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ABSTRACT: We analyze the coupling of model nonexcitable
(non-neural) cells assuming that the cell membrane potential
is the basic individual property. We obtain this potential on the
basis of the inward and outward rectifying voltage-gated
channels characteristic of cell membranes. We concentrate on
the electrical coupling of a cell ensemble rather than on the
biochemical and mechanical characteristics of the individual
cells, obtain the map of single cell potentials using simple
assumptions, and suggest procedures to collectively modify
this spatial map. The response of the cell ensemble to an
external perturbation and the consequences of cell isolation,
heterogeneity, and ensemble size are also analyzed. The results

suggest that simple coupling mechanisms can be significant for the biophysical chemistry of model biomolecular ensembles. In
particular, the spatiotemporal map of single cell potentials should be relevant for the uptake and distribution of charged
nanoparticles over model cell ensembles and the collective properties of droplet networks incorporating protein ion channels

inserted in lipid bilayers.

I. INTRODUCTION

The biophysical chemistry of a cell tissue involves different
levels of description from the individual cellular machinery to
the long-range intercellular coupling underlying multicellular
organization. This fact is clearly shown, for example, in
carcinogenesis models.' > It has been argued® that this
situation shows some similarities with the different chemical
perspectives concerning the individual characteristics of single
atoms and the collective properties of these atoms when
organized in complex molecules. The coupling between the
cells in a tissue involves not only biochemical pathways but
also Dbioelectrical signals. Consider, for instance, the cell
membrane potential, defined as the (negative) electrical
potential difference between the cytoplasm and the extrac-
ellular environment when the electric current is zero.
Depolarization processes characterized by abnormally low
membrane potentials are characteristic of plastic (e.g,
embryonic) cells’™” and epithelial wound healing,® while
hyperpolarization tends to be associated with terminally
differentiated cells.>~”° However, since biochemical signals
are essential to these biological processes, much emphasis is
made on biochemical pathways rather than on bioelectric
signals,® paying thus limited attention to the electrical
transitions between the hyperpolarized and the depolarized
cell states.>”'° In particular, because the protein ion channels
are expressed according to specific genes,'' "> more attention
is usually paid to channel genes than to the cell electrical state
resulting from the action of multiple ion channels acting in
concert.'*"
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It has long been known that bioelectrical mechanisms can
be relevant for subcellular organelles and the membrane cell
(see refs 3, 15, and16, and references therein). Electro-
magnetic fields are also related with spatiotemporal patterns
over tissues and can participate in the information exchange
among cells (see refs S and 16—19, and references therein).
These patterns are characterized by locally different electric
potentials and ionic fluxes,® which are ultimately supported by
the ion channels over the single cell membrane."* Voltage-
gated channels are involved in the regulation of the cell
electrical state because of their externally tunable electrical
conductance."***?*! Also, these channels can act as physical
contacts (e.g, gap junctions'”**7>*) between neighboring
cells, allowing electrical coupling and communication. This
type of coupling has not been addressed with detail in recent
tissue models based on the theory of attractors (see, e.g., the
reviews in refs 25 and 26). Previous Ising27 and Potts™®
models tend to concentrate on local short-range interactions,
describing the spatial correlations between the cells in a
tissue,” and considering the normal to cancer tissue transition
as a physical phase transition.””*® Alternatively, long-range
diffusion-reaction, diffusion-drift,>' > and cable® equations
have described the spatiotemporal changes in model tissues
using different numerical techniques (e.g., discretization). The
electrophoretic transport through the intercellular junctions
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has also been described in morphogenesis and early left—right
patterning theoretical studies,® as well as in the synchroniza-
tion of coupled pancreatic cells.”®

We propose to explore the electrical correlation between
(highly simplified) model cells employing a formalism that has
proved to be useful for the coupling of both biological
cells>** and locally interconnected nanoelectronic nodes in
cellular neural networks.>**” Intercellular coupling can be
achieved by different bioelectrical elements (e.g, by the
protein channels forming the gap junctions between
neighboring cells??*) acting as effective conductances and
capacitances. Disruption of the intercellular communication
has been found in abnormal tissues (see refs 23 and 38—40,
and references therein), but its detailed description requires
the consideration of biochemical pathways. To emphasize the
effects of the electrical coupling, we ignore these pathways
and concentrate on simple but intuitive ideas that may
constitute a complement to the fruitful biochemical
description.

In addition to cell coupling, two loosely defined states are
usually incorporated in tissue models; for instance, “normal”
and “abnormal single cell states are invoked in tumor
dynamics.* Because bistability is a crucial characteristic of
excitable cells in neural networks,*' it is of significance to
explore its consequences for the case of non-excitable (non-
neural) cells. We have recently addressed” the electrical
coupling between the inward and outward-rectifying voltage-
gated channels, which describe the single cell polarization
state’*?° and propose now to consider the case of a model
cell ensemble.

We assume that the cell potential is a basic characteristic of
the individual cells>>~”"® and consider different scenarios for
the electrical coupling of the whole cell ensemble, ignoring
the biochemical and mechanical**** characteristics of the
individual cells. We obtain the spatial map of single cell
potentials and suggest procedures to collectively modify this
map, a question of significance for the distribution of charged
nanoparticles over multicellular systems.**™>° (Flow cytometry
and fluorescence microscopy techniques have shown that the
binding of charged nanoparticles to the cell surface is
modulated by the membrane potential and the formation of
charged nanoparticle—protein complexes.’®) Biomolecular
networks with microdroplets that mimic basic functions of
multicellular systems can be formed with protein ion channels
inserted in lipid bilayers.”">* Therefore, the physical chemistry
approach developed here for the map of electric potentials can
also be of significance for the modeling of these networks.

Il. THEORETICAL METHODS

A. Membrane Potential Bistability. Voltage-gated
channels show typically inward and outward rectifications,
which permit the cell polarization state to be regulated by
ionic conduction and other mechanisms.'"* The (negative)
value of the membrane potential constitutes an experimental
characteristic useful to describe this state: hyperpolarization is
associated with a high (in absolute value) membrane potential
while depolarization corresponds to a low (in absolute value)
membrane potential; see Figure 1. For instance, anomalous
inward-rectifying potassium channels with different biophysical
characteristics are found in some tumor cell lines (compare
Figure 6A with Figure 6B in ref 12), which show membrane
potentials significantly different than those of normal cells
(Figure 6C in ref 12).671018

2969

+ BIOLOGICAL

A ————
_—
PARAMETER +

+

+
hyperpolarized

depolarized

Figure 1. Model cell assumed here is a dynamical system showing
transitions between the depolarized and hyperpolarized states, which
are regulated by the inward and outward-rectifying ion channels.*”
The transitions are triggered by changes in the relevant biological
parameters (e.g., the conductive characteristics of the ion channels
and the ionic concentrations and the pH in the extracellular phase).

Although a multiplicity of ion channels distributed on the
cell membrane contribute to the membrane potential, a highly
idealized physical model showing bistability*> can be
constructed with only two physiologically relevant character-
istics: the inward and outward electrical rectification shown in
Figure 2a,b."*%375% The potassium channels can conduct large
inward currents at potentials more negative than the
equilibrium potential E;, and low outward currents at
potentials less negative than E;.'* This behavior can be
approximately described by the simple current (I)-potential
(V) phenomenological equation:

1
I=g(V—-E_)P P =
s i opens Fopen 1 + exp[zF(V — V) /RT]
(1)
In eq 1, g is the maximum channel conductance, P, is the

open conductance probability, R, F, and T are the gas
constant, the Faraday constant, and the temperature,
respectively, and Vy, is the threshold potential.'***>% The
steepness between the closed and open conductance states is
described by the number of effective charges involved in
channel gating, M Defining the dimensionless current I=1/
(gVr), eq 1 can be rewritten as

1
1+ exp[z(V — V)]

open —

I~ = (V - Ein)P

open’
! )
with the dimensionless potentials V = V/Vy, Vy = Vu/Vy,
and E,, = E,,/Vy, where Vi = RT/F = 27 mV for T = 310 K.
In the I — V curve of Figure 2a, V = 2 corresponds to V =
54 mV and T = 2 is equivalent to I = 54 pA for a channel
conductance g = 1 nS. >3 Figure 2b shows the curve
corresponding to the outward rectifying channel, which results
also from eq 2 by substituting E . for E;, and reversing the
sign of z.'* The above channel characteristics, potentials, and
currents are t?rpical of some voltage-gated ion chan-
nels, 121421546

The membrane potential V,, = V(T = 0) is equal to the
equilibrium Nernst potential E;, for the potassium ion only if
the contributions of the other (e.g, sodium and chloride)
channels are ignored.7’14 Note also the high conductance
values obtained for hyperpolarization, V < E,,, contrary to the
case of depolarization, V > E,. The cell potential can be kept
close to E,, because of the small outward current that results
from potentials more positive than E,.'* However, for
potentials V higher than the value giving the maximum in
the I — V curve of Figure 2a, the channel closes and enters a
region of negative conductance, di/dV < 0. The channel
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Figure 2. (a) I — V curve of the inward-rectifying channel calculated from eq 2 with z = 3'* and E,, = E,/Vy

—1.6 (equivalent to E,, = —41

mV) for two values of the threshold potential, ¥, = 0.5 and 2.0 (equivalent to Vi, = 13.5 and 54 mV). (b) I — V curve of the outward-rectifying

channel with z = =3 and E,, =0 in eq 2. (c) Current I =, + I,
conductance g, and potential E,,

conductance ratio is Go,/Gy, =

as a function of V for N, inward rectifying channels of maximum individual
—1.6 in parallel with N, outward rectifying channels of conductance g, and potential E
Nougou/ Ningin = S0. (d) Bistability region of (c). The arrows correspond to the three solutions obtained for the

= 0. The total

out

membrane potential V,, = V(T = 0) when Vj;, = 0.5. The central unstable potential at ¥,, = —0.8 (black, center) is surrounded by the stable

hyperpolarized potential at V,
ion channels in the lipid bilayer forming the cell membrane.

—1.3 (red, left) and depolarized (blue, right) potential at ¥, = —0.3. The insets of (a—c) schematically show the

closing may depolarize the potential ¥ to less negative values
(Figure 2a), so that it is no longer possible to keep fixed the
cell potential."**"** The above theoretical interpretation
qualitatively describes the experimental trends observed in
inward rectifying channels."**"***” The properties of the
external solutions (pH and ionic concentrations) can be
incorporated in the equilibrium potential (E,), while the
channel characteristics are the threshold potential V, the
effective charge z, and the conductance g.14’54’61

These voltage-gated ion channels constitute a simple,
minimum model for membrane potential bistability (in
practical cases, a multiplicity of channels may be involved'").
). To show this question, Figure 2c gives the total current
obtained by summing the individual contributions from the
inward and outward rectifying channels in Figure 2ab (the
inset shows the region where the differential conductance is
negative). The membrane potential is obtained by solving the
equation of zero total current:

- ~ 1
G(V = Ein) ——
1+ expl2(V, = V)]

in\ Ym —
1

X — — =0
1+ exp[—2(V, = Vi, ou0)]

+ Gout(Vm - Eout)

)

Three different membrane potentials V,, can be obtained from
eq 3 for certain values of the conductance and equilibrium
potentials (Figure 2c,d). These potentials correspond to two
stable (hyperpolarized and depolarized) values of V,, and a
central unstable value. Bistability has also been found in other
models®”®® and observed experimentally in hair cell
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membranes®™ as well as in individual skeletal and mouse
lumbrical muscle cells.%*%* Also, the slow voltage gating of
lysenin channels inserted into lipid bilayer membranes has
been described experimentally®® and theoretically,*® suggesting
a biological memory unit based on the bistable pore response
to external potentials. Finally, membrane potentials obtained
for inward rectification conditions may also give two stable
values because of the interplay between the rectifying channel
and other elements in the electrical circuit.’” Although the
two channels of Figure 2 constitute only a crude model to
describe the cell electrical state, it is remarkable that inward
rectifying potassium channels are usually involved in the
observed bistability phenomena,®*®*** showing the crucial
physiological role of these voltage-gated channels.

Figure 3a shows the membrane potential V,, obtained from
eq 3 as a function of E, for different values of Gu/Gi,
suggesting that the different values of the channel
conductance ratio can give gradual transitions between the
depolarized and hyperpolarized cell states as well as bistability
phenomena. The shaded regions in the tridimensional space
of Figure 3b correspond to fixed values of V;, and show the
zone where a bistability behavior similar to that of Figure 3a
should be expected. This cell state space includes both
bioelectrical characteristics at the cellular level (the channel
conductance ratio G,,/G;, and the threshold potential V)
and at multicellular level (the solution pH and ionic
concentrations dictating the equilibrium potential E, ). As
suggested previously by other authors® cells with a similar
physiological state may be located in particular regions of the
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Figure 3. (a) Membrane potential Vm Vs Ein curves parametric in
Gou/ Gy for Vy = 0.5 and E , = 0. The arrows correspond to the
transitions between the stable depolarized and hyperpolarized values
while the dashed line corresponds to the unstable branch. (b) The
shaded surfaces correspond to fixed values of V, and show those
regions with a bistability behavior similar to that of (a). For the sake
of clarity, the space has been truncated at the minimum values E;, =
—2.0 and ¥, = 0.4 and the maximum ratio G.,/G;, = S0.

above state space. Transitions between different cellular states
can then be induced by modifying the values of the
bioelectrical parameters in the axes® (e.g, by changing E,,
via the ionic concentrations or by changing the channel
conductance because of the introduction of a blocking agent).

Figure 3a,b shows that two model cells with different ion
channel characteristics (the ratio G,,/G;, here) may have
significantly distinct membrane potentials. Although transi-
tions between the normal and abnormal cell electrical states
can result from the modification of the ion channels
properties, chan%es in the ionic concentrations, which regulate
the value of E,,"* may also result in modifications of the cell
electrical state. In particular, Figure 3a shows that a gradual
transition between the hyperpolarized and depolarized cell
states can be obtained for those values of G,,/G,, which are
out of the bistable regions in Figure 3b.** Therefore, the cell
electrical bistability is of significance only for a particular set
of biological parameters (Figure 3b) in this model.

B. Cell Ensemble Model. Figures 2 and 3 have shown
that a simple model with two voltage-gated channels can
exhibit electrical bistability for certain values of the channel
electrical characteristics and the external solution properties.**
Bistability is not a necessary condition for our analysis, but it
allows defining clearly the individual cell states in the spatial
map of potentials that results from electrical coupling. We
consider now an ensemble with N identical cells forming a
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small patch in a tissue model (the cases of anisotropic and
heterogeneous coupling will be analyzed later). Intercellular
communication is achieved here by an ionic conductance G in
parallel with a capacitance C (Figure 4), as usual for simple

Figure 4. Central cell is connected to the four neighboring cells by
effective coupling junctions described by identical conductances (G)
and capacitances (C).

models of protein ion channels."* We emphasize however that
this phenomenological approach does not invoke any
particular biological structure (e.g, a specific protein gap
junction with a nonlinear, potential dependent conductance®®)
for the effective coupling that should result because of cell—
cell physical contact. The cell i (i = 1, 2, ., N) is
characterized by the time (f)-dependent electric potential
V(t), which may take any intermediate value between the
depolarized and the hyperpolarized cell membrane potentials
of Figure 2c. Local ionic currents may then flow through the
junctions of adjacent cells to make equal their individual
potentials, which allow changes in electric potential to
progress from cell to cell over a cell ensemble.

Because we concentrate on electrical rather than chemical
signals, we assume that the time evolution of the cell
potentials is determined by the electrical currents I, and
1,59 Also, we take constant values for the equilibrium
potentials E,, and E,, ignoring the ionic concentration
changes that may occur for long experimental times.*”*%+%
This assumption should be approximately valid for the
extracellular environment acting as a buffer that fixes the
external ionic concentrations, but it is rather problematic for
the intracellular ionic concentrations. However, the number of
ions that must be transported across the membrane to set up
typical potential differences is very small compared with the
total number of ions in the cell, and then significant changes
in the cell potential can result from small changes in the
intracellular ionic concentrations.>*>® Therefore, we will
assume that the dynamics of the cell ensemble can be
described by the individual cell potentials for short enough
experimental times.”*¢’

According to the above assumptions, the potential Vi(t) of
cell i of Figure 4 should follow the time evolution equation

dv;

G = ~Ta() = Lu(W) + X Gy(V; = V)
joni
v, av,
TG-S
jnni t t (4)

where C; = C, is the cell capacitance, G;; = G and C;; = C are
the conductance and capacitance of the effective junction that
couples cells i and j (Figure 4), I,,(V;) is given by eq 1 (note
that I,,,(V;) results also from eq 1 by substituting E,, for E,
and reversing the sign of z), and I, is an external
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Figure 5. (a, b) Time evolution of the spatial map of cell potentials (V) for a model ensemble with 9 X 9 cells. The equilibrium potentials are E;,
= —1.6 and E,, = 0, with G,,,/G,, = 50 (see Figure 2c). Initially, most of the cells are in the hyperpolarized (red, dark) state except for a central
region of depolarized (blue, light) cells. The top panel shows the initial and final maps of cell potentials. The bottom panel shows the time-
dependent potentials of the three cells marked in the ensemble. The insets show an ensemble subset at three intermediate times. Normalization
is possible only if the central region of initially depolarized cells is small (a), but the extension of the depolarized state to the rest of the cells
could not be avoided in other cases (b). The system parameters are G/G,, = 0.3 (equivalent to 300 pS if G, = 1 nS) and C/C, = 0.3 (equivalent

to C = 30 pF for Cy = 100 pF), with I, = 0.

perturbation (a current here). The summation index “j nn i’
of
Figure 4. Note that the extracellular environment provides a

indicates restriction to the cell nearest neighbors (“nn”

reference potential, which can be taken as zero, for the cell
potentials V. Equation 4 shows that the changes in the
individual cell potentials V; are coupled to changes in the
ionic currents I(V;) and I (V;) supported by the voltage-
gated ion channels (eq 2). These regulation mechanisms
acting at the cell level (see Figure 2c) are coupled at the
multicellular level because of the junction network of Figure
4. In particular, anisotropic electrical couplings could
contribute to symmetry breaking and spatiotemporal patterns.

All cells in the ensemble should be at exactly the same
potential for arbitrarily large coupling conductances G.
However, the fact is that G should take finite values in

physiological junctions,***

and thus, different cell potentials
may exist over the cell ensemble, as we show later. We must
note that other approaches similar to eq 4 have been
previously used for describing the electrical coupling of locally
interconnected nanostructures in neural networks,***” provid-
ing the broad functionality and diversity of behaviors that
should be expected for a model cell tissue.

Introducing the dimensionless variables used in eq 2 and

Figure 2, eq 4 can be rewritten as
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"\'/‘ _ ‘/1 - Ein Gout
L+ epl(V - V)] G,
V. —E L.
v R /)
I+ exp[—Z(Vi - Vth)] Gin jonni
C & I
+— 2 V-V + =5
C0 joni GinVT (5)

where the dot on the potentials denotes the derivative with
respect to the dimensionless time ¥ = t/7, 7 = Cy/G,, (f = 10
is equivalent to t = 1 s for C, = 100 pF and G,, = 1 nS’).
Although the capacitance term could provide an electrical
coupling even for a conductance G = 0 in eq S, the coupling
conductance term should dominate over the capacitance term
for typical values of G and C356L67 The potentials V; must be
solved for i = 1, 2, ..., N as a function of time to obtain the
spatial map of cell potentials. We consider first the case of
identical cells whose individual characteristics are those of
Figure 2. Equation 5 can then be rewritten in matrix form and
solved for V; as a function of time ¥ using periodic boundary
conditions to minimize the effects of the finite number of cells
in the ensemble. The numerical algorithm employed is
described in the Supporting Information. We present the
results graphically on a colored lattice to better show the
multicellular state characterized by the spatial map of cell
potentials.
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Figure 6. (a, b) The time evolution of the cell potentials for an ensemble of 11 X 11 cells with predefined vertical (a) and horizontal (b)
depolarized patterns. As in Figure S, G,,/Gy = 50, E;, = —1.6, and E_, = 0. Initially, most of the cells are in the hyperpolarized state except for
the central region with cells in the depolarized state. The top Figure shows the initial and final states of the ensemble while the bottom Figure
shows the time evolution of the potential for three marked cells. The insets correspond to an ensemble subset at three intermediate times. In (a),
the system parameters are G/G;, = 0.3 and C/C, = 0.3 in the vertical direction (they are decreased to G/G;, = 0.05 and C/C, = 0.0S in the

horizontal direction). In (b), the system parameters are G/G,, = 0.3 and C/C, = 0.3 in the horizontal direction (they are decreased to G/G;,

0.05 and C/C, = 0.05 in the vertical direction). In both cases, I, = 0.

lll. RESULTS AND DISCUSSION

Using eq S5, we have studied the time evolution of the cell
potentials V; (i = 1, 2, .., N) on the basis of the two stable
states of Figure 2c. This evolution gives a spatiotemporal
pattern for different case studies of bioelectrical significance:
normalization of abnormal cells, spatial patterning following
predefined directions, and system response to an external
electrical perturbation. The effects of coupling conductance
heterogeneity and ensemble size are considered later. In all
cases, we have fixed the number of cells in the ensemble
because we do not address the problem of tissue growth.

A. Normalization of Renegade Cells. Figure Sa shows
the results obtained from eq 5 for the case of some
depolarized (renegade) cells which are eventually hyper-
polarized (normalized) because of the coupling to the
neighboring cells. Obviously, this sort of “community effect”
is allowed here by the cell electrical communication enforcing
a local majority rule.** The top figure corresponds to the time
evolution of the electrical potentials map, while the bottom
figure shows the time-dependent potentials of three marked
cells.

The above results show that the electrical coupling between
neighboring cells can promote the normalization of a small
number of abnormal, depolarized cells (Figure Sa), although
the reverse case is also possible when the latter cells extend
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over a significant part of the model ensemble (Figure Sb).
This normalization occurs because the dominant normal cells
can change the individual electrical potential of the small
group of abnormal cells, much as a physiological self-
correction of a corrupted noisy image.36 Clearly, the
normalization process should be less effective for low coupling
conductances, being not possible in the case of negligible
coupling (G = 0 and C = 0 in Figure 4 and eq S).

Although we have considered only electrical signals, the cell
potentials regulate local ionic currents involved in the
biochemical pathways that regulate the cell state.'”*>>* It
should also be mentioned that the permeability of protein gap
junctions can be modulated externally** and that nonfunc-
tional junctions causing defective intercellular communication
can be found in abnormal tissues.”>*

B. Patterning of Predefined Spatial Directions. Spatial
patterning is crucial in embryogenesis®® and we explore now
the question of ensemble patterning along predefined
directions. Figure 6a shows the cell ensemble evolution
when the horizontal coupling parameters are decreased with
respect to those characteristic of the vertical coupling, thus,
enhancing the patterning along the vertical direction. Figure
6b shows the opposite effect: if the vertical coupling
conductance is decreased, horizontal patterning occurs in
the ensemble. The vectorial nature of the electrical coupling,
together with the anisotropy of the physical contacts between
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Figure 7. Time evolution of the cell potentials for a model ensemble with 11 X 11 cells following an external perturbation. The equilibrium
potentials are E;, = —1.6 and E,, = 0, with G,,/G,, = 50 (Figure 5). Initially all the cells are in the hyperpolarized state. At a later stage, the
constant current perturbation I.../(G;, V1) = 0.5 is applied on the central region of the ensemble with 3 X 3 cells (I./(G,, V) = 0 for the rest of
the ensemble). Because of the cell coupling, the central pulse causes a bioelectrical wave which extends over the whole ensemble causing the

depolarization. The system parameters are G/G;, = 0.3 and C/C, =

0.3.

cells, allow the progression of patterning, suggesting that an
existing spatial asymmetry in the cell coupling parameters may
act as an internal morphogenetic field.>*'***

Exogenous and endogenous electric fields can redistribute
small charged molecules over a multicellular ensemble because
of the cell coupling.”® Horizontal-vertical patterning could
then result from the external action of biochemical and
electrical agents (e.g, channel blockers) acting on the
coupling junctions through electrically prepatterned spatial
directions. Asymmetric patterns have indeed been observed in
those cases where transport across the junctions does not
occur equally in all directions."”!

C. Bioelectrical Signal Propagation. A functional tissue
is an open system, being subject to continuous biochemical,
mechanical, and electrical perturbations. Figure 7 shows the
time evolution of the model cell ensemble after being
externally perturbed by an external injection of charge (the
current I, in eq 4). The coupling between cells allows the
propagation of the external perturbation to the whole
ensemble, provoking the transition from a mostly hyper-
polarized (normal) state to a mostly depolarized (abnormal)
state. The opposite transition could be induced by reversing
the initial state and the sign of the external perturbation.

Figure 7 shows that external perturbations can shift the
individual state of the model cells over significant spatial
regions. This result suggests that cell coupling could be used
for reversing the electric potentials map by means of
appropriate external agents, which may have implications for
the uptake and transport of charged nanoparticles in
tissues.**>° Note also that the external perturbation should
progress predominantly along predefined spatial directions in
the ensemble (see Figure 6) provided that an internal
spatiotemporal field exists.

D. Cell Heterogeneity. Individual diversity should be
accounted for in biological ensembles. In our case, the
junctions may show significant heterogeneity because of local
defects giving a number of defective cell—cell contacts. Note
also that different electrical responses are experimentally
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obtained even for the same type of channels.*® In the
particular case of protein gap junctions, this heterogeneity
could arise, for example, from small differences in the spatial
orientation, geometry, and charge distribution of the
individual ion channels. It has been shown that the membrane
potential depends crucially on the fixed charge distributions in
nanopores and membranes.”

Figure 8 revisits the normalization problem of Figure 5 for
the case of (Gaussian) heterogeneous and homogeneous
distributions of the coupling conductances. Although the
normalization effect can be decreased in the presence of
coupling conductance heterogeneity, it is still significant in
Figure 8, suggesting that multicellular coupling can
compensate for moderate biological diversity. Ordered
heterogeneity®® has been proposed as one of the basic
characteristics of living systems because reliable collective
properties should eventually emerge from individual diversity
to ensure functional reliability.”> Similar conclusions have
been obtained for the synchronization of clusters of
heterogeneous pancreatic f-cells by coupling gap junc-
tions.””’* The results are also in qualitative agreement with
previous Monte Carlo simulations concerning the effects of
the individual variability on the average responses of biological
(voltage-gated ion channels”®) and artificial (nanowires’®)
networks of nanostructures showing a high heterogeneity. In
these cases, individual differences can be tolerated because the
coupling allows for a robust collective response.

E. Cell Ensemble Size. Figure 9 incorporates the effect of
increasing the number of cells to N = 10*. The conductance
ratio has now been reduced to G,,/G;, = 45 with respect to
the other figures to better show the normalization of the
depolarized cells by the hyperpolarized ones. This small
change in G,,/G, shifts the unstable potential toward less
negative values in Figure 2d, approaching the depolarized
potential.** (Note that the cell potential tends to the
hyperpolarized value for potentials between the unstable and
the hyperpolarized values, while it goes to the depolarized
value for potentials between the unstable and the depolarized
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Figure 8. Time evolution of the cell potentials for the cases of a
Gaussian statistical distribution of coupling conductances of
probability P (left) and a uniform distribution (right).~ The system

parameters are the same in the two cases, E;, = —1.6, E,, = 0, G,/
Gout = 50) C/Co = 01, and Iext =0.

values; see Figure 2d.) As it could be expected, normalization
takes a longer time in Figure 9 than in Figure S because of
the significant increase in the ensemble size. However, the
robust “community effect” supported by the large ensemble
can eventually reduce the high number of abnormal cells
initially present.

In summary, Figures 5—9 suggest that the spatial map of
potentials can be externally modulated by exploiting the local
electrical coupling between cells. In particular, the results
show that coupling can promote cell normalization, provide
internal mechanisms for patterning along predefined direc-
tions, and propagate an external bioelectrical signal. While the
results are of qualitative value, we must note that the toy
model used has serious limitations. Indeed, we have ignored
the effects of ion pumps (passive ion transport makes a large
contribution to the electrical potential across the plasma
membrane in typical animal cells®*) and assumed constant
ionic concentrations (relatively short times are usually
involved in electrophysiological experiments**®”®). Also,
additional ion channels and relevant biochemical signaling
should be introduced for quantitative analysis of real
biological problems.'®**%%*

IV. CONCLUSIONS

We have used the electrical potential, a physiologically
relevant characteristic,” "' to describe the collective state
of a model multicellular ensemble in terms of the
spatiotemporal map of individual cell potentials, which are
regulated by ion channels. Because these protein aqueous
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Figure 9. Time evolution of the cell potentials in an ensemble of N
=100 X 100 cells with E,, = —1.6, E,, = 0 and G,,/G,, = 45. For
sufficiently long times, normalization can reduce the extension of the
central region of abnormal cells.

pores are expressed by specific channel genes,"' ~"* the genetic

basis of the problem is only vaguely present in the theoretical
approach. However, multicellular electric states may show
complex feedback mechanisms that could not be readily
deduced from considerations at the individual cell level only
and it has been suggested that the physiological state (which
is in part characterized by the map of electric potentials
obtained here) may contribute to the regionalization of gene
expression.16

For a particular set of biological parameters, bistability
regions can be obtained in a multidimensional state space
whose axis are defined by bioelectrical characteristics at the
cellular and at the multicellular level,>** consistent with the
experimental fact that both properties are important.'~>'®”
Bistability is not crucial here, but it allows defining clearly the
individual cell states (and then the spatial map of potentials)
in Figures 5—9. We have then explored the electrical coupling
via effective conductances and capacitances. These electrical
elements may originate from specific protein ion channels, as
is the case of intercellular gap junctions, or arise simply
because of the close contact between cells. In this model, the
phenomenological junctions that support the communication
between cells can translate the electrical changes occurring at
the single cell to the multicellular ensemble, allowing the
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normalization of small regions with abnormal cells and
suggesting mechanisms for ensemble patterning. The normal-
ization could not be possible when the number of abnormal
cells is high or there exist partial cell isolation due to defective
coupling (we cannot relate these phenomena to abnormal
tissue growth because we have fixed the number of cells in the
ensemble). Other results concern the perturbation of the
system by an external electrical signal and the effects of cell
number and heterogeneity.

The present approach ignores the biochemical pathways
characteristic of real problems but provides intuitive physical
insights using the basic building blocks of the multicellular
electrical circuitry (individual cell ion channels and coupling
junctions).'®'****3 " Obviously, the model is amenable to
further extension, for example, by the incorporation of the
reaction-diffusion processes characteristic of biochemical
signaling4’3l’33 and the introduction of other biological
elements™®* such as potential-dependent coupling conduc-
tances,”® which can support multiple cell steady states. These
extensions may suggest external procedures to collectively
modify the electrical state of small regions within a model
tissue. For instance, knowledge of the spatial map of
potentials should be relevant for the modulation of the
individual cell electrical states,”® the blocking of specific ion
channels by external agents,>>”” the uptake and transport of
charged nanoparticles over a multicellular system,*’° and
the modeling of the collective properties of biomolecular
droplet networks incorporating protein ion channels inserted
in lipid bilayers.>">
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