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AbnormalCa2þhandlingiswell-establishedasthetriggerofcardiacarrhythmiaincatecholaminer-
gicpolymorphicventriculartachycardiaanddigoxintoxicity,butitsroleremainscontroversialin
TorsadedePointes(TdP),thearrhythmiaassociatedwiththelongQTsyndrome(LQTS).Recent
experimentalresultsshowthatearlyafterdepolarizations(EADs)thatinitiateTdParecausedby
spontaneous(non-voltage-triggered)Ca2þreleasefromCa2þ-overloadedsarcoplasmicreticulum
(SR)ratherthantheactivationoftheL-typeCa2þ-channelwindowcurrent.Inbradycardiaand
longQTtype2(LQT2),asecond,non-voltagetriggeredcytosolicCa2þelevationincreasesgradu-
allyinamplitude,occursbeforeovertvoltageinstability,andthenprecedestheriseofEADs.Here,
weusedamodifiedShannon-Puglisi-Bersmodelofrabbitventricularmyocytestoreproduceexperi-
mentalCa2þdynamicsinbradycardiaandLQT2.AbnormalsystolicCa2þ-oscillationsandEADs
causedbySRCa2þ-releasearereproducedinamodified0-dimensionalmodel,where3gatesin
seriescontroltheryanodinereceptor(RyR2)conductance.TwogatescontrolRyR2activationand
inactivationandsensecytosolicCa2þwhileathirdgatesensesluminaljunctionalSRCa2þ.The
modelpredictsEADsinbradycardiaandlowextracellular[Kþ]andcessationofSRCa2þ-release
terminatesalvosofEADs.Ca2þ-waves,systoliccell-synchronousCa2þ-release,andmultifocaldia-
stolicCa2þreleaseseeninsubcellularCa2þ-mappingexperimentsareobservedinthe2-dimensional
versionofthemodel.TheseresultssupporttheroleofSRCa2þ-overload,abnormalSRCa2þ-release,
andthesubsequentactivationoftheelectrogenicNaþ/Ca2þ-exchangerasthemechanismofTdP.
Themodeloffersnewinsightsintothegenesisofcardiacarrhythmiaandnewtherapeuticstrategies.
PublishedbyAIPPublishing.[http://dx.doi.org/10.1063/1.5000711]

Themanuscriptrepresentsanimportantadvanceinthe
fieldofcardiacarrhythmiamechanisms,withrespectto
howabnormalitiesinCa2þdynamicscanleadtoarrhyth-
mias.AbnormalitiesinCa2þ handling,Ca2þ overload,
andspontaneous Ca2þ releasefromthesarcoplasmic
reticulum(SR)havebeenimplicatedasamechanismthat
initiatesandsustainsarrhythmiasinawiderangeof
pathologies,includingheartfailure,ischemicmyopathy,
bradycardia,andlongQTsyndrome.However,nostudy
hasexplainedhowspontaneousSRCa2þreleasewhichis
thoughttobearandomprocessatCa2þreleaseunitscan
elicitsufficientmembranedepolarizationtoactivatean
electricalpulsethatcancaptureandpropagate“out-of-
phase”totriggeranarrhythmia. Withnoveloptical
mappingtechniques(hightemporalresolutionandhigh
spatial(subcellular)resolution),weshowedthatsponta-
neousSRCa2þreleasecanoccursynchronouslyfromthe
Ca2þ releaseunitsof multiplecells(1mmdiameter
zones)atthebaseoftheheart.1Synchronizationoccurs
whenCa2þiselevatedsimultaneouslyinthedyadicspace
outsidetheSRandintheluminalspaceinsidethejunc-
tionalSR.Thesefindingsbroughtcompellingevidenceas
tohowabnormalCa2þdynamicscanelicitarrhythmias.

Here,wemodifiedacomputationalmodeloftherabbit
heartactionpotentialandCa2þ handlingtoshowhow
intracellularcalciumoverloadcanresultinsynchronous
SRCa2þrelease.Thenewmodelrequiresamoredetailed
descriptionofthegatingpropertiesofcardiacryanodine
receptor(RyR2),thechannelresponsibleforSRCa2þ

release.RyR2ismodeledasachannelwith3Ca2þsensing
gates:anactivationgateandaninactivationgateonthe
dyadicsideoftheSRmembraneandanactivationgateon
theluminalsideofRyR2.ThisdescriptionofRyR2gating
isessentialtorecapitulatetheexperimentaldataandisin
agreementwithnewexperimentaldataontheregulation
ofRyR2byluminalSRCa2þ.Thesimulationreinforce
theexperimentaldata,explainssynchronizationofSR
Ca2þrelease,andcontributesinafundamentalwayasto
theCa2þdependentgatingofRyR2.

INTRODUCTION

Theheartconsistsofbillionsofmyocyteswhichcon-
tractsynchronouslyforthehearttofunctionasapump.In
eachmyocyte,acontractionistriggeredbyanincreaseof
freeCa2þinthecytoplasmtoactivatethecontractileappara-
tus.Contractionsamongmyocytesaresynchronizedbythe
rapidlypropagating waveof membranedepolarization,
called the action potential (AP). The membrane

a)DedicatedtotheMemoryofourdearestfriendandcolleagueDr.JanNemec.
b)Authortowhomcorrespondenceshouldbeaddressed:gsalama@pitt.edu.
Tel.:412648–9354.FAX:412648–5991.

1054-1500/2017/27(9)/093940/13/$30.00 PublishedbyAIPPublishing.27,093940-1

CHAOS27,093940(2017)



depolarizationopensvoltage-gatedL-typeCa2þ channels
locatedonT-tubulesofmyocytesresultinginaCa2þcurrent,
ICa,L,andCa

2þinfluxfromtheextracellularfluidintothe
cell.TheimpulseofCa2þinjectedinnarrowcleftsbetween
theT-tubuleandthesarcoplasmicreticulum(SR)triggersthe
openingofSRCa2þ-releasechannels,knownascardiacrya-
nodinereceptors(RyR2)andthereleaseofCa2þstoredinthe
SR.2TheprocessofopeningRyR2andreleasingCa2þfrom
theSRcausedbytheAPandtheinjectionofCa2þviaICa,Lis
known as calcium-induced calciumrelease(CICR).3,4

RelaxationiscausedbytheremovalofCa2þionsfromthe
cytoplasmbackintotheSRandintotheextracellularfluidby
theNCXcurrent,INCX.
ConditionswhereCa2þinfluxandeffluxarenotinbal-

anceasintachycardiaorbradycardiaresultinelectromechan-
icalabnormalitiessuchaselectromechanicalalternans5,6and
repolarizationdelays,respectively;7extremechangesinrate
arearrhythmogenic.Besidesratechanges,mutationsofion
channelsortransportsystemsalterthebalancebetweeninflux
andeffluxofions,disturbingthemechanismscouplingmem-
branepotentialtoCa2þcyclingalsocausingcardiacarrhyth-
mias.Forexample,inpatients withcatecholaminergic
polymorphicventriculartachycardia(CPVT),mutationsof
RyR2orcalsequestrinresultinspontaneousopeningsof
RyR2,non-voltagetriggeredSRCa2þreleaseduringdiastole
thatdepolarizethecellmembranebyaugmentingNCXactiv-
ity(aneventtermeddelayedafterdepolarization;DAD),and
occasionallycauselife-threatening ventriculartachycar-
dia.8–10Asimilarmechanismisresponsibleforarrhythmias
relatedtodigoxintoxicity11,12andperhapsinsomeformsof
heartfailure.13

Repolarizationdelaysduetobradycardia,prolongation
oftheQTintervalorofventricularAPduration(APD)can
leadtoabnormal Ca2þ dynamicsandpotentiallylethal
arrhythmias.AnumberofconditionsleadtoLongQTsyn-
drome(LQTS):14(i)inherited mutationofoneof many
genesthatencodeforcardiacionchannelsubunitsorinter-
actingproteins(congenitalLQTS;cLQTS)or(ii)toacquired
conditionssuchasdrugtoxicityorelectrolyteabnormality
(acquiredLQTS;aLQTS).15Bothconditionsareassociated
withsuddencardiacdeathduetoaspecificformofventricu-
lararrhythmiacalledTorsadedePointes(TdP).16TdPis
associatedwithsecondarydepolarizationeventsoccurring
duringtheplateauphaseoftheAP;thatis,depolarizations
thatoccuraftertheAPupstrokeandbeforerepolarization
andcalledasearlyafterdepolarization(EAD).Themecha-
nismofEADgenerationisdisputedandtwohypotheses
dominatethecurrentliterature.Thefirsthypothesispostu-
latesthatduringlongAPplateaus,themembranepotential
fallsintherangecorrespondingtoL-typeCa2þchannelwin-
dowcurrent(i.e.,therangeofvoltagewhereneithertheacti-
vationnortheinactivationvoltagegatesarefullyclosed)
resultinginmembranedepolarizationduetothereopening
oftheL-typechannels.17–19Thesecondhypothesisisthat
longQTleadstointracellularCa2þ-overload,abnormalSR
Ca2þ-releaseduringsystole,whichinturnactivatesadepo-
larizingNCXcurrent,andthereactivationofL-typeCa2þ-
channels.20,21Thetwomechanismsdifferinafundamental
way:thefirstpositsthattheEADelicitsasecondSRCa2þin

systoleandthesecondthatspontaneous(non-voltage-trig-
gered)SRCa2þreleaseelicitsEADs.
RecentstudieshaveinvestigatedsubcellularCa2þdynam-

icsfromcellsinintactperfusedheartsandcomparedtheir
propertiesindifferentregionsoftheepicardium.1,7,21–24In
LangendorffperfusedheartswithaLQTSandbradycardia,a
secondarysystolicCa2þelevationgraduallydevelopsinmyo-
cytesfromthebasebutnottheapexofepicardium.Several
experimentalresultssupportthenotionthatEADsrequirea
conditionforSRCa2þoverloadandspontaneous(non-volt-
age-triggered):SRCa2þ-releaseandasecondarycytosolic
Ca2þelevationtemporallyprecedeEADs.AnoveldualCa2þ

andvoltageimagingtechniquewithhighspatial(1.5 1.5
lm2)andtemporal(500frames/s)resolutionrevealedthat
spontaneousSRCa2þreleaseoccurssynchronouslyinregions
of 0.5mmindiameterthatcanovercomethesource-sink
mismatchandinitiateTdP.1,7Bradycardia-relatedEADsand
TdPweresuppressedwiththeRyR2stabilizerK201atlow
concentrations(0.5lM)toavoiditspossibleoff-targeteffects.7

Thesemeasurementsprovidecompellingevidencethatabnor-
malCa2þdynamicsratherthanL-typewindowcurrentdrives
EADsandTdPinbradycardiaandaLQT2.
Experimentally,thefindingofSRCa2þreleasesynchro-

nizationwithinmyocytesandamongadjacentmyocytesis
essentialtoinitiateTdP.Yet,whatisthemechanismthat
synchronizesSRCa2þ releasefromthousandsofrelease
unitswithacell?Andwhydohundredsofadjacentcellson
theepicardiumalsosynchronizetheirSRCa2þrelease?In
theabsenceofCa2þcyclingpathology,ahighconcentration
ofCa2þinthecytosolandthelumenoftheSRappeartobe
the mostplausibleexplanation.ThecomplexityofCa2þ

dynamicsanditscross-talkwithelectricaleventsmakecom-
putersimulationsanaturaltooltofurtherdissecttheseprob-
lems.However,wearenotawareofamathematicalmodel
thatcouldprovideevenaqualitativedescriptionofEAD
generationinLQTSduetoabnormalSRCa2þrelease.
Inthe workpresentedhere, wehave modifiedthe

Shannon-Puglisi-Bers(SPB)model25,26ofrabbitventricular
myocyteinawaythatreproducesmanyoftheobservations
previouslyreportedinopticalmappingexperiments. When
thisspatially0-dimensionalmodelisextendedto2dimen-
sions,itreproducesthesubcellularCa2þdynamicsmeasure
bydualopticalmappingofAPsandCa2þtransients,includ-
ingpropagatedintracellularcalciumwavesduringdiastole,
secondary systolic calcium release which is cell-
synchronous,andtheoccasionallyobservedbehaviorwith
multipleinteractingcalciumwaves.1,22The modeloffers
additionalinsightsintothemechanismsofEADgeneration
andmightbeusefulinthedevelopmentofnewTdPmanage-
mentstrategies.

METHODS

TheoriginalSPBzero-dimensional(0-D) modelhas
beenmodifiedin2steps.First,wemodifiedtheequations
describingintracellularCa2þhandling.Second,wecreateda
2-DversionofthemodifiedSPB0-Dmodeltosimulatethe
contrastingprocessesofpropagatingdiastolicCa2þwaves,

093940-2 Wilsonetal. Chaos27,093940(2017)



andthehighlysynchronoussecondaryCa2þreleaseoccur-
ringduringsystolewhenrepolarizationisimpaired.

0-Dmodel

TheintracellularCa2þdynamicsoftheSPBmodelhas
beenmodifiedin2majorways.TheSRcompartmenthas
beendividedintodiffusivelycoupledjunctionalandnon-
junctionalSRsub-divisions(JSRandNSR)toreflectthefact
thatmostoftheSRCa2þ-releaseoccursfromtheJSR,but
mostoftheuptaketakesplaceintheNSR[Fig.1(a)].27,28

WealsochangedthedescriptionofRyR2,theJSRCa2þ

releasechannel,fromtheMarkovianformalismtoasystem
of3seriallycoupledgatestodescribethechannelproperties
ofRyR2.Gate1controlstherapidRyR2channelactivation
asafunctionofincreasingCa2þinthedyadicspace(g1),3,4

gate3isaslowerinactivationcontrolledbypersistentlyele-
vatedCa2þinthesamecompartment(g3),andgate2con-
trolsthechannelopening/activationasafunctionofelevated
Ca2þintheJSR(g2)29–31[Fig.1(b)].Becauseweareinter-
estedinpreservingbothCICRandRYR2openingasafunc-
tionofhighluminalcalcium,wechoosetomodeltheRyR2
gatesusingequationssimilartotheHodgkin-Huxleyformal-
ism(HH)ratherthanconsideringtheopeningofindividual
RyR2viaa Markovianprocess. Whiletheunderlying
dynamicsofRyR2openingarestochastic,itiswellestab-
lishedthatdeterministicequationscanbeusedtomodelthe
aggregatebehaviorprovidedthatthereareenoughionic
channels.32,33Eachgatehasasteady-statevaluegovernedby
thefreeCa2þ concentrationintherelevantcompartment
(i.e.,JSRforg2andjunctionalspaceforg1andg3)and
describedbyaHillequation.Thetimeconstantforg1issub-
stantiallyshorterthanthatofg3(20and300msinthedata
reportedhere),sothatanelevationofCa2þinthejunctional
space(JXN)wouldopenRyR2beforeeventuallyclosingit.
InordertoreproduceRyR2openingbyhighCa2þconcentra-
tioninJSRintheabsenceofCa2þinthejunctionalspace,a
smalldiffusion-drivenCa2þleakisplacedinparalleltothe
g1gate.Itsmagnitude(modelparameterB)wasbetween
0.0005and0.05ofthemaximumg1permeabilityindifferent
modelruns.
Themodelwasrunwith MATLAB2016b.Thecode

wascreatedbymodificationoftheSPB MATLABcode
kindlyprovidedbyDr.Puglisi.ThecodeusestheMATLAB
ode15sproceduretosolvethesystemofmultipleordinary
differentialequationsdescribingtheSPBmodel,withtherel-
ativeerrortoleranceparametersetto108.

2-Dmodel

The2-Dmodelrepresentsadiscretizedversionofthe0-
DmodelintoNcompartmentsofequalsize.Weassumethat
thedynamicsofeachcompartmentaregovernedasetofequa-
tionsidenticaltothe0-Dmodel,exceptforthefollowingdif-
ferences:allcellularcurrentsandjunctional,subsarcolemmal,
cytoplasmic,andSRvolumesaredecreasedbyafactorof1/
N.Furthermore,therateofchangeofthecellularvoltageis
takentobethesumofthecurrentsfromeachcompartment;
spatialvoltagegradientswerenotconsidered.Asemphasized
inFig.2,2Dsimulationsincludedisotropic,diffusivecoupling
betweenadjacentSLandadjacentcytoplasmiccalciumcom-
partments.CouplingbetweenSLcompartmentsreflectshigher
calciumconcentrationsproximaltoaRyR2followingeach
openingwhichcandiffusetoneighboringRyR2andresultin
CICR.RyR2Spatialheterogeneitywasconsideredinvarious
simulationsbyincorporatingvariationintheparameterscorre-
spondingtotheg1RyR2gate.Inall2-Dsimulations,a
L W¼50 20arrayofcompartmentswassimulated,where
LandWarethelengthandwidth,respectively.
2-DnumericalsimulationswereperformedonNVIDIA

GeforceGTX1080graphicscardsusingtheCUDApro-
gramminglanguage.34Gatingvariableswereupdatedateach
timestepusingaRush-Larsen35scheme,withtheremaining
variablesupdatedusingaForward-Eulerscheme.Afixed
timestepofdt¼0.004mswasusedinall2-Dsimulations.

FIG.1.Simplifieddiagramofthe0-dimensionalversionofthemodel.(a)
SimilartotheSPBmodel,thecellvolumeisdividedintocytoplasm,subsar-
colemmal(SL),anddyadicorjunctional(JXN)compartments.Incontrast
totheSPBmodel,sarcoplasmicreticulumconsistsofjunctional(JSR)and
nonjunctional(NSR)spaces.Thesimplediffusioncouplingbetweencom-
partmentsisindicatedbydashedarrows.ActivetransportofCa2þ ions
(SERCA,NCX)andCa2þionchannels(RyR,ICaL)aremarkedbyred
arrows.ThemodelassumesthatSERCAisonlypresentinNSRandRyR2
onlyinJSR.TheNCXandICaLtransportCa

2þbetweenextracellularspace
andbothSLandJXNcompartments.(b)Theryanodinereceptorismodeled
with3serialgates(g1,g2,andg3).AllgatesareaffectedbyCa2þbinding
(redcircles),whichincreasesopenprobabilityofg1andg2(uparrows)and
decreasesopenprobabilityofg3(downarrow).Theg1gaterespondsto
Ca2þconcentrationinjunctionalspace;g2respondstocalciuminJSR.A
smalldiffusionalleak(solidredarrowthroughg1)inparalleltog1allows
forRyR2openingbyhighCa2þinJSRevenintheabsenceofCa2þinJXN
space.InactivationofRyR2byprolongedexposuretohighCa2þconcentra-
tioninJXNspaceismodeledbyg3.Thetime-constantofg3responseisan
orderofmagnitudelonger(hundredsofms)thanthetime-constantsofg1
andg2response.
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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.1,22

In particular, the model’s parameters were modified to obtain

secondary systolic increase in the cytoplasmic Ca2þ associ-

ated with EADs, bradycardia-dependent EADs, and arrhyth-

mia dependent on Ca2þ cycling. Unless stated otherwise, the

model was paced by 1ms current injections with regular

cycle length, ranging from 400ms to 1700ms. In order to

simulate the gradual onset of pharmacological IKr block in

the Langendorff experiments, the model would be run for 5 s

with nominal parameters, after which the gkr parameter

(describing the maximal IKr current density) would be

decreased to 10% of the initial value over 30 s 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 Ca2þ. In the model,

systolic Ca2þ elevations were preceded by RyR2 openings

and rise of Ca2þ in the JXN and SL compartments [Figs.

3(b)–3(d)]. They were accompanied by the increase in the

ICaL and INCX inward currents [Figs. 3(e) and 3(f)], which

were partially compensated by the increase in the outward

currents IKr and IKs [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 Ca2þ oscil-

lations and EADs (Fig. 4). Decreased Ca2þ concentration in

JSR and increased outward current, IKs [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 Ca2þ

elevation still remain (Fig. 5). Hence, secondary systolic

Ca2þ elevations are not triggered by EADs, are independent

of membrane potential and of Ca2þ injection in the cell

through L-type Ca2þ channels, and hence are caused by

spontaneous SR Ca2þ release.

Various modifications of the model were explored to

investigate the causality of the changes in membrane

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 0-dimensional equations; key differences are explained in the text.

Isotropic Ca2þ diffusion is assumed between SL to SL and cytosol to cytosol

in all adjacent compartments.
FIG. 3. The 0-D model reproduces gradual development of EADs and EAD

salvos (pacing at 1700ms and gradual IKr block. Simultaneous plots of

selected model variables. (a) Membrane voltage. (b) Free Ca2þ concentra-

tion in cytoplasmic compartment. (c) Free Ca2þ concentration for junctional

SR (black) and nonjunctional SR (grey). (d) Free Ca2þ concentration for

subsarcolemmal space (grey) and junctional space (black). (e) and (f) ICaL
and INCX currents, respectively, Inward currents are assigned negative sign.

(g) Time-course of imposed IKr block. The gradual onset of pharmacological

IKr block in a perfused rabbit heart experiments is modeled as a linear ramp

starting from nominal IKr amplitude after 5 s of model run and terminating

at 10% of the nominal value 30 s later. (h) and (i) IKr and IKs currents,

respectively. Note the secondary spikes of Ca2þ concentration in junctional,

sarcolemmal, and cytoplasmic spaces, and the gradual increase of Ca2þ both

in SR compartments and in the cytoplasm.
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currents and Ca2þ concentration in the promotion of arrhyth-

mias. When RyR2s were forced to closed states after 43.8 s

of running the model at 800ms 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 ICaL ini-

tially increased because of much lower Ca2þ concentration

in the JXN space and a decrease in Ca2þ-mediated ICaL 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 Ca2þ re-accumulation in the

JSR, consequent to secondary RyR2 opening and increase in

Ca2þ 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 Ca2þ release from overloaded JSR is

modified (due to slower Ca2þ 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 Ca2þ-induced membrane

depolarizations. ICaL also plays an indispensable role in EAD

generation, not just because it is required to replenish SR

Ca2þ by letting Ca2þ into the cell but also to maintain ade-

quate Ca2þ concentration in the JXN space. When ICaL is

forced to zero after 44.1 s of model run results is the prema-

ture termination of SR Ca2þ release by decreasing the Ca2þ

concentration in the JXN space and closing the g1 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 [Kþ] and a slightly different profile for IKr
block [Fig. 9(b)]. EADs form due to IKr block at approxi-

mately 18 s and quickly result in salvos of EADs due to the

low potassium concentration. During EAD salvos, ICaL cur-

rent [Fig. 9(h)] remains active, helping to maintain the ele-

vated transmembrane voltage. Excess calcium from ICaL is

pumped to SR by SERCA, leading to intermittent opening of

RyR2. Instantaneous RyR2 block is modeled at 30 s, 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 Ca2þ waves and small DADs which are not arrhythmo-

genic but have been observed alongside EADs.1 We did not

find a combination of parameters for which the 0-D model

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 IKr block is same as in Fig. 3. Panels (a), (c), and (e)

show membrane voltage, and panels (b), (d), and (f) show cytoplasmic Ca2þ

. 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 Ca2þ in

JSR immediately preceding emptying are elevated during slower pacing. In

panel (h), outward current, IKs, is reduced during slower pacing which con-

tributes to APD prolongation.

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

Ca2þ is not dependent on the L-type calcium channels. (a) Membrane volt-

age. (b), (c), and (d) Concentration of Ca2þ in JXN, cytoplasm, and SR,

respectively. (e) Calcium dependent inactivation causes oscillations in ICaL.

Ca2þ concentrations continue to oscillate even when ICaL is held constant

(simulations not shown). (f), (g), and (h) Time course of INCX, IKr, and IKs.

Here, the magnitude of IKr decreases until 30 s due to imposed block.
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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 H1, which describes the Hill

coefficient of the g1 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 K1 (the Ca2þ

concentration in JXN producing half-maximum g1 opening)

was chosen to be 0.05mmol/l. In all other compartments, K1

was chosen randomly from a normal distribution with mean

of 0.07 and standard deviation of 0.01mmol/l. Smaller val-

ues of K1 require smaller concentrations of CA2þ in JXN to

open g1, which increases the likelihood of DAD formation.

Compartments in the upper-left corner had an SR calcium

leak from parallel to g1 of B¼ 0.03, all others used

B¼ 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 Ca2þ-release due to a lower

threshold required for Ca2þ-induced Ca2þ-release from

RyR2. In 2-D simulations, the onset of IKr 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, IKr 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

1350ms [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

FIG. 6. Ca2þ 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 IKr block

identical to that in Fig. 3, i.e., with a linear ramp down to 10%. After 43.8 s,

Ca2þ 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 Ca2þ 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 Ca2þ concentration in the JXN compart-

ment; the Ca2þ rise is caused essentially by the influx of Ca2þ via ICaL. Note

that without RyR2 block, Ca2 in the JXN space starts to rise again at about

44.5 s. This is primarily due to gradual rise of Ca2þ in the JSR [black tracing

in panel (d)] and opening of RyR2 g2 gate. (c) RyR2 block eliminates the

oscillation of Ca2þ in the cytoplasm. (d) JSR Ca2þ concentration is shown in

red and black for modified and nominal conditions, respectively. NSR Ca2þ

concentration is shown in pink and grey for modified and nominal condi-

tions, respectively. Steady rise of Ca2þ concentration in SR (arrow) is

caused by a combination of RyR2 block and ongoing SERCA activity. (e)

ICaLtrace: here RyR2 block increases ICaL during most of the shortened AP

by decreasing its Ca2þ-dependent inactivation. (f) RyR2 block markedly

attenuates the inward INCX current by decreasing the Ca2þ concentration in

the JXN and SL compartments, which decreases the driving force for NCX.

As shown below (Fig. 7), the inward INCX current in the absence of RyR2

block accounts for long APD.

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 Ca2þ

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 Ca2þ

release from RyR2 and generally increases Ca2þ in JXN by removing one of

the efflux mechanisms. (c) Ca2þ concentration in cytoplasm increases with

NCX block. (d) JSR Ca2þ concentration is shown in red and black for modi-

fied and nominal conditions, respectively. NSR Ca2þ concentration is shown

in pink and grey for modified and nominal conditions, respectively. Arrows

highlight secondary Ca2þ release from JSR during diastole (i.e., when ICaL
is zero). (e) ICaL elimination of the inward current provided by NCX short-

ens APD and duration of Ca2þ influx through L-type Ca2þ channels. (f)

Time course of INCX in each simulation.
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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 Ca2þ

release was observed in 2-D simulations. For example, in

Fig. 12, we choose the parameters for each compartment

such that K1¼ 0.005mmol/l, B¼ 0.05, and H1 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 H1 more readily release Ca2þ from the SR

after the cessation of pacing at 400ms. In these simulations,

diastolic Ca2þ release tends to begin in locations for which

H1 is lower on average. In panel (a), three prominent foci are

seen, denoted by arrows. As time progresses in panels (b)

and (c), Ca2þ waves emanate from these foci, eventually

enveloping the entire cell. Panel (d) shows a pseudo-line

scan of Ca2þ 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 theory17–19,36 pro-

poses that EADs are primarily caused by ICaL window

current and eventual ICaL reactivation and is independent of

INCX and SR Ca2þ release. This is supported by the experi-

mental evidence that EADs can be suppressed by blocking

ICaL, as well as by the results of mathematical modeling.37–39

On the other hand, different experiments suggest a crucial

role for Ca2þ release from SR and consequent augmentation

of the inward INCX current as the critical step in EAD genera-

tion.20,21 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.23,24 The proposed

mechanism has been recently summarized in a qualitative

manner,40 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

FIG. 9. Model response to low extracellular [Kþ]. 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 IKr 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 IKr block. (c) and (d) Junctional and cytoplasmic Ca2þ con-

centrations, respectively. (e) The black line (respectively grey line) shows

the JSR (respectively NSR) Ca2þ concentration. (f) During EAD salvos,

INCX remains active, facilitating the maintenance of elevated transmembrane

voltage. (g) During EAD salvos, ICaL remains active, helping maintain the

elevated transmembrane voltage. Ca2þ influx from ICaL is pumped to SR by

SERCA, replenishing the Ca2þ concentration after each opening of RyR2.

(h) The solid line shows a close-up of the IKr 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 IKr prolongs the AP plateau, contributing to the genesis of sal-

vos of EADs.

FIG. 8. Response to ICaL block. Model parameters are similar to Figs. 6 and

7, but ICaL 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. ICaL 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) ICaL termination

decreases Ca2þ influx to JXN space. Decreased Ca2þ concentration in this

compartment leads to RyR2 closure, subsequent elimination of SR Ca2þ-

release, and monotonic decline in cytoplasmic Ca2þ (c). (d) JSR Ca2þ con-

centration is shown in red and black for modified and nominal conditions,

respectively. NSR Ca2þ concentration is shown in pink and grey for modi-

fied and nominal conditions, respectively. Elimination of ICaL reduces cal-

cium influx to the cell, precipitating a gradual decline of Ca2þ in both JSR

and NSR due to leak from SR. (e) Time course of ICaL in each simulation.

(f) Once SR Ca2þ-release is eliminated and cytoplasmic Ca2þ concentrations

have declined, the INCX current is nearly eliminated.
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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,41

justifying the division of the SR compartment into JSR and

NSR subdivisions. It is reasonable to assume a Ca2þ con-

centration gradient between these compartments due to lim-

ited diffusion speed, although the precise value of Ca2þ

diffusion coefficient in SR is disputed.28,42 Abundant data

are available on the activation of RyR2 by increase in JSR

Ca2þ concentration29–31 and its inactivation by prolonged

Ca2þ elevation in the dyadic space.43,44 These 2 processes

are conceptualized separately in this model as g2 and g3

gates, with the g1 gate accounting for the CICR.

The 0-D model replicates the gradual appearance of

ectopic activity during gradual onset of IKr 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

Ca2þ 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 Ca2þ

release from JSR, related primarily to JSR Ca2þ overload, is

the main mechanism underlying EADs, by means of activa-

tion of the electrogenic NCX exchanger: elimination of

either the secondary Ca2þ release or of the NCX activity

results in immediate disappearance of EADs while Ca2þ

oscillations persist when the voltage is clamped at its pla-

teau. This is consistent with the reports that both inhibition

of intracellular Ca2þ cycling by ryanodine and thapsigargin

(blockers of the RyR2 and SERCA, respectively), and phar-

macological block of NCX eliminates TdP in isolated

hearts.22,45

Increasing the pacing rate of the model suppresses both

Ca2þ oscillations and EADs, a finding consistent with both

clinical experience and experimental results. In the model,

FIG. 10. Simulation with diastolic SR Ca2þ-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 Ca2þ release after the cessation

of 400 ms pacing. (b) Pseudo-line scan of the Ca2þ concentration in the

cytoplasmic compartment. This scan is taken along the dashed line from

panel (a). Diastolic Ca2þ release occurs spontaneously upon cessation of

pacing in the top-left portion of the cell, initiating a Ca2þ wave. (c)–(e) Blue

and red curves correspond to cytoplasmic, JXN, and JSR Ca2þ concentra-

tions, respectively. Colors correspond to values at dots of the same color in

panel (a). (f) Membrane voltage. Diastolic SR Ca2þ-release activates INCX,

triggering a DAD at approximately 34.6 s, denoted by the arrow.

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

Ca2þ 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 Ca2þ con-

centration in the cytoplasmic compartment. The scan is taken along the

dashed line from panel (a). Panels (c) and (f) show cytoplasmic Ca2þ 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 Ca2þ behavior. Faster pacing

eliminates EADs.

FIG. 12. Multifocal Ca2þ release. Panels (a)-(c) show snapshots of Ca2þ in

the SL compartments after pacing at 400 ms is stopped. Diastolic Ca2þ-

release from SR is initiated at three foci, highlighted with black arrows in

panel (a). As Ca2þ diffuses from high to low concentration, it initiates Ca2þ

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).
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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 Ca2þ diffusion from NSR to a

degree which would cause the secondary Ca2þ 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 Ca2þ

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 Ca2þ release (RyR2 blockade, SR Ca2þ

depletion, or chelation of cytosolic Ca2þ) or by controlling

the membrane potential during the AP plateau (AP clamp,

suppression of INCX). For example, EADs and intracellular

Ca2þ waves were elicited by H2O2 (oxidative stress) or by

isoproterenol (increase in the Ca2þ load) plus Bay K 8644

(L-type Ca2þ channel agonist).46 The suppression of EADs

during an AP clamp eliminated Ca2þ waves by H2O2 but not

by isoproterenol plus Bay K 8644 suggesting voltage control

in the first but not the second condition.46 However, the mul-

tiple targets of H2O2 and prior findings that BayK 8644 alone

can elicit EADs17 complicate the interpretation of these

experiments. In myocytes with hyper-reactive (or leaky)

RyR2, spontaneous SR Ca2þ release was shown to elicit

EADs; that is, Ca2þ elevation altered the voltage in myo-

cytes isolated from models of CPVT,10 heart failure,13 and

congenital LQT2 rabbits.47 In myocytes treated with ATXIII

(INa agonist) to mimic aLQT type 3, spontaneous SR Ca2þ

release elicited EADs which were suppressed when Ca2þ

waves were eliminated with the high-affinity Ca2þ chelator

BAPTA.48 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 Ca2þ in SR.

Simulations of the AP and Ca2þ 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.26 A major chal-

lenge has been the complex properties of RyR2 in the face of

dynamic cytosolic and luminal Ca2þ levels. Based on experi-

mentally derived relationship between the amount of SR

Ca2þ release and SR Ca2þ 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 Ca2þ alternans in the SR lumen.49

However, experimental evidence showed that CaT alternans

can occur in the absence of diastolic luminal SR Ca2þ alter-

nans50 and the steep release-load relationship at high luminal

SR Ca2þ remained ad hoc. Instead of a nonlinear release-

load relationship, Restrepo et al. modeled RyR2 gating based

on its interaction with the Ca2þ buffering properties of calse-

questrin in the SR.51 The latter stochastic Markov model of

RyR2 could predict cytosolic CaT alternans in the absence of

diastolic luminal Ca2þ alternans in rodent APs at high heart

rates. The same model was used to show that Ca2þ elevation

preceded EADs and EADs were elicited by spontaneous SR

Ca2þ release.52 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 Ca2þ elevations during systole.

We have developed a 2-D version of the model to

explore the spatio-temporal features of intracellular Ca2þ

dynamics. We find that the secondary systolic Ca2þ 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.1 The same spatial

heterogeneity generates a propagated Ca2þ 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.53,54 A modification of the model parame-

ters gives rise to multifocal intracellular Ca2þ dynamics

which we have occasionally observed in tissue experiments

under LQTS conditions.

Limitations/future direction

Although the model replicates several recently observed

features of Ca2þ dynamics during repolarization delay, in

several respects, it remains inadequate and perhaps na ıve.

For one, some established and quantitatively important fea-

tures of intracellular Ca2þ handling are not addressed—e.g.,

the role of Ca2þ buffering in mitochondrial matrix.55,56

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

Ca2þ 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 Ca2þ 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 Ca2þ 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 Ca2þ 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 Ca2þ 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 Ca2þ 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 Ca2þ

dynamics under various conditions which closely track

experimental data.1,7 The supplementary material contains

legends for animations 1, 2, and 3 followed by detailed
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changesmadetotheSPBmodel.Animation1:Diastolic
Ca2þwavespostpacing—Animatedversionofsimulations
fromFig.10.Thecellispacedwithaperiodof400msuntil
t¼33.6s.ThetoppanelshowsthecytosolicCa2þconcentra-
tion.Aftercessationofpacing,adiastoliccalciumwave
beginsatthelower-righthandcornerandtraversesthelength
ofthecell.Transmembranevoltageisshowninthemiddle
panel,withanEADoccurringatapproximately34.7s.The
bottompanelshowsthecytosolicCa2þatlocationscorre-
spondingtothewhitedotsinthetoppanel.Verticalblack
barsdenotethetimeprogression.Animation2:Synchronous
Ca2þ dynamics—Animatedversionofthe1350mspaced
simulationsfromFig.11.Thetoppanelshowsthecytosolic
Ca2þconcentration.Transmembranevoltageisshowninthe
middlepanel.ThebottompanelshowsthecytosolicCa2þat
locationscorrespondingtothewhitedotsinthetoppanel.
Verticalblackbarsdenotethetimeprogression. Whilethe
magnitudeofcytosolicCa2þisspatiallyheterogeneous,the
dynamicsarecellsynchronous,rising,andfallinginunison.
Animation3:MultifocaldiastolicCa2þrelease—Animated
versionofsimulationsfromFig.12.Thecellispacedwitha
periodof400msuntilt¼33.6s.Thetoppanelshowsthe
cytosolicCa2þ concentration.Transmembranevoltageis
showninthemiddlepanel.Thebottompanelshowsthe
cytosolicCa2þatlocationscorrespondingtothewhitedots
inthetoppanel.Verticalblackbarsdenotethetimeprogres-
sion.Diastoliccalciumwavesbeginatlocationsforwhich
H1isrelativelylow.
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APPENDIX:MODELEQUATIONSANDPARAMETERS

ThechangesmadetotheoriginalSPBmodel25aresum-
marizedbelow.

1.Reformulationofsarcoplasmicreticulum
compartments

ThesingleSRcompartmentoftheSPB modelis
replacedby2compartments(junctionalSR(JSR)andnon-
junctionalSR(NSR))ofthesamevolume(cellvolumeof
0.035)andsameCa2þbufferingproperties.These2com-
partmentsarediffusionallycoupledwithrespecttofree
Ca2þconcentration,withthestrengthofcoupling0.06/ms
unlessstatedotherwise.ThetransportofCa2þ fromthe
cytoplasmtoSRviaSERCAoccurssolelyintotheNSR
compartment,andCa2þreleasefromSRintothedyadic
spacethroughRyR2occurssolelyfromtheJSRcompart-
ment.TheCa2þtransportviaplasmamembraneCa2þpump
andcytoplasmicdyebufferinghavebeeneliminatedinthe
modifiedmodel.

2.Reformulationofryanodinereceptor

TheRyR2isnowmodeledwith3serialgatesgoverned
by HHformalismasdetailedinthe Methodssection.
Specifically,theequationdescribingCacurrentintheSPB
model,i.e.,

JSRCaRel¼ks:O:Ca½ SR Ca½ jct

[Eq.(106)fromRef.25]isreplacedby

JSRCaRel¼kmax:BþO1ð Þ:O2:O3:Ca½ JSR Ca½ jct;

whereO1,O2,andO3aretheopenprobabilitiesofthegates
g1,g2,andg3,respectively.TheBparameterdescribesthe
relativestrengthofthepassiveCa2þleakinparalleltotheg1
gate.TheoriginalSPBmodelhadtheSRCa2þleakmodeled
byEq.(107)—thishasbeeneliminatedinthenewmodel.
ThevariablesO1,O2,andO3aredescribedbythefol-

lowingequations:

dO1
dt
¼
ssO1 O1ð Þ

s1
;

dO2
dt
¼
ssO2 O2ð Þ

s2
;

dO3
dt
¼
ssO3 O3ð Þ

s3
;

wheressO1ands1denotethesteady-stateandtime-constant
oftheg1gate,etc.
Thesteady-stateopenprobabilitiesaredescribedby

ssO1¼

Ca½ jct

K1

 !H1

1þ
Ca½ jct

K1

 !H1;

ssO2¼

Ca½ JSR

K2

H2

1þ
Ca½ JSR

K2

H2
;

ssO3¼
1

1þ
Ca½ jct

K3

 !H3:

TheparametersK1,K2,K3,H1,H2,andH3areconstantin
themodelandarelistedinTableI.Thesameistrueofthe
timeconstantss1ands3.Thetime-constants2dependson
theCa2þconcentrationinJSR(slowerkineticswhenCa2þis
low)

s2¼s0: 1þ
1

Ca½ JSR

K4

H4

0

B
@

1

C
A
;

wheretheparameterss0,K4,andH4areconstantandlisted
inTableI.
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3.Otherchanges

Thechangesofparametervalueswithrespecttothe
SPBmodelarelistedinTableI.Amongotherchanges,the
conductanceofIKsandICaLwasincreasedtosimulateiso-
proterenoleffect,andtheCa2þdiffusioncouplingbetween
compartmentswasmodified.
ThedescriptionofICaLactivationandinactivation

gateshasbeenshiftedslightly,sothattheoriginalmodel
equations(78)–(81)inRef.25arereplacedwith

dfCaB
dt
¼1:7½CaC 1 fCaBð Þ 0:012fCaB;

d1 ¼
1

1þexp
Vþ23:5

6:0

;

sd¼d1

1 exp
Vþ23:5

6:0

0:035Vþ23:5ð Þ
;

f1 ¼
1

1þexpVþ42ð Þ=3:6Þ
þ

1

1þexp 45 Vð Þ=20
:

TheplateauKþcurrentintroducedintoalaterversionofthe
SPBmodelbytheauthorshasbeenretained.Itisformulated
as

IKp¼
0:001

1þexp7:488 Vð Þ=5:98
:V EKð Þ:

TheslowcomponentoftheItohasbeenmodifiedbythe
authorsoftheoriginalmodelinalaterversioninsuchaway
thattheRsgatingvariablenowachievesthesteadystatewith
afinitetimeconstant.Thismodificationhasbeenretained.
Specifically,Eq.(63)oftheoriginalmodelnowbecomes

Ito;s¼Gto;s:Xto;s:Yto;sþ0:5:Rsð ÞV EKð Þ;

wherethesteady-statevalueofRsisdescribedbytheorigi-
nalEq.(60),andthetimeconstantinmsisdefinedas

sRto;s¼
2800

1þexpVþ60ð Þ=10
þ220:
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