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The mechanisms underlying the contraction-depend-
ent apoptosis of primary ®broblasts are of prime
importance in understanding anchorage-dependent
survival/apoptosis of dermal ®broblasts. As integrins
are essential extracellular matrix receptors in ®bro-
blasts, their role in anchorage-dependent apoptosis/
survival of ®broblasts was analyzed. Primary human
®broblasts displayed a marked reduction of apoptosis
in mechanically relaxed collagen matrices in the
presence of adhesion-blocking antibodies against
a1b1 or a2b1. Anti-avb3 antibodies had a considerably
weaker effect. In additional experiments RD cells,
which lack a2 integrin, displayed no apoptosis in
mechanically relaxed collagen matrices. Their
susceptibility to apoptosis was restored after trans-
fection with functional a2 integrin, and it could be

blocked again by adhesion-blocking antibodies
against a2b1 integrin. Therefore we conclude that
apoptosis of human primary ®broblasts in contractile
collagen matrices is ± at least in part ± inhibited by
adhesion-blocking anti-integrin antibodies, suggest-
ing that the mode of apoptosis in this case is differ-
ent from anoikis. Further, apoptosis in a
mechanically relaxed collagen matrix could be
abrogated by depolymerization of F-actin using
cytochalasin D and also by disturbing actin±myosin
interaction using 2,3-butanedione monoxime, indi-
cating a possible dependence of apoptosis on
mechanical forces and/or cell shape. Key words:
apoptosis/cell±matrix interaction/cytochalasin D/®bro-
blastic cell/integrin. J Invest Dermatol 116:686±692, 2001

T
issue regeneration during wound healing is a complex
biologic process. Much attention has been paid to
factors that control cell proliferation and synthesis of
components of the extracellular matrix (Gailit and
Clark, 1994; Raghow, 1994). In contrast, little is

known about the equally important process of removal of cells (for
instance myo®broblasts in granulation tissue evolving into a scar),
which are no longer needed as wound healing proceeds. In vivo
there is good evidence that this happens at least in part via apoptosis
(DesmoulieÁre et al, 1995).

Culturing ®broblasts within a three-dimensional environment
reconstituted mainly of collagen I ®brils has proven to be a valuable
tool to study a variety of cellular functions during wound healing
under conditions that resemble the in vivo situation more closely
than ®broblast monolayer cultures (Bell et al, 1979; Grinnell, 1994).
Furthermore, we have recently shown that human ®broblasts
undergo apoptosis when seeded into such a three-dimensional
mechanically relaxed collagenous matrix (Fluck et al, 1998). This
induction of apoptosis is speci®c for contractile collagen gels, as
apoptosis does not occur in mechanically stressed (i.e., noncon-
tractile) collagen gels or in contractile ®brin gels (Fluck et al, 1998).

The mechanisms underlying this contraction-dependent apop-
tosis are of major importance in understanding anchorage-
dependent survival/apoptosis during wound healing. Therefore,
we investigated the involvement of integrins, which are known to

mediate cell±cell and cell±matrix interactions and to act as
mechanoreceptors transmitting mechanical signals to the actin
cytoskeleton (Wang et al, 1993). There are many examples that
gene expression and cell differentiation are regulated through
adhesive interactions with the extracellular matrix (Juliano and
Haskill, 1993). It has also been shown that integrin-mediated
adhesion to extracellular matrix proteins is required for the survival
of many cell types (Meredith and Schwartz, 1997). The b1 integrin
receptor subunit, in combination with a1 or a2 subunits, plays an
important role in controlling gel contraction and expression of
collagen type I and matrix metalloproteinase 1 collagenase
(Langholz et al, 1995). Montgomery et al (1994) demonstrated
that variant melanoma cells, lacking the av subunit of avb3

integrin, rapidly progressed to apoptosis within three-dimensional
dermal collagen. On the other hand, transfection of these cells with
an av cDNA restored avb3 expression and prevented apoptosis.

It was previously shown that ®broblasts, which have lost contact
with their surrounding extracellular matrix, undergo reversible
growth arrest (Folkman and Moscona, 1978). Furthermore, other
cell types such as epithelial (Frisch and Francis, 1994) and
endothelial (Meredith et al, 1993) cells undergo apoptosis when
displaced from their physiologic extracellular matrix. This anchor-
age-dependent apoptosis was later termed ``anoikis'' (Frisch and
Ruoslahti, 1997), and it has been hypothesized that it represents a
safety mechanism in vivo to prevent detached cells from reattaching
to inappropriate matrices and growing dysplastically. Although one
would presume, however, that integrins provide the initial signals
governing anchorage-dependent apoptosis, this has not been
studied in detail yet (for review see Aplin et al, 1998).

In this study we investigated the putative role of distinct integrins
in the regulation of extracellular-matrix-mediated apoptosis of
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®broblasts in an in vitro model. In addition, using the actin-
depolymerizing agent cytochalasin D and the inhibitor of actin±
myosin interaction 2,3-butanedione monoxime (BDM), we ana-
lyzed whether this apoptosis is contraction dependent.

MATERIALS AND METHODS

Cells Primary human skin ®broblast cultures were established from
biopsies taken from healthy volunteers. RD cells, lacking functional a2

integrins (Schiro et al, 1991), were obtained from ATCC (CCL 136).
The integrin a2-encoding cDNA (Takada and Hemler, 1989) cloned
into the expression vector pFneo (Chan et al, 1991) was stably
transfected into RD cells. After selection with 0.6 mg per ml G418,
a2b1 expressing cells were stained with the monoclonal anti-a2 antibody
A2IIE10 and a ¯uorescein isothiocyanate labeled antimouse IgG
antibody, and ®nally enriched using ¯uorescence activated cell sorting
(FACS). Cells were cultured in Dulbecco's modi®ed Eagle's medium
(DMEM), supplemented with 10% fetal bovine serum (FBS), 50 mg per
ml sodium ascorbate, 300 mg per ml glutamine, 100 U per ml penicillin,
and 100 mg per ml streptomycin under 5% CO2 and at 37°C. For all
experiments ®broblasts from passages one to ®ve were used after
harvesting by trypsinization [0.025% trypsin, 0.02% ethylenediamine
tetraacetic acid in phosphate-buffered saline (PBS)].

Preparation of hydrated collagen gels Native porcine collagen I was
purchased from Deutsche Gelatine Fabriken Stoess (Eberbach, Germany)
and puri®ed by dialysis against 2 liters of 10 mM phosphate buffer,
pH 7.2, for 5 d at 4°C with daily buffer changes. After centrifugation
the collagen pellet was washed in 70% ethanol overnight and
subsequently lyophilized. Finally, the collagen was dissolved (3 mg per
ml) in sterile 0.1% acetic acid. Hydrated collagen gels were prepared
according to Mauch et al (1988). At ®rst the acidic collagen solution was
neutralized with 0.1 M NaOH. Depending on the number of gels to be
prepared, a neutralized collagen mix was made (®nal concentration 1 mg
per ml collagen in 1 3 DMEM, pH 7.2, supplemented with 10% FBS,
50 mg per ml sodium ascorbate, 300 mg per ml glutamine, 100 U per
ml penicillin, 100 mg per ml streptomycin, and 1.33 3 105 ®broblasts
per ml). Aliquots (1.5 ml) of this cell/collagen mixture, containing

2 3 105 cells each, were placed in 3.5 cm cell culture dishes (stressed
gels) or uncoated plastic dishes (relaxed gels) and put in an incubator
adjusted to 5% CO2 and 37°C, where the gels polymerized within
60 min.

Cell recovery After measuring the gel areas collagen gels were
washed twice with PBS and solubilized by incubation with 750 ml
collagenase solution per gel on a shaker at 37°C [370 U per ml
collagenase type CO (Seromed, Berlin, Germany) in PBS without
additional Mg2+ and Ca2+, containing 1% bovine serum albumin]. As
soon as the gels were completely solubilized after 40 6 10 min, the
reaction was stopped with 200 ml FBS per gel, and released cells were
washed twice with PBS.

Cell death detection enzyme-linked immunosorbent assay
(ELISA) For quantitative determination of cytoplasmatic histone-
associated DNA fragments, we used a cell death detection ELISA
(Roche, Mannheim, Germany). Brie¯y, a tenth of the recovered cells
were mixed with trypan blue, and cell number was measured with a
hemocytometer. The remaining ®broblasts were lyzed in 90 ml
incubation buffer (30 min, 4°C) and centrifuged at 20,000 3 g for
15 min. The supernatant (cytoplasmatic fraction) was carefully removed
and stored in aliquots at ±20°C. In the immunoassay the nucleosomes
contained in the sample (cytoplasm lysate of 2000 cells) bound via their
histone components to an immobilized antihistone antibody. In a second
incubation step anti-DNA-peroxidase bound to the DNA coiled around
the nucleosomes. The amount of peroxidase retained in the
immunocomplex after washing was determined photometrically at
405 nm with ABTS (2,2¢-azino-di[3-ethylbenzthiazoline sulfonate (6)]
diammonium salt) as substrate.

Adhesion blocking antibodies and inhibitors The following
adhesion blocking monoclonal antibodies were used: 5E8D9 (Biomol,
Hamburg, Germany) against integrin a1, P1E6 (Biomol) against integrin
a2, 4B4 (Coulter, Hamburg, Germany) against integrin b1, and 23C6
(Serotec, Wiesbaden, Germany) that recognizes the complex formed by
av and b3 integrins. Before their application in gel contraction assays,
lyophilized antibodies were reconstituted in H2O, and antibody
preparations containing sodium azide as preservative were dialyzed
against 1 liter of PBS at 4°C overnight.

Figure 1. Surface expression of distinct
integrins on ®broblasts cultured in
mechanically relaxed and stressed collagen
gels. Fibroblasts were cultured in three-
dimensional mechanically relaxed and stressed
collagen gels. After 2 d the cells were harvested
and subjected to FACS analysis of the surface
expression of distinct integrins (bold lines, integrin
expression in stressed gels; thin lines, integrin
expression in relaxed gels).
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To study the effect of these antibodies on gel contraction and
apoptosis by ®broblasts, trypsinized cells were preincubated with 15 mg
per ml of either anti-a1 and anti-b1, or anti-a2 and anti-b1, or anti-avb3

antibodies for 30 min at 37°C, 5% CO2. Subsequently, contractile
collagen gels were prepared as described above and supplemented in
excess with 5 mg per ml of the respective antibodies (Langholz et al,
1995). Every second day fresh medium and antibodies as indicated were
added to the cells.

FACS analyses of the cells were performed on a FACS Calibur
(Becton Dickinson, San Jose, CA). In addition to the antibodies
mentioned above phycoerythrin-coupled anti-a2 integrin clone 12F1-H6
(Pharmingen, San Diego, CA) and phycoerythrin-coupled rat-antimouse
IgG1 clone X56 (Becton Dickinson) were used.

Cytochalasin D (Sigma, Deisenhofen, Germany), an inhibitor of actin
polymerization (Cooper, 1987), was dissolved as 2 mM stock in
dimethylsulfoxide (DMSO; Sigma). For inhibitor studies it was diluted
down to 0.5 nM with DMEM. BDM (Sigma), which disturbs the actin±
myosin interaction by reducing ®ber tension (McKillop et al, 1994), was
dissolved as 5 M stock in DMSO. For inhibitor studies it was diluted to
a ®nal concentration of 20 mM in cell culture medium.

Af®nity staining of the actin cytoskeleton Collagen gels prepared
as described above were washed with PBS and ®xed with 3 ml of freshly
prepared 4% formaldehyde in PBS for 30 min at room temperature.
Subsequently the gels were rinsed three times for 5 min with 3 ml PBS.
Until staining ®xed gels were stored at 4°C in PBS containing 0.05%
sodium azide (Serva, Heidelberg, Germany). Gel segments were cut out
and incubated for 60 min at room temperature in the dark with 100 ml
tetramethylrhodamine isothiocyanate (TRITC) labeled phalloidin
(0.05 mg per ml, Sigma) in PBS. Subsequently, the gel seqments were
washed three times for 5 min with PBS and mounted on glass slides with
vectashield mounting medium containing DAPI (Vector Laboratories,
Burlingame, CA). For ¯uorescence microscopy a Nikon Eclipse E800
microscope equipped with a Basler A113 digital camera and the Lucia
4.51 software on a Windows NT workstation was used.

RESULTS

Antibodies directed against a1b1, a2b1, or avb3 integrins
attenuate collagen gel contraction and reduce apoptosis of
®broblasts cultured in mechanically relaxed collagen
gels Fibroblasts cultured in a contractile, mechanically relaxed
collagen matrix undergo apoptosis in a time-dependent manner as
described earlier (Fluck et al, 1998), and in order to further
investigate this phenomenon we studied the role of distinct
integrins in apoptosis induction in ®broblasts.

First, the presence of a1b1, a2b1, and avb3 integrins on the
surface of primary ®broblasts released from mechanically relaxed
and stressed collagen gels was con®rmed by FACS analysis (Fig 1).
These experiments showed that the surface expression of a1, a2,
and b1 integrins is slightly elevated in ®broblasts cultured in a
mechanically stressed matrix. In contrast to this, the ¯uorescence
signal for integrin avb3 was slightly elevated in mechanically
relaxed gels and simultaneously fewer cells in these gels were
positive. So, although the integrin expression was slightly elevated
in mechanically stressed gels as opposed to relaxed gels, their
expression in both culture systems was approximately equivalent.

Then primary ®broblasts were cultured in three-dimensional
collagen matrices in the presence of adhesion-blocking antibodies
directed against a1b1, a2b1, or avb3 integrins, and as control either
without any, or with an irrelevant anti-b2, antibody. Antibodies
directed against a1b1 integrins showed a delayed onset as well as a
pronounced decrease in gel contraction, and the effect of antibodies
against a2b1 was even stronger (Fig 2a, inset). In contrast, anti-
avb3 antibody had no effect on gel contraction compared with the
control.

For the same experiments the respective time courses of
apoptosis in the presence or absence of anti-integrin antibodies
were determined by extraction and quantitation of cytoplasmic
nucleosome-size DNA using a sandwich ELISA. Apoptosis reached
its maximum between day 2 and day 4 in all experiments (Fig 2a),
and cell numbers decreased (data not shown). Interestingly, there
was a marked difference in the extent of apoptosis in cells incubated
with distinct antibodies. Blocking of a1b1 or a2b1 integrin by

adhesion blocking antibodies nearly halved the extent of apoptosis
at day 2 (Fig 2a), whereas incubation with an antibody against
avb3 integrin resulted in a 30% reduction of apoptosis. Moreover,
when mechanically stressed collagen gels were used instead of
relaxed collagen gels, apoptosis of ®broblasts did not occur either in
the absence or in the presence of the respective antibodies (Fig 2b).

Figure 2. Adhesion-blocking anti-integrin antibodies reduce
contraction-dependent apoptosis of primary ®broblasts
embedded in a three-dimensional collagen matrix without
inducing anoikis. Fibroblasts were cultured in the presence of
antibodies against integrins a1b1 (n), a2b1 (,), or avb3 (h), and as
control either without (s) or with (e) irrelevant anti-b2 antibodies, in
three-dimensional mechanically relaxed (a) and stressed (b) collagen gels.
After distinct incubation times the cells were counted and lyzed, and
nucleosome-size DNA in the cytoplasmatic fraction of lyzed ®broblasts
was measured with a cell death detection ELISA. Data are means (6 SD)
of a representative experiment run in triplicate. (a) inset: Fibroblasts were
embedded and cultured in mechanically relaxed collagen gels in the
absence (s) or presence of antibodies directed against the integrins a1b1

(n), a2b1 (,), or avb3 (h). At distinct time points gel areas were
measured. Data are means (6 SD) of a representative experiment run in
triplicate.
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A2-de®cient RD cells do not signi®cantly undergo
contraction-dependent apoptosis in relaxed collagen gels,
and susceptibility to it is restored after retransfection with a2

integrin To further investigate the involvement of a2 integrin
in apoptosis, RD cells that lack functional a2 integrin (Fig 3a,
upper panel) were cultured in mechanically relaxed collagen gels.
The time course of apoptosis, as determined by cell death detection
ELISA, is shown in Fig 3(b). Interestingly, in a2-de®cient RD cells
a slight increase of apoptosis with time in contractile gels up to day
10 could be observed. In order to ®nd an explanation for this
increase, we checked by FACS the expression of other integrins
that might be responsible for this (Fig 4). There was virtually no
difference in a1 and avb3 integrin expression, whereas b1 was
slightly elevated in RD cells compared with a2-transfected RD
cells.

After transfection with a2 integrin RD cells expressing func-
tional a2 integrin (Fig 3a, lower panel) showed, in contrast to a2-
de®cient RD cells, a marked increase of apoptosis within this time
period under the same culture conditions (Fig 3b). This effect
could be abrogated again by addition of adhesion-blocking
antibodies against a2b1 integrin (Fig 3b).

Disturbance of cytoskeletal integrity reduces apoptosis in
primary ®broblasts cultured in a mechanically relaxed
collagen matrix Contraction-dependent apoptosis may be
inhibited not only by disturbing the cells' contact to their
extracellular matrix, but also by inhibiting the intracellular force-
generating system. Therefore, inhibitor studies were performed
with cytochalasin D, which affects the actin cytoskeleton and
thereby the cells' ability to build up contraction forces. In addition,
we investigated the effect of BDM, which inhibits myosin ATPase
and thereby hampers cellular contractility. At a concentration of
0.5 nM cytochalasin D already disturbed the cytoskeletal
organization and effectively destroyed stress ®bers, which are
usually formed in ®broblasts under mechanical tension during
culture in stressed collagen gels but are absent in mechanically
relaxed collagen gels (Fig 5c±f). Notably, this concentration did
not induce apoptosis by itself, neither in mechanically stressed
collagen gels, where usually no apoptosis occurs (Fluck et al, 1998),
nor in relaxed collagen gels (Fig 5a). But it was still capable of
effectively inhibiting contraction in relaxed gels, which reached
only about 53% of the initial area (data not shown). Concomitant
with the inhibition of contraction apoptosis was completely
abrogated (Fig 5a). Likewise, 20 mM BDM alone did not
induce apoptosis in primary ®broblasts, but rather suppressed
apoptosis in contractile, mechanically relaxed gels (Fig 5b).

DISCUSSION

In a three-dimensional collagenous and contractile matrix primary
dermal ®broblasts undergo apoptosis, but not when cultured on
collagen (two-dimensional), or in three-dimensional contracting
®brin gels, or in noncontractile collagen gels. After demonstrating
the necessity of these three prerequisites (Fluck et al, 1998), we
now investigated the dependence of apoptosis on matrix contrac-
tion in more detail.

Figure 4. Expression of integrins a1, b1, and
avb3 on a2-de®cient RD cells and on RD
cells stably retransfected with a2 integrin.
RD cells and stably retransfected RD cells were
harvested from monolayer cultures and analyzed
by FACS for the surface expression of distinct
integrins (bold lines, integrin expression in a2-
expressing RD cells; thin lines, integrin expression
in a2-de®cient RD cells).

Figure 3. Contraction-dependent apoptosis of a2-de®cient RD
cells can be restored by transfection of a2 integrin. (a) FACS
analysis of a2 expression in RD cells (upper panel) and retransfected RD
cells (lower panel). Bold line, integrin a2 signal; thin line, unlabeled control.
(b) RD cells lacking a2 integrin (h) and stably retransfected RD cells
were embedded in contractile collagen gels either in the presence (d) or
absence (s) of antibodies against a2b1 integrins. After distinct incubation
times the cells were counted and lyzed, and nucleosome-size DNA in
the cytoplasmatic fraction of lyzed cells was measured with a cell death
detection ELISA. Data are means (6 SD) of a representative experiment
run in triplicate.
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Integrins are well-known receptors mediating cell±cell and cell±
matrix interactions. Meredith et al (1993) and Frisch and Francis
(1994) showed that normal endothelial and epithelial cells undergo
apoptosis when the cells are detached from their substrate with RGD
peptides or attachment is prevented by growing the cells in
suspension. Meredith et al (1993) demonstrated in addition that
attachment of endothelial cells to a substrate coated with anti-
integrin antibodies protected against apoptosis, whereas antibodies
against nonintegrin cell surface molecules were ineffective. In certain
cell types, however, only speci®c ligated integrins suppress apoptosis,
even though other integrins could mediate attachment (Howlett
et al, 1995). Therefore, the same integrin may mediate a different
signal transduction in different cell types and promote apoptosis in
one cell type and prevent apoptosis in the other cell type.

In this study an in vitro system, recently established by us, was
used, which is based on the observation that ®broblasts undergo
apoptosis, as determined by DNA laddering, TUNEL, cell death
ELISA, and nuclear morphology, when cultured in three-
dimensional mechanically relaxed, contractile collagen matrices
(Fluck et al, 1998). This system allows the systematic investigation
of distinct integrins in the induction of apoptosis in human
®broblasts.

In a ®rst series of experiments we analyzed the expression of a1,
a2, b1, and avb3 integrins on the surface of ®broblasts cultured in a
three-dimensional matrix of ®brillar collagen I of different mech-
anical resistance. FACS analyses revealed that the surface expression
of a1, a2, and b1 integrins was approximately equivalent between
cells cultured either in stressed or in relaxed collagen gels; at the
most their expression was slightly elevated in mechanically stressed
gels but not in relaxed gels. In contrast to this, expression of
integrin avb3 was slightly elevated in mechanically relaxed gels.
These ®ndings together with the concept of anchorage-dependent
survival (Frisch and Ruoslahti, 1997) therefore suggest that
disturbance of the cell±matrix contact would result in increased
apoptosis in mechanically stressed rather than in relaxed gels.

In a subsequent series of experiments we consequently investi-
gated the effect of different adhesion-blocking antibodies against
these integrins on gel contraction and apoptosis of dermal
®broblasts cultured in these culture systems. Our experiments
clearly revealed that the incubation of normal human primary
®broblasts with antibodies directed against a1b1 or a2b1 reduced
gel contraction compared with control ®broblasts without the
addition of antibodies. This result was considered as control for the
biologic ef®cacy of the respective antibodies and integrins, as it is in

Figure 5. Disturbance of cytoskeletal
integrity reduces apoptosis in primary
®broblasts cultured in a mechanically relaxed
collagen matrix. Fibroblasts were cultured for 2
d in mechanically stressed and relaxed gels either
in the presence or absence of 0.5 nM cytochalasin
D or 20 mM BDM. Subsequently, the cells were
harvested and lyzed, and nucleosome-size DNA in
the cytoplasmatic fraction of lyzed cells was
measured with a cell death detection ELISA
relative to controls without any inhibitor (a, b). In
addition, gels were ®xed with formalin and the
actin cytoskeleton of collagen-embedded cells was
af®nity stained with phalloidin-TRITC; arrows
point to stress ®bers (c±f; scale bars: 25 mm). Data
are means (6 SD) of a representative experiment
run in triplicate.
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accordance with ®ndings of Langholz et al (1995). Moreover, we
demonstrate that incubation with an antibody directed against the
vitronectin receptor integrin avb3, which is expressed by the
®broblasts, does not alter gel contraction compared with untreated
control ®broblasts.

In the same experiments the time courses of apoptosis were
determined. Apoptosis reached its maximum between day 2 and
day 4 in all experiments. This result for primary ®broblasts is in
accordance with our previous ®ndings (Fluck et al, 1998) and
served as a control for the validity of our system. Interestingly,
incubation of normal human primary ®broblasts with adhesion-
blocking antibodies directed against a1b1, a2b1, or avb3 integrins
signi®cantly reduced apoptosis in mechanically relaxed (i.e.,
contractile) collagen gels. This effect was more pronounced with
anti-a1b1 and a2b1 antibodies, and it was smaller for anti-avb3

antibodies, which were shown not to in¯uence gel contraction.
Experiments in which adhesion-blocking antibodies against
integrins a1b1 and a2b1 were applied simultaneously to increase
this effect were ± albeit interesting ± not performed, as this would
have also increased the number of nonadherent cells, which simply
fall through the collagen matrix, to an unacceptably high level. On
the other hand, using mechanically relaxed, contractile ®brin gels
(Fluck et al, 1998) and mechanically stressed (i.e., noncontractile)
collagen gels (Fig 2b), no apoptosis was detectable, either in the
presence or in the absence of the respective antibodies. As a
consequence, the adhesion-blocking antibodies used in these
experiments obviously did not induce apoptosis of dermal
®broblasts by disturbing cell±matrix contact. Rather they reduced
apoptosis by inhibiting matrix contraction in this system. This is an
interesting phenomenon, as it is not obvious at the ®rst glance how
it may be possible for a cell to survive expressing a pro-apoptotic
collagen receptor. It may be possible, however, that (i) the different
integrin signals are redundant and the signal of a single integrin type
is not suf®cient to trigger apoptosis. It may also be possible that (ii)
alterations of mechanical forces, which the cells experience within
the three-dimensional meshwork of extracellular matrix molecules,
rather than integrin ligation/extracellular matrix contact, induce
apoptosis. It is further possible that (iii) signals from different
integrin types have distinct functions, e.g., gel contraction or
perception of matrix tension, and that only the simultaneous
integration of all the signals triggers apoptosis. The latter could also
explain why blocking avb3 reduces apoptosis by 30% but has no
observable effect on gel contraction.

In a further series of experiments RD cells, which lack functional
a2 integrin subunits (Schiro et al, 1991), were embedded in this
system, and the time course of apoptosis was determined. As a
result, there was just a weak increase in apoptosis up to day 10.
Survival of RD cells in relaxed collagen gels per se, however, did
not imply that the absence of a2b1 integrin could be responsible for
transduction of an apoptosis-promoting signal. Therefore, control
experiments were performed with retransfected RD cells express-
ing functional a2 integrin. These cells underwent apoptosis at high
levels again (Fig 3b), providing further evidence that a2 integrin
may be responsible for transducing an apoptosis-promoting signal.
By addition of anti-integrin antibodies this induction of apoptosis
in a2-transfected RD cells could be revoked again. Moreover,
these results are in accordance with data that were obtained in
antibody perturbation studies using primary ®broblasts. Taken
together, a2 integrin may exert an important function as transducer
of a proapoptotic signal. Other integrins such as a1b1 or avb3 may
in part be involved in this signaling process, however, which would
explain the slight increase in apoptosis of RD cells in mechanically
relaxed collagen gels, as well as the incomplete inhibition of
®broblast apoptosis in such gels by adhesion-blocking anti-integrin
antibodies.

All b1 and av subunit containing integrins share the ability to
promote the assembly of focal contacts (Giancotti, 1997). In focal
contacts the extracellular matrix is attached to integrins that
intracellularly directly bind to talin and a-actinin, which in turn
bind to other structural proteins including vinculin, paxillin, and

tensin, ultimately connecting to the actin ®laments of the
cytoskeleton (Aplin et al, 1998). Actin and myosin comprise a
traction force-generating system within the cell, and disruption of
the micro®laments decreases ®broblast retraction (Thoumine and
Ott, 1996) and isometric tension in cell-populated collagen gels
(Kolodney and Wysolmerski, 1992). When cytochalasin D, an
inhibitor of F-actin polymerization, or BDM, an inhibitor of actin±
myosin interaction, were applied at low doses, which did not
induce cell death by themselves, to ®broblasts in relaxed collagen
gels, these inhibitors revoked stress ®ber formation and disturbed
the cytoskeletal organization, which in turn resulted in attenuated
isotonic contraction. These observations are in accordance with
®ndings of Arora et al (1999), who used the same collagen gel
culture systems to study the transforming growth factor b (TGF-b)
mediated induction of a-smooth muscle actin in ®broblasts under
different mechanical tension. They reported that TGF-b1-induced
increases of a-smooth muscle actin are dependent on the
mechanical stiffness/resistance of the extracellular matrix, and that
the generation of intracellular tension is a central determinant of
contractile cytoskeletal gene expression. Our data presented here
reveal that disturbance of cytoskeletal integrity and contractility
interestingly also abrogates apoptosis in such a mechanical relaxed
matrix.

Although this study does not distinguish with certainty between
the possibilities of either disturbed force generation or an increased
cytoskeletal stiffness (Atlas and Lin, 1978; Domnina et al, 1982),
this observation provides further circumstantial evidence that
integrin-mediated apoptosis of primary ®broblasts in three-dimen-
sional collagen gels is contraction dependent.

The result that adhesion-blocking antibodies directed against
distinct integrins reduce rather than induce apoptosis of ®broblasts
in contractile collagen gels is in accordance with the fact that
anoikis could not be observed in ®broblasts, in contrast to other cell
types such as epithelial and endothelial cells (Ruoslahti and Reed,
1994). Furthermore, whereas contraction of a collagenous matrix
triggers the disposal of ®broblasts in our system by induction of
apoptosis (Fluck et al, 1998), the data presented here provide
evidence that collagen receptors of the integrin type mediate a
proapoptotic signal, but not in terms of anoikis. In our studies the
®broblasts remain attached to their extracellular matrix via redun-
dant receptors, and blocking matrix contact of one of them results
in a reduced proapoptotic signal. We assume that our observations
in vitro may also be operative in vivo. Whereas mechanically stressed
collagen gels resemble granulation tissue during later stages of
remodeling with collagen ®bers oriented parallel to ®broblasts,
mechanically relaxed collagen gels are more similar to resting
dermis or to very early stages of wound healing, with low resistance
of the extracellular matrix to intracellular tension (Grinnell, 1994).
It can be imagined that apoptotic disposal of surplus ®broblasts, for
instance during late steps of wound healing and scar formation, is
not primarily regulated by adherence or nonadherence, i.e., by
anoikis, but rather by changes in cell shape and mechanical forces,
respectively (Chen et al, 1997). Both appear during wound
contraction and involve integrins as mechanoreceptors, which
link the actin cytoskeleton to the extracellular matrix (Wang et al,
1993). Increased expression of a-smooth muscle actin inhibits
®broblast motility (Rùnnov-Jessen and Petersen, 1996). Under
physiologic conditions a reduced motility is meaningful for a
®broblast that has entered a fresh wound, both to quickly deposit
new extracellular matrix material and to minimize the wound by its
contraction. Once the wound is closed surplus ®broblastic cells are
removed by apoptosis (DesmoulieÁre et al, 1995).

The ubiquity of integrins places these molecules as primary
candidates for the delivery of apoptotic or antiapoptotic signals
from the extracellular matrix (Bates et al, 1995). The signals
propagated by integrins interacting with the extracellular matrix
result in the activation of several intracellular pathways (Kroemer
et al, 1995; Richardson and Parsons, 1995; Schwartz et al, 1995;
Parsons, 1996). It remains to be elucidated which pathway for
transduction of the apoptosis-inducing signal is used by primary
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®broblasts during contraction of a three-dimensional collagenous
matrix in vitro and during wound healing in vivo.
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