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Focal adhesion size controls tension-dependent
recruitment of a-smooth muscle actin to stress fibers
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xpression of a-smooth muscle actin (a-SMA) renders

fibroblasts highly contractile and hallmarks myofi-

broblast differentiation. We identify «-SMA as a me-
chanosensitive protein that is recruited fo stress fibers under
high tension. Generation of this threshold tension requires
the anchoring of stress fibers at sites of 8-30-um-long
“supermature” focal adhesions (suFAs), which exert a stress
approximately fourfold higher (~12 nN/m?) on micropa-
tterned deformable substrates than 2-6-pm-long classical
FAs. Inhibition of suFA formation by growing myofibro-

Introduction

The ability of fibroblasts to perceive extracellular stress from
and to transmit contractile force to the ECM is crucial for regu-
lating their activity during connective tissue remodeling (Toma-
sek et al., 2002; Grinnell, 2003). After tissue injury, changes in
the composition, organization, and mechanical property of the
ECM, together with the action of growth factors (Werner and
Grose, 2003), stimulate fibroblasts to migrate and to develop in
vivo stress fibers, which are initially composed of cytoplasmic
actins (Tomasek et al., 2002). The resulting increase in matrix
tension, in conjunction with the action of TGF@ (Desmouliere
et al., 1993), is a prerequisite for the de novo expression of
a-smooth muscle actin (a-SMA; Tomasek et al., 2002; Hinz
and Gabbiani, 2003), which hallmarks myofibroblast differenti-
ation. Myofibroblast populations in three-dimensional collagen
gels exhibit increasing levels of a-SMA expression with in-
creasing mechanical load (Arora et al., 1999; Grinnell, 2003).
Stressing wound granulation tissue fibroblasts in vivo by splint-
ing full-thickness wounds enhances expression of a-SMA that
is down-regulated after releasing tension by removing the splint
(Hinz et al., 2001b). We have previously shown that a-SMA
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blasts on substrates with a compliance of <11 kPa and on
rigid micropatterns of é-pum-long classical FA islets confines
a-SMA to the cytosol. Reincorporation of a-SMA into stress
fibers is established by stretching 6-wm-long classical FAs
to 8.1-pm-long suFA islets on extendable membranes; the
same stretch producing 5.4-um-long classical FAs from ini-
tially 4-um-long islets is without effect. We propose that the
different molecular composition and higher phosphoryla-
tion of FAs on supermature islets, compared with FAs on
classical islets, accounts for higher stress resistance.

generates high contractile activity in stress fibers (Hinz et al.,
2001a, 2002) that are preformed from (-cytoplasmic actin fil-
ament bundles in wound granulation tissue fibroblasts (Hinz
et al., 2001b) and in spreading cultured myofibroblasts (Hinz
et al., 2003; Clement et al., 2005). In this study, we demonstrate
that focal adhesion (FA) size controls a-SMA localization by
regulating stress fiber tension.

FAs are central checkpoints in transforming extracellu-
lar mechanical cues into cellular responses and in transmit-
ting contractile forces to the ECM (Bershadsky et al., 2003;
Ingber, 2003; Chen et al., 2004). Cultured myofibroblasts form
8-30-pum-long “supermature” FAs (suFAs; Dugina et al., 2001;
Hinz et al., 2003), exhibiting a specific molecular composition
by coexpressing vinculin, paxillin, tensin, and integrins av33
and a5B1 (Dugina et al., 2001; Hinz et al., 2003). This is in
contrast to smaller “classical” FAs (2—6-pum-long) of a-SMA-
negative fibroblasts that do not contain significant levels of
tensin and a5B1 integrin or to fibrillar adhesions that are gen-
erally negative for vinculin, paxillin, and avB3 integrin (Gei-
ger et al., 2001; Cukierman et al., 2002). It has been proposed
that suFAs are particularly efficient in promoting tissue con-
traction (Tomasek et al., 2002; Hinz and Gabbiani, 2003) by
providing high adhesion to the ECM (Ronnov Jessen and
Petersen, 1996; Hinz et al., 2003); however, their role in con-
trolling myofibroblast function and contractile activity has not
been assessed yet. We show for the first time that recruit-
ment of a-SMA to preexisting stress fibers requires a critical
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tension that is only generated upon formation of suFAs on suf-
ficiently rigid substrates. We further demonstrate that suFAs
exert significantly higher force per unit area compared with
classical FAs of a-SMA-negative fibroblasts. Hence, estab-
lishment of suFAs is a central checkpoint in the mechanical
feedback loop of intracellular contractile activity and extracel-
lular tension because of its control of a-SMA recruitment to
stress fibers.

We have previously shown that the formation of -cytoplasmic
actin stress fibers precedes the recruitment of a-SMA during
myofibroblast spreading (Hinz et al., 2003). To test whether this
compartmentalization of a-SMA is controlled by the tension
transmitted at FAs, we cultured differentiated rat embryonic
fibroblast (REF)-52 myofibroblasts for 12 h on polydimethyl-
siloxane (PDMS) substrates ranging from the approximate stiff-
ness of normal soft tissue to that of plastic (Fig. 1, A-E). The
percentage of cells with clearly visible a-SMA stress fibers was
manually quantified, and the morphology of all FAs was as-
sessed using a segmentation algorithm (Zamir et al., 1999) on
fluorescence images, which were obtained after Triton X-100
(TX-100) permeabilization. On PDMS exhibiting a Young’s
modulus between 16 and 780 kPa, ~90% of the myofibroblasts
localized a-SMA to stress fibers that were anchored at suFAs
with a length of 8.5 = 3.6 t0 9.9 = 3.1-pum-long (Fig. 1, A, B,
and D). With decreasing substrate stiffness, suFAs were reduced
to classical FAs with a length of 5.0 = 2.2 um at 11 kPa and
1.5 £ 1.4 pm at 9.6 kPa (Fig. 1, C and D). Concomitant with
the reduction of suFAs to classical FAs, a-SMA was completely
lost from stress fibers in 97% of the cells on 9.6 kPa substrates
(Fig. 1, C and D); a detergent-free fixation procedure revealed
the accumulation of stress fiber—derived a-SMA in neo-formed
cytosolic rods (Fig. 1 E). Importantly, phalloidin- (Fig. 1, A-C)
and B-cytoplasmic actin—positive (Fig.1 E) stress fibers were
formed on all substrates and protein expression levels remained
unchanged (unpublished data), suggesting that myofibroblasts
can modulate their contractile function by selectively redistrib-
uting a-SMA.

To relate PDMS substrate compliance to the stiffness ex-
perienced by tissue myofibroblasts, we measured the Young’s
modulus of rat wound granulation tissue using atomic force
microscopy (AFM; Fig. 1 F). Tissue stiffness increased from
18.5 = 5.4 kPa in 7-d-old wounds containing only fibroblasts
with a-SMA-negative stress fibers (Hinz et al., 2001b) to
26.5 = 12.7 kPa in 8-d-old wounds, when a-SMA starts to
occur in stress fibers. In 9-d-old granulation tissue, stiffness
further increased to 29.4 = 17.5 kPa, together with increased
appearance a-SMA-—positive stress fibers in myofibroblasts
(Hinz et al., 2001b). In late granulation tissue (12-d old), when
the wound is almost closed, substrate stiffness even reached a
modulus of 49.3 + 28.5 kPa. Hence, a-SMA localization in
stress fibers in vivo and in vitro only occurs at a critical sub-
strate stiffness of ~20 kPa.
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Figure 1. Matrix compliance controls FA size and a-SMA localization.
REF-52 myofibroblasts were cultured for 12 h on PDMS substrates with a
Young’s modulus of 780 (A), 23 (B), and 9.6 kPa (C and E) and stained
for vinculin (A-C, green), «-SMA (A-C, blue), and F-actin (phalloidin;
A-C, red) after standard fixation. Numbers indicate PDMS base/curing
agent ratio. (D) From such images, all FAs in the field were analyzed with
a segmentation algorithm and FA size was plotted as a function of sub-
strate compliance. The number of cells with clear a-SMA-positive stress
fibers (SF) was manually assessed and related to the total number of cells.
10 cells were analyzed per substrate, and the experiment was performed
three times (ngas/substrate ~3,000). Mean values (=SD) that differ signifi-
cantly from control on plastic (P < 0.001) are open symbols. Culture plastic
is arbitrarily set to 3,000 kPa. (E) By using a detergent-free staining proto-
col, cytosolic a-SMA (green) was shown to disappear from B-cytoplasmic
actin—positive stress fibers on 9.6 kPa substrates (red) and to accumu-
late in rods. (F) A force indentation profile was produced by AFM on a
100 X 100-um area of a section of 9-d-old granulation tissue. Lumen
and wall of a small vessel, surrounded by fibroblast-populated tissue,
are obvious in the upper righthand corner. Bars: (A-C) 50 pm; (E and
F) 20 um. (G) The mean elastic modulus of 7-9-d-old granulation tissue
(squares) is related to that of 1:40 to 1:60 PDMS (dotted line), both as-
sessed with AFM.

One possible explanation for the observed redistribution of
a-SMA to the cytosol is that the small FAs formed on compli-
ant substrates limit tension within stress fibers at a level that is
nonpermissive for a-SMA recruitment. To test this hypothesis,
we microcontact printed (WCP) regular arrays of fibronectin
(FN) islets on rigid planar surfaces (Fig. S1 A, available at
http://www.jcb.org/cgi/content/full/jcb.200506179/DC1), ex-
hibiting the characteristic length of classical FAs (2-, 4-, and



Figure 2. Incorporation of a-SMA into siress fibers requires FAs longer
than 6 pm. Arrays of FN (50 pg/ml) islets with 6-um spacing, 1.25-um
width, and 20- (A and B), 10- (C and D), é- (E and F), and 2-um (G and H)
lengths were created on glass by wCP, and nonprinted regions were
passivated. After a 12-h culture, REF-52 myofibroblasts were stained for F-ac-
tin (green), FN (blue), vinculin (red), and a-SMA (black and white). (E and G,
insets) F-actin stress fibers at a 4 higher magnification. Representative re-
sults of one out of six independent experiments are presented. Bar, 20 pm.

6-pm-long) and suFAs (10- and 20-pwm-long). Only by
considering the elongated shape of FAs (width, 1.25 wm) we
achieved almost complete occupation of up to 20-pum-long is-
lets by single adhesions after a 12-h culture (Fig. 2). This is in
contrast to squares or circles that are only partially occupied
when islet diameter exceeds ~1 wm or that allow the formation
of multiple FAs (Chen et al., 2003; Csucs et al., 2003; Lehnert
et al., 2004). When plated on 20- (Fig. 2, A and B) and 10-pum-
long islets (Fig. 2, C and D), stress fiber formation and a-SMA
incorporation (Fig. 2, B and D) were indistinguishable from
cells grown on continuous substrates (Hinz et al., 2003). On
6-wm-long islets, however, a-SMA was absent from stress fibers
in 74 = 3% of the cells (Fig. 2 F) and in 96 = 8% of the cells
grown on 2-pm-long islets (Fig. 2 H; cells per condition = 400).
Notably, B-cytoplasmic actin stress fibers were formed on all
islets (Fig. 2, E and G, insets; and Fig. 3 A). Loss of a-SMA
from stress fibers on islets =6-pm-long was also achieved ob-
served using FN, collagen I, and vitronectin alone, in combi-
nation at 10-100 pwg/ml (unpublished data), and after reducing
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Figure 3. Stress fiber-derived a-SMA accumulates in detergent-soluble
rods. REF-52 myofibroblasts were grown for 12 h on 4- (A) and 20-pm-long
(B and D) adhesion islets and stained for «-SMA (green), B-cytoplasmic
actin (red), and FN (blue). By using a defergentfree staining procedure,
a-SMA was identified in cytosolic rods after growth on 4-pum-long islets
(A) and in stress fibers on 20-pm-long islets of control cells (B). Inhibition
of Rho-associated kinase on 20-pm-long islets leads to the neoformation
of «-SMA rods (D; and Video 1). Bar, 20 pm. (C) Western blotting of
the TX-100-insoluble cytoskeleton demonstrates the decrease of specific
contractile proteins in the TX-100-insoluble fraction with decreasing ad-
hesion islet size (Table I). Representative results of one out of four inde-
pendent experiments are presented. MLCK, myosin light chain kinase;
NM, nonmuscle; SM, smooth muscle. Video 1 is available at http://www.
jcb.org/cgi/content/full /icb.200506179/DC1.

islet spacing from 6 to 4 and 2 pm (Fig. S2). This indicates
that the effect of islet size on a-SMA localization overrides
the influence from ECM composition, ECM density, and total
adhesive surface.

Using a detergent-free staining procedure (Clement et al.,
2005), we identified neo-formed rodlike structures as cytosolic
reservoir for stress fiber—derived a-SMA (Fig. 3 A); rods were
not formed on 10-20-pum-long islets (Fig. 3 B). Western blotting
confirmed the dissociation of a-SMA from the TX-100-insolu-
ble cytoskeleton after growth on small adhesion islets. Concomi-
tantly, a significant shift to the cytosolic fraction was observed for
stress fiber-associated proteins, nonmuscle myosin heavy chain
(MHC), myosin light chain (MLC), SM22, and the FA protein
FAK (Fig. 3 C and Table I). In contrast, 3-cytoplasmic actin and
all other FA proteins tested persisted in the TX-100—-insoluble cy-
toskeleton. To further evaluate whether FA size controls a-SMA
localization in stress fibers in a tension-dependent manner, we
treated myofibroblasts on 10-20-pm-long islets for 30 min with
ROCK inhibitor Y27632 (2 uM; Fig. 3 D and Video 1, available

FOCAL ADHESION SIZE CONTROLS «-SMA ORGANIZATION
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Figure 4. Enlargement of classical to suFAs recruits a-SMA to stress
fibers. REF-52 myofibroblasts were grown for 12 h on extendable
PDMS membranes that have been provided with covalently bound
FN islets. Cells were then subjected to a 135% linear stretch and
stained after 6 h for a-SMA (A and D), vinculin (B and E), and FN
(C and F). Despite enlarging é- and 4-um-long classical FA-sized is-
lets by the same factor, only the resulting 8.1-pm-long suFA islets
(B and C) induced formation of a-SMA-positive stress fibers (A), but
not resulting 5.4-um-long classical FA islets (D-F). The experiment
was performed three times and representative results are shown.
Bar, 25 pm.

at http://www.jcb.org/cgi/content/full/jcb.200506179/DC1)
and the myosin II inhibitor blebbistatin (10 wM; Video 1). At
these low concentrations, a-SMA redistributed from stress fibers
to rodlike structures, whereas (3-cytoplasmic actin distribution
was not affected (Fig. 3 D). In contrast, inducing myofibroblast
contraction on 2—-6-um-long islets with lysophosphatic acid and
thrombin did not lead to a-SMA incorporation into stress fibers,
but frequently resulted in cell detachment (unpublished data).

To evaluate whether the dynamic enlargement of classical
FAs to suFAs can rescue a-SMA localization in stress fibers, we
developed a method to perform covalent wCP of ECM proteins
onto extendable PDMS membranes (Fig.4 and Fig. S1 C). Iden-
tical with printing on plastic (Fig. 2), stress fibers lost staining
for a-SMA, but not for (3-cytoplasmic actin, when myofibro-
blasts were grown for 12 h on membranes exhibiting islets of
4- and 6-pm-long (unpublished data). After gradually stretching
the substrate to 135%, a significant fraction of myofibroblasts
(43 = 7%) reintegrated a-SMA into stress fibers within 6 h when
6-pm-long classical FA islets were enlarged to 8.1-pm-long
suFA islets (Fig.4, B and C). However, the same stretch applied
to myofibroblasts grown on 4-pm-long islets and still produc-
ing classical 5.4-pm-long FAs (Fig.4, E and F) was not permis-
sive for a-SMA stress fiber incorporation (6 = 5%; Fig. 4 D).
Collectively, these results strongly suggest that FA size limits
the maximum tension developed in stress fibers, as well as
a-SMA recruitment.

To quantify the level of intracellular tension that is devel-
oped upon suFA formation, we measured the forces exerted
at suFAs in comparison with classical FAs. REF-52 fibro-
blasts and myofibroblasts expressing GFP-tagged B3 integ-
rin and paxillin were grown for 4 d on deformable silicone
substrates micropatterned with fluorescent markers (Fig. 5 A
and Fig. S1 D). Forces at FAs were calculated from the
substrate deformation (Fig. 5 A, dot displacement) after
relaxing cells with cytochalasin D (Video 3, available at
http://www.jcb.org/cgi/content/full/jcb.200506179/DC1). In
both cell types, force increased with FA area (Fig. 5, C and D).

However, suFAs (>7.5 pumz; Fig. 5 D, red) exerted an
average stress of 12.5 * 2.5 nN/wm? compared with
3.8 = 5.1 nN/um? of FAs =7.5 um? (Fig. 5 D, yellow and
blue) in the same myofibroblasts. The stress at small myofibro-
blast FAs was comparable to that of classical FAs of a-SMA—
negative fibroblasts (3.1 + 5.3 nN/um?; Fig. 5 C).The high
standard deviation for FAs =7.5 um? derives from the largely
varying forces of focal complexes (=1 um? Fig. 5, C and D,
yellow). In summary, suFAs allow the generation of approxi-
mately fourfold higher forces per unit area compared with
classical FAs.

To decipher the molecular basis of the significant higher stress
resistance of suFAs and to test whether adhesion size dictates
suFA composition, we produced islets of no particular ECM by
“negative” printing of poly-L-lysine-g3.5-poly(ethylene glycol)
(PLL-g-PEG) in serum-free conditions. By these means we con-
fined myofibroblast adhesion to the nonprinted regions (Fig. S2 B),
leading to the loss of a-SMA from stress fibers on islets <6 pm
long (unpublished data) as observed on protein islets (Fig. 2).
On 10- and 20-pm-long islets, myofibroblasts coexpressed 33
integrin and paxillin (Fig. 6 A) with B1 integrin (unpublished
data), tensin, and vinculin (Fig. 6 B) in suFAs at the cell pe-
riphery. In contrast, growth on 2—-6-pm-long islets induced the
redistribution of the fibrillar adhesion marker tensin (Fig. 6 E)
and B1 integrin (unpublished data) from the cell periphery to
the cell center, whereas classical FA markers 33 integrin (Fig.
6 D) and vinculin (Fig. 6 E) remained specifically in the cell
periphery. Paxillin was partly redistributed to the cell center,
but also remained in peripheral FAs (Fig. 6 D). A similar redis-
tribution of matrix adhesion components occurred after switch-
ing culture substrates from 780 to 9.6 kPa (Fig. S3, available
at http://www.jcb.org/cgi/content/full/jcb.200506179/DC1).
Moreover, the protein tyrosine phosphorylation level on suFA
islets was significantly higher compared with growth on clas-
sical FA islets (Fig. 6 C and F ). In particular, phosphorylation,
but not total protein expression of paxillin and FAK, signifi-
cantly decreased in total extracts from myofibroblasts on small
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Figure 5. suFAs generate higher stress than classical FAs. (A) Fibroblasts
and myofibroblasts transfected with GFP-paxillin were cultured for 4 d on
micropatterned deformable substrates (Video 3). Force transmission at FAs
(green) leads to displacement of the fluorescent dots (red) that return to their
original position (blue) after completely relaxing the cell with cytochalasin D;
static dots appear pink. (B) Forces at individual FAs (black) that were iden-
tified with a segmentation algorithm were calculated from displacement
maps using a regularization method and are depicted as red vectors in
binary images; close-up in A corresponds to the shaded region in B. Bars:
(A) 20 um; (B) 50 pum. Force vectors, 80 nN. Forces were expressed as
a function of FA area for fibroblasts (C; neis = 12 and nga = 1,120) and
myofibroblasts (D; neis = 11 and neas = 1,166); colored background
highlight focal complexes (yellow), classical FAs (blue), and suFAs (red);
the same color code is used for linear regressions in D. Inset in C shows
fibroblast FA distribution using the same scale as in D. Video 3 is available
at http://www.jcb.org/cgi/content/full /jcb.200506179/DC1.

islets (Fig. 6 G). Hence, adhesion size appears to control the
molecular composition and phosphorylation of FAs in a ten-
sion-dependent manner.

In this study, we identify a-SMA as a mechanosensitive pro-
tein that is rapidly recruited to 3-cytoplasmic actin stress fibers
under high tension. To develop this critical tension, stress fi-
bers need to be anchored at sites of suFA, permitting an ap-
proximately fourfold higher stress development compared with
classical FAs. We further show that limiting FA size alone in-
terrupts the mechanical feedback loop of a-SMA-mediated
contraction and increasing matrix stiffness, which is character-
istic of the persisting myofibroblast activity in fibrocontractive
diseases (Desmouliere et al., 2003; Gabbiani, 2003; Hinz and
Gabbiani, 2003).

The specific recruitment of a-SMA to preformed stress fi-
bers is consistent with the observation that 3-cytoplasmic actin
filament bundle formation precedes incorporation of a-SMA
during myofibroblast spreading (Hinz et al., 2003). In the ab-
sence of this organization template, a-SMA accumulates in de-
tergent-soluble rods that appear to function as transient cytosolic

reservoirs (Fig. 7; Clement et al., 2005). We show that reducing
stress fiber tension by reducing substrate stiffness, FA size, and
myosin contraction leads to similar a-SMA rod formation. The
a-SMA-specific NH,-terminal sequence AcEEED likely con-
tributes to the tension-dependent distribution of a-SMA be-
cause cytoplasmic delivery of this sequence removes o-SMA
from stress fibers without affecting (3-cytoplasmic actin local-
ization (Chaponnier et al., 1995; Hinz et al., 2002) and induces
a-SMA rod formation (Clement et al., 2005). We propose a
mechanosensitive element within stress fibers that alters its af-
finity for the AcCEEED sequence or its stress fiber association
with changing levels of tension. Potential candidates are co-
filin and gelsolin, which colocalize with a-SMA in rods (Clem-
ent et al., 2005), and SM22 and MLC, which partly dissociate
from stress fibers after tension release in our conditions. It
is conceivable that stress fiber contractile function is rapidly
adapted to a new mechanical challenge by modulating its mo-
lecular composition. This is supported by the recently demon-
strated tension-dependent localization and turnover of a-actinin
and MLC (Peterson et al., 2004) and zyxin (Yoshigi et al.,
2005), and by the partial loss of nonmuscle MHC after tension
release in our experiments.

During wound healing, a-SMA-mediated myofibroblast
contraction is delayed until the ECM has been sufficiently re-
modeled by a-SMA-negative fibroblasts (Darby et al., 1990;
Hinz et al., 2001b). We determined an elastic modulus of ~20
kPa of granulation tissue at the time of first appearance of
a-SMA-—positive stress fibers in myofibroblasts. This corre-
sponds well with the observation that a-SMA recruitment to
stress fibers of cultured myofibroblasts requires a significantly
higher culture substrate stiffness of ~16 kPa than neoformation
of B-cytoplasmic actin stress fibers at 2-6 kPa (Pelham and
Wang, 1997, Yeung et al., 2005). We have used AFM to deter-
mine the elastic modulus of granulation tissue and of PDMS
substrates at the micrometer level, which is more relevant for
cell mechanoperception at focal adhesions than global tissue
compliance (Engler et al., 2004a,b). Despite a rather high varia-
tion in AFM measurements because of tissue heterogeneity, our
values range in the same order of magnitude compared with
macroscopic measurements (Greenleaf et al., 2003) of fibrotic
(myofibroblast-populated) tissue, which can exhibit elastic
moduli up to 80 kPa, comparable with the elastic modulus of
~50 kPa of late granulation tissue in our measurements. The
elastic modulus of normal soft tissue is in a considerably lower
rage of 1-20 kPa (Fung, 1993; Bao and Suresh, 2003).

A stiffer matrix allows formation of larger FAs and FA
size was previously shown to increase with external mechanical
load in two-dimensional culture (Pelham and Wang, 1997,
Riveline et al., 2001). We propose that fibroblasts “sense” their
mechanical microenvironment by assessing the level of intra-
cellular tension, which is limited by the size of stress fiber an-
chors (Fig. 7). Consequently, restricting myofibroblast adhesions
to the length of classical FAs (=6 wm) by wCP on a stiff matrix
limits stress fiber tension and results in the loss of a-SMA, sim-
ilar to growth on a substrates with low (9.6 kPa) elastic modulus.
Most interestingly, fibroblasts also appear to detect application
of gradual stretch from changes in FA size. In our experiments
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Figure 6. Adhesion size dictates FA composition and
phosphorylation. REF-52 myofibroblasts were grown for
12 h on 20-um-long suFA islets (A-C) and 4-um-long clas-
sical FA islets (D-F) created by negative pCP. Cells were
stained for 33 integrin (A and D, green), paxillin (A and D,
red), tensin (B and E, red), vinculin (B and E, green), phos-
pho-tyrosine (C and F, red), and phospho-FAK (C and F,
green). Growth on small islets led to the separation of
classical FA and fibrillar adhesion markers that colocal-
ize on large islets. (G) Reduced phosphorylation levels of
FA proteins on small islets are confirmed by Western
blotting of total cell extracts. Representative results of
three independently performed experiments are presented.
Bar, 20 pum.
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using wCP on extendable membranes, the resulting formation
of suFAs, but not the percentage of stretch, promotes a-SMA
reorganization. FA size-dependent mechanosensing is of phys-
iological relevance during the comparably slow remodeling
and stiffening of three-dimensional matrices; in mechanically
restrained collagen gels, fibroblasts first form pointlike adhe-
sions that mature into classical FAs (Tamariz and Grinnell, 2002)
and subsequently into suFAs (Fig.7; Hinz and Gabbiani, 2003).
This slow tension increase may escape detection by mec-
hanosensitive membrane channels (Gillespie and Walker, 2001;
Martinac, 2004).

Previous studies have determined a linear relation between
the size and the force of fibroblast FAs, with an average stress of
~5.5 nN/um? (Balaban et al., 2001; Beningo et al., 2001). We
confirm this observation by considering only FAs <7.5 pm?
exerting a mean stress of 3—4 nN/um’ independent from
myofibroblast differentiation. However, by surpassing the size
threshold of suFAs (7.5 wm?), stress exponentially increases to
about fourfold, providing a new quality of force exertion. From
the minimum size of a-SMA—permissive islets (8§ X 1.25 wm)
and the average stress exerted by suFAs (12.55 nN/pum?), we
estimate a minimum local force of ~125 nN for promoting
recruitment of a-SMA to stress fibers. How is this higher force
per unit area achieved? One explanation is that the characteris-
tic colocalization of classical FA markers vinculin and av33 in-
tegrin with fibrillar adhesion markers tensin and o531 integrin
in suFAs creates a particularly solid matrix anchor. The recruit-
ment of new components to larger adhesion sites may be ac-
hieved by simply creating space or by opening cryptic binding
sites (Wehrle-Haller and Imhof, 2002; Bershadsky et al., 2003;
Katsumi et al., 2004; Nicolas et al., 2004). Accordingly, restrict-

ing the length of myofibroblast FAs to =6 um results in the
separation of classical FA and fibrillar adhesion markers. More-
over, we observed a significant loss of FAK from TX-100-resis-
tant suFAs. This is consistent with the strong reduction in
protein tyrosine phosphorylation of highly phosphorylated
suFAs, in particular of paxillin and FAK. FAK appears to be
central for the mechanoresponses triggered at classical FAs
(Wang et al., 2001; Sawada and Sheetz, 2002; Tamada et al.,
2004; Mitra et al., 2005) and it is involved in adhesion-dependent
myofibroblast differentiation (Thannickal et al., 2003). Interest-
ingly, paxillin is a substrate of FAK in suFA-related three-dimen-
sional adhesions but not in classical FAs (Cukierman et al.,
2002). Reduction of tension-dependent phosphorylation may
explain the “shuttling” of paxillin from suFAs to classical FAs
after reducing FA islet size and substrate compliance in this
study, and after inhibiting a-SMA-mediated myofibroblast
contraction (Hinz et al., 2003). Consistently, paxillin is speci-
fically recruited to classical FAs after stretch (Sawada and
Sheetz, 2002).

We propose the following model on how FA supermatu-
ration provides a crucial checkpoint in controlling a-SMA
localization in stress fibers and, thus, myofibroblast function in
physiological conditions (Fig. 7). (a) The degree of matrix orga-
nization and stiffness determines FA size, which limits the level
of intracellularly generated tension. (b) Surpassing a critical ad-
hesion size and intracellular tension leads to the engagement of
fibrillar adhesion proteins to classical FAs, presumably by FAK-
mediated phosphorylation. (c) The resulting suFAs provide sig-
nificantly stronger matrix anchors that permit generation of an
approximately fourfold higher stress fiber tension. (d) This high
tension is pivotal to permit a«-SMA incorporation. In vivo, this
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Figure 7. Changes in matrix rigidity and organization control incorpo-
ration of a-SMA info stress fibers by modulating the size of adhesion.
(A) Fibroblasts grown in a mechanically restrained, but compliant, three-
dimensional matrix develop small adhesions and stress fibers that contain
only cytoplasmic actins. (B) In the presence of TGFB, fibroblasts start to
express a-SMA, which at first remains diffusely distributed in the cytosol
or organizes in transient rodlike structures. (C) Remodeling activity of cells
leads to ECM fiber alignment and creates larger surfaces for adhesion for-
mation; larger adhesions permit development of stronger stress fibers and
generation of higher contractile forces. (C) Continuing ECM fiber align-
ment further enlarges adhesion sites and intracellularly generated tension.
When adhesion sites grow to the size of suFA, intracellular tension reaches
a critical level that allows incorporation of a-SMA info preexisting cytoplas-
mic actin stress fibers. The force generated by a-SMA—containing stress
fiber is significantly higher compared with cytoplasmic actin stress fibers
leading to further FA supermaturation and ECM contraction.

checkpoint may ensure that enhanced myofibroblast contraction
only occurs when the tissue has been sufficiently remodeled and
stiffened for effective force exertion.

Cell culture and drugs

REF-52s were cultured in DME (Invitrogen) containing 10% FCS; all major
results were confirmed using primary rat lung myofibroblasts that were
obtained and cultured as described previously (Hinz et al., 2001aq).
5 ng/ml TGFB1 and 250 ng/ml TGFB-RIl (both R&D Systems) were added
to the culture medium for 5 d; cytochalasin D (Sigma-Aldrich) was used
at 0.1 pM, blebbistatin (Calbiochem) was used at 10 uM, Y27632
(Calbiochem) was used at 2 uM, and lysophosphatic acid (Sigma-Aldrich)
was used at 10 uM. For FA force analysis, REF-52s were stably transfect-
ed with B3 integrin-GFP (gift of C. Ballestrem and B. Wehrle-Haller,
University of Geneva, Geneva, Switzerland; Ballestrem et al., 2001), full-
length GFP-paxillin (gift of B. Geiger, Weizmann Institute of Science,
Rehovot, Israel; Zamir et al., 2000), and «-SMA-GFP (Clement et al.,
2005) using Fugene 6 (Roche) and cultured for 4 d in Ham's F12/5% FCS
(= TGFB) on micropatterned substrates mounted as observation chambers

(Hinz et al., 2003).

Immunofluorescence, microscopy, and image andlysis

Cells were permeabilized for 5 min with 0.2% TX-100 in 3% PFA and fixed
with 3% PFA/PBS for 10 min. This fixation procedure was used for stan-
dard fluorescence, to quantify FA size with a segmentation algorithm
(Zamir et al., 1999) and to evaluate a-SMA association with stress fibers
by counting only cells with clearly visible a-SMA stress fibers. To preserve
defergentsoluble a-SMA rodlike structures, cells were fixed with 1% PFA/
PBS for 10 min, followed by a 3-min treatment with MeOH at —20°C
(Clement et al., 2005); this technique was not compatible with FA protein
staining. Primary antibodies were used according to Table I. For second-
ary antibodies we used TRITC- and FITC-conjugated goat anti-mouse
IgG1, IgG2b, and IgG2a (Southern Biotechnology Associates, Inc.); Alexa
Fluor 350-, 488-, and 568-conjugated goat anti-rabbit antibodies; and
Alexa Fluor 647-conjugated mlgG2a antibodies (Invitrogen). F-actin was
probed with Phalloidin-Alexa Fluor 350/488/568 (Invitrogen) and DNA
with DAPI (Fluka).

Images were acquired with an inverted microscope (Axiovert
200M; Carl Zeiss Microlmaging, Inc.) equipped with a spinning disk con-
focal head (Nipkow CSU10; Yokogawa Electric Corp.) and charge-
coupled device camera (CoolSNAP-HQ; Roper Scientific). FA area was

quantified from confocal images by implementing a segmentation algo-
rithm (Zamir et al., 1999) in Matlab 7.0 software (The MathWorks). Mov-
ies were acquired using a water immersion objective 63X, NA 0.9
(Leica), mounted on an upright confocal microscope (model DM RXA2,
with a laser scanning confocal head, model TCS SP2 AOBS; Leica) and
equipped with a heating stage and CO, incubation chamber. Fluorescent
photoresist dots (Fig. ST D) were excited at 543 and 594 nm, and emis-
sion was detected at 610-800 nm. All figures were assembled using
Photoshop (Adobe).

Elastic silicone substrates and force computation

Silicone substrates of an 80-um thickness were produced by mixing PDMS
curing agent and base (Sylgard 184; Dow Corning) in ratios between 1:5
and 1:80. Young's modulus was determined according to Balaban et al.
(2001) and confirmed with AFM (see the next section). Micropatterned
silicone substrates were created similar to a recently published method
(Balaban et al., 2001) with important modifications (Fig. S2 D). Our sub-
strates were produced with an elastic modulus of 23 kPa to promote the
formation of suFAs and a-SMA stress fiber incorporation, which was not
achieved using 12-kPa substrates (Balaban et al., 2001). 23-kPa sub-
strates were sufficiently compliant to obtain deformations in the microme-
ter range (~10 pixels), which are required to apply correlation-based
optical flow analysis. In brief, the cell-generated deformation field in mi-
cropatterned elastic substrates was retrieved by maximizing a cross-cor-
relation parameter (Butler et al., 2002; Marganski et al., 2003; Vanni et al.,
2003) to match a subimage of the substrate under cell traction to its un-
distorted equivalent after addition of cytochalasin D. Our method relates
to a finite-element approach (Dembo and Wang, 1999) but with the im-
provement that the computed forces are restricted to the zones of effective
force transmission, i.e., FAs. We have implemented a new regularization
method considering each FA as a tessellation of pointlike forces because
the assumption of one pointlike force per classical FA (Balaban et al.,
2001) was not applicable to large suFAs. An iterative approach was used
to successively apply a local regularization to each FA in contrast to per-
forming a unique regularization on the whole image (Schwarz et al.,
2002). All computational work, including image processing, was per-
formed with Matlab.

AFM

AFM was used to relate the elastic modulus of PDMS substrates (see the
previous section) with the compliance of rat wound granulation tissue using
a method established for polyacrylamide gels and sections of pig artery
(Engler et al., 2004c). A total of 12 female Wistar rats (200-220 g) were
used. After shaving the skin, full-thickness 20 X 20-mm wounds, including
the cutaneous muscle, were made using surgical scissors in the middle of
the dorsum on the first day of the experiments and were allowed to heal
spontaneously. Rats were killed by CO, anesthesia and granulation tissue
was harvested 7, 8, 9, and 12 d after wounding, as previously described
(Hinz et al., 2001b). Fresh tissue was sectioned info ~150-um-thick slices
that were wet mounted under pyramidtip AFM cantilevers (Vecco USA;
spring constant, 60 pN/nm). First, force-indentation profiles were pro-
duced on a 100 X 100-pm area using an AFM (model XE-120; PSIA, Inc.)
and surface topography images were produced to exclude small vessels
from the indentation measurements (Fig. 1 F). Second, 10 force-indentation
curves were produced from each sample and the elastic modulus was fitted
with a conventional Hertz cone model (Dimitriadis et al., 2002); indenta-
tion was performed at rate of 2 p.m/s. Sections from the same tissue were
processed for immunofluorescence and controlled for a-SMA expression
and stress fiber formation.

nCP

PDMS stamps for wCP (Singhvi et al., 1994) were obtained from silicon
wafer molds (Fig. S1 A) and incubated for 30 min with different protein
solutions (10-100 ug/ml), quick-dried, and put in conformal contact with
substrates for 1 min. Nonprinted regions were passivated with 0.1 mg/ml
PLL-g-PEG (Csucs et al., 2003). Negative stamps were produced from
positive stamp molds (Fig. S1 B). For PLL-g-PEG stamping, both the sub-
strate and the stamp were treated for 15 s with oxygen plasma. To pro-
vide stretchable PDMS membranes with adhesion islets, we developed
a new method of covalent pCP (Fig. S1 B); alternative protocols did not
provide sufficient protein absorption to sustain cell traction forces
(Schmalenberg et al., 2004) or did not reach the required resolution
(Wang et al., 2002). Myofibroblasts were grown for 12 h on wCP mem-
branes and subjected to uniaxial linear stretch of 135% in five steps
every 5 min.
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Table I. Effect of FA size on protein distribution

Protein Shift

Antibody (provenance/company)

Stress fiber proteins

m (clone 19B6; C. Chaponnier, University of Geneva, Geneva, Switzerland; unpublished data)

rb (G. Pfitzer, University of Cologne, Cologne, Germany; Pfitzer et al., 2001)

m (clone 1B8; S. Sartore, University of Padua, Padua, ltaly)
rb (P. Gunning, Children’s Hospital Westmead, Westmead, Australia; Percival et al., 2000)

a-SMA +4++ m (Skalli et al., 1986)
B-Cytoplasmic actin +

Total actin ++ m (clone Ac40; Sigma-Aldrich)
Caldesmon -

Calponin + m (Sigma-Aldrich)

MLC ++ rb (Santa Cruz Biotechnologies, Inc.)
MLCK + m (clone K-36; Sigma-Aldrich)
NM-MHC (platelets) ++ rb (Benzonana et al., 1988)
SM-MHC (aorta) - rb (Benzonana et al., 1988)
SM22 +++

Tropomyosin +

Matrix adhesion proteins

B1 integrin n.a. rb (CHEMICON International, Inc.)
FAK +++ m (clone77; BD Biosciences)
Paxillin - m (clone177; BD Biosciences)
Phospho-FAK n.a. m (PY397; BD Biosciences)
Phospho-paxillin n.a. m (PY118; BD Biosciences)
Phospho-tyrosine n.a. m (clones PY69 and PY20; BD Biosciences)
Tensin - m (clone 5; BD Biosciences)
Vinculin - m (clone hVin-1; Sigma-Aldrich)
Others

GFP n.a. rb (Invitrogen)

Vimentin - m (clone V9; DakoCytomation)

Summary of the antibodies used in this study to evaluate the redistribution of proteins from the cytoskeleton to the cytosolic fraction (Shiff) after reducing adhesions
from suFAs to classical FAs. MLCK, MLC kinase; m, mouse; n.a., not assessed; NM, nonmuscle; rb, rabbit; SM, smooth muscle.

Cell fractionation and Western blot analysis

To assess the association of proteins with the cytoskeleton, fractions of
TX-100~insoluble cytoskeletal and TX-100-soluble cytosolic proteins were
produced (Hinz et al., 2003) and run on 10% SDS gels, together with
total cell lysates. For subsequent Western blotting, we used HRP-conjugated
secondary antibodies goat anti-mouse and goat anti-rabbit (Jackson
ImmunoResearch Laboratories) defected by ECL (GE Healthcare). The
ratio between all digitized band densities of one blot was quantified
(ImageQuant V3.3; Molecular Dynamics) and normalized to housekeeping
vimentin expression.

Statistical analysis

Experiments were performed at least three times unless otherwise stated.
Mean values are presented = SD and tested by a two-tailed heterosced-
astic t test. Differences were considered to be statistically significant at
P =0.01.

Online supplemental material

Fig. S1 gives an overview on the different micropatterning methods used
in this study. Fig. S2 demonstrates that the incorporation of a-SMA into
stress fibers remains restricted to islets >6-um-long, even after increas-
ing islet density. Fig. S3 shows that suFAs disassemble into classical FAs
and fibrillar adhesions after myofibroblast growth on compliant substrates.
The redistribution of a-SMA from stress fibers into cytosolic rods after
inhibition of cell contraction is demonstrated in Videos 1 and 2. Video
3 visualizes suFA disassembly and cell relaxation affer cytochalasin D
treatment on a micropatterned deformable substrate. Online supplemen-
tal material is available at http://www.jcb.org/cgi/content/full /jcb.
200506179/DC1.
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