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Wounding corneal epithelium establishes a laterally oriented, DC electric field (EF).
Corneal epithelial cells (CECs) cultured in similar physiological EFs migrate cathodally,
but this requires serum growth factors. Migration depends also on the substrate. On
fibronectin (FN) or laminin (LAM) substrates in EF, cells migrated faster and more
directly cathodally. This also was serum dependent. Epidermal growth factor (EGF)
restored cathodal-directed migration in serum-free medium. Therefore, the hypothesis
that EGF is a serum constituent underlying both field-directed migration and enhanced
migration on ECM molecules was tested. We used immunofluorescence, flow cytometry,
and confocal microscopy and report that 1) EF exposure up-regulated the EGF receptor
(EGFR); so also did growing cells on substrates of FN or LAM; and 2) EGFRs and actin
accumulated in the cathodal-directed half of CECs, within 10 min in EF. The cathodal
asymmetry of EGFR and actin staining was correlated, being most marked at the
cell–substrate interface and showing similar patterns of asymmetry at various levels
through a cell. At the cell–substrate interface, EGFRs and actin frequently colocalized as
interdigitated, punctate spots resembling tank tracks. Cathodal accumulation of EGFR
and actin did not occur in the absence of serum but were restored by adding ligand to
serum-free medium. Inhibition of MAPK, one second messenger engaged by EGF,
significantly reduced EF-directed cell migration. Transforming growth factor b and
fibroblast growth factor also restored cathodal-directed cell migration in serum-free
medium. However, longer EF exposure was needed to show clear asymmetric distribu-
tion of the receptors for transforming growth factor b and fibroblast growth factor. We
propose that up-regulated expression and redistribution of EGFRs underlie cathodal-
directed migration of CECs and directed migration induced by EF on FN and LAM.

INTRODUCTION

Directed cell movements are fundamental in tissue con-
struction and reconstruction. DC electric fields (EFs) ex-
ist where cell migrations occur: in embryonic develop-
ment and during wound healing of skin and cornea
(Jaffe and Vanable, 1984; Chiang et al., 1992; Shi and

Borgens, 1995; Robinson and Messerli, 1996). EFs equiv-
alent to the field strength in vivo induce directed move-
ment of cultured cells. Consequently, a physiological EF
may be one guidance cue used by migrating cells (Rob-
inson, 1985; Nuccitelli, 1988; McCaig and Zhao, 1997).

After corneal wounding, growth factor and cytokine
levels increase in tear fluid and in stroma layers, and
a provisional ECM is elaborated (Gipson and Inatomi,
1995; Virtanen et al., 1995; Sheardown and Cheng,
1996; Tervo et al., 1997; Vesaluoma et al., 1997a,b).
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How EFs interact with growth factors and different
substratum components in directing cell migration is
unknown but relevant, because growth factors alone
have chemotactic and chemokinetic effects on cells,
and EFs may create extracellular gradients of relevant
molecules (Messerli and Robinson, 1997).

Cell–substratum adhesion is important in cell mi-
gration (Palecek et al., 1997). For instance, the ECM
influences EF-directed migration of human keratino-
cytes (Sheridan et al., 1996). Fibronectin (FN) normally
is not present beneath corneal epithelial cells (CECs)
but appears after injury and persists until migration is
complete (Fujikawa et al., 1984). Local FN also in-
creases rapidly after human photorefractive keratec-
tomy (Virtanen et al., 1995) and experimental corneal
wounding (Cai et al., 1993; Espaillat et al., 1994; Vitale
et al., 1994). Some data suggest that FN stimulates
corneal epithelial migration in vivo and in vitro
(Nishida et al., 1983, 1984; Mooradian et al., 1993; Gun-
dorova et al., 1994; Gipson and Inatomi 1995), but not
all reports agree (Newton et al., 1988). Laminin (LAM)
may not be essential for migration during corneal
wound healing (Fujikawa et al., 1984) but is important
in CEC–substrate adhesion (Ohji et al., 1993) and is
expressed in corneal epithelial wound healing in vitro
(Kurpakus et al., 1990). Integrins are expressed on
CECs. Among them, a2b1, a3b1, and anb1 bind LAM,
collagen, and FN. Epithelial expression of b1 integrins
increased as FN in the wound increased and de-
creased as wound healing was completed (Murakami
et al., 1992; Elner and Elner, 1996). a6b4 is synthesized
and redistributed in wound healing (Kurpakus et al.,
1991) and binds LAM (Sonnenberg et al., 1993),
whereas LAM promotes reorganization of filamentous
actin (F-actin) in CECs (Svoboda, 1992; Khoory et al.
1993). In addition, the ECM contains a complex array
of fixed charges and the ionic charge of a substrate
modulates corneal cell integrin expression, cell
spreading, and cell migration. For example, the ex-
pression of a6 and b4 integrin proteins and their
mRNAs on CECs is down-regulated by hydrogel sur-
faces lacking positively charged amine moieties (Wu
and Trinkaus-Randall, 1997), whereas corneal epithe-
lia and fibroblast show differential spreading behavior
on differently charged surfaces (Bergethon et al., 1989).
Because EFs, LAM, FN, and growth factors coexist
after corneal injury, they may interact to modulate cell
motility. We show that bovine CECs cultured on FN
or LAM in a physiological EF migrated faster and
more directly cathodally. Both responses were serum
dependent.

Epidermal growth factor (EGF) stimulated CEC mo-
tility (Tao et al., 1995), and overexpression of EGF
receptor (EGFR) enhanced keratinocyte motility (Mc-
Cawley et al., 1997). Cultured bovine and human CECs
migrated cathodally in a physiological EF and re-
quired serum or EGF, basic fibroblast growth factor

(bFGF), or transforming growth factor b1 (TGF-b1) in
serum-free medium to do so (Zhao et al., 1996a,b,
1997). Therefore, signal transduction through growth
factor receptors may underlie EF-directed CEC migra-
tion, although the mechanisms are not clear.

EF-induced reorganization of charged surface recep-
tors and of the cytoskeleton seems to be involved (Poo
et al., 1979; Onuma and Hui, 1988; Brown and Loew,
1994; McCaig and Zhao, 1997). EF-induced extracellu-
lar gradients of growth factors or FN or LAM also may
be important (Robinson and Messerli, 1996; Messerli
and Robinson, 1997). Thus reorganization of cell sur-
face receptors or extracellular molecules to induce a
gradient of either receptor or ligand, respectively, is
likely an initial event, which activates cells asymmetri-
cally and drives subsequent cytoskeletal reorganiza-
tion and directed cell migration.

We tested whether EGFR expression and distribu-
tion were regulated by an EF or by ECM proteins in a
manner that could underlie directed CEC migration.
Flow cytometry was used to monitor membrane ex-
pression of EGFRs. Not only did EF increase expres-
sion of EGFRs, so also did a substratum of FN or LAM.
Using semiquantitative confocal microscopy, we have
asked whether actin and the receptors for the three
growth factors (EGF, TGF-b1, and FGF), which re-
stored field-directed migration in serum-free medium
(Zhao et al., 1996a,b), become asymmetrically distrib-
uted. Actin and all three receptors accumulated
cathodally after EF exposure, with the EGFR and actin
showing patterned colocalization at the cell–substrate
interface and early cathodal asymmetry, consistent
with a role in directing cell migration. We also used
PD98059, which prevents the phosphorylation of
MAPK kinase (MEK; MAPK is an element of the EGF
signaling pathway), and this reduced directed migra-
tion of CECs in EFs plus EGF. We propose that EF-
directed migration of CECs uses the well-recognized
ligated EGFR as a proximal element, with down-
stream signaling, and that up-regulated expression
and redistribution of EGFRs and coordinate redistri-
bution of actin underlie cathodal-directed migration.
The intracellular location and markedly slower field-
induced asymmetry of the FGF receptor and the TGF
receptor II (TGFR II) suggest that they may be less
important in instigating field-directed CEC migration.

MATERIALS AND METHODS

Antibodies, Growth Factors, and Reagents
The monoclonal mouse anti-human EGFR (catalog number E2760),
FITC- and TRITC-conjugated secondary antibodies (catalog num-
bers F2883 and T6778), and normal rabbit and sheep serum were
from Sigma (Poole, United Kingdom). Rhodamine phalloidin and
fluorescein-conjugated EGF (fluorescein EGF; E3478) were from
Molecular Probes Europe (Leiden, The Netherlands). Polyclonal
rabbit anti-chicken FGF receptor (FGFR) antibody (catalog number
06-177), which reacts with bovine FGFR, and polyclonal rabbit
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anti-human TGF-b type II receptor (catalog number 06-277) were
from Upstate Biotechnology (TCS Biologicals, Buckingham, United
Kingdom). Cy5-labeled goat anti-rabbit immunoglobulin G (IgG;
catalog number PA45004) was from Amersham (Arlington Heights,
IL). PD98059 (MEK1 inhibitor; 9900S) was from New England Bio-
labs (Beverly, MA).

Cell Cultures and EF Stimulation
Primary cell cultures of bovine CECs were prepared by standard
methods (Zhao et al., 1996a). For immunofluorescence study the
chamber base was an acid-washed glass coverslip, or slide, stuck
down with silicone grease (MS4; Dow Corning, Auburn, MI) in a
plastic culture dish. Cells were cultured at a cell density of ;24 3 104

cells/ml for migration and immunofluorescence experiments and at
;100 3 104 cells/ml for flow cytometry experiments. FN (McIntosh
et al., 1988), and LAM (from mouse sarcoma, Sigma) were diluted
using PBS. One milliliter of diluted solution was pipetted into the
galvanic culture chamber (see Zhao et al., 1996a, their Figure 1), left
for 2 h (37°C, 5% CO2), washed off, and rinsed three times with PBS.
Cells adhered to the base for 16;24 h (37°C; 5% CO2), before a roof
of number 1 cover glass (Chance Propper, Warley, England) was
added and sealed with silicone grease. Final dimensions of the
chamber, through which current was passed, were 22 3 10 3 0.2
mm for migration and immunofluorescence microscopy and 64 3
10 3 0.2 mm for flow cytometry experiments.

For experiments labeling EGFR in live cells, slide chambers were
mounted directly on the microscope stage immediately after pre-
paring the cells and adding the coverslip roof.

Quantification of Cell Behavior
Cells were tracked and analyzed with an image analyzer (Zhao et
al., 1996a). Mean migration rate and directedness were quantified
over 5 h (Gruler and Nuccitelli, 1991; Zhao et al., 1996a). The angle
that each cell moved with respect to the imposed EF vector was
measured. The cosine of this angle is 1 if the cell moved directly
along the field lines toward the cathode, 0 if the cell moved perpen-
dicular to the EF vector, and 21 if the cell moved directly toward
the positive pole of EF. Averaging the cosines (S iCOS u/N, where
u is the angle between the field vector and the cellular translocation
direction, and N is the total number of cells) yields average direct-
edness of cell movement.

Inhibition of MEK Activation and Phosphorylation
Cells were washed and incubated for 1 h with 50 mM PD98059
diluted in serum-free medium before EF application. Immediately
before EF exposure, serum-free medium with 25 ng/ml EGF and 50
mM PD98059 was substituted into the EF chamber. Control cultures
lacked PD98059.

Flow Cytometry Analysis
Cells were exposed to EF at 37°C, 5% CO2 for 12;16 h or for ;3 h
in room air for FN or LAM experiments. After EF exposure, cells
were washed thoroughly with PBS (Ca21 and Mg21 free), then 4 ml
of Versene solution (Dow Chemical, Midland, MI) was added and
incubated for 10–20 min at 37°C. In some experiments trypsin (final
concentration, 0.05%) was added. Harvested cells were washed
twice in cold serum-free DMEM. Cells were suspended in 5–10 ml
of serum-free DMEM and revitalized for 15 min at 37°C. Harvested
samples included no less than 106 cells/ml. Cells were washed twice
with ice-cold FACS buffer. All subsequent staining was done at 4°C
or on ice. Cells were incubated with antibodies against EGFRs for 30
min, washed twice with FACS buffer, and incubated with FITC-
conjugated secondary antibody (1:128) for 30 min. After two
washes, the pellet was suspended with 400 ml of FACS buffer for
immediate flow cytometry or with 400 ml of FACS fix (1% formal-
dehyde) when flow cytometry was performed the next day. Appro-

priate isotype control included OX21 to determine the level of
nonspecific binding of IgG mAbs to CECs. Additional controls
included cells alone and FITC-conjugated secondary antibody. Cell
viability was determined either by trypan blue or with propidium
iodide (Sigma) after treatment with FACSperm (Becton Dickinson,
San Jose, CA) after secondary antibody incubation. Cell viability
was consistently 85–95% for flow cytometric analysis. Cytofluoro-
metric analysis was performed using a FACScaliber (Becton Dick-
inson) flow cytometer equipped with a 488-nm argon line. A linear
forward scatter versus linear side scatter display was used to set a
broad gate that eliminated small debris and large aggregates for
collection of fluorescent list mode data. The data were collected and
computer analyzed using CellQuest analysis software (Becton Dick-
inson). For each sample a minimum of 10,000 gated events were
analyzed, and mean fluorescence intensity of three subpopulations
was determined.

Confocal Fluorescence Microscopy Analysis
Cells were washed three time with PBS, fixed with acetone (4°C for
10 min), air dried at room temperature for 30 min, and rehydrated
with PBS (with 1% BSA). All antibodies were diluted in PBS with 1%
BSA and used as follows: monoclonal anti-EGFR at 1:80; polyclonal
anti-FGFR, 1:50; polyclonal anti-TGFR II, 10 mg/ml; monoclonal
anti-FGFR, 1:20; and monoclonal anti-TGFR, 1:20. Dilutions for sec-
ondary antibodies were: sheep anti-mouse IgG FITC conjugate
(Fab9), 1:250; goat anti-rabbit IgG TRITC conjugate, 1:300; and goat
anti-rabbit IgG Cy5 conjugate, 30 mg/ml. For triple staining, cells
were incubated with primary antibodies against EGFR in a humid
chamber at 37°C for 30 min and washed twice with PBS, 10 min
each. The cells were incubated with FITC-conjugated sheep anti-
mouse IgG (Fab9) for 30 min and then washed twice with PBS. Cells
were incubated with anti-TGFR or anti-FGFR for 30 min and
washed twice (the last time with 10% normal goat serum). Cy5-
conjugated anti-rabbit IgG was mixed with rhodamine-phalloidin (5
U/ml) and added to the cells for 30 min at 37°C. For double
labeling, only one of anti-EGF, or anti-TGFR or anti-FGFR and
appropriate secondary antibodies was used. This staining was used
also in some experiments with triple staining to make sure the
triple-staining results were not caused by excessive cross-reaction.
For negative control staining, only the secondary antibodies were
incubated with the cells. No positive staining was observed with
secondary antibodies alone. When monoclonal anti-TGFR or anti-
FGFR was used, anti-mouse IgM (m-chain specific) FITC conjugate
(Sigma) was used with rhodamine-phalloidin. After washing twice
with PBS, slides were mounted in Vectorshield (Vector Laborato-
ries, Peterborough, United Kingdom) and viewed with a Bio-Rad
(Hercules, CA) MRC 1024 confocal microscope.

For live cell labeling, antibodies were diluted in serum-free
DMEM. After two washes (10 min each) with serum-free DMEM,
cells were incubated with primary antibodies at 37°C for 30 min,
washed twice, and incubated with secondary antibodies. A cover-
slip roof was attached, and appropriate medium replaced the wash-
ing solution (as described above, Cell Cultures and EF Stimulation).
Slides were mounted on the confocal microscope, and EF was
applied as before.

For fluorescein-conjugated EGF labeling, cells were washed with
ice-cold PBS after 3 h of EF application (150 mV/mm) and kept on
ice or in an ice-cold environment thereafter. Cells were incubated
with ice-cold serum-free medium with fluorescein EGF (100 ng/ml)
for 1 h, washed with ice-cold PBS, and immediately viewed on an
ice-cold stage with fluorescent and confocal microscopes.

To quantify the asymmetric distribution of growth factor recep-
tors or F-actin, fluorescence intensity was measured for cathodal-
and anodal-facing sides. Well-spread, positively stained cells show-
ing asymmetric distribution of staining were selected. The images
were typically three to five frame averaged. A cell projection or a
section of cell was divided into left (cathodal) and right (anodal)
halves by a vertical line through the center of the cell or center of the
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nucleus perpendicular to the EF vector. In cells with well-defined
cathodal patches of fluorescence, the polygon selection function was
used, and the complete, positively stained area was measured.
Measurements also were made using the same polygons from the
anodal half, opposite from the cathodal patches (along the axis of
the EF). Polygons were drawn with Bio-Rad LaserSharp 2.1a and
avoided including areas near cell boundaries, where fluorescence
intensity was near background. Freehand polygonal areas were
drawn also to determine membrane–juxtamembrane region label-
ing, as opposed to intracellular labeling. An asymmetric index was
calculated: Ai 5 (Cfi 2 Afi)/(Cfi 1 Afi) for each cell or cell section,
where Cfi represents mean cathodal side fluorescence intensity, and
Afi is mean anodal side fluorescence intensity. Acellular areas in the
same image were measured as background and subtracted from
cellular measurements. This method avoids potential artifacts at-
tributable to differential expression and detection of given proteins
within different cells. A cell with uniform fluorescence staining will
have an Ai of 0. A cell with fluorescence staining totally restricted to
the cathodal half will have an Ai of 1, whereas a cell stained only in
the anode-facing half will have an Ai of 21. Therefore, Ai values .0
indicate cathodal accumulation of fluorescence staining, with stron-
ger cathodal staining giving Ai values progressively closer to 1. The
average Ai from a group of cells gives an objective estimate of
fluorescence staining asymmetry across the group.

Statistical analyses were made using unpaired, two-tailed Stu-
dent’s t test or Welch’s unpaired t test when SDs were significantly
different from each other. Data are expressed as mean 6 SEM,
unless stated otherwise.

RESULTS

FN and LAM Enhance Cathodally Directed
Migration of CECs
CECs cultured without applied EFs migrated ran-
domly, with directedness near 0 (Zhao et al., 1996a). In
EFs, both single cells and sheets of cells moved
cathodally (Zhao et al., 1996a,b). Cathodal-directed
motility increased on FN or LAM (Figure 1; compare
with Zhao et al., 1996a, their Figure 3) and was con-
centration dependent. Concentrations .100 and ,0.01
mg/ml did not enhance cathodal directedness (Figure
2). At most concentrations, LAM more effectively stim-
ulated directedness than FN (Figures 1 and 2). Direc-
tional migration of CECs required serum (Zhao et al.,
1996a). CECs on a range of FN or LAM concentrations
in serum-free DMEM (150 mV/mm) lost all cathodal
directedness (Figure 1).

LAM and FN Increased the Rate of Cell
Migration in EF
FN or LAM alone did not alter cell speed (Figure 3A),
which remained low, ;5 mm/h in serum-free me-
dium. Serum increased cell speed on uncoated plastic
and on FN or LAM substrates (Figure 3B), although
high concentrations of FN (100 mg/ml) suppressed the
migration rate in serum (Figure 3B). Cells on non-
coated dishes in EF moved at 11.6 6 0.8 mm/h (n 5
183) but moved faster on FN or LAM in the same EF
(150 mV/mm; Figure 3, B and C). This also was con-
centration dependent. On FN (0.1–100 mg/ml), en-
hanced rates were constant, ;16 mm/h, although at

100 mg/ml enhanced cathodal directedness was lost
(compare Figures 2 and 3C). LAM also increased the
migration rate at 0.1 mg/ml, but higher concentrations
were less effective. Only when FN or LAM and EF
were present together did migration rate increase sig-
nificantly (Figure 3).

The synergistic effect of ECM and EF on migration
rate also depended on serum. Cells on FN or LAM in
EF but no serum migrated slowly, like those with no
EF, no substrate coating, and no serum (Figure 3,
compare A and B).

Figure 1. Typical translocation of bovine CECs over 5 h in EF (150
mV/mm). Substrate and serum dependency are illustrated. Each
point represents a single cell, located initially (0 h) at the center of
the circular graph with final location plotted after 5 h in EF. The
radius of each circle is 200 mm, and average cell length is ;20 mm.
The average cosine (directedness) of the distribution 6 SEM and the
number of cells plotted are indicated at upper right of each distri-
bution. (for distributions for unstimulated cells and cells exposed to
EF alone, see Zhao et al., 1996a).
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Inhibition of MEK Significantly Reduced EF-directed
Cell Migration
The MAPK inhibitor PD98059 significantly reduced
both the migration rate and directedness of CECs in
EF. Migration rate dropped from 6.6 6 0.4 mm/h in
serum-free medium plus EGF to 4.5 6 0.3 mm/h (n 5
170–198; four experiments; p , 0.0001) after drug
exposure. Drug-treated cells therefore migrated at the
same rate as those in serum-free medium plus EFs
(Zhao et al., 1996a; 4.8 6 0.8 mm/h), indicating that the
effect of adding EGF on the migration rate of CECs in
EFs was completely abolished. Directedness also
dropped significantly from 0.78 6 0.02 to 0.60 6 0.04
(n 5 170–198; four experiments; p , 0.001) in PD98059
but remained substantial. Treatment with PD98059
also reduced the migration rate of CECs on LAM or
FN significantly (p , 0.001, two experiments) from
control of 16.7 6 0.54 mm/h (n 5 123) to 11.8 6 1.18
mm/h (n 5 45) on FN and 16.3 6 0.98 mm/h to 8.33 6
0.8 mm/h (n 5 90) on LAM (coating concentration, 0.1
and 10 mg/ml, respectively). However, the directed-
ness remained unchanged for cells on both substrata
exposed to EFs (our unpublished results).

EF Exposure Increased Expression of EGFR
With negative isotype and second antibody control as
background, positively stained cells were recognized
as total expression of EGFR and gated as M1 (with
background gated events set to ,1% of total popula-
tion). Within gate M1, two peaks of EGFR-labeled
CECs were distinguished (Figure 4A) and further di-

vided and gated as M2 and M3. Gate M2 represents a
lower amount of EGFR expressed on the cell surface,
recognized by dim fluorescence, which we defined as
EGFRLow. Gate M3 represents a high amount of EGFR
expressed on the cell surface, recognized by bright
fluorescence, which we defined as EGFRHigh. The cells
for these experiments were cultured on plastic for ;16
h before EF application. After a further ;16 h in a
physiological EF (100–150 mV/mm; 37°C, 5% CO2,
95% humidity), the percentage of membrane EGFR-
positive cells increased significantly (Figure 4B). The
EGFRLow-expressing cells increased most (p , 0.05),
from control value of 16.1 6 1.4% (n 5 5) to 22.0 6
1.8% (n 5 8 at 100–150 mV/mm), making a significant
(p , 0.05) increase in the total percentage of positive
cells, from control value of 25.3 6 1.6% (n 5 5 with no
EFs) to 34.3 6 2.8% (n 5 8 at 100–150 mV/mm).

Figure 2. FN or LAM significantly increased cathodal directedness
of migration. The enhancement was concentration dependent. **,
p , 0.01; *, p , 0.05 compared with that on the noncoated substra-
tum in same EFs (shown at right). Directedness of 0 indicates
random migration; directedness of 1 indicates all cells migrated
directly cathodally; and 21 indicates direct anodal migration of all
cells along the field vector. For methods of determining directed-
ness, see Zhao et al. (1996a). Number of cells for each point, 43;221.

Figure 3. Migration rate of CECs cultured in: serum-free DMEM
(A) without EF (M) and with EF at 150 mV/mm (o) and DMEM
plus 10% FBS (B) without EF (M) and with EFs at 150 mV/mm (o).
**, p , 0.01 compared with that on the noncoated substratum
without EF. (C) Coating concentration dependency of migration rate
in serum-containing DMEM at 150 mV/mm. *, p , 0.05 compared
with noncoated substratum in same EFs (shown at right). Number
of cells for each point, 38;221.
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However, average EGFRHigh remained unchanged
(11.1 6 1.3%; n 5 8; at 100–150 mV/mm versus 9.3 6
1.5%; n 5 5; with no EFs), although a few experiments
showed a dramatic increase in the percentage of
EGFRHigh cells. Mean fluorescence intensity, corre-
sponding to the number of EGFRs per cell, did not
increase (our unpublished results). Interestingly, up-
regulation did not occur in cells exposed to higher EFs
(200–300 mV/mm; n 5 4): percents of EGFR total,
EGFRLow, and EGFRHigh were 25.7 6 2.1, 19.0 6 1.2,
7.1 6 0.7%, respectively. Serum starvation might be
expected to increase the membrane expression of
EGFR, but we found no significant increase (EGFR
total, 29.0 6 2.0%; EGFRLow, 16.4 6 1.2%; EGFRHigh,
12.6 6 1.5%; n 5 7).

Culturing CECs in serum-free medium plus an EF
(100–150 mV; n 5 3; 200–300 mV; n 5 4) did not induce
EGFR up-regulation (Figure 4C; our unpublished re-
sults). To test whether receptor up-regulation by a small
EF depends on the ligand, cells in serum-free medium
with added EGF were assessed. Up-regulation of mem-
brane expression of EGFR by EF (100 mV/mm) plus
specific ligand was virtually identical to that seen in EF
plus 10% fetal calf serum: total expression, 33.14 6 0.46%
(n 5 2; p 5 0.09); up-regulation was seen largely for
EGFRLow: 22.07 6 0.02% (p , 0.01) (Figure 4D); whereas
EGFRHigh remained unchanged (11.48 6 0.48%) com-
pared with serum-free medium and 0 mV/mm. Addi-
tion of EGF alone to serum-free medium (no EF) did not
increase EGFR expression (p 5 0.91).

Figure 4. Representative fluores-
cent intensity flow cytometric histo-
grams show the effect of LAM or FN
with or without EF on membrane
expression of EGFR on CECs. Iso-
type-matched negative control,
OX21 as primary mAb, background
fluorescence was similar with sec-
ondary Ab as negative control. M1
(positively stained cells) was set
where the expression of gated events
was ,1% in isotype-matched nega-
tive control. (A) Control (without
substratum coating, no EF) cells
showed a population of positively
stained cells, region M1, which can
be further divided into a low peak
(region M2) representing a subpopu-
lation of low EGFR expression
(EGFRLow) and a higher peak (region
M3) representing a subpopulation of
high EGFR expression (EGFRHigh)
expression. (B) After 12 h in EF (100
mV/mm), positively stained cells in-
creased, as shown by gated events in
M1 as total, M2 as EGFRLow expres-
sion cells (p , 0.01), and M3 as
EGFRHigh expression cells. The cells
were cultured on plastic without
substratum coating. (C) Withdrawal
of serum from culture medium and
exposed to EF (100 mV/mm) for
13 h shows a significant decrease in
EGFR expression (p , 0.05 for
EGFRHigh). The cells were cultured
on plastic without substratum coat-
ing. (D) Addition of EGF (25 ng/ml)
in serum-free medium and EF (100
mV/mm) for 13 h; EGFRLow expres-
sion was significantly up-regulated;
compare with C. Also see text for
detailed numerical data. (E) Signifi-
cant increases in total EGFR expres-
sion and more dramatically in
EGFRHigh were evident for CECs
cultured on substratum of LAM (1
mg/ml) followed by 3 h of EF expo-
sure at 100 mV/mm.
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FN or LAM Substratum Increased Expression of
Membrane EGFR
The effects of FN or LAM alone or in combination with
EFs in modulating EGFR expression on CECs also
were tested. To minimize possible effects of secreted
ECM, which occurs 18;24 h after seeding CECs (Su-
grue and Hay, 1982; Ohji et al., 1993), CECs cultured
for ;15 h on plastic or on substratum of FN or LAM
were exposed to EF for 3 h (100 mV/mm) in separate
experiments.

Membrane EGFR expression of CECs cultured on
plastic for ;15 h followed by 3 h of EF exposure
remained unchanged compared with that of the cells
not stimulated with EF (Table 1).

CECs on FN or LAM alone (1 mg/ml coating con-
centration) for ;18 h, however, did show significantly
higher total expression of membrane EGFR even with-
out applied EFs. There were no significant changes in
EGFRLow or EGFRHigh for those cells (Table 1).

FN or LAM (;15 h) plus 3 h of EF exposure in
medium with or without serum did not further up-
regulate total membrane EGFR expression. (Cells were
cultured in DMEM with 10% serum for ;15 h before
EF exposure and serum-free exposure. Only during
the 3-h EF exposure was serum-free DMEM used.)
However, analyzing EGFRLow and EGFRHigh sub-
populations in the cells revealed an interesting issue.
EGFRHigh tended to be higher for the cells cultured on
FN or LAM than on plastic whether EFs were applied
(Table 1). When those cells on substrata of FN or LAM
were further subjected to 3 h of 100 mV/mm, signifi-
cant increases in EGFRHigh became evident. This was

particularly true for the cells cultured on FN followed
by 3 h in serum-containing medium at 100 mV/mm
and cells cultured on LAM followed by 3 h at 100
mV/mm in a medium with or without serum (Table
1). A dramatic increase in EGFRHigh was evident for
the cells cultured on LAM followed by 3 h of exposure
to 100 mV/mm in serum-free medium (Figure 4E).

Mean receptor numbers per cell (mean fluorescence
intensity) did not change, with EF, FN or LAM, or EF
plus FN or LAM (our unpublished results).

Three Growth Factor Receptors and Actin Are
Redistributed by a Physiological EF
Mean fluorescence intensity of probes for growth fac-
tor receptors and for actin on the cathodal- and anod-
al-facing halves of CECs was assessed, and asymmet-
ric indices (Ai) for 10–20 single cells were calculated
(see MATERIALS AND METHODS).

Early EF-induced Redistribution of EGFR and Actin
Are Serum Dependent
With no EF, most cells showed no asymmetry of
EGFRs or actin staining (Figure 5, a and a9). After
exposure to an EF (150 mV/mm) in serum-containing
medium, EGFR and actin staining redistributed and
accumulated at the cathode-facing side of the cells
(Figure 5, c and c9) (38% of 587 cells showed clear
asymmetry of receptors). Figure 6 shows the dynamic
cathodal accumulation of EGFR in a live cell. After 10
min in an EF (300 mV/mm), EGFR had accumulated
cathodally. The increase of cathodal EGFR staining

Table 1. Effects of EF and fibronectin or laminin on membrane expression of EGF receptors on corneal epithelial cells

EF strength

No coating

Substratum

Fibronectin (1 mg/ml) Laminin (1 mg/ml)

0 mV 100 mV 0 mV 100 mV 0 mV 100 mV

In DMEM with 10% FCS
Total expression (%) 43.13 6 5.35

(n54)
43.46 6 4.56

(n54)
49.91 6 3.79a

(n58)
56.22 6 6.04a,b

(n54)
48.87 6 2.86c

(n56)
52.66 6 3.24a,b

(n56)
Low expression (%) 32.71 6 8.50 35.83 6 2.34 29.95 6 8.80 32.07 6 6.45 30.14 6 10.60 31.57 6 12.00
High expression (%) 10.45 6 4.67 7.78 6 2.78 17.79 6 11.34 24.52 6 8.27a,b 19.02 6 12.59 25.40 6 13.17a,b

In serum-free DMEM
Total expression (%) 38.97 6 6.76

(n52)
44.73 6 5.86

(n52)
51.51 6 3.16(4)a

(n54)
51.59 6 3.12c

(n53)
50.47 6 2.91a,d

(n56)
56.40 6 7.79a,d

(n57)
Low expression (%) 25.23 6 0.75 31.60 6 7.40 32.46 6 10.05 27.74 6 10.50 29.51 6 88 27.10 6 12.73
High expression (%) 13.90 6 6.04 13.44 6 1.42 21.31 6 7.15 30.18 6 10.00 21.28 6 10.34 33.41 6 9.63a,b

EF exposure time, 3 h; values are mean 6 SD; FN and laminin coating concentration was 1 mg/ml. The cells were first cultured in DMEM
with 10% FCS. Only during EF exposure was the serum-free medium used.
a p , 0.05 when compared with that from cells cultured on noncoated dishes without applied EFs.
b p , 0.05 when compared with that from cells cultured on noncoated dishes with 100 mV/mm applied EFs.
c p 5 0.056;0.058 when compared with that from cells cultured on noncoated dishes without applied EFs.
d p 5 0.09 when compared with that from cells cultured on noncoated dishes with 100 mV/mm applied EFs.
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Figures 5 and 6.
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was more obvious at 20 min with a concomitant de-
crease in anodal staining. In serum-free medium, how-
ever, no cathodal accumulation of EGFR or actin was
observed for cells exposed for 3 h to EFs of 150
mV/mm (Figure 5b) or for live cells exposed to an EF
of 300 mV/mm (our unpublished results).

Ai was used to quantify EGFR and actin asymmetry
(see MATERIALS AND METHODS for details). An Ai
value close to 0 indicates symmetric distribution. In-
creasing asymmetric accumulation is indicated by a
higher value of Ai from 0 to 1. There are two impor-
tant points. 1) EF-induced asymmetry was voltage
dependent; there was a higher Ai at higher field
strength. Cells exposed to EF for 3 h had Ai values for
EGFR of 0.19 6 0.06 at 150 mV/mm and 0.30 6 0.09 at
250 mV/mm, both significantly higher than the con-
trol: 20.06 6 0.05 (p , 0.05; average of 10–20 cells). 2)
EF-induced asymmetry was serum dependent. In se-
rum-free medium, the Ai value for EGFR was 20.01 6
0.04 at 150 mV/mm, showing no obvious asymmetry.
Even exposure to 250 mV/mm did not increase the Ai
of EGFR significantly (0.16 6 0.08; p 5 0.08 compared
with no field control). Ai for actin was 0.34 6 0.07 (n 5
10) when cultured in 150 mV/mm with 10% FBS,
whereas Ai failed to rise when cultured in serum-free
medium (Ai 5 0.06 6 0.26; n 5 21) at the same field
strength. When exposed to 300 mV/mm in 10% FCS,
Ai for EGFR in live cells (n 5 7) was 20.02 6 0.01 at
0 min, 0.07 6 0.05 at 10 min, and 0.37 6 0.13 at 20 min
(p , 0.05 when compared with that at 0 min), whereas
cells cultured in serum-free medium did not show
significant changes in Ai at the same field strength. To
test whether growth factors might facilitate cathodally
directed growth factor receptor accumulation, we
added TGF-b1 to serum-free culture medium (1.5 pg/
ml). This is one of the growth factors that partially
restored EF-induced directional migration of CECs in
serum-free medium (Zhao et al., 1996a). Clear cathodal

accumulation of EGFR and TGFR and rhodamine-
phalloidin staining for actin filaments were observed
(our unpublished results). We have not done the
equivalent experiment with EGFR ligand.

Redistributed receptors were capable of binding
EGF, because there was marked cathodal accumula-
tion of EGFR–fluorescein EGF complexes after 3 h of
EF exposure (Figure 7a). The Ai values also show
voltage and serum dependency of the cathodal accu-
mulation of this ligand–receptor complex (Figure 7b).

Membrane and Intracellular Asymmetry of EGFR
and F-actin
Cathodal asymmetry was also analyzed using hori-
zontal and vertical optical sections to reveal the sub-
cellular distribution of receptor and actin staining.
Qualitative observations and Ai calculations of single

Figure 5 (facing page). Confocal images of CECs double labeled
for actin filaments (red) and EGFR (green). Colocalization is indi-
cated by yellow. (a) Cell cultured without EF, no obvious asymmet-
ric distribution of EGFR or F-actin. (b) Cell cultured in serum-free
medium at 150 mV/mm, no obvious asymmetric distribution of
EGFR or F-actin. (C) Cell cultured in EF in serum. Obvious accu-
mulation of EGFR and F-actin cathodally was evident. (a9–c9) Flu-
orescence intensity in arbitrary units along a line drawn across the
cells in a–c, respectively. Asymmetry of both actin and EGFR is
evident both visually and digitally only for the cell in c.

Figure 6 (facing page). (A) Confocal images of a live CEC labeled
with EGFR antibodies, showing dynamic accumulation of EGFR at
the cathode facing side (arrows) when exposed to 300 mV/mm for
a 20-min duration, cultured in DMEM with 10% FBS. Bar, 20 mm. (B)
Asymmetry of EGFR and F-actin in a cell exposed to 150 mV/mm
for 3 h. (B9) Representative vertical section (through the line drawn
across the cell in B) shows actin and EGFR staining in an interdig-
itating pattern in punctate spots near the cell–substratum interface.

Figure 7. Marked cathodal accumulation of EGFR on live CECs
revealed by fluorescein EGF binding. (A) Cells were exposed to EF
for 3 h at 150 mV/mm and labeled as described in MATERIALS
AND METHODS. (B) Ai of EGFR (in 10–20 cells for each group) as
revealed by fluorescein EGF binding (see MATERIALS AND
METHODS for details). An Ai value .0 indicates higher fluores-
cence intensity on the cathodal facing side; values close to 1 indicate
extreme cathodal asymmetry of EGFR. *, p , 0.001 when compared
with that of the cells in serum-free medium or cells not exposed to EF.
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horizontal sections from base to top together indicate
that well-spread cells showed greater cathodal asym-
metry of EGFR in basal layers, whereas for less-spread
cells, a higher Ai was evident in the middle or top
layers. EGFRs accumulated cathodally both at the
leading edge and intracellularly; the latter was largely
perinuclear. We analyzed these separately. Intracellu-
lar and membrane–juxtamembrane regions were se-
lected (see MATERIALS AND METHODS), and Ai
values were calculated. The most marked cathodal
asymmetry was found for membrane-associated stain-
ing for EGFR and for F-actin. The greatest asymmetry
of membrane EGFR occurred in serum-containing me-
dium at 150 mV/mm (Ai 5 0.40 6 0.06 compared with
20.03 6 0.06 for control cells [no EF]; n 5 10; p 5
0.0002). EF exposure also induced asymmetry of EGFR
staining intracellularly (Ai 5 0.18 6 0.04; no EF 5
0.03 6 0.04; n 5 10; p 5 0.04). Membrane F-actin (at
the leading edge) also accumulated cathodally after EF
exposure, (Ai 5 0.28 6 0.03; no EF 5 0.08 6 0.06; p ,
0.01). Intracellular Ai for F-actin also suggested
cathodal asymmetry (0.23 6 0.05) but was not statis-
tically different from no EF control values of 0.07 6
0.12.

Close Colocalization of EGFR and F-actin
Both F-actin and EGFRs accumulated cathodally and
frequently were observed colocalized or adjacent to
each other (Figure 5, c and c9). These observations
were quantified by optically sectioning 10 cells (EF 150
mV/mm; 3 h) and assessing the Ai for both EGFR and
for actin in parallel in each of 96 optical sections. The
mean Ai was very similar for each probe (0.38 6 0.07
for EGFR, 0.34 6 0.07 for actin). The paired values
were highly correlated (R 5 0.72; p , 0.001, two-tailed
Pearson correlation test), indicating a high degree of
colocalization. A representative Ai as a function of
position (base to top) in one cell is shown in Figure 8.
A similar pattern with a high correlation between Ai
for F-actin (Figure 8A) and Ai for EGFR (Figure 8B)
was observed in 9 of 10 cells. EGFR and actin therefore
were asymmetric to a similar extent in similar loca-
tions. This asymmetry in cathodal- and anodal-facing
half cells was further refined. Asymmetrical distribu-
tion of EGFR and actin associated with either mem-
brane, or intracellular locations also were assessed and
showed marked correlation, perhaps indicating causal
relationships. The Ai for membrane EGFR was highest
and was highly correlated with the Ai for intracellular
EGFR and for membrane F-actin and intracellular F-
actin (R 5 0.32, 0.62, and 0.53, respectively; p , 0.004).
The Ai for membrane-associated F-actin also corre-
lated well with that for intracellular EGFR and for
intracellular F-actin (R 5 0.23 and 0.61, respectively;
p , 0.05).

At the cell–substratum interface, EGFR and actin
staining frequently were colocalized and interdigi-
tated, to form “tank track”–like repeats of red (actin
filament) and green (EGFR) staining (Figure 6, B and
B9). This intriguing interdigitated pattern of EGFR and
actin staining close to the cell–substrate interface was
obvious in 9 of 10 cells.

EF-induced Asymmetry of FGFR and TGFR II
Like EGF, bFGF and TGF-b1 also partially restored
cathodally directed migration of CECs in serum-free me-
dium (Zhao et al., 1996a). Perhaps the receptors for these
growth factors also redistribute and accumulate cathod-
ally. CECs in EF for 3 h (150 mV/mm) did not show a
clear asymmetry of FGFR or TGFR, although a weak
cathodal asymmetry of TGFR was seen after contrast
enhancement (our unpublished results). After 12–16 h in
EF (37°C), however, both TGFR and FGFR showed pro-
nounced EF-induced cathodal redistribution (Figure 9).
Asymmetry of TGFRs occurred in single cells (Figure
9A, vertical sections, V1 and V2) and grouped cells (Fig-
ure 9B, V3). Marked perinuclear asymmetry of TGFR is
evident in basal (Figure 9B9) and middle (Figure 9B0)
optical sections of the cells. Long (;16-h) EF exposure
also induced marked cathodal asymmetry of FGFR (Fig-

Figure 8. Ai of F-actin and EGFR from serial optical sections
through a single cell, showing close correlation of the subcellular
localization of F-actin (A) and EGFR (B). An Ai value .0 indicates
higher fluorescence intensity on the cathodal facing side; therefore,
values close to 1 indicate extreme cathodal asymmetry of F-actin or
EGFR. Each section is 0.5 mm thick.
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ure 9D), whereas control cells (no EF) showed no obvi-
ous asymmetry of FGFR (Figure 9C). Longer EF expo-

sure therefore revealed cathodal perinuclear asymmetry
for both TGFR and FGFR.

Figure 9. Confocal images of CECs exposed to EF of 150 mV/mm for 12–16 h and double labeled with rhodamine-phalloidin for F-actin
(red) and antibodies against growth factor receptors (green): TGFR (top panel) or FGFR (lower panel). Colocalization is indicated by yellow.
(A) Two single cells showing stronger staining at the cathodal side for both TGFR and F-actin. (V1 and V2) Vertical sections along the line
V1 and V2 in A. (B) Grouped cells also show accumulation of TGFR staining at the cathodal side (arrows). (V3) Vertical section cut along line
V3 in B shows asymmetric accumulation of TGFR at the cathodal facing side. (B9 and B0) TGFR and F-actin asymmetry in the basal and middle
sections of B. (C) Two control cells (no EF exposure) show F-actin and FGFR staining. (D) Striking asymmetric distribution of the FGFR
(green) and actin (red) observed in two cells after 16 h in EF of 150 mV/mm.
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Asymmetry of TGFR and FGFR also was quantified.
After 16 h of EF exposure at 150 mV/mm, the Ai for
TGFR increased to 0.17 6 0.08 (n 5 9), significantly
higher (p 5 0.013) than no EF control, 0.05 6 0.11 (n 5
13). A striking increase in Ai for FGFR staining was
found after 16 h of exposure to EF of 150 mV/mm:
0.61 6 0.08 (n 5 14); p , 0.01 compared with control.
However, a short duration (3 h) of EF exposure did
not increase Ai of FGFR: Ai values for FGFR were
0.02 6 0.05 for the control; 20.01 6 0.05 for the cells
exposed to 150 mV/mm in DMEM with 10% FCS;
0.03 6 0.06 for the cells exposed to 250 mV/mm in
DMEM with 10% FCS; and 0.06 6 0.04 for the cells
exposed to 150–250 mV/mm in serum-free medium
(n 5 10–20 cells).

DISCUSSION

Corneal wounding induces secretion of EGF and FN,
the latter acting as a transient matrix for epithelial
migration (Gipson and Inatomi, 1995). Endogenous,
laterally oriented EFs also are induced after corneal
injury (Chiang et al., 1992), and cultured CECs migrate
cathodally in similar, physiological EFs (Zhao et al.,
1996a,b). (We used field strengths two- to threefold
greater than those measured in vivo [42 mV/mm], but
these are underestimates [Chiang et al., 1992]. The
theoretical maximum in vivo is as much as 500 mV/
mm.) When these elements were combined, both the
speed and the extent of cathodal directedness in-
creased on FN or LAM, and both events were serum
dependent. Because EGF restored cathodal-directed
migration in serum-free medium, we tested the hy-
pothesis that EGFR activation may be an early event in
EF-directed CEC migration. EF, FN, or LAM each
up-regulated membrane expression of EGFRs (all en-
hance cathodal directedness), whereas EGFRs and po-
lymerized actin redistributed to accumulate cathod-
ally, with a time course and a pattern of colocalization
consistent with a role in directing cell migration
cathodally. Additionally, up-regulation of EGFRs and
asymmetric redistribution of EGFRs and actin all re-
quired serum.

Enhancement of Migration Speed: Serum Dependency
FN or LAM with or without serum and FN or LAM
with EF but no serum did not increase rates of cell
movement. Only cells grown on FN or LAM with EF
and serum showed an increased speed of migration.
Cells may migrate in response to chemotactic (growth
factor) and/or haptotactic (ECM protein) stimuli,
which may be spatially distributed in concentration
gradients. However, multiple stimuli such as FN or
LM with EF and growth factors alter speed of migra-
tion as well as directionality (see below). This may
indicate that the coordinated interaction of these stim-

uli alters the kinetics of the migratory response signal-
ing pathway, perhaps via intracellular regulation of
second messenger responses, e.g., via rates of phos-
phorylation and dephosphorylation of receptors. Such
interactions seem likely. For instance, human CECs
migrate on FN only in the presence of EGFR activa-
tion, and migration on FN is inhibited by antibodies to
EGF (Maldonado and Furcht, 1995). Similarly, anti-FN
antibodies inhibit EGF-stimulated migration of rabbit
CECs, indicating that migration may require activa-
tion of both growth factor receptors and the integrin
receptors for FN (Nishida et al., 1990). FN significantly
potentiates activation of MAPK by EGF in fibroblast
cells (Miyamoto et al., 1996) and endothelial cells
(Short et al., 1998) and only does so if the integrins are
both aggregated and occupied by ligand (Miyamoto et
al., 1996). ECM and EGF may interact to activate
MAPK at the level of integrin aggregation, integrin
occupancy, and growth factor binding (Miyamoto et
al., 1996). The present study shows that additionally
there may be regulation of EGFRs by ECM (see Up-
regulation of EGFR by FN and LAM). Serum depen-
dency of faster, ECM- and field-induced cell speed
may represent a requirement for EGF and the induc-
tion of a shift to more optimal levels of cell–substra-
tum adhesiveness (Palecek et al., 1997).

There may be changes also in the total number of
receptors expressed on migrating cells, making more
receptors available to bind excess ligand. Adding se-
rum to cultured fibroblasts increased gene expression
for FN, FN receptors, actin, and tropomyosin within
15 min (Ryseck et al., 1989). EGF increased synthesis
and secretion of FN and may control integrin expres-
sion in CECs, because a2b1, a3b1, and anb1 integrins
all increased in wounded CECs (Elner and Elner,
1996). Additionally, growth factors, FN, and a single
electrical pulse (at a field strength 100- to 250-fold
stronger than used here; Pazmany et al., 1995) all
induced early activation of growth-related genes.
Whether immediate early gene expression is increased
by the much smaller and constant physiological EF
used here is not known.

Enhancement of Cathodal Directedness
LAM or FN did not induce directed migration. On FN
or LAM plus EF, migration was more sharply focused
directly toward the cathode. LAM was more effective
than FN, although below and above a range of con-
centrations, enhancement of directedness was lost
(Figures 1 and 2). LAM plus EF also enhanced migra-
tion rate, and similar concentrations were effective,
suggesting common mechanisms (compare Figures 2
and 3C). By contrast, FN- plus EF-enhanced migration
rates persisted at concentrations that no longer en-
hanced cathodal directedness (100 mg/ml; Figures 2
and 3C), suggesting separate underlying mechanisms.
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It is perhaps not surprising that the MAPK inhibitor
PD98059 did not reduce the directedness of CECs
cultured on FN or LAM in EFs to the same extent as it
reduced the migration rate. MEK1 is a downstream
element in EGF signaling. It is quite likely that the
asymmetry of EGFR serves as a steering wheel,
whereas the motor machinery activated through
MAPK-phosphorylating myosin moves the cells on
ECM (Klemke et al., 1997).

Potential Mechanisms: Up-regulation of
EGFR by EF
The EGFR is up-regulated by its ligand EGF and by
TNF and down-regulated in vitro by increasing cell
density (Holley et al., 1977; Earp et al., 1986; Palom-
bella et al., 1987). Additionally, LAM down-regulates
both the EGFR and insulin-like growth factor I recep-
tor on rat enterocytes (Wolpert et al., 1996). Up-regu-
lation of EGFRs by an EF or by FN or LAM is a novel
observation and adds to the tight regulation of this
receptor. The mechanisms underlying EGFR up-regu-
lation by EF or by ECM proteins in CECs are unclear.
However, because EGFR expression was determined
12–16 h after EF or ECM exposure, there would be
time for nuclear transcription and new protein synthe-
sis to occur, as well as recruitment of preexisting re-
ceptors. DC fields do regulate gene expression, e.g.,
c-fos, jun, and c-myc (Lin et al., 1994; Pazmany et al.,
1995; Sauer et al., 1997). In addition, EGFR up-regula-
tion was voltage dependent, occurring only at EF close
to the physiological wound field strength. Higher EFs
were ineffective. Wounding cornea or skin also in-
duced and up-regulated expression of EGFR (Wenc-
zak et al., 1992; Murata et al., 1993) and induced later-
ally oriented DC EF (Chiang et al., 1992). Perhaps the
EF is causal in up-regulating the EGFR in vivo.

Interestingly, EF did not up-regulate EGFRs in se-
rum-free medium, but this did occur if the ligand EGF
was present. This implicates the ligated EGFR as a
proximal element in EF-induced receptor up-regula-
tion. EGFR regulation probably involves ligand–re-
ceptor interaction and EF-induced, ligand-bound re-
ceptor clustering (see Redistribution of EGFR and
Actin below).

Up-regulation of EGFR by FN and LAM
CECs on FN or LAM also increased membrane expres-
sion of EGFR (Table 1). We do not know whether the
EGFR is actively synthesized in our experimental sys-
tem. If this is the case, one potential mechanism is that
ECM may stimulate TGF-b1 gene transcription
(Streuli et al., 1993), which in turn up-regulates EGFR
transcription and expression in fibroblasts (Thompson
et al., 1988). Integrin receptors and growth factor re-
ceptors (such as EGF) act synergistically by common
signaling pathways (Schlaepfer et al., 1994; Miyamoto

et al., 1996), and expression of integrin receptors in
CECs is specifically regulated by ECM ligands (Grush-
kin-Lerner et al., 1997). Perhaps EGFRs and integrin
receptors are up-regulated in parallel by FN, LAM, or
EF. Additionally, enhanced exportation from intracel-
lular pools of EGFR to the cell membrane cannot be
excluded.

The discovery that both EF and FN up-regulated
EGFR may be significant given that both stimuli are
early responses to corneal wounding. However, their
effects on EGFR up-regulation were not additive, sug-
gesting that they operate by a common and saturable
mechanism.

Redistribution of EGFR and Actin
Asymmetric redistribution of EGFR was demon-
strated in both live and fixed CECs exposed to EFs
using either antibody against EGFR (Figures 5, 6, and
8B) or the physiological ligand for the EGFR (Figure
7). The dynamics of receptor redistribution in live cells
also was demonstrated (Figure 6A).

EFs also induced cathodal accumulation and colo-
calization of EGFR and actin. Both AC and DC fields
redistribute cell surface receptors (including the
EGFR) and the actin cytoskeleton (Poo and Robinson,
1977; Luther et al., 1983; Giugni et al., 1987; McCaig
and Dover, 1991; Cho et al., 1994, 1996; Brown and
Loew, 1996), although the mechanisms differ, because
redistribution in an AC field is not along the field
vector (Cho et al., 1996). We propose that EGFR redis-
tribution cathodally leads to localized actin polymer-
ization at the EGFR–plasma membrane interface and
that these events respectively trigger and mediate
cathodal-directed CEC migration. The EGFR is an ac-
tin-binding protein (den Hartigh et al., 1992), and EGF
induces rapid remodeling of the actin cytoskeleton. In
human epidermal carcinoma cells, actin polymeriza-
tion is localized to activated EGFRs in the plasma
membrane and is not associated with internalized
EGFRs (Rijken et al., 1995). Moving the EGFR cathod-
ally, therefore, may be a key event, with downstream
consequences of asymmetry of actin polymerization.
Both receptor and actin asymmetries were serum de-
pendent. Ligated EGFRs may have considerably
greater lateral mobility within the plasma membrane
than unbound receptors. The IgE–Fce receptor com-
plex accumulated strongly cathodally on leukemic rat
basophils, whereas ligand-free Fce receptors showed
minimal cathodal accumulation in DC fields 10 times
those used here (McCloskey et al., 1984). Because nei-
ther EGFR nor F-actin accumulated cathodally in se-
rum-free medium, EGFR redistribution might be both
sufficient and necessary for subsequent actin asymme-
try. (We cannot exclude the possibility that cathodal
redistribution of some other receptor also might in-
duce actin accumulation cathodally.) Intracellular

Cell Migration, EGF Receptor, and Electric Fields

Vol. 10, April 1999 1271



EGFRs accumulated cathodally also, perhaps reflect-
ing initial asymmetry of membrane EGFRs and asym-
metric internalization. Significantly, EGFRs also accu-
mulated cathodally in cell sheets, and sheets of cells
migrate cathodally (Zhao et al., 1996b). This is impor-
tant because corneal wound healing involves migra-
tion of cell sheets, which maintain intercellular link-
ages (Dua and Forrester, 1989; Gipson and Sugrue,
1994). EF-induced F-actin redistribution to the leading
edge of single cells also may facilitate actin cable for-
mation at the leading edge of healing cornea, a process
that underlies the coordinated movement of cell sheets
(Danjo and Gipson, 1998).

In mouse fibroblasts, EGFR activation disassembles
focal contacts, and the extent of this is correlated with
increasing migration speed (Xie et al., 1998). EF-di-
rected, faster migration of CECs on FN or LAM also
may involve polarized focal contact disassembly and
integrin receptor redistribution (see above). We have
no data on integrin expression in migratory CECs,
although the a5b1 FN receptor redistributed on fibro-
blasts in a DC EF, with smaller aggregates accumulat-
ing cathodally and larger aggregates accumulating
anodally (Brown and Loew, 1996). Also, the LAM
receptor a6b4 redistributes and spreads out in
wounded corneal epithelium (in an endogenous,
wound-induced EF) to break up and decrease focal
adhesion in preparation for cell migration (Gipson
and Inatomi, 1995). Additionally, AC field-directed
migration of human macrophages was inhibited by
antibodies to the b2 but not the b1 integrin subunit
(Cho et al., 1997). Irrespective of the integrins in-
volved, close colocalization of EGFR, actin polymer-
ization, and integrin receptor turnover at dynamic
substrate contact points are likely to underpin
cathodal migration. An interesting pattern of interdig-
itated, colocalized EGFR clusters and F-actin was ob-
served (Figure 6B9), particularly cathodally at the cell–
substrate interface in CECs. The relationship of this to
directed cell migration or focal adhesion disassembly
is not known.

Our data indicate asymmetries both on the mem-
brane and intracellularly. The intracellular asymmetry
of EGFR and F-actin suggests a causal relationship
between the asymmetries of membrane EGFR and
membrane-associated F-actin and those of intracellu-
lar EGFR and F-actin. Live cells showed cathodal ac-
cumulation of EGFR within 10 min in an EF (Figure
6A). Binding with EGF (Figure 7A) may initiate asym-
metric cell signaling and EF-directed cell migration.
As activated membrane EGFRs, the internalized re-
ceptors that remain associated with EGF are also ca-
pable of phosphorylating endogenous substrates (Sor-
kin, 1996). Therefore, signals from activation of EGFRs
may be expected from both membrane and intracellu-
lar EGFR–EGF complexes, and both are distributed
asymmetrically in EFs. Asymmetry of intracellular

proteins will not result directly from EF exposure
(because of the high resistance of the cell membrane);
therefore, the new observations of cathodal accumu-
lation of intracellular EGFR probably indicate asym-
metric internalization of EGFR. One signaling path-
way used by the EGFR to engage cell migration
involves MAPK (Klemke et al., 1997). The MAPK in-
hibitor PD98059 significantly reduced EF-directed cell
migration, further supporting the notion of asymmet-
ric signaling triggered by asymmetric receptor activa-
tion.

The TGFR and FGFR also accumulated cathodally
but less strikingly and more slowly than the EGFR
(Figure 9). TGF and bFGF partially restored EF-di-
rected migration in serum-free medium over 5 h (Zhao
et al., 1996a). Whether the mechanism involves recep-
tor accumulation cathodally is unclear.

Physiological Significance
The basic mechanism of EF-directed cell motility and
its relevance in corneal wound healing are key issues.
EF-directed CEC migration may begin with cathodal
redistribution of EGFRs and culminate with asymmet-
ric polymerization of the actin cytoskeleton. Manipu-
lations that enhanced cell speed and cathodal direct-
edness, EF and EF plus FN or LAM, each up-regulated
the EGFR and redirected both EGFR and actin cathod-
ally. Higher, nonphysiological EFs, which did not up-
regulate the EGFR, resulted in slower speed, although
directedness was maintained (Zhao et al., 1996a,b).
Because growth factor receptor asymmetry can induce
directed cell movement, perhaps enhanced directed-
ness requires enhanced receptor asymmetry. The
EGFR is widely expressed and tightly regulated and
appears to control many aspects of cell motility (Xie et
al., 1998; Ware et al., 1998). It is satisfying and signif-
icant that a physiological EF may initiate directed cell
movement by using EGFR signaling.

Wounding collapses the transcorneal potential dif-
ference (PD) and creates a laterally directed EF
(Chiang et al., 1992). CECs cultured in a similar EF
migrate directionally. However, there is a question of
polarity (Figure 10). The inside positive transcorneal
PD drives current (flow of positive charge) below the
epithelial layers, out the wound with a return path in
the thin tear fluid film (Chiang et al., 1992). Direct
measurements of the resultant lateral fields indicate
that the higher resistance path, and the one across
which the greater voltage drop is measured, is the tear
fluid. In that layer, the wound is positive relative to
distant sites (Figure 10); yet in culture CECs migrate
cathodally. At subepithelial stromal levels, the resis-
tance to current flow was much lower, establishing
only a very small lateral fields, wound site negative
(Chiang et al., 1992). However, what has not been
determined experimentally is the more relevant lateral
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fields immediately below the upper epithelial layer,
where the tight junctons exist and across which the
transcorneal PD is established (Klyce, 1972; Wolosin,
1988). Immediately below the migrating surface epi-
thelia, cells are tightly packed, with little extracellular
space. Tissue resistance may be substantial and may
establish larger lateral fields with the wound negative.
Several epithelial cell types maintain a normal trans-
epithelial resistance, with functional tight junctions up
to a wound border (Hudspeth, 1982), whereas for
newly apposed cells, tight junctions are formed within
15 min. In healing stratified corneal epithelium, main-
tenance of functional tight junctions is indicated by the
presence of tight junction–specific protein occludin
and ZO-1 just one cell back from the leading edge
(Danjo and Gipson, 1998). Thus the upper aspect of a
migrating sheet of epithelium may “see” the wound as
an anode, whereas the lower surface would see a
cathode at the wound. In support of this, several re-
ports have demonstrated suprabasal cells rolling over
the basal cells to assume a position at the leading edge
of healing tongue in reepithelialization (Krawczyk,
1971; Garlick and Taichman, 1994). This is consistent
with a role for EF in directing corneal cell movement
into a wound but may involve a complex push–pull
type of EF-induced behavior on the upper and lower
surfaces, respectively, of a migrating corneal epithelial
sheet (Figure 10).
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