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Bioelectricity-integrated gene and reaction networks (BIGR) were modeled using the Bio-
Electric Tissue Simulation Engine (BETSE) software program. Details regarding discretiza-
tion of equations and computational grids can be found elsewhere [1]. BETSE has been ex-
tended, allowing creation of user-defined substances, the construction of regulatory network
models by specifying regulatory relationships between substances, substance participation
in standard chemical reactions, substance transmembrane transport reactions, and to allow
a substance to gate ion channels and modulate the activity of other model elements such as
gap junctions. The following supplies theoretical details relating to model details, ion chan-
nel, ion pump and transporter dynamics, and BIGR network models presented in the main
text.
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1 Model Details

Figure 1: The general forms of geometric models explored in this work. Model geometries included: single
cell models (panel A); a circular cell cluster of variable number of gap junction connected cells, one cell layer
in thickness, with an internal patch of cells (red cells in B) in which Vmem is different in the patch due to
a difference in the sodium to potassium membrane permeability ratio (PNa

mem : PK
mem ) for cells in the patch

(panel B); and an elliptical cell cluster of variable number of gap junction connected cells, one cell layer in
thickness, with an initial condition of an asymmetric concentration of a specific chemical substance (panel
C).

Model Geometries

As shown in Fig 1, simulations utilized three different classes of model geometries: (1) sin-
gle cell models were used to explore fundamental relationships between Vmem and cytoso-
lic concentrations defined in regulatory networks (Fig 1A); (2) the direct, instructional in-
fluence of Vmem on regulatory network state and associated positional information profiles
was explored using a circular shaped cell cluster with an internal patch of cells (red cells
in B) in which a transient Vmem perturbation was applied by temporarily altering the ratio
of the sodium to potassium membrane permeability ratio (PNa

mem : PK
mem ); and (3) emergent

Vmem regenerative dynamics and patterning were explored in simulations using an ellipti-
cal cell cluster, which has a small, initial asymmetric concentration of a chemical substance
(panel C). Cell clusters were constructed from a randomly perturbed hexagonal lattice of
seed points which were used to construct a Voronoi diagram, and contained from 1 to 500
cells (models measuring 20 to 500 µm in length).

Model Initial Ion Concentrations

The initial value of ion concentration inside cells and in the environment are summarized
in Table 1. Initial values in the extracellular space were also used as a fixed concentration
applied to the global boundaries. Simulations begin with net charge in cells and the environ-
ment equal to zero and Vmem=0.0 mV.

A summary of commonly used symbols and constants is provided in Table 2.
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Ion Intracellular ( mol
m3 ) Extracellular ( mol

m3 )

Na+ 8.0 145.0

K+ 125.0 5.0

Cl- 20.0 105.0

Ca2+ 1.0e-4 1.0

HCO3
- 13.0 36.0

P- 100.0 10.0

H+ 4.0e-5 4.0e-5

ATP2- 2.5 0.0
ADP1- 0.15 0.0
Pi1- 0.15 0.0

Table 1: Initial values of default concentration inside cells and in the environment used for all simulations.

Symbol Description Value Units
F Faraday Constant 96,485 C

mol
R Gas Constant 8.3145 J

K mol
T Temperature 310 K
i Substance index

Vmem Transmembrane potential mV
Φi Chemical flux of substance i mol

m2 s
rb Rate of reaction b mol

s
[A] Concentration of substance A mol

m3

zi Charge of substance i
Pi Membrane permeability to substance i m

s
4Go Change in Gibb’s free energy under standard conditions J

mol
Keqm Equilibrium constant for reaction

Ki Half-max rate constant for substance i mol
m3

µi Electrochemical potential of substance i J
mol

Table 2: A summary of mathematical symbols and constants commonly used in the supplementary material.
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2 Defining Equations of BIGR Networks

Ion pumps and transporters were modeled as reactions occurring across membranes. The
equilibrium constant for the ion pump or transporter reaction was stated in terms of the
standard Gibbs free energy change:

Keqm = exp
(
−4Go

R T

)
(1)

The definition for free energy change of a general chemical reaction was taken as [2]:

4G = ∑ aiµi
prodi

−∑ ajµj
reactj

(2)

However, instead of chemical potential, the electrochemical potential of each reactant or prod-
uct was utilized, which assumed voltage to be zero outside of the cell, meaning the voltage
inside the cell was equivalent to the value of Vmem:

µi = µo + zi F V (3)

2.1 Specific transporter/ion pump models

Organic Cation Transporter OCT3

The OCT3 is a facilitated transporter for cationic monoamines such as serotonin and acetyl-
choline, and is found expressed outside of the brain [3–5]. The overall reaction utilized for
the OCT3 transporter moving serotonin (5HT+) was:

5HT+
env � 5HT+

cell (4)

The electrochemical potential for 5HT+ inside and out of the cell was defined using Eq 3,
the reaction free energy change was estimated using Eq 2, and using the definition of the
reaction equilibrium constant from Eq 1, the transporter equilibrium constant was expressed
as:

Keqm = exp
(
−z5HT F Vmem

R T

)
(5)

with z5HT = 1.0.
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Note that Eq 5 embodies the logical premise that transport of a positively charged substance
from the environment to the cell is more favorable for a negative Vmem, and vice-versa for
negatively charged substances. Consistently, the reverse direction of transport out of the cell
to the environment is favored for negatively charged substances moving from the environ-
ment to the cell with more negative Vmem.

The final rate expression for the flux from the reversible OCT3 transporter is:

ΦOCT3 = Φmax
OCT3




(
[5HTenv]
K5HTenv

f

)
1 +

(
[5HTenv]

K5HTenv
f

)
−

 [5HTcell ]
[5HTenv]

exp(−z5HT F Vmem/R T)




(
[5HTcell ]

K
5HTcell
r

)
1 +

(
[5HTcell ]

K
5HTcell
r

)


(6)

with Φmax
OCT3 = 1.0e−8 mol/m2s, K5HTenv

f = 1.0e−3 mol/m3, K5HTcell
r = 1.0e−2 mol/m3.

Consistent with the above model, the OCT3 transporter has been experimentally found to be
Vmem sensitive [5].

Sodium-potassium adenosine triphosphatase ion pump Na+/K+-ATPase

The overall reaction utilized for the Na+/K+-ATPase pump was:

3 Na+cell + 2 K+
env + ATP2−

cell � 3 Na+env + 2 K+
cell + ADP−cell + Pi−cell (7)

Using Eq 2, the overall free energy, ∆Gpump, for the Na+/K+-ATPase pump reaction was
expressed:

4Gpump = 4Go
ATP + R T ln (Q)− F Vmem (8)

The reaction quotient of the pump was expressed (with substance concentrations converted
to mol/L):

Q =
[ADPcell ] [Picell ] [Naenv]3 [Kcell ]

2

[ATPcell ] [Nacell ]3 [Kenv]2
(9)

Using Eq 5 an expression for the Na+/K+-ATPase pump reaction equilibrium constant in
terms of the standard free energy for ATP hydrolysis and cell Vmem is:
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Keqm
NaKATP = exp

(−4Go
ATP + F Vmem

R T

)
(10)

where4Go
ATP = −36.0e3 J/mol was utilized.

An estimate for the rate of the reversible enzymatic pump reaction follows as:

ΦNaKATP = Φmax
NaKATP

(
r f −

Q
Keqm

rr

)
(11)

where:

r f =

cATP
KATP

(
cNain
KNa

)3 ( cKout
KK

)2

(1 + cATP
KATP

) (1 +
(

cNain
KNa

)3
) (1 +

(
cKout
KK

)2
)

(12)

rr =

[ADP]
KADP

[Pi]
KPi

(
[Naout]
KNao

)3 ( [Kin]
KKi

)2

(1 + [ADP]
KADP

) (1 + [Pi]
KPi

) =, (1 +
(
[Naout]
KNao

)3
) (1 +

(
[Kin]
KKi

)2
)

(13)

Values for the constants KNa = 5.0 mol/m3, KK = 0.2 mol/m3 and KATP = 0.15 mol/m3

were obtained from [6]. Reverse reaction constants KADP = 1.0 mol/m3, KPi = 1.0 mol/m3,
KNao = 140.0 mol/m3 and KKi = 120.0 mol/m3 were estimated. Values of Φmax

NaKATP = 1.0e−
7 mol/m2 s were roughly calibrated to Na+/K+-ATPase pump rates reported for Xenopus
oocytes ([7]).

The Vmem-sensitivity of the Na+/K+-ATPase ion pump (which is related to increased cytosolic
Na+ levels with Vmem depolarization via increased Na+ membrane permeability), consistent
with the above model, has been experimentally noted [8, 9].

Divalent metal transporter DMT1

The overall reaction utilized for the DMT1 transporter assumed the transporter to be func-
tioning in an H+-independent transport modality, valid for pH 7.4 of the modeling context
[10], and was:

Fe2+
env � Fe2+

cell (14)
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Following the same theoretical process as used for pumps and transporters discussed pre-
viously, the final rate expression for the flux from the reversible DMT1 transporter was de-
scribed by:

ΦDMT1 = Φmax
DMT1


(
[Feenv]

K f

)
1 +

(
[Feenv]

K f

)
−

 [Fecell ]
[Feenv]

exp(−zFe F Vmem/R T)

 
(
[Fecell ]

Kr

)
1 +

(
[Fecell ]

Kr

)
 (15)

with zFe = 2.0, Femax
DMT1 = 5.0e−8 mol/s m2, K f = 0.6e−3 mol/m3, Kr = 1.0e−2 mol/m3 , ap-

proximately based on the parameters of the H+-uncoupled Fe2+ transport mechanism de-
scribed by Mackenzie et al. [10].

The Vmem-sensitivity of the DMT1 transporter consistent with the above model has been ex-
perimentally noted [10].

Sodium-dependent serotonin transporter SERT

The overall reaction utilized for the SERT transporter was:

Na+env + 5HT+
env + Cl−env + K+

cell � Na+cell + 5HT+
cell + Cl−cell + K+

env (16)

Following the same theoretical process described for other reversible pumps and trans-
porters described above, the flux from the SERT transporter was described as:

ΦSERT = Φmax
SERT

(
r f −

Q
Keqm

rr

)
(17)

Where:

Q =
[Nacell ] [5HTcell ] [Clcell ] [Kenv]

[Naenv] [5HTenv] [Clenv] [Kcell ]
(18)

Keqm = 1.0 (19)

r f =

(
[Nacell ]

KNa

) (
[5HTcell ]

K5HT

) (
[Clcell ]

KCl

) (
[Kenv]

KK

)
(1 + [Nacell ]

KNa
) (1 +

(
[5HTcell ]

K5HT

)
) (1 +

(
[Clcell ]

KCl

)
) (1 +

(
[Kenv]

KK

)
)

(20)
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rr =

(
[Naenv]

KNao

) (
[5HTenv]

K5HTo

) (
[Clenv]
KClo

) (
[Kcell ]
KKo

)
(1 + [Naenv]

KNao
) (1 +

(
[5HTenv]

K5HTo

)
) (1 +

(
[Clenv]
KClo

)
) (1 +

(
[Kcell ]
KKo

)
)

(21)

Where Φmax
5HT = 5.0e− 8 mol/m2s, KNa = 1.0 mol/m3, K5HT = 1.0e−3 mol/m3, KCl = 1.0 mol/m3,

KK = 1.0 mol/m3, KNao = 1.0 mol/m3, K5HTo = 1.0e−2 mol/m3, KClo = 1.0 mol/m3, and
KKo = 1.0 mol/m3, all parameters estimated.

The Vmem-sensitivity of the SERT transporter under conditions of low extracellular Cl- and
absence of Cl- related transporters, consistent with the above model, has been experimentally
reported [11, 12].

2.2 Specific Ion channel Models

In BETSE, the behavior of any ion channel is handled by determining how the membrane
permeability for specific ions (Pchan

i ) is altered by the activity of the ion channel, and in turn
effects on transmembrane flux by ion channel activity may affect Vmem, as described in the
main text. For all K+ channel models described below, zK = 1.0.

KCNK9 and “K+ Channel” Potassium Leak Channels

Here the KCNK9 is taken as a specific example of a K+ channel with minimal voltage sen-
sitivity, although a number of potassium leak channels exist in the tandem pore domain K+

channel family [13]. Potassium leak channels are also referred to as simply “K+ Channel” in
the main text, and are equivalent to the KCNK9 channel model. The K+ flux for the KCNK9
or “K+ Channel” is modeled assuming that the channel has a fixed K+ membrane permeabil-
ity PKCNK9

K = PKChannel
K = 5.0e−8 m/s :

ΦKCNK9
K =

zK Vmem F PKCNK9
K

R T

 ccell
K − cenv

K exp
(
− zKVmemF

RT

)
1− exp

(
− zKVmemF

RT

)
 (22)

While the tandem pore domain K+ leak channel family channels have minimal voltage sen-
sitivity, they are subject to regulation by a wide range of potential substances [13–15], which
may be accounted for in BIGR network models.
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Kir2.1 Inward Rectifying Potassium Channel

The Kir2.1 channel was modeled in terms of a voltage-sensitive cytosolic Mg2+ ion block of
the channel [16, 17], using the following formula to describe channel activity:

ΦKir2.1
K =

zK Vmem F PKir2.1
K

R T

 ccell
K − cenv

K exp
(
− zKVmemF

RT

)
1− exp

(
− zKVmemF

RT

)
 (23)

PKir2.1
K = Pmax

K

 1

1 +
(

[Mg]
KKir2.1

Mg

)
 (24)

KKir2.1
Mg = Ko

Mg exp

−Vmem ze f f
Mg F

R T

 (25)

Here Pmax
K = 6.7e−10 m/s, [Mg] = 0.5 mol/m3,Ko

Mg = 0.025 mol/m3, and ze f f
Mg = 1.5.

ATP-Sensitive Inward Rectifying Potassium Channel (K-ATP, Kir6.1, Kir6.2)

The ATP-sensitive K+ Channels are inward rectifying potassium channels Kir6.1 and Kir6.2.
In this work, we apply ATP co-regulation to the base model of Kir2.1, to obtain a K+ flux
component approximating the behavior of a K-ATP channel described by:

ΦATPKir
K =

zK Vmem F PATPKir
K

R T

 ccell
K − cenv

K exp
(
− zKVmemF

RT

)
1− exp

(
− zKVmemF

RT

)
 (26)

PATPKir
K = Pmax

K

 1

1 +
(

[ATP]
KATPKir

ATP

)4


 1

1 +
(

[Mg]
KATPKir

Mg

)
 (27)

KATPKir
Mg = KATPKiro

Mg exp

−Vmem ze f f
Mg F

R T

 (28)

Here Pmax
K = 6.7e−10 m/s, [Mg] = 0.5 mol/m3,Ko

Mg = 0.025 mol/m3, and ze f f
Mg = 1.5 and

KATPKir
ATP = 1.0.
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KV1.5 Voltage-Sensitive Potassium Channel

The delayed rectifier KV1.5 calcium channel presented herein was based on the Hodgkin-
Huxley style model of Philipson et al. [18], which defines min f , mtau , hin f and htau as four
functions of Vmem:

min f = 1.0/(1 + exp(−(Vmem + 6.0)/6.4))

mtau = −0.1163 Vmem + 8.33
hin f = 1.0/(1 + exp((Vmem + 25.3)/3.5))

htau = −15.5 Vmem + 1620.0

(29)

Where the parameters m and h change in time according to:

∂m
∂t

=
min f −m

mtau

∂h
∂t

=
hin f − h

htau

(30)

And are used to modulate the membrane permeability to K+ ions as:

PKv1.5
K = Pmax

K m h (31)

The Kv1.5 channel produces a component of transmembrane K+ flux described by:

ΦKv1.5
K =

zK Vmem F PKv1.5
K

R T

 ccell
K − cenv

K exp
(
− zKVmemF

RT

)
1− exp

(
− zKVmemF

RT

)
 (32)

Here Pmax
K = 6.7e−9 m/s.

Voltage Clamp simulations of the Kv1.5 channel model

We found that voltage-gated channels such as the Kv1.5, are highly dynamic, and that the I-V
curves resulting from a particular simulated voltage clamp protocol can vary significantly in
form. In our simulations, we found this to primarily be the case for the Kv1.5 channel model
and not the KCNK or Kir channel models.

The primary voltage clamp protocol utilized to explore channel I-V curves in the main manuscript
utilized a hold voltage that changed sequentially as a function of time, spending 2 seconds
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Figure 2: Hold voltage as a function of time for “primary” voltage clamp protocol used to study the steady-
state behavior of ion channels discussed in the main text.

at each voltage in a series of voltages separated by 1 mV and running from -120 mV to + 40
mV. The temporal form of the voltage in our primary voltage clamp simulation assumed the
form shown in Figure 2. The objective of our primary voltage clamp protocol was to inves-
tigate the true steady-state behavior of our modeled channels, in order to understand how
these channels may alter resting Vmem in somatic systems.

Following a similar protocol to the one used in the experiments of McKay and Worley in [19]
to obtain “instantaneous activation” I-V curves for Kv1.5 channels, in our simulations, we
utilized a secondary voltage clamp protocol such that the hold voltage changed according
to a duty cycle as a function of time, spending 2 seconds at -80 mV, followed by 0.1 s at a
depolarized voltage in a series where a “recording” of K+ current was taken at the 0.1 s point,
before returning the voltage to -80 mV. The temporal form of the voltage in our secondary
“voltage clamp” simulation assumed the form shown in Figure 3.

Using both primary and secondary voltage clamp protocol to simulate the I-V curves of the
Kv1.5 channel, we found that the primary voltage clamp protocol reproduced the expected
steady-state behavior of the channel (Fig 4A), whereas the secondary voltage clamp protocol
closely reproduced the form of the I-V curves obtained by McKay and Worley [19] (Fig 4B).

CaV1.2 calcium channel

The L-type CaV1.2 calcium channel was based on the model of Avery et al. [20], which defines
min f , mtau , hin f and htau as four functions of Vmem:
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Figure 3: Hold voltage as a function of time for “secondary” voltage clamp protocol designed to follow the
electrophysiology methods of McKay and Worley (2001) [19].

Figure 4: Different I-V curves are obtained for the Kv1.5 channel model when simulated using the “pri-
mary” voltage clamp protocol (panel A) or the “secondary” voltage clamp protocol (panel B). Red cir-
cle series in panel A represents a sampling of the ’m_inf*h_inf’ series representing the Philipson et
al Kv1.5 channel model’s steady-state behavior (original curves are available from Channelpedia from
http://channelpedia.epfl.ch/images/89.original). Red circle series in panel B represents experimental data
points for the Kv1.5 channel instantaneous activation I-V curve obtained from the control data series of Figure
8A in McKay and Worley (2001) [19].
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min f = 1.0/(1 + exp((Vmem + 30.0)/− 6))

mtau = (5.0 + 20.0/(1 + exp((Vmem + 25.0)/5)))
hin f = 1.0/(1 + exp((Vmem + 80.0)/6.4))

htau = (20.0 + 50.0/(1 + exp((Vmem + 40.0)/7)))

(33)

In BETSE we use these four functions to describe the membrane permeability to calcium ions
as a function of time and Vmem, where:

∂m
∂t

=
min f −m

mtau

∂h
∂t

=
hin f − h

htau

(34)

and:

PCaV1.2
Ca = Pmax

Ca m2 h (35)

During each time-step, the membrane permeability would be updated according to Eqs 33,
34, 35 and the flux contribution for this specific channel would be calculated using:

ΦCaV1.2
Ca =

zCa Vmem F PCaV1.2
Ca

R T

 ccell
Ca − cenv

Ca exp
(
− zCaVmemF

RT

)
1− exp

(
− zCaVmemF

RT

)
 (36)

Where zCa = 2.0 and Pmax
Ca = 1.0e−8 m/s .

2.3 Metabolism

The Na+/K+-ATPase ion pump interfaces with cell metabolic processes via the hydrolysis of
ATP. In all models, a very basic, irreversible metabolic reaction was utilized to replenish ATP
consumed by the Na+/K+-ATPase ion pump:

ADP + Pi→ ATP (37)

rmetabolism = rmax
metabolism

 [ADP]
KADP

1 + [ADP]
KADP

  [Pi]
KPi

1 + [Pi]
KPi

 (38)

where rmax
metabolism = 0.126 mol/m3 s , KADP = 0.1 mol/m3 and KPi = 0.1 mol/m3.
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3 Network Models

3.1 Anterior-posterior polarity control network

The anterior-posterior polarity control network is a BIGR network describing the scale-invariant
regeneration of an instructive Vmem depolarization, as described and analyzed in the main
text.

Table 3 provides basic information about the additional substances included in the network
model (i.e. substances added in addition to core ions, ATP and ADP that are present by
default in all models with information listed in Table 1), Table 4 provides growth and decay
expressions for each substance of the network model.

All equations for the anterior-posterior polarity control network model were programmat-
ically generated from mathematical template equations on the basis of user-specified input
data in the form of a BETSE configuration file. The configuration file that can be used with
BETSE to run the anterior-posterior polarity control network is supplied as Supporting In-
formation S2.

Substance Charge GJ permeable? Growth/decay? DGJ [m2/s] Dmem [m2/s] Initial Ccell [mM] Initial Cenv [mM]

A -2 True True 1.0e−12 0.0 0.0 0.0

B 0 True True 1.0e−12 0.0 0.0 0.0

X 0 False False 0.0 0.0 0.5 (gradient) 0.0

Table 3: Substances of the anterior-posterior polarity control network. The general ions Na+, K+, Cl-, Ca2+,
HCO3

-, P- , and the substances ATP, ADP and Pi were included in the model, with properties listed in Table
1.

Substance Activators Inhibitors Rate Equation Parameters

A None None rA = rmax
A − δA [A]

rmax
A = 2.5e−2 mol/m3s

δA = 1.00e−2 mol/m3s

B ’A’ None rB = rmax
B

( (
[A]
KA

)3

1+
(

[A]
KA

)3

)
− δB [B]

KA = 0.50 mol/m3

rmax
B = 2.5e−2 mol/m3s

δB = 2.5e−2 mol/m3s

Table 4: Growth/decay expressions for the anterior-posterior polarity control network.

Channel Ions Regulation Channel Flux Expression

K+ channel K+ ’B’ and ’X’

zK Vmem F PKChannel
K

R T

(
ccell

K −cenv
K exp

(
− zK Vmem F

RT

)
1−exp

(
− zK Vmem F

RT

)
)

PKChannel
K = Pmax

K

(
1

1+
(

[B]
KB

)3

) (
1

1+
(

[X]
KX

)
)

Pmax
K = 1.33e− 10 m/s, KB = 0.5 mol/m3, KX = 0.5 mol/m3

Table 5: Channels of the anterior-posterior polarity control network.
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3.2 Emergent Vmem patterns network

The emergent Vmem patterns network describes the spontaneous emergence of non-trivial
Vmem patterns in a collective of gap junction coupled cells, as presented and analyzed in the
main text. Table 6 provides basic information about the substances included in the network
model (i.e. substances added in addition to core ions, ATP and ADP that are present by
default in all models with information listed in Table 1), Table 7 provides growth and de-
cay expressions for each substance of the network model, and Table 8 provides information
about the ion channels included in the network.

All equations for the emergent Vmem patterns network model were programmatically gener-
ated from mathematical template equations on the basis of user-specified input data in the
form of a BETSE configuration file. The configuration file that can be used with BETSE to
run the emergent Vmem patterns network is supplied as Supporting Information S3.

Substance Charge GJ permeable Growth/decay DGJ [m2/s] Dmem [m2/s] Initial Ccell [mM] Initial Cenv [mM]

A -2 True True 1.0e−12 − 1.0e−13 0.0 0.5 (gradient) 0.0

B 0 True False 1.0e−13 0.0 0.5 0.0

Table 6: Substances of the emergent Vmem patterns network. The general ions Na+, K+, Cl-, Ca2+, HCO3
-, P- ,

and the substances ATP, ADP and Pi were included in the model, with properties listed in Table 1.

Substance Activators Inhibitors Rate Equation Parameters

A None None rA = rmax
A − δA [A]

rmax
A = 1.00e−2

δA = 1.00e−2

Table 7: Growth/decay expressions for the emergent Vmem patterns network.

Channel Ions Regulation Channel Flux Expression

K+ channel K+ ’A’

zK Vmem F PKChannel
K

R T

(
ccell

K −cenv
K exp

(
− zK Vmem F

RT

)
1−exp

(
− zK Vmem F

RT

)
)

PKChannel
K = Pmax

K

(
1

1+
(

[A]
KA

)3

)
Pmax

K = 1.33e− 10 m/s, KA = 0.5− 0.75 mol/m3

Table 8: Channels of the emergent Vmem patterns network.
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