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We report here a hitherto undescribed form of cell migration.
When a suspension of human keratinocytes is plated on a fibrin
matrix, single cells invade the matrix and progress through it as
rounded cells by dissolving the fibrin and thereby creating tunnels.
These tunnels are cylindrical or helical, the latter being the result
of constant change in the path of cellular advance around the
helical axis. Helical tunnel formation is strongly promoted by
epidermal growth factor. The rate of migration of the cell through
the track of a helical tunnel (up to 2.1 mm per day) is about 7-fold
greater than through a cylindrical tunnel. Pericellular fibrinolysis
leading to tunnel formation depends on the presence of plasmin-
ogen in the medium and its conversion to plasmin by a cellular
activator. Formation of tunnels requires that plasminogen activa-
tor be localized on the advancing surface of the keratinocyte; we
propose that the tunnel is cylindrical when the site of release of
plasmin is located at a fixed point on the cell surface and helical
when the site of release precesses.
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Cell locomotion is key to many developmental processes,
including embryo implantation, morphogenesis, tissue re-
newal and remodeling, wound healing, and metastasis (1). In
living tissues, cells are either attached to a basement membrane
or embedded in an extracellular matrix whose composition varies
and can include fibronectin, vitronectin, laminins, and collagens
(2). Cells adhere to matrix proteins through a repertoire of
membrane-bound receptors including integrins, cadherins, se-
lectins, syndecans, and members of the Ig superfamily (3, 4). Cell
locomotion thus necessitates cycles of release from the matrix
and of attachment. The leading cell edge detaches first from the
matrix, reorganizes its cytoskeleton, and extends cytoplasmic
protrusions (5, 6). While the lamellipodia and filopodia extend
forward onto the matrix, the trailing cell edge in turn detaches
from the matrix and retracts, allowing the cell to propel itself (7).

Detachment of the cell from the substratum involves pericel-
lular proteolysis in which serine and matrix metalloproteinases
(MMPs) play a crucial role (8). During wound repair, migrating
cells such as neutrophils and macrophages, smooth muscle cells,
endothelial cells, and keratinocytes, invade and degrade fibrin
clots in the form of a three-dimensional lattice. A fibrin clot is
the result of the activation of the clotting cascade, the last step
of which is the conversion of plasma fibrinogen to fibrin by
thrombin (9). The fibrin is then covalently crosslinked by factor
XIII of the clotting cascade, a plasma transglutaminase that also
crosslinks plasma fibronectin and vitronectin to fibrin. Cell
locomotion through a clot necessitates proteolysis of fibrin and
involves a cascade of events to which plasmin is usually central.
However, there is evidence that pericellular fibrinolysis may also
occur independently of the plasminogen cascade through matrix
metalloproteinases (membrane type-1 MMP) (10). To form
plasmin, circulating plasminogen binds to specific cell surface
receptors, where it is converted into plasmin by cleavage of a
single peptide bond by the serine protease, urokinase-type
plasminogen activator (uPA). However, pro-uPA is converted
into active uPA only after it has bound to high-affinity cell
surface receptors (uPAR), tethered to the plasma membrane via
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a glycosylphosphatidylinositol anchor. Plasmin that diffuses
away from the plasma membrane is rapidly inactivated by
specific plasminogen activator inhibitors (PAIs), most impor-
tantly PAI-1 and -2. This provides means of regulating the
process of plasminogen activation (11). uPAR that is present on
the surface of a variety of cell types, including keratinocytes (12),
is also directly involved in cell binding to vitronectin (13).
Moreover, in complexes with transmembrane adaptor, integrins,
and tyrosin-kinases, uPAR may be involved in signal transduc-
tion (11).

By far the most commonly studied form of cell locomotion is
that of cells attached and spread out on glass or plastic surfaces
(14-16). Sophisticated methods have been applied to the study
of cell movement, such as coating the surface of a culture dish
with supracolloidal gold particles and detailed analyses of the
phagokinetic tracks of 3T3 cells (17). This approach has been
used to study the locomotion of various cell types, including
keratinocytes, on different extracellular matrix proteins (18, 19).
But apart from epithelial cells attached to a basement mem-
brane, there would appear to be few sites in the body where a
surface would limit migration to two dimensions. The locomo-
tory system may depend on the differentiated properties of each
cell type; for example, the movements by which a leukocyte
emerges from a capillary do not resemble the movement of cells
on artificial surfaces (20).

We describe here an original migration by means of which
human keratinocytes pass through a fibrin matrix. Locomoting
keratinocytes dig cylindrical and helical tunnels into fibrin
matrices while advancing as rounded cells. This pattern of
migration is very efficient and completely different from that
described for other cell types. It is a form of locomotion that
seems adapted to a keratinocyte deprived of its basement
membrane by wounding and obliged to rapidly repair the wound
in an environment of fibrin.

Experimental Procedures

Fibrin Gel Matrix. Fibrin matrices were made from a freeze-dried
surgical fibrinogen prepared from human plasma obtained from
blood donors (Biocol-Human Thrombin, LFB, Les Ullis,
France) as described (21). The protein composition of the
product has been reported in detail (22). It contains clottable
fibrinogen (95-130 mg ml~1), fibrinonectin (4-13 mg mi™1),
factor XIIa (10-25 units ml~'), and traces of other plasma
proteins. The freeze-dried fibrinogen was reconstituted with
twice the volume of sterile distilled water recommended by the
manufacturer. It was then mixed (vol/vol) with isotonic sodium
chloride solution containing human thrombin (5 NIH units
ml~!) and evenly distributed into culture dishes before clotting
occurred. The fibrin clot resulting from the thrombin-induced
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activation of fibrinogen was covalently crosslinked by the plasma
transglutaminase factor XIIIa present in the fibrinogen prepa-
ration. Under these conditions, the fibrin matrix was transparent
and suitable for microscopy of cells migrating through the
matrix. The final fibrinogen concentration in the matrix (30 mg
ml~!) was 8—10 times higher than in plasma.

Cell Culture. Human keratinocytes originating from foreskin of
newborns were cultivated as described (23). The medium was
supplemented with epidermal growth factor (EGF) (10 ng ml~!)
at the first feeding. Human fibroblasts were also obtained from
the foreskin of a newborn but were cultivated in DMEM
containing 10% FBS. Human melanocytes, skeletal muscle
myoblasts, endothelial cells, and mammary epithelial cells were
from Clonetics (San Diego) and were cultivated according to the
manufacturer’s guidelines.

Plasminogen and PAl. Plasminogen from human plasma and
hrPAI-1 were from Calbiochem. The first was 95% pure and the
second was 98% pure, as determined by SDS/PAGE.

Migration Assay. Cells were dissociated with trypsin and plated at
low density (10 cells per cm?) onto the fibrin matrix in complete
keratinocyte medium containing human recombinant EGF
(hrEGF) (10 ng ml~') and 10% FBS, but in the absence of
irradiated 3T3 cells. Cultures were incubated for 24 h at 37°C and
then fixed in 3.7% formaldehyde. The cells and tunnels were
then examined under an inverted microscope equipped with
phase-contrast optics (Zeiss Axiovert 35). Individual tunnels
were analyzed either on photographs or on prints of images
obtained with a television camera (AVC-D7CE, Sony, Tokyo).

Isolation of Single Cells. The fibrin matrix surrounding an indi-
vidual cell was cut with a disposable 2.0-mm sterile skin biopsy
punch (Stiefel, France) under an inverted microscope. The small
fibrin cylinder containing the single cell was then carefully
transferred to a Petri dish containing irradiated 3T3 cells. The
cell was grown into a colony. Individual clones were passaged
after 7 days of cultivation and further cultivated (24) or fixed
after 12 days of cultivation and stained with 1% Rhodamine.

Results

Entry of Keratinocytes into the Fibrin Matrix and the Formation of
Cylindrical Tunnels. Human epidermal keratinocytes or dermal
fibroblasts obtained from the foreskin of newborns were plated
at 103 cells/cm? on transparent fibrin matrices and cultivated for
24 h in medium supplemented with 10% FBS and hrEGF (10 ng
ml~1). Fibroblasts were able to attach and spread on the surface
of the fibrin matrix but did not enter or appear to degrade it (Fig.
14). They were mostly nonmotile. The behavior of keratinocytes
was quite different: some, like fibroblasts, attached to the fibrin,
spread out on the surface, and were nonmotile (Fig. 1B). Others
degraded a little of the fibrin matrix locally but remained on the
surface, moving only a short distance (Fig. 1C). Sometimes, a
motile cell invaded the fibrin matrix but the motility lacked any
translational component (Fig. 1D). More commonly, while re-
taining its spherical shape, a keratinocyte was able to advance
over a considerable distance through the matrix, leaving behind
the fibrin-free tunnel that it had created (Fig. 1E). The migrating
cell was always located at the blind (forward) end of the tunnel,
indicating that the cell was responsible for the destruction of the
fibrin matrix and that the tunnel is a static record of the cell’s
migration during the 24-h period before fixation. The mean
length of cylindrical tunnels was 365 um, and the mean diameter
was 19.0 uwm, slightly larger than a cell diameter (Figs. 1 and 3).

Helical Tunnels. A more striking form of tunnel was helical (Fig.
1F and 2 4 and B). As the cell advanced, it appeared to precess
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Fig. 1. Motility and migration of human keratinocytes after inoculation
onto a fibrin matrix. Cells inoculated onto fibrin matrices (on average 100 um
thick) were fed with culture medium supplemented with 10% FBS and hrEGF
(10 ng ml~"). Cultures were examined and fixed 24 h later. (A) Attached and
spread but nonmotile human diploid fibroblast (strain AFF11, culture XIII);
(B-F) human diploid keratinocytes (strain YF29, culture V); (B) nonmotile
keratinocyte; (C) keratinocyte that has penetrated into the matrix and moved
a short distance; (D) highly migratory keratinocyte that has invaded the
matrix; (E) cylindrical tunnel formed by a keratinocyte; (F) right-handed helical
tunnel formed by a keratinocyte. Note the narrow wall of fibrin between the
coils of the helix. Arrows point to single cells at the forward end of their
tunnel. (Phase contrast, bar = 50 um.)

around the translational axis, creating a helical tunnel through
the fibrin. The mean diameter of the cell track within the helix
(19.8 wm) was not significantly different from that of the
cylindrical tunnels (19.4 wm), but the overall diameter of the
helix was 37.5 um. Both right- and left-handed helices could be
observed in different tunnels in the same gel. However, once a
tunnel was begun, its helix usually retained the same handedness
and the same direction of advance (Fig. 3).

Effect of EGF on the Type of Tunnel. EGF is known to promote
migration of keratinocytes (25), as well as fibroblasts (26). In our
experiments, the presence of EGF had marked effects on
keratinocyte migration and tunnel formation through the fibrin

Fig. 2. Helical migration rate of a human keratinocyte. A human keratino-
cyte (strain YF29, culture V) was placed on a fibrin matrix as described in Fig.
1. It was photographed 8 h after plating (A) and 5 h later (B). Note the site of
invasion of the matrix and the subsequent migration along a right-handed
helix, whereas the helical axis remained nearly linear. By 13 h, the cell made
11 complete rotations around the helix axis and the helical path extended at
a rate of 96 um/hr for a total of 1,243 um. Arrow points to the cell. (Phase
contrast, bar = 50 um.)
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Fig. 3. Schematic representation of a helical tunnel. (A) Left-handed helix;
(B) right-handed helix. The long arrow indicates the axis of the helix: a,
direction of rotation; b, helical pitch; ¢, diameter of the helix; and d, length of
the helix. The dark circle indicates the position of the cell.

matrix. Using subconfluent cultures for inoculation, we found
that the proportion of cells undergoing surface movement
increased by a factor of 2-fold or less in the presence of 10 ng/ml
(Table 1). The proportion of cells forming cylindrical tunnels
increased somewhat more than 2-fold, but the proportion form-
ing helical tunnels increased 6-fold to about one-quarter of all
cells inoculated. A more detailed study of the effects of EGF on
helical migration showed that the formation of helical tunnels
increased progressively at concentrations greater than 0.1 ng/ml
(Fig. 44). The number of helical turns per tunnel also increased
progressively (Fig. 4B). On the other hand, the pitch of the
helices (length of tunnel divided by number of turns) decreased
slightly (Fig. 4C). The overall length of the helix therefore
increased by a factor slightly less than the number of turns
(Fig. 4D).

The relation between the lengths of cylindrical and helical
tunnels was also examined. In 24 h, the mean length of the cell
track through a helical tunnel in the presence of EGF at 10
ng/ml was found to be 1,837 um, compared with 365 um for
cylindrical tunnels, an increase of 5-fold. However, the mean rate
of translational advance of the cell (overall length of the helix)
was only 296 wm, or slightly less than that through cylindrical
tunnels (365 um).

Although not studied in detail, transforming growth factor
(TGF)-a and the hepatocyte growth factor/scatter factor ap-
peared able to promote tunnel formation, both cylindrical and
helical. Fibroblast growth factor (FGF)-7 was slightly active, but
FGF-1 and -2 had no effect on keratinocyte migration. TGF-8;
and TGF-f3; reduced somewhat the number of cylindrical tun-
nels but completely prevented the formation of helical tunnels.
This shows that the process that moves the cell around a helical

Table 1. EGF increases helical tunnel formation more strikingly
than other forms of keratinocyte motility

Presence Surface cells  Tunnel-forming cells
of EGF, Total
10 ng/ml  cells Motile* Cylindrical Helical
Expt. 1, n.c. = 235 63 (27) 4(1.7) 10 (4.3)
+ 398 214 (54) 16 (4.0) 98 (24.6)
Expt. 2, n.c. - 260 126 (49) 4(1.5) 13 (5.0)
+ 327 183 (56) 11 (3.4) 87 (27)
Expt. 3, c. - 204 28 (14) 0 0
+ 187 66 (35) 3(1.6) 9 (4.8)

All experiments were performed on keratinocyte strain YF29. Inoculated
cells: n.c., nonconfluent, rapidly growing; c., confluent, slowly growing. Expt.,
experiment.

*Over one cell diameter in 24 h. Numbers in parentheses give percentage of
total cells.
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Fig. 4. Effect of EGF on number and properties of tunnels. Human keratin-
ocytes were plated on fibrin matrix and cultivated in medium containing
hrEGF at different concentrations. After 24 h, cultures were fixed, and the
number of helical tunnels was counted and expressed as percent of total cells
attached to the fibrin (A). The properties of the tunnels, including the number
of turns (B), helical pitch (C), and the length of the track composing the helix
(D), were estimated from a total of 30 helical tunnels.

axis is more sensitive to inhibition than the translational
component.

Tunnel formation, both cylindrical and helical, was a property
of human keratinocytes isolated from different body sites, i.e.,
foreskin, axilla, groin, sole, face, thigh, and outer epithelial
sheath of hair follicles (a total of 16 different strains) and from
humans of different ages (from newborn to 78 years). As
expected, corneal epithelial keratinocytes also formed tunnels,
but melanocytes, skeletal muscle myoblasts, and vascular endo-
thelial cell types, like fibroblasts, did not. Mammary epithelial
cells, a cell type related in origin to keratinocytes, were the only
nonkeratinocyte cell type found to make tunnels, both cylindrical
and helical. However, these tunnels occurred less frequently and
were shorter than those made by keratinocytes.

Immortalized and neoplastic keratinocytes such as GMA cells
(27), SCC9 and 13, and A431 cells had either drastically reduced
or no ability to migrate and to form tunnels, even in presence of
EGF.

The Axis of Helical Tunnels Is Straighter than That of Cylindrical
Tunnels. The existence of both cylindrical and helical tunnels
raises the question of the significance of the two patterns of
keratinocyte migration. It seemed possible that a helical tunnel
enables the cell to maintain a straighter path of migration.
Measurements were therefore made on the rectilinearity of the
two types of tunnel.

As mentioned above, the cell in a helical tunnel advances along
its track about seven times faster than a cell in a cylindrical tunnel
(Table 2, column 1). The average overall length of the helical
tunnels is nevertheless a little shorter than that of the cylindrical
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Table 2. Rectilinear displacement of a cell moving through cyclindrical and helical tunnels

Rectilinear
Track Total tunnel displacement Curvature of tunnels,
Type of length, um length, um of the cell, um (column 4) column 4 divided by
tunnel (column 1) (column 2) (column 3)  column 2 minus column 3 column 2
Cylindrical 322 322 222 100 0.31
Helical 2,156 277 241 36 0.13

Measurements were made on photographs of 20 tunnels of each type, generated during a period of 24 h.

Calculation of curvature of tunnels shows that helical tunnels are straighter than cylindrical tunnels.

tunnels (column 2). However, when the rectilinear displacement
of the cell during a 24-h period was measured, it was found to be
greater when the tunnel was helical (column 3). Correspond-
ingly, the movement that does not contribute to rectilinear
displacement is reduced (column 4). The “wasted” distance
traveled without contributing to rectilinear displacement, ex-
pressed as a fraction of the total length of the tunnel, is therefore
2.5 times greater for cylindrical tunnels than for helical tunnels
(column 5).

The Cytoskeleton in Relation to Tunnel Formation. Like cells in
suspension culture, keratinocytes migrating through tunnels
maintained their spherical shape under phase-contrast micros-
copy (Fig. 2 A and B). Electron microscopy showed that their
keratin network was concentrated in a cap adjacent to the
nucleus and that numerous microspikes were present. The cells
made only occasional contacts with the fibrin matrix, and at these
sites the tunnel wall appeared condensed (data not shown). In
the presence of colchicine (1 ug ml™! or cytochalasin T (1 pug
ml~1), formation of helical tunnels was abolished (data not
shown). This result indicates that the microtubules and micro-
filaments are both necessary for movement of keratinocytes
through helical tunnels.

Fibrinolysis Is Essential for Tunnel Formation. Cellular advance
through tunnels was diminished by the presence of the protease
inhibitor aprotinin at concentrations in excess of 5 international
Kallikrein inhibiting units (KIU)/ml and completely suppressed
by 500 KI units/ml (Fig. 54). Because aprotinin is known to

2

A

Motile keratinocytes
{% of attached cells)
22 g2z

0 5 100 150 200 250 300 350 400 450 S0
Aprotinin (KIU/ml)

Motile keratinocytes
(% of attached cells)

o 1 2 3 4 8 6 7 8 9 10 1112 13 1415
PAI-1 (pmimi)

Fig. 5. Effect of plasmin inhibitors on keratinocyte migration. Human
keratinocytes were plated on fibrin matrix and cultivated in medium contain-
ing 10% serum in the absence of EGF. After 24 h, the cultures were fixed, and
the number of motile cells was counted. (A) Effect of aprotinin (Antagosan,
Hoechst Pharmaceuticals). All evidence of motility disappeared at concentra-
tions of 500 kallikrein units/ml. (B) Effect of PAI-1. All motility disappeared at
a concentration of 10-15 pg/ml.
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inhibit plasmin, we suspected that tunnel formation would
depend on fibrinolysis. Tunnel formation was suppressed by
removal of serum from the culture medium and restored in large
part by the addition of 95% pure plasminogen. The dependence
of migration on plasminogen activation was confirmed by the
observation that tunnel formation in the presence of serum was
eliminated by the addition of 98% pure PAI-1. Two such
experiments are shown in Fig. 5B.

Similar experiments were performed by the addition of plas-
minogen and its inhibitor (Table 3). In the absence of any serum
or added plasminogen, some motility and tunnel formation were
detected. We attribute these to residual plasminogen in the
fibrinogen preparation used to make the matrices. The addition
of plasminogen increased the number of cylindrical tunnels by
4-fold and the number of helical tunnels by 7-fold. The addition
of PAI-1 reduced the number of both to one-half.

These results indicate that the fibrinolysis necessary for tunnel
formation by keratinocytes depends on cellular activation of
plasminogen. The effects of EGF on tunnel elongation might be
related to the ability of this growth factor to promote synthesis
of uPAR (28).

Retention of Clonogenicity of Cells After Their Migration Through
Tunnels. When surface cultures of keratinocytes are allowed to
reach confluence and become stratified, they lose colony-
forming efficiency. Typically, in our experiments, the colony-
forming efficiency dropped from 59 to 7%. In contrast, the
migration of a keratinocyte through helical tunnels in a fibrin
matrix did not impair its capacity to divide and to initiate a
colony (Fig. 6). To establish that migration did not affect
colony-forming efficiency, a total of 375 cells located at the ends
of individual helical tracks were isolated under an inverted
microscope and plated onto a feeder layer of lethally irradiated
3T3 cells (24). Thirty-five percent of the keratinocytes formed
colonies. Similarly, 264 sessile keratinocytes, as shown in Fig. 1B,
were isolated and cultivated; 48% of them were able to form
colonies. The proportion of the colonies that aborted was the
same whether the founding keratinocytes were nonmotile or
motile (50 and 44%, respectively). Cells isolated from colonies
initiated by nonmotile keratinocytes could invade fibrin and

Table 3. Effect of plasminogen and PAI-1 on tunnel formation

Total
motile Cylindrical Helical
cells tunnels tunnels
No addition 49 (15.4) 11 (3.4) 2 (0.6)
+ plasminogen (0.5 units/ml) 197 (71.9) 46 (16.8) 14 (5.1)
+ plasminogen (0.5 units/ml) + 57 (20.9) 21(7.7) 7 (2.6)

PAI-1 (0.5 ng/ml)

Human keratinocytes were plated on fibrin matrix and cultivated in serum-
free medium in the absence of EGF. Plasminogen and PAI-1 were added to the
medium at the indicated concentration. After 24 hours, cultures were fixed,
and the number of tunnels was counted. Numbers in parentheses are per-
centage of adherent cells.
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Fig. 6. Multiplication of keratinocytes migrating through helical tunnels.
Human keratinocytes (strain YF29, culture V) were plated on a fibrin gel matrix
as described in Fig. 1, in the absence of EGF. After 68 h, the culture was fixed
and stained with the nuclear dye Hoechst 33342. (A) A helical tunnel; arrow
indicates the advancing cell; (B) the same helix after Hoechst 33342 staining.
Note the presence of asingle cell at the end of the tunnel. (C) Two helical tracks
extending in opposite directions by presumed progeny of a single cell division
in a fibrin matrix. (D) The same tracks after Hoechst 33342 staining. Note the
presence of a three-cell colony at one end of the track and a four-cell colony
at the other. Two consecutive divisions have occurred in each half of the helix.
(Phase contrast, bar = 50 um.)

make tunnels. It may be concluded that motility and nonmotility
are not properties of different keratinocyte populations but are
reversible states of the same population.

These experiments also showed that clonogenic keratinocytes
do not undergo terminal differentiation when they are main-
tained in a fibrin matrix as they do when suspended in medium
containing methylcellulose (29, 30). Thus the interaction of the
cells with fibrin or some other component of the matrix, possibly
fibronectin (31), fosters the preservation of growth potential.

Discussion

The locomotion of keratinocytes in a fibrin scaffold by cylindri-
cal or helical tunnel formation is a striking example of locomo-
tion as a physically integrated process, coordinated both spatially
and temporally (1).

Proteolysis is required for locomotion through tunnel forma-
tion as it is for surface locomotion. It has been known for a long
time that fibrinolysis is linked to the migration of different cell
types (32-35). Human keratinocytes produce urokinase (uPA)
and its receptor (uPAR) (12, 36, 37), as well as tissue-type
plasminogen activators (38). In cell culture, uPA is produced by
migrating keratinocytes located at the edge of a growing kera-
tinocyte colony (39). uPA is not found in normal epidermis but
appears in epidermal outgrowths after wounding and in kera-
tinocytes migrating under a wound clot (37, 40).

Mechanism of Cellular Advance Through a Tunnel. The tunnel that
the cell leaves behind is its kinetic track, analogous to the
two-dimensional phagokinetic tracks of 3T3 cells studied earlier
(17). The keratinocyte makes the tunnel by digesting the fibrin
at the blind end of the tunnel while advancing into the newly
created space. It is not clear how the keratinocyte adheres to the
fibrin matrix of the tunnel wall while the interior of the tunnel
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is being dissolved. It seems possible that the cell maintains
adhesion points that are protected from fibrinolysis.

A cylindrical tunnel is formed by a cell whose track does not
change in a periodic manner during its advance, whereas a helical
tunnel is formed by a cell whose track suggests a rotational
process as the cell revolves about the axis of the helix (preces-
sion). This form of movement may be related to the so-called
circus movement described long ago (41). The tunnel may be
viewed as the result of a chemical/mechanical propeller that
combines the release of plasminogen activator at a localized site
on the advancing surface of the cell with mechanical forces that
propel the cell by acting on the fibrin wall of the tunnel. These
forces depend on the same cytoskeletal system as other forms of
movement, namely microfilaments and microtubules. The rate of
advance of the keratinocyte through a cylindrical fibrin tunnel
was ~322 um/day, similar to the rate at which 3T3 cells migrate
over plastic surfaces (=250 um/day) (17). However, the rate of
migration of a keratinocyte through the track of a helical tunnel
is about seven times greater.

The production of tunnels through a fibrin matrix by keratin-
ocytes has disclosed that this cell type has migrational properties
not generally possessed by other cell types. The significance of
these properties with respect to the functions of the keratinocyte
can easily be seen. The formation of helical tunnels is the most
interesting, because it would seem to require that the site of
release of plasminogen activator at the surface of the cell
precesses around the axis of the helix. The effects of this property
are: () a great increase in the rate of advance of the cell through
the track; (if) no increase (in fact, a slight decrease) in the total
rate of extension of the tunnel; (iif) a straighter tunnel with a
greater rectilinear displacement of the cell from its starting
point. An orientation of the helical tunnel at the time of its
formation is therefore better preserved over time than that of a
cylindrical tunnel.

The ability of the mammary epithelial cell to make cylindrical
and helical tunnels shows that an epithelial cell type other than
the keratinocyte (although developmentally related to it) pos-
sesses the necessary machinery. However, the differences be-
tween the tunnels of these cells and those of the keratinocyte
suggest the function of this form of migration may not be
identical in the two cell types.

Keratinocyte Movement Requiring Fibrinolysis Is Essential in Wound
Healing. The ability of a keratinocyte to form a tunnel through a
fibrin matrix permits a particular form of cell migration that may
be adapted to the healing of a wound covered with fibrin. Indeed,
keratinocytes move 20 times faster by tunnel formation into a
fibrin matrix than when attached on native collagen I, the main
matrix component of the dermis (19). That suggests that loco-
moting keratinocytes may preferentially use the plasmin(ogen)
proteolytic system during wound closure. However, keratino-
cytes migrate at the interface of the collagen-rich wound bed and
of the fibrin clot, and consequently they may also use the matrix
metalloproteinase, especially because MT1-metalloproteinase,
which acts as a pericellular fibrinolysin (10), is made by the
keratinocytes located at the wound edge (42). Hence, migration
of keratinocytes in a wound may result from the synergistic
action of the matrix metalloproteinase and plasmin(ogen), es-
pecially because they are both up-regulated by EGF (19, 28).
Ablation of the gene for plasminogen or uPA /tissue-type
plasminogen activators (tPA) in mice produces a number of
abnormalities, including defects in wound healing and in kera-
tinocyte migration (43-45). Additional ablation of the gene for
fibrinogen relieves the defect in epidermal wound healing and in
the migration of keratinocytes (46). When fibrinogen is avail-
able, the inability of the cells to lyse the resulting fibrin by means
of uPA/tPA is therefore the cause of the defect in wound
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healing. Of the two PAs, uPA alone is sufficient to permit normal
wound healing (44).

The gene for the cellular receptor for uPA (uPAR) is most
strongly activated in keratinocytes at the front of epithelial
outgrowths of skin wounds (12). That would explain why the
activation of plasminogen would be confined to the vicinity of
the tunnel-making cell, but absence of this receptor has not been
found to produce any abnormality in wound-healing experiments
(44). The confinement of the fibrolytic process to the end of the
tunnel may also be explained by the observation that plasmin-
ogen is bound to the surface of the keratinocyte and is activated
there to form plasmin (47). One of the unexpected features of
tunnel formation by keratinocytes is that neoplastic or trans-
formed keratinocytes have diminished or no ability to make
tunnels. That is surprising because tumors have enhanced abil-
ities to activate PA and to carry out fibrinolysis (48), which is
particularly important for metastasis (49). Transformed kera-
tinocytes may be deficient in some other aspect of the locomo-
tion process that impedes or prevents their ability to make
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tunnels, possibly through the enhanced production of PAI-1
(50). However, high levels of PAI-I have been linked to en-
hanced metastasis and poor survival (51, 52).

Concluding Remarks. Our observations demonstrate that a spher-
ical keratinocyte can propel itself through fibrin by a three-
dimensional locomotory mechanism other than that used for
surface locomotion. Additional studies are needed to identify
possible relations to cell rolling and “swimming”, the nature of
the cell-fibrin contacts, and, if any, the repertoire of integrins
involved (53).
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