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Genetic networks operate in the presence of local heterogeneities in single-cell transcription and
translation rates. Bioelectrical networks and spatio-temporal maps of cell electric potentials can
influence multicellular ensembles. Could cell-cell bioelectrical interactions mediated by intercellular
gap junctions contribute to the stabilization of multicellular states against local genetic heterogeneities?
We theoretically analyze this question on the basis of two well-established experimental facts: (i) the
membrane potential is a reliable read-out of the single-cell electrical state and (ii) when the cells are
coupled together, their individual cell potentials can be influenced by ensemble-averaged electrical
potentials. We propose a minimal biophysical model for the coupling between genetic and bioelectrical
networks that associates the local changes occurring in the transcription and translation rates of an ion
channel protein with abnormally low (depolarized) cell potentials. We then analyze the conditions under
which the depolarization of a small region (patch) in a multicellular ensemble can be reverted by its
bioelectrical coupling with the (normally polarized) neighboring cells. We show also that the coupling
between genetic and bioelectric networks of non-excitable cells, modulated by average electric potentials at
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the multicellular ensemble level, can produce oscillatory phenomena. The simulations show the importance
of single-cell potentials characteristic of polarized and depolarized states, the relative sizes of the abnormally
polarized patch and the rest of the normally polarized ensemble, and intercellular coupling.
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recently proposed a highly simplified biophysical model for the
interplay between bioelectrical and genetic networks in non-

1. Introduction

The interplay between chemical and electrical signals contributes
to the biological organization over multiple spatio-temporal
scales."™ Genetic and bioelectric networks are closely interrelated
because the local concentrations of signalling ions (e.g., calcium)
and molecules (e.g., serotonin and butyrate) that regulate tran-
scriptional, translational, and post-translational processes can be
influenced by the distribution of electric potential over multi-
cellular ensembles.>”** The spatio-temporal map of cell potentials
regulated by intercellular connectivity can then be relevant to the
gene expression patterns of embryogenesis, regeneration and
tumorigenesis.>”"* The understanding of these processes requires
conceptual frameworks that incorporate not only single-cell char-
acteristics but also cell-cell interactions.

Molecular bioelectricity is emerging as an important field
because of the possibility of combining bioelectrical (cell
membrane potentials) and molecular biology (the specific ion
channel proteins regulating these potentials) concepts. We have
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excitable cells, from the local single-cell level to the long-range
multicellular ensemble, and applied it to different case
studies.'>'" We explore here two new and important questions:
(i) could cell-cell interactions, mediated by intercellular gap
junctions, contribute to the stabilization of bioelectrical states
against local heterogeneities in genetic networks? And (ii) could
the coupling between bioelectric and genetic networks sustain
multicellular oscillations between abnormally low (depolarized)
and normal (polarized) cell potential states? To this end, we
assume that significant spatial heterogeneities occur in the
transcription and translation rates of an ion channel protein,
analyzing the consequences of this assumption.

The first problem (i) has clear experimental interest because
endogenous bioelectrical fields and signals are crucial for
investigation of the morphology of organisms and tumor
development in model animals.>®%'*> In view of the role of
intercellular interactions in tissue organization,'® the above
problem may also provide some biophysical insights into the
mechanisms that keep cells in tissues behave normally despite
local mutations,"” the role of the microenvironment in restraining
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cancer progression,'® and the possibility of using stochastic gene
expression stabilization as a therapeutic strategy.'” The model
employed considers that cells are coupled together in multicellular
ensembles and then their individual properties should be influ-
enced by ensemble-averaged bioelectrical magnitudes.’® These
magnitudes depend on the specific protein ion channels that
regulate the cell membrane potential.”® Experimentally, ion
channels and membrane potentials are involved in tumor
initiation and progression.®*'>*

The second problem (ii) is also relevant because information
processing in biological systems makes use of bioelectrical
oscillatory patterns. For instance, low frequency current noise
and membrane potential oscillations have been detected in
glioma cells where specific K" and Na* channels can coordinate
electric responses in the picoampere-range throughout large
cell populations.*® Cell membrane potentials and metabolic
oscillations are also closely connected in bacterial communities
at the long-range level.® Intercellular communication is also
based on K' ion-channels and extracellular concentrations.”®
In particular, two biofilm communities undergoing metabolic
oscillations can be coupled through electrical signaling in
order to synchronize their growth dynamics.”” In addition to
the above cases concerning the interplay between bioelectrical
and biochemical processes, the oscillations between polarized
and depolarized cell potentials can be coupled with specific
genetic pathways in the development of the two sides of an
embryo.”® Bistability and oscillatory phenomena can also arise
from the coupling between voltage pulses and gene expression
in excitable single-neuron models.”® Finally, it has been
shown that the gap junction-mediated electrical coupling
between p-cells coordinates biochemical oscillations in
pancreatic islets.*°

A Systems Biology approach to the problem can be
developed on the basis of Nonlinear Dynamics models for
multicellular ensembles®! making use of fundamental concepts
explained previously.'® We show first that local changes in the
genetic network characteristics that occur over a small region
(patch) of a multicellular ensemble lead to low concentrations
of the protein ion channel and then to abnormally low
(depolarized) cell potentials. We consider then cell-cell inter-
actions as stabilizing agents and analyze the conditions under
which this local depolarization can be reverted by the (normally
polarized) neighboring cells. The bioelectrical stabilization of
the whole ensemble depends on the membrane potentials of
the single-cell polarized and depolarized states, the spatial
extension of the abnormally polarized patch, and intercellular
coupling. The simulations suggest that external actions on
ensemble-averaged magnitudes such as electric potentials
may influence the multicellular states that emerge from the
combination of single-cell states, in agreement with recent
experimental and theoretical studies.>”***1* Consistent with
this view, we will focus here on the intercellular transfer of
information in bioelectrically coupled multicellular domains
rather than on the established mechanisms to control and
modify single-cell states based on biochemical extracellular
actions.
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2. Model genetic and bioelectric
networks

The membrane potential V < 0 is the electrical potential of the
cell cytoplasm with respect to that of the extracellular environ-
ment under conditions of zero total current.*” This magnitude
characterizes the cell bioelectrical state®*'*** and is deter-
mined by the conductances of a small number of ion channels
in the cell membrane together with the intracellular and
extracellular ionic concentrations.>*'*?>%73% A minimal
model including two opposite polarizing (pol) and depolarizing
(dep) voltage-gated channels that promote high and low values
of |V|, respectively, and allow a qualitative description of the
basic experimental trends.**2”% Experimentally, the hyper-
polarizing Kir2.1 and the depolarizing Nav1.5 channels can be
used for this purpose.?

Bioelectricity influences the spatial distribution of the
signaling ions and molecules that participate in the genetic
and epigenetic networks of transcriptional and translational
control.>71%121434 It can also act post-translationally by
activating voltage-gated channels and by blocking the channels
with specific ions and molecules.">**?>*%%° The consequence
of this complex interplay is that the kinetic equations describing
the intracellular concentrations of mRNA () and the protein ion
channel (p) must be coupled with the cell electric potentials.'"! In
particular, we have considered that the concentration p of the
protein forming the polarizing voltage-gated channel is modulated
by the cell potential V (Fig. 1, bottom).*'™*

The typical ionic concentrations are in the range 10-500 mM.
For most physiological conditions®** the inside and outside
concentrations of the cell are almost constant and then the
changes in the membrane potential are mainly due to modifica-
tions in the conductance and permeability of the relevant ion
channels (opening/closing processes), as it is assumed in Fig. 1.
Note that the number of ions to be transferred across the
membrane in order to set up typical potential differences is very
small compared with the total number of ions in the cell volume.*
Thus, assuming the constancy of ionic concentrations is an
approximately valid assumption in electrophysiological measure-
ments concerning membrane potentials.*® It is remarkable that
embryonic and tumor (proliferative) cells are relatively depolarized
and show low membrane potentials compared with terminally
differentiated quiescent cells.*>%"?

The potential V given in Fig. 1 results from the condition of
zero current between the cell cytoplasm and the external
microenvironment, Ipo + Igep = 0.°>** Note that Fig. 1 shows
an isolated cell and then the equation for V is written under the
zero current conditions that should eventually be reached. In
this case, the single-cell potential coincides with the usual
resting potential. The equations for the potential-dependent
polarizing and depolarizing currents I, and Iqep, (Fig. 1) show
the qualitative trends observed experimentally using a mini-
mum number of phenomenological parameters, such as the
number of effective charges z = 3 involved in channel gating
and the channel threshold potentials Vi por = Vindep = —Vr
where V= RT/F = 27 mV is the thermal potential, R is the gas
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Fig. 1 The genetic and bioelectrical networks are coupled at the single-cell level. For simplicity, we consider only the transcription and translation time
(t)-dependent kinetic equations for the mRNA and protein that form the polarizing channel. The genetic network (bottom, right) is based on the central
dogma that describes the information flow from DNA to mRNA (transcription) to protein (translation). The channel protein concentration p is then
regulated by a specific mMRNA of concentration m, where m and p are relative concentrations defined with reference to the values characteristic of the
particular biochemical problem studied.’®*! The rate constants for mRNA transcription (r,) and protein translation (r,), as well as their degradation rate
constants (dm and dp), are difficult to estimate because these kinetic steps are governed by multiple factors!0it4=43 and, in particular, by the
concentration S of signalling ions (bottom, left). Molecular diffusion in the cell is usually fast compared with genetic processes and can be ignored as a
first approximation.** We assume the Hill kinetics Gy = Gpo[p/(po + p)] for the dependence of the channel conductance on the protein intracellular

concentration p, where G:ol is the maximum conductance and pg corresponds to G;01/2 (top, right). The membrane potential V (vertical scale) is

obtained from the condition of zero total current (top, left) and is regulated by the polarizing (Gpo) and depolarizing (Ggep) conductances. This potential
depends also on the assumed equilibrium potentials £, = —60 mV and Egep = 0 mV which do not change with time if the intracellular and extracellular

ionic concentrations are approximately constant.®”#®

constant, 7 = 310 K is the temperature and F is the Faraday
constant.?®3?37 The relative contributions of the depolarizing
and polarizing channels to the total membrane conductance
regulate the cell electrical state. In particular, low values of the
conductance ratio Gpo/Gaep can decouple V from the normal
polarized value E,, to give depolarized potentials close to Egep.'**

The model in Fig. 1 reveals the fact that the concentration
S of the signaling ion that influences the genetic rates should
depend on the cell potential V.>*®?*%%73% Some experimental
examples are the calcium cell entry and subsequent regulation
of crucial biochemical pathways,**™ e.g. by means of a
calcium-activated transcription factor,>® and the transference
of charged signaling molecules (e.g., serotonin and butyrate) to
the cell.>® These processes are influenced by the potential
difference between the intracellular and extracellular solutions.
As a first approximation to this complex problem, we assume
the Hill kinetics rm = ry, /[1 + (S/S0)] = rp /(1 + ¢l1/7T) for the
transcription rate,'® where S, is a reference concentration and

0

r.is the transcription rate in the absence of signaling ions.

m

Note that we consider here the case of potential-dependent
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negative regulation of the protein:'® an increase in the absolute
value of the potential V decreases the production of mRNA and
the protein, as clearly shown by the genetic network (Fig. 1,
bottom). The consequence of this interplay between the
bioelectric and genetic networks of Fig. 1 is that the cell potential
V modulates the concentration p of the protein forming the
polarizing channel of conductance Gy, (Fig. 1, bottom) and,
in turn, this conductance makes a significant contribution to
the total membrane conductance that regulates the potential V
(Fig. 1, top).

Fig. 2 shows two model cells connected by intercellular
protein gap junctions that permit the transference of electric
currents'®*? and signaling molecules.™ In this case, the cell is
not isolated and then the zero current conditions of Fig. 1 are
no longer valid. Instead, the potential V; of cell i is dynamically
evolving under the non-zero single-cell and gap-junction
currents. The cell state of Fig. 1 can then be modulated at the
ensemble level due to coupling with the neighboring
cells.'®*?**>! Note that every individual cell i experiences the
average electric potential created by its nearest-neighbor cells,

Phys. Chem. Chem. Phys., 2018, 20, 9343-9354 | 9345
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Fig. 2 The intercellular coupling allows extending the interplay between
the bioelectric and genetic networks from the single-cell of Fig. 1 to the
whole multicellular ensemble. The cells i and j are bioelectrically coupled
by an intercellular gap junction of effective conductance G; (bottom). This
conductance shows bell-shaped dependence on the potential difference
Vi — V, between cells j and j (top).10->4=%¢ The potential V, determines the
width of the distribution of experimental conductances Gj. The cell
potential V; changes with time t according with the intercellular current,
regulated by G; and V; — Vj, and the single-cell currents /oo and lgep,i
(Fig. 1). Note that the sum over j € nn makes reference to the nearest
neighbors (nn) cells.*

as clearly shown by the sum }_ G;(V; — V;) in Fig. 2 where

Jjenn

each neighbor cell potential j is weighed by the respective
junction conductance Gy. It is in this biophysical sense that
we use the term ensemble-averaged electric potential here.
In a distinct context, different expressions to define synaptic
gap-junction currents in theoretical models of coupled excita-
ble cells have been proposed.®>>* In our case, we have used the
bell-shaped function shown in Fig. 2 because it captures most
of the experimental trends observed in the voltage-gating of
connexin proteins in vertebrate junctions;**>° see, in particular,
Fig. 2 and Table 1 of ref. 56 for a comprehensive experimental
account.

To better show the qualitative characteristics of intercellular

coupling, we consider the conductance ratios G;ol / Ggep and
G / Gyep that describe the relative contributions of the single-

cell (G;ol) and intercellular (G°) effective conductances with

respect to Gqep, Where G° is the maximum conductance of the
gap junction (Fig. 2). Large intercellular conductances favor
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isopotential multicellular ensembles while low conductances would
give essentially isolated cells with no electrical communication.
Autonomous cell behavior due to abnormal intercellular commu-
nication may be involved in the initial states of tumorigenesis.'®**>

Genetic networks operate in the presence of local hetero-
geneities in the single-cell transcription and translation rates.
In particular, we analyze local heterogeneities in the genetic
rate constants of Fig. 1. To this end, we assume that a patch
formed by a small number N, of cells shows values of r,, and r,,
that are significantly different from the rest of the cells in an
ensemble with N = 1112 cells. The locally-different genetic rates
eventually give distinct cell bioelectrical states that are shown
in the current-voltage (I-V) curves of the cells in the bulk of the
ensemble (1) and in the patch (2).

Initially, all cells in the ensemble have the same potential
Vit = 0), i = 1,...,N. The initial concentrations of mRNA and
proteins are calculated by solving the kinetic equations given in
Fig. 1 under steady-state conditions.'® For ¢ > 0, the time
evolution of the system is obtained by solving the N equations
for V{(¢) of Fig. 2. Ref. 10 and 32 describe the numerical
algorithms used. The system shows an electrical relaxation
time electrical time C;/Gp,;° lower than 1 s for cell capacitances
in the range C; = 10-100 pF and conductances in the range

o

Gpo = 0.1-10S.1**23%%7 In contrast, the time response char-
acteristic of the genetic network is relatively slow. For instance,
transcription and translation rate constants in the range
0.1-1 min~" give times between 1 and 10 min while degrada-
tion rate constants in the range 0.003-0.1 min~" give times

between 0.1 and 5 h.'%'14?

3. Results and discussion

3.1 Stabilization of multicellular states against local genetic
heterogeneities

The simulations given in Fig. 3 consider a spatial heterogeneity
in the genetic rates r,, and r, that are assumed to decrease in
the patch of N, cells with respect to the values prevailing over
the rest of the multicellular ensemble. The local differences
in the genetic rates of Fig. 3 produce a spatial regionalization of
the polarizing channel expression (Fig. 1) that eventually results
in distinct current-voltage (I-V) responses for the cells in the
patch and in the bulk of the ensemble (Fig. 3, top, right). These
curves are obtained using the model in Fig. 1 under steady-state
conditions and show the effect of decreasing the genetic rates
characteristic of the polarizing channel protein in the patch.
The cells in this patch have only one stable depolarized potential
(curve 2) while the rest of the cells have two stable polarized (high
|V]) and depolarized (low |V]) potentials (curve 1).

Initially (¢ = 0), all cells in the multicellular ensemble have
the same electrical state: the stable polarized potential (curve 1)
that characterizes the normal cell state. However, the polarized
potential is not stable for the cells in the patch (curve 2)
because their genetic rates r,, and r, are assumed to decrease
with respect to those in the rest of the ensemble at ¢ = 0. Hence,
these cells will tend to evolve towards their stable depolarized
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Fig. 3 The cell potential and protein concentration spatio-temporal maps (left) are obtained using the models in Fig. 1 and 2 for the case of a patch
formed by N, & 62 cells with a spatial heterogeneity in the genetic rate constants. The polarizing channel transcription and translation rate constants are
7oy =0.5min"" and r, = 0.5 min™%. At t = 0, these rate constants are decreased to r;, = 0.25 min~' and r, = 0.25 min~" in the patch, which gives a local
depolarization. The degradation rate constants are d,,, = 0.025 min~*and dp, =0.025 min~L. The protein concentration py = 60 and the conductance ratio

o
is G

/Gdep = 1.51%%2 The coupling gap junction conductances are relatively high (G°/Ggep = 0.5 and Vo = 18 mV) over the strongly-connected

multicellular ensemble. The current—voltage (/-V) curves with the stable polarized (curve 1) and depolarized (curves 1 and 2) cell potentials (top, right)
together with the time evolution of the protein concentration and cell potential (bottom, right) are shown for cell 1 in the bulk of the ensemble and cell 2

inside the patch.

potential (curve 2) which is consistent with their locally different
genetic rates. This abnormally low potential is characteristic of
the abnormal cell state resulting from the local decrease in the
genetic rate constants.

Fig. 3 shows the spatio-temporal maps of cell potentials and
protein concentrations over a strongly-connected multicellular
ensemble. The depolarized potential is a stable state for all cells
in the ensemble (curves 1 and 2) and, eventually, the inter-
cellular coupling makes the whole ensemble attain the
depolarized value of |V| (Fig. 1 and 2). Fig. 3 shows also the
time evolution of the protein concentration p and the potential
V for a cell 1 in the bulk of the ensemble and another cell 2
inside the patch. Depolarization cannot be avoided by the
increase of the polarizing channel protein concentration in
cells 1 and 2 (Fig. 3, right) that occurs after depolarization
because of the negative regulation of the electric potential |V|
on the concentration p (Fig. 1).

Fig. 4 considers the opposite case of a weakly connected
multicellular ensemble where the parameter that determines
the width of the gap junction conductance distribution has
been decreased to V, = 13.5 mV while keeping G°/Ggep = 0.5
constant (Fig. 2). Because of the weak intercellular coupling

This journal is © the Owner Societies 2018

(Fig. 4, right), depolarization cannot proceed through the whole
ensemble and is now confined to the patch, which becomes
electrically isolated (Fig. 4, left). As in the case of embryogenesis
where the locally different genetic expression of ion pumps and
channels can result in bioelectrical regionalisations,>®">*® the
existence of spatially heterogeneous cell polarizations immediately
suggests weakly-connected multicellular ensembles. Note also the
correspondence between the constant values of potential V and
concentration p in cell 1 of the polarized part of the ensemble
(Fig. 4, right). As for cell 2, the protein concentration p decreases
first because of the decreased genetic rates and increases later
because of the low values of |V| characteristic of depolarization
and the potential-dependent negative regulation of the protein
assumed in Fig. 1 (see also Fig. 3 for a similar effect).

When the patch size is small enough, its depolarization can
be avoided even when the local genetic rates may favor it (Fig. 5,
left; compare Fig. 5 with Fig. 3). This bioelectrical stabilization
occurs only when intercellular coupling is sufficiently strong
and the number of cells in the patch size is low (Fig. 5, top,
right). The transition between the polarized and depolarized
stable states of cell 2 is abrupt because of the potential bist-
ability of the I-V curve (Fig. 3, top, right), suggesting that the

Phys. Chem. Chem. Phys., 2018, 20, 9343-9354 | 9347
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Fig. 4 The cell potential and protein concentration spatio-temporal maps (left) obtained under the same conditions of Fig. 3 except for the width of the
bell-shaped gap junction conductance which is narrower than that in Fig. 3 because now Vg = 13.5 mV instead of V = 18 mV (top, right). The lower value
of Vq decreases the intercellular coupling provided by the junction conductance and avoids then the depolarization of the whole ensemble obtained in

Fig. 3 for the case of a strongly-connected ensemble.

number of cells in the patch can be critical to avoid depolariza-
tion (Fig. 5, top, right). In this case, the potential of cell 2
decreases in the absolute value but this slight depolarization is
not enough for the potential-dependent negative regulation
shown in Fig. 1 to compensate for the decrease in the genetic
rates. Hence, the polarizing channel concentration p decreases
(Fig. 5, bottom, right). However, cell 2 can still resist depolar-
ization because of the strong coupling with the multicellular
ensemble that acts now as a bioelectrical buffer.

3.2 Bioelectrical oscillations in multicellular ensembles

Fig. 6 considers again the case of Fig. 3 but now the transcription
and translation rate constants are maintained at 0.25 min_" in the
patch while they are increased to 1 min~" in the rest of the
ensemble. As a consequence, the cells in the rest of the ensemble
have only one stable polarized potential in the -V curve (Fig. 6,
top, right) rather than the two stable (polarized and depolarized)
values obtained in the case of Fig. 3 (curve 1). This fact causes most
of the cells in the ensemble to have only one stable (polarized)
value of |V| in the I-V curve 1 (Fig. 6, top, right) rather than the two
stable (polarized and depolarized) values obtained in the case of
Fig. 3. As in the case of Fig. 3, however, the only stable value of |V]|
in curve 2 is depolarized (Fig. 6, top, right). These unique and
opposite stable states for the cells in the patch and its neighbor-
hood, together with the negative regulation between the protein
concentration and the cell potential (Fig. 1), cause oscillations
between the polarized and depolarized states of the cells in the

9348 | Phys. Chem. Chem. Phys., 2018, 20, 9343-9354

patch (Fig. 6, left) that involve a time scale much longer than the
electrical relaxation time.

Note also that the bi-stability of the I-V curves (Fig. 3-6)
results in sharp responses that might be smoothed in real
experimental systems where the difference between the polar-
ized and depolarized cell states could not be so marked because
of the high number of channels involved.?***%%3% Also, we have
implicitly assumed rapid distribution equilibria for the concen-
tration of signaling ions that regulate transcription shown in
Fig. 1 and 2 and ignored their slow electrodiffusion over the
multicellular ensemble.

It has been suggested that information processing in bio-
logical systems can make use of oscillatory patterns. For
instance, coupled oscillations of polarized and depolarized cell
potentials can occur on the two sides of an embryo.*® Also,
oscillatory phenomena and bistability may result from the
interplay between voltage pulses and gene expression in
excitable single-neuron models.*® In the case of Fig. 6, however,
the oscillations arise from the dynamics of the individual
genetic and bioelectric networks of non-excitable cells which
are coupled by average electric potentials at the multicellular
ensemble level, without assuming any periodic time depen-
dence of the single-cell biological magnitudes. Note that the
oscillations of Fig. 6 could not be observed in Fig. 3 because in
the latter case the majority of the cellular ensemble had also
one stable depolarized state in addition to the polarized state
(see the I-V curve of Fig. 3). Weak intercellular coupling would

This journal is © the Owner Societies 2018



PCCP

-60 -30 0

v /o

B B

&

&

Paper

0 30 60 0 I. e o o .‘.
-:|proteln,p 600000
O
Z 20t ]
100s —
=
s at t=25000s
2
>
B
Z 0 ]
=
. ° LN ]
5000 s °°
(o] o O oo
_60 1 L
20 0 60
Number of cells
0 T T 50
10 000 s
M
,,,,,,,,, (1 ’I/,,,,,
140
_20:\
\
- \ 130 E
£ \ =
150005 = LT s
\ _20 =
I AN
\___® ______
_ 9 110
1
25000 s L .
7600 10 20 0

Fig. 5 The cell potential and protein concentration spatio-temporal maps (left) are obtained under the same conditions as in Fig. 3 except for the patch
size, which is now decreased to N, ~ 25 cells with respect to that of Fig. 3 (N, &~ 62). The strong coupling with the polarized cells in the rest of the
ensemble provides bioelectrical stabilization against the local decrease in the genetic rate constants that strive for depolarization (Fig. 3). Note the sharp
transition between the polarized and depolarized stable potentials of cells 1 and 2 at N, ~ 42 (top, right). Compare also the time evolutions of the protein

concentrations and cell potentials (bottom, right) with those of Fig. 3.

prevent the surrounding cells to repolarize the patch (Fig. 4)
making the oscillation difficult. In Fig. 5, the small patch could
hardly resist the stabilization forced by the rest of the cells and
thus significant depolarization would not be possible.

In order to better determine the conditions that allow
oscillatory phenomena, Fig. 7 shows the effect of the number
of cells N, in the patch at fixed intercellular connectivity and
Fig. 8 shows the effect of intercellular connectivity at fixed
number N,. At time ¢ = 0 the cells in the ensemble show the
same polarized potential (Fig. 7) that characterizes the normal
cell state.’®"* This polarized potential is stable except for those
cells in the patch, which have relatively low values of the rates
r,, and r, shown in Fig. 7 and 8 with respect to the rest of the
ensemble. These decreased production rates eventually give low
values of the polarizing channel protein. Therefore, the cells in
the patch tend to the stable depolarized potential state con-
sistent with the locally different genetic rates assumed. How-
ever, because of the stabilizing effect exerted by the majority of
polarized cells in the ensemble over the minority of depolarized
cells in the patch, this transition from the polarized to the
depolarized state is only possible for a large patch (Fig. 7, top)
but not for the small one, even for low protein concentrations
(Fig. 7, bottom). In between these extreme cases, the oscilla-
tions of the cells in the patch can be sustained by the interplay
between the genetic (protein concentration of Fig. 7, right) and
electric (cell potential of Fig. 7, left) networks.

This journal is © the Owner Societies 2018

Fig. 8 considers the case of Fig. 7 but now the number of
cells in the small patch is kept constant and it is the inter-
cellular connectivity, described by the dimensionless gap junc-
tion maximum conductance G°/Gqep (see Fig. 2) that is
changed. This case is also of experimental interest: weakly-
connected multicellular ensembles should give spatial hetero-
geneities of cell polarization that can play a role in embryogen-
esis where the local expression of ion pumps and channels
leads to regionalization.”'>® In contrast, an essentially iso-
potential ensemble where no patterning information could be
stored should result for strongly-connected ensembles.'® In
this case, the strong coupling with the majority of cells in the
rest of the ensemble would provide bioelectrical stabilization of
the small patch against local fluctuations of the genetic rates,
avoiding the autonomous behavior of the patch.”'® Interestingly
when the patch is sufficiently large, abnormally depolarized states
cannot be reverted (Fig. 7, top).

Fig. 8 shows that oscillations are possible only over a range
of intermediate intercellular connectivities. Indeed, when the
intercellular coupling characterized by G°/Gqcp is sufficiently
strong, the patch remains in the polarized state enforced by the
rest of the ensemble (Fig. 8, bottom). In contrast, when the
coupling is too weak, the patch eventually reaches the depolar-
ized stable state (Fig. 8, top), being now electrically isolated
from the rest of the ensemble. Hence, changing the coupling
provided by the intercellular gap junctions allows the flexible
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Fig. 6 The cell potential and protein concentration spatio-temporal maps (left) are obtained under the same conditions as in Fig. 3 except for the
transcription and translation rate constants outside the patch, which are now increased to r;, = 1 min~! and =1 min~. This increase in the genetic rates
causes the steady state /-V curve of the cells (top, right) to have only one stable polarized potential (curve 1), as opposed to the unique depolarized
potential characteristic of the cells in the patch (curve 2). These unique and opposite stable states can sustain local oscillations between the polarized and
the depolarized states in the patch (bottom, right).
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Fig. 7 The oscillations of the cell potential (left) and protein concentration (right) for a cell at the center of the small patch as a function of time t, from t =
10 s to 50 000 s, for different numbers of cells in the patch. All cells in the ensemble are characterized by the values shown in Fig. 1, with the intercellular
coupling parameters G°/Ggep = 0.5 and V = 18 mV (see Fig. 2). The genetic network of Fig. 1 operates with a spatial heterogeneity in the rate constants:
the cells outside the patch have the rates r;, = 1 min~' and r, = 1 min~* while these rates are decreased to r;, = 0.25 min~' and r, = 0.25 min~* for those
cells in the patch. The degradation rate constants are those in Fig. 3 all over the ensemble. The initial conditions (t = 0) correspond to the steady-state
solution for the polarized state of the cells outside the patch.
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Fig. 8 The oscillations of the cell potential (left) and protein concentration (right) for a cell at the center of the small patch as a function of time t. The
curves are now obtained for different values of the dimensionless gap junction maximum conductance G°/Ggep describing the intercellular connectivity
in the patch and a fixed number of cells N, = 55. The other conditions and parameters are the same as in Fig. 7. Note the regimes of weak (bottom curves)
and strong (top curves) coupling. In the first case, the cells in the patch are essentially isolated from the rest of the ensemble and remain then depolarized.
In the second case, these cells are stabilized by the majority of surrounding polarized cells despite of the locally low rate constants of the patch favoring

depolarization (Fig. 7).

topology which is needed to establish/abolish bioelectrical
oscillations. Note that the oscillations in Fig. 7 and 8 are not
centrally organized and arise when the individual genetic and
bioelectric networks of every non-excitable cell are coupled at
the multicellular level. Indeed, average electric potentials make
the cells in the patch act as an oscillating multicellular aggre-
gate. This fact is clearly shown by the gradual reduction
observed in the residence time of the depolarized cell state
when the number of interacting cells in the oscillating patch is
decreased (Fig. 7, left).

Taken together, Fig. 3-8 suggest that bioelectrical effects
may contribute to the normalization and stabilization of multi-
cellular states in the presence of spatial heterogeneities in the
transcription and translation rates of an ion channel protein. In
particular, we have established the conditions under which the
local depolarization of a small patch with abnormally low cell
potentials could be avoided by intercellular coupling with the
normally polarized multicellular ensemble. In addition, Fig. 3-8
show that the combined action of genetic pre-patterns with
intercellular coupling can give a variety of dynamic responses,
which are coded in the spatio-temporal maps of electric
potentials,’®** as suggested experimentally in model animals.*
These responses are based on collective phenomena (Fig. 2) that
cannot be deduced directly from the individual cell characteristics
(Fig. 3): the oscillations of Fig. 6-8, for instance, are sustained by
the coupling of a small patch whose stable state is depolarized with
an ensemble whose stable state is polarized.
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4. Conclusions

The model considered here is too simple to be applied to real
biological problems but can give useful qualitative insights into
complex problems. Fig. 3-8 show that the single-cell bioelec-
trical state depends not only on the potential V; (Fig. 1) but also
on the potential difference V; — V; relative to the neighboring
cells j (Fig. 2). In this context, it could be possible that multi-
cellular ensembles allowed system-level responses to local
genetic changes. In the model studied here, the dynamics of
the multicellular ensemble governed by the voltage-gated inter-
cellular junctions allows the bioelectrical normalization and
stabilization of patches against local changes in the genetic
network (Fig. 5). However, when these patches are large, the
extension of the abnormal depolarization to the whole multi-
cellular ensemble may occur for high intercellular connectivity
(Fig. 3) but not for low connectivity (Fig. 4). Therefore, the
effects of intercellular connectivity depend here on the number
of abnormal cells involved. Oscillations between normally
and abnormally polarized cellular states can also be obtained
(Fig. 6-8), which suggests that oscillatory phenomena can
support information processing not only in neural networks*?
but also in non-excitable cells, as observed experimentally®®*°
and suggested theoretically®” by Levin and co-workers.
Enhancing the intercellular connectivity might smooth the
effects of the local genetic fluctuations that would otherwise
produce abnormal cell polarizations over small patches of the
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multicellular ensemble. It is tempting to speculate about this
bioelectrical stabilization in relation to the intrinsically
stochastic nature of single-cell genetics.®® However, it is an
experimental fact that bioelectrical effects are usually coupled
with other complex and highly-specific biomechanical and
biochemical pathways. For instance, cell depolarization, lipid
membrane biomechanics, and biochemical networks may act
together to favor cell proliferation® and thus more elaborated
physical models are necessary.*

It should also be mentioned that experimental attempts to
enhance intercellular coupling may produce different side
effects associated with the distinct signaling molecules that
could be transferred between cells, thus providing either an
advantage or a disadvantage to the target cells.’*>>6%%3 In
addition, procedures aimed at controlling bioelectrical states
must allow a localized spatio-temporal control to avoid
undesired side effects. In principle, this control could be
based on conducting polymer microwires,** nanoparticle—cell
binding,*>*° local injection of mRNA encoding specific ion channels
and forced cell polarization/depolarization via pharmaco-
logical and molecular genetic methods,®® and optogenetic
techniques.®”
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