
A novel ionic model for matured and paced atrial–like hiPSC–CMs
integrating IKur and IKCa currents

Appendix A – List of the currents

1 Membrane currents

INa Na+ current

INaL late Na+ current

If funny current

ICaL L-type Ca2+ current

Ito transient outward K+ current

IKr rapid delayed rectifier K+ currents

IKs slow delayed rectifier K+ currents

INaCa Na+/Ca2+ exchanger

INaK Na+/K+ pump

IpCa sarcolemmal Ca2+ pump

IbNa Na+ background current

IbCa Ca2+ background current

IK1 Ca2+ time independent inward–rectifier K+ current

IKur Ca2+ ultrarapid delayed rectifier current

IKCa Ca2+ small conductance Ca
2+ activated K+ channel current

2 Fluxes from the SR

Irel RyR–sensitive release current

Iup Sarco–Endoplasmic Reticulum Ca2+ ATPase (SERCA) pump

Ileak leakage current
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A novel ionic model for matured and paced atrial–like hiPSC–CMs
integrating IKur and IKCa currents

Appendix B – List of the equations

V : membrane potential in Volt.
V mV : membrane potential in milliVolt.
t: time simulation in seconds.

1 Constants

Extracellular ionic concentrations

Nao = 154.0 (mM)
Ko = 4.0 (mM)
Cao = 2.0 (mM)

Cell size and dimensions

Cm = 78.6672 · 10−12 (F)
Vc = 7012 · 10−18 (m3)
VSR = 465.199 · 10−18 (m3)

Maximum conductances and currents

gNa = 9.8001 · 103 (S/F)
gNaL = 13.3509 (S/F)
gCaL = 7.45 · 10−5 (m3/(F× s))
gto = 59.45 (S/F)
gKr = 16.8723 (S/F)
gKs = 2.0856 (S/F)
gK1 = 0.169 (S/F)
gf = 25.9 (A/F)
PNaK = 2.2718 (A/F)
KNaCa = 3450.7 (A/F)
Irel,max = 75.4190 (mM/s)
Vmax,up = 0.3226 (mM/s)
Ileak,max = 4.48209 · 10−4 (1/s)
gpCa = 0.4570 (A/F)
gbNa = 1.14 (A/F)
gbCa = 0.114 (S/F)
coeffKur = 3.5 (S/F)
gKCa = 0.0754 (S/F)

Other constants

Bufc = 0.25 (mM)
Bufsr = 10 (mM)
Kbufc = 0.001 (mM)
Kbufsr = 0.3 (mM)
Kup = 4.40425 · 10−4 (mM)
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KpCa = 0.0005 (mM)
F = 96485.3415 (C/mol)
R = 8.314472 (J/(mol×K))
T = 310 (K)
L0 = 0.025 (dimensionless)
Q = 2.3 (dimensionless)
Pkna = 0.03 (dimensionless)
Ksat = 0.1 (dimensionless)
KmCa = 1.38 (mM)
KmNai = 87.5 (mM)
KCaon = 47.0 · 106 (dimensionless)
KCaoff = 13.0 (dimensionless)
α = 2.16659 (dimensionless)
γ = 0.35 (dimensionless)
KmNa = 40 (mM)
KmK = 1 (mM)
RyRa1 = 0.1034 (µM)
RyRa2 = 0.050001 (µM)
RyRa,half = 0.02632 (µM)
RyRo,half = 0.00944 (µM)
RyRc,half = 0.00167 (µM)

Initial conditions of state variables

V0 = −0.090881 (V)
Cai = 0.037448 (mM)
CaSR = 3.6588 · 10−5 (mM)
Nai = 14.965 (mM)
h0 = 0.97337 (dimensionless)
j0 = 0.97417 (dimensionless)
m0 = 0.0095894 (dimensionless)
mL0 = 0.00010885 (dimensionless)
hL0 = 0.62555 (dimensionless)
d0 = 5.3393 · 10−6 (dimensionless)
fCa0 = 0.99784 (dimensionless)
f10 = 0.92525 (dimensionless)
f20 = 1 (dimensionless)
r0 = 0.0023722 (dimensionless)
q0 = 0.94897 (dimensionless)
Xr10 = 4.1005 · 10−7 (dimensionless)
Xr20 = 0.51485 (dimensionless)
Xs0 = 0.011706 (dimensionless)
Xf0 = 0.51263 (dimensionless)
RyRa0 = 0.098182 (dimensionless)
RyRo0 = 3.6293 · 10−11 (dimensionless)
RyRc0 = 0.98473 (dimensionless)
ua0 = 0.29749 (dimensionless)
ui0 = 0.99544 (dimensionless)
O0 = 0.0049931 (dimensionless)
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2 Model’s equations

Membrane Potential

dV

dt
= −Iion =−IK1 − Ito − IKr − IKs − ICaL − INaK − INa − INaL

−INaCa − IpCa − If − IKur − IKCa − IbNa − IbCa + Istim

Na+ current, INa

INa = gNa ·m
3 · h · j · (V − ENa)

INa, h gate

hinf =
1

√

1 + exp
(

VmV+66.5
6.8

)

τh = 0.00007 +
0.034

1 + exp
(

VmV+41
5.5

)

+ exp
(

−VmV+41
14

) +
0.0002

1 + exp
(

−VmV+79
14

)

dh

dt
=

hinf − h

τh

INa, j gate

jinf = hinf

τj = 0.007 +
1.5

1 + exp
(

VmV+41
5.5

)

+ exp
(

−VmV+41
14

) +
0.02

1 + exp
(

−VmV+79
14

)

dj

dt
=

jinf − j

τj

INa, m gate

minf =
1

1 + exp
(

39+V
−11.2

)

τm = 0.00001 + 0.00013 · exp

(

−
(V mV + 48)

2

152

)

+
0.000045

1 + exp
(

VmV+42
−5

)

dm

dt
=

minf −m

τm

Late Na+current, INaL

INa = gNaL ·mL3 · hL · (V − ENa)

INaL, hL gate

hLinf =
1

(

1 + exp
(

VmV+87.61
7.488

))

τhL = 0.2 (s)

dhL

dt
=

hLinf − hL

τhL
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INaL, mL gate

mLinf =
1

1 + exp
(

−VmV−42.85
5.264

)

αmL =
1

1 + exp
(

−60−VmV
5

)

βmL =
0.1

1 + exp
(

(VmV+35)
5

) +
0.1

1 + exp
(

(VmV−50)
200

)

τmL = αmL · βmL

dmL

dt
= 1000 ·

mLinf −mL

τmL

L-type Ca2+ current, ICaL

ICaL =
4 · V · F 2 · gCaL

R · T
·

(

Cai · exp
(

2·V ·F
R·T

)

− 0.341 · Cao
)

exp
(

2·V ·F
R·T

)

− 1
· d · f1 · f2 · fCa

ICaL, d gate

dinf =
1

1 + exp
(

−VmV−9.1
7

)

αd =
1.4

1 + exp
(

−35−VmV
13

) + 0.25

βd =
1.4

1 + exp
(

VmV+5
5

)

γd =
1

1 + exp
(

50−VmV
20

)

τd = αd · βd + γd

dd

dt
= 1000 ·

dinf − d

τd

ICaL, fCa gate

αfCa =
1

1 +
(

Cai

0.0006

)8

βfCa =
0.1

1 + exp
(

Cai−0.0009
0.0001

)

γfCa =
0.3

1 + exp
(

Cai−0.00075
0.0008

)

fCainf =
αfCa + βfCa + γfCa

1.3156
τfCa = 0.002 (s)

dfCa

dt
= constfCa ·

fCainf − fCa

τfCa

constfCa =

{

0, if fCainf > fCa and V mV > −60 (mV)
1, otherwise
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ICaL, f1 gate

f1inf =
1

1 + exp
(

VmV+26
3

)

τf1 =

(

20 + 1102.5 · exp

(

−
(V + 50)2

15

)

+
200

1 + exp
(

13−V
10

) +
280

1 + exp
(

30+V
10

)

)

· constf1

constf1 =

{

1.35 ·
[

1 + 1433 ·
(

Cai − 50 · 10−6
)]

, if df1
dt > 0

1, otherwise

df1

dt
= 1000 ·

f1inf − f1

τf1

ICaL, f2 gate

f2inf =
0.67

1 + exp
(

VmV+32
4

) + 0.33

τf2 = 600 · exp

(

−
(V + 50)2

400

)

+
31

1 + exp
(

25−V
10

) +
1

1 + exp
(

30+V
10

)

df2

dt
= 1000 ·

f2inf − f2

τf2

Transient outward current, Ito

Ito = gto · r · q · (V − EK)

Ito, r gate

rinf =
1

1 + exp
(

22.3−VmV
18.75

)

τr =
14.40516

1.037 · e0.09·(VmV+30.61) + 0.369 · e−0.12·(VmV+23.84)
+ 2.75352

dr

dt
= 1000 ·

rinf − r

τr

Ito, q gate

qinf =
1

1 + exp
(

VmV+53
13

)

τq =
39.102

0.57 · exp (−0.08 · (V mV + 44)) + 0.065 · exp (0.1 · (V mV + 45.93))
+ 6.06

dq

dt
= 1000 ·

qinf − q

τq

Rapid delayed rectifier K+ current, IKr

IKr = gKr ·

√

Ko

5.4
·Xr1 ·Xr2 · (V − EK)
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IKr, Xr1 gate

Vhalf,Xr1 = 1000 ·

(

−
R · T

F ·Q
· ln

(

(

1 + Cao

2.6

)4

L0 ·
(

1 + Cao

0.58

)4

)

− 0.019

)

Xr1inf =
1

1 + exp
(

Vhalf,Xr1−VmV
4.9

)

αXr1 =
450

1 + exp
(

−45−VmV
10

)

βXr1 =
6

1 + exp
(

VmV+30
11.5

)

τXr1 = αXr1 · βXr1

dXr1

dt
= 1000 ·

Xr1inf −Xr1

τXr1

IKr, Xr2 gate

Xr2inf =
1

1 + exp
(

VmV+88
50

)

αXr2 =
3

1 + exp
(

−60−VmV
20

)

βXr2 =
1.12

1 + exp
(

VmV−60
20

)

τXr2 = αXr2 · βXr2

dXr2

dt
= 1000 ·

Xr2inf −Xr2

τXr2

Slow delayed rectifier K+ current, IKs

IKs = gKs ·Xs2 ·






1 +

0.6

1 +
(

3.8·10−5

Cai

)1.4






· (V − EKs)

IKs, Xs gate

Xsinf =
1

1 + exp
(

−20−VmV
16

)

αXs =
1100

√

1 + exp
(

−10−VmV
6

)

βXs =
1

1 + exp
(

VmV−60
20

)

τXs = αXs · βXs

dXs

dt
= 1000 ·

Xsinf −Xs

τXs

Inward rectifier K+ current, IK1

IK1 = gK1 ·K
0.4457
i ·

V − EK

1.0 + e1.5(V−EK+3.6)F/RT
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Hyperpolarization activated funny current, If

fNa = 0.37

fNa = 1− fNa

IfK = fK ·Gf · (V − EK)

IfNa = fNa ·Gf ·Xfinf · (V − ENa)

If = IfK + IfNa

If , Xf gate

Xfinf =
1

1 + exp
(

VmV+69
8

)

τXf =
5600

1 + exp
(

VmV+65
7

) + exp

(

V mV + 65

19

)

dXf

dt
= 1000 ·

Xfinf −Xf

τXf

Na+ component of If

IfNa = 0.42 · gf ·Xf · (V − ENa)

Na+/K+ pump current, INaK

INaK = 1.3 · PNaK ·
Ko

Ko+KmK
· Nai

Nai+KmNa

1 + 0.1245 · exp
(

−0.1·V ·F
R·T

)

+ 0.0353 · exp
(

−V ·F
R·T

)

Na+/Ca2+ exchanger current, INaCa

INaCa =
KNaCa ·

(

exp
(

γ·V ·F
R·T

)

·Na3i · Cao − exp
(

(γ−1)·V ·F
R·T

)

·Na3o · Cai · α
)

(K3
mNai +Na3o) · (KmCa + Cao) ·

(

1 +Ksat · exp
(

(γ−1)V F
R·T

))

Small conductance Ca2+ activated K+ channel, IKCa

IKCa = gKCa ·O ·
1

1 + exp(V−EK ·103+120.0
45.0 )

(V − EK · 103)

IKCa, O gate

dO

dt
= (1−O) ·KCaon · Ca2i −O ·KCaoff
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Ultrarapid delayed rectifier current, IKur

IKur = gKur · u
3
a · ui ·

(

V − EK · 103
)

gKur = coeffKur ·

[

0.005 +
0.05

1.0 + exp
(

−V−15.0
13.0

)

]

IKur, u(a) gate

αu(a) = 0.65

[

exp

(

−
V + 10.0

8.5

)

+ exp

(

−
V − 30.0

59.0

)]

−1

βu(a) = 0.65 ·
[

2.5 + e−
V +82.0

17.0

]

−1

τu(a) =
KQ,10

αu(a) + βu(a)

ua(∞) =

[

1.0 + exp

(

−
V + 30.0

9.6

)]

−1

dua

dt
=

ua(∞) − ua

τu(a)

IKur, u(i) gate

αu(i) =

[

21.0 + exp

(

−
V − 185.0

28.0

)]

−1

βu(i) = exp

(

−
V + 158.0.0

16.0

)

τiur =
KQ,10

αu(i) + βu(i)

ui(∞) =

[

1.0 + exp

(

−
V − 99.45

27.48

)]

−1

dui

dt
=

ui(∞) − ui

τu(i)

Ca2+ pump current, IpCa

IpCa =
gpCa · Cai
Cai +KpCa

Na+ dynamics

dNai
dt

= −Cm ·
INa + INaL + IfNa + IbNa + 3INaK + 3INaCa

F · Vc

Background currents

IbNa = gbNa · (V − ENa)

IbCa = 0.1 · gbCa · (V − ECa)
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Ca2+ dynamics

RyRCaSR = 1−
1

1 + exp
(

CaSR−0.3
0.1

)

RyRainf = RyRa1 −
RyRa2

1 + exp
(

1000·Cai−RyRa,half

0.0082

)

τRyRa = 1 (s)

dRyRa

dt
=

RyRainf −RyRa

τRyRa

RyRoinf = 1−
1

1 + exp
(

1000·Cai−(RyRa+RyRo,half )
0.003

)

τRyRo =

{

18.75, if (RyRoinf ≥ RyRo)
1.875, otherwise

dRyRo

dt
= 1000 ·

RyRoinf −RyRo

τRyRo

RyRcinf =
1

1 + exp
(

1000·Cai−(RyRa+RyRc,half )
0.001

)

τRyRc =

{

175.0, if (RyRcinf ≥ RyRc)
87.5, otherwise

dRyRc

dt
= 1000 ·

RyRcinf −RyRc

τRyRc

Irel = Irel,max ·RyRCaSR ·RyRo ·RyRc · (CaSR − Cai)

Iup =
Vmax,up

1 +
K2

up

Ca2
i

Ileak = Ileak,max · (CaSR − Cai)

Caibufc
=

1

1 +
Bufc·Kbufc

(Cai+Kbufc )
2

Casrbufsr
=

1

1 +
Bufsr·Kbufsr

(CaSR+Kbufsr )
2

dCai
dt

= Caibufc
·

(

Ileak − Iup + Irel −
(ICaL + IbCa + IpCa

− 2 · INaCa)

2 · Vc · F
· Cm

)

dCaSR

dt
=

Casrbufs
· Vc

Vsr
· (Iup − (Irel + Ileak ))

Reversal potentials

ENa =
R · T

F
· ln

Nao
Nai

EK =
R · T

F
· ln

Ko

Ki

EKs =
R · T

F
· ln

Ko + Pkna ·Nao
Ki + Pkna ·Nai

ECa =
0.5 ·R · T

F
· ln

Cao
Cai

Ef = −0.017 (V)
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Stimulus current, Istim

Iapp = 1.41 · 10−9 (A)

Istim,period = 1

Istim,duration = 2 (ms)

constf1 =

{

Iapp, if 0 ≤ t− ⌊ t
Istim,period

⌋ ≤ Istim,duration

0, otherwise
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