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Abstract. We have used an isometric force transducer
to study contraction of two types of nonmuscle cells
in tissue culture . This method permits the quantitative
measurement of contractile force generated by cells
of defined type under the influence of external agents
while allowing detailed morphological observation .
Chick embryo fibroblasts (CEF), which form a contrac-
tile network inside a collagen matrix, and human um-
bilical vein endothelial cells (HUVE), which are lo-
cated in a monolayer on the surface of the collagen
matrix, were studied . CEF and HUVE in 10% FCS
produce a substantial tension of 4.5 ± 0.2 x 104
dynes/cm2 and 6.1 x 104 dynes/cm2 , respectively. Both

M MST of what is known about force generation in
animal cells has come from studies of muscle .
However, the generation of force is essential to

such nonmuscle cell functions as wound contraction, gastru-
lation, and connective tissue morphogenesis . We have devel-
oped a simple quantitative technique to study isometric con-
traction of cells in tissue culture . This technique allows
mechanical study of a variety ofnonmuscle and smooth mus-
cle cells undergoing biochemical and genetic manipulations .
Nonmuscle cells are believed to generate force through in-

teraction between actin and myosin as in smooth and skeletal
muscle (1, 20, 25, 26) . Recently it has been demonstrated
that nonmuscle cells express isoforms ofnonsarcomeric my-
osin distinct from those expressed in smooth muscle (18, 19) .
The nature of these isoforms has been characterized ; how-
ever, their function remains unclear. Thus, a quantitative
study of isometric contraction in a tissue culture system may
provide insight into the mechanical specialization of non-
muscle myosin isoforms .
Unlike skeletal muscle, in which the cytoskeleton is ar-

ranged in a well-defined, stable organization, nonmuscle
cells rearrange their cytoskeletons in response to physiologi-
cal stimuli such as growth factors and secretagogues. It is
clear that studies correlating cell mechanics with cytoskele-
tal morphology and biochemistry are needed to understand
mechanisms through which nonmuscle cells control their
mechanical machinery. In this study, we present the results
of initial efforts to assay quantitatively the force produced in
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cell types contract when stimulated with thrombin,
generating a force per cell cross-sectional area of -105
dynes/cm2 , a value approximately an order of magni-
tude less than smooth muscle . The integrity of the ac-
tin cytoskeleton is essential for force generation, as
disruption of actin microfilaments with cytochalasin D
results in a rapid disappearance of force . Intact mi-
crotubules appear to reduce isometric force exerted
by CEF, as microtubule-disrupting drugs result in in-
creased tension . Contraction by HUVE precedes a
dramatic rearrangement of actin microfilaments from a
circumferential ring to stress fibers .

vitro by nonmuscle cells as they undergo stimulation and
morphological change. We present measurements of the iso-
metric force developed by a contractile network ofchick em-
bryo fibroblasts (CEF) , as well as a monolayer of human
umbilical vein endothelial (HUVE) cells . We examine the
contractile response of both cell types to thrombin, a potent
growth factor for CEF (5), as well as an agonist for en-
dothelial retraction (21, 24) . In addition, we have determined
the mechanical response to specific disruption of actin fila-
ments and microtubules . In all studies, we examined correla-
tions between changes in cytoskeletal morphology and con-
traction .

Materials andMethods

Cell Culture
CEF cells (a generous gift of Dr. Milton Schlesinger, Washington Univer-
sity, St . Louis, MO) isolated from 11-d-old chick embryos were maintained
in DME supplemented with 10% FCS, 50 U/ml penicillin, and 50 icg/ml
streptomycin . CEF cells were used in the second passage . HUVE cells were
harvested from human umbilical veins by the method of Jaffe et al. (16) .
Cells were seeded on fibronectin-coated T-25 cm2 flasks in MCDB-107
medium supplemented with 20% FCS, 90 pg/ml heparin, 50 Pg/ml en-
dothelial cell growth supplement (Sigma Chemical Co., St . Louis, MO)
(27), 5 Ag/ml transferrin, 5 pg/ml penicillin, and 50 U/ml streptomycin .
HUVE were used in the first passage.

1 . Abbreviations used in thispaper: CEF, chick embryo fibroblasts ; HUVE,
human umbilical vein endothelial cells .
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Isometric Tension Apparatus
Figure 1 A is a diagrammatic representation of the isometric force monitor-
ing apparatus . The chamber was constructed from a 100-mm polymethyl-
pentene petri dish (Nalge Co., Nalgene LabwareDiv., Rochester, NY) filled
to a depth of 5 mm with Sylgard 186 silicone elastomer (Dow Coming
Corp., Midland, MI) and allowed to harden overnight . A 25-mm strip was
cut out of the silicone elastomer (N vol 10 ml) to form a trough for casting
of the collagen gel . Bars 7 cm x 3 mm x 0.25 in. of porous polyethylene
(Bel-Art Products, Pequannock, NJ) were cut from a stock sheet with a dull
band saw, producing a large burron the polyethylene bar to which the colla-
gen gel adhered . After cutting, the polyethylene bars were soaked for 3 d
in concentrated sulfuric acid and then washed for 2 d in 10 changes of dis-
tilled water. Holders were then constructed by attaching 3 .5-in ., 25-gauge
spinal needles to the midpoints of the bar. The holders and experimental
chamber were steam sterilized by autoclaving for 15 min at 121 PSI . One
ofthe pair of polyethylene holders was attached to an xy,z-multiaxis stage
manipulator, whereas the other was affixed to a research-grade isometric
force transducer (model 52-9545 ; Harvard Apparatus Co ., Inc ., S. Natick,
MA) . The transducer detects force as a capacitance change due to minute
deflection of a stiff beam . The beam deflects <10-3 cm under a load of
1,000 dynes, giving a strain of <01% under maximal load for all experi-
ments in this study. The transducer was calibrated with a series of weights
ranging from 10to 1,000 dynes . All measurements were performed at 37°C
in a humidified 5% C02/95% air atmosphere.

Collagen Gel Preparation
For both CEF and HUVE experiments, collagen gels were cast from a colla-
gen/DME solution (4) composed of 4 .0 ml bovine skin collagen (3 mg/ml
stockbovine calf skin collagen [Vitrogen, Collagen Corp., Palo Alto, CAI),
4.4 ml 2x DME, 1 ml FCS, 4 ml DME with 10% FCS, penicillin, strep-
tomycin, and 0.4 ml 0.1 N NaOH . All solutions used to prepare collagen
gels were maintained at 4°C to retard collagen polymerization.

For isometric force studies of CEF, 107 cells were suspended in 13 ml
chilled collagen/DME solution, gently mixed, andpoured between polyeth-
ylene holders . The collagen/cell suspension gelled within 1 h at 37°C.

For studies on HUVE, a slight modification of this procedure was used .
5 ml of 1 mg/ml collagen/DME solution was poured between the polyethyl-
ene holders and allowed to gel for 24 h at 37°C in a humidified incubator.
HUVE (4 .5 x 106) were seeded onto precast gels, where they formed a
confluent monolayer within 2 d. Monolayers used in this study were 5 d
postconfluent.

24 h before measurement, CEFwere refed with DME without serum and
HUVE monolayers were fed with MCDB-107 supplemented only with 10%
FCS and 5 ug/ml transferrin .

Immunofluorescence
To investigate cytoskeletal morphology, cells were grown in or on collagen
membranes prepared identically to those used for force measurements . To
visualize microtubules, fibroblasts in the collagen membrane were permea-
bilized in a microtubule-stabilizing buffer (60 mM Pipes, 10 mM Hepes,
10 mM EGTA, 2 mM M9C12, pH 6.9) with 0.1% Triton for 40 s. The cells
were then fixed in microtubule-stabilizing buffer plus 0.1% Triton with
0.5 % glutaraldehyde, and then treated with sodium borohydride (1 mg/ml)
for 3 min . The samples were incubated first with a mixture of monoclonal
antibodies (1 :1,000 dilution) to a- and 0-tubulin (Amersham Corp ., Arling-
ton Heights, IL) for 1 h and then with rhodamine-conjugated goat anti-
mouse antibody (Sigma Chemical Co .) for 30 min .

To visualize actin microfilaments, cells in or on collagen membranes
were fixed with freshly made 3% formaldehyde in PBS and stained with
rhodamine phalloidin (Molecular Probes, Inc., Eugene, OR) by the method
of Barak et al . (2). Collagen membranes were coverslipped in 90%
glycerol/10% PBS containing 0.1 M n-propyl gallate (10) and sealed with
nail polish .

Determination ofCellular Cross-Sectional Area
For determination of cross-sectional area, collagen membranes with cells
were washed once in Dulbeccds phosphate-buffered saline, pH 7.3, and
immediately flooded with fixative consisting of 1% formaldehyde (Poly-
sciences, Inc ., Warrington, PA) and 2.5% glutaraldehyde (Polysciences,
Inc .) warmed to 37°C. The collagen membranes were washed twice with
fixative at 37°C and then fixed for an additional 24 h at 4°C. Fixed tissues
were removed from the polyethylene holders, cut into 1-mm3 blocks, post-
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fixed in 1% osmiumtetroxide in 0.15 M phosphate buffer for 1 h, dehydrated
in graded steps of ethanol, infiltrated with resin, and embedded in Poly Bed
812 . 1-itm sections were cut and stained with toluidine blue.

To enhance contrast of cells for computational determination of cell area,
weexploited the apparent ability of toluidine blue to quench the sutofluores-
cence of the Poly Bed 812 resin . Semithin sections were viewed with a con-
focal microscope (model MRC-600, Bio-Rad Laboratories, Richmond,
CA) using neutral density filter 2 with the pinhole aperture fully opened .
At 563-nm excitation, Poly Bed 812 is highly fluorescent, producing an in-
tensely bright background, whereas the cells stained with toluidine blue ap-
pear as black areas . Frames were taken sequentially through the entire
thickness of the collagen membrane (typically 800Am) . The fractional area
occupied bythe cells ineach frame was computed using theMRC-600 soft-
ware package, which allowed us to select structures ofa particular intensity
range for quantitation. After averaging20 scans using theKalman filter, we
used the statistical function to produce ahistogram ofpixel intensities . The
band function allowed us to highlight the appropriate pixel intensity range
in pseudocolor on the monitor screen and to verify visually that the high-
lighted region corresponded exactly to the cells. The band function wasthen
used to compute the fractional area occupied by the cells. Force for each
collagen membrane was normalized to its cellular cross-sectional area de-
termined in this manner.

Results
For experiments using CEF, a collagen gel containing 1 x
10' cells was prepared by pouring a collagen-cell suspen-
sion between the two porous polyethylene holders ofthe iso-
metric force apparatus. The collagen-cell suspension gelled
within 1 h after casting . By 4 h after casting, the CEF con-
tract the gel from an initial thickness of -8 mm to an 800-
jm-thick membrane (Fig . 1 B) . The hydrophobic nature of
the Sylgard 18 elastomer filler and the polymethylpentene
petri dish ensured that the collagen membrane adhered only
to the porous polyethylene holders . At the cell density used
in these experiments, no cell replication occurred within the
collagen membrane (data not shown) . HUVE were seeded
onto a precast collagen gel, which the cells contracted into
a thin membrane within48 h ofculture . Upon collagen poly-
merization, the gel filled the entire expanse between the sili-
cone elastomer. Within 1 h, both the CEF and HUVE began
to contract the collagen matrix away from the silicone
elastomer. By 24 h, the collagen membrane only spanned the
area between the porous polyethylene holders (Fig . 1 B) .
Examination of semithin Epon sections revealed that CEF

within the collagen membrane organized into three charac-
teristic patterns . As demonstrated in Fig. 2, the cross-
sectional distribution of CEF within the collagen membrane
can be categorized as follows : (a) a random dispersal ofcells
(Fig. 2 A) ; (b) longitudinally oriented layers one cell thick
(Fig. 2 B); and (c) layers three to five cells thick located at
the base ofthe gel (Fig. 2 C). The HUVE seeded on the gel
surface did not invade the gel but instead formed amonolayer
on the top surface of the gel (Fig. 2 D).

Fig . 3 is a representative tracing of the time course of iso-
metric force developed by CEF maintained in 10% FBS . A
force of 20 dynes was produced by the cells within 3 h after
casting the collagen-cell suspension . The initial slow rise in
force corresponds to the period in which the cells retracted
the collagen gel into a thin membrane spanning the porous
polyethylene holders (Fig . 1 B) . Typically, a steady increase
in force occurred over the next 24 h and then plateaued at
a steady state value of -600 dynes by 36 h after casting.
Cells maintained this steady state force for as long as 7 d in
culture .
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To compare isometric force values in our system with
those produced by other preparations (Table I), we calcu-
lated cellular cross-sectional areas in the collagen mem-
branes . Measurements were performed by computing the
percentage of collagen membrane cross-sectional area oc-
cupied by the cells in semithin Epon sections as outlined in
Materials and Methods . Using this measurement, we calcu-
lated that CEF maintained in 10 °ío FCS produce a steady
state isometric force per cross-sectional area of 4.5 t 0.2
x 10° dynes/cm2 .
To further evaluate the organization of cells populating the

collagen membrane, CEF were stained with the actin fila-
ment-specific probe rhodamine phalloidin . Fig . 4 illustrates
the F-actin distribution in CEF populating the collagen
membrane . Cells were oriented longitudinally and exhibited
well-defined F-actin bundles that coaligned at cell-cell con-
tacts . The direction of this alignment was often along the iso-
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Contractile Effects of Thrombin

Figure 1. (A) A schematic
representation of the isomet-
ric force monitoring appa-
ratus . A polymethylpentene
petri dish (100 mm) is filled
with silicon elastomer (C) . A
25-nim trough (A) is cut out
from the elastomer for posi-
tioning of the porous polyeth-
ylene holders (B) . One of the
holders is attached to a mul-
tiaxis stage manipulator, and
the other is attached to an iso-
metric force transducer. Force
is monitored with a volt meter
and recorded with an oscillo-
graph . (B) Experimental force
monitoring apparatus . The
cells have compressed the col-
lagen gel into a thin membrane
spanning the two porous poly-
ethylene holders . The holders
and collagen membrane float
in media, creating a friction-
less system required for ac-
curate force measurements.
All experiments areperformed
at 37°C in a humidified 5%
C02195% air atmosphere .

metric axis, but in some areas of the collagen membrane
other orientations at various angles to this axis were ob-
served .

Fig. 5 depicts a typical tracing of isometric force developed
by CEF exposed to increasing doses ofthrombin . Fibroblast-
populated collagen membranes were used in these experi-
ments 48 h after casting and were maintained in serum-free
DME for the final 12 h before addition ofthrombin . As indi-
cated in the dose-response curve, CEF responded to re-
peated challenges with thrombin . Doses of 0.2 U/ml and
1 U/ml yielded the largest incremental rises in active force .
Force reached maximum at 10 U/ml of thrombin, after
which additional thrombin did not increase force .
An unexpected finding was the stability of thrombin-
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Figure 2 . Semithin Epon sections of CEF within the collagen mem-
brane and HUVE in a monolayer on the surface of the membrane .
Collagen membranes are fixed, embedded, and stained as outlined
in Materials and Methods . (A) Randomly dispersed CER (B) Lon-
gitudinally oriented layers of CER (C) Multiple layers of CEF at
the base of the collagen membrane. (D) Coherent monolayer of
HUVE on the top surface of the collagen membrane . Collagen
membranes prepared in this manner are used to determine cellular
cross-sectional area . Bar, 10 j,m .

HOURS
Figure 3. Representative tracing of force development by a CEF-
populated collagen membrane. Collagen-cell suspension contain-
ing 1 x 107 CEF was cast, and the force is continuously moni-
tored. The collagen gel is contracted into a thin membrane within
the first 3 h (Fig. 1 B), after which a steady force increase occurs
over the first 24 h . Force begins to plateau 24 h after casting and
reaches a steady state force by 36 h .
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Table L ForceNormalized to Cross-sectional Area
in Selected Muscle and Non-muscle Cell Preparations

* Nonstimulated .
$ These preparations were stimulated electrically to give maximal force .
§ CEF and HUVE were prepared for isometric force studies as outlined in
Materials and Methods . Both CEF and HUVE collagen membranes were treat-
ed with 1 U/ml thrombin for 15 min and then fixed and processed for cellular
cross-sectional area determination .

stimulated contraction (Fig . 6) . Isometric force increased to
near maximal values within minutes after thrombin chal-
lenge. This rise in tension was then stable for days after
thrombin administration . We investigated the possibility that
this force maintenance was due to a structural alteration
within the collagen membrane rather than continual force
production by the CEF. Disruption of actin microfilaments
with 2 gM cytochalasin D (Fig . 7) abolished most of the ten-
sion within 10 min (Fig . 6), indicating that the tension was
maintained by the cells' actin cytoskeleton rather than the
collagen matrix . However, we could not identify any obvious
changes in the CEF actin cytoskeleton after treatment with
thrombin .

Cytoskeletal Disruption
We studied the effects of drugs that disrupt specific cyto-
skeletal structures to determine the involvement of these
components in the generation of contractile force (Fig . 8) .
Cytochalasin D, which disrupts actin filaments (Fig . 7), rap-
idly abolished the force . The microtubule-disrupting drug
nocodazole typically caused a twofold increase in force,
which returned to baseline after several hours . Microtubule
disruption by nocodazole in the experiments was verified by
immunofluorescence . The force increase resulting from
nocodazole was typically >50% of the resting force . The
microtubule-stabilizing drug taxol produced a sustained de-
crease in force and was able to block both the morphological
(microtubule-disrupting) and mechanical effects of nocoda-
zole . Colchicine, which disrupts microtubules in a manner
similar to nocodazole, produced an identical morphological
and mechanical effect (data not shown) .

Endothelial Monolayers

Upon determining the nature of isometric force produced by
CEF, we sought to characterize the isometric tension pro-
duced by a more highly specialized cell type. We used
HUVE, because they are readily available at early passage,
and, in contrast to CEF, form a characteristic contact-
inhibited monolayer on the top surface of the collagen mem-
brane . In addition, it has recently been shown that permeabi-
lized endothelial monolayers use a myosin-based contractile
system (28, 29), as do fibroblasts (15), in response to exoge-
nous stimuli . Experiments were performed on first-passage
monolayers .
Collagen gels were seeded with HUVE at a confluent den-
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Preparations Tension Reference

dynes1cmz

Contracting skin wound* 3.2 x 10° 13
Rat skeletal muscle* 2.3 x 106 3
Arterial smooth muscle$ 6.7 x 106 12
CEF§ 1 .0 x 10,
HUVE§ 1 .3 x 105



sity. The cells reorganized and contracted the collagen gel
into a membrane within 2 d. After 4-5 d at confluence,
monolayers developed a steady state isometric force of 65-70
dynes (9-10 dynes/cm) . Monolayers were used within 24 h
of reaching a steady state force . Before stimulation, mono-
layers were washed with MCDB-107 containing 0.1% BSA
and the force was allowed to stabilize for 30 min. When
HÜVE monolayers were then exposed to 1 U/ml thrombin,
contraction was evident within the first minute of stimulation
(Fig. 9) . The force began to plateau by 5 min, near a peak
of 132 dynes (18.8 dynes/cm) . Force declined slightly in the
30 min following maximal force development . Addition of
2 uM cytochalasin D rapidly eliminated tension in the
monolayer.
A maximum force of 1 .3 x 10 5 dynes/cmz of cellular

cross-sectional areas is typical for HUVE treated with
thrombin (1 U/ml), a value comparable to that for CEF.
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FigureS. Effect ofincremental doses ofthrombin onCEF isometric
tension . After establishment of a steady state force, collagen mem-
branes were washed and maintained in serum-free media for 12 h
before being challenged with thrombin.
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Having demonstrated that an increase in isometric tension
results upon exposure to thrombin, we sought to establish a
temporal relationship between rearrangements in actin mor-
phology and development of tension in the cytoplasm of
HÜVE. Monolayers prepared identically to those used for
force measurements were treated with 1 U/ml thrombin for
various times, fixed, permeabilized, and stained with rhoda-
mine phalloidin . Fig . 10A illustrates the F-actin distribution
from a control monolayer grown on a collagen matrix .
HUVE exhibited a cohesive sheet ofpolygonal cells that cov-
ered the collagen membrane . A thin rim offluorescent stain-
ing was present at the cell margins that clearly delineate each
individual cell . The central regions of the unstimulated cells
were devoid of prominent stress fibers ; however, a few ran-
domly oriented microfilament bundles were present . Small
droplets of fluorescent staining material were also evident
throughout the cytoplasm .
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Figure 4. Fluorescence micrograph of
F-actin distribution of CEF populating
a collagen membrane prepared identi-
cally to those used for force measure-
ments . A collagen membrane was
fixed 48 h after casting and stained
with rhodamine-conjugated phalloidin
as outlined in Materials and Methods .
Actin bundles appear oriented in the
longitudinal direction of the cells and
appear to coalign at cell-cell contacts .
Bar, 25 /M .
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Figure 6. Stability ofthrombin-stimulated contraction . After reach-
ing steady state force, CEF were treated with 2 U/ml thrombin .
Force reached new steady state value within 5-10 min of thrombin
treatment and stayed at this level for up to several days . Treatment
with 2 IiM cytochalasin D (CY717 D) abolished tension within
10 min .



After a 5-min exposure to thrombin (Fig . 10, B and C),
a fine network ofactin filaments became apparent throughout
the cytoplasm . Force was near maximum at this point, al-
though most stress fibers had not yet formed . The rim of
fluorescent staining at the cell margin was less distinct, and
it appeared as if circumferential bundles of actin filaments
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Figure 8. Modulation of CEF isometric tension by specific
cytoskeletal-disrupting drugs . CEF collagen membranes were pre-
pared as described in Materials and Methods and used within 12 h
after reaching maximal resting force . Drugs were added at time 0,
and membranes were incubated inthe continuous presence ofeither
2 tLM nocodazole (NOC.), a 2-h pretreatment with taxol followed
by 2 uM nocodazole at time 0 (TAXOL THEN NOC.), 2 pM taxol
(TAXOL), or2 pM cytochalasin D (CYTOD) . Force production was
monitored for an additional 6 h . Nocodazole treatment increased
force twofold over basal levels within 60 min . Force gradually
returned to basal levels over the ensuing 5 h . The increase in force
produced by nocodazole alone was dramatically diminished by a
2-h pretreatment with 10 KM taxol . A reduction in basal force to
60°ró of control values occurred within 90 min of taxol treatment
alone. Cytochalasin D caused a rapid reduction in force to unde-
tectable levels within 40 min . Disruption of actin microfilaments
and microtubules was verified by fluorescence microscopy.

were beginning to develop. HUVE retained their polygonal
morphology but exhibited small gaps between cells within
the monolayer. By 15 min after exposure to thrombin, the
fine actin network reorganized into prominent stress fibers
aligned parallel to each other and to the long axis ofthe cell
(Fig . 10 D) . A circumferential band of actin filaments
formed at the cell margins . HUVE retracted from one an-
other but remained attached by slender cell processes con-
taining cores of actin filaments (Fig . 10 D) .
No evidence ofstress fiber arrangement parallel to the iso-

metric axis could be detected in unstimulated monolayers . In
contrast to CEF, which develop their polarity while retract-
ing the collagen matrix around the polyethylene holders,
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Figure 7. Fluorescent micrograph of
F-actin distribution in CEF-populated
collagen lattice treated with 2 uM cyto-
chalasin D for 15 min . Severe disruption
of actin morphology occurred, with the
loss of actin bundles . Aggregates of
F-actin appear at sites of cell-cell at-
tachment . Bar, 25 gym .

Figure 9. Representative tracing of isometric force production by
HUVE exposed to 1 U/ml thrombin . Thrombin caused a rapid rise
in active force, reaching a peak force of 132 dynes . Addition of
2 jM cytochalasin D rapidly abolished the thrombin-stimulated in-
crease in isometric force . Within 25 min, no detectable force could
be measured in the monolayer.



stress fiber formation in thrombin-stimulated HUVE does
not appear to show a preferential orientation along the iso-
metric axis. These çells appear to exert an equal isometric
load on all adjacent cells .
A number of manipulations have been performed to ascer-

tain if the collagen lattice impedes isometric force measure-
ments by bearing a compressive load . Varying the collagen
concentration from 1 to 3 mg/ml had no effect on the force
measurements (data not shown) . In addition, inhibition of
covalent collagen cross-linking with a 1-mM concentration
of the lysyl oxidase inhibitor ß-aminopropionitrile had no
effect on measured force (data not shown).,Since modifica-
tion of the stiffness of the collagen gel had no effect on mea-
sured force and in view of the cytochalasin D data, we be-
lieve that the collagen membrane does not bear a significant
load . To verify that active contraction of the collagen gel it-
self or drift in the transducer output did not affect our mea-
surements, we performed experiments with cell-free colla-
gen gels . No force (<2 dynes) was measured over 48 h .

Discussion
Most physiological studies of force generation have focused
on either muscle preparations or purified proteins. Studies
on purified myosin have established that myosin phosphory-
lation is a principal activation mechanism, both of myosin as-
sembly into bipolar filaments and actin-activated ATPase ac-
tivity, whereas studies of smooth muscle have shown a
correlation of myosin phosphorylation with force gener-
ation. This phosphorylation is catalyzed by myosin light chain
kinase, a Cat+/calmodulin-dependent enzyme that specifi-
cally phosphorylates the 20-kD myosin light chain, thereby
initiating contraction (1, 20, 26) . In contrast, a major gap ex-
ists in our understanding of the biochemical and physiologi-
cal properties ofnonmuscle cell contraction . In recent years,
intact as well as permeabilized cell preparations have been
used to characterize mechanisms that regulate nonmuscle
cell contraction (14, 15, 28, 29) . The assumption has been
that an alteration in the spread form of the cell is indicative
of cell contraction .
However, a relevant quantitative measure of nonmuscle

cell contraction akin to that for smooth muscle has been
lacking. In this study, we have demonstrated a simple quan-
titative technique for studying isometric force produced by
cells maintained in tissue culture. A tissue culture-based
system offers several advantages to the study of contractile
physiology not found in whole tissue preparations . The in-
vestigator canprecisely control experimental conditions, use
a homogenous cell population, study cell populations that
either invade or form monolayers on top of the collagen ma-
trix, vary extracellular matrix components, and obtain high-
quality images of cytoskeletal components . In addition, tis-
sue culture allows biochemical and genetic manipulations to
be performed in an attempt to dissect the molecular pathways
involved in the control of mechanical functions.
Although the apparatus to measure isometric force is easy

to construct and requires little maintenance, three steps need
to be followed rigorously to obtain reliable force measure-
ments : (a) porous polyethylene holders must be cut from
stock with a band saw so that a large burr is formed, to which
the collagen matrix can adhere ; (b) sulfuric acid treatment
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of the porous polyethylene bars is needed to decrease
hydrophobicity ; and (c) enough media must be loaded into
the chamber so that the polyethylene holders float, thus
providing a frictionless system .

Several investigations of contraction in cultured cells have
used a flexible silicone membrane (11, 23, 24) . This qualita-
tive assessment of contraction relies on the ability ofthe cell
to wrinkle the silicone membrane with the magnitude of cell
force inferred from the degree of wrinkling (11) . Although
this technique has provided valuable insights into the regula-
tory mechanisms of nonmuscle cell contraction, its limita-
tions must be recognized . The measurement of force is not
truly isometric, since the cell often pulls excessive silicone
membrane under its leading edge . In addition, the inability
to produce a membrane of defined mechanical properties
makes it difficult to compare parallel samples. In the present
study, we used a collagen support of known concentration as
a substratum . We closely followed the development offorce
and determined when a steady state had been established .
Since the cells apparently pull against each other through
cell-cell attachments rather than against a flexible substra-
tum, the force we recorded on agonist-stimulated cultures
closely approaches isometric measurements .
A previous effort to quantitatively examine isometric con-

traction by tissue culture cells has been reported by James
and Taylor (17), who found that cells migrating from two
chick embryo bone explants on a glass slide would meet
between two explants, form a monolayer, and pull the two
explants together. If the explants were held isometrically
with glass needles, a force of 3.4 x 10°dynes/cmz could be
measured by the degree of bending ofthe glass needles. Our
force measurements for CEF give values slightly higher than
that determined by James and Taylor (17) . Although our
methods of measuring force are conceptually similar, these
investigators may have underestimated the true force because
of cell adherence to the glass slide in their experiments .
A principal result of this study is determination of the

magnitude of force (4 .5 x 10° dynes/cmz) exerted by cells
maintained simply in 10% FCS . This tension must be taken
into account in mechanical models of cells . It is of interest
to compare this force with that documented for other biologi-
cal preparations (Table I) . The force that seems to correlate
best with that produced by CEF is skin wound contraction.
Ifthe margins of a rabbit skin wound are held isometrically,
a force of 3.2 x 10^ dynes/cm' can be measured (13) . The
cross-sectional area used to normalize force in this study was
the entire granulation tissue rather than the fraction occupied
by the cells . Thus, this measurement is likely to underesti-
mate the true cellular tension .
Our observation that the force exerted by CEF is rapidly

abolished by the addition of cytochalasin D indicates the crit-
ical importance ofactin filaments in force development. The
increase in force observed upon microtubule depolymeriza-
tion confirms the studies of Danowski (6) using the silicone
rubber wrinkling technique . The mechanical response to
nocodazole and taxol are consistent with the tensegrity
model (7) . This model hypothesizes that a portion of a cell's
contractile load is borne by rigid internal structure, whereas
another portion is resisted by elements external to the cell .
In our experimental apparatus, the force transducer senses
the load exerted on the external structures . If microtubules
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function as rigid internal struts, depolymerization of these
structures by nocodazole would be expected to result in a
greater measured force as the load shifts from internal to ex-
ternal structures . Taxol would be expected to induce hyper-
polymerization ofthe free tubulin pool, producing additional
microtubule struts and thus reducing measured force. The
ability of taxol to block the effect of nocodazole demon-
strates that nocodazole exerts its contractile effect through
microtubule depolymerization . The mechanism by which
the force returns to baseline several hours after microtubule
inhibitors are added is unclear but may reflect a nonspecific
toxicity imparted by the microtubule-disrupting agents .
The possibility ofendothelial contractility as a mechanism

for controlling vascular permeability has been a subject of
speculation since Majno and Palade (22) demonstrated the
formation of intercellular gaps in the endothelial barrier of
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Figure 10. Fluorescence micro-
graph of F-actin filament dis-
tribution in control and throm-
bin-treated HUVE monolayers.
Fluorescent images were ob-
tained using a confocal micro-
scope . Images were produced
by combining a series of op-
tical sections taken at set in-
crements through the entire
thickness of the cell . (A)
Fluorescent actin filament dis-
tribution in control monolayer .
A prominent rimoffluorescent
staining delineates the cell
margins . A few randomly ori-
ented filaments are present
within the cytoplasm . (B)
HUVE monolayertreated with
1 Ulml thrombin for 5 min . A
fine network ofactin filaments
has formed that appears to oc-
cupythe entire cytoplasm . Oc-
casional small gaps arepresent
within the monolayer. (C) A
single optical section through
themidpointofthe cell demon-
strates the formation of a fine
filamentous network . (D) 15
min after exposure to throm-
bin, the fine network of actin
filaments has reorganized into
a series of F-actin cables that
run parallel to the long axis of
the cell . Bar, 10 pm .

vessels exposed to histamine . Exposure of cultured en-
dothelial monolayers to histamine or thrombin results in
reversible intercellular gap formation accompanied by a
rearrangement of actin morphology (21) . A similar morpho-
logical change has been demonstrated in a permeabilized
monolayer ofendothelial cells to depend on phosphorylation
of myosin 19-kD light chains by MLCK (28, 29) .
The present study provides quantitative evidence for the

development of isometric contractile force by HUVE mono-
layers upon stimulation with thrombin . The force is asso-
ciated with a dramatic change in actin morphology. Actin
filaments shift from a circumferential rim to stress fibers .
Most stress fibers appear after maximal force has already de-
veloped, indicating that stress fibers may be a result of iso-
metric tension generation in the cytoplasm rather than essen-
tial for generating the tension .
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Figure 10.

Recently, Morel and coworkers (24) employed a silicone
rubber assay to examine thrombin stimulated contraction of
microvessel endothelial cells . In these studies, preconfluent
cells were seeded onto silicone membranes 72 hours prior
to stimulation . Cells were observed to contract 3 minutes af-
ter stimulation with 2 U/ml thrombin peaking within 9 to 15
minutes. Our data was obtained on monolayers of large ves-
sel endothelial cells which had established a steady baseline
force and were 5 days post confluent . We were able to detect
a contraction within 30 seconds of stimulation that peaked
by 5 minutes . The apparent differences in the time course of
the thrombin effect could be explained by : 1) large vessel vs .
small vessel cells ; 2) pre vs . post confluent cells ; 3) adhesion
to substratum ; or 4) sensitivity of force measurement . How-
ever, our data is largely consistent with that of Morel et al .

Kolodney and Wysolmerski Isometric Contraction in Tissue Culture

(24) despite the difference in our method of force mea-
surement .

It may be useful to speculate on the physiological function
of the large force that endothelial cells can maintain . One
function ofendothelial contraction may be formation ofgaps
in the endothelial barrier, thus causing edema or allowing di-
apedesis of phagocytes through the endothelial barrier. An-
other possible role for this tension may be regulation of the
diameter and distensibility of microvessels . The law of
Laplace relates the wall tension in a vessel of radius (r) with
blood pressure (P) : T = Pr.

In a pulmonary capillary with a diameter of 5 ttm, en-
dothelial cells producing a tension of 10 dynes/cm would re-
sult in a pressure of 4 x 10° dynes/cm2 , a value that ex-
ceeds pulmonary capillary pressure (10 mm Hg or 1.3 x

s 1



10°dynes/cmz) . Thus, it is likely that activation of pulmo-
nary capillary endothelial cells results in a decrease in the
diameter and/or deformability ofcapillaries. It must be noted
that HUVE are from a large vessel and these studies must
be extended to small vessel cells . However, the qualitative
studies of Morel et al . (23) indicate that small vessel en-
dothelial cells produce even stronger contractions than large
vessel cells.

In summary, we have used a new method to quantitatively
measure the contractile force generated by a population of
cells in culture . The method is relatively easy to implement
and is applicable to a wide variety of cells, including those
that invade the collagen matrix and form a three-dimensional
contractile network, as well as cells that form a monolayer
on the surface of the collagen matrix . CEF maintained in
10% serum produce a force of 4 .5 f 0.2 x 10°dynes/cm2 .
When stimulated with thrombin, both CEF and HUVE pro-
duce a similar force (1 x 105 dynes/cmz), which is approxi-
mately an order of magnitude less than intact smooth and
skeletal muscle preparations . The actin cytoskeleton is es-
sential for force production in both cell types, whereas intact
microtubules appear to reduce isometric force. Contraction
in HUVE monolayers is associated with adramatic reorgani-
zation of the actin cytoskeleton, which appears to be a result
of tension generation rather than the cause of it .
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