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Slowly migrating cells such as fibroblasts leave behind a “migration track,” which has
been assumed not to occur in fast-moving cells such as keratinocytes. Here we show
that keratinocytes left behind “migration tracks” of cellular remnants consisting of
membranous patches or macroaggregates that were anchored to a meshwork of
extracellular matrix proteins consisting of collagen type IV, fibronectin, laminin, and
laminin 5. According to their origin and localisation, two types of macroaggregates
could be distinguished : (1) Spherical and elongated tubular structures (diameter about
50–110 nm) both of which were arranged like “pearls on a string” and that apparently
derived from fragmentation of retracting fibres. (2) Spherical structures (diameter
about 50 nm) left behind in the gaps between the retracting fibres and presumably
derived from former focal adhesion sites. Both types of macroaggregates did not
contain cytoplasmic proteins but carried on their surface adhesion proteins, particu-
larly high amounts of integrins : type 1 macroaggregates contained �3�1-integrins,
whereas type 2 macroaggregates contained other types of integrins such as �6�4-
integrins. Modulation of keratinocyte adhesion by using poly-L-lysine coated cover
slips resulted in an increased application of inhibitory �1-antibodies and slightly
reduced migration velocity and track formation. Within 24 h of migration, we
observed a migration velocity-dependent loss of cellular �1-integrin by macroaggre-
gate formation of about 11% for fast and about 4% for slowly migrating keratinocytes.
The physiological role of the migration track is unclear. However, with its multiple
adhesion sites it may serve as a provisional basement membrane during reepithelial-
ization of epidermal wounds. Cell Motil. Cytoskeleton 55:1–13, 2003.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

Cell migration is a complex process that leads to
translocation through the co-ordinated sequence of dis-
tinct functions such as lamellipod extension and attach-
ment, cytoskeletal contraction, and tail detachment
[Stossel, 1993; Sheetz, 1994; Lauffenburger and Hor-
witz, 1996; Mitchison and Cramer, 1996]. Cell adhesion
and attachment to extracellular matrix (ECM) ligands is
critical for cell migration and mediated by low-affinity
transmembrane glycoprotein adhesion receptors includ-
ing members of the heterodimeric integrin family [Buck
and Horwitz, 1987; Ruoshlahti and Pierschbacher, 1987;
Hynes, 1992; Sonnenberg, 1993]. Cell-substrate adhe-
sions are discrete transmembrane regions in which cy-
toskeletal components, either microfilaments or interme-

diate filaments, and integrins are tightly linked to the
underlying substratum. Microfilament associated adhe-
sion sites, also referred to as focal complexes and focal
adhesions [Kaverina et al., 2002], are short lived whereas
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intermediate filament associated adhesion sites, also re-
ferred to as hemidesmosomes [Yamada et al., 1996],
function in the more stable anchorage of epithelial cells
to their substrate [Jones et al., 1998]. During migration,
cell-substrate adhesions are absent or only transiently
identifiable [Dunlevy and Couchman, 1993; Matsumoto
et al., 1994]. Hence, adhesion sites must be disrupted for
a cell to move. It can be concluded that the dynamic
behaviour of integrins in cell-substratum adhesion struc-
tures at the rear of the cell is important in governing cell
migration. Indeed, in some cell types the rate of this rear
release determines the migration velocity [Chen, 1981].
Thus, the rate of locomotion of Dictyostelium cells is
limited by their ability to detach at the rear [Jay et al.,
1995], and for Chinese hamster ovary (CHO) cells trans-
fected with �IIb�3-integrins the rate of translocation on
fibronectin-coated surfaces is approximately equal to the
rate of cell rear detachment [Palecek et al., 1998].

Breakage of cell-substratum attachment needed to
allow locomotion can, in principle, occur either by intra-
cellular disruption of the cytoskeleton-integrin linkage or
by extracellular release of the integrin-matrix linkage: (1)
Detachment of the cell from the substratum involves
pericellular proteolysis [Werb, 1997] in which serine and
matrix metalloproteinases play a crucial role [Murphy
and Gavrilovic, 1999]. (2) Calpain, a Ca2� -dependent
protease that localises to focal adhesions [Beckerle et al.,
1987] regulates cell locomotion and rear retraction in
CHO cells by destabilising cytoskeletal linkages [Hut-
tenlocher et al., 1997]. In vitro experiments suggest that
calpain cleaves the cytoplasmic domain of the �-subunit
of integrins and perhaps other cytoskeletal molecules
including focal adhesion kinase (FAK) and talin [Du et
al., 1995; Cooray et al., 1996; Perrin and Huttenlocher,
2002], and calpain inhibition hinders rear release by
strengthening cytoskeletal linkages [Palecek et al., 1998].
(3) Disassembly of focal adhesions is followed by in-
creased cell locomotion. It has been shown that gradual
loss of tyrosine phosphorylation of p125 FAK and c-Met
coincided with disruption of focal adhesions and conver-
sion to a motile phenotype [Matsumoto et al., 1994]. In
permeabilized fibroblasts, however, a rapid breakdown
of focal adhesions has been observed upon the addition
of ATP leading to tyrosine phosphorylation of cytoskel-
etal components [Crowley and Horwitz, 1995]. (4)
Waves of increased intracellular free Ca2� -levels have
been implicated in the release of migrating neutrophils.
The onset of migration involves the activation of the
Ca2�/calmodulin-dependent phosphatase calcineurin,
leading to a reduction of integrin-mediated cell adhesion
[Maxfield, 1993; Hendey et al, 1992].

Originally, these biochemically regulated processes
were thought to facilitate rear detachment of migrating
cells by a process that does not necessarily induce any

loss of cell material during migration. However, it has
been shown that “membrane ripping” of cells occurs
during migration [Bard and Hay, 1975; Chen, 1981]. By
this process, a major fraction of integrins, which have
been shown to form macroaggregates on migrating chick
fibroblasts [Bard and Hay, 1975], is left behind on the
substratum while these fibroblasts release and move for-
ward [Regen and Horwitz, 1992]. Detailed studies have
shown that cells that move more often and over larger
distances than fibroblasts, such as neutrophils or keratin-
ocytes, move with a rapid, constant velocity [Lee et al.,
1993], and it has been speculated that such cells do not
expend the vast quantities of integrins observed in fibro-
blast migration [Palecek et al., 1996]. Indeed, the release
of integrins during the migration of keratinocytes has not
been reported yet.

Keratinocyte migration is an absolute requirement
for reepithelialization, e.g., during epidermal wound re-
pair. At the beginning of this process, keratinocytes from
the cut edge of the wound begin to migrate within 24 to
48 h using a provisional matrix of the wound bed con-
sisting primarily of fibronectin and fibrin [Clark et al.,
1982]. In addition, keratinocytes are known to synthesise
much of their own basement membrane including lami-
nin 5 and collagen IV [for review see Woodley, 1996].
Thus, during the transition of keratinocytes from a rest-
ing to a migratory state the transcription and deposition
of laminin 5 into a provisional basement membrane are
increased [Kainulainen et al., 1998; Lampe et al., 1998;
Ryan et al., 1994, 1996]. Keratinocyte motility on lami-
nin 5 appears to be induced by the interaction of ECM
ligands with the �3�1- [Carter et al., 1990; Xia et al.,
1996, Kikkawa et al., 1994; Zhang and Kramer, 1996]
and �2�1-integrins [Decline and Rousselle, 2001]. Be-
cause the formation of keratinocyte migration tracks
would be of general biological interest and because sen-
sitive techniques, e.g., high resolution scanning electron
microscopy, have become available, the question arose
whether the deposition of ECM constituents and mem-
brane ripping can be visualised and whether both pro-
cesses lead to the formation of detectable migration
tracks.

In this report, we show that migrating keratinocytes
leave behind tracks consisting of membrane remnants
that are identified as integrin-macroaggregates and are
attached to a meshwork of ECM proteins. Whereas a
substantial fraction of integrins is lost during keratino-
cyte migration, actin and actin-associated proteins as
well as other cytosolic components remain cell-associ-
ated and appear to be retained during membrane ripping.
Because migration track proteins and membrane rem-
nants provide multiple adhesion sites for other cells, our
observations suggest that keratinocyte migration tracks
fulfill a central biological role, e.g., as a provisional
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basement membrane that might be utilised during reepi-
thelialization processes.

MATERIALS AND METHODS

Cells and Cell Culture

Normal human epidermal keratinocytes from neo-
natal skin were provided by CellSystems (St. Katharinen,
Germany) and initiated into culture by a modification of
the method described by Rheinwald [1975] and Green et
al. [1979]. Subcultures were grown at 37°C in a modified
MCDB 153 medium (CellSystems) containing 20 �M
CaCl2, supplemented with bovine pituitary extract (30
�g/ml), epidermal growth factor (EGF) (0.4 ng/ml), in-
sulin (10 ng/ml), hydrocortison (0.5 �g/ml), gentamicin,
and amphotericin. To initiate keratinocyte migration, 50
nM EGF was added to the culture medium.

Fluorescence Microscopy

Keratinocytes grown for 24 h in MCDB 153 me-
dium with 50 nM EGF on uncoated glass cover slips, or
on cover slips coated with 50 �g/ml fibronectin were
fixed with 2% paraformaldehyde in PBS for 20 min. For
labeling of F-actin, fixed cells were incubated for 30 min
with Alexa-phalloidin (Molecular Probes, Eugene, OR)
diluted 1:100 in PBS. For immuno-labeling, cells were
blocked with 3% BSA in PBS for 10 min either after
permeabilization with 0.1% Triton X-100 in PBS or
without detergent treatment and incubated with primary
antibodies as follows: For integrin-labeling, we used
monoclonal antibodies against human �3-, �6-, �1- and
�4-integrin (Chemicon, Temecula, CA), diluted 1:100 in
PBS. For labeling of ECM components, we used poly-
clonal and monoclonal primary antibodies against colla-
gen IV, laminin, laminin 5, and fibronectin (Chemicon),
diluted 1:100 in PBS. For immunocytochemical visual-
ization of the �-amyloid precursor protein (APP), label-
ing was performed with monoclonal antibodies against
the N-terminal domain (22C11, gift of Dr. K. Beyreuther,
Heidelberg, Germany), diluted 1:50 in PBS. For im-
muno-staining of cytoskeletal proteins, we labeled kera-
tinocytes after fixation and permeabilization with mono-
clonal antibodies against actin (ICN, Irvine, CA), talin,
vinculin (Sigma, Deisenhofen, Germany), and zyxin (gift
from Dr. J. Wehland, Braunschweig, Germany) at dilu-
tions between 1:50 and 1:100 in PBS as described above.
To detect soluble cytoplasmic proteins in the migration
track, we fixed and permeabilized the cells as described
above and applied antibodies against the chaperone
Hsp70 (gift of Dr. J. Höhfeld, Bonn), diluted 1:100 in
PBS. After incubation for 60 min with primary antibod-
ies at room temperature and washing in PBS, cells were
incubated with secondary DTAF-conjugated goat anti-

mouse or goat-anti rabbit antibodies (Dianova, Hamburg,
Germany) diluted 1:100 in PBS for 30 min at room
temperature. Labeled cells with migration tracks were
analysed using a LSM 510 (Zeiss, Oberkochem, Ger-
many) equipped with an argon laser (488 nm line).

Scanning Electron Microscopy (SEM)

Keratinocytes were grown for 24 h in MCDB me-
dium with 50 mM EGF either on uncoated cover slips or
cover slips coated with human fibronectin (50 �g/ml) or
with 0.1 mg/ml poly-L-lysine (PLL). To study the influ-
ence of �1-integrin on migration track formation func-
tion-blocking �1-integrin antibodies (Chemicon, Te-
mecula, CA) were added to the culture medium in a final
concentration of 20 �g/ml. All cells were fixed in 2%
glutaraldehyde in 0.1 M sodium cacodylate, pH 7.3, for
20 min and transferred to 0.1% aqueous tannic acid.
After rinsing with distilled water specimens were dehy-
drated through a graded series of ethanol and critical
point dried from CO2 in 10 cycles according to Svitkina
et al. [1984] using a Balzers CPD 030 (BAL-TEC,
Schalksmühlen, Germany). Dried specimens were
mounted on aluminum sample holders and sputter coated
with 2 nm platinum/palladium in a HR 208 coating
device (Cressington, Watford, UK). SEM was performed
at an acceleration voltage of 3 kV using a XL 30 SFEG
(Philips, Eindhoven, Netherlands) equipped with a
through lens secondary electron detector.

Trypsin Digestion of Migration Tracks

To see whether the fibrous meshwork of the migra-
tion tracks is formed by proteins we have subjected
keratinocyte migration tracks to digestion with 0.5 mg/ml
trypsin (Sigma, Deisenhofen, Germany) for 10 min at
room temperature. The migration tracks before and after
trypsin digestion were analysed by SEM as described
above.

Transmission Electron Microscopy (TEM)

Keratinocytes grown on pioloform covered and fi-
bronectin-coated nickel grids (100 mesh) were fixed in
2% paraformaldehyde in PBS and blocked with 3% BSA
in PBS either after permeabilization with 0.1% Triton
X-100 in PBS or without detergent treatment. Blocked
cells were immuno-labeled with primary antibodies
against different integrin isoforms or ECM-components
as described above for fluorescence microscopy. After
washing with PBS, cells were incubated with gold-con-
jugated secondary antibodies. After rinsing with distilled
water, specimens were dehydrated through a graded se-
ries of ethanol and critical point dried from CO2 as
described above. Dried specimens were coated with a
2-nm layer of carbon for TEM using a Balzers BAE-080
evaporation device (BAL-TEC, Schalksmühlen, Germany).
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TEM was performed at an acceleration voltage of 80 kV
using a CM 120 electron microscope (Philips, Eindhoven,
Netherlands) equipped with a LaB6 filament.

Quantification of Migration Tracks

Quantification of migration track parameters was
performed on the basis of SEM and TEM images using
Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD). The total length of migration tracks was
measured from the tips of retracting fibres to the end of
the tracks. Values were determined for cells grown in the
presence of 50 nM EGF for 24 h to calculate the average
velocity of migration track formation and migration ve-
locity. To correlate migration velocity and the amount of
released �1-integrin, cells were classified according to
the length of their migration tracks after 24 h of cultiva-
tion on fibronectin as slow (track length � 35 �m),
intermediate (35 to 80 �m) and fast (�80 �m). Then, the
amount of �1-integrin released within 24 h of migration
on fibronectin was determined by measuring the intensity
of fluorescence emission in the migration track and cal-
culation as percent of total intensity of emission, i.e., the
emission of the migration track plus keratinocyte cell
body emission. In addition, the amount of �1-integrin
released per �m migration track length was determined
for slow-, intermediate-, and fast-moving cells.

Statistical Analysis

All migration assays were repeated at least three
times and results were expressed as the mean � s.e. For
statistical differences, data were analysed by means of
Student’s t-test. Differences from controls were consid-
ered to have statistical significance at values P � 0.01.
Rank correlation was determined according to Spearman
and considered to have statistical significance at values
P � 0.01.

RESULTS

Morphology of the Keratinocyte Migration Track

After stimulation with 50 nM EGF, keratinocytes
adopted a clearly polarised morphology, which became
evident using scanning electron microscopy. The po-
larised morphology allowed us to distinguish between
the cell front, with a broad flattened region, the so-called
cell lamella, and the rear of the cell. Using scanning- and
transmission-electron microscopy, we observed that mi-
grating, polarised keratinocytes, independent of the sub-
strate, left behind tracks of cellular and extracellular
material. These tracks were either straight and showed no
obvious directional changes over a distance of up to 120
�m (Fig. 1a) or exhibited a zigzag pattern with multiple
directional changes approximately each 40 �m (Fig. 1b).

The average migration velocity resulted from the total
length of the migration track and the period of migration.
We observed a positive, linear correlation between the
length of the tracks, i.e., the average migration velocity,
and the time of cultivation reaching about 5 �m per hour
for non-stimulated cells and up to 10 �m per hour for
EGF stimulated cells.

Detailed studies of the migration track at higher
magnification revealed that three different components
contributed to its formation: (1) spherical structures with
diameters ranging from about 50 nm to about 110 nm
(Fig. 1c); (2) elongated tubular structures with an average
diameter of about 50 nm and a length ranging between
0.5 and 1.3 �m (Fig. 1c); and (3) a dense meshwork of
fine fibres with diameters of about 1–2 nm. The spherical
and the elongated tubular structures were connected to
this meshwork by thin cross-bridges of about 5 nm in
diameter and about 60 nm in length (Fig. 1c). The pro-
teinaceous nature of this meshwork was shown by diges-
tion with trypsin, which entirely removed the meshwork.

The cell rear was recognised by the presence of up
to 70 in parallel arranged retracting fibres per cell, i.e.,
straight tubular cell extensions with an average diameter
of 50 nm and a length between 2 and 16 �m (Figs. 1a and
2). Within the migration track, the proteinaceous mesh-
work seemed to be uniformly distributed, whereas the
spherical and tubular structures showed two different
patterns of distribution: (1) spherical components with a
diameter of about 110 nm and tubular components with
diameter of about 50 nm, which were aligned in a linear
pattern like “pearls on a string” (Fig. 2c). This linear
pattern in many cases seemed to be in line with the
retracting fibres from which part of membranous com-
ponents appeared to originate by fragmentation, and (2)
spherical structures with a diameter of about 50 nm
without linear orientation, which were localised in the
gaps between retracting fibres and the linearly arranged
spherical and tubular structures (Fig. 2c).

�1-Integrin in the Migration Track

As some cell types, such as fibroblasts and CHO
cells transfected for the expression of �1-integrin, have
been reported to lose up to 30% of their �1-integrin on
the substrate during migration [Palecek et al., 1998], we
were interested in the fate of �1-integrin during keratin-
ocyte migration. Labelling of migrating keratinocytes
with anti-�1-integrin antibodies resulted in a staining
pattern typical for focal adhesion points within the cell
body. In addition, there was an intense staining inside the
region of the migration tracks. Using confocal fluores-
cence microscopy, we observed a regular staining pattern
of linearly arranged spherical and tubular components
(Fig. 3a) strongly resembling the structures, which were
identified by electron microscopy (Figs. 1c and 2b,c).
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Indeed, by immunogold-labelling we observed consider-
able staining with antibodies directed against the extra-
cellular N-terminus of �1-integrin on their surface (Fig.
3b). These structures have, therefore, been identified as
integrin macroaggregates. To address the issue whether
the spherical and tubular components were completely
sealed, membrane-covered units or open membrane frag-
ments ripped off from the cell surface, we used antibod-
ies against the cytosolic C-terminal domain of �1-inte-
grin either after Triton X-100 treatment or without
permeabilization. For non-permeabilized cells, we found
nearly no labelling within the cell body, but in contrast,
an even stronger signal within the migration track than
with Triton X-100 treatment. This observation suggests
that the macroaggregate components of the migration
track consisted to a large part of open membrane frag-
ments.

Distribution of Other Integrin-Isoforms Within the
Migration Tracks

Keratinocytes are known to express, besides �1-
integrin, other integrin isoforms such as �4-integrins.
�1-integrins form dimeric ECM receptors mainly with

�3-integrins, whereas �4-integrins dimerize mainly with
�6-integrins and are involved in the formation of
hemidesmosomal cell-substrate contacts [Yamada et al.,
1996; Mercurio et al., 2001]. Labelling of migrating cells
with antibodies against �3-integrins showed a distribu-
tion within the migration track (Fig. 4), which corre-
sponded to the staining pattern described for �1-integrins
(see Fig. 3), i.e., tubular and spherical structures were
arranged in a linear pattern of parallel strands distributed
over the entire migration track. In contrast to the �3- and
�1-integrins, the �6-, and �4-integrins were not found in
a continuous, linear pattern along the migration tracks,
but were observed at the rearward and lateral border of
the tracks (Fig. 4). Additionally, �4-integrins were found
in the form of patches distributed over the central area of
the migration tracks.

APP Is a Component of Migration Tracks

Besides integrins, other membrane proteins are
likely to be lost also on the substrate during keratinocyte
migration. Possible candidates are other cell-matrix ad-
hesion proteins such as members of the APP family.
Thus, the APP-like protein APLP-2 has been shown to

Fig. 1. Keratinocyte migration track as visualised by scanning elec-
tron microscopy. The tracks consisted of small spherical and tubular
structures, which pointed away from the cell rear and allowed to
exactly reconstruct the way cells had taken during migration (a, b;
arrows: direction of cell movement). Visualisation of the migration
track allows to determine not only the total distance of cell migration,
but also the directional persistence, i.e. the frequency of directional
changes during locomotion. Cells with a high directional persistence

showed linear migration tracks (a) whereas migration tracks of cells
with a low directional persistence showed a zigzag pattern with mul-
tiple turnings (b). At higher magnification, the spherical and tubular
components were clearly visible and located on a dense network of
fibrous material (c). Small cross-bridges connected the fibrous network
with the spherical and tubular track components (inset in c, arrows).
Bars � (a, b) 20 �m; (c) 1 �m; (inset in c) 200 nm.
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function in cell-matrix adhesion thereby mediating the
migrations of corneal keratinocytes [Li et al., 1999],
whereas epidermal keratinocytes expressed mainly APP
localised in the basal cell layer [Hoffmann et al., 2000].
We, therefore, analysed the distribution of the �-amyloid
precursor protein within the tracks. Indeed, we found
small amounts of APP at the outer border of migration
tracks (not shown), which corresponded to the distribu-
tion of �4-integrin (see Fig. 4). Within the central area of
migration tracks, only few, apparently randomly distrib-
uted patches of APP remained attached to the substrate
during keratinocyte migration.

Cytoskeletal and Soluble Cytosolic Proteins are
Absent From Macroaggregates

Since actin and numerous associated proteins con-
tribute to the formation of focal contacts and are linked
with the cytosolic domains of integrins, we determined
their distribution at the cell rear, where focal contacts are
cleaved, and inside the macroaggregates. As shown for
actin in Figure 2a, all antibodies employed for visualisa-
tion of talin, vinculin, or zyxin intensively labelled the
retracting fibres to their very tip. However, as soon as the
cellular material was ripped off to form macroaggregates,
the labelling was lost and not visible in the macroaggre-

gates. In addition, we found no cytokeratine intermediate
filaments, which are usually associated with integrins in
hemidesmosomes, inside the macroaggregates. Finally,
we used antibodies against chaperones of the Hsp70
family [Bukau and Horwich, 1998], which belong to the
most abundant cytosolic proteins, to gain insight into the
contribution of soluble cytosolic components during the
formation of macroaggregates. As for cytoskeletal pro-
teins, we found high amounts of Hsp70 inside the cell but
no detectable signal within macroaggregates.

ECM Components in the Migration Track

Keratinocytes are known to produce and secrete
numerous constituents of their own ECM, such as fi-
bronectin and collagen IV in vivo and in vitro. Hence, we
immunocytochemically analysed the distribution of dif-
ferent ECM components of the migration track. We
observed that fibronectin, laminin, laminin 5, and colla-
gen IV were constituents of keratinocyte migration tracks
(Fig. 4). Electron microscopy revealed that all ECM
components analysed so far were integral constituents of
the dense fibrous meshwork that was found beneath the
spherical and tubular track components. Intriguingly, the
distribution of the different ECM components was not
uniform within the migration track: Whereas fibronectin,

Fig. 2. Origin of macroaggregates and conservation of actin during
membrane ripping. a–d: The rear of cells moving from top to bottom.
Double fluorescence of keratinocytes labelled with anti-�1-integrin
antibodies (red) and alexa-488-phalloidin (green) revealed that inte-
grin macroaggregates became devoid of actin during ripping from the
rear of the cell (a, d). This ripping was observed at the tips of retracting

fibres (c, arrows) or in gaps between the retracting fibres (c, d).
Ripping from the tips of retracting fibres resulted in the formation of
spherical and tubular structures arranged like “pearls on a string” (c,
d). The gaps between the retracting fibres contained smaller spherical
structures, which were not organised in this regular pattern (c). Bars �
(a, b) 10 �m; (c, d) 2 �m.
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laminin, and collagen IV were found in an almost uniform
distribution across the entire tracks (Fig. 4), laminin 5 was
concentrated in the periphery of migration tracks, i.e., at
their rearward and lateral bordering region (Fig. 4).

�1-Integrin Macroaggregates Are Associated
With Laminin

To learn more about the nature of the association
between the integrin macroaggregates and the under-

lying ECM, we employed double-immunostaining
techniques with antibodies against the C-terminus of
�1-integrin and against different ECM proteins. We
observed a tight association between �1-integrins and
laminin (Fig. 5a– c), which seemed to be accomplished
by small filamentous cross-bridges labelled with anti-
laminin antibodies as visualised by immuno-electron
microscopy (Fig. 5d,e). Interestingly, the length of
these fibres was within the size of laminin molecules.
Hence, these fibres might represent the laminin linking
macroaggregates to ECM components of the migration
track.

Quantification of Integrin Loss

To determine the amount of �1-integrin lost by the
formation of macroaggregates, we measured the intensity
of fluorescence emission in the migration tracks of �1-
integrin-labelled keratinocytes and calculated the percent
of total fluorescence intensity, i.e., the total emission
from cell body and migration track. To quantitatively
correlate the amount of �1-integrin in the migration track
and the migration velocity, we classified the keratino-
cytes according to the length of their migration tracks as
slow (track length � 35 �m), intermediate (35 to 80
�m), and fast (� 80 �m). After 24 h of cultivation in the
presence of EGF, we observed a loss of about 11% (�
6%) of the cellular �1-integrin as macroaggregates in
migration tracks of fast moving cells and about 4% (�
2.6%) in the tracks of slowly moving cells (Fig. 6a). In
addition, we found a clear decrease in the amount of
�1-integrin left behind as macroaggregates per �m track
length in correlation to increasing migration velocity
(Fig. 6b). Fast moving cells lost below 0.1% (� 0.04%)
of their �1-integrin per �m, whereas slow cells reached
an integrin loss of up to 0.15% (� 0.1%) per �m.

Substrate Modulation Affects Migration Track
Length

To gain insight in the adhesion mechanisms lead-
ing to migration track formation, we used, besides
glass surfaces, fibronectin and PLL-coated surfaces as
migration substrates and analysed the formed migra-
tion tracks by scanning electron microscopy. For all
substrates, we found no detectable differences in the
structures contributing to migration track formation
and in the distribution of the different types of mac-
roaggregates. Nevertheless, after 24 h of migration we
revealed differences between the different surfaces
regarding the total length of the formed migration
tracks. On glass surfaces, we observed by far the
shortest migration tracks with an average length of
about 22 �m (Fig. 7), whereas fibronectin coating
resulted in an almost 3.5-fold increase in migration
track length to about 70 �m. On PLL surfaces, migra-

Fig. 3. �1-Integrin macroaggregates in the migration track. Immu-
nofluorescence microscopy revealed that keratinocytes left behind a
track of �1-integrin macroaggregates (a). These macroaggregates were
visualised in detail in transmission electron microscopy and appeared
as spherical and tubular structures. Using antibodies directed against
the N-terminus of �1-integrin, macroaggregates showed a distinct
surface labelling by immuno-gold staining (b). Bars � (a) 20 �m;
(b) 1 �m.
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tion tracks were about 2-fold longer than on glass,
reaching an average length of about 46 �m (Fig. 7). To
study the contribution of �1-integrin-substrate adhe-

sion to the formation of migration tracks, we applied
function-blocking �1-integrin antibodies during a mi-
gration-period of 24 h on fibronectin surfaces. In the

Fig. 4. Localisation of integrins and ECM proteins in keratinocyte
migration tracks. Immunofluorescence microscopy of migrating kera-
tinocytes showed that �3- and �1- integrin subunits were localised to
spherical and tubular patches, which were evenly distributed over the
migration track (top). In contrast, �6- and �4-integrins were found in
larger patches, which were observed preferentially in the periphery,

i.e., at the rearward and lateral border of migration tracks. Components
of the ECM were detected at distinct regions of the migration track by
immunofluorescence microscopy (bottom). Laminin, fibronectin, and
collagen IV showed a nearly uniform distribution over the entire
migration track whereas laminin 5 was concentrated in the periphery
of the tracks. Arrows: direction of movement. Bars � 20 �m.

Fig. 5. Interconnection of macroaggregates and the underlying fi-
brous network by laminin. Numerous thin fibres connected the net-
work with the surface of spherical and tubular track components.
Double immunofluorescence showed no direct co-localisation of
matrix components such as laminin and integrin macroaggregates
(a–c). Electron microscope immunocytochemistry of keratinocyte
migration tracks showed that antibodies directed against the C-
terminus of �1-integrin (small gold particles) labelled tubular struc-
tures (d) or macroaggregates (e) that were connected to laminin as
visualised immunocytochemically (large gold particles). Bars �
(a–c) 10 �m; (d, e) 100 nm.
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presence of these antibodies, migration track forma-
tion was not completely inhibited, but the average
length of migration tracks was significantly reduced to
about 50 �m (Fig. 7).

DISCUSSION

Keratinocyte migration is an essential part of nu-
merous morphogenetic events of the skin and an early
response to injury leading to reepithelialization during
wound repair. Here we report that human keratinocytes
leave behind a migration track consisting of cellular
remnants (macroaggregates) and of an underlying mesh-
work of ECM proteins to which these macroaggregates
are tightly linked. This migration track is probably not a
mere by-product of keratinocyte locomotion but may
have biologically relevant functions. We, therefore, have

analysed the composition of keratinocyte migration
tracks and the structural interrelationships of their con-
stituents.

Origin of Integrin Macroaggregates in
Keratinocyte Migration Tracks

The formation of migration tracks resulting from
the release of cellular material has been described for a
number of slowly migrating cell types including fibro-
blasts of different organisms [for a review see Lauffen-
burger and Horwitz, 1996] and primary chondrocytes
[Zimmermann et al., 1999, 2001]. Migration tracks are
hardly visible by conventional light microscopy and have
originally been considered as matrix fibrils [Halfter et al.,
1990]. However, it has been shown that fibroblasts leave
behind migration tracks that contain integrin macroag-
gregates. Such macroaggregates have been described as
small integrin-containing membranous patches that are
left behind and attached to the substratum during migra-
tion [Regen and Horwitz, 1992]. These structures appar-
ently result from a process that has also been described as
“membrane ripping” [Bard and Hay, 1975; Chen, 1981;
Regen and Horwitz, 1992; Lauffenburger and Horwitz,
1996]. In contrast to slowly migrating cell types, kera-
tinocytes were believed not to form migration tracks as a
consequence of their rapid movement [Palecek et al.,
1996]. By combining high resolution scanning and trans-
mission electron microscopy with improved immunogold
staining procedures, we observed, however, that large

Fig. 6. Loss of �1-integrin and migration velocity. Slow-migrating
cells, which form migration tracks shorter than 35 �m during 24 h, lost
about 4% of their �1-integrin, whereas fast-migrating cells with mi-
gration tracks longer than 80 �m left behind about 11% of their
�1-integrin (a). The amount of cellular �1-integrin lost during 1 �m
of migration decreased with increasing migration velocity and ac-
counted less than 0.1% for fast-moving cells and about 0.15% for
slow-moving cells (b). Bars � standard errors. Asterisks, significantly
correlating classes at P � 0.01 as determined by Spearman’s rank
correlation test.

Fig. 7. Modulation of migration track length. Keratinocytes formed
migration tracks on all substrates used in this study. The length of
migration tracks was substrate-dependent and modulated by function-
blocking �1-integrin antibodies. On glass surfaces, the average track
length was about 22 �m after 24 h of migration, whereas the values on
poly-L-lysine (PLL) -coated surfaces were about 46 �m. Fibronectin
(FN) coating induced an about 3.5-fold elongation of migration tracks
reaching values of about 70 �m. The migration track length on
fibronectin surfaces could be significantly reduced to about 50 �m in
the presence of function blocking �1-integrin antibodies. Bars �
standard errors. Asterisks, significantly different from fibronectin at
P � 0.01 as determined by Student’s t-test.

Keratinocyte Migration Track 9



quantities of integrin macroaggregates are left behind by
migrating keratinocytes. Depending on the velocity of
migration, the loss of �1-integrin was up to 18% of
cellular integrin for fast migrating cells and about 5% for
slowly moving keratinocytes (see Fig. 6).

At least two types of such macroaggregates could
be distinguished according to their origin and their local-
isation within the tracks (see Figs. 1b, 2c). Type I:
Spherical structures with a diameter of about 50–110 nm
and elongated tubular structures with a diameter of about
50 nm, which both appear to be arranged in the migration
track like “pearls on a string” and apparently derive from
fragmentation of retracting fibres, i.e., the tubular mem-
brane extensions at the rear end of keratinocytes (see Fig.
2c). Type II: Spherical macroaggregates with a diameter
of about 50 nm that are left behind in the gaps between
the retracting fibres when keratinocytes migrate over a
substratum and that we assume to derive from former
focal adhesion sites. The latter aggregates have not been
described in other cell types as yet. Both types of mac-
roaggregates adhere to the substratum by regularly ar-
ranged fibrous material consisting of ECM proteins such
as laminin. Type I macroaggregates contain �3�1-inte-
grin, whereas type II macroaggregates carry other types
of integrins such as �6�4-integrin. Apparently, the inte-
grin-mediated anchorage of plasma membrane areas to
ECM-proteins is partially maintained during the rear
release process of migrating cells. In keratinocytes, the
disconnection of macroaggregates starts only a few mi-
crons distant from the cell rear at the tips of the short
(� 20 �m) and straight retracting fibres and in the gaps
between these fibres. The more than 200-�m-long and
dendritically branched tubular extensions that form at the
rear of migrating fibroblasts [Fuhr et al., 1998; Richter et
al., 2000; Zimmermann et al., 2001] are absent from
keratinocyte migration tracks. Furthermore, upon discon-
nection from the retracting fibres, keratinocyte macroag-
gregates remain almost unchanged in size and integrin
content for prolonged periods of time, i.e., for at least
24 h. Obviously, there is no further fragmentation as
described for the cell traces left behind by mouse fibro-
blasts [Fuhr et al., 1998]. Both the remarkable differ-
ences between keratinocytes and fibroblasts in the length
and organisation of the retracting fibres and the mode of
release and fragmentation of macroaggregates might be
due to differences in their migration velocities. The rel-
atively high migration velocity of keratinocytes might
favour the rapid release of small macroaggregates,
whereas the slower velocity of fibroblasts would allow
for the formation of long and dendritically branched
extensions prior to macroaggregate release.

The integrins of macroaggregates presumably con-
sist of full-length molecules, as shown here for �3�1-
integrin, since they can be detected with antibodies

against the cytosolic as well as the extracellular domain.
Because no permeabilization is required to gain access to
the cytosolic domain of �1-integrin, part of the macro-
aggregates are presumably not closed membranous struc-
tures, but appear to be open membrane remnants. In
fibroblast migration, such open remnants have been pro-
posed by Palecek et al. [1998] to be the structural basis of
�1-integrin macroaggregates.

Integrin macroaggregates of keratinocytes also
contain other integral membrane proteins, such as APP
and the APP-like protein APLP2 (Kirfel et al., unpub-
lished data). APP is the precursor of the A�-peptides and
believed to be a key factor in the pathogenesis of Alz-
heimer’s disease [Glenner and Wong, 1984; Weidemann
et al., 1989]. In addition, the N-terminal domain of APP,
and particularly of APLP2, has been shown to support
epithelial adhesion to fibronectin and collagen IV [Li at
al., 1999]. The existence of different types of adhesion
molecules in keratinoycte macroaggregates might allow
dynamic interactions with the ECM leading to cell mi-
gration even if one integrin type is inhibited by function-
blocking antibodies as shown previously for colon car-
cinoma cells migrating on different substrates [Rigot et
al., 1998] and in this report for human keratinocytes
migrating on fibronectin.

Absence of Cytosolic Proteins From
Macroaggregates

The formation of integrin-macroaggregates by
membrane ripping has been proposed to depend on the
gradual disruption of the actin cytoskeleton, thereby in-
ducing the fragmentation of cylindrical cell extensions
into periodic chains of pearls [Bar-Ziv et al., 1998]. This
suggestion would imply that actin and other cytosolic
proteins are included in macroaggregates. Keratinocyte
macroaggregates, however, lack cytosolic proteins that
may interact with integrins, such as actin, talin, vinculin,
or that are most common in the cytosol such as the
chaperone Hsp70. Apparently, migrating keratinocytes
are able to withdraw all these constituents during mac-
roaggregate formation and, thereby, to minimise their
loss (see Fig. 2a). Cleavage of actin-integrin linkages by
calpain has been observed and may be a mechanism
underlying the withdrawal of actin during membrane
ripping by migrating cells [Huttenlocher et al., 1997]. It
is, however, unknown by which mechanism other cyto-
solic proteins are retained.

In summary, keratinocyte macroaggregates do not
appear to be randomly composed of cytoplasmic or
plasma membrane remnants. They rather correspond to
membrane patches supplied with a selected group of
integral membrane proteins with adhesive functions. Pos-
sibly these macroaggregates are derived from a group of
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membrane microdomains previously described as inte-
grin-lipid rafts [Leitinger and Hogg, 2002].

ECM Constituents of the Migration Track

This report shows that migratory keratinocytes
leave behind a network of ECM components including
laminin, laminin 5, fibronectin, and collagen IV. ECM-
proteins are primarily known for their cell-adhesive func-
tions. Thus, the interaction of �3�1-integrin with laminin
5 renders the cell more adherent [Decline and Rousselle,
2000]. Injury of the epidermis leads to the deposition of
laminin 5 into the provisional basement membrane
[Kainulainen et al., 1998; Lampe et al., 1998; Ryan et al.,
1994, 1996]. In situ, laminin 5 may serve the anchorage
of keratinocytes by interaction with �3�4-integrin [Xia
et al., 1996] or with �6�4-integrin, thereby participating
in the formation of hemidesmosomes [Yamada et al.,
1996; Mercurio et al., 2001]. In contrast to hemidesmo-
some anchorage, keratinocyte motility may be mediated
by the interaction of laminin, collagen, and fibronectin
with �3�1-integrin [Carter et al., 1990; Xia et al., 1996;
Kikkawa et al., 1994; Zhang and Kramer, 1991]. Our
observations support this view, as antibodies directed
against �1-integrin reduce the migratory velocity of ker-
atinocytes. The velocity of migrating keratinocytes also
appears to be influenced by the nature of the substratum.
Thus, migration velocity, i.e., migration track length, is
significantly reduced but not completely inhibited on
PLL-coated cover slips and particularly high on fibronec-
tin-coated surfaces. Recent reports on cell migration have
shown that PLL exerts either stimulating [Maeda and
Noda, 1998] or inhibitory effects [Rigot et al., 1998]
depending on the cell type. These cell type specific
reactions might be related to differences in the capability
to synthesise and secrete ECM material as migration
substrate. Accordingly, cells with an intensive ECM pro-
duction, such as keratinocytes [Clark et al., 1985; Timpl,
1996] partially compensate the inhibitory effects of PLL
as compared to other cell types. Moreover, it has been
shown that keratinocytes from �-integrin knockout-mice
exhibit strongly impaired migratory activity in vitro and
a dramatic delay in the onset of migration during wound
repair in situ with piling up of cells at the wound edges
[Grose et al., 2002]. Laminin is one of the most abundant
non-collagenous epidermal basement membrane proteins
and was the first to be identified [Timpl et al., 1979]. In
the keratinocyte migration track, laminin appears to form
bridges between macroaggregates containing �1-integrin
(see Fig. 5d,e). Collagen IV is a major epidermal base-
ment membrane protein [Timpl et al., 1981] able to form
a three-dimensional lattice and to promote keratinocyte
migration [Woodley, 1996]. Whereas these proteins have
been shown to be detectable mainly in the basement
membrane of the adult epidermis [for review see Timpl,

1996], fibronectin, which is also able to promote kera-
tinocyte locomotion [Woodley, 1996; Twal et al., 2001],
is found mainly in the dermal layer of the skin [Clark et
al., 1985; Gibson et al., 1983a]. As shown here, however,
fibronectin is released by migrating keratinocytes and
abundant in their migration track. Hence, our observa-
tions support the notion that keratinocytes can regain the
ability to synthesise and secrete fibronectin [Gibson et
al., 1983b], e.g., during migration.

CONCLUSIONS

As shown in this study, migrating keratinocytes
produce a migration track containing ECM constituents
that might serve as a provisional basement membrane
facilitating epidermal wound healing. Indeed, subse-
quently migrating keratinocytes appear to preferentially
follow the tracks of the preceding ones (unpublished
observation). In addition, within 24 h of migration, ker-
atinocytes leave behind on the substratum about 11% of
the total cellular �1-integrin in the form of integrin-
macroaggregates. These integrin-macroaggregates and
the ECM components are stable for prolonged periods of
time. Hence, the formation of the migration track with its
multiple adhesion sites is likely to be a mechanism by
which keratinocytes contribute to the biogenesis of a
provisional basement membrane. Because ECM compo-
nents and signalling through integrin receptors have di-
rect effects on keratinocyte adhesion [for reviews see
Geiger et al., 2001; Levy et al., 2000] and migration [for
review see O’Toole, 2001], this provisional basement
membrane might guide trailing keratinocytes, e.g., for
reepithelialization during wound repair.
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