Biophysical Journal Volume 88 February 2005 1479-1488 1479

Directional Persistence of EGF-Induced Cell Migration Is Associated
with Stabilization of Lamellipodial Protrusions

Brian D. Harms,* Gina M. Bassi,* Alan Rick Horwitz,* and Douglas A. Lauffenburger*Jr

*Department of Chemical Engineering, tDepartment of Biology, and Biological Engineering Division, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139; and *Department of Cell Biology, University of Virginia, Charlottesville, Virginia 22908

ABSTRACT Migrating cells can sustain a relatively constant direction of lamellipodial protrusion and locomotion over timescales
ranging from minutes to hours. However, individual waves of lamellipodial extension occur over much shorter characteristic times.
Little understanding exists regarding how cells might integrate biophysical processes across these disparate timescales to control
the directional persistence of locomotion. We address this issue by examining the effects of epidermal growth factor (EGF)
stimulation on long-timescale directional persistence and short-timescale lamellipodial dynamics of EGF receptor-transfected
Chinese hamster ovary cells migrating on fibronectin-coated substrata. Addition of EGF increased persistence, with the
magnitude of increase correlating with fibronectin coating concentration. Kymographic analysis of EGF-stimulated lamellipodial
dynamics revealed that the temporal stability of lamellipodial protrusions similarly increased with fibronectin concentration. A
soluble RGD peptide competitor reduced both the persistence of long-timescale cell paths and the stability of short-timescale
membrane protrusions, indicating that cell-substratum adhesion concomitantly influences lamellipodial dynamics and directional
persistence. These results reveal the importance of adhesion strength in regulating the directional motility of cells and suggest that
the short-timescale kinetics of adhesion complex formation may play a key role in modulating directional persistence over much

longer timescales.

INTRODUCTION

Cell migration plays an essential role in normal and patho-
logical processes such as embryonic morphogenesis (Keller,
2002), inflammation and the immune response (Hart, 2002),
wound healing (Martin, 1997), metastatic cancer (Kassis etal.,
2001), rheumatoid arthritis (Szekanecz and Koch, 2000), and
atherosclerosis (Kraemer, 2000). Critical to both normal and
dysregulated motility is the adhesive interaction between cells
and substratum. Formation of adhesions at the leading edge of
migrating cells stabilizes lamellipodial protrusions, whereas
movement of the cell body requires both generation of traction
force against the substratum and the regulated release of
adhesions at the cell rear (Lauffenburger and Horwitz, 1996;
Mitchison and Cramer, 1996).

Migrating cells follow a persistent random walk model
parameterized by both cell speed (S) and directional
persistence time (P). Persistence characterizes the average
time between significant changes in the direction of a cell’s
translocation (Dunn, 1983; Gail and Boone, 1970; Othmer
et al., 1988). The existence of a biphasic relationship be-
tween cell adhesion strength and speed is well-established,
with maximal speed occurring at intermediate levels of
adhesion (DiMilla et al., 1993; Goodman et al., 1989;
Maheshwari et al., 1999; Palecek et al., 1997). In contrast,
previous studies of the correlation between cell adhesion
and persistence are contradictory, with both biphasic
and inverted biphasic relationships having been reported
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(DiMilla et al., 1993; Ware et al.,, 1998). As such, the
adhesive regulation of directional persistence is poorly
understood and requires further study.

Because a cell must extend an adherent new leading
lamellipod to change its direction of locomotion, the
relationship between cell-substratum adhesion and lamelli-
podial protrusion dynamics is expected to play an important
role in the adhesion-based modulation of directional
persistence. Lamellipodial protrusion in migrating cells
occurs via repeating waves of actin polymerization and
membrane ruffling (Bailly et al., 1998b; Bear et al., 2002;
Hinz et al., 1999). It has been reported that these waves of
membrane extension do not require adhesion to occur, but
that cell-substratum adhesion conditions the shape and
stability of the protrusions (Bailly et al., 1998b). Importantly,
although the extension and retraction of an individual
lamellipodial wave occurs on the order of seconds to
minutes (Bear et al., 2002; Hinz et al., 1999), the random
directional behavior of a cell manifests at much longer
timescales. Thus, a crucial part of understanding adhesion-
mediated directional persistence is deconstructing whether
adhesion-mediated variations in short-timescale spatial and
temporal lamellipodial dynamics can control changes in
long-timescale persistence time.

This work describes how variations in fibronectin-mediated
cell-substratum adhesion affect both the long-timescale
directional persistence and short-timescale membrane dy-
namics of migrating cells stimulated by the epidermal growth
factor (EGF). The overexpression and ligand-induced
activation of EGF receptor (EGFR), a prototypic receptor
tyrosine kinase, correlates with increased invasiveness of
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tumors in vivo and increased migration of cell lines in vitro
(Fontanini et al., 1995; Jorissen et al., 2003; McCrawley et al.,
1997; Turner et al., 1996; Verbeek et al., 1998). EGF is also
known to stimulate both actin polymerization and lamellipo-
dial extension (Kurokawa et al., 2004; Nogami et al., 2003;
Segall et al., 1996; Wells et al., 1999). Our model system
consisted of Chinese hamster ovary (CHO) cells transfected
with an EGFR-green fluorescent protein (GFP) fusion
protein. Our choice of this system derived from the weakly
adhesive nature of CHO cells. In weakly adherent cells,
lamellipodial extension rate has been shown to limit EGF-
mediated cell speed (Maheshwari et al., 1999). Also, unlike
other weakly adherent cells like neutrophils and keratocytes
that ‘“‘glide’” smoothly, CHO cells exhibit membrane
extension steps that are relatively distinct from actual cell
translocation. Together, these traits made CHO cells an
attractive model system for studying the relationships
between cell-substratum adhesion, lamellipodial protrusion,
and the directional persistence of cell locomotion.

We find that EGF stimulation increases CHO cell motility,
with the magnitude of increase correlating monotonically
with increasing fibronectin (Fn) surface concentration. This
increased motility results entirely from a Fn-dependent
upregulation of persistence time in the presence of EGF, and
actually conceals a mild decrease in cell speed. Both the
overall increase in persistence due to EGF stimulation and
the Fn-dependence of the magnitude of increase correlate
with the temporal stability of individual waves of lamelli-
podial protrusion and retraction. Addition of soluble
GRGDSP peptide, a competitive inhibitor of cell adhesion,
decreases both persistence time and lamellipodial stability,
indicating that directional migration is enhanced by
adhesion-mediated protrusive stabilization. Our findings
suggest that the short-timescale kinetics of adhesion complex
formation may play a key role in modulating directional
persistence over much longer timescales.

MATERIALS AND METHODS
Reagents and materials

Dulbecco’s modified Eagle’s medium, OptiMEM, fetal bovine serum (FBS),
L-glutamine, sodium pyruvate, nonessential amino acids, penicillin, strep-
tomycin, geneticin/G418 sulfate, HEPES, trypsin, versene (EDTA solution
not containing any proteases), and phosphate-buffered saline (PBS) were pur-
chased from Life Technologies (Carlsbad, CA). Bovine serum albumin
(BSA), human Fn, and recombinant human EGF were purchased from Sigma
Chemical (St. Louis, MO). Tissue culture flasks were purchased from Corning
(Acton, MA). Unless noted, all other reagents were purchased from Sigma.

Construction of EGFR-pEGFP-N1
expression plasmid

The EGFR ¢DNA in pRC CMV2 vector (Invitrogen, Carlsbad, CA) was
kindly provided by Dr. Steven Wiley (Pacific Northwest National
Laboratories, Richland, WA). Using Xbal and HindIll sites, the cDNA
was excised and cloned into pcR 2.1 TOPO (Invitrogen), which was used as
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an intermediate cloning vector. The 5’ terminus of the cDNA was then
polymerase chain reaction-amplified using the following sets of primers:

Sense: 5'-GAGACCCACACTACCAG-3'
Antisense: 5'-TAAAGCTTAAGTGCTCCAATAAATTCACTG-3'".

The antisense primer was designed to introduce a Hindlll site (underlined)
and disrupt the stop codon.

The polymerase chain reaction product was ligated into pCR 2.1 TOPO,
subsequently digested with Hincll/HindIll, and cloned into the same sites on
the full length EGFR cDNA in pcR2.1 TOPO. The full length EGFR cDNA
(with the stop codon disrupted) was then removed from pcR2.1 TOPO using
Xbal/Hindlll sites and cloned into Nhel/Hindll sites (Xbal and Nhel
produce compatible ends) on pPEGFP-N1 (Clontech, Palo Alto, CA) for ex-
pression in mammalian cells. The completed plasmid was then sequenced to
assure maintenance of the sequence of the original EGFR cDNA within the
GFP fusion construct.

Creation of and maintenance of cell lines

Lipofectamine (Life Technologies) was used to transfect CHO K1 cells with
EGFR-GFP according to manufacturer’s protocols. After transfection, the
cells were grown in selection medium (growth medium containing 1 mg/ml
G418; see below) for 10 days. Two rounds of fluorescence-activated cell
sorting were used to isolate a population of cells having GFP fluorescence
~20-fold above control. Transfected cells were grown in high-glucose
Dulbecco’s modified Eagle’s medium containing 10% FBS (v/v), 2 mM
glutamine, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 100 U/
ml penicillin, and 100 wg/ml streptomycin, along with 500 ug/ml G418 for
plasmid expression maintenance. All cells were passaged at subconfluence
and maintained in a 5% CO, environment. Maintenance of plasmid
expression level with successive passages was tested via a fluorescence-
activated cell sorter, with average expression level of EGFR-GFP decreasing
by ~1/3 after 12 passages (data not shown). Only cells within this range of
passage number were used for experiments; we were unable to ascertain any
variation in results within this amount of drift in receptor expression level.

Preparation of surfaces for experiments

Glass-bottomed migration culture dishes (Bioptechs, Butler, PA) were
sterilized using ultraviolet light and incubated overnight at 4°C with 1-30
pg/ml Fn dissolved in 0.5 ml PBS. The Fn solution was aspirated and the
dishes rinsed twice with PBS. Dishes were then incubated for 1 h at 37°C
with 0.5 ml 1% BSA in PBS. The BSA solution was aspirated and the dishes
rinsed twice with PBS. All prepared dishes were stored under PBS at 37°C
until ready for use (<30 min in all cases).

Cell pretreatment for experiments

While in midexponential growth, cells were serum-starved for 18 h in
medium substituting 2 mg/ml BSA for the FBS in growth medium. Starved
cells were lifted from culture plates using protease-devoid versene, then
pelleted and resuspended for 1 h in serum-free medium buffered with 15 mM
HEPES rather than sodium bicarbonate. Cell suspension was conducted to
eliminate any residual adhesion-based intracellular signaling of starved cells.
After cell suspension, cells were pelleted and resuspended in assay medium
consisting of OptiMEM supplemented with penicillin (100 U/ml) and
streptomycin (100 pg/ml), as well as 25 nM EGF and GRGDSP/GRADSP
peptide (Calbiochem, San Diego, CA) as appropriate.

Long-timescale migration assay

Cell motility data was generated using a single-cell time-lapse videomicros-
copy system consisting of an inverted microscope with 10X-magnification
differential interference contrast objective (Carl Zeiss Microimaging,



Persistence in EGF-Mediated Motility

Thornwood, NY); motorized xy-stage, z-focus drive, and shutter (Ludl
Electronic Products, Hawthorne, NY); charge-coupled device camera
(Hamamatsu Photonics, Bridgewater, NJ); and automated data acquisition
software (Improvision, Lexington, MA). For maintenance of cell viability,
a temperature-control system was used that electrically heats the underside of
the migration assay dish (Bioptechs). Additionally, a metal lid with glass
aperture was placed on top of the assay dish such that no air pocket remained
above the medium.

Cells suspended in assay medium (17,500 total per experiment) were
plated onto Fn-coated assay dishes and allowed to adhere for 3 h for steady-
state cell translocation behavior to develop (data not shown). Twenty separate
fields containing 80—100 total cells were digitally imaged every 15 min for
6 h. Cell outlines and xy-centroids were determined using commercial image
processing software (DIAS, Solltech, Oakdale, IA). Only cells that did not
divide, touch other cells, or leave the image field during the experiment were
used for data analysis; this restriction eliminated up to 25% of the cells
initially tracked but did not affect any experimental conclusions.

Speed, persistence, and cell area data analysis

Mean-squared displacements for the centroid path of each cell were
calculated using the method of nonoverlapping intervals (Dickinson and
Tranquillo, 1993a). In this method, a cell tracked for N sequential positions
with constant time interval As has mean-squared displacement for time
interval #; = i At of

1 2
(d-d(t)) == d - dusig- s+ ian

nij:]

i=[1,2,....N—1]

n; :ﬂoor{Nzl}

where floor represents the largest integer less than or equal to the bracketed
quotient. Each cell’s speed was determined by dividing the root mean-square
displacement when i = 1 by the tracking interval Az = 15 min. Each cell’s
persistence time was fit using nonlinear least-squares regression by inserting
its speed into a persistent random walk model for cell migration (Dunn,
1983; Othmer et al., 1988):

d-d(t)) = 252p[ti — P(1 —exp{—t;/P})].

Individual cell speeds and persistence times from each experiment were
averaged to obtain a single experiment’s parameter means and the associated
standard errors. Each experiment was repeated at least three times; the
reported S and P data are nonweighted averages across these separate
experiments. Associated error bars represent 2 SE and were derived using
standard propagation of error techniques. Analysis of variance (ANOVA)
results were derived using the experimental means for S and P.

Individual cell areas were obtained using the cell outline determination
described above. Average experimental cell areas were derived in a similar
manner as in the speed and persistence analysis; associated error bars
represent =2 SE. All computational routines were implemented in
MATLAB 5.3 (The MathWorks, Natick, MA).

Kymography

To generate kymographs, cells were treated and plated as in the long-
timescale migration experiments. Time-lapse movies were obtained using
a 40X -magnification phase-contrast objective; each movie consisted of 2—3
cells observed over 25 min with an image capture interval of 5 s.
Kymographs were produced using Metamorph software (Universal Imaging,
Downingtown, PA). Briefly, a one-pixel-wide line was drawn perpendicular
to the cell membrane at the location of an active protrusion event; image
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information along this line was compiled sequentially from each movie
frame and pasted into a composite image. The resulting image records
membrane dynamics at a single region of the cell perimeter. Kymographs
were analyzed by drawing straight lines from the beginning of each
protrusion event to its peak, neglecting protrusion heights of <3 pixels
(0.5 um). The slopes of these lines represent protrusion velocity, and the x
axis projection distances of these lines represent protrusion stability (Bear
et al., 2002; Hinz et al., 1999). Reported data + 2 SE represent the mean of
two independent experiments per condition with 15-20 cells and 150-200
individual protrusion events per experiment.

RESULTS

EGF increases cell motility in CHO-EGFR cells in
a manner dependent on Fn coating concentration

EGF receptor expression and ligation stimulate migration in
many cell lines, including keratinocytes, epithelial cells, and
fibroblasts (McCrawley et al., 1997; Verbeek et al., 1998;
Wells et al., 1998). Previous studies have demonstrated that
EGF activates actin polymerization and lamellipodial pro-
trusion (Bailly et al., 1998b; Segall et al., 1996), and that at
low levels of adhesiveness, lamellipodial protrusion rate
limits overall EGF-stimulated motility (Maheshwari et al.,
1999; Ware et al., 1998). Taking these facts together, we
elected to use CHO cells for our motility experiments
because they are weakly adhesive yet exhibit easily observ-
able membrane protrusions.

However, as CHO cells do not express endogenous EGFR,
we first examined whether exogenous EGFR expression and
subsequent EGF stimulation influenced CHO cell motility.
We created a plasmid vector linking GFP to the C-terminus of
EGFR and stably transfected it in CHO cells. Previous studies
have established that fusion of GFP to the C-terminus of
EGFR does not affect EGFR function as judged by rates of
receptor downregulation and internalization (Carter and
Sorkin, 1998). Time-lapse single-cell videomicroscopy ex-
periments were then used to track the migration of these
transfected cells on glass surfaces adsorbed with the ex-
tracellular matrix protein Fn, which binds to a5, integrins
expressed by the CHO cells.

Using wind-rose plots, Fig. 1 depicts the change in
individual CHO cell tracks resulting from EGFR-GFP
transfection, varying Fn coating concentration, and the
presence and absence of EGF. Initial experiments demon-
strated that, as expected, the migration of untransfected CHO
K1 cells was unchanged in response to EGF (Fig. 1, A and
B). In contrast, transfected CHO-EGFR cells demonstrated
upregulated migration upon stimulation by EGF (Fig. 1,
C-F). To better understand the nature of the EGF-dependent
response, we assessed the role of cell-substratum adhesion in
modulating EGF-dependent CHO-EGFR cell migration by
using a broad range of Fn coating concentrations (1, 3, 10,
and 30 pg/ml). To more clearly reveal the results, we have
plotted cell tracks from the two extremes of Fn coating
concentration (1 and 30 pg/ml). EGF stimulation augmented
cell motility at all Fn coating concentrations, with the level of
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FIGURE | Migration behavior of EGFR-transfected CHO cells is

affected by Fn and EGF. Time-lapse videomicroscopy was used to capture
the motility responses of individual CHO K1 and CHO-EGEFR cells. (A and
B) Without EGFR-GFP transfection, EGF does not affect the migratory
response of CHO K1 cells; (C—F) Transfected CHO-EGEFR cells respond to
EGF by upregulating their migration in a Fn-dependent manner. Digital
images were taken every 15 min for a total of 6 h per experiment. Each wind-
rose plot shows centroid tracks from 10 representative cells in a typical
experiment, with the initial position of each track superimposed at 0,0 for
clarity. Distance between hatch marks on both axes is 50 wm.

EGF-mediated motility rising as Fn coating concentration
increased (Fig. 1, D and F). In the absence of EGF, cell
motility showed no qualitative dependence on Fn concen-
tration (Fig. 1, C and E). Taking these results together, the
CHO-EGEFR cell system exhibits the expected upregulation
of migration in response to EGF stimulation, but the migra-
tion response is a complex output resulting from variations in
Fn coating concentration and EGF stimulation.

Fn and EGF effects on speed and persistence time

The paths of individual migrating cells can be described
using a persistent random walk model characterized by two
phenomenological parameters: cell speed (S) and persistence
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time (P) (Dunn, 1983; Gail and Boone, 1970; Othmer et al.,
1988). Use of these parameters permits a quantitative
analysis of the qualitative differences in migration behavior
observed in the wind-rose diagrams. By fitting cell path
mean-squared displacement data to the persistent random
walk model, we obtained S and P data characterizing CHO-
EGFR migration responses to Fn and EGF (Fig. 2).

Consistent with the results of Fig. 1, neither the speed nor
the persistence of untransfected CHO K1 cells varied with
addition of EGF (Fig. 2, A and B). Moreover, the transfection
of EGFR-GFP did not alter the speed or persistence of CHO
cells in the absence of EGF. However, transfected CHO-
EGFR cells demonstrated differences in speed and persis-
tence upon EGF ligation. In both the absence and presence of
EGF, we found that the average speed of CHO-EGFR cells
was roughly constant across all tested Fn coating concen-
trations (Fig. 2 C). In the absence of EGF, S was ~16 um/h;
in the presence of EGF we observed an unexpected but
consistent decrease in S to ~13 um/h. Directional persis-
tence of CHO-EGEFR cells in the absence of EGF was low
and showed a weak, statistically insignificant increase from
~11 to ~15 min as Fn coating concentration was increased
from 1 pug/ml to 30 wg/ml (Fig. 2 D). EGF addition increased
P at all Fn levels. Moreover, P in the presence of EGF
showed a strong dependence on Fn concentration, rising
from ~22 min at 1 pg/ml to ~43 min at 30 wg/ml. We
conclude that our qualitative observations showing a Fn-
dependent increase in EGF-stimulated cell migration (Fig. 1)
result from increases in directional persistence time but not
an increase in cell speed.

Changes in the temporal stability of lamellipodial
protrusions correlate to variations in cell
persistence time

Previous investigations of the combined effects of EGF
stimulation and extracellular matrix surface density on
fibroblast migration indicate that EGF upregulates cell speed
at medium and high matrix surface densities, but reduces
speed under conditions of weak cell-substratum adhesion
(Maheshwari et al., 1999; Ware et al., 1998). We reasoned
that our observed reduction in cell speed upon EGF
stimulation indicated that the CHO-EGFR cells were weakly
adhesive across all tested Fn coating concentrations.

The translocation speed of weakly adhesive cells is limited
by the rate of lamellipodial protrusion (DiMilla et al., 1991;
Lauffenburger, 1989; Maheshwari et al., 1999; Ware et al.,
1998). In an analogous fashion, we hypothesized that the
stability of membrane protrusions was related to both the
EGF-dependent upregulation of directional persistence and
the observed linear relationship between EGF-mediated
directional persistence and Fn coating concentration. This
hypothesis accorded with previous evidence suggesting that
although the initial protrusion of EGF-stimulated lamelli-
pods does not require cell-substratum adhesion, protrusions
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retract quickly when extended over nonadhesive substrates
(Bailly et al., 1998b). To test the hypothesis, we used
kymography to analyze lamellipodial dynamics (Hinz et al.,
1999). Kymographs are composite time-space images of
membrane movement at a single point of an actively
protruding lamellipod, created by extracting image in-
formation from a defined line region in each image of
a time-lapse movie and pasting them side-by-side. Whereas
cell translocation experiments captured one movie frame
every 15 min, kymography studies captured one movie
frame every 5 s. As a result of this high temporal resolution,
we were able to observe the local dynamics of individual
lamellipodial protrusion and retraction cycles on a much
shorter timescale than that required for net CHO-EGFR cell
translocation, separating the effects of two related, but not
equivalent, aspects of cell motility.

Fig. 3 contains two representative kymographs showing
the qualitative difference in EGF-stimulated membrane
dynamics between 1 ug/ml and 30 wg/ml Fn coating
concentration. Lamellipodia at the lower amount of Fn
exhibited small, quickly oscillating waves of protrusion and
retraction of membrane; lamellipodia at the higher amount
exhibited smoother, more sustained protrusion with less
frequent retractions. To quantify this observed difference in
lamellipodial behavior, we analyzed how the velocity and
stability of individual lamellipodial protrusion waves varied
with Fn coating concentration. Protrusion velocity represents
the average spatial rate of actin polymerization from the
beginning of a single protrusion wave to its peak, whereas
protrusion stability measures the time spanned by that wave.
As shown in Fig. 4 A, protrusion velocity remained constant

10 30  condition, with 80-100 cells per experiment.

Fn Coating Conc. (ug/ml)

with variations in EGF stimulation and Fn concentration, at
~2.2 um/min (ANOVA p = 0.86). In contrast, Fig. 4 B
shows that the addition of EGF increased the average sta-
bility of individual membrane protrusion waves from 0.55 min
to 0.72 min at 30 ug/ml Fn (p = 0.04). In addition, the
temporal stability of EGF-stimulated protrusion waves
increased monotonically from 0.44 min at 1 wg/ml Fn
coating concentration to 0.72 min at 30 ug/ml Fn (ANOVA
p = 0.03). Comparison with Fig. 2 B indicates that these

FIGURE 3 Lamellipodial membrane dynamics of CHO-EGFR cells.
Representative short-timescale kymographs from time-lapse movies of
CHO-EGFR cells stimulated with EGF and migrating on 1 wg/ml (A) and
30 pg/ml (B) Fn. Kymographs depict variations in lamellipodial activity
along a one-pixel-wide line drawn perpendicularly to the cell membrane
in sequential phase contrast images. Ascending contours show lamellipodial
protrusion, whereas descending contours show lamellipodial retraction.
Dark regions indicate membrane ruffling.
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FIGURE 4 Lamellipodial stability correlates with directional persistence
in CHO-EGFR migration. (A) Fn coating concentration does not affect the
average velocity of membrane protrusion. The average slope of ascending
kymograph membrane waves defines protrusion velocity. ANOVA: p =
0.86. (B) Protrusion stability increases with Fn concentration in the presence
of EGF. Stability represents the time elapsed between the beginning of
a single protrusion wave and its spatial peak. Nonoverlapping 95%
confidence intervals are indicated by asterisks. ANOVA: p = 0.03.

results occur in parallel with EGF- and Fn-dependent
changes in P. Hence, a correlation exists between the short-
timescale stability of lamellipodial protrusions and long-
timescale directional persistence of translocating CHO-EGFR
cells.

Soluble RGD peptide reduces both long-timescale
directional persistence and short-timescale
protrusion stability

The Fn-based correlation in Fig. 4 B implies that variations
in cell-substratum adhesion strength can affect the long-
timescale directional persistence of cell paths through
modulation of the stability of short-timescale local mem-
brane protrusion events. To gain better insight into this
possibility, we performed both cell translocation and
membrane dynamics studies in the presence of soluble
GRGDSP peptide. Synthetic peptides containing the RGD
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sequence are competitive inhibitors of Fn binding to asf;
integrins, and have been shown previously to inhibit cell
adhesion and migration (Fujii et al., 1998; Libotte et al.,
2001; Shimizu et al., 1997). To confirm the inhibitory effect
of the peptide on CHO-EGFR adhesion, we calculated
average cell areas for cells migrating in the presence of EGF
and GRGDSP peptide. Cell area increased in parallel with
increasing Fn coating concentrations (Fig. 5). This Fn-
dependent effect on overall cell area was counterbalanced
by a dose-dependent decrease of cell area upon addition of
GRGDSP, confirming that addition of soluble peptide
inhibited cell adhesion. To study the migratory response of
EGF-stimulated cells to GRGDSP peptide, 30 wg/ml Fn
coating concentration was chosen as the condition giving
the highest directional persistence time and most stable
membrane protrusion events. We found that the addition of
100 and 300 uM GRGDSP decreased the motility of CHO-
EGFR cells in a dose-dependent fashion as demonstrated by
wind-rose plots (Fig. 6 A). Quantification of this GRGDSP-
dependent inhibition of cell motility revealed that speed was
unaffected (Fig. 6 B), while the persistence of the CHO-
EGFR cells decreased to 33 and 29 min, respectively, from
a baseline of 43 min (Fig. 6 C). Addition of 300 uM
GRADSP control peptide had no effect on S or P. Similarly
to the effects on speed and persistence, 300 uM GRGDSP
peptide reduced the stability of lamellipodial protrusion
events in a statistically significant manner while not affecting
lamellipodial velocity (Fig. 6 D and data not shown). In
contrast, the addition of control GRADSP peptide had no
effect on lamellipodial protrusion stability. These results
provide further evidence that adhesion strength modulates
persistence time, and show that long-timescale directional
migration is enhanced by adhesion-mediated stabilization of
short-timescale lamellipodial protrusions.

1200
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gy L 3 10 30 30 30
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FIGURE 5 Soluble RGD peptide inhibits cell adhesion. The average area
of CHO-EGFR cells migrating in the presence of EGF was determined for
all Fn coating concentrations; cell adhesion as described by cell area
increased in parallel with Fn. Addition of peptide inhibitor abrogated this
Fn-dependent effect on adhesion in a dose-dependent fashion.
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were derived as in Fig. 2. ANOVA: p =
0.71 for RGD-dependent cell speed, p =
0.002 for RGD-dependent persistence.
Nonoverlapping 95% confidence intervals
are indicated by asterisks. (D) Kymography
was performed on CHO-EGFR cells plated
on 30 pwg/ml Fn in the presence of EGF and
either GRGDSP or control GRADSP pep-
tide. Nonoverlapping 95% confidence in-
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DISCUSSION

Individual cell migration exhibits sustained locomotion in
the direction of the leading lamellipod over short periods of
time and random changing of the directional orientation of
lamellipodial protrusion and migration over longer time-
scales (Dunn, 1983; Maheshwari and Lauffenburger, 1998).
This persistent random walk is characterized by both speed
and directional persistence time. But though the role of cell-
substratum adhesion in modulating S has been characterized
extensively (DiMilla et al., 1993; Goodman et al., 1989;
Maheshwari et al., 1999; Palecek et al., 1997), it is not well
understood how variations in cell-substratum adhesion
modulate P. In this study, we have described how varying
the surface coating concentration of Fn substrate modulates
P for EGF receptor-transfected CHO cells, and explored how
adhesion-dependent changes in lamellipodial protrusion
dynamics might explain our results. Our major findings
are: a), EGF stimulation increases P across all Fn concen-
trations but actually reduces S; b), EGF also increases the
temporal stability, but not the velocity, of individual
lamellipodial protrusion waves; c), in the presence of EGF,
both P and protrusion stability increase with higher Fn
coating concentration; and d), in the presence of EGF, the
addition of GRGDSP peptide, a soluble competitive inhibitor
of cell-substratum binding, reduces both P and the stability
of lamellipodia.

Stochastic kinetic fluctuations in adhesion receptor
binding and intracellular transport have been proposed as
a mechanistic basis for directional persistence in uniform
adhesive environments (Dickinson and Tranquillo, 1993b).
This model links these short-timescale fluctuations to

I 0.3 mM RGD

T tervals are indicated by asterisks (p = 0.01).
0.3 mM RAD

variations in spatiotemporal forces that affect the speed
and direction of cell migration on longer timescales. The
model predicts an inverted biphasic dependence of persis-
tence time to cell-substratum adhesion strength; however,
previous studies of the relationship between substratum
coating density and persistence have not confirmed this
prediction (DiMilla et al., 1993; Ware et al., 1998). Our
observation of a monotonic rather than inverted biphasic
curve relating EGF-dependent directional persistence and
Fn coating concentration (Fig. 2 B) could be reconciled with
the stochastic model by postulating a cell type-dependent
inability to experimentally access a wide enough dynamic
range of adhesion strength. However, a linear correlation
between increasing Fn coating concentration and increasing
EGF-mediated persistence is consistent with the Dickinson
persistence model only if our CHO cells are migrating under
conditions of high adhesiveness (Dickinson and Tranquillo,
1993b).

In contrast, the CHO-EGFR cells appear to be only weakly
adhesive under all the conditions studied. Fn coating
concentrations of <1 ug/ml were insufficient for the
adherence and spreading of cells (data not shown).
Furthermore, the cells exhibited decreased cell speed upon
EGF stimulation (Fig. 2 C), and a previous study of the
combined role of EGF and Fn in fibroblast motility has
demonstrated that EGF increases S at medium and high
levels of cell adhesion while decreasing S at low levels
(Maheshwari et al., 1999). This decrease in § at low
adhesiveness is caused by an EGF-dependent reduction in
cell-substratum adhesivity (Maheshwari et al., 1999; Xie
et al., 1998). We also tested the role of M-calpain, the cy-
toskeletal protease that mediates the de-adhesive effect of

Biophysical Journal 88(2) 1479-1488



1486

EGF (Glading et al., 2002), in modulating CHO-EGFR cell
speed. Pharmacologic inhibition of M-calpain activity did
not reduce S (data not shown), a result expected for weakly
adherent, but not strongly adherent cells (Glading et al.,
2002; Huttenlocher et al., 1997).

In addition to the EGF-mediated decrease in S, another
interesting aspect of our results is that CHO-EGFR speed in
the presence of EGF is independent of Fn coating concentra-
tion, whereas persistence shows substantial Fn-dependent
variation (Fig. 2, C and D). One possible explanation involves
separating the effects of EGFR signaling on adhesion into
separate modules regulating overall adhesion strength and
front-rear adhesive asymmetry. These modules would in turn
control S and P, respectively. Mathematical modeling
suggests that variations in S result from changes in overall
adhesion strength relative to the amount of contractile force
generated in a cell (DiMilla et al., 1991). The CHO-EGFR
cells presumably maintain these in roughly constant balance
across all the Fn concentrations studied, with a change in
speed only occurring due to the de-adhesive effect of EGF
(Maheshwari et al., 1999). However, in concert with its
overall de-adhesive effect, EGF also increases front-rear
adhesive asymmetry by accentuating morphological polari-
zation (Wells et al., 1999) and eliciting the creation of new
focal complexes at the cell front (Bailly et al., 1998a). Greater
adhesive asymmetry could be expected to reinforce a cell’s
ability to maintain its migration in a constant direction and
thus account for the increase in CHO-EGFR persistence when
stimulated by exogenous EGF. Interestingly, that the stability
of lamellipodial protrusion events also increases upon
addition of EGF (Fig. 4 B) indirectly supports the idea that
EGF actually increases adhesion at the front of cells.
Moreover, that increasing amounts of surface Fn correlate
with increasing EGF-stimulated persistence suggests that
increased adhesive asymmetry downstream of EGF receptor
signaling is merely permissive for P, with the level of cell-
substratum adhesion actually controlling the effective level of
EGFR signaling.

The rate of actin polymerization in membrane protrusions
and ruffles has been shown to be independent of adhesion
(Bailly et al., 1998b; Felder and Elson, 1990). Our
observations are consistent with this fact in that EGF-
stimulated protrusion velocity (~2.2 wm/min) does not
depend on Fn coating concentration. In contrast, that EGF-
stimulated lamellipodial stability increases with Fn concen-
tration (Fig. 4 B), and that P and lamellipodial stability are
reduced concurrently by GRDGSP peptide (Fig. 6, C and D),
both imply that cell-substratum adhesion mediates the
connection between short-timescale lamellipodial protrusion
and long-timescale directional persistence in our experi-
ments. Our findings recall a previous report correlating
lamellipodial protrusion rate with net cell translocation speed
under weakly adhesive conditions (Maheshwari et al., 1999);
both § and P regulate the amount of net cell motility.
However, Maheshwari et al. measured lamellipodial exten-
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sion using the same long-timescale temporal rate of image
capture as their experiments studying net cell translocation.
As a result, their reported lamellipodial extension rates
would intrinsically be related to S. On the basis of our results,
we suggest that the lamellipodial extension rates of
Maheshwari et al. might conceal an analogous relationship
between short-timescale protrusion stability and long-
timescale cell speed. Others have reported such a relation-
ship, though not in the context of cell-substratum adhesion
(Bear et al., 2002).

Our observations of Fn- and GRGDSP-dependent varia-
tions in protrusion stability likely derive from mass action
kinetics, in that greater amounts of Fn surface coating lead to
more efficient short-timescale binding of CHO «s58;
integrins and the formation of more protrusion-stabilizing
focal complexes near the leading edge. In turn, the
directional persistence of migration could be considered
a long-timescale temporal integration of the net amount of
adhesion formation on the much shorter timescale of
individual lamellipodial protrusion waves. Cells forming
new adhesions more slowly would be more likely to retract
a lamellipod and attempt to migrate in a new direction.
Consistent with this idea is the work of Bailly et al. (1998b)
demonstrating that EGF-stimulated actin polymerization and
membrane extension do not require adhesion to occur, but
that a lack of cell-substratum adhesion reduces the stability
of protrusions.

Overall, our studies of Fn- and GRGDSP-dependent
variations in protrusion stability point toward the regulated
assembly of adhesion complexes as a locus of molecular
control of directionality in motility. What proteins might
play a key role as molecular switches linking adhesion
formation to directional persistence? Recent studies suggest
that vinculin is a necessary focal complex protein for
transmitting cytoskeletal traction force and linking mem-
brane protrusion to matrix adhesion (DeMali et al., 2002;
Galbraith et al., 2002). The spatially or temporally regulated
addition of vinculin or other specific proteins to lamelli-
podial adhesions could serve as a link coordinating short-
timescale actin polymerization dynamics with directed cell
translocation that occurs over longer timescales. Another
recent report indicates that myosin light-chain kinase
(MLCK) plays a role in stabilizing lamellipodial protrusions
(Totsukawa et al., 2004). Totsukawa and colleagues found
that in MLCK-inhibited fibroblasts, nascent adhesions at the
tips of lamellipodia did not mature into larger adhesive
structures; moreover, the protrusions of these MLCK-
inhibited cells were less stable and retracted more frequently.
Interestingly, they report wind-rose plots indicating that
MLCK inhibition substantially reduces cell motility by
increasing the directional tortuosity of cell paths. Given the
well-established role of MLCK-promoted contractility in
focal adhesion assembly and the modulation of both cell
adhesion and cell motility (Brahmbhatt and Klemke, 2003;
Burridge and Chrzanowski-Wodnicka, 1996; Klemke et al.,
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1997), it is plausible that lamellipodial MLCK activity, like
vinculin recruitment, could act as a molecular switch mod-
ulating adhesion-mediated directional persistence.

It is interesting to speculate that underlying the results of
this study there exists a monotonic relationship between
directional persistence, protrusion stability, and the quanti-
tative lamellipodial recruitment and activation of specific
adhesion-related proteins such as vinculin or MLCK. To our
knowledge, this hypothesis has not been tested rigorously.
We note that the quantity of recruitment need not depend
solely on the amount of extracellular adhesion substrate.
Presumably such recruitment would also occur downstream
of both integrin- and growth factor-mediated signaling
pathways known to potentiate cell polarization and di-
rectional cell migration such as PLCvy, PI3K, Cdc42, and
Rac (Kiosses et al., 2001; Ridley, 2001; Weiner, 2002; Wells
et al., 1999).
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