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ABSTRACT In the presence of an extracellular electric field, transport dynamics of cell surface receptors represent a balance between
electromigration and mutual diffusion. Because mutual diffusion is highly dependent on surface geometry, certain asymmetrical cell
shapes effectively create an anisotropic resistance to receptor electromigration. If the resistance to receptor transport along a single axis
is anisotropic, then an applied sinusoidal electric field will drive a net time-average receptor displacement, effectively rectifying receptor
transport. To quantify the importance of this effect, a finite difference mathematical model was formulated and used to describe charged
receptor transport in the plane of a plasma membrane. Representative values for receptor electromigration mobility and diffusivity were
used. Model responses were examined for low frequency (10~*-10 Hz) 10-V/cm fields and compared with experimental measurements
of receptor back-diffusion in human fibroblasts. It was found that receptor transport rectification behaved as a low-pass filter; at the
tapered ends of cells, sinusoidal electric fields in the 102 Hz frequency range caused a time-averaged accumulation of receptors as
great as 2.5 times the initial uniform concentration. The extent of effective rectification of receptor transport was dependent on the rate of
geometrical taper. Model studies also demonstrated that receptor crowding could alter transmembrane potential by an order of magni-
tude more than the transmembrane potential directly induced by the field. These studies suggest that cell shape is important in governing

interactions between alternating current (ac) electric fields and cell surface receptors.

GLOSSARY munication. Endogenous or exogenous perturbations of
u electromigration mobility physiological fields by small extracellular electric fields
D lateral diffusion coefficient have been observed to affect cellular processes, and sev-
a receptor physical radius eral different mechanisms for these effects have been
R receptor effective radius proposed (Weaver and Astumian, 1990). Some investi-
V(x, y) for all points (x, y) on the membrane surface gators have observed that sinusoidal electric fields alter

ER belonging to domain R

fundamental cellular functions (Goodman et al., 1983;

Ax grid spacing along x-axis McLeod et al., 1987); such studies have led to concern
iy grid slpgclng along y-axis about potential biological hazards from exposure to envi-
! simulation time step ) ronmental sinusoidal fields. Most of the proposed cou-
E magnitude of applied electric field li hani . ¢ .
7 frequency of the sinusoidal field pling mechanisms are the subject of substantial debate.
S . Motivated in part by this debate, we examined the effect
Chy receptor density within a grid area around (x, y) at 0, . p ,y > .
time ¢ of sinusoidal electric fields on a well-established mecha-
C° initial uniform density of receptors nism of field-cell coupling that involves redistribution of
Cn,,  density of mobile receptors charged cell surface receptors.
Cim,,  density of immobile receptors Many receptor types are mobile within the plane of
) immobile fraction the plasma membrane (Schlessinger et al., 1978; Wolf et
Crax maximum receptor density al., 1980; Poo, 1981; Edidin and Wei, 1982; McCloskey
AV, transmembrane potential et al., 1984; Menon et al., 1986). Surface receptor redis-
Vina induced membrane potential tribution is involved in cellular processing of many types
‘é? resting e"“a‘iell:fla’ ,S“‘:a‘l’l‘: potential N of ligands. Events that modulate receptor transport and
b lonic concentration In bu'k aqueous phase distribution may then affect cell behavior. Because
€ dielectric constant of the aqueous medium ) . . .
F initial fluorescence plasma membrane constituents also include electrically
: N harged lipids and glycoproteins, an electric field can
F equilibrium fluorescence ¢ ¢ 8 X > y > -
\Z | greatest integral value less than or equal to Z drive receptor migration by both electroosmosis and elec-
trophoresis (McLaughlin and Poo, 1981). Jaffe and
INTRODUCTION Nuccitelli (1977) reported that direct current (dc) fields

Electrical phenomena govern many biological processes
from molecular binding interactions to intercellular com-
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as small as 10 V/cm, applied parallel to the cell surface,
cause substantial redistribution and crowding of charged
macromolecules in the plane of the plasma membrane.

Transport kinetics

Because of the relatively small electromigration mobility
of most receptors (Poo, 1981), the kinetics of field-in-
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duced molecular crowding is very slow compared with
the other known mechanism of protein mediated electro-
chemical coupling, i.e., ion channel gating. For example,
it has been reported that application of a 4-V/cm dc
electric field causes redistribution (capping) of cell sur-
face concanavalin A (con A) receptors to one of the
poles of living Xenopus muscle cells (Poo and Robinson,
1977) in a 20-min interval; Poo (1981) found that 10
min were required for a 10-V /cm dc field to accumulate
con A receptors at the cathode pole of Xenopus muscle
cells. Guigni et al. (1987) observed that a dc field of 15
V /cm induces redistribution of epidermal growth factor
receptors such that the concentration of receptors at the
cathode pole is tripled over a 30-min period.

Conceptually, application of a sinusoidal electric field
is likely to lead to a sustained cellular response mediated
by receptor electromigration only if there is a net time-
average displacement of receptors. In effect, rectification
of receptor transport must occur. For flat cells that can
reasonably be viewed as having a two-dimensional geom-
etry, three potential mechanisms of rectification could
lead to a time-average receptor displacement. These
mechanisms include the effects of protein crowding, an-
isotropic membrane properties, and asymmetry in cell
surface geometry relative to the electromigration path.
Another mechanism relevant to a spherical cell in a uni-
form field could involve field nonuniformity over the
cell surface (Zimmermann, 1982).

Receptor crowding

Receptor crowding affects the redistribution of receptors
in an applied field. In theory, either large fractions of
immobile receptors or high concentrations of mobile
particles cause slowing of protein diffusion by as much as
several orders of magnitude (Saxton, 1982, 1987; Ei-
singer and Halperin, 1986). Saxton (1987) used Monte
Carlo simulations to show that this strong dependence of
receptor diffusivity on concentration is principally re-
lated to finite molecular size and excluded volume ef-
fects. Similarly, Ryan et al. (1988) successfully ac-
counted for receptor crowding effects by using a solid
volume exclusion principle describable by the Fermi-
Dirac statistical model. In reconstituted artificial mem-
branes, high protein-to-lipid ratios have been shown to
slow lateral diffusion of both bacteriorhodopsin and
gramicidin C (Tank et al., 1982; Peters and Cherry,
1982; Vaz et al., 1984). Field-induced movements of
mobile particles are also slowed by immobile molecules
with cytoplasmic attachments to cytoskeletal structures
(Peters and Cherry, 1982; Saxton, 1987), by large molec-
ular aggregates, or by immiscible domains of membrane
lipids. For example, Fc receptors on rat basophilic leuke-
mia cells (Ryan et al., 1988) and con A receptors on
Xenopus myotomal cells (Poo and Robinson, 1977)
have mobile fractions of 0.7 and 0.5, respectively.

Alteration in membrane surface charge

Gross et al. (1983) and Gross (1988) have pointed out
that electromigration related redistribution of charged
membrane receptors alters the transmembrane potential
(AV,,) due to accompanying shifts in membrane surface
charge density. The effect of surface charge redistribu-
tion on AV, often opposes the direct induced membrane
potential (y;,4) imposed by the field. As noted by Gross
(1988), a unidirectional extracellular field is likely to
cause a biphasic change in AV,,. The initial response
results from the directly imposed transmembrane poten-
tial and the later response to electrophoretic redistribu-
tion of charged surface receptors.

Evidence for anisotropy of receptor
mobility
Anisotropic receptor mobility on flat (~two-dimen-
sional) cells has been demonstrated in at least two re-
ports. Smith et al. (1979) showed that succinyl con A
receptors diffuse anisotropically on murine fibroblasts
with the more rapid diffusion in a direction parallel to
the underlying actin stress fibers. Stolpen et al. (1988),
using the “line FPR” technique, found that human der-
mal fibroblasts exhibit anisotropic diffusion of class I
major histocompatibility complex (MHC) proteins,
with transport faster along the direction of cytoplasmic
stress fibers and slower perpendicular to the stress fibers.
Net cell surface receptor transport under an applied
electric field is governed by the sum of electromigration
and diffusive fluxes. Because mutual diffusion depends
on the surface width available for diffusion, diffusive
transport is strongly dependent on cell geometry. If there
is no line of symmetry normal to the direction of recep-
tor electromigration, then the dependence of mutual dif-
fusion on cell geometry could lead to an effective uniax-
ial anisotropy in resistance to receptor movement.
Under such conditions, the time-average distribution of
receptors would be altered such that the center of mass of
surface receptors shifts from its location before the appli-
cation of a field. The magnitude of this effect under an
applied sinusoidal electric field depends only on cell
shape and orientation of the cell’s major axis with re-
spect to the field.

Cell shape-dependent rectification

This theoretical and experimental evidence for anisot-
ropy of receptor mobility led us to postulate that a sinu-
soidal electric field could effect a net time-average dis-
placement of receptors on the surface of isotropic cell
membranes, thereby shifting the center of mass of such
receptors and effectively rectifying receptor transport.
The subsequent redistribution of charged surface compo-
nents also could be expected to lead to a change in trans-
membrane potential. AV, would be greatest at locations
on the cell surface that experience a large change in re-
ceptor concentration due to the applied sinusoidal field.
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One objective of the present study was to gain a quan-
titative understanding of steady-state redistribution of
charged cell surface receptors under an applied field.
This objective was achieved by solving the electromigra-
tion-diffusion equation. Analytical solutions for spheri-
cal and cylindrical cells have been reported (Young et
al., 1984). In the case of a cell of irregular geometry,
however, the existence of an analytical solution is un-
likely. Instead, the partial differential equation describ-
ing receptor transport with a set of initial and boundary
conditions can be solved using the finite difference tech-
nique. This method of analysis is less intensive in com-
putation relative to other methods; it allows great flexibil-
ity in incorporating into the model various biophysical
features that characterize protein movement and it is
robust for cells of arbitrary shape. The model was vali-
dated by comparison with experimental values at equilib-
rium (Ryan et al., 1988) and under dynamic conditions.

MATERIALS AND METHODS

Receptor transport on the cell surface in an applied electric field was
modeled based on the finite difference method. The effect of transport
parameters on receptor movement was studied in a series of computer
simulations. Anisotropy in receptor transport on an asymmetrically
shaped cell was verified experimentally. The materials and methods
involved in simulation and experiment are discussed.

Simulation methods

Formulation of the model

In an electric field E, a charged molecule migrates with speed U = uE,
where u is the effective electromigration mobility (Youngetal., 1984).
This mobility reflects both electrophoretic and electroosmotic effects
(McLaughlin and Poo, 1981). Redistribution of surface receptors is
then considered as a balance between two migratory fluxes in the plane
of the cell membrane: a unidirectional electromigration resulting from
the net force produced by field-related processes and a diffusional flux
in the opposite direction that tends to randomize the electromigration-
induced, nonuniform distribution. These fluxes are characterized by
mobility parameters that are assumed to be isotropic throughout the
cell surface: the effective electromigration mobility x and the diffusion
coefficient D (Young et al., 1984).

Following the Saffman-Delbriick model (Saffman and Delbriick,
1975), protein molecules of 5 nm diameter (e.g., corresponding to
bacteriorhodopsin [ Peters and Cherry, 1982]) were assumed to be uni-
formly distributed over the membrane surface in the absence of an
applied field. Because lateral movement of molecules is confined to the
cell surface, receptors were modeled as identical, hard disks that were
assumed to occupy ~20% of all accessible sites on the cell (Golan et al.,
1984) with an immobile fraction of 30% (Stolpen et al., 1988). Class I
MHC protein movement in fibroblast plasma membranes, experimen-
tally found to be described by a diffusion constant of 2.3 X 10~ cm?/s
and an effective electromigration mobility of 1.2 X 107® cm?/V-s
(Basch, 1988; Stolpen et al., 1988), was used to model D and .

The distribution of charged membrane components in an applied
electric field can be described by the continuity equation (Poo, 1981):

dC/dt = DV’C — w(VC)- E, (1

where C = C(x, y, t) is the surface density of membrane components
in a finite area surrounding a point (x, y) on the cell surface at time ¢, E
is the electric field vector over the cell surface at (x, y). For a sinusoidal

electric field E sin (wt), where w = 27fand fis the frequency of the
sinusoidal field, the distribution of surface components is described by

dC/dt = DV?C — w(VC)- E sin (wt). (2)

The time-averaged profiles of receptor concentration shown in this
article are plots of average concentration values over one complete
cycle of sinewave after sinusoidal steady state has been reached.

The finite difference technique was used to solve Eq. 2. The finite
difference representation of the electromigration-diffusion equation
can be written as (Hildebrand, 1968):

Ct = Chy + At (Clasay = 2Chy + Chrany)

D
+ At'm)—z (C;,y_,,Ay - ZCL,}, + C;,y_Ay)

E,
= A1 X (CY, = Clary), (3)

where C% , is the receptor concentration at time ¢ in a surface mem-
brane compartment of area A.x - Ay around the point (x, y). Eq. 3 was
subjected to the boundary condition i@ - VC = 0, where ii is a unit vector
perpendicular to the membrane surface and pointing outward of the
boundary (i.e., the receptors are constrained to the cell surface) and to
the initial condition C% , = C%, V(x, y) € cell (i.e., for all points [x, y]
within the cell). In solving the finite difference equation, an outline of
the cell under analysis was traced from a photomicrograph of the cell
onto a uniform two-dimensional grid. The spacing of the uniform grid
was 0.2 um. The cell length and width were 40 and 5-20 um, respec-
tively. The spacing between adjacent grid points was chosen so that
there were no discontinuities near the cell boundary. The electromigra-
tion-diffusion equation was solved for the whole cell by iteratively
computing the flux of molecules across the grid areas in each consecu-
tive finite time interval until equilibrium was reached. Equilibrium was
assumed when the time-average concentration showed <5% variation
compared with the previous cycle. C% ,, the concentration of receptors
within the grid area around the point (x, y), was assumed to contain
both mobile and immobile receptors, i.e., C,, = Ca,, + Cim,,-
The number of immobile receptors was given by Ciy, = Im- C 5,
V(x, y) € cell, where C° was the initial uniform concentration and I,
was the immobile fraction.

Implementation of steric exclusion and space
saturation constraints

Ryan et al. (1988) showed that, at high protein concentrations, pro-
tein—protein interactions in the cell membrane lead to saturation of the
diffusible area on the cell. To account for this effect, steric volume
exclusion was invoked in our finite difference model. Movement of
receptors was restricted by imposing the condition that a receptor on
the surface of a cell membrane could not approach another receptor
closer than its own effective radius that is determined by a combination
of steric, binding, and electrostatic interactions (Lauffer, 1989). Fig. 1
shows how receptor excluded volume was accounted for in the model.
Receptors (of physical radius a) were treated as hard cylinders with
effective radius R, where R > a.

The steric exclusion rule was invoked after every iteration to limit
the number of molecules in each grid area. The maximum receptor
concentration that could be accommodated within a grid area was
given by

Crax = 128xAy/37R?). (4)

“Saturation” of the grid area at (x, y) occurred when the number of
receptors driven toward the grid from adjacent elemental areas ex-
ceeded the number that could be accommodated within the grid area.
Specifically, receptors could enter and leave grid areas due to diffusion
and/ or field-induced migration. The number of receptors that entered
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FIGURE 1 Flowchart of simulation algorithm. The excluded volume
effect is incorporated into the model by using an effective radius R for
the receptor.

the grid area centered at (x, y) from an adjacent grid element (x + k,
y+ [) during an interval At was ;Cy. ;. Similarly, the number of
receptors that /eff the grid area around (x, y) to an adjacent grid area
around (x + k, y + /) was ,Cy.s ,+;. Then, the grid area around (x, y)
was saturated (accounting for steric exclusion) if

Cr.,t Cnyyt Cimsy = Conaes (5)
where
k=—-Ax,0, Ax
Cr., = % GCrirytt = oCorxriprt), §1=—4y,0,Ay . (6)
k=1+0

In the event of saturation, the number of receptors entering the elemen-
tal area around (x, y) from each of its neighboring elements was pro-
portionally limited to

Climit —_ C Cm" — (CTx,y + C:“x.y + C{mx.y)
i~ x+k,y+l T i xtky+l z iCx+k,y+[ )
k!
k=-Ax,0, Ax
I=-4y,0,4ay . (7)
k=1#0

Receptor concentration within each grid area was updated after every
iteration, simultaneously checking for conformance to the space satura-
tion constraint and conservation of cell surface receptors. If the recep-
tor conservation condition was violated, then the simulation was
halted.

Calculation of transmembrane potential

Redistribution of charged macromolecules on the surface of a cell leads
to alterations in transmembrane potential because of shifts in the mem-
brane surface potential (y) (Gross, 1988). The transmembrane poten-
tial (A V) was calculated as:

AVu(x,y) = —AU(x, ¥) + ¥ + $ina(x, ), (8)

where Y, is the resting potential, AY(x, y) is the change in surface
potential at point (x, y) due to redistribution of receptors, and ¥;,4(x,

y) is the peak membrane potential induced directly by the peak applied
field E in the positive direction. Because the time averaged ;.4 is zero
over one cycle of the sinusoidal field, peak ;.4 is used to calculate the
maximum AV, experienced by the cell membrane. Net changes in V,
depend on the signs and relative magnitudes of the inner and outer
surface potentials, the fraction of mobile charged components on the
two membrane faces, and the electrical properties of the cell and its
surroundings (Gross, 1988). The variation of intracellular surface po-
tential with an applied field was assumed to be negligibly small. We
used the expression of transmembrane potential change in terms of
steady-state concentration of redistributed macromolecules developed
by Gross (1988):

AV = -(255)
-sinh ™! [% (C—”(Ex;’—y—))] +¥o+E-d, (9)

where d is the distance from the point (x, y) to the origin (assumed to
be located at the center of the cell), C (x, y) is the steady-state concen-
tration (time-averaged over 1 cycle in the case of a sinusoidal field), o,
is the initial uniform extracellular surface charge, R is the gas constant,
and T is the absolute temperature. 4 was calculated as

A = (8C,eRT)"?, (10)
where C, is the ionic concentration in the bulk aqueous phase and ¢ is
the dielectric constant of the aqueous medium near the membrane
surface.

The protein transport simulation was implemented on a VAXsta-
tion 3540 computer (Digital Equipment Corp., Marlboro, MA ) under
the VMS 5.3 operating system environment. The simulation program
was written in C. A flowchart of the simulation program is shown in
Fig. 1. Both symmetrical and asymmetrical cell geometries were used
in the series of simulations designed to study receptor transport under
an applied sinusoidal field. Symmetry in surface geometry was defined
with respect to an axis normal to the direction of electromigration.

The time increment corresponding to each iteration, Az, was chosen
such that the sampling frequency was an order of magnitude greater
than the Nyquist frequency to avoid temporal undersampling of the
input sinusoidal field. In addition, to avoid oscillations and to ensure
convergence of the solution, it was necessary to restrict the time inter-
val to satisfy the stability criterion (Press et al., 1986 ). Thus, Az had to
satisfy the two constraints:

At- f=0.01,
and

At < min {(Ax)?/2D, (Ay)?/2D}, (11)
where f is the frequency of the applied sinusoidal field. This condition
implied that the time interval was required to be smaller than the mean
time for Brownian diffusion to an adjacent grid element.

Experimental methods

Postfield receptor back-diffusion in fibroblast
cell membranes

Back-diffusion rates for class I MHC proteins in cell membranes of
human dermal fibroblasts were measured experimentally by monitor-
ing the diffusive relaxation kinetics after an applied dc field was turned
off. In this method, cell surface fluorescence intensity was monitored in
a l-um radius spot located at a selected point near the leading edge on
the major axis of the fibroblast. Application of an electric field caused
the initially uniform concentration of charged macromolecules to be-
come nonuniform by accumulation at one pole of the cell. Removal of
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the field allowed diffusion of proteins to restore a uniform surface dis-
tribution. When the polarity of the field was reversed, receptors accu-
mulated at the opposite pole of the cell. Characteristic post-field back-
diffusion times were determined after application and removal of both
“4” and “—” polarity fields.

Primary human dermal fibroblast cultures were obtained through
collagenase digestion of neonatal foreskin tissue. The digested tissue
was then washed twice in sterile phosphate-buffered saline (PBS) solu-
tion without calcium and magnesium. To remove endothelial cells, the
tissue was placed in a 50-ml centrifuge tube with 20 ml of hydrated 10X
trypsin solution and 0.025% EDTA and incubated for 15 min. The
tissue was then cut into small pieces and placed in sterile Dulbecco’s
modified Eagle’s medium (DMEM) with 0.4% collagenase, penicillin
(10,000 U/ml), and streptomycin (10,000 ug/ml). It was then incu-
bated at 37°C and agitated for 4 h. After tissue digestion, the cells were
suspended in DMEM, washed twice by centrifugation to remove all
collagenase, and then seeded in flasks at a density of 10° cells/25 cm?.

Cells were grown to 80% confluence, passed twice, and stored at a cell
density of ~ 108 cells/ml in preservation medium consisting of 5% calf
serum, 45% DMEM, and 50% dimethylsulfoxide at —100°C. One mil-
liliter of cell suspension was thawed, and cells were plated in a T75
culture dish and allowed to grow to 80% confluence. Approximately 72
h before each experiment, ~2.5 X 10° cells were passed into 15-mm
petri dishes containing a sterile 24 X 35-mm microscope coverslip. Six
milliliters of DMEM with 10% calf serum and 200 U/ml recombinant
human immune interferon (IFN-y) [HG-IFN; Genzyme, Cambridge,
MA] were added to each dish. IFN-y was used to induce increased
expression of class I MHC proteins (Stolpen et al., 1988). IFN-y was
stored frozen at —100°C in aliquots containing 10,000 U in 10 ul. The
coverslips were placed in a sterile chamber and incubated with 5 ml
DMEM with 10 mM N-2-hydroxyethylpiperazine- N'-2-ethane sul-
fonic acid, 10% calf serum, and 200 U/ml IFN-v. Cultured fibroblasts
were ~50 um long and were typically quasi-two-dimensional (flat) in
shape and characterized by unequal principal axes.

Cell surface class I MHC proteins were labeled with W6/32, an im-
munoglobulin G,, monoclonal antibody, directed against a monomor-
phic determinant of human histocompatibility leukocyte antigens-A,
B, C (Barnstable et al., 1978), conjugated to fluorescein-isothiocyanate
(FITC) (Stolpen et al., 1988). Cells on a coverslip were gently washed
two or three times in PBS with calcium and magnesium at room tem-
perature. The coverslip was then placed on ice in a staining chamber
containing 1.4 ml DMEM and 100 ul fluoresceinated antibody solu-
tion (final antibody concentration 50-100 ug/ml). A 26.0 X 36.5-mm
well in a polysulfone block served as the staining chamber. After incu-
bation with antibody for 1 h, the coverslip was washed twice in PBS
without calcium and magnesium to remove most of the membrane-
bound calcium and the unbound antibody. The coverslip was then
mounted cell side down on an exposure chamber that was filled with
PBS without calcium and magnesium.

The chamber used to expose the cells to the field was made from
polysulfone, an autoclavable electrical insulator. The chamber was de-
signed to limit heating and prevent electrode reaction products from
reaching the cells. The chamber was similar to that illustrated by Gross
et al. (1986) and is described by Basch (1988). To prevent Joule heat-
ing by extracellular currents, a small amount of silicon grease was used
to mount the coverslip 250 um above an optically polished sapphire
window ( Adolf Miller, Providence, RI) that served to separate cells and
media from a second chamber containing circulating cooled nitrogen.
Sandwiched between the thin coverslip and the sapphire window was a
foil type-T copper-constantan thermocouple (20102-1 Rdf Corp.,
Hudson, NH). Sapphire was chosen because of its high thermal conduc-
tivity and optical transparence. The foil type thermocouple was used
because it is only 5 um thick and operates over a temperature range of
—150-400°C. To prevent cell contact with undesirable electrochemical
byproducts at the electrodes, the field exposure area of the chamber was
separated by media bridges. Assuming that heat was not conducted
between air and media, the media temperature rise per unit time was
computed to be 0.19°C/s for a field strength of 10 V/cm. Control

experiments showed an initial rise of temperature of ~0.1°C/s and a
maximum change of 4-5°C above room temperature. The stream of
nitrogen gas under the sapphire plate, cooled through a heat exchanger
in ice water, was used to counter this temperature rise. A hand-con-
trolled valve regulated the flow of nitrogen to keep the media at room
temperature.

The laser microscope apparatus has been described in detail (Golan
et al., 1986). A 63X microscope objective and 350-mm focal length
lens were used to form a Gaussian beam of radius ~1.3 um at the
sample plane. The monitoring beam was used to measure fluorescence
intensity at a location near the leading edge of the cell. Measurements
were performed near the cell boundary to maximize changes induced
by the applied field. FITC-W6/32-labeled cells were exposed to a 10-
V/cm field until a significant change in receptor surface density was
observed. Removal of the field then caused the fluorescence intensity
to return to its initial value, and the kinetics of diffusion were deter-
mined from the intensity time profile. The procedure was repeated
with an electric field of the same magnitude but with opposite polarity.
Data were fitted to an exponential function that describes the fluores-
cence profile at any point on the cell:

F(t) = (F,— F,)e™"" + F,, (12)
where F; is the initial fluorescence, F, is the final (uniform) fluores-
cence, and 7 is the first order rate constant for back-diffusion. Thus, the
time constants of back-diffusion after removal of positive and negative
electric fields were obtained by fitting the back-diffusion data to an
exponential function. The time constants of protein transport after the
application of negative and positive electric fields are denoted by 7,
and 7_, respectively. The exact length of each cell was difficult to deter-
mine because cells were irregularly shaped. Since an error in estimation
of cell length affects the value of the diffusion coefficient as the square
of the error, the ratio of the two diffusion coefficients was considered to
represent the best experimental measure of uniaxial anisotropy. The
extent of uniaxial anisotropy was quantified by the extent to which the
ratio

D,/D_=71_]1,, (13)
deviated from unity. The mean and standard deviation of diffusion
time constants were determined from a set of eight experiments.

MODEL CALIBRATION

The effects of cell shape, electric field, and protein mobil-
ity on the transport of cell surface receptors in response
to an applied electric field were studied using the finite
difference model. The validity of the model was estab-
lished by comparing the simulation results with previ-
ously published theoretical and experimental values.
The model was then tested against experimental results
of class I MHC protein transport in plasma membranes
of human dermal fibroblasts.

The analytical solution of the electromigration-diffu-
sion equation for a perfectly rectangular cell geometry at
equilibrium is given by:

wEC°
D(exp[(uE/D)ll —

C(x) = 3 expl(#E/P)x1, (14)
where / is the cell length and x is the distance from the
trailing edge of the cell. The finite difference model pre-
dictions were compared with the results obtained by us-

ing this analytical solution, in both cases assuming that
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FIGURE 2 Comparison between prediction of finite difference model
and that of the analytical solution (Eq. 14) at equilibrium for a rectan-
gular surface. Receptors were assumed to have an effective electromi-
gration mobility of 1.2 X 107% cm?/V-s and a lateral diffusion coeffi-
cient of 2.3 X 10~° cm?/s. Applied dc field strength was 10 V/cm. Root
mean square (rms) difference between the profiles is ~7%.

all receptors were infinitely small and that all receptors
were mobile. C(x) obtained by the analytical and finite
difference methods corresponded closely (Fig. 2). The
root mean square deviation between the two profiles
was 7.4%.

A second calibration was implemented by comparing
predictions of the finite difference model with theory
and experimental values published by Ryan et al.
(1988). The equilibrium distribution of infinitely small
receptors on a cell in a potential gradient can be de-
scribed by the Boltzmann probability distribution. A
large discrepancy was observed by Ryan et al. (1988)
between predictions of the Boltzmann model and experi-
mental results on spherical cells, however. The predic-
tions of the finite difference model for the relative recep-
tor surface concentration profile as a function of angle 6
with respect to the direction of the dc applied field is
shown for different field strengths in Fig. 3 a. Assuming
infinitesimal or finite receptor size, the results closely
correspond to those predicted by the Boltzmann or
Fermi-Dirac distribution, respectively (Ryan et al.,
1988). These results, obtained using the values for im-
mobile fraction and fractional occupancy measured by
Ryan et al. (1988), validate the model against both ex-
perimental data and an equilibrium statistical model.
The finite receptor size model shows a density ceiling
near the leading edge of the cell (i.e., at 8 = 180°), due to
crowding of receptors and consequent reduction in the
number of accessible sites available for a given protein
molecule (Fig. 3 b). The uneven change in concentra-
tion profile near § = 90° and § = 270° at low field
strengths is due to the discretization error resulting from

the planar projection of the cell. Both the finite differ-
ence simulation and the Fermi-Dirac model predict that
saturation of accessible sites limits the maximum recep-
tor density at the cathodal pole to a value less than that
attained assuming infinitesimal receptor size. Fig. 3cisa
surface plot that shows this effect of saturation on the
steady-state receptor distribution.

RESULTS

Simulation of dynamic responses

As anticipated, the model predicted that receptor mutual
diffusion kinetics are dependent on surface geometry.
Because the electromigration mobility is independent of
cell geometry, we initially explored the effects of cell
shape on back-diffusion kinetics. The effects of shape on
mutual back-diffusion are shown in Fig. 4. The plots
show the evolution of receptor surface density at two
points on a rhomboid-shaped surface 40 um in length.
One point (A) was located at the narrow apex and the
other (B) at the broad apex as shown. In this simulation,
a 10-V/cm field was applied to cause receptor crowding
at one end of the wedge-shaped surface. The field was
applied until the receptor density distribution reached
equilibrium. The field was then turned off to let the re-
ceptors diffuse back to the initial uniform distribution.
The characteristic back-diffusion time for this asymmet-
rical geometry was clearly dependent on the direction of
back-diffusion. This uniaxial anisotropy in protein trans-
port (manifested as significant differences in characteris-
tic times for diffusion and in magnitudes of peak dis-
placement at the two points) was observed only for sur-
face geometries that were asymmetric along the axis of
receptor electromigration. For the surface geometry dis-
played in Fig. 4, the back-diffusion time constants dif-
fered by ~20% between the two points.

Rectification of receptor
electromigration in a sinusoidal field

As illustrated by a comparison between the history of
receptor surface densities assuming two different surface
geometries (Fig. 5 a), the instantaneous receptor density
at any point on the surface depended not only on the
magnitude and sign of the applied sinusoidal field but
also on the receptor density evolution. Both surface
shapes shown were subjected to a 0.1-Hz sinusoidal elec-
tric field of 10 V/cm, assuming a receptor immobile
fraction of 30%, diffusion coefficient of 2.3 X 10~° cm?/s
and electromigration mobility of 1.2 X 1076 cm?/V-s,
The receptor density evolutions shown in Fig. 5 a corre-
spond to instantaneous densities at two points (4 and B)
at the apices of a symmetrical (left) and an asymmetrical
(right) rhomboid surface, respectively. The initial tran-
sient change in receptor density was up to fourfold
greater than the steady-state peak density. The time-
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receptor size on receptor transport.

average densities (over 1 cycle of the sinusoidal field at
steady state) converged to nearly the same value at the
two ends of the symmetrical surface geometry (note that
the two instantaneous values were 180° out of phase),
whereas those at the two ends of the asymmetrical sur-
face geometry converged to values that were different
by ~30%.

When the surface geometry was symmetrical, no shift
in receptor center of mass occurred. In the case of the
asymmetrical geometry, there was a shift in receptor
center of mass; in effect, this shift represented rectifica-
tion of the response. The difference between receptor
surface densities at opposite ends of an asymmetrical ge-

ometry was a function of the degree of asymmetry. Fig. 5
b is a surface plot that shows this effect.

The dependence of receptor redistribution on the
magnitude of receptor mobility is illustrated in a plot of
the steady-state time average receptor density along the
axis of receptor electromigration on an asymmetrical
rhomboid surface (Fig. 6 a). The extent of receptor ac-
cumulation at point 4 (the narrow apex ) was found to be
greater for receptors with higher mobility. The smallest
mobility value used in these calculations was that experi-
mentally measured for class | MHC proteins on neonatal
human dermal fibroblasts (Basch, 1988). A sharp in-
crease in the level of receptor redistribution was
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observed in the millihertz frequency range for D/u
ratios < 1 mV.

Frequency response

The dependence of receptor transport on field frequency
is illustrated in Fig. 6 b. A decrease in the magnitude of
time-average net receptor displacement was observed at
higher frequencies. Receptor accumulation in an applied
sinusoidal field could be conceptually categorized as a
low-pass filter. For receptors with an electromigration
mobility of 1.2 X 107% cm?/V-s, significant accumula-
tion at the apices was noted at a frequency of 10 mHz.
Rectification of receptor distribution required sub-milli-
hertz frequencies, however. As anticipated, these cutoff
values were sensitive to surface geometry and to receptor
mobility parameters. Shortening the surface length in
the field direction caused the frequency roll-off to shift
toward higher frequency. Increasing receptor diffusibil-
ity to values characteristic of membrane lipids (1078
cm?/s) caused rectification of receptor transport to oc-
cur at frequencies as high as 0.1 Hz. The effects of cell
shape on receptor transport were most prominent at very
low frequencies. At 0.1-mHz frequency and 10-V/cm
field strength, an asymmetrical surface geometry showed
a difference of >2.5 in the steady-state time-average re-
ceptor density at opposite poles of the geometry.

Transmembrane potential distribution

The shift in transmembrane potential (Eq. 9) along the
major axis of an asymmetrical geometry in response to
an applied sinusoidal field of 0.1-mHz frequency is
shown in Fig. 7. Above this cutoff frequency, changes in
transmembrane potential resulted solely from the in-
duced field, since applied fields of such frequencies

caused minimal receptor redistribution. Below the cutoff
frequency, however, the effects of altered surface charge
were found to be substantial. At very low frequencies,
alterations in transmembrane potential induced indi-
rectly via surface charge redistribution could be greater
than the directly induced transmembrane potential by as
much as an order of magnitude (Fig. 7). The magnitude
of the surface charge component of transmembrane po-
tential was dependent on the magnitude of receptor mo-
bility, the amplitude and frequency of the applied field,
and the shape of the cell. For example, the magnitude of
the surface charge effect was reduced by the presence of
immobile surface components that served to hinder the
movement of mobile receptors.

Comparison between experiment
and theory

The surface density of FITC-W6/32-labeled class I
MHC proteins was monitored at a selected point near
the leading edge of individual human dermal fibroblasts
in culture (Fig. 8). The electric field pulse sequence
shown in Fig. 8 was used to measure the characteristic
back-diffusion times in opposite directions of electromi-
gration. To ensure that the result was not a consequence
of the initial direction of the field, the initial field polarity
was reversed in half the experiments; no dependence on
initial polarity was observed. Maximum changes in fluo-
rescence intensity were observed when the monitoring
spot was close to the edge of the cell. Uniaxial anisotropy
of receptor transport was quantified experimentally by
measuring the ratio of back-diffusion time constants
after application of + and — dc electric fields. The table
of data in Fig. 8 (right) shows the measured values of
back-diffusion times for eight independent experiments,
their ratios, and the least-squared error of the fit to the
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exponential. The average ratio of 7_ /7, was 1.35 + 0.46.
This ratio corresponded to P < 0.025 in a two-tailed
Student’s ¢ test, indicating a >99.75% probability that 7_
and 7, were actually different.

The asymmetrical fibroblast geometry shown in the
inset of Fig. 8 was used in the finite difference simulation
to compare the model directly with experimental results.
The cell for which the simulation was performed was 40
um in length and had receptors of electromigration mo-
bility 1.2 X 107% cm?/V-s and diffusion coefficient 2.3 X
107° cm?/s (Basch, 1988). The predicted relative recep-
tor density at the leading edge of the cell with the field
turned off was fit to an exponential function to obtain
predicted time constants for back-diffusion. The ratio
7_/ 7, for this asymmetrical geometry was determined to
be 1.625, in good agreement with the experimental re-
sults.

DISCUSSION

The finite difference model used in this study provided a
highly practical means for studying lateral transport of
membrane-bound proteins on cells of irregular shape.
This method can be a useful tool when closed-form ana-
lytical solutions are nonexistent and when Monte Carlo
simulations (e.g., Pink et al., 1986; Saxton, 1987) and
fractal methods are computationally intensive. Various
characteristics that modulate protein movement in an
applied electric field can be incorporated into the model.
Such factors include the presence of immobile mole-
cules; finite receptor size; excluded membrane area; cell
shape; and the magnitude, orientation, and frequency of
an applied sinusoidal electric field. The electromigration
mobility value used in the simulations reflects the sum of
electrophoretic and electroosmotic coupling at the bi-
layer interface. If the receptor is weakly charged, elec-
troosmotic effects will dominate. This was manifested in
the MHC transport experiments where the MHC recep-
tors electromigrated toward the cathode.

Rectification mechanism

The mechanism of cell shape-dependent rectification of
receptor distribution demonstrated by this model ap-
pears to be related to receptor mutual diffusion rates.
Different cell geometries excite modes of mutual diffu-
sion that differ significantly in time constants. The im-
portance of surface geometry can be appreciated by
comparing the redistribution response in cells of two dif-
ferent shapes shown in Fig. 5. There exists a plane of
symmetry normal to the axis of electromigration in Fig.
S a, left, but not in Fig. 5 a, right. This difference in
surface geometry caused the two profiles to differ mark-
edly. Because the included angle at the pole denoted by
the point B of the asymmetrical surface in Fig. 5 a, right,
was larger than that at the comparable apex in Fig. 5 a,
left, receptors at that pole in Fig. 5 a, right, experienced

more rapid back-diffusion and less receptor accumula-
tion than those at the comparable apex in Fig. 5 a, lefi.
At the opposite pole, the more acute angle caused an
increased accumulation of receptors. In contrast, the
symmetrical geometry (Fig. 5 a, left) was characterized
by equal back-diffusion time constants at the two ends,
resulting in equal magnitudes of receptor displacement.
This finding demonstrates that cell shape is an important
determinant of the magnitude of receptor accumulation
at regions of cell taper in response to applied sinusoidal
electric fields.

Our simulations indicate that significant receptor ac-
cumulation is found at tapered ends of cells in an applied
field. This rectification is characterized by a threshold
field frequency requirement, above which there is no sig-
nificant time-averaged receptor displacement. A higher
value of receptor electromigration mobility or applied
field strength results in a higher cutoff frequency. In a
10-V/cm sinusoidal field in the millihertz frequency
range, receptors on a cell 40 um in length must have a
diffusion coefficient to electromigration mobility ratio
of <2.0 mV to generate a significant level of accumula-
tion.

We found good agreement between theory and experi-
ment in studies involving receptor distribution on hu-
man fibroblasts. There are several possible reasons for
the small discrepancy between the results obtained by
experiment and simulation. These include cell to cell
variation in receptor immobile fraction, the presence or
absence of membrane microdomains, and the presence
or absence of class | MHC protein interactions with
other transmembrane or membrane skeletal proteins.
For example, protein-rich domains of um-scale diameter
have been found in plasma membranes of many cell
types, including fibroblasts and hepatoma cells ( Yechiel
and Edidin, 1987; Edidin, 1990). These domains may be
organized by lipid phase separations or by intramem-
brane protein interactions. Such interactions can signifi-
cantly constrain protein movement in the plane of the
lipid bilayer (Benveniste et al., 1988; Ryan et al., 1988).
The location, size, and number of membrane microdo-
mains affect the diffusibility of proteins in the cell mem-
brane. Since our simulations did not take the presence of
domains into account, the difference in 7_/ 7. values ob-
tained from experiment and simulation could have re-
sulted from the presence of such domains.

Crowding effects

As previously demonstrated by Ryan et al. (1988) and
Saxton ( 1987), intermolecular receptor interactions and
receptor crowding appear to affect substantially the dif-
fusibility of receptors at high density. We confirm here
that the predictions of these simulations are consistent
with the Fermi-Dirac equilibrium statistical model
(Ryan et al., 1988).

In these studies, we assumed that receptors undergo
back-diffusion to a uniform distribution after termina-
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FIGURE 5 (a) Effect of asymmetry on normalized receptor density at two points (4 and B) on a symmetrical (/eft) and an asymmetrical (right)
rhomboid-shaped surface after the application of a 10-V/cm, 2.5-mHz sinusoidal field. Receptors have an effective electromigration mobility of
1.2 X 107¢ cm?/V-s and a lateral diffusion coefficient of 2.3 X 10~° cm?/s. (b) Effect of cell shape on receptor transport. Equilibrium receptor
distribution on an asymmetrical (/eff) and a asymmetrical (right) surface in a 10-V/cm sinusoidal field. The effect of cell shape on receptor
transport rectification is reflected by the shift in the center of mass of the equilibrium distribution of receptors.

tion of the electric field. This assumption may not be
valid in all cases, however. Acetylcholine receptors
readily form immobile aggregates after electric field-in-
duced receptor crowding (Younget al., 1984). Young et

al. (1984) report that these aggregates remain localized
at the cathodal pole of the cell for up to 2 d in culture.
Poo (1981) observed that after the termination of the
field, a small acetylcholine receptor cluster formed by
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brief treatment with a dc field can increase in size and
even form a large receptor cluster. Rectification of recep-
tor transport in a sinusoidal field could induce the for-
mation of similarly long-lived clusters on the cell sur-
face.

Receptor redistribution could influence the kinetics of
receptor-ligand interactions. Clustering of two or more
receptors on the surface of cells is an important event in
certain types of transmembrane signaling (Perelson,
1984). Histamine release from basophils or mast cells,

for example, cannot be stimulated by monovalent li-
gands but can be induced by multivalent analogs capable
of cross-linking receptors. Basophil desensitization also
can be induced by receptor cross-linking. Receptor
cross-linking can therefore generate both stimulatory
and inhibitory signals; the cellular response of the baso-
phil appears to depend on a balance between these sig-
nals (DeLisi and Siraganian, 1979; Chabay et al., 1980;
Dembo and Goldstein, 1980). Similar phenomena have
been observed with regard to the stimulation of B lym-
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FIGURE7 Time-average transmembrane potential distribution in a sinusoidal field. The change in transmembrane potential due to the redistribu-
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transmembrane potential is also shown (right). The profiles shown are for receptors of electromigration mobility of 1.2 X 10~ cm?/V-s and
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phocytes: multivalent ligands in the absence of T lym-
phocytes are effective in stimulating B cells, whereas
monovalent ligands are ineffective. Dintzis et al. (1976)
and Vogelstein et al. (1982) have hypothesized that a
cluster of 10-20 receptors, an “immunon,” is required
to stimulate a B cell in the absence of T cells. Experi-
ments by Dintzis et al. (1983) also indicate that cluster
formation is a necessary step in the induction of B cell
tolerance; receptor clusters that are too small to form an
immunon lead not to stimulation but to immunologic
tolerance. High levels of receptor aggregation due to rec-
tification of transport under low-frequency sinusoidal
fields could result in corresponding increases in recep-
tor-ligand pairs. This change in the density of receptor-li-
gand pairs could promote patching, coated pit forma-
tion, or capping, which could in turn alter rates of endo-
cytosis, exocytosis, or other ligand-controlled cellular
responses.

Other cellular functions that are influenced by extra-
cellular electric fields include the oriented migration of
fibroblasts (Stump and Robinson, 1982), neural crest
cells (Cooper and Keller, 1983), and growing neurite
tips toward the pole of receptor aggregation ( Hinkle et
al.,, 1981; Patel and Poo, 1982). Migration of neurite
surface con A receptors has been correlated with the neu-
rite surface orientation response in the oriented growth
of cultured Xenopus neurons.

Altered surface potential

Redistribution of charged cell surface receptors changes
the transmembrane potential (McLaughlin, 1977). For
sinusoidal fields of very low frequency and receptors of
high mobility, our results suggest that the change in

transmembrane potential distribution after receptor ag-
gregation can be significantly greater than that due to the
direct effect of the applied electric field. Peak changes in
transmembrane potential depend on, among other fac-
tors, the mobile fraction of receptors on the cell. For
example, con A receptors on Xenopus myotomal cells
(Poo et al., 1979) have a mobile fraction of 0.5, whereas
Fc receptors on rat basophilic leukemia cells have a mo-
bile fraction of 0.7 (Ryan et al., 1988) to 0.85 (Menon et
al., 1986; Thomas et al., 1992). For cells with a smaller
fraction of mobile receptors, the magnitude of trans-
membrane potential change could be less than that
shown here.

Many biological processes, such as oocyte and embryo
development (Jaffe, 1979; Overall and Jaffe, 1985), tis-
sue regeneration (Borgens et al., 1977, 1981; Jaffe and
Poo, 1979), and tissue repair by artificial electrical stimu-
lation (Bassett et al., 1964; Brighton and Pollack, 1984),
may be influenced by altered transmembrane potential.
Large deviations from steady-state potential distribu-
tions could influence the response of cells to endogenous
currents or other membrane-related transduction
events. For example, a large change in transmembrane
potential generated by receptor redistribution could facil-
itate the repolarization of portions of the cell membrane
that have relative aggregation of receptors.

SUMMARY AND CONCLUSION

The most important conclusion from this study is that
rectification of receptor transport in a sinusoidal electric
field can result from certain asymmetrical cell shapes.
We define rectification as a shift in receptor center of
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mass on the cell surface. Cell shape can therefore be an
important deterministic factor in the cellular response to
an extracellular sinusoidal electric field. If the cell has no
plane of symmetry about the axis of receptor electromi-
gration, then a shift in the center of mass of cell surface
receptors can occur. This phenomenon results from the
dependence of receptor mutual diffusion on cell surface
geometry. Substantial alteration in transmembrane po-
tential due to redistribution of cell surface receptors may
also occur. Thus, important biological effects can be ex-
pected when nonspherical, asymmetrical cells that pos-
sess mobile cell surface receptors are exposed to very low
frequency sinusoidal electric fields.
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