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ABSTRACT We investigate the dynamic response of single cells to weak and local rigidities, applied at controlled adhesion
sites. Using multiple latex beads functionalized with fibronectin, and each trapped in its own optical trap, we study the reaction
in real time of single 3T3 fibroblast cells to asymmetrical tensions in the tens of pN $ mm�1 range. We show that the cell feels
a rigidity gradient even at this low range of tension, and over time develops an adapted change in the force exerted on each ad-
hesion site. The rate at which force increases is proportional to trap stiffness. Actomyosin recruitment is regulated in space and
time along the rigidity gradient, resulting in a linear relationship between the amount of recruited actin and the force developed
independently in trap stiffness. This time-regulated actomyosin behavior sustains a constant and rigidity-independent velocity of
beads inside the traps. Our results show that the strengthening of extracellular matrix-cytoskeleton linkages along a rigidity gra-
dient is regulated by controlling adhesion area and actomyosin recruitment, to maintain a constant deformation of the extracel-
lular matrix.
INTRODUCTION

During morphogenesis, tissue remodeling, and carcinogene-

sis, cells are subjected to mechanical tensions. Accumulating

evidence indicates that cells can respond to physical param-

eters such as substrate rigidity (1) and mechanical stress

(2,3), and to topographic features of the extracellular matrix

(ECM) (4). Cellular responses to these mechanical forces

result in different behaviors, from cell-shape changes (5) in

tissue patterning to cell migration (1), differentiation (6),

proliferation, and even apoptosis (7). Intracellular forces

are generated by the dynamic behavior of the cytoskeleton

(especially actin filaments) and molecular motors. They sus-

tain these different changes in cell shape and tissue pattern-

ing. Interestingly, it was shown that, ex vivo, cell migration

is guided by the rigidity of the substrate (39), and that aniso-

tropic rigidity at adhesion sites can induce directional epithe-

lial growth along the direction of greatest rigidity (8). It is

likely that cells can sense not only global ECM rigidity,

but also a local in vivo rigidity gradient.

In the last few years, mechanotransduction was investi-

gated ex vivo, mostly on a macroscopic scale, by modifying

substrate rigidities or by applying forces on large areas of

cells (2,9). Using polyacrylamide matrices, it was shown

that many different cell types sense and react to substrate

stiffness (10). Spreading cells on deformable gels, such as
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silicone rubbers (11), or a high-density array of microfabri-

cated elastomeric pillars (12) lead to a quantification of

tractions forces generated by cells on their ECM. A linear re-

lationship appears between these forces and the substrate ri-

gidity. This likely provides a way for continuous tissue

geometry adaptation in response to deformations (13).

However, most of these techniques use the same high rigidity

range (~100 kPa or nN $ mm�1), leading to forces of several

nN at the scale of a single contact. Other nonquantitative

studies performed on less rigid materials such as collagen

gels showed different and more physiological cell behavior

(14). In particular, adhesion complexes have different mor-

phologies and compositions in softer contexts (15). This

finding underscores the importance of studying a cell’s

mechanical sensitivity in low-rigidity conditions. Moreover,

almost all previous studies involved the whole-cell level,

ignoring heterogeneity within a single cell and the need for

a more local and dynamic approach (16).

To gain insights into how cells can sense and respond to

a rigidity gradient ex vivo, we used a nanomanipulation sys-

tem to apply local and weak external mechanical stimula-

tions on single cells. Several questions are addressed with

this system: how small are the stiffnesses that a cell can

sense? How do cells adjust to a rigidity gradient applied to

their cortex, and what is their spatiotemporal response at

the molecular level?

To tackle these questions, micron-sized latex beads coated

with fibronectin were applied on a single cell and trapped si-

multaneously, using multiple optical tweezers (17). Because

each coated bead behaves locally as an adhesion site of dif-

ferent stiffness, this system enabled us to mimic a rigidity

gradient applied locally to the cell cortex. By combining
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force measurements and fluorescently tagged cytoskeleton

(CSK) molecules, we were able to quantify, in single cells,

the temporal relationship between the amplitude of CSK

modifications, the forces exerted on adhesion sites, and the

external stiffness of the mimicked ECM. This quantitative

study emphasizes the relevance of dynamics in cellular pro-

cesses underlying force response and actomyosin recruitment,

which are involved in sensing a rigidity gradient. Importantly,

our work suggests that a spatiotemporal regulation of the

forces developed at contacts results in maintaining a constant

deformation of the ECM-CSK linkage under tension.

MATERIALS AND METHODS

Cell culture

National Institutes of Health 3T3 mouse fibroblasts (henceforth referred to as

3T3) were grown in Dulbecco’s modified Eagle’s medium (DMEM Gibco,

Invitrogen, Carlsbad, CA), supplemented with 10% fetal calf serum (PAA

Laboratories GmbH, Pasching, Austria) at 37�C in a 5% CO2 atmosphere.

Plasmid and transfections

National Institutes of Health 3T3 cells were transfected with Nanofectin

(PAA Laboratories) and observed for 24 h after transfection. The enhanced

green fluorescence protein (EGFP)-actin was constructed by replacement of

the coding sequence of enhanced yellow fluorescence protein (EYFP), using

the BsrG1 and NheI sites, with that of EGFP, using a pEGFP-C1 plasmid

and a pEYFP-actin plasmid (Clontech, Palo Alto, CA).

To obtain the mCherry-actin plasmid, we transferred the mCherry coding

sequence from pRSETB-Cherry (a generous gift of Dr. R. Tsien, University

of California at San Diego, San Diego, CA) into a Clontech vector backbone

pEGFP-C1, taking advantage of the similar termini of mCherry and EGFP

(18), leading to a pCherry-C1. The mCherry coding sequence was then ex-

changed with EGFP within the pEGFP-actin plasmid, using the NdeI and

BglII sites.

The EGFP nonmuscle myosin II A (EGFP-NMMIIA) was a generous gift

of M. Sheetz (construct described elsewhere) (19). The EGFP-vinculin plas-

mid was a generous gift of B. Geiger (20). A stable cell line of NIH 3T3 ex-

pressing EGFP-actin was also used (a generous gift of C. Ballestrem) (21).

Inhibitors

To inhibit NMMII specifically in our cells, Blebbistatin (Calbiochem, San

Diego, CA) was used at a concentration of 50 mM. Blebbistatin is a selective,

cell-permeable inhibitor of myosin II. It inhibits the ATPase activity of

NMMII, and prevents myosin II-dependent processes (22).

Particular care must be taken when using Blebbistatin in vivo. Blebbista-

tin is photoinactivated by blue light (488 nm), and can release free radicals

that can damage cells (23). To prevent this phototoxicity and photoinactiva-

tion by Blebbistatin, the inhibitor was used only in cells transfected with

mCherry-actin, and cell lighting was attenuated as much as possible. Cells

were observed ~20 min after Blebbistatin treatment.

Bead preparation

We coated 2-mm-diameter carboxylated polystyrene beads (Polysciences

Europe, Eppelheim, Germany) with FNIII7–10, i.e., a fragment of fibronectin

(FN) type III domain 7–10, or with the entire protein (FN from bovine

plasma, Sigma, St. Louis, MO), according to the method described by Fel-

senfeld et al. (24). Briefly, FN is an ECM protein interacting specifically

with integrins and known to induce adhesion-dependent signaling (25).

Beads were coated with biotinylated bovine serum albumin, using a carbodii-
mide linkage. Beads were then incubated with avidin and finally with bioti-

nylated FNIII7–10 (a generous gift of F. Coussen) or with biotinylated FN at

a concentration of 0.7 mg/mL. Beads were used within 12 h after preparation,

to ensure maximum functionality. Different coatings with the entire or trun-

cated protein yielded to the same cell response, but the percentage of effec-

tively functional proteins seems lower with the entire FN.

Coating density was checked as described below. A calibrated amount of

coated beads was loaded on a nitrocellulose membrane (Schleicher and

Schuele Bioscience, Keene, NH) and detected using an anti-FN primary an-

tibody (a gift of F. Coussen) and anti-rabbit-horse radish peroxydase second

antibody (Sigma). Immunoreactive bands were visualized using enhanced

chemoluminescence (ECL) detection (Pierce, Rockford, IL). The amount

of FN or FNIII7–10 on each bead was ~30,000 molecules, and the bead coat-

ing was determined to be quantitatively reproducible. In addition, the

amount of active proteins was likely similar for different coatings, because

no variation in efficiency of the integrin/CSK link activation was found from

one experiment to another. Noncoated beads were used as a control of spec-

ificity in this activation.

Setup of multiple optical tweezers coupled
to fluorescence microscopy

The multiforce optical tweezers setup was described earlier (17). Briefly, the

trapping source was a Nd:Yag laser set at 1064 nm (J 40, Spectra Physics,

Mountain View, CA). Two crossed Acousto Optical Deflectors (AODs)

(AA Opto-Electronique, St. Rémy-les-Chevreuses, France) were used to

scan a single laser beam, and multioptical traps were generated by time-shar-

ing of the laser between several positions. By controlling the amount of time

spent by the laser at each position, we could control and adjust the stiffness

of each trap. The outgoing laser beam was then sent onto an inverted micro-

scope (Axiovert 135, Zeiss, SAS, Le Pecq, France) to the focusing objective

(Zeiss Neofluor 100� oil, NA 1.3).

The system was coupled to epifluorescence and transmission observations,

using the same microscope and the same objective. Using two electrical shut-

ters (Uniblitz, Rochester, NY), we successively retrieved transmission and

fluorescence images, using a highly sensitive CCD camera (Cool Snap HQ,

Roper Scientific, Trenton, NJ). Images were acquired using MetaVue soft-

ware (Roper Scientific). The fluorescence corresponding to different tagged

proteins was selected using one of the filter-set combinations: 475AF40 exci-

tation filter/505DRLP dichroic beam-splitter/535AF45 emission filter (GFP);

or 540AF30 excitation filter/570DRLP dichroic beam-splitter/5F5ALP emis-

sion filter (mCherry) (Omega Optical, Inc., Brattleboro, VT).

Trapping stiffness calibration

Trapping rigidities were calibrated by the drag-force method (26), as de-

scribed previously (27). Briefly, the chamber containing trapped beads

was mounted on an X-Piezo-driven stage. A controlled oscillating move-

ment was applied to the chamber, and trapped bead movement was recorded

using a fast camera. The bead displacement generated by the known drag-

force gave access to the tweezers force, and thus to the tweezers stiffness.

The rigidity values varied between 20 pN $ mm�1 and 300 pN $ mm�1

(leading to forces from 10 to 200 pN), depending on the number of traps,

on the laser-sharing time defined by the AODs, and on total laser power.

Cell experiments

For assays, cells were plated on 32-mm noncoated glass slides, 24 h or 48 h

before observation. The coverslip was mounted on a holder to reconstruct

a petri dish that was inserted into the thermostated chamber of the micro-

scope. During experiments, cells were kept in DMEM F12 medium without

phenol red, without riboflavin, without vitamin B12, with 20 mM HEPES,

and with stable L-glutamine (PAA Laboratories GmbH) supplemented

with 0.5% fetal calf serum. The chamber and objective were maintained at

37�C by a thermostated holder.
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Three or four coated beads trapped with different rigidities were locally

attached to the dorsal cortex of 3T3 cells through the integrin/FN link. For

the entire acquisition time, the laser was turned on. Bead behaviors and fluo-

rescence evolution were retrieved by successively taking one transmission

image followed by one fluorescence image every 30 s. For some experi-

ments, only transmission images were taken every 5 s. Fluorescence acqui-

sition time was set between 500 ms and 2 s, depending on transfection

efficiency. Each experiment lasted from 1–30 min. To rule out the possibility

of laser heating artifacts, we applied the laser directly onto cells. No protein

recruitment, cell damage, or other events were observed.

Force measurements

Bead displacement inside a trap is attributable to forces developed by cells

and applied on beads. In such quasistatic conditions, the force exerted by the

cell on beads counterbalances the restraining trapping force. Inside a trap,

the recall force Ftrap, created by the optical tweezers on the bead, increases

linearly with its displacement. It follows the harmonic relationship Ftrap(t) ¼
Dr(t) * ktrap, where Dr(t) is the displacement of the bead, and ktrap is the cali-

brated stiffness of the trap. The radius of the trap action was determined to be

~1 mm. Beyond this distance, we think that beads escape the traps, and no

recall forces are exerted on the beads any longer.

Image analysis

Image analysis and measurement were performed using Image J (Rasband

software, W.S., Image J, National Institutes of Health, Bethesda, MD,

http://rsb.info.nih.gov/ij/, 1997–2005). Bead position was determined using

an Image J plug-in (‘‘Analyze Particles’’) that finds a bead’s center of mass.

Bead displacement as a function of time r(t) was then calculated and used to

find the bead velocity. We fitted r(t) accurately with WaveMetrics Igor Pro

software (http://www.wavemetrics.com), using the Levenberg-Marquardt

algorithm to realize a linear regression, giving us the beads’ speed.

For all fluorescence experiments, only low-expressing cells were consid-

ered. To analyze fluorescence images, line-scan profiles were obtained using

Image J. Whenever possible, the amount of fluorescence recruited around

each bead was quantified by the integration of this fluorescence profile.

Whenever necessary, a photobleaching correction was performed.

CSK/ECM reinforcement assay

We defined a criterion to study the strengthening of the link between ECM

and CSK after bead-cell contact. We used a previously described criterion

(28) according to which reinforcement could be characterized by a restraint

of bead movement.

After beads were placed on the cell cortex and trapped during various

times at different rigidities, the same laser trap was used to try pulling the

bead back, repositioning the stage so that the bead was placed at the point

of maximum force. The linkage of the bead to the cell was described as re-

inforced if the laser trap force was not able to displace the bead on the cell

surface (i.e., if no displacement of more than ~100 nm was seen with the

camera). Otherwise, the linkage was said not to be reinforced.

RESULTS AND DISCUSSION

Cells sense a rigidity gradient: local forces
increase proportional to local stiffness

Fibronectin and/or FNIII7–10 fragment-coated beads (FN-

coated), placed on the cortex of single cells, are simulta-

neously trapped in optical tweezers with different stiffnesses,

to mimic a rigidity gradient of the ECM between adhesion

sites. When FN-coated beads are held on the lamella of

NIH 3T3 fibroblasts using optical tweezers, a weak first
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link between the bead and the cell is created in a few sec-

onds. During the first minutes, beads remain quite immobile

inside the trap. Around 2 min after their application on cells,

60% of the beads start to display a directed movement, ori-

ented from the leading edge toward the nucleus (Fig. 1, A
and B, inset). The proportion of moving beads does not de-

pend on initial trap stiffness. Even beads that were only

laid on cells without being held by the laser trap displayed

a directed movement with the same percentage.

The existence of a latency time likely arises from a delay

to engage or activate the few integrin receptors localized on

the lamella and the corresponding signaling pathways. In-

deed, 80% of noncoated beads do not display a directed

movement, which shows that bead movements are specific

to the cell response through the FN/integrin complex. The ra-

dius of action of traps is limited to a value close to 1 mm.

Therefore, we think that 90% of moving beads escaped the

trap after a mean time of 8 min 5 1 min 30 s.

Previous results demonstrated that this movement is

driven by the rearward actin flow present in the lamella,

and depends on actomyosin contractility (29). We observed

FIGURE 1 Actomyosin-dependent directed movement of trapped FN

coated beads toward the nucleus. (A) Percentage of trapped beads displaying

directed movement for three different trap stiffnesses (black, dark-gray, and

medium-gray columns; measurements of 80 cells), in negative control con-

dition (open column, trapped noncoated beads; measurements of 10 cells),

and in the presence of 50 mM of Blebbistatin, a myosin II inhibitor (light-

gray column; measurements of 23 cells). Results shown are the mean 5

SD of at least three independent experiments. (B) On one cell, X-Y plot of

one bead movement immediately after bead-cell contact. A certain time is

necessary for the movement to install. (Inset) Schematic drawing of direction

of bead movement on lamella of 3T3 cells.
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that in the presence of Blebbistatin, a myosin II inhibitor, the

percentage of beads displaying a directional movement was

strongly diminished (from 60% to 30%; Fig. 1 A). The ob-

served small remaining percentage of moving beads can be

explained by two different hypotheses: 1), a nontotal inhibi-

tion of myosin II by Blebbistatin at 50 mM (30); and 2), par-

tially rescued activity by another myosin (31,32).

Like traction forces exerted on their substrate, cells de-

velop forces on the beads, pulling them away from the trap

center. By recording bead displacements on a single cell and

following the calculation described in the Materials and

Methods section, we can retrieve the corresponding forces.

We observe that the cell-bead forces increase with time, as

beads move in the trap. We compared the temporal develop-

ment of this force for three beads trapped with different stiff-

ness on the same cell. Fig. 2 clearly shows a direct correlation

between the trapping stiffness and the force evolution: the

bead trapped with the strongest rigidity (~100 pN $ mm�1)

is associated with the fastest force increase, whereas the

bead trapped with the weakest rigidity (~25 pN $ mm�1) has

a slower force evolution. The same profiles were observed

and quantified in most cells. We demonstrate here that, at

any time, a force proportional to the trap stiffness is developed

by the cell.

Reinforcement of ECM/CSK link is time-regulated
by trap stiffness and is myosin II-dependent

Choquet et al. showed that the ability of a cell to exert forces

relies on the strengthening of the connection between the

ECM and the cytoskeleton (28). External forces were shown

to induce such a strengthening, but there is a lack of quanti-

tative studies correlating the strengthening with local varia-

tions in ECM rigidity.

First, to explore the spatial resolution of the reinforcement,

we placed two beads on a cell separated by a bead radius

FIGURE 2 Cells respond to a rigidity gradient by developing local forces

that increase in proportion to local rigidity. Plot is depicted of forces exerted

by one cell on three beads trapped with different rigidities as a function of

time. Corresponding optical tweezers stiffness values are indicated on

curves. A typical experiment is shown here. The same results were obtained

in 16 cells. The proportionality of the slope to the stiffness appears after a

delay of 300 5 100 s.
(2 mm). One bead was trapped, and the other was not.

Eighty-five percent of the trapped beads, versus only 10%

of the nontrapped beads, were reinforced. The strengthening

of the ECM/CSK link took place only for trapped beads, and

was localized to the area of increased tension.

Then three beads trapped with three different rigidities

(100 pN $ mm�1, 55 pN $ mm�1, and 25 pN $ mm�1) were

deposited on the lamella of single NIH 3T3 cells for different

durations (1 min, 2 min, 3 min, and 15 min). The reinforce-

ment was checked for each bead at the ends of the various

trapping times. When the laser was applied for more than

10 min, most of the beads (>80%) displayed a reinforcement

of the ECM/CSK link, regardless of trap stiffness, even for

a rigidity as low as 20 pN $ mm�1 (Fig. 3). The rigidity depen-

dence of the reinforcement arose when laser traps were

applied for<10 min. For 1-min trapping, the percentage of re-

inforced beads was 67%, with a rigidity of 100 pN $ mm�1,

whereas no reinforcement was observed with a rigidity of

25 pN $ mm�1. Thus, a relationship appears to exist between

the reinforcement time scale and the trapping rigidity.

In the presence of myosin II inhibitor, the percentage of

reinforced beads was strongly diminished to 11%, versus

80% in control condition (Fig. 3). A small percentage of re-

inforcement was still observed: again, even though the level

of myosin activity was strongly reduced, it was not com-

pletely suppressed by Blebbistatin, and we noticed an influ-

ence of rigidity on the reinforcement.

FIGURE 3 Reinforcement of ECM/CSK link is time-regulated by local

trap stiffness. Percentage of beads corresponds to a reinforced ECM/CSK

linkage as a function of trap stiffness and duration of laser application. Laser

optical tweezers were applied for 15 min (solid circles, measurements of 80

cells), 3 min (dark gray triangles, measurements of eight cells), 2 min (me-

dium gray squares, measurements of eight cells), and 1 min (light gray di-

amonds, measurements of six cells) in the absence of Blebbistatin, and for

15 min in the presence of 50 mM Blebbistatin (black crosses, measurements

of 23 cells). Results are the mean 5 SD of at least three independent

experiments.
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The ability of a cell to return to its initial state once the me-

chanical stimulus ends is essential. Relaxation processes

inside the cell clearly contribute to the rapidity of a cellular

response to mechanical environmental changes. Using the

same reinforcement criterion, we studied the relaxation dy-

namics of the strengthened ECM/CSK links. But because

the method used to check for reinforcement (i.e., bead-trap-

ping by the laser) is a mechanical perturbation that could it-

self trigger reinforcement, we used twin beads (A and B)

trapped together on the same cell lamella as duplicate sys-

tems supposed to have similar properties. Bead A was

used to check, immediately after the 4-min trapping time,

if the cell started a reinforcement process. This eliminated

the 15% of cells that, on average, do not show any reinforce-

ment. If bead A displayed reinforcement, we waited 8 min

and checked the reinforcement on bead B. We assumed

that if the contact at bead A was reinforced when the laser

stopped, then statistically, the contact at bead B should

also be reinforced. Hence relaxation was analyzed as the

percentage of beads B displaying no reinforcement 8 min

later: 90% of beads B exhibited this so-called relaxation

8 min after laser shutoff. This highlights the cell’s ability

to adapt quickly to mechanical changes.

Adhesion complex formation and actomyosin
recruitment are regulated at a rate increasing
with local rigidity

We monitored the reorganization of actin, NMMIIA, and

vinculin in real time, during the application of a rigidity gra-

dient on the 3T3 cell cortex, as shown in Figs. 4 and 5. After

a mean time of 2 5 1 min, we observed an accumulation of

vinculin-GFP around the trapped beads. In some cases, this

recruitment displayed the typical pattern of focal complexes,

i.e., a small and elongated shape (33). In other cases, a more

diffuse recruitment pattern was observed (Fig. 4 A). Vinculin

was shown to be an indicator of a cell’s ability to exert forces

at adhesive contacts (34). Here, we observed that the amount

of vinculin-GFP locally recruited increases with time (Fig. 4

A). It follows the same profile as the force developed on the

FIGURE 4 Focal complex development and actin recruitment around FN-coated beads are proportional to local rigidity. Epifluorescence images of 3T3 cell

express vinculin-GFP (A) or actin-GFP (B and C) at the beginning (left) and at 5, 10, or 15 min (middle) after application of rigidity gradient. Rigidity gradient

is visualized by size of arrows (black, 100 pN $ mm�1; dark gray, 55 pN $ mm�1; light gray, 25 pN $ mm�1). Bar, 2 mm. Graphs (right) represent the fluo-

rescence intensity in the regions of interest (white circles) around each trapped bead (black circles) at different times after application of rigidity gradient.
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FIGURE 5 Actin and NMMIIA reorganization because

of external tension is a reversible phenomenon. Epifluores-

cence images of 3T3 cells that express actin-GFP (A) and

GFP-NMMIIA (B) around one trapped bead (trapping stiff-

ness, 155 pN $ mm�1). At 15 min (A) and 21 min (B) after

laser is stopped (gray line on graph), beads are no longer

trapped. Graphs (right) represent fluorescence intensity in

region of interest (white circles) around each trapped

bead (solid circles) at different times after bead-cell con-

tact. Bar, 2 mm.
corresponding trapped bead described above (Fig. 2), indi-

cating that the total amount of vinculin-GFP is recruited pro-

portionally to the trap stiffness.

After a mean value of 5.5 5 1.5 min, actin-GFP was also

reorganized beneath the cortical site where the trap was ap-

plied. It typically displayed two different patterns that were

observed both independently and at the same time: 1), the ap-

pearance of new actin fibers and/or reinforcement of existing

fibers; and 2), diffusely recruited actin. As for vinculin-GFP,

the increase in amount of actin-GFP was proportional to the

applied trap stiffness (Fig. 4, B and C).

To confirm that ECM stiffness regulates the organization

not only of the actin CSK but of the entire actomyosin con-
tractility network, we checked whether applying tensions

onto cells led to myosin II reorganization. In 3T3 cells trans-

fected with GFP-NMMIIA, we monitored the increase of

GFP-NMMIIA fluorescence localized around the trapped

beads, as described for GFP-actin. After 5–10 min on aver-

age, GFP-NMMIIA was reorganized around the beads. It

displayed different typical patterns that were observed both

independently or at the same time: 1), diffuse recruited my-

osin; 2), reinforcement of myosin patterns present at the be-

ginning of the experiment; and 3), appearance of a semicircle

of myosin fibers at a certain distance from the beads (3.5 5

0.9 mm) (Fig. 5 B). Although less obvious than for actin or

vinculin, myosin recruitment seemed to be proportional to

Biophysical Journal 96(1) 238–247



244 Allioux-Guérin et al.
trap stiffness. For a stronger trap stiffness, a higher percent-

age of cells displayed visible myosin reorganization (62%

for k ¼ 260 pN $ mm�1, and 30% for k ¼ 40 pN $ mm�1).

Moreover, in the presence of 50 mM Blebbistatin, we never

observed vinculin or actin recruitment.

To study the reversibility of actin recruitment, we

switched off the laser after 15 min of bead-trapping. Switch-

ing off the laser led to a progressive loss of actin-GFP or

GFP-NMMIIA around the beads in 75% of cells. The ac-

tin-GFP or GFP-NMMIIA decrease took place after

a mean value of 5 5 2.5 min (Fig. 5, A and B).

Nontrapped coated beads and trapped noncoated beads

never displayed a local increase of fluorescence intensity,

demonstrating the specific role played by FN and integrin ac-

tivation in protein recruitment. Thus, mimicked ECM ten-

sions induced locally the formation of adhesion complexes

and the recruitment of actin and myosin. This recruitment,

like the development of force, occurred even for very low

tensions, at a rate proportional to local rigidity.

Cell forces and amount of actin at the contact:
a linear relation independent of local rigidity

To analyze quantitatively the spatiotemporal relationship be-

tween the development of force and actin recruitment, we ap-

plied a rigidity gradient on the cell cortex, and at the same time

we monitored bead displacements and actin-GFP fluores-

cence. Both the amplitude of force (F) and the amount of re-

cruited actin-GFP (Q) increased in time. Fig. 6 shows a strong

correlation, mainly linear, between the forces exerted by a sin-

gle cell on each bead in its own optical trap and the localized

GFP-actin fluorescence level around the bead (in total, 13 cells

were studied; three examples are given in Fig. 6). The slope of

the curve (F in function of Q) varied from cell to cell, but was

independent of local rigidity for a given cell (Fig. 6).

The normalized fluorescence level of actin-GFP does not

represent the total amount of actomyosin involved in the pro-

cess. Endogenous nonfluorescent actin and myosin are not

taken into account in the actin-recruitment quantification.

Moreover, the proportion of fluorescent protein to the endog-

enous species is not known. This can at least partly explain the

slope variation from cell to cell and the existence of an actin

threshold in the force establishment for some cells (e.g., cell 3

in Fig. 6). Others parameters may play a role in this phenom-

enon, e.g., the variation of myosin activation in relation to lo-

cal rigidities. This clearly highlights the validity of working

with different rigidities on a single cell. Only this method

can give quantitative results, because cell-to-cell variability

strongly complicates comparisons in a whole-cell population.

Velocity of myosin-dependent retrograde actin
flow under resisting forces is constant in time
and independent of local trap rigidity

We quantified bead displacements as a function of time, to

determine the velocity of their movement inside and outside
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the traps. Two regimes can be extracted for most trajectories

(>75%; Fig. 7 A). The first regime (characterized by a con-

stant velocity of 0.002 5 0.0005 mm $ s�1 after a delay of

few minutes) corresponds to a bead displacement from the

center of the trap to a mean distance of 0.9 5 0.2 mm, and

the second regime, after 0.9 5 0.2 mm, is characterized by

a constant velocity (0.007 5 0.001 mm $ s�1), close to

that of nontrapped beads (0.005 5 0.0013 mm $ s�1). Con-

sequently, the first velocity is likely to correspond to a re-

strained movement of the bead inside the trap, driven by

retrograde actomyosin flow under a load. The second veloc-

ity corresponds to bead movement after escaping the trap,

driven by retrograde actomyosin flow without a load. The

displacement value at the transition between the two veloci-

ties, on the order of 1 mm, is consistent with the radius of

action of our optical trap.

In the presence of Blebbistatin, a small percentage of beads

still displayed directed movement (see previous section, Cell

Forces and Amount of Actin at the Contact: A Linear Relation

Independent of Local Rigidity section). The small percentage

of beads that escaped the trap had the same biphasic trajectory

profile as under normal conditions. The two characteristic

velocities (0.001 5 0.0001 mm $ s�1 and 0.0046 5 0.0001

mm $ s�1, respectively) measured were, however, signifi-

cantly lower with Blebbistatin, especially inside the trap

(Fig. 7 B). This slower retrograde flow is consistent with a re-

duced efficiency of actomyosin contractility.

Interestingly, the application of a rigidity gradient on the

cell cortex reveals a rigidity-independent decrease of the

FIGURE 6 Linear relationship between cell-generated forces and actin re-

cruitment, independent of local rigidity. Actin-GFP fluorescence and bead

displacement were simultaneously followed on single cells during applica-

tion of a rigidity gradient. The value of forces developed on each trapped

bead is plotted as a function of the amount of locally recruited actin-GFP

(fluorescence intensity in arbitrary units (A. U.); quantifications are de-

scribed in Materials and Methods) for three different cells (solid, open, and

gray). The same rigidity gradient was applied on three cells (three beads on

each cell were trapped with rigidity values of 100 pN $ mm�1, 56 pN $mm�1,

and 22 pN $ mm�1, squares, triangles, and circles, respectively). Cells 1 and

3 did not respond to weakest rigidity value of 22 pN $ mm�1. The relation-

ship between force and recruited actin-GFP is mainly linear and independent

of local trap rigidity.
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speed of the bead (Fig. 7, B). The bead velocity inside the

trap is a conserved parameter of the cell response, indepen-

dent of external stiffness. If we assumed a passive mecha-

nism for bead displacement inside the trap, the bead should

be slowed down, proportional to trap rigidity. Thus, the con-

servation of bead velocity along the rigidity gradient high-

lights the existence of a spatiotemporal cellular regulation

controlling this velocity, i.e., the myosin-dependent retro-

grade actin flow. The fact that the velocity was conserved

under a load means that the ECM deformations (Fig. 8, d)

induced by the rigidity gradient were the same at any time.

A feedback loop links external tensions, actomyosin re-

cruitment, and internal forces. By generalizing the force-

velocity relationship for a single molecular motor to several

motors acting cooperatively (see Eq. 2 in Supplementary

Material), a constant velocity for the actomyosin retrograde

flow under an increasing load can be obtained if the amount

FIGURE 7 Bead velocity inside and outside traps: decrease of velocity of

retrograde actomyosin flow under a load is a conserved parameter indepen-

dent of local rigidity. (A) Plot of bead displacement versus time immediately

after bead-cell contact. Gray line and R value represent limit between

displacement inside trap and outside trap. A typical shape is depicted.

Same results were obtained for each bead, whatever its trap rigidity, in 20

cells. (B) Average velocity of bead motion inside single traps for three dif-

ferent trap rigidities in the gradient, in the absence (black, measurements of

20 cells) and presence (light gray, measurements of five cells with strongest

rigidity) of 50 mM Blebbistatin. Results shown are mean 5 SD.
of recruited actomyosin increases linearly with the load, as

already described. The cooperative behavior of actomyosin

motors is thus critical for the response to a rigidity gradient.

The molecular mechanisms that sustain the spatiotemporal

regulation of forces developed by the cell on the adhesion

sites are, however, not known. It would be interesting to de-

termine the sensing mechanism that leads to a constant, ri-

gidity-independent velocity of the actomyosin retrograde

flow under a load. Cells precisely sense the restraining force

on FN-coated beads (28). Is this force-sensing sufficient in

itself to explain that the cellular response to a rigidity gradi-

ent is characterized by a rigidity-independent velocity of

actomyosin retrograde flow under a load? By combining

force-sensing features and the cooperative behavior of acto-

myosin motors, a theoretical model (Supplementary Mate-

rial) provides quantitative predictions in agreement with

our observations. Whatever the underlying sensing mecha-

nism, a cell’s answer to a rigidity gradient is a constant de-

formation of the ECM (Fig. 8).

CONCLUSIONS

We used multiple optical tweezers and FN-coated beads to

mimic adhesion sites of fibroblast cells with an ECM. Our

aim was to investigate quantitatively and in real time the

cell’s response to a rigidity gradient in the rigidity range of

tens of pN $ mm�1 (stresses of a few tens of Pa). Previous

studies used deformable substrates to analyze, at the

whole-cell level and at equilibrium, the relationship between

ECM stiffness and cell contractility (11,12,35). Although the

rigidity of these substrates can vary over a wide range, the

lowest rigidity value is still about several tens of kPa, at

the high end of in situ microenvironment rigidity, which

can vary from 0.010–10 kPa (36,37).

The question, however, remains: how, in the lower part of

this range, do cells respond quantitatively to a rigidity gradi-

ent? It was proved that fibroblasts can sense weak rigidities

at their leading edge through a FN/integrin-dependent signal-

ing (38), but it is not clear how the response is quantitatively

related to rigidity in this range, or how cells discriminate be-

tween different rigidities at close adhesion sites.

Our choice of using multiple optical tweezers was moti-

vated by the need to eliminate cell-to-cell variations and to

perform quantitative analysis of time-dependent force estab-

lishment on the same cell.

We showed that single cells sense a rigidity gradient ap-

plied on their cortex by triggering a physiological response

that is spatially and quantitatively resolved along the gradi-

ent. We characterize the spatiotemporal response in terms

of internal forces, reinforcement, and amount of molecular

reorganization. Beads are sensed in their own trap stiffness,

even when they are close to each other. The forces exerted by

a single cell on trapped beads increase with time, propor-

tional to local rigidity. The time-increasing forces arise

from time-regulated actomyosin contractility, as evidenced

Biophysical Journal 96(1) 238–247
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FIGURE 8 Spatiotemporal cellular response to an exter-

nal rigidity gradient. The cartoon summarizes cellular re-

sponse to a rigidity gradient applied on cell cortex with

FN-coated beads simultaneously trapped with different

stiffnesses (mimicking ECM rigidity gradient applied to

adhesion sites). The movement of FN-coated beads (adhe-

sion sites) is driven by myosin-dependent retrograde actin

flow. The velocity of this flow is maintained constant along

rigidity gradient, as long as beads stay in traps. This is at-

tributable to regulated cooperative actomyosin recruitment

that sustains an increase of force proportional to rigidity of

ECM at adhesion sites. For strong (left), medium (middle),

and weak (right) rigidity, deformation d of the external

ECM substrate at time t remains the same.
by the time-increasing recruitment of actin and myosin IIA

around trapped beads. Moreover, these recruitments, as

well as force-driven bead movements, are strongly affected

by the presence of Blebbistatin, suggesting a central role of

myosin II in these processes.

We showed that the fibroblast response to a local stiffness

as low as 20 pN $ mm�1 involves molecular processes sim-

ilar to those described for a stronger matrix stiffness (13). As

visualized by the increase in vinculin-GFP fluorescence, ad-

hesion complexes grow around the trapped bead, propor-

tional to its own trap stiffness. Although performed in

a weaker stiffness range, this finding is consistent with stud-

ies showing that stationary fibroblasts, spread on substrates

of rigidity in the 10–20-kPa range, develop traction forces

on focal adhesion sites proportional to the area of focal

adhesion (34).

Interestingly, the spatiotemporal regulation of the cell re-

sponse to a rigidity gradient is characterized by a linear rela-

tionship between the force generated on the trapped bead

and the amount of locally recruited actin. This relationship

is independent of local trap rigidity. In conjunction with this

result, the rigidity and time independence of bead velocity

inside the trap means that a rigidity-dependent and time-

dependent regulation of actomyosin contractility takes place.

We describe the theoretical rate of actomyosin recruitment as

a function of the force developed at the contact by an empirical

model, introducing the force-velocity relationship of several

motors acting cooperatively. The underlying force-sensing

assumption of the model is consistent with the fact that the

time-dependence of reinforcement of the ECM-CSK link is

regulated by local trap rigidity. Is this force-sensing, however,

the only regulatory mechanism? The possibility cannot be

excluded that the cell develops velocity-sensing and/or

deformation-sensing to regulate the velocity of actomyosin

retrograde flow under a load to a constant value.

Whatever the sensing mechanism, cells dynamically re-

spond to a rigidity gradient by keeping a constant velocity

of rearward actomyosin flow at contacts with the ECM.
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Thus, our results suggest a spatiotemporal regulation of acto-

myosin contractility, to maintain a constant deformation of

the ECM at the level of adhesion sites, as schematized in

Fig. 8.

We demonstrate the importance, not only of the global cel-

lular sensing of matrix rigidity, but also of a local response to

a mechanical gradient in the small rigidity range. This could

help refine our knowledge of cell migration, adhesion, and

polarization.
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