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To
By R

Wee, sleekit, cow’rin, tim’rous beasti¢
O, what a panic’s in thy breastie!
Thou need na start awa sae hasty

Wi bickering brattle!
| wad be laith to rin an’ chase thee,

Wi’ murdering pattle.

I’'m truly sorry man’s dominion
Has broken Nature’s social union,
An’ justifies that ill opinion
Which makes thee startle
At me, thy poor, earth born companig

An’ fellow mortal!

a Mouse

obert Burns

2,Small, crafty, cowering, timorous little beast,
O, what a panic is in your little breast!
You need not start away so hasty
With argumentative chatter!
| would be loath to run and chase you,

With murdering plough-staff.

I’'m truly sorry man’s dominion
Has broken Nature’s social union,
And justifies that ill opinion
Which makes thee startle
n At me, thy poor, earth born companion

And fellow mortall!




Abstract

This thesis develops biophysically-based data-drivemamagtical models of intracellular
calcium dynamics in ventricular myocytes for both normal genetically modified mouse
hearts, based on species- and temperature-consistemninegptal data. The models were
subsequently applied to quantitatively examine the chenmgealcium dynamics in mice
with cardiomyocyte-specific knockout (KO) of the cardiaccedendoplasmic reticulum
ATPase (SERCAZ2) gene, to determine the contributing meshemwhich underlie the
ultimate development of heart failure in these animals. ha@er 1, with emphasis on
calcium dynamics and calcium regulation in heart failure oaerview of cardiac elec-
trophysiology, excitation-contraction coupling and neatfatical models of cardiac elec-
trophysiology is provided. In Chapter 2, models of calciupmamics in the ventricular
myocytes from the C57BL/6 mouse heart at a physiologicaptature is developed and
validated based on species- and temperature-consistasuneenents. In Chapter 3, the
C57BL/6 model framework is re-parameterised to experialetdta from the control and
SERCA2 KO mice at 4 weeks after gene deletion. The modelshareused to quanti-
tatively characterise changes in calcium dynamics in theakinals and the role of the
compensatory mechanisms. In Chapter 4, the model framewwaktended to include
differential distributions of ion channels in the sarcoteeand the calcium dynamics in
the sub-sarcolemmal space, with parameters in these supecnts fitted to experimen-
tally measured calcium dynamics from the control and KOicangocytes at 7-week after
gene deletion. Finally in Chapter 5, conclusions are drataJimitations of this study

are discussed, and the future extensions to this study aceilded.
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Chapter 1

Introduction

For an average adult with a life-span of 80 years, their hed@fthave to maintain
rhythmic beating for over three billion cycles. During edwmartbeat, the chambers of
the heart are activated by an electrical impulse that prajgggacross the heart. The
activation wave is initiated by a group of pacemaking celtsated in the right atria of the
heart. These activation waves then spread throughout thteicles via the specialised
Purkinje fibre conduction system. The arrival of the actoratwave at each myocyte
causes a depolarisation of the cell membrane that initiaeaction potential, which
ultimately leads to concerted myocardial contraction agldxation through a process
termed excitation-contraction coupling (E-C couplingurierous inter-dependent cellu-
lar pathways regulate E-C coupling, with intracellularcdain (Ca*") handling playing,
arguably, one of the most important roles, as myofilamerdsaativated in a calcium-
dependent manner. This coupling means that the dynami@anddall of intracellular

free Ca>" concentration directly influence myocardial contractiod aardiac function.

The breakdown/disruption of E-C coupling has been closeked to heart failure
(HF), which is a prevalent and complex pathology. Many oftthderpinning mechanistic
aspects of HF remain to be fully understood. The conditiamderpinned by a depressed

cardiac contractile function, while altered cellul@s*" handling is believed to play a
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central role in its development [76, 157, 170, 85, 23]. Régegenetically modified

mice have enabled studies of changes in individllal™ handling mechanisms that
may be important to the genesis of cardiac diseases. Theigatidn of consistent data
from experimental models of cardiac physiology and patlgsjaiogy with mathematical
modelling provides an integrated framework to further stigate the interactions and
quantify the effects of these changes on glabi&l™ dynamics in HF. This thesis follows
this approach to develop a data-driven, biophysicallyedasiodel ofCa*" dynamics

in the ventricular myocytes of genetically modified mice,oimler to elucidate the key

alterations inCa®* handling that lead to the development of HF in these animals.

There are three main stages to the development of the mdd&bapter 2, a model of
Ca”" dynamics in normal murine ventricular myocytes (C57BL/@@)iis developed and
validated against a range of experimental observatiorehas species- and temperature-
consistent experimental data. In Chapter 3, this modeldreonk is used to studga"
handling in genetically modified mice with cardiomyocyteesific knockout (KO) of the
sarco/endoplasmic reticulufin®>™ ATPase (SERCA2) gene at 4 weeks after gene deletion.
Finally in Chapter 4, the framework is extended to includetailied description ofa**
dynamics in the sub-sarcolemmal compartment, and usedaiysanchanges iCa"
handling in SERCA2 KO mice through time from the 4-week tinmnpto the 7-week

time point to reveal the mechanisms that lead to the devedopof HF.

1.1 Overview of Cardiac Electrophysiology and Intracel-
lular Calcium Handling

In the following section, we first provide a general overvigicardiac electrophysiology
and E-C coupling, followed by detailed descriptions of eawtividual Ca®>" handling

mechanisms and the species-dependent features of E-Grapupthe heart that are im-
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portant for this study. We then review the current undeditamof Ca?* handling in HF
and the use of transgenic mouse models in HF studies. For @ debailed overview of

cardiac electrophysiology art¢h** handling see Bers 2001 [19].

1.1.1 Cardiac Action Potential

The surface membrane of a cardiac cell is called the sarcoéen®©n either side of the
sarcolemma, the intracellular and extracellular envirenta consist of a solution of dis-
solved salts that dissociate inkn ", K* andCa”" ions, etc. An important property of
the sarcolemma is its selective permeability, such that eatspecies are unevenly dis-
tributed between the intracellular and extracellular sgacesulting in concentration gra-
dients across the membrane. The uneven distribution ofdorsss the sarcolemma also
creates an electrical gradient. The equilibrium poteiiNarnst potential) for a particular
ion S, at which its electrical gradient is balanced by itsaaariration gradient is expressed
as:

RT . [S

Es = — - In(
zF

) (1.1)

where R is the gas constant, T is the temperature (K), z is dhenge of the ion, F is
Faraday’s constant and [Zind [S], are the intracellular and extracellular concentrations
of S respectively. In quiescent cardiac myocytes, therrgstiembrane is typically at -80
mV, which is determined by the intracellular and extradal@oncentrations of the ions

and the permeabilities of the membrane to these ions [69, 92]

Another crucial property of the sarcolemma is its capaatyeaspond to electrical
depolarisation through the brief opening and closing ohhigpecific ion channels and
electrogenic transporters to produce changes in its trambrane potential. With each
heartbeat, the cell membrane is depolarised and an actient@d (AP) is initiated as a

result of a complex interplay of multiple ion channels arhsporters in the myocardium.
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The AP waveform is not only formed by transmembrane ionicerus but also acts as a
driving potential that in turn modulates the dynamics of¥key same ion channels and
transporters. A typical AP consists of five phases, each afiwis associated with the

opening of specific ion channels, as described below.

Five Phases of the Action Potential

As shown in Fig. 1.1, the initial depolarisation phase (h@sis due to the opening
of voltage-gated fasNa™ channels (,) when the transmembrane voltage reaches the
activation threshold of the channel between -70 and -60 nparidepolarisationNa™
channels change their structural conformation within sillls®conds and positively
chargedNa™ current flows rapidly into the cell due to the larg&t concentration
gradient and the negative transmembrane potential, Ilgadirfurther depolarisation.
Depolarisation also triggers the channels to close ra@dly become inactivated for a
short period during which the cell membrane is not excitables early repolarisation of
the AP (phase 1) is primarily caused by the rapidly actigand inactivating transient
outwardK™ current namedyl,,. Following this initial repolarisation is a plateau phase
(phase 2), which results from a prolonged influxaf* ions, as the voltage-gated L-type
Ca*" channels (LCCs) open upon depolarisation. This flost" ions plays a crucial
role in cardiac E-C coupling, as it initiates a series ofanéllular events that ultimately
lead to myocardial contraction (see later). Another curtieat contributes to the plateau
phase is the net inward current through NCXGa*" extrusion mode [20] (see later).
Thereafter, the outward flow &€ ions is the major factor causing repolarisation (phase
3) that is complex in origin and determines the duration ef Ai*. The large number of
K* channels can be divided into two molecular families: theage-gated channels and
the inward rectifier channels. The voltage-gated outviardchannels, such as the rapid
delayed rectifier,. and the rapidly activating slowly inactivating™ current |, are
chiefly responsible for repolarisation, fully activatecetund -10 mV and deactivated by

full repolarisation [19]. The inward rectifid{™ channels, such as the time-independent
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FIGURE 1.1: A schematic of AP phases (left) and currents (rightppaeld from

[149]. The rapid entry olNa™' accounts for the rapid depolarisation

phase.Ca?* channels open at depolarisation atief* entry sustains

the plateau phase. Théda™ channels open and outward flow Kf"

leads to repolarisation and sets the membrane potentiklbaice rest-

ing state.
K™ current |, help to regulate resting membrane potential and congitutate phase 3
repolarisation. )l; closes upon depolarisation and reopens during repolianstd help
terminate an AP and reset the membrane potential to thegestite (phase 4) [19]. A
number of other mechanisms, such as the flow of negativelsggedaCl ions and the
voltage- andCa?*-dependent inactivation af'a®" channels, are also believed to play
a role in the return of the membrane potential back to itanmgdevel. The individual
ionic channels involved in the initiation and shaping of &i¢ are shown schematically
in Fig. 1.2. In murine ventricular myocytes, the AP typigdllas a very short duration
and lacks a prominent plateau phase, compared to other mi&anmsuch as rabbits and

guinea-pigs, which is thought to result from a much moreifigant early repolarisation

due to a greate|, [106].

The cell membrane invaginates and forms an extensive tubataork called trans-
verse (T) tubules which allows the AP to penetrate rapidip&interior of the cell [149].

Next to the T-tubules inside the cell lies the terminal cisée of the sarcoplasmic retic-
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FIGURE 1.2: A schematic of the cardiomyocytes showing sarcolenmamat chan-
nels and transporters, as well as intracella?™ dynamics
ulum (SR), forming a closely coupled structure called thadlyAs the AP travels along
the sarcolemma and along the T-tubul@s®" entry through LCCs due to depolarisation
induces rapid release @6fa*" from the SR into the dyadic space, i.e. the space between

the T-tubules and the terminal cisternae of the SR, which thi#uses into the cytosol.

The ionic concentration gradients across the sarcolemenajred for the movement
of ions during an AP, are in turn maintained by a number of nramd exchangers and
pumps. TheNa™/K*™ ATPase (NKA) is a key transporter that establishes a lowaintr
cellularNa* concentration|(Na*];) and a high intracellulakK* concentration[{*];) by
moving threeNa™ ions out and twd<{™ ions into the cell using the energy of one ATP
molecule [162]. As such the pump is electrogenic extrudimg et charge per cycle. The
Na*/Ca?* exchanger (NCX) is another important transporter that taais theCa*"
concentration gradient. This exchanger is a reversiblatestiransport system that, when

in forward (Ca”*" extrusion) mode, uses the energy provided by the inward fluXa0
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ions down their electrochemical gradient to extr@@&™ ions with a generally accepted

stoichiometry of 3:1 [164], thus moving one net charge ih@dell per cardiac cycle.

1.1.2 The Role of Calcium in E-C Coupling

As mentioned previouslyCa?" entry via voltage-dependent opening of LCCs during
phase 2 of the AP is a crucial event that initiates E-C cogplifihis Ca®" influx in-
creases the concentration©f°" in the dyadic spaceCa®" then binds to and activates
the ryanodine receptors (RyRs), which are’" release channels located on the SR,
triggering further release of a much greater numbetf" ions from the SR [60]. This
process of a small amount &fa®" entry leading to a greatefa®’ release is termed
Ca*"-inducedCa®"-release or CICR. A§€a*" diffuses from the dyadic space into the

cytosol, the transient rise in free cytosdlle®* concentration is named@a®*]; transient.

Importantly, Ca** is highly buffered in cardiac myocytes. While the frga*];
transient in cardiac myocytes may rise from @ at diastole to a peak near (M
during systole, it takes 100M Ca*" added to the cytosol to produce this change [19].
This buffering capacity in addition to thea>" regulatory sites on troponin C (see below)
is a result of numerou§'a®*-binding ligands. Specifically, in the cytosol the major
binding sites include SERCA, calmodulin, ATP, creatine gptaate, and in the SRa**

is substantially buffered by calsequestrin.

The myofilaments, which are the end effector of E-C couplim@ activated in a
[Ca?t]-dependent manner. The main contractile machinery aréhtheactin) and thick
(myosin) filaments. At rest whej@a"]; is low, the acto-myosin interaction is blocked
by sterical hindrance where the thin filament regulatorytgns tronopin-tropomyosin
(Tn-Tm) complex blocks the myosin binding sites on actirvprging the cross bridges

from binding and generating tension. ASa®*]; rises during dCa*"]; transient,Ca*"
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ions bind to theCa®"-binding subunit of troponin (troponin C or TnC) on the loffiaity
Ca*"-binding site (site 1) and enable the movement of the TnT-domplex to allow

acto-myosin interaction and tension generation.

Relaxation occurs a€a*" is removed from the cytosol, lowerirj@a*"]; such that
Ca*" dissociates from TnQCa®" removal is achieved either vid@a®* extrusion from
the cell or Ca®" uptake into intracellulaCa®" stores. Two mechanisms are known
to be responsible for the extrusion 66> from the myoctes: the NCX as mentioned
previously and the plasma membrafie’™ ATPase (PMCA). The majority of th€a>"
entering the cytosol during fCa®"]; transient is taken up back into the SR via the SR
Ca*" ATPase (SERCA), although the exact percentage contribigispecies-dependent
(below). In mice, SERCA contributes to approximately790f total cytosolicCa*"
removal, while the contribution of NCX is roughly/®and the remaining% has been
attributed to slow mechanisms such@s" extrusion through PMCA and mitochondrial

Ca*" uptake [116].

Ca*" loading of the mitochondria is widely accepted to be esakfdr the process
of matching cellular energy production and demand [130]weleer, there remains sig-
nificant debate over the role of mitochondr@d** uptake in regulating’a*" dynamics
on the beat-to-beat time-scale [150]. Experimental ssitie Bassani et al., using the
oxidative phosphorylation uncoupler FCCP to inhibit mitondrialCa?' uptake during
caffeine-induced contractures, indicated that mitochiahda®>" uptake was 50-folds
slower thanCa*" removal by NCX [11]. In addition, it has also been proposeat th
mitochondria do not respond rapidly to transient changé€ari]; due to the lowCa**
affinity of the uptake mechanism [65]. Therefore, a previpysoposed theory was
that beat-to-beat changes in mitochond@&l** concentration ([CH],,) were small
and mitochondriaCa®" accumulation occurred on a much slower time scale than that

of the [Ca®"]; transient [150]. However, recent advances in experimdetdiniques
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have enabled more accurate measurements éf JGa A study by Robert et al. [167],
using targeted molecular probes for mitochondfiaf", showed rapid and transient
oscillations in mitochondrial fre€a”" concentration in synchrony witl’a®*]; changes.
This coupling was thought to result from the proximity of aghondria to the RyRs
meaning the mitochondria sensed microdomains of highiyagdel[Ca”"];. Nevertheless,
itis still unclear whether mitochondriéla®* uptake plays a significant role in excitation-
contraction coupling, since changes in total mitochondri&™ could not be measured
by these molecular probes. Furthermore, acute mitochanghibition would also
lead to a range of cellular effects in addition to affectifig? ™ transport, which in turn
would complicate the interpretation of results. Therefovghin the scope of this thesis,
mitochondrialCa®" uptake during théCa?*]; transient has been assumed to play a rel-

atively small role under physiological conditions, congzito SERCA, NCX and PMCA.

Finally, the control of Ca®*]; is achieved through the careful balancingaf* fluxes
through the various transporters and channels. At steatly,6t°" entry andCa®" efflux
balance each other over each heart beat such that there & sarnolemmaCa®" flux
and the SRCa" content is maintained [50]. Wheta*" entry exceed§a*" efflux, the
net influx of Ca" leads to increased SR loading and a greater amoufitdf to be
released with each beat. At a higher levelGf**];, L-type Ca*" channels inactivate
faster andCa>" extrusion via NCX is enhanced, thereby bringing fie*"]; transient to

a new steady state.

1.1.3 Intracellular Calcium Handling Mechanisms

The variougCa®" transporters important for the regulation/Gh*"]; are presented in Fig.
1.2. The following sections provide a more detailed desicmpof the properties of each

of the Ca®" handling mechanisms.
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L-type Calcium Channels

The LCCs are the most prominent sarcolemiiai™ channels in cardiac muscle. This
inward L-typeCa®" current (k,,) contributes to the plateau phase of the AP and carries
a small influx ofCa*" into the cell triggering further SR'a>" release via the process of
CICR. Icar, is therefore directly and indirectly involved in the actiaa of contraction in

the heart.

|car, is rapidly activated by depolarisation, reaching its pe&hkiw a few milliseconds
[90]. Its activation is voltage-dependent with the acimathreshold at approximately -40
mV. Inactivation of the current is both voltage- afid®"-dependent. It has been shown
that the voltage-dependent inactivation process occura welatively slow time-scale,
with a time to half inactivation (t,) at approximately 150 ms as measured uddag™
as the charge carrier. On the other ha@d?"-dependent inactivation is a much faster
process with a;t, less than 20 ms under normal conditions [14%]a**-dependent
inactivation results from the rise in local [€g in the dyadic space due to (Da*"
entering via the channel itself and (2) $SR*" release. The fact that LCCs respond to
local [C&*] has been demonstrated experimentally whesé"-dependent inactivation
was observed even in the presence of a high concentratiod ®hFaCa?" buffer which
abolishegCa?*]; transient and SRCa*" release, as EGTA can not prevent the rise in

dyadicCa?" concentration [79].

The amount of2a" entry via k., is relatively small compared to the amount of SR
Ca*" release it triggers, although the exact contribution icEsedependent (see later).
In mouse ventricular myocyte€ia*" entry through LCCs contribute to less thar 6f

total Ca*" increase during an AP [19, 125].
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SR Calcium Release Channels

The SRCa*" release channel, the RyR, is a tetrameric structure lodatea junctional
SR and spans the gap between the SR and the sarcolemmal menii0a)]. Its close
proximity to the sarcolemmal L-typ€a®" channel is crucial for the process of CICR as

it enables fast activation of SRa?* release viad,y..

The elementary events underlying SR*" release are the spontaneous local increases
in [Ca*], termedCa’" sparks, resulting from stochastic openings of the RyR &{36%
During CICR, the rise in local [Cd] due to L, increases the open probability of the
RyR. The spatial and temporal summation of thousand$df sparks synchronised by
the AP in turn leads to the globgl'a*"]; transient. Activation of SRia>* release occurs
rapidly uponCa®*" entry through LCCs during an AP, with only a few millisecorafs
delay between peak);, and peak SRCa*" release flux as measured in rat ventricular
myocytes [182]. SRCa" release is not an all-or-none process but graded as a fanctio
of the [Ca®']; that triggers CICR [59, 60, 61]. The amount©f** released from the
SR during CICR is also much greater compared to the amou@iadf entry through
lcar, (high gain). In murine ventricle, the amount of total 8R*" release can be over
15 times of the integrated triggering.}.. Therefore, in cardiac muscle, SR*" release
contributes to the majority of th@a®* required for the generation of tfi€a®*]; transient
and thus contraction. RyR activation has been found to mech a time-dependent
manner after local [Cd] is raised rapidly [78, 175]. This phenomenon is thoughtrtotl

the inherently positive feedback in CICR and help to term@r®RCa’" release.

Apart from activation byCa?", SRCa?" release is altered by a number of other mod-
ulators. For example, caffeine is a common experimentdlused to probe SRCa*"
release. A low dose of caffeine-600 uM) is known to moderately increase the open

probability of the RyR whereas a high concentration of ¢aéfg~10mM) causes sus-
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tained opening of the RyR and hence complete depletion of SR content [54]. Thus
caffeine application is a routine procedure used to assR<Sa3" content in intact car-
diomyocytes [4, 173]. In addition, tetracaine is an inlobinf RyR release. By quantify-
ing changes in diastoligCa®*]; in the presence and absence of tetracaine, one can assess

the amount of SRCa*" leak at rest [177].

SR Calcium ATPase

In vertebrates, three distinct genes encode SERCA 1, 2 amci8h in turn produce
more than 10 isoforms [153]. SERCAL1 protein is found in fastah muscle, SERCA2a

is expressed predominantly in slow twitch muscle and cardiascle [131, 29], and
SERCA2b and SERCAS are ubiquitously expressed in musclenamdmuscle cells
[153]. The cardiac isoform of SERCA (SERCAZ2a) is the maintdbotor to Ca®*
removal from the cytosol during relaxation in cardiac masdiwo Ca”" ions are trans-
ported into the SR for each ATP molecule consumed. The toahsgaction starts with
the binding of twoCa?* ions and one ATP molecule on the cytosolic side of the pump.
Phosphorylation of ATP then induces a conformational ckaagd the release of the

Ca”" ions into the SR lumen [40].

The transport rate of SERCA is dependenf@a’"]; and is modulated by a number of
factors. Specifically, phospholamban (PLB), an endogemndubitor of SERCA present
at a high concentration in ventricular myocytes, decredisesactivity of the pump by
lowering its affinity to intracellulaCa". Such inhibitory effects are removed upon PLB
phosphorylation [109]. PLB can be phosphorylated by cAMIpahdent protein kinase
(PKA) at serine-16 and by'a’>"/calmodulin-dependent protein kinase activities [181].
PLB phosphorylation by PKA increases the?"-affinity of SERCA, thereby enhancing
SRCa’" uptake and SR'a*" content [174].

Phosphorylation of phospholamban by *€aalmodulin kinase Il (CaMKIl) is

thought by some groups to contribute to frequency-depédratmeleration of relaxation
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anisms of frequency-decoding.
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(FDAR), a phenomenon describing the up-regulated SERCHitgcat higher pacing
frequencies [113]. However, findings from other groups sstyghat CaMKIl may act
directly on SERCA [209] instead of via PLB. Regardless ofuhderlying mechanisms,
FDAR is thought to be important for the rate-dependent gimimg of the twitch duration
and [Ca®t]; transient duration in the heart [93]. From a physiologicainp of view
this effect is important in speeding relaxation at high heates, allowing the heart to
refill more rapidly between beats. The following sectionyides a brief overview of
the current understanding of CaMKII regulating pathwayd e effects of CaMKII on
SERCA activity.

CaMKII Regulation of SERCA

CaMKIl is a protein kinase that is activated upon bindingtef €a*"/calmodulin com-

plex. It can be further autophosphorylated at hjgh*"]; levels through inter-subunit
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reactions that require calmodulin [82]. Autophosphoiigiabf the kinase makes @a*"
independent by “trapping” bound calmodulin (calmodulifti@ite is reduced 1000-fold
[30]) and enabling the kinase to remain partially activereaéter calmodulin dissoci-
ates. Autophosphorylation is a cooperative process witlitige feedbacki.e. it poten-
tiates the response of the kinase to sequefiai*]; transients and enables the kinase
to detect{Ca®*]; transient frequency. Fig. 1.3 shows the regulating patlsvemscribed
above. An earlier hypothesis about the involvement of CaMiKtardiac FDAR is that
at higher pacing frequencies, CaMKIl becomes highly actind phosphorylates PLB
[19]. As discussed previously, PLB phosphorylation leanisdtcelerateda®" uptake
through SERCA and thus faster relaxation. At lower freqye@aMKIl becomes less
active, and PLB remains inhibitory to SERCA, slowing dowa tate of{Ca*"]; decline.
Indeed, CaMKII inhibitors were found to abolish FDAR in riret and mouse myocytes
[14, 116, 156], and the effect was reversed if SRR uptake was prevented with thapsi-
gargin or caffeine, indicating that FDAR is SERCA-depertdetowever, whether there is
involvement of PLB phosphorylation in FDAR is controvetsithough increased levels
of PLB phosphorylation have been found to correlate withr@asing pacing frequency
and FDAR [80], Li et al. [116] and DeSantiago et al. [45] babdhhd that PLB knockout
mice still exhibited FDAR which was abolished by CaMKIl ibltors. To summarise,
CaMKIl has been implicated in FDAR via enhanced SR uptake. It is still not clear

whether CaMKII acts directly on SERCA or via PLB phosphotiga.

Na?*/Ca?* Exchanger

Itis generally accepted that the role of NCX in cardiac delts maintain diastoli¢Ca*t];

by way of Ca®* extrusion. The direction and amplitude gtk is governed by the tran-
membrane potential () as well as the intra- and extracellular concentration€ @f"
andNa™ ions. The potential at whichibx is zero, or at which the electrochemical gra-

dients forNa* and Ca?* are equal, is called the reversal potential{g). It follows
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that:

ENCX = 3ENa - 2ECa (12)

where K, and K-, are the Nernst potentials fofa™ andCa®", respectively, as defined

in Eqg. 1.1.

Under physiological conditions, Nex is approximately -40 mV during diastole,
assuming typical values of [N&, = 145 mM, [Na']; = 10 mM, [C&"], = 1.4 mM and
[Ca?t]; = 0.1uM. Since V,, is at approximately -80 mV, NCX operates in forward mode
whereCa?" extrusion and hence an inwargk is thermodynamically favoured. How-
ever, sincéCa?*}; is low, the amplitude ofycx is relatively small. During depolarisation
of a cardiac AP when ) becomes greater thanEx, the exchanger switches briefly to
the reverse mode leading taCa*" influx and an outwardycx. As [Ca2+]i rises due to
CICR, Eycx becomes more positive. The shift ingg and the decrease in,during
repolarisation again favouta*" extrusion and an inwardykx which is significantly
greater in amplitude than during diastole, thus facilitgtihe decay ofCa®*]; and

relaxation.

In addition to playing a crucial role in trans-sarcolemr@af™ extrusion, NCX has
also been implicated in triggering SR release, although the experimental evidence
remains debated (for a comprehensive review see [26]). ¥ample, Kohomoto et al.
[108] reported ryanodine-sensitivéa®" release through reverse mode NCX whep. |
was blocked by nifedipine, indicatinga®" entry through reverse mode NCX may acti-
vate CICR. Leblanc and Hume [114] also observed tetrodot(ixi, blocker)-sensitive
SR Ca** release in the absence 6&*" entry through ¢.;.. They proposed thata™
entry through {, may elevate subsarcolemm¥éi™ concentration substantially, enhanc-
ing Ca*" entry through NCX to an extent sufficient to trigger CICR. @e bther hand,

Evans and Cannell [57] failed to demonstrate activationR{S>" release throughyl-
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stimulated reverse mode NCX, and suggested that thé:8Rrelease observed by other
groups may result instead frofa®" entry through ¢,;, due to a loss of voltage control
or incomplete blockage ot);,. In addition, the authors demonstrated through thermo-
dynamic considerations and simulation study that, to en8BCa*" release through re-
verse mode NCX, local [N|g must reach a level substantially higher than the BNI'];,
which is only possible if NCX are tightly packed around ket channels with highly
restrictedNa* diffusion. Therefore, under physiological conditioa®** entry through
lcar, is by far the most dominant trigger for SBa>" release, although NCX-mediated
Ca®* influx may become important under conditions such as an &éyasa’]; level or

increased SKR'a®" content.

Plasma Membrane Calcium ATPase

The plasma membrane Calcium ATPase (PMCA) belongs to the #diase family as
the NKA and SERCA. Through PMCA a?" ions are extruded from the cytosol against
its electrochemical gradient using the energy released ABP hydrolysis. In the mean-
time, protons are co-transported into the cell althouglretteet stoichiometry of protons
perCa’' remains debated and is likely to be between 142gdrCa’*" [146]. PMCA has

a relatively high affinity forCa®" [12], but its transport rate is considerably slower com-
pared to the othe€a®* handling proteins such as SERCA and NCX [19]. In mice, it has
been reported that less tharf40f total Ca®* extrusion can be attributed to PMCA under
physiological conditions [116]. However, in mice with cerctspecific NCX knockout,
only modestly reduced cardiac function was observed desipgt complete ablation of
NCX function, possibly due to stimulation of PMCA 6> "/calmodulin or by phospho-
rylation [88]. Therefore, while PMCA is not a majaa*" transporter on a beat-to beat
basis, it may become important when othar* removal mechanisms are compromised

[125].
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1.1.4 Species-dependent Features of the Heart

Many aspects of cardiac function are species-dependent.example, while human
hearts typically function at around 60 beats per minute (hmmaller animals tend to
have a much faster heart rate. The mouse heart rate rangeseine400 and 800 bpm.
These differences in heart rate lead to significant phygiodd consequences, such as
different intracellular ion homeostasis conditions thmatLirn result in different responses

under pathological conditions.

Significant variations irCa®* handling properties have been observed in different
species. Yuan et al. [213] recorded greatgf, lin rat ventricular myocytes, compared
to rabbits, under voltage-clamp conditions suggestinggelasteady-state-};, in rats.
However, in AP clamp experiments, totégh** entry through LCCs in rabbits was twice
as large as that observed in rats, since the triangular wawedf APs in rat and mouse
ventricular myocytes limits the duration qf,t, during an AP. As a resultg);, contributes
significantly more towards totéCa”"]; increases in the rabbit ventricle Z3}than in rat

and mouse ventricles (748 [19].

Another example of species-dependent variation€4A"™ handling is the contribu-
tions of NCX and SERCA tdCa*"]; regulation. As mentioned previously, the levels
of [Na™]; and [Ca®']; play an important role in settingdzx, which in turn determines
NCX activity during an AP. During diastole, Yao et al. [212juind that in mice, the
concentration ofNa™*]; at resting state was so high (about 16 mM) that NCX appeared
to be near its equilibrium potential and contributed to Vétie diastolic Ca*" extrusion
(Excx = -76 mV, based on values of [N&, [Na*]; = 15.6 mM, [C&*], = 1.08 mM and
[Ca’t]; = 0.1 uM). In rabbits, on the other handja*" extrusion via NCX is thermo-
dynamically favoured at rest due to a much lower {lNg88 mM), hence the predicted

Excx is much more positive to the transmembrane potential [1T8)ring relaxation,
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SERCA is generally dominant over the NCX in terms@f>" removal, but the ratio
varies between 2-3:1 in rabbits and guinea-pigs [13] totgrdhan 10:1 in rats and mice

[13, 156].

The frequency-dependent effects on force &@d*"]; transient also vary among
different species. An increase in stimulation frequenaydprces an increase in force
and [Ca*"); transients (a positive force- anfda®"];- frequency relationship) in isolated
myocardial preparations from most mammalian species [18]. IHowever, in rat and
mouse hearts, both positive [112] and negative [49] frequelependent effects have
been observed. Whether the force- 46d**];-frequency relationship is positive or neg-
ative depends on the interaction of a number of processesigheér pacing frequencies,
SR Ca?" content is generally enhanced due to frequency-depengerggulation of
SERCA. In additionCa?* extrusion through NCX is decreased due to a decreased driv-
ing force resulting from increasedla™ influx and hencéNa™]; elevation. Furthermore,
frequency-dependent facilitation qf }, may also lead to a higher fractional release, and
when combined with the higher SR:\*" content, result in a positive frequency response
of the [Ca*"); transient [112]. However, frequency-dependent redudtida,;, has been
observed in mice. For example, Antoons et al. recorded’adgluction in peakd,;, in
mouse ventricular myocytes [7]. Such a reduction couldebffise effect of a greater SR
Ca®* content and thus cause an overall decrease in the magnittite[6'a®*]; transient

and hence a negative frequency response.

Despite significant variations among different species,ftindamental processes in-
volved in E-C coupling remain the same. E-C coupling is atwelled integrated process
that is also species-dependent. Its crux lies in the chargpncentration o€a" in the
cytosol during an AP, which then initiates a chain of proesghat eventually lead to con-
tractions. The dynamic and delicate balanc&at" fluxes during an AP is a key factor

governing normal ventricular functions.
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1.1.5 Calcium Handling in Heart Failure

HF is one of the most important causes of mortality in indaksed societies. In
the simplest terms, HF is characterised by a decreasedactifgrfunction and thus the
inability of the heart to provide sufficient cardiac outputteet the metabolic demands of
the body. Clinically, a number of risk factors have been aissed with the development
of HF, including hypertension, coronary heart disease aaldeties etc. [87]. The devel-
opment of HF can result from both a progressive decline irtregatile function and/or
sudden cardiac death due to arrhythmias [19]. While nunseotiier factors contribute
to the development of HF, intrinsic contractile dysfunotioccurs at the myocyte and
trabecular level, and the genesis of arrhythmias are atséntly attributed to changes
in cellular Ca*" handling and transmembrane ionic currents. In the follgwsaction,
we will provide a brief overview of the current understarglof Ca®* handling in HF,

relevent to this thesis.

At the cellular level, HF is characterised by reduced twitmite and cell contraction
paralleled by a decrease in tf@a*"]; transient magnitude[Ca*];) [76, 23]. Other
characteristics include the slowing down of relaxation deday of theCa*"]; transient,

a decreased SRa”" content, as well as a prolonged AP duration [85, 157, 23].s&he
alterations are underpinned by changes in the expressibfuastion of multipleCa*"

handling proteins.

Although Ca®" current through LCCs is the initiating event of CICR, chanhge
lcar, have not been consistently observed, despite the unilyedaderved reduction in
A[Ca**"]; in HF. Some studies have reported no changes in pgakand its voltage-
dependence in both animal and human models of HF [151, 13Bije wothers have

reported decreases its expression level [191, 52]. It iefbee thought that changes in

lwww.heartstats.org
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lcar, May not play a key role in the reduction ia[Ca?*]; despite all studies reporting a

decrease in\ [Ca®'];.

Observations on changes in RyR activity in HF have also beeedwith various
studies reporting either increased [64, 25], unchange8l][@6 decreased RyR activity
[198, 32]. Several studies have also reported changes irethdation of RyR. Marx
et al. reported hyper-phosphorylated RyR2 (the cardiaoiisg in human failing heart
with increased RyR open probability at rest and decreasedt@ted gating, indicating
that diastolic SRCa*" leak may be increased which may contribute to a lowelCSR"
content [135]. Géomez et al. reported a decreased ability-gf to trigger SRCa*"
release in failing rat hearts [70]. However, Eisner et al95154] have shown that
alterations in RyR gating only transiently affg€ta®*]; which gradually returns to the
same steady-state level. Therefore, the increased d@SRICa*" leak may be a more

significant contribution to decreased E-C coupling in HF.

The process of SRa’" uptake through SERCA plays a key role in determining
the rate of decay of th&Ca*]; transient and hence relaxation, which in turn is crucial
for diastolic filling at the whole-heart scal&a*" uptake into the SR also replenishes
SR Ca?" stores so tha€a®' can be released again during the next cardiac cycle. In
almost all animal and human HF models, reductions in theesgdion and function levels
of SERCA have been reported [214, 85, 171, 170]. In additiba, expression level
of phospholamban (PLB) is either unchanged [207, 171] oredsed [139]. Even in
the case where PLB expression is decreased, the extent wdti@u is proportionally
less compared to SERCA, such that there is generally a detteé8aERCA:PLB ratio
[139]. This would mean a more pronounced inhibition of SERGAPLB and a further
reduction in SRCa?* uptake. The decrease in SERCA activity in HF models is betlev
to play a fundamental role in both the slowing down of relaxator decay of théCa?*];

transient) and the reduction ik[Ca®*]; sinceCa*" removal is impaired and legs*" is
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available in the SR for CICR.

Again, as outlined above, the primary trans-sarcolemaal” extrusion mechanism
is through NCX. Increased NCX activity has been reportedbioth human patients
[188, 85] and animal models of HF [86], and is thought to f&atié [Ca®"]; decay in
the presence of an impaired SERCA function. HoweverCa$"™ extrusion through
NCX competes with SRa** uptake through SERCA, NCX up-regulation also leads to
a reduced SRCa’t content and hence a lowéra®"]; peak. In human models of HF,
the important role of NCX in maintaining diastolic functidvas been demonstrated by
Hassenfuss et al. [85]. In their study in which failing heantere grouped according
to their diastolic function, it was found that the group witreserved diastolic function
also had increased protein levels of NCX. In contrast, intseshere NCX protein level
was unchanged, diastolic function was severely comprami&e mentioned previously,
the direction ofCa®" transport through NCX is dependent on a number of conditions
including membrane potential and the concentration graslief Ca*" andNa™. There-
fore, when[Ca?*]; is sufficiently low, NCX up-regulation could also cause aageeCa**
influx during an AP [19]. However, this effect is unlikely tday an important role in

murine hearts which have very short AP durations.

The dependence @fa" transport through NCX ofNa™]; means tha€a*" handling
and intracellulaiNat homeostasis are intimately linked (for a comprehensivievegee
[142]. Many studies have reported elevait§d™]; in both human and animal models of HF
[47, 200, 158][Nat]; elevation lowers the driving force f@ta”" extrusion through NCX
and may increas€a’" entry through NCX during the AP, thereby enhancing G&R"
content and théCa?"]; transient magnitude. Therefore, it is thought that incedé@Sa™|;
may have inotropic effects and help to maintain contradtitection in HF [47, 200].
However, a study by Pieske et al. revealed that failing humgacardium was charac-

terised by a highefNa*]; and a higher diastolic force at lower pacing frequenciegh wi
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a similar systolic force compared to the non-failing myaitam. In addition, while non-
failing myocardium showed a positive force-frequency tietsship without changes in
diastolic tension, failing myocardium showed a negativatrenship with significant in-
creases in diastolic tension as frequency was increas@fl Hiiggesting that failing hearts
with [Na™]; elevation may be prone to diasto[ica®*]; overload and thus compromised

diastolic function.

1.1.6 Genetically Modified Animal Models

The development of recombinant DNA technology has allowedrtroduction of exoge-
nous genetic material first into bacteria, then eukaryailsan culture, and most recently
whole animals [83]. These advances have given birth to gedigtengineered animals.
In particular, genetically modified mice have become a papoandidate for studying
heart diseases, including those associated @ifti mishandling in HF. Through addition
or deletion of genes, these models allow the identificatiogenes that are important for
HF and evaluation of molecular and cellular mechanismsoresiple for the development

and progression of the disease [43, 116, 212, 4].

While transgenic mouse models enable the study of €ac¢h handling mechanism
in isolation, the complex compensatory mechanisms and veeath effects on global
Ca*" dynamics require an integrated understanding of the dymamar-play between the
different Ca>" handling components. With a large amount of experimenti olamice
now becoming available, mathematical modelling has therg@l power to rationalise
the data and provide an integrated understanding of the enloeart in the presence of

genetic manipulations.

We now present a brief overview of previously published reathtical models of

cardiac electrophysiology arf¢h** handling, and describe the motivation for this thesis.
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1.2 Mathematical Modelling of Cardiac Electrophysiol-
ogy

1.2.1 Overview

The heart is an example of how a highly complex system can Kterbenderstood
through the use of mathematical modelling. Traditionalgrdiac research has taken the
reductionist approach, collecting data from isolatedding blocks of the cardiac system,
such as in isolated myocytes and myocardial tissue [168]ist&uch approach enables
us to gain a better understanding of individual aspectsejtstem, mathematical mod-
elling offers a novel method to integrate these discretepmmants into a physiologically

functioning system of the heatrt.

Mathematical modelling of cardiac cellular electrophysgy has undergone signifi-
cant development over the last five decades driven by phi@tienological advances that
provide improved experimental techniques and ever-irstngacomputational power. The
spectrum of electrophysiological models now availableoemgasses simple polynomial-
based models of electrical activation [96] through to biggbally based models @fa’"
dynamics within the dyadic subspace associated with CICR,[27]. These models
typically use a system of ordinary differential equatio®@®ES) to simulate the waveform
of an AP. Various cellular components underlying the AP aofuided in the model, such
as changes in ionic concentrations, electrical activityoof channels and the resulting

ionic currents.

In almost all electrophysiology models, the cell membraneiewed as an electrical
circuit (the equivalent circuit model), comprised of a caf@ in parallel with resistors

that represent ionic currents, as shown in Fig. 1.4. Thénmeanbrane current is the sum
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FIGURE 1.4: Simplified equivalent circuit for a patch of cardiac neeme, adapted
from [101]. The cell membranes is viewed as a capacitor ialfgr
with a resistor. i, represents the summation of all ionic currents. In
the absence of externally applied stimulus, total membgameent is
zero, such thatd,,;. is balanced by the capacitive currents.

of the capacitive current and the ionic current:

dVv
Im = Cm - Iionic 1.3
T (1.3)

where |, is the total membrane current,l. is the sum of the transmembrane ionic
currents, G, is the capacitance of the cell membrane per unit area, and ‘he trans-
membrane voltage. In the absence of an externally applisém, |, is equal to zero,
thus:

dVpy

Cm Iionic =0 1.4
pras (1.4)

The transmembrane current is either ion-specific or noecsee, and there are
two main groups: inward (negative) currents which deps&rand outward (positive)

currents which repolarise the membrane. As outlined ptshypduring an AP, the major



1.2 MATHEMATICAL MODELLING OF CARDIAC ELECTROPHYSIOLOGY 25

depolarising currents afsa™ and Ca®>" currents, and the most important repolarising

currents are th&™ current group, all of which are sensitive to changes.in V

The large number of cell models currently available can bséty classified into two
categories. Models in the first category aim to reproducéAfrdoased on experimental
information about the voltage- and time- dependence ofl@moel conductance. The ion
channel kinetics are based on the classic Hodgkin-Huxlegehaf the squid giant axon
[91], as outlined below. The second category includes mecent models that use the
Markov formulation to represent single ion-channel statgdicitly and claim to provide
a more accurate representation of the ion channel. Foriongator the Markov models

will be discussed in a later section.

1.2.2 The Hodgkin-Huxley Formulation

The first computational model of the AP was developed by Alaxidkin and Andrew
Huxley [91], who characterised the voltage-dependent gntags of the ion channel
conductance in excitable cells of the squid giant axon. /AkekP morphology was
reproduced with mathematical descriptions of the macgsdnansmembrane currents
generated by a large ensemble currents, consisting of ynsint andK* currents, with
representations of the actual underlying mechanisms fowtitage-dependent kinetics

of the channels.

The general form of the models using the Hodgkin-Huxley (Hfétmalism is as

follows:

dVy,
a2 =N 1.5
Cn—! Z (1.5)

=G [[= (V= Vi) (1.6)
i=1
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dxi  x (V) —x
2 _ TaolYm) — ¥ 1.7
dt 7i(Vi) (.7)

where | is the current carried by an ionic species through a padrdaoh channel. The
original H-H model included the depolarising fagi* current (k.), the repolarisind<*+
current (k), and a leakage current,jl The magnitude of each ionic current is deter-
mined by the conductance of the channel and the differentveclea the transmembrane

potential (\,,) and the Nernst potential (Yfor the particular ion.

The conductance of a particular ion channel is in turn detezthby the maximal con-
ductance G,) and the voltage and time dependent gating variablggiat vary between
0 and 1. These describe the activation, inactivation anovexy of the channel. x, is
the steady-state value of,xandT; is the time constant describing the return gta its
steady-state following a voltage perturbation. The vatdgpendence of both.x and,

can be determined from experimental data [91].

1.2.3 Development of Cardiac Electrophysiology Models

While the first mathematical model of the AP was developed bgdkin and Huxley
[91] for the squid giant axon, the field of cardiac electragiblogy has been pioneered
by Denis Noble, who was the first to adapt the H-H formulatitmslescribe cardiac
Purkinje fibre APs in 1962 [147]. As more extensive experitakdata from cardiac
cells became available, an improved model for the Purkiejés avas later developed
by McAllister et al. in 1975 [137], which included @a>" current and three different
types of time-depende®™ currents. In 1977, Beeler and Reuter [16] developed an AP
model for cardiac ventricular myocytes. Similar to the poeg models, this model relied
on the H-H formulation to describe ion channel kineticsuasisig constanfNa*|; and
[K+];. Dynamic changes ifCa”"]; were also included into the Beeler-Reuter model, as
in cardiac myocytes;a** entry through ¢, contributes to the plateau phase of the AP

and triggers CICR (see section 1.1.2), which in turn affééamorphology.
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The first model to include dynamic changeshia*]; and[K*]; was the DiFrancesco-
Noble model for the Purkinje fibre AP, developed in 1985 [5This is also the first
model to include the various ion exchangers and transgoiter the NCX, NKA and
SERCA, which are crucial for intracellular ion homeostasisaddition, a model of SR
Ca*" release was included to account for CICR. Using this mod, stoichiometry
of NCX was predicted to be 3:1 in order to maintain resti6ig®"]; at a physiological
level, as opposed to the 2:1 stoichiometry more widely aeckat that time. This model

prediction was later confirmed experimentally in the guip&gpheart [103].

Following the approach of DiFrancesco and Noble, a similadehfor the ventricular
myocytes was developed by Luo and Rudy (LRd) for guinea pignaular AP [128],
which included detailed descriptions of intracellu@s®* regulation such as SRa**
release, SRCa”" uptake, trans-sarcolemm@h®" extrusion as well as intracellul@ra®"
buffering. This model was then followed by the developmdrd aumber of models for

other cell types and species [163, 152, 27].

While these models have been extremely useful for charsictgrwhole-cell be-
haviours, one of the limitations with the H-H formulationtlsat the gating parameters
do not represent specific kinetic states of ion channels endssumed to be independent,
which is often not a valid assumption. For example, ¥ag channel is more likely to
inactivate when it is open than when it is closed. The inegyesthdence between channel
states is a consequence of molecular interactions andfispgltannel movements that
have been characterised experimentally [15, 8]. To reptdbe dependence of a given
transition of a channel on its present conformation, Markme models have been used

in more recent models.
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FIGURE 1.5: Markov formulation for a simple three-state channated-dependent
channel gating occurs as inactivation can only occur from dhen
state.

1.2.4 Markov Models for Computing the Action Potential

For a simple hypothetical channel with three states: opgndl@sed (C) and inactivated
(I) (Fig. 1.5), we can use the following first-order diffeteh equations to describe the

rate of change of occupancy in these states.

dC
T —aC + pBO (1.8)
do
E:ocC+yI—([3+5)O (1.9)
O+I+C=1 (1.10)

where O, C and | are the probabilities that the channel isaroffen, closed or inactivated
state respectively, and, 3, 6 andy are the voltage dependent transition rates between
these states. In this scheme, inactivation can only occoum fthe open state, and the

assumption of independent gating no longer applies.

Models that use Markov formulation are typically more conapionally expensive,
as they tend to have a large number of state variables. Trereihole-ventricle sim-
ulations using Markov-formulation have largely been cagdino the smaller mouse and
rabbit hearts [41]. It should also be noted that the H-H andkisharepresentations of

currents can be used interchangeably. Markov models ap ofted to describe the major
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currents during an AP, such that the effects of molecula&radtions that determine chan-
nel dynamics can be more accurately represented. Examiptesdels that use Markov
formulation include Clancy and Rudy 1999 (depolarisig™ current k) [38], Clancy
and Rudy 2001 (repolarising ™ current |,) [39], and Bondarenko 2004 (L-typ@&a’"

current bar,) [27].

1.2.5 Modelling Intracellular Calcium Handling

While the earlier cardiac myocyte models are able to capffemorphology with
detailed descriptions of membrane currents, the intraleelCa®" handling system is
often described using a phenomenological model of CICR awitlaccounting for the
underlying mechanisms involved [51, 128]. Spatial disttitn of Ca** within the cell

is ignored in these models and $R** is assumed to be released directly into the bulk
cytosol during CICR. However, as described previously*" entry through LCCs and
the subsequent CICR through RyRs occur in a sub-cellularatiorcalled the dyad,
where there is a tight coupling between the T-tubules angutingional SR. As outlined
in section 1.1.3, the inter-dependent propertiescgf Bnd CICR play a crucial role in
determining the shape of tH€a"]; transient. With additional experimental evidence
concerning the RyRs and LCCs becoming available in thewasttly years [78, 71, 97], a
number of biophysically-based mathematical formulatimmsntracelluarCa*" handling

have been developed [98, 102, 185].

From this work, the recent models of CICR can be generallggmaised into either
common pool models or local control models. Common pool nedd84] are formulated
such that allCa®" influx through LCCs and SRa** release flux are directed into the
same compartment [98, 152]. In some of these mod&l$' is released into the dyadic
space and subsequently diffuses into the cytosol. Howeven with the detailed spatial

distribution of Ca*", as long as the triggefa®" and theCa*" released from the SR
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reside in the same compartment, such models produce athwe-regenerative calcium
releases inconsistent with experimental observationsaafegl release, due to the positive
feedback of rising [CH] on RyR activation. This issue can be overcome by using a
phenomenological formulation defining SR" release flux as an explicit function of

sarcolemmala®" influx [27, 58].

On the other hand, the local control models [185, 89, 72]idela detailed mechanistic
description of discrete dyadiCa*" release sites which are independently regulated by
local [C&], thereby interrupting the positive feedback loop. Thek#stic opening of
RyRs within each release site result€i ™ sparks and graded release is achieved through
statistical recruitment of thes@a®" sparks. These models were initially developed to
investigate properties of locala®t release at the level of the dyadic space [185, 35,
166], and become computationally intensive when intedgrat® a whole-cell model.

In addition, these models often involve a large number o&paters which can not be
readily determined experimentally, and details of the @ctnechanism for triggering
RyR opening remain to be fully understood through futureegxpents. Therefore, this

thesis follows the phenomenological approach to descrideegl CICR.

1.2.6 Previous Model of Mouse Ventricular Electrophysiolgy

Previously, Bondarenko, et al. [27] have published a bispially based model of mouse
ventricular AP, incorporating information from recent adees in molecular biology on
the structure and function of ion channels. This model idekidescriptions of ionic
currents, intracellular ion homeostasis and the corredipgrchanges in transmembrane
potential. Markov models are used for the fast™ current (k.), the L-typeCa®" current
(Icar) and the rapid delayed rectifié&™ current (I.), and Hodgekin-Huxley formulation
is used for the other ion channels. While the Bondarenko inisdeble to reproduce

murine APs that agree with experimental measurement irtidarand amplitude, several
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limitations with this model preclude its direct use to quatively studyCa*" handling

in transgenic mouse heart as explained below.

Following the approach of Niederer et al. [144] to invesigthe experimental
data dependencies of the Bondarenko model [27], we foundfisignt heterogeneities
in the data sources used to determine its model parameteshaavn in Fig. 1.6-1.7.
These figures show the hereditary tree for each of the moaeponents, depicting the
parent model and the associated species from which the mattval formulation and
the parameter values are adapted (see figure legend folsjleiathile many of the ion
channel formulations, including the fast Naurrent (k.) and the variousk(™ currents
(Ic tof» Tk toss Ikur @Nd ks €1C.), Were derived from murine left ventricular (LV) myaey,
the intracellularCa®" handling system was based mostly on the Jafri et al. model for
guinea pigs [98]. No direct experimental measurements acemiere used to re-fit these
parameters, and very little explanation is provided in faper on how the parameter val-
ues were chosen. Furthermore, the Bondorenko et al. modedaterises the murine AP
at 2% C. However, to simulate murine cardiac myocytes at moreiplogical conditions
requires the re-parameterisation of the model to capt@réatster ion channel kinetics at
higher temperatures. Recently more data has become deditet now allows such a

model at a physiologically relevant temperature to be dged.
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Furthermore, some properties of simulatée’™ dynamics and AP kinetics in the
Bondarenko model were found to be inconsistent with expemiiad observations. Specif-
ically, reviewing the model behaviour, the time to half decd the simulatedCa?*];
transients using the Bondarenko model paced at a lowergé&eiguency (0.5 Hz: 49 ms)
is less than 50 ms, which is significantly shorter than thadred experimentally (17%
25 ms) at the same pacing frequency and under similar eXtrizeon concentrations
[67]. In addition, at 1 Hz, simulate@a?* flux through PMCA is similar in magnitude to
that through SERCA and significantly greater than that thhoNCX. In the model, the
percentage contribution of SERCA, NCX and PMCA to totaf* removal is 46.%,
6.5% and 47.44 respectively, which is not consistent with experimentaeations in
mouse that SERCA is responsible for ovef90f total Ca*" removal and PMCA less
than X% [116]. Finally, APs simulated using the Bondarenko modehdb reproduce
AP duration restitution properties, i.e. decreasing ARatdan with decreasing diastolic
interval. Such phenomenon has been observed experimantadtact mouse heart [106],

and is believed to be an important factor underlying cardralcythmia [68].

Finally, it is also worth noting that the original formulati of the Bondarenko model
does not account for the ionic concentration changes inted by the stimulus current,
which is required for charge conservation and to avoid gaaduift in the variables
[42, 94]. Following the approach of Hund et al. [94], we hagsigned the stimulus

current to be & carrier in all the simulations discussed in the followinggmaaph.

The limitations of the Bondarenko et al. as explained abaveerning its heteroge-
neous sources of experimental data and the temperatuegetiffe were the main moti-
vations for the development a new temperature- and speoigsistent model of murine
electrophysiology. In light of the above limitations, wewpresent the first part of the
thesis which develops a species- and temperature-camsistelel ofCa?t dynamics in

murine ventricular myocytes, which forms the basis for thiesequent simulation studies
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of SERCA2 KO mice.



Chapter 2

A Data-driven Biophysically-based
Electrophysiology Model of the
C57BL/6 Mouse Left Ventricular

Myocytes

2.1 Introduction

As outlined in Chapter 2, genetically modified mice have Ineea popular tool for
understanding the mechanisms leading to cardiac disegbscing those associated
with Ca?* handling dysfunction [43, 116, 212, 4]. With the large amimfrexperimental
murine data now becoming available, mathematical modghis the potential power to
rationalise the data and provide an integrated understigrafithe heart. However, the
only widely adopted existing mouse electrophysiology md@es components that were
developed using data sourced from a range of temperaturdsugthermore, itsCa*"
handling components were based on experimental data fioen species, thus precluding
its direct application to quantitatively exami@*" handling in transgenic mouse hearts.

Therefore, the focus of this chapter was to develop a speaigstemperature-consistent
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model of Ca®>" dynamics in the ventricular myocytes of the C57BL/6 micethwthe
aim of quantitatively capturing the experimentally obse¢a*" handling properties.
Simulation results were validated against experimentaiiserved frequency response of
Ca*" dynamics, AP shape, the dependence of AP duration on cya¢hand electrical

restitution.

To demonstrate the importance of using data-driven modhelstake into account
species-dependent variations, the C57BL/6 model was tpefied to analyseCa*"
handling in mice over-expressing the canine cardiac NCX.nmfentioned in section
1.1.5 “Calcium Handling in Heart Failure”, altered NCX aty and expression have
been associated with HF [188, 85, 86]. Motivated by this ol®n, using trans-
genic mice, the effects of over-expression of NCX have beéediexd by several groups
[1, 165, 193, 192, 212]. In ventricular myocytes from micdhaneterozygous over-
expression of the canine cardiac NCX, an unchanged [1, 193, dr a slightly higher
[212] [Ca*"]; transient magnitude, a faster rate of decay of|[th&'"]; transient and an
unchanged [1, 212] or enhanced [193, 192] G&®" content have often been observed.
Furthermore, allosteric regulation of NCX bga®*]; has been reported, which appears to
be absent in wild-type murine heart [206]. Using the mathiexabmodel, we were able to
investigate the mechanisms underlying the observed cBanggobalCa*" handling and
the significance of allosteric regulation by simulating aednparingCa*" dynamics in

the normal and NCX over-expressing murine hearts, with atftbwt allosteric regulation.

The model developed in this chapter forms the foundatiomet# for the next two
chapters, in which we use modelling to further investigéteradCa®" handling at a more
systemic scale, in mice with cardiomyocyte-specific caaddl knockout of the SERCA2

gene.
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2.2 Experimental Procedures

In the following section, the methods and materials used@dddecting experimental data
are described. These experiments were carried out by codladrs Idigo, W., Zhang, Y.
H. and Casadei, B. from the department of Cardiovasculaidites] University of Oxford

[118].

2.2.1 Isolation of Myocytes

Left ventricular (LV) myocytes were isolated using a stamdenzymatic dispersion tech-
nique. Briefly, the heart was initially perfused for threenoties with a nominally Cd -
free solution, followed by a further 8-9 minutes with an emey¢containing solution (colla-
genase, 1 mg/ml, Worthington Biochemical Qga*" 0.05mmol/L). Unless specified oth-
erwise, myocytes were superfused with a modified Tyroddisolgontaining in mmol/L:
NaCl 134, KCI 5.4, MgCJ 1.2, CaC} 1.4, glucose 11.1, HEPES 5, at pH equal to 7.4
(adjusted with NaOH). The LV free wall was isolated and pthcea separate flask con-
taining fresh enzyme solution. Myocytes were harvesteldvohg further five and ten
minute digestion periods, washed twice and resuspendedrage solution containing in
mmol/L: NaCl 120, KCI 5.4, MgS0O4 5, Cag0.2, Napyruvate 5, glucose 20, taurine 20,
Hepes 10, at pH equal to 7.4 (adjusted with NaOH). The myastygpension was stored at
room temperature and cells were used within eight hoursotditi®n. All protocols were

in accordance with thélome Office Guidance on the Operation of Animals (Scientific

Procedures) Act, 198@1.M.S.0).

2.2.2 Measurement of Calcium Transients

The [Ca®"]; transient was evaluated in Fura-2AM -loaded&ol/L, Molecular Probes)
LV myocytes field-stimulated at 0.5, 1 and 3 Hz or exposed fteree (10 mmol/L for
10 s) after loading the SR by a train of more than 50 stimuli Eiz3 Although the basal

frequency of 3 Hz is slower than the typical heart rate of aseqd 0 Hz), it is the highest
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frequency at which synchronisé@a®"]; transient and contraction could be consistently
observed. Fluorescence was excited at 365 and 380 nm antbmeaiat 510 nm (lonOptix
Corp) and the amplitude of tH€a**]; transient was calculated as the difference between
diastolic and peak’a®" fluorescence. Th&Ca*"]; transients from individual myocytes
were obtained by averaging the recordings over a stablegefiapproximately 10 s, to

provide characteristifCa®*]; transients for analysis.

2.2.3 Measurement of Calcium Current

L-type Ca®" current (L,r,) was measured using the whole-cell configuration of thetpatc
clamp technique (Axopatch 200A, Axon Instruments), in tiespnce of 1 mmol/L 4-
aminopyridine (4-AP) to block the fast transient outw&id currents. ¢,;, current was
elicited by 200 ms step depolarisations from a holding pideaf -40 mV to a range of
test potentials at a stimulation frequency of 1 Hz. Peak rdwarrent was measured with
respect to the current at -40 mV. The average cell membrarecitance (G), measured
by applying a -10 mV pulse from a holding potential of -40 mV &) ms, was 139 pF.

All experiments were conducted at°&a

2.2.4 Calibration

The ratiometric fluorescence was converted into fé@é"); using the following equation

proposed by Grynkiewicz et al. [73]:

R — 1%min Fmax380
Rmax -R Fmin380

[Ca*"]; = Ky - 2.1)

where[Ca®"]; is the concentration of free cytosolia®" ions, R is the fluorescence ratio
recorded at the two excitation wavelengthg{Rnd Fg,), K4 is the dissociation constant
(0.251uM), Ry (0.909) and R, (2.695) are the fluorescence ratios undet'Clace
and C&"-saturating conditions respectively, ang.Es, (326.286) and E;,ss0 (83.543)

are the maximum and minimum fluorescence intensities,iagcit 380nm.
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2.3 Model Derivation

MATLAB (The MathWorks, Matick, MA) was used for all data agais and parameter
fitting. All error bars shown represent the standard errahefmean (SEM). For param-
eter fitting, we used either a subspace trust region mettegt(irvefit’ function) or the

unconstrained nonlinear optimisation function based erNidlder-Mead Simplex method

(fminsearch’ function).

2.3.1 Calcium flux through NCX (Wild-Type Murine)

Current through the NCX {l-x) is modeled using the formulation from Weber et al.

[206]:
VRS [Na'l-[Cat], - o' — [Na'J3- [Calt]p o R
INCX - Kmallo 2 ’ ( 2 (22)
L+ (Em45)? [ Kucao - INa™J} 4 Kiinao - [Ca>*s
+K?;1Nai : [Ca2+]0 : (1 + [I((ja—ﬂ]l) (n=1)VmF
I SRS
+KmCai : [Na+}g : [1 + (m)g)]
| +Na™ P2 - [Ca*]o + [Na* 3 - [Ca?*);

where \,, is the transmembrane voltage;¥ is the maximal flux through the exchanger,
K mallo 1S the affinity for allosteriqCa2+]i, 1 is the energy barrier position controlling V-
dependence ofibx. Kimcao, Kmcais KinNao, Kmnai @re transport affinities fo€a>* and
Nat' inside and out. k; (0.27) assures saturation at very negatiyg ¥ is the Faraday'’s
constant (96.5 C/mmol), R is the universal gas constantlg8Bnol-1'‘K~!) and T is
the absolute temperature (308 K),.k, was set to zero as allosteric regulation of the
exchanger byCa®*]; was not observed in wild type mouse ventricular myocyte$]20
The relationship betweerdx and the flux ofCa*" ions through the channelydx) into

the cytosol is defined by:
Cm

2.3
2V ol (2:3)

Jnex =2 - Inex -
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where G, is the average cell membrane capacitance (139 pF) and thglasyaic volume

of the murine ventricular myocyte (\,,) was set at 22x10 ulL [148].

Caffeine-induced SRa®" release is a commonly used experimental protocol to inves-

tigate the function of NCX. As mentioned in section 1.1.3 “S&cium Release Channels

", a high concentration of caffeine causes depletion of(SR" content [54]. Assuming
that no netCa®" re-uptake into the SR occurs, the rate of decay of the totalsojic
Ca" concentration ([CH Jita1) iS €qual to the net flux ofa®" across the sarcolemma
(Jsarcolemma)- TO infer the rate of sarcolemm@h?*™ extrusion, the time courses of caffeine-
induced Ca?*]; transients from individual myocytes (N = 18) were first aga@and con-
verted to fredCa*); using Eq. 2.1[Ca*"]; was then converted to the total cytosdlie®"
concentration ([C& ]:.:a1) USing a fast buffering approximation proposed by Traffand

Eisner [196]:
Biax - [Cal"
Kd,buffer + [Ca2+]i

[Ca2+]total =a-+ (24)

where K puer (0.60 uM) is the affinity of the buffer, B.. (109 uM) is the concen-
tration of the buffer, and a is an arbitrary offset [196]. &rthis equation represents
the total amount of cytosoli€a*" buffering, the original calcium buffering equations
in the Bondarenko model (Eqs. A16 and Al17 in ref. [27]) haverbeemoved in our
new formulation. The time derivative of [€8),,.. IN Eq. 2.4 determineSdeolemma-
Assuming that the contribution of PMCA to the decay is corapigely small [116], we
attributed 99; of the totalCa®" extrusion to NCX and 1% to PMCA [116]. Juca takes
the same form as that used by Bondarenko et al.. The fitteésalumaximum pump rate
(Imax,,) and affinity for Ca®* (K, pvca) are 0.096 pA/pF and 0.289M respectively.

The[Ca®'];-dependence ofd:x was fitted according to Egs. 2.6 and 2.3 as follows.

To determingNa™];, parameters for NKA were first adjusted according to expenim

tal measurements of the pump current at@%y Berry and colleagues [18]. Specifically,
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the Hill coefficient was set to 2.4 and the affinity of the puropNia™ was adjusted to
16.6 mM. The maximum pump currenff,) was then determined to be 2.486 pA/pF,
such that amplitude at 0 mV in 5 mNK*]; and 50 mM[Na™*], is 1.4 pA/pF. These
new parameter values were incorporated into the AP franmewaced at 1 and 3 Hz,
to obtain[Na*]; values of 10 and 12.5 mM respectivelyNa*]; in quiescent murine
myocytes has been reported to be between 14.9 and 17.1 mMrat P4.2]. However,
the activity of the pump is expected to be enhanced at higimepeératures, resulting in
a lower[Na'];, meaning our estimates remain consistent with cellulactfoning at 35
°C. In addition, we also assumed that, Vemained constant during caffeine application
at -80 mV. The validity of this assumption was confirmed asdkpeerimental protocol
was reproduced in our model, i.e. the simulated transmamlpatential was -79.1 mV
during caffeine application. For parameterisatiof *]; was set at 12 mM. Extracellular
ion concentrations, set to be consistent with the experiaheet-up, weréNa't], (134
mM) and[Na*], (1.4 mM). Other constants include: F (96.5 C/mmol), R (8.31dol*
K1), T (308 K), G, (139 pF), Vo (22x1076 pL).

Initially for the fit, V&% only was allowed to vary, and we set all other parameters
to the same values as those used by Weber et al. [206]. FigA shiéws a caffeine
induced[Ca?*]; transient, expressed as fura-2AM ratio, from a single m@uayth prior
pacing at 3 Hz. The average time course of the transienteespd as free cytosolita>"
concentration converted using Eq. 2.1, is shown in Fig. 2[@8**]; was then converted
to [Cat ] USING Eq. 2.4. After taking into account the small backgubGa®" leak
current and assuming that the contribution of PMCA to theagies comparatively small
[116], we attributed 9% of the totalCa®" extrusion to NCX. The dependence @fcd
on [Ca®*"]; can then be shown by plotting;dx against the correspondinga®*]; at
each point in time, as shown in Fig. 1C. The simulatgdgJas a function oi[Ca”]i,
with the fitted (see sensitivity analysis details below) maxm exchanger rate Q&%:

3.939 pA/pF), is shown as the solid line in Fig. 2.1C. The Rdetan Square Deviation
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FIGURE 2.1: Characterisation of NCX. A: Top panel. representatbadfeine-
induced [Ca®*]; transient fluorescence ratio recordings, taken from
a single myocyte. Bottom panel: average decay of caffeideded
[Ca®T]; transients (n=18), with the fluorescence ratio convertece®
[Ca2+ Ji- B: Experimentally observedydx (circles), and fitted Ncx
(line) plotted as a function dtCa?*];.

(RMSD) between the predictedJdx and the values calculated from experimental data

was 1.21% 102 uM/ms.

In the original formulation proposed by Weber et al. [206Ere are a total of seven
parameters. Taking into account of the Haldane relatigng@6], i.e. K,ca - K3 ., =

K3

mNai

- Kmcao @nd hence K., = K3 .. - Kicao/Kimcai, there are now six free param-

mNai
eters as listed in Table 2.1. We then carried out sensitaniglysis on these parameters
following the approach by Fink et al. [63]. Briefly, we definegkriable y as the RMSD
between the predicted and experimentally calculategt Jrepresenting the quality of the
fit, and y = y(p) where p is the parameter we are interestedtifollbws that at p = p,

Yo=Y(po), and at p = p + Ap, we definedAy = y(p, + Ap) - y(p). The sensitivity ¢, ;)
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of y with respect to the parameter p atip defined as follows:

A
0_y7p(p0) — lim Y/YO

2.5
Ap—0 Ap/po ( )

Using this method and by setting o be the original parameter value used by Weber et
al. (except for g, which was set to be the fitted value), ang to be 5% of p,, the

sensitivity of RMSD to each parameter is listed in Table 2.1.

TABLE 2.1: Parameters in the NCX model and the correspondingtaétysof the

quality of fit to experimentally observegdx.

Parameter Number Parameter Name Sensitivity
1 Vs 3.270
2 n 0.5536
3 K, Cao 0.0518
4 K, Cai 1.581
5 Km,Ni 0.929
6 Ksat 1.56

It can be seen that the quality of the fit is most sensitive fg5Vand moderately
sensitive to K, c.; and k.. Itis insensitive tay, K, ca, and K, . under this protocol. To
check whether allowing more parameters to vary would givettebfit, we tried fitting the
three most sensitive parameters K., k... and V&2, yielding an RMSD of 1.214£103
uM/ms. The quality of fit is only marginally better than thattaimed by fitting &%
only (RMSD: 1.21%10-? uM/ms), and the differences between the fits were not visually
detectable (not shown). For this reason, we did not vary #ees for K, c.i, Kt in the
final model. Thus Eq. 2 can be simplified by setting parame€ers.., and K, x.; to
be constants and making use of the relatignK = K3 \.. - Kmcao/Kmcai- Parameten

mNai

was kept as a variable as it governs the voltage-dependétive eéxchange current. The
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simplified formulation can be written as:

3 2 nVmF 3 2 (n=DVmF
b - VEB [Nt [Ca]o e Nat]3 - [Ca*] o
o Kmallo 2 Km i Na™t 3
L+ (fe)? (vt - (1400 4 [Cazt, 4 Kmcai - DXl
120003 M=D)VmF
+[Ca?t]; - [ﬂ - (1400 + [Ca2*],) + [Naﬂg] (1 +Kkgas - rRT )
mCai
+120003 - [Ca?t]o + Kicaj - [NaT]3
(2.6)

2.3.2 Calcium Flux through SERCA

The [Ca®");-dependence of’a’" flux through SERCA (skrca) was determined by
integrating the NCX model fitted above with the decay phasthefCa®']; transients
elicited by field-stimulation at a range of frequencies. $harces ofCa']; are assumed

to be k., and SRCa*" release, whereas tfi@a*"]; sinks are SERCA, NCX and PMCA.
The inactivation time constant for the LCC is faster than 40(see next section), whereas
CICR was assumed to have a duration of no more than 80 ms bastddies performed

in rats [182]. Therefore, the effects 68" influx through k,;, andCa®" release through
RyRs can be neglected when analysing the later part of(h&']; transient. Thus, to
characterise SERCA a*" fluxes were calculated after 70 ms (3 Hz) or 90 ms (0.5 and 1

Hz) had elapsed from the peak of tiiga**]; transient.

At each frequency, the ensemble flux@f>" ions (J..1) during the decay of the tran-
sient was calculated using the same method as was descriadysly for the caffeine-
induced[Ca*"); transient. Sarcolemma&la®t flux, Jarcolemma, €Stimated from the NCX
and PMCA models derived above, was then subtracted frgm td give the net flux of
Ca*" ions into the SR @krca). Here we have relied on the assumption that@haé"

efflux due to mitochondria uptake is minimal under physiadagconditions [19]. To
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summarise,skrca is obtained from:

JsErca = Jiotal — Jsarcolemma fOr t > 70 ms (90 ms) post-peak at 3 Hz (0.5, 1 Hz)
(2.7)

In the current study, net flux afa* ions into the SR is assumed to be made up of
two components(a®t uptake through SERCA (J) and a non-SERCA-mediateth®*
leak flux (J..x) Mostly attributed taCa®" sparks through RyR channels. The formulation

of the J,, model was adopted from Jafri et al. [98] , giving the follogiequations:

Jserca = Jup — Jicak (2.8)
[Ca?t |t
Jup = —Vip - — - (2.9)
P P KmP,Iup + [Ca2+]i H

where the negative sign denot@s>"™ movement from the intracellular space to the SR,
V,,, is the maximum pump rate of SERCA at saturatidig®* J;, K, ., is theCa*" affinity
of SERCA, and the Hill coefficient nH (equal to two) is set todomsistent with experi-

mental findings [129]. ).« is in turn defined as:

Jieak = Vieak * ([Ca*T]nsr — [Ca®T]y) (2.10)

where V.. determines the dependence qf,Jon the Ca*" concentration gradient

between the network SR and the cytosol GQasgr-[Ca®t]).

Fig. 2.2A (top panel) shows an example of experimental iogs from a myocyte
field-stimulated at 3 Hz. The averaffea®"]; transient from individual myocytes (N=22)

is shown in Fig. 2.2A (bottom panel). The total ensemble flug e ions (Jo) during
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FIGURE 2.2: Characterisation of frequency-dependent SERCA. A&: danel: rep-
resentative 3Hz field-stimulate’a®"]; transients fluorescence ratio
recordings, taken from a single myocyte Bottom panel: &2 "];
transient (n=22), with the fluorescence ratio convertedes[fCa?*];.

B: Experimentally measured (circles) and fitted (lingjrba at 3 Hz.
C: Top panel: experimental recordings[6%2"]; transients, measured
as the fluorescence ratio, at 0.5, 1 and 3 Hz field stimulafi@ms one
myocyte. Bottom panel: SERCA uptake rate,fYplotted against the
corresponding level of active CaMKII (f (circles) at 0.5, 1 and 3 Hz.
This was then used to fit parameters in Eqs. 12-14.sBzda at 0.5

(circles), 1 (squares) and 3 Hz (asterisks) show increasedfCa’"
uptake at 3 Hz.

the decay of théCa*"]; transient was calculated using the same method as waslucri

previously for the caffeine-inducd@a®*); transient. Sarcolemmala®" flux, Jarcolemmas
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estimated from the NCX and PMCA models derived above, was slubtracted from
Jiotal 1O give the net flux ofCa?" ions into the SR Gkrea). kerca Was then used to
re-parameterise K,,, V., and provide an estimate of,l. Fig. 2.2B shows the exper-
imentally derived .. (points) compared with the fitted.J, (dotted line) consisting of
INexs Jpmca, Jp and Jax. The SR leak rate \,, then determined in a way such that
in whole-cell simulations at 3 Hz,.J) is close to that estimated from parameter fitting.
Jeaks Vup and K, o, Were fitted to dercea at 3 Hz, yielding J.,equal to 0.037umol/L

cytosol per millisecond, ¥, equal to 0.82tM/ms and K,, ., equal to 0.412(M.

An important assumption underlying the Jafri et al. [98]nfatation of SERCA is
that V,,, and K, ,, remain constant across a range of pacing frequencies. Imodel,
fitting J,, to experimental data recorded at different pacing fregesnsuggested that
Ju,p Was up-regulated at 3 Hz, compared to 0.5 and 1 Hz (N = 22). ERC (top panel)
shows an indicative example of an experimental recordinth@ffrequency response of
[Ca®"]; transients from one myocyte. Fig. 2.2D shows the frequelependent changes
in the [Ca®"];-dependence of,J, with J,, reaching a greater magnitude (more negative)
for a given level of[Ca®"]; at 3 Hz, compared to lower frequencies. The values for
V,p at 0.5 and 1 Hz were determined by fitting, &ccording to Eq. 2.9. This yielded
V,p Values of 0.55uM/ms and 0.65uM/ms for 0.5 and 1 Hz, respectively. EXxisting
literature supports the finding th@x*" uptake rate through SERCA becomes faster at
higher frequencies to facilitate frequency-dependenelacation of relaxation (FDAR)
[93]. FDAR is thought to involve calcium/calmodulin kinadg€CaMKIl) through phos-
phorylation of keyCa®" regulatory proteins such as phospholamban [113] and SERCA
[209], although the exact mechanism remains debated [81],dsldiscussed in section
1.1.3 “CaMKIl Regulation of SERCA”. Picht and colleague$§] recently carried out
quantitative analysis of cytosolica®t removal during[Ca®*]; decline and found that
in mice, increases in the level of active CaMKII at higheripgdrequencies led to the

elevation of SERCACa*" uptake by way of accelerating,ywithout affecting its affinity.



2.3 MODEL DERIVATION 49

To model the frequency-dependence @f, Xhe CaMKIl regulatory pathway was
incorporated into our model using the formulation proposgdHund and Rudy (HRd)
for canine ventricular myocytes [95]. Many of the parametgiues used in the HRd
model have been taken from a mathematical model of CaMKittion in the brain, as
experimental data for its neuronal isoform is much more dbaanthan that for the cardiac
isoform. We decided to use almost identical parameter gasahose in the HRd model,
since there is no sufficient data available, to our knowletlyallow re-parameterisation.
While highly simplified in its description of CaMKIlI dynamscand computationally
efficient, the HRd model is able to produce steady-si@te']; transients for a wide

range of pacing frequencies that agree with experimentasorements [95].

The state variables ff;,, and f in our model correspond to CaMK;.., CaMKjouna
and CaMK,,, in the HRd model respectively. Parametersf, 3 correspond to CaMiK
xcamk and Bcavk in the HRd model respectively. Specifically, the fractiooetupan-
cies of bound CaMKIl (f) and trapped CaMKII () are described below, and the total

fractional occupancy of active CaMKII (fis given by the sum of,fand {:

1
£, =1f- (1—1£)- o (2.11)
[Ca2t]qy
df,
d—tt:oc-fb-(fb+ft)—f3-ft (2.12)
f, =f, + £, (2.13)

where f (5%) is the fractional occupancy at equilibrium of the low affyncalmodulin-
binding sites, K, c.n (0.7 uM) is the concentration of [Cd] for half-maximal activation
of the kinase [215]« (0.05 ms?) is the autophosphorylation rate afdassumed to be
2.0x10* ms™!, is the rate of dephosphorylation. Minor modifications te HRd model

for CAMKII include: (1) The value for K, c. Was changed from the original value of
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1.5 uM to 0.7 uM, as more recent studies suggest half maximal activatioGaKI|
occurs at 0.5 -1uM free Ca®" [215]. (2) The value fo3 was changed from 0.00068
ms~! to 0.0002 ms!, to avoid large oscillations in, fover each cardiac cycle, which was

seen when the original value was used in our simulations.

Then the dependence qf,bn CaMKIl was modelled by defining.y from Eq. 2.9 as

a function of the fractional occupancy of active CaMKII, &swn in Fig. 1.1.3C (bottom

panel).
[Ca?t |t
Jup = —Vap - ‘ 2.14
’ " K + [Ca @19
Vip = (AVipcank + 1) - Vip (2.15)
- f;l
A\/vup,Cal\/IK - A\/vup,CaMK— (216)

Knm,CaMK + f§
whereV,, is the maximal uptake rate in the absence of CaMKN],,,, c.vk denotes the
maximum CaMKII-dependent increase in,V K., cavk IS the half-saturation coefficient
and n is the Hill coefficient. The line of best fit for,y plotted over { for each frequency

yieldsV,, (0.396uM/ms), AV, camk (2.998), K, camk (1.244) and n (2.583).

2.3.3 L-type Calcium Current

An example of the experimentally recorded transmembramesiets elicited by test
potentials between -30 and 20 mV is shown in Fig. 2.3A. Thé Xas™ current (k.)
was inactivated by applying a holding potential of -40 mV dhd transient outward
K* currents were blocked due to the presence of 4-AP (see Metemnd Methods).
Therefore, the peak transmembrane current measured atesichotential, as shown
in Fig. 2.3B, could be taken as a good approximationQf .| This assumption was
validated using the final model (See: section 2.3.4 “Sinedafransmembrane Current

during Voltage Clamp”).
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Under the particular experimental protocol used, the dgtese of the transmem-
brane current consisted of both,] and the latd* currents, such as the slow delayed
rectifier (L) and the rapid delayed rectifier(), which are insensitive to 4-AP. It was
therefore not possible to directly acquire the inactivatikinetics of the channel. As
an approximation, we used the formulations proposed by Bamko et al. [27], with
re-parameterised parameter values (see below), to appatxithe magnitudes and time
courses of the lat&™ currents, and subtracted them from the experimentallyrdecb
transmembrane current. The remaining current was asswnehsist of §,;, only and
fitted to a single exponential function to give the time cansiof decay ) at each test

potential, shown in Fig. 2.3C.

The original formulation for the LCC in the Bondarenko [27§del consists of eight
channel states with multiple pathways between differesest The complexity of this
formulation is problematic given that only a limited set @perimental data is available
to parameterise the model. We therefore used a simpler fation, with a smaller

number of parameters, which was still able to reproduce xper@mental observations.

We chose a modified version of the LCC model developed by Hetcld. [89] for
rat ventricular myocytes, which is a simplification of thdérat al. [98] model. In this
formulation, transitions from the closed state C to the opiate O and vice versa are
governed by voltage-dependent transition ratesando._, respectively. Transition from
the closed state C to the inactivated state | is a functiofzsf" concentration in the
dyadic space ([Ca]qs), which reflects itSCa’"-dependent nature. A schematic of the
LCC is shown in Fig. 2.4. The transition rates are defined #meesway as proposed by

Hinch et al. [89] with nine parameters.

The voltage-dependent inactivation gate y in the origireti 1998 model [98] is
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FIGURE 2.3: Parameterisation of the LCC. A: Examples of transmamdbicurrents
measured for a range of test potentials between -30 and 20nnin
crement of 10 mV. B: Experimentally measured (circles) amiitated
current-voltage relationship (line). C: Inactivation &nconstant <)
estimated from experimental recordings (circles) and Eted results
(line). D: Simulated ¢y, at test potentials between -20 and 20 mV.

retained here to capture the voltage-inactivation kiseatfche channel, with the following

formulation:

dy Yoo —y
= = 2.17
dt Ty ( )
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FIGURE 2.4: Schematic of the L-typ€a?t model. Ca?* flux through LCCs is
governed by the proportion of the channels in the open s@}eafd
the voltage-inactivation gate y. State O is representeagusiMarkov
model with three states: the open state (O), the closed(&atnd the
Ca’*-dependent inactivated state (1). Voltage-dependentiirsdion y
is described using a Hodgkin-Huxley formulation (Eqgs 221¥9).

1 Cs
Yoo = 11 o(VHC1/Ca + 1 + e(-V+C1)/Cs (2.18)
C
v =Cot : (2.19)

1 4+ e(V+Cs)/Co

which has nine parameters,(@ C,), yielding a total of 18 parameters. The flux@§>"

through the L-typeCa®* channel into the dyadic space is then governed by:

[Ca?t], - eV — [Ca?*]y
1—e%V

Jcar, = PcaLdVOy (2.20)

where Ry, is the permeability of the channel add- zF/RT, with z being the valance of
Ca*", F being the Faraday constant (96.5rol'), R being the universal gas constant
(8.314 J mot!K~1) and T being the absolute temperature in Kelvin (K). Thiddgehe

following equation for the L-type Cdcurrent (bar,):

Vg F
ApCm

Loar, = 2 Jcar, (2.21)

where Vj is the volume of the dyadic space, set to21®8 uL to keep the same

myoplasmic and dyadic space volume ratio as that in the Benta model.
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FIGURE 2.5: Experimentally measured (circles) availabilitytagle relationship of
| car, in the presence of Ba in adult mouse ventricular myocytes [143]
under the standard double-pulse voltage-clamp prototwst]. Avail-
ability was measured as the amplitude of the current eliditethe test
pulse divided by the amplitude of the current elicited by pihepulse
step at -50 mV. Superimposed is the fitted relationship froennbodel
(line).
Hinch et al. [89] fitted \{, and AV, to the I-V curve of the current. However, it is
likely that other 16 parameters also need to be re-assessdo differences between the

rat and mouse. Therefore, the parameter values have bedifi@tkas follows.

First, some of the parameters governing the voltage-degrgridactivation can be
determined from experimental data obtained witt¥'Bas the charge carrier for LCC
[143]. Using double-pulse voltage-clamp protocols as showFig. 2.5, Nguemo et al.
[143] measured the availability-voltage relationshiphaf turrent in the presence of Ba
in adult mouse ventricular myocytes at°87 The above measurements were used to fit
parameters G C, and G, yielding G equal to 33 mV, g equal to 8.23 mV and {equal

to 315 ms.
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TABLE 2.2: Parameters in the LCC model and the correspondingtiséties of the
quality of fit to experimentally observed |-V relationshipdainactiva-

tion kinetics of the current

Parameter numbegrParameter name Sensitivity of I-V | Sensitivity oft
1 3y 8.079 2.223
2 tr, 2.761 -0.411
3 TL 1.039 -1.257
4 KL 0.055 -1.348
5 Pcar 5.776 -0.619
6 a 6.228 1.375
7 b 0.474 -0.015
8 Cs -0.404 0.017
9 Cy 0.041 0.010

10 Cs 1.995 0.002
11 Cs -0.555 -0.627
12 Cs -0.774 -0.497
13 Gy -0.956 0.348

Second, we carried out a sensitivity analysis, similar tat thsed for the NCX
model, to examine the importance of the other 13 parametatstermining the quality
of the fit to the experimentally measured |-V curve and theeexpentally calculated
voltage-dependent inactivation time constantdf the current. As shown in Table 2.2,
the I-V curve and the inactivation kinetics are both veryssre to parameter$;, a,
Pcar, @and t,. Further visual investigation (not shown) revealed thaapeetersd;, and
t;, determines the slope of the I-V curve while parameters a ang énly scale the
[-V curve. The inactivation kinetics are also very sensitte K;,t;,, Cs, Cs and G.

Both the |-V curve and the inactivation kinetics are insewsito parameters b,C,, Cs.
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Therefore, we fitted £, (2.5 ms!), &1, (1.798) andt (1.5), along with \{, (0 mV)
andAVy, (6.449 mV) to the I-V curve as shown in Fig. 2.3B, with inclusiof the NCX
and SERCA models fitted previously and the conductivitiehek ™ currents set to zero.
Parameters K(0.3 uM), T, (1150 ms), G (8 ms), G (30 mV) and G (4 mV) were then
fitted to the experimentally calculated voltage-dependedtivation time constantf of
the current, shown in Fig. 3C. In addition, parameter b (td3 chosen such that the
magnitude of the current elicited by field stimulation at 3Ws approximately 58 of
that at 0.5 Hz according to experimental observations insamentricular myocytes [7].
Finally, parameters £ C,, C; were set to be the same values as those proposed by Jafri
et al. [98]. Simulated time courses of the current elicitgddst potentials between -20

and 20 mV in 10 mV intervals are shown in Fig. 2.3D.

2.3.4 Simulated Transmembrane Current during Voltage Clanp

We have used a voltage clamp protocol to measure the curoftiagge relationship ofd.r,
(See “Experimental Procedures”). To test whether the @bsgdransmembrane current at
each test potential was indeed a close approximatiog,towith minimal contamination
by other currents, we used our final model to simulate the madgof the currents other
than k,;, under the same protocol. Fig. 2.6A shows the simulated tioese of the
sum of transmembrane currents other than LCG.(), during a 200 ms voltage clamp
from a holding potential -40 mV to a range of test potentiéls.. was normalised to its
magnitude at -40 mV. As experimentally measurgg, Ireached its peak approximately
4 ms after the onset of depolarization, we examined the madgof |, at 4 ms after
the onset of depolarization, as shown in Fig. 2.6B. At tesempials between -20 and
10 mV, simulated J,;,.. Was less than% of the total transmembrane current measured
indicating negligible contamination of the measurementeAt potential equal to -30 and

20 mV, simulated outward,k,.. had a comparable order of magnitude ¢g; 1 although
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FIGURE 2.6: Simulated sum of transmembrane currents not carrieda6y (Iother)-
The same voltage clamp protocol as that used experimentaityea-
sure L1, was applied to the final model. (A): Simulated time courses
of the sum of the currentsl...) during a 200 ms voltage clamp from
-40 mV to a range of test potentials as indicated. (B): Sitedlanag-
nitude of Liner Within 4 ms after the onset of depolarisation to each test
potential.

was still significantly smaller. Therefore, possible conitzation of k,;, measurements

by the presence of other transmembrane currents may be small
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inactivation kinetics (dots) [33] and simulated resuliad], obtained
from a 500 ms depolarisation to +30 mV preceded by a -40 m\filnac
vating prepulse of varying durations. B;ls: experimentally observed
(triangles) [33] and simulated (line) voltage-dependerfceady-state
inactivation obtained by a two-pulse voltage-clamp protocC: I,
experimentally observed steady-state inactivation jdats/] and sim-
ulated results (line), produced by a 40 mV depolarisati@ceded by
various prepulse potential between -60 and 30 mV,: lexperimen-
tally observed recovery from steady-state inactivatiolle(fisquares)
[217] and simulated results (line). Bl experimentally measured
current-voltage relationship (crosses), produced fraep sepolarisa-
tions to various test potentials between -50 and 20 mV [14&q, sim-
ulation results (line). F:h: experimentally measured current-voltage
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2.3.5 Other Transmembrane Currents

To ensure temperature-consistency of the model, fornanatof other transmembrane
currents including the various* currents and the fasfa™® current (k,) were fitted to
experimental measurements at a more physiological termyerawith the fitted NCX,
SERCA and LCCs components incorporated. The mathematoalulations of these
currents were the same as those proposed by Bondarenko Zt]al There are seven
types of Kt currents with different kinetics in the Bondarenko modét, & which are
considered here: the rapidly inactivating transient ootM&" current (L ), the rapidly
activating slowly inactivatingK™ current (L..), the non-inactivating steady-state"
current (L), the rapid delayed rectifier()), the slow delayed-rectifier,(l) and the time-
independenK™ current (l;). We have chosen to exclude the slow inactivating transient
outwardK™ current (| ;s) Since it is only found in the septum region of the heart [210]
and the cardiomyocytes used in this study (see 2.2 “Expat@hErocedures”) were from
the LV free wall. Parameters fog,Iwere kept the same as those used in the Bondarenko
[27] model as its expression in murine heart was questienabtl the magnitude was
relatively small [10, 37]. Whenever possible, each of theseents was parameterised
individually using the appropriate experimental data fricerature as explained below.
When direct measurements were not available, parametees fiited to the ensemble

K* current [53] and validated using experimentally measurBdlArations (APDSs).

For Ik «of, the kinetics of the inactivation statg i can be re-written as:

. ito,f,ss - ito,f
o, =~ 0 (2.22)
Tito,f

The inactivation time constant, . was fitted to experimentally measured time course of

inactivation shown in Fig. 2.7A, yielding:

10.94
Tigor = 9-66 + P == (2.23)

+e 5
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The proportion of the channel that is inactivated at stestdye (j, ¢ ;) was fitted to the
experimentally measured voltage-dependence of steatlystactivation, shown in Fig.

2.7B, yielding

lio,f.ss = m (2.24)

The voltage dependence of the activation,gfd was fitted to experimentally measured

transient and sustained components of the ensemble oukvacdirrents [53]:

p = 0.18064 - 203577 (Vi +45)
(2.25)

wherex, andf3, are the voltage-dependent rate constants for activation.

For I, the proportion of the channel that is inactivated at stestd{e (i;) was fitted
to the experimentally measured voltage-dependence afystate inactivation corrected
for the presence of divalent ions €9 as shown in Fig. 2.7C. The time constant of inac-
tivation T;,, was fitted to the experimentally measured recovery fromdstasate inacti-
vation, shown in Fig. 2.7D. Other parameters were the santtgas in the Bondarendo

et al. model [27].

1
lgg = W
e 54
1000 (2.26)
Tiur = 643 Vm+42.1
1+e 52

For I, the conductance of the channel and the rate constants frerstate ¢,
to state @ (x.;) and from state @ to state k («;) were fitted to the experimentally

measured current-voltage relationship [115], as showngnZE7E.
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FIGURE 2.8: Fitting of ensembld& ™ currents and AP kinetics. A: Experimentally
recorded current-voltage relationships for transient poment mea-
sured at 300 ms (filled squares) and 1000 ms (open squaresiiefto-
larisation and sustained components measured at the sam@atints
(filled circles and open circles, respectively). Currengsenelicited by
a 1 s step depolarisation from -80 mV to a range of test peatisnt3]
and simulation results. B: Simulated time course&df currents un-
der protocol in A. C: Simulated AP paced at 1 Hz. D: Simulaietket
courses of majoK™ current during the AP in C. Inset: time course of
the fastNa™ current during the AP in C.
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g = 0.0335 - e0.0lOQVm
(2.27)

o; = 0.0703 - 20287V +5)

For I.;, the conductance of the channel (§50.35 mSF) was fitted to experimentally

recorded current-voltage relationship [105], as showngn E.7F.

Finally, experimentally measured transient and sustatoegponents of the ensemble
outwardK™ currents [53], as shown in Fig. 2.8A-B, was used to pararnseténe con-
ductance of ) ;or (Gktor: 0.535 MSUF), |y (Grur: 0.250 MSF) and Ly (Gyss: 0.060
MS/LF). It was also used to fit the voltage-dependence of variablehich governs the
steady-state activation of,} and k:

1
T 1+ o (Vmt6.19/9.6)

(2.28)

a‘SS

Due to its large magnitude and fast kinetics, experimerdatd dn the activation and
inactivation kinetics ofy, done at physiological temperatures are very limited andide d
not fit Iy, explicitly. To determine the scope of variations resultirgm uncertainty in
Ina, @ sensitivity analysis of AP shape to the conductance.ofGy.) was carried out. A
50% increase in G, caused a 2% increase in the maximum upstroke velocity of the AP
(Vmax), @ 10% increase in AP overshoot, &3decrease in APR, a 5% increase in APk,
and a 1.5 increase irfNa*];. Therefore, G, was adjusted to match the experimentally

measured V... (177 VI/s) [44].
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2.3.6 RyR Calcium Release and Intra-SR Buffering Parametes

The rate of SRCa?" release through the ryanodine receptors (RyRs) during GIGR
fitted to match the experimentally measured time-to-pediPjTof the[Ca®"]; transient
at 3 Hz (25+ 1 ms). Parameters determining the rate of changes,ir(f*'st and second
constants in Eq. A15 in the Bondarenko model [27], termggd Aand B>, . respectively
in Table B.1) have been adjusted from 0.04 and 0.1 respégtiee).01 and 2.0, respec-
tively, such that the peak opening probability of RyRs ishieigwith a shorter opening
duration.

dPRyR .

lca,  —Vm-50?
dt = —0.03 - PRyR —2.0- - €

70 645.0 (229)

The total concentration of calsequestrin (CSQ@Nwas set to 50 mM or 17xmol
Ca”" binding sites per liter cytosol, close to the estimates bgsB&9] of the range be-
tween 175 and 35Qmol per litre cytosol. The affinity of calsequestrin@a?* (KS5QN)

was set to 63@M according to measurements found in literature [176].

2.3.7 Background Calcium Current

The background’a®" current is formulated as linear leakage current:

ICab = GCab : (vm - ECaN)
N RT | ([CaQJr]O) (2.30)
CaB — oF n [Ca2+]i

where G, is the conductance of the channel angEis the C&" Nernst potential. G.;,
(7.0 x10~* mSiF) was set such that simulated diastdia®t]; levelw was 0.1QuM at
3Hz, close to the experimentally measured level (G£1Q.01 uM). Simulated diastolic

Ca”" influx through Ly, is 0.0047uM/ms.
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2.3.8 Volumes of Intracellular Compartments

With the myoplasmic volume set to be 2210-¢ uL, the volumes of intracellular com-
partments were determined by their percentage of the cklin@ Using stereological
techniques with electron microscopy, Bossen and colleafe®] reported the volume
fractions of the mitochondria and total SR to be 37.5 and%.8%the total cell volume,
respectively, in murine left ventricular myocytes. Assagimyoplasm to be 62% of the
total volume, the fractional volume of total SR is thus%.4f myoplasm. In the same
study, the volume fraction of the junctional SR was repottelde 0.22; of the total cell
volume, equivalent to 25 of the total SR. Accordingly, the volumes of the junctionadia
network SR were set to be 7:710°% and 2.31x 10~7 uL respectively. The volume of
the dyadic space is reportedly near®.af cell volume [19], and thus was set to be %2

108 L.

2.3.9 Canine Cardiac NCX Over-expression Model

To characterise NCX function in transgenic (TG) mice witmioa cardiac NCX over-
expression, the TG NCX formulation was parameterised basestudies by Weber et
al. [206] and Terracciano et al. [193]. According to the sti¢g Weber et al. [206],
at [Ca*"]; equal to 10 mM, the affinity for allosteric regulation () in TG mice was
estimated to be 0.1pM. For this reason, we set K, in our TG model to be 0.15M.
We then fitted the NCX parameters (15.0 pA/pF) an{.6) in the TG model to the
current-voltage relationship measured by Terracciand. efl&3] at room temperature,
since to our knowledge no data at°8have been published. In their studyck were
recorded under a voltage-ramp protocol, where the membsasedepolarised from a
holding potential of -75 mV to -40 mV for 200 ms, followed by altage ramp to 80 mV
and back to -120 mV at a velocity of 50 mV/s.
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2.3.10 Phylogenesis of the Current Model

The phylogenesis of the current model, shown in Fig. 2.9.2can be compared to that
of the Bondarenko et al. [27] model in Fig. 1.6 and 1.7. Suchlyais further reveals
that the current model is an significant improvement frompiteiously published model
in terms of species- and temperature-consistency. Thexegfgrovides a more reliable
basis to use for quantitative analysig@f?* dynamics in normal and genetically modified

mouse models.

2.4 Results

2.4.1 Model Validation (Wild-type Murine)
Action Potential Kinetics

At a pacing frequency of 1 Hz (Fig. 2.8C), resting potentiaiing diastole was -80 mV,
close to experimental values of -79 and -80 mV [33, 53, 103je dvershoot potential
was 38.5 mV, compared to 40 and 46 mV reported by Brouilldted.e[33] and Knoll-
mann et al. [105], respectively. At 1 Hz pacing frequencg, shmulated AP duration to
50% repolarisation (APR)) was 2.92 ms, compared to experimental values of 1.7 [99],
2.5 [33], 4.7 [53] and 6.0 ms [105]. ARPwas 19.2 ms, compared to experimentally
reported values of 23.6 [75], 25 [105, 123], 15 [33] and 1®9][ms . Table 2.3 lists
experimentally measured AP characteristics, and the sjporeding strain of mice, cell

type and temperature.

Validating RyR Model

In the proposed model, the properties of the RyR, an impbrtadulator for CICR,

were not measured directly. Instead, we adapted the fotronlased in the Bondarenko
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FIGURE 2.10: “Phylogenetic” schematic fo€a?" handling components of the
C57BL/6 model. Trapezoidal, square and oval shapes regresgh-
ematical models, the components of a model and the experinen
work, respectively.

model with some adjustments to parameter values to matobxiperimentally observed
time-to-peak of th¢Ca®"]; transient. Here we show that our model is able to qualithtive

reproduce key characteristics of CICR.

The first set of simulations test the ability of our model tptcae the property of
graded release, which refers to the observation thaCSR release is proportional to
the influx of triggerCa*". Fig. 2.11A shows the time courses of (top panel) and
the [Ca*"]; transient (middle panel) in response to a 200 ms step depatian from a

holding potential of -50 mV to 0 mV. And Fig. 2.11A (bottom pAhshows the peak
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FIGURE 2.11: Properties of simulated CICR. A: Graded respons@z3f release.
Top panel: simulatedcdly, in response to a 200 ms step depolarisa-
tion from a holding potential of -50 mV to a test potential ofrfy.
Middle panel: simulatedCa?*]; transient under the same protocol as
described in A. Bottom panel: peak.k, (triangles) and pealCa?*];
(squares) as a function of test potential, normalised tio thspective
values at 0 mV. B: Effects of increasing RyR open probabilitpp
panel: simulatedCa®"]; transient in response to a %0ncrease in
RyR open probability, to mimic the effects of a low dose offeiafe.
Middle panel: changes in total SBa?" content before and after caf-
feine application. Bottom panel: net sarcolemral* flux over
each cardiac cycle before and after caffeine application.
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TABLE 2.3: Experimentally observed AP characteristics. AfP&nhd APDyy, AP du-

ration at 50% and 90% repolarisation, respectively; RV, right ventricle;

LV, left ventricle.

Source| Strain T °C | Frequency| Resting V| Overshoot| APDsq APDy,
celltype | °C Hz mV mV ms ms
[105] | CH3/DBA | 36 1 -79 46 6.4+ 0.4 254+1.3
Ventricle
[33] | CD1/RV | 32 1 -80 40 2.5 15
Ventricle
CD1 32 5 -80 — 4.73+0.03| 17.1£0.32
Ventricle
[99] Hybrid | 37 | Unknown — 61 1.7+0.2 | 1544+ 1.2
Ventricle
[123] | C57BL/6 | 35 1 — — — 25+ 1
LV
[75] | C57BL/6 | 35 1 — — — 23.6+ 1.8
LV
Model | C57BL/6 | 35 1 -81 38.5 2.9 19.2

lcar, @and[Ca?t]; as a function of the test potential between -40 and 40 mV. Ea .1,

shows a voltage-dependence with a maximum at 0 mV, and the[pe&"]; follows the

same qualitative trend.

The second set of model simulations aim to reproduce theragtdation observations

of Eisner et al. [54], who demonstrated the transient natfitee cell’s response to an

increase in the open probability of the RyRs. In their stadgw concentration of caffeine

was applied to field-stimulated ventricular myocytes. Tgneduced a transient increase
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in the amplitude of the systoligCa?*]; transient which gradually returned to the same
steady-state level as that of the control. To validate oudehowve repeated the same
protocol in our simulations by doubling the open probapibf the RyR (PQ + PG,)
during steady-state pacing at 3 Hz. The magnitude of thelabeu{Ca*"); transient, as
shown in Fig. 2.11B (top panel), increased upon applicatiboaffeine and gradually
decreased over time until it returned to the magnitude poicaffeine application. As can
be seen in Fig. 2.11B (middle panel), there was a decreastirSRCa’" after caffeine
application which did not recover over time. When examirtimg net sarcolemmala®"
flux in Fig. 2.11B (bottom panel), we found that the los€ef " from the SR was due to
a netCa’" efflux immediately after caffeine application resultingrfr the simultaneous
transient increase ifCa’"]; transient. As SRCa”>" decreased, thi£a"); transient also
decreased until a new balance point was established wheree\ilas zero net sarcolemmal
flux. The above simulation results were consistent with éhaisserved by Eisner et al.

[54], and further validate the ability of our model to cag@ICR characteristics.

Calcium Dynamics versus Pacing Frequency

TABLE 2.4: Comparison ofCa"]; transients characteristics between experimental
and simulated values.

[Ca®"]; transient dynamics | Experimental value$ Simulated values

0.5Hz 0.10+ 0.02 0.06
Diastolic[Ca®"]; (uM) | 1 Hz 0.094+ 0.01 0.06
3 Hz 0.11+0.01 0.10
0.5 Hz 0.50+ 0.09 0.48
Peak[Ca”"]; (uM) 1Hz 0.36+ 0.05 0.37
3 Hz 0.37+ 0.06 0.36

0.5 Hz 96+ 6 94

RT5, 1Hz 94+ 6 88

3 Hz 67+ 3 65

As shown in Fig. 2.12A-B, simulateld’a®"]; transients paced at 0.5, 1 and 3 Hz were in
good agreement with experimental measurements. Ovediglaly negative frequency

response of théCa"); transient magnitudes was observed experimentally, witkk pe
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FIGURE 2.12: Comparison between experimentally observed andatenjCa’"];

transients. A: Experimentally recordé@a’*]; transients at 0.5, 1
and 3 Hz. B: SimulatefCa"]; transients at 0.5, 1 and 3 Hz. C: Time
courses of2a?* fluxes through SERCA (blue), NCX (red) and PMCA
(green) during a cardiac cycle at 3 Hz. D: Simulated caffénaeiced
[Ca®T]; transient (black) following field-stimulation at 3 Hz, com-
pared with experimentally recorded caffeine-indudeeh?*]; tran-
sients from 18 individual myocyte (dotted lines) and therage tran-

sient (grey).
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[Ca®"]; decreasing from 0.5@ 0.09 uM at 0.5 Hz to 0.37+ 0.06 uM at 3 Hz. This
compared well with simulated pedka®*]; values of 0.48M at 0.5 Hz and 0.3@M at

3 Hz. Consistent with our analysis of frequency-depend&R@GA function, the time
to half relaxation (R¥,) was shortened from 9 6 ms at 0.5 Hz to 64 3 ms at 3
Hz, which were closely matched by simulated values of 94 @ndh6 respectively. A
summary of simulated and experimeni@h®*]; transients parameters are listed in Table

2.4.

The time courses ofa®" fluxes through SERCA, NCX and PMCA during one
cardiac cycle at 3 Hz are shown in Fig. 2.12C. The percentaggibution of SRCa**
uptake to totalCa®>" removal, calculated as the ratio between the integral.Qf, bver
one cardiac cycle and the integral of the sum of the fluxes,98a8%:. NCX and PMCA

contributed to 5.% and 0.7% respectively.

A simulated caffeine-inducel@a”"]; transient is shown in Fig. 2.12D. A train of field-
stimulation at 3 Hz was applied to the model prior to caffapelication until limit-cycle
had been reached. The effects of caffeine application vegiecated by setting the open
probability of RyR to one, and increasing the rate SR " leak to 0.1 ms!, causing a
rapid and complete release©f”" from the SR. Experimentally recorded transients from
individual myocytes and the average transient are alsosiotihe same plot for compar-
ison. PeakCa®']; of the simulated transient was 0.48 compared to the experimental
average of 0.55M. The time constant of decay of the simulated transient wag &

compared to 1.36 s recorded experimentally.

Effects of Cycle Length and Restitution

The effects of pacing frequency on the shape of steady-stteare shown in Fig.
2.13A-B, with pacing frequency increasing from 0.5 to 10 Rithe direction indicated by

the arrow. There were no significant differences in the wistand early repolarisation
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FIGURE 2.13: Effects of pacing frequency on steady-state AP. Aediff of pacing
frequency on the shape of steady-state AP, with pacing émguin-
creasing from 0.5 to 10 Hz in the direction indicated by thear
B: Changes in APB; (triangles), AP (squares) and AP4g (cir-
cles) with increasing cycle length. C: Effects of pacingyfrency on
the shape of steady-state AP in the absenceyekl D. Changes
in APD»; (triangles), APR, (squares) and AP4g (circles) with in-
creasing cycle length in the absenceaf.
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phases (APB) between different frequencies. However late repolansatmeasured
by APD;; and APDy, was progressively prolonged with increasing cycle lengthich
matched qualitatively with experimental characterisatid AP at various cycle lengths
in intact murine hearts. It has been suggested that in mamukerat ventricular my-
ocytes, the inward current through the electrogenic NCXduthe later phase of the
AP is responsible for shaping ABP[104]. To test whether our model agrees with this
literature, we eliminatedyl-x by setting \{&% to zero in our model. APs in the absence
of Incx over the same range of frequencies as previously are pliotite). 2.13C, and
the corresponding APDs in Fig. 2.13D. It was evident thabageér cycle lengths, late
repolarisation was faster in the case withoutd, with APDy, at 0.5 Hz decreasing
from 22.3 to 14.9 ms, whereas at shorter cycle lengths, aggation dynamics were
less affected by the presence Qfk. The frequency-dependent prolongation in ARD
and APD, with increasing cycle length was much attenuated in the rafesef kcx.
Therefore, our model results matched well with the findingt thicx plays a role in

shaping the later repolarisation phase of the AP.

The electrical restitution of the AP is shown in Fig. 2.14MAere S1 stands for the
last trace of a pacing train at a cycle length of 300 ms, falldwy a premature beat (S2)
with various S1-S2 intervals ranging between 70 and 1000 Fig. 2.14B shows the
relationship between ARJp and S1-S2 interval, with AP§g gradually lengthening from
14.8 ms at 70 ms S1-S2 interval to 16.5 ms at 1000 ms S1-SZahtefhis was also
in qualitative agreement with experimental observati@morted by Knollmann et al. in
intact murine heart [106]. The effects of a premature bedignand[Ca®*]; is shown
in Fig. 2.14. The APs during the last cycle of the pacing tfaitowed by a premature
beat 100 ms later are shown in Fig. 2.14C, where there wagla sfiduction in overshoot
during S2 compared to S1 (30vBrsus35.8 mV), a slower upstroke (M.: 132versus
168 V/s) and a faster repolarisation with ARRlecreasing from 5.7 ms during S1 to 5.65

ms during S2 and AP§ from 14.9to 14.4 ms. The changes in the AP shape was mirrored
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FIGURE 2.14: Electrical restitution of AP. A: Simulated AP in resge to a prema-
ture beat. S1 stands for the last trace of a pacing train atla Bngth
of 150 ms, followed by a premature beat (S2) with various 31rS
tervals ranging between 70 and 250 ms. B: The relationsHipesn
APDg, and S1-S2 interval, with AP§) gradually lengthening from
12.86 ms at 70 ms S1S2 interval to 13.4 ms at 250 ms S1-S2aihterv
C:. Simulated AP during the last cycle of the pacing train (81)
lowed by a premature beat 70 ms later (S2). D: Top panel: sidl
lcar, during S1 and S2. Bottom panel: simulatth®™]; transient
during S1 and S2.
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by a decrease in the magnitude gf;) from 12.0 pA/pF during S1 to 9.8 pA/pF S2, shown
in Fig. 2.14D (top panel). The reduction @?" in turn triggered a smaller amount of
Ca™ release from the SR hence a smalles*"]; transient shown in Fig. 2.14D (bottom

panel).

2.4.2 Calcium Handling in Mice Over-expressing the Canine @rdiac

NCX

As mentioned in section 2.1, NCX over-expression in mice lb@sn used by several
groups to assess the function of NCX in cardiac E-C couplisa case study to demon-
strate the application of the framework developed in thisptér, we incorporated mea-
surements of NCX function from TG mice and examined its imipacCa®" handling and

the significance of allosteric regulation of NCX function 63" ;.

Current-Volgate Relationship of Iycx

The extracellular ion concentratiofisa*t],, [K*],, and[Ca®*], were adjusted to 140,
6 and 1 mM respectively, to match the experimental set-upeofatciano et al. [193].
[Na™]; (9.6 mM) and[Ca®"]; (0.135uM in WT, 0.159uM in TG) were fixed to the same
values as those observed experimentally. The voltagepcfaotocol and the simulated
Incx inthe WT and TG models are shown in Fig. 2.15A. The simulatedent-voltage
relationships are shown in Fig. 2.15B. At positive potdatiaimulated {cx in the TG
model was on average 2.7 times the magnitude of the WT modeledative potentials,
the differences indcx were less significant, with an average ratio of 1.5, consistéth
experimental observations that the statistically sigaiftadifference in{cx diminishes

towards more negative potentials .
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FIGURE 2.15: Simulated current-voltage relationship @tk in the WT and TG
models. Top: the voltage-clamp protocol used by Terraccietral.
[193] to measure the current-voltage relationshipyefy in ventric-
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Field-stimulated and Caffeine-induced Calcium Transiens

Experimentally measurd@a®t]; transients, as shown in Table 2.5, show quite significant
variations across different groups resulting from, at tigastially, differences in the
experimental set-up. For example, experiments have begadctaut at room temperature
[1, 193, 212] or 37C [192]; [Ca®']; transients were elicited by either depolarising
pulses or field stimulation at frequencies ranging from (282], 0.5 [193] to 1 Hz
[192], and perfusion solutions with differefi¥a*],, [K*], and[Ca*"], have been used.
However, ventricular myocytes from NCX over-expressingearinave been consistently
characterised by a 2- to 3-fold increase in the forward fioncdf NCX [193, 192, 212],

an unchanged [1, 193, 192] or a slightly high@a*]; transient magnitude [212], a faster
rate of decay of théCa?*t]; transient elicited by either field-stimulation or caffejraad

an unchanged [1, 212] or enhanced [193, 192[(SR" content.

To validate our models, the protocol described by Terramxiat al. [193] was
reproduced in both the WT and TG models. Results are compeitadhose reported
by Terracciano et al. [193], as well as other studies [1, 2B2]. The extracelluar ion
concentrations in both the WT and TG models have also beerstadj according to the
experimental set-up. The models were initially paced atHz5until limit cycle was
reached, 2 seconds after cessation of stimulation, thertrambrane was clamped at -75
mV and the effects of caffeine application were simulateddtying the open probability
of RyR to one, and increasing the rate 8R*" leak to 0.1 ms', causing a rapid and

complete release @a’* from the SR.

SimulatedCa*"|; transients during 0.5 Hz field-stimulations are shown in Bid 6A.
The magnitude ofCa']; transient was 0.28M in the TG model, 2% higher compared
to the WT model (0.23:M). In general,[Ca®']; transient by field-stimulation in the

TG mice has been found to be of a similar magnitude or withghslincreasing trend
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FIGURE 2.16: Simulated field-stimulatefC’a*]; transient and application of caf-

feine in the TG model. A: Simulate[’a®*]; transients elicited by
field-stimulation at a pacing frequency of 0.5 Hz, in the WTd=alo
(solid line), the TG model (dotted line), and the T@odel (dashed
line). B: SimulatedCa®"]; transients elicited by application of caf-
feine, in the WT model (solid line), the TG model (dotted )inend
the TG model (dashed line). C: Time courses @fk during 0.5 Hz
field stimulation, in the WT model (solid line), the TG moddb(ted
line), and the TG model (dashed line). D: Time courses Qfk dur-
ing caffeine application, in the WT model (solid line), th&model
(dotted line) and the TGmodel (dashed line). E: Time constant of
decay f) of the [Ca"]; transients by field-stimulation and caffeine
application, in the WT model (black), the TG model (whiteflahe
TG* model (grey). F: Simulated AP at 0.5 Hz in the WT model (solid
line), the TG model (dotted line) and the T@&odel (grey).
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TABLE 2.5: Percentage changes @f** handling in TG mice relative to control.
* = p < 0.05versusventricular myocytes from WT. [193]: C57BL/6
mice. Heterozygous NCX over-expression.

ocytes. 22C. [1]: C57BL/6 mice. Heterozygous NCX over-expression.

Isolated veutaicmy-

Isolated LV myocytes. 2%C. [212]: C57BL/6 mice. Heterozygous NCX
over-expression. Isolated ventricular myocytes?@2192]: C57BL/6
mice. Heterozygous NCX over-expression.

Isolated vaniaicmy-

ocytes. 37C.
Terracciano| Adachi-akahane Yao | Terracciano Model
et al. [193] etal. [1] et al.| etal. [192]
[212]
[Ca®T]; tran- | Diastolic 92 107 90 — 117
-sient by field- | [Ca®*];
stimulation at
0.2 Hz [212], | A[Ca®']; 71 94 155 95 122
0.5[193] and
1[192] Hz, RTso 72* — — 67* 74
or by depolar-
ising pulses[1]| T — — 77 — 76
Caffeine- AlCa™™]; — 107 79 177* 133
induced Peak 299* 308* 288* 252* 327
[Ca2+]i Inex
transient [ Inex 176* — 108 — 113
RTsq — — 27* — 34
T — 40* — — 39
I-V relationship of k1, — 97 100 — 100
I-V relationship of kcx | Significantt — — — 2.7-fold
1 on av-
erage at
positive
poten-
tials

compared to that in the WT mice (See Table 3). Simulated peakard mode tcx (Fig.
2.16C) during théCa*"]; transient was 0.81 pA/pF in the TG model, compared to 0.33
pA/pF in the WT model, corresponding to a 2.5-fold increasétx magnitude. The
decay of thdCa®*]; transient was faster in the TG model, with &/3@decrease in R

(92 versusl25 ms) andr (168 versus220 ms). Terracciano et al. [193] reported &:38

decrease in RJ,. In other studies of the TG mice, a @3decrease in R and a 2%
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decrease in have been reported [192].

Simulated caffeine-inducelda®t]; transients are shown in Fig. 2.16B. The magni-
tude of the[Ca?*]; transient in the TG model was 0.44M, compared to 0.3QM in the
WT model, indicating a greater SRa”" load in the TG model. This was in qualitative
agreement with the 69 increase in caffeine-inducé@a’*]; transient magnitude reported
by Terracciano et al. [193]. In other studies, some repaat@&d’ increase [192] while
others observed no statistically significant differencesffeine-inducedCa®*]; transient
magnitude [1, 212]. Simulated pea¥k (Fig. 2.16D) during caffeine-application was
1.44 pA/pF in the TG model, compared to 0.44 pA/pF in the WT elpdorresponding
to a 3-fold increase incx magnitude. A 2-fold increase indx magnitude during caf-
feine application was reported by Terracciano et al. [198]ereas a 2.4-fold increase
and a 3-fold increase have been reported in other studiesrakb of decay of the simu-
lated caffeine-inducefi’a®*); transient was 6% faster in the TG modeh{ 402 versus
1022 ms). Although not quantified by Terracciano et al. [193f reportedly 7% and
60% faster in the TG mice according to Yao et al. [212] and Adadtahane et al. [1]

respectively.

Effects of Allosteric Regulation

To determine whether the presence of allosteric regulatidhe canine cardiac NCX,
which is absent in WT mice, plays a significant roledia®* handling in the TG mice, we
replaced the current formulation of NCX in the TG model withadternative formulation
(TG*) without allosteric regulation, i.e. 3% was set to 9.75 pA/pF to represent a 2.5-
fold increase in maximum NCX activity, and all other paraenstvalues were the same
as those in the WT model. In contrast to previous observatifield-stimulatedCa®*];
transient magnitude (Fig. 2.16A) was significantly lowethe TG' model compared to
the WT model (0.0&ersus).23uM). Caffeine-inducedCa?*t]; transient magnitude (Fig.
2.16B) was only 2% of the level in WT (0.07versus0.30 uM) indicating a dramatic
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loss of SRCa”*. Despite the increase in, inward lycx magnitudes during field-
stimulation (Fig. 2.16C) was lower in the T@odel during systole (0.28ersus0.33
pA/pF) and slightly higher during diastole (0.088rsus0.043 pA/pF). Consistent with
the lower caffeine-inducefC’a”"]; transient magnitudeykx during caffeine application
(Fig. 2.16D) was also lower in the TGnodel (0.30versus0.44 pA/pF), reflecting a
significant reduction in SRCa*" content. When comparing the rates of decay of the
[Ca®"]; transient, the time constant in the T@odel was longer during field-stimulation

(324versus220 ms) and shorter during caffeine-application (628usl022 ms).

2.4.3 Sensitivity Analysis of the Whole-cell Model

Using a similar approach to that for NCX parameters (Eq. ,29 sensitivity of im-
portant ensemble model behaviors to the estimated paresness investigated using a
sensitivity analysis with results shown in Table 2.6. Weéhtacused on seven metrics
for characterising model behaviors including diast@lia®*];, magnitude of the transient
(A[Ca**];) at 3 Hz, R, of the transient at 3 Hz, resting,V peak \,, during an action
potential at 3 Hz, APE) and APDy,. For each metricy, was defined as the model output
with the original parameter valug(p,)). Ay was defined as the change in the output due
to a 5% increase in the parameter value. Simulation results wetairad after running

the model for at least 100 s until limit cycle was reached.

Compared to the other estimated parameters, diagtohit’]; is most sensitive to
Ty A[Ca®T]; 10 Tyger and Guap. RTso IS Most sensitive ta,, Ty and k. Key AP
characteristics were not found to be sensitive to any of sienated parameters. Further
investigation showed that diastoli€a®t]; increased by 0% following a 5% increase
in ... A[Ca®']; decreased by 1% and increased by 1% following a 5% increase in
Tuer aNd Gy, respectively. R, decreased by 0%, increased by 1% and decreased by

0.5% following a 5% increase int,, T, and k-, respectively. Therefore, while model
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TABLE 2.6: Sensitivity of model ensemble behaviors to estimatedipeters. Bold

numbers indicate model behavior is most sensitive to thasmpeters.

Parameter| Diastolic [Ca2t]; A[Ca2t); RTs0 Resting Overshoot APDsg APDgg
Viel 1.42x 102 4.05x 1072 | 1.37x 1073 | 2.28x 1075 | 2.84x 1074 | -1.37x 1072 | 3.95x 104
Ty 0.126 -6.58 x 102 -0.102 -555x 10% | -6.33x 10* | 6.54x 1073 | 4.97x 10°3
Tyfor -4.5x% 1072 -0.345 0.244 9.37x 1075 | 2.07x 1073 | -6.50x 102 | -5.87x 10~2
k& 6.78x 1074 -3.81x 1072 | 512x 1072 | -7.35x 107° | -3.73x 107% | 2.90x 10~* | -1.98x 103
K -3.09x 1073 7.33x 1072 -0.108 -1.17x 107% | 5.59x 107 | -3.52x 1073 | 2.09x 1073
kit -6.86x 10~4 -9.24x 1075 | -2.82x 1074 | -1.17x 104 | -3.26x 10~% | -6.84x 1074 | -4.10x 104
k; 7.52x 1074 230x 1074 | 2.73x10°% | -3.04x 107° | -1.86x 107° | 3.24x 10~* | 2.76x 10°6
K+ 7395x 10~3 6.04x 1073 | -6.15x 1072 | -1.37x 107% | -1.49x 1074 | 4.76x 1073 | 1.96x 10~*
ke -8.72x 1073 249x 1072 | 1.74x 1072 | -4.05x 107° | 1.49x10~* | -7.05x 1073 | 1.17x 104

n -3.56x 1073 485x 1073 | 1.86x 1072 | -4.05x 10°® | 1.40x 107> | -2.06x 1073 | -3.71x 10~*

m -8.32x 1074 227x 1072 | 2.64x 1072 | -6.08x 107% | 3.73x 1075 | -1.97x 1073 | -2.31x 103
GNab 6.73x 1072 0.300 -4.49% 1072 | -2.12x 1072 | -3.41x 1072 | -7.05x 1072 | 6.06x 10~3
Gis 0 0 -5.93x 1076 | -2.79%x 107°% | -9.31x 1076 | -7.80x 105 | -8.03x 10~°
Gal,Ca 1.90x 104 8.97x 1074 | -1.99% 1074 | -8.11x 1075 | -1.19x 1073 | 2.92x 10~4 | -3.86x 10~¢
Kum,c1 -1.79x 104 -8.45x 10~% | 1.72x 107% | 4.05x 10°° | 1.08x 1073 | -5.95x 10~% | -3.29x 104
EcL 9.48x 10~° 459x 1074 | -1.01x 1074 | 5.83x 1075 | -5.87x 10~% | 6.06x 1075 | -4.65x 10~>
CSQNos -7.92x 1073 402%x 1072 | 253x 1072 | 2.89x10°% | -9.92x 10~% | 1.51x 1072 | -3.42x 1073
KSSQN 7.20x 1073 4.09% 1072 | 5.69x 1073 | -2.69x 10~4 | 7.27x 104 | -1.20x 10~2 | 3.12x 103

behaviors were not found to be highly sensitive to any of é¢hestimated parameters,
they may be moderately affected by the rat€af™ transfer from the network SR to the
junctional SR, the rate of Ga transfer from the dyadic space to cytosol, the conductance
of the backgrounda™ channel, and the RyR rate constant governing its transitan

state Q to C,.
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2.5 Discussion

Species- and temperature-dependent difference€ait dynamics are well known.
However, previous modeling studies often have the linotaif using heterogeneous
experimental data to develop model components (Fig. 1)chvprecludes the model's
potential to reliably interpret experimental observasionhe first objective of this thesis,
therefore, was to use consistent experimental data, weem®ssible, to parameterise
model components; and provide a transparent link betweemners and experimental
data. All the measurements {Iﬁa2+]i transients andd,;, were obtained in our own labo-
ratory from LV ventricular myocytes obtained at’85 Other transmembrane currents and
AP measurements were taken from existing literature, fraimime ventricular myocytes

at a temperature between 32 and@5

SimulatedCa**]; dynamics showed good agreement with experimental obsengat
The description of the RyR in our model was consistent witheexnental observations.
Firstly, graded response @fa*" release could be reproduced using our model, which
showed a bell-shaped voltage-relationship with both pgakdnd peakCa?"); transient
occurring at around 0 mV. Secondly, increasing the openghitity of the RyR units, by
means of caffeine for example, produced a transient inergg€’a®"]; transient which
returned gradually to control level, similar to that obsshexperimentally by Eisner et
al. [54]. Net sarcolemmal flux and SBa?* content also followed the same changes as
those described by Eisner et al. [54], i.e. a transient mebgammalCa®" efflux led to a
sustained loss of SRa®" content which reset the balance point@f" dynamics after

caffeine application.

In order to achieve temperature consistency across diffameodel components,
we have also re-fitted thE* andNa™ channels to experimental data at physiological

temperatures close to 35. Experimentally measured AP shape and duration were used
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to validate the fitting process. There was good agreemenPiclfaracteristics between
simulation and experimental data, including resting pidénovershoot, maximum
upstroke velocity and AP durations to 25, 50 andOfpolarisation. With increasing
cycle length, steady-state APD increases in agreementoligkrvations made by other
groups [9, 106, 189]. This was shown to be strongly affectethb presence of the NCX
current in our model, which was also seen experimentall¢]1dherefore our model
is capable of representing the interactions and feedbampslbetweerCa®" dynamics
and sarcolemmal electrophysiology at physiological pgpéiaquencies and temperatures

under steady state conditions.

The second aim of this section of work was to apply our modehvestigate the
effects of heterozygous over-expression of canine NCXandgenic mice. It is worth
noting that the more recent findings by Weber et al. [206] tos#éric regulation are not
fully consistent with those reported previously by Maxwetlal. [136], who observed
allosteric [Ca®*]; regulation of NCX in both the control and transgenic mice. isTh
indicates that the lack dfZa®*]; regulation observed by Weber et al. [206] in wild-type
preparations may be due to species- and/or preparatiogndept differences. However,
as the study by Weber et al. [206] was conducted under morsigdbgical conditions
(in intact myocytes and allowing dynami€a*"]; regulation) compared to previous
measurements obtained in membrane patches, we have pargettthe current models

based on their measurements.

Our simulations results from the TG model were consistett Wie experimentally
observed 2.7-fold increase in NCX activity [1, 192, 193, RaBsessed from the current-
voltage relationship and the rate of decay of the caffemriced[Ca”"]; transient. At
the pacing frequency of 0.5 Hz, simulatfh®*]; transient magnitude in the TG model
was 18% greater compared with the WT model with a%22aster rate ofCa**]; decay,

and a 27 increase in SRa" load. These results were in agreement with experimental
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studies [1, 192, 193, 212].

No difference in the time course of,), was observed between the WT and TG
models stimulated at 0.5 Hz (not shown here), so the totaliatsmfCa®" entry through
sarcolemma are the same between WT and TG models. The bahfied" entry and
extrusion over each heartbeat therefore requiregithat extrusion through NCX should
also be the same in the two models. Indeed, our calculatibtisecintegral of Jcx
showed the same amounts@** extrusion. This has occurred despite the over 2-fold
increase in the magnitude ofJx in the TG model, which was compensated by a lower
diastolic d;cx. The reason behind the decreaseypsJduring diastole was not a lower
diastolic[Ca®'];, as diastolidCa”"]; was in fact slightly higher in the TG model at 0.5
Hz. But this may be explained by the presence of allostegalegion by [Ca"]; in
the TG mice, which has not been found in the WT mice [206]. Adtw to the NCX
formulation, with an estimated, K., of 0.15uM [206] and an diastoli¢Ca*"]; of 0.05
uM in our models, the maximum exchange rate of NCX could be asds a tenth of
viax during diastole in the TG model. However, during systole mf@*]; is high,
the maximum exchange rate approach&gi/so peak \cx is considerably higher in the

TG model.

The less competitive diastoliggdx and the higher diastoli{Ca“]i promoteCa’"
uptake into the SR through SERCA. This means that more is available for CICR and
hence a higheiCa®"]; transient magnitude in the TG model. The greéter"); transient
magnitude in turn facilitates SRa®" uptake, the consequences of which are two-fold.
Firstly, higher dgrca along with the enhanced systoligsk results in a faster decay of
the[Ca*"]; transient. Secondly, it increases the relative contrilmutif SERCA and hence
decreases that of NCX in the TG model. Although a differemcdiastolic[Ca*"]; has
not been detected experimentally [1, 193, 212], Terraccetrmal. [193] speculated that

a slightly higher diastoli¢Ca®*]; would promote SR uptake and SR*" loading in the
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TG mice, although the difference might be smaller than caméasured.

In contrast with the increasg@a"]; transient magnitude and SRa*" load, and
the faster decay kinetics ¢fa*"]; both during field-stimulation and caffeine-application
observed in the TG model, results from the *T@odel show different characteristics
of Ca*" handling. When allosteric regulation was removed, the erobé NCX activity
alone caused significantly decreagéd?*]; transient magnitude and SRa** content
compared with the WT model. This occurs &g is enhanced during both diastole and
systole in the absence of allosteric regulation, there$hi#ing the balance away from
SRCa?" uptake and towards sarcolemni&l** extrusion. This in turn leads to a net loss
of Ca®* and a lowered systolifCa®*]; to a point where sarcolemmala®* influx and
efflux are again in balance. The decreasé(a’"]; transient magnitude also decreases
Jerca such that the rate of decay of tl{(éa“]i transient is slightly slower in the TG
model during 0.5 Hz field stimulation. The above simulatiesults suggest the presence
of allosteric regulation in the canine cardiac NCX could beeg factor underlying the

observed increases j@a*"]; transient magnitude and SR** content in the TG mice.



Chapter 3

Calcium Dynamics in the Ventricular
Myocytes of SERCA2 KO Mice: A
Modelling Study

3.1 Introduction

As discussed in the Chapter 1, disruption[@*"]; homeostasis resulting from ab-
normalities inCa?* handling is believed to be an important mechanism undegliif
[62, 161, 84, 121, 157]. In particular, decreases in theesgion level of SERCA and thus
SR Ca?" transport have been reported in both animals models witbspre overload-
induced hypertrophy [62, 161] and in failing human myocandi84, 121, 157]. In this
chapter, we apply the C57BL/6 model framework developedhagfer 2 to investigate
the genetically modified mouse model with cardiomyocyteesiic, conditional excision

of the Serca2gene [4].

Global knockout ofSercazhas previously been shown to be lethal [154]. On the other
hand, genetically modified mice, in which cardiomyocytesfic excision of theSerca2

gene can be induced at any age, allow investigation into ffieete of major reduction
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in SERCA2 expression with more specificity. Data from thipexxmental model shows
that at 4 weeks following gene excision (KO), cardiac fumativas only moderately
impaired compared to th8ercaZ'>*//l°z (FF) control despite a reduction in SERCA2
protein expression level to less thath ®f normal values. Given that SRa”>" uptake
in healthy controls accounts for over ®0of Ca®" removal in the mouse heart under
physiological conditions [116], these findings have spargignificant debate over how
these animals can survive with such a dramatic reductiorElRGA function [197]. It
has been hypothesized that enhan€ed" fluxes through LCCs, NCX and PMCA act
as compensatory mechanisms in the KO myocytes to shift tience of the[Ca®'];
transient generation from SRa’" release to sarcolemma@la®" fluxes [4]. However,
whether all of these compensatory changes are crucial &idrébative contributions in
maintaining cardiac function remain to be fully investiggt Furthermore, while the rate
of decay of thdCa®"]; transient in the KO is significantly slower compared to FF latsa
pacing frequency (1 Hz), it is only minimally affected at giglogically relevant pacing
rates [4]. These observations motivate further invesbgab elucidate the mechanisms

underpinningCa®" handling in both the FF and KO animal models.

Trafford [197] has conducted a preliminary simulation stwding the Bondarenko
et al. murine AP model [27]. Simulation results showed ameased diastoli¢Ca**];,
a decreased rate of decay of flia**]; transient which became less profound at higher
frequencies, and finally a prolonged action potential [L3H$wever, Trafford assumed
a simple linear correlation between the expression andigctf the proteins, an as-
sumption which deserves further validation. It is also Wwarbting that the Bondarenko
model [27] was developed based on experimental data obtain®om temperature (25
°C), while the study on SERCA2 KO mice [4] was carried out at@7The formulation
of Ca?™ dynamics in the Bondarenko model [27] was derived from aipressmodel
of guinea-pig ventricular myocytes [98], which assumesstam SERCA uptake rate at

different frequencies, and hence does not account for FDBdewed experimentally in
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both FF and KO mice (see below). Thus while mathematical dliaggrovides a poten-
tially promising and quantitative framework for analysthg mechanisms underlying the
observedZa®* handling, for the reasons outlined above, the charadtesist the[Ca®"];
transients simulated using the Bondarenko model are uplide a good representation

of those observed experimentally by Andersson et al.[4].

Here, we have re-parameterised the model@f™ dynamics developed in Chapter 2
to experimental measurements obtained from the FF and Kdlorayocytes, to enable
direct comparison between simulation results and expetiahelata. Using this model,
we examine the underlying change<ia?* handling and the relative contributions of the

compensatory mechanisms present in the SERCA2 KO mice.

3.2 Materials and Methods

All experimental measurements described below were peaviy collaborators, Louch
W. E., Andersson, K. B., Christensen, G. and Sejersted, Ogim the Institute for

Experimental Medical Research, Oslo University Hospitiéwal in Norway [117].

All animal use was approved by the Norwegian National Congaifor Animal Wel-
fare under the Norwegian Animal Welfare Act, which confortmsheGuide for the Care
and Use of Laboratory Animalsublished by the US National Institutes of Health (NIH
publication No. 85-23, revised 1996). TBercaZ'*//°* Tg(xMHC-MerCreMer) mouse
(KO) was employed, which allows for inducible, cardiomytegpecific disruption of the
Serca2gene in adult mice [4]Serca2gene excision in 8-10 week old mice was accom-
plished by inclusion of taxomifen base powder (RM1 FG SQQ,084, Scanbur BK) in
the feed (100mg/200 g) for 7 days [6, 125ercaZ!**// > mice (FF) served as controls
[4, 5]. Tamoxifen administration triggeiSerca2gene excision exclusively in the car-

diomyocytes of KO animals [4]. Hearts were harvested at 4kwéellowing tamoxifen
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treatment.

3.2.1 Cardiomyocyte Experiments

Cardiomyocytes were enzymatically isolated [4, 126], gdabn laminin-coated cover-
slips, and placed in a perfusion chamber on the stage of ant@d/microscope/Ca®*];
transient measurements were recorded in fluo-4 AM (Invérogviolecular Probes,
Eugene,OR, USA) loaded myocytes during field stimulatiomg&biphasic pulse, 25
above threshold). Cells were perfused with HEPES Tyrodetisol containing (in mM):
140 NaCl, 1 CaGl, 0.5 MgCl, 5.0 HEPES, 5.5 glucose, 0.4 NaPO4 and 5.4 KCI
(pH 7.4, 37C), and an LSM 510 microscope (Zeiss GmbH, Jena, Germanyysexsto

record[Ca*"]; transients in line-scan mode [126].

Patch-clamp experiments were conducted with an Axoclampa@lifier (Axon
Instruments, Foster City, CA, USA), pCLAMP software (Axamstruments), and low
resistance pipettes (1-2®). lc.;, was recorded during 200 ms voltage steps from -50
mV to a range of potentials, with an internal solution comitag (in mM) 130 CsCl,
0.33 MgClh, 4 Mg-ATP, 0.06 EGTA, 10 HEPES, and 20 TEA, and an extracailul
solution containing (in mM) 20 CsCl, 1 Mg&l1135 NaCl, 10 Hepes, 10 D-glucose, 4
4-aminopyridine, and 1 Cag[4, 125]. Diastolic|Ca*"]; was measured by whole-cell
photometry (Photon Technology International, Monmouthciion, NJ) in cells pipette-
loaded with a solution containing (in mM): 0.1 fura-2 satt\itrogen Molecular Probes),
120 K-aspartate, 0.5 Mg&l110 NaCl, 0.06 EGTA, 10 HEPES, 10 glucose, 25 KCI and
4 Ky-ATP (pH 7.2) [4, 125]. Fura-2 fluorescence ratiog,{Ass,) were calibrated to
[Ca®t];, and calculated diastolic values were then used to caditifat®*]; transients

recorded in fluo-4 loaded cells [4, 125, 36].

SR Ca*" content was measured by rapidly switching the extracelkdéution to one
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containing 10 mM caffeine, and measuring either the maggitf the elicitedCa®'];
transient or the integral of the elicitéda™-Ca*" exchange current [4, 125]. The SR-
dependent component of thga*"]; transient was estimated by comparing the magnitude

of [Ca®']; transients in the presence and absence of caffeine [4, 125].

3.3 Model Derivation

Similar to the methods presented in Chapter 2, MATLAB (ThettW¥orks, Matick,
MA) was used for all data analysis and parameter fitting. aeHular Ca®" buffering
was accounted for using Eq. 2.4, as proposed by Trafford.e{¥06]. Paramater-
isation for NCX and PMCA followed the same approach as ptesem Chapter 2.
Briefly, parameters for sarcolemm@h?* fluxes, i.e. fluxes through NCX (dx) and
PMCA (Jnca), Were fitted to the decay phase of the caffeine-indL[deﬂi transient
following field-stimulation at 1 Hz. The relative contrilboms of NCX and PMCA to
sarcolemmata?®' removal (Jyrcolemma) Were determined based on previously published
experimental observations by Li et al. [116]. In indo 1-AMatted mouse ventricular
myocytes, using caffeine to block SRa>" uptake andNa* and Ca’*"-free solution

to block Ca*" extrusion via NCX, and by analysing the rate constants oalet the
[Ca®t]; transients, the fractions &fa®t removed from the cytosol via SERCA, NCX
and the slow mechanisms (PMCA and mitochondria) were etguntp be 90.3, 9.2
and 0.5 respectively, or alternatively NCX and PMCA contributedapproximately
95 and % of sarcolemmalCa" extrusion. Because indo 1 compartmentalisation was
thought to cause a possible underestimation of the slow amesims ofCa®" extrusion,
the above analysis was repeated using twitch relaxatioa estimating the contribu-
tions of NCX and PMCA to be approximately 74 and 26% respebti{116]. Based on

these observations, we assigned 80 arid 80J,.,colemma 10 ncx and $yica respectively.

For fitting the KO data, a slight modification was introducedaiccount for the
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suspected change in the percentage contributions of NCPBTA to the sarcolemmal
Ca*" flux in the KO cardiomyocytes. Specifically, we set the maximmate of yica in
the KO model to be 145 of the fitted FF value, consistent with the percentage irseréa
its protein expression level observed experimentally. dffiaity of PMCA to Ca*" was
assumed to be unchanged. The difference betwggholn. and the estimated-yica,
during the caffeine-inducekﬂ}a”]i transient, was then attributed teak and used to fit

the model of NCX.

Fig. 3.1 shows the process of parameterisation of NCX in theafd KO mod-
els. Representative caffeine-inducfich®*]; transients recorded in the FF and KO
cardiomyocytes are shown in Fig. 3.1A. The experimentallgwated J,;colemma and the
corresponding fittedsJ.olemma are plotted as a function ([)Ca2+]i in Fig. 3.1B. Using
the fitted parameter values for NCX and PMCA, the decay of@é’]; transients have
been calculated and superimposed onto the experimentasumegaents in Fig. 3.1A. Our
analysis of the decay of the caffeine-indud¢€d?*]; transients showed that for the same
level of [Ca®"];, Jarcolemma WAS significantly greater in the KO compared to the FF. Based
on the assumptions that NCX and PMCA contributed to 80 arfd @0Ca*" extrusion
respectively in the FF and that the functional activity of eMwas increased by 45
in the KO equivalent , the fitted value for the maximum exclerage of NCX (W&
increased from 1.06 pA/pF in the FF Model to 3.63 pA/pF in th@ model, consistent
with our previous finding of an increased NCX activity in th©Kardiomyocyte. This
corresponded to a 3.5-fold increase in the functional @gtof NCX. Other fitted param-
eters governing the exchanger activity were not found toigpeifgcantly different from

the FF model and thus were assumed to remain unchanged.

The fitted NCX and PMCA parameters were then used to pregdictiJ.m. during
field-stimulations at 1 and 6 HZNa™]; was set to be 10 and 15 mM at 1 and 6 Hz respec-

tively, based on simulation results using the C57BL/6 maahel are within the range of
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FIGURE 3.1: Parameterisation of NCX in the FF and KO models. A: Agerax-
perimentally recorded caffeine-inducé@a’"]; transients in isolated
ventricular myocytes from the SERCA2 FF and KO mice as irtdita
Simulated decay of thiCa®*]; transients (dashed lines) using the fit-
ted parameter values for NCX and PMCA are superimposed. B: Th
experimentally calculated total fluxes Gh* through the sarcolemma
(Jsarcolemma) Plotted as a function diCa?*]; obtained from the FF my-
ocytes (circles) and KO myocytes (squares). The fittedobmma iN
the FF model (solid line) and KO model (dashed line) are soper
posed.

published experimental values [212]. During the late pl{88ams and 60 ms post-peak
at 1 Hz and 6 Hz respectively) of the decay of the field-stirad#Ca*t]; transient, net

Ca*" uptake through SERCA {drca) Was calculated as the difference between total
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Ca?* flux (Jioa1) @and the predictediycolemma, Which was then used to fit the maximum
uptake rate of SERCA (\,), theCa’* affinity of the pump (K,,..,) and the SRCa*" leak
flux (Jear), yielding values of 0.162M/ms, 0.322uM and 0.0088.:M/ms, respectively,
at 1 Hz. The RMSD between fitted and measurgghds was 3.04x 1074 pM/ms.
The rate of SRCa’" leak (Vieax = 2 x 10°° ms™!) in the model was then set such that

SR(Ca?" leak flux in the whole-cell simulation was at the same levéhasestimated,J,..

At 6 Hz, kerca Was found to be significantly greater compared to 1 Hz, given t
same level oﬂCa“]i. To account for FDAR, YV, was re-fitted while setting K., to
be the same as 1 Hz and,J (0.02 uM/ms) to be the simulated level when the model
was paced at 6 Hz, yielding a,y of 0.42uM/ms with an RMSD of 1.2< 103 uM/ms.
Kmup Was assumed to remain unchanged at different pacing fregeserbased on the
recently published finding that FDAR is a result of an incesiasV,,, without a change in
its affinity to Ca* [156].

Similarly for the KO at 1 and 6 Hz, }, had fitted values of 0.078 and 0.284/ms
respectively. .. had values of 0.0084 and 0.028\/ms respectively (M. = 6 X
103 ms™). Including K, ., in the fitting process at 1 Hz did not improve the quality
of the fit (RMSD = 5.74x 1075 uM/ms versus5.88 x 1075 uM/ms for free K, .,
versudixed Ky, ,,). Therefore, K, ,, (0.322uM) was assumed to be unchanged between
the FF and KO in the final model. The increase i, With increasing frequency was
then incorporated into our framework using a simple phemwingical model of the
CaMKIll-regulatory pathway as previously [118], for botletRF and KO models, using
Egs. 2.15-2.16.

The process of parameterising SERCA in the FF and KO modstsosn in Fig. 3.2.
Representative recordings [ifa*"]; transients, paced at 1 and 6 Hz, are shown in Fig.

3.2A and C, respectively. The corresponding fluxe€at" through SERCA (dirca)
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at 1 and 6 Hz are shown in Fig. 3.2B and D, respectively. At 1 Hzzca in the KO
cardiomyocytes was measurable over only a limited rang€et']; due to the small
magnitude of it§Ca®*]; transient. For the same level [6fa®*];, kgrca in the KO was on
average 6% lower than the FF value at 1 Hz (Fig. 3.2B inset). During pagtarisation,
the reduction in grca Was found to be associated with an ovefi68ecrease in Y,

and an increase in\, consistent with the increasgth”" spark frequency observed
experimentally in the KO at an earlier time point [187]. Ngrsficant difference was
found in K, ., i.€. allowing K,, ,,, to change between the FF and KO did not improve the
quality of the fit. Therefore, K ,, was assumed to be unchanged. At the higher pacing
frequency of 6 Hz, ¢krca increased approximately threefold in both the FF and KO,
indicating that FDAR is present in both experimental modd@lse decay of théCa?*];
transients predicted from the model using the fitted valdi€sERCA, NCX and PMCA

were superimposed to the experimental recordings in FRA 8nd C.

The formulation for ¢.;, was parameterised based on the I-V relationship and the
time course of the current during a voltage clamp at -10 m¢ fline to half inactivation
of the simulated d.;, during a voltage clamp at -10 mV was 4.09 ms in the FF model
and 8.89 ms in the KO model, compared to the experimentaksabfi4.79+ 0.26 and
9.10 + 0.84 ms in the FF and KO cardiomyocytes respectively. Thegnats of the
aforementioned simulated currents were 0.092 and 0.237@/fhe FF and KO models
respectively, compared to 0.165 0.0006 and 0.20% 0.02 pC/pF in the FF and KO
cardiomyocytes measured experimentally. The simulatedexperimentally measured
I-V relationship of the ¢, for test potentials between -40 and 60 mV are shown in Fig.
3.3A. It can be seen that at test potentials between -20 and\2(peak t,;, current
density during voltage clamp was greater in magnitude irkfBenyocytes compared to
the FF. The simulated and experimentally recorded timesasuof the current at -10 mV

test potential are shown in Fig. 3.3B.
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FIGURE 3.2: Parameterisation of SERCA in the FF and KO models. Ardge
experimentally recordefCa*]; transients, paced at 1 Hz, in isolated
ventricular myocytes from the SERCA2 FF and KO mice as irtdita
Simulated decay of thiCa®*]; transients (dashed lines) using the fit-
ted parameter values for SERCA (1 Hz), NCX and PMCA are super-
imposed. B:Ca?" flux through SERCA (Jrca) at 1 Hz, plotted as
a function of [Ca*];, for FF (circles) and KO (crosses) mice. Fit-
ted (yrrca) are superimposed. Inset: an enlarged view comparing
SERCA activity in the KO and FF. C: Average experimentallgoreled
[Ca?T]; transients, paced at 6 Hz, in isolated ventricular myodytes
the SERCA2 FF and KO mice as indicated. Simulated decay of the
[Ca%t]; transients (dashed lines) using the fitted parameter védues
SERCA (6 Hz), NCX and PMCA are superimposed. @i?* flux
through SERCA (Jkrca) at 6 Hz, plotted as a function @fa?*];, for
FF (circles) and KO (crosses) mice. Fittedddca) are superimposed.

The Ca®" dynamics models for the FF and KO cardiomyocytes describedeawere
then coupled with the sarcolemmal ionic currents from th&®536 model framework

introduced in Chapter 2. A list of all the parameters andrtixgliues are provided in the
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FIGURE 3.3: Parameterisation ofly,. A: Experimentally recorded current-voltage

Appendices.

relationship of &,;, for test potentials between -40 and 60 mV (see
section 3.2) in the FF (black) and KO (grey) myocytes. ThedittV
relationship (dotted lines) is superimposed. B: The timgrses of the
|car, at the test potential of -10 mV, showing slower inactivatiomet-

ics with SERCA2 KO with the time constant)(of decay increasing
from 5.5 ms in the FF myocytes to 12.8 ms in the KO myocytes. The
fitted time courses (dotted lines) are superimposed.
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3.4 Results

3.4.1 Model Validation

To validate the models, we compared simulation results exgperimentally measured
field-stimulatedCa?"); transients, caffeine-inducéda?*]; transients and experimentally
estimated SR function. For all simulation results, the nhades run for at least 100 s or

until the limit cycle was reached.

Experimentally measuref’a*"]; transients in the FF and KO myocytes at pacing
frequencies of 1 and 6 Hz (Fig. 3.4A and C) were compared viittulgition results at
these frequencies (Fig. 3.4B and D). Key characteristiessammarised in Table 3.1.
At 1 Hz, simulated diastoli¢Ca®*]; in the FF and KO models were similar, consistent
with experimental measurements\[Ca®*]; was decreased in the KO model by%88
and R, increased by 10% from the FF values, compared with changes of 85 and
118% measured experimentally. At 6 Hz, simulated diastfia®"); in the FF and KO
models were again very similar, consistent with experiraenteasurements. Simu-
lated A[Ca*"]; in the KO model was decreased by%4rom the FF value, compared
to 75% measured experimentally. This was paralleled by an inece&8l;, in both
the model and experimental measurementsy(ahd 204 increase, respectively). It
is worth noting that at the more physiological frequency dfif the decrease in the
rate of decay of théCa®t]; transient in the KO model was less pronounced than at 1
Hz, as indicated by the significantly smaller percentagengban RT;, between KO
and FF models. Simulated SRa*" contents in the KO and FF models at 0.5 Hz
were 8.2 and 61.@umol per L cytosol, respectively, corresponding to &@8ieduction
in SR Ca?* loading. This was consistent with the 7eduction in the magnitude of

the caffeine-inducefCa*]; transient observed experimentally in the KO cardiomyagyte
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TABLE 3.1: Comparison between experimental measured and sedul@h?*];

transients

[Ca2t]; Transient Characteristics FF Experiment| FF Model | KO Experiment | KO Model

Magtnidue at 1 Hzi{M) 0.786+0.145 | 0.720 | 0.098+ 0.031 0.090

Magtnidue at 6 Hzi{M) 0.290£0.029 | 0.323 | 0.066 0.007 0.085
Diastolic [Ca2*]; at 1 Hz @M) | 0.139+£0.024 | 0.110 | 0.127+£0.014 | 0.128
Diastolic[Ca2¥]; at6 Hz @M) | 0.204+0.036 | 0219 | 0.190+£0.025 | 0.207

Time to half decay at 1 Hz (ms) 131+ 10 128 285+ 18 269

Time to half decay at 6 Hz (ms) 54+1 48 65+ 2 60

The contribution of the SR to thga®t]; transient can be estimated experimentally
from the difference in the magnitudes of the transientsieediad during sustained caffeine
treatment. By this method, the contribution of SR to thegiamt was estimated to be 88
in the FF cardiomyocytes and &0n the KO cardiomyocytes at 0.5 Hz. In our model, SR
contribution could be calculated more directly as the ragtween the integral ofdrca
and the integral of the sum of the removal fluxes through SERE8X and PMCA
over one cardiac cycle. The integral of the&s€™ removal fluxes at 0.5 Hz are shown
in Fig. 3.4 E-G. The percentage contribution of SERCACt& " removal was 8% in
the FF model and 36 in the KO model, consistent with experimental estimatese Th
contributions of NCX in the FF and KO models were’d2and 58% respectively, while

the contributions of PMCA were% and 6% respectively.

3.4.2 Quantitative Analysis of Changes in Calcium Handlingwith
SERCA2 KO
Simulated APs elicited by field-stimulations at 1 and 6 Hz @ddted in Fig. 3.5A and

B, respectively. At the lower pacing frequency of 1 Hz, thewes a slight prolongation

in late repolarisation in the KO model, ABPrepolarisation equal to 24.4 ms, compared
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FIGURE 3.4: Comparison between experimentally measured and afeujCa?*];
transients. A: Average experimentally measuf€d?*]; transients at
1 Hz in the FF (grey) and KO (black) myocytes. B: Simulai€d?*];
transients at 1 Hz in the FF (grey) and KO (black) models. GrAge
experimentally measuref’a®t]; transients at 6 Hz in the FF (grey)
and KO (black) myocytes. D: Simulaté@a?*]; transients at 6 Hz in
the FF (grey) and KO (black) models. E: Time courses of thegirals
of the Ca?" fluxes through SERCA, NCX and PMCA in the FF model
over one cardiac cycle at 0.5 Hz. F: Time courses of the iate@f the
Ca’* fluxes through SERCA, NCX and PMCA in the KO model over
one cardiac cycle at 0.5 Hz. G: Percentage contributionsER(A,
NCX and PMCA toCa?* removal in the FF and KO models.

to 18.9 ms in the FF model, in agreement with a tendency tosvAfl prolongation

previously reported at this time point following SERCAZ2 kkout [125]. At the higher
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FIGURE 3.5: SimulatedCa?* dynamics in the FF (red) and KO (black) models at 1
and 6 Hz. A-B: Simulated AP at 1 (A) and 6 Hz (B) . C-D: Simulated
time courses ofd,;, at 1 (C) and 6 Hz (D). E-F: Simulated time courses
of Ca?* uptake through SERCA¢drca) at 1 (E) and 6 Hz (F). G-H:
Simulated time courses @a?" extrusion through NCX @cx) at 1

(G) and 6 Hz (H).

pacing frequency of 6 Hz, repolarisation was faster congptovehe same model at 1 Hz

and the differences in APDs between the models were dinedishith the AP, equal

to 12.2 and 13.1 ms respectively.

Simulated time courses ofJ;, during the above APs are plotted in Fig. 3.5C and
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D, showing an enhanced.}, in the KO model, with both greater magnitude and slower
inactivation kinetics. At 1 Hz (Fig. 3.5C), maximurg.l, current density increased from
15.6 pA/pF in the FF model to 17.5 pA/pF in the KO model. Thegnal of the current
over the duration of the AP increased by/3at 1 Hz from 0.12 pC/pF in the FF model
to 0.16 pC/pF, and by 49% at 6 Hz (Fig. 3.5D).

Simulated time courses ofgkca are shown in Fig. 3.5E and F for one cardiac cycle
at 1 and 6 Hz, respectively (note difference in figure scalé-foand KO). At 1 Hz, peak
Jerca during systole in the KO model was 0.0l ms, compared to 0.14M/ms in the
FF model, corresponding to an®Becrease in systolic SERCA activity. During diastole,
Jerca in the KO model was 0.0036Mms compared to 0.0094M/ms in the FF model,
corresponding to a 62 decrease in diastolic SERCA activity. The total amountef"
uptake, calculated as the integral gfrl-a over one cardiac cycle, decreased from 49.2
uM in the FF model to 7.4«M in the KO model, corresponding to an‘@4lecrease. At 6
Hz with SERCA2 KO, Jrrca decreased by 73 and ®lof control values during systole

and diastole respectively, and to@d*" uptake decreased by 71

Simulated time courses okdx are plotted in Fig. 3.5G and H for 1 and 6 Hz,
respectively. During an AP, there is a very brief period veh@s*" influx via NCX is
thermodynamically favored. ThiSa®" influx, corresponding to positive values afak,
was greater in the KO model compared to FF model. At 1 Hz, thgnmade of the influx
was relatively small, equal to 0.0018V/ms in the FF model and increasing 5-fold to
0.0089uM/ms in the KO model. At 6 Hz, the elevation pfa*]; resulted in an enhanced
Ca" influx through reverse mode NCX. Pe&k?" influx was 0.0055uM/ms in the
FF model and increased 3.6-fold to 0.0201/ms in the KO model. These results show
thatCa?* entry through reverse mode NCX was significantly enhanceéioeirKO model,

although its magnitude was relatively small compare@4é" entry through ¢,
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When comparingCa®" extrusion through NCX in forward modeydk in the KO
model was lower during systole and higher during diastolemared to the FF model.
Quantitative analysis showed that peak systaliexJin the KO model was 0.01{kM/ms
compared to 0.017tM/ms in the FF model, corresponding to a%3%lecrease. This
moderate reduction in NCX activity occurred despite & 7@crease in pealkCa’"|;.
Diastolic kcx was 0.0041uM/ms in the KO model compared to 0.00084/ms in the
FF model, corresponding to a 4.5-fold increase. At 6 Hz, Bg#tolic and diastolicxkx
was higher in the KO model. During systolg,c¢ was 0.009uM/ms in the KO model
compared to 0.00ftM/ms in the FF model, corresponding to a 33% increase. During
diastole, dcx was 0.00532:M/ms in the KO model compared to 0.00{t®/ms in the FF

model, corresponding to a 2.5-fold increase.

SimulatedNa™]; at 1 Hz in the KO model was 9.9 mM and rose to 13.7 mM at 6 Hz,
compared to values of 9.3 and 13.2 mM, respectively, in theniédel. The relatively
small increase ifiNa™]; between the FF and KO models are consistent with experitenta
measurements, in which no statistically significant défere in[Na*]; between the FF
and KO mice was observed [125]. NKA plays an important roleeigulating[Na™"};.
The formulation of NKA used in our model has previously beanameterised to data
from mouse ventricular myocytes at 3Z [118, 18]. Experimental data on NKA activity
plotted as a function ofNa*]; show that NKA is half-activated gNa*]; equal to 16.6
mM. At the [Na™]; levels predicted by our model, NKA activity lies in the stgegt of
the curve, indicating a high level of sensitivity that willigkly compensate changes in
[Na™];. Furthermore, as shown above, despite the over threerotdase in the maximum
exchange rate of NCX, the actual NCX activity over one cardigcle did not increase
significantly in the KO mice due to the dramatic reduction/@a®*};. Therefore, the

increase iMNa™ influx through NCX in the KO mice was limited.
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3.4.3 Graded Reduction of the Maximum Uptake Activity of SERCA

In order to better understand the changes that occitaiii handling of the KO car-
diomyocytes, we carried out a series of simulation studéset on our model. We first
tested the sensitivity of the peak and diastéia®"]; to a series of graded reductions in
SERCA uptake activity in both the FF and KO model,,\WWas reduced from 9% of
its FF value (calculated from the decay of the experimentakasuredCa?*]; transient
in the FF at 1 and 6 Hz) to O (or until alternans appeared)%nifcrements. In all
simulations, the LCCs, NCX and all other parameters were¢ kaphanged from their

original values.

As shown in Fig. 3.6, at the more physiologically relevartipg frequency of 6 Hz,
peak[Ca®']; appeared to be insensitive to decreases in SERCA actividggt@ic [Ca®'];,
on the other hand, increased dramatically with decreastigCA activity. With the FF
model, diastolic{Ca®*]; almost tripled when SERCA activity was reduced to zero. In
the KO model, a similar trend was observed, although thenéxteincrease in diastolic
[Ca®t]; was smaller. These results suggest that at a physiologieaéivant pacing fre-
quency, a reduction in SERCA activity has a much strongercein diastolidCa®*];

than on peakCa®*];.

3.4.4 Contributions of the Compensatory Mechanisms

Experimental observations have suggested that in SERCAZ&@iomyocytes, trans-
sarcolemmala®* fluxes are enhanced to compensate for the dramatically reth&R
function [4, 125]. Specifically, an enhancegll may increase the amount 65" entry
into the cell, and increaseda®" extrusion through up-regulated NCX and PMCA may
facilitate Ca®* removal during the decay of tH€a*"]; transient. These compensatory
mechanisms are thought to shift the reliance of & ]; transient generation towards

sarcolemmala®" fluxes and away from SRa’" release [4, 125].



3.4 RESULTS 106

0.6

05

0.4r

[Ca®, (M)

03[ Cotsee00000000
Alternans

Enl
02} Sog

01— : : : : :
0 02 04 06 08 1
SERCA Vup (fraction of FF value at 6 Hz)

Peak [Ca'] FF Peak [Ca’"], KO

Diastolic [Ca™], FF — — — Diastolic [Ca?'] KO

FIGURE 3.6: Changes in peak (circles and solid lines) and diasiGlé"]; (squares
and dashed lines) in response to graded reductions in th@nmax
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A quantitative investigation into the contribution of eaxmpensatory mechanism to
Ca*" handling in the KO mice was carried out using in-silico pestitions of our models.
The first in-silico perturbation involved simulating the K@odel with k,;, clamped to
have the same time course as that seen in the FF model, wHidbeweferred to as the
KO-I¢c,r, model. The second perturbation involved reducing the marnactivity of
NCX in the KO model to the same level as that in the FF modelclvhiill be referred to
as the KO-NCX model. The third perturbation, in which boté th,;, and the NCX were
adjusted to the levels in the FF model, was designed to testadmbined effects of these

two compensatory mechanisms and will be referred to as théGaR-NCX model.

The resultingCa*" dynamics from these three perturbations were then compared

to those observed in the control KO model, as shown in Fig. JRese simulations
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were performed at 1Hz, as opposed to 6Hz. Simulations at @salted in unstable
responses, which were attributed to the 5non-physiolbgmabintations of parameter
values in these models. It can be seen that in the absencarmdraasedd,;,, simulated
A[Ca*"]; and SRCa*" content decreased by Z8and 1%%, respectively, from the KO
values. Furthermore, diastolica®t]; decreased by%® and RT, increased by %. In the
absence of an up-regulated NCX, the simuldtesf"); transient was characterized by a
58% increase in diastolifCa®*];, a 2.6-fold increase it\[Ca*"]; and a 2-fold increase in

the SRCa" content. There was a small decrease %fi@ the RT,.

In the absence of both compensatory mechanignSa®*];, diastolic[Ca®t]; and SR
Ca”" content all remained higher than the KO values, b} 861% and 76/%, respectively.
There was a small@ increase in RY;, indicating a minimal effect of the perturbation on
the rate of decay of thga”"]; transient. The above results suggest that while increasing
lcar, increased systoli@Ca"]; and NCX up-regulation decreased diastdlia*"];, the
overall effects of the co-existence of these two compengatechanisms appeared to be
decreasing diastolifCa®*]; while also decreasing systoli€a*"];. Furthermore, as the
RT;, of the transient was not found to be significantly increasedither the KO-NCX
or the KO-ICaL-NCX model, these compensatory mechanismsmogbe as critical for

facilitating the decay of the transient as hypothesizedipusly [4].

3.4.5 Efficiency of Other Possible Compensatory Mechanisms

We have shown in the previous section that the increase,ini$ an important com-
pensatory mechanism for enhancing syst@lia®*];. It remains to investigate whether
changes in systems other than up-regulation the NCX cowdd alaintain diastolic
[Ca®t]; to the level observed experimentally in the KO. Possiblediates included:
(1) a decrease in the persistéf™ current (ly,;), which would reducéNa*]; and in

turn provide a greater thermodynamic drive foa®" extrusion through NCX to lower
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FIGURE 3.7: In-silico perturbations to the KO model. A: Simulatgeh?*]; tran-
sients at 1 Hz in the KO, KO¢l,;, and KO-NCX and KO-t,1,-NCX
models. B-E: DiastoliqCa®"]; level (B), magnitude of théCa?*];
transient \[Ca®*];) (C), RTs of the transient (D) and SRa?" con-
tent (E) in the KO, KO-¢,1, and KO-NCX models

diastolic [Ca*"];; (2) a decrease in SRa>" leak which could potentially decrease
diastolic[Ca*"];, enhance SRCa>" load and thus increase systolica®*];; and (3) an

increase in the activity of NKA which would lowéNa™]; hence enhancing NCX activity

and lowering diastoli¢Ca*"];.
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To test these alternative mechanisms at 6 Hz stimulatiaquéecy, we set up the
control model which was the KO model but without up-regaatof NCX. Then for
each of the above candidate mechanisms, we varied the dandeacof the persistent
Na™ channel (G..), the rate of SRCa?" leak (Mieax), the maximum NKA pump current
(I%,), respectively, as well as the maximum exchanger rafgt{y for comparison,
while all other components were kept unchanged. We then imeahthe peak and di-

astolic[Ca*]; as a function of the relative change in the conductance,@srsim Fig 3.8.

In Fig 3.8A, the x-axis is plotted as the logarithm (base Ifthe ratio between the
parameter value and its original value. Zero indicates #marpeter value is the same
as its original value. Positive values indicate an increagbe parameter value (x = 1
corresponds to a 10-fold increase). Negative values itel@alecrease in the parameter
value (X = -1 means the parameter value i§016f the control value). The gray lines
indicate the peak and diastolica®*]; levels measured experimentally in the KO at 6 Hz,
which can be considered as the target values that have beam $b be sufficient for

maintaining cardiac function at the 4 week time point.

These results show that decreasing.Gand V... had very moderate effects on
diastolic [Ca*"];, which remained significantly higher than the target valuenewhen
conductances were decreased to almost zero, whereas, trastprincreases in the
activities of NKA and NCX sufficiently reduced diastolica®t];. Furthermore, the rate
of decrease in diastolifCa®"]; with increasing \¢&% was significantly faster with the
target diastolic value being reached whef2¥ was between 3 and 5 times its control
value. The effect of increasingls, had a similar effect to NCX initially. However,
after a 5-fold increase inZ¥, (x = 0.7), the rate of decrease in diastdlica®t]; was
reduced and diastoli€a*"]; did not decrease to the target value urijl was 50 times
its control value (x = 1.7). It is significant to note that, ag&¥{ continues to increase,

the difference between peak and diastdlia®*]; became smaller, indicating a progress
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reduction inA[Ca®"]; and thus an anticipated reduction in systolic funtion trwepially
limits the viability of increases in &% as a compensatory mechanism for continued loss

of SERCAZ2 function.

A similar analysis was also carried out to test the sengptiof peak and diastolic
[Ca®"]; to the total concentration (B,) and affinity (Kius.r) Of the intracellularCa®*
buffers, which were originally set to 109 and QBl, respectively, in both the FF and KO
models. As shown in Fig. 3.8B, a decrease in the bufferinggodwy either decreasing
Buax OF increasing K ... led to a lower diastoligCa®t]; and a higher peakCa®"];.
Experimentally observed diastolj€a*]; was reached with a 70 decrease in B, or
a 7-fold increase in Kpuser- Further reductions in B, led to alternans, while Iy,er

could be increased up to 13-fold with sustainghle®*]; transients.

3.5 Discussion

The process of SR'a*" uptake through SERCA plays a key role in determining the rate
of decay of thdCa®*]; transient and hence relaxation, which in turn is crucialdias-
tolic filling. Ca®" uptake into the SR also replenishes S store so tha€a”" can be
released again during the next cardiac cycle. The currenilation study demonstrated
that given the observed decrease in SERCA activity, suedaiin®"]; transients could be
maintained in the KO model. Simulatéda®"]; transient characteristics in the FF and
KO models were consistent with experimental observatinriee FF and KO cardiomy-
ocytes. In the following sections, we discuss the relatigmbetween protein expression
and functional activity based our analysis of fia**]; transients in the KO cardiomy-
ocytes, the changes " dynamics in the KO model and the roles of the compensatory

mechanisms.
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FIGURE 3.8: A. Changes in peak (solid lines) and diastolic (dotiees)) [Ca?*]; in
response to changes in the conductances of the persiéiénturrent
(Gnab), the SRCa?t leak flux (Vieax), the maximuniNat/K+ ATPase

current (Ric%) and the NCX (W&%). Dashed lines indicate the ex-
perimentally meausred peak and diast@fia*]; in the KO cardiomy-
ocytes. B. Changes in peak (solid lines) and diastolic édotines)
[Ca®T]; in response to changes in total buffer concentratiap.(®and

affinity (Kd,buﬁer)'

3.5.1 Functional Activities of the Ca>" Handling Proteins in the KO

Cardiomyocytes

Previously, it has been shown that less th&h SERCA2 protein was expressed in

myocardial tissue from the KO, compared to the FF [4]. In &ddj the protein levels
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of NCX, PMCA were found to increase by 31 and%%espectively. In the current
study, the functional activities of NCX and PMCA in the FF ak@ cardiomyocytes
was examined based on the rate of decay of the caffeine@adiit]; transient,
which in turn were used in conjunction with the decay of thé&dfstimulated transient
to examine SERCA activity. Through the application of thisthod, sarcolemmala®*
extrusion was calculated to have increased over 3-fold,SEEIRICA activity was found
to have decreased by ®7(Fig. 3.2B inset). Direct quantitative characterisatidn o
the relationship between protein expression and funct&inguexperimental methods
remains challenging. Previously, our experimental caliabors in Oslo (see Section 3.2)
measured thapsigargin-sensiti#®-incorporation in left ventricular myocardial tissue
homogenates, which showed SERCA activity in the KO mice wasaimately 15¢

of the FF level [4], supporting a nonlinear relationshipviEgn expression levels and

function.

The nonlinear correlation between the expression anditgctf the Ca*" handling
proteins has also been reported by other groups. For exaBgsieinger etal. [171] found
a nonlinear correlation between expression and activitthefSERCA protein in their
study of patients with dilated cardiomyopathy. Schmidt efl&/0] also observed reduced
SERCA activity in failing human myocardium compared to ralirig heart without any
difference in SERCA protein level. One possible explamatar such differences could
be that an excessive amount of SERCA protein may be prestrd imormal mouse which

is not functional under physiological conditions [125].

3.5.2 Rate of Decay ofCa’"]; Transient in the KO Cardiomyocytes

Another interesting finding from the model is while the JRBf the simulatedCa*"];
transient at 1 Hz in the KO model was more than double of thidtai-F model, it was only

moderately increased at 6 Hz indicating a much less proftusittopic effect of SERCA
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knockout at more physiological pacing frequencies. Theordor the aforementioned
reduced lusitropic effect of SERCA knockout at 6 Hz can, havebe explained using a
simplified theoretical analysis @fa>" dynamics during the decay phase of the transient,
proposed by Bers and Berlin [22]. This method is based ordtiettat the rate dfCa*);
decline does not only depend on the rateCaf* removal from the cytosol but also on
the properties of intracellulaa®" buffering. Assuming tha€a*" transport by SERCA

is the main contributor téCa®*]; decline in the wildtype mouse, the rate of decay of the

total Ca*" concentration in the cytosol(p>" ],;) can be written as

d[Ca?*];, -V,
% = Jserca = ﬁ (3.1)
1+ ([Caé+]i)

[Cat ], is related tgCa®']; via Eq. 2.4. Thus Egs. 2.4 and 3.1 can then be combined
to give the rate of decay o€a”"];:

d[Ca® i —Vip - [Ca?]; - (1 + Ka putter/[Ca® ;)

= 3.2
dt Kd,buffer . Bmax : [1 + (Km,up/[caer]i)z] ( )

Rearranging Eq. 3.2 and integrating gives the time takeri(fat*]; to decay from its

value at time{ to its value at time t can be expressed as:

2K2 2+].
t— to _ Bmax . [ - m,up ln( [Ca ]1 _';Fd,buffer)_
VUP Kd,buffer [Ca ]i
K uiter K?nuK uer+20a2+i
! d,buff L1 4 Sma (2 d,buff 2[ ] ))] (3.3)
[Ca +]1 + Kd,buffer Kd,buﬁer ° [Ca, +]1

where the right hand side is evaluated for*"]; at times t andt Therefore, the R},
of a[Ca®"]; transient can be obtained by evaluating Eq. 3.3r"]; at the peak of the

transient (Ca”" ],) and[Ca®"]; at 1/2([Ca®* ], + diastolic[Ca*"];).

Substitution of the parameter values for the FF and KO mo(Rls, = 109 uM,
Kd buffer = 0.6 uM, V,, = 0.19uM/ms (FF 1 Hz), 0.5214:M/ms (FF 6 Hz), 0.06 tM/ms
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(KO 1 Hz), 0.202uM/ms (KO 6 Hz) uM/ms and K,, ,, = 0.412uM) and the diastolic
[Ca®"]; values (0.125uM at 1 Hz, 0.2uM at 6 Hz) into Eq. 3.3 gives the estimated
RTs, of the [Ca*"]; transient as a function of pedka®'];, as shown in Fig. 3.9A.
According to the above theoretical analysis, the shift ig)R¥etween FF and KO models
is much greater at 1 Hz than at 6 Hz, which qualitatively agnegh what is observed

experimentally [4].

The sensitivity of RT, to changes in the buffering parameters was also analysed
using the above approach. Experimental data on bufferioggsties in mouse ventricular
myocytes are sparse, but rat data are available. In ratazandyocytes, Diaz et al. [48]
measured B, to be 160uM with a K puge; Of 0.3 uM, while Berlin et al. [17] reported
an average B, of 123uM with cell-to-cell variations from 68 to 158M and an average
K butier OF 0.96 uM with variations from 0.55 to 1.57tM. We therefore independently
varied B, ,x from 60 to 160uM and K; ,uge, from 0.3 to 1.6uM. The predited R}, at
the experimentally observed peika®"]; levels for the range of B,, and Ka bufter Values
are shown in Fig. 3.9B and C. It can be seen that an increa$e inuffering power, by
either increasing B, or decreasing Kuuser, l€d to a slower rate of decay (longer ).
Nevertheless, within the range of B and K, ,us: €xamined, the qualitative trend of a
smaller shift in RT, at 6 Hz than at 1 Hz is maintained regardless of the choiceeof th

buffering parameter values.

It is also interesting to note that, with a more simplisticdabframework which did
not include FDAR, Trafford et al. [197] were able to demoatsrthe reduced lusitropic
effect of SERCA KO at 6 Hz. To explain this result using theraggh of Bers and Berlin
[22], we ran the FF and KO models with a constant, Value, set to its level at 1 Hz.
The decay of the simulatd@a®"]; transients at 6 Hz were slower in both the FF and KO
models, compared to the case with FDAR (FF:V&8sus48 ms, KO: 68versus60 ms),

as a consequence of the slower SERCA uptake rate. Howeeedifference in R,
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FIGURE 3.9: A. Theoretical analysis of the decay kinetics of {ia**]; transient,
showing the R, of the transient as a function of ped&a’*]; for
the FF and KO models. The circles correspond to the expetathgn
measured pealCa’"]; and the predicted R values. B. Sensitivity
of rate of[Ca®*]; decay to the total buffer concentration, (). Pre-
dicted RT;, was obtained by substituting the appropriate parameter val
ues into Eq. 3.3. C. Sensitivity of rate [ifa®"]; decay to the affinity
of the buffers (K buster)

between the FF and KO models remained smaller at 6 Hz than at(® Hz: 59versus
68 ms, 1 Hz: 11%ersus267 ms). Substituting the appropriate parameter valuesHgt

3.3 yielded a qualitatively similar relationship (Fig. 8)between RJ, and peakCa”"];

as that in Fig. 3.9. This result indicates that the reducsidrapic impact of SERCA KO
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at a higher pacing frequency may not involve FDAR.

Finally, it is important to note that although a useful as#ytool, the approach of

Bers and Berlin does not take into account the effect of NCX RMCA on relaxation

time which is likely to play an important role in the KO model.

3.5.3 Contributions of the Compensatory Mechanisms

Simulations with graded reductions in,)showed that at a physiologically relavant
pacing frequency for the mouse, diastdlia**|; rose sharply with decreasing,y, while
systolic [Ca®*]; did not change significantly. This observation points to plaéential
role of the compensatory mechanisms in lowering diastfli*"];. Indeed, results
from the three perturbation studies (K@gl, KO-NCX and KO-k,;-NCX) support

this hypothesis. We found that increasing;) alone increased systoli€a®*]; while
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up-regulating NCX alone decreased diastdia”"];, as one would expect. However,
the combined effects of the two compensatory mechanismaninlations appeared to
be a decrease in diastolica®*]; at the expense of a decrease in systglic’"];. These
results suggest that maintaining a physiological dias{ala®*]; may be more important
than the need to maintain systolica®*]; in the KO mice. In fact, elevated diastolic
[Ca®"]; has been reported previously in failing heart preparat[ai®, 76, 77, 23, 24.
Schmidt et al. [170] found that in failing human myocardiurhese SERCA function
was impaired, diastolifCa?"); was approximately 48 higher compared to the control
at low pacing frequencies, and increased to almostilB@her following an increase
in stimulation frequency. The elevated diastdli¢a®']; was in turn associated with
increased generation of diastolic tension in the same pagpas, an effect which also
increased significantly with increasing stimulation fregay, as well as a decreased
systolic tension and a negative force-frequency relaligmpl70]. The level of increase
in diastolic[Ca”"]; observed in the study of Schmidt et al. is in the same rangeaasnt
the KO-NCX model (50;), suggesting the higher diasto|ica*"]; could be of significant
physiological relevance to cardiac function, if it had iadeoccurred in the KO mice. It
is worth noting the differences between the FF model wituced SERCA activity and
the KO-ICaL-NCX model. PMCA activity was kept at the FF leuelthe former but at
the KO level in the latter. In the formerg);, parameters were kept unchanged with the
same values as in the FF model, while in the latter, Was clamped to have the same

time course as that seen in the original FF model.

We have further demonstrated that, of the many cellularesystthat can lower
diastolic[Ca*"]; in the presence of impaired SERCA activity, up-regulatiohCX and
NKA as well as loweringCa?* buffering power are the three compensatory mechanisms
capable of sufficiently reducing diastolj€a®*]; to match its level in the FF controls.
For both NCX and NKA, the decrease in diastdli¢a®t]; with increasing transporter

activity occurs at the expense of a reduced sys{6lc"];. On the other hand, a decrease
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in the buffering power lowered diastol{€a®"]; while also increasing systoliCa®"];.
Experimentally, diastoli¢Ca*"]; was seen to be maintained in the KO cardiomyocytes
while systolic[Ca*"]; was significantly decreased, compared to the FF values. eThes
observations are consistent with the effects of up-regulaaf NCX or NKA, but not

with lowering buffering power.

Simulation results in Fig. 3.8A and B suggest that in the KQdelpa physiological
diastolic[Ca*"]; can be reached, independently, with (1) a 50-fold incread&iA activ-
ity, (2) a 70% reduction in total buffer concentration (or a 7-fold des@@ the affinity
of the buffer), or (3) a 3-fold increase in NCX activity. Thenltation of up-regulating
NKA is that the rate of decrease in diastdlita®"|; was progressively slowed following
increases in, over its control value. While the reduction in buffering pawnay be
a feasible solution in this model, experimental evidenaggssts troponin C contributes
to approximately 58 of total fastCa*" buffering [19, 59]. Therefore, this compensatory
mechanism may necessitate a decrease in troponin cortgemtea its Ca®"-binding
affinity. These effects are likely to have further detringm@ionsequences on myocardial
contraction in the KO cardiomyocytes where the size of[t ]; transient is already
severely reduced. Compared to up-regulation of NKA andesesing buffering power, a
3-fold increase in NCX activity thus may be the most effeettompensatory mechanism.
However, this mechanism is not without constraint, as tideicton in[Ca"]; transient
amplitude becomes progressively more severe with furtf@eases in ¥&%, suggesting
there may exist a balance point which optimises both di@stold systolidCa?"); levels.
Therefore, with continued reduction in SERCA activity begidhe 4-week time point,
as confirmed by our SERCA2 KO study at the 7-week time poinb[1@ardiac pump
function may be compromised without additional compenyatoechanisms such as

up-regulation of NKA and reduction of buffering power.

In human models of HF, the important role of NCX in maintaggtiastolic function
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has been confirmed clinically by Hassenfuss et al. [85], whundl preserved diastolic
function in HF patients with increased NCX protein level.clontrast, patients with un-
changed NCX protein level had severely compromised diadiahction. Therefore, re-
sults from our in-silico study are consistent with thesevjanas findings and suggest that
in the presence of impaired SERCA function, the up-regoitedif NCX in the KO mice is
important for maintaining diastoli€a®*]; level and diastolic function. Maintaining dias-
tolic [Ca*"]; levels may additionally have important implications inaeds to signalling.
For example, CaMKIl which is activated )§/a®*];, has been implicated in triggering hy-
pertrophy and HF [208, 216]. Thus, the maintenance of diasi@a’"]; levels by NCX
up-regulation possibly may also underlie the surprisingealoe of hypertrophy in KO
animals [4, 125].



Chapter 4

Sodium Accumulation in SERCA KO

Induced Heart Failure

4.1 Introduction

In Chapter 3, we studied SERCA2 KO mice at 4 weeks followingegdeletion, when
surprisingly normal cardiac function was observed. At th@egk time point, however,
these animals developed end-stage HF. In addition to a@ssiye reduction in SERCA2
level and further up-regulation of compensatory mechasjsiNa*]; elevation was
also observed in 7-week KO cardiomyocytes [125]. As memiibim Chapter 1Ca?"
dynamics are closely linked t§a™ homeostasis, as the concentration gradient of [Na
across the sarcolemma, together with the membrane pdigmbaides the driving force
for Ca®" transport through NCX. The maintenance of tie" concentration gradient
is in turn achieved via an ATP-consuming procesNaf  extrusion through the NKA.
Therefore[Na*]; accumulation has the potential to have a profound impacoom®a®"

handling and metabolism.

In this chapter, we apply a modelling analysis to invesagé&br the first time, the

important changes over time {fa®" handling in SERCA KO cardiomyocytes that lead
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to the eventual progression into HF. In particular, we comapatal ATP consumption per
cardiac cycle in the FF, 4-week and 7-week KO mice modelgstigate the mechanisms
for [Na*]; elevation in the 7-week KO compared to the FF and 4-week K@ aamalyse
the sensitivity of each model to metabolic imbalance. Fnak examine the differential
effects of compensatory mechanisms on total ATP consumpgtwveen the 4-week and

7-week time points.

4.2 Materials and Methods

All experimental measurements described below were peaviry collaborators, Louch
W. E., Jan, M. A., Christensen, G. and Sejersted, O.M., floinstitute for Experimental

Medical Research, Oslo University Hospital Ulleval in Mauy.

4.2.1 Animal Care

This study was approved by the Norwegian National CommitteAnimal Welfare under
the Norwegian Animal Welfare Act, which conforms to tBeide for the Care and Use of
Laboratory Animalgpublished by the US National Institutes of Health (NIH puahtion
No. 85-23, revised 1996). Inducible, cardiomyocyte-sjpediisruption of theSerca2
gene was attained by employiggrcaZ'oz//lor Tg(«MHC-MerCreMer) mice (KO) [4].
Gene excision in 8-10 week old mice was accomplished by simtuof tamoxifen powder
(RM1 FG SQC, 811004, Scanbur BK) in the feed (100 mg/200 g)yfdays [6, 125].
SercaZ!*/Ilor mice (FF) served as controls [4, 5]. Tamoxifen treatmentlte$n Serca2
gene excision exclusively in the cardiomyocytes of KO anef¥]. Hearts were harvested

at 4 and 7 weeks following tamoxifen administration.
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4.2.2 Cardiomyocyte Experiments

Cardiomyocytes were isolated by retrograde perfusion ef hleart with enzyme-
containing solutions [4, 124]. Isolated cells were therngzan laminin-coated coverslips
and placed in a perfusion chamber on the stage of an inverigdsoope. Intracellular
[Ca®t]; was measured in myocytes loaded with fluo-4 AM (Invitrogenidé¢alar Probes,
Eugene, OR, USA)[Ca*']; transients were elicited by field stimulation (3 ms biphasic
pulse, 25; above threshold) during perfusion with HEPES Tyrode sotutiontaining
(in mM): 140 NacCl, 1 CaGl, 0.5 MgCl, 5.0 HEPES, 5.5 glucose, 0.4 NaPD, and 5.4
KCI (pH 7.4, 37C). In these experiments, an LSM 510 microscope (Zeiss Gribhh,

Germany) was used to recoj@a’*]; transients in line-scan mode [140].

SR function was assessed by whole-cell fluorescence (PA@&cmology Interna-
tional, Monmouth Junction, NJ, USA) recordings of intragilr [Ca*'];. SR Ca*"
content was estimated by rapidly switching to an extrataisplution containing 10 mM
caffeine and measuring the magnitude of the elicited™ release. The SR-dependent
component of théCa?*]; transient was calculated by comparing the magnitud€ of"|;
transients in the presence and absence of caffeine. Theatiffe in the declining phase
of the[Ca®"]; transient under these two conditions was used to estim@eoastants for
[Ca®t]; re-uptake (SERCA activity) and extrusion [141]. The cdnition of NCX and
PMCA to Ca®" extrusion was estimated by comparing the declining phasafféine-

elicited [Ca*"]; transients in the presence and absence of 5 mM.Ni

Patch-clamp experiments were conducted with an Axoclampa@lifier (Axon
Instruments, Foster City, CA, USA), pCLAMP software (Axamstruments), and low
resistance pipettes (1-2®). APs were triggered by injecting a 3-ms depolarising auirre
in cells patch-clamped with a pipette solution containing roiM): 120 K-aspartate,

0.5 MgCh, 6 NaCl, 0.06 EGTA, 10 HEPES, 10 glucose, 25 KCI, and 4 K2-ApH (
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7.2). L-typeCa?" current was elicited by 200 ms voltage steps from -50 mV tongea

of potentials, with an internal solution containing (in miMI30 CsCl, 0.33 MgGl 4
Mg-ATP, 0.06 EGTA, 10 HEPES, and 20 TEA, and an extracellstdution containing

(in mM) 20 CsCl, 1 MgClJ, 135 NaCl, 10 Hepes, 10 D-glucose, 4 4-aminopyridine, and 1
CaCl, [4, 125]. NKA currents were obtained by elevating extradal [K*] from 0 mM

to 5.4 mM, and contributions of the; and «x, NKA isoforms were distinguished based

on differential sensitivity to ouabain bloackade [125, 190

Intracellular [Na'] was estimated in cells loaded with SBFI AM (Invitrogen Malgar
Probes, Eugene, OR, USA), using whole-cell photometry asrieed [190]. Intracellular
pH was determined by confocal microscopy in cells loadett BMARF-1 AM (Invitro-
gen). SNARF was excited at 543 nm, and pH was calculated themstio of fluorescence

at 580 and 640 nm using a calibration curve obtained in pdoiead cells.

4.2.3 Statistics

Cardiomyocyte data are expressed as mean vatuS&M. Statistical significance was

calculated using paired or unpaired t-tests, and P val0€5 were considered significant.

4.3 Model Development

4.3.1 Justification for the Addition of a Subsarcolemmal Conpart-

ment

In Chapter 3, we presented a mathematical modelling studyadf dynamics in the
FF and 4-week KO cardiomyocytes. In that work, the FF and k€O models were
developed using the C57BL/6 framework developed in Chghtethich does not include
the sub-sarcolemmal compartment and will be referred tohaslumped framework

(the cytosolic and sub-sarcolemmal spaces were lumpedomtocytosolic space). In
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the lumped framework, all transmembrane currents are umifodistributed and most
Ca*" handling proteins such as NCX and PMCA are regulated by olito§a®" con-
centration. Such framework enabled parameterisatiafiadt handling mechanisms as
explicit functions of[Ca®*]; and the resulting simulateda®* dynamics were found to
be in good agreement with experimental observations reguimo further addition to
model complexity. However, during parameterisation oftheeek KO model, simulated
[Ca®"]; transient using the lumped framework was significantly Bighan experimental
measurements. This result motivated the detailed calongbf Ca®" fluxes into and
out of the cytosol, combined with thermodynamics consiti@naof NCX function as
presented below. Such analysis revealed that, while it wHigient to model the FF and
4-week KO results using the lumped framework, a more detailedel ofCa®" handling

with a sub-sarcolemmal space was required to capture thavioelof the 7-week KO.

During a[Ca*"); transient, peakCa®']; is reached within approximately 40 ms and
the size of gCa®t]; transient (\[Ca®"];) is determined by the neta®t flux into the
cytosol during this initial period as well as intracelulas®" buffering properties. The
net Ca>" flux into the cytosol can in turn be calculated as the diffeeehetween total
Ca*" entry through LCCs and SRa*" release, and’a>" removal through SERCA,
NCX and PMCA. In the FF cardiomyocytes, assuming most of@h&" entry and SR
Ca”" release occur within the first 40 ms of the cardiac cy€l&*™ entry through LCCs
could be estimated from the integral of the LCC current() recorded during an AP
clamp (0.096 pC/pF), yielding approximately 381 of Ca?*. SRCa?" release could
be estimated from the integral of SR*" uptake sinc&a" release and uptake must be
balanced over each cardiac cycle. Using the experimenitigrded[Ca®']; transient
and fitted parameter values for SERCA to approximate andjiate the time course
of Ca>" uptake, the estimated total SBx*" release and SRa*" uptake during the
first 40 ms were 37.7 and 44M, respectively, yielding a net SRa** release of 33.3

uM. Therefore, without taking into account 6&*" extrusion through NCX and PMCA
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during the first 40 ms, the né€k*" flux into the cytosol had an estimated value of 36\6.

On the other hand, given the obsery€d*"]; transient in the FF cardiomyocytes, the

actual increase in the total concentratiorCaft (A[Ca®*].:a1) can be calculated as:

Bax - [Ca?T],
Kd,buffer + [Ca2+]p

Bmax . [Ca2+]d
Kd,buffer + [Ca2+]d

AlCa™ ioal = ( +[Ca® ) — ( +[Ca**]a)

(4.1)
where B,.. and K.z denote the total concentration aath?* affinity of buffers,
respectively, [C&'], and [C&*], are the peak and diastoliCa®*];, respectively. With a
diastolic[Ca?®*]; of 0.1134 0.025uM, a A[Ca*']; of 0.343+ 0.065uM, and estimated
Bunax and Ky e Values of 109 and 0.6M, respectivelyA[Ca®"];,.; Was calculated to
be between 24.3 and 354M. The above calculations demonstrated that theGagt”
flux into the cytosol, without taking into account 6&a" extrusion, was close to the
actualA[Ca®"].. required. This made it possible to use the lumped model frarie
for the FF model, in which NCX and PMCA sensed cytos@i¢’t concentration and

only a small amount ofa®* extrusion occurred during the first 40 ms.

From similar calculations carried out with the 4-week andéek KO data, it was
found that, in the 4-week KO, the n€k?" flux into the cytosol (13.7tM) was close
to the actualA[Ca®" .1 (7.63 - 13.62uM). However, this was the not the case for the
7-week KO, in which there was a significant mismatch betwestrCa®" flux into the
cytosol (13.87uM) and A[Ca*"];..a required (5.09 - 7.38M), suggesting additional

Ca** removal through trans-sarcolemntzd®" extrusion.

As outlined in Section 1.1.3 “Intracellular Calcium Hamdji Mechanisms”Ca*"
extrusion through NCX is thermodynamically favoured whbea teversal potential of
the exchanger (fx) is more positive than the transmembrane potential)(VExcx

is in turn governed by the Nernst potentials foa*" (Ec,) andNa™ (Ex,). When the
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lumped framework was usedyEx could be calculated using Eq. 1.2, wherg Bnd &,
can in turn be calculated from Eq. 1.1. Hef¥a*]; and [Ca*"]; are the bulk cytosolic
concentrations oRat andCa®", respectively. Using the experimentally measupeéd"|;
and [Ca*"); transients, K, and K, during the first 40 ms of the cardiac cycle were
estimated, as shown in Fig. 4.1A, for the FF, 4-week KO ance@k\KO. It can be seen
that By, was similar between the FF and 4-week KO, but decreasedismmtly in the
7-week KO compared to the FF level, due to the 5 mM elevatidiVirt |;. On the other
hand, the decrease in tf@a®']; transient led to a gradual rise in.E The resulting Rcx
and APs reconstructed from the average recorded APDs {ARPD;, and APD,) are
shown in Fig. 4.1B. The shaded areas whege:Eis below V,, indicate the duration
of NCX in reverse mode. For the FF and 4-week KO, NCX operatefdiward Ca*"
extrusion mode during the most of the 40 ms. In contrasthiei7tweek KO, NCX mostly
operated in reverse mode, as a result of both the decreasg indad the prolonged AP.
This meant that using the lumped framework, there was [ittl&" extrusion during the
first 40 ms of the cardiac cycle as governed by the thermodigsaai the exchanger,
such that totalCa®* flux into the cytosol exceeded the actusCa®"].... As a result,

simulatedCa®*]; transient would inevitably be greater than that observeegmentally.

The above analysis thus motivated the addition of subsamuolal space, so that
transmembrane proteins sense ion concentrations in #sective sub-spaces. In this
framework, [Ca®"]; transient in the 7-week KO can be accurately matchefCa$'];.
and [Ca”"], rise much faster and higher théda”"]; thus driving NCX into theCa*"

extrusion mode much earlier (see Fig. 4.2).

A subsarcolemmal compartment was thus incorporated istptéviously developed
mathematical framework of’a*" dynamics and APs in murine ventricular myocytes
[118], following the approach of Shannon et al. [178]. Suddiaon allowed differ-

entially distributed proteins in the cell membrane to sanseconcentrations in their re-
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FIGURE 4.1: A: Reversal potentials fa¥a* (Ex.) andCa’*t (Ec,) estimated from
the experimentally measuréNa™]; and[Ca®']; in the FF, 4-week and
7-week KO during a cardiac cycle at 1 Hz. B-D: NCX reversakepet
tial (Excx) calculated as 8En,-2xEc, for the FF (B), 4-week (C)
and 7-week KO (D) models, and their respective APs recoctsttiu
from experimentally measured average APDs. The duratiomeich
the transmembrane potential is greater thaa-EindicateCa?* influx
through NCX is thermodynamically favoured.

spective sub-spaces that could be substantially différent the bulk cytosolic concen-
tration during an AP, as shown in Fig. 4.2. Since the formaitadf Shannon et al. [178]
was originally developed for rabbit ventricular myocytesme modifications were made

based on experimental data from mice and rats. These inchalges to the geometrical

parameters, diffusion parameters and distribution ofdhechannels, as explained below.
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FIGURE 4.2: A: Simulated[Ca®"J;. (black) and[Ca®"]y (grey) at 1 Hz in the 7-
week KO model using the framework with a subsarcolemmal @tnp
ment. B. Simulated [Na&];. (black) and [N&] (grey) at 1 Hz in the
7-week KO model using the framework with a subsarcolemmai-co
partment. C: Reversal potentials f§a+ (Ex.) (solid lines) andCa?*
(Eca) (dashed lines) in the junctional (black) and sarcolemmeaim
branes (grey), calculated from the simulated concentratin A and
B. B: NCX reversal potential (Ecx) in the junctional (black) and sar-
colemmal (grey) membranes, calculated a€£g.-2xEc,, as well as
the simulated AP.

4.3.2 Geometrical Considerations

The cell membrane is divided into two areas: the junctionahtorane (A), i.e. the
area occupied by transverse tubules (T-tubules), and ttfi@csusarcolemmal area (A

In mouse ventricular myocytes, formamide-induced detatioih in mouse ventricular
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myocytes has been reported to result in &3@duction in membrane capacitance [18].
Therefore in our model, the areas of the junctional memb(#&jg and the surface
sarcolemma (4) were set to be 30 and 70of the total cell membrane area (A1.47 x

10~* cn?), respectively.

The cell volume (2.210°° uL) [148] is separated into five compartments, four of
which (junctional space or dyadic space (referred to as fe)hgunctional SR (JSR),
network SR (NSR) and the cytosolic space (cyt)) are the santiecse in Chapter 2. An
additional subsarcolemmal space (sl), located directtieameath the surface sarcolemma

area and occupying’2 of the cell volume, was added to the model.

4.3.3 Diffusion Parameters

Following the approach of Shannon et al. [178], the rate fflision of ions Na* and

Ca*") from space jc to space sl was defined as:

Iic — |1
Dy Ay e (s

ool Achsl

Jr.

jesl

(4.2)

where O, is the diffusion coefficient for the ion, ;4 is the interface area between the
junction space and the subsarcolemmal spasg,, is the distance between the centres of
the two compartments, and I} [l]  is the difference in ion concentrations. Similarly,

the rate of diffusion of ions from space sl to space cyt wasddfas:

[ — [1s
J1gere = Dieye  Asleyt © m (4.3)

slcyt sleyt

The diffusion coefficients folNa™ and Ca*" ions in equations 4.2 and 4.3 were

set to the same values as those in the Shannon et al. modd] Hs8sted in the
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Appendices. The diffusion distances and interface areas a@justed from the values
used by Shannon et al., according to the differences in gegmE&ach junction was
considered to be a disk with a radius of 0d® with a height of 0.01um [178]. The
cross-sectional area is therefore 0,08°. Given that A. is equal to 441Qum? (30% of
Aiot), the total number of junctions is thus approximately 55000is yielded an even
spacing of 0.78wm between junctions, which is 35smaller compared to the 1i2m
spacing in the Shannon et al. model. Therefore, the distahddfusion to the middle
of the SL compartment was reduced by/dsom 0.5 to 0.325:m (See Fig 1.B in [178].
The side area of a junction is 0.04n?, giving a total interface area of 8:3 10°% cm?
for diffusion from junctional space to subsarcolemmal gpathe distance of diffusion
from the subsarcolemmal space to the cytosol was kept ugelainom the value used
by Shannon et al. (0.4bm), and the interface area was approximated by the area of the

surface sarcolemma (1.0310~* cm?, 70% of A.y).

The addition of the subsarcolemmal compartment with theeafentionedCa*"
diffusion parameters resulted in an approximately ted-fotrease in the magnitude of
[Ca®*];., compared to the lumped model. However, coorperative bgdf Ca** to RyR
with a hill coefficient of 4 for transition from state,@o state @ and 3 for transition from
state Q to state Q in the model meant that the resulting forward rate constantdd
be approximately 10and 10 times faster, respectively. This resulted in a signifigantl
prolonged opening time of the RyRs and instability of the eldthe proportion of RyRs
in state C dropped transiently to just below zero in some Eitions). We therefore
adjusted th&’a”"-sensitivity of the RyR to ensure the proper functioninghraf thannel,

as suggested by Jafri et al. [98].

K* ion dynamics were not compartmentalised, following therapph of Shannon et

al. [178].
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4.3.4 Differential Distribution of Transmembrane lon Channels

In adult mouse heart, two isoforms of the NKAsubunit ¢; andx,) have been found,
which are distributed differentially in the T-tubule andfsge sarcolemmal membranes.
In the study by Berry et al. [18], preferential inhibition thfe high ouabain affinity,
subunits in control and detubulated mouse ventricular ytgscrevealed that the current
densities of kka o1 and kka a2 in the T-tubules are 1.37 and 5.57 times greater, respec-
tively, than those in the surface sarcolemma. In our mod@ly b1 and kxa .2 were
computed separately, and the data by Berry et al. [18] wezd tesdefine the maximum
Inka,o1 @Nd kka o2 In the junctional and sarcolemma areas in the moc@’;\(gl(jc)

= 1.23618% 1 192 o (S1) = 0.899-18 .\, 188 (i) = 2.35-18% . 1855 (s)) =

0.422 14 a2)-

The current density of NCX in the junctinal membrane was tbtmbe three times
greater than that in the surface sarcolemma, baseg@nrheasurements from detubu-
lated rat ventricular myocytes [46]. Yang et al. [211] alsorid very little NCX current in
detubulated rat ventricular myocytes, indicating the mgjmf the channels are located
on the T-tubules. Therefore, the maximum NCX activity on jinectional membrane
was set to be three times greater than on the surface saroal€u#{2s (jc) = 1.93VREK,

Vi (sl) = 0.6VEE).

The distribution of LCCs has been assessed by Scriven et 22] [n rat ventricular
myocytes. Using indirect immunofluorescence, it was founad the majority of LCCs are
located on the T-tubules, with very little immunolabelliog the surface sarcolemma. In
another study in rat ventricular myocytes [100], detubatatevealed that LCC density is
8.7 times greater on the T tubules than on the surface memfiPan, (sl) = 0.1:Pc.r,(jc).
Therefore, in our model, the permeability of the channelshenjunctional membrane is

nine times greater than on the surface sarcolemma. It wasasaimed in the model that,
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Ca*"-inducedCa’" release is only triggered liya?* entry through the LCCs located on

the junctional membrane.

The distribution of the fasNa™ channels on the cell membrane was assumed to be
uniform in our model, consistent with the observations by tifferent groups [211, 31]
both in rat ventricular myocytes. The distribution of PMC&adurrently unknown, al-
thoughCa?* extrusion through PMCA was found to be present in detubdleteventric-
ular myocytes [211]. This protein was thus assumed to beoumlfy distributed on the
cell membrane. Relatively few studies have been carriecdouhe distribution of<*

channels, which were also assumed to be uniformly disedhut

4.3.5 Buffering

Ca*" buffering parameters in the junctional space, cytosolacspmnd the SR were kept
the same as those in our previous models in Chapter 3. Buff@arameters for the addi-
tional subsarcolemmal space were the same as those usedjimttional and cytosolic
spaces. However, it is worth noting that while there are mamd»-bound buffers in the
junctional and sub-sarcolemmal spaces, tropinin, the neajatributor toCa" buffering,

is not present in these compartments. Therefore, this giegpbuffering description
may overestimate the amount @h*" buffering inside the cell. Nevertheless, since the
volumes of junctional and sub-sarcolemmal spaces are sm@pared to the cytosolic
volume, buffering in these two compartments make relatim@hor contributions to the
total Ca®* buffering capacity, and thus would not have a significargatfbn the overall
simulated[Ca**]; transient. This assumption was confirmed via a sensitivigfysis in
which Ca?* buffering in the junctional space and sub-sarcolemmalespa@s set to zero

in the FF model, showing minimal changes in the simulétad']; transient.

Experimental data otva™t buffering is sparse, although in one study [47] in rabbit
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ventricular myocyte¥Na*t buffering capacity has been reported to be very low (approxi
mately 1.3). In our modela™ buffering was included following the same formulations

and parameter values as those in the Shannon et al. mod¢l [178

4.3.6 Model Parameterisation
The Na'/K *-ATPase (FF and 4-week KO)

In the current study,nka in the FF and 7-week KO cardiomycytes were measured in
dialyzed cells [Na*]; = 50 mM) under whole-cell voltage clamping at -50 mV holding
potential. The current was activated by switching fronkKa-free to K*-containing
external solution (5.4 mMK™ 1,), and kka..1 and kka .2 were differentiated using

ouabain which blocks the, isoform.

Before fitting the NKA formulations to ourk,a measurements, a range of existing
experimental data from mice, and in some cases rats, wetktas#efine the voltage-
and [Na't];-dependent properties of the current. The voltage-depeedef ki a1
and kka .2 Was parameterised to experimental measurements by Svaft ¢190] in
rat ventricular myocytes at 37C, as shown in Fig. 4.3. The activation of NKA by
intracellularNa™* has been studied by various groups, and a wide range of vidues
the affinity constant (K) have been reported. For example, the megnvKlues for rat
ventricular myocytes at physiological temperatures radng@ 10.2 mM [47], 17.0 mM
[46] to 40 mM [186]. These differences may, at least pastjdde explained by variations
in actual subsarcolemmal [Nawhich may not always be accurately controlled by the
[Na'] in the pipette solution. In normal mouse ventricular mytesy Berry et al. [18]
measured totaky; and «,-mediatedNa™ effluxes as a function diNa*]; at 35°C. The
Na™ affinity of the total NKA function was equal to 16:6 0.2 mM with similar K,
values for thex; andx, subunits (16.6t 0.8 and 16.A- 2.6 mM, respectively). The hill

coefficient (nH;k ) of total NKA function was equal to 2.3 0.1, with values of 2.3t
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FIGURE 4.3: Experimentally measured I-V relationship of the (circles) andos
(squares) isoforms of NKA in rat ventricular myocytes [L9@uper-
imposed (solid lines) are the fitted I-V relationship.
0.1 and 4.1t 0.8, for thex; and x; subunits, respectively. In another study, Han et al.

[81] reported a K, of 18.3+ 2.7 mM and an nigx of 2.8 + 0.2 for the overall NKA

function in mouse ventricular myocytes at room temperature

Based on the experimental evidence above, theakd nHk 4 values for thex; and
&, Subunits were set to be equal in the FF model. Various cortibiteof K, and nH val-
ues within the range of experimental data were then testeadhote cell simulations and

the resultingNa*]; levels compared with experimentally observed level in Figlicany-
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ocytes (Na*]; = 9.6 +£ 1.4 mM). For each combination, we first parameterisgg, |,
and KA a2 based on our measurements@fl 1 (2.61+ 0.10 pA/pF) andyka a2 (0.81

+ 0.09 pA/pF) in dialyzed cells at -50 mV. The modelsogfand o, NKA isoforms were
then incorporated into the previously developed model &aork [118] for simulations
of [Na*]; under field-stimulations at 1 Hz. As shown in Fig. 4.4, expemtally measured
[Na*t]; value was only matched with high nH and high, Kalues. For this reason, we set
nH to 3 and K, to 21 mM in our model, with fittedi’y ., and Ky ., equal to 5.2 and
1.95 pA/pF, respectively. NKA parameters for the 4-week K@ded were kept identical

to those in the FF model.

The Na+/K *-ATPase (7-week KO)

In KO cardiomyocytes, Nka o1 and kxka.o2 during voltage-clamp experiments were
decreased from their FF values of 2.610.10 and 0.8 0.09 pA/pF, respectively, to
2.354 0.10 and 0.45+ 0.06 pA/pF, respectively. At the same tini¥a*]; level during

1 Hz field-stimulation was also higher (14461.1 mM) compared to the FF (96 1.4
mM), which was initially thought to result only from NKA dowregulation. However,
when R, 1 and R, were fitted to experimental measurementgyl ,, (7-week
KO) = 4.4 pAlpF and %, ., (7-week KO) = 0.9 pA/pF), simulatefiNa*]; under 1 Hz

field-stimulations was increased by about 2 mM from the Fee/ghs shown in Fig. 4.4.

We hypothesized two mechanisms could potentially explanadditional increases
in [Na™];. The first mechanism could be a decrease inXhe affinity of NKA (an
increase in k). This means a highéNa*]; level would be required to achieve the same
level of Na™ efflux, which should be equal t§a™ influx at steady state [47]. The effect
of K, on [Na™];, with NKA down-regulation kept at the experimentally obsst levels,
is shown in Fig. 4.5A, demonstrating an almost linear insesia[Na*]; with increasing

K... Experimentally measured level pfa™]; was matched with K equal to 29 mM.
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FIGURE 4.4: SimulatedNa]; at 1 Hz pacing frequency with various combinations
of the Na™ affinity (K,,) and the hill coefficient (nik4). For FF,
INKA o1 @and Ky o were fitted to experimentally measurdila a1
and kka a2, respectively (see explanation in text). The effect of NKA-
downregulation was examined by adjustifgic}, ,; and Ky ,» to
match the experimentally observed reductionsigd 1 and Nk a 2.

The second mechanism could be an increasgain influx, possibly through mech-
anisms such as the fast™ channels, the persisteNt™ channels and th&ya™/H* ex-
changer (NHE). However, since increases in fast and pensist™ currents were not
observed experimentally [125], they were not considerelikaly explanations. On the
other hand, intracellular acidosis has the potential tseausubstantial increaseNa.™

influx through NHE and hend@&a*]; elevation, as demonstrated in Fig. 4.5B. This model
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FIGURE 4.5: A. SimulatedNa™]; at 1 Hz pacing frequency as a function of tie™
affinity of NKA. B. Simulated pH (circles) andNa™]; (squares) as a
function of the size of the intracellular acid source.

prediction prompted additional experimental measureseipH, which revealed signif-
icantly increased acidity in KO 7-week cardiomyocytes with reduced to 6.910.07
(vs7.19+0.08 in FF,P <0.05).

Intracellular pH Regulation

A previously developed model of intracellular pH regulatfor rat ventricular myocytes
[145] was introduced into the FF, 4-week and 7-week KO modElsxes through the

Na*/bicarbonate cotransporter and anion exchanger were getadn all three models,
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since all our experiments were conducted using bicarbeineg¢e external perfusion
solutions containing HEPES. Extracellular ion concerdret and pH were adjusted
according to the experimental setup (see Materials and ddis)h To fit the parameters
for NHE we made use of the fact that tobéh ™ influx and efflux per cardiac cycle must
be balanced at steady state. Specifically, we first estimheehtegral (over one cardiac
cycle) of theNa™ efflux through NKA andNa* influx through non-NHE channels in
the FF and 7-week KO models by running the models, With"|; set to be constant
at the experimentally measured value (FF: 9.6 mM , 7-week KO6 mM) and with
the parameteriseda®" handling components (outlined below). The integral of e
influx through NHE in each model was then taken as the difisxdretween the integrals
of Na* efflux and non-NHENa™ influx. Since the rate oRa™ influx through NHE does
not change significantly during each cardiac cycle, it cabkh be approximated from
the calculated integral (FF model: 0.00d4¥/ms and 7-week KO model: 0.051M/ms).
Finally, the affinity of NHE to proton (K= 0.411uM in all three models) and the hill
coefficient (NHzr = 2.905 in all three models) were fitted to the above estimaited
influx rates, at the experimentally observed, f@¥els in the FF and 7-week KO models.
In addition, proton influx through PMCA in exchange fos*" extrusion was accounted

for in the model, assuming a stoichiometry @af*:2H [146].

Intracellular acidosis in the 7-week KO model was inducedhgyintroduction of an
acid flux from an intracellular acid-producing sourcg;(dvas set to 0.045EM/ms), which
could be attributed to compromised metabolism such as blgiso To maintain charge
balance, an equal amount of intracellular anion fluy @as also introduced. Build-up
of [A~]; was prevented by including a constant-field sarcolemmaldiisuding A~ from
the cytosol which was taken into account when calculatirgngles in transmembrane
potential. The membrane permeability to Avas set to be Xk 107 cm/s , such that the
electrogenic transmembrane flux of Alid not result in a significant change. It was also

assumed that the Aions extruded from the cell was rapidly transported awaynftbe
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cell such that [A'], was approximately zero.

Parameterisation of NCX, PMCA, SERCA and L-type Calcium Current

In Chapter 2, we described a method for parameterising NOXCR and SERCA
directly using experimentally measuréda®']; transients in the presence of caffeine
and during field stimulations, provided th@t>" fluxes through NCX and PMCA are
functions of cytosolicCa®" concentrations. In the current model, NCX and PMCA
respond to sub-space (subsarcolemmal and junction sp@eés)concentrations. As
a result, parameterisation of NCX, PMCA and SERCA for theentr model required
solving a system of ordinary differential equations andahiig the resulting decay of

[Ca®"]; to that measured experimentally, as explained below.

Generally speaking, the dynamics @f*" concentrations in the cytosolif(a"];),
subsarcolemmala®*]y) and junctional space$({a®*];.) during the later decay phase

of a[Ca®']; transient can be described as:

d[C&2+]i —B. (JCa,slcyt

_J 4.4
dt cht SERCA) ( )
d[Ca**]y Jcoasleyt | Jcajest
s Bs _(__ JCagslcy a,jcs J " 4.5
dt : ( Vsl Vsl c l) ( )
d C 2+ ic J a,jcs
[ 2 ]J = Bjc : <_ Cajes] JCajc) (46)

dt V;

where V¢, Vg and V. are the volumes of the cytosolic, subsarcolemmal and jonatli
spaces, respectively,.l, is the rate of net uptake through SERCA; 51q and &, sicyt.
calculated according to Egs. 4.2-4.3, are the rat&of diffusion from junctional space

to subsarcolemmal space, and from subsarcolemmal spageosol; respectively; g

and .. are the total fluxes ofa’" across the surface sarcolemmal membrane and the



4.3 MODEL DEVELOPMENT 140

junctional membrane, respectively. Finally, B, and B. account forCa*" buffering in

the cytosol, subsarcolemmal and junctional spaces anchlra@lated as:

Bmax : Kd

Bi=(1+ (Ka+ [Cagﬂi)Qr (4.7)
o Bmax ' Kd -1

Ba =0+ G e *o

Bjo= (14 —mex B (4.9)

(Ka + [Ca?t]y)

During the decay phase of a caffeine-indu¢ed®"]; transient, gzrca in Eq. 4.4
is equal to zero. glg and &,;. are the sums ofa’" fluxes through NCX and PMCA
located on the surface sarcolemma and junctional membraspectively, and taking
into account a small backgrourith®* flux. Given initial values ofCa?*);, [Ca®t]y and
[Ca*"];., Egs. 4.4-4.6 can thus be solved to give the time course afydet[Ca®'];.
The relative contributions of NCX and PMCA were calculatsdlize ratio between the

integrals of the simulatedidx and $yica.

For parameterisation, initidla®*]; was set equal to experimentally measuiest " |;
at 100 ms post-peak during the caffeine-indu¢@d’*]; transient. Initial[Ca**], and
[Ca®"];. were first assumed to be equal[*"];, assumingCa*" movement across the
different compartments occur on a much faster time scale @" removal fluxes.
Maximum NCX activity (V2&s), maximumCa®* current through PMCA {#2.,) and
the Ca®" affinity of PMCA (K, pmca) Were parameterised to minimise the cost function,
which takes into account both the difference between sitadland experimentally
measured decay ¢f'a’*];, and the difference between the simulated and experintgntal
estimated contributions of NCX and PMCA. During fitting, tt@ncentrations of [Ng] in

the different compartments were set to be equal to the expetally measured cytosolic
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[Na*] (FF and 4-week KO: [Na];. = [Na']y = [Na*]; = 9.6 mM, 7-week KO: [N4];. =
[Nat]y = [Na®]; = 14.6 mM).

During the decay phase of a field-stimulaf€@d?*]; transient at 1 Hz,s}rc4 in Eq.
4.4 is non-zero, and M, 1P5ca and K, paca fitted from above were treated as con-
stants in Egs. 4.4-4.6. The experimentally measured deciyad'; can thus be used to
parameterise the maximum uptake rate of SERCAYMts Ca*" affinity (K., .p), and the
small SRCa?" leak flux (J..x, assumed to be constant during fitting), with ini{ﬁh2+]i,

[Ca*"]y and[Ca®'];. set equal to the experimentally measuj@a’*]; at 90 ms post-peak.

The above fitted NCX, PMCA and SERCA parameter values werreitieorporated

into the fitting of the LCC, using the same approach as desgiito Chapter 2.

The assumption of equal initi@lla®>" concentrations in the subsarcolemmal, junctional
and cytosolic spaces were then tested by incorporatinglibeeaparameter values into
the whole-cell framework as shown in Fig 4.6 (A-B for FF, C-@ KO). It can be seen
that during most of the decay phase of the simulated tratss{€h’*];. and[Ca®"], were
not equal to, but were linearly related [{0a*"];. Interpolation of the linear relationship
at the experimentally measuréda”"]; level thus would give a more accurate initial
[Ca*];. and [Ca®*']y values for parameterisation. Table 4.1 shows the initifithed
parameter values witlCa>"];. and[Ca®*], assumed to be equal [0a®*];, and then with

interpolatedCa*"];. and[Ca*"], values.

A similar approach was used for parameterisation of NCX, AMEERCA and the
L-type Ca®* current in the KO model. Since caffeine-indude€d?*]; transient in the KO
cardiomyoycytes is very small in magnitude, we chose to upergmentally measured
field-stimulatedCa?*]; transient (0.5 Hz) in the presence of caffeine to paramssédiCX

and PMCA for the KO. Table 4.1 compares the final fitted paramelues between the
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FIGURE 4.6: A. Simulated relationship betwedfia?t]y (solid lines), [Ca*"];.

(dashed lines) and’a*]; during the decay phase of a caffeine-induced
[Ca®T]; transient in the FF model. B. Simulated relationship be-
tween[Ca®T]y (solid lines),[Ca®'];. (dashed lines) anfCa?"]; dur-

ing the decay phase of field-stimulatfh? ]; transient at 1 Hz in the
FF model. C. Simulated relationship betweéh?*] (solid lines),
[Ca®*];. (dashed lines) andCa®"]; in the KO 4-week model, dur-
ing the decay phase of a caffeine-indud€d?*]; transient, and in the
KO 7-week model during the decay phase of a field-stimul&ed™];
transient at 0.5 Hz in the presence of caffeine. D. Simuladéation-
ship betweeriCa?"]g (solid lines),[Ca®"];. (dashed lines) an@a?*];

in the KO 4-week and KO 7-week models, during the decay phiae o
field-stimulated Ca2*]; transient at 1 Hz.

FF and the KO models.
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TABLE 4.1: Fitted parameter values for NCX, PMCA and SERCA. Firsiwis
obtained by setting initia[Ca®"];. and [Ca®T]y equal to the experi-
mentally measured level ¢6€a>"]; at approximately 100 ms post-peak
[Ca?*];. Second fit was obtained by using the intepoldtea’"];. and

[Ca®t] values, according to the relationship in Fig. 4.6, as ihdén-

ditions.
FF KO
Firstfit  Second fit First fit Second fit
VEax (uM/ms)  1.1009 1.1591 6.4554 6.4116
IB%ica (PAPF) 0.3509 0.5644 1.1299 1.1231

Kmpumca (UM)  0.2544 03506  0.3506 (fixed)  0.3506 (fixed)

Vaup (LM/ms) 0.35 0.35 0.07 0.07
Km,up (uM) 0.4928 0.4928 0.4928 (fixed) 0.4928 (fixed)
4.4 Results

4.4.1 Validation

Simulated[Ca*"]; transients at 1 Hz in the FF, 4-week KO, and 7-week KO models ar
shown in Fig. 4.7A. Key characteristics are summarised bieTd.2. Briefly, simulated di-
astolic[Ca*"]; in the FF, 4-week KO and 7-week KO models were 0.092, 0.123ab
uM, respectively, compared to experimental values of 0410825, 0.12#0.014 and
0.108+0.014uM, respectively, with no statistically significant chang@$e magnitude
of simulated/Ca®*]; transient \[Ca®*];) reduced by a further 37 between the 4-week
and the 7-week time points leading to a tota¥7feduction inA[Ca®*]; at 7-week com-
pared to the FF. This is in agreement with thé&8®duction between the FF and 7-week
KO measured experimentally. The BTof simulatedCa®*]; increased 1.2-fold between

4-week and 7-week KO models, and in the 7-week KO mode|, Rias 2.5-fold longer
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than that in the FF model. Similarly, experimentally measuRT;, increased 1.3-fold

between 4-week and 7-week KO, and 2.2-fold between FF andekKO.
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FIGURE 4.7: Simulation results from the FF, KO 4-week and KO 7-weeklais dur-
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APs. Bottom panel: Time courses @f}, during an AP. CCa?" fluxes
through SERCA, NCX and PMCA. D. Top panel: IntegralsGaf>*
fluxes through SERCA, NCX and PMCA. Bottom panel: Percentage
contributions of SERCA, NCX and PMCA 10a>" removal.

Simulated AP repolarisation, shown in Fig. 4.7B, was sligiprolonged in the
4-week KO and became significantly slower in the 7-week KO ehoth agreement

with experimental measurements. Experimentally we oleseno changes in resting
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[Ca2t]; Transient FF KO 4-week KO 7-week
and AP Characteristics Experiment Model Experiment Model xpeEiment Model
Diastolic[Ca?t]; at 1 Hz {tM) 0.113+0.025  0.092 0.1270.014 0.123  0.1080.014 0.126
Magtnidue at 1 Hzi{M) 0.343£0.065 0.297 0.0980.031 0.119 0.05%0.008 0.075
RTs0 at 1 Hz (ms) 15%14 138 285-18 281 33227 342
A [Ca27t]; (caffeine-induced) (M) 0.612£0.058 0.723 0.1#0.04 0.153 0.02£0.009 0.020
Integral of .1, (voltage clamp) (pC/pF)  0.11#0.009  0.165 0.20£0.020 0.237  0.2480.015 0.27
% contribution of SERCA 87*F1.3 79.1 62.57.5 55.7 33.40.4 28.1
% contribution of NCX #0.9 12.4 23.37.3 27.7 39.96.0 44.0
% contribution of PMCA 5.40.7 8.5 14.33.7 16.6 26.43.3 27.8
APD3q (ms) 4.3:0.2 4.1 4.%0.3 4.1 5.2£0.7 4.0
APDsg (Ms) 7.2£0.8 6.3 11.425 7.4 16.43.3 14.4
APD7o (ms) 15.3:3.2 18.6 16.82.4 19.0 31.85.6 35.7
[Nat]; (mM) 9.6£1.4 9.8 Unchanged from FF values 10.0 161 14.3
pH; 7.19+0.08 7.13 Unchanged from FF values 7.12 6:9107 6.85

TABLE 4.2: Comparison between experimental measured and sedul@h?*];

transients and APDs.

membrane potential and transient outw&rd current measurements [125] between FF
and 7-week KO cardiomyocytes. In addition, AP prolongatioii-week KO was found
to be sensitive to nifedipine, suggesting that prolongatimay result primarily from
augmentedd,;,. Therefore, parameter values for the varid{s channels were kept
identical between models. Simulated peak, lincreased progressively from 19.2 pA/pF
in the FF model to 24.7 pA/pF in 7-week KO models, as showngn &i7C. Inactivation

of the current was significantly slowed in the 7-week KO, amalintegral of the current

increased from 0.15 pC/pF in the FF model to 0.32 pC/pF in tee@k KO model,
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compared to experimental values of 0.11 and 0.38 pC/pFectisply.

The percentage contribution of SERCA, shown in Fig. 4.7Ds walculated as the
ratio between the integral of néx*" uptake flux through SERCA and the integral of all
Ca*" removal fluxes through SERCA, NCX and PMCA (Fig. 4.7D top pan8ERCA
contribution decreased from 797 in the FF model to 55.% in the 4-week KO model
and 28.2% in the 7-week KO model, compared to experimental values of,&2.5 and

33.7%, respectively (Fig. 4.7D bottom panel).

Simulated[Na™]; was 4.7 mM higher in the 7-week KO model than that in the FF
model, consistent with the average 5.0 mM increase obsexxpédrimentally. Finally,
simulated pkdecreased from 7.12 0.08 in the FF to 6.85 in the 7-week KO model, in

agreement with experimental values of AIP08 and 6.920.07, respectively.

4.4.2 ATP Consumption per Cardiac Cycle

Intracelluar acidosis in HF is attributed to a compromisegtaholic state [199], thus
prompting an analysis of simulated total amount of ATP usedidn transport per
cardiac cycle in the model. The rate of ATP consumption byheafcthe majorCa*"
handling processes was calculated from the simulated flok€s** through SERCA
and PMCA, and the flux oRa™ through NKA, taking into account the stoichiometry of
each transporter (SERCAC2*":1ATP, PMCA 1Ca*":1ATP and NKA Na™:1ATP). The
ATP consumption per cardiac cycle was then calculated amtbgral of the rate of ATP
consumption. As shown in Fig. 4.8A, total ATP consumptioarged from 41.0 to 31.1
to 52.7uM in the FF, 4-week and 7-week KO models, respectively. Tlweatese between
the FF and 4-week KO models was primarily attributed to aese in ATP consumption
by SERCA, while the increase between the 4-week and 7-weeknk@els was due to a

significant increase in ATP consumption by NKA in the pregeoica continued decrease
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in ATP consumption by SERCA.

To evaluate the dependence of total ATP consumption on theénmuan uptake rate
of SERCA (V,,), a sensitivity analysis was performed on each model with Waried
from the FF value (0.3%M/ms) to zero while keeping all other parameters unchanged,
as shown in Fig. 4.8B. It can be seen that ATP consumptionan/tiveek KO model

stayed consistently higher than that in the FF and 4-week KQats. Since the higher
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ATP consumption by NKA in the 7-week model was due to an etavgfat];, we then

compared the variousa™ fluxes in all three models.

4.4.3 Sodium Homeostasis

As shown in Fig. 4.8C, the simulated integrals over eachiaardycle ofNa*t influx
through NCX and NHE increased by 8.4 and 4i{M, respectively, between the 4-week
and 7-week time points. Therefore, ove’/80f the increase itNa™ influx in the 7-week
KO was due to increaseda™ flux through NHE, activated by intracellular acidosis. In
our model, the extent of acidosis was determined by the madgmiof the intracellular
acid source term (J4), which in HF may be associated with lactic acid productiamf
anaerobic metabolism due to a compromised metabolic 2ht€éd examine the effects of
J.ia oOnNa™ homeostasis, a range qf;] magnitudes were introduced in all three models,
as shown in Fig. 4.8D. For a given level of;d, [Na']; in the 7-week KO remained
approximately 2 mM higher than the FF and 4-week KO valuegdMCX up-regulation
and a reduced maximum NKA activity, indicating a reducedacéty of the 7-week KO

to maintain a physiologicaNa™]; in response to metabolic imbalance.

4.4.4 Effects of Compensatory Changes on ATP Consumption

To examine whether a decrease in ATP production or an inetieatemand contributed to
acidosis in the 7-week KO, we investigated the changes in&rBumption in the 4-week
and 7-week KO models as a result of adaptations in resportdeatmges in SERCA activ-
ity. For both models, \j, was varied between zero and 120f the 4-week value (0.148
uM/ms) without metabolic imbalance, i.e...J set to zero, in order to assess changes
in ATP demand due to adaptive changes alone. For a givgnan adaptive change in
maximum NCX (M) or PMCA (I ,) activity was introduced such that simulated
diastolic|Ca*"]; remained unchanged, assuming that diasfali¢*]; may drive compen-

satory mechanisms [117]. Specifically, a decrease,jnwbuld lead to an elevated dias-
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tolic [Ca?*]; without compensatory changes. By up-regulating NCX or PM@iAstolic
[Ca®t]; could be maintained, although at a cost of a lower sysfalié*];. Furthermore,
PMCA up-regulation led to addition&™ influx which would be extruded via NHE in ex-
change folNa™. Therefore, both compensatory mechanisms directly oréatly cause

an increaseda™ influx, Na™ elevation and thus increased ATP consumption by NKA.
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FIGURE 4.9: Effects of NCX adaptation to maintain constant diastfl'a"]; on
ATP consumption as a function of.{. A: ATP consumption per car-
diac cycle by SERCA, PMCA and NKA, and total consumption ia th
4-week KO model. B: ATP consumption per cardiac cycle by SERC
PMCA and NKA and total consumption in the 7-week KO model. C:
The rates of change in ATP consumption by different procepksted
in A. See text for details. D: The rates of change in ATP corgion
by different processes plotted in B.
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Fig. 4.9A and B show total ATP consumption as a function gf #r the 4-week and
7-week KO models, respectively, with NCX adaptation. Inhtbo@ises, decreasing,y
resulted in an increase in ATP consumption by NKA, and a égesgréen consumption by

SERCA,; while relatively little changes occurred for PMCAéd corresponding rates of

change in ATP consumption are plotted in Fig. 4.9C and D, Her4-week and 7-week
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time points, respectively. The rate of change in ATP condionmat a given |, was
calculated as the change in ATP consumption as Was decreased from its previous
value to the current value, normalised to the magnitude diicgon in V,,. Therefore,
a positive value indicates a decrease in ATP consumptidm aétreasing V,, whereas
a negative value indicates the opposite trend. This arsatjemonstrated that for both
models, the rate of decrease in ATP consumption by SERCA mitally faster than the
corresponding rate of increase for NKA thus leading to atiaihdverall decrease in ATP
consumption. As Y, continued to decrease {y<0.035uM/ms in the 4-week KO model
and<0.07uM/ms in the 7-week KO model), the rate of increase in ATP camstion by
NKA became increasingly faster exceeding the rate of deertla SERCA and total ATP
consumption started to increase. The dotted lines on Fig. iAdicate the experimentally

observed V,, levels.

In the case of PMCA adaptation, as shown in Fig. 4.10, at 4 svéstlal ATP con-
sumption decreased with decreasing SERCA activity, asatteeof decrease in ATP con-
sumption by SERCA was greater than the combined rate ofaseein consumption by
PMCA and NKA, except at very low Y, levels (V,, <0.035uM/ms). At 7 weeks how-
ever, total ATP consumption increased monotonically wigsrdasing SERCA activity,
as the combined rate of increases in ATP consumption by NK(BARMCA were greater

than the rate of decrease in consumption by SERCA.

4.5 Discussion

Decreased SERCA function and increased NCX function haee lrequently demon-
strated in studies of HF in both human and animal models [B9]. 1In this chapter, our
goal was to analys€a®" handling in the 7-week SERCA KO mice, and to elucidate the
key differences between 4-week and 7-week time points whigjunderline the eventual

progression into HF.
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4.5.1 Effects of Compensatory Mechanisms on [Cd]; Transient

During parameterisation, the maximum uptake rate of SER@A feund to be further
decreased from 40 of the FF value at 4-week time point to Z0at 7-week time point,
while transsarcolemmaéla?* fluxes were found to be moderately increased at the 4-week
time point and significantly further up-regulated at 7 weeks the 4-week time point
these compensatory increases may have been sufficient taamaboth diastolic and
systolic[Ca®*]; at physiologically tolerable levels, but further up-regfion of NCX and
PMCA to the levels seen in the 7-week KO maintains dias{@li¢*]; but more severely

compromises systoligCa®"];, thereby contributing to the progression to systolic HF.

Experimental measurements revealed that in the 7-week KOmiaximum activity
of NKA was found to be decreased by approximatelyolénd 404 for the oy and «,
isoforms, respectively. NKA down-regulation is thoughinorease cardiac contractility
by elevating[Na*]; which in turn decreaseSa”*" extrusion through NCX and enhances
SR Ca loading [21, 200]. Simulation results from our modeg(F4.11) showed that
moderate reductions in NKA activity enhanced pé@k*"]; and the size of théCa*];
transient in the FF model. However, the same level of redodti NKA activity in the
7-week KO model resulted in a greater increas@ia’]; and diastolidCa?"];, as well
as a much smaller increase &{Ca?*];, which are likely to have detrimental effects on

diastolic function.

4.5.2 ATP Consumption in the FF, 4-week and 7-week KO

Simulation results in Fig. 4.8C and D suggested that totd A&dnsumption per cardiac
cycle byCa*™ handling processes was decreased at the 4-week time paipized to the
FF, due to decreased consumption by SERCA as both maximuskeupate of SERCA
and the size of thiCa®"]; transient were dramatically decreased. However, at thedkw

time point, despite further reduction in ATP consumptionSB§RCA, total consumption



4.5 DISCUSSION 153

A
%g 0.5 -
L B S
2 |o—5_ 228 -o -1
= =
8 7wk KOsy 4 ,
x0O 0 ©
g 2 4 FF 8
Imax,NKA,(xl (pA/pF)
B
5 i
o .04 ~

SE  oo2l= TS
o 0 fege-,
£ 002 Do -,
=0, 0,04 TwkKO.S .
P 4 FF 6 8

Imax,NKA,otl (pF/pA)
£
SE 2
BRS
o= 0
o 7wk KO
EE_ZO —0O \S L g
& 2 4 FF 6 8

Imax,NKA,al (pA/pF)
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[Na']; (C) in the FF and 7-week KO models, with graded NKA down-
regulation.

increased. This was due to dramatically increased ATP copsan by NKA resulting
from a two-fold increase in totala™ influx. Such an increase iNa* influx was due

to increased influx through NCX and NHE, with NHE contribgtito 80% of the total

increase.

4.5.3 Effects of Adaptations on ATP Consumption

The simulation results shown in Fig. 4.9 demonstrate thaessed ATP demand may
play a role in triggering intracellular acidosis in the 7ekeé<O. In the 4-week KO model
with a physiological pH level, diastolic|Ca*"]; may be maintained by compensatory
NCX up-regulation, without incurring additional metatwlcost, as long as .y for
SERCA was greater than %0of the FF value. As presented above, this was because the

combined rate of decrease in ATP consumption by SERCA andA&M&s greater than
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the rate of increase in consumption by NKA. The aforememg@ominimum threshold
was well below the experimentally observed SERCA activityhie 4-week KO. As Y,
fell below this minimum, total ATP consumption increasedhnilecreasing SERCA
function, as the rate of increase in ATP consumption by NKA&dmee greater than the
combined rate of decrease in consumption by SERCA and PM®@A.parabolic shape
in the relationship between ATP consumption angl Suggested there may be a critical
SERCA level, above which effective compensatory chang#sowt a net metabolic cost
are permitted. A qualitatively similar trend was observethie 7-week model, although
at this time point the experimentally observed SERCA afgtiwias at the minimum (cor-
responding to 2@ of FF value) of the aforementioned parabola and furtheredesas in
SERCA level led to increased total ATP consumption. Thigcatgd differential effects
of NCX up-regulation on ATP consumption in the 4-week andéeiwKO models. As a
result, a decrease in SERCA activity was associated wittedsmg ATP consumption at
the early stage of SERCA KO and then increasing ATP consamptith further SERCA

loss.

The above analysis was carried out with4Jset to zero in order to assess the effects
of NCX up-regulation alone. In the presence of further meliabmbalance as observed
experimentally in the 7-week KO, the increase in ATP demaadldinevitably result in
an even greater burden on metabolic response. Severalsbtitees have also suggested
the role ofNa™ homeostasis in the regulation of mitochondria functior2[1230, 160].
Specifically, an elevateNa*]; has been shown to blunt mitochondri@*" uptake by
activating mitochondrial N&/Ca&* exchanger [122, 160]. Compromis€d*" accumu-
lation in turn has been associated with net oxidation of NA@UHing increased work

[122] and thus impaired matching process of energy suppydamand [130].

Therefore, we postulate that in the 7-week KO, a reinforaygle may underlie the

eventual development into HF. As shown in Fig. 4.12, adaptiereases in NCX func-
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FIGURE 4.12: Progressive reductions in SERCA function eventuabults in a re-
inforcing cycle involvingCa?* handling, [Na*]; accumulation and
metabolic imbalance.

tion lead to[Na*]; elevation and increased ATP demand by NKA. Metabolic imbzga
resulting in anaerobic metabolism in turn leads to protoodpction thus enhancing
NHE activity and hence furthé¥a™ influx. IncreasedNa™ influx must be balanced by
increasedNa ™ efflux through NKA, thereby leading to an even greater AT Pscwnption

and further exacerbation of metabolic imbalance.

In the case of PMCA adaptation, as shown in Fig 4.10, total AdRsumption de-
creased with decreasing SERCA activity at 4 weeks but isecat 7 weeks. It can
thus be reasoned that PMCA adaptation alone may initiallg Beasible compensatory
mechanism but later become detrimental in cells which wieeady metabolically com-

promised.



Chapter 5

Conclusions, Limitations and Future

Directions

5.1 Summary

In this thesis, a data-driven biophysically-based modeCaf™ dynamics in murine
ventricular myocytes was developed, motivated by the negaravide a species- and
temperature-consistent framework to enable quantitatiudies ofCa** handling in

experimental transgenic mouse models that ultimately IdpvelF. This framework
was subsequently used to investigate cardiac electrapbygsi function through time

following SERCAZ2 gene knockout in mice at the 4-weeks andegksg time points.

The first contribution of this thesis is the development eftiodel ofCa*" dynamics
in the ventricular myocytes of C57BL/6 mice, as presenteClimpter 2. To achieve
this goal, where available consistent experimental dateces from mouse were applied
using a parameterisation methodology developed to eskaaltransparent link between
data and parameter values. The model was validated agamasiga of experimental
measurements including frequency response&at"™ dynamics, AP morphology, the

dependence of AP duration on cycle length and electricaituéen. This framework
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allowed characterisation of ke¢a’>" handling parameters using a set of data from
standard experimental procedures. As a case study, traosgee over-expressing the
canine NCX isoform was investigated using our model. Sitmmeresults indicated that
observations from genetic modifications were species+udgrd, and in the case where
species variation in the NCX isoform was eliminated, acwer-@xpression of NCX led
to a net loss oa®* from the cell which lowered both SRa** load and systoli¢Ca*"|;
transient magnitude. This result further supported thel beese a species-specific model
that takes into account the species-dependent variatiorfglp interpret experimental
observations and elucidate the underlying mechanismanhgitbe difficult to observe

directly.

The second contribution of this thesis is to quantitativekamine time-dependent
changes irCa?" handling in SERCA2 KO mice using modelling, thereby reveginter-
action between early compensatory mechanisms, metabatdrthe final development of
HF, as presented in Chapters 3 and 4. In Chapter 3;#i€ handling components were
re-parameterised using experimental data from SERCAZ2 Ke¢2 ati a 4-week time point,
using a similar approach as for the C57BL/6 mice in Chaptdih2z model confirmed the
experimental observation that sustairi€d*]; transients can be maintained at this time
point, despite severely impaired SERCA function. The ingace of the compensatory
mechanisms observed in the KO cardiomyocytes was invéstigesing the model, which
demonstrated that the combined effect of the increasec&@x®" current and NCX
activity was to lower diastoli¢Ca”"]; which was highly sensitive to changes in SERCA
activity at physiological relevant pacing frequencies-silico investigation into other
possible compensatory mechanisms identified NCX as a vatdesffective mechanism

for lowering diastolidCa*"]; although at the cost of a lower systolica®'];.

The effects of further reductions in SERCA activity beyohe #-week time point

were investigated in Chapter 4. To do this, the above framlewas extended to include
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a more detailed description @a®" dynamics in the sub-sarcolemmal compartment,
which were fitted to experimental measurements from the Rifedk and 7-week KO
cardiomyocytes. The 7-week KO model showed that the exgariatly observedNat];
elevation at this time point was due to increaded influxes through the NCX and NHE,
with the latter exacerbated by intracellular acidosis. \WWentl that as SERCA function
decreased the total ATP consumed for maintaining ionic lustasis decreased, until
SERCA reached approximately Z0of its initial value, whereby total ATP consumption
began to increase as SERCA function decreased. This odcasréhe rate of increase
in ATP consumption by NKA for the extrusion of the additiodal™ brought in through
up-regulated NCX eventually surpassed the rate of decreagdP consumption by
SERCA and PMCA thus leading to an overall increase in ATP gomion. The critical
point where the cell can no longer compensate for SERCA lag®ut increasing ATP
consumption may represent the transition point to HF. Irethent of intracellular acidosis
and hence metabolic imbalance, a reinforcing cycle may iatied involvingNa™ ac-
cumulation, a mismatch between ATP demand and supply, asasinigly compromised

metabolism, a decreased pihd finally an even great@Xa'|; elevation.

To facilitate transparent and unambiguous disseminatidheoresults of this thesis,
we have made the models available on the CellML website (wehml.org). For the
C57BL/6 model framework, the metadata links to the expenialedatasets used for pa-
rameterisation, a full explanation of the datasets and ey are linked with each model

component are also provided.

5.2 Model Limitations

While this thesis provides important contributions to tinelerstanding o€a*" handling
in the normal and failing heart, the following paragraphdrads the limitations of this

study and their implications.
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For the development of the C57BL/6 model, experimental nnressents of the
outwardK™ currents obtained at physiological temperatures are lagsdant than those
at room temperature. In some cases this necessitates thef uksga from multiple
mouse strains. These different genetic backgrounds arerkio have different AP
characteristics [34, 205]. These differences are likelyedess than differences observed
between species but still need to be considered. This medélus only an approxi-
mation of the C57BL/6 murine cardiac myocyte based on theeatly available data

and will need further updating as new data from C57BL/6 LV wwes become available.

The C57BL/6 model includes a component of CaMKII-regubaigathway to account
for FDAR. Apart from being involved in FDAR, CaMKIl is thougio regulate several
otherCa*" transport proteins including RyR and the LCCs. Most studie€aMKII have
been done using acute CaMKII over-expression and endogesra@xogenous activation
of CaMKII. For example, Maier et al. [134] found a 4-fold iease in restinga"
leak from the SR and a decrease in SR content in transgenic mice over-expressing
CaMKII compared with WT littermates. In another study [7éhdogenous CaMKII
activation in mice was seen to increaSe®" spark frequency in both WT and PLB
knockout mice. Although the exact level of interactionshestn CaMKII and RyR under
physiological conditions is not clear and was not directhg@rved in our experiments,
we tested the sensitivity of our model to increases in(BR" leak rate and the rate of
SR Ca’" release. Doubling the rate of SBa*" release (V.) from 4.5 to 9 ms' led
to no change in the magnitude of the transient at 3 Hz, but’a d€crease in the time
to peak and a 1% decrease SRa’" content. This was consistent with experimental
observations that changes in the open probability of RyR dtwald a transient effect
on the size of thgCa®"]; transient [54, 55]. On the other hand, doubling the rate of
SR Ca’" leak (Meax) from 3 x 1075 to 6 x 10°° ms! resulted in a 1% decrease in

the magnitude of the transient, a2@ecrease in the SRa’" content and no change
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in the time to peak. Therefore, CaMKIl regulation of RyR sse at higher pacing
frequencies may be important if SR leak rate is increasedifgigntly, and this may be

included in the model once quantitative experimental datames available in the future.

The modulation of LCC by CaMKII has also been reported by ssvgroups. Gen-
erally, CaMKII is thought to facilitate d.;, with repeated depolarisations (see review
by Maier and Bers [133]). More recently.k, in ventricular myocytes from mice with
CaMKIl over-expression have been reported to have a highak and slower decline
[134]. In rabbit ventricular myocytes, acute CaMKII overpeession led to an increase
in peak L., and a prolongation of the inactivation kinetics without siaig statistically
significant changes ifCa*"]; transient [107]. At 3 Hz, increased activity of CaMKI
should be expected to facilitate.},, however both Dibb et al. [49] and Antoons et al.
[7] have reported progressive reductions in peak, lWwith increasing frequency in rat
and mouse ventricular myocytes respectively. Thus sineghysiological role ofd,;,

facilitation is still debatable [133], it was not includati® our model formulation.

For the model of SERCA2 KO at the 4-week time point, paransgon of NCX and
PMCA formulations in the KO model was based on the assumptiaha 4%5% increase
in PMCA expression level observed experimentally led toghme percentage increase
in its activity. The validity of this assumption requiresther investigation, such as an
additional experiment measuring caffeine-indu¢€d®*]; transients in the presence of
an NCX inhibitor. Given the lack of availability of this datae tested the sensitivity of
our model results to changes in the ratio betwegenand $yica in the KO model. The
key finding that NCX up-regulation was important for maintag diastolic[Ca**]; in

the KO model was not found to be sensitive to the above assompt

In the model of SERCA2 KO at the 4-week time point, SERCA atiéig in the FF and

KO cardiomyocytes were obtained from analysing the decdietaf-stimulated Ca?*];
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transients at 1 and 6 Hz. While the analysis was based on shengsions of no changes
in buffering properties and negligible mitochondi@l** transport, the method has been
consistently validated and represents the standard mé&hdahctionally characterising
Ca*" uptake through SERCA. For example, Shannon et al. [177] tigednethod in
their study of[Ca®*]; decline in voltage-clamped rabbit ventricular myocyteschPet
al. [156] used the same method for characterising the frexyudependent changes
in SERCA activity in mouse ventricular myocytes. Li et al.16] also characterised
Ca”" transport in PLB KO mice using this method. Additional exa@spsupporting
the validity of our approach can be found in many other swll®7, 155, 194, 203].
Studies using SR vesicles prepared from cardiac tissuercardp an alternative method
to characterise SERCA function. However, these preparsittompromise the cellular
environment and thus also the complex regulatory mechanidierefore, results from
these studies require careful interpretation and can raatilye provide a quantitative

relationship between protein density and function.

For the model of SERCA2 KO at the 7-week time point, we proddbat lactic acid
production through anaerobic metabolism may underlie iserved acidosis in the KO
cardiomyocytes. The validity of this assumption requirgtifer investigation. Consistent
with our assumption, previous work by Allen et al. on ferreafts showed that when
oxidative phosphorylation was inhibited while also inhiitog glycolysis, the development
of acidosis could be prevented [3]. However, Eisner et aluntbthat stimulation of
lactic acid production had no effect on phh isolated rat ventricular myocytes [56].
They further used modelling to demonstrate that lactic poadiuction only resulted in a
transient reduction in pHvhich recovered as protons were extruded by the pH-regglati
mechanisms. Therefore, acidosis in the SERCA2 KO cardiaytgs may not be a result
of impaired anaerobic metabolism alone and that aerobialmoésm is also affected,

consistent with the observation of Eisner et al..
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In all the models presented in this thesis, intracelldat™ buffering was accounted
for using the framework of rapid equilibrium approximatidaveloped by Wagner and
Keizer [204] and fitted by Trafford and Eisner [196] to dataanted from ferret ventric-
ular myocytes at room temperature. The validity of the raggjdilibrium approximation
has been examined in detail by Wagner and Keizer [204], andinae been widely ap-
plied and acknowledged as a reasonable approximation ferlmg properties in studies
of Ca®* handling [17, 116, 156]. We have chosen this approach asadickibuffering
model would involve additional parameters that can not lficgently constrained from

available experimental data.

The formulation of intracellula€a®" buffering proposed by Trafford et al. [196] was
based on experimental data from ferret ventricular myacgteroom temperature using
fluo-3 as theCa?" indicator. Whether there are significant differences irfesirig prop-
erties between mice and ferrets is unclear. To estimateitieeeshces between ferret and
murineCa* buffering we used simultaneous measurements of caffeitieced Ca*");
transients and theykx current in murine ventricular myocytes at room temperature
performed by Adachi-Akahane et al. [1] to estimate the neugdardiac myocyt&a®"
buffering curve. The buffering curve obtained from the Aldiagkahane et al. [1] data
was in close agreement with the Trafford and Eisner buftedarve for[Ca®"]; below
0.5 uM, and slightly lower at highefCa"]; levels. Since in most cases, the observed
[Ca?*]; transient in our sample has a peak at or belomOVG the use of ferret buffering
parameters would seem to provide a reasonable approxmaititl specific buffering

measurements in murine hearts at physiological tempeshecome available.

The difference in buffering due to the choice Gf°" indicators can be estimated
as follows. According to Trafford et al. [196], fluo-3 has @ Kg. Of 0.4 uM. In the
presence of 16iM of the dye in the cytoplasm during their experiments, itffdnng

capacity for[Ca?*]; between 0 and LM is shown in the Fig. 5.1. In our experiment, with
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Total

[Ca®], (uM)

FIGURE 5.1: Difference in the buffering effects between Fluo-3 &uda-2. “Total”
indicates the total amount of buffering calculated acaagdo the equa-
tion proposed by Trafford et al. [196]. “Fluo-3" and “Fura+2present
the buffering effect of eaclia®* indicator respectively.

a 5uM concentration of fura-2 and al{.s.. Of approximately 0.25:M, the buffering

capacity of fura-2, is lower compared to fluo-3. For examatéCa?*]; equal to 0.5uM

which is the level of systolifCa®*]; at 0.5 Hz, the concentrations 6" bound to fura-2

and fluo-3 are approximately 3.3 and g8, and the concentration éfa*" bound to the

intrinsic buffers is approximately 5gM according to the B, (114 uM) and K; puer

(0.59uM) values estimated by Trafford et al. [196]. Therefore, ¢batribution of fura-2

and fluo-3 to the total buffering capacity i$6and 15% respectively. Based on the

assumption that intrinsic buffering capacity in ferret anduse is similar, this indicates a

slight overestimation of the total buffering capacity inuse due to the different buffering

capacity of the dye.

Intracellular Ca®" buffering was assumed unchanged with SERCA2 KO, although

the reductions in the expression and activity of SERCA mayltén a decrease in the

overall Ca®" buffering property. Such a decrease would mean a decredbe thange

of the totalCa®* concentration for the same level of changé@a®*];. This means that
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during the decay phase of th€a?t]; transient, les€’a*" would need to be removed
from the cytosol to achieve the same decread€iri*];. Under such circumstances, the
activities of Ca®* removal mechanisms may be overestimated in the current K&emo
To investigate whether this could fully explain the propmrally higher SERCA activity
found in our study, we tested how much buffering would neechtange to yield an 8%
reduction in SERCA activity as measured in myocardial gdsomogenate at the 4-week
time point. The result was a 62reduction in the maximum buffering activity, which is
significantly greater than the reported total percentageritmution (approximately 19)

of SERCA to total buffering [19]. In addition, the situatiefurther complicated by the
possible alterations in th€a®" binding properties of the myofilaments, as mentioned
previously, since troponin C is another important fast™ buffer with a similarCa®"
binding affinity to SERCA, and contributes to approximaté6y;, and 294 of fast and
total buffering respectively [19, 66]. Furthermore, ounsévity study on the rate of
decay of the transient suggests that the reduced lusitefigict of SERCA KO at a higher
pacing frequency presented in the study at the 4-week tinmd @oindependent of the

choice of buffering parameters.

Care should be taken when extrapolatiirg ™ handling properties observed in isolated
myocytes tan vivo functions. Normal contractions at a physiological paciregfiency
(10 Hz) could not be sustained in isolated myocytes, thusauddoonly obtain[Ca?*];
transients at lower pacing frequencies (up to 3 Hz for C58Bhice, and up to 6 Hz
for SERCA2 FF and KO mice). This could be due to a number obfadncluding cell
damage during isolation, loss of structural integrity aochpromised metabolic properties
[180, 183]. It is therefore possible that other aspect§€of" handling properties not

discussed above are also affected.
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5.3 Future Work

Computational models incorporate a vast range of avaikperimental data sets into a
consistent framework for quantitative analyses, and ctendfe reused in other relevant
contexts. For example, existing published models can bptaddor studies that investi-
gate a different phenomenon on a similar scale, or combing#dother models within a

common framework to create a new model on a larger scale.

There are a number of extensions to the modelling work pteddrere, some of which
are still on-going. The C57BL/6 model framework has beenltisénvestigate the effects
of SRCa?" leak onCa*" dynamics in mice with neuronal NO synthase (nNNOS) KO, in
collaboration with Lim et al. [119]. Recent experimentaid®nce suggested NO may
modulate RyRs function and disruption of nNOS-derived Nghalling was observed to
cause an attenuated $R*" leak which became more evident at higher G&* content
[120]. However, it is unclear whether the reduction in SB" leak contributes to the
increases ifCa®*]; transient magnitude and SBa*" content observed experimentally
in NNOS KO mice, in the presence of reduced SERCA activity emaancedd.,;,. To
investigate this question, a sensitivity analysis wasqreréd based on the C57BL/6
framework with reparameterisation of the model using expental data from the WT
and nNOS KO mice. In this analysis, the effects of varyingrdeg of reduction in SR
Ca’* leak on[Ca®']; transient magnitude and SR*" content were examined at a range
of [Ca?*], and pacing frequencies. Simulation results suggestediétatased SRa*"
leak may facilitate SRCa" loading in nNOS KO mice and this inotropic effect appeared

to be more significant at the lower pacing frequencies aneél¢@z ], levels.

The C57BL/6 model framework has also been used to help exaarother geneti-
cally modified mouse model lacking an LCC auxiliary proteien® which is thought to

regulate LCC function [132]. Experimentally measuf€d”"]; transients were smaller
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in Rem KO ventricular myocytes, even though; had a +4 mV shift in steady-state
activation and a 2% increase in maximum conductance. To examine the implicatid
changes ind,;,, parameters ford,;, were fitted to experimental measurements obtained
from the WT and Rem KO, including the voltage-dependencetwation and inactiva-
tion kinetics, the current-voltage relationship, and teeay kinetics of the current. All
other parameters for the WT and Rem KO models were kept the santhose in the
C57BL/6 model. Simulation results confirmed the experirakabservation of a lower
[Ca®t]; transient magnitude, and indicated that despite havingeategr peak d,;, and
similar inactivation kinetics under voltage-clamp cormatis compared to the WT, the +4
mV shift in activation in the Rem KO was sulfficient to alteg] dynamics during an AP,

resulting an overall reduceth?* entry.

In another study, the model of cardiac electrophysiologytie SERCA2 FF and KO
mice has been coupled to a cellular mechanical model by Lamdl g111], enabling
investigations into the effects of altered myofilaméat* sensitivity on cellular contrac-
tility. The coupled cellular electro-mechanics model isum embedded into a detailed
three-dimensional finite-element model of the intact mohsart, using anatomically
accurate geometry and microstructure information obthitteough high resolution
confocal images. Such a model can shed further light on fleetsfof SERCA2 KO on

cardiac function at the whole-organ level.

Finally, the model of cardiac electrophysiology for the 8576 mouse has been used
in an on-going study of genotype-phenotype mapping by Vid.ef201], in whichin sil-
ico genetic variations are represented by parametric vansitiwhich propagate through
the model to generate multivariate phenotypes for the AF@at |; transient. Statistical
analysis was then applied to the resulting genotype-tawpiype map to reveal the corre-

lations between low-dimensional genetic variations agghtdimensional phenotypes.
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5.4 Conclusions

To conclude, the heart is a complex system in which multiptertdependent pathways
are intricately tuned to maintain cardiac function. At tle#ldar level, the regulation of
intracellularCa®* dynamics is one of the most important factors contributmgarmal
myocardial contraction. While a dynamic and delicate begawfCa*" fluxes and electro-
physiological properties is essential for generating asjiggical[Ca®t]; transient, the
system also responds with robust adaptation to short- angdtierm perturbations. Genet-
ically modified mice are a useful tool for probing each’*™ handling component within
this complex system, yet the compensatory mechanisms ticat dollowing a genetic
modification make it difficult to understand the overall eteeon cardiac electrophysi-
ology and globalCa?* dynamics. In this context, experimental date-driven maie
cal models that take into account the species- and temperdépendent nature Gfa*"
handling provide a unique opportunity to incorporate a vasge of available data into
a model for an integrated investigation. We have demormsirtitat such models can be
used to quantitatively characterise changes in the fumatiactivities ofCa®>" handling
components and the effects of compensatory mechanismé wioigld otherwise be dif-
ficult to study experimentally. In addition, using such migde track changes in cardiac
electrophysiology through time, we have been able to relkeal early compensatory
mechanisms become detrimental at a later stage and ultymeseilt in the development

of HF.
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List of Parameters, Their Values and
the Corresponding Experimental Data
Source and Temperature for the

C57BL/6 Model

RT: room temperature. *: indicates experiment was carrigdiothe current study. Di-
rect: indicates parameter value was fitted directly to érpemtal data. Indirect: indicates
parameter value was fitted indirectly to experimentallyestaed ensemble behaviour as ex-
plained in the text. Estimated: indicates the same paramakee from a previous model

was adopted.

Parameter Definition Value Species °T) Fitting(source)

Cm Specific membrane capacitangeF(crm?) 1.0 Physical constant

F Faraday constant (C/mmol) 96.5 Physical constant

T Absolute temperature (K) 310 Physical constant

R Ideal gas constant (@ol—!-K 1) 8.314 Physical constant

Acap Capacitive membrane area (crh) 1.387x 1004 Murine 35 Measured (*)
Continued on next page
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Table B.1 — continued from previous page

Parameter Definition Value Species °T) Fitting(source)
Vimyo Myoplasmic volume L) 2.2x10°° Murine 37 Measured ([148]
Vsr Juctional SR volumey(l) 7.7%x 1078 Murine - Measured ([28])
VNSR Network SR volume L) 2.31x 10-7  Murine - Measured ([28])
Vs Dyadic space volumeul) 2.2x10°8 - - Estimated ([19])
Brmaz Max. buffering capacity (M) 109 Ferret RT Direct [196]
Kdpy s fer Affinity of buffer to Ca2* (uM) 0.6 Ferret RT Direct [196]
V3iEy NCX: max. exchange rate (pA/pF) 3.939 Murine 35 Direct (*)
Km,Cao NCX: affinity to extracellularCa?* (mM) 1.4 Murine 35 Estimated (*)
Km,Cai NCX : affinity to intracellularCa2* (mM) 0.0036 Murine 35 Estimated (*)
K, Nai NCX : affinity to intracellularNa™ (mM) 12 Murine 35 Estimated (*)
Ksat NCX: saturation factor 0.27 Murine 35 Estimated (*)
n NCX: V,-dependence factor 0.35 Murine 35 Estimated (*
Kinalio NCX: allosteric regulation{M) 0 Murine RT Measured ([206])
fo CaMKIl: initial fractional occupancy (%) 5 Canine 37 Estited [95]
Kim,Cat CaMKIl: [Ca?T]; for half activation (1M)) 0.7 na na Estimated ([215]
« CaMKII: autophosphorylation rate (ms) 0.05 Canine 37 Estimated ([95]
B8 CaMKII: dephosphorylation rate (ms) 0.0002 Murine 35 Estimated (*)
Km,up SERCA : affinity toCa?* (uM) 0.412 Murine 35 Direct (*)
Vap SERCA: max. uptake rate in the absence of CaMKM(ms) 0.396 Murine 35 Direct (*)
Km,caM K SERCA: half-saturation coefficient for CaMKI| 1.224 Murine 35 Direct (*)
NcaM K SERCA: Hill coefficient for interaction with CaMKII 2.583 Mine 35 Direct (*)

nH SERCA: Hill coefficient for binding taCa2+ 2 na RT Direct ([129])
AVup CaM K SERCA: max. CaMKII-dependent increasevin,, 2.998 Murine 35 Direct (¥)
Vieak SR leak: rate constant (ms3) 3x10°° Murine 35 Indirect (*)

Continued on next page
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Table B.1 — continued from previous page

Parameter Definition Value Species °T) Fitting(source)
Pcar LCC: permeability of the channel (m$) 2.5 Murine 35 Direct (¥)
Py, LCC: proportion of time closed in open mode 1.798 Murine 35 rebti (*)

tr LCC: time switching between C and O states (ms) 15 Murine 35 iredd(*)

\%3 LCC: potential when half LCC open (mV) 0 Murine 35 Direct (*)
AV, LCC: width of opening potentials (mV) 6.45 Murine 35 Diret} (
Kr LCC: concentration at inactivation) 0.3 Murine 35 Direct (*)
L LCC: inactivation time (ms) 1150 Murine 35 Direct (*)
a LCC: biasing to make inactivation function of V 0.0625 Mwin 35 Estimated (*)
b LCC: biasing to make inactivation function of V 0.4 Murine 30 Indirect ([7])
C LCC: V-dependent inactivation constant 1 (mV) 33 Murine 37 irebx ([143])
Co LCC: V-dependent inactivation constant 2 (mV) 8.23 Murine 7 3  Direct ([143])
Cs LCC: V-dependent inactivation constant 3 (ms) 0.1 G-P 37  inkded ([98])
Cy LCC: V-dependent inactivation constant 4 (mV) 40 G-P 37 riated ([98])
Cs LCC: V-dependent inactivation constant 5 (mV) 6 G-P 37 Eated ([98])
Cs LCC: V-dependent inactivation constant 6 (ms) 8 Murine 35 rekti (*)

Cr LCC: V-dependent inactivation constant 7 (ms) 315 Murine 37 Direct ([143])
Cs LCC: V-dependent inactivation constant 8 (mV) 30 Murine 35 irebx (*)

Co LCC: V-dependent inactivation constant 9 (mV) 4 Murine 35 reldt (*)
Grto, f lxto,£: Max. conductance of the channel (mBy 0.535 Murine 32 Direct ([53])
Grur lur: Max. conductance of the channel (mB) 0.250 0.250 32 Direct ([53])
Glss lxss: Max. conductance of the channel (mB) 0.060 Murine 32 Direct ([53])
G Ik,: max. conductance of the channel (mB) 0.0165 Murine 32 Direct ([115])
Gis ls: max. conductance of the channel (mB) 0.00575 Murine RT Estimated ([27]
Gr1 l1: max. conductance of the channel (mB) 0.35 Murine 36 Direct ([105])

Continued on next page
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Table B.1 — continued from previous page

Parameter Definition Value Species °T) Fitting(source)
Vel RyR: max.Ca?t permeability (ms!) 4.5 Murine RT Estimated ([27])
ke RyR: Po; - Po; rate constantyM —4/ms) 0.006075 Murine RT Estimated ([27]
ke RyR: P - Pc; rate constant (ms!) 0.07125 Murine RT Estimated ([27])|
k; RyR: Po; - Py rate constanty(M —3/ms) 0.00405 Murine RT Estimated ([27]
kK, RyR: Po3 - Po; rate constant (nst!) 0.965 Murine RT Estimated ([27])
Kk RyR: Py - Pco rate constant (ms!) 0.009 Murine RT Estimated ([27])
ke RyR: P, - P rate constant (ms!) 0.0008 Murine RT Estimated ([27])
n RyR: Ca2* cooperativity parameterd - Poy 4.0 Murine RT Estimated ([27])
m RyR: Ca2* cooperativity parameterd - Pos 3.0 Murine RT Estimated ([27])
APgyr Pryr: Ca?t release modulating constant A (m&) -0.01 Murine 35 Indirect (*)
BPryn Pryr: Ca2t release modulating constant B (m9 -2.0 Murine 35 Indirect (*)
Tir Time constant for transfer from NSR to JSR (ms) 20 Murine RT  tinked ([27])
Txfer Time constant for transfer from dyad space to cytosol (ms) 0 8. Murine RT Estimated ([27])
CSQNot CSQN: total concentration in JSR (mM) 50 na na Estimated][1
KGN CSQN: affinity toCa2t (mM) 0.63 na na Estimated ([19]),
Kim,Na Nat/K* pump: affinity toNat (mM) 16.6 Murine 35 Direct ([18])
Ie% Nat/K* pump: max. exchange current (pA/pF) 2.486 Murine 35 Dirg&]j
Km,Prmca PMCA: affinity of the pump taCa2t (uM) 0.289 Murine 35 Direct (*)
I'Biica PMCA: max. pump current (pA/pF) 0.096 Murine 35 Direct (*)
Gcab | cab: Max. conductance of the channel (mBy 0.00070 Murine 35 Indirect (*)
GnNa Ina: max. conductance of the channel (mB) 16 Murine 37 Indirect ([44])
Gnab Inab: Max. conductance of the channel (mB) 0.0026 Murine RT Estimated [44])
Gci,ca Ic1,ca: Max. conductance of the channel (mBy 10 Murine RT Estimated ([27])
Km,c1 Ic1,ca: half saturation constant for the currepiV) 10 Murine RT Estimated ([27])

©

Continued on next page
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Table B.1 — continued from previous page

Parameter Definition Value Species °T) Fitting(source)

Ect Ic1,ca: reversal potential for the current (mV) -40 Murine RT Esited ([27])
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Mathematical Formulations for the

C57BL/6 Model Framework

All model equations were directly generated from cellml fwaellml.org) using the

Cellular Open Resource (COR: http://cor.physiol.ox.lc)tio remove chance of errors.

cell

time

past = LStimpem'od

J : Stimpem'od

) { stimamplitude i (time — past > stimoffset) and (time —past < stimg g pser + stimdumtion)
1Stim =

0 otherwise
dV_ _  (igar 4 Finex +icas +iNa +inay +iNKA +i
atzme - CalL PMCA NCX Cab Na Nab NKA KtOf

+ikto, +ik1 +iks +ikur +iKkss +ikr +iciCa + iStim)

L_typecalcium.current

FVRT = 1%
FVRTg, = 2- FVRT
V-V
expVL =e¢ vy,
@, = expV L
P~ tr - (expVL +1)
_ expVL+a

? = 1, K - (ezpVL + 1)
_ b-(exzpVL+a)
m = 7, (b-expVL +a)

= 1 i LCCcs
Ygate;pny = V+LCCoy “ViLiCa
14+e LCCTc2 1+e ICCcs
LCC
Ygate, = LCCce + W

14+ e LCCco
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L_type calciumcurrent (continued)

c=1-0-1
do
Ttirne =ap-C—am-0
L =, Cads - C—em 1
dygate _ Ygateiny — Ygate
P 9. Vds- F dtime — Ygater
—ICar 2" Vas- I -0 - ygate - FVRTcq
Acap - Cm 9 .
—FVRTGS - (Cao-e~FVEIca — Cads) if |FVRTcq| > 0.000,01
iCaL =9 _Pp,.-2-Vds-F
CZL—CS -0 - ygate - 0.000, 01
cap - T —5-0000T . (Cao . —0-000,01 _ Cads) otherwise
— o —0.000,

calciumactivated chloride.current

. G -0 -Cai
icioa = =G TR (V- Ea)

Is) - _ 02
CliCa = —(V—46.7)
l1+te 7.8

calcium.backgroundcurrent

icab = Gcoab - (V — Ecan)
-T Cao

_R
Ecan = 575 " In g
—igap - Acap - Cm

Jcab = 2-Vmyo - F

calcium.concentration
— (icab +iPMca —2-incx) - Acap - Cm

Jtotal = 2-Vmyo - F
: . ] ] —2-1 - A -C
dCai _ Bi- | Jicak + Jzfer — (icas + ZPMC; meZ(I)V-CF)'() AR - JSETCG)

dtime
dCads _ Bss - Jret - VISR ([ Jufer - Vmyo 4 icaL - Acap - Cm
Vds Vds 2.-Vds- F

dtime
dCaJSR _
dtime = BJSR - (Jitr — Jrel)
dCaNSR _ (Jserca — Jieak) -Vmyo  Ji.-VJSR
dtime VNSR _\I/NSR
Bi— (14 Bmax - deufferz
(deuffer + Cai)
Bss— (14 Bmazx - Kdyy g fer §

(deuffer + C’ads) .

BJSR= (14 CSQNtot'KmCSQN2
(KmCSQN + CaJSR)
. Nio
CaJSR - CSQNiot VISR

Casg = CWISE+ Kmoson 4 CaNSR-VNSR
Vmyo Vmyo

calciumfluxes

Jret = Vieer - (Po1 + Po2) - (CaJSR — Cads) - Pryr

Jieak = Vieak - (CQNSR — Cai)
J,. — CaNSR — CaJSR
tr = Ttr
J _ Cads —Cai
xfer — T for
_f0-(1—fH-1
= Kmca
Cads
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calciumfluxes (continued)

az?ij:rtLe = alpha - fb- (fb+ ft) — beta - ft

fa=fb+ ft

. NCaMK
Vup = (<5VupcaMK7,mc fa"Cea

Km’éci?%K + fa"CaMK + 1) * UMUPinit
a

Vup - Cai™?

Kmﬁgl + Cai™H

Jserca =

. 2

dPRyR _A P +BPRyR'ZCaL -G%L

dtime — “*PRyR RyR icaLmaa:
calciumpumpcurrent

n )
IPMCAmay - Cai
2 -2
Kmpyca + Cai
—ippca - Acap - Cm
2-Vmyo - F

IPMCA =

JpymcaA =

fastsodiumcurrent

iNa = GNa - ONa - (V — Ena)

_R-T 0.9- Nao+0.1-Ko
Ene =" MG Nai ¥ 0.1-Ki

CNa3 =1—(ONa +CnNa1 + CNa2 + IFNg + I1Nng + 12N + ICNa2 + ICNa3)

dCNa2

T2 = ana11 - ONa3 + BNa12 - ONa1 + Na3 - ICNa2 — (BNa11 - CNa2 + @Na12 - CNa2 + BNas - CNa2)

%(t?i];’n—“el = anqgi2 - Ona2 + BNa13 - ONa + dNa3 - IFNg — (BNa12 - CNa1 + @Na13 - CNa1 + BNa3 - CNal)
ggﬁb‘é = ana13  Cna1 + BNa2 " IFNa — (BNa13 - ONa + aNa2 - Ona)
dl Fa

fime = A@Na2 " ONa + BNa3 - CNa1 + BNaa - I1na + ana12 - ICNa2—

(BNa2 - IFNa + aNa3 - IFNa + aNa4 - IFNa + BNa12 - TFNa)

71
%ﬁ = aNa4 - IFNa + BNas - I2Na — (BNa4a - I1Na + @Nas - T1Ng)
dr2
aﬁ =anaes " I1na — BNas - 12Na
]
d—dg%—‘f = ana11l - ICNa3 + BNa12 - IFNa + BNa3 - CNa2 — (BNa11 - ICNa2 + aNa12 - ICNa2 + aNa3 - ICNq2)
%%%;3 = BNa11 * ICNa2 + BNa3 - CNa3 — (@Na11 - ICNa3 + aNa3 - ICNa3)
ONall = 7(v+23f'58)02 —V125)
0.102,7 - e 17 +02-e 150
ANal2 = —(V+2?’5'2802 —(V+2.5)
0.102,7- ¢ T5 ~ +0.23-¢~ 150
QNal3 = ,(VJFQ%)SOQ —(V+2.5)
0.102,7 - e 12 + 0.25 ~)e 150
—(V+2.5
BNa11 = 0.191,7-e™ 203
—(V—2.5)
BNa12 =0.2-e” 203
—(V—7.5)
BNa13 =0.22-e 203

. =vin
aNg3 = 7-10 e 1.7

BNa3 = 0.008,4 + 0.000,02 - (V +7)
1
—(V+7)
0.188,495-e 166 4 0.393, 956

QANa2 =

BNaQ — O&Nal3 "&Nag2 - ¥Na3
BNa13 - BNa3
a _ o
Nad = 77000
BNa4 = ANa3
_ ONag2
@Na5 = 95000
QNa3
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fast.transientoutward K_I

iKtOf :GKtOf -ato?’c -Z'tOf-(VfEK)
Ex = BT 1, Ko

F K1
itofss = \%+5144
1+e 5
10.936, 2
Tito, = 9.664,5 + 71 N V1514
e 5

dato

aitim{; = Qg - (1 — atOf) — Ba - atoy
ditoy  itofss —itoy
dtime — Titos

g = 0.180, 64 - 0-035.77-(V+45)

ﬂa — 0.3957 6 - 670.062,37»(V+45)

non.inactivating steadystate K_|

iKss = Giss - aKss-iKss-(V — Ek)

daKss _ ass —aKss

dtime — TKss
diKss _ 0
dtime

Tiss = 39.3-¢7005V 11317

potassiumconcentration

dKi - (ism'm +iKto; T iKto, T iK1 +iKs +iKss T iKur +ikr —2- iNKA) - Acap - Cm
dtime — Vmyo - F

rapid_delayedrectifier_K_|

~, (v _R.T ; 098 Ko+0.02 Nao
ixr =Grr OK (V 3 1n0.98-Ki+0.02-Nai)

Crko=1—(Ck1+Cko+ Ok + Ik)

adgff% =kf-Ckg1+ Ba1- Ok — (kb-Cko + aq1 - Ck2)

gg% = aao - Cxo + kb Cx2 — (Bao - Crx1 + kf - Ck1)

(fm-ow’fe =ag1 - Cr2+ i Ik — (Ba1 - Ok + a; - Ok)
Al

Time = %" Ok —Bi - Ik

g0 = 0.022, 348 - £0-011,76-V

Bao = 0.047,002 - ¢—0-063,1-V
Qa1 = 0.033,5 - 00109V
Ba1 = 0.000, 068,9 - e~ 0-04L,78-V
a; = 0.070,3 - £0-028,7-(V+5)

Bi — 0.006, 497 - 670.032,68»(V+5)

ryanodinereceptors

aidtfl)%le = kplusa - Cads™ - PCl + kminusb . P02 + k:nu'nusC . PCQ - (kminusa : POl + kplusb -Cads™ - P01 + kplusc : POl)

Pc1 =1—(Po2+ Po1 + Po2)

gg% = kplusb -Cads™ - POl - kminusb : P02

dP
atiTC):LQe = kl’lusc -Po1 — kminusc - Pcoo
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slow.delayedrectifier_K_|

iKs = Grs -nKs? - (V- Eg)

% =an - (1 —nKs)—fn-nKs
~70.000, 004, 813, 33 - (V + 26.5)
n = 1 _ —0-128-(V+26.5)

Brn = 0.000, 095, 333, 3 - ¢0-038-(V+26.5)

slow transientoutward K_|

Z'Ktos = JKtos - at0s - itos - (V - EK)

datos _ ass — atos
dteme — Ttas
ditos _ iss — itos
dtime — Ttis
Tta, = 0.493 - ¢70:062,9-V' 1 9 058
1,050
Teig = 270 + Vid5.2
1+e 57

sodiumbackgroundcurrent

iNab = GNab - (V — Ena)

sodiumcalciumexchangecurrent

Vi F =DVin F
VRER [Nat]? - [Ca®*]o - " FE~ — [Na*]3 - [Ca?H]; ™ RT™

L+ (fmphte)? Kncai - [Na¥]5,
12000

- (1400 + [Ca*¥]o) + [Nat]3] p - (14 ksar -

Incx =
[NaT]? - (1400 4 [Ca®t], +

120003
KmCai
+ 120002 - [Ca2T o + Koncai - [Na™)3

=DVin F
RT

+ [Ca®T]; - [

_incx - Acap - Cm
Inex = Vmyo - F

sodiumconcentration

dNai _ — (iNa +iNab + 3 iNKA +3 - incx) - Acap-Cm
dtime — Vmyo - F

sodiumpotassiumpumpcurrent
INKAmaz " JNKA "1

Lo (K TS
Nai

INKA = Ko+ Kmg,
1

fNraA =

—0.1.V-F
1+4+0.124,5-¢e- RT  +0.036,5-sigma-e RT

. 1 Nao
sigma = 7 - | 67,300 — 1
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time_independenK_|

Gr1- Ko (V — Ek)
iy — Ko+210
1 4 00896 (V=FK)

ultra_rapidly_activating delayedrectifier_K_I

_ 1
ass = —(V+6.19)
1+e 9.6
e 1
188 = V421
1+e 54
ikur = Grur - aur -iur - (V — Eg)
daur _ ass — aur
dtime — Taur
diur _ iss —iur
dtime — Tiur
Taur = 0.493 - ¢=0:062,9V 1 9 58
1,000
Tiur = Ticonst T V421

lte 54




Appendix D

Parameter Values for SERCAZ2 FF and
KO Models:4-week Study

Parameter Values for the FF Model

Value Unit

Ky, 0.25 micromolar
LCCca 33 millivolt
LCCeoo 8.2 millivolt
LCCcs 0.1 dimensionless
LCCeoy 40 millivolt
LCCcs 6 millivolt
LCCcg 3 millisecond
LCCcor 315 millisecond
LCCcs 30 millivolt
LCCeg 5 millivolt
Pcar 9.5 permillisecond
\%3 -5 millivolt

a 0.3 dimensionless
b 0.4 dimensionless
ovy, 9 millivolt
iCaLmax 7 picoA_per_picoF
b1 2.5 dimensionless
tr, 3 millisecond
TL 885.7 millisecond
Ec —40 millivolt
Kmey 10 micromolar

9dcicCa 10 milliS_permicroF
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Parameter Values for the FF Model (continued)

Value Unit

9Cab 0.000, 2 milliS_permicroF
Bmax 109 micromolar
CSQN¢ot 50, 000 micromolar
Kdpuffer 0.6 micromolar
Kmcsgn 630 micromolar
APRyR —0.04 permillisecond
Bpryr -3 permillisecond
Kmgoam 0.7 micromolar
Kmcamk 0.819,1 dimensionless
Kmup 0.322,2 micromolar
Vieak 2.107° per.millisecond
Viel 4.5 permillisecond
alpha 0.05 per.millisecond
beta 0.000, 2 per.millisecond
OVupCaM Kmax 8.076, 8 dimensionless
nH 2 dimensionless
NeaMK 11.97 dimensionless
Ttr 20 millisecond
Tafer 6 millisecond
VMUPinit 0.078,5 micromolacper.millisecond
Kmpycoa 0.450, 8 micromolar
IPMCAmaw 0.129,6 picoA_per_picoF
Acap 0.000, 148 cm2
Cao 1,000 micromolar
Cm 1 microF_per.cm2
F 96.5 coulomhpermillimole
Ko 5,400 micromolar
Nao 135,000 micromolar
R 8.314 joule_permolekelvin
T 310 kelvin
VJSR 7.7-10"8 microlitre
VNSR 2.31-1077 microlitre
Vds 2.2-1078 microlitre
Vmyo 2.2.107° microlitre
SstiMamplitude —15 picoA_per_picoF
StiMyuration 3 millisecond
stiMmoffset 0 millisecond
stiMperiod 1,000 millisecond
dNa 16 milliS_permicroF

0.534,7 milliS_permicroF

gKtOf
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Parameter Values for the FF Model (continued)

Value Unit
9Kss 0.059, 6 milliS_permicroF
9Kr 0.016,5 milliS_permicroF
kb 0.036, 778 permillisecond
kf 0.023, 761 permillisecond
Kkminusg 0.071,25 permillisecond
kminusy, 0.965 permillisecond
kminuse 0.000, 8 permillisecond
kplusgy 0.006,075  micromolar4per.millisecond
Kplusy, 0.004, 05 micromolar3per.millisecond
kplus, 0.009 permillisecond
m 3 dimensionless
n 4 dimensionless
9Ks 0.005, 75 milliS_permicroF
9Ktos 0 milliS _permicroF
INab 0.002, 6 milliS_permicroF
Ko Allo 0.141,5 micromolar
Kpcai 3.6 micromolar
Kmcao 1,400 micromolar
KpyNai 12,000 micromolar
KmNao 88, 000 micromolar
Vinaz n o x 1.059 picoA_per_picoF
eta 0.35 dimensionless
ksat 0.27 dimensionless
Kmg, 1,500 micromolar
Kmpng 16, 600 micromolar
INKAmas 2.486 picoA_per_picoF
IK1 0.35 milliS _permicroF
9Kur 0.25 milliS_permicroF
Ticonst 643 millisecond
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Parameter Values for the KO Model

Value Unit
Ky, 0.23 micromolar
LCCca 33 millivolt
LCCc2 8.2 millivolt
LCCcs 0.1 dimensionless
LCCcy 40 millivolt
LCCcs 6 millivolt
LCCcsg 3 millisecond
LCCcr 315 millisecond
LCCcs 19 millivolt
LCCcy 2.7 millivolt
Pcoar 8.5 permillisecond
\ %7 -5 millivolt
a 0.3 dimensionless
b 0.4 dimensionless
dvy, 9 millivolt
iCaLman 20 picoA_per_picoF
1939 2.5 dimensionless
tr, 3 millisecond
TL 885.7 millisecond
Ec —40 millivolt
Kmey 10 micromolar
gcicCa 10 milliS_permicroF
9Cab 0.000, 22 milliS _permicroF
Bmazx 109 micromolar
CSQN¢ot 50, 000 micromolar
Kdpuffer 0.6 micromolar
Kmcsgn 630 micromolar
APRyR —0.04 permillisecond
Bpryr -3 permillisecond
Kmoam 0.7 micromolar
Kmcamk 0.69 dimensionless
Kmup 0.322,2 micromolar
Vieak 6-10° per.millisecond
Viel 4.5 permillisecond
alpha 0.05 per.millisecond
beta 0.000, 2 permillisecond
SV upCaMKpan 13.73 dimensionless
nH 2 dimensionless

NoaMK 17.86 dimensionless
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Parameter Values for the KO Model (continued)

Value Unit
Ttr 20 millisecond
Tafer 6 millisecond
VMUPinit 0.017 micromolacper.millisecond
Kmpycoa 0.450, 8 micromolar
IPMCAmaw 0.187,9 picoA_per_picoF
Acap 0.000, 155 cm2
Cao 1,000 micromolar
Cm 1 microF-per.cm2
F 96.5 coulomhpermillimole
Ko 5,400 micromolar
Nao 135,000 micromolar
R 8.314 joule_permolekelvin
T 310 kelvin
VJSR 7.7-10~8 microlitre
VNSR 2.31-1077 microlitre
Vds 2.2.1078 microlitre
Vmyo 2.2.107° microlitre
stiMamplitude —15 picoA_per_picoF
StiMyuration 3 millisecond
stiMof et 0 millisecond
stiMperiod 1,000 millisecond
dNa 16 milliS_permicroF
9Ktoy 0.534,7 milliS_permicroF
9Kss 0.059, 6 milliS_permicroF
9K r 0.016,5 milliS_permicroF
kb 0.036, 778 permillisecond
kf 0.023, 761 permillisecond
kminuse 0.071,25 permillisecond
kminus, 0.965 per.millisecond
kminuse 0.000, 8 permillisecond
Kplus, 0.006,075 micromolar4per.millisecond
kplus, 0.004, 05 micromolar3per.millisecond
Kplus, 0.009 permillisecond
m 3 dimensionless
n 4 dimensionless
9Ks 0.005, 75 milliS_permicroF
IKtos 0 milliS_permicroF
9Nab 0.002, 6 milliS_permicroF
KmAllo 0.141,5 micromolar
Kmcai 3.6 micromolar
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Parameter Values for the KO Model (continued)

Value Unit

KmcCao 1,400 micromolar
KpNai 12,000 micromolar
KmNao 88, 000 micromolar
Vinaz n o x 3.626,3 picoA_per_picoF
eta 0.35 dimensionless
ksat 0.27 dimensionless
Kmg, 1,500 micromolar
Kmpng 16, 600 micromolar
INKAman 2.486 picoA_per_picoF
9K1 0.35 milliS _permicroF
IKur 0.25 milliS_permicroF

643 millisecond

Ticonst




Appendix E

Mathematical Formulations for the
SERCA2 FF KO Framework: 7-week
Study (with Sub-sarcolemmal

Compartment)

cell

Ajc = Atot - TTratio
Asl = Atot - (1 — TTratio)

time

past = | |- stimperiod

Stimpem'od
) stimamplitude i (time — past > stimoffset) and (time —past < stimg g pser + stimdumtion)
LStim =
0 otherwise
a% = —(ict ticar tirPMca +iINCX T iCab T iNa +iNab T INKA tiKto; + iK1 +iKs +iKur +iKss

+ikr +icica t istim + lanion T IPMCAproton )

Cl_concentration

doti _ (icica +ic) - Atot - Cm
dtime — Vmyo - F

+ Jche + Jae

L_typecalciumcurrent

_F-V

FVRT =
FVRTc, =2+ FVRT

V-V

expVL =¢ vy
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L_typecalcium.current (continued)
expV L
a _expvVlL
P = L (expVL +1)
am = g
€ — expVL+a
L KL (expVL + 1)
P b-(expVL + a)
™7 - (b-expVL+ a)
1 LCC,
Ygate;ny = ViLocg + Viteoo;
1+e LCCcoo 1+e LCCcs
L
Ygate, = LCCce + %
1+e LCCco
Cjc=1—-0jc—Ijc
Csl=1—0sl—Isl
(if?r]nce =ap - Cjc—am - Ojc
c:fzonile =ap - Csl —am - Osl
d(izlrjrfe =¢€p-Cjc-Cajc—em - Ijc
giI;Lle =¢€p-Csl-Casl —ep - Isl
dygate _ Ygateiny — Ygate
P 9. F dtime — Ygater
s~ J —FVRTG, - (Cao-e~FVETca — Cajc) if |FVRIg,| > 0.000,01
alje =\ —Poar-2-F
’ 7;@ G Ojc- ygate - 0.000,01
Je ml —07000-0T - (Cao - €70-000,01 _ Cgjc) otherwise
— e :
—0.1- P, 2-F
# Osl - ygate - FVRTg, - '
s S rvRTS, - (Cao - e~FVETca — Casl) if |[FVRTcq| > 0.000,01
alsy ™ —0.1- P, -2 F
TR SCel T2 Ol - ygate - 0.000,01

Asl le — 500001 - (Cao - €70:000,01 _ Cqsl) otherwise
“e ;

iCaL = iCaLjC “TTratio + iCaLSL : (1 - TTratio)

anion_flux

Panion * F2. v . . EV
———— . [ anion; — anion, - e R°T
R-T-Cm

ianion = F.V
1—eRT
danion; _ ignion - Atot - Cm I
dtime Vmyo - F acidfiua,,

calciumactivated chloride_current

0] -Cai
icica = 291G TR (V= Ea)

_ 0.2
Ocica = TTTTo(V=46.7)
l4+e 78

calcium.backgroundcurrent

_ R T Cao
EC“J‘C - +In Cajc
_ R - T Cao
Eca, = 2. F "In Casl

V — Eca,, )

~~

Z‘Cabjc = dCab "
iCaby = 9Cab* (V — Eca,,)

iCab = ZAC’ab]‘C “TTratio + iCabSl . (1 — TTratio)
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calcium.backgroundcurrent (continued)

_ —iggp - Atot - Cm
Joap = 2(-1 Vmyo - F

calcium.concentration

— (icab,, Tirmca, — 2 incx,, +icaLy,) - Asl-Cm

JCas = 2 Vsl F
- (icabjC +irmca;, —2-iNcx,. + ioaLjC> - Aje-Cm
JCajc = 2 Vjc F
JC -V
dCasl _ g . (JCaSl — o Geleyt TIWO y JCajcsz)
dCajc _ . ~ JCajesi Vsl | J.. - VISR
dtime = BJ¢: (JC“JC T Ve T TWie
(%?:L’le = Bi- (Jleak + Jcaslcyt - JSETCG)
dCaISR _ BISR- (Jir — Jrer)
dCaNSR _ (Jseo"ca — Jleak) . meO _ Jir - VISR
dtime VNSR 7\1/NSR
Bi— (14 Bmax - deuff?rg
(deuffev" + C’az) )
Bsl= 1+ Bmazx - deuffe'r2
(deuffer + Casl) )
Bjc= 1+ Bmazx - deufffgr §
(deuffev" + Ca]C)
BJSR=[1+ CSQNtot'KmCSQN2
(KmCSQN + CaJSR)
CaJSR-CSQN,
c 3SR+K VISR
CaSR = Y¢ MCSQN + CaNSR-VNSR
Vmyo Vmyo
calcium fluxes
=T
TCa jcsleon st
TCajear = (W)
TCGSZC cons -1
ena = ()
Cajc— Casl
JCajeat = =450
— Casl — Cai
Jcaslcyt - Tcaslcyt
Jret = Vrel - (Po1 + Po2) - (CaJSR — Cajc) - Pryr
Jleak = ‘/leak . (CU'NSR - CU‘Z)
Popen: (P01+P02)'PRyR
_ CaNSR—CaJSR
Jt'r - T
tr
7 _ _Vup- Cai™?
serea Kmﬁgl + Cai™?
Jnetup = Jserca — Jleak
dPRyR BRRyR'iCaL ﬂ

! =A . P + .e 648
dtime PRyR RyR 1Calmas

calciumpumpcurrent

IPMCApa, - Casl®
Km% ;04 + Casl?
iPMCAmas - Cajc?
Kmppca + Cajc?

ipMCA, =

IPMCA;, =

ipmca =iPMcA;, TTratio +irmca,, - (1 — TTratio)
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calcium.pumpcurrent (continued)

— - Asl-C
Jpmca, = ZP%C_{‘/SZ SF m
—1 - Ajc-Cm
Jpmca,,. = P%ij‘/jc ~]F
J . JP]\JCASL - Vsl JP]MCAjC -Vije
PMCAgotar = Vmyo Vmyo

LPMCAproton = —tPMCA

IPMCAproton = —IPMCA1q * 2

chloride_current.constantfield
. F4. F.V
M. Cli—Clo-eRT
R-T-Cm
. v
fel = F0.0000f
Pcl . > . (Cli _Clo- e0A000,01)

Cm T 000001 otherwise
— ¢0-000,

if |[FVRT| > 0.000, 01

fastsodiumcurrent

Z‘Na = Z‘Najc . TT'ratio + iNaSl : (1 - TT'ratio)
iNajC = gNa - OnNa - (V - ENajc)

iNasl = gNa *OnNa - (V - ENaSL)
_R-T 1,09-Nao+0.1-Ko

ENaje = TF 0.9 Najc+0.1- Ki
_R-T 1 0.9-Nao+0.1-Ko
ENay = "F M9 Nasl+0.1-Ki

CnNa3 =1—(Ona +CnNa1 +CnNa2 + IFng +I1Nq + I2Na + ICNa2 + ICNG3)

dCnaz _ ana1l - ONa3 + BNa12 - CNa1 + @Na3 - ICNa2 — (BNa11 - CNa2 + @Na12 - CNa2 + BNa3 - CNa2)

time
%%% = ana12 *CNa2 + BNa13 * ONa + aNa3 - IFNa — (BNa12 - CNa1 + @Na13 - CNa1 + BNa3 - CNa1)
ggﬁ = ana13 " CNal + BNa2 - IFNa — (BNa13 - ONa + aNa2 - ONa)
%ﬁggg =ana2 - ONa + BNa3 - CNal + BNaa - I1Na + aNa12 - ICNa2—
(BNa2 - IFNa + aNa3 - IFNa + aNaa - IFNG + BNa12 - IFNa)
?jizl,fﬂvg = anNa4  IFNa + BNas - I2Na — (BNaa - I1Na + aNas - [1Na)

12
%ﬁ =apna5  I1Na — BNas - I2Na

dICNay _ ana1l - ICNa3 + BNa12 - IFNa + BNa3 - CNa2 — (BNa11 - ICNa2 + ana12 - ICNa2 + ana3 - ICNG2)

time
]
dICnas _ BNa11 - ICNa2 + BNa3 - CNa3 — (aNa11 - ICNG3 + ana3 - ICNG3)

dtime
o — 3.802
Nall = —(V+2.5) —(V+2.5)
0.102,7-e¢~ 17 +0.2-e¢ 150
_ 3.802
ANal2 = —(V+2.5) —(V+2.5)
0.102,7 - ¢ 15 +0.23-e” 150
ANal3 = —(V+2T35'2802 —(V+2.5)
0.102,7 -~ 12 +0.25-¢7 150
—(V+2.5)
BNa11 = 0.191,7-e 20.3
—(V—=2.5)
BNaiz =0.2-e 203
—(V=17.5)
BNais =022 ¢ 203
—(V+7)

ONg3 =T7-10"7 e 77
Bna3 = 0.008,4 4 0.000,02 - (V 4+ 7)
1

—(V+7)
0.188,495 - e~ 16.6 4 0.393, 956
QANal3 " XNa2 * XNa3
BNa13 - BNa3

QANa2 =

6Na2 =
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fastsodiumcurrent (continued)

QNaa = moiNGQ
BNasa = aNa3
ANas = pEYe2
,
BNa5 = CVJBVOaS

fast.transientoutward K_|

iKto; = 9Ktos ~ato? ~itoy - (V — Eg)

. 1
itofiss = VI514
5

1+e

dato

a—timfe = Qq - (1 - ato.f) — Ba - atoy
ditOf _ itofiss — ’itOf
dtime — Titos

aq = 0.180, 64 - £0-035,77-(V+etagn st )

Ba = 0.395,6 - ¢~ 0-062,37-(Vtan,,,, )

non.inactivating steadystate K_|

iKss = gKkss - aKss-iKss- (V — Eg)

daKss _ ass —aKss

dtime — TKss
diKss _ 0
dtime —

Ties = 39.3-e7005V 4 13717

pH_regulation
koo K

j— 2 l e lgl e
krzche - Tl
Kowu,,, = 10~ (14=K4n.) 1,000, 000

Ho = 10~?PH° . 1,000, 000
OHo = 10~ +pPHe .1 000,000

JCO2=0
Jnbc =0
Hi = 10~PHi . 1,000,000
Nai
— kpy .
ar KNapne e
Inhe Nai Hi
1+ — ]| 1+
KNanhg Hnhe
7
KH kf2nhe

« =
P2pne (1 L Nai L, Hi
KNanhe Kthe

1,000 - Hi"Mnhe
e’ (e — -
HinHnhe 4 g Hnhe ( Tine " Mzpne "nhe T2nhe)

Jnhe = ‘nhe
a Fa T a T a
fnne f2rne "phe "2 he

OHi = 10~ "+PHi . 1,000, 000
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pH_regulation (continued)
kflche -Kei,,, -OHi
che KCl he + KCZche : OHZ + KOHch,e : Cll
B kr, , - Kcu,,, - OHo
Brlche - KOHche . KClche + KClche OHO+ KOHche -Clo
o pe Komn,,, - Clo

Bflch,e = KOH

ﬁféche = KOHche .KCl%Le +Kcl he 'OHo-iTKOHche - Clo
Bra,. = ragye KoM, - Cli
"2che KOHche .KClche +KClche 'OHi+KOHche -Clh
flche ) f2che ~ PMihe ) "2che

Jexch =
reliehe Bflche + Brlche + ﬁféche + ﬂrzche
Jche = 1,000 - Jexchcpe

Jae =0
K1-pH; K2—pH;
B;=In10- | 10PH:i . 1,000 4 20— "1 Bl | 10777 P70 - B2
(1 + 10PK1—PH1'> (1 + 10PK2—PH1'>
Jhyd =0

dpH,  —
SpH; 571 . (Jche — Jnhe + Jocidy,,,, +Jhyd+ JPMCAWM>

potassiumconcentration

dKi — (isn'm +iKto; T iK1 T iKks +iKss +iKkur +ikr —2- Z'NKA) - Atot - C'm
dtime — Vmyo - F

rapid_delayedrectifier_K_|

L R-T , 098 Ko+0.02 Nao
ZKT—QW'OK'<V* 2 '1n0.98~Ki+0.02~Nai>

Cro=1—(Cg1 + Cxo+ Ox + Ix)
gtci’% =kf-Ck1 + Ba1- Ok — (kb-Cko + a1 - Cko)
A0kt _ 0 Cro + kb Crea — (Bao - Cr1 +kf - Ck1)

dOy =aq1 Cka+Bi Ik — (Ba1 - O + a; - Ok)
% =i O —Bi - Ik
a0 = 0.022, 348 - 0-011,76-V

Bao = 0.047,002 - ¢=0-063,1-V
01 = 0.033,5 - €0:010,9°V
Ba1 = 0.000, 068, 9 - ¢~ 0-041,78:V
a; = 0.070,3 - £0-028,7-(V+5)

B; = 0.006, 497 - ¢—0-032,68:(V+5)

ryanodinereceptors

dP, . .
aﬁ = kplusa -Cajc™ - Pcy + kminusb - Poa + kminusc - Pog — (kminusa - Po1+ k;plusb -Cajc™ - Po1 + kplusc . POI)

Pcy =1— (Pc2 + Po1 + Pog)

dP, .
atlTOrL2e = kplusb -Cajc™ - Po1 — kminusb - Poa
dP
tl?%:fe - kplusc - Poy — kminusc - Pco

slow.delayedrectifier_K_|

iKs = gks - nKs®- (V — Eg)
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slow.delayedrectifier_K_I (continued)

gggz =an - (1 —nKs)—fn-nKs
~70.000, 004, 813,33 - (V + 26.5)
= 1 _ ¢—0.128-(V+26.5)

Bn = 0.000, 095, 333, 3 - ¢0-038:(V+26.5)

n

sodiumbackgroundcurrent

iNabj, = YNab - (V - ENajC>
iNaby, = 9Nab* (V — ENay,)

iNab = Z‘Nabjc . TTratio + Z‘Nabsl . (1 - TTrat'Lo)

sodiumcalciumexchangecurrent

nVm F (=) Vin
_ 1.93 x Vias [Nat]3, - [Ca®t]o-e BT —[Na*t]3-[Ca’t]jc-e” AT
INCXj. = 74 :
T (o))"

Kmcai - [Nat]3
+13 2+ mCai o
[Nat]}, - (1400 + [Ca®*], + =EEm )

120003 (=D)Vim F
000 -(1400+[Ca2+]0)+[Naﬂ3] (14 ksat e BT )

Kimcai

+ [Ca*Tje - [

+12000% - [Ca®T o + Kmncai - [Na™]3

0.6 x Vnaz

K’rna o ’
1+( [Cazﬁ]lsz )?

INCX, =

Vm F (n—=1)Vm F
[Nat]3, - [Ca®H]o - e B — [Nat]3 - [Ca®t]y ™ RT

K, ~~[Na+]3
413 2+ mCat o
[Nat]3 - (1400 + [Ca>Ho + =208 5o

120003 (n=DVm F
o (1400 + [Ca®*]o) + [Na* ]3] ¢ (L4 Ksar - ™ —RT)

+[Ca?t]y - [K o

+12000% - [Ca?t]o + Kimcai - [NaT]3

incx =iNCx,. * TTratio +incx,, - (1 — TTratio)

J _iNcx, Asl-Cm
NCXgq = Vsl F
iNCXjC - Ajc-Cm
JNC’XJ-C = VjCF
7 JInex,, - Vsl JNCXjC -Vije
NCXiotal = Vmyo Vmyo

sodiumconcentration

dNathbuf = kon - Najc- (Bma:vjct - Najcbuf) —koff - Najcpuy
dNaSLbuf = kon - Nasl - (BmamSL — Naslbuf) —koff - Naslpy,y

dNajcp,r
dNatinlw = dNajet,, s

as buf _
dtime dNaSLbuf

-1
. _ [ TNajeslopnsy
Najcsi = Vsl

-1
T — TNaSlcytconst
Nagieyt = meo
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sodiumconcentration (continued)

Nasl — Nat
INagicyt = W

sleyt
_ Najc— Nasl
JNajcsl = W
dNai _ jNag0,. + Jnhe + Jnb
dtime — sleyt nhe + Jnbc
— (i + 1 +3-1 +3-1 -Asl-Cm  JNa - Vmyo
?i{f\ifgfel = (i it ]\\;I;lA-Sll? NCXSZ) B Slc\z}tsl ve 4 JNajcst —dNasr,,
dNaje _ ~ (iNajc +iNab;, + 3 iNKA;, +3- iNCXjC> - Ajc-Cm _ JINajes - Vsl AN as
dtime — Vic- F Vic Gjctpu

sodiumpotassiumpumpcurrent
1.236 - iNK Apmaw

alphal .fNKAalphal 1

nHNK Aalph Ko
1
KmNagipna arphe
1+ ——
; . Najc
NKAaiphat. — ) Ko+ Kmg,
0899 INK Aoz, ey~ ANKAaiphar 1 K
-Ko
nHN K Aalphal
14 (EmNeaiphay e
; _ Nasl
NKAaiphaty — ] Ko+ Kmgk,
2.35  INK Amasypnas “INKAgphaz " 1 X
- Ko
nHN K Aalpha2
KmNaalphaZ arphe
1+ ——————
; . Najc
NKAaiphaz;, — ] Ko+ Kmg,
0422 - INK Amazaipnan “INK Aatgraz "1
- Ko
nHN K Aalpha2
14 (EmNaaiphaz o
: . Nasl
NEKAgiphaz, — Ko+ Kmg,

INKAje = 'NKAaiphaij, +ZNKAalph,a2jc

INKAg = INKAgipha1,, T INKAaphaz,,

INKAgiphat = INKAaiphat,, * T Tratio + INK Aqiphar, (1 = TTratio)

INKAaiphaz = INKAaiphaz;, * T Tratio + INK Aqiphaz,, ° (1 = TTratio)

iNKA =INKA;. " TTratio + inka,, - (1 — TTratio)

1
140.294,6-¢e- RT 4 0.016,4 - sigma -e RT

fNKAalphal =

INKAaiphar = —01vF —vr
140.124,5-¢e= RT  +0.089-sigma-e RT
. 1 Nao
sigma = 7 <€67’300 -1
INKA 3 Atot - Cm
F - Vmyo

INanxa =

time_independenK_|

gx1- Ko (V — Ek)
i) — Kot210
1 1+ o0-089,6(V=PF)

ultra_rapidly_activating delayedrectifier_K_|
o1

—(VF15)
14+e 20
1

V+42.1
1+e 54

IKur = 9Kur - aur -sur - (V — Eg)

ass =

185 =

daur _ ass —aur

dtime Taur
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ultra_rapidly_activating delayedrectifier_.K_I (continued)

diur _ iss —iur
dtzme Tiur
Taur = 0.493 - 70-0629V 7
1,000

Tiur = Ticonst T 41 V421
+e 54




Appendix F

Parameter Values for SERCAZ2 FF and
KO Models in the 7-week Study

Parameter Values for the FF Model

Value Unit
Ky, 0.8 micromolar
LCCecr 33 millivolt
LCCcs2 8.23 millivolt
LCCcs 0.1 dimensionless
LCCcy 40 millivolt
LCCcs 6 millivolt
LCCcgq 5 millisecond
LCCcr 315 millisecond
LCCcs 30 millivolt
LCCcy 4.5 millivolt
Pcar 1.55-10~7 microlitre_permillisecond
1% -5 millivolt
a 0.3 dimensionless
b 0.4 dimensionless
Svy, 8 millivolt
1CaLmas 7 picoA_per_picoF
br 2.5 dimensionless
tr, 8 millisecond
I, 400 millisecond
aniong 0 micromolar
Panion 1-1077 cm_per.second

Ecy —40 millivolt
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Parameter Values for the FF Model (continued)

Value Unit
Kmgy 10 micromolar
goica 10 milliS _per-microF
gcab 0.000, 4 milliS _per.microF
Bmax 109 micromolar
CSQN¢ot 50,000 micromolar
Kdpygfer 0.6 micromolar
Kmcsgn 630 micromolar
ApPRyR -0.2 permillisecond
Bpryr -3 per-millisecond
Kmup 0.492,8 micromolar
Vieak 2.10-5 per.millisecond
Viel 4.5 per-millisecond
Vup 0.35 micromolarper-millisecond
nH 2 dimensionless
TCajest,,, s 4.188-10"7 microlitre_per.millisecond
Teagicytpomst 279106 microlitre_per millisecond
Ttr 20 millisecond
Kmpycoa 0.350, 6 micromolar
IPMCAman 0.564,4 picoA_per_picoF
Atot 0.000, 147 cm2
Cao 1,000 micromolar
Clo 148,400 micromolar
Cm 1 microF-percm?2
F 96.5 coulomhper.millimole
Ko 5,400 micromolar
Nao 140, 000 micromolar
R 8.314 joule_per-molekelvin
T 310 kelvin
TTratio 0.3 dimensionless
VJSR 7.7-1078 microlitre
VNSR 2.31-1077 microlitre
Vic 2.2-1078 microlitre
Vmyo 2.2-107° microlitre
Vsl 4.4-1077 microlitre
stiMamplitude —15 picoA_per_picoF
StiMyuration 3 millisecond
stimef fset 0 millisecond
stiMperiod 1,000 millisecond
Del 1.3.10°8 cm_per.second
gNa 16 milliS _per.microF
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Parameter Values for the FF Model (continued)

Value Unit
Qaconst 45 millivolt
Qb eonst 45 millivolt
9Ktoy 0.4 milliS _per.microF
9Kss 0.059, 6 milliS _per.microF
B1 84,200 micromolar
B2 29,400 micromolar
Jacidfzwm 0 micromolatpermillisecond
Kci,, 18, 000, 000 micromolar
Ky, p. 0.000,177,8 micromolar
KnNappe 21,490 micromolar
Ki, e 0.411,1 micromolar
ap, 0.001, 97 per-millisecond
Qry 0.000, 818 permillisecond
kflche 0.004, 29 per-millisecond
ks, . 0.068, 1 per.millisecond
kf?nhe 0.014, 15 per-millisecond
kry, 0.25 permillisecond
kry . 1.172,4 per.millisecond
nH,pe 2.905, 3 dimensionless
pHo 7.4 dimensionless
pK1 6.03 dimensionless
pK2 7.57 dimensionless
K, 7.95 dimensionless
9Kr 0.016,5 milliS _per-microF
kb 0.036, 778 per-millisecond
kf 0.023, 761 permillisecond
Kminusq 0.071,25 per-millisecond
Eminusy 0.965 permillisecond
kminus, 0.000, 8 per.millisecond
Eplus, 6.075-10~6 micromolar4per.millisecond
kplus, 4.05-10-6 micromolar3per.millisecond
Eplus. 0.009 permillisecond
m 3 dimensionless
n 4 dimensionless
IKs 0.005, 75 milliS _per.microF
INab 0.002, 6 milliS _per-microF
INCXmaw 1.159,1 picoA_per_picoF
KoAllo 0 micromolar
Kpcai 3.6 micromolar
Kmcao 1,400 micromolar
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Parameter Values for the FF Model (continued)

Value Unit
KoNai 12,000 micromolar
KiNao 88,000 micromolar
eta 0.35 dimensionless
ksat 0.27 dimensionless
Bmazgy, 1,650 micromolar
Bmax et 3,700 micromolar
kof f 0.001 per-millisecond
kon 1-1077 per-micromolatper.millisecond
TNGjestp0m ot 2.78-106 microlitre_permillisecond
TNGsioytpon et 4.09-107° microlitre_per-millisecond
Kmpg, 1,500 micromolar
KmnNagpna1 21,000 micromolar
KmNaazpha2 21,000 micromolar
Z'NKAmamalphal 5.2 picoA_per_picoF
Z'NKA,,mmalpha2 1.95 picoA_per.picoF
nHN K Aalphal 3 dimensionless
nHN K Aalpha2 3 dimensionless
IK1 0.35 milliS _per-microF
IKur 0.45 milliS _per.microF
Taconst 2.058 millisecond
Ticonst 643 millisecond
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Parameter Values for the 4-week KO Model

Value Unit
Ky, 0.7 micromolar
LCCer 33 millivolt
LCCcs 8.23 millivolt
LCCes 0.1 dimensionless
LCCcqy 40 millivolt
LCCcs 6 millivolt
LCCcsg 5 millisecond
LCCcr 315 millisecond
LCCcs 24 millivolt
LCCcy 4.5 millivolt
Pcar 1.6-10-7 microlitre_permillisecond
%7 -5 millivolt
a 0.3 dimensionless
b 0.4 dimensionless
dvy, 8 millivolt
1CaLmauw 20 picoA_per_picoF
oL 2.5 dimensionless
tr, 6 millisecond
TL 450 millisecond
anione 0 micromolar
Panion 1-1077 cm_per.second
Ecoy —40 millivolt
Kmey 10 micromolar
dciCa 10 milliS _per.microF
dcab 0.000, 4 milliS _per.microF
Bmax 109 micromolar
CSQN¢ot 50,000 micromolar
Kdpygfer 0.6 micromolar
Kmcsgn 630 micromolar
ApPRyR -0.2 per-millisecond
Bpryr -3 per-millisecond
Kmup 0.492,8 micromolar
Vieak 3.107° permillisecond
Viel 4.5 permillisecond
Vup 0.147,9 micromolatper-millisecond
nH 2 dimensionless
TCajestopmat 4.188 1077 microlitre_permillisecond
Tea 2.79-10-6 microlitre_per-millisecond

sleyteonst

Ttr 20 millisecond
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Constants (continued)

Value Unit
Kmpycoa 0.350, 6 micromolar
IPMCAmaun 0.621,4 picoA_per_picoF
Atot 0.000, 147 cm2
Cao 1,000 micromolar
Clo 148,400 micromolar
Cm 1 microF-percm?2
F 96.5 coulomhper.millimole
Ko 5,400 micromolar
Nao 140, 000 micromolar
R 8.314 joule_per-molekelvin
T 310 kelvin
TTratio 0.3 dimensionless
VJSR 7.7-1078 microlitre
VNSR 2.31-1077 microlitre
Vic 2.2.10-8 microlitre
Vmyo 2.2-107° microlitre
Vsl 4.4-1077 microlitre
stiMamplitude —15 picoA_per_picoF
StiMyuration 3 millisecond
stimef et 0 millisecond
stiMperiod 1,000 millisecond
Del 1.3-10°8 cm_per.second
INa 16 milliS _per-microF
Qaconst 45 millivolt
Qbeonst 45 millivolt
9Ktoy 0.4 milliS _per.microF
9Kss 0.059, 6 milliS _per.microF
B1 84,200 micromolar
B2 29,400 micromolar
Jacidﬂwm 0 micromolarper-millisecond
Kci,, 18,000, 000 micromolar
Km,,. 0.000,177,8 micromolar
KNappe 21,490 micromolar
Ki, e 0.411,1 micromolar
ap, 0.001, 97 per-millisecond
Qry 0.000, 818 permillisecond
kflche 0.004, 29 per-millisecond
kf2che 0.068, 1 per-millisecond
kf?nhe 0.014, 15 per-millisecond
kry 0.25 per.millisecond
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Constants (continued)

Value Unit
kry . 1.172,4 per.millisecond
nH,pe 2.905, 3 dimensionless
pHo 7.4 dimensionless
pK1 6.03 dimensionless
pK2 7.57 dimensionless
K, 7.95 dimensionless
IKr 0.016,5 milliS _per.microF
kb 0.036, 778 per-millisecond
kf 0.023, 761 per-millisecond
kminusq 0.071,25 permillisecond
kEminusy 0.965 per-millisecond
kminusc 0.000, 8 per-millisecond
Eplus, 6.075-10~6 micromolar4per.millisecond
kplus, 4.05-10-6 micromolar3per.millisecond
Eplus. 0.009 permillisecond
m 3 dimensionless
n 4 dimensionless
IKs 0.005, 75 milliS _per.microF
INab 0.002, 6 milliS _per-microF
INCXmaw 1.656, 3 picoA_per_picoF
Ko aito 0 micromolar
Kcai 3.6 micromolar
Kpcao 1,400 micromolar
KmNai 12,000 micromolar
KinNao 88,000 micromolar
eta 0.35 dimensionless
ksat 0.27 dimensionless
Bmazgsry, 1,650 micromolar
Bmaxjet 3,700 micromolar
koff 0.001 permillisecond
kon 1-10°7 per.micromolatcper.millisecond
TNGjestonmn ot 2.78 1076 microlitre_permillisecond
TN steytogmet 4.09-107° microlitre_permillisecond
Kmpg, 1,500 micromolar
Krm\;%lpm1 21,000 micromolar
I(rn]\raalp}m2 21,000 micromolar
Z'NKAm'amalphal 5.2 picoA_per_picoF
iNKAmaxazphaz 1.95 picoA_per_picoF
NHN K Aalphal 3 dimensionless

NHNFK Aalpha2 3 dimensionless
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Constants (continued)

Value Unit
9K1 0.35 milliS _per.microF
IKur 0.45 milliS _per-microF
Taconst 2.058 millisecond
Ticonst 643 millisecond
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Parameter Values for the 7-week KO Model

Value Unit
Ky, 0.5 micromolar
LCCc 33 millivolt
LCCc2 8.2 millivolt
LCCcs 0.1 dimensionless
LCCcy 40 millivolt
LCCcs 6 millivolt
LCCcsg 10 millisecond
LCCeor 315 millisecond
LCCcs 26 millivolt
LCCcy 4.5 millivolt
Pcar 1.75-107 microlitre_per.millisecond
\ %7 -5 millivolt
a 0.3 dimensionless
b 0.4 dimensionless
dvy, 8 millivolt
iCaLman 20 picoA_per_picoF
1939 2.5 dimensionless
tr, 10 millisecond
TL 400 millisecond
anione 0 micromolar
Panion 1-1077 cm_per.second
Ec —40 millivolt
Kmey 10 micromolar
gcica 10 milliS _per-microF
9Cab 0.000, 4 milliS _per.microF
Bmazx 109 micromolar
CSQNiot 50,000 micromolar
Kdpuffer 0.6 micromolar
Kmcsgn 630 micromolar
APRyR -0.2 permillisecond
Bpryr -3 permillisecond
Kmup 0.492,8 micromolar
Vieak 2.107° permillisecond
Viel 4.5 per-millisecond
Vup 0.07 micromolatper.millisecond
nH 2 dimensionless
TCajestyy 4.188-10~7 microlitre_per-millisecond
Tea 2.79-10-6 microlitre_per-millisecond

sleyteonst

Ttr 20 millisecond
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Parameter Values for the 7-week KO Model (continued)

Value Unit
Kmpycoa 0.350, 6 micromolar
TPMCAmau 1.123,1 picoA_per_picoF
Atot 0.000, 147 cm2
Cao 1,000 micromolar
Clo 148, 400 micromolar
Cm 1 microF-per.cm2
F 96.5 coulomhpermillimole
Ko 5,400 micromolar
Nao 140, 000 micromolar
R 8.314 joule_per-molekelvin
T 310 kelvin
TTratio 0.3 dimensionless
VJSR 7.7-1078 microlitre
VNSR 2.31-1077 microlitre
Vic 2.2.10-8 microlitre
Vmyo 2.2-107° microlitre
Vsl 4.4-1077 microlitre
prepulses,umber 1,000, 000 dimensionless
StiMamplitude —-15 PicoA_per.picoF
StiMauration 3 millisecond
stiMof fset 0 millisecond
stiMperiod 1,000 millisecond
Del 1.3.10°8 cm_persecond
9INa 16 milliS _per-microF
Qaconst 45 millivolt
Qb eomst 45 millivolt
9Ktoy 0.4 milliS _per.microF
9Kss 0.059, 6 milliS _permicroF
Bl 84,200 micromolar
B2 29, 400 micromolar
Jacidfzwm 0.045 micromolatcper.millisecond
Kci,, 18, 000, 000 micromolar
K, e 0.000,177,8 micromolar
KnNapp, 21,490 micromolar
Ki . 0.411,1 micromolar
ap 0.001, 97 permillisecond
Qry 0.000, 818 per.millisecond
kflche 0.004, 29 per.millisecond
kaChe 0.068, 1 permillisecond
kg, 0.014, 15 per.millisecond
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Parameter Values for the 7-week KO Model (continued)

Value Unit
Kry . 0.25 per.millisecond
krlnhe 1.172,4 per-millisecond
nHupe 2.905,3 dimensionless
pHo 7.4 dimensionless
pK1 6.03 dimensionless
pK?2 7.57 dimensionless
pKH,,, 7.95 dimensionless
9K 0.016,5 milliS _permicroF
kb 0.036, 778 permillisecond
kf 0.023,761 permillisecond
kminus, 0.071,25 permillisecond
kminus, 0.965 permillisecond
kminuse 0.000, 8 permillisecond
Kplus, 6.075 - 10— micromolar4per.millisecond
Eprus, 4.05-10~6 micromolar3per.millisecond
Kplus, 0.009 permillisecond
m 3 dimensionless
n 4 dimensionless
9Ks 0.005, 75 milliS _permicroF
9Nab 0.002, 6 milliS _per.microF
INCXman 6.411,6 picoA_per_picoF
K atio 0 micromolar
Kpcai 3.6 micromolar
Kpmcao 1,400 micromolar
Ko Nai 12,000 micromolar
KiNao 88,000 micromolar
eta 0.35 dimensionless
ksat 0.27 dimensionless
Bmazxgy, 1,650 micromolar
Bmaz et 3,700 micromolar
kof f 0.001 per-millisecond
kon 1-1077 per.micromolarper.millisecond
TNG ool pom 2.78 106 microlitre_per-millisecond
TNasteytopnar 4.09-10° microlitre_per.millisecond
Kmg, 1,500 micromolar
KmI\;aaLp,m1 21,000 micromolar
Km]\;aalpha2 21,000 micromolar
iNKAmfwazphal 4.4 picoA_per_picoF
z‘NKAWmalpha2 0.9 picoA_per_picoF
NHNK Aalphal 3 dimensionless
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Parameter Values for the 7-week KO Model (continued)

Value Unit
NHNK Aalpha2 3 dimensionless
9K1 0.35 milliS _per-microF
9Kur 0.45 milliS _per_microF
Taconst 2.058 millisecond
Ticonst 643 millisecond
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