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1. Abstract

The formulation of the first Luo-Rudy guinea pig ventld@zumyocyte (LR-1) model
provided one of the first detailed mathematical ionic n®déktardiac action potential
(AP) and currents. After an extensive reformulatiosadium and potassium ionic
dynamics and the introduction of calcium Qalynamics, Luo and Rudy presented one
of the first of a second generation of AP modelsdyreamic Luo-Rudy model (LRd).
With those modifications, a new model became availlese in computer simulations
that takes into account the role of intracellulacicah ([C&*];) dynamics on AP
generation and propagation through cardiac tissue. Modifizatif [C&"]; dynamics to
the LRd model was done by Chudin et al. Other researchers as Bers, Puglisi,
McCullough, and Shiferaw used the baseline formulatiash@t.Rd model to develop
models of rabbit ventricular myocytes. These evente bacurred at the same time that
physiological experiments in the frame of recent ptsjace supposed to utilize rabbit
hearts. Therefore, to compare simulation resultk phitysiological experiments, the
model of the rabbit ventricular myocyte, with fCfadynamics, is extremely important.

The comparisons of the models occurred under both lovihighdpacing rate
regimes, first with the comparison of guinea pig andbitabrmulations of sodium and
potassium dynamics, both containing LRd {Qadynamics. Then with the addition of
Chudin and Shiferaw [G§; dynamics to the rabbit model version of sodium and
potassium dynamics, low and high pacing rate comparisonscardeicted, with and
without the inclusion of Ca spontaneous release. Under baseline model conditions,
[Ca®™]; alternans (alternating amplitude) as well as DADs wéserved in the rabbit
version of the LRd model, but not in the guinea pig eershAlternans was observed in
the Shiferaw based model after a long period of high temeilation, but the modified
Chudin rabbit model showed alternans-like behavior muckeearhe appearance of
alternans-like behavior in the Shiferaw model of{;avas dependent mainly on €a
efflux processes, such as the sodium-calcium exchamgkethe sarcolemmal pump. With
higher rates of stimulation, [€3; alternans behavior in the modified Chudin model was
accompanied by greater Caelease into the myoplasm from spontaneous calcium
release, in conjunction with a decrease in the sodialcium exchanger.



2. Introduction

Previous investigations of various types of pathologibehemena, such as
ventricular tachycardia (VT) and ventricular fibrtitan (VF), performed in computer
simulations have been based on the original Luo-Rudyi)ltRodel [1] and its further
development [2,3] and modification [2,4]. These are allhmatical ionic models of
ventricular guinea pig myocytes and, in their most gdreonsiderations, have been
suitable for many simulation purposes. Recent physiolbgigzeriments [5,6,7,8,9] have
used rabbit subjects (usually New Zealand white rabbits) gixegy. Due to this, our
modeling of the ventricular myocyte AP requires us tulsgsize and use a model based
on the rabbit instead of guinea pig species.

With the usage of rabbits in more physiological experimensstigating cardiac
arrhythmias, several researchers have developed math@n@tic models that can
appropriately model the electrophysiology particular tordbbit species. One of the
most widespread rabbit models is LabHEART [7], a versiath@L.Rd model modified
to model accurately the rabbit ventricular myocyte. Anofbemulation proposed for
modeling a dynamical rabbit ventricular myocyte modedcifally calcium (C&")
dynamics, is the one proposed by Shiferaw et al [4], winitoduces multiple
compartments in the cytosolic region outside of thecgadasmic reticulum (SR). By
modeling C&" dynamics in this manner, the Shiferaw model takesantount graded
release due to the recruitment of locat'Galease events (Eaparks) [4,10,11,12].

The Shiferaw and LabHEART models are both based oHalkgkin-Huxley (H-H)
formulation [13], but in the case of [7] introduced pararethat modeled rabbit
myocyte sodium and potassium dynamics while incorporatiity small changes, the
C&* dynamics formulated in the LRd model. In [4], the sodand potassium dynamics
are modeled the same as in [7], but with significant geatin C&" dynamics.

The LabHEART model, with respect to Caynamics, has the same drawbacks as the
LRd model, such as a discrete, rather than continuagsipieon of the C&-induced,
Cé*-release (CICR) process and non-accurate modeling ofgitisial data obtained at
high pacing rates. As for the Shiferaw model, it§'@gnamics have no spontaneous
release, alternans of €alynamics appears during fast pacing with a comparativedy
concentration of [Cd];, and its morphology changes significantly with time.

Therefore, we decided to consider the possibility of immgthe Chudin model for
a better representation of the rabbit myocyte and d@dte disadvantages of the
formulations in both of the above models. In this pape seek to synthesize a new
mathematical ionic model for the rabbit ventricular ewe for future use in multi-
dimensional experiments modeling cardiac tissue inahbitr heart. By achieving this
aim, we wish to implement computer simulations thataecurately model the rabbit
ventricular myocyte, compared to physiological experimearid allow for the study of
physiological and pathophysiological behavior, such as ieetdr tachycardia (VT) and
ventricular fibrillation (VF).



3. Modeled Action Potential Dynamics of the Rabbit Myocyte and its
Distinctions from the Myocyte of the Guinea Pig

The formulation of a reliable mathematical ionic moafethe AP in a rabbit
ventricular myocyte for usage in modeling cardiac tissgeires a close examination of
key characteristics observed in physiological experimetith rabbit test subjects. This
process, similar to that done for the LRd guinea pigrieerttar myocyte model, was done
by several researchers [4,7] and was based on availqgi@eraental data from
physiological experiments. These models share a comass for their formulation, the
LRd model, but are modified to reflect rabbit ventricutajocytes. It should be noted
that the characteristics of the the models, whilé berived from the LRd model, are
distinguished by differences in their formulations ®&[]. In addition, there is
increased amplitude for thgakaexchanger in addition to different formulations fgy; |
and kponin the rabbit model. Other than these differencesppears there are relatively
few differences in the equations that represent thetrabjoicyte, so the question
naturally arises of why a new model is necessarg.tha aim of this section to illustrate
the differences in mathematical expressions and morgiesidetween models
representing APs of guinea pig and rabbit myocytes. Wishgbal in mind, the
differences between the two models will provide a fgstion for choosing and
modifying a mathematical ionic model representative efdiiaracteristics of the rabbit
myocyte.

3.1. Membrane Currents and Electrophysiological Parameters

The models chosen for the basis of the comparisopesies-specific models are the
LRd model to represent the guinea pig ventricular myoaytietlae Puglisi-Bers model
(derived from LabHEART) to represent the rabbit ventricuigocyte. The first step of
the investigation of the differences between modethetwo species involves analysis
of the differences in their underlying mathematical egpions. This was done using the
results from Puglisi [7] and work by Van [14] to formuléte rabbit model.

3.2. Initial Conditionsfor Model State Variables

Initial conditions for the system of partial diffetexh equations in all models were
determined by pacing each of the models at a BCL = 1500 rbsbieats and allowing
their respective computer simulations to run for 5 amiahti seconds past the time of the
last applied stimulus. This allowed enough time for thee stariables of the model to
come to their steady-state values, which establisheskethaf initial conditions for the
model. These initial conditions were then used fomtibeels when subsequent
simulation experiments were performed. The same procedageised with the modified
Chudin and Shiferaw models described in the next sectmthanvalues for their initial
conditions are presented in Part | and Part I, resgdgt of the Appendix. For all
experiments, simulations were performed on a workst&@©mnvith a 1.60 GHz Intel
processor. The time step algorithm used for simulaticasawariable time step (VTS)
algorithm, where the time step used for the integratidheftystem of model equations
assumed values of either 0.005 ms or 0.1 ms, depending oragmatude of the change



dv dv
of the AP %). In this algorithm, the smaller time step is usedeiogéra and the

converse for the larger time step. The details ofdlgsrithm are outlined in [15]
3.3. lonic Current and Action Potential M orphologies at L ow Pacing Rates

The results of the simulations of the APs are simokigure 1. This figure compares
morphologies of the APs given by mathematical mofielshe guinea pig and rabbit
myocytes in two frames of time, with a BCL = 1500 nmsp&nel A, the full time course
of the APs for both models can be seen, with the #tReoguinea pig representation
having a peak WMax 16% larger than that of the rabbit AP. The AP produced byatbiait
model, however, showed an approximately 19 ms lengthening@D§,fver the guinea
pig representation. Panel B presents a magnified vigdaade O of both APs, showing
that both have nearly identical rise times (the dsaney due to the different time
courses of the fast sodium current) , but with diffeM&r.x values.

Comparisons of currents are provided in the content of &guthe six plots given
shows the morphologies of the main currents affechegdPs and vice versa of both
models, paced at BCL = 1500 ms. The top plot of panel A stimatsvhile both models
have similar time courses for the fast sodium curtéetyabbit model has a 47% smaller
current. In the middle plot of panel A, the sodium-taitexchanger currents in both
models are very similar, with the rabbit model showingrger net outward current (a
prolongation of 25 ms). Calcium currents are compareeibttom plot of panel A,
showing a larger magnitude in both the L-type calcium ctirmad the sarcolemmal
calcium pump in the rabbit model as opposed to the guineaaqugl. Panel B’s top plot
gives a comparison of the potassium currents in bottelepwith the fast delayed
rectifier currents having similar morphologies with an f&bdelay in the rabbit model.
The slow delayed rectifier currents, however, of butdels diverge from each other,
with the guinea pig model having a significantly higher magi®. A comparison of the
non-specific potassium and sodium currents is presentée middle plot of panel B,
showing a larger potassium and sodium component in the rabdgl as compared to
the guinea pig model. New currents introduced in the rabldiemthe transient outward
current and the calcium-activated chorine current, lzwe/s in the bottom plot of panel
B, which result in the sharp repolarization seen nydzhase 1.

3.4. lonic Current and Action Potential Morphologies at High Pacing Rates

In order to fully understand the effects of whataulucing rabbit sodium and
potassium dynamics would have to models with Chudin andr&wifermulations of
[Ca®™]i dynamics, it was necessary to study both the guinearpigabbit models in the
high pacing rate regime. The effect of high pacing rate®mid [C&4T; is shown in
Figure 3, where time courses of AP and intracellulasigal in the rabbit and guinea pig
mathematical models are given for BCL = 150 ms. Thegawotocol for both models
involved pacing with five initial beats longer than 150 mdunation, which
progressively shortened from 250 ms to 150 ms. This procedgreasaded out in order
to insure that APs in both models would shorten enoughPidyddue to dynamic



restitution to allow for stationary AP behavior widsspect to time. After about 1 s of
pacing, periodic alternans of intracellular calcium hinnge arises in the rabbit model,
with large peaks corresponding to shortened APDs andseisa. The guinea pig model,
however, exhibits steady accumulation of intracella&cium without alternans for the
first 4.4 seconds of pacing. After this time period, teugé releases of calcium from the
JSR to the myoplasm due to spontaneous calcium redeasdserved, followed by the
termination of the pacing protocol with the™30eat. While the guinea pig model
recovers from its systolic peak to return toward itting state concentration, the rabbit
model exhibits a spontaneous rise of systolic calcium3as into the simulation,
corresponding to a delayed after-depolarization (DAQhNAP (indicated by the
downward arrows).

As for the currents during the time frame oftbktage and calcium described above,
they are illustrated in Figure 4, which gives comparisdrtsigents produced by the
guinea pig and rabbit models at high pacing rates (BCL = 150Tims)six plots given
show the effects of fast stimulation rates on sshva&irrents in the two models, with all
currents measured in the"™and final beat. The top plot of panel A displays trdoes
the fast sodium current for the models, with the curirethe rabbit model having
decreased faster than the one in the guinea pig madék imiddle plot of panel A, the
difference in the durations of the outward currentsphaf the sodium-calcium exchanger
between both models has largely disappeared. The ptal@fim currents, shown in the
bottom plot of panel A, shows a reduction of discrepasti magnitudes of the L-type
calcium currents in both models and nearly identicaksaf the sarcolemmal calcium
pump. In Panel B’s top plot, a comparison of the potassiuments in both models is
given and it can be seen that there is almost a e@engisappearance of the discrepancy
in time delay of the rapid delayed rectifier current thas seen at slow pacing rates.
Also, the slow delayed rectifier current (similar te tlapid delayed rectifier current)
shows a shorter time to peak due to dynamic AP restitatibigh pacing rates, with a
rapid increase at the onset of stimulus applicatieheasmaller difference in current
magnitudes midway between their values during low pacing.rilen-specific
potassium and sodium currents are compared in the middlefgdanel B, showing that
the amplitudes of both the sodium and potassium curremisth models have increased,
with both types of currents larger in the guinea pig m@aeeversal of the situation in
the low pacing rate regime). The bottom plot of panedti®wing the transient outward
potassium and calcium-activated chlorine currents, idtestiittle change in the
amplitude and time course of the calcium-activated afdocurrent, but a 40% decrease
in the peak of the transient outward current.

4. Comparison of Calcium Dynamicsin Shiferaw and Chudin M odels

With the differences between the results of AP medébuinea pig and rabbit
myocytes made apparent in the previous section, it bezctear that in order to
accurately model physiological data obtained from ralebit subjects, an AP model
based on their unique physiological characteristics musyfittesized and used. To
accomplish this goal, two models were constructed andassdte basis for comparisons
to ascertain which would be a more suitable model. Teeidi referred to here as the



modified Chudin model, which is the model of the guingpA# developed by Chudin,
but incorporating features from the rabbit model givej7jnThe second is labeled as the
Shiferaw model, which is a rabbit AP model based ondl@um cycling equations
formulated in [4]. By comparing these two models undeditmms of low and high
pacing rates, more accurate discrimination betweemthi@ériodels can be made and the
one can be chosen, which better suits to our modelidg@mputer simulation tasks. A
summary of the changes to the model necessary to impteheemodified Chudin model
is given in Table 1 and equations for both models are listdee Appendix.

4.1. Moddl Formulation with Chudin Calcium Dynamics

The formulation of the modified Chudin mathematicaldeal for the rabbit
ventricular myocyte was done using information from [2,]{,A6complete description of
the resulting model is given in Part | of the Appendix.

4.2. M oddl Formulation with Shiferaw Calcium Dynamics

In a similar manner to the modified Chudin mathemétiwadel for the rabbit
ventricular myocyte, the Shiferaw model used infornmaffom [2,4,16]. A complete
description of the resulting model is given in Partfiire Appendix. A key characteristic
of the Shiferaw model is the release funct@rwhich determines the amount of calcium
released from the sarcoplasmic reticulum (SR) néiwits dependence on the JSR
calcium concentration ([éajsr) is plotted in Figure 5 and it is mentioned here in otder
note its importance in controlling CICR and hence?{Gaynamics.

4.3. ResultsUsing L ow Rates of Stimulations

Simulated ventricular APs in the modified Chudin and &hilv rabbit myocyte
models are shown in Figure 6. It should be noted thatderdo make a comparison
solely of the effects of combining Chudin or Shiferawang#llular calcium dynamics
with the sodium and potassium dynamics of the Pugliss-Berdel, a few modifications
to the baseline modified Chudin and Shiferaw models waaenThese changes include
the deactivation of spontaneous release in the mddifireidin model (so that both
models have no spontaneous release), setting theciemffin.ca= 1177pA/cn? in both
models, and implementing the sarcolemmal pump in bottetsoFigures 6-9 exhibit the
results of the experiments with these changes. In &igura comparison of the
morphologies of the APs given by mathematical mofdelthe Chudin and Shiferaw
rabbit myocytes in two frames of time, with a BCL = 1500ispresented. In panel A,
the full time course of the APs for both models casden, with the APs of both models
having nearly identical Max values. The AP produced by the Chudin model, however,
showed a more than 40 ms longer ARan the Shiferaw model. Panel B presents a
magnified view of phase 0 of both APs, showing that batle nearly identical rise times
and Vihax values.

Comparisons of currents are given in Figure 7. The sis glven shows the
morphologies of the main currents affecting the ARk\ace versa for both rabbit



models, paced at BCL = 1500 ms. The top plot of panel Aalisglaces for the fast
sodium current for the models, both nearly identicaaoh other. In the middle plot of
panel A, the morphologies differ between the two modket$, a larger net outward
current in the Shiferaw model. Calcium currents arepaoed in the bottom plot of panel
A, showing a nearly four fold increase of L-type cateiaurrent in the Shiferaw model
over the Chudin model. The sarcolemmal pump was notlgciueuded in the Shiferaw
model, but its trace is shown for completeness. FBisdabp plot gives a comparison of
the potassium currents in both models, with the fastyedl rectifier currents having
similar morphologies, but different time courses fothbmodels. The slow delayed
rectifier currents, however, of both models divergarfreach other, with the Chudin
model having a significantly higher magnitude. A comparisam@hon-specific
potassium and sodium currents is presented in the mitidlefgpanel B, showing that
the Shiferaw model has much greater potassium and sodmpocents in terms of
current amplitude. The bottom panel of B displays compas of the transient outward
potassium and calcium-activated chlorine currents, wellm models having nearly
identical transient outward potassium currents, buvergence in the morphologies of
the calcium-activated chlorine currents.

4.4. The Effect of Higher Pacing Rates on Electrophysiological Phenomena

As in the case of the comparison between the guimgeanui rabbit models, it was
necessary to investigate the effect of high pacing ratée@ionic dynamics of the
Chudin and Shiferaw [¢8; models. The AP and [€3; are shown in Figure 8,
conducted with the same experimental protocol as dortbdatata shown in Figure 3.
For BCL = 150 ms, a main feature of the behavior o meddels in the high pacing rate
regime is that the significant difference in Algisappears as the dynamic AP
restitution properties of both cells shortens the AiRrDesponse to the rate of
stimulation. Unlike the case of the guinea pig and ratantparison, no alternans in APD
is evident in either model. For the plot of intracefutalcium in both models during the
same time period, a much higher level of systolic calagireached with each successive
beat in the modified Chudin model compared to the Shifenadel. However, no
calcium amplitude alternans nor DADs after the cessaif pacing is present in either
model in contrast to the presence of both phenomete iRuglisi-Bers rabbit model.

With Figure 9, the six plots show the morphologieshefiinain currents affecting the
APs for both rabbit models, paced at BCL = 150 ms andallitheasurements taken at
the 3d" beat. The top plot of panel A displays traces forfalse sodium current for the
models, with the current in the Chudin model nearlp zercontrast to the still
significant current from the Shiferaw model. In the nedolot of panel A, there is a
larger net outward in the Shiferaw model, but the diffees between the models are less
acute than in the case of low pacing rates. Calciumects are compared in the bottom
plot of panel A, showing a greatly reduced discrepanegagnitudes of the L-type
calcium currents in both models. As for the sarcolehpuanp its traces in both models
are nearly concise with each other as well. Paisetdp plot gives a comparison of the
potassium currents in both models, with a decreaseiditferences of the time courses
of the fast delayed rectifier currents in both modelsgared to low pacing rates. The
slow delayed rectifier currents, however, still difggeatly in magnitude, with the



Chudin model being significantly larger in magnitude thanShiéeraw model at high
and low pacing rates. A comparison of the non-spepdgtassium and sodium currents is
presented in the middle plot of panel B, showing thatShiferaw model has greater
potassium and sodium components in terms of currenttadgin high as well as low
pacing rates, but less accentuated than at low pacirg Tdte bottom panel of B
displays comparisons of the transient outward ptasand calcium-activated chlorine
currents, with a noticeable decrease in the transigmtard current in the Chudin model,
but no difference in the calcium-activated chlorine entr

4.5. The Sarcolemmal Pump and the Sodium Calcium Exchanger in the
Shiferaw Calcium M odel

From the high pacing rate experiments with the Shiferagehof intracellular
calcium dynamics, no alternans was observed. The appeaof calcium alternans is
closely correlated to the accumulation of intradatlicalcium and the instability of the
calcium cycle that results from it and thereforeeitdme necessary to examine key
calcium membrane currents, such as the sarcolemmad paththe sodium-calcium
exchanger. The task of investigating the effect of deprgshese two currents is
accomplished by the experiments illustrated in Figure 18.thitee plots shown
demonstrate the effect of either decreasing the stremgtie sodium-calcium exchanger
(by decreasingnscy, disabling the sarcolemma pump (as was the original tondn
the Shiferaw model), or both after a long period of skatmon at high rates (BCL = 150
ms). In panel A, intracellular calcium and AP arewghdor the case whenkcais set to
the same value as the Chudin model (as was done aothgarisons for this paper) and
the sarcolemma pump was active. The resulting inttdaeltalcium and AP time
courses are stationary with respect to time. PanebB/s that decreasing the value of
knacafrom 1177pA/cny to 1031pA/cn? resulted in a higher level of intracellular
calcium (although still a low level), but the sameistary behavior in calcium and AP
as seen in Panel A. Holdingd¢.= 1177uA/cn?, but disabling the sarcolemma pump
had a similar effect. The disabling of the sarcolemnmapand decreasingkafrom
1177uA/cn? to 1031uA/en? is shown in Panel C. After 17 s of pacing, the Shifera
model’s intracellular calcium undergoes a series ohphena that has repeats with a
period of 8 s, which includes a 3 s period of unstable osoigof intracellular calcium,
followed by 5 s of periodic calcium alternans. The ARhis same time period exhibits a
similar oscillation of APD and amplitude.

4.6. Spontaneous Calcium Release and Myoplasm Calcium in the Chudin M odel

In the modified Chudin model, the effect of the reidtration of spontaneous
calcium release was studied in Figure 11. This figure repietee first experiment
(paced at BCL = 150 ms) activating spontaneous releake @Hhudin model and
showing its effect on intracellular calcium and oatgiin the JSR whenkca=2600
nA/cm? (the value used in the Puglisi-Bers rabbit model). dvislent that the levels of
calcium in both the JSR as well as the cytoplasnreda¢ively low compared to their
nominal levels in the guinea pig version of the Chudadel. This results in insufficient



levels of calcium in both the myoplasm and the J&&Jing to no activation of calcium
spontaneous release from the JSR.

In order to allow for the appearance of spontaneousucalelease from the JSR, the
effects of release thresholds and the sodium calexechanger were considered and
shown in Figure 12. Results of high pacing rates (BCL = 150arstrong sodium-
calcium exchanger (fca= 2000pA/cn?), and modifying the thresholds of spontaneous
calcium release from the JSR were considered andes@ehniment tested the effect of
lowering the myoplasm calcium thresholdsdtd K; for spontaneous calcium release
from the JSR. In Panel A, no modification to thrddbavere done, resulting in small
peaks of spontaneous release appearing for the duratiom experiment. Panel B,
shows the effect of lowering the lower threshold gbplasm calcium, K from 0.7uM
to 0.4uM, which leads to the beginning of quasi-alternans ofeelhalar calcium after
about 5.5 s of pacing in addition to larger peaks of spentancalcium release.
Lowering both thresholds of myoplasm calcium,ftom 0.7uM to 0.4uM and K, from
1.3uM to 1.0uM, shown in Panel C, resulted in even larger peakparitaneous
calcium release, with residual peaks after stopping stimoul of the model and earlier
guasi-alternans of intracellular calcium (~4 s afterlteginning of the experiment).

Finally in Figure 13, an analysis similar to that in FigliPewas done, but with a
weak sodium-calcium exchangek{ka= 1177uA/cn). In Panel A, no modification to
thresholds were done, resulting in large, periodic pedkpontaneous release appearing
3 s after the start of the experiment and leading to @li@sinans of intracellular calcium
with a period of 5 beats. Panel B, shows the effetdwéring the lower threshold of
myoplasm calcium, K from 0.7uM to 0.4uM, which leads to the beginning of quasi-
alternans 3 s after the start of the experiment avjpleriod of 4 beats. More frequent
peaks of spontaneous calcium release accompany themgsuiasi alternans of
intracellular calcium. Lowering both thresholds ofaplasm calcium, Kfrom 0.7uM to
0.4uM and K; from 1.3uM to 1.0uM, shown in Panel C, resulted in large peaks of
spontaneous calcium release earlier than the othecdsgs and is terminated with
several peaks of spontaneous release after the telonidistimulation. Intracellular
calcium during the same time period exhibited 5 beat quasralie with a prolongation
of the high level of diastolic calcium after the esipeent terminated.

5. Conclusion

Comparisons of the guinea pig and rabbit cell modelsmatia high pacing rates
have shown that currents in both models differed s@amtly in time only in the
modifications that Puglisi and Bers introduced, but wiffecences in AP and
intracellular calcium still present. These modifioat include the reduction of the fast
sodium current, the reduction of the slow delayed rectdurrent, and the introduction of
two outward (repolarizing) currents: the transient outvatéssium current and the
calcium activated chlorine current. Figure 4 showed thhigh pacing rates, the overall
differences in the currents between both models betzsagronounced, but alternans in
calcium amplitude and APD appeared in the rabbit model,aakeahe guinea pig model
exhibited steady intracellular calcium accumulatiod Enge amounts of calcium release
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from the JSR. After the cessation of stimulatitn@ teactivation of membrane calcium
currents triggered a final calcium release event frord8# leading to the phenomenon
of the DAD in the rabbit model, which was not observethe guinea pig model. It is
then evident from these investigations that the rabbdehdemonstrates more
arrhythmic behavior at rates characteristic of VT anherefore a suitable subject of
study in the scope of the larger investigation of thehaeisms of arrhythmia formation.

The results presented above for the modified ChudirSaifdraw models show that
inclusion of the sodium and potassium dynamics fronPungisi-Bers rabbit model with
calcium dynamics from either the Chudin model or théeSdiv model, alternans like
behavior arises in the conditions where calcium ekinusrocesses are depressed and
calcium fluxes from the JSR are increased. Thisrates-like phenomenon was observed
in the absence of spontaneous calcium release frodsfRen both models, as well as a
relatively weak sodium-calcium exchangexe= 1177pA/cn?), and the inclusion of a
sarcolemmal calcium pump for both models. The effecb@ibrane current dependence
on the higher calcium concentration of the submembspaee formulation in the
Shiferaw calcium model was shown in Figures 7 and 9 feralod high pacing rates,
showing larger calcium currents in the Shiferaw modelals also seen in Figure 8 that
the Chudin formulation, designed to more accurately ioigé pacing rate behavior
than the LRd model, exhibited higher levels of intracatlghlcium at high pacing rates
compared to the model with the Shiferaw formulatioguFé 10 showed that alternans is
an event driven by the loss of the roles the saraoigincalcium pump and the sodium
calcium exchanger play in stabilizing the level of io&iular calcium in the Shiferaw
model. At the long time of stimulation seen in thgufe, APs are driven entirely by the
stimulus and the periods of calcium oscillation andaioiity that interrupt the intervals
of calcium alternans correspond to a regenerationdifisn current.

Investigations of the effect of the gating variable(if the Chudin formulation of
spontaneous calcium release from the JSR) revealethéhappearance and
characteristics of quasi-alternans were dependent onlasyojg calcium thresholds ¢§K
and K;) and the strength of the sodium calcium exchangeforAthe modified Chudin
model, Figures 11-13 showed that by decreasing the strendié sddium-calcium
exchanger and lowering the threshold of spontaneous cateilgase for myoplasmic
calcium results in the appearance of more frequentaaigdrl peaks. This results in the
appearance of periodic quasi-alternans similar to thebserved in the guinea pig
version of the Chudin model under high pacing rates. Timesdanisms and other new
phenomenon will be investigated when these cell modelasad to simulate cardiac
electrophysiological processes in two dimensional arekttdimensional tissue.
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Figure Captions

Figure 1.

The morphologies of the APs given by mathematical risofde the guinea pig and rabbit
myocytes in two frames of time, with a BCL = 1500 nmsp&nel A, the full time course
of the APs for both models can be seen, with the #tReoguinea pig representation
having a peak WMax 16% larger than that of the rabbit AP. The AP produced byatbigit
model, however, showed an approximately 19 ms lengthenin@D§,fver the guinea
pig representation. Panel B presents a magnified vigdaade O of both APs, showing
that both have nearly identical rise times (the dsaney due to the different time
courses of the fast sodium current) , but with diffeM&r.x values.

Figure 2.

Comparisons of currents produced by the guinea pig and raktbiemeatical myocyte
models at low pacing rates (BCL = 1500 ms). The six gimsn shows the
morphologies of the main currents affecting the ARb\ace versa of both models,
paced at BCL = 1500 ms. The top plot of panel A showsihé¢ both models have
similar time courses for the fast sodium currentrétbit model has a 47% smaller
current. In the middle plot of panel A, the sodium-caitexchanger currents in both
models are very similar, with the rabbit model showingrger net outward current (a
prolongation of 25 ms). Calcium currents are compareeibdttom plot of panel A,
showing a larger magnitude in both the L-type calcium ctirmad the sarcolemmal
calcium pump in the rabbit model as opposed to the guineaqugl. Panel B’s top plot
gives a comparison of the potassium currents in bottelepwith the fast delayed
rectifier currents having similar morphologies with an f&bdelay in the rabbit model.
The slow delayed rectifier currents, however, of butdels diverge from each other,
with the guinea pig model having a significantly higher magi®. A comparison of the
non-specific potassium and sodium currents is presentée middle plot of panel B,
showing a larger potassium and sodium component in the rabdgl as compared to
the guinea pig model. New currents introduced in the rabldiemthe transient outward
current and the calcium-activated chorine current, lzwe/s in the bottom plot of panel
B, which result in the sharp repolarization seen nydzhase 1.

Figure 3.

Time courses of AP and intracellular calcium in the riadid guinea pig mathematical
models at high pacing rates (BCL = 150 ms). The pacing pidtodooth models
involved pacing with five initial beats longer than 150 mdunation, which
progressively shortened from 250 ms to 150 ms. This procedsreamded out in order
to insure that APs in both models would shorten enoughPidyddue to dynamic
restitution to allow for stationary AP behavior widsspect to time. After about 1 s of
pacing, periodic alternans of intracellular calcium hinnge arises in the rabbit model,
with large peaks corresponding to shortened APDs andseisa. The guinea pig model,
however, exhibits steady accumulation of intracella&cium without alternans for the
first 4.4 seconds of pacing. After this time period, teugé releases of calcium from the
JSR to the myoplasm due to spontaneous calcium redeasdserved, followed by the
termination of the pacing protocol with the™30eat. While the guinea pig model
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recovers from its systolic peak to return toward itting state concentration, the rabbit
model exhibits a spontaneous rise of systolic calciutn3as into the simulation,
corresponding to a delayed after-depolarization (DAQhAP (indicated by the
downward arrows).

Figure 4.

Comparisons of currents produced by the guinea pig and rabdélsret high pacing
rates (BCL = 150 ms). The six plots given show thea$f of fast stimulation rates on
several currents in the two models, with all currergéssnred in the 30and final beat.
The top plot of panel A displays traces for the faslilso current for the models, with
the current in the rabbit model having decreased fasterthiezone in the guinea pig
model. In the middle plot of panel A, the differenndéhe durations of the outward
current phase of the sodium-calcium exchanger betwattnmhodels has largely
disappeared. The plot of calcium currents, shown imttm plot of panel A, shows a
reduction of discrepancies in magnitudes of the L-typeiwal currents in both models
and nearly identical traces of the sarcolemmal cal@ump. In Panel B’s top plot, a
comparison of the potassium currents in both modelv@ngnd it can be seen that there
is almost a complete disappearance of the discreparicye delay of the rapid delayed
rectifier current that was seen at slow pacing r#&ks®, the slow delayed rectifier
current (similar to the rapid delayed rectifier currestidws a shorter time to peak due to
dynamic AP restitution at high pacing rates, with adapcrease at the onset of stimulus
application and a smaller difference in current magngudelway between their values
during low pacing rates. Non-specific potassium and sodiunets are compared in the
middle plot of panel B, showing that the amplitudesaihlihe sodium and potassium
currents in both models have increased, with both tgpesrrents larger in the guinea
pig model (a reversal of the situation in the low pagcate regime). The bottom plot of
panel B, showing the transient outward potassium amiucalactivated chlorine
currents, illustrate little change in the amplitude ametcourse of the calcium-activated
chlorine current, but a 40% decrease in the peak of thedrdroutward current.

Figure 5.

The dependence of the release function in the Shiferaslel on calcium in the JSR.
Presented in this figure is the graphical representatitimeatelease function Q([€%)
in the Shiferaw model, plotted against ft}gr. This is based on the mathematical
formulation given in Part 1l of the Appendix.

Figure 6.

Simulated ventricular action potentials in the madifChudin and Shiferaw rabbit
myocyte models. This figure compares the morphologi¢iseoAPs given by
mathematical models for the Chudin and Shiferaw rabbitcgtgs in two frames of time,
with a BCL = 1500 ms. In panel A, the full time coursehaf APs for both models can
be seen, with the APs of both models having nearlytickdV/max values. The AP
produced by the Chudin model, however, showed a moretthars longer APEy than
the Shiferaw model. Panel B presents a magnified vievhagg 0 of both APs, showing
that both have nearly identical rise times and.Walues.
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Figure 7.

Comparisons of currents produced by the modified ChudirSaifdraw rabbit myocyte
models at low pacing rates. The six plots given shbwesriorphologies of the main
currents affecting the APs and vice versa for both rabbdels, paced at BCL = 1500
ms. The top plot of panel A displays traces for tls¢ $@adium current for the models,
both nearly identical to each other. In the middle pfganel A, the morphologies differ
between the two models, with a larger net outward numethe Shiferaw model.
Calcium currents are compared in the bottom plot of lpanghowing a nearly four fold
increase of L-type calcium current in the Shiferaw nhogler the Chudin model. The
sarcolemmal pump was not actually included in the Shiferadeimbut its trace is
shown for completeness. Panel B’s top plot givesmpeoison of the potassium currents
in both models, with the fast delayed rectifier cursdrdving similar morphologies, but
different time courses for both models. The slow delagetifier currents, however, of
both models diverge from each other, with the Chudidehhaving a significantly
higher magnitude. A comparison of the non-specific patassind sodium currents is
presented in the middle plot of panel B, showing thatShiferaw model has much
greater potassium and sodium components in terms @ntamplitude. The bottom
panel of B displays comparisons of the transient outywatassium and calcium-
activated chlorine currents, with the two models havinglypédentical transient outward
potassium currents, but a divergence in the morphologig®afalcium-activated
chlorine currents.

Figure 8.

Time courses of AP and intracellular calcium in the mediChudin and Shiferaw
mathematical models at high pacing rates (BCL = 150 meprparison is made in this
figure between the two rabbit models with Chudin and &wantracellular calcium
dynamics and the changes in their characteristicsadhigh rates of stimulation. As in
the earlier comparison of the guinea pig and rabbit mpfiedsinitial beats longer than
150 ms in duration paced both AP models from 250 ms to 150 wehsadisain order to
attain stationary APs with respect to time. One nfiz@ture of the behavior of both
models in the high pacing rate regime is that the sigmifidifference in APE
disappears as the dynamic AP restitution propertiestbf dells shortens the APDs in
response to the rate of stimulation. Unlike the céskeoguinea pig and rabbit
comparison, no alternans in APD is evident in eithed@h For the plot of intracellular
calcium in both models during the same time period, a rhigiter level of systolic
calcium is reached with each successive beat in tlafiee Chudin model compared to
the Shiferaw model. However, no calcium amplituderadtes nor DADs after the
cessation of pacing is present in either model in centoathe presence of both
phenomena in the Puglisi-Bers rabbit model.

Figure 9.

Comparisons of currents produced by the modified ChudirSaifdraw rabbit myocyte
models at high pacing rates. The six plots given showswtiiphologies of the main
currents affecting the APs for both rabbit models, pat&Ca = 150 ms and with all
measurements taken at thé"3@at. The top plot of panel A displays traces for the fa
sodium current for the models, with the current inGheidin model nearly zero in
contrast to the still significant current from the 8hafiwv model. In the middle plot of
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panel A, there is a larger net outward in the Shiferaalel, but the differences between
the models are less acute than in the case of lomgaaies. Calcium currents are
compared in the bottom plot of panel A, showing a greatlyiced discrepancy in
magnitudes of the L-type calcium currents in both modeddor the sarcolemmal pump
its traces in both models are nearly concise witih edher as well. Panel B’s top plot
gives a comparison of the potassium currents in bottefepwith a decrease in the
differences of the time courses of the fast delayetifiex currents in both models
compared to low pacing rates. The slow delayed rectifients, however, still differ
greatly in magnitude, with the Chudin model being signifiyalarger in magnitude than
the Shiferaw model at high and low pacing rates. A cormparof the non-specific
potassium and sodium currents is presented in the mitidlefgpanel B, showing that
the Shiferaw model has greater potassium and sodium camigin terms of current
amplitude in high as well as low pacing rates, but lessrguated than at low pacing
rates. The bottom panel of B displays comparisonseofrinsient outward potassium
and calcium-activated chlorine currents, with a nobézdecrease in the transient
outward current in the Chudin model, but no differemcthe calcium-activated chlorine
current.

Figure 10.

Effects of the sodium-calcium exchanger and the samoola pump on intracellular
calcium and AP in the Shiferaw model. The three @btsvn demonstrate the effect of
either decreasing the strength of the sodium-calciurhamger (by decreasingidey,
disabling the sarcolemma pump (as was the original tondn the Shiferaw model), or
both after a long period of stimulation at high raB&I( = 150 ms). In panel A,
intracellular calcium and AP are shown for the caken kacais set to the same value as
the Chudin model (as was done in the comparison$i®paper) and the sarcolemma
pump was active. The resulting intracellular calciurd AP time courses are stationary
with respect to time. Panel B shows that decreasingalue of kiacafrom 1177uA/cm?
to 1031pA/cn? resulted in a higher level of intracellular calcig@though still a low
level), but the same stationary behavior in calciumch AP as seen in Panel A. Holding
Knaca= 1177uA/cm2, but disabling the sarcolemma pump had a similar efféet. T
disabling of the sarcolemma pump and decreasiag ffom 1177uA/cm? to 1031
uA/cm? is shown in Panel C. After 17 s of pacing, the Shifemadel’s intracellular
calcium undergoes a series of phenomena that hadsepdaa period of 8 s, which
includes a 3 s period of unstable oscillations of inthalzelcalcium, followed by 5 s of
periodic calcium alternans. The AP in this same fp@eod exhibits a similar oscillation
of APD and amplitude.

Figure 11.

Intracellular and JSR calcium at high pacing rates (BAI50 ms) with spontaneous
release in the modified Chudin model. This figure reptssiue first experiment
activating spontaneous release in the Chudin model avdrglits effect on intracellular
calcium and calcium in the JSR whapde= 2600pA/cm? (the value used in the Puglisi-
Bers rabbit model). It is evident that the levels ofiicatcin both the JSR as well as the
cytoplasm are relatively low compared to their nomieegls in the guinea pig version of
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the Chudin model. This results in insufficient leveig@lcium in both the myoplasm and
the JSR, leading to no activation of calcium spontaneslaase from the JSR.

Figure 12.

Results of high pacing rates (BCL = 150 ms), a strong sedalcium exchanger (kca
= 2000pA/cm?), and modifying the thresholds of spontaneous calcilease from the
JSR for the modified Chudin model. This figure illustratese sets of experiments in
the modified Chudin model where a high coefficienttfer sodium-calcium exchanger
was used, combined with a high rate of stimulation, whaod experiment tested the
effect of lowering the myoplasm calcium thresholdsaKd K, for spontaneous calcium
release from the JSR. In Panel A, no modificat@thtesholds were done, resulting in
small peaks of spontaneous release appearing for theothuothe experiment. Panel B,
shows the effect of lowering the lower threshold gbplasm calcium, K from 0.7uM
to 0.4uM, which leads to the beginning of quasi-alternans ofeelhalar calcium after
about 5.5 s of pacing in addition to larger peaks of spentancalcium release.
Lowering both thresholds of myoplasm calcium,ftom 0.7uM to 0.4uM and K, from
1.3uM to 1.0uM, shown in Panel C, resulted in even larger peakparitaneous
calcium release, with residual peaks after stopping stioul of the model and earlier
guasi-alternans of intracellular calcium (~4 s afterltaginning of the experiment).

Figure 13.

Results of high pacing rates (BCL = 150 ms), a weak sodaloiem exchanger (§ca=
1177pAlcn?), and modifying the thresholds of spontaneous calcilgase from the
JSR for the modified Chudin model. This figure illustratese sets of experiments in
the modified Chudin model where a low coefficient fog sodium-calcium exchanger
was used, combined with a high rate of stimulation, whaok experiment tested the
effect of lowering the myoplasm calcium thresholdsaKd K, for spontaneous calcium
release from the JSR. In Panel A, no modificat@thtesholds were done, resulting in
large, periodic peaks of spontaneous release appearingeB thafstart of the
experiment and leading to quasi-alternans of intracelakium with a period of 5
beats. Panel B, shows the effect of lowering theslathreshold of myoplasm calcium,
Kz, from 0.7uM to 0.4uM, which leads to the beginning of quasi-alternans 3 s tuier
start of the experiment with a period of 4 beats. Maguent peaks of spontaneous
calcium release accompany the resulting quasi alteofangacellular calcium.
Lowering both thresholds of myoplasm calcium,ftom 0.7uM to 0.4uM and K, from
1.3uM to 1.0uM, shown in Panel C, resulted in large peaks of spoatanealcium
release earlier than the other two cases and is t&mainvith several peaks of
spontaneous release after the termination of stinoulalitracellular calcium during the
same time period exhibited 5 beat quasi-alternans withlangation of the high level of
diastolic calcium after the experiment terminated.
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Alterations of the Chudin model necessary to produce a mathematical model of the

rabbit ventricular myocyte

lonic M echanism Value of Parameter Changed Parameter
Symbol | Guinea Pig Rabbit Changed
Fast N4 current INa 16.0mSLF 8.0mSLF Gna reduced by
50%.
Background Nacurrent INab N/A N/A Same as Chudin.
Non-specific C&-activated N& | ns(Na) N/A N/A Same as Chudin.
current
Na'- K™ pump I Nak N/A N/A Same as Chudin.
Na'- Ca* exchanger I Naca 1177 uAlcnt 2600uAlcnt Knaca S increased
Rapid delayed rectifier K lkr 0.0261mSLF 0.035mS/F Gy Is increased.
current
Slow delayed rectifier K lks See reference See reference Gys reduced by
current 50%.
See reference [7]
Rapid repolarizing Kcurrent lk1 0.750mS/F 0.540mS/F Gy is reduced
Plateau K current lkp 0.0055mS/F 0.008mS/LF Gk1 is increased
Transient outward Kcurrent lio See reference| See reference See reference
Non-specific C&-activated K | ns<) N/A N/A Same as Chudin.
current
L-type C&" current lcalL See reference See reference | See reference [7]
T-type C&" current lcat See reference See reference | See reference [7]
Sarcolemmal C4 pump | n(ca) N/A N/A Same as Chudin.
Background C& current lcab N/A N/A Same as Chudin.
Ca ™-activated chlorine curren | cicca) See reference See reference | See reference [7]
Ca *-induced C&-release lgicr See reference See reference | See reference [15
Spontaneous Chrelease I spon See reference See reference | See reference [15
SR and myoplasm Cabuffers N/A N/A N/A Same as Chudin.

Table 1.

Alterations of the Chudin model necessary to produtathematical model of the rabbit
ventricular myocyte. In the above table, the figumn represents the type of ionic
currents, flux, and buffering. The second shows the dasa@n of the mentioned

processes above. The remaining columns are: value patheneter changed, the value
for a parameter different between the Chudin and Pugdiss-models and the parameter
changed, the variable in the expression for the cuthabtwas modified. By inspection,

it is seen that there is a net increase in the caadoes of repolarizing currents, as well
as a reduction if\,, the main depolarizing current. With the additionfta), |, and
lcacry @ net outward (repolarizing) current is introduced, produthe a notch in the AP
morphology. It should be noted, however, that for garison purposes with the
Shiferaw based model, the value of the coefficigatdwas kept at 117 A/cn.
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8. Appendix
Part I: Chudin Model [15] with Bers-Puglisi Modifications [7]
o Cell Geometry
Length (L) = 157um; Radius (r) = 17.2)im; Geometric Membrane Area ¢ = 27+ 2nrL =
1.890x10" cn¥; Capacitive Membrane Area () = 2A.q Cell Volume (M) = 72r°L = 147.1x10° L
Myoplasmic Volume (Myo) = 68%Veen = 100.0x10 ul;

NSR Volume (V) = 5.52%\,; = 8.120x1¢° uL; ISR Volume (V) = 0.48%\fey= 0.706x1C L.

e Standard lonic Concentrations

[K*]o = 5.4 mM; [K]; = 145 mM; [Nd], = 140 mM; [Nd]; = 10 mM; [C&"], = 1.8 mM.
 Maodel Initial Conditions

Vo = -85.75130347 mV; g 0.00136347;j= 0.99187709; ¢= 0.00000108;,f= 0.997928;
by = 0.00204821; g= 0.95223925; %o = 0.00535361;or= 0.02117561; %, = 0.00010155;
Yio,0 = 0.99999851; o= 0.0; [C4']; o = 0.12uM; [Ca’*]isr0= 1.179991 mM;

[C&"nsr0= 1.14885087 mM; [C4; ger0 = 0.000000000175M

e lonic Currentsin the Sarcolemma

Fast Sodium Current: Iy,

| RT ([Na‘])) _ mS
I Na — GNamahJ(V_ ENa)’ ENa: ?In[ [ Na+]ci) ; C;Na = 80(3?
10 0.3ex(- 25351107V
B i e ] AT Ve
' R e 10

when V2> 40 mV

V +80

a, = 0.135exp{— W); f3, = 356exd 0079V) + 3L 10exp 03)
1271401 24443/) + 3474 18 exd- 004

@ = -(V+37.79 6 exrl0 )+ 3474110 ex{- 00439V)

J

10+ exd 0314V + 7928
_ 01212%x{d- 001052V)
7 10+ exd- 01378V + 401)
wherV < -40mV
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o= 032V + 4713 » -008exr{—L0) .y
™ 10-exd- 04V + 4719 T T 11

Current Through the T-type Channel: I ¢y

_ _ mS RT [Ca2+]o
lcam = Geq nbg(v' ECa); Go(m = 00 cnt’ Fea = Eln[ [Ca2+]
10 54
b, = Lo+ ex;{— V + 480) T = Ol 10+ exp{\“'loo
6.1 330
10 320
9. Los F{V + 660) ' Ta =80 10+ ex v+ 650
R s P 50

Current Through the L-type Channel: I ca)

ICa(L) = ICa,Ca+I Ca,K-l-I CaNa' Forion S = {Ca2+1 K+, Na+}

T Km a
lcas = dff I o where f = < +[(23a2+] ;K ca = 0.61M
m,Ca i
_ , VF? Vg (S, eXF(%)- V[S]o[ Yo z,VF
Is = Pszs , whereq% =
RT exda)- 1 RT
_ A M _ _
Poa = BAIL0* "0 Yoy, = 10 Yy, = 0341
- 7 Cm - -
P = 6.75010 o JK, T 075 Yy, = 075
_ 7 CM, _ _
Pro = 1930107 % Wy, = 075 Wy, = 075
e
4 - 10 g R 62
w_10+exp{— VZJ’ @7 e 0035V
6.2
P - 10 N 0.6 - 50.0
° V + 350 500-V)’' T - 2
104 exr( 866) Lo+ eXF{ 10 ) 0.985kex{- 0.0337vZ)+ 10
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Fast Component of the Delayed Rectifier K™ Current: I,

G, G K]y ms RT, [[K']
I = V - ; = 0. °C - E, = —1]| °
o =GV B ) Q=003 gt o By = [k
[ 1 L. 10
" 1+ exp{VJr 330) e 10+ exp(—v+57'o)

224 5
10

Tx = 7000138, 00006Ty, ¢ Where =V +14Q V, = v+ 170

10- exd- 0123v,) " exd0145V,)- 10

Slow Component of the Delayed Rectifier K* Current: Iy

IKs = cEK&:XZKS(V_ EKS)! EKS: %I-'n[[K ]O * PNa'K[ Na ]

O |. -
RECWLS] ] Py« = 001833

_ 019 mS . . 1
Gys = 050 Q057+ o eXF{ oCa- 7.2) p— pCa= - Iog([ cd ]i)+ 3.0, Wlth[ cd ]i in mM
0.6
Xygo = 10 ; Ty = 10 ; V,=V+30
Koo = 15-V)' *s = 719010°[V, 1310110*v, 't
10+ ex +
167 1- expl- 0148V,)  exg00687V,)- 10

Time-Independent K™ Current: Iy,

(K], ms
54 cm?

le = GKL (V- Exy); Eqi= Be; Giy= 054

PP 102
Tt B’ 10+ exf0238(V - E, - 59218

_ 049124%x{ 008034V - E,, + 54Jp+ exp 00614¥ - E,- 594B1

i 10+ ex{- 05143{V - E,, + 475}

K1

Plateau K* Current: Iy,

o =GR,V = Eli Gyp= 0008°=; E o= E i K,
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Na*-Ca*" Exchanger Current: |yaca

kuca _ slng|[ Ne'[[[ce' ], - ext(n-)g) na] ] c&]
K2 ot [Na]? (KmCa + [Ca2+]o)(1o+ K 6 (7 J)¢))

UA
kNaCa:26OOC?; KmNa: 875mM; KmC

NaCa ~

- 13aMM: k.= 01n= 0354= =
- 1 sat” ! ,7_ * - RT

a

Na'-K* Pump Current: Iy

R N s U
INaK - (K;’E—)Nai+[Na+]il.5)([ K+]O+ Km’Ko)’ INaK - lSCfTIZ’ KmNai— 100mM; Km Ko~ 15mM

f 10 4 VEL 10
NaK ~ 1 - R_T’ - 7_
10+ 01245Lexp{— 1&) +0.0365 10 Texd - ¢) 0

Nonspecific Ca®* Activated Current: | ngca

lsica = I nsna® | ns Forion S = {K+, Na*}
| ldca”]; K 12 M
ns, S~ REE mng Cy
Kr?],ns( cat [Caz ]i
I I T.i : . cm
| s = | gwhere | gis from the L= type channel with R, = 175010 -

Sar colemmal Ca® Pump: | yca)

T
I [Ca”]. _ A
_ p(Ca) i _ HA _
Ip(ca) - [Ca2+]i + Km’p(ca) y Ip(ca) = llSCfTIZ y KmﬂCE) = 05[1'\/'

Ca?* Background Current: lcap

~ = mS
I Ca,b = GCa b(V - EC3)1 GCa b: 0-003016(:?
Na’ Background Current: Iyap

_= L= ms
leas = CraolV - Eng): oo 000141 >
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Transient Outward K* Current: Iy,

mS
lo = G X Yo(V- E)i G, =0060_2

a,.,(V) = 0.0456Texd Q03570V) ; B,(V) = 0098%xp- 00628V)

V+33 V+33
0.005415Exp{— 5 5) 0.0054159xp{ 5 5)
v+ 33  BuolV) = V +33

5.0

ay(V) =

10+ 005133&%ex L{ 10+ 0051335]exp{

Ca*"Activated CI” Current: lgcq)

~ (V B ECI) — mS
|CI(Ca) = GC| > GCI = 1OOCW’ Km,Ca = Q1M Eq=- 40 0mV
Km Ca
[Ca2+]| cleft
[eny
[Ca2+]| cleft -5 dﬂCaA |cleftA A icleft ~ = 6396D106 'UM

whered f, and}, arefromthe equationfqr), and tisthe sitéhe time step

« Ca® Buffersin the Myoplasm

[Ca”]. -

- i) i . - . -

|TRRA = ITRrr[Ca2+]i - [TRR= 7004M; K, ze= Q504M
[e="]

|ICMD| = ICMDI[ ] ; [CMDI = 500uM; K, cvp = 238uM

Km CMD

Here|TRH and|CMD| are concentrations of buffered troponin and calmodebpectively. The above

expressions allow one to expre{§§a2+]i as a function of total Gaconcentration [(Ca2+ ] t) in the
myoplasm:
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[C 2*]i 1000[2«/827C :{ COS{E)) B),where

30
= [CMD + [TRR+ K ot K, cuo- 0001 C&'],
C-= Km,TRPKmCMD+ |TRFPD Km CMD+| CMH)D Kr,n TRP 0-0014 Cé+]t( Iﬁq,TRP"’ KnCMD)

D= —0.00:|.[[Ci512+]t S
_ 9BC- 2B* - 27D
2,/(B? - 3¢)°

Note that botr{ Ca2+]i and[Ca2+ ] , are measured inM; therefore, one needs to use a factor of 1000 to
make transitions between mM aalll units.

« Ca* Fluxesin the Sarcoplasmic Reticulum

Ca?' Induced - Ca?* Release Current: I 4¢

CICI’ cicr * open’ V!

= G, P P(/\/[Ca”]jsr—[Ca?*]i); G, = 600 mg
10 [Ca2+],sr

= dff ., P,= X = . K
= e P 705 165exd 008v)’ X~ +[Ca2+]

CICI’

open cicr = 20mM

jsr

Here,d, f,andfc, are the gating variables of the L-type’Cehannel, defined previously in the formulation
of Ica). An Important Note: In order to use the above formula, one should convert [Ca2+]i tomM.

Ca”*" Release Under Ca®* Overload Conditions: o

! 5p0n = G sporf” SPOQ Ca2+] jsr [ Ca2+]i ); Gpon = 60.0 ms'

dF)S on POO - PS on
b ; PN 7= 200+ 2000 + P,) msec
[ca™]

Ka—le if ([Ca”],-sr’ [Ca2+]i) :

2+ _ C Gl
Pw - [Ci4 ]_i K2K2 [ aKa]_Jerl K1 if ([Ca2+],-sr’ [Ca2+]i) all
[Ca2+]i - K

K,-K, ' ([Ca2+]jsr’ [Caz+]i)5 Il

K,=08mM; K,=14mM;, K,= Q7uM; K,= 13uM
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Ki Ks

- P.=1 :
(_\‘_‘-—_l Illllllll;lllllllllllllllll K4
o .
O, TR 11

Kz

[Ca®™] i«

Important Note: To use the formulafor In, 0One must convert [Ca2+]i tomM.
Ca”* Buffer in the Junctional Sarcoplasmic Reticulum

|~k [Ca2+ ] jsr
osd=[Csf

jsr * Km CsQ

- [cS@=100 MM K coo= 08 MM

Here|CSd) is the concentration of buffered calsequestrin. Theabgpression allows to resolve for free

C&”"in the JSR[(Ca2+] ) @s afunction of total CGhconcentration [(Ca2+]t &) in the JSR:

10 ]
[Ca2+]jsr = 2_0(b+ \/b2 + 4[i C6€+]t,jsr Kn,CSQ); b= [ Cg]t,jsr - ﬁ,CSQ_| CSp

Ca”* Uptake of Network Sarcoplasmic Reticulum: lup

N (e
Iup = |up[Ca2+]? + Krpr msec

m,up

[ 217020100 ™. K - o
up msec B

Ca?" Leak from Network Sarcoplasmic Reticulum: 1y

Important Note: Convert [Ca2+]i tomM in order to usethe equation below:

lesc = Gea[C8% ] - [C@] ) Qe = 1195710% ms?
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Ca?' Trandocation from the NSR to the JSR: I

_ ([Ca2+]nsr [ C ] ]sr) mM
v I, msec

r

r, = 500msec

* Membrane Potential Dynamic

dav 10
;:_:(I Na +ICa(T) +1 cg( 1) g Hlgs ok Kp H Nacat Nak? ns(C@ + ,(cg) + Ca,b+ Nab+ o CI(Ca))

F
Here, C = 10% is the membrane capacitance per unit area.

* Dynamicsof Gating Variables

dy _v.(V)-y 10 _
dt T

y

« Intracdlular Ca* Dynamics

d| ca’ Vi Aa Vosr
[ ] ( rel Ispon)v;_(ICa(L)-I- ICa(‘I)+ICa,b+I p(Ca)_2 NaCa)zv pF_(Iup_Ileak)V

myo myo myo

d[C ]t er _
Part 1l: Shiferaw Model [4] with Bers-Puglisi Modifigahs [7]

All model parameters are identical to those in the Chudideiexcept where noted below.

* Mode Initial Conditions

Vo = -85.75130347 mV; p= 0.00136347 5j= 0.99187709;,f= 0.90;

b = 0.00204821; g= 0.95223925; 0= 0. 00535361,or— 0. 02117561,130 = 0.00010155;

Yog = 0.9999985L::} = 0.0; [C&7;0= 0. 10uM; [Ca *Jsup,0= 0. 10uM; [Ca *]jsr0 = 0.110uM;

[Ca +_|sro— 0.110uM; [Ca %o =10.0uM; [Ca *]tsub o= 10.0uM; [Ca& *]ldeﬁo =0.00000000017pM
Current Through the T-type Channel: I ¢y

This current is omitted in the Shiferaw model.
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Current Through the L-type Channel: I ca)

ICa(L) =lcacat !l cakt! cang FOrionS = {Ca2+, K*, Na*}
lo fCaoo)

- T - () | - Qcl. -
ICa,S - doo ff Cal S Where fCa(oo) W! TCa(OO) - k—y kO - 85 l, Km.Ca - O&IM
sub o
Km Ca
_ , VF? Vg, [S], exp(q%)— V[s]o[ S]O z,VF
ls = PsZ's hre@-—
RT exda)- 1 RT

cm . '
Poa = 540 ¢ Vicg, =10 Yy, = 0341 [8], =[Cd'],, forcd
- 7 Cm. - —
P = 6750007 )y, = 075 yy, = 075

— 7 Cm. — —
Pra = 1930007 Vi, = 075 Kyg, = 075

10
= . 1, is not applicable
d Vosg licabl
10+ exﬁ{_ 6.24 j
10
f, = v+3soe . - 30ms*
O+ ex 86

Slow Delayed Rectifier K™ Current: lIys

pCais dependent on the concentration of calcium in the subraemispace instead of [Ch

Na*-Ca*" Exchanger Current: | yaca
ke esdodnaTlcs], - enklo-99) nal cal.,
T K [N (Kncat[ca®], (104 ko exif(n- 19))

VF

UA
kNaca::LOZlC?; Kiyna™ 809MM; K= 138mM; Ko 017= .035¢:ﬁ

Nonspecific Ca®* Activated Current: | ngca

ls.s is dependent on the concentration of calcium in the sulmagra space instead of [Ca

Sar colemmal Ca®* Pump: | yca)

This current is omitted in the Shiferaw model.
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Ca’?* Background Current: lcap

This current is omitted in the Shiferaw model.

Ca*"Activated CI” Current: l¢cq)

[Caz*]i,den is dependent on the concentration of calcium in the subnaemlspace instead of [ﬁ}i
« Ca® Buffersin the Myoplasm and the Sub-membr ane Space

Buffering dynamics reformulated, see the descriptioratifium time-dependent dynamics below.
« Ca® Fluxesin the Sarcoplasmic Reticulum

Ca” Current Draining the Sar coplasmic Reticulum: |,

This release flux from the SR substituteslfgrin the Chudin model.

dl, A P sparks ]
dat gICa(L)Q(Cj )_T_r g = 37.5010 c o LT 20ms*
0, 0< ¢} < 50uM

Qe )=15dc; - 50()”'\/'?, SOLM < ¢ < 115M;

(ue; + s)ﬂs ¢ 2 115uM

u=113s™"; s= 1.51(115.0-50.0) O 1154’9'\/'5—

Here, is the C&" concentration in the JSR.

Ca”*" Release Under Ca®* Overload Conditions: |50, (CHANGES PRESENT)

This flux is omitted in the Shiferaw model.

Ca”* Buffer in the Junctional Sarcoplasmic Reticulum

Buffering dynamics reformulated, see the descriptioratifium time-dependent dynamics below.
Ca?" Leak from Network Sarcoplasmic Reticulum: 1y

This flux is omitted in the Shiferaw model.

Ca®' Trandocation from the NSR to the JSR: I (CHANGES PRESENT)

Iy is dependent on the average SR concentration insteadZangC
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Ca”* Flux to Troponin in the Myoplasm and Sub-membrane Space: | > rpn

d[CaTls _ .
dt > = trpn [Ca2 ] ( - [ Ca—l}s) - &[ CaTs
10 ) mol .
T _ A 1. - . o=
kOn = 32.7—'UM & kOff 196s7; B 70%" S {I, sul}

Ca”*Buffering to Calmodulin and SR M embrane Binding Sitesin the Myoplasm and Sub-membrane

Space:
C 2+ - BSRK SR BCd I<Cd
’B([ a ]S) ([Ca2+]s+ KSR) ([Ca2+] + KCd)

LMol Lmol
By = 47.0-——: B, = 240-——; K= P Koo T
SR Lcytosol — ¢ Lcytosol’ SR 0&M; K e, oM

-1

S:{i, sul}

10+

Intracellular Ca?* Dynamics

2+ 2+ _ 2+
d[CZt]SUb:IB([Ca2+ Vi [Ir _[Ca ]sub [Ca ]i

-1 sub

B ICa( L) +1 NaCa] trpn]

] v

d[C ] ==l +1,
d[c ]

tjsr_l
- Tt

VI -1
=100 ry,= 10ms

sub
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