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Cell migration is known to be triggered by constituents of the
extracellular matrix such as fibronectin and by soluble
mediators commonly summarized as motogens. Many growth
factors such as the epidermal growth factor (EGF) have been
shown to act as motogens. Recently, the secretory N-terminal
portion of the �-amyloid precursor protein (sAPP) has been
identified as a keratinocyte growth factor. Hence, in this study
we analysed whether sAPP stimulates also keratinocyte
migration employing the stroboscopic cell motility assay. The
migration velocity as well as the frequency of lamellipodia
protrusion and ruffle formation were increased about two-fold
thus corresponding to the effect of EGF. Using a newly
developed �1-integrin migration track assay we observed that
sAPP increased the proportion of migrating keratinocytes and
their directional persistence. sAPP appeared to operate
synergistically with fibronectin with respect to its motogenic
effect. Using amodified Boyden chamber assay we showed that
sAPP besides its chemokinetic effect functions as a chemoat-
tractant. Like EGF, sAPPexerted its motogenic effect through
the activation of Rac kinase but the receptor for sAPPappears
to be distinct. The results suggest that sAPP operates as a
motogen in the human epidermis, where it may participate in
the regulation of reepithelialization during wound healing.

Introduction

The migration of keratinocytes from the wound margins
towards the injured regions is a crucial step during the
reepithelialization of cutaneous wounds (Clark, 1996; Martin,
1997). Cell migration is triggered by constituents of the
extracellular matrix (ECM) such as fibronectin (FN) and by
soluble mediators commonly summarized as motogens
(Manske and Bade, 1994). FN, which is a key compound of

the provisional matrix during wound repair has been proposed
to be involved in keratinocyte adhesion, migration and
proliferation (Yamada and Clark, 1996). Soluble mediators of
keratinocyte migration comprise a variety of growth factors
such as epidermal growth factor (EGF) (Bade and Nitzgen,
1985; Cohen, 1987), transforming growth factor-� (TGF-�)
(Yue and Mulder, 2001), transforming growth factor-�
(TGF-�) (Bade and Feindler, 1988; Hebeda, 1988; Nickoloff
et al., 1988), keratinocyte growth factor (KGF) (Rubin et al.,
1995; Werner, 1998) and heparin-binding epidermal growth
factor (HB-EGF) (Iwamoto andMekada, 2000). However, the
lack of wound healing abnormalities in various growth factor
knockout mice, e.g. mice deficient in KGF and TGF-� (Guo
et al., 1996) (for recent review see (Grose and Werner, 2002)),
suggests that these factors are not essential for wound repair,
although their strong induction in healing skinwounds supports
their functional significance (Grose andWerner, 2002). Never-
theless, the list of keratinocyte-relevant motogens might
include other, perhaps as yet unknown growth factors which
compensate for the deficiency of these motogens.
The �-amyloid precursor protein (APP) is a transmembrane

cell surface protein with a large N-terminal extracellular
portion. APP is known for its role as the precursor of the A�
peptides and believed to be a key factor in the pathogenesis of
Alzheimer×s disease (Glenner and Wong, 1984; Haass et al.,
1992; Kang et al., 1987; Masters et al., 1985; Weidemann et al.,
1989). In addition to APP two closely related homologs, the
amyloid precursor-like proteins APLP1 and APLP2, are
expressed in vertebrates. Double and triple knockouts of
APP, APLP1 and APLP2 in mice are lethal, suggesting that
these proteins are essential (Heber et al., 2000). The physio-
logical role of this protein family, however, is still poorly
understood.APP resembles structurally a receptor (Kanget al.,
1987). Thus, the cytoplasmic region possesses a number of
properties such as the protein-binding motif YENPTY
(Zambrano et al., 1997), the ability to bind and to activate G0
proteins (Okamoto et al., 1996) and a basolateral sorting signal
(for review see (De Strooper and Annaert, 2000)). APLP2 has
been reported to support epithelial cell adhesion to FN and
collagen type IV (Li et al., 1999). Membrane-bound APP may
exert its function through interaction with APP-binding
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cytosolic proteins such as FE65, which appears to influence cell
motility (Sabo et al., 2001). Alternatively, the cytosolic C-
terminal domain may directly operate in the activation of gene
expression after its translocation to the nucleus (Cao and
S¸dhof, 2001).
Other studies on the physiological role ofAPP have focussed

on its soluble N-terminal portion (sAPP). The proteolytic
release of sAPP fromAPP by �-secretase cleavage is similar to
the processing of the growth factor TGF-� and the proin-
flammatory cytokineTNF-� (Werb andYan, 1998). The overall
structure of sAPP suggests that sAPP functions as a growth
factor (Rossjohn et al., 1999). Indeed, sAPP has been shown to
operate in cell proliferation, e.g. in APP-deficient fibroblasts
(Saitoh et al., 1989), neuroprotection (Mattson, 1997) and
neurite outgrowth (Milward et al., 1992; Perez et al., 1997;
Small et al., 1994). We have shown that sAPP binds to cell
surfaces with high affinity, resulting in the induction of cell
proliferation byMAP kinase in thyrocytes and in keratinocytes
(Hoffmann et al., 2000; Pietrzik et al., 1998). In skinwounds the
expression of APP andAPLP2 in keratinocytes and the release
of sAPP in in vitro wound healing models are increased
suggesting a role for sAPP in epidermalwound repair (Kummer
et al., 2002).
Because sAPP can be considered to be an epidermal growth

factor and as numerous growth factors are motogenic we have
analyzed in this study the possible function of sAPP on
keratinocyte motility and migration. For this purpose, we
used recombinant eukaryotic sAPP (sAPPrec) which strongly
increased keratinocyte motility as determined with a recently
developed stroboscopic cell motility assay (SACED) (Hinz
et al., 1999). The results indicate that sAPP functions as
motogen and chemoattractant for human keratinocytes in
vitro, suggesting a role for sAPP as a major member of the
factors involved in wound healing.

Materials and methods

Cells and cell culture
Normal human epidermal keratinocytes from neonatal skin were
provided by CellSystems (St. Katharinen, Germany) and initiated into
culture by modification of a method by Rheinwald (1975) and Green
et al. (1979). Subcultures were grown at 37 �C in a modifiedMCDB 153
medium (CellSystems) containing 20 �M CaCl2, supplemented with
bovine pituitary extract (30 �g/ml), EGF (0.4 ng/ml), insulin (10 ng/ml),
hydrocortisone (0.5 �g/ml), gentamicin andamphotericin.Allmigration
assays were performed in EGF-free MCDB 153 medium.

Preparation of recombinant sAPP (sAPPrec)
The sAPP-RNAof the isoformsAPP695, 751, and 770was isolated from
human brain tissue and reversely transcribed. The resulting cDNAs
were amplified by PCR using a primer encoding a His tag at the N-
terminus. The sAPP isoformswere expressed inEBNA293 cells cultured
in serum-free DMEM, using the episomal pCEP4 expression vector
system (Invitrogen, Groningen, The Netherlands). The supernatants of
cells were collected and His-tagged sAPP isoforms were purified using
TalonTM metal affinity chromatography (Clontech, Palo Alto, USA).
The bound His-tagged isoforms were eluted by the application of a pH
shift (50 mMNa2HPO4, pH 5.0, in 300 mMNaCl) as described (Pietrzik
et al., 1998) and fractionswere tested for purity by SDS-PAGE.Only the
pure fractions were combined and dialyzed overnight against PBS prior
to use. Bacterially expressed APP isoforms were prepared as described
previously (Pietrzik et al., 1998).

Chemotaxis chamber
Chemotaxis assays were performed using modified Boyden chambers
(Boyden, 1962) (Mechanical Department, Institute for Cell Biology,
Bonn, Germany) equipped with 12 �m pore-sized polycarbonate
membranes (IsoporeTM, Millipore, Eschborn, Germany). Cells
(100000) were placed in the upper compartment of the migration
chamber containing MCDB 153 medium and allowed to migrate
through the pores for 24 hours at 37 �C to the undersurface of the
membrane facing the chemoattractant-containing lower compartment.
To distinguish chemotactic reactions from chemokinesis, equimolar
concentrations of sAPPrec were filled into both compartments, i.e., on
both sides of the porous filter membrane.
To quantify the keratinocytes that had transmigrated the porous

membrane, the membranes were cut into halves, fixed, critical point
dried and sputter-coated for scanning electron microscopy as described
below. The upper surface of the porous membrane was tested
microscopically for confluence. Cells on the undersurface of the porous
membrane were counted on 10 randomly distributed fields with an area
of 1 mm2.

Video microscopy
Video microscopy was performed using a 100� 1.3 NA plan neofluar
objective on an IM 35 inverted microscope (Zeiss, Oberkochen,
Germany) equipped with a low-light video camera (AVT Horn,
Aalen, Germany). Keratinocytes were seeded at 5000 cells/cm2 in
observation chambers constructed of a 35-mm diameter silicone rubber
ring mounted on a glass coverslip. For migration assays using time-lapse
recordings, coverslips were coated with 50 �g/ml FN (Cell Systems).
Cells were then grown for 24 hours in MCDB 153 medium to 50%
subconfluence. Temperature was held constant at 37 �C by keeping the
microscope in a ventilated incubation chamber.

Computer-assisted analysis of lamella
dynamics and migration velocity
Phase-contrast images of motile keratinocytes were digitized using a
video frame grabber card (OFG 768 PAL) and analyzed by SACED as
describedbefore (Hinz et al., 1999). In brief, lines of defined lengthwere
placed over the phase-contrast image of a motile keratinocyte. These
lines extended from inside the cell body to the substrate by crossing the
lamella transversally to the cell edge. The digitized line had a width of 1
pixel. Cell structures were identified by correlating gray values on the
digitized area of interestwith gray values in thephase-contrast image.To
visualize the dynamics of gray values, the digitized line was grabbed
every 2 seconds. For analysis, stroboscopic images were obtained by
lining up the resulting digital segments on a time scale. In order to
quantify lamella dynamics, the courses of retracting ruffles and
protruding lamellipodia were labeled on the stroboscopic images.
These labeling lines were used to calculate ruffle retraction velocity,
lamellipodia protrusion velocity, ruffle frequency and lamellipodia
frequency. The number of lines in a given stroboscopic image
corresponds to the frequency of ruffles or lamellipodia, their slope
reflects the velocity (v�dx(�m)/dt(min)) of ruffles and lamellipodia.
Themigration velocity was quantified by exploiting the clear halowhich
represents the border between the main cell body and the lamella.
Marking this halo allowed to calculate the cell body displacement in
relation to the substrate, which is a common definition for cell
translocation (Soll, 1995).

Inhibitor experiments
To gain insight into the receptor type involved in sAPP binding and
signal transduction we used genistein (Sigma, Deisenhofen, Germany),
an unspecific inhibitor of tyrosine kinases, and tyrphostin AG1478
(Sigma) which specifically blocks the EGF receptor kinase. Both
inhibitors were added to the culture medium for up to 3 hours, either
together with 50 nM sAPP or without sAPP. In all cases, cells were
analyzedbySACEDmeasuring lamellipodia and ruffle dynamics aswell
as migration velocity.
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Fluorescence microscopy
Keratinocytes grown for 24 hours in MCDB 153 medium on glass
coverslips were fixed with 2%paraformaldehyde in PBS for 20minutes.
For immuno-labeling of �1-integrin, fixed cells were blocked with 3%
BSA in PBS for 10 minutes and incubated with monoclonal mouse anti-
human�1-integrin antibodies (cloneP5D2,Chemicon,Temecula,USA)
diluted 1 :100 in PBS for 60 minutes, washed in PBS and incubated with
DTAF-conjugated goat anti-mouse antibodies (Dianova, Hamburg,
Germany) diluted 1 :100 in PBS for 30 minutes at room temperature.
Cells with migration tracks were analyzed using a LSM 510 (Zeiss)
equipped with an argon laser (488 nm line).

Scanning electron microscopy (SEM)
Keratinocytes grown on glass coverslips or on porous polycarbonate
membranes (see above) were fixed in 2% glutaraldehyde in 0.1 M
sodium cacodylate, pH 7.3, for 20 minutes and transferred to 0.1%
aqueous tannic acid. After rinsing with distilled water specimens were
dehydrated through a graded series of ethanol and critical point dried
fromCO2 in 10 cycles according to (Svitkina et al., 1984) using a Balzers
CPD 030 (BAL-TEC, Schalksm¸hlen, Germany). Dried specimens
were mounted on aluminum sample holders and sputter coated with
2 nm platinum/palladium in an HR 208 coating device (Cressington,
Watford, UK). Scanning electron microscopy was performed at an
acceleration voltage of 3 kVusing anXL 30 SFEG (Philips, Eindhoven,
The Netherlands) equipped with a through-lens secondary electron
detector.

�1-Integrin migration track assay
To analyze the path length and the directional persistence of cell
migration we employed a newly developed migration track assay.
Usually, these assays are based on the immunohistochemical demon-
stration of ECM proteins deposited on the substratum by the migrating
cells (Bade andNitzgen, 1985). Insteadof theECMweused the tracks of
�1-integrin-containing cellular material left behind during migration by
the process of rear release to determine the proportionofmigrating cells
and the path lengthofmigration for individual cells. The extensionof the
track was measured by scanning electronmicroscopy for cells grown for
24 hours inMCDB153mediumwith orwithout 50 nMsAPPrec on glass
coverslips. To analyze the influence of FN on the migration track we
used cells grown for 24 hours with or without sAPPrec on FN-coated
coverslips. Data were collected on at least 1000 cells for each cultivation
condition.

Rac assay
The activation of the small GTPase Rac is achieved in response to
chemoattractant growth factors, such as EGF, and is a prerequisite for
stimulation of lamellipodia and ruffle dynamics (Aspenstroem, 1999).
Only activated Rac binds to and activates the p21-activated kinase 1
(PAK-1).WeusedPAK-1-coupled agarose beads (Upstate, LakePlacid,
NY, USA) to bind and to precipitate PAK-1/Rac complexes which can
be identified in immunoblots using anti-Rac antibodies. In brief,
keratinocytes were activated with EGF or sAPP for 5 minutes and
lysedwithMLBbuffer (25 mMHEPES, 150 mMNaCl, 2%glycerol, 1%
Igepal CA-630, 10 mMMgCl2, 1 mMEDTA, pH 7.5). After addition of
PAK-1-agarose to the cell lysates and incubation at 4 �C for 60 minutes,
the agarose beads were collected in a microcentrifuge at 14000g. After
resuspending the Rac-covered beads in SDS sample buffer and
removing the beads by microcentrifugation, the proteins in the
supernatant were separated by SDS-PAGE and immuno-blotted using
anti-Rac antibodies (1 �g/ml) (Upstate) and secondary goat anti-mouse
HRP-conjugated antibodies (diluted 1 :1000 in PBS). Immunoblots
were analyzed densitometrically using Optiquant software (Packard,
Meriden, CT, USA) to quantify activated Rac in lysates from non-
stimulated control cells and sAPP- and EGF-stimulated keratinocytes.

Statistical analysis
Allmigrationassays and theRacassaywere repeatedat least three times
and results were expressed as the mean� standard error (S.E.).

Fig. 1. Selection of the most suitable recombinant sAPP (sAPPrec)
isoform. (a) APP is mainly known for its role as protein precursor of A�
peptides (green) but has also been suggested to operate as a receptor
protein due to its G0 protein-binding sequence (G), the YENPTYmotif
and the tyrosine (Y) signal in its cytoplasmic tail. In this study we focus
on sAPP which is proteolytically released from the cell by �-secretase.
It carries several functionally relevant domains such as heparin-binding
sites (blue), a so-called trophic domain (yellow) and glycosylation sites
(GS). The N-terminus of sAPP with a heparin-binding site has
structural similarities to a variety of peptide growth factors. (b) His-
tagged sAPPrec. (c) Biological effects of sAPPrec expressed in bacteria
(dark gray bars) or in EBNA 293 cells (light gray bars). Due to its
highest effects on motility and migration (shown here for the frequency
of ruffle formation) we selected eukaryotically expressed sAPPrec 751
as the most suitable isoform for this study. Bars, standard errors.
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Differences from controls were considered to have statistical signifi-
cance at values p� 0.01 (Student×s t test).

Results

To determine the potential motogenic effect of sAPPrec on
keratinocytes we analyzed different determinants of the
migratory process comprising cell polarization, lamella dy-
namics and cell locomotion. SEMwas applied to reveal changes
in cell morphology upon sAPPrec application, i.e., acquisition
of a polarized shape and a structurally altered lamella. Our
computer-assisted video microscope assay (Hinz et al., 1999)

allowed us to analyze changes inmigration velocity and altered
lamellipodia and ruffle dynamics in response to motogens with
high resolution in time and space. SEM combined with a new
migration track assay was used to quantify the influence of
sAPPrec on the directional persistence of keratinocytes.
Finally, a modified Boyden chamber assay was employed to
determine whether sAPPrec is a chemoattractant for kerati-
nocytes.

Comparison of recombinant sAPP isoforms
(sAPPrec)
sAPPrec expressed in bacterial or eukaryotic cells with a His
tag on its N-terminus (Fig. 1b) was prepared from the isoforms
APP695, 751 and 770. Human keratinocytes exhibit highest
levels of the isoforms 751 and 770 (Hoffmann et al., 2000) and
the corresponding sAPPrec isoforms showed the highest effect
on keratinocyte motility and migration, as shown in Figure 1c
for the frequency of ruffle formation. Due to its highest effect
on motility and migration we selected eukaryotic sAPPrec751
as the most suitable isoform for this study.

sAPP-induced cell polarity
The transition from a nearly isodiametric shape to a clearly
polarizedmorphologywhich allows the distinction between cell
front and rear is a defining feature for the initiation phase of cell
migration (Lauffenburger and Horwitz, 1996). According to
this definition, we employed scanning electron microscopy to
analyze the effect of 50 nM sAPPrec on the morphology of
keratinocytes either grown on glass or on FN-coated surfaces.
In the absence of sAPPrec only 3% of the keratinocytes on

glass surfaces exhibited a polarized morphology characteristic
of migrating cells (Figs. 2b, 3) whereas the vast majority
remained in a resting state exhibiting an isodiametric shape
(Fig. 2a). On FN-coated surfaces the proportion of polarized
cells was larger with up to 80% of the cells showing
morphological asymmetry (Fig. 3). Upon the addition of
50 nM sAPPrec to the culture medium, the proportion of
polarized cells reached significantly higher levels with 25% for
glass and almost 100%on theFN-coated surfaces (Fig. 3). Thus,

Fig. 2. Induction of cell polarity by sAPPrec. Scanning electron
microscopy showed significant changes in keratinocyte morphology
upon addition of sAPPrec. Untreated cells were nearly isodiametric
with the cell lamella visible at the entire circumference and only very
few ruffles (a, arrowheads). sAPPrec treatment induced a polarized
morphology (b), with the cell lamella pointing towards the direction of
migration (arrow) and carrying numerous ruffles (arrowheads). Bars,
20 �m.

Fig. 3. sAPP-induced increase in the proportion of polarized cells. On
glass only less than 5% of the cells were polarized in the absence of
sAPPrec. The proportion of polarized cells (light gray bars) increased
significantly upon the addition of sAPP. On FN-coated surfaces nearly
80% of the cells were polarized without sAPPrec. In the presence of FN
and sAPPrec almost all cells were polarized. Bars, standard errors.

667sAPP is a motogen for keratinocytesEJCB



incubation with sAPPrec induced keratinocytes to switch from
a non-polarized morphology, typical of non-motile cells
towards a clear polarization which is characteristic of migra-
tion-competent cells. sAPPrec and FN seemed to act synergis-
tically during polarization.

Effect of sAPP on lamellipodia and ruffle
dynamics
The lamellar front region of migrating cells is characterized by
the active, actin polymerization-driven extension of membrane
processes (Condeelis, 1993), including sheet-like lamellipodia,

Fig. 4. Stimulating effect of sAPPrec on lamella dynamics. In the
absence of sAPPrec the morphology of the lamella region remained
nearly unchanged over an interval of 5 minutes (a, b). One hour after
adding 50 nM sAPPrec the cells were polarized and highly dynamic (c,
d). The corresponding time-space plots (e, f) were obtained by digitizing
the area of interest (dotted black lines in (a ±d)) every 2 seconds and

lining up of the resulting digital segments on a time scale. The time-space
plots revealed that lamellipodia (white lines) and ruffles (black lines)
became more frequent (number of black or white lines) and moved
faster (steeper black or white lines) as compared to the controls. For
calculations of the velocities (v�dx/dt) of ruffles (vruffle) and lamellipo-
dia (vlam) see the corresponding insets. Bars: (a ±d) 20 �m; (e, f) 2 �m.
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the retraction of which is often accompanied by the centripetal
movement of membrane ruffles (Ridley, 1994).
To demonstrate motogen-induced changes in lamella dy-

namics, keratinocytes grown to subconfluence on glass cover-
slips were stimulated for up to 3 hours with 50 nM EGF or
50 nM sAPPrec. On 30 individual cells for each experimental
condition eight areas of interest were marked by lines which
crossed the lamella, i.e., the flattened peripheral region of the
cell, and the cell edge. The areas were recorded and digitized
every 2 seconds over an interval of 5 minutes. The resulting 1
pixel wide areas were lined up in a time space plot, which
allowed the quantification of lamella dynamics, i.e., frequency
and velocity (v� dx(�m)/dt(min)) of lamellipodia protrusion
and ruffle retraction.
The morphology of non-stimulated keratinocytes remained

nearly unchanged during the monitored interval showing the
typical spread symmetry of resting cells (Fig. 4a, b). During
stimulationwith sAPPrec the cells adopted ahighly asymmetric
and rapidly changing morphology, which is characteristic of

migrating cells (Fig. 4c, d). The corresponding time space plots
(Fig. 4e, f) reflect the considerable increase in lamella dynamics
after the addition of sAPPrec. Ruffles and lamellipodia were
formed more frequently and run significantly faster. Non-
stimulated keratinocytes produced lamellipodia with an aver-
age frequency of 0.5/minute (Fig. 5a) and a protrusion velocity
of 4.8 �m/minute (Fig. 5b). At 50 nM EGF the lamellipodia
frequency was increased by 70% to 0.85/minute whereas the
protrusion velocity remained unchanged (Fig. 5b). After
addition of 50 nM sAPPrec the frequency of lamellipodia
protrusion reached values of about 1.2/minute. In contrast to
EGF, which showed no stimulating effect on the lamellipodia
protrusion velocity, sAPPrec induced an acceleration of
lamellipodia protrusion by 42%, reaching an average of
6.8 �m/minute (Fig. 5b).
Non-stimulated keratinocytes retracted their ruffles with an

average frequency of 0.9/minute and a velocity of 3.2 �m/
minute. In the presence of 50 nMEGF the ruffle frequency was
increased by 85% to 1.6/minute (Fig. 5a). Nevertheless, as for
lamellipodia the velocity of ruffle retraction remained un-
changed after addition of EGF (Fig. 5b). Again, sAPPrec was
more effective in stimulating ruffle dynamics than EGF. Ruffle
frequencies were increased by 137% to about 2.1/minute for
sAPPrec (Fig. 5a). sAPPrec also induced an acceleration of
ruffle retraction velocity by up to 29.7%, reaching an average of
4.2 �m/minute (Fig. 5b).

Effect of sAPP on the proportion of migrating
cells, their average velocity and their
directional persistence
Wedefinedmotile cells on the basis of our newly developed �1-
integrin migration track assay. By SEM distinct tracks left
behind during cellmigration and pointing away from the rear of
migrating cells became visible (Fig. 6a). These migration tracks
were formed by strands and globular components which were
arranged in a ribbon-like array and which showed intensive
labeling for �1-integrin (Fig. 6b). Keratinocytes lacking �1-
integrin migration tracks were regarded as resting cells and
those with clearly visible tracks as migrating cells. Additionally,
from the direction and the length of the migration tracks we
deduced the directional persistence of cell locomotion (see
below). We found that in the absence of sAPPrec only 5% of
keratinocytes on glass and about 80% on FN-coated surfaces
were provided with a measurable migration track at the
rearward cell pole (Fig. 7a). After addition of sAPPrec we
observed an increase in the proportion of track-producing cells
to 30% on glass and to about 90% on FN (Fig. 7a). This shows
that sAPPrec is capable to recruit resting keratinocytes for
migration. Moreover, sAPPrec and FN appeared to act
synergistically in this stimulation.
The migration velocity was determined by time-lapse

recordings for individual cells moving over FN-coated glass
surfaces over time intervals of 5 minutes employing the
SACED system. Using sAPPrec concentrations from 1 to
100 nM we calculated the optimum concentration for stim-
ulation of migration speed to be 50 nM (Fig. 8A). At this
concentration cells migrated with an average speed of 1.4 �m/
minute which is in the same range as found for 50 nMEGFwith
1.3 �m/minute (Fig. 8C). This is about twice the speed of non-
stimulated keratinocytes which moved only at a speed of
0.6 �m/minute.
The directional persistence of cell migration was deduced

after a cultivation period of 24 hours by measuring the

Fig. 5. Quantification of lamellipodia and ruffle dynamics. Frequency
(a) and velocity (b) of lamellipodia (dark gray bars) and of ruffles (light
gray bars) were increased significantly in the presence of sAPPrec.
EGF increased lamellipodia and ruffle frequencies (a) but did not
increase the velocity of both structures (b). Bars, standard error.
Asterisk, significantly different from the control at p� 0.01 as
determined by Student×s t test.
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maximum length of the migration tracks without shift in
direction. The average track length before a shift in direction
was observed to be 27.7 �mon glass and 43.4 �monFN (Fig. 9).
Upon addition of 50 nM sAPPrec the track length increased to
36.8 �m on glass surfaces and to about 61.8 �m on FN (Fig. 9).
As with the induction of cell polarization (see above), the
directional persistence was synergistically increased by
sAPPrec and FN.

Chemokinetic and chemotactic effects of sAPP
To determine whether sAPP triggers a random or a directed,
chemotactic migration of keratinocytes, we employed the
Boyden chamber assay. When 50 nM sAPPrec was added to
the bottom compartment, the number of cells which crossed the
12 �m pores was about three times as high (Fig. 10d) as in the
absence of sAPPrec reaching up to 50% subconfluence on the
membrane surface facing the bottom compartment (Fig. 10a,
c). To exclude that the increasedmembrane crossing was due to
a mere chemokinetic effect of sAPPrec, we filled both Boyden
chamber compartments with medium containing equal
amounts of sAPPrec. In this control, the number of transmi-
grating cells was not significantly higher than that of the

sAPPrec-free controls (Fig. 10d) as determined by scanning
electron microscopy of the porous membrane underside
(Fig. 10a, b). Thus, the increase of cells crossing the porous
membrane was due to a directed, i.e., a chemotactic migration
of keratinocytes towards a higher concentration of sAPPrec.

Effects of tyrosine kinase inhibitors on sAPPrec-
induced stimulation of ruffle and lamellipodia
dynamics
After addition of the tyrosine kinase inhibitor genistein
(Akiyama et al., 1987) to cells stimulated for 1 hour with
50 nM sAPPrec, the frequencies of lamellipodia protrusion and
ruffle retraction decreased significantly, reaching values of 0.4/
minute for lamellipodia and 0.9/minute for ruffles after 3 hours
of incubation with the inhibitor (Fig. 11a). These values are
comparable to those of non-stimulated cells (Fig. 5) and
represent a reduction to 53% for lamellipodia and 69% for
ruffles as compared to the stimulated cells. Tyrphostin 1478,
which specifically inhibits the tyrosine kinase of the EGF
receptor (Osherov and Levitzki, 1994), was added to cells after
a stimulation period of 1 hour with either EGF or sAPPrec.
Cells stimulatedwith EGFunderwent a significant reduction of
lamellipodia and ruffle dynamics upon addition of tyrphostin
with the frequencies decreased to 0.4/minute for lamellipodia
and 0.7/minute for ruffles, which corresponded to a reduction to
about 49% for lamellipodia and 43% for ruffles as compared to
the stimulated cells (Fig. 11b). Contrary to theEGF-stimulated
keratinocytes, cells stimulatedwith sAPP showedno detectable
reduction of their lamellipodia and ruffle dynamics after
addition of tyrphostin with both values remaining almost on
the level of the stimulated cells even after 3 hours of tyrphostin
application (Fig. 11c).

Activation of Rac kinase by sAPP
Numerous motogenic growth factors induce the activation of
the small GTPase Rac. To investigate this possibility for sAPP,
we precipitated activated Rac from lysates of non-stimulated
keratinocytes and cells stimulated for 5 minutes with EGF or
sAPPrec. Immunoblots with anti-Rac antibodies revealed only
small amounts of activated Rac in lysates of non-stimulated

Fig. 7. sAPPrec-increased proportion of migrating keratinocytes as
identified by the release of �1-integrin-containingmigration tracks. The
proportion of migrating cells was less than 5% on glass and nearly 80%
on FN. Upon addition of sAPPrec the proportion of migrating cells was
increased about five-fold on glass reaching about 95% on FN. Bars,
standard errors.

Fig. 6. �1-Integrin in keratinocyte migration tracks. During migration
keratinocytes left behind a track of cellular material which was clearly
visible by scanning electron microscopy (a). This migration track
contained strands and globules arranged in a ribbon-like pattern and
carrying high amounts of �1-integrin as visualized by immunofluo-
rescence microscopy (b). Bars, 20 �m.
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cells, but showed markedly increased levels of activated Rac
after motogen stimulation which were determined by densito-
metric analysis of immunoblots and found tobe increased about
12.5- (�6.5) fold in EGF- and about 8.7- (�2.3) fold in sAPP-
stimulated keratinocytes (Fig. 12).

Discussion

sAPP-induced spatial asymmetry in
keratinocytes
To migrate, cells must acquire a spatial asymmetry which is
manifested in a polarized morphology, i.e., a clearly distin-
guishable front and rear of the cell (Lauffenburger and
Horwitz, 1996). The front region of migrating cells is char-
acterized by the active, actin polymerization-driven extension
of membrane processes (Condeelis, 1993) including broad,
sheet-like lamellipodia, the retraction of which is often
accompanied by the centripetal movement of membrane
ruffles (Ridley, 1994). For neutrophils it has been shown that
an early response to motogens are changes in filamentous actin
organization (Zigmond, 1996) which is accompanied by the
concentration of actin filaments at a particular cell region
(Coates et al., 1992). These changes in cell polarity are a
prerequisite for the formation of new substrate contacts at the

� Fig. 8. Effect of sAPPrec on migration velocity. sAPPrec stimulated
keratinocyte migration velocity in a concentration-dependent fashion
reaching a plateau at 50 nM with a more than two-fold increase as
determined by time-lapse studies (A). The migration velocity of
keratinocytes was measured using time-space plots of stimulated and
non-stimulated cells (B). The slope of the white line (B) which marks
the transition between the main cell body and the lamella was used to
calculate cellular locomotion. Non-stimulated control cells migrated
with a mean velocity of 0.6 �m/minute. They were accelerated to
roughly 1.3 �m/minute by EGF and to 1.4 �m/min by sAPPrec (C).
Bars: (A, C) standard errors, (B) 2 �m. Asterisk, significantly different
from the control at p� 0.01 as determined by Student×s t test.

Fig. 9. Stimulating effect of sAPPrec on directional persistence. The
directional persistence of non-stimulated keratinocytes was significant-
ly higher in cells on FN (43.4 �m) as compared to cells on glass
(27.7 �m). Upon addition of sAPPrec the directional persistence
increased to 36.8 �m on glass and up to 61.8 �m on FN-coated
coverslips. Bars, standard errors.
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cell front (Sheetz, 1994), the contraction of the cell body (Lee
et al., 1994) and the release of adhesion points at the rear
(Palecek et al., 1999) which allow the cell to perform a net
movement. sAPP is apparently able to increase the number of
keratinocytes exhibiting a polarized shape in the presence of
FNwhich is anECMcompound that is able to induce polarity in
keratinocytes. Human keratinocytes recognize FN by specific
integrins (Kim et al., 1992) and use a provisional matrix rich in
FN (Clark et al., 1982). When cells are adherent to FN, the
sAPP-induced increase in the number of polarized cells is
significant suggesting that sAPP and FN use different signaling
pathways and that bothmay act synergistically in triggering cell
polarity and locomotion.

sAPP-dependent increase in lamella dynamics
Lamella dynamics of keratinocytes include the formation of
lamellipodia and their retraction by ruffle formation. Ruffles
are actin-containing folds rising above the lamella surface
(Abercrombie et al., 1970, Felder and Elson, 1990) (for review
see (Ridley, 1994)). They can be observed in non-polarized and
in polarized keratinocytes, but increased lamella dynamics lead

to locomotion only when spatial asymmetry is achieved
(Condeelis, 1993). We have developed the SACED technique
which allows the analysis of lamella dynamics at high resolution
in space and time (Hinz et al., 1999). Our results on keratino-
cytes show that sAPP stimulates both the velocity and the
frequency of lamellipodia protrusion and ruffle retraction. This
is remarkable, because EGF has been shown to stimulate the
frequencies, but in contrast to sAPPrec not the velocity of
retraction and protrusion (Hinz et al., 1999; this study).
Apparently, velocity and frequency of both parameters can be
stimulated independently, i.e., at least two signaling pathways
must exist which both are activated by sAPPrec whereas EGF
seems to stimulate only one of them. The applied technique
allows the precise quantification of lamella dynamics, but a
direct correlation to the speed ofmigration can not be detected.
Indeed, a strong correlation between both functions may not
exist (Condeelis, 1993). It is generally agreed, however, that
lamella dynamics are an important prerequisite for cell
migration (Allen et al., 1998; Felder and Elson, 1990; Felder
and Kam, 1994; Lauffenburger, 1996; Lin et al., 1996; Sheetz,
1994; Stossel, 1993).

Fig. 10. Chemotactic effect of sAPPrec. The proportion of keratino-
cytes crossing the porous membrane from the upper towards the
bottom compartment increased about three-fold reaching up to 50%
subconfluence when sAPPrec was added to the lower compartment of
the Boyden chamber device (d, � /� ) but remained nearly unchanged
when sAPP was added to both compartments (d, � /� ). The symbols

in (d) represent the Boyden chambers with the sAPPrec-containing
compartment colored in yellow. Bars (d), standard error. The
chemotactic influence of sAPPrec on keratinocytes located on the
upper membrane surface was quantified by counting the keratinocytes
penetrating themembrane (a-c; scanning electronmicrographs with the
cells digitally displayed in yellow). Bars: (a ± c) 100 �m.
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sAPP-induced keratinocyte migration
Migration in a population of keratinocytes is determined by cell
translocation over a clearly measurable distance and charac-
terized by three main functions: the proportion of cells

participating in migration, the migration velocity and the
directional persistence, i.e., the time period over which a cell
continues to move roughly in the same direction (Dunn, 1983;
Gail and Boone, 1970) (for review see (Lauffenburger and
Horwitz, 1996)). As an assay for the proportion of migrating
cells we immunocytochemically visualized the released �1-
integrin-containing material at the rear of keratinocytes.
Hence, this assay belongs to a number of migration track
assays such as the phagokinetic track assay (Albrecht-B¸hler,
1977) and the ECM track assay (Bade and Nitzgen, 1985). The
�1-integrin migration track assay has, however, important
advantages over the other migration track assays as it allows to
visualize the migration tracks in the presence of ECM
constituents without immunochemical interference (as com-
pared to ECM constituent assays) and as cells remain entirely
unaffected (as compared to the phagokinetic track assay)
during migration. The observation of �1-integrin ripping is new
for keratinocytes, since it has been reported for fibroblasts but
not in other cell types (Bard and Hay, 1975; Chen, 1981;
Lauffenburger and Horwitz, 1996; Regen and Horwitz, 1992).
Theproportionofmigrating keratinocytes as determinedby the
presence of �1-integrin-containing migration tracks is in-
creased by sAPP to about 30%. The larger proportion,
however, remains in a resting, i.e., a non-migratory state. FN
matrices raise the proportion of migrating cells to about 80%, a
rate which is further increased to 95% upon addition of sAPP.
The �1-integrin-containing migration track can also be used to
determine the directional persistence of cell migration
(Lauffenburger and Lindermann, 1993). sAPP increases the
directional persistence of keratinocytes cultured on FN
matrices by 25%.

Signaling pathways and possible receptors
Time-lapse recordings showed that the migration of keratino-
cytes is induced at nanomolar concentrations reaching a
plateau at 10 to 50 nM sAPP. At this concentration the
migration velocity is stimulated about two-fold. Hence, sAPP
has a stimulatory effect on keratinocyte migration similar to
that of EGF (Hinz et al., 1999).
Moreover, as sAPP acts through the activation ofRac kinase,

it appears to use the same signalling pathway. The receptor for
sAPP is, however, different from that of EGF, since inhibition
of the EGF receptor kinase by tyrphostin has almost no effect
on the motogenic stimulus exerted by sAPP. Several proteins

Fig. 11. Effect of tyrphostin and genistein on sAPP-induced stim-
ulation of lamellipodia and ruffle dynamics. After inhibition of tyrosine
kinases with genistein, the stimulating effect of sAPPrec on lamellipo-
dia and ruffle frequencies was blocked, reaching values typical of
unstimulated cells (a). Tyrphostin, which specifically inhibits the EGF
receptor tyrosine kinase, neutralized the stimulating effect of EGF (b)
but did not significantly reduce the stimulating effect of sAPPrec (c).
Bars, standard errors.

Fig. 12. sAPPrec-induced activation of Rac. Immunoblotting with
antibodies against Rac and subsequent densitometric analysis of
immunoblots revealed elevated levels of activated Rac in cells
stimulated with EGF (12.5-fold) or sAPPrec (8.7-fold) as compared
to non-stimulated control cells.

673sAPP is a motogen for keratinocytesEJCB



have been reported to bind sAPP (for review see (Schmitz
et al., 2002)). These comprise components of the extracellular
matrix such as fibulin-1 (Agraves et al., 1990) as well as
membrane-bound cellular receptors such as lipoprotein recep-
tor-like protein (LPR) (Strickland et al., 1995) or the class A
macrophage scavenger receptor (Santiago-Garcia et al., 2001).
All these proteins, however, do not seem to constitute the
receptor responsible for the growth-promoting and motogenic
effect of sAPP: Fibulin-1 even reduces this activity on binding
sAPP (Ohsawa et al., 2001), the binding to LPR is restricted to
sAPP isoforms containing the Kunitz protease inhibitor
domain (Knauer et al., 1996), whereas several studies (Pietr-
zik et al., 1998, Hoffmann et al., 2000) have demonstrated that
sAPP695, which lacks that domain, still possesses growth factor
activity. The scavenger receptor, in turn, is only expressed in a
limited number of cell types. Hence, the actual sAPP receptor
remains to be identified.

sAPP as a chemoattractant for keratinocytes
Chemotaxis, the directed migration of cells towards the high
concentration point of a chemoattractant gradient (Jones,
2000), plays an important role in metastasis (M¸ller et al.,
2001), defense against microbial invasion (De Yang et al.,
2000), angiogenesis (Folkman andD×Amore, 1996;Risau, 1997)
and wound healing (Martin, 1997). The Boyden chamber was
originally developed to assay leukocyte chemotaxis. We
adopted this assay to see whether sAPP stimulates keratino-
cyte migration not only in a chemokinetic but also a
chemotactic fashion.
Our results clearly indicate that sAPP is an efficient

chemoattractant for human keratinocytes. This effect of sAPP
may play a crucial role in complex processes such as wound
healing where keratinocyte migration is regulated by autocrine
and paracrine mechanisms. Whereas keratinocyte-derived
sAPP may be able to initiate cell motility by autocrine
mechanisms, the directionality of keratinocyte migration may
be adjusted by paracrine stimulation. This effect would involve
a gradient of sAPP derived from the wound itself: most lesions
cause leakage of blood with subsequent formation of fibrin
clots. Embedded in a mesh of cross-linked fibrin fibers are FN,
vitronectin, thrombospondin and platelets (for review see
(Clark, 1996)). As activated platelets degranulate they release
sAPP (Bush et al., 1990; VanNostrand et al., 1990; 1991), and a
number of growth factors and cytokines (for review see
(Martin, 1997)), thus providing chemotactic cues to recruit
keratinocytes for reepithelialization during wound repair.
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