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l'dst il~r(lres uslng nl~cropattcrnei~ iuhstratrs c ~ a l r d  wlth aci!reiivr islantls of P Y t l d i  rllular malrlx rrvralrtl that capillary 
rnilotkrel~al cell5 can hi, grornrtr~cally switc.hrcl I,etwc>clr growth ant1 dptrptoili I<ntlo~hrllal cells cnlturrtl on slnglr tildnds 
I'rrg" tlrar~ 1500 prrrL spreatl ,rnd grogresirti through thc tell cycle, whereas tells rcilrrctcd to areas less than 500 prrrL 
i a ~ l r d  to exlcrrd anti underxrt.ttt apop t~s l i  The pleserrt i tu~ly  acldrcsst~d whrthci ~slantl geomclrres that constrained i ell 
ipread~ng to ~nte~rriethatr clrgrec.i. r~ertht~r inpportnlg cell growlh nor intlrrc lng apoptoils, cbausr crl l i  to dltfrrt~nlldte. 
k,ntiothclidl i ells culturrtl on substralcs rtrri ropalterned wlllr I O-pnr-w ltie hncs of fihronec%tln fo~med rxtrnsrve t ell-cell 
c~nldcts  and spread lo app~oxln~alely 1000 prn'. Wllhrn 72 h, tells shul off both growth and apoptoils programs and 
untlc~werrt tltflcrrtrt~~tlon, result~ng in the fornr'ttron of cc tp~l la~y ltrbe-llkc itructurrs c2ontalnrng a central lunien. Accu- 
irruldtlon of rx t~ai r l l r~ lar  mcltllx lerrdilli tontalnlrrg fil~ronrc trrr anti larrr~rru~ I~rnedth cells anti reo~ganr~dtion of p\ateler 
endothellal cell adhrslon rnolec~ulr-pos~tivc cell-cell lurrc tlons along the lengths ol thr trrbrs precedrtl the for~nalron of 
~lresr structure\. Cells cultutetl on wrtlcr (30-pzn) Ilrirs also lormril cell-cnrll contacts arrd allgnecl the11 'tctrn cy~oskelrtorr, 
but thric, cells iyrcwl to large1 dred5 (2200 pnlq), prollfrrd\rcl, drltl illit not folin lubes Cis? of n~~cropatternet~ iubstrdtt'i 
lrvcaleel that allrrlng the geo~nrtry of cell sprr,rc{tng car1 swltc.h i~ntlothellal (ells among the tlrree nidjor gc'tirlrc programs 
I hat gavel rr d t lg~ogi~nr~~i-grm 111, aj)optosls ant1 d~llermt~cllrorr. 'I'hr syslerrr In-escnlrti here provrcles .I wrll-definrtl adhesive 
c~nvrrornnen~ 111 whlch 10 fu~thcr I Y I \  eitlpatt, tl-rr itixps ~rrvolvc~cl I rr dnglogctresls. 

f i y  worrls: capillary tn1,rs; moq)hogi~ncsis; cell adl.rrsion; ~x t r ac~r l lu l a~~  rnatrix; nricrohl~ric.ation. 

Ar~giogenrsis, ~lre formalion of new capillary I,lootl vessels, plays 
a t:rilical role in tissue growth ant1 honrrostasis, as wt:ll as in thc 
pathogcnrsis of rrrany tliseasrs such as cancxr, t l ial~c~ic tetinopallry, 
anil rheumatoitl arthritis (10). 'l'hc recrnt findirrgs t h a ~  inhit)ition oC 
angiogrnnsis ran pl.evmt thc growth of turriors irr nrii,ca (1 7,26,27) 
ant1 possil,ly in Irumarrs (20), w~i~lrout protl~ic:irtg systi:lnic sitln el'lec.ts, 
has fot,rrserl cnornious atler~tion on tlrr nieelrarrism ol' capillary Je-  
vrloy~nrrn~. I)espite its c:linical impor~arrc:e. however, thc mrchanistns 
t hat rrgulat e angiogcnesis rc~rrtain unclear. 

While angiogrnc:sis is initiateti ~hrough ~ h r  action of soluhle rni- 
togerrs, such as lil~rol~last growth faclor (I"t;F) (5,l I), the response of' 

c.apil1ar.y ctrclothclial (C1') c:t:lls to thrse (actors-whrthcr to grow, 
tliIlerc:n~iati~, or tlir-is dii:tat~iI witllin the ~issut: n~ic~~ornvirorir~~ent 
(4,,15) b y  loc:al bintling inleractions I~rtwcr:it cells and extrac:i:llular 
rnatrix (ECM) mo1ec:uli:s (15,16). The rnec~hanisrrr 1,y w11ic.l-I ECM 
exerts lhis control rclnairrs c:onirovrrsial. I'rrvious in vitro slutlies 
have establisheel that varying the clelrsity of F:CM molecules suclr as 
fihrorrrc~tin (1:N) imrrrol-~ilizccl orr tlishes can swit1.l-I CE cells 1,etwoen 

giowth and tl~lfrrc~rit~dt~on (c apiIlatY tuhf' Iorrnation) In thc presence 
oi solublr mltogetrs. Tl r~i  sw~~cal-I appears to be regulated through the 
c.hangcss In cell iprentlirrg th'lt cllrrc tly result fioirr varying the tlensrty 
of rmmohilr/rd I<(:M moleculrs (13,16). Irr ~ h l s  approdih, howevc,r, 
changes In ECM dm\rty also lnflurncr the rllic 1enc.y of hrntling dntl 
di t~val~otr of i f'll iridd( e Inti~grrrr rrccptors ~ I ~ I c ~ I  can tlrggrr InIra- 
celluldr s~grralrng palllways (2:1,28,31,32) arrtl alter gene expression 
('3) recIunwl for growtl-I. Thus, ~t 15 rrnclrar whethr~r thr switch br- 
twrcm telluldr p f ~ g r ~ n i s  1s caused l)y the change In i ~ ~ l l  geonlixlr\ 01 

a ( hclnge In IXM-lntrgrrn re( cplol bindtrig. 
'k, t~r t ixrm~nr  whethcr ,t m i ~ e ~ ~ a r ~ ~ c a l  (skrdpr-related) stglrdhng 

mixc hanlsrn 1s irltrc nl lor i c g u l a t ~ n ~  gene prograrns In CI' c~clli, we 
used d recently tlevrlopetl nl~cropattc~rnt~tg tcc hniyur to control cell 
ign-ra'hng ~rrc le~~~nt ler r t l~  frorn ECM coating c lens~~y (24,25). We cn- 
glneerrd m~crornetr~i-st ale acilirsivi~ lilantls sur rountii~cl by nonatlhr- 
sivc regrons, c,atlr ~s land was codtrd wlth a hrgh tlrnsrly of ECM 
nrolrcult~ lo promote opt lrndl integrrn c lu s t e~~ng .  The 5lze arrd shape 
of the rslandi coritrolled the drgrixc to which the ccxlls spread (2,05) 
U5ing ~lrls mrtliotl, ucx prevlonsly tlcmunitrdtcd  hat C:E cell5 can k1r 
g~o in i~~r i cc~ l ly  swttt I ~ r d  betwprn apoptosrs (progranrrnrtl i.ell tlcd~h) 
ancl growth. Cells adhrrc-rrt to FN-coatc,tl atilrrs~vc t\lantli ~ h d t  rc- 
itric trtl cell slfe (nrcxarr piolcc trtl ,ilea <SO0 pm2) nndrrwrnt apop- 



10115, whf3r(-as cel ls  or1 ~ i l a n d s  thdl prrinitte(j  i p ~ e a t l ~ n g  (mc.an pro- 

jw'tfil a rea  > 1500 pmL) w e ~ e  d ~ l c  to  'ntrr S phase ,  w ~ t h  tile h1ghe5t 

growth 1att.1 ohsciveci In ~ h r  most  highly iprcaatl ce l ls  (>3000 ymL) 

(2). Mcchan~c  dl intrrac lions betrvrtw CE cell5 drrtl ECM that  ‘titer 
cel l  shape. a lso  may play a role  rrr control of cdpll1ar-y tuhe  fo~rrralion 

(16). l 'hus, In t he  y i r i e n t  s ~ u d y ,  we  u i e t l  t h ~ r  m e t l ~ o d  to evplorc 

whether  CE cc~l ls  geo11~11 ically c o n i t ~ d r n c d  to ,t n ~ o d e r a l e  clegrc,c a r e  

inciucod to turn on a din'erentiatiot~ prograrn. 

PI-eparotion 01' rnicropntterr~~d sc~hs~rcrtrs. Microcoritat.t 1)rintirlg was useil 
to fabricate sol)stratos patterned with regions sopltortive of' or resistant to 
ECM protoin adsorption. as previously (1e:scribetl (14,,25,35). Ijrielly, pat- 
terned sili~.on masters were p r o d u ~ r d  hy ~) l rotol i t l~~gra~)hy (:<). Poly-(& 
rnetlrylsiloxane) stamps with surf:~cr topogl.aphies ~:orrry)lr:merrtary to those oF 
tho silic.on masters were c:rt-atccl l-)y polynierizing a silicon(* prcpolyrnrr (Syl- 
gard 184,, [)ow (:or~ring Cory)., Mi~llantl, MI) on top of the masters. (:lass 
covc:rslips (No. 2, Corning (;lass Wnrks, (:orsring, NY) wvrc: coated w i ~ h  thin 
films of titarriurrl (1.5 nm) fi)llowtvl 1,y a thin film ~tfgold (1 1.5 nm) I I ~  c.lrv.tr.on 
bearrr evaporation. 'li) pattern a gold-coated covc:rslil), a collon swah was 
wc.tt(:(l wilh a solution of h(:xatlt:canetliiol (HS(CII,),,CH,) (Altlrich, M ilwau- 
kre, WT) (2 rnM in ctbanol) anti swal)k~ed across tlrr. face of an elasto~n(:ric 
stamp. 'She stamp was tlrir:d under a stre:atn of nitn)gr:n gas and placeti on 
the goltl-coato(1 glass covrrsli~). Tire htamp was removetl, ant1 thr (.overslip 
was covered wit11 a solution of'thr tri((:tlrylene gly(:(,l)-t(:rnrina~etl alkancthiol 
HS((:H,),,(OCI1,C1I2),0H (2 m,'M in ethanol) for l h anti then rinsed in eth- 
anol. Imme(liittt4y prior to us<:, the: pat~erned c:ovt.rslips were (.oa~t.(l will1 E'N 
(Organon 'kknika-Cappel, Malverrr, PA) 125 pglrnl in phosphate-ht~ff(,rtxil 
saline. (PBS)I for 1-2 h, rirrsetl well with I'BS, ant1 transf(:rreci lo petri dishes 
containing 1%) 1)ovine srrnm a1l)unrin (HSA) in L)ull)eccr,'s mo(lifi(:cl Eagle's 
metfiun~ (I)MEM). 

Eladothelial cell r.r~,ltlrrc~. Bovine C1< (.ells were cnltnn~cl as  dc.scribetl pre- 
viously (10). (:ell rr~onolayers wtsrr. tlissociatetl l)y Ijriel' exposnrcl to trypsin- 
I':IY1'A, washe(]. and res~~sprn(-lt:(l wit11 1 %  hovin(> stLrum all)nmin (RSA)/ 
LIMEM. Orre-half'volurnc~ of I % I%SA/I)MEM was remov(:tl Srom petri tlishcs 
(.ontaining coverslips and rc:plat>ccl with an (:qua1 volum~. of rn(:cliunr con- 
taining 1 X 10" CE (:rlls/100 mm tlish. Iligh tlensity lipoprotein (ATII,) anti 
1ransfr:rrin were i~tltlcci. to a lirral ront.t:nlratior~ of 10 pglrnl arrtl 5 pglrnl, 
res1)ectiv~ly. T l ~ c  cells were: al1owc:d trt aclhrln: for 2 h, afirr whir.11 75% oS 
tlre r~redium was rmlovrrl and replacc,tl with either ci(:finc:d nrediuni (T)M) [ L O  
pg HDL per, 5 pg transferrin per ml, :l ng fil)roblasl growl11 Saclor (E'Gb') per 
mi, 1 %  RSA] or witlr DMEM c:ontaining 10% (ball serum atid FGF (0.5 rrgl 
ml). Cultures wcm: rnaintaine~l over a period of :3-7 (1 arrtl medin~n wv~s re.- 
plavotl every 2 d. Cells wtLre ~~holograj)h(~tl with a Nikon L)iaphot phase con- 
trast mi(:ros(,ope onto Kotiak TMAX-400 til~n. 

Irnn~r~no~rro~-(~.sc(~~~c~~ rr~icrosco~),y (:nlturetI cells wt:r(- rinsed with T'RS and 
w(.rc fixed (,ither with 4,% r)arafornraldel~y(lt. directly or aftor cxtrat.tion with 
cytoskelet;ll stabilizirrg buffer (CSK bul'fer) [SO mM NaC:I, 150 I ~ M  snc.row. 
3 mM MgCI,, 1 0  mM I)ipt~razir~e-N,N'-I)is(2-etl~anes~llk)nic acid (I'lI'I'.S), pH 
6.8 and 0.59% 'Srilon X- IOO] that containe(1 thc~ pn)teinase it~hil~itors altrntirrin 
(20 pg/ml), Ic:upcptin (1 pgln~l), popstatin (I pglrnl) rmd 0.1 mM, 4-(2 
Arr1irrorthyl)-be11zenrsi11Sor1yl-ll~roride (AEBSF) (Iioehringcr Mannbeir~i Ilio- 
chemi(,als, Intlianal)olis, IN) (211). Slitles werr rir~sctl with PRS, per~~ieal~ilizeti  
with i r r ~ ~ ~ r u r r o f l n o r e s t ~ t ~ ~ ~ ~ ~ t :  ( IF) huffrr (0.25% 'Ei~on X- IOO, 0.1 % II1SA in PRS). 
and in<:ul)atc:cI will1 Ruoresc~c.ir1-lal)e1ed phalloidin (Signla (:lr(:~nical Co., St. 
I,ouis, MO) (dilutrtl 1:1000 in IF tjuffcr) or with primary ar~tibotlies to plal(1let 
c.n(lothclia1 cell atlhesinn molecule (PECAM) ('l'ranstlnc~lior~ Lal)oratories, 
I>exington, ICY), Gl~ronec~in (Sigma), or laminin (Sigma). I'rimary antil)otlies 
were visualizrtl wit11 aflinity-purified rho~iaminartetl goat anti-ral~hit or anti- 
moust: antil)odies. Itnmurro~uorrscencr image-s werr l~l~otogra~rlteil witlt a 
Zeiss Axiomat rnicn)scope or a T,r:i(:a confocal rni(:n)st:ope. In some (.or~fo(,al 
rnic:roscopy studies, (:E c:rlls were stain(,(l with a cytoplasn~ic dye, 5-chlo- 
romrthylflnon:sc(:i~r diacetxte ((:MFL)A; Moleoular Pt-obes) fi)r 30 min (1 pM) 
prior to lixalion with 4 %  parat'ormaltic~hytIr. 

Al)ol)tosis assrc,y. Samplr:~ w(:rt+ stainetl for a1)of)tosis-in(l~~(:(:il I)NA tlamoge 
by Ihe 'rUNEI, m<:tk~otl ('l'd'l~metlitltc(1 (1U'Fl' nirk(:tl 1nl)rling) and f;,r nnc:lt:ar 
conclrnsatiorr ant1 fi.aRrnr:ntation with IIAPI (4,G-diarniclir1o-2-~)her~~lindolr~) 
staining. Sa~npl(~s  were fixc~l with 4% parafonnaltlelrydr fbr :3O rnin, waslretl 
with 0.1% liSA in PUS, and pern~c~altilized with 0.1% 'Srilon X-100 in 0.1% 

FIG. I. Cell patterning I)y tni(.n)c.ontact printing. 1,inear pattrnrns (.on- 
sisting of n~uliil)lr 10- or 30-prrr-wide lines, st.para~c-(1 Ity a s~~r~a t lh r r en t  space 
of 100 pni, wtxrc. formr>(l ljy mi<.n)(.ontacl print ing. A larger urtl)att<.rrr~.tl rc-giorr 
was inc,ludetl (lop ifoiew) as an internal (:ontml. After being (.oateti with FN, 
(:E (.ells wc.r(. (.111~~1rotl 011 the. patternetl surfac~: in ticlinc:(l rnc~(lirrrrr or in 
metli~rrr~ containing 10% calf sr:rrlrn: (.e:Ils ditl not att:r(.h to lhr: u~r(,oalctl 
1)arrier n:gions. Pattrrrr iritrgrily was maintain(:(] t11rr)ughout tllr 72-h j)eri(~tl 
of cultt~re. So~r~t '  (.(:11s, howt-v(~, wrre able lo rxton(1 as  a rnonolay(.r ovrr thr 
corncr portions of the nonatihesivc- rc:gions. Magnilitat ion, X 100. 

sotliorn citrntr I)nffkr. Samples wrrc in(~uba1et1 with terminal rl(:oxyril)o- 
nut:leic aritl transl'ersse in reaction 1)nffi:r containing fluon~sceirratr(I-(IIJTT' 
(Uoehr.ingc$r MarrnIr(~irr~) for 1 h, washed, :lnd in(.uI)att~(l wit11 DAP1 (3 rngl 
nrl). Al)optnsis was rlnantifie~l as thv pr.lrentnge of indivitlu;rl (.c*lls that 
stainrtl positively for 'I'UNEI. or the prrccantagt: tlrat showetl evi(lence of' 
1111clt:ar cont l t~~~sat ior~ a1111 frag~nr.ntation when visnalixetl wit11 i)A131. A ~niri- 
irnuni of200 cells were coonte(i in rarh  sample. 'l'hesr two lr~ethorls of qnau- 
~ifyir~g ;q)optosis wtm: statistically io(listing~rislral)l~-. 'I'lrc. apolrtotic index re- 
pi)rt<:ti here used the. TTJNEI, assay because it is more st~nsitivc: t11ar1 
vis~rt~liza~ion will1 l)Al'l, 

/le/errrrincrlion c+"/'ct41 arc.rz. Image pror.essir~g soS~wan: (B1)S Itnagc Oncor, 
Roc.kville, Mr)) was trstvl 10 (:alc:ulate projected cell an11 nuc,li.ar arcas korrr 
imagos rc.lrievetl horn the mi(~roscol)cx l)y a (:(:I) camera. 'l'he I)rojc:(,tc.(l r ~ 4 l  
arra was (l(rc~rnrirrrtl (Lorn irrtrrac~ive tracing 111 (:(:11 t ~ l g c s  tlrawrr from ph~he-  
(:ontrast images, as l)rr.vi~)usly tle:scril~rtl (2). 

TINA SY~LIIL~SLS. (11': cells werr p l a t (~ l  or~to patlernetl substrates as (l(~sc:rit)(atl 
and lal)rl(:d with 3 pCi ('Hltlrymidine (1-10 Cilrrrrnol; Arr~t:rslrurr~ Gorp, 11,) 
at 24,-11 intervtrls. (:i:lls w(~lrL ~.insr.tl with 1'13S, fixt~l with 20% rrn(~tharrol, ant1 
air clric:(l. Coverslips cvert3 clipp(:d in photographic e~nulsion (Koclak (:or.p., 
N Y )  ant1 ston.~l in liglrt-tig111, clesiccate(l (:ontaint-rs for 72 h. Coverslip5 werr 
d(~vc~lope(l with TI- 19 (lt.vi:loy)t.r (Kotiak), fixer1 with Kotlak iixc.r arrd rirrsrtl 
with (listillrd water for 1 5  min. (:rxlls wcrc c.oun~erstainetl with (;i(:n~sa slain, 
ancl 200-300 nuc:lt,i wc.1.e courr~ed f'or each point. 

t'at~crrieti a d l ~ e s i v e  islaritis of'cfcfinetl size, s'rrapr, arrtl posiiion on  

tl~c' inicr~ornt?lcr scaln  wcn: c-1-rate0 by microcnt~lact  pr in t ing of self- 

t r r ing 'Thc a lkanr thiols  iri tlrr r rorr~t l l~ci rvc  1)ountlary reglorri ~ l r a ~  

irltdrdle t he  atihesive isldrrtli were lerirliildtei~ in  a tii(etliylr~te)g~y(.O1 

W C I I C I ~  preverrti b:C M d ~ l s o ~ ~ ~ r o i ~  dntl hetrt e prol r~ !)its t rll adhcsron 

(35). A iatur;tlliig amount  of t he  growlkt la( lor. FGF; w a i  111c lutletl in  

t he  i r~et l ium iuc-h that  t he  only v a t ~ a l ) l r  111 the  systchrn w a i  tire g r -  

orrielry of t h r  a t l l ~ e i ~ v r  a t ed  onlo which the  cells ~itt,tckrc~tJ. 'li) explorca 

whctlirr cnpl llat y luhc foim'ition c.oultJ I)c rnciucc~tl g c ~ m e t i ~ c  

cues ,  we ( r ca t rd  tliff(>rent w~t l tk~  (10- or 30-pin) 1inc.di d t l l res~vr  15- 

lancis  hat ~)roniotetl  (ell-cell corrtac f o i n ~ a t ~ o n  required for c11Jfe1- 

enltaliort, ye1 ci~ller'd 111 ~ h r i r  ak)ility to iup1)i>11 cell  i p ~ ( ' a d i n g  (Fig. 

1) Ce l l i  or1 ilc~ighborii~g ~ n p ~ ~ t t r r n e d  regions of siniildr ( . h r ~ r ~ i s l i y  
that  i u p p o ~ t c i l  unrrstric'tetl cell  i p ~ c a t i i n g  were uietl  ai at1 ~trlerrrdl 

t orr~rol  Wl l rn  pldtrtl  or1 thesc, i u l ~ s t r a t e i ,  CP: ce l l i  wr rc  Iouiitl to 

iprcatl  nroil on  lhc  unpa t t c~ r i~ r t l  sub i l r ' ~ l c s  (rnclan prolc.ctrtl (.ell died, 
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72 hrs 

unpatterned 30 urn line 10 urn line 10 urn sq 5 urn sq 

FIG. 2. Control elf c.c>ll growtlr try c ~ . l l  area. 'l'h(> r~(.n.<~nl;rp,r erI c~.lls (In- 
tlrrge~irr~ 1)Nh sprrthrsis al 21. and 72 11 plo~lcrl as n firnciio~r ofiI1(1 geonrrlry 
of' 111e: T':CM st~l~traie. S 1)hasr entry was rri(~asul.(.(l 11); I 'liltlry~nirlinr :urte~ra- 
clicrgraphy (200-:300 rr~rclei were vc)nnlc:(l Iler point) i r~  cc:lls on IO- or 30-pn~ 
lirres or 5 or. IO-ptn-wide squares. (:ells orr urrl~alt(.rn(~(l rrgio~is (.xl~ilritrtl tlrc. 
highest gnrwth rate at all times. Cells or1 thr. IO-prrr 1irrc.s c:r~tr>r?tI a rroripn,- 
lifrralivc, Irhase 11y 72 11 of (.ulturc:. Stue1ir.s wrrr 11c.1-fc11.1nr0 in ~ripli(.at~:. 

3 1  12 2 300 pmL), less oil the 30-yni llrre (2200 4 182 pn'), ant1 

l r a s ~  orr tltr' 10-prn lilic (1 042 1 84 pillL). Tlte 10-pill ltrre eiirritrdlly 
dllowed f o ~  only orre or two cclls lo ipdri ~ t s  w~dllr wheicas nrrrlt ~ p l e  

cells (orrltl stretch .~(ross tlir w1tle.r 30-prn l~ i l e  

Irnpoltan~ly, wl-iilr i el I5 tt~~ttdlly p~oliic~dted wlt(xn pldtetl or1 all 
three ,~tlheiive sul)strdtes, ih(' rrtost htghly sprcx,~d tells (on unpaller- 

net1 iul)itrate+) entcrc~tl 5 p11di~ at n(,arlj L W I (  e thv tale exhil)itc(l 11y 

the least sprcatl cells (on 10-ytrr I~rres) tlurlng ~Cie hrit 24 It of culture 

(76 + 2% vrlirri 36 t .3%,) By 72 Ir 1x1 c u l l ~ ~ t r ,  the spic~c~tiirlg- 

tlcpentlerit eflec t on i e ~ l l  Irrol~ierat~on  as r~i~~gniftc.d ever1 fulthrt 

(Fig 2). C:clll ~~rol~trrdtrorr ra1t.i rr~~r'iinc~ci h~glr I ~ I  i p r c~~~ t l  tells Imt 
corrrpl(~ii~ly shut oll ~ r i  ( ells on 10-prrr Itnes. I'li~v~otrs stutlli~i 01 (.I<, 
cclli t ulttr~etl on i c lu~~r r  ~~dl l r i tve  lslantli ol tltftercrrt i rws  rdriglng 

tioin 10 to 50 p ~ r ~  wrtlf. i r ~ i l i l ~ ~ r l ~  I I I O W C ~  ~ h d ~  opt~rri~rl ~ I O M I ~ I  ( D N A  
synthesrs) oc ( uircd 111 tile most iitglrly sptedtl ((.lli (rrtedri piojcc ~ r t l  

c(xII area >2200 pinL). wl~erras dpol~toirs nas swtit he t l or1 In rc- 
trdct~>d cell5 wt~li d rrredri projc( te(I cell area 1e-i I I I ~ I ~  500 ~t.1111~ (2,.3). 
Howrvc~r, tlre ( c l l i  ~lrat slrr('a(l on the 10 dntl JO-yln 11nc.i (1111 no1 

untle~go ~~pop lo i i i  nh(xrr arrCrlyzed ~71th tiif' I'UNEI, assay (I?lg. 3) .  
Whcli llrr g i o ~  th  dird dpop~us~s  result> f ~ o m  Lire ~ r l r i t~n t  i~lttly were 
~x)oletl ~ r t l ~  thcie pteviousl\ Epubl~sl~etJ data (Fig 2,3, Tcil)le I), 11 

hrcarne appdrent that the I)~oJc'c'tc'(l Ltrea of ( elli or1 10-ym lincs 

(approumately 1000 p ~ i i ~ )  w~rs too low lo ptorrrote growllr 'trrtl too 
kirgh LO rrrtluce apoptoiii 111 cotrirdst, thr iiicA;trr projrc tctl dltid of 

c.elli on lire 30-pin l I I I ~  w,rs d l )p to  I I I ~  2200 prrr2, a valuc, tllal 

( orrectly pretl~c tetl g t o ~ t h ,  altltougl.i no1 d\ opt~rrial lt'veli. 
The ttirning oi l  of thv g~ow~l i  'rrrtl dl)or)tosri prtrgraini ohi r~ved 111 

cell5 drgrietl on  lie 10-pin 11nc.i x.15 ,I(( oinpanrctl I)y '1 (on( orn~t,rrit 

iw~tcI.rritg on ol the ( a l ) ~ I l ~ ~ t ~  (Ilff(~rc~ilra~~ort Irxogl~irn, as r l r t l ~ c  atcd l ) y  
forrriat~orr of Illtear c~~llrrl,rr c ordi that dl~lr('ared lo poss('is 'I c e r ~ t ~  dl- 

17ed hollow ir)d(c (Fig 4, '1:11)1c' 1). ~ i o ~ i ~ ~ d l ~ o ~ ~  of cc.ntr,rl llrnr~~rd 

with111 illese t~lorrgatetl ( c~llrrlar ( old5 w d i  ( onfir rrretl I)y ( on foe dl ~ I I I -  

0 1000 2000 3000 

Cell Area 

J:I(:. 3. (;c:orrreatric control of CP: gn~wth arrd apoptosis. The projcc~c:d (.ell 
area, rrri~asurc~cl at 24 h of cultun:, was direrlly p~roporlional lo the level of 
I)NA syrrth~sis '~ol id  cirrles) arrel indirec~ly propor~iorral to the level olapolr- 
tosis (operi yuarfss) irr vc.lls cul~urt*(l orr patterr~r(l suhs~ralrs of diSf'+rrnt di- 
rnrrrbiorrs. Strrtlies w(:w ~~erlhrtnc:tl in triplicatth in CI.: (:(:lls platecl on 5-p~ri- 
wiclc: sc~~iarrs, IO-pm-wiclrx squares, 10-pm lints, 30-pm lirics, and 
r~npallrrrrt:d suk)slrales. 

IIIMMAIXY OE DATA FOR I3OVINE CAPIU,AKY I.,NL)O'I'HEl,IAI 
(:bl,I,S CUI,'I'LIREI) ON PATTEKNI+,I) IlJRbl'ltATES FOR 72 1 1 '  

,'A rriir~lrs int1icatc.s r l o  response.; + , significant resporlso (I' < 0.05); + + , 
nraairrr;~l rrspelrlstL. 

c,t.osc:opy witlr cr:lls labelet1 wit11 a fluorrscent c:ytoplasrnic dye 
(CMFIIA). \&'hen cells plateit lor. 72 h on 10-pm lines were visualized 
longi~~~tlinally by confocal rrric:roscopy, a single, continuous, central 
lumen c:oultl Ire seer] to extcritl over several (:ell Leng~hs along the 
inairr axis of Llie lirre (Fig. 4 A&). When vio~vetl in vertical cross- 
section (Fig. 4 H), 3 single CE cell hotly c:oultl hr: seen stretching 
arouritl a riega~ively la1)rlctl lumen at its (:enter. This tub-fibrnling 
cell lratl partially retracted from Llre surface of thf: atlhesive island 
such that only a small area of suhsirale atlhesion was retained along 
its 1)asal surlacr. Tht: cells also appeared LO ir~crease in heighl such 
that othw cytosltrl(:~al systems (e.g., irrtern~ecliatr filamczlts) were no 

lortgrr in a sirtglr focal c:haracteristic of a spread cell irt culture 
(rrot showrl). In conirast, cells on tile 30-prn lines always appeared 
as atlhrmrr~, flattenctl rnonolayers when viewetl l)y phaoe-corrtrast or 
c~onfocal n1icrosc:opy (Fig. 4, A,(;). 'l'his alteration in atlhesiorr did not 
apprAar lo Ile tiucl lo a failure to realign since cclls on I-)oth 10- and 
:3O-pr11 lirtrs oric:n~ctl tlremsclvrs leirgthwise along [he rriair~ long axis 
of thc lirrearpattc~rn withiit 43-72 h of plalirrg. whcrr visrralizetl either 
by phase-coritras~ irricrosc,opy (Fig. 4 A) or by fluorescerice mic.ros- 
c:opy slier. staining for I;-ac,tiri wit11 rhodar~rinatcd plialloidin (Fig. 5). 

The: tlevelopnient of strong Cl< (.ell-cell atlhcsions is c:ritic:al for 
tril~c li)t.rr~ation atrd I'ECAM is c:haracteristic or' ~Irese junctions 



PIC. 4. Capillary tube fi)rrrration Ity (:E (:t-ll:, on lirrt>;a Itattcrrrs. A ,  l 'hnh~~-(.or~t~.;lh~ rrricrographs of C:K cell:, r,nlturc.(l Sor 7% Ir or) 10- 
or :iO-prn 1irrt:s. MagniSrcatiori, X 200. Althonglr (:c,lls aligtretl al(tr~g the lorig axis oS ~hr :  lirr(%s on ltoth sul)stratt:s, orrly (.ells on ~ l r r  10-prn 
lirrrs forrrrrtl iuhes containing a (.rr~lral, pliasr Itr(~:nt lurrr,'n ( r r : h i / r .  crm)io). Klr~cl, rrn.om~.s in(lit:atr rnrrlti~~(~llular ~.ovtls illat cli(l rlol Ibrnr 
LLI~ICS. K,  (:orllocal mi(:ms(.opir~ ir~ragc:s of (:Ml'L)A-hiainrd c14ls (,111turrtl urr 10-~tm 1irrt:s s11owt.d a crrt~ral ca\'ity enirtr(ling along s(.vvl-al 
rbrll lengths (u'liit(~ arrow) wtren virwrtl in a horizolrtul (XY) cn)ss svction (I($; rrrugnili(.atior~. X500). '1'11c. lurl~erral (.avity aFt1)ears as  ;I 

rregalivrly st;tinr~l ~~r:rrtral sftacc wlrrrr virwetl a l  liig!r(>l. rtragrlifi(.alion in t~itlrc.r XY (nlitL(1lz; tirngr~ifir;ltio~~. X 1000) (11. vc.r~i,,al (XZ) crl,ss 
s (~~1ioi is  (r iglz~:  rti:~g~rific&liori, X :3000). (:, (~o~rfocal rrricr(~s(~o~)i(~ ir~ittgcs o l ' c e l l~  (,1111t~r(~i Sor 7% kr or1 :%O-~III  Iitws sIr~~\\zirr~ i I r ; ~ t  I I I ( ~ S ( >  t ~ , l l s  
rerrrainrtl s [ ) r ra~l  \vi~liirr an acllrerrni monolayer ;trr<l (lid II,)I Sortn iul)(~s. Magnilic,a~ion, X 1000. 
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(8,:Vl.). At 7% 11 of (c.ll a!l,rc lrrr~r>r~t on 10-prrr Irncls, lirrea~ c(h11-I 1.11 
atlhriror~s or junc 1 ~orr,ll ic.ali forrlrrtl Illat c~ulrtrtlrtl .rlong it3verdl (.ell 
Irrrgthi ot '11 tlrnci, over the clnlrtc Irngtl-I of thc. ~ t r t ~ r ,  'li ~ntl~c-aletl 
by co~rt~rruoui I I I I ~ , ~ I  I'J':(:AM it,i~~ring (Frg. 6) I'I<(:AM 5t~~lr11ng a,ri 
r11io ohic~rvetl along tltr (Y~II-(Y.II I)o~t. le~i in ( ~ ~ l l i  I)latrtl orr 30-prr~ 
I~rres r1t 72 11 of (c.11 p l a ~ ~ r ~ g  ( F I ~ .  0). 'l'lreir ~ ~ t t ( ~ ~ r i i ,  IIOWI~V(Y, nert> 
tl~ic~c)rrtrr~~roni iuggritirig III'LI '1 corny)l~al(. 1 lrrr'n lunc tro~~rll i ra l  (iid 
i~ot  forrrr I I I  1111~ic. (.ells. 

I'ait it11111es I I ~ V I '  i r~ggritr( l  thr11 ~ h r  rtrr(~hCrniirrr 01 I 'tpilld~y till- 
Il.rrrrt~~rt~on ~nvolvri  I orrrplrx Intei,lc I~oili I ~ r t w r m  (:b: crlls ,inti the. 
L':(:M ~rrolec~ul(~i ~ l r r j  cIrpoi11 (1 6) Irrrrriunofluorei( rnc.1. r r r ~ c  lo51 olry 
wdi uic(1 10 exf~lorr I I I C  1o1r of (~o I I -~ i c r~v~( l  f3:CM In ~lre thffffcrc~~l~rat~orr 
procei5 l)y Iollowiirg ch,tr~gri in thr. t l~it~~l,utron oL 1i'N 'trrtl Iarinnrrr 
(LM) III  C:E: ( ( 3 I I i  cultu~cil or1 rrl~c.ropatt~~ir~t~tl l~irri ov1>1 5-d E ) e ~ ~ o ~ I .  
We havc p ~ r \ ~ o u i l y  ihown ~h , r~  I C I ~ ~  c.l~itiil)utton ol I"N stalrrltrg 15 

1 t 1 1 ~ 1 d l l ~  nri~lurrrr ~ r ~ t o i i  ~ I I P  ,rtlhri~\c. ~ildrrtl w h m  tire (el1 15 f ~ r s ~  
l)La~rtl tlur to llrr j)rcr1diorpl1or1 of 1:N o~r tlrr iul)itralc (2). Wlthin 
0-24 h '111er (' ( ' I1  ~rtlliriron, FN rrvrtotlrl~iig I)c>g,111 to I)r ol)icrvc~(l, 
~ i l ( I r~~a te~ l  l)y ~p~)cc r t~ in (  r of 't f111t.. I I I J I  r l l ~ r r  pattrrrr of l2N l)(~r11~~11fr 
ct~lls platrtl otr 1)otll L O -  .rrrtl 30-ptn l ~ n ( ~ i  (krg. 7 A) (:(.lli plat~,tl on 
tlic 30-pirr lrrle r r ~ ~ ~ ~ t ~ t a i i l ~ ~ l  1h15 ilrtnlrrrg p a l t ~ ~ t ~  ovrr 5 (1 of 1 I I I IU~C.  
r 7 I Crr st,tiritng l),tttc.to of I 'N  111 ( clli 1 l~ltr~rrti o ~ r  10-ptrr I I I I ( . ~ ,  11owt~vt.1, 

slrowetl a tirarrratic: roorgnrrization witllirr 4-8-72 11 of I)latirig. 'l'hr FN 
filrc:rs coalesc~c:tl lo forrri a si~rglr, large trr~tlril ah sl~own l)y imnin- 
nofluorescerrce or c:orrlbc,al micwscol)y (Iitig. 7 A,H). Cross-set:tional 
views, as scleti I)y cwnfi~c.al rrticroscopy, rrvcale~l that the Lirrear c:ortl 
of' FN extet~tl(.tl untlelnrath or. t)etween cells (Fig. 7 C). Similar re- 
sults wcJrr ob~ainc:tl wl~etr an~il~otlies against cell-tlrrived I,M were 
usetl (Fig. 8). After 11. ti, (:ells c:ultrcretl on the 10-ptlt lines pullet1 
~h(:nrselves off~lrr  rigid sulrslrate as re~rncted tul~ular rrrtworks, while 
nraintairrirrg c.orrtac*ls willr othar cells ailti with thc ECM lerr(lri1s. 

I'(:M is k~rown to play a kcxy role irr angiogmcsis regulation, but 
111e rnec~hanism 11y whic:h b:CM c:xcLrts this c:fl'ec.t remains unclear. 
I1111,gr.iir receptor Ilirrtling has Iwerr show11 to stirriulalr c~l-~ernic:al sig- 
rrtilirrg c.vcX~rls irrvolvc~(l in this process (:I3,36). Other studies have 
suggrstrti t h a ~  trrrc:hanic.al tleti:rrninar~ts, suclr as cytoskcle~al ten- 
sion-(lepetrtlrtrt c,C~arigrs in c ~ l l  sliapc:, also play a role i r ~  swi~chirig 
1)etwr:r:n grow111 ant1 tlil'lrrrntialiorr tluririg arrgiogcnosis ( 1  3,15,16). 
1trt:ent work with r~~ ic r r~~~a t t t~~ i l c t I  surfac.cs tlemonstratctl that cell 
slrape-tl~e tl(:grrr to whic~lr a C1< (:(,11 rxtentls ar~ci tlattens-is a Icey 
cietc:rinirrarr~ of wlrc+~l~rr a (:(&I1 vrrtrrs thc growth cycle or untl(:rgors 



ttpoptosis (2,12). In th~:  presr:~~t stutly, we rxlelrdrt! lliis ;xtla!ysis to 
show ~lrat the diffrren~iir~iotr 11rograrn wl1ic.h tiirccts capillary tube 
f'ornlal ion also car1 switclicil on gcornc:trii:ally. I'attertls c,ornposrtl 
of lines 10  1~111 widr n~otlcfately rrstric.te(l the exterrl of' cell syrc~atling 
srlc:Cr lltat tlrither growtlr iror apoplosis was indue(-il. At the sarue 
timc, the grorr1etr.y or' 111r:sr: lines 1)romoti.tl multi(*ellular cell-(.ell 
interac-tions inclrrtling th(: fi~nnation of'I'l<CA M-corrlairrirrg sl rucl urc:s 
~ l r a ~  eu1e1rt1et.l to form linear jur~c.~iorral scwls along ~ h c  1i:ngth of'tl-le 
t1r:vc:lopirrg ~ul)e. Sirnrrl~u~lc:ously, lincxar ECM tc:ntlrils ac.c.ur~rulaletl 
untiernr:a~h allel I)r~wccn ~h(.  c:clls; this tl(:crrnsetl the area of' c.cll- 
su t~s~ra l e  atlhcsion and p~~ornotrtl f'orrira~iorl or' c.orrlinuous, hollow. 
ttrhular stt.uc.lures nrarry cell clianic.tors long. In contrast, (:ells I,la~t:tl 
or] 30-pm lines Sc)rr~ietl 1.~11-c~c.11 cont~lc:ts 1)ut rernainrcl fl;~l~rrre(l on 
the cultun: suJ)s~ratc and tlitl not tliflrrrtrliutr into ~ u l ~ c s .  'Tlrc: mii.ro- 
pa~tarrled surfac:rs tlesc.ril)rtl Itere hati iclen~ical c~hcmistry; the suJ1- 
stratcs wc:rc c:oaled will1 ~ h c  ham(: saturatii~g tlensity oC E'N, arrtl lhc 
i:rlls ware c:ul~ured it1 ~h(:  same l"(:I:-c.or~tair~ir~g trretlinnr. 'Thus, (he 
crrl~ure of these (:ells tlifTer.rtl c ~ l r l y  irr a sirrglt. I1;rranlelor.: a gcornetric 
tlif'f(:rc:nce or' 20 pnr i l l  lirrr \vi(l~Sr. 

S u l ) i ~ r a ~ r - r n ~ m o L I ~ l l ~ ~ ~ i l  FN promotes integiin c>luiter~ng ,rr~cl tlir 
a( Ilvation of dbso( rated riitegrrrr i ~ g r l ~ l l ~ t ~ g  1)atlrwdvi (t' g., Nd ' /H ' 
c,uc hang?, ~rtoir~ol Irp~d trr~rrover) l r r  (:I+, cclls (13,2:1,:<2) Small ail- 
iresrvr ~ilantl i  ( oale(l wrlh a h ~ g h  t l ~ n i ~ t y  of I'N th'tt intluc e rrrtrgrlr~ 
( luitc~ing 'tlio dc tlvate earlY g~owtlr-i~gr~dlnrg p d ~ h w ~ y i  ( P  g., M 4t' 
liir~aie I)d~lrwnyi), yrl tlrey (lo not irrpport S p l~a ie  errtry (12) Larger 
~ilancls ~ha l  p~omoLc ~ 1 1  iprc.atlrng, (I c., greater than 1500 pniL), 
rrrilut (. 110th early \rgndllrrg and ldter c'irtrc al cell cyi le t,verrbi, iut h 
35 u l )~cguI~r~~orr  ol c yc 1111 111 drrd dowtrrrgula~~on of ~ h c  (tlli iirli~l,~~or, 
])27"1" (12). Thui, wh11c Inlegrln I~gallon may stimulate rdrly s ~ g -  
rlnlrtrg cvcwti, tlrr tlegicta of ( ~ 4 1  iprmilr~rg governi ~ v h e ~ h r r  the ( ells 
cvlll l n o R r ~ i ~ l r r o u g l r  the GI/!, reilr~c~llori po~rrl dr~t l  cntc.1 S phaitl 
r 7 l lw preirrrl reirrl~s ilmw 1ha1 ~f Inlegrtn slgnalmg 15 .ic trvdted and 
cell ipre,ldrng i i  onlv pronrotctl to a mo~lciatr degree, tllerr C E  c,elli 
alcx lnducrtl to erller a tl~tfrrei~tiatrorr ~,dtlrw,~y. Spec ~f~(.allv, c ( 1 1 I i  or1 
10-prrr-wrdr lrr i~s I h'rt r c X i l r  I (  led ipr(~aiIrrig to a p ~ ~ o x ~ n l a t e l y  1000 
prnL dntl ptomot(vl ( cll-c 1.11 ( onlac forination tu~nc-il 011 tul)ular 
tlrflr~cntiat~on ptogid~n. Celli orr lirrei tlt'rt tl~ffeieti I I I  w~dllr hy on11 
20 pnl (:10-pnr I~rlez), orr ~Crr other Irarrcl, Heris rrrore sprc~ail (2200 



1 ; .  1 .  lieorgai~inaliorr or laminin i r r l o  a tlrnxacl-lihv slcrrrtn~c: in  cells 
i.i~ltl~retl on 10-prn 1i11c.s for 72 11. 1,M apllcwrcl il l  a tl~rc~atllik~~ siair~ir~g 
p:~iierr~ within tilt: i~~i~tr; t l  cot.(: of ~ l r i *  c.apillnry iul)i, afirr. 72 11 c1C (.~rltu~.i: on 
10-prr~ lines. 111 cctlntrasl. a f i r r i b  1111nr.talr pattcSrrt of I,M siuirlirig w a s  ol~srrvrtl 
!~i%nra~b c~cslls on ilie 30-prn lines. Magnitii.;t~ion, XOi30. 

pin2), lratl ltighcr levels oSI)NA syr~thcsis. anti bileti lo tlillrrentiatr 
ever1 tho~~glh I)otlr ctll-I<CM anti i.rll-cell atlhcsiorrs fornlc.ti nor- 
mally. Our fintlirrg tltal c:cblls or1 110th Iinr>trr sut)stratcs realignetl th& 
actin rrric:r.ofilanic~nis was c:onsislt'rrt with privio~rs stutlics whicl~ sug- 
ges~etl that rnic~rofilarrrr~t~~ a1ignmc:nt is responsil~lf~ lot. r~e~llular re- 
:rlignrnrnt antl requirrtl krr ~ulrr  forrrration (5,7). Ilowcvc.r; out. results 
drrnons~ rate that w l r  i lr rnicrolilarnr ~ r t  reorganixat ion nlay 11c trei.rs- 
sary for tuhc f'nrrnatiotr, i t  is not sul'lic~irnl to c~oinrrtil c:ells to thr 
t1ifft:renl ialion pathway. 

'I'l-~e ciitlotl~elial-sl~(>cilic. (.ell-cell atlhesion inolec.ulc. PECAM, 
was ol~servc:tl at c~ll-(:(:I1 ,j~rr~c.tiorrs wilhirr 24-4'11 h in cells OII  10- 
prn lines. I,oc.aliza~ior~ of I'ECAM to c.rll-c:i:ll jr~ncbtions in cvlls on 
30-prn lincs oc:c:urrctl at 72 1-1, will1 (.ell co~rf~uc~~irc~c~. As tlrr: c.clls on 
10-prrr lir~c:s tlivelopc:tl inlo ~ u l ~ r s ,  I'ECAM rro~.gonixctl irrlo a l i~~et r r  
staining patlern suggestive of an irrierloc~liing xil~l~er. (:ell-cc:ll at{- 
Irc~sior~ molcc~ules, s~ r i , l~  as I'l+;(:AM. assoc,itttr with1 ~ l ~ e  ac'tin c,ylo- 
skelcion (7.22). 'The ttlignnrerrt of thr c~ytoslir lr~o~r anti irs associutctl 
I'l<(:AM-ct~r~tnini~g junc:tioiial t.orrl[~lexc.s slio~rltl signilicarr~ly in- 
crrase thc rrc3t lrnsilc. strrss that thcx c ~ l l s  with the trruI1it:ellular c:ortls 
c:an apply to tlrrir I<(:M atlhesions. Tlris woultl Snr~lter enl~tlr~c:c~ thc 
ttlignmetrt of ECM ~r~olrculcs arrtl promote I'i)rrtration of lhilr li~renr 
F:CM thrcatls, as ohsrcvrtl in this study. 0vc:r 72 11 in i-ul~urc,, ~ h c  
cc:lls ay)lrari.nl ly k)nnctl slror~gei. attac,hrne~~ts to thr ~rra~r is  lil)ril than 
to the original atllresivc: si~l)sl t.alr so thal c'c.ll-genc:ralc.cl 1rac.tional 
fi)rc.es Imrrx~tetl I~arl  id /  rrtrai,lion of' illis tentlril away from lhc srrr- 
Sac.(% of thc atllresive s ~ t b s ~ r a ~ e .  h similar rrdistril~u~ior~ of the ECM 
was not ol~scrvcil in c:c:lls plt~lrti onto :<O-prr~ lirrrs, s~~ggr s l i~ rg  ll.r;~t 
~ k e  remotlcli~rg of' 11rc: rnalrix iuttr tklr tln.t:atl-liltc c:orrfiguraliorr trray 
1)c a kry fac:tor i ~ t  tul~c. dc~vrlopnrc:nl. 'I'ltew data also suggest thnl 

rllulCrr dntl ( yloskrlrtal ~c~al~grrr~rerrl r~ t l r r r  l ~ ~ c ~ c c . e l r  llrr rrmotfrling 
of tire rnatrix or thcsc, c \ rn t \  mu51 hal)pcn i~n~ultancorrsly tor tube 
foiindtron to proceed 

'I'ht-sc results d ~ t ,  (ons~stctil w~llr pail sluthc-\ on lrl vitio anglo- 
gelleiti wh~cl-I tirmorrstrdteti thal 1tr11r lotrrrnt~on involvei multtplc 
s1et15, ~~~i lu t l i r rg :  1 )  (:I.: ( r l l  ~~lignmc~rnt .ir~tl c r l lu la~ i-0111 fotination, 
2) 'lc i uinrrlation ol ~r~dllcahlc l\(.M tc.ntir~ Is on I he sulfa( c5 ol dtl- 
lrrrer~t i'clli, 3) envclopr~rrnt of the il-rrratls thr atlhrrent t clli, 4) 
ct*c>tltorr of 1 c.ll-gencr'itrtl Irr~slon on llieir tc~r( l r~l i  ( au51rrg them to 
r ~ a l ~ ~ d l l y  iletai h l~orri t l r ~  11g1tI \u11stia1~ t ) e l~~v .  'lr~tl 5) d15solut1on of 
tlrr t r n l ~ a l  IC(:M tlrrratl w11h corrcolnitdr~l dct~rmcrldl~on ol a new 
kX:M dong the al)lurn~rral surfac t. and dsii)cra~r(l tevcisc~l of (:E cell 
I ro ldr~~> LO ( tca l r  a full) fur~ct~onal calr~llaty tuhr (1,16,21). Fur- 
theimorc, i ~ r ~ i ~ l a r  slrpi  of 1 alrrll'lry I L I I ) ~  lortnatton, III(  lutl~ngreverial 
ol i ell pola~t~y.  (-an he seen rn v~vo ~ r r  th1. cb'trly Irlootl ~sldntls of ~ h r  
t l1~\c~lop111~ i.tr~l)rqo (6,.{0) Irrtereit~ngly, CE i ells ui~tl~~rwerrl only thc 
hrst lour +reps of ~ h ~ s  thllt~rcrr~~dtron ptogr~trn Irr the ~)lc~scnt study, 
~ l i r  i etrtral ELM tc~ntlr~ls nevt.1 tlriiolvrti d~rcl thc full cl~ffercn~~dl~orr 
p~ograrrr wai I I ~ I  i omplt~tctl. 'l'hrs ol~\cx~vdt~on suggest5 t h a ~  geomctrtt 
1 ucli 'Ire 5~1ffit I C ~ I I  LO sw~tt  11 (: E 1 ells 0111 of g~owth oi r f ~ ~ o p ~ o i ~ i  'ur(l 
1r11o a t l ~ l l c ~ ~ e ~ r t i ~ ~ ~ i o r r  prograin. Hoxrvei, llrll 1 o n i r ~ l ~ t ~ o t ~  of ~ h r  ~tr-  
I~ulnr t l~f fe ic~rr~~~~tzon p~oc rs5  nay icxclutrr adt1111orral itgnL~l-, Inc lutl- 
ins othrr rr~rchartic,ll c~vcnt\ I'or exCnnple, in prrvloui 51utliei, ciis- 
solut~on of tlre c.c\ntr'~l P,(,M tcwilr~l w'ti p~rfelrnti,rlly p~omo~r t l  I ~ I  

rc.gio~~s In whlch the mul~~cellulai  iords lost (omplrt t~ co~rldet with 
thc, thih \url,tt cL ancl writa ,ik~lc to fully IcLlrac3t (16). I'lr~i late sLep 111 

tube to i rna t~o~~ ,  the tl~ssolutton of  he ( e i ~ l i ~ ~ l  ECM, iiray I~avcx heerr 
tnl~rl)~trt.l 111 llrr ptewnt s~krtly lrec ,msc the inult~t ellular c ordi rnanr- 
Lainrcj ( onl~nuoui torrtact wllh lhe r ~ g ~ t l  icrl)itr,xtc d l o ~ ~ g  the11 [rngth 
ar~tl thus tl~tl not i(AIrcrt I (1"1g. 4) r r ~  tI1t1 lehw ('~lses III whtt h (ord 
tlctarhrnrrrt W J ~  ol~irrvctl, the 1or1li it~leasc~tl corrtpl~~tc~ly from the 
\ul)sti,~tr 'ai  rt>tia( te(f t~1)nldr nest .iritl were not antcnalrlr to Lurther 
ar1~tlys15 ((lata not  show^^) 

Andlyi15 of growtlt '~ntl apoptoi~i In c rlls r~ll~trte(l  on 1111edi p t -  
Irrrr5 1rvc.alrtl thal ~ ~ ~ p ~ l l a ~ y  di i f (~rc~t~dt ion  oc t uis '1 t r~o(lria~c dc- 
g~c~t,  ol cvll s ~ ~ ~ t ~ , r t l ~ i r g  ~hd l  rre~tl~er iupljorti DNA iyntlrc>s~~ nor pro- 
g~~rmrr~c~tl tel l  tlcall~ ('Ljk)lr 1). '1111s o l~servat~oi~ suggc5ls ~ h , ~ t  .t 

1orrrrriort pa~lrw,ry nray r r ~ s t  that rigul,itc.i their  thrcc trtdjol gcnr 
cast atics, rLithclt ~lrdrr LI nio(lt~l I I I  which e,lc h Ilrogtam 15 ~ r r t l r ~ ~ r n -  
cierrtly rcgt~l~ttetl. S I I ~  h 't nrcc 1r~1r r1~11i  wonl(l (mitiit. oncorr111~1111 
sw I I C  111r1g ~ I ( ~ I W C C I I  d~lfe~rt~rr~ cell fdtcs wCIII(' ~)rrveritnrg I W O  p~ogratni 
from 11clir1g rrtitidlctl i r ~ r ~ ~ ~ l t ~ l ~ r e o ~ ~ s l ~  On1 reiults ( i r l r~~nst ra t r  lhdt 1111s 
rrrtr,tl nrc~c~lr, t i~~~m ol cellular c o n ~ ~ o l  i i  ~i~gtrlatctl 11y c It,lrrgri in t rail 

arc ~ I I P C  ILII (~ .  'l7lre mcLc han~\r r~  Iry whtc Ir i ell shape icyyrl,tiei thrsc 
genc3tic progr~tins has yet to f ~ c  elt~c ~d,itc(l I'~rvioui slu(I~es, ho~ever ,  
itrggeit tlra~ the inlcgrlly of the ~oskelcton ant1 its a l ~ ~ l ~ t y  to grn- 
( ~ a t t '  ter15rorr dgarrr\t a rrslst~ng wl)slrctte th~onglr 111tcg1 ~II-IICM 111- 

In sulrtmary, our rosults tleruons~rate tlrr cxislrncr of'a rtrec:hanical . .. 
mc:c.hanisnr for switc:hing (:I<: cells bc.twc.rn growth, ciiffcrerrliation, 
tirrtl apoptosis. 111 ~ h r  I,rrstnci. of t l ~ r  saint? sc:t ol' i~herrtic~al sig~rals 
( q . ,  growth lac.tors, irrtegrin lrintling), clifli~rrnt gf'ilc progranis arc 
ac.tivatetl tlcl)crrtlir~g on ~ l i r  clrgree of cell c:x~rr~sior~ or rc~rac.tion in . -, 

rile local n~ic:roo~iviro~irneirt. While growllr fac:tors ; ~ r r i J  intc.gl.in bintl- 
ing are i~cccssury for thr ac:tivation ol' all programs, cell gc:ornetry 
and ~ l r r  i~orri~sl)oriiiing clra~rgrs in ~ l r r  rncc~har~ic~al forc:r ba1atrc.r: 
within c.clls govcXrn cvlric.h gc:lrclic. l,atl~wtay is solc:c.tt:tl. 'These results 
are c.orrsisli,r~~ with past stutlies llra~ slrowc(1 tha~  thc ~hic.linc~ss ant1 




