Biophysical Journal Volume 79 November 2000 2353-2368 2353
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ABSTRACT Tissue models reconstituted from cells and extracellular matrix (ECM) simulate natural tissues. Cytoskeletal and
matrix proteins govern the force exerted by a tissue and its stiffness. Cells regulate cytoskeletal structure and remodel ECM
to produce mechanical changes during tissue development and wound healing. Characterization and control of mechanical
properties of reconstituted tissues are essential for tissue engineering applications. We have quantitatively characterized
mechanical properties of connective tissue models, fibroblast-populated matrices (FPMs), via uniaxial stretch measurements.
FPMs resemble natural tissues in their exponential dependence of stress on strain and linear dependence of stiffness on force
at a given strain. Activating cellular contractile forces by calf serum and disrupting F-actin by cytochalasin D yield “active” and
“passive” components, which respectively emphasize cellular and matrix mechanical contributions. The strain-dependent
stress and elastic modulus of the active component were independent of cell density above a threshold density. The same
quantities for the passive component increased with cell number due to compression and reorganization of the matrix by the
cells.

INTRODUCTION

Tissue models reconstituted from specified cells and extrause reconstituted tissue models to study the mechanical
cellular matrix (ECM) components provide simplified bio- functions of cytoskeletal proteins. Because the cells, the
logical systems in which to study cell-matrix interactions in matrix, and their interactions determine the mechanical
wound healing and tissue development (Bell et al., 1979properties of model tissues, we have sought conditions in
Grinnell, 1994). Quantitative measurements of the forcewhich cytoskeletal contributions to the mechanics can be
exerted by these models provide a powerful and flexiblemeasured specifically.
approach to study mechanisms of force regulation in non- A major conclusion from this work is that under specified
muscle cells (Goeckeler and Wysolmerski, 1995; Kolodneyconditions, the mechanical contributions of the cells to the
and Elson, 1993, 1995; Kolodney and Wysolmerski, 1992)fibroblast-populated matrix (FPM) can be distinguished
Measurements of tissue stiffness introduce an additiondrom those of the matrix. The stiffness of the model tissues
dimension, revealing mechanical functions of matrix com-is the sum of two components, termed “Active” and “Pas-
ponents and cellular structural systems such as the cytoskedive.” The latter represents the mechanical properties of
eton. Stiffness measurements can also probe mechanicaPMs from which cytoskeletal and some matrix contribu-
interactions between cells and ECM, and mechanisms dions have been eliminated by disrupting actin filaments.
tissue remodeling in development and wound healingThe ECM dominates the Passive component. The Active
Moreover, characterization and control of the mechanicabnd Passive components have significantly different me-
properties and functions of reconstituted tissue equivalentshanical properties. The dynamic stiffness increases much
are essential tasks for practical applications of tissuenore rapidly at high strain for the passive than for the active
engineering. component. The force that resists stretching the matrix is an
We have developed methods for quantitative measureexponential function of the strain. At high strain, at which
ment of the forces produced by reconstituted tissue modelghe matrix dominates the mechanical properties of the FPM,
both of nonmuscle cells and cardiomyocytes (Eschenhageihe dynamic stiffness of the tissue is therefore a linear
et al.,, 1997; Kolodney and Elson, 1993). This paper defunction of the force that the tissue exerts or which is
scribes an extension of this method to measurements a@xerted on the tissue. Furthermore, the dynamic stiffness of
tissue stiffness and a characterization of the mechanicahe tissue model increases linearly with the logarithm of the
properties of reconstituted tissue models assembled witbscillation frequency at which it is stretched. Both these
chick embryo fibroblasts. One of our long-range goals is toproperties are seen in natural biological tissues (Fung,
1993). They present a challenge for structural interpretation.
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cillin at 50 units/ml, and streptomycin at 50 mg/ml. The CEFs used to makdrom the mandrel. The FPM-ring was looped over the triangular hook
FPMs were passaged once or twice from primary cultures. Monomericonnected to an isometric force transducer (model 52-9545, Harvard Ap-
collagen solubilized in 0.02 M acetic acid (Upstate Biotechnology Inc., paratus, South Natick, MA) by a gold chain. The ring was also looped over
Lake Placid, NY) was neutralized at 4°C with 0.1 N NaOH and mixed with a horizontal bar connected to a sliding element moved linearly by a stepper
concentrated DMEM stock to yield a final normal DMEM concentration. motor (P/N 1-19-3400 24V DC 1.8° step size, Haward Industry, St. Louis,
The fibroblasts suspended by trypsin (Fig.al were mixed with the ~ MO) controlled by a microstepping driver (IM483 Intelligent Motion
collagen solution (Fig. D), the cell suspension was poured into Teflon Systems, Inc., Marlborough CT) (Fig. d). The apparatus changes the
casting wells (Fig. k), and wells were incubated at 37°C with 5% £O tissue length with prescribed time and amplitude to measure stress and
(Fig. 1 d). The collagen polymerized within 15-30 min and fibroblasts dynamic modulus of the sample. The microstepping driver controlled by a
were captured within the hydrated collagen gel. The collagen gel formed @ersonal computer with custom software (developed by Bill McCon-
ring (3 mm thick, 3 cm diameter) between the inner wall of the cylindrical naughey) enabled the stepper motor to achieve smooth motion. An analog-
well and the central mandrel. While in culture the cells compressed thigo-digital signal converter (CIO-DAS1602/16, Computer Boards, Inc.,
ring, reducing its volume~10-fold (thickness 200-30@m). The ring Mansfield, MA) attached to the computer translated the voltage signal from
could then be removed from the mandrel (Figelndf) and mounted on  the isometric force transducer to a digital signal for recording. The sample
the measuring instrument (Fig.d) as described below. was submerged in 50 ml Hepes-buffered DMEM (pH 7.4) in a thermo-
regulated organ bath (Harvard Apparatus, South Natick, MA) maintained
at 37°C. The two horizontal bars over which the ring was looped were
Mechanical measurements initially set to hold the ring at its original contour length (corresponding to
) ) ) ) [¥2] of the circumference of the mandrel). The amplitude of the force
After 2 days of incubation (serum starvation for the final 12-16 ), the osponse divided by the driving amplitude corresponded to the dynamic
mandrel was removed from the well and the FPM-ring was removed gentl\iitness of the sample subjected to a sinusoidal length changut20
amplitude; <0.5% stain, 0.5 Hz frequency). The dynamic stiffness and
tension of the FPM were measured at various strain levels by elongating
and shortening the sample at a constant ratqufhdmin) up to 20% strain.
a Collagen Monomer b
in 0.02 M acetic acid

4%@
=

Chicken
Embryo Fibroblasts

Measurement of tissue cross-sectional area

After a 2-day incubation the FPM forms a tight ring around the mandrel.
The mandrel with the FPM was placed vertically on an inverted micro-
scope (IM-35, Carl Zeiss Inc., Thornwood, NY). An image of the ring
viewed along its axis was captured by video camera and the thickness was
determined by image analysis. The width of the FPM was measured using

a caliper.
d 2-3 days
O,
g,ff‘?zw oc Estimation of cross-sectional areas

The cells in the FPMs were stained with the cytoplasmic fluorescent dye

Cell Tracker (Molecular Probes, Eugene, OR) using the recommended
% concentration in serum-free DMEM and incubating for 15 min at 37°C.

The samples were washed twice with PBS to remove excess dye and fixed
with 3.7% formaldehyde in PBS for 30 min at room temperature. The
circumferential direction of the FPM was aligned to theaxis of the
confocal scanning axis so that thi@xis of the image was always parallel
to the direction of stretch. A total of 36 images were taken at focal planes
separated by 2m along thez axis of the FPM (perpendicular to its planar
surface). The smallest confocal aperture (0.7 mm) was used to maximize
resolution along the axis, and the parameters were carefully chosen to use
the whole intensity range and to avoid saturation. A stack of 36 images was
resliced in the plane perpendicular to the axis of the stretch by Scionimage
software (Scion Corporation, Frederick, MD). The total cross-sectional
area of cells was computed by summing all the pixels with intensity higher
than a threshold. The threshold was determined once using one of the
images following a published procedure (Satoh et al., 1996). The same
threshold was used for all the samples because the images were obtained
using the same confocal parameters. The accuracy and reproducibility of

FIGURE 1 Schematic of methods for preparing and measuring FPMstn€ reslicing was confirmed by repeating the procedure for spherical
The CEFs and monomeric collages) @re mixed in DMEM at pH 7H). fluorescent beads (6m diameter) embedded in a collagen matrix.

This solution is poured into casting wells) @nd polymerized at 37°ClY.

The wells are incubatedi) for few days, during which the cells compress

and remodel the collagen matrix. After the incubation the mandrel isRESULTS

removed from the welld) and the FPM-ring is removed gently from the deli fth trix by th lls st v infl
mandrel ). The FPM-ring is connected to the force-measuring apparatuéo‘ remoaeling or the matrix by the cells strongly influences

(an isometric force transducer) and a stepper motor that controls the tissd@€ Mechanical characteristics of an FPM. After gelation of
strain @). the collagen, the cells adhere to the collagen fibers, elon-

Isometric
Force Transducer

Stepper Motor
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gate, and compress and stiffen the collagen matrix, reducintp stretch it to a defined level of strain. As described above,
its volume by ~10-fold and increasing its stiffness from we have typically used a triangular ramp stretch on which is
near zero to~1 dynjum. The cells near the edge of the superimposed a small sinusoidal strain= 0.5 Hz). The
tissue orient parallel to the edge (Kolodney and Elsondynamic stiffness was measured as the peak-to-peak change
1993). The elongated shapes of the cells labeled with @& force per change in strain.
fluorescent cytoplasmic dye and their distribution within the
matrix are readily displayed using scanning confocal fluo-
rescence microscopy (Fig. 2). The mechanical properties 06
tissues depend on the distribution of the cells and their
orientations. To a reasonable first approximation we mayTypically, the model tissue is subjected to a sequence of
consider the positions and orientations of the cells to bestretch cycles. In each cycle it is slowly stretched from 0 to
random (except near the edges of the tissue). See Zahalak22% over 30 min and is then returned at the same rate to its
al. (2000) (accompanying paper) for a more detailed disoriginal length. The increase in force during the first stretch
cussion of orientation effects. is substantially larger than in subsequent stretches (Fig. 3).
Our major purpose in this work is to characterize theThis change in mechanical properties during the first cycle
relative contributions of the cells and the matrix to theis not affected by disrupting the organization of cellular
mechanical properties of the reconstituted model tissues. Tactin filaments with cytochalasin D (CD), and so is most
accomplish this goal we measured the stiffness of the FPMBkely due to a change in the properties of the matrix during
at various strains and strain rates. We have developed &he first stretch (Asnes and Wakatsuki, unpublished obser-
instrument to measure the forces either generated by avations). For each stretch after the first there is a further
FPM or applied to it by a computer-controlled microstep-small decrease in maximum force. We have chosen to use
ping motor (Fig. 1). Using this instrument we can measureonly the first loading cycle for “preconditioning” because
stiffness of a model tissue by determining the force requiredhe major irreversible change in tissue mechanical proper-

ependence of force and stiffness on slow strain

FIGURE 2 Scanning confocal micro-

graphs of FPMs with different concentra-

tions of cells. The fibroblasts were labeled
with a fluorescent cytoplasmic dye (Cell

Tracker). The cells are elongated and ran-
domly oriented. The concentrations of fi-

broblasts before gel compression were
1,000,0004), 700,000 b), 400,000 €), and
100,000 ) cells per initial unit volume (1
ml) of the cell-collagen solution.

400,000 cells/ml 100,000 cells/ml

Biophysical Journal 79(5) 2353-2368



2356 Wakatsuki et al.

throughout the tissue. The local strain was measured by
following the displacement of small markers embedded
throughout the FPM. Time-lapse images of the sample were
taken every 2 min of each stretch cycle in the same appa-
ratus described above (Fig. 1) using a video camera with a
magnifying lens focused on the sample through the trans-
parent organ bath. The displacements of markers made from
small pieces of sterilized silk surgical suture@.5 mm in
length) were traced using Scion-image software (PC version
of NIH-image). During the first stretch the local strain in the
portions of the tissue closest to the horizontal bars around
which the FPM was looped were larger than the in the
middle of the tissue. Moreover, the markers in the regions
closest to the bars did not return to their original positions
after the first stretch. In the second and subsequent stretches

FIGURE 3 Force response to stretch. Typical force responses from . .
sequence of 4 stretch cycles applied to one FPM were traced in time. Thﬂje local strain measured by the markers appeared uniform

first stretch cycle produces a substantially larger peak force than th@nd reversible in all parts of the FPM.
subsequent cycles. A much smaller§%) reduction in peak force is seen

in each of the subsequent cycles.(Panelb illustrates the reproducibility

of the measurements by showing force responses of duplicate Flits ( Structural components that resist strain

line andgray broken ling. The effects of both 20% calf serum (increase in The f . f hed EPM .
contractility) and 2uM CD (abolition of active contractility) are almost e force versus strain curve for a prestretche acti-

identical in the duplicates. The cycle time was set to 30 instead of 60 mirvated to nearly the maximum extent by 20% FCS is shown
for this experiment to accommodate the additional experimental manipuin Fig. 4 a as the curve labeled “Total.” After acquisition of
I_ations. The force-strain and _stiffn(_ess—strain curves from two different cyclethis curve, the FPM was treated with 2M CD, which
times, however, are almost identical. disrupts the actin cytoskeleton, and was stretched again to
obtain the curve labeled “Passive.” The difference between
the total and the passive curves is labeled “Active.” The
ties occurs during this stretch. Moreover, the small changefrce versus strain curves exhibit hysteresis: force is larger
that occur between the subsequent stretch cycles (normaltyuring tissue loading than during unloading. Figa #lus-
6—7% decrease), while detectable, are not large enough teates that the elastic properties of the passive and active
influence our conclusions. In addition, unlike tissue samplegomponents are different: the active component of force
from an adult animal, FPMs are still slowly remodeling onincreases approximately linearly with strain, the passive
the second day after their formation. Repetitive stretchcomponent increases approximately exponentially. Qualita-
cycles could modulate the remodeling process and so intraively similar behavior is seen in Fig. @for the active and
duce an additional variable into the experiment that could b@assive components of dynamic stiffness (measured at 0.5
difficult to control. Effects of stretching on the tissue re- Hz). Similar results were obtained when active and passive
modeling process will be the subject of future investigation.components were both determined from second stretches of
Prestretching also reduces the variability of force versuglifferent FPMs, hence the small decrease in peak force
stretch properties from one FPM to another. In the followingbetween second and third stretches (Fig. 3) has no signifi-
we use the second and third stretch cycles for our experieant effect on these results.
mental measurements. Similar behavior is seen for biolog- Disruption of the intermediate filament and microtubule
ical tissues, although many rather than only one precondieytoskeletal systems does not cause a substantial change in
tioning stretches are used to reach a state in which forcehe mechanical properties of FPMs beyond that caused by
versus strain curves are repeatable (Fung, 1993). FurtheCD. This is demonstrated by treating FPMs with the phos-
more, the variation of force with strain is quite similar when phatase inhibitor, calyculin A, at high concentration, which
the strain rate is doubled. Although the loading and unloadhas been reported to disrupt actin, microtubule, and vimen-
ing curves differ, each is repeatable and relatively insensitin cytoskeletal networks (Chartier et al., 1991; Eriksson et
tive to strain rate over this narrow range of slow strainsal., 1992; Hirano et al., 1992). The force-strain and stiff-
(Fung, 1993). ness-strain curves of FPMs treated with calyculin A are not
significantly different from those of FPMs treated with CD
(Fig. 5). Using CD, therefore, we can decompose the stiff-
ness of FPMs into two additive components: the passive
During first (preconditioning) stretch local strain is inho- component from which the cytoskeletal contributions of the
mogeneous, and in some regions irreversible. During latecells (and possibly some portion of the ECM) have been
stretches the strain appears homogeneous and reversildiminated, and the cytoskeleton-dependent active component.

Force [mN]

Force [mN]

Time [hrs}

Uniformity of strain
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Strain FIGURE 5 Effects of calyculin A and CD on FPMs. Two duplicate

FPMs were subjected to a preconditioning stretch, treated with 20% CS,

. . . and then stretched a second time to characterize the activated FPMs. One
FIGURE 4 Force and stlﬁngss Versus stra_m fo_r activated and CD-treategp was then treated with the phosphatase inhibitor calyculin A (10 nM),
FPMs. The force versus straig)(and dynamic stiffness versus straf) ( known to disrupt actin, microtubule, and vimentin cytoskeletal networks

for a prestretched FPM activatgd by 20% CS is_shown by solid lines broken lineg. The other sample was treated withu cytochalasin D
labeled “Total.” The force and stiffness curves obtained after treatment bésolid lineg. The force-straind) and stiffness-strairbj curves of the FPM

ie‘tLv,://legnDtr?;eTz?;IVg:ldb)t/hzrlgl;zZi32e:u:325Ielgt;zzss‘fxec't’i’vlh’eisdg;eor\?v?ncgtreatEd with calyculin A are not significantly different from those of the
dotted lines. All the curves exhibit hysteresi‘s. The Active cuny’ves increase);:nPM tregted with CP' This indicatgs that no sigqificant contribu_tion Fo the
. ) - - > ) Thechanical properties measured in the dynamic range used in this work
approximately ||n_ear|y with stralni the_ Passive curves increases approx'(strain rate of 1.6.m/s up to 20% strain plus 46m amplitude sinusoidal
mately exponentially. The dynamic stiffness was measured at 0.5}z ( oscillation at 0.5 Hz) are detected from the cytoskeletal filament systems
other than the actin system. (Note that mechanical effects of intermediate
The magnitude of the active force increasing linearly withfilaments and microtubules that required an intact actin cytoskeleton would
strain remains greater up t020% strain than that of the not be detected by this measurement.)
passive component that increases exponentially. It is also
noteworthy that the active force level diminishes with in-
creasing strain at strains~17% (Fig. 4a). In muscle, this Analogous results are obtained in measurements on
behavior is thought to result from a decrease in the overlafpPMs, which have not been activated by FCS (data not
between actin and myosin filaments (Murphy, 1980). Toshown). In contrast to relaxed muscle, nonactivated FPMs
determine whether a similar mechanism is involved inexert a basal level of contractile force, which persists even
FPMs would require correlation of force with a parameterafter the first conditioning stretch. Hence, under the condi-
analogous to sarcomere spacing in a skeletal or cardidions of these experiments, the nonactivated FPM retains
muscle. This would be difficult to accomplish in the fibro- some actin-myosin interaction. Measurements of the phos-
blasts in an FPM. phorylation of the regulatory light chain of nonmuscle my-

Biophysical Journal 79(5) 2353-2368
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osin demonstrate that myosin is partly activated under thesstretch. To assess the influence of the small reduction in
conditions (cf. Kolodney and Elson, 1993). maximum force between second and third stretches, an

Although the active cellular contribution to the “total” active curve was obtained from two second stretches on
force versus strain curve is largely eliminated by CD, thedifferent FPMs, one treated with CS, the other with both CS
effect of the matrix compression and remodeling by theand CD. The active curve obtained in this way from dupli-
cells is large and persists after CD treatment. Fig. 6 illuscate samples had-6% smaller maximum force than the
trates that even after treatment byu®1 CD, the FPM is  curve obtained using second and third stretches on the same
much stiffer than a collagen matrix gelled without cells. FPM. The shapes of the curves obtained using the two
This difference in mechanical properties results from thedifferent methods were qualitatively indistinguishable,
remodeling of the matrix by the cells during the period inhence active and passive mechanical parameters measured
which the matrix is compressed. A residual cross-linkingusing sequential stretches might be overestimated and un-
of matrix filaments by the cells could persist after CD derestimated, respectively, by6%.
treatment.

The active curve was obtained by subtracting data ob- . .
tained during a third stretch from data obtained in a Secong)ep_enqence of dynamic stiffness on t?e

oscillation frequency of force and strain

A plot of the dynamic stiffness of an activated FPM mea-
sured at 0.5 Hz over the range of strains from 0 to 20% is

8 ' ! ' ' shown in Fig. 4b. Unlike a linear elastic spring with
| a stiffness independent of strain, the dynamic stiffness of the
FPM increases with increasing strain. The plots of stiffness
6} . versus strain for the total, active, and passive components
are qualitatively similar to the plots of force versus strain for
= the same components. Replotting these data reveals a strik-
g ing linear dependence of stiffness on stretching force (Fig.
o 4 remodeled by the cells 1 7). Similarly, stiffness also shows a linear variation with
e \ A contractile force generated by the cells in the FPM. Fig. 8
Lf / ’ shows that stiffness increases in parallel with force after
2F no cells ;A activation by serum and decreases in parallel with force
after treatment by CD. The proportionality constant for the
) dependence on stretching foree).008um ™, is similar to
ol iz e i that for the cell-generated force, 0.005 %, even though
60000 0.05 0.10 015  0.2p
i Strain
50 L b | T Ll 1 T
E’ 40 8 60 | .
S
=z —
§ 30r remodeled by the cells A g
4 L ,' — 40 i
£ 20} i ] After CS
@ 1op T % 20 .
ot cercoiBNNOR T N
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Force [mN]

FIGURE 6 The effect of cells on the mechanical properties of the matrix.

The force-strain &) and stiffness-strainbj relationships for a collagen FIGURE 7 Stiffness versus imposed force. Replotting the force-strain
matrix remodeled by fibroblasts for 2 days after casting and then treatednd stiffness-strain relationships in terms of stiffness versus force reveals
with CD to eliminate cytoskeletal contributions to the mechanical proper-a striking linear dependence of stiffness on the stretching force. These data
ties (solid curve} and for a collagen matrix prepared similarly but without were obtained from the loading (stretching) curves for serum-activated
cells proken curves (filled circles) and CD-treateddpen squargsFPMs.
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relationships for FPMs for which the force changes resulted from activa- MY 0.1 1 YD
tion by serum#) and from treatment by CIbj under isometric conditions. Frequency [Hz]

The stiffness is a remarkably linear function of the isometric force induced
by these treatmentg)(

0.1
Frequency [Hz]

FIGURE 9 Dynamic stiffness, phase delay, storage, and loss modulus as
functions of frequency. For activatedilled circles), unactivated gpen

squarey, and CD-treatedfifled triangle§ FPMs the dynamic stiffness
the measurements were performed on FPMs prepared Qfreases almost linearly with logi(a) and the phase angle decreases with

different occasions. increasing frequency from 0.008 to 0.4 Hy.(The values of both the phase
As expected for a viscoelastic system, the dynamic stiff-delay and the dynamic stiffness are largest and depend most sensitively on
ness varies also with the rate of stretch (oscillation frequenfféauency for the activated FPMs. Storage and loss mo@iland G',

. . . . -_respectively, were calculated from the dynamic stiffness and phase angle.
cy). Fig. 9a demonstrates that the dynamic stifiness in The G’ increases with log() similarly to the dynamic stiffness). TheG”

creases almost linearly with log(from 0.008 to 0.4 Hz for showed a maximum at around 0.04 Hz, especially for the activated FPMs
activated, inactivated, and CD-treated FPMs. We have olxd). The G’ and G” are simulated using the standard linear solid model
tained data up to 10 Hz, which showed a similar trend, bushown in panek. Using appropriate constants fky, k,, and n, the G’
due to limitations of the measurement system, these data aff&reases with log (€) and theG” shows a maximum at a similar
less reliable than the measurements uprte 2 Hz. As :Lequency to the expenmerﬂ)(Thg points are averages of 4 samples and
. . . _ . e bars represent standard deviations.
before, higher stiffness values are associated with higher
values of force. Also, the rate at which stiffness increases
with log(v) is greater the larger the stiffness. These meaactivated, and CD-treated FPMs in Fig.cndd. Both G’
surements were carried out on prestretched FPMs that hathdG” markedly increase after activation by CS, but for all
been returned to zero initial strain to emphasize the cellulaconditionsG' is substantially greater tha@”. Hence, for
contribution to the dynamic stiffness. Under these condithese FPMs the elastic resistance to stretching substantially
tions the stiffness of the CD-treated FPM is low and in-exceeds viscous resistance. TBéof the activated FPMs
creases little with increasing (Fig. 9 a). The dynamic showed a maximum at+0.4 Hz, and the maximum disap-
stiffness results mainly from the active component, whichpeared by CD treatment. It suggests the actin-myosin inter-
dominates mechanical properties of the FPM at low strainaction contributes largely to viscosity of the FPMs. The
The storage and loss moduli’(v) and G"(v), respec- experimental results are compared to a simple linear stan-
tively, indicate the portions of the energy required to deformdard solid model (Fig. 9% andf). For appropriate values of
the FPM that are either stored or dissipated as heat. In #he springsk,; andk,, and the dashpot viscosity, we see
sinusoidal deformation occurring at frequeneyG’(v) is  that the increase o6’ over the frequency range of the
the force in phase with the strain a@&i(v), the force 90° measurements and the maximum observed¥bare both
out of phase with the strain, both divided by the strainqualitatively reproduced. Nevertheless, itis clear that for the
(Ferry, 1980).G' and G" are plotted for non-activated, FPMs the frequency range over whi@ increases and the
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breadth of the maximum d&” are significantly greater than cells/ml (Fig. 2). As illustrated in Fig. 10, the active force
observed for the simple model, which is characterized by @and stiffness vary roughly in proportion to the initial num-
single relaxation process. This suggests that for the tissueer of cells in the range 0.4—10 10° cells/ml. In contrast,
models a spectrum of relaxation times contributes to theéhe force and stiffness for the passive component is inde-
mechanics, as has been observed for natural biologicgdendent of input cell number over this range. The FPM
tissues (Fung, 1993). initiated with 0.1x 10° cells/ml has disproportionately low
Another indicator of the dependence of the mechanicaforce and stiffness in comparison to the model tissues with
properties on rate of stretch is the phase defaypetween higher numbers of cells (see below).
the sinusoidal driving function and the force response. This
phase delay depends on the viscosity of the material and i
related to the storage and loss modulGiSG’ = tané. The
viscous damping energy is calculated as follows. The timeThe mechanical characteristics of the model tissues are
dependent applied straig(t), is defined as(t) = ¢, sin1t.  more readily interpreted when expressed in terms of stress
The stressg(t), i.e., the force per unit cross-sectional area,(force/unit cross-sectional area of tissue) and elastic modu-
A, of the sample, is defined as(t) = F(t)/A = o sin(t +  lus (stiffnessx length/unit cross-sectional area of tissue).
8). The energy loss per cycle of the oscillation per unitThese material properties should be independent of the
volume of tissueAW, is the integral of the work done in one shape and size of the model tissues and so can be more
cycle, T, which is readily compared from one tissue to another. In this com-
. parison we assume that differences in stress and stiffness are
AW=j a(t)d%mdt= TOeEsSin S, due to differences in material properties rather than to

tress and elastic modulus

t differences in tissue microarchitecture; we effectively as-
0 sume that our test specimens are homogeneous and isotro-

The fractional damping energy is calculated by normalizingp'c' If there are systematic variations in the density and

AW by the maximum energy, that the system could store orientations of the cells, this must be taken into account
elastically for a given strain amplitude. The quantiis using a more detailed analytical approach. The first step in
the development of a theoretical model that accounts for

obtained by integrating the work done in a quarter cycle o o .
without phase delay, which is FPM mechanics in terms of the organization and properties

T4 d t
W=J a(t)%dt=@.

7

0 2 o

5—-—-1.0X105cells/ml
Therefore, the normalized damping energyV/W, is 4W21§Igzz::::'m": /i

equal to 2r sin §, which is independent of the strain and 3l 04 X 105 Gl LY A
stress amplitude and depends only on the phase angle (Find- 2}
ley et al., 1976). Hence, we have us&ds an indicator of 1}
the viscosity of the FPMs. The values &for FPMs before O Hmmmmres 1 9
and after activation and after treatment with CD are shown 2% 00 010 015 020, .
in Fig. 9 b. The value ofd decreases with increasing sl C ] 50_d

frequency and more rapidly, the higher the stiffness. If we
further decreased the oscillation frequency, the value of tan 5
& might start to decrease, as is seen in the standard linearg %[ , 1%
solid viscoelastic model. There should be a lower limit to ;g_’ 20 1 20t
the frequency dependence of the mechanical response that i€ 10 // 1 10
due to the material properties of the FPM. The slow active o} =====£:—/-7 o

responses of the living cells within the matrix can, however, 000 005 010 015 020 0.00 005 010 015 020
K . i Strai
also modulate the properties of the FPM at low frequencies. Strain train

E 40t 1 40}

FIGURE 10 Dependence of force and stiffness on cell number. The
Dependence of mechanical properties on force.-strain &, b) and stiffness-strainc( d) gurye§ for the active qnd
il tration passive components of FPMs assembled with initial cell concentrations of
cell concen 1.0, 0.7, 0.4, and 0.X 10° cells/ml are shown by black solid, gray solid,
The active force and stiffness of an FPM depends on thgght gray solid, and dotted lines, respectively. The active foaeand

. . .. stiffness €) vary roughly in proportion to the initial number of cells. In
number of cells it qontams. ThIS is demonstrated by CC)IT]_contrast, the forceb] and stiffness ) for the passive component are
paring the mechanical properties of FPMs assembled witkhgependent of input cell number. The FPM initiated with 0<110°

initial cell concentrations of 1.0, 0.7, 0.4, and 04 10° cells/ml has a disproportionately low force and stiffness.
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of the constituent cells and matrix is presented by Zahalak .
et al. (2000). The cross-sectional areas of the FPMs were  4f
measured as described under Methods. As shown in Fig. 11,
the thickness of the FPMs decreases with increasing num-
bers of cells, although the extent of compression appears to
be approaching a limit at the highest cell concentration.
Stress and elastic modulus at zero strain were computed by &
dividing the force and stiffness by the cross-sectional area 4}
of the unstrained FPMs. Then stress and modulus were
calculated at higher strains by assuming incompressibility 25} ¢ 05t
of the tissue to calculate the variation of cross-sectional area_. o} 0.4
with strain (Fig. 12). As do the force and stiffness, the stress g .|
and elastic modulus of the active component increase as thes
initial concentration of the cells increases. In contrast to the 8 **[
force and stiffness, however, the stress and elastic modulus® o1}
of the passive component also increased with increasing 0.0p ool #
initial concentration of cells. Normalization of the force and 000 005 070 015 020 000 005 010 015 020
stiffness with respect to the total cross-sectional area of the Strain Strain
tissue yields intensive mechanical properties. It is still more
informative, however, to normalize the active force with FIGURE 12 Stress and modulus relative to entire cross-sectional areas
respect to the cross-sectional area of the cells and thl FPMs. Stress and elastic modulus (Cauchy stress and modulus, see text
. . . or details) obtained by dividing the force and stiffness by the entire
passive component with respect to the cross-sectional arQfhss-sectional area of the FPMs assembled with initial cell concentrations
of the matrix. 0f1.0,0.7, 0.4, and 0.% 10° cells/ml are shown by black solid, gray solid,
The fraction of the cross-sectional area of an FPM occutight gray solid, and dotted lines, respectively. The stress and elastic
pied by cells is determined from confocal images of FPMsMmodulus of both the active componeat €) and of the passive component
in which the cells were loaded with a cytoplasmic fluoro- (b, d) increase as the initial concentration of the cells increases.
phore, as explained above. The stack of confocal images,
acquired with the image planes parallel to the long axis of
the tissue, were computationally resliced to provide a seimage planes to provide the ratio of cytoplasmic to total
quence of optical sections perpendicular to the long axis oFPM area. The ratios of the cross-sectional area of the cells
the tissue (Satoh et al., 1996). Using a threshold as dedivided by that of the FPM are plotted versus distance along
scribed under Methods, the fluorescent cytoplasmic volumehe tissue axis for different initial cell concentrations in Fig.
was discriminated from the ECM and integrated within the13 a. The averaged ratio is linearly related to the number of
cells initially incorporated into the model tissues (Fig.t)3
Fibroblasts embedded in collagen gels have been shown to

b ——1.0 X 106 cells/ m|
MMMMMMM 0.7 X 106 cells/ ml

0.4 X 108 cells/ m|

............ 0.1 X 108 cells/ mi 7

/

ress [kPa)
N

0.3r

0.2

0.1f

8500 T T T T y slow their proliferation significantly (Schor, 1980). Inas-
—o— Width 41200 much as our samples were cultured only for 2 days before
\D —®— Thickness the experiment, including 16 h of serum starvation, the
8000 - — 1'°° increase in cell number is expected to be minimal. It is
\ loe 3 noteworthy that only in the samples with an initial cell
g o =) concentration of 0.1x 10° cells/ml does the average cell
= leco § density in the images approach zero at various locations
g 7500 = along the axis of the tissue.
\‘ q400 3 The mean value of the cross-sectional area of the FPM
— . was used to compute the active stress, elastic modulus,
7000.% 1% E,., passive stresss,, and elastic modulug,. The active
sogf . . . . A stresses were computed by normalizing the active and pas-
0 200,000 400,000 600,000 800,000 1,000,000 sive forces,F, andFp, by the cross-sectional area of the
Input Cell Number FPM,A. Theno, = Fa/Aando, = F/A. To compare with

measurements on single cells (Tables 2 and 3) it is also
FIGURE 11 Dependence of FPM thickness on cell number. Thicknes§nformative to compute the active stress and modudtys,
and width were measured on FPMs that had been compressed by the ce. i
P y 4hd E, and the passive stress and modulig, and E,,

during two days of matrix remodeling after gelation of the collagen. The lized by the total ti | fth I d
thickness and width of the FPMs decrease with increasing numbers of cellQorma Ized Dy Ihe total cross-sectional areas or the cells an

although the extent of compression appears to be approaching a limit at tH®1atrix, A, and Ap, respectively. The total cross-sectional
highest cell concentration. area of the FPM iA = A, + Ap (Fig. 13). Theno, =
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0.20- a 204 b 50l a T st b
—0— 1.0X10€ cella/m| &= 0.4X108 cells/m|
0.18 0.7X108 celtg/mi »=7-~0,1X108 cellaiml  0-187 0 4| ——10x 108 celis/ mi
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FIGURE 13 Fraction of FPM cross-sectional areas occupied by cells.
The fraction of the cross-sectional area of a FPM occupied by cells was
determined from confocal images of FPMs. The fractional cell area of 000 005 040 0 5 oo 000 005 070 045 020
FPMs assembled with initial cell concentrations of 1.0, 0.7, 0.4, an&0.1

10° cells/ml are plotted against the position along the tissue axis (east and
west direction on the image plane) by open squares, light gray filled

Elastic Modulus [MPa]

(=

Strain Strain

- . . . . FIGURE 14 Specific stress and modulus relative to cross-sectional areas
squares, filled triangles, and filled gray down-triangles, respectigiji( of cells and matrix. Active stress and elastic modulus were obtained by

is noteworthy that only in th mples with an initial cell concentration of . "= . . .
s noteworthy that only in the samples with an initial cell concentration o dividing the active force and stiffness by the total cross-sectional area of

0.1 X 10° cells/ml does the average cell density in the images reach zer ) - . .
. . ; . . e cells. Passive stress and elastic modulus were obtained by dividing the
at various locations along the axis of the tissue. The averaged fractional ce . - -

- . L . passive force and stiffness by the total cross-sectional area of the FPM
areas increase almost proportionally to the initial cell concentrabpn (

minus the area of the cells. Black solid, gray solid, light gray solid, and
dotted lines represent data computed from FPMs assembled with initial cell
concentrations of 1.0, 0.7, 0.4, and 0<11(® cells/ml, respectively. The
FalAy = 0alR;ando, = F/A, = op/(1 — R;), whereR; = active stress and elastic modulus are very similar for each FPM except the
AL/A. (Note thato, + o, = o7, the modulus for the entire one with the lowest cell numbea,(c). In contrast, the pe}sswe component
tissue model. In contrasty; # o, + O'p.). The elastic shows a stronger dependence on cell concentratimrd):(
moduli were computed by using the same principles.

The curves representing active mechanical propertie
(stress and elastic mo_dulus) became very S|m_|lar fo ea is correlates with the exceptional values of stress and
other when expressed in terms of the cross-sectional area

h I t for the 1i ith the | ¢ call b odulus for the FPM with the lowest cell concentration in
e cells, except for the tissue wi e lowest Cell NUMDEL. , oot to the similar stress and modulus seen in FPMs with

(Fig. 14). Hence, for the FPMs with the three higher CeIIhigher concentrations and more homogeneous distributions

concen_trat_ions, the force exerted per _ceII estimated l_JSing & cells (Fig. 14). Perhaps more important is the possibility
normal|z_a_t|_on method was th_e same In each tissue mdepe%at the cells at the higher concentrations could approach the
dent of initial cell concentration. This result strongly sup- ¢

e ormation of a separate continuous phase embedded within
ports the concept that the “active” component represents

- tributi t th s o th hanical ch fhe ECM. In contrast, at the lowest concentration, the sec-
specitic contribution of the celis 1o the mechanical charaCy, s iy which no cells were present represent discontinui-
teristics of the tissue. In contrast, the passive compone

: . Yes in the cellular phase (Fig. 13).
normalized with respect to the area of the ECM showed a The magnitudes of the stress and modulus of the cells are

stronger dependence of mechanical parameters on the Cﬁ”uch higher than those of the ECM (Fig. 14). We expect
concentrations: the higher the cell concentration, the high hat at longer incubation times the ECM and the tissue
the s_tres_s and elastic modulus. T_his_suggests thfit the exteerall would become much stiffer due to further compres-
of stiffening by collagen remodeling increases with the Ce”sion of the matrix, de novo ECM synthesis, or the enzymatic

concentra_tlon (cf. F|g_s. 12 and 1_4)' . cross-linking of ECM filaments (Huang et al., 1993).
The active mechanical properties estimated from the data

obtained at the lowest cell concentration are significantly

different from those at the other concentrations. This indi-DISCUSSION
cates a failure of the assumption of similarity of the distri-
butions of the cells in the FPMs. As seen in Fig. 13, the
FPM with the lowest concentration of cells shows someWe describe a simple, flexible approach for measuring the
cross-sections that contain no cells. For FPMs with highemechanical characteristics of reconstituted model tissues
initial cell concentrations all cross-sections contained cells(Fig. 1). In the FPMs studied in this work the cells have
Hence, at the lowest cell concentrations, fluctuations in celcompressed the matrix t6-10% of its original volume

umber along the axis of the FPM were relatively large.

Mechanical measurements on FPMs
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while also stiffening the tissue and establishing a “basal”
contractile force. This remodeling is probably similar to
processes that occur in normal tissue development and
wound healing. Its mechanism has been studied but is not
yet fully understood (Grinnell, 1994; Stopak and Harris,
1982). The FPMs that we have studied have undergone #
phase of compression, stiffening, and force development
over 1-2 days in culture, but further slower mechanical
changes continue over extended time periods due to cellular
reorientation and additional matrix cross-linking (Huang et
fal" 1993). The matrix components of the FPMs are InltlallyFIGURE 15 Schematic model of FPM mechanics. In this schematic
in @ mechanically metastable state. They are reduced by flodel the contractile (CC), the series cytoskeletal (SC), and the series
single preconditioning stretch cycle to a state with Somematrix components (SM), all in series, are mechanically connected in
what lower stiffness in which repeatable force and stiffnesgarallel with the parallel cellular component (PC) and the parallel matrix
versus strain curves can be obtained. FPMs developed undgtmponent (PM). CD treatment eliminates CC and SC (and therefore SM),
different culture conditions, e.g., with different amounts of o the total tissue mechanics.
serum present, or assembled with cells other than CEF,
differ with respect to the extent and time course of matrix
compression, stiffening, and basal force. Characterization qfothesis, CD completely eliminates the CC and SC (and,
the mechanics of FPMs at both earlier and later stages aferefore, the SM) components. We have also included a
development than those studied for this work will be de-parallel cellular (non-actin) component, PC, to account for
ferred to a later time. Some aspects of the early stages gfossible residual cellular contributions to the mechanics of
development of fibroblast-containing model tissues haveCD-treated FPMs. The contributions of the matrix parallel
previously been studied (Barocas et al., 1995; Eastwood &b the cells is represented by PM, which we assume is not
al., 1996). directly affected by CD. The passive component is repre-
sented by PC+ PM, the active component by SC, CC, and
SM. In this model we assume that the variation of force with
strain for PM and PC is independent of that for $CC +
SM and that the contributions of the three parallel branches
As a preconditioned FPM (activated with 20% calf serum)in Fig. 15 can be simply added to yield the behavior of the
is slowly stretched, the force increases nonlinearly with thantact tissue. For purposes of illustration, suppose that each
strain. As the strain is reduced, the force drops rapidly s@f the elements in the model behaves as a simple elastic
that there is a substantial hysteresis between the loading asgring. Then it is straightforward to show that the spring
unloading curves (Fig. 8). These curves are repeatable andconstant for the tissue overallkis= k., + kyc + (1ksy, +
relatively independent of small changes in rate of strain. Asl/k,. + 1/k.) %, where Kom Koo Ksmv Kso @ndk,. are the
discussed below, however, the dynamic stiffness does inspring constants for the parallel matrix, parallel cell, series
crease significantly with strain rate at higher strain ratesmatrix, series cell, and contractile elements. The effective
indicating significant time-dependent mechanical behaviorspring constant or stiffness for the passive component is
When the FPM is treated with CD to disrupt the actink,, + k, that for the active component is K4, + 1/ks. +
cytoskeletons, the force over the entire range of strains from/k,) ~*. If SM is very stiff k., — =), then the stiffness of
0 to 20% is reduced (Fig. 4). For strains between 0 and the active component |, + 1/k.) * is determined only
2.5% these forces, measured in both loading and unloadindpy cellular constituents. In general, however, the relative
are negligible compared to the values measured for thenagnitudes ok, ks, andk..are unknown, and so we must
untreated FPM. A simple, provisional phenomenologicalregard the stiffness of the active component as including a
model (Fig. 15) provides a structural vantage from which tocontribution from that portion of the extracellular matrix
interpret the results. We suppose that the cellular contributhat is connected to the actin cytoskeleton. Similarly, if
tions are dominated by the actin cytoskeleton. This includes,,, > k., then the stiffness of the passive component
a contractile component (CC) dependent on actin-myosimlepends only on the state of the ECM. In general, however,
interactions and a series cellular (SC) component, whichve must acknowledge that there could be cellular contribu-
includes the substantial portion of the actin cytoskeletortions to the behavior of the matrix, especially in cross-
that does not directly interact with myosin. Cells connect tolinking matrix filaments via cellular structures. An impor-
the extracellular matrix via structures that bind to the cor-tant task for the future is to estimate the relative magnitudes
tical actin filaments (Luna and Hitt, 1992). Therefore, we of the various spring constants in this model to provide an
have also included a series matrix (SM) component, whiclassessment of the mechanical contributions of the structural
depends on the integrity of the actin cytoskeleton. Ex hy-elements in the model.

Distinguishable contributions of
cytoskeleton and matrix
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There could be noncytoskeletal cellular contributions toPC + PM at each strain varies with cell concentration (Fig.
the passive component. Treatment of nonactivated FPM&4). Hence, variations in the mechanical contributions of
with the nonionic detergent Triton X-100 (0.2% in 150 mM PC + PM do not strongly influence measurements of force
NaCl) caused up to a 30% reduction of force below the levekxerted by the active component.
observed with CD treatment (result not shown). Under these Even after the disruption of the actin cytoskeleton, vi-
high salt conditions detergent extraction disrupts not onlymentin intermediate filaments, microtubules, or other cel-
cellular membranes, but also the cytoskeleton. Hence, thiilar structures might provide a cellular contribution to the
experiment suggests the extent to which nonmembranouparallel cellular component (PC) that remains after CD
noncytoskeletal cellular structures might contribute to thetreatment. We have assessed this possibility by using the
passive mechanical properties of FPMs. These effects mighthosphatase inhibitor calyculin A. Treatment of cells with a
arise from cellular cross-linking of matrix strands or from high concentration of calyculin A disrupts intermediate
the space-occupying properties of the nucleus. Interpretdilaments and microtubules as well as actin filaments
tion of these experiments is complicated, however, by un{Hirano et al., 1992). We have verified this effect on inter-
certainty about the effect of the detergent on the structure aiediate filaments and microtubules in FPMs (data not
the matrix independent of its effects on cell membranes. shown). Fig. 5 demonstrates that force and stiffness during

We have tested the proposition that active forces genera slow stretch experiment, measured in FPMs in which
ated by the cells are approximately independent of matrixntermediate filaments and microtubules are disrupted, are
forces caused by stretching by determining the increment afiot significantly different from the corresponding measure-
force resulting from serum stimulation when the FPM hasments in which the actin cytoskeleton has been disrupted by
been strained to different extents. As seen in Fig. 16, the€D. This suggests that the cytoskeletal contribution to PC is
force increment is roughly independent of the strain levelnegligible, although it is still possible that microtubules and
even though the stresses sustained bytPEBM are differ-  intermediate filaments exert some effect on mechanics via
ent at different strains. If we suppose that the same contrathe actin cytoskeleton. These effects could not be observed
tile force is generated by the cells in response to serum ah CD-treated cells. Preliminary observations of FPMs con-
each level of strain, this experiment indicates that the forcegaining cells lacking functional vimentin intermediate fila-
exerted or sustained by the cellular compartment of thenents, however, indicate that these filaments contribute
tissue are measured independently of the stresses sustairlittle to the mechanical properties of FPMs with intact actin
by the matrix component. cytoskeletons at the strain levels used in these experiments

A similar conclusion is suggested by the observation thatWakatsuki, Elson, and Wysolmerski, unpublished results).
at a specified strain, the average stress on the cellulaBecause the mechanical properties of a cell are dominated
compartment of the tissue model is independent of initialby its cytoskeleton (Petersen et al., 1982), it seems unlikely
cell concentration, even though the stress sustained by ththat PC exerts a significant effect on FPM mechanics ex-

cept, possibly, via cellular cross-linking of matrix filaments.
Even this effect, however, is expected to be small. The cell

10 " i ' ) ' is linked to the ECM through matrix attachment sites pro-
Strain AForce [mN] 1 vided by integrins or the dystrophin system via actin fila-
sl ——0.00 234 ] ments (Luna and Hitt, 1992), and so should be vulnerable to
----- 003 2Mm disruption by CD. There could also be some influence of the
:’_’:_':'_‘8'13 f'gg 1 space-occupying properties of the nucleus on the FPM
= °f 1} ' ' ' mechanics.
E | \ In sum, we haveoperationally defined additive active
§ AL 20% CS ¢/~ i and passive contributions to the mechanics of FPMs. CD
- {" ............................ eliminates the active contributions; the passive contribu-
R o tions remain after CD treatment. The active cellular com-
2 ; ponent is dominated by cytoskeletal structures (CC and SC)
but there can also be an active matrix component arising
. i : : ) , from ECM structures that interact directly in series with the

2 3 4 5 actin cytoskeleton (SM). For example, microfilament bun-

Time [hrs] dles are linked to the ECM through focal adhesions. Hence,
disruption of actin filaments by CD could influence the

FIGURE 16 Dependence of active force on strain. Identically preparedmechanical properties of the matrix. The passive component
FPMs were subjected to strains of 0.00, 0,03, 0.10, and 0.17 (shown 3% dominated by the ECM (PM) but is also potentially

solid, broken dotted andbroken dot linesrespectively). After the force . luenced b assive cellular structures that survive CD-
reached a steady level at each strain, 20% CS was added and the increé@é N yp v N N

in force due to myosin activation was recorded. The force increments aréf€atment (PC). We expect that a Cyt05ke|eFa| perturbation
roughly independent of the initial strain level. would largely appear as an effect on the active component,
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while a change in ECM structure would mainly influence effects specific to the cytoskeletons and to the ECM can be
the passive component. extracted only with the aid of a valid quantitative model that
relates the structure of an FPM to its mechanics (Zahalak et
. al., 2000).

The active component

Fig. 14 demonstrates that the dependence on strain of the

force and stiffness of the active component changes appalhe passive component

ently discontinuously when the density of the cells is ®The mechanical properties of the matrix are profoundly

duced below a critical level. This suggests that the cells : .
I influenced by the remodeling process, which occurs after
form a structurally coherent substructure within the FPM y gp

when the initial cell density is equal to or greater thanformation of the collagen gel. During this process the cells
400,000 cells/ml. When the initial density is reduced tocompress and stiffen the matrix. The effect of the remodel-

ing process persists even after the cells are largely elimi-
100,000, however, the cells are apparently too sparse t . . : )
form this network. This hypothesis is supported by theﬁated from the tissue mechanical system (Fig. 6). As dem

observation that there are cells present in all cross—sectionon‘gtrated in Fig. 10, both the force and siffness of the
. preser L Ratrix as a function of strain are independent of the initial
observed for tissue models with initial cell densities of

. . density of cells for densities equal to or greater than
foeafggoea;%gsgveftgqgtpgtsgggggz g?\i%'g gggeclzlzreF.se%o,OOO/ml. This is in contrast to the stress and modulus,
13 ITF:J'S struct rz\;\lncolhtle:ence 01: Ithe cell Ie,mr com art(mltgﬁfom of which increase with increasing cell density at cor-

). Thi uct u P esponding strains (Fig. 14). The change in stiffness is likely

?r?gclzﬂa?]rifael igﬂ?‘reéiié?]irea:qvgge ?ﬁg'cégngyoft?Tgedgzc&to depend not only on the increased density of the collagen
- 9 L filaments in the compressed gel, but also on noncovalent
elements linking the cells (the SM component in Fig. 15)

were sufficiently stif. cross-links introduced by the cells (Tranquillo, 1999). Over

X . . a period of days to weeks in culture covalent cross-links are
That calyculin A causes no additional reduction of force b y

. . - o formed, which further stiffen the tissue model (Huang et al.,
or stiffness relative to CD indicates that contributions of the1993). The extent of compression depends on the initial

cells are domlnated_by the aqtln cytoskeleton e_lt the Stramaensity of cells in the gel (Fig. 11).
used in these experiments (Fig. 5). This result is consisten
with results from cell indentation measurements (Petersen et
al., 1982) and also with expectations from rheological mea . .
- . . . - Dynamic stiffness
surements of the purified actin microfilaments, microtu-
bules, and vimentin intermediate filaments (Janmey et al.Both the passive and active stiffnesses were observed to
1991). (As pointed out above, however, it is still possibleincrease linearly with the force, at an approximate rate of
that microtubules and intermediate filaments could make #.008 um 2. For an elastic material such a linear relation
substantial mechanical contribution if that contribution wereimplies an exponential dependence of force on strain. Sev-
dependent on the integrity of, i.e., were mechanically ineral natural biological tissues have this behavior (Fung,
series with, the actin filament system.) 1993). The actual value of the passive dynamic stiffness was
It is difficult to directly test the specific cellular contri- observed to be higher than the static stiffness, defined as the
butions to the FPMs because the mechanical characterististope of the passive force-length curve measured in slow
of the cellular components cannot be measured in the abvamp stretch. However, the stretch rates used to measure the
sence of the ECM. The matrix is essential to the integrity ofdynamic stiffness were relatively high, with a frequency
the FPM, and so the state of the matrix could influence theapproximately equal to the inverse characteristic relaxation
mechanical properties of the active component. Unlike the¢ime of the matrix (Zahalak et al., 2000), and this may be the
passive component, which can be measured in the absenoeason for the increase in stiffness.
of the active component, we can measure the active com- The active component, however, does not behave like an
ponent only in the presence of the passive component. If welastic material, because both the stiffness and the force
provisionally suppose thét,, is large andk,. is small, then  vary linearly with strain. Such behavior is reminiscent of
the passive component mainly represents the mechanicaluscle fibers, where a linear variation of force with strain
contributions of the matrix, and the active componentimplies a linear variation of stiffness with strain, because
mainly represents the mechanical contributions of the cellsboth are proportional to the number of myosin molecules
Hence, a perturbation of the FPM, which mainly influences(cross-bridges) bonded to actin (Ford et al., 1981). How-
the active component, would be supposed to have mainlgver, the slope of the static force-length curve depends on
affected cytoskeletal structure. Conversely, a perturbatiothe rate of increase of bonded cross-bridges with length.
that mainly influenced the passive component would beThus, for such actin-myosin contractile systems there is no
expected to have mainly influenced the ECM. If a structuralsimple relation between the static and dynamic stiffnesses,
change affects both active and passive components, then ths there is for an elastic material, although there is a simple
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TABLE 1 Modulus of tissue

Wakatsuki et al.

Type of tissue

Elastic Modulus (MPa)

Reference

Tendo achillis

Human knee menisci
Human knee menisci
Human brachial artery
Human small artery
FPM*

Collagen sponge

FPM

375
73-151 (circumferential)
30-60 (radial)
4
0.1-2
0.08-0.24
0.017-0.028
0.8

Lewis and Shaw (1997)
Tissakht and Ahmed (1995)
Tissakht and Ahmed (1995)

Bank and Kaiser (1998)

Intengan et al. (1999)

Chapuis and Agache (1992)

Jain et al. (1990)
This work

*0.65 mg/ml collagen, 57,000 cells/ml.

relation between force and dynamic stiffness. The stiff-obtained for the slope of the stress-strain curves measured at
nesses of the passive tendon (Rack and Westbury, 1984) astbw stretching speeds. The dynamic elastic modulus of the
the active contractile tissue (Joyce and Rack, 1969) havEPM was around 0.8 MPa at maximum strain. This value is
been measured with dynamic length perturbations, for ex=-5-fold lower than that of the larger arteries but is in the
ample, for the cat soleus muscle in situ. Both of theseange seen in small arteries. This gap can be minimized by
stiffnesses increase approximately linearly with force.strengthening the ECM and increasing the cell volume
Scaled to the dimensions of our FPM test specimens, theccupying the tissue. The FPMs studied here were incu-
rate of change of stiffness with force is 0.0p8n ! for  bated for only 2 days and cells occupied at med2% of
tendon and 0.00m ™ for active contractile tissue. These the tissue, whereas smooth muscle cells occupied 69% in
numbers are close to our experimental values and suggette small arteries (Intengan et al., 1999).
that contractile interactions may have an important influ- Supposing that the active component measures cellular
ence on the mechanics of the active component, while quitelastic properties, the dynamic elastic modulus of the CEF
different dynamics of polymer networks may account forat the maximum strain used in this work-2.5 MPa) is
the passive component’s behavior. For comparison, thelose to that of single smooth muscle cells, but is three
stiffness of passive rabbit papillary muscle also increasesrders of magnitude greater than measured by shearing
linearly with force, but at a rate of only 0.00@8n * (Fung,  single CEF between microplates (Thoumine and Ott, 1997).
1993) when scaled to the dimensions of our FPMs. Differences in measurement techniques could be responsi-
The dynamic stiffness varies approximately linearly with ble for this discrepancy, but a change of the CEF to a
log(v). This behavior is also seen in biological tissues andnyofibroblast phenotype expressing smooth muscle actin as
has been discussed in terms of a phenomenological modséen in granulation tissue might also contribute (Grinnell,
based on a continuous spectrum of relaxation times for th&994). Since the single cell measurement is done within a
tissue (Fung, 1993). An important problem for the future isfew hours of the attachment of the cell to the microplate, a
to interpret this behavior in terms of defined cell structuresless organized actin cytoskeleton and focal adhesion com-
and their dynamic mechanical properties. plexes might influence stress development (Chrzanowska-
Wodnicka and Burridge, 1996). The estimated force pro-
duction by a single CEF (assuming the average cross-
sectional area of the cell is50 um?) is ~1000 nN, which,
apart from the values of Kolodney et al., also measured in
The mechanical parameters obtained from this work are
compared to published values in Tables 1-3, except in this
work the elastic modulus was obtained from the derivative"ABLE 3 Force produced by a single cell

Comparison of mechanical properties of FPMs
with natural tissues

of the stress-strain relationship. The dependence on strain  Cell Force (nN/cell) Reference
rate was not characterized. As dlscugsed above, the dynangg]ooth muscle® 1500 Harris and Warshaw (1991)
stiffness measured at 0.5 Hz was higher than the stiffnesgeratocytes* 48 Oliver et al. (1995)
Fibroblasts® 52 Roy et al. (1999)
Fibroblasts® 40 Thoumine and Ott (1997)
TABLE 2 Modulus of cell Fibroblasts* 1-3 (NNum?)  Galbraith and Sheetz (1997)
; Fibroblasts** 500 Kolodney and Wysolmerski (1992)
Elastic Modulus . -
Cell (MPa) Reference Fibroblasts 0.1 Eastwood et al. (1996)
Fibroblasts 1000 This work
Single smooth muscle 6.8 Harris and Warshaw (1991) : : : -
. *Force is measured by a single cell manipulation.
Single smooth muscle 1.2 Glerum et al. (1990) . £t 5
. . Force is measured biforce transducerfsilicon substratumScollagen
Single CEF 0.001 Thoumine and Ott (1997) P I .
. substratum,microplates, nano-fabricated substratum.
CEF 25 This work

**Eorce is estimated from the contractile force produced by FPMs.
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FPMs, is much higher than the values listed for fibroblasts protein phosphorylation and changes the shape of 373 fibrobfasts.
in Table 3. This force level is, however, comparable to that Mtil- Cytoskeleton18:26-40.

; hrzanowska-Wodnicka, M., and K. Burridge. 1996. Rho-stimulated con-
measured for smooth muscle cells. Apart from dlﬁerence§ tractility drives the formation of stress fibers and focal adhesidnSell

dependent on measurement technique, the higher force val-gjo|. 133:1403-1415.
ues measured in FPMs could be due to an enhancement gfstwood, M., R. Porter, U. Khan, G. McGrouther, and R. Brown. 1996.
fibroblast contractility by interactions with ECM proteins, Quantitative analysis of collagen gel contractile forces generated by

; ; : : ; ; dermal fibroblasts and the relationship to cell morphology.Cell
including fibronectin and collagen, which could activate Physiol. 166:3342.

cell contraction via a posmve feedback |00p as proposed b%riksson, J. E., D. L. Brautigan, R. Vallee, J. Olmsted, H. Fujiki, and R. D.
Schoenwaelder and Burridge (1999). Goldman. 1992. Cytoskeletal integrity in interphase cells requires pro-
tein phosphatase activitiProc. Natl. Acad. Sci. U.S.89:11093-11097.
Eschenhagen, T., C. Fink, U. Remmers, H. Scholz, J. Wattchow, J. Weil,
SUMMARY AND CONCLUSIONS W. Zimmermann, H. H. Dohmen, H. Schafer, N. Bishopric, T. Wakat-

suki, and E. L. Elson. 1997. Three-dimensional reconstitution of embry-
We have shown that the mechanical properties of reconsti- onic cardiomyocytes in a collagen matrix: a new heart muscle model

tuted model connective tissues can be conveniently and SyStimD['”lzgéce\f_s C'tTt'otrE‘?Eb J§1:683;6?4'ém Wiew N
. . . . arerry, J. D. . Viscoelastic Properties of Polym n Wwiley, New
simply characterized using the approaches described. Like Yé'rk_ P Y Y

natural biological tissues, the models show an eXpomem'qiindIey, W. N., J. S. Lai, and K. Onaran. 1976. Creep and Relaxation of

dependence of force on strain and a linear dependence ofNonlinear Viscoelastic Materials. Dover Publications, Inc., New York.

dynamics stiffness on log). The active and passive me- Ford, L. E., A. F. Huxley, and R. M. Simmons. 1981. The relation between

chanical components, obtained by using CD to eliminate the stiffness and filament overlap in striated frog muscle fibér$?hysiol.
Lo 311:219-249.

cytoskeletal contributions, were related to the cytoskelet

. . . . . al|:un , Y. C. 1993. Biomechanics. Mechanical Properties of Living Tissues
and ECM structures in the tissue. The intensive mechanical Sgringer_\,e”ag' New York. P 9

parameters of the active and passive components were Caaipraith, C. G., and M. P. Sheetz. 1997:A micromachined device provides
culated separately by measuring the ratio of cell area to the a new bend on fibroblast traction forcé®roc. Natl. Acad. Sci. U.S.A

total cross-sectional area of the tissue using confocal mj- 94 9114-9118.

croscopy and image reconstruction. FPMs have the advar'e’um J J.. R Van Mastrigt, and A. J. Van Koeveringe. 1990. Mechan-
ical properties of mammalian single smooth muscle cells. Ill. Passive

tageous quality of maintaining cells within a relatively  properties of pig detrusor and human a terme uterus delduscle Res.
natural three-dimensional matrix environment similar to a Cell Motil. 11:453-462.

natural tissue. This approach can be used to assess tkeeckeler, Z. M., and R. B. Wysolmerski. 1995. Myosin light chain

: ; ; ; kinase-regulated endothelial cell contraction: the relationship between
mechanical function of cytoskeletal and matrix proteins. For isometric tension, actin polymerization, and myosin phosphorylation.

example, the functions of cytoskeletal proteins, which have j. cell Biol. 130:613-627.
been eliminated from cells via molecular genetic methodsgrinnell, F. 1994. Fibroblasts, myofibroblasts, and wound contraction.
can be investigated in model tissues assembled from theJ. Cell Biol. 124:401-404.

mutant cells (Eschenhagen et al., 1997; Zutter et al., 1999¥arris, D. E., and D. M. Warshaw. 1991. Length versus active force

. -relationship in single isolated smooth muscle celim J. Physiol. Cell
Furthermore, this approach can be used to assess and °pt"Physio| 260:C1104—C1112.

mize the mechanical properties of reconstituted tissue, aﬂirano, K., L. Chartier, R. G. Taylor, R. E. Allen, N. Fusetani, H. Karaki,

important objective in tissue engineering. and D. J. Hartshorne. 1992. Changes in the cytoskeleton of 3T3 fibro-
blasts induced by the phosphatase inhibitor, calyculid-Aluscle Res.
Cell Motil. 13:341-353.
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