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Self-focusing of ion channels in cell adhesion
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Accumulation of ion channels in a cell membrane may be triggered by the flow of current through the
channels if the membrane is closely attached to a surface and if the channels are electrophoretically mobile.
Using the Smoluchowski-Kelvin equations to describe the channel density and the voltage in the cleft between
membrane and surface, it is shown that this process may occur for parameters which may well be realized in
a tissue or in cell culture.

PACS number(s): 87.22.—q

INTRODUCTION pAn
't7 V= (V—Vt+ Vp). (2)

We consider a cell (e.g. , neuron, glial cell, granulocyte,
amoeba, fibroblast) which is in close contact to a surface or
to another cell (Fig. 1). We assume that there are ion chan-
nels in the cell membrane of the adhesion site and that cur-
rent is flowing through them from the bath into the cell. This
current has to pass the cleft between surface and membrane
such that a drop of the voltage is built up there, i.e., a lateral
electrical field is created which points towards the center of
the adhesion site. If the channels are electrophoretically mo-
bile, the radial field drives the channel molecules towards the
center of the region of adhesion. This redistribution gives
rise to a change of current flow and of the electrical field.
The feedback of channel redistribution and of voltage relax-
ation leads to an accumulation of the channels in the center.
In order to judge whether this simple process of cellular mor-
phogenesis is feasible under realistic conditions of cell adhe-
sion, we compute the coupled dynamics of the channel den-
sity and of the voltage profile in the cleft between membrane
and surface on the basis of the Smoluchowski-Kelvin equa-
tions [1].

The intracellular voltage VI is held more negative than the
reversal voltage Vo of the channels such that current flows
into the cell. The Kelvin equation is used in its quasistation-
ary form because the relaxation of the voltage V(x,y, t) is by
orders of magnitude faster than the redistribution of the
channel density n(x, y, t) [1].We study a circular site of ad-
hesion with a radius ro. We restrict the motion of the chan-
nels to this region and keep the voltage at the periphery at
bath potential with V(rp) = 0.

The Smoluchowski and the Kelvin equations together de-
scribe a coupled system of nonlinear dynamics. For a nu-
merical treatment we refer the channel density to the average
density n—introducing the normalized variable
N= n/n —and we refer the voltage to the thermal energy—
introducing the normalized variable U= Vzep /kit T. We
scale space and time by the length constant X= gd/pAn and

by the time constant r= X /D, respectively, using the coor-

SMOLUCHOWSKI-KELVIN EQUATIONS

The density of channel molecules n(x, y, t) in the mem-
brane (Cartesian coordinates x,y, time t) changes by diffu-
sion and by electrophoresis in the gradient of extracellular
voltage V(x,y, t). With the diffusion coefficient D, the mo-
bility D/k&T (ktiT thermal energy) and the electrophoretic
charge zep (ep elementary charge) we obtain

zeo
Bn=DV Vn+ nV V .

k~T

Kirchhoff's law of current conservation for every area
element of the cleft determines the extracellular voltage. It
leads to the two-dimensional analog of Kelvin's cable equa-
tion [2] [Eq. (2)] with the distance d between membrane and
surface assumed to be constant, with the specific resistance

p of the extracellular medium and with the channel conduc-
tance A,

FIG. 1. Cell adhesion on a planar surface. The distance between
the cell membrane and the surface is d with a specific resistance

p of the extracellular medium. The intracellular voltage VI may be
controlled by a patch-clamp electrode. In the membrane of the ad-
hesion region (inset) there are ion channels at an average density
n. These protein molecules are characterized by their ionic conduc-
tance A, by their reversal voltage Vo of Ohmic current, by their
diffusion coefficient D of lateral motion and by their effective
charge number z of lateral electrophoresis.
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BrN= V'(V'N+NV U),

V U=N(U U). —

(3)

(4)

SELF-FOCUSING

As an exam le we cp onsider an adhesion site with a radius
ra=10 p, m with a distance d=10 nm between membrane

in er ace and a s ecific res
p=100 0 cm.

p
'

resistance of the electrolyte

Vr =0
p= cm. The extracellular voltage at tha e periphery is

( p)= mV. The intracellular voltage is V = —1

there ion
ere exist open cation selective channels in
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p 4 at an average density n =20
m [ ]. p

'
membrane conductance g =40

m cm .) The length constant is then k=5 m
scld d' '
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1 e with a diffusion coefficient D = 0.1 m s
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suc that the drive parameter at

room temperature is U= —10.
The result of ththe numerical integration is shown in Fig. 2
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scale [6] and the secondc anne ensity on a ion er time s
ec cou give rise to periodic patterns [1,6].
The computation of self-focusin in
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'
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imposing an appropriate intracellular voltage b a h-
clamp electrode (Fig. 1).

CONCLUSION

Self-focusing of ion chan 1 panne s is a process which ma
cur in a situation of cell adhes

'ch may oc-
'

n o ce a esion for reasonable values of the
pertinent parameters, provided th h
bile ion channels, of course. It is t
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'
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course. t is t e intention of this paper to
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point out that this morphogenetic process may well be effec-
tive in a biological situation. Whether it is really of biologi-
cal relevance or whether it is slowed down or avoided in
real situations by immobilization of the membrane

proteins —has to be investigated. On the other hand it is sug-
gestive to consider controlled self-focusing as an experimen-
tal tool to trigger aggregation and 2D crystallization of ion
channels in a membrane.
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