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Model Equations

Model ODEs are described in the main text and as follows:

d[Ca2+]SR

dt
=
Vmyo

VSR
· (−IRyR + ISERCA − ISRl − IIP3R) (1)

dTnC

dt
= ITnC (2)

CaRU model

We use the reduced, Hinch et al. (2004), model of the CaRU as described in Yu et al. (2011). The CaRU is modelled
as having four states, z1, z2, z3, z4, each describing a different combination of an LTCC and an RyR channel being
either open or closed. JLi and JRi are the total flux through the LTCCs and RyRs in state i respectively. These
equations are detailed below.

ICaL =
N

Vmyo
· (z1 · JL1 + z2 · JL2) (3)

IRyR =
N

Vmyo
· (z1 · JR1 + z3 · JR3) (4)

dz1

dt
= −(r1 + r5) · z1 + r2 · z2 + r6 · z3 (5)

dz2

dt
= r1 · z1 − (r2 + r7) · z2 + r8 · z4 (6)

dz3

dt
= r5 · z1 − (r6 + r3) · z3 + r4 · z4 (7)

z4 = 1− z1 − z2 − z3 (8)

JL1 = JLoo · yoo + JLoc · yoc (9)

JL2 =
JLoc · αp
αp + αm

(10)

JR1 = yoo · JRoo + JRco · yco (11)

JR3 =
JRco · βpcc
βm + βpcc

(12)
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where the CaRU fluxes are described as

JRco =
JR ·

(
[Ca2+]SR − [Ca2+]i

)
gD + JR

(13)

JRoo =



JR ·

(
[Ca2+]SR − [Ca2+]i +

JL
gD
· FVRTCa

1− e−FVRTCa
·
(
[Ca2+]SR − [Ca2+]o · e−FVRTCa

))

1 +
JR

gD
+

JL
gD
· FVRTCa

1− e−FVRTCa

|FVRTCa| > 10−5

JR ·

(
[Ca2+]SR − [Ca2+]i +

JL
gD
· 10−5

1− e−10−5 ·
(

[Ca2+]SR − [Ca2+]o · e−10−5
))

1 +
JR

gD
+

JL
gD
· 10−5

1− e−10−5

otherwise

(14)

JLoc =



JL · FVRTCa

1− e−FVRTCa
·
(
[Ca2+]o · e−FVRTCa − [Ca2+]i

)
1 +

JL

gD
·

FVRTCa

1− e−FVRTCa

|FVRTCa| > 10−5

JL · 10−5

1− e−10−5 ·
(

[Ca2+]o · e−10−5 − [Ca2+]i

)
1 +

JL

gD
·

10−5

1− e−10−5

otherwise

(15)

JLoo =



JL · FVRTCa

1− e−FVRTCa
·
(

[Ca2+]o · e−FVRTCa − [Ca2+]i + JR
gD
·
(
[Ca2+]o · e−FVRTCa − [Ca2+]SR

))
1 +

JR

gD
+
JL

gD
·

FVRTCa

1− eFVRTCa

|FVRTCa| > 10−5

JL · 10−5

1− e−10−5 ·
(

[Ca2+]o · e−10−5 − [Ca2+]i + JR
gD
·
(

[Ca2+]o · e−10−5 − [Ca2+]SR

))
1 +

JR

gD
+
JL

gD
·

10−5

1− e−10−5

otherwise

(16)

where

FVRT =
FV

RT
(17)

FVRTCa = 2FVRT (18)

F being the Faraday constant, V the voltage across the cell membrane, described later, R the gas constant and T
the temperature.
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CaRU reduced states:

r1 = yoc · µpoc + ycc · µpcc (19)

r2 =
αp · µmoc + αm · µmcc

αp + αm
(20)

r3 =
βm · µpcc
βm + βpcc

(21)

r4 = µmcc (22)

r5 = yco · εpco + ycc · εpcc (23)

r6 = εm (24)

r7 =
αm · εpcc
αp + αm

(25)

r8 = εm (26)

and

expVL = e
V −VL
delV L (27)

tR = 1.17 · tL (28)

αp =
expVL

tL · (expVL + 1)
(29)

αm = φL/tL (30)

βpoc =
C2
oc

tR · (C2
oc +K2

RyR)
(31)

βpcc =
[Ca2+]i

tR · ([Ca2+]2i +K2
RyR)

(32)

βm =
φR
tR

(33)

εpco =
Cco · (expVL + a)

τL ·KL · (expVL + 1)
(34)

εpcc =
[Ca2+]i · (expVL + a)

τL ·KL · (expVL + 1)
(35)

εm =
b · (expVL + a)

τL · (b · expVL + a)
(36)

µpoc =
(C2

oc + c ·K2
RyR)

τR · (C2
oc +KRyR2)

(37)

µpcc =
[Ca2+]2i + c ·K2

RyR

τR · ([Ca2+]2i +K2
RyR)

(38)

µmoc =
θR · d · (C2

oc + c ·K2
RyR)

τR · (d · C2
oc + c ·K2

RyR)
(39)

µmcc =
θR · d · ([Ca2+]2i + c ·K2

RyR)

τR · (d · [Ca2+]2i + c ·K2
RyR)

(40)
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CaRU states

Ccc = [Ca2+]i (41)

Cco =
[Ca2+]i · gD + JR · [Ca2+]SR

gD + JR
(42)

Coc =



gD · [Ca2+]i +
JL · [Ca2+]o · FVRTCa · e−FVRTCa

1− e−FVRTCa

gD +
JL · FVRTCa

1− e−FVRTCa

|FVRTCa| > 10−9

gD · [Ca2+]i + JL · [Ca2+]o

gD + JL
otherwise

(43)

Coo =



gD · [Ca2+]i + JR · [Ca2+]SR +
JL · [Ca2+]o · FVRTCa · e−FVRTCa

1− e−FVRTCa

gD + JR +
JL · FVRTCa

1− e−FVRTCa

|FVRTCa| > 10−9

gD · [Ca2+]i + JR · [Ca2+]SR + JL · [Ca2+]o

gD + JR + JL
otherwise

(44)

denom = (αp + αm) · ((αm + βm + βpoc) · (βm + βpcc) + αp · (βm + βpoc)) (45)

yoc =
αp · βm · (αp + αm + βm + βpcc

denom
(46)

yco =
αm · (βpcc · (αm + βm + βpoc) + βpoc · αp)

denom
(47)

yoo =
αp · (βpoc · (αp + βm + βpcc) + βpcc · αm)

denom
(48)

ycc =
αm · βm · (αm + αp + βm + βpoc)

denom
(49)

Extracellular exchange and the cell membrane

INCX =
gNCX ·

(
eη·FVRT · [Na+]3i · [Ca2+]e − e(η−1)·FVRT · [Na+]3e · [Ca2+]i

)
([Na+]3e + K3

mNa) ·
(
[Ca2+]e +KmCa

)
·
(
1 + ksat · e(η−1)·FVRT

) (50)

IPMCA =
gPMCA · [Ca2+]i

KPMCA + [Ca2+]i
(51)

ICaB = gCaB · (ECa − V ) (52)

where

ECa =
RT

2F
· ln
(

[Ca2+]o

[Ca2+]i

)
(53)

V =

{
−0.4 mod(t, Tosc) if mod(t, Tosc) ≤ 200 ms

V0 otherwise
(54)

where t is the time since the start of the simulation and T osc is the period of the driving voltage. The shape of the
driving voltage was altered from that described in the original Hinch et al model. Examination of the individual
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fluxes in simulations with reduced SERCA revealed that the original step function caused LTCCs to play a larger
role than expected. As SERCA function was restricted, flux through LTCCs increased on a scale that resulted in
peak amplitude increasing with reduced SERCA solely because of the influx of Ca2+ through LTCCs. This was
deemed unlikely to be physiologically plausible and the voltage function reduced to its current form. The effects of
this change V on the base model are negligible.

Other fluxes across the SR membrane

ISERCA =
gSERCA · [Ca2+]2i
K2

SERCA + [Ca2+]2i
(55)

ISRl = gSRl ·
(
[Ca2+]SR − [Ca2+]i

)
(56)

IIP3R =
kf ·NIP3R

Vmyo
· PIP3R ·

(
[Ca2+]SR − [Ca2+]i

)
(57)

(58)

where, as described in Sneyd et al. (2017)

PIP3R =
β

β + kβ · (β + α)
(59)

Where α describes the rate of inactivation, β the rate of activation. The parameter kβ is used to fit to data, as in
Sneyd et al. (2017)

α = (1−B) · (1−m · hα) (60)

β = B ·m · h (61)

Here B describes the dependence on IP3, m the dependence on Ca2+, and h and its limit hα is a delay factor which
also has a dependence on Ca2+. In this study, we are primarily interested in the dependence of IP3R channels on
Ca2+ so we fix B and focus on the other parameters.

m =
[Ca2+]4i

K4
c + [Ca2+]4i

(62)

dh

dt
=

(hα − h) ·
(
K4
t + [Ca2+]4i

)
tmax ·K4

t

(63)

hα =
K4
h

K4
h + [Ca2+]4i

(64)

The values m and hα are Hill functions. Together they are controlled by two parameters which determine the Ca2+

dependence of IP3R channels: Kc and Kh. IP3R channels are active at the intersection of these two functions.

Cytosolic buffers

ITnC = kmTnC · (BTnC − TnC)− kpTnC · TnC · [Ca2+]i (65)

βfluo =

(
1 +

Kfluo ·Bfluo(
Kfluo + [Ca2+]i

)2
)−1

(66)

βCaM =

(
1 +

KCaM ·BCaM(
KCaM + [Ca2+]i

)2
)−1

(67)
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NFAT Coupling

Total cellular NFAT is split between four states: nuclear phosphorylated, Apn, and dephosphorylated, An, and
cytosolic phosphorylated, Apc, and dephosphorylated, Ac and cycles between them.

dAn
dt

= J2Ccn − J3 (68)

dApn
dt

= J3 − J4 (69)

dAc
dt

= J1 − J2 (70)

dApc
dt

=
J4

Ccn
− J1 (71)

Ccn is a scaling factor that accounts for the difference in volume between the cytosol and the nucleus while J1, J2,
J3, and J4 are flux terms that describe the movement of NFAT between these four states.

J1 = kf,1ApcNNFATfCnA − kr,1Ac(1− fCnA) (72)

J2 = kf,2Ac (73)

J3 = kf,3An(1− fCnA)− kr,3AnNNFATfCnA (74)

J4 = kf,4Apn (75)

Here kf,i are forward rate constants in the NFAT phosphorylation reaction, kr,i are reverse rate constants, and
fCnA is the fraction of activated calcineurin, given by

fCnA =
[Ca2+]ni

[Ca2+]ni +Kn
m,N

(
1 +

Kd,1

M

) (76)

where n is the Hill coefficient for calcineurin activation, Km,N is the half-maximal activation conentration of
cytosolic Ca2+ for calmodulin activation for the expected cellular concentration of calmodulin, and Kd,1 is the
calcineurin-calmodulin dissociation constant. Parameter values for these constants can be found in Table S3.

Code Availability

CellML code is available on the Physiome Repository at:
https://models.physiomeproject.org/workspace/5ee

Matlab code is available on github at:
https://github.com/CellSMB/compartmental ECC ETC

Parameter sensitivity analysis: Equations for main and total effects

As described in Saltelli et al. (2010), the main and total effects were calculated by generating two sampling matrices

A and B of model parameter values and then, for each parameter, a matrix A
(i)
B for which all but the ith column

match those of A and the ith column is the ith column of B.
The main effect of parameter i is then:

Si = VXi
(EX∼i

(Y |Xi))
/
V (Y ) (77)

= V (Y )−
N∑
j=1

(
f(B)j − f(A

(i)
B )j

)2/
2V (Y )N (78)
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Parameter values used in modelled Ca2+ currents

Parameter Description Value

N Number of CaRUs in the cell 50 000

Vmyo Myocyte volume 25.84×103 µm3

NIP3R Number of IP3R channels in the cell 20 000

gSERCA Maximum pump rate of SERCA 0.45 µM ms−1

KSERCA Half saturation constant of SERCA 0.5 µM

gNCX Maximum pump rate of NCX 38.5 µM ms−1

η Voltage dependence of NCX 0.35

KmNa Na+ half saturation of NCX 87.5 mM

KmCa Ca2+ half saturation of NCX 1.380 mM

ksat Low potential saturation factor of NCX 0.1

gPMCA Maximum pump rate of Ca2+-ATPase 3.5 nM ms-1

KPMCA Half saturation constant of Ca2+-ATPase 38.5 µM ms−1

gCaB Conductance of background Ca2+ current 2.32 ×10−5 µM ms−1 mV−1

gSRl Pump rate of NCX 1.8951 ×10−5 ms−1

Kt IP3R delayed response parameter 0.1 µM

tmax IP3R recovery time parameter 1000 s−1

Table S1: NIP3R from Harzheim et al. (2009). All other values from Hinch et al. (2004)

The total effect of parameter i is then:

STi = EX∼i(VXi(Y |X∼i))
/
V (Y ) (79)

=

N∑
j=1

(
f(A)j − f(A

(i)
B )j

)2/
2V (Y )N (80)

Here we denote f(A)j the results of the simulation with parameter in row j of the sampling matrix A; V (Y ) the
variance in simulation results across all rows of A and B; and N the number of rows in A and B.

In our parameter analysis, we generated parameter values within the range [0, 100] using the MATLAB sobolset
function with Skip 1× 103 and Leap 1× 102, scrambled with the Mattousek-Affine-Owen algorithm. N was set to
1× 106.
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Fixed ionic concentrations and buffer parameters

Ion Description Value

[Na+]i Intracellular sodium 10 mM

[Na+]e Extracellular sodium 140 mM

[Ca2+]e Extracellular calcium 1 mM

BCaM Total cytosolic concentration of calmodulin 50 x 10-3 mM

KCaM Half saturation constant of calmodulin 2.38 x 10-3 mM

BTnC Total cytosolic concentration of troponin 70 x 10-3 mM

kmTnC
Dissociation rate of Ca2+ to troponin 0.043 mM−1 ms−1

kpTnC
Binding rate of Ca2+ to troponin 0.04 µM-1 ms−1

Bfluo Concentration of Fluo-4AM dye 1 x 10-3 mM

Kfluo Dissociation constant of Fluo-4AM dye 1 mM

V0 Resting membrane potential −80 mV

Table S2: Kfluo and Bfluo from Thomas et al. (2000). All other values from Hinch et al. (2004)

Parameter values used to model NFAT4

Parameter Description Value

Ccn Volume difference between nucleus and cytosol 50

kf,1 Rate constant 7.69 × 10-6 nM-1s-1

kf,2 Rate constant 1.44 × 10-3 s-1

kf,3 Rate constant 3.62 × 10-4 s-1

kf,4 Rate constant 4.45 × 10-4 s-1

kr,1 Rate constant 1.93 × 10-2 s-1

kr,3 Rate constant 4.71 × 10-5 nM-1s-1

n Hill coefficient of calcineurin 2.92

Km,N Calcium-calcineurin constant 535 nM

Kd,1 calcineurin-calmodulin dissociation constant 1760 nM

M Expected cellular calmodulin concentration 6000 nM

Table S3: Parameters for the parsimonious NFAT model by Cooling et al. (2009)
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Supplementary Figures
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Figure S1: Membrane depolarisation initiating each calcium transient.
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Figure S2: Effect of IP3 concentration and the parameter Kc on the calcium transient with large delay and pacing
frequency of 0.3 Hz. These two parameters, along with maximum IP3R flux, have the greatest impact when
considering the effect of IP3R activation on the calcium transient.
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Figure S3: Simulated hypertrophic ECC transient and fluxes with varying kf , Kc. The sign of INCX indicates
whether calcium is moving into (positive) or out of (negative) the cell. Parameters here are chosen to show the
system behaviour at each region illustrated in Figure 7. The crosses in each of Figures S2 and 7 match the colours
of the corresponding transients in this figure. IP3 concentration is 10 µM in all simulations. The model is paced at
0.3 Hz.

11



0 50 100 150 200
0

0.5
[C

a
2

+
] 
(

M
)

Cytosol

0 50 100 150 200
0

500

1000
SR

0 50 100 150 200
0

0.5

1

F
lu

x
 (

M
/m

s
)

I
RyR

0 50 100 150 200

-0.2

0

I
SERCA

0 50 100 150 200
0

0.5

F
lu

x
 (

M
/m

s
)

I
IP

3
R

0 50 100 150 200

-20

-10

0

10
-3 I

NCX

0 50 100 150 200
0

0.2

0.4

F
lu

x
 (

M
/m

s
)

I
LCC

0 50 100 150 200
0

0.01

I
SR

0 50 100 150 200
2

4

F
lu

x
 (

M
/m

s
) 10

-3 I
CaB

0 50 100 150 200

1

1.5

2
10

-3 I
pCa

0 50 100 150 200

Time (ms)

-1

-0.5

0

F
lu

x
 (

M
/m

s
)

I
TRPN

0 50 100 150 200

Time (ms)

40

50

60

(
M

)

[CaTRPN]

Figure S4: Simulated hypertrophic ECC transient and fluxes with varying [IP3], Kc. The sign of INCX indicates
whether calcium is moving into (positive) or out of (negative) the cell. Parameters here are chosen to show the
system behaviour at each region illustrated in Figure 4. The crosses in each of Figures 4 and 6 match the colours
of the corresponding transients in this figure. IP3 concentration is 10 µM in all simulations. The model is paced at
1 Hz.
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