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Abst r act . Endot hel i al cel l s t hat make up br ai n capi l -

l ar i es and const i t ut e t he bl ood- br ai n bar r i er become

di f f er ent f r om per i pher al endot hel i al cel l s i n r esponse

t o i nduct i ve f act or s f ound i n t he ner vous syst em. We

have est abl i shed a cel l cul t ur e model of t he bl ood-

br ai n bar r i er by t r eat i ng br ai n endot hel i al cel l s wi t h

a combi nat i on of ast r ocyt e- condi t i oned medi umand

agent s t hat el evat e i nt r acel l ul ar cAMP These cel l s f or m

T
HE bl ood- br ai n bar r i er ( BBB) , ' i nt er posed bet ween

t he ci r cul at or y syst em and t he cent r al ner vous syst em

( CNS) , i s r el at i vel y i mper meabl e t o i ons, many ami no

aci ds, smal l pept i des, and pr ot ei ns . I n ver t ebr at es, t he BBB

exi st s at t he l evel of t he endot hel i al cel l s ( ECs) t hat make up

br ai n capi l l ar i es ( Br i ght man, 1989) . These ECs di f f er f r om

t hose i n most per i pher al capi l l ar i es i n t wo i mpor t ant r espect s .

Fi r st , t i ght j unct i ons wi t h ext r emel y hi gh el ect r i cal r esi s-

t ance ar e pr esent bet ween br ai n capi l l ar y ECs ( Cr one and

Ol esen, 1982 ; But t et al . , 1990) . Thi s l i mi t s t he amount of

par acel l ul ar f l ux . Second, br ai n ECs under go a r el at i vel y

sl owr at e of f l ui d- phase endocyt osi s, as assayed by t he upt ake

of t r acer mol ecul es, such as HRP ( Reese and Kar novsky,

1967) . Thi s l i mi t s t he amount of t r anscel l ul ar f l ux . I n shor t ,

i t i s t he combi nat i on of t he l i mi t ed par acel l ul ar and t r anscel -

l ul ar movement t hat account s f or t he exi st ence of t he BBB.

I n r ecent year s, t he manner i n whi ch ECs i n t he br ai n be-

come di f f er ent f r omt hose i n t he per i pher y has been exam-

i ned . St ewar t and Wi l ey ( 1981) f ound t hat ECs der i ved f r om

br ai n capi l l ar i es t hat ar e t hen per mi t t ed t o vascul ar i ze pe-

r i pher al t i ssue become r el at i vel y l eaky. Conver sel y, ECs

or i gi nal l y der i ved f r omper i pher al capi l l ar i es become l ess

l eaky when t hey vascul ar i ze br ai n t i ssue. They concl uded

t hat t i ssue envi r onment i nf l uences ECphenot ype . Janzer and

Raf f ( 1987) showed f ur t her t hat t ype 1 ast r ocyt es, whi ch nor -

mal l y pr oj ect t o br ai n capi l l ar y ECs i n vi vo, ar e abl e t o pr o-

vi de some of t he i nduct i ve i nf l uences of br ai n t i ssue, agai n
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hi gh r esi st ance t i ght j unct i ons and exhi bi t l ow r at es of

par acel l ul ar l eakage and f l ui d- phase endocyt osi s . They

al so under go a dr amat i c st r uct ur al r eor gani zat i on as

t hey f or m t i ght j unct i ons . Resul t s f r om t hese st udi es

suggest modes of mani pul at i ng t he per meabi l i t y of t he

bl ood- br ai n bar r i er , pot ent i al l y pr ovi di ng t he basi s f or

i ncr easi ng t he penet r at i on of dr ugs i nt o t he cent r al

ner vous syst em.

maki ng ECs l ess l eaky t han t hey ar e when pr esent i n cont act

wi t h per i pher al t i ssues .

These st udi es wer e bot h based on i n vi vo measur ement s

of cat i oni c dye ( e . g . , Evan' s bl ue) penet r at i on, a pr ocedur e

t hat , i n ef f ect , assays al bumi n per meabi l i t y si nce t hese dyes

gener al l y bi nd t i ght l y t o al bumi n when i nt r oduced i nt o t he

ci r cul at i on . Hence, t hey i nt r oduced some i mpor t ant ques-

t i ons. For i nst ance, how does t he CNS mi cr oenvi r onment

( or , mor e speci f i cal l y, ast r ocyt es) i nf l uence EC per meabi l -

i t y? Al so, what f act or s f ound i n t he CNS cause ECs t o be-

come br ai n- l i ke?

I n t er ms of t he manner i n whi ch ast r ocyt es af f ect EC per -

meabi l i t y, t her e i s no di r ect evi dence t hat ast r ocyt es cause

endot hel i al cel l s t o f or m t i ght j unct i ons of ext r emel y hi gh

el ect r i cal r esi st ance . The avai l abl e evi dence i ndi cat es t hat i t

seems l i kel y t hat par acel l ul ar movement of al bumi n ( and,

t her ef or e, Evan' s bl ue- al bumi n) acr oss ECs wi l l be l i mi t ed

even when ECs ar e connect ed by t i ght j unct i ons wi t h

r esi st ances much l ower t han 1, 000 ohm- cm2 ( Madar a and

Dhar msat haphor n, 1985) . Mor eover , pi al vessel s, whi ch ar e

not cont act ed by ast r ocyt es i n vi vo ( Bundgaar d, 1982) ar e

abl e t o f or m hi gh r esi st ance j unct i ons ( Cr one and Ol esen,

1982 ; But t et al . , 1990) . Al t hough sever al st udi es have

shown some i nf l uence of ast r ocyt es on EC t i ght j unct i on

st r uct ur e assessed by mi cr oscopi c t echni ques ( Ar t hur et al . ,

1987; Tao- Cheng et al . , 1987; Tao- Cheng and Br i ght man,

1988 ; Shi ver s et al . , 1988) , t her e i s agai n no cer t ai nt y t hat

t hose ECs had f or med j unct i ons of hi gh el ect r i cal r esi st ance.

A r easonabl e concl usi on i s t hat whi l e ast r ocyt es cl ear l y have

an ef f ect on ECper meabi l i t y t o l ar ge mol ecul es i n vi vo, t hey

may not be t he sol e modul at or s of t i ght j unct i on r esi st ance.

Cl ear l y, i t i s cr uci al t o det er mi ne t he nat ur e of t he changes

i nduced i n ECs by ast r ocyt es and t o i dent i f y ot her f act or s

t hat mi ght i nf l uence EC per meabi l i t y pr oper t i es .

To under st and how such pr oper t i es of br ai n ECs ar e r egu-



l at ed and al so how t hey mi ght be mani pul at ed, a var i et y of

st udi es have f ocused on per f ect i ng i n vi t r o model s of t he

BBB. Wi t h f ewexcept i ons, t hese model s have been based on

i sol at i ng and cul t ur i ng br ai n ECs t hat appear t o r api dl y l ose

at l east some of t hei r speci al i zed pr oper t i es. Occasi onal ex-

cept i ons have been based on t he use of cl onal popul at i ons of

cel l s ( Rut t en et al . , 1987 ; Dehouck et al . , 1990) . That br ai n

ECs shoul d become l ess " br ai n- l i ke" when r emoved f r om

t hei r nor mal envi r onment i s not t ot al unexpect ed, gi ven t he

obser vat i ons of St ewar t and Wi l ey ( 1981) di scussed above.

Our goal was t o devel op a cel l cul t ur e syst em i n whi ch

monol ayer s of ECs wi t h hi gh r esi st ance t i ght j unct i ons and

l ow r at es of f l ui d- phase endocyt osi s coul d be gr own r el i abl y

on per meabl e f i l t er s . Our appr oach t o t hi s pr obl em was

somewhat di f f er ent t han had been used i n t he past i n t hat we

di dn' t r el y sol el y on el ect r i cal r esi st ance or mol ecul ar f l ux

measur ement s t o char act er i ze t he cel l s . We r easoned t hat

ECs i nduced t o f or mhi gh r esi st ance t i ght j unct i ons i n cel l

cul t ur e woul d be si mi l ar i n mor phol ogy t o MDCK cel l s, an

epi t hel i al cel l l i ne t hat f or ms hi gh r esi st ance monol ayer s
( Gumbi ner , 1987) . I n par t i cul ar , MDCK cel l s show a char -

act er i st i c bel t - l i ke di st r i but i on of sever al pr ot ei ns t hat ar e as-

soci at ed wi t h t he j unct i oal compl ex i ncl udi ng ZO- 1

( St evenson et al . , 1986) , f i l ament ous act i n ( Gumbi ner et

al . , 1988) , and E- cadher i n ( Behr ens et al . , 1985 ; Bol l er et

al . , 1985 ; Gumbi ner et al . , 1988) . E- cadher i n, a Cal +- de-

pendent cel l adhesi on mol ecul e, has been shown t o f unct i on
i n an essent i al way i n t i ght j unct i on f or mat i on bet ween epi -
t hel i al cel l s ( Behr ens et al . , 1985 ; Gumbi ner et al . , 1986,

1988) . Vascul ar ECs al so expr ess cel l adhesi on mol ecul es,
i ncl udi ng cadher i ns ( Hei mar k et al . , 1990 ; Li aw et al . ,

1990) and at l east one member of t he I g super f ami l y

( PECAM; Newman et al . , 1990) . Recent l y, we have al so ob-
ser ved E- cadher i n- l i ke i mmunor eact i vi t y i n br ai n capi l l ar i es

( F. Bar d and L . L . Rubi n, unpubl i shed obser vat i ons) . I n t hi s

paper , we descr i be a met hod t hat ut i l i zes a combi nat i on of

ast r ocyt e condi t i oned medi um( CM) and el evat ed CAMP t o

pr oduce br ai n ECs t hat f or mhi gh r esi st ance t i ght j unct i ons

and adopt ot her pr oper t i es char act er i st i c of t he BBB.

Mat er i al s and Met hods

Bovi ne Br ai n ECs

Bovi ne br ai ns wer e obt ai ned f r esh f r om a sl aught er house and cl ear ed of

meni nges . Cor t i cal gr ey mat t er was col l ect ed i n col d L- 15 medi um, and cap-

i l l ar y f r agment s wer e pr epar ed by homogeni zat i on and f i l t r at i on t hr ough a

155- Am nyl on mesh. Fr agment s wer e di gest ed i n 0. 2% col l agenase and

0. 04% t r ypsi n f or 60 mi n at 37° C and pl at ed on t i ssue cul t ur e f l asks i n a

medi um consi st i ng of 50%ast r ocyt e CM( see bel ow) and 50%MEMcon-

t ai ni ng 10% pl asma- der i ved hor se ser um ( Hycl one Labor at or i es, Logan,

UT) . Fl asks had pr evi ousl y been coat ed over ni ght wi t h r at t ai l col l agen

( di l ut ed t o - 100 wg/ ml wi t h 1 mMacet i c aci d) , r i nsed wi t h PBS, and coat ed

wi t h human f i br onect i n ( 50 pg/ ml i n PBS; New Yor k Bl ood Cent er , New

Yor k) . Cont r ol cel l s wer e mai nt ai ned i n t he same medi umexcept t hat ast r o-

cyt e CM was r epl aced by MEM wi t h 10% FCS. Bot h medi a wer e sup-

pl ement ed wi t h 10 ng/ ml basi c FGF ( R & D Syst ems I nc . , Mi nneapol i s,

MN) and 123 pg/ ml hepar i n ( Si gma Chemi cal Co. , St . Loui s, MO) . When

ECs had r eached conf l uence, t hey wer e t r ypsi ni zed br i ef l y t o r emove t hem

f r omt he t i ssue cul t ur e f l asks and pl at ed at 20, 000 cel l s/ f i l t er on 6 . 5 mmcol -

l agen- f i br onect i n coat ed Cost ar Tr answel l f i l t er s ( 0. 4- Ampor e si ze ; Cost ar

Cor p. , Cambr i dge, MA) i n a medi umconsi st i ng of 50%ast r ocyt e CMand

50%N2 medi um( Bot t enst ei n and Sat o, 1979) . Af t er an addi t i onal 2- 3 d,

cel l s wer e ei t her l ef t unt r eat ed or i ncubat ed wi t h 250 AM8- ( 4- chl or ophe-

nyl t hi o) CAMP ( CPTcAMP; Boehr i nger Mannhei m, I ndi anapol i s, I N) pl us

17. 5 AMof t he phosphodi est er ase i nhi bi t or R020- 1724 ( Bi oMol , Pl ymout h
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Meet i ng, PA) . Typi cal l y, cel l s wer e used 2- 3 d l at er . At t hat poi nt , cel l s

wer e t r eat ed f or cer t ai n exper i ment s wi t h ei t her sodi um ni t r opr ussi de

( Si gma Chemi cal Co. ) , st aur ospor i ne ( Kyowa Hakko USA I nc. , Cost a

Mesa, CA) or H- 89 ( gener ousl y pr ovi ded by Dr s . H. Hi daka, Depar t ment

of Phar macol ogy, Nagoya Uni ver si t y School of Medi ci ne, Nagoya, Japan

and V. John, At hena Neur osci ences, I nc . , Sout h San Fr anci sco, CA) .

For some exper i ment s, cel l s wer e t r eat ed wi t h di f f er ent gr owt h f act or s .

A pr epar at i on enr i ched i n ci l i ar y neur ot r ophi c f act or ( CNTF) act i vi t y was
pr epar ed f r omf r ozen r at sci at i c ner ves ( Pel - Fr eez Bi ol ogi cal s, Roger s, AR)

accor di ng t o t he pr ocedur es of Mant hor pe et al . ( 1986) . PDGF ( R &D Sys-

t ems) and i nsul i n- l i ke gr owt h f act or - 1 ( I GF- 1; Amgen Bi ol ogi cal s, Thou-

sand Oaks, CA) wer e al so used.

I sol at i on of Bovi ne Br ai n ECCl ones

Cl oned cel l s wer e der i ved by i sol at i ng and passagi ng i ndi vi dual col oni es of
pr i mar y ECs pl at ed i ni t i al l y at l ow densi t y i n t i ssue cul t ur e di shes ( Dehouck

et al . , 1990) , but i n t he cont i nual pr esence of ast r ocyt e CM. These cl ones
coul d be passaged mor e t han 10 t i mes ( at a 1 : 10 spl i t r at i o) , whi l e mai nt ai n-
i ng t he abi l i t y t o f or m monol ayes wi t h r esi st ances exceedi ng 400 ohm-
cm2 when gr own i n t he pr esence of ast r ocyt e CMand CPTcAMP

Human Br ai n ECs

Human br ai n ECs wer e obt ai ned f r om f r eshl y bi opsi ed t i ssue pr ovi ded by

Dr . N. Bar bar o ( Depar t ment of Neur osur ger y Uni ver si t y of Cal i f or ni a at
San Fr anci sco School of Medi ci ne, San Fr anci sco, CA) . Appr oxi mat el y 1 g

of st ar t i ng mat er i al was used, and i sol at i on pr ocedur es wer e si mi l ar t o t hose

descr i bed f or bovi ne br ai n ECs.

Per i pher al Bovi ne ECs

Bovi ne aor t i c ECs wer e i sol at ed f r omaor t a obt ai ned f r esh f r omt he sl augh-
t er house as descr i bed by Li aw et al . ( 1990) . Bovi ne adr enal mi cr ovascul a-

t ur e endot hel i al cel l s wer e t he ki nd gi f t of Dr . Mar t ha Fur i e ( Depar t ment
of Pat hol ogy, St at e Uni ver si t y of New Yor k, St ony Br ook, NY) .

Ast r ocyt e- condi t i oned Medi um

Ast r ocyt es wer e pr epar ed f r om 1- d- ol d r at cor t ex, essent i al l y as descr i bed
by Li l l i en et al . ( 1988) . Br i ef l y, - 7 d af t er t he i ni t i al di ssoci at i on, f l asks
cont ai ni ng ast r ocyt es wer e shaken over ni ght and t he r emai ni ng cel l s ( en-
r i ched i n t ype 1 ast r ocyt es) wer e t r ypsi ni zed and r epl aced on pol y- D-

l ysi ne- coat ed f l asks . The cel l s wer e t r eat ed wi t h cyt osi ne ar abanosi de

( 10- s M) and mai nt ai ned i n ser um- f r ee medi um as descr i bed by Li l l i en et
al . ( 1988) t o l i mi t t he gr owt h of mor e r api dl y di vi di ng cel l s, such as f i br o-

bl ast s . By i mmunocyt ochemi cal cr i t er i a, t he cul t ur es wer e - 95 %t ype 1 as-
t r ocyt es . For col l ect i on of condi t i oned medi um, cul t ur es t hat wer e 3- 4- wk-

ol d wer e f ed wi t h f r esh MEMcont ai ni ng 10%FCS. Af t er 48 h, t he medi um
was r emoved, st er i l e- f i l t er ed, and ei t her used i mmedi at el y or st or ed at

- 20° C.

Ot her Cel l s

Neonat al r at f i br obl ast s wer e der i ved f r om l i mb muscl e, as pr evi ousl y de-

scr i bed ( Ant hony et al . , 1989) . U2- 51 human ast r ocyt oma cel l s wer e

pr ovi ded by Dr . M. Shel anski ( Depar t ment of Pat hol ogy, Col l ege of Physi -

ci ans and Sur geons, New Yor k) . C6- gl i oma cel l s wer e obt ai ned f r omt he

Amer i can Type Cul t ur e Col l ect i on ( Rockvi l l e, MD) . These cel l s wer e

mai nt ai ned i n MEMwi t h 10% FCS, and CMwas col l ect ed as descr i bed

f or ast r ocyt es .

I mmunocyt ochemi st r y

For most exper i ment s, i mmunof l uor escence was done essent i al l y as de-

scr i bed by Gumbi ner et al . ( 1988) . Cel l s wer e gener al l y f i xed f or 20 mi n

i n 3 % par af or mal dehyde and t hen per meabi l i zed i n 0 . 5% Tr i t on X- 100

( Si gma Chemi cal Co . ) f or 5 mi n. Al t er nat i vel y, cel l s wer e per meabi l i zed

i n 0. 5 %Tr i t on X- 100 bef or e f i xat i on ( Hei mar k et al . , 1990) . Cel l s wer e t hen

i ncubat ed f or 60 mi n i n pr i mar y ant i ser um di l ut ed i n 10%FCS i n MEM.

Af t er r i nsi ng i n PBS, cel l s wer e t hen i ncubat ed f or 30 mi n i n ei t her FI TC-

conj ugat ed goat ant i r abbi t , mouse ( Accur at e Chemi cal and Sci ent i f i c
Cor p. , West bur y, NY) or r at I g ( Boehr i nger Mannhei m) , as appr opr i at e,

di l ut ed i n MEM cont ai ni ng 10% FCS and 10% goat ser um ( Gi bco BRL

Li f e Technol ogi es I nc. , Gr and I sl and, NY) . They wer e coi ncubat ed i n

r hodami ne- phal l oi di n ( Mol ecul ar Pr obes I nc. , Eugene, OR) t o l abel
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f i l ament ous act i n . The cel l s wer e r i nsed i n PBS, mount ed i n Ci t i Fl uor

( Ci t i f l uor Lt d . , London, . U. K. ) , and exami ned on a Ni kon mi cr oscope
equi pped wi t h epi f l uor escent i l l umi nat i on and ei t her 20x, 40x, or 60x ob-
j ect i ves and phot ogr aphed wi t h Kodak Tr i X f i l m ( ASA 400) .

For some of t hese exper i ment s ( e . g . , Fi g . 3) , cel l s wer e i ncubat ed wi t h

a r abbi t ant i body made agai nst a bact er i al f usi on pr ot ei n cont ai ni ng ami no

aci ds 9- 96 of cani ne E- cadher i n f used t o bact er i al MS- 2 pol ymer i se

( Seedor f et al . , 1987; Li aw, C. W. , K. J. Tomasel l i , C. Cannon, D. Davi s,

K. Br yant , and L . Rubi n, manuscr i pt submi t t ed f or publ i cat i on ; see al so

1990. J. Cel l Bi ol . 111 : 408a. ) . Bef or e use, ant i body was af f i ni t y pur i f i ed on
a Sephar ose 4B col umn ( Phar maci a LKB Bi ot echnol ogy I nc . , Pi scat away,

NJ) cont ai ni ng bound gel - pur i f i ed f usi on pr ot ei n and shown t o l abel MDCK

epi t hel i al cel l s and br ai n capi l l ar i es i n cr yost at sect i on. Some nonspeci f i c

nucl ear f l uor escence was obser ved wi t h t he af f i ni t y- pur i f i ed ant i body and

i s pr obabl y r el at ed t o t he pr esence i n t he f usi on pr ot ei n of sequences der i ved

f r om t he bact er i al pol ymer ase .

Pr i mar y ant i bodi es used f or t hese exper i ment s i ncl ude a r at monocl onal

ant i - ZO- 1 ( pr ovi ded by Dr . Br uce St evenson, Depar t ment of Anat omy and

Cel l Bi ol ogy, Uni ver si t y of Al ber t a, Edmont on, Canada) , a mouse mono-

cl onal ant i vascul ar cadher i n ant i body ( pr ovi ded by Dr . R. Hei mar k, I cos
Cor p. , Seat t l e, WA) , and a r abbi t pol ycl onal ant i - PECAM ant i body

( pr ovi ded by DL S. Al bel da, Wi st ar I nst i t ut e, Phi l adel phi a, PA) .

Resi st ance Measur ement s

Tr answel l s wer e pl aced i n a chamber cont ai ni ng MEMbuf f er ed wi t h 20

mM Hepes . Resi st ance was measur ed usi ng an assembl y cont ai ni ng

cur r ent - passi ng and vol t age- measur i ng el ect r odes ( Wor l d Pr eci si on I nst r u-
ment s I nc . , New Haven, CT) . Resi st ances of bl ank f i l t er s wer e subt r act ed

f r omt hose of f i l t er s wi t h cel l s bef or e f i nal r esi st ances ( i n ohm- cm2) wer e

cal cul at ed .

Measur ement of cAMPLevel s

cAMP l evel s wer e measur ed by RI A ( Dupont - NEN Pr oduct s, Wi l mi ngt on,

DE) f ol l owi ng modi f i cat i on of t he pr ot ocol of St el zner et al . ( 1989) . Cul -

t ur es wer e r i nsed t wo t i mes wi t h col d PBS and sol ubi l i zed wi t h 1 MNaOH.

Al i quot s wer e t aken f or pr ot ei n det er mi nat i on and, af t er neut r al i zat i on wi t h

1 MNaOH, f or RI A. Occasi onal l y, t he cel l s wer e r i nsed wi t h PBS cont ai n-

i ng t he phosphodi est emse i nhi bi t or i sobut yl - met hyl xant hi ne ( Si gma Chem-

i cal Co. ) bef or e ext r act i on, but t hi s was f ound not t o i nf l uence measur ed

CAMP l evel s .

Fl ux Measur ement s

Appr oxi mat el y 300 nM 1 ° C- sucr ose ( New Engl and Nucl ear ) or 300
nM 3 H- pr opr anol ol ( New Engl and Nucl ear ) wer e added t o t he api cal
chamber , and t he appear ance of t hese compounds i n t he basol at er al cham-
ber was measur ed at var i ous t i mes t her eaf t er by sci nt i l l at i on count i ng of
smal l al i quot s of t he basol at er al medi a . For compar i son, f l ux acr oss cel l -
f r ee f i l t er s was al so measur ed . Tr anspor t i s expr essed as mi cr ol i t er s of
t r acer di f f usi ng f r omapi cal t o basol at er al si des and i s cal cul at ed f r omt he
i ni t i al concent r at i on of t r acer i n t he api cal and t he f i nal concent r at i on of
t r acer i n t he basol at er al chamber . Car e was t aken t o ensur e t hat f l ui d l evel s
i n t he t wo chamber s wer e equal ( 200 pl i n t he api cal and 600 pl i n t he basal
chamber s) , and chamber s wer e kept at 37° dur i ng t he cour se of t he ex-
per i ment .

Fl ui dphase Endot yt osi s

Br ai n and per i pher al ECs gr owi ng on Tr answel l s wer e i ncubat ed f or 2 h

Fi gur e 1. Di st r i but i on of t i ght j unct i on- associ at ed pr ot ei ns i n br ai n

ECs. Bovi ne br ai n ECs gr own on Tr answel l f i l t er s wer e l abel ed
wi t h ant i bodi es agai nst ZO- 1 ( a) , vascul ar cadher i n ( b) or PECAM

( c) . ZO- 1 st ai ni ng r esembl ed t hat seen i n ot her cel l s t hat f or mt i ght

j unct i ons, ei t her of hi gh and l ow r esi st ance t ypes . Vascul ar . cadhe-

r i n st ai ni ng was mor e di f f use, and PECAMst ai ni ng was j unct i onal ,

but somewhat br oad i n r egi ons . The pat t er n of st ai ni ng f or t hese

cel l adhesi on mol ecul es was di f f er ent f r om t hat seen wi t h t he ant i -

E- cadher i n ant i body ( Fi g . 3) . Al so, t he st ai ni ng was not al t er ed
subst ant i al l y by t he pr esence of ast r ocyt e CM or el evat ed cAMP
Bar , 10 pm.



Fi gur e 2 . Ef f ect of el evat ed cycl i c AMP on di st r i but i on of f i l ament ous act i n . Bovi ne br ai n ECs gr own i n t he pr esence of ast r ocyt e CM

( a) or ast r ocyt e CMpl us CPT- CAMP pl us R020- 1724 ( b) wer e f i xed, per meabi l i zed, and st ai ned wi t h r hodami ne- phal l oi di n . Fi l ament ous

act i n was di f f usel y di st r i but ed i n cel l s mai nt ai ned ei t her i n cont r ol medi um or i n ast r ocyt e CM. However , el evat i on of cAMP i n ast r ocyt e

CM- t r eat ed cel l s pr oduced a r eor gani zat i on so t hat t he f i l ament ous act i n st ai ni ng was l ocal i zed pr ef er ent i al l y at cel l bor der s. Bar , 20 gm.

wi t h 10 mg/ ml f l uor escenn- l abel ed dext r an ( Si gma Chemi cal Co . ; appr oxi -

mat e mol ecul ar wei ght 70, 000; di al yzed ext ensi vel y agai nst MEMbef or e

use) i n gr owt h medi um, r i nsed and f i xed i n 396 par af or mal dehyde. They
wer e t hen exami ned under f l uor escent i l l umi nat i on. For compar i son pur -

poses, phot omi cr ogr aphs of t he di f f er ent t ypes of cel l s wer e exposed f or t he

same l engt h of t i me .

For quant i t at i ve st udi es, f l uor escenn- dext r an ( 10 mg/ ml ) was added t o

gr owt h medi um i n t he api cal compar t ment . Af t er 1- 2 h at 37° , t he api cal

medi umwas aspi r at ed, and t he f i l t er s wer e washed t hr ee t i mes qui ckl y, and

once f or 10 mi n wi t h col d PBS cont ai ni ng 1 mMMgC12, 0. 1 mMC; C12,

and 0. 3%BSA. Cel l s wer e t hen t r ypsi ni zed at 4° , mi cr of uged, r i nsed, and

ext r act edi n PBS cont ai ni ng 196 Tr i t on X- 100 and 0. 596 SDS. Fl uor escence

was quant i f i ed on a mi cr ospect r of l uor omet er . Resul t s wer e cor r ect ed f or

f l uor escence associ at ed wi t h t he cel l s at 4° ; t hi s was t ypi cal l y 10%of t hat

at 37° .

Resul t s

I mmunocyt ochemi cal Char act er i zat i on of Br ai n ECs

The di st r i but i ons i n cul t ur ed br ai n ECs of ZO- 1, f i l ament ous

act i n, and di f f er ent cel l adhesi on mol ecul es wer e det er -

mi ned. ECs obt ai ned f r om bovi ne br ai n and mai nt ai ned on

f i l t er s i n cel l cul t ur e, essent i al l y f ol l owi ng pr evi ousl y pub-

l i shed pr ocedur es ( Audus and Bor char dt , 1986) , r et ai ned

t hei r ECphenot ype, as j udged by f act or VI I I ant i body st ai n-

i ng, f or exampl e . They al so st ai ned wi t h an ant i - Z04 ant i -

body ar ound t hei r bor der s ( Fi g . 1 a) , as di d per i pher al ECs

der i ved f r om bovi ne aor t a and human umbi l i cal vei n, bot h

of whi ch f or mmonol ayer s of l ow el ect r i cal r esi st ance ( dat a

not shown) . Vascul ar cadher i n and PECAMi mmunor eac-

t i vi t y wer e pr esent as wel l , agai n j ust as on per i pher al ECs

( Fi g . 1, b and c) . However , f i l ament ous act i n, vi sual i zed by

st ai ni ng wi t h r hodami ne- phal l oi di n, was di st r i but ed i n t he

cel l s i n a di f f use st r ess f i ber - l i ke pat t er n, as opposed t o t he

bel t - l i ke di st r i but i on f ound i n MDCK cel l s ( Fi g . 2 a) . Fur -

t her mor e, t he E- cadher i n- l i ke i mmunor eact i vi t y was weak

or absent ar ound cel l bor der s ( Fi g. 3 a) . I mpor t ant l y, t he r e-

si st ance acr oss monol ayer s of t hese cel l s was qui t e l ow, i n

Fi gur e 3. Ef f ect of el evat ed cAMP on t he di st r i but i on of E- cadher i n i mmunor eact i vi t y. Cel l s wer e gr own as i n Fi g . 2 i n ei t her ast r ocyt e

CMal one ( a) or ast r ocyt e CMpl us el evat ed cAMP ( b) . They wer e f i xed, per meabi l i zed, and st ai ned wi t h an ant i - E- cadher i n f usi on pr ot ei n

ant i body ( see Mat er i al s and Met hods) . I ncr eased CAMP pr oduced a mar ked i ncr ease i n t he amount of st ai ni ng at cel l bor der s . Thi s i ncr ease

was not i ceabl e 1 h af t er addi t i on of CPT- CAMP Nucl ear f l uor escence was nonspeci f i c ( see Mat er i al s and Met hods) . Bar , 10 Am.
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Tabl e I . Ef f ect s of Ast r ocyt e CMand El evat ed cAMPon
on Br ai n ECResi st ance

Bovi ne br ai n and human br ai n ECs wer e pr epar ed as descr i bed i n Mat er i al s

and Met hods . For cAMP exper i ment s, cel l s wer e t r eat ed f or 48- 72 h wi t h a

combi nat i on of CPT- cAMP pl us R020- 1724 . Rr esul t s i n t hi s t abl e ar e aver age

r esi st ances f st andar d devi at i ons . Resi st ances wer e measur ed f or t hr ee t o si x

f i l t er s f or each condi t i on and ar e cal cul at ed f r om f our i ndi vi dual exper i ment s

f or bovi ne br ai n ECs and t wo f or human br ai n ECs .

t he r ange of 10- 50 ohm- cm2 ( Tabl e I ) , and t he l eakage of

smal l and l ar ge mol ecul es acr oss t hese monol ayer s was com-

par at i vel y hi gh ( see Fi g . 7, bot t om) . Thus, t hese cel l s f ai l ed

t o const i t ut e a l egi t i mat e model of t he BBB.

Ef f ect s of Ast r ocyt e- condi t i oned Medi umon

Br ai n ECs

I t seemed qui t e possi bl e t hat ast r ocyt es woul d be capabl e of

i nf l uenci ng t he di f f er ent i at i on of br ai n ECs i n cul t ur e, as t hey

do i n vi vo . Ast r ocyt es do not nor mal l y make di r ect cont act

wi t h ECs i n vi vo, but , r at her , ar e separ at ed f r omt hemby an

ext r acel l ul ar mat r i x . Ther ef or e, t he i nf l uence of ast r ocyt es

may be medi at ed by a secr et ed f act or .

To t est f or t he pr esence of such a f act or , we compar ed ECs

cul t ur ed i n t he pr esence or absence of condi t i oned medi um

( CM) f r om t ype 1 ast r ocyt es pr epar ed f r om neonat al r at

br ai n as descr i bed by Janzer and Raf f ( 1987) f or use i n t hei r

i n vi vo t r anspl ant st udi es. We f ound t hat t r eat i ng ECs wi t h

ast r ocyt e CM pr oduced somewhat shar per ZO- 1 st ai ni ng

( not shown) and appr oxi mat el y a t wof ol d i ncr ease i n t r ans-

monol ayer el ect r i cal r esi st ance ( Tabl e I ) . However , even i n

CM- t r eat ed cul t ur es, we di d not obt ai n cel l monol ayer s t hat

had el ect r i cal r esi st ances hi gher t han - 200 ohm- cm' ( wi t h

t he aver age bei ng subst ant i al l y l ess) . Nor di d we f i nd t hat

t hi s t r eat ment pr oduced t he bel t - l i ke pat t er n of f i l ament ous

act i n st ai ni ng and cadher i n- l i ke i mmunor eact i vi t y t hat we

expect ed ( Fi gs . 2 and 3) .

Ef f ect of I ncr eased cAMPLevel s on t he Di st r i but i on of

Junct i onal Component s

Si nce ast r ocyt e CMby i t sel f was not suf f i ci ent t o f ul l y i nduce

br ai n EC di f f er ent i at i on, we exami ned ot her f act or s t hat

mi ght i nduce t hese cel l s . Numer ous descr i pt i ons of ner ve

endi ngs on cer ebr al vascul at ur e have been pr ovi ded ( Har i k

et al . , 1981 ; Gol dst ei n and Bet z, 1986) , and neur ot r ansmi t -

t er - t ar get cel l i nt er act i ons mi ght i nvol ve changes i n second

messenger s . I t has al so been obser ved t hat second mes-

senger s cause some changes i n epi t hel i al and per i pher al EC

per meabi l i t y ( Duf f ey et al . , 1981 ; Smi r nov et al . , 1989 ;

St el zner et al . , 1989 ; Bal da et al . , 1990 ; Yamada et al ,

1990) , so we i nvest i gat ed t he ef f ect s of second messenger

mani pul at i on on br ai n EC mor phol ogy and r esi st ance.

Rubi n et al . Bl ood- Br ai n Bar r i er Model

We f ound t hat i ncr easi ng CAMP l evel s i n ECs al r eady

t r eat ed wi t h ast r ocyt e CMcaused a st r i ki ng change i n cel l
mor phol ogy t hat was par t i cul ar l y i mpr essi ve when t he cel l s
wer e st ai ned wi t h r hodami ne- phal l oi di n . I nst ead of t he cyt o-

pl asmi c pat t er n of st ai ni ng descr i bed above, f i l ament ous ac-

t i n i n cel l s t r eat ed wi t h cAMPRel evat i ng agent s was hi ghl y

enr i ched at cel l bor der s ( Fi g . 2 b) . I n addi t i on, t r eat ed cel l s
showed enhanced st ai ni ng wi t h t he ant i - E- cadher i n f usi on
pr ot ei n ant i body ar ound t hei r bor der s ( Fi g . 3 b) . Thi s en-

hanced st ai ni ng was seen by 1 h af t er cAMP el evat i on . The

di st r i but i on of ZO- 1 al so became mor e r egul ar , but t he
ef f ect s wer e subt l e ( dat a not shown) . PECAMand vascul ar
cadher i n st ai ni ng di d not change appr eci abl y .

Ef f ect of El evat ed cAMPon Resi st ance of Br ai n ECs

We f ound t hat agent s t hat i ncr eased cAMP l evel s pr oduced
a r api d i ncr ease i n el ect r i cal r esi st ance, agai n i n cel l s al r eady
t r eat ed wi t h ast r ocyt e CM( Tabl e I ; Fi g. 4) . Wi t h t i me, t he
r esi st ance i ncr eased, on aver age, t o over 600 ohm- cm2 ,
wi t h maxi mumr esi st ances of - 1, 500 ohm- cm, havi ng been
achi eved .

For most exper i ment s i nvol vi ng i ncr eases i n cAMP, cel l s

wer e t r eat ed wi t h a combi nat i on of a cAMP anal ogue ( CPT
cAMP) and a phosphodi est er ase i nhi bi t or ( RO20- 1724) . How-
ever , ot her agent s t hat el evat e cAMPl evel s, i ncl udi ng agoni st s
whose r ecept or s ar e coupl ed t o Gs ( such as i sopr ot er enol

and cal ci t oni n gene- r el at ed pept i de) chol er a t oxi n, and f or -

skol i n wer e al so ef f ect i ve . The most ef f ect i ve phosphodi es-
t er ase i nhi bi t or s i n our st udi es- wer e t hose t hat act on t he
cl ass of cAMP- speci f i c, cGMP noni nhi bi t abl e phosphodi es-

t er ases ( Beavo, 1988) .

We al so used an RI A t o measur e changes i n cAMPl evel s
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Fi gur e 4. Ef f ect of changes i n cAMPon br ai n ECr esi st ance. Bovi ne
br ai n ECs wer e gr own f or 2 d on Tr answel l s i n medi umcont ai ni ng
ast r ocyt e CM. At t he begi nni ng of t he exper i ment , r esi st ances wer e

measur ed acr oss cel l monol ayer s. Resi st ance acr oss i ndi vi dual
f i l t er s was t hen measur ed at t he speci f i ed t i mes and expr essed as
per cent of t he i ni t i al val ue. I n t hi s, and al l ot her f i gur es, each poi nt
r epr esent s t he aver age r esi st ance of t wo t o f our i ndi vi dual mono-
l ayer s . I n t hi s exper i ment , cel l s wer e ei t her mai nt ai ned i n ast r ocyt e
CMal one ( e) or t r eat ed wi t h 17. 5, uMR0204724 i n ast r ocyt e CM

( o) . The ear l y t r ansi ent f al l i n r esi st ance i s r el at ed t o handl i ng
dur i ng r esi st ance measur ement s . Resi st ance i ncr eases r api dl y when
cAMP l evel s i ncr ease, ei t her i n r esponse t o t he R020- 1724 or af t er
addi t i on of CPTcAMP or any of a var i et y of ot her agent s t hat el e-
vat e cAMP.

Condi t i on Resi st ance

ohm- cm2

Bovi ne br ai n
Cont r ol 61 t 2

Ast r ocyt e CM 115 t 11

cAMP 305 t 50

Ast r ocyt e CM+CAMP 625 t 82

Human br ai n
Ast r ocyt e CM 67 f 12

Ast r ocyt e CM+cAMP 339 t 107
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Fi gur e 5. Ef f ect of ast r ocyt e CMon t he r esponse t o cAMP el evat i on . ( a) Pr i mar y cul t ur es of bovi ne br ai n ECs wer e gr own i n ei t her
50%ast r ocyt e CM( e) or 50%MEMwi t h 10%FCS ( o) f r om t i me of i ni t i al pl at i ng. Resi st ances acr oss set s of f i l t er s wer e measur ed
( aver age st ar t i ng r esi st ance was - 100 ohm- cm2 f or CM- t r eat ed cel l s and 25 ohm- cm2 f or unt r eat ed cel l s) , and t he cel l s wer e t hen t r eat ed
t o el evat e t hei r CAMP l evel s . I n t hi s par t i cul ar exampl e, pr i mar y cel l s gr own i n ast r ocyt e CMr esponded r api dl y t o i ncr eased cAMP,
wher eas t hose not pr et r eat ed wi t h CMdi d not r espond over a24- h per i od . Not e t hat i n t he exper i ment s pr esent ed i n Tabl e I , measur ement s
wer e made 48- 72 h af t er el evat i on of CAMP Resul t s wer e si mi l ar i f cel l s wer e t r eat ed wi t h ei t her CPT- cAMP or CPT- CAMP pl us R020-
1724 . ( b) Cl oned bovi ne br ai n ECs wer e mai nt ai ned f or 10 passages i n ast r ocyt e CMand passaged i nt o t i ssue cul t ur e f l asks i n t he pr esence
( e) or absence ( o, o) of CM. Af t er 7 d, t he cel l s wer e passaged ont o Tr answel l s, and some of t he cel l s wer e r e- f ed wi t h CM( n) . Af t er
t wo addi t i onal days, al l cel l s wer e t r eat ed wi t h CPTCAMP pl us R020- 1724 . Bef or e t r eat ment , cel l s gr own i n t he pr esence of ast r ocyt e
CM had r esi st ances of - 35 ohm- cm2 ; t hose gr own wi t hout CM wer e - 25 ohm- cm2 . As seen i n t hi s exampl e, cl oned br ai n ECs
r esponded l ess wel l t o cAMP i ncr eases i f kept wi t hout CM. However , swi t chi ng t hemback t o CMr est or ed t hei r r esponse. Al l r esi st ances
ar e gi ven as per cent ages of i ni t i al val ues .

i n r esponse t o t he var i ous t r eat ment s . The l evel of cAMP i n

unt r eat ed cul t ur es var i ed f r om60 t o 100 pmol / mg t ot al pr o-
t ei n, si mi l ar t o t hat r epor t ed by St el zner et al . ( 1989) f or pe-

r i pher al ECs . Bot h R0204724 and f or skol i n t r eat ment pr o-

duced a t wo t o t hr eef ol d i ncr ease i n cAMP l evel s wi t hi n 1 h

of addi t i on .

I mpor t ance of Ast r ocyt e CMi n cAMPEf f ect s

Al t hough ast r ocyt e CMi t sel f di d not have a l ar ge ef f ect on

r esi st ance or on cel l mor phol ogy, i t was an i mpor t ant det er -

mi nant of t he r esponse t o el evat i on of cAMP For i nst ance,

i n - 25%of t he exper i ment s, t he r esi st ance of cel l s gr own

wi t hout ast r ocyt e CMdi d not i ncr ease si gni f i cant l y wi t hi n

24- 48 h of CAMP el evat i on ( Fi g . 5 a; such exper i ment s ar e

i ncl uded when aver ages ar e pr esent ed) . I n f act , even when

cel l s t hat wer e mai nt ai ned i n t he absence of ast r ocyt e CM

di d show i ncr eased r esi st ance, t hey gener al l y t ook much

l onger t o r espond t han di d t he ast r ocyt e CM- t r eat ed cel l s

( 16 h, r at her t han 2 h or l ess) . Thi s was al so r ef l ect ed i n cel l

mor phol ogy si nce t he t ype of r hodami ne phal l oi di n st ai ni ng

i l l ust r at ed i n Fi g . 2 b was seen onl y when cel l s wer e sub-

j ect ed t o t he combi nat i on of CMand el evat ed cAMP

Ot her t ypes of cel l - der i ved CMwer e not as ef f ect i ve as

t hat f r om t ype 1 ast r ocyt es ( Tabl e l I ) . Cel l s gr own i n r at

f i br obl ast CM, f or exampl e, r emai ned i n a much l ower r esi s-

t ance st at e even when t r eat ed wi t h agent s t hat el evat e cAMP

Al so, compar ed t o cel l s mai nt ai ned i n ast r ocyt e CM, cel l s

swi t ched f r omast r ocyt e CMt o ot her t ypes of CM, i ncl udi ng

t hose der i ved f r om ei t her U2- 51 ast r ocyt oma or C6- gl i oma

cel l s, showed a smal l er i ncr ease i n r esi st ance upon el evat i on

of cAMP ( Tabl e I I ) .

I nf l uence of Ast r ocyt e CMon Cl oned Bovi ne
Br ai n ECs

Pr i mar y EC cul t ur es wer e not ent i r el y f r ee of cont ami nat i ng
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cel l t ypes, and i t was possi bl e, t hat ei t her ast r ocyt e CMor

CAMP el evat i on af f ect ed ot her cel l s, such as per i cyt es, t hat
i n t ur n i nf l uenced t he ECs . To addr ess t hi s i ssue, we i sol at ed

sever al i ndi vi dual cl ones of bovi ne br ai n ECs f r om col oni es
of cel l s mai nt ai ned f r om t hei r t i me of i sol at i on i n ast r ocyt e
CM. These cel l s al so wer e capabl e of bei ng i nduced t o f or m
hi gh r esi st ance t i ght j unct i ons when CAMP l evel s wer e

el evat ed . When cl oned cel l s wer e r emoved f r om ast r ocyt e
CMf or sever al days, t hey di d not r esponse t o el evat ed CAMP
as wel l ( Fi g . 5 b) . When ast r ocyt e CMwas added back t o
t hose cel l s f or 24- 48 h, t hey agai n showed an enhanced abi l -

i t y t o r espond t o CAMP el evat i on ( Fi g . 5 b) .

Tabl e I I . Ef f ect s of Var i ous Condi t i oned Medi a on
Br ai n EC Resi st ance

1730

Bovi ne br ai n ECs wer e i sol at ed and mai nt ai ned i n f l asks i n ei t her ast r ocyt e CM
( ACM) or neonat al r at f i br obl ast CM( FCM) . Thi s i s r ef er r ed t o as t he i ni t i al
CM. They wer e t hen passaged ont o Tr answel l s and mai nt ai ned i n ACM, FCM,
U2- 51 ast r ocyt oma CM, or C6 gl i oma CM( C6 CM) . Thi s i s r ef er r ed t o as t he
f i nal CM. Each t ype of CMwas col l ect ed f r omconf l uent cul t ur es mai nt ai ned

i n MEMwi t h 1096 FCS and was di l ut ed 1 : 1 wi t h f r esh medi umbef or e use .

Af t er t wo days, r esi st ances wer e measur ed ( pr e- CAMP) , and t he cel l s wer e
t r eat ed wi t h CPT- CAMP pl us R020- 1724 . Resi st ances wer e measur ed agai n
af t er an addi t i onal t wo days ( post - cAMP) . Resi st ances ar e gi ven as per cen-
t ages, wi t h t he r esi st ances of pr e- CAMP cel l s mai nt ai ned i n ACMdef i ned as

10096 ; r esi st ances of t hese cel l s r anged f r om 35 t o 45 ohm- cm' .

Tr eat ment Rel at i ve r esi st ance

I ni t i al CM Fi nal CM pr e- CAMP post - CAMP

Expt . 1 ACM ACM 100 945
FCM FCM 98 219

Expt . 2 ACM ACM 100 921

ACM FCM 78 113

ACM U2- 51 CM 89 593

Expt . 3 ACM ACM 100 1, 181

ACM C6 CM 85 427
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Fi gur e 6. Ef f ect of el evat ed cGMPon r esi st ance of br ai n ECs . Cel l s
wer e t r eat ed f or 48 h wi t h CPT- CAMP pl us R0204724, but t hen
r ecei ved var i ous concent r at i ons of sodi umni t r opr ussi de t o i ncr ease
cGMP l evel s ( o, cont r ol ; o, 0. 1 AM; n, 1 KM; o, 10, M; w, 100
KM) . Resi st ances decr eased r api dl y when cGMP l evel s wer e i n-
cr eased even i n cel l s t hat had el evat ed cAMP Agai n, r esi st ances
ar e expr essed as per cent of i ni t i al val ues .

Pr el i mi nar y Char act er i zat i on of Ast t ocyt e CMFact or

To begi n t o st udy t he act i ve f act or ( s) i n ast r ocyt e CM, we

car r i ed out a pr el i mi nar y char act er i zat i on . Ast r ocyt e CM

was col l ect ed i n ei t her def i ned medi umor i n MEMwi t hout

addi t i onal addi t i ves over a 24- 48- h per i od . Bot h t ypes of

CMwer e ef f ect i ve compar ed t o t he appr opr i at e cont r ol me-

di a . The act i ve f act or was al so heat - sensi t i ve . The act i vi t y

of ast r ocyt e CMcoul d not be account ed f or f ul l y by PDGF

( Pet t mann et al . , 1985 ; Ri char dson et al . , 1988) , CNTF ( Li l -

l i en et al . , 1988) , I GF- 1, or FGF ( dat a not shown) .

Response of Human Br ai n ECs t o Ast r ocyt e CMand
El evat ed CAMP

To t est t he gener al i t y of t hese obser vat i ons, we i sol at ed ECs

f r oma l i mi t ed number of human br ai n bi opsi es and t r eat ed

t hemwi t h a combi nat i on of ast r ocyt e CMand agent s t hat el e-

vat e CAMP ( Tabl e I ) . Agai n, we wer e abl e t o obt ai n cel l s

wi t h r el at i vel y hi gh el ect r i cal r esi st ance and a si mi l ar bel t -

l i ke di st r i but i on of f i l ament ous act i n . I nt er est i ngl y, on aver -

age, t he r esi st ance was somewhat l ower t han we wer e abl e

t o obt ai n wi t h bovi ne br ai n ECs, and, cor r espondi ngl y, t he

f i l ament ous act i n st ai ni ng was not r est r i ct ed excl usi vel y t o

cel l bor der s .

Ef f ect s of El evat ed cGMPon Br ai n ECResi st ance

CAMPwas not t he onl y second messenger capabl e of al t er i ng

r esi st ance of br ai n ECs . Cel l s whose r esi st ance had been i n-

cr eased by t r eat ment wi t h CPTCAMP wer e t r eat ed i n addi -

t i on wi t h sodi umni t r opr ussi de t o el evat ecGMPl evel s ( Wal d-

man and Mur ad, 1987) . Fi g . 6 shows t he dose- dependent

decr ease i n r esi st ance pr oduced by t hi s t r eat ment . Thus, i n-

cr eased cGMP appear s t o oppose t he ef f ect s of i ncr eased

cAMP At r i al nat r i ur et i c f act or , anot her agent t hat el evat es

cGMP l evel s i n ECs ( Wal dman and Mur ad, 1987) , had si mi -

l ar ef f ect s ( dat a not shown) .

Tkanspor t of Compounds acr oss Hi gh Resi st ance
Monol ayer s of Br ai n ECs

The hi gh el ect r i cal r esi st ance of i nduced bovi ne br ai n EC
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cul t ur es suggest s t hat t hey shoul d be r at her i mper meabl e t o
hydr ophi l i c compounds . Thi s was t cst ed wi t h f l uor escent
dext r ans of di f f er ent mol ecul ar wei ght s and wi t h r adi oac-
t i vel y l abel ed compounds t hat ar e not t r anspor t ed by speci f i c
membr ane t r anspor t er s . We f ound t hat t he hi gh r esi st ance

cel l s of f er ed a si gni f i cant per meabi l i t y bar r i er t o even smal l
hydr ophi l i c compounds such as sucr ose ( Fi g. 7, t op) wher eas
l ower r esi st ance monol ayer s wer e mor e per meabl e ( Fi g. 7,
bot t om) . However , as expect ed, t her e was mar ked f l ux of hy-
dr ophobi c compounds acr oss even hi gh r esi st ance monol ay-
er s ( Fi g . 7, t op) . Hydr ophobi c compounds ar e capabl e of

cr ossi ng t he BBB i n vi vo as wel l .

Fl ui d- Phase Endocyt osi s i n Br ai n and Per i pher al ECs

Anot her hal l mar k of ECs i n t he br ai n i s t hei r l ow r at e of
f l ui d- phase endocyt osi s ( Reese and Kar novsky, 1967) . Thi s
i s a nonsat ur abl e, t emper at ur e- dependent pr ocess t hat i s as-
sayed by i ncubat i ng cel l s wi t h l abel ed compounds f or whi ch
t her e ar e no speci f i c t r anspor t mechani sms ( St ei nman et al . ,

uL

Fi gur e 7. ( Top) Fl ux of compounds acr oss hi gh and l ow r esi st ance
monol ayer s of br ai n ECs . Fl ux was measur ed usi ng r adi oact i vel y
l abel ed compounds added t o one si de of f i l t er s wi t h or wi t hout
cel l s . Leakage of smal l , hydr ophi l i c compounds, such as sucr ose
acr oss hi gh r esi st ance monol ayer s ( o) was l i mi t ed compar ed t o
t hat occur r i ng acr oss f i l t er s wi t hout cel l s ( o) . However , hydr opho-
bi c compounds, such as pr opr anol ol , moved r api dl y acr oss hi gh r e-
si st ance monol ayer s ( e) and acr oss cel l - f r ee f i l t er s ( m) . ( Bot t om)

Sucr ose f l ux acr oss l ow r esi st ance monol ayer s ( m) i s l ess t han t hat
occur r i ng acr oss cel l - f r ee f i l t er s ( o) , but much gr eat er t han t hat
acr oss hi gh r esi st ance monol ayer s ( o) .
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Fi gur e 8 . Fl ui d- phase endocy-

t osi s i n bovi ne br ai n and aor t i c

ECs. Aor t i c cel l s showed r el a-

t i vel y pr onounced upt ake of

f l uor escei n- l abel ed dext r an at

37° C ( a) , but not at 0° C ( b) .

Br ai n ECs, on t he ot her hand,

pi nocyt osed si gni f i cant l y smal l -

er amount s of t het r acer at 37° C

( c) . Quant i t at i ve st udi es, usi ng

ei t her f l uor escei n- dext r an or

HRP, i ndi cat ed t hat t he r at e

of upt ake of aor t i c or bovi ne

mi cr ovascul at ur e ECs was ap-

pr oxi mat el y 1 . 0 nl / f i l t er / h at

37° C whi l e t hat of br ai n ECs

( ei t her pr i mar y or cl oned cel l s)

was0. 25 nl / f i l t er / h. Bar , 10 Am.

1983) . For measur ement s of endocyt osi s, br ai n ECs ( t r eat ed

wi t h ast r ocyt e CMand CPTcAMP) and bovi ne aor t i c and

per i pher al mi cr ovascul at ur e ECs wer e i ncubat ed wi t h f l uo-

r escent dext r an . Upt ake i nt o t he per i pher al ECs was r eadi l y

obser ved at 37° ( Fi g . 8 a) , but bar el y det ect abl e at 0° ( Fi g.

8 b) . Upt ake i nt o br ai n ECs was l ow at 37° ( Fi g . 8 c) .

The r at e of f l ui d- phase endocyt osi s by br ai n ECs r emai ned

l ow under al l gr owt h condi t i ons. Removal of ast r ocyt e CM

di d not af f ect t he r at e of pi nocyt osi s, nor di d el evat i on of

cAMP Si mi l ar l y, t he r at e was not al t er ed speci f i cal l y i n aor -

t i c ECs by ei t her el evat i on of CAMP or by t he addi t i on of as-

t r ocyt e CM( dat a not shown) .

Ef f ect of Decr easi ng cAMPLevel s on ECResi st ance

Regar dl ess of t he agent used t o el evat e l evel s of CAMP i n

br ai n ECs, upon i t s r emoval , t r ansmonol ayer r esi st ances

dr opped r el at i vel y r api dl y ( wi t hi n 15- 30 mi n; Fi g . 9) . The

f i l ament ous act i n di st r i but i on al so changed, but mor e sl owl y

( see Fi g. 11) .

The most st r ai ght f or war d expl anat i on f or t he abi l i t y of

cAMP t o i ncr ease r esi st ance i s t hat pr ot ei n ki nase Amedi -

at es t hephosphor yl at i on of one or mor e pr ot ei ns i mpor t ant

i n r egul at i ng t he r esi st ance of t i ght j unct i ons . The r el at i vel y

r api d decr ease i n r esi st ance f ol l owi ng r emoval of cAMP-

el evat i ng agent s suggest s t he pr esence of an act i ve phos-

phopr ot ei n phosphat ase. Thi s f ur t her suggest s t hat whi l e

cAMP l evel s r emai n el evat ed, ki nase A must act t o keep
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Fi gur e 9. Rever si bi l i t y of cAMP ef f ect s on br ai n ECr esi st ance. Cel l s
wer e mai nt ai ned i n ast r ocyt e CMand wer e t r eat ed wi t h CPT- CAMP
pl us R0204724 f or 48 h bef or e t he st ar t of exper i ment . At t he st ar t
of t heexper i ment , r esi st ances wer e measur ed, and f i l t er s wer e r i nsed
and r epl aced i n ei t her t he same medi um ( o) or i n ast r ocyt e CM
al one ( e) . The r esi st ance i s seen t o decr ease r api dl y af t er r emoval of

cAMP el evat i ng r eagent s .

r egul at or y pr ot ei ns i n a phosphor yl at ed st at e i n spi t e of t he

pr esence of act i ve phosphat ases . Thus, i nhi bi t or s of pr ot ei n

ki nase Ashoul d act t o decr ease r esi st ance even i n t he pr es-

ence of el evat ed cAMP

We t est ed t he ef f ect s of a var i et y of pr ot ei n ki nase i nhi bi -

t or s on r esi st ance of br ai n ECs cont i nuousl y t r eat ed wi t h

CPTcAMP We di d f i nd t hat t wo pot ent , but somewhat non-

speci f i c, pr ot ei n ki nase i nhi bi t or s, st aur ospor i ne and K- 252a

( Koi zumi et al . , 1988 ; Hashi mot o and Hagi no, 1989) , wer e

qui t e ef f ect i ve i n decr easi ng r esi st ance acr oss EC mono-

l ayer s ( Fi g. 10) . We al so f ound t hat H- 89 ( Chi j i wa et al . ,

1990) , a newl y descr i bed ki nase i nhi bi t or , t hat i s l ess pot ent ,
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Fi gur e 10. Ef f ect s of pr ot ei n ki nase i nhi bi t or s on r esi st ance of br ai n

ECs . Cel l s wer e gr own f or 48 h i n ast r ocyt e CMcont ai ni ng CPT

cAMP pl us R020- 1724 . Resi st ances wer e measur ed and cel l s wer e
i ncubat ed wi t h ei t her 100 nMst aur ospor i ne ( e) or 25 I . MH- 89 ( o)
i n t he cont i nued pr esence of CPTcAMP pl us R020- 1724 . Resi s-

t ances wer e measur ed at var i ous i nt er val s and expr essed as per cent -

ages of t hei r i ni t i al val ues . Ki nase i nhi bi t or s wer e di ssol ved i n

DMSO, whi ch, at t he concent r at i ons used ( <O. 25 °r b) , had no ef f ect s

on r esi st ance . Bot h ki nase i nhi bi t or s caused t he r esi st ance t o de-

cr ease even i n t he cont i nued pr esence of el evat ed CAMP, but st aur o-
spor i ne was mor e ef f ect i ve .



but mor e sel ect i ve f or pr ot ei n ki nase A, al so decr eased r esi s-

t ance i n t he pr esence of el evat ed cycl i c AMP ( Fi g . 10) .

St aur ospor i ne al so pr oduced mor phol ogi cal changes i n

t he cel l s, vi sual i zed by st ai ni ng wi t h r hodami ne- phal l oi di n,

t hat t ook pl ace sever al hour s af t er t he decr ease i n r esi st ance

( Fi g . 11) . These changes, whi ch wer e si mi l ar t o t hose seen

af t er r emovi ng CPTCAMP, di d not r epr esent a si mpl e r ever -

si on t o a st at e of di f f use st ai ni ng . Rat her , t he cor t i cal - t ype

st ai ni ng st i l l was pr edomi nant , but became br oader i n t he

r egi ons of cel l - cel l cont act , and t her e wer e vi si bl e gaps of

act i n st ai n bet ween adj acent cel l s .

Di scussi on

Est abl i shment of a Cel l Cul t ur e BBBModel Syst em

Under st andi ng how t he per meabi l i t y of t he BBB i s r egul at ed

i s i mpor t ant f or sever al r easons . Fi r st , i ni t i al t her apeut i c

t r eat ment s f or a var i et y of neur odegener at i ve di sor der s wi l l

l i kel y be based upon t he use of compounds, neur ot r ophi c

f act or s, f or exampl e, t hat do not ent er f r eel y i nt o t he CNS,

and i t wi l l be i mpor t ant t o have met hods f or enhanci ng t hei r

CNSpenet r at i on . Second, t her e ar e a set of neur ol ogi cal di s-

or der s, such as vasogeni c br ai n edema and mul t i pl e scl er o-

si s, t hat i nvol ve a compr omi sed BBB. I n f act , because of t he

possi bl e pr esence of per i pher al ci r cul at i ng amyl oi d, i t has

even been specul at ed t hat Al zhei mer ' s di sease i nvol ves an al -

t er at i on i n BBBper meabi l i t y ( Joachi m et al . , 1989) . Fi nal l y,

t her e ar e i nst ances of undesi r ed cel l t r af f i cki ng i nt o t he

br ai n, such as t hat occur r i ng wi t h HI Vi nf ect ed monocyt es

or met ast at i c cel l s . These consi der at i ons make an under -

st andi ng of t he f act or s t hat cont r ol BBB per meabi l i t y and

means f or mani pul at i ng t hemi n vi vo of gr eat i mpor t ance .

I n t hi s paper , we descr i be met hods f or pr oduci ng mono-

l ayer cul t ur es of br ai n ECs whose pr oper t i es ar e si mi l ar t o

t hose expr essed by t hese cel l s i n vi vo . These pr oper t i es i n-
cl ude hi gh r esi st ance t i ght j unct i ons, l owr at es of f l ui d- phase

endocyt osi s, and r est r i ct ed par acel l ul ar f l ux . The maj or
modi f i cat i on t hat we made of pr evi ous pr ocedur es was t o i n-
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Fi gur e 11. Ef f ect of st aur ospor i ne on di s-
t r i but i on of f i l ament ous act i n . Br ai n ECs
wer e gr own as i n t he l egend t o Fi g . 10 and
t r eat ed wi t h 100 nMst aur ospor i ne. Cul -
t ur es wer e f i xed af t er 4 h and l abel ed wi t h
r hodami ne- phal l oi di n. Concomi t ant wi t h
t he decr ease i n el ect r i cal r esi st ance, st au-
r ospor i ne caused a si gni f i cant change i n
t he di st r i but i on of f i l ament ous act i n, si m-
i l ar t o t hat seen when CPTCAMP was
r emoved f r om t r eat ed cul t ur es . Ar r ows
poi nt t o gaps bet ween bands of f i l amen-
t ous act i n i n adj acent cel l s. Bar , 20 , m.

cl ude ast r ocyt e CMf r omt he t i me of cel l i sol at i on and sub-

sequent l y t r eat t he cel l s wi t h agent s t hat el evat e EC CAMP
l evel s . Most of our r esul t s wer e obt ai ned wi t h ECs der i ved
f r ombovi ne br ai n . However , i n a l i mi t ed number of exper i -
ment s si mi l ar t r eat ment s seemed t o be ef f ect i ve wi t h ECs de-
r i ved f r om adul t human br ai n . These exper i ment s t hus
pot ent i al l y pr ovi de an i ncr eased under st andi ng of f act or s

t hat r egul at e t he BBB.
Unt i l r ecent l y, t her e had been some di f f i cul t y i n est abl i sh-

i ng EC monol ayer s wi t h pr oper t i es appr opr i at e t o t he BBB,

par t i cul ar l y hi gh r esi st ance t i ght j unct i ons and mi ni mal l eak-

age of smal l hydr ophi l i c mol ecul es . Gener al l y, i n t hese
cases, pr i mar y cul t ur es of br ai n ECs wer e i sol at ed and mai n-

t ai ned usi ng st andar d cel l cul t ur e condi t i ons wi t hout f ur t her

i nduct i ve f act or s ( Audus and Bor char dt , 1986 ; van Br ee et

al . , 1988) . I n addi t i on, based on t he obser vat i on t hat ast r o-
cyt es ar e i mpor t ant i n EC di f f er ent i at i on, at t empt s had been

made t o i nf l uence t he di f f er ent i at i on of br ai n ECs wi t h ast r o-
cyt es or ast r ocyt e- der i ved f act or s . Dehouck et al . ( 1990)

f ound t hat cocul t ur i ng ast r ocyt es wi t h ECs i ncr eases t hei r r e-

si st ance even mor e al t hough no ef f ect was seen wi t h ast r o-

cyt e CM. Ot her s f ound t hat ast r ocyt es or ast r ocyt e- der i ved
f act or s pr oduced an i ncr ease i n t he compl exi t y or f r equency
of t i ght j unct i ons, as seen wi t h f r eeze- f r act ur e mi cr oscopy
( Ar t hur et al . , 1987; Tao- Cheng et al . , 1987; Shi ver s et al . ,

1988 ; Tao- Cheng and Br i ght man, 1988) . We f ound t hat CM

der i ved f r omneonat al t ype 1 ast r ocyt es al one caused onl y

a smal l i ncr ease i n r esi st ance and, at best , subt l e changes i n
cel l mor phol ogy. As poi nt ed out above, i t has never been

demonst r at ed t hat ast r ocyt es exer t a maj or i nf l uence on t i ght
j unct i on r esi st ance i n vi vo, and we f eel t hat t hi s quest i on r e-

mai ns t o be r esol ved .
To over come some of t he i nconsi st enci es associ at ed wi t h

pr i mar y cul t ur es, Rut t en et al . ( 1987) and Dehouck et al .

( 1990) i sol at ed cl ones of br ai n ECs t hat f or med hi gh r esi s-

t ance monol ayer s i n t he absence of added f act or s . We al so

i sol at ed cl ones of br ai n ECs ; however , t hey st i l l r equi r ed as-

t r ocyt e CMand el evat ed cAMPt o f or mhi gh r esi st ance t i ght

j unct i ons . At t hi s t i me, we cannot account f or t he di f f er ences
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bet ween our r esul t s and t hose obt ai ned by t hese ot her

gr oups .

I n our st udi es, we used some assays t hat had been em-

pl oyed r out i nel y by ot her i nvest i gat or s st udyi ng br ai n ECs,

namel y, r esi st ance measur ement s and mol ecul ar f l ux . How-

ever , we al so car r i ed out a f ai r l y ext ensi ve i mmunocyt o-

chemi cal anal ysi s of t hese cel l s t hat al l owed us t o achi eve a

monol ayer char act er i zed by t he uni f or m l ocal i zat i on ar ound

cel l bor der s of sever al pr ot ei ns known t o be associ at ed wi t h

epi t hel i al cel l s t hat f or mhi gh r esi st ance t i ght j unct i ons . Of

t he pr ot ei ns t hat we exami ned, t he di st r i but i ons of f i l amen-

t ous act i n and a pr ot ei n i mmunol ogi cal l y r el at ed t o E- cad-

her i n wer e subst ant i al l y di f f er ent i n t r eat ed t han i n unt r eat ed

cel l s . ZO- 1 st ai ni ng was pr esent bet ween per i pher al ECs and

di d not change as dr amat i cal l y f ol l owi ng CAMP el evat i on .

Thus, consi st ent wi t h ot her obser vat i ons ( Schnabel et al . ,

1990) , i t appear s t o be a l ess sensi t i ve i ndi cat or of t he degr ee

of t i ght j unct i on f or mat i on . The di st r i but i ons of PECAMand

vascul ar cadher i n al so wer e not al t er ed by our t r eat ment s,

and, hence, do not seemt o be st r ongl y associ at ed wi t h t he

f or mat i on of t i ght j unct i ons of hi gh r esi st ance. On t he ot her

hand, t he di st r i but i on of E- cadher i n i mmunor eact i vi t y al -

t er ed mor e dr ast i cal l y dur i ng t he i nduct i on of hi gh r esi st ance

t i ght j unct i ons, suggest i ng t hat i t mi ght somehowbe i nvol ved

i n t he f or mat i on of t hese j unct i ons . We have not yet com-

pl et el y char act er i zed t he E- cadher i n- l i ke pr ot ei n .

Regul at i on of 71ght Junct i on Resi st ance i n Br ai n ECs

One of t he maj or obser vat i ons i n t hi s paper i s t hat t i ght j unc-

t i on r esi st ance i n br ai n ECs i s r egul at ed by second mes-

senger s, i ncl udi ng cAMP and cGMP Si mi l ar r esul t s wer e

achi eved wi t h bovi ne and human br ai n ECs . Fur t her , we and

ot her s ( Duf f ey et al . , 1981 ; Bal da et al . , 1990 ; Rubi n, L . ,

unpubl i shed obser vat i ons) have accumul at ed evi dence t hat

t i ght j unct i on r esi st ance i n epi t hel i al cel l s i s al so subj ect t o

second messenger modul at i on . A l i kel y expl anat i on, f or at

l east t he CAMP ef f ect , i s t hat t he st at e of phosphor yl at i on of

one or mor e pr ot ei ns associ at ed wi t h t he t i ght j unct i on i s i m-

por t ant i n det er mi ni ng t he per meabi l i t y of t he t i ght j unct i on .

I n t hi s way, t he t i ght j unct i on can be vi ewed l i ke an i on chan-

nel or l i ke t he gap j unct i on channel , wi t h i t s per meabi l i t y

bei ng modi f i ed by t he physi ol ogi cal st at e of t he cel l . Thi s

i s consi st ent wi t h suggest i ons made pr evi ousl y ( Madar a,

1988) .
The ef f ect s of el evat ed CAMP on br ai n ECs wer e par t i cu-

l ar l y pr onounced onl y when t hey wer e pr et r eat ed wi t h ast r o-

cyt e CM. Thi s was seen bot h i n pr i mar y cul t ur es of br ai n

ECs and al so i n cl onal br ai n EC cul t ur es . Thi s makes i t

l i kel y t hat t he ef f ect s of ast r ocyt e CM ( and of el evat ed

cAMP) wer e di r ect l y on ECs . Ther e ar e ot her i nst ances i n

whi ch gr owt h or ser umf act or s have been shown t o pot ent i -

at e t he ef f ect s of second messenger s ( Bar r es et al . , 1989) .

The i dent i t y and t he manner i n whi ch t he ast r ocyt e f act or

pr i mes ECs t o r espond t o CAMPel evat i on ar e cur r ent l y un-

der i nvest i gat i on . Our model syst em shoul d f aci l i t at e gr eat l y

t he i dent i f i cat i on of t hi s f act or .

CMder i ved f r omot her cel l t ypes was not near l y as ef f ec-

t i ve as t hat obt ai ned f r omast r ocyt es . I n par t i cul ar , t hat de-

r i ved f r om an ast r ocyt oma cel l l i ne and a commonl y used

gl i oma cel l l i ne wer e not as ef f ect i ve even i f t he cel l s wer e

gr own i ni t i al l y i n ast r ocyt e CM. They wer e much l ess ef f ec-

t i ve st i l l i f ECs wer e mai nt ai ned f r om t i me of i sol at i on i n
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t hese ot her t ypes of CM. These r esul t s ar e pot ent i al l y i n-

t er est i ng i n t hat CNS t umor s ar e associ at ed wi t h a l eaky BBB

( Gr ei g, 1989) . I t may be t hat CNS t umor s ei t her secr et e a

f act or t hat i ncr eases t he per meabi l i t y of br ai n ECs ( l i ke t he

vascul ar per meabi l i t y f act or pr oduced by per i pher al t umor

cel l s ; Connol l y et al . , 1989) or t hat t hese cel l s si mpl y f ai l

t o pr oduce t he nor mal ast r ocyt e f act or .

Regul at i on of BBBPer meabi l i t y I n i r vo

The r eal quest i on t hat ar i ses f r omt he cAMPexper i ment s i s

t he degr ee t o whi ch t hey ar e r el evant t o under st andi ng t he

BBB i n vi vo . Recent l y, we have at t empt ed t o addr ess t hi s i n

a pr el i mi nar y f ashi on by gi vi ng r at s i nt r acar ot i d i nf usi ons of

st aur ospor i ne, whi ch, as shown i n t hi s paper , i ncr eases t i ght

j unct i on per meabi l i t y subst ant i al l y i n vi t r o. Thi s i nhi bi t or

i ncr eased t hr ee t o f i vef ol d t he abi l i t y of per i pher al l y ad-

mi ni st er ed sucr ose and BSA ( bot h r adi oact i vel y l abel ed) t o

ent er t he br ai n, suppor t i ng t he possi bi l i t y t hat CAMPmay be

an i mpor t ant r egul at or i n vi vo . However , mor e wor k needs

t o be done t o val i dat e t hi s t heor y .

Thi s hypot hesi s al so suggest s t hat t her e mi ght be physi o-

l ogi cal f act or s t hat r egul at e cAMP l evel s i n br ai n ECs i n

vi vo. Such f act or s mi ght i ncl ude ones der i ved f r omast r o-

cyt es or a var i et y of neur ot r ansmi t t er s and pept i des r el eased

f r om ner ve t er mi nal s on cer ebr al capi l l ar i es ( Har i k et al . ,

1981 ; Gol dst ei n and Bet z, 1986) .

Concl usi ons

I n summar y, we have der i ved an i n vi t r o model of t he BBB

i n whi ch br ai n ECs ar e i nduced t o mai nt ai n a di f f er ent i at ed

st at e wi t h a combi nat i on of ast r ocyt e CMand t r eat ment wi t h

agent s t hat el evat e cAMP Our r esul t s al so suggest t hat agent s

t hat el evat e cAMP l evel s i ncr ease t i ght j unct i on r esi st ance

and t hose t hat decr ease cAMP l evel s or bl ock i t s physi ol ogi -

cal act i vi t y decr ease t i ght j unct i on r esi st ance . Thus, we

woul d suggest t hat a del i ver y syst em desi gned t o enhance t he

penet r at i on of compounds i nt o t he br ai n mi ght be based on

agent s t hat sel ect i vel y decr ease CAMP act i vi t y i n br ai n ECs .
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