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Abst r act . We have used an i somet r i c f or ce t r ansducer
t o st udy cont r act i on of t wo t ypes of nonmuscl e cel l s
i n t i ssue cul t ur e . Thi s met hod per mi t s t he quant i t at i ve
measur ement of cont r act i l e f or ce gener at ed by cel l s
of def i ned t ype under t he i nf l uence of ext er nal agent s
whi l e al l owi ng det ai l ed mor phol ogi cal obser vat i on .
Chi ck embr yo f i br obl ast s ( CEF) , whi ch f or m a cont r ac-
t i l e net wor k i nsi de a col l agen mat r i x, and human um-
bi l i cal vei n endot hel i al cel l s ( HUVE) , whi ch ar e l o-
cat ed i n a monol ayer on t he sur f ace of t he col l agen
mat r i x, wer e st udi ed . CEF and HUVE i n 10% FCS
pr oduce a subst ant i al t ensi on of 4 . 5 ± 0. 2 x 104

dynes/ cm2 and 6. 1 x 104 dynes/ cm2 , r espect i vel y . Bot h

M
MST of what i s known about f or ce gener at i on i n
ani mal cel l s has come f r om st udi es of muscl e .
However , t he gener at i on of f or ce i s essent i al t o

such nonmuscl e cel l f unct i ons as wound cont r act i on, gast r u-
l at i on, and connect i ve t i ssue mor phogenesi s . We have devel -
oped a si mpl e quant i t at i ve t echni que t o st udy i somet r i c con-
t r act i on of cel l s i n t i ssue cul t ur e . Thi s t echni que al l ows
mechani cal st udy of a var i et y of nonmuscl e and smoot h mus-
cl e cel l s under goi ng bi ochemi cal and genet i c mani pul at i ons .

Nonmuscl e cel l s ar e bel i eved t o gener at e f or ce t hr ough i n-
t er act i on bet ween act i n and myosi n as i n smoot h and skel et al
muscl e ( 1, 20, 25, 26) . Recent l y i t has been demonst r at ed
t hat nonmuscl e cel l s expr ess i sof or ms of nonsar comer i c my-
osi n di st i nct f r omt hose expr essed i n smoot h muscl e ( 18, 19) .
The nat ur e of t hese i sof or ms has been char act er i zed ; how-
ever , t hei r f unct i on r emai ns uncl ear . Thus, a quant i t at i ve
st udy of i somet r i c cont r act i on i n a t i ssue cul t ur e syst emmay
pr ovi de i nsi ght i nt o t he mechani cal speci al i zat i on of non-
muscl e myosi n i sof or ms .

Unl i ke skel et al muscl e, i n whi ch t he cyt oskel et on i s ar -
r anged i n a wel l - def i ned, st abl e or gani zat i on, nonmuscl e
cel l s r ear r ange t hei r cyt oskel et ons i n r esponse t o physi ol ogi -
cal st i mul i such as gr owt h f act or s and secr et agogues. I t i s
cl ear t hat st udi es cor r el at i ng cel l mechani cs wi t h cyt oskel e-
t al mor phol ogy and bi ochemi st r y ar e needed t o under st and
mechani sms t hr ough whi ch nonmuscl e cel l s cont r ol t hei r
mechani cal machi ner y . I n t hi s st udy, we pr esent t he r esul t s
of i ni t i al ef f or t s t o assay quant i t at i vel y t he f or ce pr oduced i n
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cel l t ypes cont r act when st i mul at ed wi t h t hr ombi n,
gener at i ng a f or ce per cel l cr oss- sect i onal ar ea of - 105

dynes/ cm2 , a val ue appr oxi mat el y an or der of magni -
t ude l ess t han smoot h muscl e . The i nt egr i t y of t he ac-
t i n cyt oskel et on i s essent i al f or f or ce gener at i on, as
di sr upt i on of act i n mi cr of i l ament s wi t h cyt ochal asi n D
r esul t s i n a r api d di sappear ance of f or ce . I nt act mi -
cr ot ubul es appear t o r educe i somet r i c f or ce exer t ed
by CEF, as mi cr ot ubul e- di sr upt i ng dr ugs r esul t i n i n-
cr eased t ensi on . Cont r act i on by HUVE pr ecedes a
dr amat i c r ear r angement of act i n mi cr of i l ament s f r om a
ci r cumf er ent i al r i ng t o st r ess f i ber s .

vi t r o by nonmuscl e cel l s as t hey under go st i mul at i on and
mor phol ogi cal change. We pr esent measur ement s of t he i so-
met r i c f or ce devel oped by a cont r act i l e net wor k of chi ck em-
br yo f i br obl ast s ( CEF) , as wel l as a monol ayer of human
umbi l i cal vei n endot hel i al ( HUVE) cel l s . We exami ne t he
cont r act i l e r esponse of bot h cel l t ypes t o t hr ombi n, a pot ent
gr owt h f act or f or CEF ( 5) , as wel l as an agoni st f or en-
dot hel i al r et r act i on ( 21, 24) . I n addi t i on, we have det er mi ned
t he mechani cal r esponse t o speci f i c di sr upt i on of act i n f i l a-
ment s and mi cr ot ubul es . I n al l st udi es, we exami ned cor r el a-
t i ons bet ween changes i n cyt oskel et al mor phol ogy and con-
t r act i on .

Mat er i al s and Met hods

Cel l Cul t ur e

CEF cel l s ( a gener ous gi f t of Dr . Mi l t on Schl esi nger , Washi ngt on Uni ver -
si t y, St . Loui s, MO) i sol at ed f r om 11- d- ol d chi ck embr yos wer e mai nt ai ned
i n DME suppl ement ed wi t h 10%FCS, 50 U/ ml peni ci l l i n, and 50 i cg/ ml
st r ept omyci n . CEF cel l s wer e used i n t he second passage . HUVE cel l s wer e
har vest ed f r om human umbi l i cal vei ns by t he met hod of Jaf f e et al . ( 16) .
Cel l s wer e seeded on f i br onect i n- coat ed T- 25 cm2 f l asks i n MCDB- 107
medi um suppl ement ed wi t h 20% FCS, 90 pg/ ml hepar i n, 50 Pg/ ml en-
dot hel i al cel l gr owt h suppl ement ( Si gma Chemi cal Co. , St . Loui s, MO)
( 27) , 5 Ag/ ml t r ansf er r i n, 5 pg/ ml peni ci l l i n, and 50 U/ ml st r ept omyci n .
HUVE wer e used i n t he f i r st passage.

1 . Abbr evi at i ons used i n t hi s paper : CEF, chi ck embr yo f i br obl ast s ; HUVE,
human umbi l i cal vei n endot hel i al cel l s .
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I somet r i c Tensi on Appar at us

Fi gur e 1 A i s a di agr ammat i c r epr esent at i on of t he i somet r i c f or ce moni t or -

i ng appar at us . The chamber was const r uct ed f r om a 100- mmpol ymet hyl -
pent ene pet r i di sh ( Nal ge Co. , Nal gene Labwar e Di v. , Rochest er , NY) f i l l ed

t o a dept h of 5 mm wi t h Syl gar d 186 si l i cone el ast omer ( Dow Comi ng

Cor p. , Mi dl and, MI ) and al l owed t o har den over ni ght . A25- mmst r i p was

cut out of t he si l i cone el ast omer ( N vol 10 ml ) t o f or ma t r ough f or cast i ng

of t he col l agen gel . Bar s 7 cmx 3 mmx 0. 25 i n. of por ous pol yet hyl ene

( Bel - Ar t Pr oduct s, Pequannock, NJ) wer e cut f r oma st ock sheet wi t h a dul l
band saw, pr oduci ng a l ar ge bur r on t he pol yet hyl ene bar t o whi ch t he col l a-

gen gel adher ed . Af t er cut t i ng, t he pol yet hyl ene bar s wer e soaked f or 3 d
i n concent r at ed sul f ur i c aci d and t hen washed f or 2 d i n 10 changes of di s-

t i l l ed wat er . Hol der s wer e t hen const r uct ed by at t achi ng 3 . 5- i n . , 25- gauge

spi nal needl es t o t he mi dpoi nt s of t he bar . The hol der s and exper i ment al

chamber wer e st eamst er i l i zed by aut ocl avi ng f or 15 mi n at 121 PSI . One

of t he pai r of pol yet hyl ene hol der s was at t ached t o an xy, z- mul t i axi s st age

mani pul at or , wher eas t he ot her was af f i xed t o a r esear ch- gr ade i somet r i c
f or ce t r ansducer ( model 52- 9545 ; Har var d Appar at us Co . , I nc . , S. Nat i ck,
MA) . The t r ansducer det ect s f or ce as a capaci t ance change due t o mi nut e

def l ect i on of a st i f f beam. The beam def l ect s <10- 3 cm under a l oad of

1, 000 dynes, gi vi ng a st r ai n of <01%under maxi mal l oad f or al l exper i -

ment s i n t hi s st udy. The t r ansducer was cal i br at ed wi t h a ser i es of wei ght s

r angi ng f r om 10 t o 1, 000 dynes . Al l measur ement s wer e per f or med at 37° C

i n a humi di f i ed 5% C02/ 95% ai r at mospher e.

Col l agen Gel Pr epar at i on

For bot h CEF and HUVE exper i ment s, col l agen gel s wer e cast f r oma col l a-

gen/ DME sol ut i on ( 4) composed of 4 . 0 ml bovi ne ski n col l agen ( 3 mg/ ml

st ock bovi ne cal f ski n col l agen [ Vi t r ogen, Col l agen Cor p. , Pal o Al t o, CAI ) ,

4. 4 ml 2x DME, 1 ml FCS, 4 ml DME wi t h 10%FCS, peni ci l l i n, st r ep-

t omyci n, and 0. 4 ml 0. 1 N NaOH. Al l sol ut i ons used t o pr epar e col l agen

gel s wer e mai nt ai ned at 4° C t o r et ar d col l agen pol ymer i zat i on .

For i somet r i c f or ce st udi es of CEF, 107 cel l s wer e suspended i n 13 ml

chi l l ed col l agen/ DME sol ut i on, gent l y mi xed, and pour ed bet ween pol yet h-

yl ene hol der s . The col l agen/ cel l suspensi on gel l ed wi t hi n 1 h at 37° C.

For st udi es on HUVE, a sl i ght modi f i cat i on of t hi s pr ocedur e was used .

5 ml of 1 mg/ ml col l agen/ DME sol ut i on was pour ed bet ween t he pol yet hyl -

ene hol der s and al l owed t o gel f or 24 h at 37° C i n a humi di f i ed i ncubat or .

HUVE ( 4 . 5 x 106) wer e seeded ont o pr ecast gel s, wher e t hey f or med a

conf l uent monol ayer wi t hi n 2 d. Monol ayer s used i n t hi s st udy wer e 5 d

post conf l uent .
24 h bef or e measur ement , CEFwer e r ef ed wi t h DME wi t hout ser umand

HUVE monol ayer s wer e f ed wi t h MCDB- 107 suppl ement ed onl y wi t h 10%

FCS and 5 ug/ ml t r ansf er r i n .

I mmunof l uor escence

To i nvest i gat e cyt oskel et al mor phol ogy, cel l s wer e gr own i n or on col l agen

membr anes pr epar ed i dent i cal l y t o t hose used f or f or ce measur ement s . To

vi sual i ze mi cr ot ubul es, f i br obl ast s i n t he col l agen membr ane wer e per mea-

bi l i zed i n a mi cr ot ubul e- st abi l i zi ng buf f er ( 60 mMPi pes, 10 mMHepes,

10 mMEGTA, 2 mMM9C12, pH6. 9) wi t h 0. 1% Tr i t on f or 40 s. The cel l s

wer e t hen f i xed i n mi cr ot ubul e- st abi l i zi ng buf f er pl us 0. 1% Tr i t on wi t h

0. 5 %gl ut ar al dehyde, and t hen t r eat ed wi t h sodi umbor ohydr i de ( 1 mg/ ml )

f or 3 mi n . The sampl es wer e i ncubat ed f i r st wi t h a mi xt ur e of monocl onal

ant i bodi es ( 1 : 1, 000 di l ut i on) t o a- and 0- t ubul i n ( Amer shamCor p . , Ar l i ng-

t on Hei ght s, I L) f or 1 h and t hen wi t h r hodami ne- conj ugat ed goat ant i -

mouse ant i body ( Si gma Chemi cal Co . ) f or 30 mi n .

To vi sual i ze act i n mi cr of i l ament s, cel l s i n or on col l agen membr anes

wer e f i xed wi t h f r eshl y made 3 %f or mal dehyde i n PBS and st ai ned wi t h

r hodami ne phal l oi di n ( Mol ecul ar Pr obes, I nc. , Eugene, OR) by t he met hod

of Bar ak et al . ( 2) . Col l agen membr anes wer e cover sl i pped i n 90%

gl ycer ol / 10% PBS cont ai ni ng 0. 1 Mn- pr opyl gal l at e ( 10) and seal ed wi t h

nai l pol i sh .

Det er mi nat i on of Cel l ul ar Cr oss- Sect i onal Ar ea

For det er mi nat i on of cr oss- sect i onal ar ea, col l agen membr anes wi t h cel l s

wer e washed once i n Dul beccds phosphat e- buf f er ed sal i ne, pH 7. 3, and
i mmedi at el y f l ooded wi t h f i xat i ve consi st i ng of 1% f or mal dehyde ( Pol y-

sci ences, I nc . , War r i ngt on, PA) and 2 . 5% gl ut ar al dehyde ( Pol ysci ences,
I nc . ) war med t o 37° C. The col l agen membr anes wer e washed t wi ce wi t h

f i xat i ve at 37° C and t hen f i xed f or an addi t i onal 24 h at 4° C. Fi xed t i ssues

wer e r emoved f r omt he pol yet hyl ene hol der s, cut i nt o 1- mm3 bl ocks, post -
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f i xed i n 1 %osmi umt et r oxi de i n 0. 15 Mphosphat e buf f er f or 1 h, dehydr at ed
i n gr aded st eps of et hanol , i nf i l t r at ed wi t h r esi n, and embedded i n Pol y Bed

812 . 1- i t m sect i ons wer e cut and st ai ned wi t h t ol ui di ne bl ue.
To enhance cont r ast of cel l s f or comput at i onal det er mi nat i on of cel l ar ea,

we expl oi t ed t he appar ent abi l i t y of t ol ui di ne bl ue t o quench t he sut of l uor es-
cence of t he Pol y Bed 812 r esi n . Semi t hi n sect i ons wer e vi ewed wi t h a con-
f ocal mi cr oscope ( model MRC- 600, Bi o- Rad Labor at or i es, Ri chmond,
CA) usi ng neut r al densi t y f i l t er 2 wi t h t he pi nhol e aper t ur e f ul l y opened .
At 563- nmexci t at i on, Pol y Bed 812 i s hi ghl y f l uor escent , pr oduci ng an i n-
t ensel y br i ght backgr ound, wher eas t he cel l s st ai ned wi t h t ol ui di ne bl ue ap-
pear as bl ack ar eas . Fr ames wer e t aken sequent i al l y t hr ough t he ent i r e
t hi ckness of t he col l agen membr ane ( t ypi cal l y 800 Am) . The f r act i onal ar ea
occupi ed by t he cel l s i n each f r ame was comput ed usi ng t he MRC- 600 sof t -
war e package, whi ch al l owed us t o sel ect st r uct ur es of a par t i cul ar i nt ensi t y
r ange f or quant i t at i on. Af t er aver agi ng 20 scans usi ng t he Kal man f i l t er , we
used t he st at i st i cal f unct i on t o pr oduce a hi st ogr amof pi xel i nt ensi t i es . The
band f unct i on al l owed us t o hi ghl i ght t he appr opr i at e pi xel i nt ensi t y r ange
i n pseudocol or on t he moni t or scr een and t o ver i f y vi sual l y t hat t he hi gh-
l i ght ed r egi on cor r esponded exact l y t o t he cel l s . The band f unct i on was t hen
used t o comput e t he f r act i onal ar ea occupi ed by t he cel l s. For ce f or each

col l agen membr ane was nor mal i zed t o i t s cel l ul ar cr oss- sect i onal ar ea de-
t er mi ned i n t hi s manner .

Resul t s

For exper i ment s usi ng CEF, a col l agen gel cont ai ni ng 1 x
10' cel l s was pr epar ed by pour i ng a col l agen- cel l suspen-
si on bet ween t he t wo por ous pol yet hyl ene hol der s of t he i so-
met r i c f or ce appar at us . The col l agen- cel l suspensi on gel l ed
wi t hi n 1 h af t er cast i ng . By 4 h af t er cast i ng, t he CEF con-
t r act t he gel f r oman i ni t i al t hi ckness of - 8 mmt o an 800-
j m- t hi ck membr ane ( Fi g . 1 B) . The hydr ophobi c nat ur e of
t he Syl gar d 18 el ast omer f i l l er and t he pol ymet hyl pent ene
pet r i di sh ensur ed t hat t he col l agen membr ane adher ed onl y
t o t he por ous pol yet hyl ene hol der s . At t he cel l densi t y used
i n t hese exper i ment s, no cel l r epl i cat i on occur r ed wi t hi n t he
col l agen membr ane ( dat a not shown) . HUVE wer e seeded
ont o a pr ecast col l agen gel , whi ch t he cel l s cont r act ed i nt o
a t hi n membr ane wi t hi n 48 h of cul t ur e . Upon col l agen pol y-
mer i zat i on, t he gel f i l l ed t he ent i r e expanse bet ween t he si l i -
cone el ast omer . Wi t hi n 1 h, bot h t he CEF and HUVE began
t o cont r act t he col l agen mat r i x away f r om t he si l i cone
el ast omer . By 24 h, t he col l agen membr ane onl y spanned t he
ar ea bet ween t he por ous pol yet hyl ene hol der s ( Fi g . 1 B) .

Exami nat i on of semi t hi n Epon sect i ons r eveal ed t hat CEF
wi t hi n t he col l agen membr ane or gani zed i nt o t hr ee char ac-
t er i st i c pat t er ns . As demonst r at ed i n Fi g. 2, t he cr oss-
sect i onal di st r i but i on of CEF wi t hi n t he col l agen membr ane
can be cat egor i zed as f ol l ows : ( a) a r andomdi sper sal of cel l s
( Fi g. 2 A) ; ( b) l ongi t udi nal l y or i ent ed l ayer s one cel l t hi ck
( Fi g. 2 B) ; and ( c) l ayer s t hr ee t o f i ve cel l s t hi ck l ocat ed at
t he base of t he gel ( Fi g. 2 C) . The HUVE seeded on t he gel
sur f ace di d not i nvade t he gel but i nst ead f or med a monol ayer
on t he t op sur f ace of t he gel ( Fi g. 2 D) .

Fi g . 3 i s a r epr esent at i ve t r aci ng of t he t i me cour se of i so-
met r i c f or ce devel oped by CEF mai nt ai ned i n 10% FBS. A
f or ce of 20 dynes was pr oduced by t he cel l s wi t hi n 3 h af t er
cast i ng t he col l agen- cel l suspensi on . The i ni t i al sl ow r i se i n
f or ce cor r esponds t o t he per i od i n whi ch t he cel l s r et r act ed
t he col l agen gel i nt o a t hi n membr ane spanni ng t he por ous
pol yet hyl ene hol der s ( Fi g . 1 B) . Typi cal l y, a st eady i ncr ease
i n f or ce occur r ed over t he next 24 h and t hen pl at eaued at
a st eady st at e val ue of - 600 dynes by 36 h af t er cast i ng.
Cel l s mai nt ai ned t hi s st eady st at e f or ce f or as l ong as 7 d i n
cul t ur e .
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To compar e i somet r i c f or ce val ues i n our syst em wi t h
t hose pr oduced by ot her pr epar at i ons ( Tabl e I ) , we cal cu-
l at ed cel l ul ar cr oss- sect i onal ar eas i n t he col l agen mem-
br anes . Measur ement s wer e per f or med by comput i ng t he
per cent age of col l agen membr ane cr oss- sect i onal ar ea oc-
cupi ed by t he cel l s i n semi t hi n Epon sect i ons as out l i ned i n
Mat er i al s and Met hods . Usi ng t hi s measur ement , we cal cu-
l at ed t hat CEF mai nt ai ned i n 10 °í o FCS pr oduce a st eady
st at e i somet r i c f or ce per cr oss- sect i onal ar ea of 4 . 5 t 0 . 2
x 10° dynes/ cm2 .

To f ur t her eval uat e t he or gani zat i on of cel l s popul at i ng t he
col l agen membr ane, CEF wer e st ai ned wi t h t he act i n f i l a-
ment - speci f i c pr obe r hodami ne phal l oi di n . Fi g . 4 i l l ust r at es
t he F- act i n di st r i but i on i n CEF popul at i ng t he col l agen
membr ane . Cel l s wer e or i ent ed l ongi t udi nal l y and exhi bi t ed
wel l - def i ned F- act i n bundl es t hat coal i gned at cel l - cel l con-
t act s . The di r ect i on of t hi s al i gnment was of t en al ong t he i so-

Kol odney and Wysol mer ski I somet r i c Cont r act i on i n Ti ssue Cul t ur e

Cont r act i l e Ef f ect s of Thr ombi n

Fi gur e 1. ( A) A schemat i c
r epr esent at i on of t he i somet -
r i c f or ce moni t or i ng appa-
r at us . A pol ymet hyl pent ene
pet r i di sh ( 100 mm) i s f i l l ed
wi t h si l i con el ast omer ( C) . A

25- ni m t r ough ( A) i s cut out
f r om t he el ast omer f or posi -
t i oni ng of t he por ous pol yet h-
yl ene hol der s ( B) . One of t he
hol der s i s at t ached t o a mul -
t i axi s st age mani pul at or , and
t he ot her i s at t ached t o an i so-
met r i c f or ce t r ansducer . For ce
i s moni t or ed wi t h a vol t met er
and r ecor ded wi t h an osci l l o-
gr aph . ( B) Exper i ment al f or ce
moni t or i ng appar at us . The
cel l s have compr essed t he col -
l agen gel i nt o a t hi n membr ane
spanni ng t he t wo por ous pol y-
et hyl ene hol der s . The hol der s
and col l agen membr ane f l oat
i n medi a, cr eat i ng a f r i ct i on-
l ess syst em r equi r ed f or ac-
cur at e f or ce measur ement s .
Al l exper i ment s ar e per f or med
at 37° C i n a humi di f i ed 5%
C02195% ai r at mospher e .

met r i c axi s, but i n some ar eas of t he col l agen membr ane
ot her or i ent at i ons at var i ous angl es t o t hi s axi s wer e ob-
ser ved .

Fi g. 5 depi ct s a t ypi cal t r aci ng of i somet r i c f or ce devel oped
by CEF exposed t o i ncr easi ng doses of t hr ombi n . Fi br obl ast -
popul at ed col l agen membr anes wer e used i n t hese exper i -
ment s 48 h af t er cast i ng and wer e mai nt ai ned i n ser um- f r ee
DME f or t he f i nal 12 h bef or e addi t i on of t hr ombi n . As i ndi -
cat ed i n t he dose- r esponse cur ve, CEF r esponded t o r e-
peat ed chal l enges wi t h t hr ombi n . Doses of 0. 2 U/ ml and
1 U/ ml yi el ded t he l ar gest i ncr ement al r i ses i n act i ve f or ce .
For ce r eached maxi mum at 10 U/ ml of t hr ombi n, af t er
whi ch addi t i onal t hr ombi n di d not i ncr ease f or ce .

An unexpect ed f i ndi ng was t he st abi l i t y of t hr ombi n-
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Fi gur e 2 . Semi t hi n Epon sect i ons of CEF wi t hi n t he col l agen mem-
br ane and HUVE i n a monol ayer on t he sur f ace of t he membr ane .
Col l agen membr anes ar e f i xed, embedded, and st ai ned as out l i ned
i n Mat er i al s and Met hods . ( A) Randoml y di sper sed CER ( B) Lon-
gi t udi nal l y or i ent ed l ayer s of CER ( C) Mul t i pl e l ayer s of CEF at
t he base of t he col l agen membr ane. ( D) Coher ent monol ayer of
HUVE on t he t op sur f ace of t he col l agen membr ane . Col l agen
membr anes pr epar ed i n t hi s manner ar e used t o det er mi ne cel l ul ar
cr oss- sect i onal ar ea . Bar , 10 j , m.

HOURS

Fi gur e 3. Repr esent at i ve t r aci ng of f or ce devel opment by a CEF-
popul at ed col l agen membr ane. Col l agen- cel l suspensi on cont ai n-
i ng 1 x 107 CEF was cast , and t he f or ce i s cont i nuousl y moni -
t or ed. The col l agen gel i s cont r act ed i nt o a t hi n membr ane wi t hi n
t he f i r st 3 h ( Fi g. 1 B) , af t er whi ch a st eady f or ce i ncr ease occur s
over t he f i r st 24 h . For ce begi ns t o pl at eau 24 h af t er cast i ng and
r eaches a st eady st at e f or ce by 36 h .
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Tabl e L For ceNor mal i zed t o Cr oss- sect i onal Ar ea
i n Sel ect ed Muscl e and Non- muscl e Cel l Pr epar at i ons

* Nonst i mul at ed .
$ These pr epar at i ons wer e st i mul at ed el ect r i cal l y t o gi ve maxi mal f or ce .
§ CEF and HUVE wer e pr epar ed f or i somet r i c f or ce st udi es as out l i ned i n
Mat er i al s and Met hods . Bot h CEF and HUVE col l agen membr anes wer e t r eat -
ed wi t h 1 U/ ml t hr ombi n f or 15 mi n and t hen f i xed and pr ocessed f or cel l ul ar
cr oss- sect i onal ar ea det er mi nat i on .

st i mul at ed cont r act i on ( Fi g . 6) . I somet r i c f or ce i ncr eased t o
near maxi mal val ues wi t hi n mi nut es af t er t hr ombi n chal -
l enge. Thi s r i se i n t ensi on was t hen st abl e f or days af t er
t hr ombi n admi ni st r at i on . We i nvest i gat ed t he possi bi l i t y t hat
t hi s f or ce mai nt enance was due t o a st r uct ur al al t er at i on
wi t hi n t he col l agen membr ane r at her t han cont i nual f or ce
pr oduct i on by t he CEF. Di sr upt i on of act i n mi cr of i l ament s
wi t h 2 gMcyt ochal asi n D ( Fi g . 7) abol i shed most of t he t en-
si on wi t hi n 10 mi n ( Fi g . 6) , i ndi cat i ng t hat t he t ensi on was
mai nt ai ned by t he cel l s' act i n cyt oskel et on r at her t han t he
col l agen mat r i x . However , we coul d not i dent i f y any obvi ous
changes i n t he CEF act i n cyt oskel et on af t er t r eat ment wi t h
t hr ombi n .

Cyt oskel et al Di sr upt i on

We st udi ed t he ef f ect s of dr ugs t hat di sr upt speci f i c cyt o-
skel et al st r uct ur es t o det er mi ne t he i nvol vement of t hese
component s i n t he gener at i on of cont r act i l e f or ce ( Fi g . 8) .
Cyt ochal asi n D, whi ch di sr upt s act i n f i l ament s ( Fi g . 7) , r ap-
i dl y abol i shed t he f or ce . The mi cr ot ubul e- di sr upt i ng dr ug
nocodazol e t ypi cal l y caused a t wof ol d i ncr ease i n f or ce,
whi ch r et ur ned t o basel i ne af t er sever al hour s . Mi cr ot ubul e
di sr upt i on by nocodazol e i n t he exper i ment s was ver i f i ed by
i mmunof l uor escence . The f or ce i ncr ease r esul t i ng f r om
nocodazol e was t ypi cal l y >50% of t he r est i ng f or ce . The
mi cr ot ubul e- st abi l i zi ng dr ug t axol pr oduced a sust ai ned de-
cr ease i n f or ce and was abl e t o bl ock bot h t he mor phol ogi cal
( mi cr ot ubul e- di sr upt i ng) and mechani cal ef f ect s of nocoda-
zol e . Col chi ci ne, whi ch di sr upt s mi cr ot ubul es i n a manner
si mi l ar t o nocodazol e, pr oduced an i dent i cal mor phol ogi cal
and mechani cal ef f ect ( dat a not shown) .

Endot hel i al Monol ayer s

Upon det er mi ni ng t he nat ur e of i somet r i c f or ce pr oduced by
CEF, we sought t o char act er i ze t he i somet r i c t ensi on pr o-
duced by a mor e hi ghl y speci al i zed cel l t ype. We used
HUVE, because t hey ar e r eadi l y avai l abl e at ear l y passage,
and, i n cont r ast t o CEF, f or m a char act er i st i c cont act -
i nhi bi t ed monol ayer on t he t op sur f ace of t he col l agen mem-
br ane . I n addi t i on, i t has r ecent l y been shown t hat per meabi -
l i zed endot hel i al monol ayer s use a myosi n- based cont r act i l e
syst em( 28, 29) , as do f i br obl ast s ( 15) , i n r esponse t o exoge-
nous st i mul i . Exper i ment s wer e per f or med on f i r st - passage
monol ayer s .

Col l agen gel s wer e seeded wi t h HUVE at a conf l uent den-
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Pr epar at i ons Tensi on Ref er ence

dynes1cmz

Cont r act i ng ski n wound* 3. 2 x 10° 13

Rat skel et al muscl e* 2. 3 x 106 3

Ar t er i al smoot h muscl e$ 6. 7 x 106 12

CEF§ 1 . 0 x 10,

HUVE§ 1 . 3 x 105



si t y . The cel l s r eor gani zed and cont r act ed t he col l agen gel
i nt o a membr ane wi t hi n 2 d . Af t er 4- 5 d at conf l uence,
monol ayer s devel oped a st eady st at e i somet r i c f or ce of 65- 70
dynes ( 9- 10 dynes/ cm) . Monol ayer s wer e used wi t hi n 24 h
of r eachi ng a st eady st at e f or ce . Bef or e st i mul at i on, mono-
l ayer s wer e washed wi t h MCDB- 107 cont ai ni ng 0. 1% BSA
and t he f or ce was al l owed t o st abi l i ze f or 30 mi n . When
HÜVE monol ayer s wer e t hen exposed t o 1 U/ ml t hr ombi n,
cont r act i on was evi dent wi t hi n t he f i r st mi nut e of st i mul at i on
( Fi g. 9) . The f or ce began t o pl at eau by 5 mi n, near a peak
of 132 dynes ( 18. 8 dynes/ cm) . For ce decl i ned sl i ght l y i n t he
30 mi n f ol l owi ng maxi mal f or ce devel opment . Addi t i on of
2 uM cyt ochal asi n D r api dl y el i mi nat ed t ensi on i n t he
monol ayer .

A maxi mum f or ce of 1 . 3 x 10 5 dynes/ cmz of cel l ul ar
cr oss- sect i onal ar eas i s t ypi cal f or HUVE t r eat ed wi t h
t hr ombi n ( 1 U/ ml ) , a val ue compar abl e t o t hat f or CEF.
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Fi gur e S. Ef f ect of i ncr ement al doses of t hr ombi n on CEF i somet r i c
t ensi on . Af t er est abl i shment of a st eady st at e f or ce, col l agen mem-
br anes wer e washed and mai nt ai ned i n ser um- f r ee medi a f or 12 h
bef or e bei ng chal l enged wi t h t hr ombi n.
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Havi ng demonst r at ed t hat an i ncr ease i n i somet r i c t ensi on
r esul t s upon exposur e t o t hr ombi n, we sought t o est abl i sh a
t empor al r el at i onshi p bet ween r ear r angement s i n act i n mor -
phol ogy and devel opment of t ensi on i n t he cyt opl asm of
HÜVE. Monol ayer s pr epar ed i dent i cal l y t o t hose used f or
f or ce measur ement s wer e t r eat ed wi t h 1 U/ ml t hr ombi n f or
var i ous t i mes, f i xed, per meabi l i zed, and st ai ned wi t h r hoda-
mi ne phal l oi di n . Fi g . 10Ai l l ust r at es t he F- act i n di st r i but i on
f r om a cont r ol monol ayer gr own on a col l agen mat r i x .
HUVEexhi bi t ed a cohesi ve sheet of pol ygonal cel l s t hat cov-
er ed t he col l agen membr ane . A t hi n r i m of f l uor escent st ai n-
i ng was pr esent at t he cel l mar gi ns t hat cl ear l y del i neat e each
i ndi vi dual cel l . The cent r al r egi ons of t he unst i mul at ed cel l s
wer e devoi d of pr omi nent st r ess f i ber s ; however , a f ew r an-
doml y or i ent ed mi cr of i l ament bundl es wer e pr esent . Smal l
dr opl et s of f l uor escent st ai ni ng mat er i al wer e al so evi dent
t hr oughout t he cyt opl asm.
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Fi gur e 4. Fl uor escence mi cr ogr aph of
F- act i n di st r i but i on of CEF popul at i ng
a col l agen membr ane pr epar ed i dent i -
cal l y t o t hose used f or f or ce measur e-
ment s . A col l agen membr ane was
f i xed 48 h af t er cast i ng and st ai ned
wi t h r hodami ne- conj ugat ed phal l oi di n
as out l i ned i n Mat er i al s and Met hods .
Act i n bundl es appear or i ent ed i n t he
l ongi t udi nal di r ect i on of t he cel l s and
appear t o coal i gn at cel l - cel l cont act s .
Bar , 25 / M.
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Fi gur e 6. St abi l i t y of t hr ombi n- st i mul at ed cont r act i on . Af t er r each-
i ng st eady st at e f or ce, CEF wer e t r eat ed wi t h 2 U/ ml t hr ombi n .
For ce r eached new st eady st at e val ue wi t hi n 5- 10 mi n of t hr ombi n
t r eat ment and st ayed at t hi s l evel f or up t o sever al days . Tr eat ment
wi t h 2 I i M cyt ochal asi n D ( CY717 D) abol i shed t ensi on wi t hi n
10 mi n .



Af t er a 5- mi n exposur e t o t hr ombi n ( Fi g . 10, B and C) ,

a f i ne net wor k of act i n f i l ament s became appar ent t hr oughout

t he cyt opl asm. For ce was near maxi mum at t hi s poi nt , al -

t hough most st r ess f i ber s had not yet f or med . The r i m of

f l uor escent st ai ni ng at t he cel l mar gi n was l ess di st i nct , and

i t appear ed as i f ci r cumf er ent i al bundl es of act i n f i l ament s
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Fi gur e 8. Modul at i on of CEF i somet r i c t ensi on by speci f i c

cyt oskel et al - di sr upt i ng dr ugs . CEF col l agen membr anes wer e pr e-

par ed as descr i bed i n Mat er i al s and Met hods and used wi t hi n 12 h

af t er r eachi ng maxi mal r est i ng f or ce . Dr ugs wer e added at t i me 0,

and membr anes wer e i ncubat ed i n t he cont i nuous pr esence of ei t her

2 t LM nocodazol e ( NOC. ) , a 2- h pr et r eat ment wi t h t axol f ol l owed

by 2 uMnocodazol e at t i me 0 ( TAXOL THENNOC. ) , 2 pMt axol

( TAXOL) , or 2 pMcyt ochal asi n D( CYTOD) . For ce pr oduct i on was

moni t or ed f or an addi t i onal 6 h . Nocodazol e t r eat ment i ncr eased

f or ce t wof ol d over basal l evel s wi t hi n 60 mi n . For ce gr adual l y

r et ur ned t o basal l evel s over t he ensui ng 5 h . The i ncr ease i n f or ce

pr oduced by nocodazol e al one was dr amat i cal l y di mi ni shed by a

2- h pr et r eat ment wi t h 10 KM t axol . A r educt i on i n basal f or ce t o

60° r ó of cont r ol val ues occur r ed wi t hi n 90 mi n of t axol t r eat ment

al one. Cyt ochal asi n D caused a r api d r educt i on i n f or ce t o unde-

t ect abl e l evel s wi t hi n 40 mi n . Di sr upt i on of act i n mi cr of i l ament s

and mi cr ot ubul es was ver i f i ed by f l uor escence mi cr oscopy .

wer e begi nni ng t o devel op. HUVE r et ai ned t hei r pol ygonal

mor phol ogy but exhi bi t ed smal l gaps bet ween cel l s wi t hi n

t he monol ayer . By 15 mi n af t er exposur e t o t hr ombi n, t he

f i ne act i n net wor k r eor gani zed i nt o pr omi nent st r ess f i ber s

al i gned par al l el t o each ot her and t o t he l ong axi s of t he cel l

( Fi g . 10 D) . A ci r cumf er ent i al band of act i n f i l ament s

f or med at t he cel l mar gi ns . HUVE r et r act ed f r om one an-

ot her but r emai ned at t ached by sl ender cel l pr ocesses con-

t ai ni ng cor es of act i n f i l ament s ( Fi g . 10 D) .

No evi dence of st r ess f i ber ar r angement par al l el t o t he i so-

met r i c axi s coul d be det ect ed i n unst i mul at ed monol ayer s . I n

cont r ast t o CEF, whi ch devel op t hei r pol ar i t y whi l e r et r act -

i ng t he col l agen mat r i x ar ound t he pol yet hyl ene hol der s,
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Fi gur e 7. Fl uor escent mi cr ogr aph of

F- act i n di st r i but i on i n CEF- popul at ed

col l agen l at t i ce t r eat ed wi t h 2 uMcyt o-

chal asi n Df or 15 mi n . Sever e di sr upt i on

of act i n mor phol ogy occur r ed, wi t h t he

l oss of act i n bundl es . Aggr egat es of

F- act i n appear at si t es of cel l - cel l at -

t achment . Bar , 25 gym.

Fi gur e 9. Repr esent at i ve t r aci ng of i somet r i c f or ce pr oduct i on by

HUVE exposed t o 1 U/ ml t hr ombi n . Thr ombi n caused a r api d r i se

i n act i ve f or ce, r eachi ng a peak f or ce of 132 dynes . Addi t i on of

2 j Mcyt ochal asi n D r api dl y abol i shed t he t hr ombi n- st i mul at ed i n-

cr ease i n i somet r i c f or ce . Wi t hi n 25 mi n, no det ect abl e f or ce coul d

be measur ed i n t he monol ayer .



st r ess f i ber f or mat i on i n t hr ombi n- st i mul at ed HUVE does
not appear t o show a pr ef er ent i al or i ent at i on al ong t he i so-
met r i c axi s. These çel l s appear t o exer t an equal i somet r i c
l oad on al l adj acent cel l s .

Anumber of mani pul at i ons have been per f or med t o ascer -
t ai n i f t he col l agen l at t i ce i mpedes i somet r i c f or ce measur e-
ment s by bear i ng a compr essi ve l oad . Var yi ng t he col l agen
concent r at i on f r om 1 t o 3 mg/ ml had no ef f ect on t he f or ce
measur ement s ( dat a not shown) . I n addi t i on, i nhi bi t i on of
coval ent col l agen cr oss- l i nki ng wi t h a 1- mM concent r at i on
of t he l ysyl oxi dase i nhi bi t or ß- ami nopr opi oni t r i l e had no
ef f ect on measur ed f or ce ( dat a not shown) . , Si nce modi f i ca-
t i on of t he st i f f ness of t he col l agen gel had no ef f ect on mea-
sur ed f or ce and i n vi ew of t he cyt ochal asi n D dat a, we be-
l i eve t hat t he col l agen membr ane does not bear a si gni f i cant
l oad . To ver i f y t hat act i ve cont r act i on of t he col l agen gel i t -
sel f or dr i f t i n t he t r ansducer out put di d not af f ect our mea-
sur ement s, we per f or med exper i ment s wi t h cel l - f r ee col l a-
gen gel s . No f or ce ( <2 dynes) was measur ed over 48 h .

Di scussi on

Most physi ol ogi cal st udi es of f or ce gener at i on have f ocused
on ei t her muscl e pr epar at i ons or pur i f i ed pr ot ei ns . St udi es
on pur i f i ed myosi n have est abl i shed t hat myosi n phosphor y-
l at i on i s a pr i nci pal act i vat i on mechani sm, bot h of myosi n as-
sembl y i nt o bi pol ar f i l ament s and act i n- act i vat ed ATPase ac-
t i vi t y, wher eas st udi es of smoot h muscl e have shown a
cor r el at i on of myosi n phosphor yl at i on wi t h f or ce gener -
at i on. Thi s phosphor yl at i on i s cat al yzed by myosi n l i ght chai n
ki nase, a Cat +/ cal modul i n- dependent enzyme t hat speci f i -
cal l y phosphor yl at es t he 20- kD myosi n l i ght chai n, t her eby
i ni t i at i ng cont r act i on ( 1, 20, 26) . I n cont r ast , a maj or gap ex-
i st s i n our under st andi ng of t he bi ochemi cal and physi ol ogi -
cal pr oper t i es of nonmuscl e cel l cont r act i on . I n r ecent year s,
i nt act as wel l as per meabi l i zed cel l pr epar at i ons have been
used t o char act er i ze mechani sms t hat r egul at e nonmuscl e
cel l cont r act i on ( 14, 15, 28, 29) . The assumpt i on has been
t hat an al t er at i on i n t he spr ead f or mof t he cel l i s i ndi cat i ve
of cel l cont r act i on .

However , a r el evant quant i t at i ve measur e of nonmuscl e
cel l cont r act i on aki n t o t hat f or smoot h muscl e has been
l acki ng. I n t hi s st udy, we have demonst r at ed a si mpl e quan-
t i t at i ve t echni que f or st udyi ng i somet r i c f or ce pr oduced by
cel l s mai nt ai ned i n t i ssue cul t ur e. A t i ssue cul t ur e- based
syst em of f er s sever al advant ages t o t he st udy of cont r act i l e
physi ol ogy not f ound i n whol e t i ssue pr epar at i ons . The i n-
vest i gat or can pr eci sel y cont r ol exper i ment al condi t i ons, use
a homogenous cel l popul at i on, st udy cel l popul at i ons t hat
ei t her i nvade or f or mmonol ayer s on t op of t he col l agen ma-
t r i x, var y ext r acel l ul ar mat r i x component s, and obt ai n hi gh-
qual i t y i mages of cyt oskel et al component s . I n addi t i on, t i s-
sue cul t ur e al l ows bi ochemi cal and genet i c mani pul at i ons t o
be per f or med i n an at t empt t o di ssect t he mol ecul ar pat hways
i nvol ved i n t he cont r ol of mechani cal f unct i ons .

Al t hough t he appar at us t o measur e i somet r i c f or ce i s easy
t o const r uct and r equi r es l i t t l e mai nt enance, t hr ee st eps need
t o be f ol l owed r i gor ousl y t o obt ai n r el i abl e f or ce measur e-
ment s : ( a) por ous pol yet hyl ene hol der s must be cut f r om
st ock wi t h a band sawso t hat a l ar ge bur r i s f or med, t o whi ch
t he col l agen mat r i x can adher e ; ( b) sul f ur i c aci d t r eat ment
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of t he por ous pol yet hyl ene bar s i s needed t o decr ease
hydr ophobi ci t y ; and ( c) enough medi a must be l oaded i nt o
t he chamber so t hat t he pol yet hyl ene hol der s f l oat , t hus
pr ovi di ng a f r i ct i onl ess syst em.

Sever al i nvest i gat i ons of cont r act i on i n cul t ur ed cel l s have
used a f l exi bl e si l i cone membr ane ( 11, 23, 24) . Thi s qual i t a-
t i ve assessment of cont r act i on r el i es on t he abi l i t y of t he cel l
t o wr i nkl e t he si l i cone membr ane wi t h t he magni t ude of cel l
f or ce i nf er r ed f r omt he degr ee of wr i nkl i ng ( 11) . Al t hough
t hi s t echni que has pr ovi ded val uabl e i nsi ght s i nt o t he r egul a-
t or y mechani sms of nonmuscl e cel l cont r act i on, i t s l i mi t a-
t i ons must be r ecogni zed . The measur ement of f or ce i s not
t r ul y i somet r i c, si nce t he cel l of t en pul l s excessi ve si l i cone
membr ane under i t s l eadi ng edge . I n addi t i on, t he i nabi l i t y
t o pr oduce a membr ane of def i ned mechani cal pr oper t i es
makes i t di f f i cul t t o compar e par al l el sampl es . I n t he pr esent
st udy, we used a col l agen suppor t of known concent r at i on as
a subst r at um. We cl osel y f ol l owed t he devel opment of f or ce
and det er mi ned when a st eady st at e had been est abl i shed .
Si nce t he cel l s appar ent l y pul l agai nst each ot her t hr ough
cel l - cel l at t achment s r at her t han agai nst a f l exi bl e subst r a-
t um, t he f or ce we r ecor ded on agoni st - st i mul at ed cul t ur es
cl osel y appr oaches i somet r i c measur ement s .

Apr evi ous ef f or t t o quant i t at i vel y exami ne i somet r i c con-
t r act i on by t i ssue cul t ur e cel l s has been r epor t ed by James
and Tayl or ( 17) , who f ound t hat cel l s mi gr at i ng f r om t wo
chi ck embr yo bone expl ant s on a gl ass sl i de woul d meet
bet ween t wo expl ant s, f or m a monol ayer , and pul l t he t wo
expl ant s t oget her . I f t he expl ant s wer e hel d i somet r i cal l y
wi t h gl ass needl es, a f or ce of 3 . 4 x 10° dynes/ cmz coul d be
measur ed by t he degr ee of bendi ng of t he gl ass needl es . Our
f or ce measur ement s f or CEF gi ve val ues sl i ght l y hi gher t han
t hat det er mi ned by James and Tayl or ( 17) . Al t hough our
met hods of measur i ng f or ce ar e concept ual l y si mi l ar , t hese
i nvest i gat or s may have under est i mat ed t he t r ue f or ce because
of cel l adher ence t o t he gl ass sl i de i n t hei r exper i ment s .

A pr i nci pal r esul t of t hi s st udy i s det er mi nat i on of t he
magni t ude of f or ce ( 4 . 5 x 10° dynes/ cmz) exer t ed by cel l s
mai nt ai ned si mpl y i n 10%FCS. Thi s t ensi on must be t aken
i nt o account i n mechani cal model s of cel l s . I t i s of i nt er est
t o compar e t hi s f or ce wi t h t hat document ed f or ot her bi ol ogi -
cal pr epar at i ons ( Tabl e I ) . The f or ce t hat seems t o cor r el at e
best wi t h t hat pr oduced by CEF i s ski n wound cont r act i on.
I f t he mar gi ns of a r abbi t ski n wound ar e hel d i somet r i cal l y,
a f or ce of 3. 2 x 10^ dynes/ cm' can be measur ed ( 13) . The
cr oss- sect i onal ar ea used t o nor mal i ze f or ce i n t hi s st udy was
t he ent i r e gr anul at i on t i ssue r at her t han t he f r act i on occupi ed
by t he cel l s . Thus, t hi s measur ement i s l i kel y t o under est i -
mat e t he t r ue cel l ul ar t ensi on .

Our obser vat i on t hat t he f or ce exer t ed by CEF i s r api dl y
abol i shed by t he addi t i on of cyt ochal asi n D i ndi cat es t he cr i t -
i cal i mpor t ance of act i n f i l ament s i n f or ce devel opment . The
i ncr ease i n f or ce obser ved upon mi cr ot ubul e depol ymer i za-
t i on conf i r ms t he st udi es of Danowski ( 6) usi ng t he si l i cone
r ubber wr i nkl i ng t echni que . The mechani cal r esponse t o
nocodazol e and t axol ar e consi st ent wi t h t he t ensegr i t y
model ( 7) . Thi s model hypot hesi zes t hat a por t i on of a cel l ' s
cont r act i l e l oad i s bor ne by r i gi d i nt er nal st r uct ur e, wher eas
anot her por t i on i s r esi st ed by el ement s ext er nal t o t he cel l .
I n our exper i ment al appar at us, t he f or ce t r ansducer senses
t he l oad exer t ed on t he ext er nal st r uct ur es . I f mi cr ot ubul es
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f unct i on as r i gi d i nt er nal st r ut s, depol ymer i zat i on of t hese
st r uct ur es by nocodazol e woul d be expect ed t o r esul t i n a
gr eat er measur ed f or ce as t he l oad shi f t s f r omi nt er nal t o ex-
t er nal st r uct ur es . Taxol woul d be expect ed t o i nduce hyper -
pol ymer i zat i on of t he f r ee t ubul i n pool , pr oduci ng addi t i onal
mi cr ot ubul e st r ut s and t hus r educi ng measur ed f or ce. The
abi l i t y of t axol t o bl ock t he ef f ect of nocodazol e demon-
st r at es t hat nocodazol e exer t s i t s cont r act i l e ef f ect t hr ough
mi cr ot ubul e depol ymer i zat i on . The mechani sm by whi ch
t he f or ce r et ur ns t o basel i ne sever al hour s af t er mi cr ot ubul e
i nhi bi t or s ar e added i s uncl ear but may r ef l ect a nonspeci f i c
t oxi ci t y i mpar t ed by t he mi cr ot ubul e- di sr upt i ng agent s .

The possi bi l i t y of endot hel i al cont r act i l i t y as a mechani sm
f or cont r ol l i ng vascul ar per meabi l i t y has been a subj ect of
specul at i on si nce Maj no and Pal ade ( 22) demonst r at ed t he
f or mat i on of i nt er cel l ul ar gaps i n t he endot hel i al bar r i er of
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Fi gur e 10. Fl uor escence mi cr o-
gr aph of F- act i n f i l ament di s-
t r i but i on i n cont r ol and t hr om-
bi n- t r eat ed HUVEmonol ayer s .
Fl uor escent i mages wer e ob-
t ai ned usi ng a conf ocal mi cr o-
scope . I mages wer e pr oduced
by combi ni ng a ser i es of op-
t i cal sect i ons t aken at set i n-
cr ement s t hr ough t he ent i r e
t hi ckness of t he cel l . ( A)
Fl uor escent act i n f i l ament di s-
t r i but i on i n cont r ol monol ayer .
Apr omi nent r i mof f l uor escent
st ai ni ng del i neat es t he cel l
mar gi ns . A f ew r andoml y or i -
ent ed f i l ament s ar e pr esent
wi t hi n t he cyt opl asm. ( B)
HUVEmonol ayer t r eat ed wi t h
1 Ul ml t hr ombi n f or 5 mi n . A
f i ne net wor k of act i n f i l ament s
has f or med t hat appear s t o oc-
cupy t he ent i r e cyt opl asm. Oc-
casi onal smal l gaps ar e pr esent
wi t hi n t he monol ayer . ( C) A
si ngl e opt i cal sect i on t hr ough
t he mi dpoi nt of t he cel l demon-
st r at es t he f or mat i on of a f i ne
f i l ament ous net wor k . ( D) 15
mi n af t er exposur e t o t hr om-
bi n, t he f i ne net wor k of act i n
f i l ament s has r eor gani zed i nt o
a ser i es of F- act i n cabl es t hat
r un par al l el t o t he l ong axi s of
t he cel l . Bar , 10 pm.

vessel s exposed t o hi st ami ne . Exposur e of cul t ur ed en-
dot hel i al monol ayer s t o hi st ami ne or t hr ombi n r esul t s i n
r ever si bl e i nt er cel l ul ar gap f or mat i on accompani ed by a
r ear r angement of act i n mor phol ogy ( 21) . A si mi l ar mor pho-
l ogi cal change has been demonst r at ed i n a per meabi l i zed
monol ayer of endot hel i al cel l s t o depend on phosphor yl at i on
of myosi n 19- kD l i ght chai ns by MLCK ( 28, 29) .

The pr esent st udy pr ovi des quant i t at i ve evi dence f or t he
devel opment of i somet r i c cont r act i l e f or ce by HUVEmono-
l ayer s upon st i mul at i on wi t h t hr ombi n . The f or ce i s asso-
ci at ed wi t h a dr amat i c change i n act i n mor phol ogy. Act i n
f i l ament s shi f t f r om a ci r cumf er ent i al r i m t o st r ess f i ber s .
Most st r ess f i ber s appear af t er maxi mal f or ce has al r eady de-
vel oped, i ndi cat i ng t hat st r ess f i ber s may be a r esul t of i so-
met r i c t ensi on gener at i on i n t he cyt opl asm r at her t han essen-
t i al f or gener at i ng t he t ensi on .
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Fi gur e 10.

Recent l y, Mor el and cowor ker s ( 24) empl oyed a si l i cone
r ubber assay t o exami ne t hr ombi n st i mul at ed cont r act i on of
mi cr ovessel endot hel i al cel l s . I n t hese st udi es, pr econf l uent
cel l s wer e seeded ont o si l i cone membr anes 72 hour s pr i or
t o st i mul at i on . Cel l s wer e obser ved t o cont r act 3 mi nut es af -
t er st i mul at i on wi t h 2 U/ ml t hr ombi n peaki ng wi t hi n 9 t o 15
mi nut es . Our dat a was obt ai ned on monol ayer s of l ar ge ves-
sel endot hel i al cel l s whi ch had est abl i shed a st eady basel i ne
f or ce and wer e 5 days post conf l uent . We wer e abl e t o det ect
a cont r act i on wi t hi n 30 seconds of st i mul at i on t hat peaked
by 5 mi nut es . The appar ent di f f er ences i n t he t i me cour se of
t he t hr ombi n ef f ect coul d be expl ai ned by : 1) l ar ge vessel vs .
smal l vessel cel l s ; 2) pr e vs . post conf l uent cel l s ; 3) adhesi on
t o subst r at um; or 4) sensi t i vi t y of f or ce measur ement . How-
ever , our dat a i s l ar gel y consi st ent wi t h t hat of Mor el et al .

Kol odney and Wysol mer ski I somet r i c Cont r act i on i n Ti ssue Cul t ur e

( 24) despi t e t he di f f er ence i n our met hod of f or ce mea-
sur ement .

I t may be usef ul t o specul at e on t he physi ol ogi cal f unct i on
of t he l ar ge f or ce t hat endot hel i al cel l s can mai nt ai n . One
f unct i on of endot hel i al cont r act i on may be f or mat i on of gaps
i n t he endot hel i al bar r i er , t hus causi ng edema or al l owi ng di -
apedesi s of phagocyt es t hr ough t he endot hel i al bar r i er . An-
ot her possi bl e r ol e f or t hi s t ensi on may be r egul at i on of t he
di amet er and di st ensi bi l i t y of mi cr ovessel s . The l aw of
Lapl ace r el at es t he wal l t ensi on i n a vessel of r adi us ( r ) wi t h
bl ood pr essur e ( P) : T = Pr .

I n a pul monar y capi l l ar y wi t h a di amet er of 5 t t m, en-
dot hel i al cel l s pr oduci ng a t ensi on of 10 dynes/ cmwoul d r e-
sul t i n a pr essur e of 4 x 10° dynes/ cm2 , a val ue t hat ex-
ceeds pul monar y capi l l ar y pr essur e ( 10 mm Hg or 1 . 3 x
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10° dynes/ cmz) . Thus, i t i s l i kel y t hat act i vat i on of pul mo-
nar y capi l l ar y endot hel i al cel l s r esul t s i n a decr ease i n t he
di amet er and/ or def or mabi l i t y of capi l l ar i es . I t must be not ed
t hat HUVE ar e f r om a l ar ge vessel and t hese st udi es must
be ext ended t o smal l vessel cel l s . However , t he qual i t at i ve
st udi es of Mor el et al . ( 23) i ndi cat e t hat smal l vessel en-
dot hel i al cel l s pr oduce even st r onger cont r act i ons t han l ar ge
vessel cel l s .

I n summar y, we have used a newmet hod t o quant i t at i vel y
measur e t he cont r act i l e f or ce gener at ed by a popul at i on of
cel l s i n cul t ur e . The met hod i s r el at i vel y easy t o i mpl ement
and i s appl i cabl e t o a wi de var i et y of cel l s, i ncl udi ng t hose
t hat i nvade t he col l agen mat r i x and f or ma t hr ee- di mensi onal
cont r act i l e net wor k, as wel l as cel l s t hat f or m a monol ayer
on t he sur f ace of t he col l agen mat r i x . CEF mai nt ai ned i n
10% ser umpr oduce a f or ce of 4 . 5 f 0. 2 x 10° dynes/ cm2 .
When st i mul at ed wi t h t hr ombi n, bot h CEF and HUVEpr o-
duce a si mi l ar f or ce ( 1 x 105 dynes/ cmz) , whi ch i s appr oxi -
mat el y an or der of magni t ude l ess t han i nt act smoot h and
skel et al muscl e pr epar at i ons . The act i n cyt oskel et on i s es-
sent i al f or f or ce pr oduct i on i n bot h cel l t ypes, wher eas i nt act
mi cr ot ubul es appear t o r educe i somet r i c f or ce. Cont r act i on
i n HUVEmonol ayer s i s associ at ed wi t h a dr amat i c r eor gani -
zat i on of t he act i n cyt oskel et on, whi ch appear s t o be a r esul t
of t ensi on gener at i on r at her t han t he cause of i t .

We t hank Dr . El l i ot El son f or sci ent i f i c advi ce and di scussi on i n al l phases
of t hi s wor k.
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