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Abstract Cell morphology is controlled in part by phys-
ical forces. If the main mechanical properties of cellshave
been identified and quantitated, the question remains of
how the cell structure specifically contributes to these
properties. In this context, we addressed the issue of
whether cell rheology was altered during cell spreading,
taken as a fundamental morphological change. On the ex-
perimental side, we used a novel dual micromanipulation
system. Individual chick fibroblastswereallowedto spread
for varying amountsof timeonglassmicroplates, thentheir
free extremity was aspirated into a micropipet at given
pressure levels. Control experiments were also done on
suspended cells. On the theoretical side, the cell was mod-
eled as a fluid drop of viscosity u, bounded by a contrac-
tile cortex whose tension above a resting value was taken
to belinearly dependent on surface areaexpansion. The pi-
pet negative pressure was first adjusted to an equilibrium
value, corresponding to formation of a static hemispheri-
cal cap into the pipet. This allowed computation, through
Laplace's law, of the resting tension (1p), on the order of
3x10~* N/m. No difference in 1, was found between the
different groups of cells studied (suspended, adherent for
5 min, spread for 0.5 h, and spread for 3 h). However, 1,
was significantly decreased upon treatment of fibroblasts
withinhibitorsof actin polymerization or myosin function.
Then, the pressure was set at 30 mmH,0 above the equi-
librium pressure. All cells showed abiphasic behavior: (1)
arapidinitial entrance corresponding to anincreasein sur-
facearea, which wasused to extract an areaexpansion el as-
tic modulus (K), in the range of 1072 N/m; this coefficient
was found to increase up to 40% with cell spreading; (2) a
more progressive penetration into the pipet, linear with
time; this phase, attributed to viscous behavior of the cy-
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toplasm, was used to compute the apparent viscosity (L, in
the range of 2-5x10* Pa s) which was found to increase by
asmuch astwofold with cell spreading. In someexperiments
the basal force at the cell-microplate interface was quanti-
tated with flexible microplates and found to bearound 1 nN,
in agreement with values cal culated from the model. Taken
together, our resultsindicate astiffening of fibroblasts upon
spreading, possibly correlated with structural organization
of the cytoskel eton during this process. This study may help
understand better the morphology of fibroblasts and their
mechanical role in connective tissue integrity.

Key words Cell morphometry - Cortical tension - Area
expansion modulus - Apparent viscosity - Microplate

Introduction

Cellular deformations, e.g. those occurring during locomo-
tion, are essential to numerous physiological and patho-
logical situations. For example, following awound, fibro-
blasts migrate into the injured area and participate in the
repair process, in particular by pulling on extracel lular ma-
trix fibers(Jamesand Taylor 1969; Stopak and Harris 1982;
Harris 1988). Although powered by chemical reactions,
changesin cell shape are mechanical processes controlled
by physical forces (Elson 1988; Lauffenburger and Hor-
witz 1996). To better understand these processes, various
mechanical tests have been carried out on cells, in partic-
ular with micromanipul ation techniques. Theseinclude as-
piration into micropipets (Evans and Yeung 1989), impo-
sition of forces using glass microneedles (Kolega 1986;
Dennerll et al. 1989; Felder and Elson 1990) or microplates
(Thoumine and Ott 1997 a), poking the cell surface (Peter-
sen et al. 1982), twisting ferromagnetic particles by mag-
netometry (Valberg and Albertini 1985; Wang et al. 1993),
or pulling on surface-attached microspheres with optical
tweezers (Kucik et al. 1991; Choquet et al. 1997).

Such experimentshaveledto theunderstanding that cel -
lular morphology is determined by two antagonistic pro-
cesses (Chicurel et al. 1998): (1) active force generation



through conversion of chemical energy, and (2) passivere-
sistance of the cell and extracellular structure. In the first
category are protrusive forcesarising from polymerization
of cytoskeletal elements (Peskin et al. 1993; Dogterom and
Yurke 1997), which for exemple drive lamellipodium ex-
tension in fibroblasts (Cramer et al. 1994) or axon initia-
tion in neurons (Zheng et al. 1993). Contractile forces,
in particular those expressed at cell-substrate contacts
(Ingber 1991; Sims et a. 1992; Thoumine and Ott 1996)
or at thecell cortex (Albrecht-Buehler 1987; Tran-Son-Tay
et al. 1991), which mainly rely on the actin-myosin motor,
also belong to thefirst group. In the second category are all
mechanical processesthat resist these active forces, for ex-
ampletheintracellular pressure build-up dueto cortex ten-
sion(Yanai et al. 1996), theextracel lular matrix or substrate
resistanceto cytoskeletal traction (Schiro et al. 1991; Wang
et al. 1993), and the viscoelastic strength of the overall cell
structure (cytoplasm, membranes, and cytoskel eton).

One question that remains open, however, is how cel-
[ular organization controls rheology. In other words, what
alterations in mechanical properties accompany changes
in cell morphology and structure? To start answering these
questions, one may look closer at a fundamental morpho-
logical change, namely cell spreading. Spreading of cells
onto a surface is a dynamic process occurring on a time
scale of several minutes to hours (Evans 1988; Bereiter-
Hahn et al. 1990; Dunn and Zicha 1995), depending in par-
ticular on substrate adhesiveness and temperature. During
this process, cells progressively switch from aspherical to
aflattened morphology. Thisisaccompanied by structural
changes at the cytoskeletal and adhesive levels (Soranno
and Bell 1982; David-Pfeuty 1985; Mooney et al. 1995).
Although spreading is a common phenomenon in routine
cell culture and in vivo (e.g. following cytokinesis), deep
physical understanding of this process is lacking. Also,
there is aneed for an accurate quantification of the physi-
cally relevant parameters in cell spreading, in particular
cortical tension, area eladticity, and adhesive energy
(Evans 1995), to push early theoretical models (Bardsley
and Aplin 1983) a step further. Such a physical approach
may lead to a better interpretation of the biological events
underlying cell spreading.

In this context, our study aimed at evaluating changes
in cell mechanical properties during the course of cell
spreading. A dual micromanipulation system was used, in
which the upper surface of fibroblasts spreading on aglass
microplate was aspirated into a micropipet. A theoretical
analysis of the experiments, based on continuum mechan-
ics, allowed calculation of fibroblast cortical tension, sur-
face elasticity, and apparent viscosity from morphometric
and pressure measurements.

Materials and methods
Cell culture

Fibroblasts were isolated from the hearts of 10-day-old
chick embryos as described previously (Thoumine and Ott
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1996). Cells were cultured in minimal essential medium
(MEM) supplemented with 0.05% gentamycin, 2 mm
L-glutamine, and 10% fetal bovine serum (FBS), and used
at passages 3-6. Cell culturereagentswere purchased from
Seromed (Germany).

Microinstrument preparation

Microplates (Thoumine and Ott 1997a) were fabricated
from 0.1x1x100 mm borosilicate bars (VitroCom, Moun-
tain Lakes, N.J., USA) using a micropipet puller (Sutter
Instrument, Novato, Calif., USA). Two types of micro-
platesweremade, by adjusting the parametersof the puller:
rigid ones (stiffness, taken as the force divided by the de-
flection of the tip, was greater than 10~ N/um), and flex-
ible ones (stiffness around 10~° N/pm). Tip dimensions
were about 3x30 um for rigid microplates, and 1x10 pm
for flexibles ones. Micropipetswere pulled from glass cap-
illaries (Clark Electromedical Instruments, Pangbourne,
UK) with outer and inner diameters of 1.0 and 0.8 mm, re-
spectively) using the same micropipet puller. A microforge
(Narishige, Japan) was used to break the tips of micropi-
pets in a straight fashion and bend the pipets to 90°.

Micromanipulation set-up

The manipulation system consists of an Axiovert 135 in-
verted microscope (Zeiss, Oberkochen, Germany) placed
on an anti-vibration table (TMC, Peabody, Mass., USA).
Microinstruments are fixed to steel arms and maneuvered
using two 30-mm mechanical micromanipulators (Physik
Instrumente, Waldbronn, Germany), mounted on each side
of the microscope stage. One of the translator axesis con-
trolled by a piezoelectric element with a 25 pum range, al-
lowing for precisefinal adjustment of the microinstrument
position. Cells are manipulated in a lab-made chamber
(30 mm in diameter, 3 mm deep), which can be displaced
horizontally on the microscope stage. Sequences of cell
deformation under bright-field illumination were recorded
using a40x/0.75 objective, al.6x Optovar lens, andaCCD
camera (Cohu, San Diego, Calif., USA) connected to a
time-lapse video cassette recorder (Sanyo, Japan). Prior to
mani pulation, the observation chamber wasfilled with cul -
turemedium containing 20 mm Hepes. Onepipet wasfilled
with the same solution and positioned in the chamber us-
ing the micromanipulator on the left side. The pipet was
connected to a pressure control system comprising a 10-
ml reservoir filled with culture medium and two reservoirs
filled with water (Sato et al. 1987; Thoumine and Ott
1997b). Rack-and-pinion control over thelast reservoir el -
evation allowed pressure head adjustment over a 200-mm
range, with a resolution of 0.5 mmH,O. Zero pressure
was set by examining the movement of 1 um latex micro-
spheres (Molecular Probes, Poortgebouw, The Nether-
lands) added to the solution. Pressure was monitored us-
ing atransducer (ColePalmer, VernonHills, I1l., USA) con-
nected to the pressure line.
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Control of cell spreading

The medium was replaced by MEM containing 20 mm
Hepes(MEM-Hepes). Cellsfromal cm? culturewell were
detached using 0.005% trypsin-20 mm EGTA in McCoy's
5 a medium lacking Ca?*, resuspended in MEM-Hepes,
and added to the chamber. A trypsin concentration as low
as possible was used to minimize effects on cell surface
properties, but still produce cell detachment in reasonable
times. Using the micromanipulator on theright, several fi-
broblasts were captured on arigid microplate, as described
(Thoumineand Ott 1997 ). Cellsadhered well to bareglass
in the absence of FBS. After 5 min, the medium was re-
placed by MEM-Hepes containing 10% FBS, and cells
were either tested directly (cells in this condition are re-
ferred to as adherent) or transferred in a CO, incubator at
37°C for atime period of 0.5 h or 3 h (cells in these con-
ditions are referred to as spread-0.5 h and spread-3 h, re-
spectively). For transfer, the extremity of the arm carrying
the microplate was fixed onto the chamber with a custom-
made system, and the whole assembly was placed in the
incubator. At the end of the incubation period, cells were
brought back to the microscope and subjected to mechan-
ical testing. Control experiments were carried out on non-
adherent fibroblasts, which were aspirated either directly
after detachment (suspended-control) or maintainedin sus-
pension for 3 hat 37°C before aspiration (suspended-3 h).
In some cases, fibroblasts were resuspended in medium
containing 0.3 pug/ml cytochalasin D (suspended-cyt D), or
20mM 2,3-butanedione monoxime (suspended-BDM).
Thesedrugswere obtained commercially (Sigma, StLouis,
Mo., USA).

Mechanical test

For adherent and spread fibroblasts, the microplate carry-
ing the cellswasturned by a90° angleto visualizethecells
from the side, and the upper surface of one cell was placed
to the contact of the micropipet tip, using piezoel ectric po-
sitioning (Fig. 1). Negative pressure was increased by in-
crements of 2.5 mmH.0, until formation of a static hemi-
spherical cap inside the pipet was observed (Evans and
Yeung 1989). Negative pressure was then quickly raised
by 30 mmH,0O above this equilibrium value, and main-
tained constant for 10 min. Finally, pressure was set back
totheequilibrium valuefor another 5 min. Suspended cells
were manipulated as described previously (Thoumine and
Ott 1997b) and exposed to the same aspiration test. There
was no adhesion of cells to the micropipet because serum
was present in the medium. Mechanical tests were kept
short compared to the time course of spreading, to avoid
interference with basic properties acquired during spread-
ing. All experimentswere performed at room temperature.
In sometests on suspended and adherent cells, the equilib-
rium aspiration pressure was determined for various pipet
diameters (3-8 pum).

|
: | Micropipet

5 um

Spread cell

40 um  Microplate

Adherent cell

Suspended cell

Fig. 1 Schematic drawing of the microplate-micropipet experi-
ment. Thethree categories of cells (suspended, adherent, and spread)
are shown

Image acquisition and analysis

Videotapes were played back and one image every 30 s
was digitized with apersonal computer (Power Macintosh,
Apple) equipped with aframe grabber card (Scion, Frede-
rick, Md., USA). Using an image analysis software (NIH
Image, v1.60), we measured the following parameters
(Fig. 2): (1) the pipet interna radius (R); (2) the length of
the aspirated portion (L); (3) for adherent cells, the diam-
eter of the contact zone between the cell and the micro-
plate (D, = 2R,); (4) for suspended cells, the cell radius
outside the pipet (R.); (5) the angle between the normal to
the micropipet axis and the tangent to the cell contour at
the pipet mouth (6,); (6) the angle between the plane of the
microplate and the tangent to the cell contour at the inter-
face (6,). The error on length measurements was about
0.3 um. We also estimated the total surface area and vol-
ume of the cells from 2D images, by building a specific
function within the software. Each shapewas cut into three
segments: (1) thehemispherical cap, (2) thecylindrical part
in the pipet, and (3) the portion of cell outside the pipet.
Each segment was modeled as a Bézier curve which was
then discretized in small layers. The 3D shape was recon-
structed from theses layers, assuming an axisymmetry
around alocal axissituated in the middle of thelayer. This
supplemented version of NIH Image is avail able upon re-
quest or from the Internet.t

Measurement of the basal force

In some experiments, cells were captured on flexible mi-
croplates, and let adhere for 5 min. Cells were then ex-
posed to the same aspiration test described above. The
deflection of the microplate was followed over time dur-

1 Note: Public domain program, developed at the US National Insti-
tute of Health and available by anonymous ftp from zippy.-
nimh.nih.gov or on floppy disk from the National Technical
Information Service, Springfield, VA, USA, part number PB95-
500195GEI. Both adapted source code and compiled application
for MacOS are available at http://www.|ps.ens.fr/~cardoso/NIH/
NIH.html



Fig. 2 Schematic diagram A Micropipet
showing the morphometric and
mechanical parametersfor a 1 d
suspended cell (A), and acell !Rp |
spreading on a microplate (B) —
1
1Y
d L
% \ 4
R,

ViscosityI i

Tension T

ing aspiration. To calibrate the force, cells were allowed
to relax for 10 min at the end of the test. Then, negative
pressure was increased sequentially by increments of
10 mmH,0 (upto 60 mmH-0), and the pi pet wasdisplaced
at a speed of about 2 pm/s. At a certain point during pull-
ing, corresponding to agiven deflection of theflexible mi-
croplate, cells slipped out of the pipet: the force at the ba-
sal surface (micropl ate stiffnesstimes deflection) wasthen
egual to the force at the apical side (pressure times pipet
cross section). The relationship between the measured de-
flection and the apical force was linear, the slope of which
being taken asthe microplate stiffness (0.90+ 0.55 nN/um,
n=11). The force during aspiration was obtained by mul-
tiplying the measured deflection by this stiffness. We es-
timate the error on the force to be about 15%.

Actin and nucleus staining

In some cases, fibroblasts adherent to a microplate or as-
pirated into a micropipet were stained for F-actin, using
rhodamine-phalloidin as a marker. Fixing, permeabiliza-
tion, and staining were carried out directly in the chamber,
following an established protocol (Thoumine and Ott
1996). In other experiments, cell nuclei were stained with
syto 13 (3 um inculturemediumfor 0.5 h), then fibroblasts
were detached and aspirated. Both fluorophoreswerefrom
Molecular Probes. Cellswere observed by epifluorescence
illumination using a 63%/1.25 oil objective and appropri-
ate filter sets.

Theoretical analysis
Model hypotheses and parameters
Fibroblasts were modeled as fluid drops bounded by a

cortex under persistent tension, and possessing area el as-
ticity. The model is borrowed from existing descriptions
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of leukocyte rheology (Evans and Yeung 1989; Yeung
and Evans 1989; Tran-Son-Tay et al. 1991; Needham and
Hochmuth 1992), whose main hypotheses seemto also hold
for fiboblasts. Indeed, tension is a critical feature of fibro-
blasts (Albrecht-Buehler 1987; Galbraith and Sheetz 1997;
Thoumine and Ott 19974a), and generally attributed to an
actin-rich peripheral layer; it contributesto the adoption of
a spherical shape upon detachment with trypsin. Here, we
suppose fibroblast cortical tension to be 2D isotropic, with
aresting value 1,,. Surface elasticity in fibroblasts has been
demonstrated by several studies (Felder and Elson 1990;
Lo et al. 1998). We describe it by an area expansion mod-
ulus K (N/m), adopting afirst-order elastic law for the cor-
tical tension (Needham and Hochmuth 1992):

T=17,+Ka

)

where a = (A—Ay)/Ay istherelative change in surface area
(Aisthe cell areain the deformed state, and A, isthe area
in therelaxed state). Fibroblasts also have viscous proper-
ties, especially dominant at times scal es of minutes (Thou-
mine and Ott 1997a). To model this behavior, we approx-
imate the cytoplasm as a spherical core made of aNewton-
ian fluid with a high viscosity, u. We further hypothesize
that fibrobl asts possess, asleukocytes (Simon and Schmid-
Schonbein 1988; Evans and Yeung 1989), a large excess
in plasma membrane area. Thisisin agreement with elec-
tron microscopy images showing numerous folds on the
surface of suspended fibroblasts, which are almost absent
from spread cells (Vasiliev 1985; O'Neill et al. 1986).
Thus, increasesin apparent (or cortical) areacan easily be
accomodated by unfolding of membrane wrinkles (Yeung
and Evans 1989).

Adhesion and spreading

Adhesion corresponds to the formation of aplanar contact
between the cell and the substrate. The hypothesis of iso-
tropic tension predicts that the region outside the contact
zone should have a spherical shape. Thus, the morphology
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of adherent fibroblasts may be described by a truncated
sphere, whose volumeisV = mH?(R—H/3), where H isthe
height and Risthe radius of the sphere. Elementary geom-
etry gives two relationships between H, R, the contact
angle 6,, and the contact diameter D, cos 6,= H/R-1, and
D,=2Rsin 6,. Under the further assumption that cell vol-
umeis conserved during adhesion and spreading, then V =
41TRY/3, where Ry istheradius of the suspended cell. From
these equations, one obtains the following relationships
between H, D, and 6,;

(H/Ry)® = 4/[3/(1+cos 6)—1] 2)
(D,/2Ry)3 = 4sinB,(1-cosB,)/[(1+cosb,) (2-cosh,)] (3)
and

D= 2[(8Ry/H~-H?/3] (4)

Aspiration: equilibrium analysis

When the aspiration pressure is adjusted so that the cell
forms a hemispherical cap in the pipet, there exists a me-
chanical equilibrium. For a suspended cell (Fig. 2A), the
persistent cortical tension at equilibrium, 1., can be re-
lated to the aspiration pressure by applying Laplace’s law
at the pipet entrance and at the equatorial section (Evans
and Yeung 1989):

APeq= 2 T4 (VR,—URY) (5)

where AP, is the difference between the pressure in the
external medium (Py) and the pressure in the pipet (P,,) at
equilibrium, R, the pipet radius, and R the radius of the
cell outside the pipet, which is dligthly lower than R,
(Fig. 2). For an adherent cell (Fig. 2B), one can write two
equations for the cortex (Evans et al. 1980; Evans and
Leung 1984; Tozeren et al. 1992).

1. For the hemispherical cap inside the pipet:
2NR, Toq = MRS (P.—P,)

2. For the region between the pipet and the plate:
2TTR, Toq SING, = 2TTR, Teg SINO,—TMR-RY) (P.—Py)  (7)
where P_ isthe cell internal pressure (unknown). By elim-
inating P from Egs. (6) and (7), one obtains, for R,;#R,;
APgq = 2Tey[V/R,—(Ry SiN6,—R, sin6,)/(R—R))] (8)

Inthelimit of R, — 0 (case of anon-adherent cell), Eq. (8)
becomes:

AP = 274 (UR,—SiN6/R,) ©)

which is equivalent to Eq. (5), since sing, = R/R; for a
suspended cell (Fig. 2A).

(6)

Aspiration: rapid entry phase

When the aspiration pressure is adjusted above the equi-
librium value, the model predicts arapid jump dueto cor-

tex elasticity, followed by a steady entry due to viscous
flow of the cytoplasm. We hypothesize a pseudo-equilib-
rium during theinitial entry phase (neglecting viscous dis-
sipation which occurs on alonger time scal€), so that the
instantaneous tension T is related to the transient aspira-
tion pressure AP through an equation similar to Eqg. (8):

AP = 2T[1/R,—(R,Sin6,—-R, sin6,)/(R-Ro)] (10)

Combining with Egs. (1) and (8), AP, being the aspira-
tion pressure in excess of the equilibrium value (AP, =
AP-AP,), we obtain the relationship:

AP, = 2K a[UR,—(R,Sin6,—R, sin6,)(R—RY)]  (11)

Aspiration: flow into the pipet

In the case of asuspended cell, the internal viscosity i can
be expressed as a function of the rate of entry (dL/dt), the
excess pressure (AP,,.), the pipet and cell radii, and a pa-
rameter ) which representstheratio of viscous dissipation
inthe cortex versusthat in thefluid core (Yeung and Evans
1989); n was demonstrated to be about 0.01 for leukocytes
(Evans and Yeung 1989). A linearized version, taking n =
0.01, gives (Needham and Hochmuth 1992; Zhelev and
Hochmuth 1994):

1= AP J[6 dL/dt (UR,~1/R))] (12)

Inthe case of adherent and spread cells, wesimply replaced

the scaling term (UR,-1/R.) in Eq. (5) by the one in

Eq. (8), and arrived at the following equation:

= AP, J{ 6dL/dt[1/R,—(R, Sin6,—R, sin 6,)/ (RO}
(13)

Force at the basal surface

At equilibrium, the force F, at the cell-microplate inter-
faceis (Fig. 2B):

Fa= 2MTR, T SiNG,— TR (P—Py) (14)

Combining with Egs. (6) and (7), one obtains:

Fa= AP, (sin/R,—sin 6,/R,){ (UR-1/RY)
-[1/Rp—(RasinGa—Rpsinep)/(Rg—Rf,)]} (15

By approximation, we use the same relation for the non-
equilibrium phase.

Results
Morphology of fibroblasts on microplates

Wefirst quantitatively examined the degree of cell spread-
ing. Chick fibroblasts adhered well to untreated borosili-
cate microplates, but failed to spread on them at room tem-
perature, even in the presence of serum (Fig. 3A, C). To



Fig. 3A-D Adhesion and spreading of fibroblasts on microplates.
The cell on the left has adhered on the microplate for 5 min (A, C).
The cell on the right has been allowed to spread at 37°C for 3 h
(B, D). Upper views (A, B) are in phase contrast, side views (C, D)
arein bright field. Bar, 5 um

promotespreading, cellswereincubated at 37 °Cinthepres-
ence of serum, for up to 3 h (Fig. 3B, D). After staining
with rhodamine-phalloidin, a dense cortical layer was ap-
parent in adherent cells, whereasin spread cells F-actin was
organized in amore complex fibrillar network (not shown).
By rotating microplates, one could obtain both upper and
side views, alowing determination of cell height, contact
diameter, and contact angle (Fig. 2B). We plotted these pa-
rameters for the 70 cells examined in this study (Fig. 4).
The use of contrasting conditions of spreading (from sus-
pended cellsto almost fully spread cells) allowed usto vary
morphometric parameters over alarge range (Table 1). As
cellsflatten out on microplates, the cell-microplate contact
angleincreases, the contact diameter increases, and the cell
height decreases (Fig. 4). We could fit these data quite well
with simple theoretical expressions, approximating cell
shape by atruncated sphere of constant volume, which was
in reasonable agreement with the images and data obtained
(Fig. 3 and Table1). This gave reference diameters R,
between 12 pmand 16 um, closeto thesizeof control round
cells. A significant increase in apparent surface area (up to
50%) was observed upon fibroblast adhesion and spread-
ing (Table 1), which could be modeled using our geomet-
ric analysis (not shown).
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Fig. 4A,B Morphometric changesduring cell spreading. A Thecell
height (H) and the diameter of conjugation between the cell and the
microplate (D,) are shown versus the contact angle (6,). Each point
represents one cell (n = 70). The plain curves are theoretical rela-
tionships given by Egs. (2) and (3) in the analysis. B Relationship
between contact diameter and cell height; thesolid curve corresponds
to Eq. (4)

Fibroblast cortical tension

To estimate their mechanical properties, fibroblasts at var-
ying degrees of spreading were aspirated into a micropi-
pet. Negative pressure was first increased by small incre-
ments, until the cell formed a static hemispherical capinto
the pipet. No further penetration of the cell was observed
if the pressure was maintained at this equilibrium value
(not shown). The area of the cell aspirated at the equilib-
rium pressure was not significantly different from that of
the non-aspirated cell (not shown). Thus, weset a =0in
Eq. (1), giving 1o~ Ty The persistent cortical tension was
estimated from the equilibrium pressure (APg,) and mor-

Tablel Morphometry of fibro-

blasts in different spreading Condition n 0, (°) H (um) D, (UM) S(um?) V (um®)
conditions. Data are expressed

as mean+standard deviation. Suspended-control 16 0 153+13% 0 735+120 1825+450
The contact angle (6,), cell Suspended-3 h 5 0 15.4+1.2% 0 725110 1790400
height (H), and diameter of the ~ Suspended-cyt D 12 0 142+16% 0O 640+140 1550+520
contact zone (D,) were meas- Adherent 16 7114 125%13 11.5+2.0 760130 1730+430
ured directly from side-view im- ~ Spread-0.5 h 15 101+27 10.1+13 17.3+6.8 880+400 1750+680
ages. Cell surface area (S) and Spread-3 h 15  134zx21 7.3+14  244+105 1090+400 1600+650

volume (V) were computed from
3D reconstructions of cell shape

@ The height of suspended cells was taken equal to their diameter (H = 2R)
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Fig. 5 Validation of the relationship between cortical tension and
aspiration pressure. The micropipet diameter was varied between
3 um and 8 um. For each diameter, the equilibrium pressure corre-
sponding to the formation of a hemispherical cap into the pipet was
determined for 5-15 fibroblasts. The average valueis plotted versus
the geometric factor in Egs. (5) and (8). Therelationship islinear for
both conditions, the slope of which being taken as the resting corti-
cal tension. We found 1, = 3.3x10~* N/m for suspended fibroblasts
(r =0.92, n=63cells), and 2.1x10™* N/m for adherent ones (r = 0.96,
n =48)

phometric parameters, using Eq. (5) for suspended cells
and Eq. (8) for adherent cells. Thevalidity of thesetwo ex-
pressionswas subjected to experimental test by varying the
pipet diameter from 3 pmto 8 pm (Evansand Yeung 1989):
thisallowed thegeometricfactor, i.e. 2(1/R,~1/R.) for sus-
pended ceIIsand2[1/Rp—(RasinGa—Rpsian)/(Rza—Rf%)] for
adherent cells, to vary from 0.2 um to about 1 pm™. The
rel ationship between AP, and these geometric factorswas
linear (Fig. 5), as predicted by the equations. Neither the
equilibrium pressure nor the cortical tension were found
to be significantly affected by cell spreading (Table 2); if
anything, they showed asmall decrease upon fibroblast ad-
hesion and spreading (Fig. 5). However, the cortical ten-
sion of suspended cells treated with cytochalasin to per-
turb actin polymerization, or butanedione monoximetoin-
hibit myosin ATPase activity (Waterman-Storer and Sal-
mon 1997) was decreased by respectively 44% and 21%
(Table 2).

Surface elasticity of the fibroblast cortex

After the equilibrium phase, the aspiration pressure was
quickly set from AP, to 30 mmH,O above AP, for
10 min, then set back to AP, for another 5 min (Fig. 6).
At all stages of spreading, cells exhibited a strong initia
penetration into the pipet (Fig. 7A), accompanied by an
increaseinsurfacearea(Fig. 7B). Furthermore, when pres-
sure was set back to the equilibrium value, the cell showed
asmall recoil, manifest both in the length of the aspirated
portion (10—20% decrease) and in the surface area. This
overall behavior was in agreement with area elasticity of
the cortex (Eq. 1). The relative change in surface area, a,
was on the order of afew percent and found to decrease
with spreading (Table 2). The area expansion modulus (K)
calculated through Eq. (11), was around 102 N/m and
found to increase by as much as 40% in the process of cell
spreading, but was not aff ected by treatment with cytochal -
asin D (Table 2).

Apparent viscosity of the fibroblast interior

From the long term penetration of the cell into the pipet,
one could detect viscous effects. After the initial phase,
cells exhibited slow and steady penetration into the pipet
(Fig. 6). When the pressure was set back to AP, at the end
of the 10 min period, the aspirated portion did not retract
much (Fig. 7A). Moreover, when cellswereremoved from
the pipet at the end of the aspiration test, they retained a
very deformed shape (Fig. 8D). Then, cells went back to
their original shapein atime scale of about 10 min, owing
tocortical tension (not shown). All these observationswere
in agreement with a viscous behavior of the cell interior.
The apparent viscosity, in the range of 2—4 10% Pa s, was
found to increase by almost a factor of 2 in the course of
cell spreading, but did not change upon perturbation of ac-
tin with cytochalasin (Table 2).

Basal force

In order to validate the mechanical analysis, we measured
the force exchanged between the cell and the microplate

Table2 Mechanical parame-

ters of fibroblasts at different Condition n

APg (N/M?) 14 (107* N/m) o (%)

K (102 N/m) u(10*Pas)

stages of spreading. The persis-

- Suspended-control 16 199482  3.91+151 4043247 162£097  1.92+0.69
T o ?{,Zaaﬂsj;_ Suspended-3 h 5 132676  280+169  644:133 098+019  177+0.79
ent viscosity (1§ were deter . Suspendec-cyt D 12 94+42  219+109° 549:382 186418  214+111
mined by fitting the data with Suspended-BDM 17 139+53 2.83+1.022 NDP ND ND
expressions desribed in the Adherent 14 127+63  298+135  464%+259 190+161  2.63+129
theoretical andlysis. Theequi-  Spread-05h 13 146+52 2704094  376+250 208+181  295+121°
Spread-3 h 14 182462  303+115 2884196 223+t155  3.7842.37°

librium pressure (AP,) and the

fractional area expansion (a)
are also shown. Data are ex-
pressed as mean+standard de-

viation b Not determined

@ The cortical tension of suspended fibroblasts treated with cytochalasin D or butanedione monoxime
was significantly lower than that of control cells (P = 0.005 and 0.05, respectively)

¢ The apparent viscosity of cells spread for 0.5 h or 3 h was significantly higher than that of suspend-
ed cells (unpaired t-test, P = 0.02 and 0.005, respectively)
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Fig. 6A—H Micropipet aspiration of fibroblasts at different stages
of spreading. A, E Suspended fibroblast. B, F The cell has adhered
for 5 min before aspiration. Cells were incubated at 37°C for 0.5 h
(C, G) or 3h (D, H) to promote spreading. In the upper part of the
figure (A-D), actual cells are shown 5 min after adjustment of the
aspiration pressure to 30 mmH,O above the equilibrium value. The
cell isin the middle of the image, sitting on the microplate (bottom
contour in B, C, and D), and the micropipet (cylinder) comes from
thetop. Inthelower part (E-H), the corresponding images are three-
dimensional reconstructions of cellular shape during aspiration; the
computer analysisallowed quantitation of cell areaand volume. Note
that penetration is lower in spread cells, relatively to suspended
and adherent cells. In these experiments, the pipet diameter was
5.3+0.5 pm (mean+ SD, n = 15 pipets). Bar, 5 um

during micropipet aspiration of adherent cells, and com-
pared it to the one predicted by the model. Cells were
seized on flexible microplates, and exposed to the same
aspiration test described above (Fig. 8). The force at the
cell-microplate interface was estimated from the deflec-
tion of the microplate, after appropriate calibration. A
forcearound 0.5 nN wasal ready detectablewhen the pres-
sure was maintained at its equilibrium value (Fig. 9). The
force was found to increase rapidly to a plateau around
1.2 nN when the aspiration pressure was set to 30 mmH,0
above AP, then relaxed slowly when the pressure was
set back to AP, (Fig. 9). A theoretical force was derived
from knowledge of imposed pressure and cell morphom-
etry (Eqg. 15). At the equilibrium pressure (time between
—3 min and 0 min and between 10 and 15 min), the theo-
retical force was very close to the one measured experi-
mentally (Fig. 9). During the aspiration phase (time
between O min and 10 min), the predicted force was
slightly higher than the measured one. This was mainly
due to the fact that our calculation hypothesized mechan-
ical equilibrium, while cellswerein fact continuously de-
forming during this phase (part of the forceimposed at the
apical surface was dissipated through cell deformation,
and not transmitted to the basal surface).

Discussion
Novelty of the experimental approach

In this study, we examined changes in fibroblast mechan-
ical properties accompanying spreading. Chick fibroblasts
were chosen as amodel cell system because their structu-
ral, adhesive, and migratory properties are well docu-
mented (Harris 1988, 1990). In addition, we already had
information ontheir viscoel astic and contractil e properties
(Thoumineand Ott 1996, 1997 a). We could accurately vary
and measure the degree of fibroblast spreading on glass
microplates, which have the advantage of being flat, trans-
parent, and adhesive surfaces. Spreading was accompanied
by a structural organization of the actin network similar
to that reported in other studies (Sorrano and Bell 1982;
David-Pfeuty 1985; Vasiliev 1985; Bereiter-Hahn et al.
1990; Mooney et al. 1995). The micromanipul ation system
provided excellent side views of the cells, comparable
to images obtained with other techniques (Ingram 1969;
Hlinka and Sanders 1972; Boocock et al. 1984; Roth et al.
1988; Tozeren et al. 1992; Cao et al. 1997). This allowed
precise morphometric measurements; in particular, we
could calculate cell area and volume in an axisymmetric
geometry using anew computer method. M oreover, the mi-
cropipet provided a control of the pressure with an accu-
racy of 0.5 mmH,0O (corresponding to aforce of 0.2 nN),
and the microplate allowed the measurement of forces at
thebasal surface (inthenN range). To our knowledge, these
experiments represent one of thefirst attemptsto probe si-
multaneously forces at both ends of a cell and correlate
them. Forcesand deformationswererel ated through atheo-
retical model, allowing computation of the mechanical
properties of fibroblasts.
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Fig. 7A—C Quantification of morphological changes during aspi-
ration of fibroblasts. Micropipet aspiration tests were carried out on
four categories of cells: (1) suspended; (2) adherent; (3) spread for
0.5 h; and (4) spread for 3 h. Two quantities are shown: A the length
of the portion penetrating into the pipet, and B the overall surface
area of the cells. The pressure was set asindicated in C: at time ze-
ro, the aspiration pressure was increased by 30 mmH,O above the
equilibrium pressure (AP,), and maintained constant for 10 min. It
was then set back to AP, for 5 min. Note in plot A the fast initial
regime, followed by a smooth linear length increase. The surface
areaincreased slightly following the pressure jump (right after time
zero), then remained fairly constant. Cell volume varied on average
by 4-9% during aspiration (not shown). Each point represents an
average of about 15 cells. Standard errors are 14-36% of the mean
value for the length, and 13-45% for the area. Note that the appar-
ent areaincreases with cell spreading

Validity of the model and measurements

Our model of the fibroblast structureisthat of afluid core
bounded by a contractile cortex. The cortex was described
by both persistent tension and area el asticity, and theinter-
nal fluid was characterized by a large apparent viscosity.
Other models may be equally valid, but they would have
to be thoroughly justified. For example, a viscoelastic
model with ayield stress is not consistent with previous
experiments using two microplates (Thoumine and Ott
19974a), which show a linear stress-strain relationship
when cells are stretched in the elastic regime (at short
term), while the tensegrity paradigm (Wang et al. 1993)
does not predict the observed viscous behavior. Advan-
tages of our model are that it is particularly suited to the
axisymmetric geometry and leads to analytic expressions.
Although reducing cell structural complexity to aminimal
number of constituentswith simple mechanical properties,
this analysis described most of the fibroblast behavior in
our experiments. First, it agreed with the actual shapes of
adherent and spread fibroblasts, which looked like trun-
cated spheres of constant volume. Second, it predicted that
the equilibrium aspiration pressure should increase line-
arly withtheinverseof the pipet diameter, which wastested
experimentally for both suspended and adherent cells. This
allowed computation of the resting cortical tension (in the
range of 2—4 10~* N/m). Third, the hypothesis of areaelas-
ticity was confirmed by arapid initial entry of fibroblasts
in the micropipet upon a step increase in pressure, accom-
panied by an increase in surface area of about 3-6%. This
behavior allowed calculation of the area expansion mod-
ulus, K. Fourth, the hypothesis of a very viscous core
agreed with the slow, steady and irreversible penetration
of fibroblasts into the micropipet at a pressure above the
equilibrium value. The viscosity found for suspended fi-
broblasts agrees well with avalue (10* Pas) cal culated for
the same cells using atechnique of dual microplate manip-
ulation (Thoumine and Ott 1997a). Furthermore, from
knowledge of the viscosity and cortical tension, one can
estimate arelaxation time: t = (4 Ry/ 1 (Tran-Son-Tay et al.
1991), where R, is the radius of suspended cells (a char-
acteristic length). With average values u=2.6x10* Pa s,
To=3x10~*N/m, and R,= 8 pm, onegetst = 12 min, which
is close to the time it took cells to relax to their original
shape at the end of aspiration test, pulled together by the
cortical tension. Thesefactsgive credit to the approximate
expressions used for computation of the viscosity. Finally,
the model accurately predicted the relationship between
pressure in the micropipet and force transmitted at the mi-
croplate surface, especially in the equilibrium phase. The
forces detected at the basal surface, around 1 nN, are 2-3
orders of magnitude lower than those necessary to detach
the cell fromitssubstrate (Tozeren et al. 1992); indeed, we
did not observe much change in the geometry of the con-
tact zoneduring aspiration. However, suchforcesarelikely
to increase the cell-substrate separation distance, as dem-
onstrated for osteoblast-like cells pulled on with magnetic
microspheres (Lo et al. 1998). If the same spring constant
(k = 28 pN/nm at room temperature) were to hold for fi-



Fig. BA-D Micropipet aspiration of afibroblast adherent to aflex-
ible microplate. A A fibroblast (center) was captured on a micro-
plate (bottom contour), and viewed from the side. A pipet (top pro-
file) was approached and the negative pressure was raised by incre-
ments until a hemispherical cap formed in the pipet (B). Then, the
pressure was increased by 30 mmH.,0, and aspiration proceeded for
10 min. Thecell in C isshown after 5 min. The pressure was set back
toitsequilibrium value, and the cell was allowed to relax for 5 min.
Finally, the micropipet was removed (D). Afterwards, the cell re-
laxed in about 10 mintoitsoriginal shape, asin A (not shown). Note
the penetration of the cell into the pipet, and the concomitant deflec-
tion of the microplate from its equilibrium position (black horizon-
tal line), which ranged from about 0.2 um to 4 um. Bar, 5 um

broblasts, one could then predict an elevation of 18-43 nm
upon micropipet aspiration, which istoo low to be detected
by optical microscopy.

Meaning of the mechanical properties

In the model, cortical tension was attributed to an actin-
rich peripheral layer, in agreement with our observations
of F-actin distribution in fibroblasts (not shown). Corti-
cal tension probably relies on an actin-myosin contraction
mechanism since treatment of fibroblasts with butanedi-
one monoxime (a known inhibitor of myaosin function) or
cytochalasin D at doses sufficient to cause effective de-
polymerization of the actin network (Thoumine and Ott
1996) both caused adecreasein 1,. A similar drop in cor-
tical tension has been reported for leukocytes upon treat-
ment with cytochalasin (Tsai et al. 1994; Ting-Beall et al.
1995). Depolymerizing actin is also known to inhibit the
contractility of chick fibroblasts in other experimental
systems, i.e. permeabilized cells stimulated with ATP
(Thoumine and Ott 1996), or cells seized between micro-
plates (Thoumine and Ott 1997a). Occasionally, we ob-
served the formation of vesicles at the penetrating front
in cytochalasin-treated cells, confirming that the cortex
had become weaker. However, we never saw separation
of the membrane from the cytoplasm in untreated cells
(within the limit of optical resolution): granular material
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Fig. 9 Changesin basal force over time during the aspiration test.
The experimental force (solid circles) was estimated from the de-
flection of the flexible microplate, after calibration. The theoretical
expression (open circles) was cal culated from knowl edge of the pres-
sure and geometry, using Eq. (15). The morphometric factorsdid not
vary much during aspiration; they were thus measured only once, at
the middle of the aspiration period. Thisiswhy the theoretical esti-
mate is constant. Each point represents an average of 15 cells. The
standard error is 54—77% of the mean value for the experimental de-
termination, and 57—61% for the theoretical one

was present all the way to the tip of the protrusion. This
behavior isin contrast with that of red blood cells, which
show a clear segregation of lipids from cytoskeletal pro-
teins upon aspiration in amicropipet above acritical pres-
sure (Discher et al. 1994). The differenceis probably due
to the fact that in fibroblasts there is excess membrane
area (evenin spread cells, see below), so that deformation
is accompanied by unfolding of surface wrinkles, not
stretching of the plasma membrane. In contrast, the sur-
face of swollen erythrocytesisfully extended, giving rise
to higher tensions and eventually separation of the mem-
brane from its supporting cytoskeleton. Finally, we ob-
served alarge scatter in the measurements of cortical ten-
sion, which may partially be due to the fact that individ-
ual cells are not al in the same phase of their growth cy-
cle. Future experiments on synchronized cell populations
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should show if each growth phase is characterized by a
specific stiffness.

Aspiration of fibroblastsinto micropipetsislikely to be
accompanied by stretching of the actin-rich cortex. Sup-
posedly, the volume of the cortex remains constant, and its
areaincreases by afew percent upon aspiration (Yeung and
Evans 1989). This 2D isotropic deformation was charac-
terized by an areaexpansion elastic modulus, K, whichwas
found to be quite high (around 102 N/m), suggesting it is
relatively difficult to stretch the fibroblast cortex. Theo-
retical calculations have been made that predict the rela-
tionship between the cell-substrate contact angle (6,) and
the dimensionless adhesive energy, w,/ 1y, for various val-
uesof theratio K/ 1, (Evans 1995). In our experiments, K/ 1,
is around 30, giving w,/1, = 10 for a contact angle of 90°
(situation of intermediate spreading). Thus, the adhesive
energy per unit area, w,, should be around 3x10~3 N/m,
about 10 times larger than that measured for T lympho-
cytes adhering to ICAM-1 (Tozeren et a. 1992) or two
erythrocytes bound by agglutinins (Evans and Leung
1984). The discrepancy may be attributed to differences at
several levels (cell type, adhesive molecules, extent of
spreading, temperature).

If the balance between cortical tension and adhesive-
ness dictates the final extent of spreading for a cell, cyto-
plasmic viscosity is likely to affect the rate at which cells
spread. The high values found here for fibroblasts are in
agreement with spreading being arather slow process. The
apparent viscosity of the cell core, represented by the pa-
rameter u, expresses overall dissipation of mechanical en-
ergy through irreversible phenomena, which can include
cytosolic flow and rearrangement of the cytoskeletal net-
work. Other processes such as depolymerization and re-
polymerization of filaments may also play a role. How-
ever, treatment with cytochalasin did not affect the appar-
ent viscosity of round fibroblasts. Furthermore, no accu-
mulation of polymerized actin was observed inside the mi-
cropipet upon aspiration of suspended cells (not shown).
This suggested that actin polymerization was not neces-
sary for cell entry in the micropipet. The cell nucleus be-
ing quiterigid (Maniotis et al. 1997; Caille et al. 1998), it
may raise the apparent viscosity if it gets plugged at the
micropipet mouth (Tran-Son-Tay et al. 1998). However,
we never observed cessation of flow during aspiration, and
stained nucleus were always found in the cellular part out-
side the pipet and not particularly close to the mouth (not
shown), suggesting that in our experiments the nucleus
does not interfere with cytoplasmic flow.

Overall, the three mechanical parameters (cortical ten-
sion, area expansion modulus, and apparent viscosity) are
much larger for fibroblasts than for leukocytes (Evans
and Yeung 1989; Tran-Son-Tay et al. 1991; Needham and
Hochmuth 1992). These differences may berelated to con-
trasting mechanical roles played by the two cell types: fi-
broblasts provide structural support to connective tissues
and have to develop and resist large forces, whereas white
blood cells must be soft enough to enter capillaries. It is
our hope that the microplate technology can be used to fur-
ther test existing models of leukocyte rheology.

Changes during spreading

Fibroblast spreading was accompanied by a 50% increase
in total cell surface area, which must involve unfolding
of plasma membrane wrinkles since lipid bilayers can ac-
comodate only a few percent area increase (Evans et al.
1980). Experiments of microsphere engulfment (Simon
and Schmid-Schénbein 1988) and micropipet aspiration
(Evansand Yeung 1989) have shown that thereis80-100%
excess membrane area in leukocytes. If the same values
hold for fibroblasts, one may expect that the membraneis
not totally unfolded in cells spread for 3 h. We thought that
the increase in surface area upon spreading could be ac-
companied by stretching of the actin-rich cortex, possibly
resulting in changes in mechanical properties at the fibro-
blast surface. We observed a slight decrease in the resting
cortical tension 1, upon cell adhesion and spreading, more
prominent for adherent cells. One explanation of this phe-
nomenonwould bethat stretching of the cortex occursupon
adhesion and is accompanied by a relaxation of the outer
surface (the one probed by the micropipet). Another pos-
sible mechanism is that the volume of the cortex increases
during cell spreading, allowing the apparent area to rise
with no change in the resting tension. In contrast, the elas-
tic area expansion modulus K was increased in adherent
and spread cells versus suspended cells, indicating that the
cortex had become stiffer. The increase in surface rigidity
upon spreading may be due to changes in the cell internal
structure. Crosslinking of actin filaments, which is known
to increase gel rigidity in purified systems (Janmey et al.
1990), might be involved in such cortical stiffening. Oth-
ers studies have reported similar surface hardening upon
cell restructuration. In responseto fluid shear stress, endo-
thelial cell elongation (concomitant to the formation of
actin filament bundles) correlates with alarge increase in
surface stiffness, as probed by micropipet apiration (Sato
et al. 1987). As another example, the cortical strength of
endothelial cellsincreaseswith projected cell surface area,
as judged by cytomagnetometry (Wang and Ingber 1994,
1995). Sincetransformed cellsare usually less spread than
their normal counterparts (Vasiliev 1985), the increase in
rigidity accompanying fibroblast spreading may berelated
to thefact that transformed cells are more deformabl e than
normal cells (Erickson 1980; Thoumine and Ott 1997b).
Finally, the rate of penetration of fibroblasts into micropi-
pets was lowered by spreading, giving rise to higher ap-
parent viscosities for spread cells (3.8x10% Pa s) than for
cellsin suspension (1.9x10% Pas) and adherent fibroblasts
(2.6x10* Pa s). Endothelial cells also exhibit similar in-
creasesininternal viscosity with projected area (Wang and
Ingber 1994, 1995), although the reported values arelower
than ours, probably owing to the use of different cells, ex-
perimental systems, and mechanical analyses. It is known
that the viscosity of actin solutions is enhanced by poly-
mer length and degree of crosslinking (Janmey et al. 1988).
The increased apparent viscosity with cell spreading may
be due to such structural alterations in the cytoskeleton.
Alternatively, active phenomena, e.g. polymerization of
cytoskeletal filaments, may contribute to increase the ap-



parent viscosity. For example, spread cells often extended
transient protrusionsin the micropipet, whereas suspended
cells exhibited a more steady penetration.

Conclusion

In this paper, we characterized the mechanical behavior
of spreading fibroblasts: a novel micromanipulation tech-
nique coupled to a theoretical approach allowed computa-
tion of cortical tension, surface elasticity, viscosity, and
force at the basal surface. The mechanical analysis de-
scribed fairly well the observed cellular behavior. Itiswell
known that perturbing the cytoskeleton, for example by
drugswhichinhibit filament polymerization decreases cell
stiffness. Here, on the other hand, we show that structural
organization promoted by spreading resultsin cell stiffen-
ing. The next step is to establish correlations between cy-
toskeletal organization underlying cell spreading and
changesin rheology. Taken together, our observations pro-
vide new information on fibroblast mechanics, which play
an important role in connective tissue organization and re-
pair.
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