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Abnormal Ca™ handling is well-established as the trigger of cardiac arrhythmia in catecholaminer-
gic polymorphic ventricular tachycardia and digoxin toxicity, but its role remains controversial in
Torsade de Pointes (TdP), the arthythmia associated with the long QT syndrome (LQTS). Recent
experimental resulis show that eary afterdepolarizations (EADs) that initiate TdP are caused by
spontaneous (non-voltage-triggered) Ca®" release from Ca™ -overloaded sarcoplasmic reticulum
(SR) rather than the activation of the L-type Ca” -channel window current. In bradycardia and
long QT type 2 (LQT?2), a second, non-voltage triggered cytosolic Ca™ elevation increases gradu-
ally in amplitude, occurs before overt voltage instability, and then precedes the rise of EADs. Here,
we used a modified Shannon-Puglisi-Bers model of rabbit ventricular myocytes to reproduce experi-
mental Ca®* dynamics in bradycardia and LQT2. Abnormal systolic Ca™"-oscillations and EADs
caused by SR Ca” -release are reproduced in a modified O-dimensional model, where 3 gates in
series control the ryanodine receptor (RyR2) conductance. Two gates control RyR2 activation and
inactivation and sense cytosolic Ca™ while a third gate senses luminal junctional SR Ca . The
model predicts EADs in bradycardia and low exiracellular [K™] and cessation of SR Ca™ -release
terminate salvos of EADs, Ca™"-waves, systolic cell-synchronous Ca™*-release, and multifocal dia-
stolic Ca”" release seen in subcellular Ca” -mapping experiments are observed in the 2-dimensional
version of the model. These resulis support the role of SR Ca™ -overload, abnormal SR Ca” " -release,
and the subsequent activation of the elecrogenic Na™*/Ca™ -exchanger as the mechanism of TdP.
The model offers new insights into the genesis of cardiac arrhythmia and new therapeutic strategies.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5000711]

The manuscript represents an important advance in the
field of cardiac arrhythmia mechanisms, with respect to
how abnormalities in Ca®* dynamics can lead to arrhyth-
mias. Abnormalities in Ca®>* handling, Ca®* overload,
and spontaneous Ca’" release from the sarcoplasmie
reticulum (SR) have been implicated as a mechanism that
initiates and sustains arrhythmias in a wide range of
pathologies, including heart failure, ischemic myopathy,
bradycardia, and long QT syndrome. However, no study
has explained how spontaneous SR Ca®™ release which is
thought to be a random process at Ca®* release units can
elicit sufficient membrane depolarization to activate an
electrical pulse that can capture and propagate “out-of-
phase” to irigger an arrhythmia. With novel optical
mapping technigues (high temporal resolution and high
spatial (subcellular) resolution), we showed that sponta-
neous SR Ca®* release can oceur synchronously from the
Ca®" release units of multiple cells (~1 mm diameter
zones) at the base of the heart." Synchronization oceurs
when Ca®" is elevated simultaneously in the dyadic space
outside the SR and in the luminal space inside the june-
tional SR. These findings brought compelling evidence as
to how abnormal Ca®* dynamics can elicit arrhythmias.
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Here, we modified a computational model of the rabbit
heart action potential and Ca™" handling to show how
intracellular calcium overload can result in synchronous
SR Ca®" release. The new model requires a more detailed
deseription of the gating properties of cardiac ryanodine
receptor (RyR2), the channel responsible for SR Ca®"
release. RyR2 is modeled as a channel with 3 Ca®* sensing
gates: an activation gate and an inactivation gate on the
dyadic side of the SR membrane and an activation gate on
the luminal side of RyR2. This description of RyR2 gating
is essential to recapitulate the experimental data and is in
agreement with new experimental data on the regulation
of RyR2 by luminal SR Ca®*. The simulation reinforce
the experimental data, explains synchronization of SR
Ca®* release, and contributes in a fundamental way as to
the Ca>™* dependent gating of RyR2.

INTRODUCTION

The heart consists of billions of myocytes which con-
tract synchronously for the heart to function as a pump. In
each myocyte, a contraction is triggered by an increase of
free Ca™™ in the cytoplasm to activate the contractile appara-
tus. Contractions among myocyles are synchronized by the
rapidly propagating wave of membrane depolarization,
called the action potential (AP). The membrane

Published by AIP Publishing.
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depolarization opens voltage-gated L-type Ca™" channels
located on T-tubules of myocytes resulting in a Ca™ current,
Iewr, and Ca® influx from the extracellular fluid into the
cell. The impulse of Ca™ injected in narrow clefis between
the T-tubule and the sarcoplasmic reticulum (SR) triggers the
opening of SR Ca”-release channels, known as cardiac rya-
nodine recepiors (RyR2) and the release of Ca™ stored in the
SR.” The process of opening RyR2 and releasing Ca™" from
the SR caused by the AP and the injection of Ca™ " via Iy is
known as calcium-induced calcium release (CICR) ™
Relaxation is caused by the removal of Ca®" ions from the
cytoplasm back into the SR and into the extracellular fluid by
the NCX current, Iy

Conditions where Ca®™" influx and efflux are not in bal-
ance as in tachycardia or bradycardia result in electromechan-
ical abnormalities such as electromechanical alternans™® and
repolarization delays, respectively;’ extreme changes in rate
are arthythmogenic. Besides rate changes, mutations of ion
channels or transport systems alter the balance between influx
and efflux of ions, disturbing the mechanisms coupling mem-
brane potential to Ca™ " cycling also causing cardiac arrhyth-
mias. For example, in patients with catecholaminergic
polymorphic ventricular tachycardia (CPVT), mutations of
RyR2 or calsequestrin result in spontaneous openings of
RyR2, non-voltage triggered SR Ca™ release during diastole
that depolarize the cell membrane by augmenting NCX activ-
ity (an event termed delayed afierdepolarization; DAD), and
occasionally cause life-threatening ventricular tachycar-
dia.*"" A similar mechanism is responsible for arrhythmias
related to digoxin toxicity'"'* and perhaps in some forms of
heart failure. "

Repolarization delays due to bradycardia, prolongation
of the QT interval or of ventricular AP duration (APD) can
lead to abnormal Ca®™ dynamics and potentially lethal
arrhythmias. A number of conditions lead to Long QT syn-
drome (LQTS):'? (i) inherited mutation of one of many
genes that encode for cardiac ion channel subunits or inter-
acting proteins (congenital LQTS; cLQTS) or (ii) to acquired
conditions such as drug toxicity or electrolyte abnormality
(acquired LQTS; aLQTS)."” Both conditions are associated
with sudden cardiac death due to a specific form of ventricu-
lar arthythmia called Torsade de Pointes (TdP).'® TdP is
associated with secondary depolarization evenis occurring
during the plateau phase of the AP; that is, depolarizations
that occur after the AP upstroke and before repolarization
and called as eary afterdepolarization (EAD). The mecha-
nism of EAD generation is disputed and two hypotheses
dominate the current literature. The first hypothesis postu-
lates that during long AP plateaus, the membrane potential
falls in the range corresponding to L-type Ca™™ channel win-
dow current (i.e., the range of voltage where neither the acti-
vation nor the inactivation voltage gates are fully closed)
resulting in membrane depolarization due to the reopening
of the L-type channels."” " The second hypothesis is that
long QT leads to intracellular Ca**-overoad, abnormal SR
Ca™"-release during systole, which in tum activates a depo-
larizing NCX current, and the reactivation of L-type Ca™*-
channels.”*" The two mechanisms differ in a fundamental
way: the first posits that the EAD elicits a second SR Ca™ in
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systole and the second that spontaneous (non-voltage-trig-
gered) SR Ca™ release elicits EADs,

Recent studies have investigated subcellular Ca®™ dynam-
ics from cells in intact perfused hearts and compared their
properties in different regions of the epicardium." """ In
Langendorff perfused hearts with alQTS and bradycardia, a
secondary systolic Ca®" elevation gradually develops in myo-
cyles from the base but not the apex of epicardium. Several
experimental results support the notion that EADs require a
condition for SR Ca”" overload and spontaneous (non-volt-
age-triggered): SR Ca”"-release and a secondary cytosolic
Ca™™ elevation temporally precede EADs. A novel dual Ca™
and voltage imaging technique with high spatial (1.5 = 1.5
um?) and temporal (500 frames/s) resolution revealed that
spontaneous SR Ca™ release occurs synchronously in regions
of ~05mm in diameter that can overcome the source-sink
mismatch and initiate TdP."" Bradycardia-related EADs and
TdP were suppressed with the RyR2 stabilizer K201 at low
concentrations (0.5 uM) o avoid its possible off-target effects.’
These measurements provide compelling evidence that abnor-
mal Ca™" dynamics rather than L-type window current drives
EADs and TdP in bradycardia and al QT2

Experimentally, the finding of SR Ca™ release synchro-
nization within myocytes and among adjacent myocytes is
essential to initiate TdP. Yet, what is the mechanism that
synchronizes SR Ca®" release from thousands of release
units with a cell? And why do hundreds of adjacent cells on
the epicandium also synchronize their SR Ca”™ release? In
the absence of Ca” " cycling pathology, a high concentration
of Ca”" in the cytosol and the lumen of the SR appear to be
the most plausible explanation. The complexity of Ca
dynamics and its cross-talk with electrical events make com-
puter simulations a natural tool to further dissect these prob-
lems. However, we are not aware of a mathematical model
that could provide even a qualitative description of EAD
generation in LQTS due to abnormal SR Ca™ release.

In the work presented here, we have modified the
Shannon-Puglisi-Bers (SPB) model™ " of rabbit ventricular
myocyte in a way that reproduces many of the observations
previously reporied in optical mapping experiments. When
this spatially (-dimensional model is extended to 2 dimen-
sions, it reproduces the subcellular Ca®™ dynamics measure
by dual optical mapping of APs and Ca™™ transients, includ-
ing propagated intracellular calcium waves during diastole,
secondary systolic calcium release  which is  cell-
synchronous, and the occasionally observed behavior with
multiple interacting calcium waves.'™ The model offers
additional insights into the mechanisms of EAD generation
and might be useful in the development of new TdP manage-
ment strategies.

METHODS

The original SPB zero-dimensional (0-D) model has
been modified in 2 steps. First, we modified the equations
describing intracellular Ca®" handling. Second, we created a
2-D version of the modified SPB (0-D model to simulate the
contrasting processes of propagating diastolic Ca™ waves,



093940-3 Wilson ef al.
and the highly synchronous secondary Ca®" release occur-
ring during systole when repolanization is impaired.

0-D model

The intracellular Ca”* dynamics of the SPB model has
been modified in 2 major ways. The SR compartment has
been divided into diffusively coupled junctional and non-
junctional SR sub-divisions (JSR and NSR) to reflect the fact
that most of the SR Ca®*release oceurs from the ISR, but
most of the uptake takes place in the NSR [Fig. 1(a)].”™""
We also changed the description of RyR2, the JSR Ca™™
release channel, from the Markovian formalism to a system
of 3 serially coupled gates o describe the channel properties
of RyR2. Gate 1 controls the rapid RyR2 channel activation
as a function of increasing Ca™" in the dyadic space (g1),™*

CYTOPLASM

JUNCTIONAL 5R

SR MEMBRAMNE

FIG. 1. Simplified diagmm of the (-dimensional version of the model. (a)
Similar to the SFB model, the cell volume is divided into cytoplasm, subsar-
colemmal (SL), and dyadic or unctional (JXN) compartments. In contrast
to the 5FB model, sarcoplasmic reticulum consists of junctional (JSR) and
nonjunctional (NSR) spaces. The simple diffusion coupling betwesn com-
partments is indicated h_; dashed amows. Active transport of Ca™ ions
(SERCA, NCX)) and Ca™ ion chammels (RyR, ICaL)} are marked by red
arrows, The model assumes that SERCA is only present in NSE and RyR2
only in JSR. The NCX and I, transport Ca™* between extmeellular space
and both SL and XN compartments. (b) The ryanodine receptor is modeled
with 3 serial gates (gl, g2, and g3). All gates are affected by Ca™ hinding
(red circles ), which increases open probability of g1 and g2 (up armws) and
decreases open probability of g3 (down amow). The gl gate responds to
Ca™ concentration in junctional space; g2 msponds to calcium in JSE. A
small diffusional leak (solid red amow through g1) in parallel to g1 allows
for RyR2 opening by high Ca™ in JSR even in the absence of Ca™ in XN
space. Inactivation of RyR2 by prolonged exposure to high Ca™ concentm-
tion in JXN space is modeled by g3. The time-constant of g3 msponse is an
order of magnitude longer (hundreds of ms) than the time-constants of gl
and g2 response.
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gate 3 is a slower inactivation controlled by persistently ele-
vated Ca™" in the same compartment (g3), and gate 2 con-
trols the channel opening/activation as a function of elevated
Ca™ in the JSR (g2)™" [Fig. 1(b)]. Because we are inter-
ested in preserving both CICR and RYR2 opening as a func-
tion of high luminal calcium, we choose to model the RyR2
gales using equations similar to the Hodgkin-Huxley formal-
ism (HH) rather than considering the opening of individual
RyR2 via a Markovian process. While the underying
dynamics of RyR2 opening are stochastic, it is well estab-
lished that deterministic equations can be used to model the
aggregate behavior provided that there are enough ionic
channels.”" Each gate has a steady-state value governed by
the free Ca™ concentration in the relevant compariment
(i.e., JSR for g2 and junctional space for gl and g3) and
described by a Hill equation. The time constant for gl is sub-
stantially shorter than that of g3 (20 and 300 ms in the data
reparted here), so that an elevation of Ca™* in the junctional
space (JXN) would open RyR2 before eventually closing it
In order to reproduce RyR2 opening by high Ca®* concentra-
tion in JSR in the absence of Ca®" in the junctional space, a
small diffusion-driven Ca®™ leak is placed in parallel to the
gl gate. Its magnitude (model parameter B) was between
0.00035 and 0.05 of the maximum gl permeability in different
model runs.

The model was run with MATLAB 2016b. The code
was created by modification of the SPB MATLAB code
kindly provided by Dr. Puglisi. The code uses the MATLAB
ode 155 procedure to solve the system of multiple ordinary
differential equations describing the SPB model, with the rel-
ative error tolerance parameter set to 107%,

2-D model

The 2-D model represents a discretized version of the (-
D model into N compartments of equal size. We assume that
the dynamics of each compartment are govemed a set of equa-
tions identical to the 0-D model, except for the following dif-
ferences: all cellular currents and junctional, subsarcolemmal,
cytoplasmic, and SR volumes are decreased by a factor of 1/
N. Furthermore, the rate of change of the cellular voltage is
taken to be the sum of the currents from each compartment;
spatial voltage gradients were not considered. As emphasized
in Fig. 2, 2D simulations included isotropic, diffusive coupling
between adjacent SL and adjacent cytoplasmic calcium com-
partments. Coupling between SL compartments reflects higher
caleium concentrations proximal o a RyR2 following each
opening which can diffuse to neighboring RyR2 and result in
CICR. RyR2 Spatial heterogeneity was considered in various
simulations by incorporating variation in the parameters corre-
sponding to the gl RyR2 gate. In all 2-D simulations, a
L = W = 50 = 20 array of compartments was simulated, where
L and W are the length and width, respectively.

2-D numerical simulations were performed on NVIDIA
Geforce GTX 1080 graphics cards using the CUDA pro-
gramming language.”* Gating variables were updated at each
time step using a Rush-Larsen™ scheme, with the remaining
variables updated using a Forward-Euler scheme. A fixed
time step of di = 0004 ms was used in all 2-D simulations.
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FIG. 2. Simplified diagram of the 2-dimensional model. In the 2-
dimensional model, each compartment is assumed to have a lumped SL,
JXN, SR, and cytosolic space, with the majority of dynamics governed by
the O-dimensional equations; key differences are explained in the text.
Isotropic Ca*" diffusion is assumed between SL to SL and cytosol to cytosol
in all adjacent compartments.

The resulting numerical model is stiff, i.e., with a time step
dictated by numerical stability requirements. Reducing the
time step does not have a significant impact on the resulting
model behavior.

RESULTS
0-D model

Several variants of the spatially 0-dimensional model
were tested to reproduce the salient features of optical
experiments obtained in the Langendorff model of LQTS."*
In particular, the model’s parameters were modified to obtain
secondary systolic increase in the cytoplasmic Ca®" associ-
ated with EADs, bradycardia-dependent EADs, and arrhyth-
mia dependent on Ca®" cycling. Unless stated otherwise, the
model was paced by 1ms current injections with regular
cycle length, ranging from 400 ms to 1700 ms. In order to
simulate the gradual onset of pharmacological Ik, block in
the Langendorff experiments, the model would be run for 5s
with nominal parameters, after which the gkr parameter
(describing the maximal Iy, current density) would be
decreased to 10% of the initial value over 30s using a linear
ramp function and left unchanged after that too [Fig. 3(g)].

Similar to experimental observation, this resulted in an
initial appearance of a single EAD per AP, followed by the
appearance of double EADs and eventually multiple EADs
per AP [Fig. 3(a)], which are thought to lead to TdP in multi-
cellular experiments. The EADs were accompanied by sec-
ondary systolic elevations of cytosolic Ca?*. In the model,
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FIG. 3. The 0-D model reproduces gradual development of EADs and EAD
salvos (pacing at 1700ms and gradual Iy, block. Simultaneous plots of
selected model variables. (a) Membrane voltage. (b) Free Ca>* concentra-
tion in cytoplasmic compartment. (c) Free Ca®>" concentration for junctional
SR (black) and nonjunctional SR (grey). (d) Free Ca®" concentration for
subsarcolemmal space (grey) and junctional space (black). (e) and (f) Icap
and Incx currents, respectively, Inward currents are assigned negative sign.
(g) Time-course of imposed Ik, block. The gradual onset of pharmacological
Ik, block in a perfused rabbit heart experiments is modeled as a linear ramp
starting from nominal Ig, amplitude after 5 s of model run and terminating
at 10% of the nominal value 30 s later. (h) and (i) Ix, and Ik, currents,
respectively. Note the secondary spikes of Ca>" concentration in junctional,
sarcolemmal, and cytoplasmic spaces, and the gradual increase of Ca>* both
in SR compartments and in the cytoplasm.

systolic Ca®" elevations were preceded by RyR2 openings
and rise of Ca®" in the JXN and SL compartments [Figs.
3(b)-3(d)]. They were accompanied by the increase in the
Ica and Incx inward currents [Figs. 3(e) and 3(f)], which
were partially compensated by the increase in the outward
currents I, and I [Figs. 3(h) and 3(I)]. The increase in the
pacing rate delayed the onset, or—with short enough cycle
length—eliminated the appearance of secondary Ca”" oscil-
lations and EADs (Fig. 4). Decreased Ca®" concentration in
JSR and increased outward current, I [Figs. 4(g) and 4(h)]
contribute to the disappearance of EADs during faster pac-
ing. Under voltage clamp conditions, EADs can be elimi-
nated by the voltage-clamp but spontaneous SR Ca*"
elevation still remain (Fig. 5). Hence, secondary systolic
Ca”" elevations are not triggered by EADs, are independent
of membrane potential and of Ca®" injection in the cell
through L-type Ca®" channels, and hence are caused by
spontaneous SR Ca®" release.

Various modifications of the model were explored to
investigate the causality of the changes in membrane
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FIG. 4. Promotion of EADs by slow pacing is reproduced by the model.
Compared with pacing at 800 ms [panels (a) and (b)], pacing at 600 ms [pan-
els (c) and (d)] delays and pacing at 500 ms [panels (e) and (f)] abolish the
onset of EADs. The Ik, block is same as in Fig. 3. Panels (a), (c), and (e)
show membrane voltage, and panels (b), (d), and (f) show cytoplasmic Ca®t
. In panels (g) and (h), red, black, and blue traces correspond to trials with
500, 600, and 800 ms pacing rates. In panel (g), concentrations of Ca*" in
JSR immediately preceding emptying are elevated during slower pacing. In
panel (h), outward current, I, is reduced during slower pacing which con-
tributes to APD prolongation.

currents and Ca>" concentration in the promotion of arrhyth-
mias. When RyR2s were forced to closed states after 43.8's
of running the model at 800 ms cycle length (CL) (by which
time EADs have fully developed), it resulted in the immedi-
ate disappearance of EADs and significant APD shortening.
This occurred despite the fact that the amplitude of I, ini-
tially increased because of much lower Ca®*" concentration
in the JXN space and a decrease in Ca’"-mediated Ic,ap, inhi-
bition. The APD shortening and EAD elimination appeared
to be caused by the elimination of the late increase in the
inward Incx current, which—in the absence of RyR2 clamp-
ing—is related to the gradual Ca*" re-accumulation in the
JSR, consequent to secondary RyR2 opening and increase in
Ca”" in JXN and SL compartments (Fig. 6).

The essential role of NCX in EAD generation is con-
firmed by forcing Incx to zero after 44.1 s of model run, and
leaving other model variables (including RyR2 opening)
intact. This abolished EADs (Fig. 7). When Incx is set to
zero, the secondary Ca®" release from overloaded JSR is
modified (due to slower Ca®" removal from the JXN space),
but not eliminated [Figs. 7(b) and 7(d)]. Nevertheless, the
APD is dramatically shortened and no EADs occur, consis-
tent with NCX requirement for Ca®'-induced membrane
depolarizations. I, also plays an indispensable role in EAD
generation, not just because it is required to replenish SR
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FIG. 5. Response to voltage clamping. The model simulation is identical to
that from Fig. 3 until 30.6 s. At this point, once the next action potential is
elicited, the voltage is clamped at the plateau value. Calcium oscillations
persist under these conditions indicating that spontaneous systolic release of
Ca*" is not dependent on the L-type calcium channels. (a) Membrane volt-
age. (b), (c), and (d) Concentration of Ca®t in JXN, cytoplasm, and SR,
respectively. (e) Calcium dependent inactivation causes oscillations in Icyy .
Ca®" concentrations continue to oscillate even when Iy is held constant
(simulations not shown). (f), (g), and (h) Time course of Incx, Ikr, and Ik.
Here, the magnitude of Ik, decreases until 30 s due to imposed block.

Ca”" by letting Ca®" into the cell but also to maintain ade-
quate Ca’" concentration in the JXN space. When I, is
forced to zero after 44.1s of model run results is the prema-
ture termination of SR Ca”" release by decreasing the Ca*"
concentration in the JXN space and closing the gl gate of
RyR2 (Fig. 8).

The behavior of this model was investigated under low
extracellular potassium conditions (i.e., hypokalemia).
Figure 9 show the results from a simulation with parameters
identical to those from Fig. 3, except with linearly decreasing
extracellular [K*] and a slightly different profile for Ik,
block [Fig. 9(b)]. EADs form due to Ik, block at approxi-
mately 18s and quickly result in salvos of EADs due to the
low potassium concentration. During EAD salvos, ¢, cur-
rent [Fig. 9(h)] remains active, helping to maintain the ele-
vated transmembrane voltage. Excess calcium from Ic, is
pumped to SR by SERCA, leading to intermittent opening of
RyR2. Instantaneous RyR2 block is modeled at 30s, by set-
ting calcium release from SR to zero, and eliminates EADs
immediately. In the absence of RyR2 block (or other inter-
vention), EAD salvos persist indefinitely.

2-D model

In the 2-D model, we investigated the formation of both
EADs and diastolic calcium release from SR, the latter caus-
ing Ca®" waves and small DADs which are not arrhythmo-
genic but have been observed alongside EADs.' We did not
find a combination of parameters for which the 0-D model
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FIG. 6. Ca®" release from JSR is required for EAD generation. The model is
run at 800 ms pacing cycle length for 43.8 s with the time course of Iy, block
identical to that in Fig. 3, i.e., with a linear ramp down to 10%. After 43.8 s,
Ca®" release from the JSR is set to zero (denoted by a vertical dashed line in
each panel) modeling instantaneous full block of RyR2, and the model evo-
lution (red and pink lines) is compared with the model preserving the nomi-
nal JSR Ca’* release (black and grey lines). (a) Membrane voltage. The
EAD is eliminated and APD is substantially shortened with RyR2 block. (b)
RyR2 block dramatically reduces Ca®>" concentration in the JXN compart-
ment; the Ca*" rise is caused essentially by the influx of Ca’* via I, Note
that without RyR2 block, Ca” in the JXN space starts to rise again at about
44.5 s. This is primarily due to gradual rise of Ca>" in the JSR [black tracing
in panel (d)] and opening of RyR2 g2 gate. (c) RyR2 block eliminates the
oscillation of Ca®" in the cytoplasm. (d) JSR Ca®" concentration is shown in
red and black for modified and nominal conditions, respectively. NSR Ca>*
concentration is shown in pink and grey for modified and nominal condi-
tions, respectively. Steady rise of Ca®' concentration in SR (arrow) is
caused by a combination of RyR2 block and ongoing SERCA activity. (e)
Icatrace: here RyR2 block increases Ic, during most of the shortened AP
by decreasing its Ca“—dependent inactivation. (f) RyR2 block markedly
attenuates the inward Incx current by decreasing the Ca®" concentration in
the JXN and SL compartments, which decreases the driving force for NCX.
As shown below (Fig. 7), the inward Iycx current in the absence of RyR2
block accounts for long APD.

produced both EADs and diastolic calcium release from SR.
However, by incorporating spatial heterogeneity in the 2-D
model, a single model could display both behaviors. Panel
(a) of Figs. 10 and 11 shows a schematic of such a model. In
all compartments, the parameter Hy, which describes the Hill
coefficient of the gl gate, was drawn from a normal distribu-
tion with mean of 4.2 and standard deviation of 1. For com-
partments in the upper-left hand corner, representing
approximately 10% of the cell, the parameter K; (the Ca’"
concentration in JXN producing half-maximum gl opening)
was chosen to be 0.05 mmol/l. In all other compartments, K;
was chosen randomly from a normal distribution with mean
of 0.07 and standard deviation of 0.01 mmol/l. Smaller val-
ues of K1 require smaller concentrations of CA*" in JXN to
open gl, which increases the likelihood of DAD formation.
Compartments in the upper-left corner had an SR calcium
leak from parallel to gl of B=0.03, all others used
B =0.01; higher values of B tend to produce DADs while
lower values result in EADS in the 0-D model. With these
parameters, compartments in the upper-left corner more
readily produced diastolic Ca*"-release due to a lower
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FIG. 7. Response to Incx block. Model parameters are similar to Fig. 6, but
NCX is set to zero at 44.1 s (denoted by a vertical dashed line in each panel)
just before the first EAD under nominal conditions instead of RyR2 Ca®"
release. Red (respectively black) lines show model behavior under modified
(respectively nominal) conditions. (a) Membrane voltage. NCX block elimi-
nates EADs and shortens APD. (b) NCX block modifies the secondary Ca®t
release from RyR2 and generally increases Ca>" in JXN by removing one of
the efflux mechanisms. (c) Ca®" concentration in cytoplasm increases with
NCX block. (d) JSR Ca”* concentration is shown in red and black for modi-
fied and nominal conditions, respectively. NSR Ca>" concentration is shown
in pink and grey for modified and nominal conditions, respectively. Arrows
highlight secondary Ca®" release from JSR during diastole (i.e., when Ic,p
is zero). (e) Ic,. elimination of the inward current provided by NCX short-
ens APD and duration of Ca®" influx through L-type Ca®" channels. (f)
Time course of Iycx in each simulation.

threshold required for Ca’"-induced Ca’'-release from
RyR2. In 2-D simulations, the onset of Ig, block was also
implemented with the same protocol used in simulations
from Fig. 3. Note that relative to the original parameters
from Ref. 26, the rate of diffusive coupling from JXN to SL
and from SL to cytoplasm was increased to facilitate the
propagation of diastolic calcium waves.

Using this model, we observe diastolic calcium release
resulting in DADs after the cessation of fast pacing [see
Figs. 10(b)—10(f)]. Upon the cessation of pacing, SR calcium
is overloaded, leaking into the junctional space and ulti-
mately causing a large calcium-induced calcium release.
Calcium diffuses to adjacent compartments, first to the SL
and then to JXN spaces, triggering a diastolic calcium wave.
This wave traverses the length of the cell at a relatively con-
stant speed, as shown by the pseudo-line scan in panel (b) of
Fig. 10 (see animation 1 of supplementary material). Panels
(c)—(e) show time courses of calcium concentrations and
panel (f) shows transmembrane voltage illustrating the dia-
stolic rise in calcium which leads to a DAD. Note that in
simulations, Iy, block is not required to produce DADs, but
does facilitate their development by increasing the calcium
concentrations in SR.

Figure 11 shows the same model from Fig. 10, paced at
two different rates. Under relatively slow pacing at a rate of
1350 ms [panels (b)—(d)], we observe EADs stemming from
secondary calcium release from SR. The calcium concentra-
tions at spatially distinct locations throughout the cell are
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FIG. 8. Response to I, block. Model parameters are similar to Figs. 6 and
7, but Ic,p is set to 0 at 44.1 s (denoted by a vertical dashed line in each
panel) instead of RyR2 or NCX. Red (respectively black) lines show model
behavior under modified (respectively nominal) conditions. (a) Membrane
voltage. I, elimination leads to premature termination of the AP starting at
44.1 s and collapse of APs starting at 44.8 s and later. (b) I, termination
decreases Ca®" influx to JXN space. Decreased Ca®" concentration in this
compartment leads to RyR2 closure, subsequent elimination of SR Ca”"-
release, and monotonic decline in cytoplasmic Ca>" (o). (d) JSR Ca>" con-
centration is shown in red and black for modified and nominal conditions,
respectively. NSR Ca®" concentration is shown in pink and grey for modi-
fied and nominal conditions, respectively. Elimination of I, reduces cal-
cium influx to the cell, precipitating a gradual decline of Ca®" in both JSR
and NSR due to leak from SR. (e) Time course of I¢, in each simulation.
(f) Once SR Ca®*-release is eliminated and cytoplasmic Ca”>* concentrations
have declined, the Iycx current is nearly eliminated.

cell synchronous, rising and falling in unison during the
EADs (see animation 2 of supplementary material). As pac-
ing becomes faster [panels (e)—(g)], EADs subside.

Under certain conditions, multifocal diastolic Ca’t
release was observed in 2-D simulations. For example, in
Fig. 12, we choose the parameters for each compartment
such that K; =0.005 mmol/l, B=0.05, and H; taken from a
normal distribution with a mean of 4.6 and a unit standard
deviation. For this choice of parameters, compartments with
lower values of H; more readily release Ca>" from the SR
after the cessation of pacing at 400 ms. In these simulations,
diastolic Ca>" release tends to begin in locations for which
H; is lower on average. In panel (a), three prominent foci are
seen, denoted by arrows. As time progresses in panels (b)
and (c), Ca’>" waves emanate from these foci, eventually
enveloping the entire cell. Panel (d) shows a pseudo-line
scan of Ca®" in the SL space, for compartments along longi-
tudinal midline (i.e., at W/2) (see animation 3 of supplemen-
tary material).

DISCUSSION

Impairment of ventricular repolarization is an important
cause of life-threatening cardiac arrhythmias and sudden car-
diac death. The mechanistic steps linking the APD prolonga-
tion to EAD and arrhythmias remain disputed and
incompletely understood. The prevailing theory'’~'** pro-

poses that EADs are primarily caused by Ic, window
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FIG. 9. Model response to low extracellular [K"]. Extracellular potassium is
decreases monotonically. Block of RyR2 is modeled instantaneously at 30 s,
eliminating release from JSR. (a) Membrane voltage. The first EADs form at
approximately 18 s due to Ik, block. Hypokalemia results in subsequent
EAD salvos, highlighted by the thick black line. Instantaneous RyR2 block
at 30 s immediately terminates EADs. (b) The black line shows the extracel-
lular potassium concentration gradually reduced from its nominal value
which induces EAD salvos at approximately 23 s. The dashed line gives the
time course of Iy, block. (c) and (d) Junctional and cytoplasmic Ca** con-
centrations, respectively. (e) The black line (respectively grey line) shows
the JSR (respectively NSR) Ca®>" concentration. (f) During EAD salvos,
Incex remains active, facilitating the maintenance of elevated transmembrane
voltage. (g) During EAD salvos, Ic,; remains active, helping maintain the
elevated transmembrane voltage. Ca*" influx from I, is pumped to SR by
SERCA, replenishing the Ca®>" concentration after each opening of RyR2.
(h) The solid line shows a close-up of the I, current at the initiation of an
EAD salvo. The dashed line gives a comparison from a simulation which is
identical except that the potassium concentration is at its nominal value. The
reduction in Ik, prolongs the AP plateau, contributing to the genesis of sal-
vos of EADs.

current and eventual I, reactivation and is independent of
Incx and SR Ca”" release. This is supported by the experi-
mental evidence that EADs can be suppressed by blocking
Icar, as well as by the results of mathematical modeling.”f39
On the other hand, different experiments suggest a crucial
role for Ca®" release from SR and consequent augmentation
of the inward Iycx current as the critical step in EAD genera-
tion.”"?! Note that this interpretation does not mean that
EAD genesis is independent of transmembrane voltage, but
rather, that the mechanism of EAD generation may be differ-
ent than previously thought. We have recorded simultaneous
voltage and cytoplasmic calcium optical signals from an iso-
lated heart model of LQTS which strongly suggest that sec-
ondary calcium release from SR precedes and causes EADs.
Similar data have been obtained by others.”*** The proposed
mechanism has been recently summarized in a qualitative
mannerf“) but formal mathematical modeling has not been
performed to the best of our knowledge.

Here, we report a modification of one of the major mod-
els of rabbit ventricular myocyte that replicates several of the
new experimental findings from the optical mapping experi-
ments described above and allows for direct exploration of
the possible role of SR Ca release in EAD triggering. The
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FIG. 10. Simulation with diastolic SR Ca**-release. (a) Schematic of a sin-
gle cell with length L. In the top-left corner, parameters are chosen so that
this region spontaneously initiates DAD-like Ca>" release after the cessation
of 400 ms pacing. (b) Pseudo-line scan of the Ca>" concentration in the
cytoplasmic compartment. This scan is taken along the dashed line from
panel (a). Diastolic Ca®" release occurs spontaneously upon cessation of
pacing in the top-left portion of the cell, initiating a Ca>" wave. (c)~(¢) Blue
and red curves correspond to cytoplasmic, JXN, and JSR Ca*" concentra-
tions, respectively. Colors correspond to values at dots of the same color in
panel (a). (f) Membrane voltage. Diastolic SR Ca’*-release activates Inexs
triggering a DAD at approximately 34.6 s, denoted by the arrow.

main changes introduced into the SPB model were moti-
vated by experimental results. First, the predominant locali-
zation of cardiac SERCA to NSR is well established,*!
justifying the division of the SR compartment into JSR and
NSR subdivisions. It is reasonable to assume a Ca®" con-
centration gradient between these compartments due to lim-
ited diffusion speed, although the precise value of Ca*"

1350 ms B

o~

FIG. 11. 2-D model simulation at two different pacing rates. (a) Schematic
of the 2-D model with length L. Relative to the other compartments, SR
Ca”" leak is larger and the threshold for opening RyR2 is decreased in the
region in the top-left corner. Model parameters are identical to those from
Fig. 10. (b)-(d) and (e)-(g) show simulations with the cell paced at 1350 and
400 ms, respectively. Panels (b) and (e) show Pseudo-line scan of Ca*" con-
centration in the cytoplasmic compartment. The scan is taken along the
dashed line from panel (a). Panels (c) and (f) show cytoplasmic Ca’t at spa-
tial locations corresponding dots of identical color from panel (a). Panels (d)
and (g) show the transmembrane voltage during simulations. Pacing at 1350
ms results in EADs with cell synchronous Ca®" behavior. Faster pacing
eliminates EADs.
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FIG. 12. Multifocal Ca®>" release. Panels (a)-(c) show snapshots of Ca®" in
the SL compartments after pacing at 400 ms is stopped. Diastolic Ca”"-
release from SR is initiated at three foci, highlighted with black arrows in
panel (a). As Ca®" diffuses from high to low concentration, it initiates Ca”"
release in adjacent compartments, shown in panels (b) and (c). Panel (d)
shows a pseudo-line scan along the midline (i.e., at W/2).

diffusion coefficient in SR is disputed.”®** Abundant data
are available on the activation of RyR2 by increase in JSR
Ca”" concentration®’" and its inactivation by prolonged
Ca*" elevation in the dyadic space.*** These 2 processes
are conceptualized separately in this model as g2 and g3
gates, with the gl gate accounting for the CICR.

The 0-D model replicates the gradual appearance of
ectopic activity during gradual onset of Iy, block, with ini-
tially monophasic AP followed by APs with single EAD,
and eventual development double and multiple EADs. The
model also reproduces the secondary systolic elevations of
Ca*" transient related to EADs in optical mapping experi-
ments (cf. Fig. 2 in Ref. 22). The role of individual ion chan-
nels and pumps in the EAD generation can be explored in
the model by forcing instantaneous changes of individual
currents without direct effect on the others, something that is
difficult to accomplish experimentally in vivo. The in silico
experiments reported here show that the secondary Ca’*"
release from JSR, related primarily to JSR Ca’t overload, is
the main mechanism underlying EADs, by means of activa-
tion of the electrogenic NCX exchanger: elimination of
either the secondary Ca®" release or of the NCX activity
results in immediate disappearance of EADs while Ca*"
oscillations persist when the voltage is clamped at its pla-
teau. This is consistent with the reports that both inhibition
of intracellular Ca>" cycling by ryanodine and thapsigargin
(blockers of the RyR2 and SERCA, respectively), and phar-
macological block of NCX eliminates TdP in isolated
hearts.”>*

Increasing the pacing rate of the model suppresses both
Ca”" oscillations and EADs, a finding consistent with both
clinical experience and experimental results. In the model,
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shortening the CL leads to the onset of the next AP and to
JSR emptying through the normal CICR mechanism before
the JSR is replenished by Ca?" diffusion from NSR to a
degree which would cause the secondary Ca®" release. The
model also produces the facilitation of salvos of EADs in
hypokalemia conditions.

Pinpointing the exact mechanisms of arrhythmia in the
long QT syndrome is still an open problem, but most AP
clamp studies support the hypothesis that abnormal Ca®"
dynamics are required to elicit EADs. In an attempt to
resolve this issue, tests have been conducted on conditions
that produce EADs in isolated myocytes and trying to block
or promote SR Ca’' release (RyR2 blockade, SR Ca®"
depletion, or chelation of cytosolic Ca®>") or by controlling
the membrane potential during the AP plateau (AP clamp,
suppression of Iycx). For example, EADs and intracellular
Ca*" waves were elicited by H,O, (oxidative stress) or by
isoproterenol (increase in the Ca®" load) plus Bay K 8644
(L-type Ca®" channel agonist).*® The suppression of EADs
during an AP clamp eliminated Ca®" waves by H,O, but not
by isoproterenol plus Bay K 8644 suggesting voltage control
in the first but not the second condition.*® However, the mul-
tiple targets of H,O, and prior findings that BayK 8644 alone
can elicit EADs'” complicate the interpretation of these
experiments. In myocytes with hyper-reactive (or leaky)
RyR2, spontaneous SR Ca®' release was shown to elicit
EADs; that is, Ca’" elevation altered the voltage in myo-
cytes isolated from models of CPVT,IO heart failure,13 and
congenital LQT?2 rabbits.*” In myocytes treated with ATXIII
(Ina agonist) to mimic aLQT type 3, spontaneous SR Ca>"
release elicited EADs which were suppressed when Ca®"
waves were eliminated with the high-affinity Ca*" chelator
BAPTA.** More work is necessary to definitively pinpoint
the precise set of steps which give rise to EADs in the intact
heart, but the model presented here is consistent with the
hypothesis that EADs are driven by abnormal calcium
release due to overloaded Ca®" in SR.

Simulations of the AP and Ca’" transients (CaT) have
thus far failed to accurately reproduce the amplitude and
time-course of experimental measurements at various heart
rates, with worse outcomes at slow rates.’® A major chal-
lenge has been the complex properties of RyR2 in the face of
dynamic cytosolic and luminal Ca®" levels. Based on experi-
mentally derived relationship between the amount of SR
Ca’*release and SR Ca’* load, Shiferaw et al., inserted a
nonlinear release-to-load relationship in a model that suc-
cessfully reproduced CaT alternans but did so, only in the
presence of diastolic Ca®" alternans in the SR lumen.*’
However, experimental evidence showed that CaT alternans
can occur in the absence of diastolic luminal SR Ca" alter-
nans’” and the steep release-load relationship at high luminal
SR Ca?" remained ad hoc. Instead of a nonlinear release-
load relationship, Restrepo ef al. modeled RyR2 gating based
on its interaction with the Ca*" buffering properties of calse-
questrin in the SR.”" The latter stochastic Markov model of
RyR2 could predict cytosolic CaT alternans in the absence of
diastolic luminal Ca®" alternans in rodent APs at high heart
rates. The same model was used to show that Ca®" elevation
preceded EADs and EADs were elicited by spontaneous SR
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Ca®" release.’” The current model based on 3 RyR2 gates is
unique in its ability to predict APs and CaTs during a brady-
cardia and that robust EADs are elicited by synchronous sec-
ondary Ca>" elevations during systole.

We have developed a 2-D version of the model to
explore the spatio-temporal features of intracellular Ca’**
dynamics. We find that the secondary systolic Ca*" peak
occurs across the cell in an approximately cell-synchronous
manner, even when a degree of spatial heterogeneity is intro-
duced into the RyR2 kinetics. This resembles the results of
subcellular optical mapping experiments.’ The same spatial
heterogeneity generates a propagated Ca>" wave in diastole
after cessation of rapid pacing of the 2-D model, a well-
known phenomenon reported in tissue and isolated cells on
multiple occasions.”>>* A modification of the model parame-
ters gives rise to multifocal intracellular Ca*" dynamics
which we have occasionally observed in tissue experiments
under LQTS conditions.

Limitations/future direction

Although the model replicates several recently observed
features of Ca*" dynamics during repolarization delay, in
several respects, it remains inadequate and perhaps naive.
For one, some established and quantitatively important fea-
tures of intracellular Ca** handling are not addressed—e.g.,
the role of Ca®" buffering in mitochondrial matrix.”>->°
Second, the modeled cell behavior differs from the experi-
mental observations in some important details. For example,
we have always observed that the appearance of systolic
Ca*" oscillations precedes the appearance of EAD in the per-
fused heart experiments, but in the model, they were always
immediately accompanied by EADs. Also, in the heart
experiments, the upstroke of Ca”" release always precedes
the upstroke of EADs by tens of milliseconds at least, but in
the model, the EAD upstroke occurs nearly simultaneously,
although the model manipulation described in the Results
section clearly shows that the Ca*" release causes EAD in
the model. It is unclear whether this is best explained by the
presence of millions of connected cells in the perfused heart
experiments, which are well coupled electrically but poorly
with respect to intercellular Ca®" diffusion, or whether the
model fails to replicate real single-cell behavior due to the
lack of systematic exploration of the parameter space or
other reasons. We have not attempted to model tissue com-
posed of coupled cells with heterogeneous Ca*" dynamics,
though this would certainly be important for understanding
of the heart behavior.

These and other issues may be explored with future
modifications of the model. Nevertheless, we feel that the
model does provide new insights into the role of Ca®" han-
dling in arrhythmogenesis during repolarization delay.

SUPPLEMENTARY MATERIAL

See supplementary material for animations of Figures
10, 11, and 12 to help visualize the simulations of Ca’"
dynamics under various conditions which closely track
experimental data."” The supplementary material contains
legends for animations 1, 2, and 3 followed by detailed
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changes made to the SPB model. Animation 1: Diastolic
Ca®" waves postpacing—Animated version of simulations
from Fig. 10. The cell is paced with a period of 400 ms until
t =33.65. The top panel shows the cytosolic Ca®™ concentra-
tion. Afier cessation of pacing, a diastolic calcium wave
begins at the lower-right hand corner and traverses the length
of the cell. Transmembrane voltage is shown in the middle
panel, with an EAD occurring at approximately 34.7s. The
bottom panel shows the cylosolic Ca™ at locations comre-
sponding to the white dots in the top panel. Vertical black
bars denote the time progression. Animation 2: Synchronous
Ca™ dynamics—Animated version of the 1350ms paced
simulations from Fig. 11. The top panel shows the cytosolic
Ca™ concentration. Transmembrane voltage is shown in the
middle panel. The bottom panel shows the cyiosolic Ca®™™ at
locations corresponding to the white dots in the top panel.
WVertical black bars denote the time progression. While the
magnitude of cytosolic Ca®™ is spatially heterogeneous, the
dynamics are cell synchronous, rising, and falling in unison.
Animation 3: Multifocal diastolic Ca®" release—Animated
version of simulations from Fig. 12, The cell is paced with a
period of 400 ms until t=33.6s. The top panel shows the
cytosolic Ca®™ concentration. Transmembrane voltage is
shown in the middle panel. The bottom panel shows the
cytasolic Ca”" at locations corresponding to the white dots
in the top panel. Vertical black bars denote the time progres-
sion. Diastolic calcium waves begin at locations for which
H; is relatively low.
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APPENDIX: MODEL EQUATIONS AND PARAMETERS

The changes made to the original SPB model™ are sum-
marized below.

1. Reformulation of sarcoplasmic reticulum
compartments

The single SR compartment of the SPB model is
replaced by 2 compartments (junctional SR (JSR) and non-
junctional SR (NSR)) of the same volume (cell volume of
0.035) and same Ca*" buffering properties. These 2 com-
partments are diffusionally coupled with respect to free
Ca™ concentration, with the strength of coupling 0.06/ms
unless stated otherwise. The transport of Ca®" from the
cytoplasm to SR via SERCA occurs solely into the NSR
compartment, and Ca™" release from SR into the dyadic
space through RyR2 occurs solely from the JSR compart-
ment. The Ca®™ transport via plasma membrane Ca®" pump
and cytoplasmic dye buffering have been eliminated in the
modi fied model.
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2. Reformulation of ryanodine receptor

The RyR2 is now modeled with 3 serial gates governed
by HH formalism as detailed in the Methods section.
Specifically, the equation describing Ca current in the SPB
model, i.e.,

Jsrcarer = k. O . (|Calsp — [Calj)
[Eq. (106) from Ref. 25] is replaced by
Jsrcarel = kmax - (B +01).02.03. ([Cal s — [Calj),

where O, O,, and O, are the open probabilities of the gates
gl, g2, and g3, respectively. The B parameter describes the
relative strength of the passive Ca™" leak in parallel to the gl
gate. The original SPB model had the SR Ca®™ leak modeled
by Eq. (107)—this has been eliminated in the new model.

The varables Oy, 04, and O3 are described by the fol-
lowing equations:

d0y (5301 — 04)
df T1 !
0, (550 — 0))
df T2 !
d0; _ (550 0y)
d.f T3 !

where 580, and 7, denote the steady-state and time-constant
of the gl gate, etc.
The steady-state open probabilities are described by

ssth = T
(%
(:Cﬂ:m)ﬂﬂ
530 .Kz - T
()
550y = !

The parameters K, K;, K3, H;, Hs, and Hy are constant in
the model and are listed in Table I The same is true of the
time constants 7; and 73, The time-constant 7, depends on
the Ca®* concentration in JSR (slower kinetics when Ca®" is
low)

1
=1 [ 1 +—— )
Cale
K4
where the parameters 1, K, and H; are constant and listed
in Table 1.
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TABLE 1. List of pammeters in the SFB model and changes implemented in the current model .

Pammeter Parameter description Value in SFB WValue in modified model Unit
K; Half-maximum Ca concentration of gl — 0.0 mmaol/l
Kz Half-maximum Ca concentration of g2 — 0.35 mmaol/l
Ks Half-maximum Ca concentration of g3 — 0,005 mmaol/l
Ks Involved in 15 calculation — 1.0 mmaol/l
H, Hill coefficient of gl — 27 1
H: Hill coefficient of g2 — 35 1
Hz Hill coefficient of g3 — 2 1
H, Involved in 1 calculation — 4 1
Tg Involved in 15 calculation — 0.02 ms
m Time-constant of gl — 20 ms
T3 Time-constant of g3 — 300 ms
B Caleak parallel to g1 gate — 0,004 1
Kaax Maximal SR release rate constant (all gates or RyRs open) — 0.2 ms~"
Frgg, junction Fraction of L-type channels localized to junctional membmane 0.9 0.5 1
Thax Na/K ATPase current density 191 1.90719 AJF
 p— NCX curmnt density 9 5 AF
Ma By, imction Ma buffering capacity in junctional space kN 7.561 mmaol/l
Csgqn By .y Calsequestrin Ca buffering capacity 014 0.28 mmol/]
SLhigh SL By, Ca buffering capacity, high affinity, SL space 0.3 0,005 mmol/]
ghrat K, =54 mmoll  Maximal Iy, current conductance at K, = 54 mmol/1 0.03 0045 m&SuF
G, Maximal Iy, current conductance 0.7 (ﬂ_(ﬁ? + mﬂm} 0.82 (0.057 + Wﬁm} m5/uF
Le. the onginal Bq. (50)
Gt 4 Maximal I, current conductance, slow component 0.02 0.06 m&SuF
Giar Maximal L, current conductance, fast component 006 0.02 m&SuF
Pou Related to L-type channel permeability to Ca™" ions 0100054 0001188 cmys
J_ca_pmesl Diffusional coupling for Ca™ ions, JXN to SL 98728 x 107 24724 %107 1 fms
J_ca_slmyo Diffusional coupling for Ca™ ions, SL to cytoplasm 3.5244 % 1077 74485 % 107" 1fms

3. Other changes

The changes of parameter values with respect to the
SPB model are listed in Table I Among other changes, the
conductance of Ig, and -y was increased to simulate i1so-
proterenol effect, and the Ca™ diffusion coupling between
companments was modified.

The description of ICal. activation and inactivation
gates has been shifted slightly, so that the original model
equations (78)}—(81) in Ref. 25 are replaced with

d)
ear _ 17 (Cale (1 — feun) — 0,012,
1
d — L]
- V +235
1+exp| -—g5—
| _mp(_v +23_5)
4 — du 6.0

0035(V +235)

1 1
T Trep((V142)/36)) 1+ exp([d5—V)/20)

foe

The plateau K™ current introduced into a later version of the
SPB model by the authors has been retained. It is formulated
as

0.001

AV —Eg).
T Texp((7488 —V)j508) K

Igp =

The slow component of the Ito has been modified by the
authors of the original model in a later version in such a way
that the R, gating variable now achieves the steady state with
a finite time constant. This modification has been retained.
Specifically, Eq. (63) of the original model now becomes

los = Guos-Xus- (Yos +0.5.R) (V — Eg),

where the steady-state value of R, is described by the origi-
nal Eq. (60), and the time constant in ms is defined as
2800

T T exp((V +60)/10) T 22

TRios =
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