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A quantitati®e analysis of data from an in ®itro assay presented allows for simultane-
(ous study of cell migration within as well as cell traction on tissue equi®alents collagen

)gels seeded with tissue cells to ser®e as model tissues . Using our anisotropic biphasic
theory for modeling tissue equi®alents, the ability of the model to simulate the data was
®alidated by accurately predicting the alignment of fibroblasts and collagen fibrils in the
compacting collagen gels and the effects of gel aspect ratio on gel compaction. The

(effects of migration and adhesion modulating factors platelet-deri®ed growth factor-BB
)and an anti-b integrin antibody , as well as mechanical stress in the collagen network1

( )attached ®s. floating gels , on cell migration and traction during compaction were in-
®estigated. In all cases, cell migration was negati®ely correlated with cell traction. The
rele®ance of the results to wound contraction is discussed.

Introduction
The mechanical interaction of tissue cells with fibrils in

Ž .the surrounding extracellular matrix ECM is fundamental
to cell behavior in native soft tissues and biopolymer gels,
and thus to many problems spanning biology to tissue engi-
neering. The most relevant biopolymer gels are collagen and
fibrin gels, which are highly hydrated networks of entangled

Žprotein fibrils more than 99% cell culture medium when the
.gel forms , and are used as models for normal tissue and early

wound tissue, respectively. Examples of cell-ECM mechani-
cal interactions include basic studies of cell behavior and tis-

Žsue remodeling Bell et al., 1979; Grinnell and Lamke, 1984;
. ŽTuan et al., 1996 , tissue morphogenesis Murray et al., 1983;
. ŽOster et al., 1983 , wound contraction Olsen et al., 1995;

.Tranquillo and Murray, 1992 , and the fabrication of
Ž .‘‘tissue-equivalents’’ TEs based on entrapment of tissue cells

Žwithin forming biopolymer gels Barocas et al., 1998; Barocas
.and Tranquillo, 1997a; L’Heureux et al., 1993 . In each of

these examples, the ability of cells to exert traction on the
ECM leading to local reorganization of ECM fibrils and
macroscopic deformation of the tissue is central.

Correspondence concerning this article should be addressed to R. T. Tranquillo.

Wound contraction is of particular relevance to this study
since it inherently involves cell migration as well as cell trac-

Ž .tion; the cells wound fibroblasts that generate the force for
wound contraction must migrate into the wound from the
surrounding tissue. While there is no doubt that cell traction
is necessary for cell migration, there is as yet no direct evi-
dence demonstrating that cell migration generates the force
for wound contraction, although this has been suggested

Žbased on circumstantial evidence Ehrlich and Rajaratnam,
. Ž .1990 and often speculated for example, Gross et al., 1995 .

Ž .Cells mainly use adhesion receptors integrins on the cell
surface in order to adhere to the ECM. Interestingly, while
adhesion-dependent traction appears necessary for migration

Žof neutrophils the white blood cell that predominates in acute
.inflammation that precedes wound healing on a surface, ad-

hesion does not appear necessary for the traction facilitating
Žits migration within a gel Brown, 1982; Schmalstieg et al.,

.1986 . Traction in a gel might be attained by purely mechani-
Ž .cal means, such as a nonadhering pseudopod that extends

between and around fibrils providing numerous points of an-
Ž .chorage traction when the pseudopod attempts to retract

Ž .Lackie, 1986 . It is unknown to what extent fibroblast migra-
tion in a tissue is integrin-mediated and how this relates to

December 1999 Vol. 45, No. 12 AIChE Journal2628



cell traction that is prerequisite for migration and tissue con-
traction. However, the b integrins have been identified to1

Žmediate the compaction of collagen gels by fibroblasts Carver
.et al., 1995 , a process in which cells entrapped in the gel

contract the fibrillar network and cause the interstitial cell
culture medium to exude}a cell induced gel syneresis.

While we and others have developed in ®itro assays and
methods to quantify fibroblast migration or traction in colla-
gen and fibrin gels, no study has been reported in which both
migration and traction have been quantified simultaneously.
Cell tracking in a compacting gel and the track analysis are
more complicated than on a rigid surface because of the con-
vective movement of the cell with the network. An approach
is described here which combines our ability to track cells in

Ž .nonconvecting gels Dickinson et al., 1993, 1994 , adapted to
account for cell convection due to gel compaction, with our

Žability to measure cell traction via gel compaction Barocas et
.al., 1995 , adapted to a geometry that facilitates a comparison

of floating and attached gels. The comparison of floating
and attached gels is of interest because the development of
mechanical stress that occurs in an attached gel, due to the
mechanical constraint opposing cell traction, results in dra-

Žmatic differences in DNA and protein synthesis Mochitate
.et al., 1991 . Whether differences exist in cell migration and

traction between floating and attached gels is unknown.
The isometric force developed in a TE that is anchored at

Žboth ends has been measured using a force transducer Del-
voye et al., 1991; Kolodney and Wysolmerski, 1992; Eastwood

.et al., 1994 . We refer to this as an isometric cell traction
Ž .assay ICTA . Our approach to the ICTA reported here, in

contrast, is based on measuring the compaction and associ-
ated cell and fibril alignment that develops in a TE cylinder
attached at both ends using time-lapse video microscopy. This
enables us to estimate the value of a cell traction parameter
t from these data using our anisotropic biphasic theory0
Ž .ABT of TE mechanics that we developed to describe the

Ž .mechanics of generic TEs Barocas and Tranquillo, 1997a
Žand apply to model the ICTA Barocas and Tranquillo,

.1997b . t is a parameter that appears in the active stress0
term of the stress tensor for the network phase in its momen-
tum conservation equation which models traction exerted by
cells on the network fibrils. The estimation of t is possible,0
because we have characterized the viscoelasticity and perme-

Ž .ability of collagen gel Knapp et al., 1997 and the other rele-
vant aspects of cell behavior in such assays of cell traction

Ž .like the ICTA, namely proliferation Barocas et al., 1995 and
Ž .migration Dickinson et al., 1994 .

Ž .In Barocas and Tranquillo 1997b , it was shown that pro-
liferation, as measured by a ‘‘first-order proliferation rate
constant’’ k and migration, as measured by a ‘‘cell diffusion0
coefficient’’ DD , did not occur to a significant extent during0
the time-scale of TE compaction in terms of affecting the
estimation of t . While cells clearly need to exert traction in0
order to migrate, the ABT assumes t and DD are indepen-0 0
dent parameters. Although DD does not affect the estima-0
tion of t , a goal of this study was to compare independent0

Žestimates of DD from direct cell tracking during gel com-0
. Ž .paction and t from gel compaction in the ICTA to assess0

if a correlation between migration and traction exists.
We have previously applied the ABT to floating TE spheres

to estimate t and its dependence on the initial cell concen-0

Ž .tration c Barocas et al., 1995 , revealing t increased with0 0
c presumably due to one or more stimulatory autocrine fac-0
tors released by the human foreskin fibroblasts used. The
ABT predicts that floating TEs retain their initial isotropic

Ž .orientation of fibrils Barocas et al., 1995 or evolve to an
Žisotropic state if prealigned by an external field Barocas et

.al., 1998 , unlike mechanically constrained TEs such as in the
ICTA where fibrils align along the axis of the TE cylinder
due to the constraint at both ends. Thus, even if cell migra-
tion was occurring to a significant extent during compaction

Žof the floating TE no simultaneous cell tracking was per-
.formed in the Barocas et al., 1995 study , it should not result

in a change from the initial homogeneous distribution of cells.
That is because fibrils through which cells migrate are pre-
dicted to be randomly oriented, as has been subsequently

Ž .confirmed experimentally Bromberek et al., 1999 . Another
consequence of random cell orientation associated with the
isotropic state of a floating TE is that the stress on the colla-
gen network due to cell traction is isotropic. For floating TEs
of sufficiently small dimension, as used in our studies, the
total network stress is not only isotropic but also negligible.
The only body force acting on the network associated with
interstitial flow of solution through the network is negligible,
meaning the total stress is independent of position in the TE.
This fact, in conjunction with the stress-free condition at the
free surface of floating TEs, supports the assertion of negligi-

Ž .ble stress in floating TEs Barocas and Tranquillo, 1994 .
While the axial bias in cell migration due to a contact guid-

ance response to axial fibril alignment in the ICTA was pre-
Ž .dicted by Barocas and Tranquillo 1997b not to significantly

Žaffect the initial homogeneous distribution of cells and thus
.the estimation of t , the axial bias in cell alignment was pre-0

dicted to have a major effect. This is because aligned cells
would exert traction with axial bias, whereas traction is in-
ferred from radial compaction. The ABT uses a tensor to
describe the local alignment distribution of fibrils, which is
assumed to be directly related to the local deformation ellip-
soid of the network. The direction of fibril alignment is as-
sumed to be coincident with the major axis of the ellipsoid,

Žwhich is normal to the direction of compression the defor-
mation ellipsoid for a floating TE is simply a sphere since the

.strain field is predicted to be isotropic . It also uses a tensor
to describe the local alignment distribution of cells, which
accounts for contact guidance by taking it to be a power k of
the tensor characterizing the fibrils, with k being a contact
guidance sensitivity coefficient. Thus, the prediction was that
less radial compaction would be observed for cells having
larger k but with the same t because they would align0
strongly along the axis after only relatively small radial com-

Ž .paction during the ICTA Barocas and Tranquillo, 1997b .
The total stress in the network was predicted to vary with
position, being compressive near the midplane where radial
compaction is greatest, and tensile towards the ends where
the TE is anchored. The effect of the TE aspect ratio in the
ICTA was not considered in that theoretical analysis.

After describing our experimental methods and summariz-
ing the ABT equations, we present fits of the ABT-based
model on basic ICTA data, including maps of cell and fibril
alignment as well as TE compaction and dependence on c0
and aspect ratio. Since the ICTA inherently involves a me-
chanically constrained gel, these results only apply to fibro-
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blast migration and traction with mechanical stress present.
Ž .Thus, we also present results for a floating stress-free TE

cylinder for comparison. Motivated by an unexpected corre-
lation between DD and t found when changing the mechan-0 0
ical stress present in the TE, we also present results for the
ICTA when increasing the concentration of a migration-

Žstimulating soluble growth factor platelet-derived growth
. Ž .factor-BB, PDGF-BB Enever et al., 1999 in the surround-

ing medium and when decreasing the presumptive number of
integrins bound to collagen fibrils by adding an anti-b inte-1
grin blocking antibody to the medium.

Materials and Methods
Cell culture

Ž .Rat dermal fibroblasts RDF were obtained from biopsies
from healthy Fischer rats, and human foreskin fibroblasts
Ž .HFF were obtained from neonatal foreskins. The proce-
dure for isolation and harvesting for both cell types was es-

Žsentially the same and has been reported previously Fresh-
.ney, 1987; Bromberek et al., 1999 , so it will be described

only generally here. The tissue was first treated with three
washes of ethanol and chopped into small pieces. The result-
ing suspension was plated onto a six well plate and incubated
for one week in Dubelco’s modified essential medium
Ž . Ž .DMEM Gibco supplemented with 20% fetal bovine serum
Ž . ŽFBS until fibroblasts predominated in the culture verified

.by staining for procollagen-I . The fibroblasts were then
Ž .passed by exposure to trypsinrEDTA in PBS Gibco for 10

min at 378C and replating onto Petri dishes. After pass 3, the
cells were collected after trypsin treatment and suspended in
freezing compound. RDF and HFF were subsequently cul-
tured through pass 10 in DMEM supplemented with 10%
FBS with a fraction used for the assays described. Prior to
each experiment, cells were removed from the Petri dish by
trypsin treatment, washed twice with DMEM, and suspended

Ž .in 0.5 mL Medium 199 M199, Gibco . All cells used were
between pass 3 and 10.

Preparation of collagen gels
Collagen gels were prepared as described previously

Ž .Knapp et al., 1997, 1999 . Briefly, 20 mL of 1 M HEPES
Buffer, 132 mL of 0.1N sodium hydroxide, 100 mL 10= MEM
Ž . ŽGibco , 60 mL M199, 1 mL PenicillinrStreptomycin 5,000
units of penicillin and 5,000 mg streptomycinrmL in 0.85%

. Ž .saline , 10 mL L-Glutamine 29.2 mgrmL in 0.85% saline ,
Ž .and 677 mL of Vitrogen 100 Collagen Corp. were combined

cold to form 1 mL collagen solution at a collagen concentra-
tion of 2 mgrmL. Vitrogen 100 is 99% pepsin solubilized
bovine type I collagen. Care was taken not to introduce bub-
bles into the collagen solution and the solution was warmed
to room temperature just prior to use to prevent the forma-
tion of bubbles during the gelation process at 378C.

Preparation of the ICTA and floating TE cylinders
The ICTA chamber consisted of a modified stainless steel

Ž .ring O.D. 2.5 cm, I.D. 1.5 cm, 0.6 cm thick bounded on
Ž .either side with glass detailed below within which the TE

cylinder and incubation medium were contained. Two oppos-

ing 3 mm diameter holes bored through the side of the ring
were located 1 mm from the bottom of the chamber to allow
imaging through the TE cylinder using high magnification and
relatively low working distance objectives. Two 3 mm diame-

Ž .ter stainless steel rods 1.2 cm and 0.8 cm long, respectively
with flared ends were fit securely into the opposing holes.

Ž .Porous polyethylene Bel Art Products disks also of 3 mm
diameter and 1 mm thickness were pre-glued on to the ends

Ž .of the rods with silicone adhesive Dow Corning to form the
Žplatens to which the TE cylinder would attach shown in Fig-

.ure 1 . The opposing ends of the rods formed a gap across
which the TE cylinder would be formed. The gap was chosen
to be 4 mm unless indicated otherwise. A Teflon tube with
inner diameter matching the diameter of the rods and two

Ž .small holes 3 mm diameter comprised a mold in which a
collagen suspension was injected and an attached TE cylin-

Žder thus formed the ends of the Teflon tube overlapped over
the porous polyethylene platens and stainless steel by 1.5 mm

.so the collagen solution was contained within the tube . Sili-
Ž .con grease Dow Corning was used to seal the bottom of the

chamber to a 22=30 mm No. 1 cover slip prior to filling the
ICTA mold.

The preparation of the ICTA is shown in Figure 1.
Ž .Polystyrene beads 20 mm diameter, Polysciences at a con-

centration of 2.5=104 beadsrmL and cells at the designated
cell concentration were suspended in the collagen solution
using concentrated stock suspensions of each component. The
collagenrbeadrcell suspension was drawn into a 3 mL syringe
fitted with a 23 gauge needle and injected into the Teflon
tube. Once filled, the chambers were capped with a micro-

Figure 1. Preparation of the ICTA.
Polystyrene beads and fibroblasts were suspended in colla-
gen solution and injected into the Teflon tube to form the
TE in one step. The steel ring and coverslips comprising the
chamber which housed the mold are not shown for clarity.
The tube was slid over one steel rod and the resulting cylin-
drical TE, attached at both ends to the porous polyethylene
platens, was incubated in cell culture medium resulting in a
radial compaction of the free surface.
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scope slide cut to the length of the chamber to minimize
evaporation from the collagen solution. The chambers were
then incubated for 45 min at 378C to induce gelation of the
collagen. The chambers were flipped every 5 min for the first
half hour to ensure even distribution of beads and cells
throughout the forming TE cylinder. After gelation, the
chambers were filled with 1.25 mL of M199 supplemented
with 10% FBS, 1% PenicillinrStreptomycin, and 1% L-
Glutamine, along with added factors as dictated by the indi-

Žvidual experiment anti-b antibody, Chemicon, or PDGF-1
.BB, R&D Systems . Using sterile tweezers, the Teflon tube

was removed by sliding it over the longer steel rod leaving
the neutrally buoyant TE suspended between the two rods to
which it was attached by the platens. The cut microscope slide
was replaced on the top of the chamber using sterile silicone
grease to seal the chambers. The chambers were then incu-
bated at 378C for the duration of the experiment.

Floating TE cylinders were prepared by filling cylindrical
Ž .Teflon tubes 3-mm-ID, 4-mm-long with the cellr

collagenrbead suspension. The tubes were incubated for 45
min at 378C and flipped periodically as for the ICTA. The
resulting TE cylinders were carefully transferred into wells
containing 1.25 mL M199 supplemented with 10% FBS, 1%
PenicillinrStreptomycin, and 1% L-Glutamine and incubated
prior to observation as for the ICTA.

Low magnification time-lapse obser©ation of compacting
tissue equi©alents

Low and high magnification time-lapse video microscopy
of the compacting TEs was conducted simultaneously using a
Zeiss Axiovert 135 inverted microscope equipped with a mo-
torized nosepiece allowing automated magnification changes.
Images for the low magnification were acquired using a 2.5=
objective and captured using a Hitachi KP-M2 CCD camera.
A 2=2 mosaic image of the TE was taken at 45 min intervals
and stored as a TIFF image. Compaction at the ICTA mid-
plane was measured from this image by measuring the mid-
plane diameter on each frame of the time lapse using the
Inovision Isee image analysis software.

High magnification time-lapse obser©ation for cell tracking
Tracks of migrating fibroblasts within the TE were gener-

Žated using a modification of methods described earlier Dick-
.inson et al., 1994 . Briefly, using a 40= objective, cells with

Ž .obvious protrusions that is, that were beginning to spread
Žwere selected randomly from within the TE at least 90% of

the cells were spread at the end of the experiment in all sam-
.ples reported . For both the HFF and RDF, the cell size was

such that the cell extended across most of the field of view
Ž .95 mm=112 mm . Once the cells were selected and the
time-lapse loop was initiated, the cells were focused using a
software-based autofocus routine to adjust the z-position of
the stage. Then, a series of image analysis routines were initi-
ated to identify the cell centroid using Kontron IBAS image
analysis software, and the x, y position of the stage was ad-
justed so that the cell centroid corresponded to the center of
the field of view. The cell positions were updated at each
time step by recording the x, y and z stage positions after
recentering and autofocusing. The cell migration coefficient

DD was determined using a generalized least-squares regres-0
sion of the mean-squared displacement vs. time interval plot

Ž .as described previously Dickinson and Tranquillo, 1993 . No
attempt was made to resolve directional values of DD in or-0

Ž .der to account for contact guidance Dickinson et al., 1994 ,
so reported values include directional averaging.

The macroscopic compaction of the TEs resulted in a bias
in the cell tracks in the direction of the local network convec-
tion. In order to account for this effect, the 20 mm polystyrene
beads were co-entrapped with the cells in the collagen gel;

Ž .the positions of beads near within 400 mm to the selected
cells were tracked at the same time to approximate the local
convection field. These bead tracks were subtracted from
those of the corresponding cells to yield corrected cell tracks
that were subsequently used in the analysis of migration in
the TEs. Typically, 20 cells were tracked per sample.

Cell and fibril alignment measurements
Cell alignment during the ICTA was measured at 24 h af-

Žter sample preparation by alignment, we mean orientation in
one of two opposite directions since the polarity of elongated
fibroblasts typically cannot be determined from an image

.based on morphological criteria . Cell alignment was mea-
Žsured using previously described methods Guido and Tran-

.quillo, 1993 . Briefly, the angle between the long axis of the
cells observed using the 40= objective of the Zeiss micro-
scope and the long axis of the TE cylinder a in the image
was determined manually using Kontron IBAS image analysis

² :software. The mean direction of alignment a and strength
² 2 :of cell alignment Vs cos a were determined and com-

pared to ABT model predictions.
Fibril alignment was inferred during the ICTA from mea-

suring the developing birefringence within the TE at low
Ž .magnification 4= objective in time-lapse. A methodology

based on varying elliptically polarized light was used to deter-
Žmine the spatial dependence of birefringence Tower and

.Tranquillo, 1999 . The optic train on an Olympus IX-70 in-
cluded the following elements in the order of the light path:
a linear polarizer, a rotating quarter wave plate, the TE cylin-

Žder sample automatically positioned by the Inovision soft-
.ware and motorized stages , a right circular analyzer, the 4=

objective, and a Photometrics SenSys cooled CCD for image
acquisition. The polarized light images were processed using
Inovision DSPrOS image analysis software to determine the
average direction and strength of collagen fibril alignment as
a function of position within the TE cylinder. Although this
method can generate a birefringence map with pixel resolu-

Ž .tion, results averaged over 12=6 pixels 400=200 mm were
sufficient to characterize the pattern of fibril alignment.

Data Analysis
The mechanical constraint that the platens imposed on the

compacting TE cylinder resulted in nonuniform compaction
and therefore led to fibril and cell alignment due to contact
guidance. These effects were accounted for using our ABT
developed for compacting TEs, which has been described ex-

Ž .tensively elsewhere Barocas and Tranquillo, 1997a,b . Here,
we give a brief description of the ABT and its application to
modeling the ICTA.
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ŽThe model consisted of five conservation equations mass
and momentum for network and solution and cell concentra-

. Žtion and three constitutive equations cell alignment, net-
.work viscoelasticity, and cell spreading . The standard form

Žof the conservation equations is presented here Barocas and
.Tranquillo, 1997a . The ‘‘Pressure Diffusion’’ form actually

solved for the ICTA model is presented in Barocas and Tran-
Ž .quillo 1997b . The mass conservation equations for the net-

work and solution phases in terms of volume fractions u andn
u ares

Dun
qu =? © s0 1Ž .Ž .n nDt

Dus
qu =? © s0 2Ž .Ž .s sDt

where © and © are the velocities of the phases and DrDtn s
denotes the substantial derivative moving with each phase.
The momentum conservation equations for the solution and
network are

=? u PI yw © y© s0 3w xŽ . Ž . Ž .s o s n

=? u s qct V y PI qw © y© s0 4w x Ž . Ž .Ž .n 0 c o s n

where P is the hydrostatic pressure, w is an interstitial drag0
coefficient between the network and solution phases, s is
the network viscoelastic stress tensor, t is the cell traction0
parameter, and V is the cell alignment tensor that accountsc
for anisotropic cell traction stress when cells are aligned be-

Ž .cause network fibrils are aligned that is, contact guidance .
It can be deduced from Eqs. 3 and 4 that the solution is
considered inviscid relative to the network which is about 108

times more viscous than the solution for the collagen gel used
Ž .Knapp et al., 1997 .

ŽCell proliferation, convection, and anisotropic migration as
.directed by contact guidance were accounted for in the cell

conservation equation as follows

Dc
qc =? © s=? DD V ?=c q k c 5Ž .Ž . Ž .n 0 c 0Dt

where c is the cell concentration, DD is the cell migration0
coefficient, and k is the rate constant for cell proliferation.0
Since the cells are considered a species in the network phase
Žin which they are convected and migrate and must attach for

.proliferation , the cell concentration is defined per unit vol-
ume of network phase and the substantial derivative is with
respect to © .n

As mentioned previously, the cell alignment tensor V isc
assumed to be a monotonically increasing function of the fiber
alignment tensor V , which is determined by the deforma-f

Žtion ellipsoid of the local strain field Barocas and Tran-
.quillo, 1997a

k
3 VŽ .f

V s 6Ž .kc
tr VŽ .f

where k is the cell contact guidance sensitivity parameter and

the scalar prefactor ensures that V s I when V s I. Thec f
strength of the cell alignment V defined previously is the 1,1
element of V .c

Ž . ŽBoth shear Moon, 1992 and compression Knapp et al.,
.1997 experiments have demonstrated that the collagen net-

work in TEs exhibits viscoelastic fluid behavior. Although it
Ž .exhibits a spectrum of relaxation times Knapp et al., 1997 ,

for simplicity, the network was modeled using the single re-
laxation time compressible Maxwell fluid equation which has
been shown to be of sufficient accuracy for compacting TEs

Ž .up to about 15% strain Barocas et al., 1995, 1998

1 1 1 nT
s q s s =© q =© q =? © I 7Ž .Ž . Ž .˙ n n n2G 2h 2 1y2n

where G is the shear modulus, h is the shear viscosity, and n
is Poisson’s ratio. The center dot denotes the upper-con-
vected derivative.

In order to account for cell spreading and development of
motility from an initial nonmotile spherical state when the
TE is formed, the cell migration and traction stress coeffi-
cients were modified accordingly with a sigmoidal depen-

Ždence on time Barocas et al., 1995; Barocas and Tranquillo,
.1994

t Žk s p.

DD t s DD 8Ž . Ž .0 0 Ž .k s pŽk .s pt q tŽ .1r2

t Žk s p.

t t st 9Ž . Ž .0 0 Ž .k s pŽk .s pt q tŽ .1r2

where k determines the steepness of the spreading vs. timesp
response and t is the half time for cell spreading.1r2

The boundary conditions for the symmetry plane and axis
of the TE cylinder were as follows

­ c ­ P
® s s qt cV s s s0 10Ž .Ž .n 0 c nt ­ n ­ n

where n and t refer to the normal and tangent directions.
The boundary conditions for the free surface were

­ c
P s s qt cV s s qt cV s s0 11Ž .Ž . Ž .0 c 0 cnn nt ­ n

and, those for the platen allowed neither slip nor penetration

­ c ­ P
® s ® s s s0 12Ž .n t ­ n ­ n

Fitting of the model to the compaction data was performed
Žusing an FEM solution of the above equations for details see

.Barocas and Tranquillo, 1997b; Knapp et al., 1997 . The pa-
rameter values used for the collagen gel material properties
were obtained from confined compression experiments
Ž .Knapp et al., 1997 and the cell-related parameters DD , k ,0 0
k , k , and t were determined as described previouslysp 1r2
Ž .Barocas and Tranquillo, 1997a . The parameter values used
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Table 1. ABT Parameter Values

Parameter
Parameter Value Reference

Collagen Network
2Ž . Ž .Shear modulus G dynercm 11850 Knapp et al. 1997

2 8Ž . Ž .Shear viscosity h dyne ? srcm 1.24=10 Knapp et al. 1997
4 6Ž . Ž .Drag coefficient w dyne ? srcm 6.4=10 Knapp et al. 19970

Ž . Ž .Poisson’s ratio, y dimensionless 0.2 Scherer et al. 1988

Fibroblasts
Ž .Contact guidance 4 Girton et al. 1999

sensitivity parameter,
Ž .k dimensionless

2 y10Ž . Ž .Migration coefficient DD cm rs 1.7=10 Barocas et al. 19950
y6 Ž .Proliferation rate constant 5.3=10 Barocas et al. 1995

y1Ž .k s0
Spreading steepness k 1.5}3.0 See Resultss p
Ž .dimensionless

Ž .Spreading half time, t h 3}5 See Results1r2

in the fitting are shown in Table 1. As mentioned in the in-
troduction, the values of DD and k are so small they do not0 0
affect the estimation of t , so a constant value of DD was0 0
used in all fits of the compaction data to estimate t , even0
though DD was measured for each sample and varied among0
samples.

The compaction data fitted by the model were the mid-
plane diameter as a function of time. The data were fit man-

Žually by varying t , k and t initial guesses for k and0 s p 1r2 s p
t were inferred from changes in the aspect ratio of cells1r2

.observed at high magnification in time-lapse until an accept-
able fit was obtained. As explained in the Results section, the
value of t required for an acceptable fit was not highly de-0
pendent on the values of k and t . Since an optimizingsp 1r2
code was not available for fitting the compaction data for our
2-D axisymmetric model of the ICTA as was used in parame-
ter determination for a 1-D linear model for confined com-

Ž .pression of collagen gel Knapp et al., 1997 , the accuracy of
the simulation fits to the experimental data was tested by
qualitative assessment of the sensitivity of the goodness-of-fit
to the adjusted parameter t . Figure 2 shows a typical ICTA0

Figure 2. Uncertainty in fitting the cell traction parame-
ter t .0
t was varied by "5%, and the result is shown by the dashed0
lines in the figure. The variability due to the fit was less
than the standard deviation between samples, and was ne-
glected in the analysis.

compaction curve along with the best fit line and two brack-
eting lines in which the cell traction parameter has been var-
ied by 5% on either side of the best fit value. Clearly, the
best estimate for t lies within the two lines. Since the stan-0
dard deviation for the best fit value of t for this experiment0
was approximately 10%, which was on the same order of
magnitude as the error due to fitting, the values for the stan-
dard error among samples were reported and the error due
to fitting was assumed to be small in comparison.

Results of the effects of various treatments, such as
PDGF-BB added to the incubation medium, were obtained

Žfor identically prepared samples in a single experiment at
.least ns3 , with the experiment being repeated at least once.

Significance relative to the mean for the control group was
determined using Student’s t-test. In order to exclude effects
of variation in cell or collagen properties between experi-
ments, the sensitivity of t estimated by data regression was0
determined with respect to the compression modulus and vis-
cosity of collagen gel G and h , and to the cell contactcc cc
guidance parameter k . Since all the samples were prepared
identically within a single comparison, using the same cells
and collagen solution, the appropriate limits of the sensitivity
are indicated by repeated tests on the same sample, which
have been measured as 10% of G and h for collagen gelcc cc

Ž .in confined compression Knapp et al., 1997 . The sensitivity
of t to any of the parameters tested was not greater than0
10%, which is less than the experimental variability between
samples.

Results
Model ©alidation and fits

During the ICTA, a progression of cell morphology was
observed similar to that previously reported for cell spread-

Figure 3. Radial compaction and the effect of TE cylin-
der aspect ratio.
The circles in the plot show the reduction in diameter of the
TE cylinder for HFF at an initial cell concentration, c s0

Ž20,000 cellsrmL at the midplane that is, the plane equidis-
.tant from the platens , and the solid line represents the fit

Žof the model based on the ABT to the data t s 0.037 dyne0
.? cmrcell, k s1.5, and t s 3 h . The effect of decreasingsp 1r2

Ž .the aspect ratio LrD by one-half on midplane compaction0
was investigated. Using the same value for t obtained from0
the fit of the data represented by the circles, the model
Ž .dashed line slightly overpredicted the experimental data
Ž .squares , indicating a possible role for network stress mod-
ulating cell traction.
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Figure 4. Cell alignment.
HFF alignment measured in the ICTA at 24 h shown by the

Ž .circles in Figure 3 solid line compared favorably with the
Žpredicted alignment dashed lines, calculated from the

.eigenvalues of V based on t s 0.037 dyne ? cmrcell at allc 0
positions within the TE cylinder. The corresponding values
and standard deviations for the alignment direction are
shown in Table 2. The agreement between the model and
ICTA data validates the ability of the ABT to capture the
anisotropic behavior of compacting TEs.

Žing in attached gels Tomasek and Hay, 1984; Eastwood et
.al., 1995 . Within 2 h, the cells began to extend two or three

small protrusions and, within 8 h all the cells had started to
Ž .elongate into a spindle-like shape Lee et al., 1993 . Cell mi-

gration was observed after cell spreading had occurred. How-
ever, gel compaction was measurable as early as 30 min. The
midplane diameter of a sample prepared with HFF at an ini-
tial cell concentration c , of 20,000 cellsrmL is plotted vs.0
incubation time as the circles in Figure 3 along with the model

Ž .fit to the data solid line . The value for the halftime for

Table 2. HFF Alignment in the ICTA

Quadrant in ICTA Side©iew Projection

Bottom Top Bottom Top
Left Left Right Right

Avg. Cell Alignment, 9.08"6.98 12.98"6.08 y6.98"5.58 y1.88"6.68
ŽExp. ns25 cells

.for each quadrant
Avg. Cell Alignment, 8.88 11.88 5.28 3.28

Simulation

Žspreading for HFF t , which affects the initial part of the1r2
.compaction curve was determined to be 3 to 5 h, consistent

Žwith measurements of HFF in floating collagen gel Barocas
.et al., 1995 with variations being due presumably to differ-

ences in cell passage number, variations in cell culture andror
preparation conditions. Values in this range were used in
subsequent simulations. The model adequately fits the com-

Žpaction data both in the early time points during cell spread-
. Ž .ing , which depends on the transient value of t t via appro-0

priate values of k and t , as well as the ultimate value tsp 1r2 0
Ž .see Eq. 9 , and during the period of significant TE com-
paction, which is determined solely by t . Since the ultimate0
traction was of primary interest for comparison between
groups, t was the only fitted parameter reported among k ,0 s p
t , and t .1r2 0

The model predicts that midplane compaction during the
ICTA will decrease for TE cylinders of decreasing aspect ra-

Ž .tio defined as LrD . This is mainly due to constrained ra-0
dial compaction near the adhesive platens at the ends of the
TE cylinder, resulting in a reduced extent of radial com-
paction and reduced network stress for shorter cylinders
Ž .Barocas, 1996 . In order to test this experimentally, TE

Figure 5. Fibril alignment.
A low magnification polarized light time lapse was used to determine the spatial variation of retardation and thus collagen fibril alignment

Ž Ž . Ž . Ž . Ž . .during the ICTA images taken at a 2, b 7, c 12, and d 17 h . The white lines appear curved in some instances do to a pixelation
artifact.
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cylinders with LrD one-half that described above were as-0
sayed. The measured midplane diameter is shown as the
squares in Figure 3. Then, using the value of t determined0
from the fit to the data for the standard LrD shown as cir-0
cles in Figure 3, the experiment was simulated and shown as
the dotted line in Figure 3. The simulation slightly overpre-
dicts the extent of compaction for the shorter cylinder at early
time points, but adequately predicts the compaction at the
end of the experiment. This result, along with similar results
for TE tubes with compaction constrained by a mandrel

Ž .placed in the lumen Barocas et al., 1998 , indicated that de-
veloping stress within the collagen network could be a factor
in the apparent increase in cell traction and guided our study
into the effect of network stress on t , as described in a sub-0
sequent section.

Developing cell alignment along the TE cylinder axis with
increasing radial compaction is predicted from the model as
a result of contact guidance. Fibril alignment develops in the
axial direction as a direct result of the radial compaction be-
cause the ABT assumes that fibrils align perpendicular to the

Ždirection of network compression and parallel to the direc-
.tion of network extension and cells then align with the fib-

rils. Using the same conditions as for the experiment shown
by the circles in Figure 3, cell alignment was measured dur-
ing the ICTA as a function of position in the TE. Then, we
simulated the experiment using the value for t estimated0
from the experiment and calculated an average alignment in
the TE at the same positions as measured. The experimental
and simulated alignment directions are shown as the lines in
Figure 4, and the values and their associated standard devia-
tions are reported in Table 2. The reported angles represent
the average angle of the long axis of the cell relative to the
long axis of the TE cylinder. Because of its axisymmetry, only
the values from one quadrant of the projection of the TE
cylinder are reported. The simulated values fall within one
standard deviation of the experimental data; therefore, the
ABT adequately predicted the cell alignment.

A measure of the developing fibril alignment as a function
of position in the TE cylinder would serve to further validate
the anisotropic aspects of the ABT. To do so, a retardation
map of a TE cylinder was generated in time lapse as a func-
tion of position in the TE cylinder, since retardation reflects

Žthe local axis and strength of fibril alignment Girton et al.,
.1998; Guido and Tranquillo, 1993 . The results are shown as

a series of light micrographs in Figure 5, taken at 2, 7, 12,
and 17 h. The angle of the white lines superimposed on the

Žimage represents the local axis of fibril alignment extinction
.angle at the midpoint of its location, while the length of the

Ž .line represents the strength of alignment retardation . The
Ž .sample starts out mostly isotropic except near the platens ,

as evidenced by the short lengths of the lines. However, as
radial compaction ensues, the strength of the fibril alignment
increases dramatically in the axial direction, especially near
the midplane of the ICTA where the compaction is greatest,
while the fibril alignment remains largely isotropic near the

Žaxis towards the platens where little compaction occurs ex-
Žcept towards the edge of the platens, as predicted Barocas

..and Tranquillo, 1997b . The observed decrease in retarda-
tion d with increasing radius in the TE cylinder reflects the
decreased thickness of collagen gel in the optical path l
rather than indicating decreased alignment of collagen fibrils

Figure 6. Cell concentration effect.
Increasing midplane compaction with increasing c is shown0

Ž .in a . The resulting t from model fits to the compaction0
Ž .curves are shown in b , with increasing estimated t with0

Ž .increased c . c A possible explanation for this is increased0
network stress signaling an increase in cell traction, the av-
erage axial stress at 16 h being plotted for increased c .0

towards the surface of the TE cylinder. This would be appar-
ent in a map of birefringence drl.

Effect of cell concentration
ŽTo determine the effect of cell concentration and thus in-

.creasing radial compaction and stress on cell traction, we
varied c from 7,500 to 20,000 cellsrmL in the ICTA and0
measured midplane compaction, as shown in Figure 6a. Be-
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Figure 7. Network stress effect.
Ž . Ž . Ž .HFF within attached, mechanically stressed TEs ICTA exerted 25% more traction a but exhibited much decreased migration b than

within floating TEs. Although the floating TE compacted radially to a greater extent than the attached TE, the estimated value of t is0
Ž .lower see text for explanation .

low 7,500 cellsrmL, HFF spreading was delayed considerably
and the cell number within the ICTA was not sufficient to
compact the collagen gel within the 16 h period of experi-
ment. Above 20,000 cellsrmL, the network strain typically as-
sociated with compaction after 16 h was significantly over the
15% value for the linear viscoelastic limit of collagen gel
Ž .Knapp et al., 1997 and invalidated Eq. 7. Values of t esti-0
mated from fitting these data for each c are shown in Figure0
6b. As c increased, the extent of compaction increased as0
seen in Figure 6a, thus resulting in even higher cell and colla-
gen concentrations in the highly compacted regions with cor-
respondingly higher network stress, as shown by the simu-
lated spatial averaged axial stress in the network in Figure 6c.
As seen in Figure 6b, t increased significantly with increas-0
ing c as did the network stress, indicating a possible correla-0

Žtion between increased network stress to which the cells are
.subject and increased cell traction.

Effect of network stress on HFFs: ICTA ©s. floating TE
cylinders

Compaction in the ICTA and in a floating TE cylinder pre-
pared in the same experiment is shown in Figure 7a, along
with the model fits for both cases. Even though ICTA com-
paction was slightly less than that for the floating cylinder,

Žthe value for t was 25% greater statistically significant, P0
.-0.05 . This was due to axial alignment of collagen fibrils

and cells in the ICTA, causing an increasing amount of trac-
Žtion to be directed axially, reducing radial compaction c.f.

.Introduction which was ‘‘compensated’’ for in the fitting by

Table 3. Effect of Network Stress on HFFs

Attached Floating
Gel Control Gel

Parameter Stressed Stress-Free
U2Ž .Migration DD mm rmin 7.41"1.35 38.7"10.80

Ž . Ž .ns10 ns6
UŽ .Traction t dyne ?cmrcell 0.115"0.011 0.083"0.0110

Ž . Ž .ns10 ns6

U Ž .Statistically significant difference P - 0.05 .

using a greater t . However, cell migration was significantly0
Ž .higher in the floating cylinder P -0.05 , as shown in Figure

7b, indicating negatively correlated cell traction and migra-
tion. Results are summarized in Table 3.

Effect of modulating HFF adhesion with a blocking anti- b1
integrin antibody

The ICTA was conducted with medium containing human
anti-b integrin antibody, which is known to modulate the1
adhesion of HFF to collagen gels and collagen gel com-

Ž .paction Carver et al., 1995 . Anti-b was added at 2 mgrmL,1
which still allowed cell spreading, but modulated the traction
and migration of the HFF. Light micrographs of a typical
HFF in collagen gel in the presence and absence of anti-b1
are shown in Figures 8a and 8b. The morphology of many of

Žthe cells in the presence of anti-b more polarized appear-1
.ance, with large protrusions in the direction of migration was

also typical for those cells in the absence of anti-b observed1
to be more actively migrating; in contrast, relatively station-
ary fibroblasts appeared hyperelongated with long thin pro-
trusions at both ends and lacked distinguishable polarity.
Anti-b in the culture medium at a concentration of 2 mgrmL1
resulted in significantly decreased compaction, and signifi-

Ž .cantly increased migration P -0.05 . Results are summa-
rized in Table 4.

Effect of stimulating RDF with PDGF-BB
In order to further investigate the relationship between cell

traction and migration, PDGF-BB was added to the culture
medium in studies using RDFs since it was found to enhance

ŽRDF, but not HFF migration within collagen gel unpub-
.lished observations . A comparison of the midplane com-

paction and migration with and without 50 ngrmL PDGF-BB
was performed. As observed for the anti-b antibody, there1
existed a negative correlation between migration and traction
in the PDGF-BB treated samples, where elevated PDGF-BB

Ž .increased DD significantly but decreased t P -0.05 . Re-0 0
sults are summarized in Table 5. If cell proliferation had in-
creased with the addition of PDGF-BB beyond that ac-
counted for with the value used for k , the fitted values of t0 0
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Figure 8. Increased polarity of migrating fibroblasts.
Ž .High magnification micrographs of typical migrating a and

Ž .relatively stationary b HFF as directly observed in time-
Ž .lapse. The cell in a was migrating toward the top of the

image.

would have decreased further in order to compensate for the
increased cell concentrations, consistent with a more nega-
tive correlation.

Discussion
We have presented results from an ICTA assay for measur-

ing cell traction and migration. We have also validated the
ability of our ABT model to simulate ICTA data by predict-
ing the spatial dependence of alignment of fibroblasts and
collagen fibrils in the compacting TE cylinder and the effects

Table 4. Effect of 2 mgrrrrrmL Anti- b Integrin Antibody1
Added to the ICTA Medium on HFFs

Anti-b1
Parameter Control qAnti-b1

U2Ž .Migration DD mm rmin 4.05"0.51 6.45"0.660
Ž . Ž .ns9 ns8

UŽ .Traction t dyne ?cmrcell 0.084"0.006 0.020"0.0020
Ž . Ž .ns9 ns8

U Ž .Statistically significant difference P - 0.05 .

Table 5. Effect of 50 ngrrrrrmL PDGF-BB Added to the
ICTA Medium on RDFs

PDGF-BB
Parameter Control qPDGF-BB

U2Ž .Migration DD mm rmin 3.54"0.30 4.89"0.360
Ž . Ž .ns6 ns6

UŽ .Traction t dyne ?cmrcell 0.135"0.01 0.055"0.0070
Ž . Ž .ns6 ns6

U Ž .Statistically significant difference P - 0.05 .

of aspect ratio on compaction. The effects of migration stim-
Žulating and adhesion modulating factors PDGF-BB and an

.anti-b integrin antibody , as well as the collagen network1
Ž .mechanical stress state attached vs. floating TE cylinders on

cell migration and traction during compaction were investi-
gated, and, in all cases, cell migration was negatively corre-
lated with cell traction. While this may have been anticipated
from studies based on the degree of traction wrinkles devel-

Ž . Žoped on rubber films for fast less wrinkles and slow more
. Ž .wrinkles migrating cell types Harris et al., 1980 , it has never

been shown in a tissue-like environment.
The cylindrical geometry of our ICTA was motivated by

our ability to model the system using a 2-D axisymmetric
Ž .model for TEs Barocas and Tranquillo, 1997b based on our

Ž .ABT Barocas and Tranquillo, 1997a , but also conferred
other advantages compared to previously reported ICTAs. A
key advantage results from our estimation of traction based
on TE compaction rather than direct force measurement. Di-
rect force measurement by attaching a force transducer to a

ŽTE Delvoye et al., 1991; Kolodney and Wysolmerski, 1992;
.Eastwood et al., 1994 precludes the possibility of comparing

Ž .traction exerted by cells in attached stressed and floating
Ž .stress-free TEs. Another advantage is the small volume of
our assay minimizes the costs of studying the effect of expen-
sive soluble factors such as growth factors or neutralizing an-

Žtibodies on the cell behavior in the TE only about 30 mL of
collagen suspension is required for the TE, and about 1 mL

.incubation medium is required to fill the assay chambers .
Other reported ICTAs which rely on direct force measure-
ment require larger samples to generate measurable forces.
The design of our ICTA allowed the TE to be directly viewed
on the inverted microscope. This ability to monitor com-
paction of the TE at low magnification while simultaneously
tracking the cells with high precision at high magnification
was instrumental to the study of the relationship between cell
migration and traction, minimizing variability due to differ-
ences in preparations of cells and collagen gel between ex-
periments.

It was obvious from direct observation of the ICTA under
low magnification that cell movement due to TE compaction
was significant in comparison to the cell migration, especially
at high cell concentrations. By tracking marker beads, which
also convected with the compacting TE near to the cells un-
der observation, we effectively corrected for this, as evi-
denced by our measurement of negligible migration for im-

Ž .motile rounded cells during the time lapse data not shown .
However, in cases with extensive cell migration, the possibil-
ity existed that the cells would migrate significantly from the
marker bead chosen for it during the later stages of the time
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lapse, so that the accuracy of the correction would worsen
considerably since the compaction in the ICTA is spatially
nonuniform. In order to minimize this problem, in cases
where cell migration was measured, cell concentrations were
limited to 1.25=104 cellsrmL, a relatively low cell concentra-
tion that allowed for significant generation of axial stress in
the ICTA over the course of the experiment, but was low

Ž .enough that the maximum strain at the ICTA midplane was
limited to about 10% at the end of the experiment.

The ICTA proved to be a valuable tool in validating some
of the basic assumptions of the ABT, which had previously

Ž .been validated in floating TE spheres Barocas et al., 1995
Ž .and constrained TE tubes Barocas et al., 1998 . As shown in

Figure 2, the shape of the compaction curves were approxi-
Žmated well with a three parameter fit for cell spreading ksp

. Ž .and t and cell traction t , with all other model parame-1r2 0
ters determined experimentally in separate experiments. In
addition, the ability of the model to predict axial cell align-

Ž .ment in the ICTA Figure 4 and Table 2 was important, since
the increasing axial alignment of fibroblasts within the ICTA
had important effects on both the axial stress and radial com-
paction of the ICTA. In the ABT, cells are assumed to exert
stress in the direction in which they are aligned as measured
by the cell contact guidance sensitivity parameter k . This as-
sumption results in increased axial stress and reduced radial
compaction predicted for k )0, which was responsible for
the greater value for t required to fit the ICTA data in0
Figure 7a despite compaction being greater in the floating
TE cylinder. The functionality of the contact guidance terms

Ž .in the ABT see Eqs. 4}6 that was used to estimate k s4
Ž .from confined compression of TEs Girton et al., 1999 was

thus validated for cell traction induced TE compaction in the
ICTA, a result also reported for compacting TE tubes
Ž .Barocas et al., 1998 .

The measurement of developing axial alignment of colla-
gen fibrils in the ICTA in areas of high radial compaction
Ž .Figure 5 was further indication of the validity of the
anisotropic aspects of the ABT. To our knowledge, this is the
first report of direct in-situ measurement of developing fibril
alignment in TEs. In addition to providing a valuable tool for
directly studying contact guidance fields within compacting
TEs, which could be useful for studying developing alignment

Žin TEs with application to tissue engineering Barocas et al.,
.1998 , the methods used to obtain the time-lapse images

shown in Figure 5 have been invaluable for studying the pro-
Žcess by which collagen gels align under external fields Tower

.and Tranquillo, 1999 .
Another prediction of the ABT is decreased compaction

and network stress in the ICTA for cylinders with a lower
aspect ratio LrD . Indeed, the experimental data in Figure 30
showed that compaction of the ICTA was reduced for a cylin-
der with an aspect ratio which was halved. However, using
the same parameter values as was used in the simulation for
the data with larger aspect ratio in Figure 3, the simulated
compaction curve significantly overpredicted the ICTA com-
paction, especially during the first 15 h of the experiment.
This indicated there might be a correlation between increas-

Ž .ing compaction and therefore network stress and increased
cell traction measured as t . Grinnell and colleagues have0
shown that fibroblasts respond to mechanical stress in TEs
with a change in phenotype, with increased proliferation,

biosynthesis, and highly elongated morphology in other at-
tached TEs in which mechanical stress also develops. In con-
trast, fibroblasts have a relatively quiescent phenotype in

Ž .floating, essentially stress-free TEs Nakagawa et al., 1989 in
which the cell traction stress is balanced by the network vis-

Ž .coelasticity Barocas and Tranquillo, 1997a . Importantly, the
relaxation of stressed TEs results in the disappearance of
actin stress fibers in fibroblasts and release of cell surface

Ž .fibronectin Tomasek and Hay, 1984; Mochitate et al., 1991 ,
both of which are factors that could significantly affect the
way the fibroblasts exert traction and migrate within the TEs.
The results of Figure 7 and Table 3 indicating increased cell

Ž .traction in attached stressed TEs were consistent with these
observations. That is, fibroblasts that are strongly adherent to
the collagen, possibly via cell surface fibronectin with promi-
nent actin stress fibers, efficiently compact the local network
but do not migrate efficiently, while the fibroblasts within the
floating unstressed TE channel a reduced level of traction
into efficient migration.

Our traction and migration results for attached and float-
Ž .ing TEs Figure 7 indicated a negative correlation between

migration and traction associated with a difference in the
mechanical stress state of the network. Recently, Lauffen-
burger and coworkers reported a negative correlation be-
tween migration and adhesion strength for fibroblasts on a
2-D substratum, where fibroblasts migrated faster as adhe-
sion was increased from a low level, but slower as adhesion

Ž .increased above an optimal level Palacek et al., 1997 . Our
results of increased HFF migration treated with blocking
anti-b integrin antibody suggest that HFF in the TE were1
strongly adherent to the collagen network in the absence of
the antibody, but were able to migrate more efficiently when

Žadhesion was decreased in the presence of the antibody Ta-
.ble 4 . This increase in migration efficiency was correlated

with a more polar fibroblast morphology that may have facili-
tated migration. The concomitant decrease in compaction
suggested that the strongly adherent cells, while less efficient

Žin migrating, were more efficient in exerting traction Table
.4 . Similarly, upon the addition of PDGF-BB to ICTAs pre-

pared with RDF, increased migration was measured, again
Ž .along with negative correlation with decreased cell traction

Ž .Table 5 .
The negative correlation between migration and traction

that we have documented for TEs has implications towards
understanding the role of fibroblasts in wound repair, where
an increased state of mechanical stress in the wound may
result from wound contraction driven by wound fibroblasts.
Upon wounding, chemokines and chemoattractants such as
growth factors and ECM fragments are released in the wound,

Žinducing progenitor cells of the wound fibroblasts such as
Ž . Žquiescent dermal fibroblasts Clark, 1996 or pericytes Ivars-

..son et al., 1996 to become migratory, invading the fibrin
clot. The negative correlation between migration and traction
is inconsistent with speculation that cell migration provides
the driving force for wound contraction. In fact, if stress be-
gins to develop within the wound site due to the invading
fibroblasts, our results indicating increased traction and de-
creased migration of cells in mechanically stressed TEs sug-
gests the now resident wound fibroblasts would exert en-
hanced traction, perhaps associated with expression of a-

Žsmooth muscle actin typical of myofibroblasts Gabbiani et
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.al., 1971 . Their decreased migration correlating with in-
creased traction would keep them localized within the wound.
Further, factors that modulate this negative correlation of cell
behavior might be antagonist to the outcome of wound con-

Ž .traction. Our results in the ICTA where stress develops for
PDGF-BB, which is likely present in relatively high concen-
trations within the wound initially, suggest that growth fac-
tors might counteract this effect of stress since PDGF-BB
caused traction to decrease and migration to increase. A sim-
ilar scenario follows from our ICTA results using the anti-b1
integrin antibody given the increase in soluble ECM frag-
ments associated with clot resorption that could compete with
the developing granulation tissue for cell integrins and
thereby cause traction to decrease. Thus, the degree of wound
contraction likely depends in a complex way on the spatio-
temporal characteristics of mechanical stress and concentra-
tion of growth factors, ECM, and soluble ECM fragments
within and around the wound.
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