
Supplementary Mathematical Methods
We constructed a mathematical model based on individual currents carried by the electrogenic
transmembrane proteins in myometrium smooth muscle cell (MSMC). The aim is to analyse in
detail the contributions made by these various proteins to the myometrial action potential (MAP).
Our approach consists of four basic steps: (i) characterise the potential repertoire of electrogenic
proteins by means of expression studies; (ii) model and parametrise each ion channel or pump
independently on the basis of independent data obtained from heterologous expression studies
in the literature; (iii) characterise all combinations of expression levels of these entities that are
consistent with the calcium and membrane potential waveform that we observe in human MSMCs;
(vi) select an expression vector based on a parsimony criterion and run a simulation based on these
values.

The first step is the construction of the complete repertoire of the electrogenic proteins that are
potentially expressed in MSMC based on mRNA expression data [1] (Figure D1). The molecular
biology yields a list of ion channel subunits that are expressed in MSMC. Since ion channels exist
as a various combinations of those subunits, this list generates a sizeable repertoire that may be
present in the plasma membrane of the MSMC.

The second step is to formulate a mathematical model for every oligomeric channel complex
that has been previously attested in the literature and, moreover that is consistent with the subunits
in the mRNA expression list [1]. For each conductance, a mathematical model was taken from
the literature where available otherwise, a model was formulated on the basis of the available
data. Accordingly, the biophysical and kinetic parameters are in some cases adopted directly in
the literature and in other cases obtained by means of least-squares fitting to the experimental
data on heterologous expression systems as provided by the literature. The gating kinetics of each
individual conductance species is represented using either a Hodgkin-Huxley model or a Markov
model. The parameters and equations used to describe the kinetics of the individual conductances
are listed below.
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Figure D1: Myomerium cell model
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Estimation of ion channel densities
With the dynamics of the individual conducting entities established, the dynamics of the membrane
potential can be formulated via the standard current summation approach. The general equations
and parameters describing the myometriocyte membrane potential Vm are as follows:

C
d

dt
V = I(t) +

n∑
i=1

κiψi(t) (1)

ψi = gi(x) (Vi − V ) (2)

d

dt
x = f(x, V (t),u(t)) (3)

The gating dynamics can be numerically integrated using the experimentally observed time series
for the membrane potential together with the calcium time series. Integration of equation (1) gives
an expression for the membrane potential at time t in terms of these cumulative charges:

Vm(t) = Vm(0) + V0(t) +
n∑
i=1

κi
C
qi(t) (4)

where the voltage term due to injected current is given by

V0(t) =
1

C

∫ t

0

I(τ)dτ . (5)

The aim is to choose the scaled densities κ1, κ2, . . . , κn such that the discrepancy between the
membrane potential calculated according to equation (4) is minimised. Suppose that the membrane
potential has been observed at times t1, t2, . . . , tm, such that m > n. Let W be an m × n matrix
whose h, ith element is defined by Whi = qi(th). Also, let Y be an m-vector whose hth element
is Vm(th) − Vm(0) − V0(t), and let κ be an n-vector collecting the scaled densities κi. Then the
channel densities (collected in κ) are constrained by the matrix equationY = W ·κ. This equation
can be solved in the least-squares sense, but uniqueness is not ensured when the rank r of W is
smaller than n.

To proceed, consider the singular-value decomposition W = U · Σ · V T . Let V r denote
the matrix containing the first r columns of the n × n matrix V , let D denote an r × r diagonal
matrix containing the non-zero singular values, and let U r denote the matrix containing the first r
columns of the m ×m matrix U . The pseudo-inverse of W is given by V r ·D−1 · UT

r and the
smallest-length least-squares solution is given by:

κ+ = V r ·D−1 ·UT
r · Y . (6)

Other least-squares solutions can be characterised as follows: let v01, v02, . . .v0n−r denote the final
n− r columns of V , which constitute an orthonormal basis for the Null space ofW . The general
least-squares estimate for the scaled densities is then written as follows:

κ̂ = κ+ +
n−r∑
j=1

γjv
0
j (7)

where the coefficients γ1, γ2, . . . , γn−r remain to be determined.
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Determining the coefficients
To single out one vector in the set of channel density vectors, further constraints must be imposed.
A natural requirement is that the elements of κ̂ be non-negative. The solutions generated by
equation (7) do not generally satisfy the non-negativity. Accordingly, a vector κp was found using
constrained least-squares fitting that satisfies this requirement. This vector was used instead of κ+

in equation (7) to generate the most parsimonious solution (the solution that satisfy the parsimony
relative to total channel density) by means of linear programming. The resulting κ̂ represents the
expression profile that effects the observed behaviour with the least amount of molecular building
blocks expended. The above technique will be explained in detail in a forthcoming publication.

0 2000 4000 6000 8000

-50

-40

-30

-20

-10

0

Figure D2: Red: empirical time series of the membrane potential. Blue: fit to the membrane using any set
of channel density vectors κ̂ satisfying equation (7). Green: fit to the membrane potential using any set of
channel density vectors κ̂ satisfying equation (7) with κp instead of κ+.
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Delayed rectifier (Voltage-gated) potassium channel Kv2.1 - Based on [2]

Channel current (pA/pF)

IKv2.1 = κKv2.1GKv2.1O
[Kv2.1](V − EK)
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Table D1: General Model Parameters

Parameters Definition Value
V Membrane potential mV
R Gas constant 8.3143×103 mV C mol−1K−1

T Temperature 310 K
F Faraday constant 96,4867
Cm Cell capacitance per unit surface area 2 µ F cm−2
[K+]o Extracellular K+ concentration 5.4 mM
[Na+]o Extracellular Na+ concentration 140 mM
[Ca2+]o Extracellular Ca2+ 2 mM

Voltage-dependent rates (s−1)

k[Kv2.1]v = 12 e0.77
V F
RT

k
[Kv2.1]
−v = 42 e−0.54

V F
RT

k[Kv2.1]o = 80

k
[Kv2.1]
−o = 31 e−0.5

V F
RT

k
[Kv2.1]
1 = 1.2

k
[Kv2.1]
−1 = 0.005
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dC [Kv2.1]
0

dt
= 1 − (O[Kv2.1] +

4∑
i=1

C [Kv2.1]
i +

5∑
i=0

I [Kv2.1]
i )

dC [Kv2.1]
1

dt
= 4k[Kv2.1]

v C [Kv2.1]
0 − (k[Kv2.1]

−v + 3k[Kv2.1]
v + k[Kv2.1]

1 f 3)C [Kv2.1]
1

+2k[Kv2.1]
−v C [Kv2.1]

2 +
k[Kv2.1]
−1

f 3
I [Kv2.1]
1

dC [Kv2.1]
2

dt
= 3k[Kv2.1]

v C [Kv2.1]
1 − (2k[Kv2.1]

−v + 2k[Kv2.1]
v + k[Kv2.1]

1 f 2)C [Kv2.1]
2

+3k[Kv2.1]
−v C [Kv2.1]

3 +
k[Kv2.1]
−1

f 2
I [Kv2.1]
2

dC [Kv2.1]
3

dt
= 2k[Kv2.1]

v C [Kv2.1]
2 − (3k[Kv2.1]

−v + k[Kv2.1]
v + k[Kv2.1]

1 f)C [Kv2.1]
3

+4k[Kv2.1]
−v C [Kv2.1]

4 +
k[Kv2.1]
−1

f
I [Kv2.1]
3

dC [Kv2.1]
4

dt
= k[Kv2.1]

v C [Kv2.1]
3 − (4k[Kv2.1]

−v + k[Kv2.1]
o + k

[Kv21]
1 )C [Kv2.1]

4

+k[Kv2.1]
−o O[Kv2.1]

4 + k
[Kv21]
−1 I

[Kv21]
4

dI [Kv2.1]
0

dt
= k[Kv2.1]

1 f 4C [Kv2.1]
0 − (

k[Kv2.1]
−1

f 4
+ 4

k
[Kv21]
v

f
)I [Kv2.1]

0

+k[Kv2.1]
−v fI [Kv2.1]

1

dI [Kv2.1]
1

dt
= 4

k[Kv2.1]
v

f
I [Kv2.1]
0 + k[Kv2.1]

1 f 3C [Kv2.1]
1 − (fk[Kv2.1]

−v +
k[Kv2.1]
−1

f 3

+3
k[Kv2.1]
v

f
)I [Kv2.1]

1 + 2k[Kv2.1]
−v fI

[Kv21]
2

dI [Kv2.1]
2

dt
= 3

k[Kv2.1]
v

f
I [Kv2.1]
1 + k[Kv2.1]

1 f 2C [Kv2.1]
2 − (2fk[Kv2.1]

−v +
k[Kv2.1]
−1

f 2

+2
k[Kv2.1]
v

f
)I [Kv2.1]

2 + 3k[Kv2.1]
−v fI

[Kv21]
3

dI [Kv2.1]
3

dt
= 2

k[Kv2.1]
v

f
I [Kv2.1]
2 + k[Kv2.1]

1 fC [Kv2.1]
3 − (3fk[Kv2.1]

−v +
k[Kv2.1]
−1

f

+
k[Kv2.1]
v

f
)I [Kv2.1]

3 + 4k[Kv2.1]
−v fI

[Kv21]
4

dI [Kv2.1]
4

dt
=

k[Kv2.1]
v

f
I [Kv2.1]
3 + k[Kv2.1]

1 C [Kv2.1]
4 − (4fk[Kv2.1]

−v + k[Kv2.1]
−1 +

k[Kv2.1]
o g)I [Kv2.1]

4 +
k[Kv2.1]
−o

g
I [Kv2.1]
5

dI [Kv2.1]
5

dt
= k[Kv2.1]

o gI [Kv2.1]
4 − (

(k[Kv2.1]
−o + k[Kv2.1]

−1 )

g
)I [Kv2.1]

5 + k[Kv2.1]
1 gO[Kv2.1]

dO[Kv2.1]

dt
= k[Kv2.1]

o C [Kv2.1]
4 − (k[Kv2.1]

−o + k[Kv2.1]
1 g)O[Kv2.1] +

k[Kv2.1]
−1

g
I [Kv2.1]
5
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Table D2: Kv2.1 Potassium Channel

Notation Definition Value
GKv2.1 Kv2.1unitary conductance 8.5 pS
κKv2.1 Kv2.1 channel density estimated
k[Kv2.1]
1 Rate constant for inactivation with 1.2 s−1

all voltage sensors activated
k[Kv2.1]
−1 Rate constant for recovery from inactivation 0.005 s−1

k[Kv2.1]
0 Rate constant for channel opening at 0 mV 80 s−1

f Allosteric factor 0.17
g Allosteric factor 0.02
zkv Apparent charge associated for kv 0.77 e
zk−v Apparent charge associated for k−v −0.54 e
C [Kv2.1]

0 – C [Kv2.1]
4 Closed states

O[Kv2.1] Open state
I [Kv2.1]
0 – I [Kv2.1]

5 Inactivation states
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Delayed rectifier (Voltage-gated, heteromeric) potassium channel Kv2.1/Kv9.3 -
adapted from [3]

Channel current (pA/pF)

IKv9.3 = κKv9.3 GKv9.3 g1 (0.7g2fast + 0.3g2slow) (V − EK)

g1∞ =
1

1 + e(
3.2−V
21.8

)

g2∞ =
1

1 + e(
44.9+V
10.4

)

τg1 =
1

e(
−80.27−V

10
) + e(

−137.5+V
55

)

τg2fast
= 630 ms

τg2slow
= 3100 ms

Table D3: Kv2.1/Kv9.3 Potassium Channel

Notation Definition Value
GKv9.3 Kv2.1/Kv9.3 conductance 14.5 pS
κKv9.3 Kv2.1/Kv9.3 channel density estimated
g1∞ Steady state activation variable
g2∞ Steady state inactivation variable
τg1 Activation time constant in ms
τg2fast

Fast inactivation time constant in ms
τg2slow

Slow inactivation time constant in ms
g1 Activation gating variable
g2fast ,g2slow Inactivation gating variables
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Delayed rectifier (Voltage-gated, heteromeric) potassium channel Kv2.1/Kv6.1 -
adapted from [4], [3]

Channel current (pA/pF)
IKv6.1 = κKv6.1GKv6.1l1 l2(V − EK)

l1∞ =
1

1 + e(
−9.4−V

11.8
)

l2∞ =
1

1 + e(
65.9+V

6.4
)

τl1 =
1

e(
−18.21−V

2
) + e(

−107+V
30

)

τl2 = 32000 ms

Table D4: Kv2.1/Kv6.1 Potassium Channel

Notation Definition Value
GKv6.1 Kv2.1/Kv6.1 conductance 12.5 pS
κKv6.1 Kv2.1/Kv6.1 channel density estimated
l1∞ Steady state activation variable
l2∞ Steady state inactivation variable
τl1 Activation time constant in ms
τl2 Inactivation time constant in ms
l1 Activation gating variable
l2 Inactivation gating variable
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A-type (Voltage-gated) potassium channel Kv3.4 - adapted from [5]

Channel current (pA/pF)
IKv3.4 = κKv3.4 GKv3.4 a1 a2 (V − EK)

a1∞ =
1

1 + e(
19.1−V
11.3

)

a2∞ =
1

1 + e(
15+V
7.4

)

τa1 = 40 − 37.7

1 + e(
−V
27.78

)

τa2 = 12 + 165.6e(
−V
11.2

)

Table D5: Kv3.4 Potassium Channel

Notation Definition Value
GKv3.4 Kv3.4 conductance 14 pS
κKv3.4 Kv3.4 channel density estimated
a1∞ Steady state activation variable
a2∞ Steady state inactivation variable
τa1 Activation time constant in
τa2 Fast inactivation time constant in ms
a1 Activation gating variable
a2 Inactivation gating variable

A-type (Voltage-gated) potassium channel Kv4.1 - adapted from [6], [7]

Channel current (pA/pF)

IKv4.1 = κKv4.1 GKv4.1 b1
4 (0.18 b2fast + 0.42 b2inter + 0.4 b2slow) (V − EK)

b1∞ =
1

1 + e(
−49−V
22.3

)

b2∞ =
1

1 + e(
69+V

5
)

τb1 = 1.96 +
5.5

1 + e
V

12.5

τb2fast
= 15.78 + 11.47 e(

−V
15.93

)

τb2inter
= 73.62 + 18 e(

−V
19

)

τb2slow
= 252.2 + 0.74 V
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Table D6: Kv4.1 Potassium Channel

Notation Definition Value
GKv4.1 Kv4.1 conductance 5 pS
κKv4.1 Kv4.1 channel density estimated
b1∞ Steady state activation variable
b2∞ Steady state inactivation variable
τb1 Activation time constant in ms
τb2fast

Fast inactivation time constant in ms
τb2inter

Intermediate inactivation time constant in ms
τb2slow

Slow inactivation time constant in ms
b1 Activation gating variable
b2fast ,b2inter ,b2slow Inactivation gating variables

A-type (voltage-gated) potassium channel Kv4.3 - based on [8]

Channel current (pA/pF)

IKv4.3 = κKv4.3 GKv4.3 O
[Kv4.3] (V − EK)

Voltage-dependent rates (s−1)

α[Kv4.3] = 12 e0.77
V F
RT

β[Kv4.3] = 42 e−0.54
V F
RT

k[Kv4.3]
co = 100 e0.25

V F
RT

k[Kv4.3]
oc = 300 e−0.05

V F
RT
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dC [Kv4.3]
0

dt
= 1 − (O[Kv4.3] +

4∑
i=1

C [Kv4.3]
i +

6∑
i=0

I [Kv4.3]
i )

dC [Kv4.3]
1

dt
= 4α[Kv4.3]C [Kv4.3]

0 − (β[Kv4.3] + 3α[Kv4.3] + k[Kv4.3]
ci f 3)C [Kv4.3]

1 + 2β[Kv4.3]C [Kv4.3]
2 +

k[Kv4.3]
ic

f 3
I [Kv4.3]
1

dC [Kv4.3]
2

dt
= 3α[Kv4.3]C [Kv4.3]

1 − (2β[Kv4.3] + 2α[Kv4.3] + k[Kv4.3]
ci f 2)C [Kv4.3]

2 + 3β[Kv4.3]C [Kv4.3]
3 +

k[Kv4.3]
ic

f 2
I [Kv4.3]
2

dC [Kv4.3]
3

dt
= 2α[Kv4.3]C [Kv4.3]

2 − (3β[Kv4.3] + α[Kv4.3] + k[Kv4.3]
ci f)C [Kv4.3]

3 + 4β[Kv4.3]C [Kv4.3]
4 +

k[Kv4.3]
ic

f
I [Kv4.3]
3

dC [Kv4.3]
4

dt
= α[Kv4.3]C [Kv4.3]

3 − (4β[Kv4.3] + k[Kv4.3]
o + k[Kv4.3]

ci )C [Kv4.3]
4 + k[Kv4.3]

−o O[Kv4.3]
4 + k[Kv4.3]

ic I [Kv4.3]
4

dI [Kv4.3]
0

dt
= k[Kv4.3]

1 f 4C [Kv4.3]
0 − (

k[Kv4.3]
−1

f 4
+ 4

α[Kv4.3]

f
)I [Kv4.3]

0 + β[Kv4.3]fI [Kv4.3]
1

dI [Kv4.3]
1

dt
= 4

α[Kv4.3]

f
I [Kv4.3]
0 + k[Kv4.3]

1 f 3C [Kv4.3]
1 − (fβ[Kv4.3] +

k[Kv4.3]
ic

f 3
+ 3

α[Kv4.3]

f
)I [Kv4.3]

1

+2β[Kv4.3]fI [Kv4.3]
2

dI [Kv4.3]
2

dt
= 3

α[Kv4.3]

f
I [Kv4.3]
1 + k[Kv4.3]

1 f 2C [Kv4.3]
2 − (2fβ[Kv4.3] +

k[Kv4.3]
ic

f 2
+ 2

α[Kv4.3]

f
)I [Kv4.3]

2

+3β[Kv4.3]fI
[Kv43]
3

dI [Kv4.3]
3

dt
= 2

α[Kv4.3]

f
I [Kv4.3]
2 + k[Kv4.3]

1 fC [Kv4.3]
3 − (3fβ[Kv4.3] +

k[Kv4.3]
ic

f
+
α[Kv4.3]

f
)I [Kv4.3]

3

+4β[Kv4.3]fI
[Kv43]
4

dI [Kv4.3]
4

dt
=

α[Kv4.3]

f
I [Kv4.3]
3 + k[Kv4.3]

ci C [Kv4.3]
4 − (4fβ[Kv4.3] + k[Kv4.3]

ic )I [Kv4.3]
4

dI [Kv4.3]
5

dt
= −(k[Kv4.3]

io + k[Kv4.3]
56 )I [Kv4.3]

5 + k[Kv4.3]
io O[Kv4.3] + k[Kv4.3]

65 I [Kv4.3]
6

dI [Kv4.3]
6

dt
= k[Kv4.3]

56 I [Kv4.3]
5 − k[Kv4.3]

65 I [Kv4.3]
6

dO[Kv4.3]

dt
= k[Kv4.3]

co C [Kv4.3]
4 − (k[Kv4.3]

oc + k[Kv4.3]
oi )O[Kv4.3] + k[Kv4.3]

io I [Kv4.3]
5

Potassium channel Kv4.3/KChIP2(b-d) - adapted from [9]

Channel current (pA/pF)

IKv4.3/KChIP2 = κKv4.3/KChIP2 GKv4.3/KChIP2 k1
4 (Afast k2fast + Aslow k2slow) (V − EK)
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Table D7: Kv4.3 Potassium Channel

Notation Definition Value
GKv4.3 Kv4.3 unitary conductance 5 pS
κKv4.3 Kv4.3 channel density estimated
k[Kv4.3]
io Rate constant for open state inactivation 8 s−1

k[Kv4.3]
oi Rate constant for open state inactivation 60 s−1

k[Kv4.3]
ci Rate constant for closed state inactivation 7 s−1

k[Kv4.3]
ic Rate constant for closed state inactivation 0.08 s−1

k[Kv4.3]
56 5 s−1

k[Kv4.3]
65 4 s−1

C [Kv4.3]
0 – C [Kv4.3]

4 Closed states
O[Kv4.3] Open state
I [Kv4.3]
0 – I [Kv4.3]

6 Inactivation states

Kv4.3/KChIP2b:

k1∞ =
1

1 + e(
−2.97−V

12.7
)

k2∞ =
1

1 + e(
57.4+V
4.78

)

α = 819 +
−819

1 + e (V−14.6)/23.4 s−1

4β =
185

1 + e (V+74)/13.2
s−1

τk1 =
1000

α + 4β

τk2fast
= 54.5 + 58.84

e− (30+V )

34.3

τk2slow
= 92 + 710.3

e− (30+V )

28.3
Afast

Afast + Aslow
= 0.63 +

0.63

1 + e (V−19.3)/8.5
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Kv4.3/KChIP2d:

k1∞ =
1

1 + e(
−2.3−V
12.49

)

k2∞ =
1

1 + e(
61.1+V

5
)

α = 1044.6 +
−1044.6

1 + e (V−17.3)/24 s−1

4β =
240.9

1 + e (V+87.65)/16.3
s−1

τk1 =
1000

α + 4β

τk2fast
= 54.6 + 40

e− (30+V )

17.7

τk2slow
= 114.3 + 30.14

e− (V−10)

5.862
Afast

Afast + Aslow
= 0.8 +

0.08

1 + e (V−33.982)/4.3

Table D8: Kv4.3/KChIP2 Potassium Channel

Notation Definition Value
GKv4.3/KChIP2 Kv4.3/KChIP2(b-d) conductance 5 pS
κKv4.3/KChIP2 Kv4.3/KChIP2(b-d) channel density estimated
Afast,Aslow Relative magnitude of the fast and slow inactivation kinetics
b2∞ Steady state inactivation variable
τk1 Activation time constant in ms
τk2fast

,τk2slow
Fast and slow inactivation time constant in ms

k1 Activation gating variable
k2fast ,k2slow Fast and slow inactivation gating variable
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Voltage-gated potassium channel hERG-based on [10]

Channel current (pA/pF)

IhERG = κhERG GhERG O
[hERG] (V − EK)

Voltage-dependent rates (ms−1)

α[hERG]
1 = 0.022348 e0.01176 V

β[hERG]
1 = 0.047002 e−0.0631 V

k[hERG]
f = 0.023761

k[hERG]
b = 0.036778

α[hERG]
2 = 0.013733 e0.038198 V

β[hERG]
2 = 0.0000689 e−0.04178 V

α[hERG]
i = 0.090821 e0.023391 V

β[hERG]
i = 0.006497 e−0.03268 V

dC [hERG]
1

dt
= −α[hERG]

1 C [hERG]
1 + β[hERG]

1 C [hERG]
2

dC [hERG]
2

dt
= α[hERG]

1 C [hERG]
1 − (β[hERG]

1 + k[hERG]
f )C [hERG]

2 + k[hERG]
b C [hERG]

3

dC [hERG]
3

dt
= k[hERG]

f C [hERG]
2 − (α[hERG]

2 + k[hERG]
b )C [hERG]

3 + β[hERG]
2 O[hERG]

dO[hERG]

dt
= α[hERG]

2 C [hERG]
3 − (β[hERG]

2 + α[hERG]
i )O[hERG] + β[hERG]

i I [hERG]

dIhERG

dt
= α[hERG]

i O[hERG] − β[hERG]
i I [hERG]
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Table D9: hERG Potassium Channel

Notation Definition Value
GhERG hERG unitary conductance 2 pS
κhERG hERG channel density estimated
α[hERG]
1 , α[hERG]

2 Forward voltage-dependent transition rate
β[hERG]
1 , β[hERG]

2 Backward voltage-dependent transition rate
k[hERG]
f Voltage-insensitive forward rate constant 0.023761 ms−1

k[hERG]
b Voltage-insensitive backward rate constant 0.036778 ms−1

α[hERG]
i Forward voltage-dependent inactivation rate
β[hERG]
i Backward voltage-dependent inactivation rate
C [hERG]

0 –C [hERG]
2 Closed states

O[hERG] Open state
I [hERG]
0 Inactivation state
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Voltage-dependent potassium channel Kv7.1 - based on [11]

Channel current (pA/pF)

IKv7.1 = κKv7.1 GKv7.1 P
[Kv7.1]
o (V − EK)

Voltage-dependent rates (s−1)

α[Kv7.1]
1 = 4.6 e0.47

V F
RT

β[Kv7.1]
1 = 33 e−0.35

V F
RT

α[Kv7.1]
2 = 24 e0.006

V F
RT

β[Kv7.1]
2 = 19 e−0.007

V F
RT

ε[Kv7.1] = 4.6 e0.8
V F
RT

δ[Kv7.1] = 1.4 e−0.7
V F
RT

dC [Kv7.1]
1

dt
= −α[Kv7.1]

1 C [Kv7.1]
1 + β[Kv7.1]

1 C [Kv7.1]
2

dC [Kv7.1]
2

dt
= α[Kv7.1]

1 C [Kv7.1]
1 − (βKv7.11 + α[Kv7.1]

2 )C [Kv7.1]
2 + β[Kv7.1]

2 O[Kv7.1]
1

dO[Kv7.1]
1

dt
= α[Kv7.1]

2 C [Kv7.1]
2 − (ε[Kv7.1] + β[Kv7.1]

2 )O[Kv7.1]
1 + δ[Kv7.1]O[Kv7.1]

2

dO[Kv7.1]
2

dt
= ε[Kv7.1]O[Kv7.1]

1 − (δKv7.1 + λ[Kv7.1])O[Kv7.1]
2 + µ[Kv7.1]I [Kv7.1]

dI [Kv7.1]

dt
= λ[Kv7.1]O[Kv7.1]

2 − µ[Kv7.1]I [Kv7.1]

Table D10: Kv7.1 Potassium Channel

Notation Definition Value
GKv7.1 Kv7.1 unitary conductance 1.8 pS
κKv7.1 Kv7.1 channel density estimated
λ[Kv7.1] Rate constant for open state inactivation 142 s−1

µ[Kv7.1] Rate constant for open state inactivation 52 s−1

α[Kv7.1]
1 , α[Kv7.1]

2 ,ε[Kv7.1] Forward voltage-dependent transition rates
β[Kv7.1]
1 , β[Kv7.1]

2 ,δ[Kv7.1] Backward voltage-dependent transition rates
C [Kv7.1]

1 , C [Kv7.1]
2 Closed states

O[Kv7.1]
1 ,O[Kv7.1]

2 Open states
I [Kv7.1] Inactivation state
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Voltage- dependent potassium channel Kv7.4 - adapted from [12, 13]

Channel Current (pA/pF)

IKv7.4 = κKv7.4 GKv7.4 d1 d2 (V − EK)

d∞ =
1

1 + e(
−32−V
17.4

)

τdfast =
1

e9.1(−65−V ) + e0.03(−132.42+V )

τdslow = 318 ms
τd = 0.35 τdfast + 0.65 τdslow

τddeac = 7.5 ms

Table D11: Kv7.4 Potassium Channel

Notation Definition Value
GKv7.4 Kv7.4 conductance 2.1 pS
κKv7.4 Kv7.4 channel density estimated
d∞ Activation and deactivation steady state variable
τdfast Fast activation time constant in ms
τdslow Slow activation time constant in ms
τd Activation time constant in ms
τddeac Deactivation time constant in ms
d1 Activation gating variable
d2 Deactivation gating variable
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Inward Rectifier Kir7.1 - adapted from [14]

Channel Current(pA/pF)

IKir7.1 = κKir7.1GKir7.1PKir7.1gKir7.1(V − EK).

PKir7.1ss = 0.083 e−0.018 V

gKir7.1 = 0.65 [K+]0.095o

τKir7.1 = 2 + 0.01 V

Table D12: Kir7.1 Potassium Channel

Notation Definition Value
GKir7.1 Kir7.1 conductance 0.056 pS
κKir7.1 Kir7.1 channel density estimated
gKir7.1 The slope conductance dependence on [K+]o
PKir7.1ss Steady state activation
τKir7.1 Activation time constant in ms
PKir7.1 Channel open probability
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Voltage and Calcium- dependent potassium channel BKα and BKα+β1- based on

[15] and [16]

Channel Current (pA/pF)
IBK = κBKGBKPBK(V − EK)

Closed-to-open and open-to-closed rate constants (s−1)

δxi = δoie
(
zδ∗FV
RT

)

γxi = γoie
(
zγ∗FV
RT

) where i = 1 . . . 5

Equilibrium constants when the channels is closed or open

jc = e(
zjF (V−Vhc)

RT
)

jo = e(
zjF (V−Vho)

RT
)

Fractions of closed channels occupying the state that precedes each transition

fco =
1

1 + 4jc + 6jc
2 + 4jc

3 + jc
4

fc1 =
4jc

1 + 4jc + 6jc
2 + 4jc

3 + jc
4

fc2 =
6jc

2

1 + 4jc + 6jc
2 + 4jc

3 + jc
4

fc3 =
4jc

3

1 + 4jc + 6jc
2 + 4jc

3 + jc
4

fc4 =
jc

4

1 + 4jc + 6jc
2 + 4jc

3 + jc
4

Fractions of open channels occupying the state that precedes each transition

foo =
1

1 + 4jo + 6jo
2 + 4jo

3 + jo
4

fo1 =
4jo

1 + 4jo + 6jo
2 + 4jo

3 + jo
4

fo2 =
6jo

2

1 + 4jo + 6jo
2 + 4jo

3 + jo
4

fo3 =
4jo

3

1 + 4jo + 6jo
2 + 4jo

3 + jo
4

fo4 =
jo

4

1 + 4jo + 6jo
2 + 4jo

3 + jo
4
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δ = (δx1 ∗ fco) + (δx2 ∗ fc1) + (δx3 ∗ fc2) + (δx4 ∗ fc3) + (δx5 ∗ fc4)
γ = (γx1 ∗ foo) + (γx2 ∗ fo1) + (γx3 ∗ fo2) + (γx4 ∗ fo3) + (γx5 ∗ fo4)

τBKα/α+β1 =
1

γ + δ

PBKα/α+β1ss
=

1

1 +
(

1+e(zjF (V−Vhc)/RT )

1+e(zjF (V−Vho)/RT )

)4 (
1+[Ca2+]i/Kc
1+[Ca2+]i/Ko

)8
e(−zLFV/RT )

L

Table D13: BKα and the BKα+β1 Potassium Channels

Notation Definition Value
GBK BK unitary conductance (BKα , BKα+β1) 289 pS
κBK BK channel density (BKα , BKα+β1) estimated
PoBK BK open channel probability (BKα , BKα+β1)
L0 (BKα / BKα+β1) 2.2*10−6 / 2.5*10−6

zJ Gating charge (BKα / BKα+β1) 0.58e / 0.57 e
zγ ” (BKα / BKα+β1) 0.1e / 0.17 e
zδ ” zL − zγ
zL Gating charge associated

with closed-to-open conformational change
(BKα / BKα+β1) 0.41e / 0.46 e

Vho Voltage sensor’s half activation V when channel closed
(BKα / BKα+β1) 27 / -34 mV

Vhc Voltage sensor’s half activation V when channel is open
(BKα / BKα+β1) 151 / 80 mV

D Allosteric factor (BKα / BKα+β1) 16.8 / 12.8
δ01 Rate constant for channel opening (BKα / BKα+β1) 0.016 / 0.003 s−1

δ02 ” 0.114 / 0.007 s−1

δ03 ” 1.98 / 0.198 s−1

δ04 ” 3.76 / 1.251 s−1

δ05 ” 57.12 / 4.934 s−1

γ01 Rate constant for channel closing (BKα / BKα+β1) 7452.3 / 931.7 s−1

γ02 ” 4121.4 / 213.2 s−1

γ03 ” 5645.8 / 547.8 s−1

γ04 ” 851 / 333.5 s−1

γ05 ” 1025 / 126.7 s−1

PBKα/α+β1ss
Steady-state activation

PoBKα/α+β1 Open-state probability
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Voltage and Calcium- dependent potassium channel BKα+β3- based on [17]

Channel Current (pA/pF)

IBKα+β3 = κBKα+β3GBKα+β3PoBKα+β3(V − EK)

PBKα+β3o
=

(O
[α+β3]
n + I

[α+β3]
n )

(C
[α+β3]
n +O

[α+β3]
n + I

[α+β3]
n )

Voltage-dependent rates:

kf = kf0e
(
zfV F

RT
)

kr = kr0e
( zrV F
RT

)

kb = kb0e
(
zbV F

RT
)

ku = ku0e
( zuV F
RT

)

dC
[α+β3]
0

dt
= kc C

[α+β3]
1 − (4 [Ca2+]i + kf0) C

[α+β3]
0 + kr0 O

[α+β3]
0

dI
[α+β3]
0

dt
= ki I

[α+β3]
1 − (4 [Ca2+]i + kb0) I

[α+β3]
0 + kb0 O

[α+β3]
0

dO
[α+β3]
0

dt
= ko O

[α+β3]
1 − (4 [Ca2+]i + kr0 + kb0) O

[α+β3]
0 + kf0 C

[α+β3]
0 + ku0 I

[α+β3]
0

dC
[α+β3]
4

dt
= [Ca2+]i C

[α+β3]
3 − (4 kc + kf4)C

[α+β3]
4 + kr4 O

[α+β3]
4

dO
[α+β3]
4

dt
= [Ca2+]i O

[α+β3]
3 − (4 ko + kr4 + kb4)O

[α+β3]
4 + kf4 C

[α+β3]
4 + ku4 I

[α+β3]
4

dI
[α+β3]
4

dt
= [Ca2+]i I

[α+β3]
3 − (4 ki + ku4)I

[α+β3]
4 + kb4 O

[α+β3]
4

dC
[α+β3]
n

dt
= (5 − n)[Ca2+]i C

[α+β3]
n−1 + (n+ 1)kc C

[α+β3]
n+1 − (n kc + (5 − n− 1)[Ca2+]i

−kfn)C [α+β3]
n + krn O

[α+β3]
n

dO
[α+β3]
n

dt
= (5 − n)[Ca2+]i O

[α+β3]
n−1 + (n+ 1)ko O

[α+β3]
n+1 − (n ko + (5 − n− 1)[Ca2+]i − krn

+kbn)O[α+β3]
n + kfn C

[α+β3]
n + kun I

[α+β3]
n

dI
[α+β3]
n

dt
= (5 − n)[Ca2+]i I

[α+β3]
n−1 + (n+ 1)ki I

[α+β3]
n+1 − (n ki + (5 − n− 1)[Ca2+]i

−kun)I [α+β3]n + kbn O
[α+β3]
n where n = 1, 2, 3
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Table D14: BKα+β3 Potassium Channel

Notation Definition Value
GBKα+β3 BKα+β3 unitary conductance 289 pS
κBKα+β3 BKα+β3 channel density estimated
kf0 Closed to open transition rate at 0 mV 1 s−1

kf1 ” 2 s−1

kf2 ” 6 s−1

kf3 ” 250 s−1

kf4 ” 500 s−1

kr0 Open to close transition rate at 0 mV 4000 s−1

kr1 ” 1200 s−1

kr2 ” 800 s−1

kr3 ” 500 s−1

kr4 ” 100 s−1

kbn Open to inactivated transition rate at 0 mV 900 s−1

kb0 ” 900 s−1

kb4 ” 900 s−1

kun Inactivated to open transition rate at 0 mV 750 s−1

ku0 ” 750 s−1

ku4 ” 750 s−1

zf Gating charge 0.72e
zr ” 0.67 e
zb ” 0.072 e
zu ” 0.361 e
kc Closed states dissociation constant 11.2
ko Open states dissociation constant 0.75
ki Inactvation states dissociation constant 0.72
PoBKα+β3 Open probability

Voltage and Calcium- dependent potassium channel BKα+β4- based on [15] and [18]

Channel Current (pA/pF)

IBKα+β4 = κBKα+β4GBKα+β4PBKα+β4(V − EK)
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PBKα+β4ss
=

1

1 + (1+J+K+JKE)4

L(1+KC+JKCDE)4

L = L0e
(
−zlFV
RT

)

J = e(
−zjFV
RT

)

K =
[Ca2+]i
kc

D = e(
−zjF (Vho−Vhc)

RT
)

C =
kc
ko

τBKα+β4
= τBKα + 30

Table D15: BKα+β4 Potassium Channel

Notation Definition Value
GBKα+β4 BKα+β4 unitary conductance 289 pS
κBKα+β4 BKα+β4 channel density estimated
PoBKα+β4 Open probability
L0 The zero voltage value of L 3.7*10−8

zL The partial charge of L 0.3 e
J0 The zero voltage value of J 1
zj The partial charge of J 0.55 e
Kc Calcium dissociation constant 44 µM

(closed channel and resting voltage sensors)
C Allosteric factor describing interaction

between channel opening and calcium binding 23
Ko Calcium dissociation constant 1.9 µM

(open channel, resting voltage sensors)
D Allosteric factor describing interaction

between channel opening and voltage sensor activation 32
Vho Voltage sensor’s half activation V when channel is open 25 mV
Vhc Voltage sensor’s half activation V when channel is closed 187 mV
E Allosteric factor describing interaction

between calcium binding and voltage sensor activation 3.7
PBKα+β4ss

Steady-state activation variable
PoBKα+β4 Open-state probabiliity
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Voltage-dependent calcium channel T-type- adapted from [19]

Channel Current (pA/pF)
IT-type = κT-type GT-type a c (V − ECa)

a∞ =
1

1 + e(
−28.6−V

8.9
)

c∞ =
1

1 + e(
72.4+V

4.8
)

τa = 1.7 +
9.87

1 + e(
V+39
7.6

)

τc = 13.7 +
5369.7

1 + e(
V+108.5
11.24

)

Table D16: T-type Calcium Channel

Notation Definition Value
GT-type T-type conductance 8 pS
κT-type T-type channel density estimated
a∞ Steady state activation variable
c∞ Steady state inactivation variable
τa Activation time constant in ms
τc Inactivation time constant in ms
a Activation gating variable
c Inactivation gating variable

24



Voltage-dependent calcium channel L-type- based on [20]

Channel Current (pA/pF)

IL-type = κL-type GL-type d f fCa(V − ECa)

d∞ =
1

(1 + e
−(V+10)

6.24 )(1 + e
−(V+60)

0.024 )

f∞ =
1

(1 + e
(V+32)

8 )
+

0.6

(1 + e
(50−V )

20 )

τd =
28.57(1 − e

−(V+10)
6.24 )

(1 + e
−(V+10)

6.24 )(V + 10)

τf =
50

1 + e
−(V+10)2

881

fCa =
1

(1 + [Ca2+]i
0.006

)

Table D17: L-type Calcium Channel

Notation Definition Value
GL-type L-type conductance 25 pS
κL-type L-type channel density estimated
d∞ Steady state activation variable
f∞ Steady state inactivation variable
fCa Calcium-dependent inactivation variable
τd Activation time constant in ms
τf Inactivation time constant in ms
d Activation gating variable
f Inactivation gating variable
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Calcium-dependent chloride channel CaCC ANNO1- based on [21]

Channel Current (pA/pF)
ICaCC = κCaCC GCaCC cc (V − ECl)

cc∞ =
1

1 +K2 (
K2

1

[Ca2+]i
2 + K1

[Ca2+]i
+ 1)

K1 = 214 e0.13 FV/RT nM
K2 = 0.58 e−0.24 FV/RT nM

1

τcc
=

0.38
K2

1

[Ca2+]2i
+ K1

[Ca2+]i
+ 1

+ 0.38 K2 s−1

Table D18: CaCC Chloride Channel

Notation Definition Value
GCaCC CaCC unitary conductance 7.5 pS
κCaCC CaCC channel density estimated
cc∞ Steady state activation variable
τcc Activation time constant in ms
cc Activation gating variable
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Small calcium-dependent potassium channel SK2- based on [22] and [23]

Channel Current (pA/pF)
ISK2 = κSK2GSK2PSK2(V − EK)

PSK2ss = P0,max
[Ca2+]2.2i

(0.74)2.2 + [Ca2+]2.2i

τ−1SK2 = −1.3 + 45.52[Ca2+]i

Table D19: SK2 Potassium Channel

Notation Definition Value
GSK2 SK2 unitary conductance 2 pS
κSK2 SK2 channel density estimated
PSK2∞ Steady state activation variable
τSK2 Activation time constant in ms
PSK2 Channel open probability

Small calcium-dependent potassium channel SK3- based on [24]

Channel Current (pA/pF)
ISK3 = κSK3GSK3PSK3(V − EK)

PSK3ss =
[Ca2+]5i

(0.6)5 + [Ca2+]5i
τSK3 = 12.95 ms

Table D20: SK3 Potassium Channel

Notation Definition Value
GSK3 SK3 unitary conductance 2 pS
κSK3 SK3 channel density estimated
PSK3∞ Steady state activation variable
τSK3 Activation time constant in ms
PSK3 Open channel probability
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Intermediate calcium-dependent potassium channel SK4- based on [25]

Channel Current (pA/pF)
ISK4 = κSK4GSK4PSK4(V − EK)

PSK4ss =
[Ca2+]3.2i

(0.095)3.2 + [Ca2+]3.2i
τSK4 = 5.8 ms

Table D21: SK4 Potassium Channel

Notation Definition Value
GSK4 SK4 unitary conductance 11 pS
κSK4 SK4 channel density estimated
PSK4∞ Steady state activation variable
τSK4 Activation time constant in ms
PSK4 Open channel probability

Na+/Ca2+ exchanger NCX- based on [26]

Current (pA/pF)

INaCa = κNaCa(0.00025e
−0.65V F

RT
e
V F
RT [Na+]3i [Ca2+]o − [Na+]3o[Ca2+]i

1 + 0.0001[Na+]3i [Ca2+]o + [Na+]3o[Ca2+]i
)

Plasma membrane Ca2+-ATPase PMCA- based on [20]

Current (pA/pF)

IPMCA = κPMCA
1.15

1 + 0.0005
[Ca2+]i
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Na+/K+ pump- based on [20]

Current (pA/pF)

INaK = κNaKINaKmaxfNaKINaK,n’aiINaK,ko

INaK,nai =
1

1 + ( 10
[Na+]i

)2

INaK,ko =
1

1 + ( 1.5
[K+]o

)

fNaK =
1

1 + 0.12e
−0.1V F
RT + 0.04σe

V F
RT

σ = 1/7(e
[Na+o ]
67.3 − 1)

K+ background current
Current (pA/pF)

IbgK = κbgKGbgK(V − EK)

Cl− background current
Current (pA/pF)

IbgCl = κbgClGbgCl(V − ECl)

Table D22: Background,pumps and exchangers

Notation Definition Value
GbgK K+ background conductance 50 pS
GbgCl Cl− background conductance 50 pS
GPMCA PMCA conductance 1 pS
GNaK Na+/K+ conductance 1 pS
GbgK NCX conductance 1 pS
κbgK K+ background density estimated
κbgCl Cl− background density ”
κPMCA PMCA density ”
κNaK Na+/K+ density ”
κbgK NCX density ”
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Table D23: General Model Notations

Notation Definition Value
I the injected current
κi the density of the conductance entity
ψi the current carried by a single molecule of type i
gi the conductance of a single channel of type i
Vi the reversal potential of the ionic species type i
x the gating state
f the fully parametrized (known) kinetics
u(t) other quantities that f could depend on
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