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Motogenic substrata and chemokinetic growth

factors for human skin cells
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Abstract

Extracellular matrix remodelling and accurate spatio-temporal coordination of growth factor expression are two
factors that are believed to regulate mitoses and cell migration in developing and regenerating tissues. The present
quantitative videomicroscopical study examined the influence of some of the principal components of extracellular
matrix and several growth factors that are known to be expressed in dermal wounds on three important facets of
human skin cell behaviour in culture. Keratinocytes, melanocytes and dermal fibroblasts (and myofibroblast
controls) exhibited varying degrees of substrate adhesion, division and migration depending on the composition
of the culture substrate. Substrates that are recognized components of transitional matrices generally accentuated
cell adhesion and proliferation, and were motogenic, when compared with serum-treated control surfaces,
whereas components of more stable structures such as basement membrane had less influence. Platelet-derived
growth factor (PDGF), epidermal growth factor (EGF) and a fibroblastic growth factor (aFGF) all promoted cell pro-
liferation and were chemokinetic to dermal fibroblasts, but not keratinocyte growth factor (KGF) or transforming
growth factor B (TGFB). PDGF, EGF and KGF, but not TGFp or aFGF, all enhanced proliferation of dermal keratinocytes.
The same growth factors, and in addition KGF, all stimulated motility in keratinocytes, but TGFB and oFGF again had
no effect. Developing a better understanding of the interdependency of factors that control crucial cell behaviour
may assist those who are interested in the regulation of histogenesis and also inform the development of rational
therapeutic strategies for the management of chronic and poorly healed wounds.
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stall during the healing process, and may inform the use
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Development and tissue regeneration during wound Cell motility and mitoses in wound healing are

healing are underpinned by the innate ability of cells to initiated and rate-limited, in part, by remodelling of

divide and migrate if given an appropriate stimulus
(Martin, 1997; Redd et al. 2004). This impetuous can arise
from alteration in the physicochemical composition of
the tissue microenviroment (Gailit & Clark, 1996), and
another from the effect of cytokines generated by the
cells therein (Moulin, 1995). Unravelling the unique
and combinatorial effects of the many components of
the extracellular matrix and growth factors on mitosis
and motility may help to explain why chronic wounds
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the extracellular matrix (Gailit & Clark, 1996) and
alterations in the expression profile for growth factors
by constituent and inflammatory cells (Moulin, 1995).
There appears to be cross-talk between the two because
it has been reported that components of the extra-
cellular matrix may activate cells by signalling through
growth factor receptors during wound healing (Tran
et al. 2004). Dynamic aspects of cell motility such as
orientation and velocity are also substratum-dependent
and can be both inhibited and enhanced depending on
the composition of the substratum, or provisional matrix
(Hynes, 1992). Directional components of cell motility
and division are believed to result from chemotaxis
(Zigmond, 1973), haptotaxis (Brandley & Schnaar, 1989),
contact guidance (Weiss, 1945) and population



pressure (Abercrombie & Gitlin, 1965), although
there is a paucity of unequivocal evidence that these
mechanisms operate in vivo. The principle of inter-
dependency between cell behaviour and connective tissue
architecture is, however, something that has been
reiterated many times (Stopak & Harris, 1982).

That topical application of growth factors enhances
healing of dermal wounds has been claimed (Robson
et al. 1992; Greenhalgh & Rieman, 1994; Wu & Mustoe,
1995; Ono et al. 2004a,b) and may, to some extent,
be dependent on the known proven chemotaxic and
mitogenic effects of fibroblastic growth factor (FGF)
(Grant etal. 1992), epidermal growth factor (EGF)
(Andresen & Ehlers, 1998; Hudson & Cawley, 1998),
hepatocyte growth factor (HGF) (Stoker, 1989; Bevan
et al. 2004), Platelet-derived growth factor (PDGF)
(Kamiyama et al. 1998) and transforming growth factor
(TGF) (Grant et al. 1992) on keratinocytes and fibro-
blasts (Werner & Grose, 2003). Growth factors and
attachment factors can act synergistically in accelerating
cell growth (Nickoloff et al. 1988; Kohyama et al. 2002a;
Karvinen et al. 2003; Li et al. 2004), although it is
recognized that some cytokines present in the wound
milieu can also inhibit cell motility (Kohyama et al.
2002b).

Superimposed on the chemotaxic and guidance
capabilities of growth factors and substrata is their
ability to accelerate cell migration in a non-direction
manner, a phenomenon that has been termed chemo-
kinesis (Stoker 1989), but it is important to stress that
motility often has other components to it such as per-
sistence and taxis (Anand-Apte & Zetter, 1997). As a
ubiquitous event, chemokinesis has been studied in vitro
in several cells types (Wilkinson, 1998), but nevertheless
descriptions of this behaviour in epithelial cells and
fibroblasts are relatively few in number (Uren et al. 1994;
Kamiyama et al. 1998) and reports relating specifically
to human skin cells are hard to find. The present study
has therefore examined the mitogenic and motogenic
potential of culture substrates derivatized with differ-
ent components of the extracellular matrix on human
keratinocytes and dermal fibroblasts. In addition, by
using time-lapse video microscopy, these same cells were
examined after exposure to a selection of relevant
growth factors to determine whether they have
chemokinetic potential.

It was considered important to include in the experi-
mental design cells that are known to be involved in
dermal wound healing, but which have been implicated
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in abnormal events such as hypertrophic scarring. The
myofibroblast is considered to be a differentiated
form of fibroblast (Gabbiani et al. 1971), and has been
implicated in the pathology of many diseases due to
its contractile nature (Gabbiani et al. 1972; Clark, 1993)
including hypertrophic scar (Baur et al. 1975), keloid
(James et al. 1980), Dupuytren’s contracture (Gabbiani
& Manjo, 1972) and desmoid tumour (Goellner & Soule,
1980). Normally few in number, the interesting obser-
vation that myofibroblasts are again reduced in
frequency after wounds heal (Rudolph et al. 1977)
suggests that they may be recruited into healing tissues
by the same signals that influence the indigenous cells
and so may exhibit similar behavioural charateristics in
cell culture.

Materials and methods

Patients between the ages of 21 and 87 years and
undergoing elective surgery kindly donated tissue
samples with informed consent as approved by the
Local Ethics Committee. Tissue samples were obtained
during auriculoplasty, abdominoplasty and mammo-
plasty, briefly rinsed in 70% ethanol/30% MilliQ water
then washed in three changes of Ca®*/Mg*-free
Hanks balanced salt solution (HBSS, Sigma) containing
100 units mL™" penicillin and 100 ug mL™' streptomycin
(Sigma). Using sterile forceps, the epidermis was raised
and small pieces of tissue trimmed off, leaving behind
as much connective tissue as possible. The tissue
pieces were then incubated in 0.5 units mg™ Dispase
(Boerhinger Mannheim) overnight at 4 °C.

For isolation of epidermal keratinocytes (HK) and
melanocytes (HM), the epidermis was digested using
0.25% trypsin-EDTA solution (Sigma) at 37 °C for 10 min
then following centrifugation at 500 g for 5 min. Cells
were maintained using MCDB 153 medium (Sigma)
containing 25 mm HEPES, 10 ng mL™ EGF (Sigma),
5 ug mL™" transferrin (Sigma), 5 ug mL™" insulin (Sigma),
500 ng mL™" hydrocortisone (Sigma), 2.5 ug mL™" bovine
pituitary extract (Gibco), 100 units mL™" penicillin and
100 ug mL™" streptomycin. For human dermal fibro-
blast (HDF) cell culture, the dermis was washed
thoroughly in HBSS, and then macerated using a sterile
blade. A minimal volume of serum-containing medium
was added to aid collection, and then the macerate
was transferred to 75-cm? tissue culture flasks (Dow
Corning). Flasks were tipped to ensure even coverage
of the macerate then inverted and 8 mL growth
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medium added. Flasks were incubated at 37 °C and re-
inverted after 48 h. Prior to subculture, dermal explants
were maintained in Hams F10 nutrient medium
(Sigma) supplemented with 25 mm HEPES, 20% fetal
bovine serum (FBS, Sigma), 100 units mL™" penicillin
and 100 ug mL™" streptomycin. The content of FBS in
the media was subsequently reduced to 5%. Human
myofibroblasts (HMF) were isolated from Dupuytren'’s
nodules using the method previously described for
fibroblast isolation from dermis. As with dermal cultures,
following subculture the FBS content was reduced to
5%. Cell suspensions were obtained by detachment of
cells by 0.25% trypsin-EDTA solution (Sigma). Trypsini-
zation was stopped by addition of serum-containing
medium, the cells counted after centrifugation at
2000 r.p.m. and then re-suspended at the appropriate
density.

For analysis of cell-substrate adhesion and cell division
culture dishes were derivatized using fibronectin
(bovine plasma, Sigma), type 1 collagen (rat tail,
prepared in-house), type IV collagen (Sigma), laminin
(EHS basement membrane derived, Sigma), vitronectin
(human plasma, Sigma) and ECM Gel (Sigma) at
10 ug cm= for 2 h at room temperature before rinsing
x3 in sterile RO water. Controls were surfaces onto
which cells were plated without prior derivatization.
HDF, HK and HMF at passage 1, 2 and 3 were inoculated
in triplicate into dishes at 1 x 10* cells cm™ and, after
6 days had elapsed, the numbers of cells present in six
fields of view selected by systematic random sampling
were counted. The cell density on commencement of
the investigation was taken as 100% and the total
number of adherent cells in subsequent analyses taken
as multiples of that.

For investigation of growth factor effects, PDGF
(10 ng mL™), acidic fibroblast growth factor (10 ng mL™),
EGF (10 ng mL™"), TGFB (10 ng mL™") or keratinocyte
growth factor (10 ng mL™") were included in the growth
media. Fibroblasts or keratinocytes were inoculated
into dishes at a concentration of 1 x 10 cells cm= and
analyses carried out as before.

For analysis of cell motility HDF, HK, HMF and HM
time-lapse video sequences were made 24-48 h after
cells were inoculated into serum-treated dishes at a
concentration of 1 x 10* cells cm™. Cultures were filmed
for24-72 h at a rate of 8 frames h™' using a CCD camera
(Nikon CB-230 H) attached to a phase contrast micro-
scope (Nikon PSM-2120), during which time tempera-
ture of the medium was maintained at 37 °Cand 100%
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humidity using an environmental control unit. Time-
lapse clips were converted into both movies and still
image series and movement of cells was plotted using
an image analysis macro developed in-house for use
with for Scion Image. Coordinates of individual cell
movement were then entered into a motility macro
in Microsoft Excel in which various aspects of cell
behaviour such as velocity, persistence and total
distance travelled were calculated arithmetically.
Consideration of the data obtained from these
experiments on tissues derived from a small number
of patients suggested that statistical comparison
between the subject groups should be done using the
Kolmogorov-Smirnov two-sample test.

Results

Substratum composition and level of passage affects
the adhesion and proliferation of human fibroblasts,
keratinocytes and myofibroblasts

None of the extracellular matrix (ECM)-derivatized
substrata increased the adhesion of any of the cells
examined over an 8-h period beyond that of tissue
culture plastic controls (Fig. 1). There was a tendency
for type | collagen substrates to enhance the adhesion
of fibroblasts and myofibroblasts but this observation
did not prove to be statistically significant. Vitronectin
and laminin were significantly less adhesive than
control surfaces for both fibroblasts and myofibroblasts
(P < 0.05). This was also the case for keratinocytes, but
ECM gel and fibronectin were also less adhesive for
these cells when compared with tissue culture plastic
(TCP) surfaces (P < 0.05).

Early serial passage did not appear to affect the
ability of fibroblasts to replicate (Fig. 2), but by the
third passage (P3) the rate had dropped significantly
(P < 0.05). Keratinocytes lost their proliferative potential
following the first passage (P < 0.05). This was coincident
with a change in cell morphology where after each
passage the cells became larger and more spread. Early
passaging of myofibroblasts also resulted in a decrease
in cell proliferation after P2, although this was not as
pronounced as for keratinocytes.

Proliferation of fibroblasts was enhanced only on type
| collagen (P < 0.05) as compared with control substrates
(Fig. 3). Proliferation of keratinocytes was accelerated
on fibronectin, which induced a ten-fold increase in
cell numbers by day 6 (P<0.01), and on vitronectin
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(P < 0.05), but the remaining substrates had no sigini-
ficant effect. Type | collagen was the substrate having
the greatest effect on myofibroblast proliferation (P <
0.01) with the remaining substrates having no significant Fibroblast proliferation was enhanced by oFGF (P <
growth-enhancing effect. 0.01), EGF (P < 0.05) and PDGF (P < 0.05) (Fig. 4). This

Myofibroblast count

Fig. 1 Charts illustrating the adhesion
(mean = SE) of P2 fibroblasts,
keratinocytes and myofibroblasts to
various ECM molecules. Cells on control
TCP are assumed to be 100% adhered; all
other ECM components are expressed as
a percentage of the control (*P < 0.05
compared with TCP).

Fig. 2 Phase contrast micrographs
illustrating (A and B) the morphology of
primary human epidermal keratinocytes
(HK) and fibroblasts (HDF) grown from
explants of whole skin and dissociated
from epidermis (B). Panels C and D
demonstrate an alteration in the
morphology of keratinocytes between
passage 1 and 2. Original magnification
%100 for all panels (HK, human
keratinocytes; HDF, human dermal
fibroblasts; HM, human melanocytes).

Proliferation of human fibroblasts and keratinocytes is
modulated by growth factors
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Fig. 3 Charts illustrating the effects of passage on
proliferation of dermal fibroblasts, keratinocytes and
myofibroblasts over a 6-day period. Expressed as a percentage
increase of the initial cell count (mean + SE) that was taken to
be 100%. *P < 0.05 by day 6 compared with P1.

(41

Fig. 4 Phase contrast micrographs
illustrating the alteration in the
morphology of primary human dermal
fibroblasts and myofibroblasts between
P1 and 2 in primary dissociated culture.
Original magnification x100 for all
panels.
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effect was most marked with oFGF, which induced
more than a six-fold increase in cell numbers by day 6
compared with only a three-fold increase in controls.
Keratinocyte growth factor (KGF) and TGFf did not
influence proliferation of fibroblasts. Keratinocyte
proliferation was accelerated by PDGF, EGF and KGF
(P < 0.05). TGFB and oFGF did not enhance keratinocyte
proliferation as compared with control cultures.

Cellular components of human skin are differentially
motile in primary culture

Fibroblasts, myofibroblasts and keratinocytes were all
motile in cell culture to the extent that some cells were
able to move large distances if unimpeded (Figs 5 and 6).
Keratinocytes were initially slower than fibroblasts
or myofibroblasts, but with passage became the most
motile of the skin cells with a peak mean velocity of
around 12 um h™". Qualitative observations suggested
that motile behaviour of keratinocytes differed depend-
ing on whether the cells were isolated or clustered, and
whether the cells had a spread or rounded morphology.
Fibroblasts and myofibroblasts did not display as great
a variation in morphology, being uniformly stellate
although different in size, and so had less variation in
velocity, 3.55 + 0.46 and 3.67 = 1.02 um h™, respectively,
and both were significantly slower then keratinocytes
(P < 0.05). Melanocytes, by contrast, were virtually sta-
tionary, with a mean velocity of only 0.47 £ 0.04 um h™'
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to their behaviour in high-density dissociated culture
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pattern of movement is characteristic of exploratory 600
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fibroblasts and keratinocytes grown on control surfaces
(Videos 1 and 2) and surfaces derivatized with collagen
(Video 3) and fibronectin (Video 4). In the case of kerat-
inocytes, the measured increase in motility is reflected
by the alteration in morphology of the cells, with the
smallest and most rounded cells appearing the most active.

Growth factor

Fig. 6 Charts illustrating the effects of PDGF, EGF, aFGF, KGF
and TGFp on proliferation of primary dermal fibroblasts,
keratinocytes and myofibroblasts over a 6-day period.
Expressed as a percentage increase of the initial cell count
(mean + SE) that was taken to be 100% (*P < 0.05, ***P < 0.01
compared with control cultures).
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Substratum composition can be motogenic and
growth factors chemokinetic for human fibroblasts,
keratinocytes and myofibroblasts

The velocity of fibroblasts was accelerated on fibronectin
and type | collagen substrates (P < 0.05) but on laminin
and vitronectin motility was no different from controls
(Fig. 7). Keratinocyte migration was accelerated on
fibronectin (P < 0.01), laminin (P < 0.02) and vitronectin
(P < 0.05), but was similar to controls on collagen
types | and IV. Myofibroblast velocity did not appear to
be affected by substrate type. None of the substrates
investigated seemed to have any unusual or adverse
effects on the morphology of any of the cell types.

Fibroblast chemokinesis was induced by oFGF, EGF and
PDGF (P < 0.05), but not by KGF or TGF when compared
with control cultures (Figs 8 and 9). Chemokinesis of
keratinocytes was induced by PDGF (P < 0.02), EGF
(P <0.01), KGF (P < 0.02) and TGFB (P < 0.05), but not
by aFGF. Of these, EGF was most effective, with cells
having a mean velocity almost twice that of controls.
Videos 5 and 6 demonstrate the motogenic effect of
PDGF on fibroblasts (Video 5) and EGF on keratinocytes
(Video 6). Both cell types appear to move more vigor-
ously under the influence of PDGF, especially the
isolated and rounded keratinocytes which are far more
motile than any other cell type, or any of the spread
keratinocytes.

Discussion

The present study has confirmed that cell adhesion,
proliferation and motility in dissociated cultures of
human skin can be accentuated or diminished depend-
ing on substratum composition and the type and
concentration of growth factors. The magnitude of the
variation of the cells’ responses to substratum-derived
or tropic stimulus was vastly greater than any apparent
differences between cell populations obtained from
different patients or from different parts of the body,
despite the fact that donors covered a wide range
of age and phenotype. That does not preclude the
possibility that aspects of cell behaviour might correlate
with donor age. However, corroborating this theory
would have required far larger numbers of biopsies and
with present-day circumstances was therefore largely
impractical.

The mitogenic effects of growth factors are well
known, for example enhancement of fibroblast pro-
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Fig. 7 Chartsillustrating the effects of passage on the motility
(mean velocity + SE) of dermal fibroblasts, keratinocytes and
myofibroblasts (*P < 0.05, **P < 0.025, ***P < 0.01 compared
with P1 cultures).

liferation by FGF and PDGF (Shipley et al. 1989), but
reports on the chemokinetic effects of growth factors
on primary cells of human origin are rare. Seppa et al.
(1982) demonstrated that growth factors induce
chemotaxis at mitogenic concentrations, but growth
factors do not obey classical dose-response properties
even with regard to cell proliferation (Cordeiro et al.
2000). The selection of growth factor concentration
here was informed by observation of mitogenic effects.
It is possible that chemokinetic growth factors could
further accelerate motility, or even retard cells, if applied
at other concentrations. Barrandon & Green (1987)
reported a correlation between cell migration and cell
proliferation in colonies of epidermal keratinocytes
treated with EGF and TGFo and suggested that the
two processes were interdependent. Zicha et al. (1999)
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elaborated on this by reporting that TGFp-dependent
increase in motility was associated with alteration in
the relative duration of the phases of the cell cycle, the
crucial factor being the duration of G2 (growth phase 2).

The motogenic potential of ECM molecules has often
featured in theories regarding the mechanism of accel-
erated wound healing. By way of example, Donaldson
& Mahan (1983) reported that epidermal cell migration
from a wound edge in adult newt skin occurred far
more readily across glass slides derivatized with
fibronectin than untreated surfaces or surfaces coated
with allogeneic serum or bovine serum albumin. This is
not surprising because re-epithelialization in cutaneous
wounds is known to take place over a provisional matrix
containing fibronectin, vitronectin and fibrin (Redd
et al. 2004). In addition to confirming that culture
substrata consisting of fibronectin, vitronectin and
laminin all accelerate keratinocyte motility, the present
study showed that motility remained unchanged on
type IV collagen, a component of stable epithelial
basement membrane, suggesting that cell responsive-
ness is conditioned, at least in part, by the level of
differentiation. Given that the laminin used here was
tumour-derived, and previous studies have shown that
the normal basement membrane component laminin-
5 slows keratinocyte migration (O'Toole et al. 1997), it
seems that substratum composition is pivotal to the
control of cell behaviour. So is the timing of expression,
as Zhang & Kramer (1996) have reported that laminin-
5 is the first ECM component expressed by pro-migratory
keratinocytes and which actually promotes early
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migration of keratinocytes in cell culture. Taken together,
these two reports suggest that latent migratory
potential of cells is held in check by balancing the timing
and level of expression of matrix components. It has
been reported that speed of migration in keratinocytes
is correlated with morphology and that this in turn is
influenced by substratum composition (Sutherland
et al. 2000).

Greiling & Clark (1997) developed a wound-healing
model to examine the mechanism of fibroblast migra-
tion from connective tissue towards and into the fibrin
clot. Fibronectin was found to be critical to transmigration
of fibroblasts by providing a conduit from a collagen
matrix into a provisional fibrin matrix. Removal of
fibronectin, or blocking binding using arg-gly-asp
amino acid sequence (RGD) peptide or monoclonal
antibodies against the subunits of the o531 and o583
integrin receptor, prevented cell migration. The results
of this study suggest that fibroblast migration in that
model would be accelerated by fibronectin as a provi-
sional matrix, but is also subject to synergistic effects of
growth factors.

Previous reports have concluded that fibronectin and
vitronectin also accelerate keratinocyte motility (Kim
et al. 1992) through a mechanism that is transduced
through the o531 integrin for fibronectin and via the
o5B5 for vitronectin (Kim et al. 1994). There is evidence
that keratinocyte chemokinesis by growth factors, as
reported here for PDGF, EGF, KGF and TGFB, may
operate by up-regulating integrins for motogenic
substrata. Chen et al. (1993) have reported that receptor
EGF and TGFo. promote human keratinocyte locomotion
on collagen and fibronectin, coincident with increased
expression of the a2-integrin subunit, concluding that
cell growth-independent stimulation of keratinocyte
locomotion via regulation of integrin expression might
underpin accelerated re-epithelialization during wound
healing. The present study not only reinforces this but
also suggests that interaction between growth factors
and motogenic substrata may be wide-ranging, although
we acknowledge that statistical analysis of interactions
between motogenic substrata and chemokines was not
attempted. Examples of this include reports describing
time- and concentration-dependent KGF stimulation
of keratinocyte migration on fibronectin and collagen
types | and IV, but not laminin, vitronectin or tensacin
(Putnins et al. 1999), and human platelet-derived growth
factor-BB (PDGF-BB) promoting dermal fibroblast
motility on type | collagen (Li et al. 2004).
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The precise effect of growth factors on cell behaviour
may depend on the particular isoform that is used. For
example, it has been reported that only TGFB3, but
not TGFB1 and 2, can restore depressed motility in
fibroblasts cultured from skin (Qui et al. 2004) but that
all three TGFB isoforms have similar mitogenic effects on
fibroblasts. Fergusson & O'Kane (2004) have suggested
that growth factors may have some promiscuous, or
blanket, actions and some isoform-specific effects such
as control of motility. This has important functional
significance given that stimulated fibroblast migration
into a healing wound results in better restitution of
dermal architecture and reduction in scarring (Fergusson
& O’Kane, 2004). Exogenous administration of TGFB3
culminating in levels similar to that found in scar-free
embryonic wounds has been shown to improve or even
remove scarring during adult wound healing in rats
(Shah et al. 1995). In addition to the TGF superfamily,
several other growth factors are known to have a
beneficial influence on cell behaviour in skin wounds,
including scatter-factor (Bevan et al. 2004), FGF (Ono
et al. 2004a), PDGF (Li et al. 2004), KGF (Karvinen et al.
2003) and EGF (Shirakata et al. 2003).

The various factors affecting keratinocyte prolifera-
tion and motility may operate partly by up-regulating
production of molecular components of the ECM.
Recent observations of cross-talk between receptors
and signal transduction pathways for ECM molecule
binding domains and growth factors support this
theory (Howe et al. 1997). The ECM has domains that
interact with and activate receptors with intrinsic tyro-
sine kinase activity and recognized as strong mediators
of cell proliferation, migration, differentiation and
dedifferentiation. Unlike traditional growth factor
effects, these domains within tenascin-C, laminin,
collagen and decorin possess relatively low binding
affinity and are often presented in multiple valencies.
It has been suggested that these ‘matrikine’ ligands
may be critical for wound healing, as the majority of
known ECM components possessing matrikines play
a strong role, or are presented uniquely, during skin
repair (Tran et al. 2004). It is important to reiterate
the observation that certain growth factors could
accelerate motility in primary human skin cells,
properly defined as chemokinesis and not chemotaxis
as no directional preference was evident. No attempt
was made to determine the transduction events
involved in this effect, but ‘matrikine’ mechanisms
may be important.



Data interpretation from cell culture model systems
and extrapolation of findings to inform the mechanisms
underpinning tissue regeneration in vivo should be
attempted with caution. An example of this is the
report by Brown et al. (1991) that vitronectin inhibits
collagen-induced human keratinocyte motility. This
apparent effect of vitronectin (also called serum-
spreading factor, epibolin and S protein) could indeed
have been a bone fide inhibitory mechanism affecting
the expression and/or distribution of intergrins but
equally it could also have been indicative of inadvert-
ent alteration in substratum chemical composition that
is known to occur in some circumstances (Kasemo &
Gold, 1999). If extracellular components can indeed
modulate cell responses to particular substrata this is
highly significant because cells themselves are pro-
ducers of matrix molecules (O'Keefe et al. 1984) and
matrix enzymes such as collagenase (Scharffetter
et al. 1991) and metalloproteinase (Ghahary et al.
2001).

In considering the results of the present study, an
issue worthy of consideration is the manner in which
ECM components adsorb to the culture surface and
subsequently present binding sites to cell-surface
receptors. Gaudet et al. (2003) examined three variables
associated with cell-surface interaction (projected area,
migration speed, traction force) at various type | collagen
surface densities in a population of fibroblasts. Cell area
increased with ligand density up to a transition level, at
which point further increases in collagen cause the cell
area to decline. The threshold was approximately 160
molecules um=, equal to the cell surface density of
integrin molecules. At low density, the availability of
collagen binding sites was limited and the cells became
flattened. Because the size and morphology of cells is
likely to influence migration and proliferation, the
biomolecular composition of substrata either in vitro or
in vivo is therefore likely to be an important determi-
nant of cell behaviour.

Given that the subjects of this study were primary
cells of human origin, it is noteworthy that certain
aspects of their behaviour varied with the level of
passage. Although this may be indicative of normal
progressive differentiation in keratinocytes affecting
their behaviour, the possibility that the cells were in fact
dedifferentiating cannot be excluded. If the state of
differentiation did influence growth factor-dependent
aspects of cell behaviour in culture this would in any
case have been superimposed on their intentional, or
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programmed, response. This observation is consistent
with the finding reported by Albini et al. (1988) that
reduction in the proliferative capacity of fibroblasts is
associated with reduced chemotaxis. This only became
apparent after P25 in embryo-derived tissue whereas it
occurred after P15 in cells from 70- to 90-year-old
donors. The present study found changes in cell motility
much earlier, after P1 in all the cell types studied. A
more precise interpretation of the proliferative and
motile behaviour of keratinocytes in the context of
differentiation could be achieved by monitoring the
expression of cytokeratins and markers such as filaggrin,
involucrin, keratin 2e and transglutaminase (Eichner
et al. 1984; Stark et al. 1999). By way of example, Nickoloff
et al. (1988) reported that human keratinocytes main-
tained in an undifferentiated state are more motile
than cells differentiated using calcium supplementation.
Nickoloff et al. (1988) also reported that TGFB, KGF
and fibronectin all stimulate motility in keratinocytes
emerging from agarose gels or migrating in Boyden’s
chambers but is indicative of a chemotaxic component
to the increase in motility.

The observed enhancement of cell motility here was
appropriately described as chemokinesis but it must be
pointed out that contact inhibition and cell prolifera-
tion must also have been involved as collisions between
cells were unavoidable. Contact inhibition has long
been recognized as affecting any interpretation of cell
motility (Abercrombie, 1967), suggesting that any
comparison between the present results with more
traditional in vitro investigations of cell motility using
scratched monolayer wound models, for example,
(Albrecht-Buehler, 1977) may not be straightforward.
In that model cells migrating way from the edges of
a wounded monolayer have a strong directional
component to motility that originates from population
pressure. This suggests that the motogenic and
chemokinetic effects of substrata and growth factors
here may further accentuate cell motility if super-
imposed on to other directional and stimulatory
effects.
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