSQN; 2), impaired luminal Ca sensor function (RyR2 gating
regulation by CSQN); 3), changes in the number of LCCs/
RyR2s in the dyad; and 4), changes in dyadic volume.

METHODS

A summary of important model properties is presented here. Detailed
methods, descriptions, definitions of variables and abbreviations, and model
equations are provided in the Supporting Material (including Fig. S1,
Fig. S2, Fig. S3, Fig. S4, and Fig. S5). The model code can be downloaded
from the research section of http://rudylab.wustl.edu. Formulation of the
sarcolemmal ionic currents, pumps, and exchangers was adapted from the
existing guinea-pig ventricular myocyte model (13). The following
subscripts are used in abbreviations: SR, sarcoplasmic reticulum; NSR,
network SR; JSR, junctional SR; ss, subsarcolemmal space (submem-
brane); d, dyadic space; and i, myoplasm. Superscripts cell and dyad denote
whole-cell and dyadic values, respectively.

Dyad model

Each dyad (see diagram in Fig. 1 A) comprises the following Ca distribution
compartments: myoplasm, NSR, JSR, dyadic space, and submembrane
space. In the control myocyte model, it is assumed that 15 LCCs and
100 RyR2s are present in a dyad.

Ventricular myocyte model

Fig. 1 A shows a schematic diagram of the multiscale ventricular myocyte
model and its components. The model consists of 10,000 dyads in which
Ca release occurs stochastically. Each dyad communicates with its neigh-
boring dyads via Ca diffusion in the NSR and the dyadic space. Membrane
ionic currents, pumps, and exchangers sense local Ca concentrations in their
compartment. Dyadic concentrations are averaged to represent whole-cell
macroscopic values. Dyadic currents are added to represent whole-cell values.

RyR2 model

The Markov model of RyR2 (Fig. 1 A) consists of four states and two tiers
of modal gating (upper and lower). The upper tier is the activation tier, and
the lower tier is the refractory tier. K, for Ca activation in the lower tier is
10 times higher than K, in the upper tier (150 uM vs. 15 uM).

CSQN regulator (luminal Ca sensor)

The transition of RyR2 channel states between the activation tier and refrac-
tory tier depends on CSQN. This dependence represents the luminal Ca
sensor function of CSQN in the model. Details about the regulation of
RyR2 openings by CSQN are provided in the Supporting Material.

CSQN buffer

CSQN has a total capacity of absorbing 10 mM Ca with a half constant (Ky)
of 0.8 mM. It is assumed that Ca binds instantaneously to CSQN.

RESULTS

The multiscale model of the cardiac ventricular myocyte
scales processes from stochastic single-channel openings
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FIGURE 1 (A) Schematic diagram of the spatially distributed ventricular
myocyte model and its components. The model consists of 10,000 diffu-
sively coupled CaRUs (also called dyads). Each dyad consists of five
distinct Ca compartments: NSR, JSR, dyadic space, submembrane space,
and myoplasm. Ca concentration is assumed to be uniform in each compart-
ment. The number of LCCs and SR Ca release channels (RyR2s) in a dyad
is 15 and 100, respectively, and their states fluctuate stochastically. State
diagram of the RyR2 model is shown in the upper-left corner. LCC-RyR2
interaction in a dyad is shown in the upper-right corner. Ca release occurs in
the dyadic space. CSQN is a Ca buffer that also regulates RyR2 openings.
JSR is defined as the domain of CSQN distribution, so CSQN is in all of
JSR. Sarcolemmal buffers (BSL) and SR buffers (BSR) are in the submem-
brane space. Calmodulin (CMDN) and troponin (TRPN) are Ca buffers in
the myoplasm. All Ca-dependent membrane currents, pumps, and
exchangers sense Ca concentration in the compartment in which they
reside. Important currents that determine membrane potential are shown.
Diffusive Ca fluxes are indicated by solid thick arrows. Equations for the
model are given in the Supporting Material. The model code is available
to download from the research section of http://rudylab.wustl.edu. (B)
Left: Simulated Ca spark (line scan); Cag indicates the concentration of
Ca-bound Fluo-3 dye. Top right: Temporal profile of Cag at three different
locations: the spark center (blue), 0.1 um from spark center (green), and
0.5 um from spark center (red). Bottom right: Spatial profile of Ca spark
at several time points after initiation. It is assumed that the line scan passes
through the spark origin.
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of RyR2s and LCCs to the whole-cell action potential (AP)
and Ca transient (CaT). In the first half of the Results
section, we present model simulations of normal physiolog-
ical processes at both the local dyadic level and the whole-
cell level, and show their correspondence across scales.
These simulations serve to allow evaluation and validation
of the model. In the second part of the Results section we
discuss the macroscopic (whole-cell) consequences of
changes in the microscopic properties of the dyad. In
particular, we are interested in the whole-cell consequences
of changes in the structural properties of the dyad, including
the volume of the dyadic space and the number of LCCs/
RyR2s in the dyad. Pathologically, such changes may occur
during detubulation in a failing heart (6). We are also
interested in the whole-cell consequences of impaired
function of CSQN as a buffer of Ca or a regulator of
RyR2 function (or both). Impairment of CSQN function
has been implicated in genetic mutations that lead to cardiac
arrhythmias (11,12). The model allows us to investigate
separately the roles played by CSQN buffer and the
CSQN regulator in these pathologies. In addition, we inves-
tigate the effects of interdyad coupling via Ca diffusion on
whole-cell function when the above changes in dyadic prop-
erties are present.

Normal physiological function
Simulated Ca spark

Fig. 1 B shows a simulated Ca spark during myocyte pacing
at 1 Hz. A temporal profile of fluorescent-dye-bound Ca
(Cap) at 0, 0.1, and 0.5 um from the spark center is shown
at the top right of the figure. After application of the
stimulus, a small foot of Ca increase due to Ic,; is seen
before the Ca spark activates, in similarity to the sparklet-
triggered spark observed by Wang et al. (14). The spatial
profile of the Ca spark at 0, 2, 5, 10, 20, and 50 ms after
initiation of the spark is also shown (bottom right). The
simulated Ca spark properties are consistent with experi-
ments (3) and with simulated Ca sparks generated
with either a square pulse of Ca release (2 pA for 10 ms)
(15) or a square pulse of Ca trigger (0.5 pA for 0.5 ms) (16).

RyR2 model response to cytosolic and SR Ca

Fig. 2 A (left panel) shows simulated single-channel RyR2
records for 15 uM Cayq and for 100 uM and 2 mM Cagg.
Experiments performed with native RyR2s in lipid bilayers
(17) for a cis Ca concentration of 1 uM, and frans Ca
concentrations of 20 uM and 5 mM are shown on the right.
The open probability (Po) of the channel at 15 uM Cay for
different Caggr-values is shown in Fig. 2 B (left: model;
right: experiment). The model behavior is similar to that
seen in experiments. Quantitative differences can be attrib-
uted to the different environment of RyR?2 in the cell and in
lipid bilayers.
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FIGURE 2 RyR2 model response. (A) Simulated (left) and experimen-
tally measured (right) single-channel current records of RyR2 in response
to Ca. In the model, the dyadic space Ca (Cay) is held at 15 uM and records
are shown for two different SR Ca (Cagr) values: 100 uM and 2 mM. In
experiments, cis [Ca] is held at 1 uM and traces are shown for two different
trans [Ca] values: 20 uM and 5 mM (reproduced with permission from
Gyorke and Gyorke (17)). (B) The Po of RyR2 as a function of Cagg at
15 uM Cagq. In the simulation (leff), Po represents the absolute open prob-
ability. In the experiments (right), Po is plotted relative to control condi-
tions at 20 uM trans [Ca] and 1 uM cis [Ca]. The solid line indicates
a +40 mV voltage difference between the cis and trans (cis — trans)
compartments of the lipid bilayer. The dashed line indicates a voltage
difference of —40 mV.

Ca currents and Ca concentrations in a single dyad
during pacing

Simulated Ca currents and Ca concentrations in one of the
dyads during an AP, when the cell is paced at 1 Hz, are
shown in Fig. 3. During pacing at 1 Hz in response to
membrane voltage, Ca influx via Idcyjfl begins shortly after
the AP upstroke. Peak Iccl}:;fl reaches —0.11 pA, and SR Ca
release occurs 5 ms after peak Idcff has been reached.
Peak Ca release current reaches 4 pA and decays over
15 ms, consistent with reported values of an elementary
SR Ca release current and decay time course (3). After the
release is terminated, the release channels become refrac-
tory for the remaining duration of the AP plateau. Cagyad
peaks at 150 uM and decays over 20 ms, following the
time course of SR Ca release. This result is consistent
with the graded nature of ECC: under normal physiological
conditions, a given Ca influx via LCCs triggers a much
greater Ca release via RyR2s (18), and therefore Cagyao1 is
governed by SR Ca release. Local SR Ca, Cal, decays
from 1.3 mM to a nadir of 1 mM and recovers in
~250 ms, consistent with the finding that diastolic Cagg is
only partially depleted during contraction (19). The results
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FIGURE 3 Ca currents and Ca concentrations in a single dyad in
a ventricular myocyte model paced at 1 Hz. (A) AP. (B) L-type Ca current

(1%, (C) Ca release current (I%). (D) Dyadic space Ca concentration

(Ca™). (E) Submembrane Ca concentration (Ca%*). (F) Free SR Ca
concentration (Cag]yfd). Insets in C—E show expanded timescale.

demonstrate that substantial differences in the peak concen-
tration and time course of Ca exist among different local Ca
compartments within the dyad during ECC.

Whole-cell (macroscopic) Ca currents and Ca concentrations
during pacing

The steady-state AP at 1 Hz, whole-cell I and %" values,
and compartmental Ca concentrations are shown in Fig. 4.
The duration of the whole-cell Ca release flux, I, and
the average dyadic space Ca, Caﬁe“, is in the range of 20—
30 ms, which is similar to the duration of local Ca release

events. However, the rise time of these whole-cell parame-
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FIGURE 4 Whole-cell Ca currents and Ca concentrations in the ventric-
ular myocyte model paced at 1 Hz. (A) AP. (B) L-type Ca current (I“Cfll}‘) (o)
Ca release flux from SR (J¢"). (D) Average Ca concentration in the dyadic
space (CaS"). (E) CaT in the myoplasm (Caf!'). (F) Average free Ca
concentration in the SR (Cagd)). Insets in C and D show expanded time-
scale.
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ters is slower, and the peak Caﬁlell is lower than the local
Cagy ad, reflecting a slight temporal dispersion in the occur-
rence of local Ca release events. The global SR Ca depletion
profile is similar to that of local SR Ca depletion (CaSy!
versus Cal®), indicating that SR Ca depletion occurs
uniformly throughout the cell. The different shape of Iccly,f
and I‘C‘;li can be attributed to the small number of LCCs in

the dyad (Fig. S2).

Graded release and variable gain and rate dependence
of myoplasmic Na and Ca

LCCs and RyR2s interact in local dyadic spaces, and
stochastic openings of local LCCs can trigger openings of
local RyR2s. The magnitude of Ca entry via LCCs deter-
mines the number of RyR2 openings and therefore the
magnitude of SR release. This phenomenon of graded
release is reproduced by the model, as demonstrated in
Fig. 5 A, which shows that peak RyR2 flux is a graded func-
tion of peak LCC flux. Another property of a cardiac myo-
cyte is the variable gain. The ratio of Ca released from the
SR to Ca entry into the myocyte, also known as gain, is
a function of the transmembrane potential. The model repro-
duces this property. For example, in Fig. 5 B, for a similar
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FIGURE 5 Graded release, variable gain, effect of dyad properties on
ECC, and rate dependence of myoplasmic Na; and Ca;. (A) Peak LCC Ca
flux and peak Ca release flux as a function of transmembrane voltage. (B)
Normalized peak LCC Ca flux and peak Ca release flux. (C) ECC gain
for three conditions: 1), control (100/15 RyR2/LCC ratio, 2 x 107"° L
dyadic volume); 2), 50/7 RyR2/LCC ratio, 2 X 107 L dyadic volume;
and 3), 100/15 RyR2/LCC ratio, 6 x 107'° L dyadic volume. Initial
conditions were those of a paced myocyte at 1 Hz. After 5 ms the cell
was clamped at the voltage indicated on the x axis. (D) Myoplasmic Na;
and Ca; rate dependence. Steady-state (after 1000 beats of pacing) Na;,
peak Ca; and diastolic Ca; as a function of cycle length (CL).
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magnitude of peak LCC flux at transmembrane voltages
of +50 mV and —20 mV, the peak RyR2 flux is quite
different. The gain computed in the model as the ratio of
peak RyR2 flux to peak LCC flux is a decreasing function
of voltage (Fig. 5 C). The gain at 0 mV is 15.8, which is
similar to the value of 16 previously measured in rats (20).

Simulated Na;, peak Caice“, and diastolic CaiCell as a func-
tion of pacing rate are shown in Fig. 5 D. Both Na and Ca
ions accumulate increasingly in the cell as pacing frequency
is increased, consistent with previous results (13).

Macroscopic consequences of changes
in microscopic dyadic function

Effects of alterations of dyadic structure on ECC

Because ECC occurs at local domains of the dyad, changes
in structural dyadic properties that alter the functional inter-
action between LCCs and RyR2s during CICR can have
significant effects on the Ca release process. Such structural
alterations are observed in failing or hypertrophic hearts
(21,22). Fig. 5 C shows the ECC gain curve (defined as
the ratio of peak RyR2 Ca release flux to peak LCC Ca
influx) when the dyadic space volume is increased by
a factor of 3 (solid line: control) simulating increased sepa-
ration between LCCs and RyR2s during tubular disarray.
The dotted line shows the gain curve when the numbers of
RyR2s/L.CCs are reduced to 50/7 (from 100/15 in control),
simulating structural derangement of channels in the dyad.
Gain values are lower than control at all voltages. Taken
together, the results support the hypothesis that reduced
ECC gain of CICR in certain pathologies that involve struc-
tural changes (e.g., hypertrophy) may be due to microscopic
structural defects in the dyads (21).

Effects of structural derangement of channels in the dyad
on the whole-cell Ca release process are investigated further
in Fig. 6. In the first set of simulations (dashed line; control
is indicated by solid black), the number of functional chan-
nels in the dyad is reduced to 4/25 LCC/RyR2, whereas the
Ca entry via individual LCCs stays the same. During pacing,
CaTs are severely blunted, indicating a near absence of
SR Ca release, and only a few dyads are activated. The
likely explanation for such impaired function is that the
reduced number of LCCs in the dyad reduces the functional
coupling between LCCs and RyR2s during CICR. We then
investigated whether increasing Ca entry per LCC could
rescue the impaired CICR, as suggested by the positive
inotropic effect of Ca channel agonist BayK8644 (23).
The second set of simulations (gray line) shows a scenario
where Ca entry through LCC is increased such that I is
similar to control conditions, whereas the number of chan-
nels in the dyad is still reduced to 4/25 LCC/RyR2. With
this manipulation, CaTs are rescued only partially, indi-
cating that Ca release is still impaired due to asynchronous
activation of dyads (Fig. 6 D). This implies that the number
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of functional channels, via its effect on synchrony of release,
has a greater influence on global CaT than the magnitude of
Ca entry. These results support the hypothesis that in
a failing heart, despite similar whole-cell I, -values,
smaller amplitude and slowed kinetics of CaT are due to
asynchronous activation of Ca sparks (24).

Role of interdyad coupling in ECC

When the number of LCCs in the dyad was reduced to seven
(from 15 in control) and the interdyad coupling was
impaired, SR Ca release became asynchronous (Fig. 7, black
line) resulting in a smaller peak and slower time to peak of
CaT. With intact interdyad coupling, SR Ca release became
more synchronous (gray line), indicating that interdyad

A B 1.5 cell
0.6 Casr
caj™ =
E_' o i s 1 --\/_
0.2 02
0 . . \ 0 + -
C D Fraction of Active Dyads
cell 1 1
6 6 Jrel
0.8 0.8
® 4 0.6
=40, 061|]0.4
E 0.4 0.2
2 0 0
0 10 20 30 40 50 0.2 0 10 20 30 40 50
0 r r y ; - \
100 200 300 ' 0 100 200 300
ms ms

= 7 LCCs/dyad and impaired inter-dyad coupling
= 7 LCCs/dyad and intact inter-dyad coupling
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coupling had a synchronizing effect on SR Ca release in this
simulated pathology. Similar results were obtained when the
dyadic volume was increased threefold (Fig. S5). Pathologic
structural defects associated with heart failure, such as detu-
bulation, may result in a reduced number of functional
LCCs or an increased dyadic space volume. The simulation
results suggest that under such circumstances, SR Ca release
becomes asynchronous and interdyad coupling serves as
a compensatory mechanism that improves synchrony.

Effects of impaired CSQN function

In SR, CSQN can function as both a Ca buffer and a regu-
lator of RyR2 openings (9,10). Experimentally, it is very
difficult, if not impossible, to isolate and study separately
the effects of CSQN as a buffer or a regulator on the SR
Ca release process. The model allowed us to differentiate
these effects in a controlled manner.

Simulated impaired CSQN buffering ability resulted in
a smaller Ca release flux, smaller CaT, and higher diastolic
JSR load (Fig. 8). Faster recovery of the JSR load after
release was observed. The reduced CICR was not associated
with asynchronous activation of dyads (Fig. 8 D); rather, it
was reduced due to a reduced amount of releasable Ca
from the SR. Diastolic Ca release events were not observed,
despite the faster recovery of the JSR Ca load.

Fig. 9 shows the effect of an impaired luminal Ca sensor
function on whole-cell behavior. In the simulation, the effect
of CSQN on RyR?2 openings was examined in the presence
of an intact (Fig. 9, A and B) or impaired (Fig. 9, C and D)
CSQN buffering function, in an attempt to separate the two
processes. Multiple diastolic Ca release events in the form
of Ca sparks (indicated by yellow arrows) and Ca waves
(indicated by white arrows) occur when the CSQN buffer
is intact (Fig. 9 A). Panel B shows that the dyad reactivates
during the AP (indicated by #) and activates spontaneously
during diastole (indicated by *), indicating abnormal restitu-
tion of SR Ca release. In a paced control myocyte model, Ca
sparks rarely occur in diastole, due to the refractoriness of
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FIGURE 8 Effect of impaired CSQN buffering capacity on whole-cell
behavior. (A) Myoplasmic CaT (Cafe“). (B) JSR Ca concentration
(Ca$gh). (C) Carelease flux (J%). (D) Fraction of active dyads. The myo-
cyte model is paced at | Hz. Insets show J%%/! and the fraction of active dyads

on an expanded timescale.
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the RyR2s. In a quiescent myocyte, when RyR2s are in
the active state, the spontaneous Ca spark frequency is
calculated to be 40/cell/s, which is similar to the experimen-
tally recorded frequency in guinea-pigs (25).

When the CSQN buffer is also impaired, long-lasting Ca
release events occur in few dyads, indicating a defective
termination process of Ca release (white arrows in Fig. 9
C). Ca sparks occur during diastole (yellow arrows).
However, in contrast to the case of impaired Ca sensor func-
tion alone (but with intact buffering), Ca waves do not
develop, because in the absence of CSQN buffer, the JSR
Ca content and the amount of released Ca is small and insuf-
ficient to trigger release from adjacent dyads to generate
propagating waves. Ca$’*! in one of the dyads is plotted in
panel D. The dyad reactivates during the AP (indicated
by #) and can also activate spontaneously (indicated by *)
during diastole, indicating that in addition to the abnormal
termination, there is an abnormal restitution of Ca release
at the dyadic level. In a dyad undergoing a long-lasting Ca
release event (Fig. S3), the open fraction of RyR2s oscillates
between 0.8 and 0.1, and the release lasts for >3.8 s.

Role of interdyad coupling when CSQN function is impaired

When impaired interdyad coupling is present in addition to
impaired luminal Ca sensor function (but CSQN buffering is
intact), Ca waves no longer occur. However, dyads can still
reactivate during the AP or spontaneously activate during
diastole (results not shown). Thus, interdyad coupling
promotes the formation of Ca waves when CSQN sensor
function is impaired, but its buffering ability is intact.
When CSQN is dysfunctional as both a luminal Ca sensor
and buffer, impaired interdyad coupling prevents the forma-
tion of long-lasting release events. We conclude that
abnormal patterns of Ca release due to impaired CSQN
function are modulated by the interaction between CSQN
as a buffer and interdyad coupling.

DISCUSSION

In cardiac ventricular myocytes, Ca release occurs at local
domains along t-tubules where LCCs and RyR2s interact
via Ca in dyadic spaces. Pathologies such as heart failure
may involve detubulation of the myocyte t-tubule system
(6), changes in dyadic structure, and impaired functional
coupling between LCCs and RyR2s (22). These subcellular
local changes can alter CICR and ECC, and disrupt normal
whole-cell macroscopic behavior. Ca release can also occur
spontaneously during diastole, and impaired CSQN func-
tion, both as a regulator of RyR2 gating and as a buffer of
SR Ca (11,12), has been implicated in such aberrant Ca
release events. At present, it is extremely difficult, if not
impossible, to study microscopic processes in subcellular
compartments experimentally. With experimental ap-
proaches, the ability to integrate across scales from micro-
scopic processes to whole-cell behavior is very limited. To
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Impaired luminal Ca sensor
and CSQN Buffer

FIGURE 9 Effect of impaired luminal Ca sensor
function on whole-cell behavior. (A and B) CSQN
buffer is intact. (C and D) CSQN buffer is
impaired. (A and C) Line-scan image of Ca™*.
(B and D) Dyadic space Ca concentration
(Ca¥) in one of the dyads. Arrows at the bottom
of panels B and D indicate pacing stimuli. Sponta-
neous diastolic Ca release events in the form of Ca
sparks (yellow arrows) and waves (white arrows)
are seen in panel A. Long-lasting Ca release events
in a few dyads (white arrows) and dim Ca sparks
(yellow arrows) are seen in panel C. The dyad re-
activates during the paced AP (#) and spontane-

study these phenomena through computer modeling, we
constructed a multiscale model of Ca cycling that takes
into account local dyadic Ca release activities and interac-
tions between dyads via Ca diffusion. The model is
stochastic in nature, and its relation to other existing models
is discussed in the Supporting Material.

Effect of structural changes in dyads
on whole-cell behavior

In normal cardiac myocytes, depolarization produces a rapid
rise in myoplasmic Ca as a consequence of coordination and
summation of localized Ca release events (18). Disruption
of coordinated Ca spark initiation may underlie abnormali-
ties of CaTs, as observed in myocytes from hearts with
various pathologies. Several membrane factors can reduce
the synchrony of activation and summation of Ca sparks,
including a depressed phase-1 AP notch due to a reduced
transient outward current, I,,; (26), which decreases the
driving force for I, , thereby affecting the trigger for SR
Ca release. Changes in I¢,; due to mutations, remodeling,
or drugs can also have a similar effect on Ca release
synchrony. Intracellularly, altered Ca sensitivity and gating
kinetics of RyR2s can affect the synchrony of release
(27). Besides such molecular changes, impaired coupling
between LCCs and RyR2s (22), or structural remodeling
of t-tubules in failing hearts (6) can result in Ca release
asynchrony. In this work, we simulated several structural
defects in the dyad and found support for the hypothesis
that ECC gain is lower with such defects. Simulations also
showed that even with a normal level of whole-cell Ca entry
via Ic,r, as might occur in failing or hypertrophic hearts
(22), a reduced dyadic density of LCCs can alter CICR,
resulting in smaller CaTs due to asynchronous activation
of dyads. In normal ventricular myocytes, Ca influx through
LCCs is thought to be the primary synchronizing mecha-
nism of Ca release (28). Our simulation results suggest
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ously activates during diastole (*) in panels B
and D.

that propagated CICR via interdyad diffusive coupling
increases synchronization of Ca release when Ca influx
sensed by RyR2s is reduced due to a decreased number of
dyadic LCCs or increased dyadic volume. Such t-tubular
or dyadic structural changes occur in failing hearts, and in-
terdyad coupling may serve as a compensatory mechanism
for rescuing ECC gain to improve contractility in these
hearts.

Effects of impaired CSQN function

CSQN is a high-capacity Ca-binding protein in the SR of
cardiac myocytes. When CSQN buffering ability was
impaired, SR Ca release flux was smaller in magnitude
and duration, consistent with CSQN’s role as a Ca buffer.
This resulted in depressed CaT, which can suppress cardiac
contractility. Impaired CSQN buffering ability caused little
change in the synchronization of Ca release. Caygg recovery
was faster, which could have led to premature recovery of
RyR2s from luminal Ca-dependent refractoriness (29) and
diastolic release events. This possibility was not supported
by our simulation results, because restitution of Ca release
was preserved by intact CSQN regulator function.

Multiple processes have been implicated in restitution of
Ca release, including cytosolic Ca-dependent or use-depen-
dent inactivation of RyR2s, luminal Ca-dependent refracto-
riness of RyR2s, inactivation of LCCs, and slower refilling
of SR Ca after a previous SR Ca release event (30). We
found that in the presence of intact CSQN buffering ability,
an impaired luminal Ca sensor function of CSQN resulted in
increased diastolic Ca release activity in the form of Ca
waves. This suggests that luminal Ca-dependent refractori-
ness may be a potent mechanism for restitution of Ca
release.

‘When both CSQN buffering ability and luminal Ca sensor
function were impaired, increased diastolic Ca sparks, but
not Ca waves, were present. Both the frequency of RyR2
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openings and the SR Ca load are important factors in prop-
agation of Ca waves, which are usually observed only in
Ca-overloaded cells (3). In this case, despite the increased
frequency of diastolic Ca sparks, the reduced SR load due
to impaired CSQN buffer may have been insufficient to
sustain Ca waves.

Our results indicate that impaired CSQN regulation func-
tion, but with preserved buffering ability, is necessary for
formation of arrhythmogenic Ca waves. Ca-wave-induced
delayed after-depolarizations and triggered activity have
been implicated as the arrhythmogenic mechanism in cate-
cholaminergic  polymorphic  ventricular tachycardia
(CPVT). The D307H missense mutation in CSQN, presum-
ably leading to impaired CSQN buffering capacity (12), was
also implicated in CPVT. It is possible that the mutation also
affects CSQN regulation of RyR2, and that the degree of
buffering impairment is insufficient to prevent the formation
of Ca waves. It is also possible that compensatory mecha-
nisms such as increased SR volume (31) and/or overexpres-
sion of the SR-binding protein calreticulin (32) may also
preserve SR load to sustain propagated CICR in such
mutants.

Ca sparks occur as brief, spatially restricted elevations of
Ca, suggesting that a potent mechanism terminates Ca
release. Depletion of SR Ca has been proposed as a key
mechanism of release termination (16). Long-lasting Ca
release events occurred in the simulations only when
luminal Ca sensor function was impaired, indicating its
role in signaling Ca release termination.

Interdyad coupling

In the model, interdyad coupling in the SR was implemented
as rapid diffusion of Ca between NSRs of adjacent dyads
(Tayr nsr_nsg = 1 ms), and slower diffusion of Ca between
NSR and JSR in a given dyad (7,.s; = 10 ms). Recent
reports have indicated rapid diffusion of Ca in the SR
(33), suggesting a functionally continuous structure. Our
choice to distinguish between NSR and JSR is based on
two considerations: 1), CSQN localizes only at the terminal
cisternae of the SR (we define JSR as the volume (compart-
ment) of CSQN distribution (Fig. S1)); and 2), structural
considerations restrict connectivity between JSR and NSR
(34). Experiments have also indicated that some junctions
are better connected to the rest of the SR than others (35).
During global CICR, the simulated local SR Ca depletion
in individual dyads (including contributions from JSR and
NSR) is 47% (computed as the ratio of Ca released to free
SR Ca before release), 33% (computed as the ratio of Ca
released to total SR Ca before release), or 23% (computed
as the ratio of free SR Ca depletion to free SR Ca before
release; Fig. 3 F). The whole-cell SR Ca depletion (contrib-
uted from JSR and NSR) during a global CaT constitutes
a similar percentage of diastolic Cagg content. These
numbers are consistent with measurements indicating that
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diastolic Cagg is only partially depleted (24—63%) during
contraction (19).

Ca waves and long-lasting Ca release events are not
present when interdyad coupling is impaired. Local Ca
release disturbances still remain in the form of dyad reacti-
vation during the AP and spontaneous Ca release during
diastole. These results demonstrate that interdyad coupling
can amplify local stochastic Ca release disturbances. This
deleterious amplification can occur at the level of the
dyad, causing long-lasting Ca release events, or across the
dyads to form Ca waves in the whole cell. On the other
hand, under pathological conditions when the dyadic struc-
ture is impaired, interdyad coupling may serve as a benefi-
cial mechanism to maintain normal synchronization of Ca
release. Thus, in a functioning cardiac ventricular myocyte,
optimal tuning of interdyad coupling may be a factor in
maintaining proper systolic function without amplification
of local Ca release events during diastole.

Limitations

The stochastic multiscale model presented here goes beyond
previous efforts to construct a myocyte Ca cycling model
that captures the spatial dynamics of Ca release and
CSQN-mediated regulation of RyR2 gating. However, it
has important limitations that should be considered. The
model represents the complex three-dimensional spatial
organization of dyads and their distribution in the myocyte
by simplified linear geometry. Interdyad coupling in the
cytoplasm is implemented by diffusion of Ca between adja-
cent dyadic spaces. Although this implementation is
phenomenological, it is consistent with the experimental
observation that Ca waves occur in Ca-overloaded cells
(3) (Fig. S4). Finally, luminal Ca regulation of RyR2 gating
is assumed to occur exclusively via CSQN. Alternative
regulation mechanisms of RyR2 gating, such as luminal
Ca feed-through or Ca inactivation sites (36), were not
considered.

SUPPORTING MATERIAL

Definitions and abbreviations, model parameters, model currents, model
fluxes, model concentrations and buffers, additional methods and discus-
sion, and figures are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(11)00601-1.
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