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Abstract
Actin-myosin contractility modulates focal adhesion assembly, stress fiber formation, and cell
migration. We analyzed the contributions of contractility to fibroblast adhesion strengthening
using a hydrodynamic adhesion assay and micropatterned substrates to control cell shape and
adhesive area. Serum addition resulted in adhesion strengthening to levels 30–40% higher than
serum-free cultures. Inhibition of myosin light chain kinase or Rho-kinase blocked
phosphorylation of myosin light chain to similar extents and eliminated the serum-induced
enhancements in strengthening. Blebbistatin-induced inhibition of myosin II reduced serum-
induced adhesion strength to similar levels as those obtained by blocking myosin light chain
phosphorylation. Reductions in adhesion strengthening by inhibitors of contractility correlated
with loss of vinculin and talin from focal adhesions without changes in integrin binding. In
vinculin-null cells, inhibition of contractility did not alter adhesive force, whereas controls
displayed a 20% reduction in adhesion strength, indicating that the effects of contractility on
adhesive force are vinculin-dependent. Furthermore, in cells expressing FAK, inhibitors of
contractility reduced serum-induced adhesion strengthening as well as eliminated focal adhesion
assembly. In contrast, in the absence of FAK, these inhibitors did not alter adhesion strength or
focal adhesion assembly. These results indicate that contractility modulates adhesion
strengthening via FAK-dependent, vinculin-containing focal adhesion assembly.
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Introduction
Integrin-mediated cell adhesion to the extracellular matrix (ECM) plays central roles in
various cellular processes including survival, cell cycle progression, and the expression of
tissue-specific phenotypes (Danen and Sonnenberg, 2003; Hynes, 2002). Cell adhesion
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comprises the coordinated evolution of binding of integrin receptors to adhesive domains in
ECM ligands, integrin clustering, interactions with the actin cytoskeleton, and focal
adhesion assembly (Geiger et al., 2001; Sastry and Burridge, 2000). Focal adhesions are
discrete adhesive plaques that contain numerous structural (e.g., vinculin, talin, and α-
actinin) and signaling elements (e.g., FAK, Src, paxillin, and p130CAS). Focal adhesions
have emerged as putative mechanosensors for extracellular stimuli (Riveline et al., 2001;
Wang et al., 2001). For example, external forces exerted on integrins enhance focal adhesion
assembly and increase the strength and rigidity of the linkage between integrins and the
actin cytoskeleton (Choquet et al., 1997; Geiger et al., 2009; Riveline et al., 2001; Wang et
al., 1993). Moreover, focal adhesion assembly plays a key role in the generation of strong
traction forces. Following initial integrin binding, recruitment of focal adhesion components,
such as vinculin and talin, result in graded increases in traction forces (Balaban et al., 2001;
Galbraith et al., 2002; Tan et al., 2003). Focal adhesion assembly also contributes to cell
adhesion strengthening by distributing bond forces along the cell-substrate interface (Gallant
et al., 2005; Lotz et al., 1989). Nevertheless, the specific contributions of focal adhesion size
and distribution to adhesion strength, independently from integrin-ligand bond strength and
cytoskeletal architecture, remain poorly understood.

Contractile forces generated inside the cell regulate migration, neurite extension,
cytokinesis, muscle cell contraction, cell cycle progression, angiogenesis and differentiation
(Griffin et al., 2004; Mammoto et al., 2009; Mammoto et al., 2004; McBeath et al., 2004;
Parizi et al., 2000; Polte et al., 2004; Tanaka and Sabry, 1995; Wozniak et al., 2003).
Contractility results from dynamic interactions between actin filaments and myosin, which
are regulated via phosphorylation of myosin light chain (MLC) (Kaibuchi et al., 1999;
Worthylake and Burridge, 2003). Rho GTPases control the formation of stress fibers and
focal adhesion assembly by modulating MLC phosphorylation and generating actin-myosin
contractility (Amano et al., 1997; Chrzanowska-Wodnicka and Burridge, 1996; Totsukawa
et al., 2000). When activated by serum factors, such as lysophosphatidic acid (LPA), Rho
acts through its effector Rho-kinase (also termed ROCK), to enhance the contraction of
smooth muscle cells as well as nonmuscle cells by either inactivation of myosin phosphatase
(Kimura et al., 1996) or direct phosphorylation of MLC (Totsukawa et al., 2000).
Contractile forces can also be modulated by MLC kinase (MLCK), which promotes
assembly of actin-myosin filaments and MLC phosphorylation (Gallagher et al., 1997).

The equilibrium of forces within a cell represents a balance of internal contractile forces and
anchoring forces to the underlying substrate (Ingber, 2003; Zhu et al., 2000). This complex
and dynamic balance is governed by the size and distribution of cell-substrate adhesive
structures, cytoskeletal architecture, and spatiotemporally-regulated internal contractile
forces. The contributions of actin-myosin contractility to adhesive interactions have been
characterized primarily in spreading and migration assays. While these functional
measurements have identified key roles for actin-myosin contractility in focal adhesion
assembly, stress fiber formation, and migratory forces (Amano et al., 1997; Chrzanowska-
Wodnicka and Burridge, 1996; Worthylake and Burridge, 2003), relatively little is known
about how actin-myosin contractility and focal adhesion assembly regulate cell adhesive
forces. This lack of quantitative understanding of adhesion strengthening limits the
interpretation of functional studies of structural and signaling focal adhesion components.
Cell spreading and migration assays do not provide direct measurements of adhesion
strength and generally serve as implicit indicators of adhesion strength due to the complex
spatiotemporal relationships between migration/spreading and adhesion strength. For
instance, cell migration speed exhibits a biphasic dependence on adhesion strength (Palecek
et al., 1997). In the present study, we used a robust quantitative cell adhesion assay in
combination with micropatterned substrates to control adhesive area in order to examine the
role of actin-myosin contractility in cell adhesion strengthening.
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Materials and Methods
Reagents

Human plasma fibronectin and Dulbecco’s phosphate buffered saline (PBS) were obtained
from Invitrogen (Carlsbad, CA). Bovine serum albumin, mouse anti-talin and anti-biotin
antibodies, and H-7 were purchased from Sigma (St. Louis, MO). Mouse antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), rabbit anti-paxillin, and rabbit anti-
α5 antibodies were obtained from Chemicon (Temecula, CA). Biotin-conjugated donkey
anti-rabbit and donkey anti-mouse antibodies were obtained from Jackson ImmunoResearch
(West Grove, PA). Rabbit anti-FAK and mouse anti-vinculin antibodies were purchased
from Upstate Biotechnology (Lake Placid, NY). Rabbit anti-myosin light chain (MLC) 2
(Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-phospho-MLC (Abcam,
Cambridge, MA) antibodies were also used. Hoechst 33258, AlexaFluor 488-conjugated
antibody against mouse IgG, ethidium homodimer, and rhodamine phalloidin were
purchased from Molecular Probes (Eugene, OR). Poly(dimethylsiloxane) (PDMS)
elastomers and curing agents were obtained from Dow Corning (Midland, MI). Inhibitors
(Y-27632, HA-1077, blebbistatin, and cytochalasin D (CD)) were purchased from
Calbiochem (La Jolla, CA). 3,3′-Dithiobis(sulfosuccinimidylpropionate) (DTSSP) was
purchased from Pierce Chemical (Rockford, IL). Tri(ethylene glycol)-terminated alkanethiol
(HO(CH2CH2O)3-(CH2)11SH) was purchased from ProChimia Surfaces (Sopot, Poland).
All other reagents including hexadecanethiol (H3C(CH2)15SH) were purchased from Sigma.

Micropatterned Substrates
Micropatterned arrays of adhesive islands within a non-adhesive background were prepared
by microcontact printing of self-assembled monolayers of alkanethiols on gold-coated glass
coverslips (Gallant et al., 2002). A master template featuring circular holes (10μm diameter)
with a 75 μm center-to-center spacing was prepared on a Si wafer. UV light was exposed to
a photoresist-coated Si wafer through an optical mask with the desired pattern. The UB-
exposed area was then etched away, leaving a template mold of recessed wells of the
pattern. The template was coated with (tridecafluoro-1,1,2,2,-tetrahydrooctyl1)-1-
trichlorosilane under vacuum for 30 minutes to facilitate removal of the template from a
PDMS stamp following the curing process. PDMS precursors (Slygard 186:184, 10:1) and
curing agents were vigorously mixed at 10:1 ratio, poured over the template in a 100 mm
diameter glass Petri dish, placed under vacuum for 30 minutes to remove air bubbles, and
cured overnight at 65°C. Following curing, the PDMS stamp was peeled from the master
template and sonicated in 70% ethanol for 30 minutes. Glass coverslips were cleaned in O2
plasma using a plasma etcher (Plasmatic Systems, North Brunswick, NJ) for 4 min and
coated with Ti (100 Å) followed by Au (150 Å) using an electron beam evaporator
(Thermonics, San Leandro, CA). For stamping, the PDMS stamp was sonicated in 70%
ethanol for 15 minutes, dried, and placed onto a glass slide for rigid backing. The Au-coated
glass coverslip was cleaned under a stream of N2 and laid down on a glass slide. The
patterned face of the PDMS stamp was brushed with 1.0 mM hexadecanethiol (in absolute
ethanol) using a cotton swab, blown dry under a stream of N2 and overlaid onto the Au-
coated glass coverslip for 20 seconds. Conformal contact of the stamp with the Au substrate
generated CH3-terminated circular patterns on the glass coverslip that readily allow protein
adsorption and cell adhesion. The coverslip featuring hexadecanethiol islands was
subsequently incubated in 1.0 mM ethanolic solution of (HO(CH2CH2O)3-(CH2)11SH) for 4
hours to create non-fouling domains around the cell-adhesive islands. The micropatterned
substrate was then rinsed twice with 70% ethanol and PBS, coated with fibronectin (20 μg/
mL) for 30 minutes, then blocked with heat-inactivated serum albumin (1% w/v) for 30
minutes, and incubated in PBS overnight to elute non-specifically adsorbed fibronectin from
non-adhesive regions (Capadona et al., 2003).
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Cell Culture and Inhibitor Treatment
Murine NIH3T3 fibroblasts (CRL-1658) were purchased from the American Type Culture
Collection (Manassas, VA) and cultured in DMEM containing 10% newborn calf serum,
penicillin (100 unit/mL), and streptomycin (100 μg/mL). Vinculin-null and vinculin +/+
mouse embryo fibroblasts were a kind gift from Eileen Adamson and have been previously
described (Xu et al., 1998). Vinculin−/− and vinculin+/+ mouse embryo fibroblasts were
cultured in DMEM supplemented with 10% FBS, sodium pyruvate (1 mM), penicillin (100
units/mL), streptomycin (100 μg/mL), and non-essential amino acids (1 mM). Tet-FAK
fibroblasts were engineered to express FAK under a tetracycline-regulated promoter have
been previously described (Owen et al., 1999). In the presence of tetracycline, FAK
expression is repressed, whereas in the absence of tetracycline, high FAK levels are induced.
Tet-FAK cells were cultured in DMEM supplemented with 10% FBS, sodium pyruvate (1
mM), penicillin (100 unit/mL), streptomycin (100 μg/mL), amphotericin B (0.25 μg/mL),
and non-essential amino acids (1mM) in the absence or presence of tetracycline (1.0 μg/mL)
for two days prior to cell seeding. Cells were enzymatically lifted from the culture dish
using trypsin/EDTA and seeded onto micropatterned substrates at 225 cells/mm2. Cell
cultures were maintained for 16 hours in serum-containing media prior to analysis of steady
state adhesion (Gallant et al., 2002). For pharmacological treatments, cultures were
incubated for 30 minutes prior to analysis in Y-27632 (50 μM), H-7 (500 μM), HA-1077 (50
μM), blebbistatin (250 μM), and CD (1 μM). For serum-free studies, cells were cultured in
DMEM supplemented with 1% serum albumin and 0.1% ITS.

Adhesion Assay
Mean cell adhesion strength was measured using a spinning disk as previously described
(Gallant et al., 2002; Garcia et al., 1998). Briefly, a cell-seeded micropatterned substrate was
mounted on the spinning platform and spun in 2 mM dextrose in PBS to apply well-defined
hydrodynamic forces to adherent cells. The applied shear stress τ (force/area) increases
linearly from the center of the sample to the periphery and is given by the following
equation:

(1)

where r is the radial position along the sample, ρ and μ are the density and viscosity of the
solution, respectively, and ω is the rotational speed. Following spinning, the remaining
adherent cells were fixed in 3.7% formaldehyde, permeablized with 0.1% Triton X-100, and
stained with ethidium homodimer. The number of adherent cells was counted using a
fluorescence microscope equipped with a motorized stage and ImagePro image analysis
system (Media Cybernetics, Silver Spring, MD). Sixty-one fields (0.5 mm2/field) were
analyzed per substrate, and the fraction of adherent cells (f) was calculated by normalizing
the number of cells in each field to the number of cells at the center of the array, where
negligible forces are applied. The detachment profile (f vs. τ) was then fit to a sigmoidal
curve (f =1.0/(1.0 + exp[b(τ−τ50)]) and the shear stress for 50% detachment (τ50) was used
as the mean cell adhesion strength.

Protein Expression and Phosphorylation Levels
Cultures were rinsed in PBS and lysed for 20 min at room temperature in RIPA buffer (150
mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 150 mM Tris, pH 7.2)
containing Na3VO4 (0.04% w/v) and protease inhibitors (10 μg/mL leupetin, 10 μg/mL
aprotinin, and 350 μg/mL PMSF). The protein content of total cell lysates was determined
by microBCA assay (Pierce, Rockford, IL). Identical amounts of cell lysates were mixed in
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sample buffer (50 mM Tris-HCl pH 6.8, 100 mM DTT, 2% SDS, 10% glycerol, and 0.1%
bromophenol blue) and separated by SDS-PAGE (8% or 16% gels). After transferring to
nitrocellulose membranes, proteins were visualized by incubating in primary and secondary
antibodies and ECF substrate (Pierce, Rockford, IL). Relative amounts of proteins were
quantified by image analysis.

Focal Adhesion Assembly
For immunostaining of focal adhesion proteins, adherent cells were rinsed with PBS, fixed
in ice-cold formaldehyde (3.7% in PBS) for 3 min, permeablized for 15 minutes in cold
0.5% Triton X-100 containing protease inhibitors (20 μg/mL aprotinin, 1 μg/mL leupeptin,
and 350 μg/mL PMSF). After incubating in blocking buffer (5% FBS, 0.1% Tween 20,
0.02% NaN3 in PBS) for 1 h at 37°C, samples were incubated in primary antibodies for 1 h
at 37°C, followed by AlexaFluor488-conjugated secondary antibody, rhodamine phalloidin,
and Hoechst 33258 for 1 h at 37°C. For quantification of proteins localized to focal
adhesions, micropatterned cells were analyzed by a modified wet cleaving method
(Keselowsky and García, 2005). Briefly, cultures were rinsed with PBS (Ca2+/Mg2+ free)
containing protease inhibitors. A dry nitrocellulose sheet (PROTRAN BA85, Schleicher &
Schuell) was then overlaid onto the cells for 1 min and rapidly removed to isolate cell bodies
from basal cell membranes containing focal adhesions. Remaining adhesive structures on
surfaces were scraped into sample buffer (100 μL). Western blotting was used for
quantitative analysis of recovered focal adhesion proteins.

Integrin Binding
Integrin binding was quantified via a cross-linking/extraction/reversal procedure (García et
al., 1999; Keselowsky and García, 2005). After rinsing cultures three times with PBS,
DTSSP (1.0 mM in cold PBS + 2 mM dextrose) was incubated for 30 minutes to cross-link
integrins to their bound ligands. The cross-linking reaction was quenched by addition of Tris
(50 mM in PBS) for 15 minutes. Uncross-linked cellular components were then extracted in
0.1% SDS containing 10 μg/mL leupeptin, 10 μg/mL aprotinin and 350 μg/mL PMSF.
Cross-linked integrins to their bound ligands were visualized by immunostaining with α5
integrin-specific antibodies. Alternatively, bound integrins were quantified by Western
blotting following cleaving of the cross-linker in 50 mM DTT and 0.1% SDS for 30 minutes
at 37°C.

Statistics
Data are reported as mean ± standard deviation. ANOVA was used with a 95% confidence
interval (SYSTAT 8.0, SPSS, Chicago, IL). If ANOVA detected significant differences,
Tukey HSD multiple comparison tests were performed to establish treatment effects.

Results
Actin-myosin contractility modulates cell adhesion strength

Cells were plated on fibronectin-coated micropatterned substrates with dimensions smaller
than a cell diameter in order to control adhesive area and cell shape. This approach allows
isolation of focal adhesion assembly from changes in cell spreading/shape and provides for
direct comparisons among experimental groups. We previously reported that NIH3T3
fibroblasts remained viable for several days when adhering to micropatterned circular
islands with dimensions ranging from 2 to 20 μm diameter (Gallant et al., 2005). Cells
maintained a round morphology (Fig. 1A), and their contact area and focal adhesions were
constrained to the micropatterned domain. The 75 μm center-to-center spacing of islands
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restricted a single cell to occupy one adhesive island, preventing interactions with
neighboring cells.

We measured adhesion strength using a spinning disk device that applies a range of well-
defined hydrodynamic shear forces to adherent cells (Garcia et al., 1998). For a particular
sample, the fraction of adherent cells (f) is plotted as a function of the applied shear stress
(τ). From this detachment profile, the shear stress for 50% detachment (τ50), which
represents the mean cell adhesion strength, is determined. Fig. 1B depicts typical
detachment profiles showing the fraction of adherent cells vs. applied shear stress. We chose
a 16 hour culture time point for analysis of long-term adhesion strength because it was
previously demonstrated that the adhesion strength of NIH3T3 fibroblasts on micropatterned
substrates reached constant values by 4 h and remained constant for up to 16 hours (Gallant
et al., 2005). Equivalent levels of adhesion strength were observed in serum- and LPA-
treated cultures (~650 dyne/cm2) (Fig. 2A). These values are 30–40% higher than those for
cells cultured under serum-free conditions (~450 dyne/cm2). Similar differences in adhesion
strength between serum or LPA-treated and serum-free cultures were observed for
unpatterned, spread cells (Fig. 2A), validating the use of micropatterned cells to analyze
strengthening responses.

Because actin-myosin contractility is driven by phosphorylation of MLC, which is regulated
by MLCK and Rho-kinase (Gallagher et al., 1997), we used pharmacological inhibitors that
impair phosphorylation of MLC to examine the contributions of contractility to adhesion
strength. Y-27632 is a specific inhibitor of Rho-kinase (Narumiya et al., 2000). H-7 inhibits
phosphorylation of MLCK, which in turn potently blocks phosphorylation of MLC (Volberg
et al., 1994). HA-1077 has a broad negative influence on both Rho-kinase and MLCK
activity (Yanase et al., 2003). Inhibitor dosage and exposure time were selected from
published reports and preliminary experiments showing no gross adverse effects. To
examine the contributions of actin-myosin contractility inhibitors to cell adhesion
strengthening, we measured adhesion strength of cells exposed to contractility inhibitors for
30 minutes prior to spinning. In general, inhibitors of Rho-kinase and MLCK significantly
reduced adhesion strength for cells adhering in the presence of serum as demonstrated by a
left-ward shift in the detachment profile (Fig. 1B). Adhesion strength values for each
inhibitor (409 ± 845 dyne/cm2 for Y-27632, 468 ± 80 dyne/cm2 for H-7, and 473 ± 84 dyne/
cm2 for HA-1077) were 30–35% lower than those for untreated controls in the presence of
serum (640 ± 55 dyne/cm2) (Fig. 2B). Although Y-27632 and HA-1077 are known
inhibitors of Rho-kinase and actin-myosin contractility, Rho-kinase has other targets and,
therefore, may alter cell-matrix adhesion by a mechanism not directly related to contractility
(Amano et al., 2000). As an alternative to inhibiting MLC phosphorylation, additional
experiments were performed in the presence of blebbistatin, a specific inhibitor of myosin II
activity that acts via a distinct mechanism (Kovács et al., 2004). Blebbistatin also reduced
serum-induced cell adhesion strength to similar levels (480 ± 110 dyne/cm2) as the agents
that reduce MLC phosphorylation via inhibition of Rho-kinase and MLCK (Fig. 2B).
Additional experiments under serum-free conditions revealed that these contractility
inhibitors do not reduce adhesion strength below levels for untreated, serum-free samples
(Fig. 2B). Taken together, these results show that actin-myosin contractility accounts for the
increases in adhesion strength resulting from serum stimulation. Finally, treatment with
cytochalasin D (CD) was included for comparison as CD is expected to modulate adhesion
strength via a different mechanism, namely disruption of actin filament polymerization.
Cells treated with CD exhibited significantly lower adhesion strength (270 ± 36 dyne/cm2)
than cells treated with any of the contractility inhibitors or cells cultured under serum-free
conditions.
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Following treatment with these inhibitors, phosphorylation of MLC was analyzed by
Western blotting. For equivalent total MLC levels, relative amounts of phosphorylated MLC
in cells treated with inhibitors were significantly decreased compared to untreated controls
(Fig. 2C). There were no differences in MLC phosphorylation levels among inhibitor
treatments as determined by quantification of the Western blots in Figure 2C. These results
confirm essential roles of MLCK and Rho-kinase in MLC phosphorylation. In addition,
since all inhibitor treatments reduced MLC phosphorylation to the same level despite
distinct mechanisms of action in blocking actin-myosin contractility, this result suggests that
cell adhesion strength is regulated by overall levels of phosphorylated MLC rather than
specific effects of Rho-kinase or MLCK.

To elucidate the mechanism by which cell detachment occurred on 10μm islands of
fibronectin under the applied forces, cells were spun and stained for vinculin, F-actin, and
DNA. For control untreated samples, cells at the center of the disk, which experience low
detachment forces, stained positive for vinculin and F-actin (not shown) in a manner similar
to unstressed cells. However, at the periphery of the substrate where detachment forces are
highest, minimal traces of vinculin (Fig. 2D) and F-actin were observed. This negative
staining indicates that cell detachment took place at the junction between focal adhesions
and the underlying substrate, resulting in removal of the entire cell without gross failure.
Similar staining patterns were observed for cells treated with contractility inhibitors (Fig.
2D). In contrast, cultures treated with CD displayed significant cytoskeletal debris and
vinculin at the periphery of the sample following detachment (Fig. 2D). This residual
cytoskeletal debris indicates gross cell failure at points above focal adhesions due to loss of
cellular integrity arising form impaired actin polymerization. Taken together, these results
indicate that inhibition of MLC phosphorylation and contractility does not reduce adhesion
strength by compromising cellular integrity and that cell detachment under these conditions
occurs at the focal adhesion-substrate interface.

Reduction in cell adhesion strength correlates with dissolution of focal adhesions
independently of changes in integrin binding

The reduction in adhesion strength as a result of inhibiting MLC phosphorylation is
consistent with the role of MLC-mediated contractility in focal adhesion assembly and stress
fiber formation. Two mechanisms have been proposed for the regulation of focal adhesion
assembly by contractility (Balaban et al., 2001). Tension generated by actin-myosin
contractility on adhesion sites may regulate recruitment and assembly of focal adhesion
components. Alternatively, contractile forces may trigger changes in integrin binding
affinity or bond density within the focal complex. To explore these two possibilities, we first
determined whether actin-myosin contractility modulates integrin binding to ECM. We have
previously shown that NIH3T3 adhesion to these micropatterned FN islands is mediated by
integrin α5β1 (Gallant et al., 2005). Immunofluorescence staining confirmed that bound α5β1
integrins were present throughout the contact area with a preferential localization to the
periphery of the adhesive area (Fig. 3A). Equivalent staining patterns were observed
between control and cells treated with contractility inhibitors, suggesting no differences in
integrin intensity or distribution. To confirm these observations, bound integrins were
quantified using a biochemical cross-linking/extraction method that isolates integrins bound
to fibronectin (García et al., 1999; Keselowsky and García, 2005). Following recovery of
bound integrins by cleaving the cross-linker and analysis by Western blotting, no differences
in bound α5β1 integrins were detected among control and experimental groups (Fig. 3B).
These results indicate that integrin binding activity is not significantly altered by changes in
actin-myosin contractility.

To investigate the recruitment and localization of focal adhesion components to adhesive
plaques in response to changes in actin-myosin contractility, two independent but
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complementary approaches were used. Immunostaining for vinculin and talin showed that
untreated cells on micropatterned substrates formed discrete focal adhesion clusters
throughout the adhesive island (Fig. 4A). Vinculin was spatially segregated to discrete
clusters throughout the circular adhesive domain of micropatterned islands, which was
consistent with the localization of F-actin (data not shown). These adhesive structures were
similar to those previously observed for the same cells cultured on micropatterned substrates
(Gallant et al., 2005). In general, treatment of cells with inhibitors of MLC phosphorylation
resulted in disassembly of focal adhesions, particularly in the center of the micropatterned
adhesive area (Fig. 4A). Treatment with Y-27632 and HA-1077 resulted in minimal vinculin
clustering in the center of the micropatterned adhesive area (Fig. 4A). Treatment with H-7
inhibited formation of vinculin-containing focal adhesions at both the center and the
periphery of the adhesive area. Similar changes in the localization of the structural protein
talin were also observed (Fig. 4A). In control, untreated cells, talin localized to punctuate
structures constrained to the circular adhesive island with a preferential distribution toward
the periphery of the adhesive domain. Inhibitors of MLC phosphorylation disrupted talin
clustering to various degrees with the most significant effects elicited by Y-27632.
Consistent with the dissolution of focal adhesions containing vinculin and talin, inhibitors of
Rho-kinase and MLCK also blocked stress fiber formation. The dissolution of focal
adhesions by inhibitors of MLC phosphorylation was also confirmed by internal reflection
microscopy (IRM) in cells adhering to FN-coated glass substrates. In IRM, areas of ‘close’
(> 15 nm) cell-substrate contact appear as dark patches (Izzard and Lochner, 1976;Izzard
and Lochner, 1980). Untreated NIH3T3 cells spread and formed close contacts with the
substrate, as demonstrated by the dark line structures (Fig. 4B). In contrast, cells treated with
Y-27632 for 30 minutes lacked areas of close contacts between the cell membrane and the
glass substrate (Fig. 4B). These results indicate that, upon addition of inhibitors of MLC
phosphorylation, focal adhesions disassemble. To further characterize the changes in focal
adhesions, we used a wet-cleaving biochemical technique in which basal cell membranes
containing focal adhesive structures are mechanically isolated and analyzed by Western
blotting (Gallant et al., 2005;Keselowsky and García, 2005). Inhibitors of MLC
phosphorylation significantly reduced the localization of vinculin and talin to focal
adhesions compared to control cells (Fig. 4C and D). There were no differences in protein
levels for either vinculin or talin in whole cell lysates, demonstrating that the decreases in
vinculin and talin arise from dissolution of focal adhesions. These results are in excellent
agreement with our immunostaining observations. These findings indicate that inhibitors of
MLC phosphorylation reduce adhesion strength via dissolution of focal adhesions
independently of changes in integrin binding.

We next examined the role of vinculin in contractility-induced increases in adhesion
strength. Vinculin binds between the actin cytoskeleton and integrins and has been
implicated in modulating focal adhesion turnover and transmitting mechanical forces
(DeMali, 2004; Humphries et al., 2007; Mierke et al., 2007). Using vinculin-null (vinc−/−)
and vinculin-expressing (vinc+/+) mouse embryonic fibroblast cells (MEFs), we
investigated the role of vinculin in contractility-mediated adhesive force generation. First,
we confirmed that the spinning disk detachment profiles for these cells were consistent with
those of the NIH3T3 cell lines (Fig. 5A). Next, we analyzed the effect of the MLC
phosphorylation inhibitor Y-27632 on adhesion strength. Consistent with our data for
NIH3T3 cells, vinculin-expressing MEFs showed a 20% reduction in adhesion strength
upon exposure to Y-27632 for 30 minutes compared to untreated controls (Fig. 5B). In
contrast, vinculin-null MEFs showed no decrease in adhesion strength upon exposure to
Y-27632 for 30 minutes (Fig. 5B). In addition, there were no differences in adhesive force
between vinculin-expressing cells treated with Y-27632 and vinculin-null cells.
Immunofluorescence staining showed that bound α5β1 integrins were present throughout the
contact area with a preferential localization to the periphery of the adhesive area (Fig. 5C).
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Importantly, no differences in the intensity or localization of bound integrins could be
detected between the treatment groups indicating that adhesion strength differences did not
arise from differences in integrin binding. These findings indicate that vinculin expression is
required for contractility-induced increases in adhesion strength.

Effects of MLC phosphorylation on cell adhesion strength are FAK-dependent
FAK is a central regulator of focal adhesions and adhesive interactions (Hanks et al., 1992;
Ilić et al., 1995). Furthermore, it is well established that inhibition of contractility reduces
tyrosine phosphorylation of focal adhesion components, including FAK (Chrzanowska-
Wodnicka and Burridge, 1996). In addition, we recently demonstrated that FAK regulates
the early stages of the adhesion strengthening process via changes in integrin activation
(Michael et al., 2009). To examine the effects of contractility on FAK phosphorylation in
micropatterned cells, protein and phosphorylation levels in the presence of inhibitors of
MLC phosphorylation were analyzed by Western blotting. Consistent with the effects on
MLC phosphorylation and adhesion strength, all contractility inhibitors tested reduced
phosphorylation of FAK at the autophosphorylation site Y397 compared to untreated
controls with no differences in total FAK levels (Fig. 6). These results are in excellent
agreement with previous observations for spread cells (Chrzanowska-Wodnicka and
Burridge, 1996).

The role of FAK in contractility-mediated adhesion strengthening was examined using Tet-
FAK cells. Tet-FAK cells are stable clones derived from FAK−/− mouse embryo fibroblasts
engineered to express FAK under a tetracycline-responsive promoter (Owen et al., 1999). In
the presence of tetracycline, FAK expression is repressed and these cells have no FAK
(FAK−); removal of tetracycline from the culture media results in expression of FAK (FAK
+) to similar levels as wild-type fibroblasts (Fig. 7A). This inducible system allows
examination of the effects of FAK in the same cell population, without non-specific effects
from dominant-negative constructs or clonal variation. Tet-FAK cells, induced and non-
induced to express FAK, adhered to fibronectin-coated micropatterned substrates in a
similar fashion as NIH3T3 fibroblasts. Consistent with our observations with NIH3T3
fibroblasts, the Rho-kinase inhibitor Y-27632 reduced MLC phosphorylation for Tet-FAK
cells in the presence and absence of FAK without changing levels of total MLC (Fig. 7B).
Higher Y-27632 concentrations were required to reduce MLC phosphorylation in cells
without FAK, consistent with higher expression levels of Rho-kinase in these cells (Chen et
al., 2002). Adhesion strength in the presence and absence of inhibitors of contractility was
determined using the spinning disk assay. In FAK+ cells, treatment with Y-27632 reduced
adhesion strength by 30% compared to untreated cells (Fig. 7C). Furthermore, treatment
with Y-27632 also reduced localization of vinculin to focal adhesions (data not shown). The
decrease in adhesion strength and reduced localization of vinculin to focal adhesions are in
excellent agreement with the 35% decrease in adhesion strength observed in NIH3T3
fibroblasts (Fig. 2A) and reductions in vinculin localization to focal adhesions (Fig. 4D).
Remarkably, in FAK− cells, inhibition of MLC phosphorylation by Y-27632 did not reduce
cell adhesion strength (Fig. 7C) or alter focal adhesion assembly (data not shown). We note
that the FAK− and FAK+ control conditions are normalized values, not meant for direct
comparison. These results indicate that the contractility-mediated cell adhesive forces
require FAK expression.

Discussion
We tested the hypothesis that actin-myosin contractility regulates cell adhesion
strengthening via modulation of focal adhesion assembly. While previous reports have
shown that Rho-mediated actin-myosin contractility drives focal adhesion assembly and
regulates cells spreading and migration (Arthur and Burridge, 2001; Chrzanowska-
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Wodnicka and Burridge, 1996), the specific contributions of contractility to cell adhesion
strengthening are not well understood. Recent evidence supports a complex relationship
between the state of contractility in a cell and its adhesion to the underlying matrix (Griffin
et al., 2004). Moreover, it is not clear how localized, directional traction forces involved in
migration are integrated to regulate overall levels of adhesion strength. Although the size of
focal adhesion structures corresponds to the level of traction force generated (Balaban et al.,
2001; Galbraith et al., 2002; Tan et al., 2003), focal adhesion size does not solely control
adhesion strength, as integrin-ligand bond strength, actin cytoskeleton architecture, and the
spatiotemporal distribution of focal adhesions also regulate adhesion strength (Gallant et al.,
2005). In order to control cell adhesive area and position as well as cell shape, we examined
adhesion strength for cells cultured on micropatterned substrates. This approach allows for
direct comparisons of adhesive force among experimental groups by eliminating differences
in adhesive area/distribution and cell morphology. Adhesions strength was quantified using
a hydrodynamic detachment assay that applies a wide range of forces and provides sensitive
measurements of adhesion strength (García et al., 1999). Equivalent levels of adhesion
strength were observed between serum- and LPA-treated cultures (data not shown). These
values are 30% higher than those for cells cultured under serum-free conditions. Since LPA
induces Rho-dependent contractility (Chrzanowska-Wodnicka and Burridge, 1996), this
result suggests that activation of contractility enhances adhesion strength. To impair actin-
myosin contractility, cells were treated with pharmacological agents that inhibit either Rho-
kinase (Y-27632) or MLCK (H-7 and HA-1077). Due to their high specificity and our
ability to precisely control timing and concentration of dosage, we use chemical inhibitors of
contractility throughout this study. We note that several previous studies have relied
exclusively on the use of these same inhibitors (Chen et al., 2002; Chrzanowska-Wodnicka
and Burridge, 1996; Delanoe-Ayari et al., 2004; Totsukawa et al., 2000). Treatment with any
of these inhibitors eliminated the serum-induced enhancements in adhesion strength by
>95% to levels indistinguishable from serum-free cultures. Furthermore, these inhibitors did
not reduce adhesion strength for cells cultured in the absence of serum, indicating that the
effects of serum stimulation on adhesion strength were regulated by actin-myosin
contractility. Moreover, blocking myosin II activity with blebbistatin, which acts through a
different mechanism, had equivalent effects on adhesion strength. These results demonstrate
that actin-myosin contractility is responsible for serum-induced enhancements in adhesion
strength. Despite distinct mechanisms of action in blocking actin-myosin contractility (Rho-
kinase vs. MLCK vs. myosin II activity), all inhibitors tested reduced adhesion strength to
similar values. Since all inhibitor treatments reduced MLC phosphorylation to the same
levels, this result suggests that cell adhesion strengthening arising from serum or LPA
stimulation is regulated by overall levels of phosphorylated MLC. Consistent with our
observations, Chrzanowska-Wodnicka and Burridge showed that inhibition of MLC
phosphorylation via different mechanisms leads to inhibition of Rho-induced focal adhesion
assembly and stress fiber formation (Chrzanowska-Wodnicka and Burridge, 1996).

Treatment with these inhibitors of contractility also resulted in the dissolution of focal
adhesions as indicated by reduced localization of vinculin and talin to adhesion structures, in
agreement with previous reports (Chrzanowska-Wodnicka and Burridge, 1996). Both
inhibitors of Rho-kinase and MLCK reduced recruitment of talin and vinculin to adhesive
plaques to similar levels, consistent with their effects on adhesion strength. Although
distinct roles and spatial activities for Rho-kinase and MLCK in spread fibroblasts have
been reported (Totsukawa et al., 2000), we observed no significant differences between
these two regulators of MLC phosphorylation, possibly due to the constrained
micropatterned adhesive domains. Because no differences in integrin binding in response to
treatment with contractility inhibitors were observed, we attribute the contractility-mediated
differences in adhesive force to changes in focal adhesion assembly. Indeed, experiments
with vinculin-null cells demonstrated that vinculin was required for the contractility-

Dumbauld et al. Page 10

J Cell Physiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent differences in adhesive force. Recruitment of vinculin and other structural
components to adhesion plaques enhances adhesion strength by increasing the local
membrane stiffness thereby modulating bond stressing in the contact area (Gallant and
Garcia, 2007; Gallant et al., 2005; Goldmann and Ingber, 2002; Wang et al., 1993).
Interestingly, inhibition of MLC-driven contractility did not alter integrin binding, in terms
of bound density and distribution, to the ECM. In contrast to our observations, Friedland et
al. recently reported that α5β1 integrins do not cross-link to FN when cells were serum-
starved overnight and exposed to inhibitors of contractility (Friedland et al., 2009). The
differences between this study and the present findings may be attributed to differences in
available adhesive area (fully spread vs. micropatterned) and the duration of exposure to
both serum-free conditions and inhibitors. Taken together, our results indicate that actin-
myosin contractility modulates recruitment of cytoskeletal elements to adhesion plaques
independently of integrin binding. A possible mechanism for this recruitment is that
contraction-driven forces applied to the adhesion plaque concentrates or “focuses”
cytoskeletal elements (e.g., vinculin, talin) into clusters (Palecek et al., 1997; Wolfenson et
al., 2009). Alternatively, application of forces to integrins or integrin-associated elements
may lead to conformational changes favorable to the recruitment of focal adhesion proteins,
such as vinculin (Del Rio et al., 2009; Hytönen and Vogel, 2008). In contrast to our
observations, Chrzanowska-Wodnicka and Burridge reported that contractility also
modulates integrin distribution in spread fibroblasts (Chrzanowska-Wodnicka and Burridge,
1996). The discrepancy between this study and the present findings may be attributed to
differences in available adhesive area (fully spread vs. micropatterned cells).

Inhibitors of contractility also down-regulated tyrosine phosphorylation of FAK, consistent
with previous reports (Chrzanowska-Wodnicka and Burridge, 1996; Gallagher et al., 1997;
Wozniak et al., 2003). Given the central role of FAK in focal adhesion turnover (Ilić et al.,
1995; Webb et al., 2004), we examined the role of FAK in contractility-mediated adhesion
strengthening using cells with inducible expression of FAK. In the presence of FAK,
inhibitors of contractility reduced serum-induced adhesion strengthening as well as
eliminated focal adhesion assembly, in excellent agreement with our observations for
NIH3T3 fibroblasts. In the absence of FAK, however, these inhibitors did not alter adhesion
strength or focal adhesion assembly. These results indicate that actin-myosin contractility
modulates adhesion strengthening via FAK-dependent organization of focal adhesions.
While it is well established that FAK plays central roles in modulating focal adhesion
turnover and cell motility (Ilić et al., 1995; Ren et al., 2000; Webb et al., 2004), this is the
first report demonstrating a direct role for FAK in serum-dependent increases in steady-state
adhesive force. This finding contrasts with the view that modulation of FAK activity
(phosphorylation) is a downstream event following contractility-driven focal adhesion
assembly (Chrzanowska-Wodnicka and Burridge, 1996). Our results implicate FAK in
regulating adhesion strengthening via focal adhesion assembly. This function is distinct
from the role of FAK in modulating focal adhesion turnover (Webb et al., 2004) and
promoting directional persistence in motility and reorientation in response to mechanical
forces (Wang et al., 1993). Furthermore, the FAK-dependent effects of contractility on
adhesion strengthening contrast the actions of FAK and contractility on cell spreading and
migration. Chen et al. reported that inhibition of Rho-kinase by Y-27632 in FAK−/−
fibroblasts induced spreading and enhanced cell motility with concomitant reorganization of
focal adhesions (Chen et al., 2002). These authors concluded that Rho-kinase leads to
formation of actin-myosin filaments at the periphery of FAK−/− cells, which generate
contractile forces that reduce cell migration. These results are consistent with the
observation that FAK suppresses Rho activity to promote focal adhesion turnover (Ren et
al., 2000). The distinct effects of the interplay of contractility and FAK on migration and
adhesion strengthening highlight the complex interactions in these two adhesive processes.
Finally, we note that we recently established a role for FAK in the modulation of initial
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adhesive forces via changes in integrin activation (Michael et al., 2009). The role of FAK in
the contractility-mediated changes in steady-state focal adhesion assembly and adhesion
strengthening described in the present study appears to be distinct from these earlier
adhesive processes.

In summary, we demonstrate that actin-myosin contractility controls serum-dependent cell
adhesion strengthening. Phosphorylation of MLC, either via Rho-kinase or MLCK, was
central to the strengthening process by modulating focal adhesion assembly and required
vinculin to achieve maximum adhesion strength. Notably, the effects of MLC
phosphorylation on adhesion strengthening were mediated by FAK, implicating this
adhesion kinase in the generation of strong adhesive forces.
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Fig. 1.
A, Phase contrast image of adherent NIH 3T3 cells cultured for 16 hours on micropatterned
substrate (scale bar: 10 μm). B, Characteristic detachment profiles showing the fraction of
adherent cells (f) vs. applied shear stress (τ). The shear stress for 50% detachment (indicated
by arrows in the profile), τ50, represents the mean adhesion strength. Adhesion strength is
632 dyne/cm2 for untreated control cells, and is shifted left-ward to 451 dyne/cm2 for cell
treated with Y-27632 (50μM).
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Fig. 2.
A, Adhesion strength for patterned and spread (unpatterned) NIH 3T3 fibroblasts cultured
under serum-containing or serum-free conditions, and treated with LPA and serum
supplemented with Y-27632 (50μM) for 30 minutes. Adherent cells were spun and analyzed
to determine adhesion strength. *p<0.04 relative to serum containing controls (mean ±
standard deviation, n = 3–5). B, Adhesion strength for micropatterned NIH 3T3 fibroblasts
cultured under serum-containing or serum-free conditions, and treated with pharmacological
agents for 30 minutes: Y-27632 (50μM), H-7 (500 μM), HA-1077 (50μM), blebbistatin
(250μM), or CD (1μM). Adherent cells were spun and analyzed to determine cell adhesion
strength. *p<0.05 and #p<0.01 relative to no treatment controls (mean ± standard deviation,
n = 3–5). Dashed line represents adhesion strength for cells cultured under serum-free
conditions. C, Western blotting (left) for MLC and phosphorylated-MLC in cells cultured in
serum-containing media on micropatterned substrates for 16 hours and treated with Y-27632
(50μM), H-7 (500μM), and HA-1077 (50μM) for 30 minutes and quantification (right) of
protein levels (n=3). D, Immunostaining for vinculin on adherent cells on micropatterned
islands (10 μm diameter) of fibronectin located on the periphery of the disk following
application of detachment forces. Cells on edge of disk are exposed to maximal detachment
force. Cells treated with vehicle, Y-27632 (50 μM), or CD (1μM).
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Fig. 3.
A, Inhibitors of MLC phosphorylation do not alter integrin binding to micropatterned
substrates. Cells were cultured on micropatterned substrates for 16 hours and treated with
inhibitors: Y-27632 (50μM), H-7 (500 μM), HA-1077 (50μM), blebbistatin (250μM) for 30
minutes. Bound integrins were cross-linked with DTSSP. After extracting cells, the bound
integrins were recovered and analyzed by Western blotting. A, Immunofluorescence staining
for α5 integrin subunit following the cross-linking/extraction showing localization of
integrins mostly at the periphery of the substrate. Counter-staining with Hoechst 33258 and
rhodamine-phalloidin confirmed complete extraction of unbound cellular components (not
shown). B, Relative amounts of bound α5 were quantified by Western blotting and image
analysis.
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Fig. 4.
A, Inhibitors of MLC phosphorylation modulate recruitment of vinculin and talin to adhesive
structures on micropatterned substrates. Fibroblasts were cultured on micropatterned
substrates for 16 hours and treated with Y-27632 (50μM), H-7 (500μM), and HA-1077
(50μM) for 30 minutes. Controls received fresh media without inhibitors. The cells were
then fixed, extracted, and stained for vinculin, talin, or actin. B, Inhibition of MLC
phosphorylation reduces focal adhesion formation. Fibroblasts were cultured overnight on
glass substrates coated with 10 μg/ml FN and treated with indicated condition 30 minutes
before IRM imaging. C, Inhibitors of contractility modulate recruitment of vinculin and talin
to focal adhesions. Western blotting for vinculin and talin recruited to focal adhesions as
analyzed by wet-cleaving method. D, relative amounts of localized vinculin and talin were
analyzed by Western blotting (mean ± standard deviation, n = 3 from two independent
experiments). *p<0.05 relative to no treatment controls which received fresh media without
inhibitors.
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Fig. 5.
Loss of vinculin abolishes differences in adhesion strength due to contractility independent
of bound integrin levels. A, Characteristic detachment profile for vinculin+/+ and vinculin−/
− MEFs showing the fraction of adherent cells (f) vs. applied shear stress (τ). These cells
exhibit the same detachment profiles as the NIH3T3 cells. B, vinculin +/+ and vinculin −/−
MEFs were cultured for 16 hours on micropatterned surfaces and treated with Y-27632
(50μM) for 30 minutes prior to spinning. The no-treatment group received fresh media
without inhibitor. Addition of inhibitor resulted in a 20% decrease in adhesion strength for
the vinculin +/+ cells. No differences in adhesion strength were detected for the vinculin −/−
cells. *p<0.03 relative to no treatment vinculin +/+ MEFs. C, Immunoflourescence staining
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for α5 integrin subunit following cross-linking/extraction showing localization of integrins
mostly at the periphery of the substrate. Treatment with Y-27632 (50μM) for 30 minutes did
not significantly alter integrin binding.
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Fig. 6.
FAK phosphorylation is regulated by inhibitors of MLC phosphorylation. Cells were
cultured on micropatterned substrates for 16 hours and treated with inhibitors for 30
minutes. A, Western blotting for pFAK[Y397] and total FAK. Relative amounts of (B)
pFAK[Y397] and (C) total FAK. The results represent two independent experiments with
mean ± standard deviation (n=3). *p<0.05 relative to no treatment controls that received
fresh media without inhibitors.
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Fig. 7.
Rho-kinase modulates cell adhesion strength via FAK. A, Tet-FAK cells with inducible
FAK expression. In the absence of tetracycline (tet), FAK expression is induced at high
levels, while expression is repressed in the presence of tet. Tet-FAK cells expressing FAK
(FAK+) and cells without FAK (FAK−) were cultured on micropatterned surfaces for 16
hours and treated with Y-27632 (50 or 100 μM) for 30 minutes. B, Inhibitor of Rho-kinase
reduced adhesion strength in the presence of FAK, but adhesion strength was not altered in
the absence of FAK. *p < 0.05 relative to untreated controls of corresponding FAK
condition.
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