Supporting Material

Methods
Animal care

This study was approved by the Norwegian National Commftiednimal Welfare under the Norwe-
gian Animal Welfare Act, which conforms to th®uide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH puoation No. 85-23, revised 1996). Inducible,
cardiomyocyte-specific disruption of tierca2 gene was attained by employifgrca2//o=/flor Tg(«MHC-
MerCreMer) mice (KO) (1). Gene excision in 8-10 week old migas accomplished by inclusion of
tamoxifen powder (RM1 FG SQC, 811004, Scanbur BK) in the {@€® mg/200 g) for 7 days (2, 3).
Serca2/lor/flor mjce (FF) served as controls (1, 4). Tamoxifen treatmentit®i Serca2 gene excision
exclusively in the cardiomyocytes of KO animals (1). Hear&se harvested at 4 and 7 weeks following
tamoxifen administration.

Cardiomyocyte experiments

Cardiomyocytes were isolated by retrograde perfusion efitbart with enzyme-containing solutions
(1, 5). Isolated cells were then plated on laminin-coatecersdips and placed in a perfusion chamber
on the stage of an inverted microscope. Intracellula{Gawas measured in myocytes loaded with
fluo-4 AM (Invitrogen Molecular Probes, Eugene, OR, USA)aflblic [C&*]; levels were first mea-
sured in cardiomyocytes pipette-loaded with fura-2. Thrasan values were then used to calibrate the
[Ca’T]; transients measured in fluo-4 loaded cells, as previousgrited (3). [C&']; transients were
elicited by field stimulation (3 ms biphasic pulse Y2above threshold) during perfusion with HEPES
Tyrode solution containing (in mmol/L): 140 NaCl, 1 Ca{0.5 MgCh, 5.0 HEPES, 5.5 glucose, 0.4
NaH,PO, and 5.4 KCI (pH 7.4, 37C). In these experiments, an LSM 510 microscope (Zeiss GmbH,
Jena, Germany) was used to record{Qatransients in line-scan mode (6).

SR function was assessed by whole-cell fluorescence (PhRetdmology International, Monmouth
Junction, NJ, USA) recordings of intracellular [£4;. SR Ca&*t content was estimated by rapidly
switching to an extracellular solution containing 10 mrhataffeine and measuring the magnitude of
the elicited C&" release. The SR-dependent component of théf{zaransient was calculated by
comparing the magnitude of [€8]; transients in the presence and absence of caffeine. Theeatitfe
in the declining phase of the [€4]; transient under these two conditions was used to estimate ra
constants for [C&']; re-uptake (SERCA activity) and extrusion (7). The contiitou of NCX and
PMCA to C&* extrusion was estimated by comparing the declining phasaftéine-elicited [C&"];
transients in the presence and absence of 5 mmoft.Ni

Patch-clamp experiments were conducted with an Axoclamar@glifier (Axon Instruments, Foster
City, CA, USA), pCLAMP software (Axon Instruments), and loesistance pipettes (1-2®). APs
were triggered by injecting a 3-ms depolarizing currentefiscpatch-clamped with a pipette solution
containing (in mmol/L): 120 K-aspartate, 0.5 MgCb NaCl, 0.06 EGTA, 10 HEPES, 10 glucose, 25
KCI, and 4 K2-ATP (pH 7.2). L-type C& current was elicited by 200 ms voltage steps from -50 mV
to a range of potentials, with an internal solution contagn{in mmol/L) 130 CsCl, 0.33 MgG] 4
Mg-ATP, 0.06 EGTA, 10 HEPES, and 20 TEA, and an extracells¢duntion containing (in mmol/L) 20
CsCl, 1 MgCh, 135 NaCl, 10 Hepes, 10 D-glucose, 4 4-aminopyridine, anc@k(1, 3). Na /K-
ATPase (NKA) currents were obtained by elevating extratall[K™] from 0 mmol/L to 5.4 mmol/L,
and contributions of the;; andos NKA isoforms were distinguished based on differential @ity to
ouabain bloackade (3, 8).

Intracellular [Na'] was assessed in cells loaded with SBFI AM (Invitrogen Molac Probes, Eu-
gene, OR, USA) using whole-cell photometry, and the flu@ese signal was calibrated to obtain
[Na']; levels as described previously (8). Intracellular pH wa=aeined by confocal microscopy in
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cells loaded with SNARF-1 AM (Invitrogen). SNARF was exditat 543 nm, and pH was calculated
from the ratio of fluorescence at 580 and 640 nm using a célioraurve obtained in permeabilized
cells.

Statistics

Cardiomyocyte data are expressed as mean vatugEM. Statistical significance was calculated using
paired or unpaired t-tests, and P values <0.05 were comsidggnificant.

Model Implementation
Justification for the addition of a subsarcolemmal compartnent

Previously, we presented a mathematical modelling studyadt dynamics in the FF and 4-week KO
cardiomyocytes (9). In that study, the FF and 4-week KO nmdele developed using a framework (10)
which does not include the sub-sarcolemmal compartmentéhbe referred to as the lumped frame-
work (the cytosolic and sub-sarcolemmal spaces were lurimpeane cytosolic space). In the lumped
framework, all ransmembrane currents are uniformly iisted and most Ca handling proteins such
as NCX and PMCA are regulated by cytosolic’Caconcentration. This framework enabled parame-
terization of C&" handling mechanisms as explicit functions of {€h and simulated C& dynamics
were found to be in good agreement with experimental ob#ensga However, during parameterization
of the 7-week KO model, the simulated [€3; transient using the lumped framework was significantly
higher than experimental measurements. We then carriedetailed calculations of G4 influx and
efflux combined with thermodynamics consideration of NCKdiion as presented below. Such analy-
sis revealed that, while it is sufficient to model the FF angleek KO using the lumped framework, a
more detailed model of & handling with a sub-sarcolemmal space was required to mbeé&-week
KO.

During a [C&*]; transient, peak [Cd]; is reached within approximately 40 ms and the size of a
[Ca’t]; transient (\[Ca2t];) is determined by the net &a influx during this initial period as well as
intracelular C&" buffering properties. The net Eainflux can in turn be calculated as the difference
between total Ca entry through LCCs and SR &arelease, and Ca removal through SERCA,
NCX and PMCA. In the FF cardiomyocytes, assuming most of te&"@ntry and SR C& release
occur within the first 40 ms of the cardiac cycle,’Cantry through LCCs could be estimated from the
integral of the LCC current {,1,) recorded during an AP clamp (0.096 pC/pF), yielding apjpnately
3.3 umol/L of C&*. SR C&™ release could be estimated from the integral of SR*Q#ptake since
Cat release and uptake must be balanced over each cardiac tigitey the experimentally recorded
[Ca’t]; transient and fitted parameter values for SERCA to appraxeimad integrate the time course of
Cat uptake, the estimated total SR Caelease and SR €& uptake during the first 40 ms were 37.7
and 4.4umol/L, respectively, yielding a net SR €arelease of 33.3umol/L. Therefore, without taking
into account of C&" extrusion through NCX and PMCA during the first 40 ms, the r@t'Gnflux had
an estimated value of 36&mol/L.

On the other hand, given the observed{Catransient in the FF cardiomyocytes, the actual increase
in the total concentration of & (A[Ca2*].,) can be calculated as:

Biax [Ca2+]p
Kq + [Ca?t],

Bmax . [CaQ+]d

A[Cazﬂtotal = ( Kq + [Ca?t]q

+ [Ca**],) — ( + [Ca*t]g) 1)

where By.x and Ky denote the total concentration and*Caffinity of buffers, respectively. [Cd],
and [C&1]4 are the peak and diastolic [Ed;, respectively. With a diastolic [C4]; of 0.113+ 0.025
umol/L, a A[Cat]; of 0.343+ 0.065 pumol/L, and estimated B., and K; values of 109 and 0.6
umol/L, respectivelyA[Ca® ;.. Was calculated to be between 24.3 and 36wbl/L. The above calcu-
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lations demonstrated that the net?Canflux, without taking into account of Cd extrusion, was close
to the actualA[Ca®*t]; required. This makes it possible to use the lumped modeldwark for the
FF model, in which NCX and PMCA sense cytosolic’Caoncentration and only a small amount of
Cat extrusion occurs during the first 40 ms.

Similar calculations were carried out with the 4-week andegk KO data. It was found that, in the
4-week KO, the net Cd influx (13.7umol/L) was close to the actu[Ca’*+];; (7.63 - 13.62umol/L).
However, this was the not the case for the 7-week KO, in whiehg was a significant mismatch between
net C&* influx (13.87 umol/L) and A[C& ;. required (5.09 - 7.38mol/L), suggesting additional
C&* removal through trans-sarcolemmal®Caextrusion.

Ca* extrusion through NCX is thermodynamically favoured whiea Nernst potential of the ex-
changer (Ecx) is more positive than the transmembrane potentigl|)(MExcx is in turn governed by
the equilibrium potentials for & (Ec,) and Na (Ex.). When the lumped framework was useg
could be calculated as:

ENCX - 3ENa - 2ECa

RT  [Nat],

Eng = — -
Na =B M Nat
RT _ [Ca2f],

Ee. — — .
Ca = oF " [Ca2t];

)

where R is the universal gas constant (8.31al~! -K—!), T is the absolute temperature (310 K),
[Ca’t],, [Ca&T];, [NaT]; and [Na'], are the intra-and extra-cellular ion concentrations. Ygime
experimentally measured [N% levels and [C&"]; transients, k., and B, during the first 40 ms of the
cardiac cycle were estimated, as shown in Fig. S1A, for theltiireek KO and 7-week KO. It can be
seen that k, was similar between the FF and 4-week KO, but decreasedisagmtiy in the 7-week KO
compared to the FF level, due to the 5 mmol/L elevation infNaOn the other hand, the decrease in
the [C&1]; transient led to a gradual rise itE The resulting Kcx and APs reconstructed from the
average recorded APDs (ABPAPD;, and APDy) are shown in Fig. S1B. The shaded areas where
Encx is below V,, indicate the duration of NCX in reverse mode. For the FF angedk KO, NCX
operated in forward Cd extrusion mode during most of the 40 ms. However, for the k€O, NCX
operated in reverse mode during most of the 40 ms, as a rddudttlo the decrease inNgx and the
prolonged AP. This meant that using the lumped framewomrkethvas little C&" extrusion during the
first 40 ms of the cardiac cycle as governed by the thermodigsaai the exchanger, such that total
Cat influx exceeded the actudl[Ca’*].:. As a result, simulated [C4]; transient would inevitably
be greater than that observed experimentally.

The above analysis thus motivated the addition of subsamoolal space, so the transmembrane
proteins sense ion concentrations in their respectivespabes. In this framework, [€4]; transient in
the 7-week KO can be accurately matched as*{Ga and [C&']y rise much faster and higher than
[Ca2t]; thus driving NCX into the C&" extrusion mode much earlier (see Fig.S2).

A subsarcolemmal compartment was thus incorporated iet@itbviously developed mathematical
framework of C&" dynamics and APs in murine ventricular myocytes (10), felfe the approach
of Shannon et al. (11). Such addition allowed differengiaistributed proteins in the cell membrane
to sense ion concentrations in their respective sub-spghaésould be substantially different from the
bulk cytosolic concentrations during an AP, as shown in Bg. Since the formulation of Shannon et al.
(11) was originally developed for rabbit ventricular mytey, some modifications were made based on
experimental data from mice and rats. These include chaogbe geometrical parameters, diffusion
parameters and distribution of the ion channels, as e>qidielow.

Geometrical considerations
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The cell membrane was divided into two areas: the junctiomainbrane (A), i.e. the area occupied
by transverse tubules (T-tubules), and the surface sanco# area (4). The percentage area of the
junctional membrane was determined based on a study by Rddguadyk-Droske (12), which showed
that in the mouse heart, on average 6f the surface sarcolemma and’40f the T-tubules are involved

in junctional complexes. As a result, Z9of the cell membrane is junctional, with approximately
80% of which located in the T-tubules. Therefore, in our model gercentage area of the junctional
membrane was set to %9 For the differential distributions of the channels suchN&X and NKA
(see later), we have assumed that their maximal conducandke junctional membrane are the same
as those measured in the T-tubules, since the majority ofutition complexes are located in the T-
tubules. Similarly, we have also assumed that the maximadwctances of these channels in the surface
sarcolemma are the same as those measured in detubulatdmtanes) since the majority of the surface
sarcolemma is not in the T-system.

The cell volume (2.2 10° uL) (13) was separated into five compartments, four of whighdjfional
space (jc or dyadic space ds), junctional SR (JSR), netwarilNSSR) and the cytosolic space (cyt)) have
been described previously (10). An additional subsarcoiehspace (sl), located directly underneath
the surface sarcolemma area and occupyigo2the cell volume, was added to the model.

Diffusion parameters

Following the approach of Shannon et al. (11), the rate éfisibn of ions (Na& and C&*) from space
jc to space sl was defined as:

[Mje — M1
=Dp Ay 3
Leat jesl Achsl ( )
where O, ,, is the diffusion coefficient for the ion, ;& is the interface area between the junction space
and the subsarcolemmal spacex;. is the distance between the centres of the two compartnaamds,
[1;c — [« is the difference in ion concentrations.

Similarly, the rate of diffusion of ions from space sl to spagt was defined as:

[I] sl — [I]i
AXslcyt

Ji

jesl

Jr 4)

= Dlsloyt ’ ASlcyt ’

sleyt

The diffusion coefficients for Naand C&* ions in equations 3 and 4 were set to the same values
as those in the Shannon et al. model (11), as listed in Tabler'88 diffusion distances and interface
areas were adjusted from the values used by Shannon etaalrdany to the differences in geometry, as
explained below.

Each junction was considered to be a disk with a radius of Qriiévith a height of 0.01%um (11).
The cross-sectional area is therefore 0.08%. Given that A. is equal to 280Qum? (19% of Aiot),
the total number of junctions is thus approximately 3515his¥yielded an even spacing of 0.986
between junctions, which is ¥8smaller compared to the 11&n spacing in the Shannon et al. model.
Therefore, the distance of diffusion to the middle of the mpartment was reduced by@3rom 0.5
to 0.41um (See Fig 1.B in ref. (11)). The side area of a junction is B.0m?, giving a total interface
area of 5.27 10~6 cm? for diffusion from junctional space to subsarcolemmal spac

The distance of diffusion from the subsarcolemmal spacedaytosol was kept unchanged from
the value used by Shannon et al. (0j48), and the interface area was approximated by the area of the
surface sarcolemma (1:2 10~ cn?, 81% of A¢qt).

The addition of the subsarcolemmal compartment with thesafentioned Ca diffusion parame-
ters resulted in an approximately ten-fold increase in thgmitude of [C&*] jc,» compared to the lumped
model. However, coorperative binding of €ato RyR with a hill coefficient of 4 for transition from
state G to state Q and 3 for transition from state Qo state Q in the model meant that the resulting
forward rate constants would be approximately 2dd 10 times faster, respectively. This resulted
in a significantly prolonged opening time of the RyRs andahsity of the model (the proportion of
RyRs in state C dropped transiently to just below zero in seimelations). We therefore adjusted the
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Cat-sensitivity of the RyR to ensure the proper functioninghef thannel, as suggested by Jafri et al.
(14).
K™ ion dynamics were not compartmentalized, following therapph of Shannon et al. (11).

Differential distribution of transmembrane ion channels

In adult mouse heart, two isoforms of the NK ™-ATPasex-subunit (; and o) have been found,
which are distributed differentially in the T-tubule andfsge sarcolemmal membranes. In the study
by Berry et al. (15), preferential inhibition of the high da@n affinity «, subunits in control and
detubulated mouse ventricular myocytes revealed thatuhremnt densities ofdka o1 and kNka q2 in

the T-tubules are 1.37 and 5.57 times greater, respectitbey those in the surface sarcolemma. In
our model, ka1 and kka o2 Were computed separately, and the data by Berry et al. (1B we
used to define the maximumia 1 and ka2 in the junctional and sarcolemma areas in the model
(125, o1 (GC) = L2761 1, 15 1 (S1) = 0.9BLIME, 1, IR 10(C) = 2,985 o, IS, o(S]) =
0.535 I8, ,5)-

The current density of NCX in the junctinal membrane was tbtmbe three times greater than that
in the surface sarcolemma, based g measurements from detubulated rat ventricular myocy®@s (1
Yang et al. (17) also found very little NCX current in detudttield rat ventricular myocytes, indicating
the majority of the channels are located on the T-tubuleserdfbre, the maximum NCX activity on
the junctional membrane was set to be three times greatethéhe surface sarcolemmag(ik (jc) =
2.175VRax , Viax (sl) = 0.725V88%).

The distribution of LCCs has been assessed by Scriven et&lin rat ventricular myocytes. Using
indirect immunofluorescence, it was found that the majaftyhe LCCs are located on the T-tubules,
with very little immunolabelling on the surface sarcolemrraanother study in rat ventricular myocytes
(19), detubulation revealed that LCC density is 8.7 time=atgr on the T tubules than on the surface
membrane (B.r(sl) = 0.1Pq.1.(jc). Therefore, in our model, the permeability of the chelsron the
junctional membrane is nine times greater than on the sigaccolemma. It was also assumed in the
model that, C&"-induced-C&" release is only triggered by €a entry through the LCCs located on
the junctional membrane.

The distribution of the fast Na channels on the cell membrane was assumed to be uniform in
our model, consistent with the observations by two differgmoups (20, 17), both in rat ventricular
myocytes. The distribution of plasmamembranéCaATPase (PMCA) is currently unknown, although
Ca™ extrusion through PMCA was found to be present in detubdlea ventricular myocytes (17).
This protein was thus assumed to be uniformly distributethercell membrane. Relatively few studies
have been carried out on the distribution of iKKhannels, which were also assumed to be uniformly
distributed.

Buffering

Ca™ buffering parameters in the junctional space, cytosolacepand the SR were kept the same as
those in our previous model (10). Buffering parameters lieradditional subsarcolemmal space were
the same as those used in the junctional and cytosolic spaces

Experimental data on Nabuffering is sparse, although in one study (21) in rabbittienlar my-
ocytes Na buffering capacity has been reported to be very low (appnately 1.3). In our model, Na
buffering was included following the same formulations grdameter values as those in the Shannon
et al. model (11).

Model Parameterization
The Na/K T-ATPase (FF and 4-week KO)

In the current study,Nka in the FF and 7-week KO cardiomycytes were measured in didlyzlls
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([Na™]; = 50 mmol/L) under whole-cell voltage clamping at -50 mV hotgipotential. The current was
activated by switching from a K-free to K*-containing external solution (5.4 mmol/L {K],), and
InkA,o1 @nd Kk a o2 Were differentiated using ouabain which blocks theisoform.

Before fitting the NKA formulations to oumniks measurements, a range of existing experimental
data from mice, and in some cases rats, were used to definelthger and [Na];-dependent properties
of the current. The voltage-dependence 10fA o1 and kka o2 Was parameterized to experimental
measurements by Swift et al. (8) in rat ventricular myocyae87 °C, as shown in Fig. S3. The
activation of NKA by intracellular Na has been studied by various groups, and a wide range of values
for the affinity constant (l§,) have been reported. For example, the megnviilues for rat ventricular
myocytes at physiological temperatures range from 10.2 idhn(@1), 17.0 mmol/L (16) to 40 mmol/L
(22). These differences may, at least partially, be expthiny variations in actual subsarcolemmal
[Na'] which may not always be accurately controlled by the {Nan the pipette solution. In normal
mouse ventricular myocytes, Berry et al. (15) measured, tataand oo-mediated Na effluxes as a
function of [Na']; at 35°C. The Na affinity of the total NKA function was equal to 166 0.2 mmol/L
with similar K, values for thex; and «; subunits (16.6+ 0.8 and 16.7A- 2.6 mmol/L, respectively).
The hill coefficient (nh) of total NKA function was equal ta32t 0.1, with values of 2.3t 0.1 and 4.1
+ 0.8, for thex; and oy subunits, respectively. In another study, Han et al. (28dnted a K, of 18.3
+ 2.7 mmol/L and an nh of 2.8 0.2 for the overall NKA function in mouse ventricular myoegtat
room temperature.

Based on the experimental evidence above, theakd nh values for the; andx, subunits were set
to be equal in the FF model. Various combinations gf &d nh values within the range of experimental
data were then tested in whole cell simulations and the tiegUNa']; levels compared with experi-
mentally observed level in FF cardiomyocytes ([Nia= 9.6 + 1.4 mmol/L). For each combination, we
first parameterizedc, ,; and Ky ,, based on our measurements Qkh o1 (2.61+ 0.10 pA/pF)
and Nxa,q2 (0.81+ 0.09 pA/pF) in dialyzed cells at -50 mV. The modelsogfando; NKA isoforms
were then incorporated into the previously developed mbdetework (10) for simulations of [Ng;
under field-stimulations at 1 Hz. As shown in Fig. S4, experitally measured [Ng; value was only
matched with high nh and high,Kvalues. For this reason, we set nh to 3 anglté 21 mmol/L in our
model, with fitted /g ,; and Ky .o equal to 5.2 and 1.95 pA/pF, respectively. NKA parameters fo
the 4-week KO model were kept identical to those in the FF hode

The Na/K T-ATPase (7-week KO)

In 7-week KO cardiomyocytesyka o1 and kka o2 during voltage-clamp experiments were decreased
from their FF values of 2.6 0.10 and 0.8 0.09 pA/pF, respectively, to 2.35 0.10 and 0.45: 0.06
pA/pF, respectively. At the same time, [Nj level during 1 Hz field-stimulation was also higher (14.6
+ 1.1 mmol/L) compared to the FF (96 1.4 mmol/L), which was initially thought to result only from
NKA down-regulation. However, wherfy ,, and K ,; were fitted to experimental measurements
(INKA a1 (7-week KO) = 4.4 pA/pF andiicy o (7-week KO) = 0.9 pA/pF), simulated [Nd; under 1
Hz field-stimulations was increased by about 2 mmol/L coragdo the FF value, as shown in Fig. S4.
Na™ accumulation in HF has been associated with increases nibflux such as the persistent
Na' current in some studies. We thus used our model to test whiettveases in the fast and persistent
Na currents can explain the additional increase inf{lNaseen in the KO. With Jiq = 0 uM/ms,
the conductivity of the fast Nacurrent (Gy.) was increased from its original value of 16 pA/pF to a
maximum value of 23 pA/pF. G. could not be increased beyond 23 pA/pF as theé Naannel model
includes both the fast and persistent channel kinetics &) the increased persistent current at higher
Gn. Values prevented the cell model from repolarising. At.G 23 pA/pF, simulated [Na]; increased
from 12.25 mM originally to 12.77 mM which was significantlglbw the experimental measurement
(14.6 == 1.1 mM). On the other hand, the conductivity of the persistéa™ current (&Nab) would
need to be increased almost 3.5-fold from 0.0026 pA/pF t0&EQA/pF in order to raise [Ng; to
the experimental level, which was significantly greatenttize observed 3@ increase in this current
in canine HF (25). We have obtained some preliminary measemés on the fast and persistent™Na
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currents, which suggest no significant increases in eitieefast or the persistent Naurrents.

We hypothesized two mechanisms could potentially explaénaidditional increases in [N&. The
first mechanism could be a decrease in the M#finity of NKA (an increase in k). This means a
higher [Na']; level would be required to achieve the same level of éflux, which should be equal
to Na“ influx at steady state (21). The effect of Kon [Na'];, with NKA down-regulation kept at
the experimentally observed levels, is shown in Fig. S5Anaiestrating an almost linear increase in
[Na™]; with increasing K. Experimentally measured level of [N was matched with K equal to 29
mmol/L.

The second mechanism could be an increase ih INflux, possibly through mechanisms such as
the fast Na channels, the persistent Nahannels and the N@aH ™ exchanger (NHE). However, since
increases in fast and persistent™Neurrents were not observed experimentally (not showny, where
not considered as plausible explanations. On the other, haoeased Na influx through NHE due
to a decreased pHisee Fig. S5B) could cause an [Naincrease to the experimentally observed level.
This was later confirmed in our experiments, where a tendemwsirds acidosis was observed in KO
cardiomyocytes (pH 6.91+ 0.07v.s. 7.19+ 0.08 in FF).

Intracellular pH regulation

A previously developed model of intracellular pH regulatfor rat ventricular myocytes (26) was intro-
duced into the FF, 4-week and 7-week KO models. Fluxes tirdolg Na /bicarbonate cotransporter
and anion exchanger were set to zero in all three modelse sith@ur experiments were conducted
using bicarbonate-free external perfusion solutionsaioittg HEPESs. Extracellular ion concentrations
and pH were adjusted according to the experimental setepMseerials and Methods). To fit the pa-
rameters for the N&’H™ exchanger (NHE), we made use of the fact that total Ndlux and efflux
per cardiac cycle must be balanced at steady state. Sphyifiea first estimated the integral (over one
cardiac cycle) of the Naefflux through NKA and N4 influx through non-NHE channels in the FF and
7-week KO models by running the models, with [Naset to be constant at the experimentally mea-
sured value (FF: 9.6 mmol/L , 7-week KO: 14.6 mmol/L) and wiie parameterized & handling
components (outlined below). The integral of theNaflux through NHE in each model was then
taken as the difference between the integrals of Mfflux and non-NHE Na influx. Since the rate
of Na* influx through NHE does not change significantly during eaatdiac cycle, it could then be
approximated from the calculated integral (FF model: 0700dhol-L~'-ms™! and 7-week KO model:
0.051umol-L ~t-ms™1). Finally, the affinity of NHE to proton (K= 0.411umol/L in all three models)
and the hill coefficient (nh = 2.905 in all three models) wettdi to the above estimated Nanflux
rates, at the experimentally observed; pgvels in the FF and 7-week KO models.

Intracellular acidosis in the 7-week KO model was inducedheyintroduction of an acid flux from
an intracellular acid-producing source,{d was set to 0.04umol-L~!-ms—1), which could be at-
tributed to compromised metabolism such as glycolysis. @tain charge balance, an equal amount
of intracellular anion flux (4) was also introduced. Build-up of [A; was prevented by including a
constant-field sarcolemmal flux extruding Arom the cytosol which was taken into account when cal-
culating changes in transmembrane potential. The memipameeability to A~ was set to be
10~7 cm/s , such that the electrogenic transmembrane fluxoflil not result in a significant change
in resting membrane potential. It was also assumed that thes extruded from the cell was rapidly
transported away from the cell such that iy was approximately zero.

Parameterization of NCX, PMCA, SERCA and L-type calcium current

Previously, we described a method for parameterizing NOWCR and SERCA directly using exper-
imentally measured [Ca]; transients in the presence of caffeine and during field sétimms (10),
provided that C&" fluxes through NCX and PMCA are functions of cytosolic€@oncentrations. In
the current model, NCX and PMCA respond to sub-space (stiisanmal and junction spaces) &a
concentrations. As a result, parameterization of NCX, PMEIW SERCA for the current model re-
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quired solving a system of ordinary differential equatiansl matching the resulting decay of f&%
to that measured experimentally, as explained below.

Generally speaking, the dynamics of’Caconcentrations in the cytosolic ([€8];), subsarcolem-
mal ([C&"]y) and junctional spaces ([€4];.) during the later decay phase of a fC4 transient can
be described as:

d[Caer]i JC leyt
—B;- asleyt 5
BT (7cht SERCA) (%)
d[Ca?t]y Joasleyt . Jcajesl
sl _ By - (— a,slcy a,jcs JCus 6
—a 1 ( v, + v, + JCas) (6)
d[Ca2+]j Joaicst
4 2 —Bi. (-2 1 Joaic 7

where V¢, Vg and V. are the volumes of the cytosolic, subsarcolemmal and jomatispaces, respec-
tively; Jerca iS the rate of net uptake through SERCA; .1 and &, qicyt, Calculated according to Egs.
3-4, are the rates of Ga diffusion from junctional space to subsarcolemmal spand,feom subsar-
colemmal space to cytosol, respectively; g and &, are the total fluxes of G4 across the surface
sarcolemmal membrane and the junctional membrane, résggctinally, B;, By and B account for
Ca* buffering in the cytosol, subsarcolemmal and junctionalcgis and are calculated as:

o Bmax . Kd _

Bi=(1+ (Kq + [Ca2+]i)2) 1 ®)
o Bmax : Kd -1

Ba = (1+ (Kq + [Ca2+]sl)2) ©)
_ Bmax . Kd _

Bje = (1+ (Kq + [Ca2+]sl)2) ! (10)

During the decay phase of a caffeine-induced?{Qatransient, dgrca in Eq. 5 is equal to zero.
Joast and &, are the sums of C4 fluxes through NCX and PMCA located on the surface sarcolemma
and junctional membrane, respectively, and taking int@acta small background &a flux. Given
initial values of [C&*];, [Ca®"]y and [C&"];., Egs. 5-7 can thus be solved to give the time course of
decay of [C&*];. The relative contributions of NCX and PMCA were calculagedthe ratio between
the integrals of the simulategidx and $yica.

For parameterization, initial [C&]; was set equal to experimentally measured*fGaat 100 ms
post-peak during the caffeine-induced fCh transient. Initial [C&" ]y and [C&"];. were first assumed
to be equal to [CH];, assuming C& movement across the different compartments occur on a much
faster time scale than €aremoval fluxes. Maximum NCX activity (§2%), the maximum C&" extru-
sion activity through PMCA @, ) and the C&" affinity of PMCA (Ky, panica) Were parameterized
to minimize the cost function, which takes into account kbt difference between simulated and ex-
perimentally measured decay of [&3;, and the difference between the simulated and experinigntal
estimated contributions of NCX and PMCA. During fitting, tt@ncentrations of [Ng] in the different
compartments were set to be equal to the experimentallyuresytosolic [Na] (FF and 4-week KO:
[Na'];c = [Nat]y = [Na']; = 9.6 mmol/L, 7-week KO: [N&];. = [Na*]y = [Nat]; = 14.6 mmol/L).

During the decay phase of a field-stimulated {CJa transient at 1 Hz,skrca in Eq. 5 is non-
zero, and &%, Ip5ica and Ky, puvca fitted from above were treated as constants in Egs. 5-7. The
experimentally measured decay of f¢# can thus be used to parameterize the maximum uptake rate of
SERCA (Vyp), its Ca* affinity (Ku,up), and the small SR Cd leak flux (Je.x, assumed to be constant
during fitting), with initial [C&"];, [Ca?™]y and [C&T];. set equal to the experimentally measured
[Ca’t]; at 90 ms post-peak.

The above fitted NCX, PMCA and SERCA parameter values wene ith@rporated into the fit-
ting of the L-type C&" current, using the previously described approach (10).cbimeluctance of the
channel in the junctional membrane was set to be nine tinggeehithan that in the sarcolemma, to be
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consistent with experimentally observed differential reggions of the protein (18, 19). The integral
of simulated ¢,;, was 0.116, 0.225 and 0.263 pC/pF for the FF, 4-week KO andekW&® models,
respectively, close to experimental values of 0401009, 0.205:0.02 and 0.2430.015 pC/pF, respec-
tively.

The assumption of equal initial €& concentrations in the subsarcolemmal, junctional andsoyio
spaces were then tested by incorporating the above panavadttes into the whole-cell framework as
shown in Fig S6 (A-B for FF, C-D for KO). It can be seen that dgrimost of the decay phase of the
simulated transients, [€&];. and [C&*], were not equal to, but were linearly related to {€h. Inter-
polation of the linear relationship at the experimentallgasured [C& ]; level thus would give a more
accurate initial [C&"];. and [C&*]y values for parameterization. Table S1 shows the initiathedi
parameter values with [¢&];. and [C& "] assumed to be equal to [€d;, and then with interpolated
[Ca’t];c and [C& "]y values.

A similar approach was used for parameterization of NCX, PMSERCA and the L-type Cd
current in the KO model. Since caffeine-induced € transient in the KO cardiomyoycytes is very
small in magnitude, we chose to use experimentally meadigktstimulated [C&"]; transient (0.5
Hz) in the presence of caffeine to parameterize NCX and PM@AHe KO. Table S1 compares the
final fitted parameter values between the FF and the KO models.

During parameterization, the maximum uptake activity oR8RA (V,,,) was found to be decreased
by 58 and 80 from the FF value, at the 4-week and 7-week time points, isedy. No difference was
found in the affinity of SERCA to intracellular €& (K, up), i-€. allowing K, .., to change between the
FF, 4 and 7-week models did not improve the quality of the fite Tnaximum C&" extrusion activity
through PMCA (B 4) had 104 and 2-fold increases in the 4-week and 7-week models, reéeplyc
and the maximum exchange rate of NCX{{¥;) had 43% and 5.5-fold increases in the 4-week and
7-week models, respectively, from the corresponding FEezallhese values are comparable with ex-
perimentally observed progressive increase in the expreta/els of NCX and PMCA (3).

Sensitivity of [Ca?*]; Transients, [Na']; and pH; to NHE Parameters

We tested the sensitivity of the simulated fC& transients, [Na]; and pH to the fitted NHE parame-
ters (K = 0.411umol/L, nh = 2.905) as follows. Crampin and Smith (27) repdrek; value of 0.3436
umol/L (pK; = 6.464) and an nh value of 3.18. These values are in compaosihe study of Swietach
et al. (28), where Kand nh were found to be 0.41imnol/L (pK; = 6.38) and 1.933 respectively. We
therefore maodified Kand nh independently to these high and low values reportditemature in all
three models, and compared simulated’Qatransients, [N&]; and pH levels with those obtained
previously using the fitted (control) values. The resultsslaown in Fig. S7-S9, demonstrated that for
all three models, simulated [€#]; transients and [N&]; were insensitive to both #and nh values, with
only small changes associated with different parametar s®imulated plHichanged moderately with
changing K values, but remained within the bounds of experimentalljasueed average standard
error of mean (SEM). Simulated pkvas most sensitive to the choice of nh value, such that decrea
ing nh led to a higher pHand vice versa. However, as the mechanisms underpinnifg &ad Na
homeostasis was the central focus of our study, we conchatettie specific NHE parameters do not
significantly influence our analysis.

Differential Effects of NKA Down-regulation

In the addition to the aforementioned compensatory chamMi€4 was also found to be down-regulated.
Sensitivity analysis in Fig. S11 showed that under physiickl conditions such as in the FF cardiomy-
ocytes, moderate reductions in NKA activity may beneficié@ats on systolic function by enhancing
peak [C&T]; and the size of the [C&]; transient. However, in the 7-week KO, the same level of reduc
tion in NKA activity resulted in a greater increase in [Naand parallel increase in both diastolic and
systolic [C&T];. While the net increase in the size of the transient was fabgunitly attenuated thereby
reducing the beneficial effect of NKA down-regulation ontsiis function, the increase in diastolic
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[Ca2t]; may have detrimental effects on relaxation.
External Work in the Heart

Following the approach by Suga et al. (29), the mechaniaaigyncan be estimated from the pressure-
volume (PV) loop of the heart which in turn was assumed to lotangular. The following simple
formulae were proposed by Suga et al.:

Total work = external work + potential work (11)

External work = (peak pressure — diastolic pressure) x stroke volume (12)

(end diastolic volume — stroke volume) x (peak pressure — diastolic pressure)
2

Potential work =
(13)
Stroke volume = cardiac output/heart rate (14)

The end diastolic volume was estimated from left ventricdi@stolic dimension and posterior wall

diastolic thickness based on the following equation preddsy Troy et al. (30) assuming the shape of
the left ventricule resembles an ellipsoid:

Dy Dg 2D4

LV(C&W)V = 4/371(% +WT,) x (% +WT,) x (% +WT,) (16)
LVWV = LV(C&W)V — LVCV (17)

where LVCV denotes left ventricular chamber volume, LN(@)V denotes left ventricular chamber
and wall volume and LVWYV denotes left ventricular wall volanD; and WT; are the left ventricular
diastolic dimension and posterior wall diastolic thicksie®espectively, measured from echocardiogra-
phy.

As shown in Table S2, the total mechanical work by the hedttarFF, 4-week KO and 7-week KO
were 4.9, 4.7 and 2.9 mmHuyl/beat, respectively, equivalent to 6,604, 6.3x10~* and 3.9<10~*
J/beat, respectively. Therefore, the total mechanicakw@s slightly reduced between FF and 4-week
KO, and significantly reduced by 7 weeks.

On the other hand, simulated ATP consumption by ion traspas 38.1, 30.8, and 48;iM/beat.
Given that the volumes of the heart muscle for the FF, 4-we@kakd 7-week KO are approximately
0.11, 0.12, 0.09 ml, respectively, and that roughl{/¢7& the heart is occupied by myocytes (31), the to-
tal amount of ATP consumed by the heart for ion transport eaceltculated to be 3:010~3, 2.8x103
and 3.210~2 pmole/beat, which in turn are equivalent to $B0~*, 1.4x10~* and 1.6<10~* J/cycle,
assuming 50 kJ/mol ATP (32).

The above analysis revealed that the energy consumptigorfaransport in the FF, 4-week KO and
7-week KO are 2%, 22% and 4% of mechanical work, respectively. This indicated that@litih the
sum of mechanical work and work for electrophysiology dasesl from FF to 7-week KO, the overhead
of running the heart doubled as a fraction of the output gnerg

Effect of increased membrane area in 7-week KO

As mentioned previously (3), LV hypertrophy was not obsdriveeither the 4-week or the 7-week KO
animals. Unpublished data have, however, suggested aasein the total surface area in the 7-week
KO, which resulted from increased T-tubule density. Spedlify, there appeared to be newly grown
longitudinal T-tubules that contained NCX but not LCCs, Mttransverse T-tubule organization was
maintained. Since the functional roles of these new strastare still not clear, we have not included
them in the 7-week KO models.
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Based on the reasons above, we have kept the volume and ttatbrane area unchanged in the
7-week KO model. However, we have tested the effect of areasad membrane area to make sure it
does not significantly alter our simulation results. To de,ttve have assumed the increase in the total
membrane area is due to increased sarcolemmal membrahenfiile the area of junctional membrane
(Ajc) remains unchanged based on the experimental observatibthe new T-tubules did not contain
CaV1.2 channels (LCCs). In addition, we have adjusted thenra activities of NCX, NKA and LCCs
in the different membranes such that the overall curremtsher same as those observed experimentally.

Simulated C&" dynamics are not significantly different from those obtdipeeviously. Simulated
total ATP consumption by ion transport was slightly incexhsas shown in Fig. S12, due to a slightly
greater consumption by NKA as the increase ig Assulted in an increase in simulated ion flux through
NKA. The overall trend is still consistent with our previoosnclusion that ATP consumption by ion
transport is greater in the 7-week KO model than in the FF angdk KO models. The aforemen-
tioned increase in NKA activity also caused a slight decrease in simulated [N (13.8 mmol/L),
which was still within the experimentally measured meaSEM (14.6+ 1.1 mmol/L). The effects of
compensatory changes on ATP consumption also followedahee gjualitative trend as that obtained
previously with unchanged membrane area, as shown in Fi@. 8 therefore concluded that the
possible increase in the membrane area in the 7-week KOilelynto have a significantly effect on the
main conclusions of our study.
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Table S1: Fitted parameter values for NCX, PMCA and SERC¥stFit was obtained by setting initial

[Ca?t];. and [C& 1]y equal to the experimentally measured level of{Claat approximately 100 ms

post-peak [C&"];. Second fit was obtained by using the intepolated®{Qa and [C&']y values,

according to the relationship in Fig. S6, as initial coradis.

FF KO
Firstfit  Second fit First fit Second fit
vmax (umolL—!ms~!) 11009  1.1591 6.4554 6.4116
Imax,  (pPAIpF) 0.3509  0.5644 1.1299 1.1231
Km.pMca (Rmol/L) 0.2544  0.3506  0.3506 (fixed) 0.3506 (fixef])
Vup (pmol-L—1.ms™1) 0.35 0.35 0.07 0.07
Kin,up (umol/L) 0.4928  0.4928  0.4928 (fixed)  0.4928 (fixed)
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Table S2: Echocardiography measurements (1) and calmsatif mechanical work of the heart.

Measurements/Calculations FF 4-week KO  7-week KO
Systolic pressure (mmHg) 20 87 88
End-diastolici pressure (mmHg) 4 10 19
Heart rate (bpm) 443 377 433
LV diastolic dimention (mm) 3.83 3.99 3.6
Posterior wall thickness diastole 0.95 0.99 0.91
Cardiac output (ml/min) 24.6 211 15.7
Stroke Volume (ml) 0.0555 0.0560 0.0363
External work(mmHg ml/beat) 4.77 4.31 2.50
LVCV (ml) 0.059 0.067 0.049
LVWV (ml) 0.11 0.12 0.09
Potential work (mmHg ml/beat) 0.14 0.41 0.43
Total work (mmHg ml/beat) 4.9 4.7 2.9
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Table S3: Parameter definitions and values

Parameter Definition FF value 4wk KO 7wk KO
Cm Specific membrane capacitanger(cn?) 1.0 1.0 1.0

F Faraday constant (C/mmol) 96.5 96.5 96.5
T Absolute temperature (K) 310 310 310
R Ideal gas constant @ol—1.K—1) 8.314 8.314 8.314
Atot Total membrane area (cn?) 1.48x10~4 1.48x10~4 1.48x10~4
AjciArot Ratio between junctional membrane and total membrane areas  0.19 0.19 0.19
Vinyo Myoplasmic volume L) 2.2x1075 2.2x10°° 2.2x10°°
Vje Junctional space volumei) 2.2x10°8 2.2x10°8 2.2x10°8
Vg Subsarcolemmal space volumeL 4.4x10°7 4.4%x10°7 4.4x10°7
Visr Juctional SR volumey(l) 7.7x10°8 7.7x10°8 7.7x10°8
VNSR Network SR volume{L) 2.31x10°7 2.31x10°7 2.31x10°7
Braz Max. buffering capacity fmol/L) 109 109 109
Kdpu f fer Affinity of buffer to Ca2t (umol/L) 0.6 0.6 0.6
CSQN¢ot CSOQN: total concentration in JSR (mmol/L) 50000 50000 50000
KGI@N CSON: affinity to C&+ (mmol/L) 630 630 630
Km,up SERCA : affinity to C&* (umol/L) 0.430 0.430 0.430
Vup SERCA: max. uptake ratgunol-L —1-ms—1) 0.350 0.148 0.07
Vieak SR leak: rate constant (m$) 2.0x10°° 3.0x107° 2.0x10°°
Dca(jest) cat diffusion coefficient from jc to sl(cris™1) 1.64x1076  1.64x10°6 1.64x10°6
Dca(steyt) cat diffusion coefficient from sl to cytosol (cfs—1) 1.22x10°%  1.22x10°6 1.22x10°6
DNa(jest) Nat diffusion coefficient from jc to sl(ciis—1) 1.09x10~° 1.09x10-° 1.09x10~°
D a(steyt) cat diffusion coefficient from sl to cytosol (chs—1) 1.79x10~° 1.79¢10-5 1.79x10~°
Ajest) Area of diffusion between jc and sl (Gh 5.27x10°6 5.27x10°6 5.27x10°6
Asieyt) Area of diffusion between sl and cytosol (&jn 1.20x10~%  1.20x10"%  1.20x107*
Ag(jest) Distance of diffusion between jc and sirQ) 0.41 0.41 0.41
Dy (steyt) Distance of diffusion between sl and cytospht) 0.45 0.45 0.45
APpyn Pryr: C&7T release modulating constant A (m%) -0.2 -0.2 -0.2
BPryn Pryr: Ca7 release modulating constant B (m'y -3.0 -3.0 -3.0
k- RyR: Pc; - Po; rate constantymol/L —4/ms) 6.07%10°6  6.075<10°% 6.075¢10°¢
ko RyR: Pc; - Po1 rate constantymol/L ~4/ms) 0.0713 0.0713 0.0713
ke RyR: Po1 - Pos rate constanty(mol/L—3/ms) 4.05¢10°%  4.05x10°¢  4.05x10°6
K RyR: Py - Po; rate constant (mst) 0.965 0.965 0.965
K RyR: Py - Pcy rate constant (ms!) 0.009 0.009 0.009
ke RyR: Pcs - Poy rate constant (ms!) 0.0008 0.0008 0.0008
n RyR: C&1 cooperativity parameterd - Po1 4.0 4.0 4.0

m RyR: C&1 cooperativity parameterd? - Pos 3.0 3.0 3.0
Ttr Time constant for transfer from NSR to JSR (ms) 20 20 20
Vel RyR: max. C&*+ permeability (ms 1) 4.5 45 4.5
VRiEK NCX: max. exchange rate (pA/pF) 1.1591 1.656 6.412
Kin,Cao NCX: affinity to extracellular C&" (umol/L) 1400 1400 1400
K, Cai NCX : affinity to intracellular C&+ (umol/L) 3.6 3.6 3.6
K, Nai NCX : affinity to intracellular N& (umol/L) 12000 12000 12000
Kim, Nao NCX : affinity to extracellular N& (umol/L) 88000 88000 88000
Ksat NCX: saturation factor 0.27 0.27 0.27
n NCX: V-dependence factor 0.35 0.35 0.35
Kinallo NCX: allosteric regulationy(mol/L) 0.0 0.0 0.0
Km,PMca PMCA: affinity of the pump to C&" (umol/L) 0.351 0.351 0.351

Continued on next page
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Table S3 — continued from previous page

Parameter Definition FF 4wk KO 7wk KO
IBeica PMCA: max. pump current (pA/pF) 0.564 0.621 1.123
PcarL LCC: permeability of the channef({/ms) 1.9¢<10~ 7 2.0x10°7 2.0x10~7
[y LCC: proportion of time closed in open mode 2.5 2.5 25
tr LCC: time switching between C and O states (ms) 9.0 6.0 11.0
Vi, LCC: potential when half LCC open (mV) -5.0 -5.0 -5.0
AV, LCC: width of opening potentials (mV) 8.0 8.0 8.0
Kr LCC: concentration at inactivationunol/L) 0.8 0.7 0.6

L LCC: inactivation time (ms) 400.0 600.0 400.0
a LCC: biasing to make inactivation function of V 0.3 0.3 0.3
b LCC: biasing to make inactivation function of V 0.4 0.4 0.4
C LCC: V-dependent inactivation constant 1 (mV) 33 33 33
Co LCC: V-dependent inactivation constant 2 (mV) 8.2 8.2 8.2
Cs LCC: V-dependent inactivation constant 3 (ms) 0.1 0.1 0.1
Cy LCC: V-dependent inactivation constant 4 (mV) 40 40 40
Cs LCC: V-dependent inactivation constant 5 (mV) 6 6 6
Cs LCC: V-dependent inactivation constant 6 (ms) 5 5 10
Cr LCC: V-dependent inactivation constant 7 (ms) 315 315 315
Cs LCC: V-dependent inactivation constant 8 (mV) 30 24 26
Co LCC: V-dependent inactivation constant 9 (mV) 4.5 4.5 4.5
INKA,a1 Maximum NKA current fora; isoform (pA/pF) 5.2 5.2 4.4
INKA, a2 Maximum NKA current foras isoform (pA/pF) 1.95 1.95 0.9
K, Ko Extracellular KF-affinity of NKA «; isoform (umol/L) 1500.0 1500.0 1500.0
K, Nai,«1 Intracellular N& -affinity of NKA o1 isoform umol/L) 21000 21000 21000
K, Nai,«2 Intracellular Na -affinity of NKA o isoform umol/L) 21000 21000 21000
INKA, o1 constl Constant 1 for V-dependence of NKe& isoform 0.2946 0.2946 0.2946
INKA,«l,const2 Constant 2 for V-dependence of NKo& isoform 0.0164 0.0164 0.0164
nh Hill coeffient for Na* binding of NKA «; and« isoforms 3.0 3.0 3.0
KiNHE H -affinity allosteric regulation of NHE by intracellular 0.411 0.411 0.411
nh Hill coefficient for allosteric regulation of NHE by intralb@lar H+ 2.905 2.905 2.905
Gcab lcap: Max. conductance of the channel (mBy 0.0004 0.0004 0.0004
Panion Permeability for anion flux (cm/s) 0 0 Q07
Jacid Rate of intracellular acid productiopufiol-L —1-ms—1) 0 0 0.045
Pcu Rate of intracellular acid production (cm/s) %308 1.3x10°8 1.3x10~8
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Figure S1: A: Reversal potentials for NgEy,) and C&" (Ec,) estimated from the experimentally
measured [N&]; and [C&*]; in the FF, 4-week and 7-week KO during a cardiac cycle at 1 HN®X
reversal potential (kcx) calculated as 8En,-2x Eq, for the FF, 4-week and 7-week KO models, and
their APs reconstructed from experimentally measuredsayeAPDs
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Figure S2: A: Simulated [Cd];. (black) and [C&T]y (grey) at 1 Hz in the 7-week KO model using
the framework with a subsarcolemmal compartment. B. Sitadl§Na'];. (black) and [N&]g (grey)
at 1 Hz in the 7-week KO model using the framework with a sulid@ammal compartment. C: Re-
versal potentials for N& (Ex,) (solid lines) and C&" (Ec.) (dashed lines) in the junctional (black)
and sarcolemmal membranes (grey), calculated from thelaietliconcentrations in A and B. B: NCX
reversal potential (Ecx) in the junctional (black) and sarcolemmal (grey) membsarmalculated as
3xEna-2X Eq,, as well as the simulated AP.
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Figure S3: Experimentally measured |-V relationship of #tie(circles) andx2 (squares) isoforms of
NKA in rat ventricular myocytes (8). Superimposed (solitek) are the fitted I-V relationship.
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Figure S4: Simulated [Nd; at 1 Hz pacing frequency with various combinations of the Néfinity
(Kw) and the hill coefficient (nh). For FR, ,, and Ry .o were fitted to experimentally measurd
InkA,01 and kka q2, respectively (see explanation in text). The effect of NHéwnregulation was
examined by adjusting(f, ,; and K ,» to match the experimentally observed reductionsiigul o1
and Nxa,a2-
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Figure S5: A. Simulated [N@]; at 1 Hz pacing frequency as a function ofthe*Naffinity of NKA. B.
Simulated pkl(circles) and [N&]; (squares) as a function of the size of the intracellular aoigrce.

S23



- =
S 502
5 3
+,_,7’ _ 0.
£ ©.0.1
©
:
e b 0.1
& 02 04 06 ~ 01 02 03
© : . . Nm
1S O

[Ca®"], (umol/L) [Ca”], (umoliL)

~ C = D
= —
S 025 = 0.2
E £
2 02 2
= —0.15 KO 4-week
5 0.15 5
) /- O, _ -
T 01 /T(O 7-week e -~
s - o S 01| KO T7-week
o o RS
£006——— £ s
s 01 02 03 % 01 02 03
O, O,
[Ca?"1( umol/L) [Ca®*1. (umol/L)

- - —[ca”], ——[ca”],

Figure S6: A. Simulated relationship between{€, (solid lines), [C&1] (dashed lines) and [G4];
during the decay phase of a caffeine-induced?fGatransient in the FF model. B. Simulated rela-
tionship between [Ca]y (solid lines), [Cd1], (dashed lines) and [G4]; during the decay phase of
field-stimulated [C&"]; transient at 1 Hz in the FF model. C. Simulated relationsleipveen [C&T ]
(solid lines), [C&T]y (dashed lines) and [G4]; in the KO 4-week model, during the decay phase of
a caffeine-induced [C4]; transient, and in the KO 7-week model during the decay phéasefield-
stimulated [C&*]; transient at 0.5 Hz in the presence of caffeine. D. Simulagationship between
[Ca’t]q (solid lines), [C&T]y (dashed lines) and [G4]; in the KO 4-week and KO 7-week models,

during the decay phase of a field-stimulatedJCatransient at 1 Hz.
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Figure S7: A-C. Simulated [C4]; transients, [N4]; and pH levels in the FF model, using the fitted
(control or ctl) NHE K value, as well as the low and high values found in literatidel-. Simulated
[Ca’t]; transients, [Nd]; and pH levels in the FF model, using the fitted NHE nh value, as wethas
low and high values found in literature. Dashed lines regamesxperimentally measured average {iNa
and pH, and average- standard error of the mean (SEM).
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Figure S8: A-C. Simulated [C4]; transients, [N&]; and pH levels in the 4-week KO model, using
the fitted (control or ctl) NHE Kvalue, as well as the low and high values found in literatubeF.
Simulated [C&T]; transients, [Nd]; and pH levels in the 4-week KO model, using the fitted NHE nh
value, as well as the low and high values found in literatubashed lines represent experimentally

measured average [N and pH, and average: standard error of the mean (SEM).
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Figure S9: A-C. Simulated [C4]; transients, [N&]; and pH levels in the 7-week KO model, using
the fitted (control or ctl) NHE Kvalue, as well as the low and high values found in literatubeF.

Simulated [C&T]; transients, [Nd]; and pH levels in the 7-week KO model, using the fitted NHE nh
value, as well as the low and high values found in literatubashed lines represent experimentally

measured average [N and pH, and average: standard error of the mean (SEM).
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Figure S10: Fitted (solid lines) and experimentally meadycircles) C&" fluxes vs [C&*]; during the
decay of the 1Hz [CH]; transient in the presence of caffeine (A) and in normal Tygoldtion (B).
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Figure S11: Simulated peak and diastolic {€h (A), A[Ca&*]; (B) and [Na']; (C) in the FF and
7-week KO models, with graded NKA downregulation.
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Figure S12: Comparison between simulated ATP consumpoiciot transport in the FF, 4-week KO, 7-
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Figure S13: ATP consumption for ion transport in the case GXNand PMCA adaptations (red) with
an increased 4, compared to results with unchanged membrane areas.
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