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Cells display a large variety of shapes when plated in classical culture conditions
despite their belonging to a common cell type. These shapes are transitory, since
cells permanently disassemble and reassemble their cytoskeleton while moving.
Adhesive micropatterns are commonly used to conﬁne cell shape within a given
geometry. In addition the micropattern can be designed so as to impose cells to
spread upon adhesive and nonadhesive areas. Modulation of the pattern geometry
allows the analysis of the mechanisms governing the determination of cell shape in
response to external adhesive conditions. In this study, we show that the acquisition of cell shape follows two stages where initially the cell forms contact with the
micropattern. Here, the most distal contacts made by the cell with the micropattern
deﬁne the apices of the cell shape. Then secondly, the cell borders that link two
apices move so as to minimise the distance between the two apices. In these cell
borders, the absence of an underlying adhesive substrate is overcome by stress
ﬁbres forming between the apices, which in turn are marked by an accumulation of
focal adhesions. By inhibiting myosin function, cell borders on nonadhesive zones
become more concave, suggesting that the stress ﬁbres work against the membrane
tension in the cell border. Moreover, this suggested that traction forces are
unevenly distributed in stationary, nonmigrating, cells. By comparing the stress
ﬁbres in cells with one, two, or three nonadherent cell borders it was reasoned that
stress ﬁbre strength is inversely proportional to number. We conclude that cells of
a given area can generate the same total sum of tractional forces but that these tractional forces are differently spaced depending on the spatial distribution of its adherence contacts. Cell Motil. Cytoskeleton 2006. ' 2006 Wiley-Liss, Inc.
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INTRODUCTION

Cell adhesion is the basis of tissue architecture
[Gumbiner, 1996]. Cytoplasmic stress ﬁbres exert forces
on cell-cell or cell-extracellular matrix (ECM) contacts
[Harris et al., 1981; Burridge and Wennerberg, 2004].
These adhesions are essential to coordinate the tension
distribution within connective tissues [Hinz and Gabbiani, 2003]. To maintain tensional homeostasis, individual cells regulate tractional forces through feedback
mechanisms [Brown et al., 1998; Eckes and Krieg,
2004]. Forces within the cytoskeleton also govern cell
' 2006 Wiley-Liss, Inc.
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shape and cell movement [Pourati et al., 1998; Beningo
et al., 2001; Ingber, 2003]. At the tissue level, cell tension drives wound healing [Wood et al., 2002], morphogenesis [Beloussov et al., 2000; Kiehart et al., 2000;
Somogyi and Rorth, 2004], and impinge on tumour formation [Paszek and Weaver, 2004; Paszek et al., 2005].
The role of local biochemical and mechanical regulations of cell cytoskeleton, in these processes, remains
unclear [Martin and Parkhurst, 2004].
Cells in tissue have reproducible shape and cytoskeleton organisation in response to cell-cell or cell-ECM
contact [Gumbiner, 1996]. The reproducibility of cell cytoskeleton architecture is lost when cells are plated on
culture dishes as they provide a homogeneous unlimited
adhesive substrate. Under such conditions, the permanent
assembly and disassembly of focal adhesions and actin
ﬁbres during cell migration prevent the cytoskeleton network dynamics achieving a steady-state structure [Pollard
and Borisy, 2003]. Therefore, under classical culture conditions, the study of cell tensional equilibrium in response
to given boundary conditions appears compromised.
The conﬁnement of cells on micropatterns prevents
movement and imposes a reproducible shape [Singhvi
et al., 1994]. Fully adhesive micropatterns have been used
to manipulate cell shape and study its impact on cytoskeleton organisation [Parker et al., 2002]. Membrane protrusions and cell adhesions were shown to be restricted to
the cell apices while stress ﬁbres were situated along the
cell borders. The degree to which the cell spreads across
an area was found to inﬂuence Rho kinase activation and
the total amount of stress ﬁbres critical for cell differentiation [McBeath et al., 2004]. In contrast, for a given
area, less is known about the effect of cell geometry, i.e.
the number, length of cell borders, and spatial distribution
of apices. Spatial constraints that cells encounter in tissues were reproduced in these studies but the heterogeneity of cell attachment to neighbouring cells or surrounding matrix was not. Fully adhesive patterns do not permit
the uncoupling of cell shape and cell adhesion. In this
study we manipulated the location of adhesive and nonadhesive zones within a given convex envelope. Thereby
we imposed cells to have similar shapes, the convex envelope of the pattern, but distinct and heterogeneous
adhesion pattern. We monitored cell spreading and measured the actin cytoskeleton spatial distribution for different geometries of the adhesive environment. This allowed
us to analyse the impact of cell adhesion pattern onto cell
shape and cytoskeleton architecture.
MATERIALS AND METHODS
Stamp Fabrication

Pattern design was ﬁrst done via L-Edit CAD software (Tanner EDA) and transferred to a machine-spe-

ciﬁc format corresponding to the electron beam lithography tool (Leica EBPG 5000þ nanowriter). Electronbeam lithography was then carried out on a blank 4 inch
chromium-on-glass optical mask coated with resist
(Nanoﬁlm, Westlake Village, CA). Resist development
was done in pure AZ-Developer (Clariant, Frankfurt,
Germany) for 30 s. Chromium etch was then carried in
chrome-etchant 3144 Puranal (Honeywell) for 1 min.
The optical mask fabrication was completed after resist
dissolution in acetone.
To make the resist mould, SPR220-7.0 photoresist
(Shipley, Coventry, UK) was spin-coated at 2000 rotations/min during 1 min on a silicium wafer and softbaked for 3 min at 1158C resulting in a 9 micron-thick
layer. Contact optical lithography was carried out using
the fabricated optical mask in a MA750 Süss MicroTec
mask aligner (UV source 405 nm, UV power 6 mW/cm2)
for 45 s. The photoresist was then developed 2 min in
pure LDD26W developer (Shipley). The obtained resist
master mould was then exposed to chlorotrimethylsilane
(Sigma-Aldrich, Saint Quentin Fallavier, France) in
vapour-phase, for PDMS anti-adhesion purposes.
PDMS (Sylgard 184 kit, Dow Corning) was ﬁnally
cast on the resist mould and cured 3 h at 608C. The
2 mm-thick cross-linked PDMS layer was pealed-off
and stamps were manually cut out of it.
Microcontact Printing

Glass coverslips were ﬁrst washed in methanol/
chloroform (50/50) during 24 h and stored in pure ethanol. After drying (15 min at 608C) a coverslip was oxidised in a plasma chamber (Harrick Plasma, Ithaca, NY)
during 3 min under a weak ﬂow of air and incubated in a
closed reactor containing a silanisation mix of methanol,
deionised water 4.5%, acetic acid 0.9%, 3 mercapto-propyulrimethoxy silane (S10475, Fluorochem) 2.5%, overnight at 48C [Cuvelier et al., 2003]. Coverslip were then
washed twice in methanol and dried under ﬁltered air
followed by 15 min at 608C.
The PDMS stamp was oxidised in the plasma
chamber during 10 s under a weak ﬂow of air and inked
with a 50 lg/ml ﬁbronectin solution (Sigma-Aldrich,
Saint Quentin Fallavier, France) 10% of which was
labelled with Cy3 (Amersham Biosciences, Orsay,
France) for 10 min. After aspiration of the ﬁbronectin solution the stamp was dried with ﬁltered airﬂow and
placed in contact with the silanised coverslip for 5 min.
After removal of the stamp, the printed coverslip was
immersed in a 20 mg/ml solution of poly(ethyleneglycol)-maleimide (2D2MOH01, Nektar Therapeutics,
Huntsville, Alabama) for 1 h at room temperature. The
coverslip was then washed in PBS before cell deposition.
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Cell Culture, Treatment, Fixation, and Labelling

hTERT-RPE1 cells (inﬁnity telomerase-immortalised Retinal Pigment Epithelial human cell line) were
cultured in DMEM F-12 (GIBCO). HeLa-B, human adenocarcinoma epithelial cell line were cultured in DME
medium (GIBCO). Both medium were supplemented with
10% of foetal calf serum and 2 mM glutamine. Cells were
cultured in a 5% CO2 incubator at 378C. Cells were trypsinised, centrifugated, resuspended in 1% foetal calf serum
medium (to reduce the deposition around the micropatterns
of the ECM present in the serum), and plated on the printed
coverslip. For contractility inhibition cells were treated 3 h
after cell shape reached steady-state with Y27632 at 10 lM
during 1 h (Calbiochem, San Diego, CA).
For curvature measurements cells were ﬁxed in
paraformaldehyde 3% and glutaraldehyde 0.5% in cytoskeleton buffer [Mitchison, 1992] for 10 min to preserve
cell shape. Fixed cells were treated with 1% sodium borohydride in PBS for 10 min. For stress ﬁbres quantiﬁcations cells were permeabilised 15 s with Triton X-100
0.5% in cytoskeleton buffer and ﬁxed in paraformaldehyde 3% in cytoskeleton buffer for 10 min. Fixed cells were
treated with 0.1 M ammonium chloride in PBS for 10 min.
Fixed cells were stained with FITC conjugated
phalloidin at 1 lM (Sigma Aldrich) and in some cases
immuno-labelled with primary anti-vinculin antibodies
(1:300, Sigma Aldrich) and secondary Cy5-conjugated
goat anti-mouse antibodies (1:500, Jackson Immunoresearch, West Grove, PA) for stress ﬁbres quantiﬁcations.
All steps were performed during 1 h at room temperature
in PBS with 3% BSA and 0.1% Triton X-100. Preparations were mounted in MOWIOL solution.
Pictures Acquisitions

For curvature measurements pictures were acquired
through a 403 PL APO oil objective using a Leica
DMRA microscope and a MicroMax camera (Princetown
Instruments). For stress ﬁbre measurements pictures were
acquired through a 1003 PL APO oil objective using a
Leica DMRA2 microscope and CoolSnapHQ camera
(Princetown Instruments). Fast z acquisitions of actin
ﬁbres were performed over 2 lm with a 0.2 lm step with
a piezoelectric ceramic. Z-stacks were projected using
the average value of each pixels in order to take the ﬁbre
thickness in z into account. Metamorph software (Universal Imaging) was used on both microscopes for pictures
acquisition.
Curvature, Stress Fibres, and Focal
Adhesions Measurements

A portion of circle was manually drawn along
unattached edge on the actin staining. The length l, and
the width w, of the arc was automatically measured
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using Metamorph integrated morphometric analysis. The
radius of the corresponding circle was calculated using
the trigonometric formula R ¼ ((1/2)2 þ w2)/(2w). A
10% error on the manual measure of the distances
induced a 30% error in the radius calculation.
In order to obtain comparable measurements of
stress ﬁbres and focal adhesions all the cells were plated
on a single coverslip containing all micro-patterns. Thus
they could all be ﬁxed, stained, and acquired in the same
conditions. Picture background was subtracted on each
picture. The same low threshold was then used for all
pictures. The intensity of all the pixels above the threshold were integrated to calculate total vinculin and actin
intensities. In order to compare ﬁbre sizes and intensities
as well as focal adhesion sizes and intensities without
the inﬂuence of cell to cell variations, total signal pictures were normalised to the same integrated total signal
value. Then the same high threshold (three times higher
than the low threshold) was applied to all pictures. Metamorph-integrated morphometric analysis was used to
detect stress ﬁbres or focal adhesion and record areas
and integrated intensities.
All the measurement series were compared using a
one-way Anova comparison test. Means were considered
as signiﬁcantly different when the P value was below
0.05 (*: P < 0.05, **: P < 0.01, and ***: P < 0.001).
RICM

Cells on a micro-patterned glass coverslip were
mounted in a plastic home made chamber with DMEM
and 20 mM Hepes. The chamber was hermetically closed
and settled on an inverted Olympus IX71 in a plastic box
heated at 378C (Life Imaging Science). Cell bottom was
illuminated with a mercury lamp whose light passed
through a red interferential ﬁlter (to select a monochromatic wave) and was reﬂected on a 50/50 beam-splitter
towards the preparation. After reﬂection of the light either on the cell bottom or on the glass coverslip interferences passed back through the beam-splitter and were
recorded with a CoolSnapHQ camera and Metamorph
acquisition software.
RESULTS
Cell Shape is Convex at Steady State

RPE1 cells plated on fully adhesive coverslips spread
and migrated while displaying contours with both concave
and convex edges (Fig. 1A) [Zand and Albrecht-Buehler,
1989]. Fibronectin micropatterns printed on glass coverslip
were used to study cell mechanical responses to controlled
spatial distributions of ECM. Micropatterns had an equilateral triangular envelope whose edges length was 46 lm
and area 990 6 30 lm2. The area has been chosen to prevent cell movements. Indeed, cells moved on larger

Fig. 1. Cell convexity. (A) RPE1 cells migrating on a homogeneous ﬁbronectin coating observed by phase contrast microscopy. Cells display concave edges. (B) RPE1 cells (bottom
row) constrained on ﬁbronectin micropatterns (top row). From left to right, cells are shown on [frame], [V], [T], and [tripod] micropatterns. Cells display a similar equilateral triangular
convex contour on convex or concave micropatterns. Triangle edge length is 46 lm.
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micropatterns without reaching a steady-state position.
Four micropatterns were used with either [frame], [V],
[T], or [tripod] shape (Fig. 1B). The different combinations of adhesive and nonadhesive areas provide stringent and stationary boundary conditions to cell anchoring machinery. Depending on the pattern, the convex triangular envelope showed either three, two, one, or no
adhesive edges. All of the different micropatterns were
printed on the same coverslip in four separate arrays.
Two hours after contacting the micropatterns most of the
cells were spread across the triangular contour. The cells
did not migrate and displayed a stable shape with rufﬂing
activity upon adhesive sides. Remarkably this steadystate was characterised by convex cell shape (i.e. the cell
shape occupying the triangular form of the micropattern
envelope) even though the nonadhesive zones within certain underlying micropatterns effectively formed a concave edge (Fig. 1B). The fact that the membrane partially
overhung the central nonadhesive area during cell spreading on a [V] or a [T], in order to reduce high local membrane curvature, was expected. However the convexity of
the contour formed by the cell border suggested the existence of another active process involving the formation of
actin edges–bundles [Zand and Albrecht-Buehler, 1989].
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It is known that membrane curvature at these cell
borders depends on both surface tension and line tension
[Bar-Ziv et al., 1999]. Surface tension corresponds to
tension within the membrane. It has been shown to
depend mainly on the energy required by the bilayer to
adhere to underlying actin cortex [Sheetz, 2001]. It is
maintained almost constant by membrane area regulation
processes [Raucher and Sheetz, 1999; Morris and
Homann, 2001]. Line tension corresponds to tension
along the edge of the membrane. We considered that it
depended mainly on the tension within the actin cables
upholding the membrane. We assumed membrane tension (r) to be constant, and surface tension energy to
compensate the energy of the line tension (g) along an
edge of curvature radius R. The latter, R, is thus proportional to line tension: R ¼ g/r [Bar-Ziv et al., 1999].
Interestingly, in this experiment, curvature radius increased
almost linearly over time during the entire cell spreading
(Fig. 2B). This trend was even observed after the complete coverage of the pattern, suggesting that cell convexity is reached after a long period of line tension reinforcement. Under classical culture conditions, cells keep
moving and never reach the stationary, fully tensed state
observed on micropatterns. This could explain why convex shapes can hardly be seen among these populations.

Cell Spreading is Followed by Reinforcement
of Cell Contractility

Cell Contractility Ensures Convexity

To examine cell adhesion more precisely during
cell spreading reﬂection interference contrast microscopy (RICM) was used [Curtis, 1964; DePasquale and
Izzard, 1987]. This technique does not interfere with cell
spreading since it requires low light intensity and no internal ﬂuorescent probe. Intimate contacts with the substrate appear black whereas zones without contact appear
grey or white. Cell spreading was monitored on a [V] to
observe the progression of cell adhesion over time paying speciﬁc attention to the cell border membrane curvature upon the nonadhesive area (Fig. 2 and Video 1). After a few minutes wide adhesion zones appeared at cell
periphery. Interestingly, during the early phase of
spreading, cell membrane upon the nonadhesive area
was curved. This progressive movement of the cell border was further revealed by drawing tangential lines
from the curved membrane border to the distal part of
the completely occupied part of the adhesive micropattern (Fig. 2A, 0h130 and 0h350 ). The cell covered the
entire adhesive micropattern in half an hour. At this
stage, unattached membrane was highly curved and cell
attachment zones were wide (0h350 ). Then, for the next
hour and a half, cell shape undertook a slow transformation during which unattached membrane was brought to
a lower curvature [Zand and Albrecht-Buehler, 1992]
and cell adhesion with the micropattern concentrated at
the cell apices.

It seemed that cell contractility ensures the establishment of cell convexity [Albrecht-Buehler, 1987;
Zand and Albrecht-Buehler, 1989]. After reaching the
steady-state shape, the contractile and energy consuming
mode associated with cell motility might be abandoned.
Indeed cells are able to reorganise attachments and cytoskeleton structures such that they can recover a basal tensional level [Mizutani et al., 2004]. To test this hypothesis, cell contractility was probed at steady state: cells
were ﬁxed 4 h after reaching convexity either in control
conditions or after an additional hour of treatment with
the ROCK inhibitor Y27632 to disrupt acto-myosin contractility. Interestingly, cells plated on a [frame] with
continuously adhesive edges did not undergo dramatic
shape changes after Y27632 treatment in contrast to cells
plated on concave micropatterns (Fig. 3). On concave
adhesive micropatterns, control cells displayed actin
cables that appeared larger upon nonadhesive edges than
upon adhesive edges, where rufﬂes were also observed
(Fig. 3). After treatment with Y27632, the membrane
border profoundly sagged on the nonadhesive edges but
remained anchored on adhesive edges. This revealed that
tension was not identical in all edges in spite of shape
symmetries within equilateral triangle. Instead it was
highly biased and localised to nonadhesive edges as suggested also by F-actin staining. Interestingly curvatures
looked similar for all membrane borders above nonadhe-

Figure 2
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sive edges. Membrane curvature was measured by ﬁtting
a portion of circle along unattached cell edges that were
stained with phalloidin to reveal the F-actin ﬁbres (Fig.
3). The average curvature radius of unattached edges
was estimated to be around 90 lm at steady-state, in control conditions. No signiﬁcant difference could be
detected between the curvature measurements on [V],
[T], or [tripod]. In spite of the large error associated with
this measure (See Material and Methods), the large number of measurements suggested that local tension in the
actin cables was almost constant regardless of their number per cell. But the relaxed states of membrane curvature were clearly different as a result of Y27632 treatment. The single relaxed membrane edge on [V] was signiﬁcantly more curved than the two relaxed edges on [T]
that were themselves more curved than the three relaxed
edges on [tripod]. The relaxed curvature radii were estimated between 20 lm on [V] and 30 lm on [tripod].
Notably, this value corresponded to the curvature before
reinforcement started (Fig. 2). The observation that
membrane borders display similar curvature under myosin generated tension but different curvatures when
relaxed suggested that tension generated by the actin
ﬁbres may depend on the presence of other actin ﬁbres in
the cell-i.e. on the global tension in the cell. This question was further investigated by quantifying actin ﬁbre
and focal adhesion sizes.
Stress Fibre Size Depends on Local Adhesiveness

Cells were plated on micropatterns in order to analyze actin-edge bundles between cell adhesions [Zand
and Albrecht-Buehler, 1989]. Four hours after reaching
steady state, they were brieﬂy permeabilised with detergent to remove background effects from the cytoplasmic
and then ﬁxed. Focal adhesions, revealed by vinculin
immuno-labelling, were distributed around the pattern
periphery with a higher concentration at cell apices
(Fig. 4). Actin cables, revealed by phalloidin staining,
formed a noncrossing network upon the nonadhesive
area connecting adhesive bars. This lattice seemed to
reveal the history of cell spreading with progressive
coassembly of adhesions and stress ﬁbres during cell
spreading [Bershadsky et al., 1995] (compare the distribution of internal thin stress ﬁbres and their corresponding focal adhesions in Fig. 4 with the tangential lines

Fig. 2. Spreading and reinforcement. (A) Time lapse acquisition of a
cell spreading on a [V] observed in RICM. Black areas reveal intimate
contact with the substrate whereas grey or white areas correspond to
membrane lying upon the substrate. Cell spreading on the adhesive
micropattern lasted 36 min (ﬁrst six pictures). Virtual lines connecting
adhesive zones appeared tangent to the unattached membrane. Spreading was followed by a local progressive reinforcement of tension
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connecting cell attachments drawn in Fig. 2). Strikingly
both focal adhesions and actin cables were systematically much larger upon nonadhesive edges than upon
adhesive edges (Fig. 4). The average distributions of vinculin and actin were calculated by averaging the signal
intensity of each image over a dozen of cells on each
micro-pattern (Fig. 5). It conﬁrmed the reproducibility of
the differences of focal adhesion and actin cable sizes
within a cell depending on the adhesiveness of the underlying edge. This behaviour was also observed in HeLa
cells plated on other micropatterns: [full triangle], [L],
and [bar-dot] (Fig. 6). These results ﬁrmly conﬁrmed that
stress ﬁbre strength along edges depends on local adhesiveness, i.e. whether the cell can form numerous attachments all along the edge or not.
Stress Fibre Size Depends on the Length
and Number of Stress Fibres Per Cell

Is the development of stress ﬁbres driven locally
by the geometry of adhesive boundary conditions or governed globally by the equal distribution of a limiting
amount of contractile elements? If so it could be predicted that the sum signal intensity of the three large
stress ﬁbres that cells developed on [tripod]; the two
developed on [T], and the one developed on [V] should
be equivalent in value. On a given pattern, the reproducibility of cell cytoskeleton organisation permitted the
identiﬁcation and characterising of typical actin cables
and the associated focal adhesions. Indeed for nonmigrating ﬁbroblasts, the size of the focal adhesions on
which actin cables are anchored has been shown to be
proportional to tension within the cable [Balaban et al.,
2001]. Measuring vinculin signal from the focal adhesions should thus provide an estimation of the tension
within the ﬁbre adjacent to the membrane border above
the nonadherence zone. This tension developed along
stress ﬁbre will be referred to as the ﬁbre strength. We
also assumed ﬁbre strength to be correlated with the
number of F-actin ﬁbres and adhesion molecules constituting the stress ﬁbre. Therefore it was inferred by area
and intensity of phalloidin and vinculin labelling. Individual large stress ﬁbres and corresponding focal adhesions were detected as the only structures whose pixel intensity was above a high threshold value identical for all
the analysed images (Fig. 7A). Areas and integrated

revealed by the increase of the curvature radius of the unattached
edge. The portion of circle showing the curvature at t ¼ 39 min is
reported on each of the six last pictures. It is more curved than the portion of circle drawn on at t ¼ 1 h, 56 min. Triangle edge length is
46 lm. (B) Curvature radius, measured on the time lapse acquisition,
increased almost linearly during the entire process.
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pixel intensities were recorded (see Materials and Methods). Total cell content of F-actin or vinculin was evaluated by integrating pixel intensities above a low threshold value identical for all cases (Fig. 7B).
A comparison was made of two micropatterns of
similar envelope area imposing cells to develop a single
stress ﬁbre of different length: either a long one in cell
plated on a [V] or a shorter one in cells plated on a [C]
(Fig. 4). Focal adhesions and actin cables were smaller
on [C], which showed that short stress ﬁbres were significantly weaker than long ones. This trend was conﬁrmed
by the lower intensity of actin cables on [C] (Fig. 7A).
The stress ﬁbre strength appeared correlated to a geometrical parameter, the distance between stress ﬁbre anchoring sites, i.e. the length of the nonadhesive edge.
Quantiﬁcation of actin and vinculin on triangular
micropatterns revealed that individual stress ﬁbres were
weaker when they were developed on patterns with more
nonadhesive edges (Fig. 7A). It showed that stress ﬁbre
strength was not only driven by local boundary condition
at the ﬁbre attachments – adhesiveness and edge length –
but also by the total number of stress ﬁbres per cell. The
total intensity of F-actin and vinculin labelling, above
the low threshold, did not appear to vary signiﬁcantly
over the four conditions (Fig. 5B). These measurements
supported the hypothesis according to which every cell
of a given area possess a determined amount of F-actin
to be involved in contractile structures and rearrange it
differently, depending on the overall spatial distribution
of adhesive zones.
Fig. 3. Cell contractility ensures cell convexity. (A) Actin cytoskeleton revealed by phalloidin staining in control conditions (left column)
or in the absence of contractility upon 10 lM Y27632 treatment (right
column). From top to bottom, cells are shown on [frame], [V], [T],
and a [tripod]. Cell contour was not affected by the absence of contractility if cells were attached on a convex micropattern such as the
[frame], but loosed its convexity if cells were attached on a concave
micropattern. Triangle edge length is 46 lm. (B) Curvature measurements of cell unattached edges in control conditions (left, [V]: n ¼
113; [T]: n ¼ 242; and [tripod]: n ¼ 266) and in the absence of contractility (right, [V]: n ¼ 105; [T]: n ¼ 132; and [tripod]: n ¼ 248).
Error bars correspond to standard deviations. Membrane curvatures on
each micropattern appeared undistinguishable in the control conditions whereas they were signiﬁcantly different in the absence of contractility.

Figure 3

Fig. 4. Cell cytoskeleton responds to adhesive micropattern assymetry. Actin and vinculin labellings revealed a rather isotropic and scattered organisation of the stress ﬁbres on [frame] (top row). In contrast,
the spatial distribution of stress ﬁbres was anisotropic on concave
micropatterns such as [V], [T], [tripod], or [U] (from top to bottom).
Focal adhesions concentrated on cell apices ﬂanking the nonadhesive
edges along which actin ﬁbres accumulated more than anywhere else
in the cell. As a rule, stress ﬁbres were stronger upon nonadhesive
edges. Their spatial distribution corresponded to the mirror image of the
external adhesive boundary conditions. Triangle edge length is 46 lm.
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Figure 4
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Fig. 5. Average distributions of
vinculin and actin. Pictures show
the average distributions of vinculin (left) and actin (right) of cells
plated on [V], [T], [tripod], and
[U] from top to bottom. Average
distributions were obtained by calculating the average intensity of
each pixel over several pictures.
The intensities were colour coded
as shown on the ﬁrst row. The two
ranges for the colour codes of actin
and vinculin average distributions
were identical for all the micropatterns. The range corresponded
to the higher and the lower intensity of vinculin and actin of the
cells plated on [V]. The average
distributions highlighted the reproducibility of the distributions
shown in Figure 4 where the stress
ﬁbres appeared stronger upon nonadhesive edges. Triangle edge
length is 46 lm.

Fig. 6. Stress ﬁbres upon nonadhesive edges are stronger than upon adhesives edges in HeLa cells. HeLa cells were plated on three different ﬁbronectin micropatterns
having the same triangular envelope. Cells were ﬁxed in G2. Pictures show ﬁbronectin micro-pattern, vinculin immuno-labelling, ﬁlamentous actin revealed by a phalloidin staining, and a 34 magniﬁcation of the bottom right corner of the merge images. Stress ﬁbres along the edges of the fully adhesive micropattern had a rather similar thickness (top row). Stress ﬁbres along nonadhesive edges and the corresponding focal adhesions were thicker and larger than those along adhesive edges on [L]
(middle row) and on [bar-dot]. Large and small arrowheads point to thick and thin actin/vinculin structures, respectively. Bars represent 5 lm.
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DISCUSSION

We conclude that stress ﬁbres tension along cell
edges depends on both local and global parameters.
Locally the distance between ﬁbres attachments sites and
the absence of membrane adhesion along the edge contribute to increase stress ﬁbre strength. In a given cell the
individual stress ﬁbre strength is inversely proportional
to the number of stress ﬁbres.
Stress Fibre Reinforcement Upon a
NonAdhesive Edge

As previously proposed, our results indicate that
stress ﬁbres resist inward membrane tension [Zand and
Albrecht-Buehler, 1989, 1992]. We suggest that the stress
ﬁbre reinforcement upon non-adhesive edge is directly
due to the transmission of membrane tension onto stress
ﬁbres. The inward pulling of unattached membrane on
the underlying actin cables is transmitted to focal adhesions. In response, a positive feedback loop could reinforce tension within actin cables [Riveline et al., 2001]
resulting in an outward displacement of the membrane,
up to convexity (Fig. 2). On the opposite, the attachment
along adhesive edges could reduce membrane inward
pulling on actin cables, and also provide local relays
reducing cable tension. The parameters that determine
the ﬁnal equilibrium between membrane tension pulling
inward and stress ﬁbre tension pushing outward deserve
further investigations.
Focal Adhesion Size and Membrane Curvature
Reveal the Amount of Tension in Stress Fibre

According to the measurements of tension and
focal adhesion size reported by Balaban et al., [2001] on
human ﬁbroblasts, the average tension corresponding to
our three sets of size measurements could be calculated
to be 28 nN for [V], 22 nN for [T], and 11 nN for [tripod]. However these values do not take into account the
cell types used.
By considering an approximate value of 0.1 mN/m
for membrane tension (r) [Dai et al., 1998], and a curvature radius of 100 lm, tension within actin cable (g ¼
Rr) can be calculated to be 10 nN. This value was
close to the above calculation based on the size of focal
adhesions suggesting that both approaches were valid.
Fig. 7. Stress ﬁbre strength depends on local and global parameters.
(A) Focal adhesions and stress ﬁbres measurements. Pictures show
focal adhesions and actin cables using the high threshold on [V]. Triangle edge length is 46 lm. Graphs show focal adhesions and actin
cables areas and intensities on various micropatterns (Focal adhesion,
[U]: n ¼ 18; [V]: n ¼ 20; [T]: n ¼ 40; [tripod]: n ¼ 72; Stress ﬁbres,
[U]: n ¼ 9; [V]: n ¼ 10; [T]: n ¼ 20; and [tripod]: n ¼ 36). Error bars
correspond to standard deviations. Short stress ﬁbres (in cells plated

However the curvature measurements suggested that tension in all actin cables upholding unattached edges was
similar regardless of the total number of cables per cell.
In contrast, focal adhesion size measurements suggested
they were different. The apparent discrepancy between
force/curvature and force/focal adhesions relationships
requires further studies. It is worth noting that the curvature radii were measured in the x-y plane and did not
take into account the curvature in the z direction. The
measurements of focal adhesions size are more reliable
since they take into account the actual effect of tension
in the cable.
The increase of membrane curvature due to inhibition of myosin activity revealed directly the contribution
of the acto-myosin contractility to the upholding of the
unattached membrane. Focal adhesions and actin cables
were quite large upon the nonadhesive edge of cells platted on [V] and this edge profoundly sagged after inhibition of myosin activity. In contrast focal adhesions and
actin cables were much smaller along the nonadhesive
edges of cells platted on [tripod] and these edges were
less curved after inhibition of myosin activity. Therefore
the increase of membrane curvature due to the inhibition
of acto-myosin contractility was positively correlated
with the size of focal adhesions and actin cables before
treatment. Both sets of data suggested that tension in
actin cables upon unattached edges was different on each
micro-pattern and depended on the number of such edges
per cell. It seems likely that the tension within a stress
ﬁbre along unattached edges is reinforced until this edge
reached the same ﬁnal curvature in all cases. But the initial curvature before reinforcement depends on the number of unattached edges. Therefore the differences
observed in the ﬁnal ﬁbre tensions could correspond to
the various mechanical efforts necessary to compensate
the different curvatures of the initial—noncontracted—
states.
Cell Internalisation of External Adhesive
Boundary Conditions

Our results highlighted the adaptability of cell cytoskeleton to external heterogeneity. The spatial organisation of stress ﬁbres within cells plated on concave adhesive micropatterns revealed an intrinsic ability of cell
contractile machinery to self-organise into a mirror picon [U]) are signiﬁcantly weaker than long stress ﬁbres (in cells plated
on [V]). Single stress ﬁbre in a cell plated on [V] was stronger than
stress ﬁbres on [T] or [tripod] containing two or three stress ﬁbres,
respectively. (B) Total actin and vinculin signal measurements. Pictures show focal adhesions and actin cables using the low threshold on
[V]. Graphs show integrated pixel intensities. (vinculin and actin, [U]:
n ¼ 9; [V]: n ¼ 10; [T]: n ¼ 10; and [tripod]: n ¼ 12). Error bars correspond to standard deviations.
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ture of the adhesive environment (Figs. 4 and 6). By
locally reinforcing actin cable tension over unattached
edges, cell traction machinery internally counterbalance
external spatial distribution of adhesive boundaries up to
the establishment of a stationary and contractile equilibrium.
In vivo, cell ability to sense and respond to the mechanical heterogeneity of its environment is fundamental
for tissue homeostasis. For example, in wound epidermis
closure or dorsal closure during gastrulation in Drosophila embryos cells facing the hole develop a strong actin
cable along the unattached edge [Kiehart et al., 2000;
Wood et al., 2002; Hutson et al., 2003]. These cables are
connected at cell-cell adhesion sites and form a transcellular actin-rich purse-string. The contraction of these
cables allows the hole closure [Hutson et al., 2003]. On
micropatterns, local tension along unattached cell edges
could be the manifestation of the same mechanical
behaviour that induces the contraction of the actin pursestring in vivo.
The Localisation of Contraction Versus Protrusion
Zones Deﬁne the Orientation of Cell Polarity

Spatial organisation of actin network into contractile zones as opposed to polymerising zones is a key feature for the deﬁnition of cell polarity by small GTPases
[Ridley et al., 2003]. Rho activation induces stress ﬁbres
contraction [Ridley and Hall, 1992; Katoh et al., 2001]
whereas Rac activation induces membrane rufﬂing [Ridley et al., 1992]. These two activities are mutually exclusive [Wadsworth, 1999] and this spatial segregation
determines cell polarity [Etienne-Manneville and Hall,
2002; Xu et al., 2003]. Segregated localisation of membrane rufﬂes upon adhesive edges and stress ﬁbres upon
nonadhesive ones may affect internal cell polarity on
micropatterns. Indeed in a previous study we showed
that the speciﬁc locations of actin dynamics upon adhesive edges guide spindle orientation regardless of cell
shape [Thery et al., 2005].
The ability to control actin dynamics with micropattern adhesiveness should facilitate the investigation
of spatial organisation and regulation of actin network.
By allowing a ﬁne control of cell traction forces, micropatterns should help unravelling the basic principles of
force generation in cells. These devices should also give
new insights into tissue engineering.
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