Note: Due to an unfortunate production error, the quantitative estimates (cell sizes, diffusion constants, electrophoretic mobilities) presented
in the earlier publication of this manuscript (Stollberg, J., and S. E. Fraser. J. Cell Biol. 106:1723-1734) are incorrect. What follows is
the correct and intended version. Where applicable please reference this publication, rather than the previous one.

Acetylcholine Receptors and Concanavalin A-Binding Sites

on Cultured Xenopus Muscle Cells:

Electrophoresis, Diffusion, and Aggregation

Jes Stollberg and Scott E. Fraser

Department of Physiology and Biophysics, College of Medicine, University of California, Irvine, Irvine, California 92717

Abstract. Using digitally analyzed fluorescence
videomicroscopy, we have examined the behavior of
acetylcholine receptors and concanavalin A binding
sites in response to externally applied electric fields.
The distributions of these molecules on cultured Xeno-
pus myoballs were used to test a simple model which
assumes that electrophoresis and diffusion are the only
important processes involved. The model describes the
distribution of concanavalin A sites quite well over a
fourfold range of electric field strengths; the results
suggest an average diffusion constant of ~2.3 x 10~°
cm?/s, At higher electric field strengths, the asym-
metry seen is substantially less than that predicted by
the model.

Acetylcholine receptors subjected to electric fields
show distributions substantiaily different from those

predicted on the basis of simple electrophoresis and
diffusion, and evidence a marked tendency to aggre-
gate. Our results suggest that this aggregation is due to
lateral migration of surface acetylcholine receptors,
and is dependent on surface interactions, rather than
the rearrangement of microfilaments or microtubules.
The data are consistent with a diffusion-trap mecha-
nism of receptor aggregation, and suggest that the
event triggering receptor localization is a local in-
crease in the concentration of acetylcholine receptors,
or the electrophoretic concentration of some other
molecular species. These observations suggest that,
whatever mechanism(s) trigger initial clustering events
in vivo, the accumulation of acetylcholine receptors
can be substantially enhanced by passive, diffusion-
mediated aggregation.

general interest in developing biological systems. The

cell membrane is a fluid matrix consisting of a het-
erogeneous lipid bilayer, peripheral and integral membrane
proteins, and specialized molecular assemblies linking in-
tracellular and membrane-bound components (Singer and
Nicholson, 1972; Marchesi, 1985). Many proteins and lipids
diffuse freely in the plane of the membrane, and show a
globally uniform distribution early in development (Frye and
Edidin, 1970; Poo and Cone, 1974; Edidin, 1975). At later
stages some of these molecules are concentrated in local
regions of the plasma membrane by mechanisms not fully
understood. An important example in neurobiology is the in-
duction of acetylcholine receptor (AChR)' clusters at the
developing neuromuscular junction (see Schuetze and Role,
1987, for review). In this case it is clear that at least some
pre-existing, dispersed AChRs are recruited into the forming
aggregate (Anderson et al., 1977; Kuromi and Kidokoro,
1984 ; Ziskind-Conhaim et al., 1984; Role et al., 1985).

T HE migration of cell-surface molecules is a problem of

|. Abbreviations used in this paper. a-Bgt, alpha-Bungarotoxin; AChR,
acetylcholine receptor; con A, concanavalin A; FLR-con A, fluorescein la-
beled concanavalin A; TMR-a-Bgt, tetra-methyl-rhodamine labeled alpha-
Bungarotoxin.
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A useful technique for the study of macromolecuiar migra-
tion is the in situ electrophoresis of membrane components
in response to externally applied electric fields (Jaffe, 1977,
Poo and Robinson, 1977; Poo et al., 1978). This technique
perturbs molecular distributions independently of cell con-
tacts, and permits quantitative analyses of important migra-
tion parameters. In particular, myoball (spherical muscle
cell) cultures have been used to advantage in testing theo-
retical predictions concerning electrophoretic mobility,
diffusion, and aggregate stability of concanavalin A (con A)
ligand binding sites and AChRs (Orida and Poo, 1978, 1980,
1981; Poo et al., 1979). Because myoballs are nearly spherical,
quantitation of component concentration about a two-dimen-
sional perimeter is sufficient to characterize the distribution
of the component in three dimensions. In the above-men-
tioned experiments, electrophysiological and microfluori-
metric techniques were used to analyze the distribution of
cell surface components after experimental manipulations.

The increased availability of sophisticated computing and
video-acquisition hardware has made possible a more de-
tailed analysis of the distribution of cell surface molecules
labeled with fluorescent probes. We report here the use of
digitally analyzed videomicroscopy to extend the accuracy
and resolution of data describing the distribution of con
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A-binding sites and AChRs after exposure to electric fields.
The use of these techniques permits rigorous comparison to
theoretical predictions based on electrophoresis and diffu-
sion. The approach quantitatively demonstrates significant
aggregation of AChRs over and above that caused by electric
fields; this phenomenon is of great interest in light of the dra-
matic accumulation of AChRs at the developing neuromus-
cular junction. Additional experiments examining the require-
ments for the aggregation phenomenon are also presented.

Materials and Methods

Reagents

Leibovitz’s L-15 medium and fetal bovine serum were obtained from Gibco
(Grand Island, NY). Collagenase came from CooperBiomedical (Malvern,
PA), and fluorescein-labeled concanavalin A (FLR-con A) from Vector
Laboratories (Burlingame, CA). Colchicine and cytochalasin B were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Purified alpha-Bungarotoxin (a-Bgt) was a gift from Drs. Darwin Berg
and Stanley Halvorsen. Tetra-methyl-rhodamine-labeled a-Bgt (TMR-a-
Bgt) was prepared by the method of Ravdin and Axelrod (1977). In brief the
o-Bgt was incubated with tetra-methyl-rhodamine-5(-6)isothiocyanate (Mo-
lecular Probes, Inc., Eugene, OR) in 0.1 M Na HCO,, pH 90. The TMR-
a-Bgt conjugate was separated and fractionated using Sephadex G-25 and
Sephadex CM C-50 chromatographic resins. Peak IV from this latter
column was used for all experiments reported here (see Ravdin and Axelrod,
1977).

Culture System

Xenopus laevis embryos were obtained by in vitro fertilization of eggs from
a gravid female (O'Rourke and Fraser, 1986), and staged in accordance with
Nieuwkoop and Faber (1962). Stage 17-19 embryos were removed from jelly
coats and transferred to sterile Steinberg’s solution (58.2 mM NaCl, 0.7 mM
KCl, 0.4 mM Ca(NOs),, 4.6 mM Tris, 50 pg/ml Gentamycin, pH 7.8) con-
taining 1 mg/ml collagenase. The surrounding ectoderm was removed from
the dorsal third of the embryo using a tungsten needle, after which the ex-
posed dorsal portion was excised from the rest of the embryo, and left to
incubate in the collagenase-Steinberg’s solution for ~+5 min. Somites were
then dissected free of the dorsal aorta, notochord, and neural tube, and
transferred to Ca**/Mg**-free Steinberg’s solution (58.2 mM NaCl, 0.7
mM KCl, 4.6 mM Tris, 0.3 mM EDTA, 50 pug/ml Gentamycin, pH 7.8).
After ~5 min of incubation the cells were collected in a fire-drawn pipette,
and transferred to a small volume (e.g., 0.5 ml) of culture medium (85%
Steinberg's solution, 10% Leibovitz’s L-15 medium, 5% FCS, 50 pg/mi
Gentamycin, pH 7.8). The suspension was mixed gently and placed in
2-3-drop aliguots onto clean 24 X 60-mm glass coverslips (Corning Glass-
works, Corning, NY) which had been scrubbed in 95% ethanol and air
dried. The cultures were kept in 100 X 15-mm plastic petri dishes at 22~
24°C in a humidified, darkened chamber for 1-2 d before the experiments.

Electrophoresis

The electrophoresis chambers were modeled after those described previ-
ously (Peng and Jaffe, 1976; Poo et al., 1978; see Fig. 1). Two 7 X 60-mm
coverslip runners were cut and cemented along the long edges of 1 X 3-in
glass slides (Sargent-Welch, Skokie, IL). Coverslips on which myoballs had
been cultured were inverted and affixed to the runners with vacuum grease
(Dow Corning, Pasadena, CA) to complete the chambers, with internal
dimensions of 60 X 10 X 0.2-mm.

Voltage potentials were regulated with an electrophoresis power supply
(Instrumentation Specialties Company; model No. 493). The voltage source
was connected through a switching-resistor box and Ag/AgCl wires im-
mersed in 60 X 15-mm petri dishes containing Steinberg’s solution (see Fig.
1). The electrical path through the chamber was completed by U-shaped
6-mm (I.D.) glass tubes filled with 2 % agar/Steinberg’s solution, which con-
tacted the chamber via electrolyte puddles at either end. Except where
noted, Steinberg’s solution was used for the puddle and chamber electrolyte.
Smaller agar bridges were formed with plastic tubing and used with Ag/
AgCl inserts to monitor directly the potential drop across the chamber (see
Fig. 1). Delivered voltages were measured using a Keithley model 169 mul-
timeter (Cleveland, OH). The chambers were placed on sheet metal heat
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Figure 1. Diagram of the electrophoresis apparatus (4) myoball cul-
ture on glass coverslip. (B) glass slide with coverslip runners. (C)
side view of assembled chamber and associated apparatus. (/) Cur-
rent source connected through Ag/AgCl wires in Steinberg’s solu-
tion (/) and agar/Steinberg’s solution filled glass bridges (2). (V)
voltmeter for monitoring field strength connected via agar/Stein-
berg’s solution Ag/AgCl plastic tubing bridges (3). For purposes
of clarity the electrolyte puddle at either end of the chamber has
been omitted, and chamber depth has been shown magnified.

sinks, and the bridges were stabilized with modified 100 X 15-mm petri
dish lids. The apparatus permitted delivery and monitoring of 6 different
fields to 6 chambers.

Fluorescent Labeling

After the electrophoresis (and in some cases a specified post-field period),
the chambers were rapidly chilled and maintained on ice. The cells were
incubated for 10 min with Steinberg’s solution containing (@) 25 pg/m! FLR-
con A, (b) 300 nM TMR-a-Bgt with 25 pg/m! unlabeled con A, or (¢) 300
nM TMR-a-Bgt with 25 pg/ml FLR-con A (double label experiments). The
cultures were then rinsed three times with 300 pul Steinberg’s solution, and
left on ice until commencement of videomicroscopy. As a control for auto-
fluorescence and non-saturable binding, several cultures were labeled in the
presence of excess unlabeled ligand. For both FLR-con A and TMR-a-Bgt,
the nonspecific signal obtained was less than 10% of the total signal seen
in sister cultures. These estimated nonspecific signals have been subtracted
from experimental data.

Videomicroscopy

Cells were imaged through a Zeiss Universal microscope using a Neofluor
40x objective with epi-illumination for fluorescence, and filter sets appro-
priate to excitation and emission spectra for fluorescein and rhodamine. Oc-
casional cultures in which cells did not appear robust and phase-bright after
electrophoresis were not used for quantitative analysis, nor were individual
cells deviating substantially from sphericity. Optical images were gathered
by a SIT video camera (RCA; Lancaster, PA model No. TC1030) and stored
on video cassettes (Sony U-matic video cassette recorder {Tokyo, Japan];
models VO-5600 and VO-5800).

Image Digitization and Acquisition

Analog videotape images were converted to digital images using a Digisec-
tor DS-88 board (Microworks, Del Mar, CA) modified by the addition of
a 10-turn potentiometer to permit decreased contrast settings. The video im-
age was digitized with a resolution of 256 x 256 pixels per screen, and a
grey scale of 0-255. At the magnification used in these experiments, each
pixel represented ~1 pm. The DS-88 board was used in conjunction with
an American Micro Technology computer (model No. AMT 286; Santa
Ana, CA), which performed all image analyses. To minimize deviations in
response over the video field (see below), all scans were confined to a 100
X 100 pixel region in the center of the screen. All images were acquired
as the average of 10 scans.

Spatial aberrations in illumination and viewing optics, and in camera
sensitivity, were corrected by use of three “flatfield” images gathered in the
absence of cells. One image was taken with the light path closed (camera
noise only), while the other two were views of low and high concentrations
(e.g. S pg/ml and 25 pg/mi) of FLR-con A in the electrophoresis chambers.
The flatfield images were acquired separately for each experiment.

Correction of cell images was made on a pixel-by-pixel basis assuming
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Figure 2. Schematic illustrating the geometrical analysis of a cell
image. Anode and cathode designate the orientation of the cell with
respect to the electric field. The dashed-line circle indicates the
boundary of the cell image. The solid circles represent the tolerance
(5% of the radius) within which pixels must lie to be accepted.
For each pixel within this tolerance, the angle from the anode (8)
is found and the corrected intensity (less background) is sorted into
one of 16 sectors representing 6. Note that although the sectors
comprise equal angles (11.25°) in two dimensions, the regions on
a sphere represented by the sectors vary considerably in area. For
simplicity the description and schematic assume the circularity of
the image. In fact the software made the more general approxima-
tion of an ellipse with axes oriented horizontally and vertically.

a linear input-output relationship defined by the fow and high flatfields.
Pixels were rejected (not included in the analysis of a given image) if the
uncorrected intensities found in these two flatfields were within 10% of each
other, or if in either flatfield the 10 scans showed a standard error greater
than 15%. The rejection scheme typically discarded 5-25 pixels out of the
~2,500 making up the cell image. The null flatfield, taken with the optical
path closed, was used to insure that illumination, brightness, and contrast
settings were such that observations were in the linear range of the assay.

Geometrical Analysis of Image

Before digital conversion of an image the left, right, top, and bottom bound-
aries of the cell were specified via cursor positioning on the video monitor.
A rectangular scan was then performed to include the cell image with a
7-pixel margin along each border. Given the boundaries of the cell, the soft-
ware identified those pixels falling within +5% of the cell radius, and calcu-
lated the angle relative to the applied field subtended by each of them (see
Fig. 2). The intensity scored at each pixel was then corrected, and the (cor-
rected) background intensity found along the left and right margins of the
image was subtracted. The resulting estimates of light intensity were
summed into the appropriate sectors (16 in all) representing different angles
(see Fig. 2). When all pixel intensities within the +5% annulus were
summed, the intensity corresponding to each sector was divided by the num-
ber of pixels within it to give the average intensity of the sector. This average
was used as the estimate of binding site concentration within the region of
the sphere’s surface sampled by the sector. These regions are bounded by
concentric circles (lines of latitude) perpendicular to the electric field, and
have areas ranging from ~1% (sectors 1 and 16) to 10% (sectors 8 and 9)
of the total surface area of the sphere.

The total fluorescent label on each cell was approximated by the sum of
the cell’s sector intensities weighted by the cell-surface area represented by
each sector. To facilitate comparison of distributions between cells, this total
label value was used to normalize each cell’s sector intensities such that the
normalized total label on each cell was the same. Analysis of the cells on
a given slide was completed by finding the average value (over n cells) of
the normalized sector intensity for each sector. These means were used as
the estimates of ligand site concentration at each sector, and expressed as
a percent of the average concentration of sites.

To compare the extent of redistribution under different conditions, a sim-
plifying analytical representation called the Asymmetry index (A4) was used
(Orida and Poo, 1977; Poo et al., 1979). The Asymmetry index summarizes
the relative concentrations at the anode (Cp) and cathode (Cg) facing
poles of a cell, and is defined as A = (Cigo — Co)/(Cis0 + Cp). The index
was calculated using intensities at the Ist and 16th sectors as approximations
to Gy and C\g, respectively (see Fig. 2).
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Statistics and Curve-fitting

In tabulating data for the figures, the means of each data point for each ex-
periment were averaged, and the standard error of each grand average (n
= 3-8 experiments) was taken to account for possible increased variability
between experiments.

Unless otherwise indicated, curves were fit to data by the Levenberg-
Marquardt method; error estimates on fit parameters are not true standard
errors, but rather corresponding estimates derived from the fitting proce-
dure (cf. Press et al., 1986). Chi-square values are reported in the format
%? (degrees of freedom) = value, as an objective measure of the corre-
spondence between curves and data.

The Model

The basic model under test in these experiments is one put forward by Jaffe
(1977) and elaborated on by Poo and collaborators (Poo et al., 1979;
McLaughlin and Poo, 1981). The simplifying assumptions are (@) that the
cell is approximated by a non-conducting sphere, and (b) that the two
processes dominating the molecular distribution are electrophoresis® and
diffusion. Given these assumptions, the cell radius (r), the initial molecular
concentration (C)), the field strength (£), the pseudo-electrophoretic mo-
bility constant (m), and the diffusion constant (D), the steady-state concen-
tration as a function of 0 (Cy) is

Cs = a - exp(— - cosf),
where
a = B - C/sinh(B),

and

An additional term (fy) is introduced to represent the fraction of sites
which are mobile in the plane of the membrane. The equation describing
steady-state distributions is therefore

Cy = fum - - exp(—P - cos) + (1-fn) - G,

where (m/D) and f;, can be allowed to vary in fitting the data (all other
parameters being measured quantities).

Results

Verification of Techniques

The data presented below depend on the validity of using in-
tensity estimates from video images as a measure of relative
ligand binding site concentrations. To test the estimation pro-
cedure, a range of FLR-con A concentrations were prepared,
placed in electrophoresis chambers, and videotaped under
the same conditions used in actual data collection. These
records were analyzed with the described software as if an
average-size (20 um radius) cell image was present.? Fig. 3
a shows the average corrected intensity found along the “cell
perimeter” as a function of the concentration of dye used.
The corrected value is seen to be proportional to the FLR-
con A concentration up to ~60 pug/ml, after which it begins
to plateau.

The proportional relationship between average corrected
intensity and dye concentration does not rule out systematic
deviations in sensitivity over the spatial field. Such variation,
masked in the averages, would hamper interpretation of data

2. McLaughlin and Poo (1981) have suggested that the driving force is
electro-osmotic, rather than purely electrophoretic. This does not change
the form of the model.

3. The background subtraction was suppressed, as there is no distinction
between image and background in this case.
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Figure 3. Results from digital analysis of flatfields. Electrophoresis
chambers were filled with the indicated concentrations of FLR-con
A and scanned as if they contained an average-size cell near the cen-
ter of the screen. Intensity data were corrected using separate scans
of 5 and 60 ug/ml FLR-con A for the low and high flatfields, respec-
tively. (4) Average corrected intensity over the entire annulus vs.
FLR-con A concentration. The curve is a linear regression fit to the
first six data points. (B) Re-plotting of the data showing corrected
intensity as a function of 6 for the eight concentrations examined.

with respect to the relative distribution of sites around a cell
perimeter. Fig. 3 b shows the corrected intensity as a func-
tion of perimeter position for the uniform dye concentra-
tions described above. It is seen that there is little variation
over the spatial field in the linear range of the assay. All
experiments with fluorescently labeled cells were conducted
within this linear range, as determined by uncorrected pixel
intensities.

Another consideration is the choice of the “tolerance” or
width of the annulus used in image analysis (expressed here
as a percentage of the radius; see Fig. 2). Several sets of
records were analyzed with tolerances ranging from 1.5-
20%. A comparison of the resulting asymmetry indices
showed a tendency for the index to increase as the tolerance
was decreased; the index changed ~10% over the full range
evaluated (data not shown). A tolerance of 5% was chosen
as a compromise permitting close perimeter following, and
stability of results with respect to slight mis-positioning of
the annulus.

Correct interpretation of the data also depends on approxi-
mate sphericity of the cells. Accordingly, only cells nearly
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circular in cross-section were selected for analysis. Use of
a calibrated fine focus to measure the distance between the
adhesion surface and free surface of cultured cells indicated
that the diameters parallel and orthogonal to the plane of fo-
cus were approximately the same (data not shown). There
was no evidence of any shape changes in the plane of focus
induced by the exposure to electric fields, which would skew
interpretations predicated on sphericity. In a sample compar-
ing cells exposed to no field vs. cells exposed to 8 V/cm for
40 min, we found horizontal radius = 20.4 + .8 um, vertical
radius = 20.2 + 6 um, vs. 198 + 8 ymand 19.8 + .6 um,
respectively (4 experiments in each condition, 8-12 cells per
experiment).

A final methodological concern is the use of con A or
FLR-con A in conjunction with cold to stabilize molecular
distributions. Although con A can partially block a-Bgt
binding (Boulter and Patrick, 1979), the expected effect is
less than 10% under the conditions used, and does not affect
the assessment of relative AChR concentrations. Pretreat-
ment of cultures with con A eliminated field-induced ac-
cumulation of AChRs (Fig. 11), and pre-labeling with FLR-
con A greatly diminished the field-induced accumulation of
con A sites (Fig. 12). Additionally, control experiments
demonstrated the stability of asymmetries in FLR-con A and
TMR-a-Bgt binding after treatment with con A (data not
shown). The ability of con A to stabilize the measured site
distributions rules out the possibility that autofiuorescent
elements (e.g., yolk granules) contribute significantly to the
measurement.

FLR-Con A-labeling Studies

The development of con A-binding site asymmetry, ex-
pressed as Asymmetry index vs. time in the electric field, is
shown in Fig. 4. The approach to steady-state is well fit by
an exponential with T = 12 min. On the basis of these data,
40 minutes was selected as the standard field duration for
steady-state experiments (see below). Assuming the general
model under consideration (see Materials and Methods),
Poo (1981) has shown that the approach to steady-state is ap-
proximated by an exponential with time constant T = r? (1
-~ 0.1 - B»/(2) - D. Given m/D = 128 V™! (see below), r =

0.40
0.30
0.20

0.10

Asymmetry Index

0.00

] 20 40 60 80 100

Duration of Field {minutes)

Figure 4. Development of concanavalin A-binding site asymmetry.
Celis were subjected to an electric field of 8 V/cm for varying
amounts of time, and analyzed for asymmetry as described. Data
represent means + standard errors of three experiments, each con-
sisting of 8-10 scanned cells. The curve is the least-squares fit of
an exponential to the data. The time constant is 12 + 4 min; %33
= 0.7. A similar time course for development of asymmetry was
seen at 4 V/cm.
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Figure 5. Relaxation of field-induced asymmetry in concanavalin
A-binding sites. Cultures were exposed to 4 V/cm (circles) or 8
V/cm (triangles) for 40 min, and given the indicated amounts of
time at room temperature before labeling and analysis. The curves
represent least-squares fits of the data to an exponential decay. At
4 V/cm the time constant is 14 + 4 min with ¥%3;, = 8.2; at 8
V/cm the time constant is 4 + 1.6 min with x%3, = 3.0.

20 ym, and E = 8 (V/cm, B is ~v1.5. Together with the ob-
served T, this corresponds to an estimate of D = 2.2 X 107°
cm?/s.

The relaxation of con A-binding sites after exposure to
electric fields is depicted in Fig. 5. Cultured cells were sub-
jected to fields of 4 and 8 V/cm for 40 min, and then given
varying amounts of time to relax. Given the assumptions of
the model, it can be shown that the decay of asymmetry is
approximated by an exponential with T = r%/2 - D (Huang,
1973). The relaxation from 4 V/cm shows T = 14 min, which
yields D = 2.4 X 107° cm?*/sec, in good agreement with the
estimate of D obtained from the development of asymmetry
during exposure to fields. Relaxation from asymmetries in-
duced at 8 V/cm were markedly incomplete.

Representative video images of cells showing steady-state
distributions of con A sites are shown in Fig. 6. Con A-bind-
ing sites accumulated at the cathode end of cells, and they
displayed a continuous gradation in concentration around the
cell perimeter. A critical prediction by the model under con-
sideration is that the same values for the parameters m/D and
Jm should fit data for the distributions of sites at different
voltage gradients. Fig. 7 shows the data and fitted curves for
steady-state distributions at field strengths of 0, 1, 2, and 4
V/ecm. As the data are fit well with the same parameter
values, the results support the theoretical model. The experi-
ments indicate estimated parameter values of m/D = 64
V!, fo = 0.48 (solid curves). The dashed curves represent
the best fit to m/D assuming all of the binding sites are mo-
bile (fn = 1.0). The similarities between the solid and
dashed curves, and the insubstantial change in the corre-
sponding ? values (see legend to Figure 7), suggest that
these data cannot be used to estimate f, with any precision.

Steady-state experiments were also carried out at 8 V/cm
(Fig. 8). Under these conditions the discrepancy between the
data and the family of curves from Fig. 7 is conspicuous. At
this higher field strength the solid and dashed curves, gener-
ated from the measurements in Fig. 7, are noticeably differ-
ent from each other. However, neither curve is an adequate
approximation to the data of Fig. 8. The dotted curve in Fig.
8 represents a readjustment of the two parameters to give a
maximum likelihood fit to the data. This fit is quite good, un-
derscoring the lack of testability inherent in examination of
data from a single field strength.

Stollberg and Fraser Migration and Aggregation of AChRs and Con A Sites

Figure 6. Representative video images of cells exposed to electric
fields under steady-state conditions. Cells were exposed to the indi-
cated electric fields for 40 min, and then labeled with FLR-con A.
(A) 0 Vicm. (B) 1 V/em, (C) 2 V/icm. (D) 4 V/cm. Individual
micrographs reveal cell-to-cell variation in overall brightness, and
occasional bright foci unrelated to experimentally induced migra-
tion. These effects are minimized by the normalization and averag-
ing procedures in the quantitative analysis of multiple images (see
Materials and Methods). The prominent dark spots result from
flaws in the camera tube; these along with other faulty pixels were
rejected in the analysis (see Material and Methods). In all cases the
field cathode is to the right. Bar, 20 um.

TMR-a-Bungarotoxin-labeling Studies

Analysis of the distribution of AChRs after electric fields
demonstrated that the model assumptions (electrophoresis
and diffusion as the only important processes) were not met
by the experimental system. The development of AChR
asymmetry during exposure to fields is not well fit by a single
exponential (data not shown). Fig. 9 shows the substantial
asymmetry arising from a field of 8 V/cm for 80 min. The
best-fit model parameters do not satisfactorily describe this
distribution, or the qualitatively similar distributions seen
after fields of 4 V/cm. Analysis of the data from Fig. 9 sug-
gests a diffusion-trap mechanism of AChR aggregation (see
Discussion), and control experiments indicated that accumu-
lation of the receptor does indeed continue after the electric
field is turned off (see below).

Double labeling studies of Postfield AChR
Accumulation: Control Experiments

A standard field/postfield protocol was chosen to study the
postfield aggregation of AChRs. Under this paradigm com-
parisons were made between two conditions: (a) “field™
cells subjected to a field of 4 V/cm for 20 min, and (b) “post-
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Figure 7. Steady-state distributions of concanavalin A-binding sites
after electrophoresis at 0-4 V/em. Cultures were subjected to the
indicated electric fields for 40 min and analyzed for the distribution
of con A-binding sites as described. Data represent means + stan-
dard errors for 3-6 experiments, each consisting of 7-14 scanned
cells. Solid curves shown are the least-squares fit of the predicted
distribution to the combined data from B, C, and D (see Materials
and Methods, The Model). The fit parameters are m/D = 64 +
8 V™' and f,, = 0.48 + 05; x*usy = 67. Dashed curves represent
the least-squares fit to the data assuming the mobile fraction f, =
1.0. The fit parameter m/D is then 34 + .5 V!5 %24 = 81. (4) 0
V/iem. (B) 1 Viem. (C) 2 Viem. (D) 4 V/em.

field™cells treated as in (a) and then given 40 min at room
temperature for post-field redistribution. In either case the
experiment was terminated by chilling and labeling the cul-
tures with FLR-con A and TMR-a-Bgt, and analyzed using
filter sets selective for the respective dyes. Control experi-
ments demonstrated that the signal from either dye was in-
significant when using filters appropriate to the other (data
not shown).
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Figure 8. Steady-state distribution of concanavalin A-binding sites
after electrophoresis at 8 V/cm. Cultures were exposed to electric
fields of 8 V/cm for 40 min and analyzed for the distribution of con
A-binding sites as described. Data represent means + standard er-
rors for eight experiments, each consisting of 7-12 scanned cells.
The solid and dashed curves represent the predicted distribution
from the model given the measurements from Fig. 7 (solid; m/D
=64 V7', fi, = 048, x5y = 524; dashed: m/D = 34 V™' f, =
10, %%s = 867). The dotted curve is the 2-parameter least-
squares fit to this data, yielding m/D = 34 + 4 V™' and f,, = 0.56
+ 05; %3 = 14.0. Note that the scale of this graph is different
from those in Fig. 7.
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Figure 9. Distribution of acetylcholine receptors after exposure to
an electric field. Cultures were exposed to a field strength of 8 V/em
for 80 min, then labeled with TMR-a-Bgt and analyzed as de-
scribed. The solid curve represents the 2-parameter least-squares
fit of the model distribution to this data; m/D = 831 + 83 V',
fo = 0084 + 002, %% = 170. The dashed curve was fit by eye
to the left-most data points to give a qualitative assessment of the
electrophoretic component in this distribution (see Discussion);
m/D = 10 V™', f,, = 0.5. Note the markedly different scale from
those of Figs. 7 and &.

Postfield accumulation of AChRs was seen in almost all
cells from control experiments. Typical videomicrographs
illustrating the phenomenon are shown in Fig. 10 along with
views of the same cells depicting con A site distributions,
The AChRs continue to aggregate at the cathode-facing pole
during the postfield period (cf. Fig. 10 f and ¢), while the
con A sites relax back towards symmetry over the same in-
terval (cf. Fig. 10 ¢ and b). Quantitation of the asymmetries
in TMR-a-Bgt and con A-binding sites under the field/post-
field paradigm are shown in Figs. 11 and 12, respectively.

Pre-labeling and Cross-linking Experiments

Two kinds of experiments were undertaken to establish
whether the observed postfield increase in asymmetry was
in fact due to aggregation of preexisting AChRs, rather than
to preferential expression of new AChRs. In the first set of
experiments, cells were labeled with TMR-a-Bgt and then
subjected to the standard experimental protocol. As seen in
Fig. 11, pre-labeled AChRs show both field and post-field
asymmetries indistinguishable from controls. In another set
of experiments, cells were incubated with con A to cross-link
existing AChRs, after which the cells were subjected to the
protocol. Fig. 11 shows negligible electrophoresis or post-
field accumulation of AChRs under these conditions, in-
dicating that the accumulation phenomenon depends on the
mobility of pre-existing AChRs. Fig. 12 demonstrates a sub-
stantial decrease in field-induced asymmetry of con A sites
when the cells are labeled before the field.

Trypsin Experiments

Three sets of experiments were undertaken to analyze the
effects of trypsin during, before, and after the field/postfield
protocol. Cells treated with trypsin for 1 h before, and
throughout the experiment, showed drastically reduced
AChR asymmetries in both field and postfield conditions
(Fig. 11). To ascertain whether this reduction depends on the
presence of trypsin during the accumulation of AChRs, cells
were incubated with trypsin, rinsed extensively, and then
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Figure 10. Representative vid-
eo images of cells subjected
to electric fields with and with-
out subsequent relaxation.
Cultured cells were subjected
to the indicated protocol and
labeled with both FLR-con A
and TMR-a-Bgt. (4-C) cells
viewed with fluorescein filters
to reveal con A-binding sites.
(D-F) The same cells as A-C
viéwed with rhodamine filters
to reveal TMR-a-Bgt-binding
sites. (4 and D) No field. (B
and E) 4 V/cm for 20 min. (C
and F) 4 V/cm for 20 min
followed by 40 min postfield
relaxation. Individual micro-
graphs reveal cell-to-cell vari-
ation in overall brightness,
and occasional bright foci un-
related to experimentally in-
duced migration. These effects
are minimized by the normali-
zation and averaging proce-
dures in the quantitative anal-
ysis of multiple images (see
Materials and Methods). The

fluorescent areas inside the cell perimeters in D-F are due to yolk granules within the cells; these exhibit more autofluorescence under
the illumination conditions for rhodamine than under those for fluorescein. The prominent dark spots result from flaws in the camera tube;
these along with other faulty pixels were rejected in the analysis (see Material and Methods). In all cases the field cathode is to the right.

Bar, 20 pm.

subjected to the field/postfield protocol. Under these condi-
tions the AChR accumulation was similarly reduced (Fig.
11). In the final set of experiments cells were subjected to the
field, and then incubated with trypsin during the postfield
period. These cultures showed a significant decrease in post-
field asymmetry when compared to controls (Fig. 11). The
effects of trypsin do not result from a loss of TMR-a-Bgt-
binding sites because (a) analysis of the total amount of label-
ing shows no such decrease and () trypsin-treated cultures
displayed a twitch response to acetylcholine, which could be
blocked by a-Bgt (data not shown). The various trypsin treat-
ments had no significant effect on con A site distributions un-
der the field/post-field paradigm (Fig. 12).

The Role of Calcium

To investigate the possible role of calcium in the field-
induced accumulation of AChRs, cells were incubated for 1 h
before experimentation, and maintained throughout the ex-
periment in Ca**-free Steinberg’s solution. As seen in Fig.
11, cells treated in this manner showed a small decrease in
the field-induced accumulation of AChRs, and a substantial
reduction in the postfield accumulation. Ca**-free Stein-
berg’s solution had no effect on the con A sites under these
conditions (Fig. 12). To determine whether the effect on
AChR accumulation is reversible, cells were incubated for
1 h in Ca**-free Steinberg’s solution, rinsed and incubated
1 h in Steinberg’s solution, and then subjected to the ex-
perimental protocol. Fig. 11 shows a significant increase in
the postfield accumulation as compared with cultures in

Stollberg and Fraser Migration and Aggregation of AChRs and Con A Sites

Ca**-free buffer throughout the experiment. Thus the
effects of low calcium are substantially reversed within 1-2 h.

The Role of Microtubules and Microfilaments

To determine whether cytoskeletal elements are necessary
for the postfield aggregation of AChRs, cells were treated
with drugs to disrupt microtubules and microfilaments. Cul-
tures were incubated with 20 uM colchicine or 20 uM cy-
tochalasin B for 2 h before and throughout the course of
experiments. Neither drug had significant effects on the
redistribution of AChRs (Fig. 11) or con A sites (Fig. 12) in
response to the field/postfield protocol.

Discussion

Methodological Considerations

The results presented in this paper rest on the assumption
that corrected intensity estimates accurately reflect the redis-
tribution of preexisting ligand binding sites over the cell sur-
face. This in turn is based on linearity of the assay for ligand
concentration. As shown in Fig. 3, the assay is quite linear
over a substantial range of ligand concentrations. Analysis of
experiments was performed only when the data were within
that linear range. Under some conditions a multivalent
ligand, such as con A, may bind nonlinearly with respect to
site density. In this case the total number of sites would ap-
pear to change as the distribution of sites increased in asym-
metry. As a check on this possibility, total con A binding (the
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Figure 11. The effects of treatments on the electrophoresis and
postfield aggregation of acetylcholine receptors. Cultures were
treated as indicated and subjected to a field of 4 V/cm for 20 min
with and without an additional 40 min postfield at room tempera-
ture. Except where noted, the cells were then double labeled and
analyzed as described. Control, no additional treatment. Pre-
labeled TMR-a-Bgt, labeled with 300 nM TMR-a-Bgt for 10 min
at 22°C before experiments (no further labeling). Pre-treated con
A, incubated with 25 ug/ml con A for 10 min at 22°C, then sub-
jected to the field and labeled with TMR-a-Bgt. -Ca**, incubated
in Ca**-free Steinberg’s solution (58.2 mM NaCl, 0.7 mM KCl,
1.3 mM MgS04, 0.4 mM EGTA, 4.6 mM Tris, 50 pg/ml Gentamy-
cin) 1 h before and throughout experiment. -Ca** washout, in-
cubated for 1 h in Ca**-free Steinberg’s solution, then 1 h in Stein-
berg’s solution before experiment. Trypsin, incubated in 0.1%
trypsin/Steinberg’s solution 1 h before and throughout experiment.
Trypsin washout, incubated in 0.1% trypsin/Steinberg’s solution for
1 h, then returned to Steinberg’s solution immediately before ex-
periment. Field then trypsin, after electrophoresis placed in 0.1%
trypsin/Steinberg’s solution for the postfield period (hatched bar),;
the blank bar is a reprinting of the control for this condition. Col-
chicine, cytochalasin B, incubated 2 h before and throughout ex-
periment in 20 uM of the respective drug. Data represent the means
+ standard errors of 3-6 experiments, each consisting of 5-9 cells.
(® Indistinguishable from controls (both field and post-field) on
the basis of one-factor ANOVA F tests (field, F[4/13] = 0.61; post-
field, F[4/14] = 1.52). Within this “control” group, field vs. post-
field asymmetry values are significantly different (0.247 + 009
vs. 0.355 + .023; p < 001, T test). The control group field and
postfield values are significantly different from those in the trypsin
group (p < 0.005) and the -Ca condition (p < .025, T tests).

—treoted

sum of the unnormalized sector intensities weighted by the
respective sector areas) was compared in cells subjected to
different steady-state field protocols. There was no signifi-
cant difference between intensity values of cells subjected to
electrophoresis at O, 1, 2, 4, or 8 V/cm, nor was there a
significant trend in these values (p > 0.1, Ttest; r2 = 038;
range = 95-105% of average, n = 6-9 cells per condition).
Thus, it is unlikely that there is significant deviation from
linearity in ligand binding.

Close examination of the data in Fig. 7 a—c reveals a small,
but systematic deviation from the predicted distributions; the
data tend to be low and high in regions around 60° and 120°,
respectively. This may be due to an imperfectly cartesian ar-
rangement of the camera pixels in visual space, which would
cause a systematic bias in the selection of pixels representing
the cell perimeter. The distortion is minor with respect to the
changes in site density seen in these experiments (e.g., Fig.
7 a-d), and can safely be ignored.
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Figure I2. The effects of treatments on the electrophoresis and
relaxation of con A binding sites. Cultures were treated as indicated
and subjected to a field of 4 V/cm for 20 min with and without an
additional 40 min of relaxation. Except where noted the cells were
then double labeled and analyzed as described. Control, no addi-
tional treatment. Pre-labeled FLR-con A, incubated with 25 pg/ml
FLR-con A for 10 min at 22°C and then electrophoresed (no further
labeling). Other treatments, as in Fig. 11 legend. Data represent the
means + SEM of 2-5 experiments, each consisting of 5-9 cells.
(*) Indistinguishable from controls (both field and postfield) on the
basis of one-factor ANOVA F tests (field, Fiso, = 0.97; postfield
Feuw = 0.99). Within this “control” group, field vs. postfield
asymmetry values are significantly different (0.160 + 013 vs. 0055
+ .008; p < 0001, T test). The mean asymmetry of the control
group after the field is significantly different from the mean for pre-
labeled FLR-con A (p < 0.001, T test).
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Redistribution of FLR-Con A-binding Sites

Estimates of the diffusion constant for the “average” con A
sitt were made in two different ways: (@) from the time
course of asymmetry development during exposure to fields
(Fig. 4), and (b) from the time course of postfield relaxation
(Fig. 5). The two methods are in good agreement, yielding
D =23 x 107 cm?/s. This value is in the range reported
(5-50 x 107'° cm?/s for con A site diffusion measured via
postfield relaxation in Xenopus myoball cultures (Poo et
al., 1978, 1979). The range of previously reported values is
considerable, and probably due in part to differences in the
developmental state of the cultured cells. In the related issue
of AChR diffusion, for example, Orida and Poo (1980) have
shown a decrease in mobility with age in culture.

The steady-state model describing the electrophoretic dis-
tribution of ideal (noninteracting) sites put forth by Jaffe
(1977) describes the experimental distribution of con A sites
quite well over a fourfold range of field strengths (Fig. 7).
In fact the behavior of con A-binding sites at or below 4
V/cm appears ideal both in terms of steady-state distribution
and relaxation to near symmetry (Fig. 5). Taking D = 2.3
X 10~® cm?/s, and m/D = 64 V™' (Fig. 7), we arrive at an
estimate of m = 15 X 107 cm?/V - s. Values for m
reported by Poo et al. (1978, 1979) are ~2 x 107
cm?/V - s, in good agreement with this result. However, es-
timates for m depend critically on assumptions about f,, the
fraction of sites that are free to move. This value cannot be
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rigorously estimated by the present techniques, as the
predicted distributions over the range of ideal behavior are
quite similar (see legend to Fig. 7). It has been argued that
Jfm can be estimated from the maximum asymmetry seen
with increasing field strengths (Poo et al., 1979). However,
our data suggest that the behavior of con A sites at higher
field strengths is nonideal (see Fig. 8 and below), and ac-
cordingly that such an estimate may be misleading. Given the
multiplicity of factors required for rigorous estimation of m
and D, the estimated values are less noteworthy than the ob-
servation that the same parameter values can successfully de-
scribe the experimental distributions over a significant range
of field strengths.

The lack of correspondence between theory and observa-
tion at 8 V/cm is deserving of further comment. Two lines
of evidence suggest non-ideal behavior under these condi-
tions. First, and as seen by Poo et al. (1978), relaxation is in-
complete after exposure to such a field (Fig. 5). Second is
the finding that parameters characterizing steady-state distri-
butions from lesser voltage gradients do not adequately de-
scribe the results seen at 8 V/cm under steady-state condi-
tions; the asymmetry at 8 V/cm is less than would be
expected (Fig. 8). Using different techniques to assay FLR-
con A binding, Poo et al. (1979) concluded that the distribu-
tions of FLR-con A sites correspond to theory reasonably
well in a range of fields up to 10 V/cm.

The apparent discrepancy documented here could in prin-
ciple arise from nonlinear ligand binding, or concentration-
dependent quenching effects, revealed at the higher binding-
site concentrations found in the 8 V/cm condition. Inspection
of Fig. 8, however, shows that even within the range of inten-
sities found at 4 V/cm (0 = 50-150°), the 8 V/cm data do not
correspond to the theoretical expectation. Thus, although
such effects cannot be ruled out, neither can they account for
the differences seen between the two experimental condi-
tions.

There are several possible biophysical explanations for
the reduction of experimental asymmetry at higher field
strengths. One possibility is that under these conditions the
mobility of the con A sites is reduced. The time course at
8 V/cm (Fig. 4) contradicts a simple version of this proposal,
but an accumulation-dependent decrease in mobility could
lead to an underestimate of the time required to reach steady-
state. A second explanation is that electrostatic interactions,
not accounted for in the model, play a role when asym-
metries become large. There are reasons to believe such
effects would be small under most conditions (e.g., a Debye
length of ~1 nm in physiological saline*), but without
knowing the concentrations and mobilities of all charged
species involved, the possibility cannot be ruled out. A third
argument challenges the assumption, inherent in the model,
that the cell is closely approximated by a nonconducting
sphere. At 8 V/cm, an iso-potential cell of radius 20 pm will
experience 16 mV hyper- and depolarizations at the anode and
cathode ends, respectively. These may lead to changes in
membrane conductance due to the presence of voltage-sensi-

4. Note however, that the charges within or very near the membrane will
interact significantly at distances greater than the aqueous phase Debye
length.
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tive channels, and thereby violate the validity of the approxi-
mation. Although predictions about the resulting distribu-
tion of sites at steady-state would require precise knowledge
of the densities and responses of such channels (which might
themselves migrate in a field) the influence would be in the
observed direction, that is, it would lead to a decrease in the
observed asymmetry. Finally, as noted in footnote 2, the
driving force may be electro-osmotic. A consequence of this
is that redistribution of surface charge could diminish the
driving force experienced by sites at the pole to which they
are driven. A related effect is the possible establishment of
a pH gradient on the cell surface, leading to a change in the
charge carried by con A sites near the poles.

Redistribution of AChRs

In contrast to the case for the heterogeneous population of
con A-binding sites, there are no conditions under which the
AChR shows ideal behavior vis a vie the proposed model.
Evidence for interaction among AChRs subjected to elec-
trophoresis comes from the nonexponential rise in asym-
metry with time (data not shown), the distribution after ex-
posure to a field (Fig. 9), and the continued increase in AChR
asymmetry after removal from the electric field (see below).

Two points emerge from analysis of the data in Fig. 9,
which shows the distribution of AChRs seen after 80 min in
an 8 V/cm field. First, the steady-state family of distributions
from the model under consideration cannot adequately rep-
resent the observed distribution; to achieve even a poor fit
the m/D parameter has to become quite large, and f, is
forced to be very small. A second point is that the minimum
AChR density (at ~100-130°) is adjacent to the region of
AChR accumulation, whereas the steady-state model pre-
dicts the minimum should be at the anode-facing pole. The
location of this minimum suggests the operation of a diffu-
sion-trap mechanism (Edwards and Frisch, 1976), in which
immobilization of AChRs at the cathode-facing pole leads to
depletion in neighboring regions via diffusion-mediated
migration. The location of this minimum would not be ex-
pected from a cell-wide cytoskeletal rearrangement of sites,
although a locally confined mechanism of this sort cannot be
ruled out.

In any event, it is clear that the distribution seen in Fig.
9 results from more than just the ideal behavior assumed by
the model. The contribution made to the distribution of Fig.
9 by this ideal behavior can be roughly estimated by assum-
ing that the effect accounts for 100% of the decrease in AChR
density seen at the anode-facing pole. The dashed-line curve
in Fig. 9 was fitted by eye with this in mind, and serves to
illustrate graphically the minor role of electrophoretic
migration per se under these conditions. This is in agreement
with results showing similarity between asymmetries from
experiments at 8 V/cm for 80 min (Fig. 9: 4 = .55 + .06),
and at 8 V/cm for 20 min + 60 min relaxation (data not
shown): A = 0.42 + .05). Thus, the mechanism(s) under-
lying the postfield accumulation, discussed below, can domi-
nate the distribution even in the presence of an electric field.

A field/postfield experimental protocol was devised to iso-
late the postfield aggregation phenomenon for further study.
Analysis of con A site distribution under this paradigm
shows the expected decrease in asymmetry during the post-
field period; none of the applied treatments significantly aj}-
tered the decrease (Fig. 12). In contrast, the results shown
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in Fig. 10 and 11 demonstrate an increased accumulation of
AChRs during the postfield period, as had been suggested by
the data of Orida and Poo (1981).

That this aggregation is due to recruitment of AChRs al-
ready expressed on the cell surface is shown by experiments
in which pre-existing AChRs were labeled with TMR-a-Bgt,
and then analyzed with the field/postfield protocol (Fig. 11).
These results rule out the possibility that the effect is solely
due to preferential insertion of AChRs at the cathode. Experi-
ments in which cells were preincubated with con A and then
treated with electric fields show no evidence of localized ex-
pression of new AChRs during the hour-long course of these
experiments (Fig. 11).

Previous experiments have shown that trypsin inhibits
field-induced AChR aggregation, and disperses preexisting
accumulations (Orida and Poo, 1980, 1981). Accordingly, ex-
periments were undertaken to analyze the effects of trypsin
on the postfield accumulation of AChRs. Trypsin digestion
throughout the experiment, as a pretreatment, or at the start
of the postfield period greatly reduced the asymmetry seen
after the postfield period (Fig. 11). In the first two paradigms
the asymmetries seen immediately after the field were also
significantly reduced, in agreement with the analysis (above),
suggesting that a field-independent aggregation process dom-
inates during exposure to fields. Although it is difficult to
rule out indirect intracellular effects, or effects on AChR
electrophoretic mobility, the most likely mechanism for the
action of trypsin is a direct disruption of adhesion or cohe-
sion events stabilizing AChR clusters.

The effects of low calcium on AChR accumulation are less
dramatic and more difficult to interpret in a mechanistic
sense, Cells incubated in Ca**-free Steinberg’s solution
show a decreased asymmetry in both field and postfield con-
ditions compared with control cultures (Fig. 11). Low cal-
cium can cause differences in charge density at the surface
of the membrane (McDaniel and McLaughlin, 1985), and
thus could affect the electrophoretic mobility of AChRs.
However, the observed asymmetry in low calcium experi-
ments is still greater than the estimated electrophoretic con-
tribution, suggesting that calcium must in part affect the
aggregation phenomenon. The partial reversal of the calcium
effect, seen in both field and postfield protocols, is consistent
with this in light of the argument (above) that aggregation
dominates the distribution even in the field (only) protocol.
The observed effects could be based on calcium-dependent
intracellular events, or calcium-mediated adhesion events
(cf. Takeichi, 1977; Grunwald et al., 1980; Brackenbury et
al., 1981). In the context of the effects of trypsin the latter in-
terpretation is simplest, though the role of calcium in reg-
ulating myriad intracellular events prevents exclusion of this
set of possibilities. Leaving aside mechanistic questions, the
observation of reduced accumulation is in accord with the
observed effects of low calcium on AChR clustering in neural
and aneural Xenopus muscle cultures (Henderson et al.,
1984; Davey and Cohen, 1986), as well as clustering induced
by latex beads (Peng, 1984).

The results of experiments with cytoskeleton-disrupting
drugs indicate that rearrangement of microtubules and mi-
crofilaments is not required for the aggregation effect docu-
mented here (Fig. 11). In contrast colchicine, but not cyto-
chalasin B, decreased AChR cluster number and reduced
recovery of cluster number following treatment with azide,
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in a 6-h assay on cultured rat myotubes (Bloch, 1979). Ex-
periments by Connolly (1984) demonstrated that cytochala-
sins disrupt preexisting AChR clusters in aneural chick mus-
cle cultures over a period of 24 h, and that both cytochalasins
and Colcemid prevent an increase in cluster number during
the 6 h after addition of brain extract. Others have suggested
cytoskeletal anchoring of AChR clusters as evidenced by the
protection of clustered AChRs from detergent extraction
(Prives et al. 1980, 1982; Stya and Axelrod, 1983).

Methodological differences may account for these appar-
ent discrepancies. In the works of Bloch (1979) and Connolly
(1984) it is cluster number that is being assayed, whereas our
results speak directly to the question of AChR accumulation.
In this context, Bloch (1979) has noted that drugs inhibiting
re-clustering of AChRs seem to block the initial formation
of foci, and that after foci formation, clustering proceeded
in the presence of drugs. Most clusters in aneural cultures
are found in regions of close contact between cell and sub-
strate (Bloch, 1980). Thus, it may be that cytoskeletal in-
volvement is required for such contacts, which serve to trig-
ger foci formation (see Connolly, 1984). In contast to these
kinds of experiments, the accumulation event reported here
is removed from regions of cell attachment. Put in more
general terms, it may be that any of several unrelated in vitro
manipulations can trigger accumulation. Under these cir-
cumstances, interpretation regarding in vivo mechanisms is
difficult (see Fraser and Poo, 1982). A second point is the
difference in time-scale of the experiments under discussion.
It is possible that early events in AChR aggregation, them-
selves independent of the cytoskeleton, may lead to second-
ary stabilization via microtubules and/or microfilaments.
Thus, experiments may give rise to different interpretations
depending on how long after initial cluster formation the
study is carried out. Finally, different species were used in
these experiments. Though it is tempting to think that under-
lying mechanisms for phenomenologically similar events
would be conserved, this need not be the case.

Taken together, our data are consistent with a simple in-
terpretation of the events required for initial AChR accumu-
lation: the AChR migrates in response to the electric field,
and the local increase in AChR concentration at the cathode-
facing pole activates a diffusion-trap mechanism. The trap-
ping mechanism is calcium sensitive and trypsin labile, and
is insensitive to colchicine and cytochalasin B. If the trigger-
ing event is simply the increase in local AChR concentration,
the average concentration of AChRs before experimental ma-
nipulation is probably near threshold; shown in Fig. 9
(dashed line) is a crude estimate of the increase in AChR
concentration due to the field alone. An interesting alterna-
tive view, indistinguishable from the above given the present
data, is that electrophoretic migration of some other species
results in the accumulation of components necessary for the
trapping mechanism. Work underway in several laboratories
is directed toward characterization of factors which may play
arole in AChR clustering (for review see Schuetze and Role,
1987); factors such as these may interact with membrane
components responsible for the accumulation documented
here.

Is the diffusion of AChRs sufficiently rapid to account for
the observed rate of aggregation via a diffusion-trap mecha-
nism? The AChR diffusion constant was measured in Xeno-
pus cultures by the recovery of sensitivity after local inacti-
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vation with a-Bgt, and found to be 2.6 X 10~° cm?*/s (Poo,
1982). Two other parameters critical to estimation of trap-
ping rate must be assumed; these are the trap size® and the
trapping efficiency (see Chao et al., 1981 and Weaver, 1983).
Following Weaver (1983), and with the simple assumptions
that the trap is 100% efficient and the trap size is 3 sectors
(0 = 33.75°-see Fig. 9), we find the mean trapping time
(i.e., the time after which half of the AChRs would be
trapped) to be ~4 min. Analysis of the data of Fig. 9 shows
that, taking sectors 14-16 to represent the trap, only ~9% of
the sites from the rest of the cell surface have been confined
to the trap region after 80 min. Thus, diffusion of AChRs is
easily fast enough to account for the observed aggregation.
This conclusion is in accordance with results from Kuromi
et al. (1985), in which the accumulation of AChRs at neu-
romuscular contacts was characterized using Xenopus cul-
tures. It should be noted that use of fluorescence pho-
tobleaching recovery techniques to measure the AChR
diffusion constant in Xenopus cultures gives a result ~~10-fold
lower than that used in this calculation (see Kuromi et al.,
1985, for discussion of intrinsic differences between these
methods). However, even using this much lower estimate, the
rate of diffusion is greater than that needed to account for the
observed accumulation. The fact that the experimental
aggregation is considerably slower than that predicted in this
calculation implies that, if the diffusion-trap mechanism is
operative, the trap is less than 100% efficient, or the trap size
is less than 33.75° or both.

A further test of the diffusion-trap proposal would be to
examine whether the aggregation can occur in the absence
of metabolic energy sources. Attempts were made to test this
by administration of drugs interfering with ATP synthesis.
Unfortunately, the time required for consistent, complete
loss of acetylcholine-induced twitch response was ~1.5 h,
and the cells began to lyse shortly thereafter. Thus, conclu-
sive testing of this prediction could not be performed.

General Conclusions

Our experimental findings suggest that the data analysis tech-
niques presented here constitute a valid and powerful tool for
the examination of factors contributing to the distribution
and migration of membrane components. We find support for
a model based on electrophoresis and diffusion (Jaffe, 1977)
in the behavior of con A-binding sites over a fourfold range
of electric field strengths. At a higher field strength the
description of con A site behavior breaks down, presumably
due to the failure of assumptions on which the model is
based.

The AChR is not well described by this model under any
of the conditions examined, apparently because of interac-
tions between the AChRs (and possibly other surface compo-
nents). These interactions are probably mediated by a local
increase in the concentration of AChRs or other components,
which triggers an aggregation event independent of microtu-
bule or microfilament rearrangements. It is possible that
multiple in vitro manipulations can trigger the accumulation
of AChRs. Our data are consistent with a description of the

5. The region of high AChR density in Fig. 9 (sectors 13-16) might represent
a single trap, or many small micro-aggregates; hence the trap size cannot
be ascertained from the distribution.

Stollberg and Fraser Migration and Aggregation of AChRs and Con A Sites

aggregation phenomenon as one driven by a passive, diffu-
sion-trap mechanism. The aggregation behavior reported
here is suggestive in light of the in vivo accumulation of
AChRs at the developing neuromuscular junction, and may
play a significant role in the initial events responsible for
AChR clustering.
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