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1. lntroduction 

Conip:ii-ccl \vitli other orgtins of the bod!,. the central 
I I ~ I . \ ~ O L I ~  \!stem (CNS)  shows a unique bcliavio~ir in tlic 
cscli~iiige of inet¿ibolitcs: mnn! rnct~ibolitcs are iiot 
fi.ccl! traii\fcrrctl ircim. ancl to. the blootl. Tliis 
12lieiionicnoii 1i;is led to  ilie conccpt of tlie i.hlood-br¿iiii 
hxi-i.iei->> (HBB). 71'liis coiiccpt is ~iscfiil not onl! \vhen 
cle;iliiiy \vith cl~icstioiis iihout n~ct:ibolic exch¿ii~gc in 
«eiicraI. hiit also niore specificnlly for ~iriclerstuiidiiig the 
incchnnisrii of tlic production of iirid the ch:inges i i i  tlie 
ccrchi-ospin:il fl~iid (C'SF). thc perincabilit!. of tlie CNS 
for toxiiis. \.ii-~iscs :ind ;intib,c>dies zincl. finally. the 
c;i~>;ibiIity of \;irioiis dr~igs  to re;~ch thc CNS. This revicw 
nill be focuscd on tlie diffcrent ~ispects of morphologic¿il 
cli~ir~ictcristics oof the brain \.cssels rcl¿ited to tlie BBB 
fiiiictioii. Fiirther t~arrier  systeins in the nci-\ous systein. 
S L I C I ~  ;is thc hlooei CSF (hlilhor¿it et al..  107.?), the CSF- 
hlood h¿irrier (Konisa!.. 1905) :ind thc hlood-ner\,c 
0:irriei- (Ols\on ct al . .  1984) \vil1 not he discusscd here. 

Historic;ill!., prcsence of :i b:irricr hetwccn tlie brnin 
;ind blooti \~esscIs h;is bcen sliown by Ehi-licli (I9S5) aiid 
Goldiiiaiiii ( 9 :  thc C'NS is iiot stuincd hy 
iiirsii\~cno~isIy ii~jcctctl ¿iiiiliiic dyes oi- tryp~iii hlue csccpt 
f'oi. tlic cIioi.oic1 plcxiis, nrea postrcnia. tuher cinereuiii, 
iiicdi¿i~i ciiiiricnce. pitiiitary gliind ancl piiical hody. 
'I'liesc. rcgioris in thc C'NS :irc regardcd non. t« have no 
BBH l'iiiiction. In additioii. the rci in~i posscsses a barrier 
(tlic' hlood-rctin:~) which i\ structurally idciitic¿il t o  that 
of thc C'NS (C';islcy-Sniith. 1959: Sliakib et al . ,  1066). 
'Tlic. rctiii;~ is cinhryologically aii extension of the bruin. 
incl~icliiig its h¿irrier s!stcm. 
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2. Structural profile of the 666 

a. Attempts to define a morphological basis for the BBB 

In spite of tlic Cact that thc concept of the BBB itself 
h. '1s . . '11 . tcd ns a physiolo~icnl phcnonienoii, niorphologists 

\\lere rcl~c;itcdly cnlletl ~ilx)n to  itlentify thc localizatioii 
oí' this hari-ici- systcrn. Morpl~ologists wci-e i-cpc¿itccll!. 
tcnipted to f i i i c i  tlic str~icti ir~il  principlcs unclcrl!~iiig this 
barriei- hystcni. The stucly of tlie anatoinical b:isi\ of tl-ie 
BBB sliould iiiclude a11 tlie v~iscular segments whei-e the 
exchuiige of inctiiholites hetwecn CNS 2nd blood t:ikcs 
~'l¿ice. This eacli¿iiizc occurs iiiuinlj in the capi1l:irics. 
Ho\ve\,er. tlic irnport:ince of orteriolcs for tlic metaholic 
exchaiige could also be Jemonstratecl throiigli :i n~i inher  
oí'fiiidings in normal nnd li:ithologicnl hrains as ucll as in  
:iniin¿il erpcriiiicnts (Ccrvcís-Navrii.i-o et al.. 1978). 
Uridei- norinal coiiditions nrterioles are surrounded by a 
c¿ipillary-frcc space. This is dcnionstrated in pict~irc t'rom 
hi-ain tissiic ohtaincd liftei. iiiJccting the vessels with 1iidi;i 
ink. TIie c!.liiicler of braiii tissue thnt is siipplied t l~rough 
thc surrouiiding c:ipillurics does not covcr tlic 
periai-teriol;ii- \p:ice. Thereforc. the hrain tissiic urouiid 
tlie :irtcriolc iiiust he supplied by this vcssel. Since thc 
pcrinrtei~iol¿ir spiice contaiiis the sanle deiisit!~ of ricrve 
fibcrs :ind glial crlls as any other are:i in tlie cci-cbrnl 
cortes, it is loyical to  assunie tliat iii tlicsc ;ii.cas 
n~etnholic cscliangc occurs throiigli tlie arteriol~ir \vall. 

The  h ; i c n ~ c n t  meinbrnnc was once tliouglit to 11nve a 
main str~ictui.;il corrcl~ition with tlie BBB. T1ie 
inorphological gi.oiiiids wcre that silver niirate groniiles 
coniins froin tlic vcssel reninincd nitnched to  tlic 
haseinciit rneiiihr:iiic aftcr their intravenoiis ¿ipplication 
(Dempscy ci a l . .  1955). Ho\vever. tliis bcliaviour is no1 
\pccit'ic for thc h¿iscincnt inenibr:ine of tlie CNS. but for 
a11 basement inenibraiics \vhich fuiiction as a filtcr fol. 
1ui.g~ molec~ilcs. 

Sonic ;ititIiors thoiiglit t1i;it [he function of tlie BBB 
was loc:ilized in tlie pcri\~nscular endfert of astrocytes 
\vhicli co\.ci- ¿iII the c:ipill¿iry surfncc aiid tlic outes surfiicc 
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oi' ilic brain. Tliese nstrocytic procr.sscs acc coiiiicctcd 
\\iih oiher astrocyte proccsscs h!, gap j ~ ~ i i c t i ~ i i s  ;~rid/oi- 
plinctntc adhcsions without zoiiula occl~ideiis. Tlie gap 
j~inctiuiis existiiig between tlie astrocyte processes d o  not 
c \ c n  \ top tlic largcr molcculcs. If tlie largc inolcculc 
ti-nccrs Ii:i\.e oiice passed througli tlie eiidotheliuin aiid 
i-cnchcd tlie perivascular spacc. tliey pcriiieatc thc cntirc 
extr:icellul:ir space of the neuropil. 

Sornctinics lcss attcntion is paid to tlic intinia of 
cerebral vessels other than capillaries. Tlie ciidotlicli~iiii 
i4.  I I O \ \ J C \ ~ C ~ .  thc only contin~ious layer \vliich is coniiiioii 
to tlie differeiit segnieiits of tlie iiiicro\asculat~irc 
ciigagcd i i i  thc cxchangc of s~ihstaiices of tlie 

rn i c i~o \~nacu la~~~re  engaged in tlie exchangc of subst¿incc4 
bct~vecn blood arid CNS. Conse«uentl\. s tr~ict~irnl  
cli¿ir¿icteristics of tlie cndothclium of &rcbi:nl vessels are 
exnectecl to be tlie exnression of tlie BBB.  Isolated hi-~iin 
mikrovcsscl ciidothel'ial cells provide n ~iseful nioclel I'or 
4t~id!.iiiy 131-opcrtics 01' thc BBB (Goldsteiii et  al..  1975: 
Bournan ct al . ,  1083; Dorovini-Zis et al..  1987). .I-lie 
cult~ii-cd cclls rcscrnble their in vivo counterparts iii ihat 
tliey are bound togctlicr by tight junctions. tliat tlic! 
rcstrict the rnovemeiit of horse radisli pci-oxidasc (HRP) 
acros4 tlic ccll laycr, and  that they are cliaractcrircd h!, ;i 

pa~icit! of cytoplasiiiic vcsiclcs. 

Fig. l. a: Srnall venule in pituitary gland. 
Nurnerous fenestrations are observed in the 
endotheliurn, x 4,000. b: Inset. Higher 
rnagnification. Diaphragrn in these 
fenestration separate the lurnen frorn the 
perivascular space. x 25,000 
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b. Endothelium of the vessels in the CNS 

'I'hc \;iscular endotlicliiini of  tlie hraiii sIio\\\  \,:ii.ioiis 
\triictiire\ clifferciit froni thosc ofothei-  oi-g;~iis (b la i i jo  et  
a l . .  1065). I i i  soriir organs siich as  kiilnc!. iiitestiric. 
eiiclocriiic gluiicls. s¿lii\.¿iry ;iiid laci.iiii¿il g1¿iiic1\. ciliiii-y 
I,ocl! :iiicl clioiroiclc:~ of tlie r y e .  tlic c i idothel i~i l  cclls 
hccoiiic t l  :ittciitiatccl ¿irirl siii:iII I)OI-C\ o r  
feiies(i.~iticiiis a b o u t  50 niii in dinnictcr  a r e  ~ i r e s e n t  (F ig .  
1 ) .  111 \t.ctions perpendiciilur t o  t h r  crll  siii~f¿icc. tlie 
fciie~ti.:itions a re  sccn t o  he closetl h! 2 1  5 nin-thick 
rli:ililii.ayn \\ Iiicli \cliiii.ntcs tlic Iiinieii frorii tlie peri\ :i\c'iil:ii' 

\p¿icc. T l i ~ \ ~  orgniis \\¡ti1 fcnestratcd \~esscls slio\\ :i liigli 
\ \ater- aiirl iiietaholic escliaiige. Except Sor certaiii liniitcd 
arcas of  tlic hi.niii sucli LIS the arca postrema. tlic choroitl 
plcsus. tlic pine:il hotl!,. pituitary glarid. tlic iritercoIiiiiin¿ii. 
tiiherclc aiid certnin iiiiclci withiii tlie h!.potlialaniiis. thcsc 
fciic.;triitioiis are  riot scen within tlic norrn:il manimn1i;iii 
hraiii (Lec  ct  :[l.. 1071) (Fig. 7 ) .  Tlicse arcas. supplird a i t h  
Iciicstratcd c;ipillnrics. corresporided to areas. \ \hcrc tlie 
BBB \\,a\ nh\eiit. 

l n  m:in> otlici org:iiis such as  tlie striatcd niusele. tlic 
\ c \ \ c l \  are ~ i o t  feiic\tratcti. but iiiimcrous ~ c s i c l e s  cnii be 
4ceii \\,itliiii tlic cndotlielinl c!toplasm (Fig. 3 ) .  ,i\boiit 11.7 

Fig. 2. Normal capiliary in the cortex. No 
fenestration nor pinocyiosis are found in the 
endothelium. x 6.1 50 
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01' ~ l i c  ciidotlirliiiiii i i i  tlie \,essels ol' \ti.i¿itcd in~ixcle is 
occupieci 1)- ilirw piiiocytotic \~csiclcs. Thcii- di;iiiiciei. is 
;ibo~ii 70 11111. i i i i t l  i tic!) poxsess :i ti.;iii\poi-t f~iiictioii 
thi-ough tlie t.riiícitlieliuni. Contr:ii-1 to itri:iictl iii~iscle. 
~~iiioc!totic vesicles i r i  thc hr;iin \.ci\cl\ iii.e \.el.!, fe\\. 
(C'ci.vós-Na\,:ii-ra. 19(33). which rcpi-ewii ts oiic 01'  ilic 
iiioi.pliologiciil fe:itures c>f tlic H R H .  I i i  :idditiori to tlic 
t\\,o h:isic processes (cliff~isioii :iiid f:iciliiii~ecl proees\) 
t l i i i i  caii drivc plasmo niolecules :icross tlie c;il,ill:ii-! \ \ i i l l .  

\,esicul:ii- ti-:inspoi-t i-epi-esciits :i tliii-d. enei.g!-i-ecl~iii-iiig 
ti-anspoi-1 mcch:inisni. I n  niost ti\s~ics. i t  \ \ ; i i r  fouiicl t l i i i t  

rnitoclioiidi.iii occ~ipicd a h o ~ i t  4'X, of tlic c:ipilliii.!, 
cnclotlicliiil cell c~;topl¿isni. I i i  coiiti.;isr. i r  occlil>icd I O -  
l 1 %  of ilic ciitlotheli~ini in tlic r:it (Oldciiiloi-f et al..  
I9SI).  F~ii-tlici-tiioi-c ihe n~imbei-  of iiiitoclioiidi-iti i \  
gi-e:iier i i i  \vliite in~ittei- capillni-ics t l i i i i i  iii gi-:i!, in:iiici-. I t  
c i i i  he :iss~inicd tli:it thc greiiter rnitoclioiicli.i:iI conteiit of 
ilic cei-ehi-al c:ipill;ii-ies is tlic conscclliciicc of :i gi-caicr 
i.cclliii-cnieiit foi- ilic i-eg~iliition of ;i inoi-c selecti\,c 
~~cl~lllcill7ilii~ . 

Eiidotlieli:il cells of ccrchr:il \ .ei\cl\ ¿ilso cliffci- fi-oiii 
tli~)sc 01'0ihci- oi-y;iiis \vitl i  i.c,peci 10 iheii- :ittiichiiieiii io 
c;ich othci- (tiglit iuiictioii\i 0 1  / O I ~ L I I ; I  o ee I~e Ic~ i \ ) .  A 1);1!.1 
of tlie ol'l>cisiiiy outcr I:iyei-s of :icli:icciii c)~lopl;i\iiiic 
iiicmhi-iiiics fiise togctlit'i. o\ cr  \lioi-t seymeiit\ :iiid io1.111 
:i cont¡iiiio~i\i I7eI t 0 1 '  ;I pcii t:iI:imin:ii- \ti.~ict~ii.c ;ii.o~incl tlie 
\,essel. iiltli~i~igli tlic\c juiiciioiis loo!, like isol:ited 
\ t i -~~ci~i i .e \  i i i  TEbl (BI-iglitiiiiiii ct i i l . .  1000). 111 otlier 
oipnii\. iid,j:iceni ciidothelinl ccll\ iii:iy coiiic clliite closc 
tu c:ich othci-. hut L I \ L I ; I ~ ~ ! ,  1 1 1 ~ '  O L I ~ ~ S  I:i!ei-\ i11.c iiot l'~~\eeI. 
E\ cii i l '  iii-c:ix cif f ~ i \ i c i i i  iii;i! I,c \ten occ:i\ioii;ill! . ~lie! do  
not coiistit~ite a coiitiiiiious hcli (Kni-no\,ski ct :\l.. 1067). 
Thcsc sti-~ict~ii.e\. ilic tiylit iiiiictioii. :ii-c coii\iclei-ctl to 
hc :inothci- aii:itoiiiiciil SLI t7\itr:itc' of tlic 13I jH.  

.l'hc cci.cl~i-;iI eiidotlicliiil cella :il\o scciii tri diI'i'ci~fi.oiii 
tliow i i i  \ ; I I . ~ O L I ~  othci- oigan5 h! tlie appiii-ciii nhciic~c c i f  
the tiil7iil:ir Ilodics o r  Wcihcl-1';il;idc I?otlic\. I i i  i i i i i ~ i !  

otlici- ciiclotlieli:i. c\peci:ill!, in Iiii-gc \ cssclx iiiclucliiig tlie 
c:ipilliii-¡e\ ol' cei-tiiiii t iss~ic\ .  I I ~ C I I I ~ ~ : I I I C - ~ ~ L I I ~ ~ .  
cloiiyatccl i-orl-likc I,odies filled \ \ i t l i  clo\cl\, l,:icl\ccl 

Fig. 3. Capillary of striated muscle.The endotheli~im 
has a lot of pinocytosis. L: Lumen. Er: Erythrocyte. 
E: Endothelial cell, IR: Interstitial space. Mz: Muscle 
cell. x 6.000 
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iiicrnbi-ane (Joo, 1979: Mrsulja, 1984). Besides tlic 
vacuolar endotlielium, astroeytic cnd fect ~ippeai-cd to be 
thc prominent site of localir~itioii K+-  dcpeiideiit p- 
nitroplielphospliatase: the active part of Na+K-ATPase 
(Mrciilj:~. 1983). Sincc the esseiitial coiitrih~ition of Na+-  
K+-ATPnse in active transport of ions is a \\ell-k1ion.n 
fact i i i  animal tissue. the capillur!~ localization of tlie 
ciizyme is of ~itrnost interested. 

d. PET sean and NMR sean 

Rcccnt techiiologicril ¿idvaiiccs have iniiclc i t  possiblc 
to iiivestigatc BBB permeability i i i  li\.iiig Ii~iniaii cases. 
Usiiig Rb82 (Yen et  al . .  1981. 1983: L¿irnmerstsin¿i et  a l . .  
1983). R b S h o r G a +  E D T A  (Phelp et al..  1979: Ha\\lhins 
ct al . ,  1984) as a PETfracer .  hinctic uiidlor q~i:intituti\.c 
¿ipulysis of BBB fuiictions in Ii~iinaii cases iis wcll as i i i  

~iiiirnal experiments are st~idicd in hoth normal and 
p;ithological conditions sucli as l7r:iiii tumors. 
Ii~.droccphalus, ccrcbral infarction cte. R b  is :in alkali 
nictul catioii with a smaller hydration splicrc thtin 
potasci~ir-n, but with siinilrii. cliemical pi-opertics us 
prcvio~isly rneasui-cd (Kilpatrick ct  al..  lc1.56). C ; ILIC~SC o r  
ninriioniuni traiisport across the BBB coiild also he 
ineasurcd n ~ h e n  P E T  tracer was iiccd against them. 
Potassium transport is rcgul¿ited hy ATPase loc¿ilized in 
tlie ciidotheli~iiti. aiid thought t o  he incrcasecl \vhcii BBB 
is dist~irhcd.  G A  + E D T A  is 1:ihelled iiiolccule that docs 
not crriss ccll niembr:iiies to aiiy si~nificant dcgi-ee. 2nd is 
l¿irgel!. cxcluded froin diffucing into the 171-ain frorn tlie 
hlood tlirough an iiitrict BBB. With :ilter:itioiis in BBB 
f~inction,  for\vard and b:ickward diffusion of G A  + 
E D T A  occurred across tlic BBB. In addition. 
ineasurcmciit of rnet¿ibolic excliaiigc ucross the BL3R. 
such :IS glucose transport of :irnmoniuiii trunsport. also 
bcc:irnc possible (Brooks et  a l . .  1986). NhIK eii¿iblcd LIS 

to nicasure water distribution in living h~iinaii 
individuals. Intririsic NMR paranictcrs. T I  rind T3. ;II-C 

corrclatcd \\.ith the tissue water coiitciit (Nar~ise  et a l . .  
1982: Katci et al . ,  1986). Thc  rnain nd\znnt:ige of hotli ricw 
rnethods is tliat BBB functic~n, transport of inet¿ibolic 
suhstances and l3r;iiri water content c¿iii he niensured 
repeatedly in living humans. 

3. Pathology of the BBB 

E~pcr i tnen ta l  aiid clinical obser\:itioiis on thc 
:ihnorinal BRB function completed the concept of tliis 
barrier systcm. \\,hich dcrived frorn tlic stiidies (311 tlic 
iiormal cerebral barrier systeni. I n  various disenses. tlie 
bre:ikdown of tlic BBB rcsults i i i  aii accuinulation of 
water in the brain: i.e. i i i  braiii edema foi.iii:itioti. Tlic 
pathopliysiology of brain edeina has heeii exteiisively 
in\,estig:ited both experirnentall~~ and cliiiically bccniisc 
of its iinport:ince in rriany iiitracrriiii¿il discases. l'lie 
exlxriment¿il ¿ilterations of tlic BBB pcrmeahilit! are 
iisually procluced by drastic procedures. ;ind :(re not 
strictly comparable with tlic~sc of cliiiicnl cases. 
Ne\~ertheless, thc results of esperiinentati«n often 
eliicidate tlie basic principies ~inderlyiiig tlie 

puthoseiiesis of i.clnted diseascc. The follouing 
discussion i he focusscd cii i  thc cci-cI~i-;il 
rnicro\~asciil;itiire cliaiigcs in tliffcrcnt cxpcrimciit:iI 
inodcls of hr~iiii edema.  Tlic \tutl!, of tlic cxnct ctr~ict~ii'¿iI 
c h a n g c  duriiis BUB breukdown has led to soiiie\\liot 
cliccrc1~riiit \,ie\\:e: ¡.c. transeridotlielial transport h! 
\.csicles across tlibulai. channels or  h!' openiiis of tiglit 
jiinctions h¿i\,c beeii postlilated. 

a. lncreased transendothelial transport 

A consiclcr:iblc anioiiiit of cxperiniciitril ctiidicz 
iritlicate tliat thc enlianccrnent 0 1 '  tr:iiiscndotheIi¿il 
\.esicular tr:incpcirt occurs iii hruin cdeina (Fig. 4 ) .  Thi\ 
traiispoi-t 1i:ic hccii reportcd in botli iiecrotic riiid iioii- 
necrotic rnoclelc: tlie non-iiccrotic rnodel iiicliicle\ 
radi:iticiii (Cer i .6~-Navarro .  1'967). noii-iicci-otic t i . i i i i i i i ¿ i  

(Bcggs et al..  1976). iicutc I~y~ei ter is io i i  (L+'cstei.gu:ii-cl ct 
al..  1077: Nrig ct al.. 1977. 1979). seiz~ircs (Peti to ct : \ l . .  
1'177: Nitsch et al..  1986). portoca\~¿il nn:i<tornosis 
(L¿i~irscn et al..  1977). tliiarnine clcficiency (hlnriz c't ~ 1 . .  
1977). iiierciii-y intoxicutioii (M'iii.e et al . .  1974). iiiid i i i i -  

crnbolisni (Pcrsson et al . .  1978). 111 necrotic hr~iiri cclcina 
follo\vins cold injliry arid UV irr;idi;itioii c~ipill¿ir! 
endothcli:il cells :,iIso show aii incrt.¿i\cd niimbci- ot  
pinocytosis ( 'i~isaki et a l . .  1977). 

O u r  res~ilt4. and tliosc oí' other aiitliorc (C'ci.\.ti\- 
Na\,;irro et  a l . .  1976: Ferstz et al . .  1978). indic~ite tliat i t  
ic pr;ictical to tliffcrcnti~ite bct\vccn n1;ici.o- anci 
rnici.opiiiocyto4is. h1;1cropinoc!~t0sis ¡S tlio~iglit to he ;I 

sign of somc kiiicl of metabolic dist~irhaiicc in  tlic 
cnclothclial ccll. l'lie siynific:iiice 0 1 '  thc ti-:icci. 
espci-iments for piovins tr:insendotlicliaI tr:iiicpoi.t ha\ 
heen cl~icstioned. especially since tr;ic.cr hiis hccii 
:idiiiinistered c'vcn post iriorteni. 

One  in~iSt ulsu he cnutious about equiitiii? inci.erisc i i i  

\,csicle densit! \t ith incrensed traiiscclliilur tr¿iiisl,oi.t. 
bccaiise in mriiiy cclls cndocytotic \.csiclcs ~ r c '  clcscril~ccl 
that iiicrgc \vitli I!.sosoincs aiicl iiiiclcrgo iiitci.ii:il 
digecticiii rathcr than hcins eiignged \\.ith esoc!~tosi\. 111 

fnct. ttie srnnll tiinoLiiit of Iioi.scradisli peroiti¿isc l'oiind 
ir1 cndot1ieli:il cells after \ ac~ io la r  pcrfiisioii of iioriii:il 
hi-nin capill:iiics clocs not nppear to he i-t.lcasc.d onto tlic 
:ibl~iminal s~ii-face of tlic capilluries. Altlio~igli n~i i i ic ro~i \  
vccicles ancl tuhules are obscr\,ccl in tlie enti1.c 
ciidotlicli~irn. ttie!. are not ¿il\\¿iys iiivol\ccl iii thc 
trririscnclothelial tr¿irisport of niicroiiinlcculcs. 

Ncvt.rtliclcss, i t  scc'nis to be a fairl!. ~iseful li!~p0tlicsi4 
to presume tliat in pi-inciple tlie traiiseiid~tlicIi;~l 
transport of siihstnnces of liiglier inolecului- \\ciclic i \  
p(3ssihlc. Tlic t~ i l )~ i l a r  cliniiiicl systcins \iigyc.ted h!. 
Siniioiiescu ct al..  ( 1'97.5) iiiriy toriii as a rec~ilt oF l~isiori 01' 
incli\.iclual c!,topl:isiiiic \zesicles. Tliis cli:iiiiicl hiis hccii 
ohscr\cd in aciitc Ii!.pcrtcnsion. 

Tlie ~iiiiI;itt.r¿iI localiz¿ition of inicropiiioc! totic 
\,esiclec iii~licates tlie rlirectioii of \.esicul¿ir tr:iiisport 
(Wagnei. ct ; [ l . .  1973). 111 oiir stiidies o n  LIV iri-ricliatioii 
edema. inicrol,iiiocytotic \,c5iclcs are loc:itccl l)ictcrnbl! 
; i t  the lumin:il side i r i  the early \tagcs. I¿itci- 
prcdoniiiintiii: at the ahluminnl sidc. The rescr\c 
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\e\ic~ilui- ti-¿iii\port of H R P  from ablurninnl to luniinal Ic\ioii cclenia (L'ot-holt et al.. 1986). This represcnts one 
\lii-facc aci.o\\ tlic cndotheli~iin wns also sccn aftcr cold o f  the rc\olution routcs foi- cxtravasated protein. 

Fig. 4. a: Venule in the white mater of post-irradiation brain edeina in the monkey Cellular structure surrounding venules are distended 
by marked protein-rich edema x 6,000 b: Inset Higher magnification of endothelium 

Marked increase of pinocytosis is observed x 60,000 



Fig. 5. a: Small 
venule of kaolin- 
nduced 
hydrocephalus 
rat. Multiple 
vacuoles 
(interendothelial 
dehiscences and 
blisters; arrow) 
were seen, 
x 5,000. b: Inset 
Higher 
rnagnification. 
Note that the 
multiple 
interendothelial 
blisters and 
dehiscences 
comrnunicated 
with one other. 
x 12.500 

Fig. 6. a: Wall of 
capillary in 
experimental 
hydrocephalus 
rat Dark HRP 
reactive product 
(arrows) were 
seen in the 
umen 1 11 500 
b: lnset Higher 
magnification of 
the 
interendothelial 
cleft (arrows) 
Note that blisters 
weie completely 
devoid of the 
niarkei 
s~ibstance 
Y 18420 
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b. Paracellular shunt pathway 

Uii t lc i -  \ nriciiis cspcrimental condit ions triicers could 
he fo~i i ic l  l i i i ine t l ic snaccs bctweeii  the ei idotl iel ial cells 
d~ii-iris edci i i :~. T l ie  opei i ing o f  t l ic t ight jui ict ions as n 
possihle i - o~ i t e  for  hci-nato,~ciious protein u i i s  l i roposcd 
¡>! sc\.cr:il ; i~ i thors.  Thc  cipeniiig-of t l ic tight' junction 
¿ig:iiiist protei i i  triicci-S h i is  rcportcd i n  c:iae o f  aii ;icute 
:ii-tei-iiil Ii!.pei-tciihioii (Ri ipoport  c t  al.. 197(>\. 
Ii!p~~i-osnioI:ii- BBB iiijiir!. (H icks  et al.. 1976) :ind ;iciitc 
i - ~ i d i ~ i i i o i i  iiiiiir\. (Olssori et al.. 1975). 111 rccci i t  
c\peri i i ici i ts deliisceiice o f  t igl i t  jui ict ioi is \\:la iiidiicecl i r i  
bi- i i i i i  \.cssels h y  incaiis ol' ho th  pci-fusiciii \ \ i t l i  
~x)l!.ciitioiis. C':i?+ depletioi i  o r  I o n  pH solutioi i  (Ntig! et 
iil.. 1 %  l .  IOSS). Tlicsc I'iridings siiggest that eit l ier tl ie 
clecti.ic cli¿ii-gc o f  tl ie e i ido t l ie l i~ i l  ccl l  menibr¿i i ie or t l ie 
:icti\,c coiiii.;ictile iiieclianisiiis iii tl ie ei idotl iel ial cells o r  
hoth are i-elc\:i i i i fnctors fo r  t l ic i i i tegrity o f  t ight 
j i i i ict ioi i \ .  

K¿i1xi1>01'1 et :iI. ( 1077) suggcstcd that t l ie ii icclianiaiii 
1c:idiiig to  tlic ciiclothelinl nioi iolayer opci i ing o f  t igl i t  
i ~ i ~ i c t i o n s  h! Ii!~~ci.o\ii ioI;ir soI~i t ions is t l ic sliri i ihagc o f  
i l i c  ei i t lot l icl i i i l  cclls. Usi i ig  culturecl c i idot l ic l iu i i i  
s!ateni. altered sliririkagc of eiidotheliui i i  caii be 
ohsci.\ed : r i I c l l  t i  opeiied i i2 l i t  j i inct ioi ix 
( [>oro\ i i i i -Z is c t  al.. 1US7). Howe\ci.,  t l ic pi.csciice o f  
i.e:ictioii prodiicts he tuec i i  two i ic ig l i l ior i i ig  t igl i t  
i i i i ict ioi i  does i iot  iiecesaai-ily in ip ly thci r  opeiiing. since 
tr:iccr-l'illccl piiioc! tot ic \.csiclcs inay ejcct t l ieir coi i tci i t  
i i i to  t l ic intcrci idotl icl i¿i l  clcft .  Tl ici-cfore. soiiietiincs it is 
dif f ici i l t  to  I>c ahsol~i tc ly  surc that pnrt o f  tl ie i i i tci 'cel l~i l : i i~ 
s~>:icc 1i;is i iot [>ccii filléd f ron i  t l ic  basnl surface and t l i ~ i t  
tl ic ti2lit i i i i ict ioi i  I iud i iot  rcinained intact. N c \  crtheless. 
ii y.c;it i iunibcr  o f  t l ic p i ib l i s l ie~ i  il l i istratioiis are 
coi i iplctcl!  coii\ziiiciiig. tl ius the opci i i i ig  ot thc t igl i t  
i i i i ictioiis iri cerebral \~cssels ui ider ccrtain coi idit ioi is 
ii i i ixt he :icccpted as a provcd fact. 

0 i i r  ohsei-\:itioiis o i i  I iypooainol~i i .  bi-aiii cdci i ia 
(Art ig i is  c t  al.. 1083). cnrl!. stagc o f  i i i co i i i~ i le tc  cerebral 
iaclicniin (Nnk:ig:i\\:i i i t  al.. 1085) ai id kiiolin-inducccl 
csperi i i ici i t i i l  l iydi.occplial~is (N¿ikaga\\ru :it al.. 1985) 
siiggcst t l i ~ i t  i l ie  t igl i t  j i i i ic t ion betwccri tn.0 cridvtl icl ial 
c,clls r i i i i !  cc)iiatitiitti LI part o f  21 paracelluliir shiii it 
~xitl i\va! for  the sniall solutes (Figs. 5 a i id (3). ~ i l t houg l i  
i l ic  riio\,eiiiciit o f  largc niolccules is pre\,eiitccl. I t  Iias 
hcci i  reporteti  that tl ie i ie l  n a t e r  coi i tent iii i i icoi i iplcte 
ccrchr:il iscl iei i i i ;~ iiicreascs diii-i i ig i l ic  first two  I ioi irs iii 
s1iitc o f  ;t iioriii;tI BBB ~ i g ~ i i i i s t  ~ i . o t c i i i  traccrs o f  H K P  
(K:i i i i i jo c t  ul.. 1077: S;idoshimii c t  al.. 1983). In  oui- 
ohses\aiioii o f  thc rat MC.4 ciccliision moclel L a + + +  
uns foi i i i t l  iii i l ie  i i i tcrc~iclot l icl i ; i l  clcft  o f  veniilcs ai id 
iirtci-ioles 30 ; i i i c l  00 i i i it iutes al'ter occlusioii. alt l iougli  
H R P  iiiolcciiics wcre blocked (Nak:ig:iw:i ct nl.. 1985). 
This dil't'creiit i i t t i t ~ i dc  o f  t ight junctioi i  ;igniiist sniall- a i id 
1;irgc ~ i io lec i i l c  trticers is also oliscrvccl iii thc 
cspcriii ieiit:i l Iiyclroceplialus (Nrikngri\v:i ct al. .  1985). 

This ii itcrpi-t,tation is supported h!, fi i idii igs of 
ctiffcrcnt u~ i t ho rs  \vorki i ig w i t l i  frcezc-frnctiirc 
pi-cp¿ir:itioiis i i icl ic~it i i ig ili:it therc are s!.stciiis «S \ : i r io~is 
\\icitlia. Tlicsc i'iiiclings slioiild be takeii in to  considerntioii 

i r i  t l ie attenipt t o  cl:irify the inccliaiiism o f  format io i i  of 
cqtotosic eclciiia \\.ithout leukuge o f  serum protein.  

References 

Artigas J., Cervos-Navarro J. and Hahm H. (1983). Dynamic und 
Ultrastruktur des hypoosmolaren Hirnodems. Zbl. allg. Pathol. 
Anat. 127.435-436. 

Baker R.N., Cacilla P.A., Pollock P.S. and Frommes S.P. (1971). 
The movement of exogenous protein in experimental cerebral 
edema. J. Neuropath. Exp. Neurol. 30, 668-679. 

Barrett R.E., Fraser R.S.R. and Stein B.M. (1971). Afluorescence 
histochemical survey of monoaminergic innervation of 
cerebral blood vessels in primate and human. Trans. Amer. 
Neurol. Assoc. 96,39-45. 

Beggs J.L. and Waggener J. (1976). Transendothelial vesicular 
transpori of protein following compression injury in the spinal 
cord. Lab. lnvest. 34, 428-439. 

Bjorklund A., Falck B., Hromek F. and Owman C. (1969). An 
enzyme barrier mechanism for monoamine precursors in the 
newly-formed brain capillaries following electrolytic or 
mechanical lesions. J. Neurochem. 16. 1605-1 608. 

Bowman P.D., Ennis S.R., Rarey K.E.. Betz A.L. and Goldstein 
G.W. (1983). Brain microvessel endothelium cells in tissue 
culture: a model for study of blood-brain barrier permeability. 
Ann. Neurol. 14.398-402. 

Brightman M.W. and Reese T.S. (1969). Junctions between 
intimately apposed cell membranes in the veriebrate brain. J. 
Cell. Biol. 40.647-677. 

Brooks D.J., Beaney R.P. and Lammertsma A.A. (1986). Glucose 
transport across the blood-brain barrier in normal human 
subject and patient with cerebral tumors studied using 11 C 3- 
O-Methyl-D-glucose and positron emjssion tomogra-Rat J. 
Cerebral Blood Flow & Metab. 6,230-239. 

Casley-Smith J.R. (1969). An electron microscopical 
demonstratio of the permeability of cerebral and retina1 
capillaries to ions. Experimentia (Basel) 25,845-847. 

Cervós-Navarro J. (1963). Electronmikroskopische Befund an 
den Capillaren der Hirnrinde. Arch. Psychiat. Nervenkr. 204. 
484-504. 

Cervós-Navarro J. (1 967). Brain edema dueto ionizing radiation: 
In: Brain Edema. Klatzo I and Seitelberger F (eds) Springer, 
Wien, New-York, pp 632-637. 

Cervós-Navarro J. Christmann U. and Sasaki S. (1976). An 
ultrastructural substrate for the resolution of postirradiation 
brain edema.-ln: Dynamics of the brain edema. Pappius H.M. 
and Feindel W. (eds). Springer, Berlin, pp 43-49. 

Cervós-Navarro J., Nakawa Y. and Sampaolo S. (1985). Early 
changes in blood-brain-barrier permeability after MCA 
occlusion in rats. Reprint from: Brain Edema, haba et al. (eds). 
Springer-Verlag Berlin Heidelberg. 

Danon D., Laver-Rudich Z. and Skutelsky E. (1980). Surface 
change and flow properiies of endothelial membranes in aging 
rats. Mech Ageing Dev. 14, 145-1 53. 

Dempsy E.W. and Wislocki G.B. (1955). An electron microscopic 
study of the blood-brain barrier in the rat, employing silver 
nitrateasavital stain. J. Biophys. Biochem. Cytol. 1,245-256. 

Dorovini-Zis K.. Bowman P.D.. Betz A.L. and Goldstein G.W. 
(1 987). Hyperosmotic urea reversibly opens the tight junctions 
between brain capillary endothelial cells in cell culture. 



Blood-Brain Barrier 

J. Neuropathol. Exp. Neurol. 46, 130-140. 
Ehrlich P. (1 985). Das sauerstoff-Bedürfnis des Organisrnus. Eine 

farbeanalytische Studie. Hirschwald, Berlin. 
Ferszt R., Neu S., Cervós-Navarro J. and Sperner J. (1978). The 

spreading of focal brain edema induced by ultraviolet 
irradiation. Acta Neuropath. 42, 223-229. 

Flurnerfelt B.A., Lewis P.R. and Gwyn D.G. (1973). Cholinesterase 
activity of capillaries in the rat brain. A light and electron 
rnicroscopic study. Histochern. J. 5, 66-77. 

Goldrnann E. (1913). Vitalfarbung arn Zentralnervensystern. 
Beitrag zur Physiopathologie des plexus choroideus und der 
Hirnhaute.Abn. preuí3. Akad. Wiss. Physik.-rnath. kl. Nr.1. 

Goldstein G.W., Wolinsky J.S. and Csejtery J. (1975). lsolation of 
rnetabolically active capillaries frorn rat brain. J. Neurochern. 
25, 715-71 7. 

Hardebo J.E., Edvinsson L., Falck B., Lindvall M., Owrnan Ch., 
Rosengren E. and Svengaard N.A. (1976). Experimental 
rnodels for histochernical studies of the enzyrnatic blood-brain 
barrier for arnine precursors. In: The Cerebral Vessels Wall, 
Cervós-Navarro J. and Matakas F. (eds), Raven Press New 
York, pp 233-277. 

Hardebo J.E., Ernson P.C., Falck B., Owrnan Ch. and Rosengren 
E. (1980). Enzyrnes related to rnonoarnine transrnitter 
rnetabolisrn in brain rnicrovessels. J. Neurochern. 35, 1388- 
1393. 

Hart M.N.. VanDyk L.F., Moore S.A., Shasby M.S. and Cancilla 
P.A. (1987). Defferential opening of the brain endothelial 
barrier following neutralization of the endothelial lurninal 
anionic charge in vitro. J. Neuropath. Exp. Neurol. 46. 141- 
153. 

Hawkins R.A.. Phelp M.E., Huang S.C., Wapenski J.A., Grirnrn 
P.D., Parker R.G., Juillard G. and Greenberg P. (1984). A 
kinetic evaluation of blood-brain barrier perrneability in hurnan 
brain turnors with 68Ga EDTA and positron cornputed 
tornography. J. CBF & Metab. 4, 507-515. 

Hicks J.T., Albrecht P. and Rapoport S.I. (1976). Entry of 
neutralizing antibody to rneasles into brain and cerebrospinal 
fluid of irnrnunized rnonkeys after osrnotic opening of the 
blood-brain barrier. Exp. Neurol. 53,768-779. 

Joo F. and Csillik B. (1966). Topographic correlation between the 
hernatoencephalographic barrier and the cholinesterase 
activity of brain capillaries. Exp. Brain. Rec. 1, 147-1 51. 

Joo F. (1979). The role of adenosis triphosphatase in the 
rnaintenance of rnolecular organization of the basal lamina in 
the brain capillaries. Front. Matrix Biol. 7, 166-182. 

Karnijo Y., García J.H. and Cooper J. (1977). Ternporara regional 
cerebral ischernia in the cat. A rnodel of hernorrhagic and 
subcortical infarction. J. Neuropath. Exp. Neurol. 36.338-350. 

Karnovsky M.J. (1977). The ultrastructural basis of capillary 
perrneability studied with peroxidase as a tracer. J. Cell. Biol. 
35.21 3-236. 

Karscu S., Jancso G. and Toth L. (1977). Butylcholinesterase 
activity in fenestrated capillaries of the rat area postrema. 
Brain. Res. 120, 146-1 50. 

Kato H., Kogure K., Ohtorno H. and lzurniyarna M. (1986). 
Characterization of experimental ischernic brain edema using 
proton nuclear rnagnetic resonance irnasing. J. Cereb Blood 
Flow rnetabol. 6,212-221. 

Kessler R.M.. Goble J., Barringer J., Bird J. and Rapoport S.I. 
(1983). Quantitative rneasurernent of blood-brain barrier 

perrneability following osrnotic opening. J. Nucl. Med. 24, 197. 
Kilpatrick R., Reuschler H.E., Munro D.S. and Wilson G.M. (1 956). 

A cornparison of the distribution of 42K and 86b in rabbit and 
rnan. J. Physiol. 133, 194-201. 

Koelle G.B. (1954). The histochernical localization of 
cholinesterase in the central nervous systern of the rat. J. 
Comp. Neurol. 100,211-235. 

Kreutzbrg G.W., Kaiky H. and Toth L. (1979). Distribution of origin 
of ecetylcholnin the capillaries of the brain. Histochernist. 61. 
111-122. 

Larnrnertsrna A.A., Brooks D.J., Frackowiak R.S.J., Heather J.D. 
and Jones T. (1984). A rnethod to quantitative the fractional 
extraction of rubidiurn-82 across the blood-brain barrier using 
positron ernission tornography. J. Cereb Blood Flow Metabol. 
4. 523-534. 

Laursen H. and Westergaard E. (1977). Enhanced perrneability to 
horseradish peroxidase across cerebral vessels in the rat after 
portocaval anasornosis. Neuropath. Appl. Neurobiol. 3.29-43. 

Lee J.C. (1 971). Evolution in the concept of the blood-brain barrier 
phenornenon.-ln: progress in Neuropathology. Vol. l. 
Zirnrnerrnann H.M. (ed). Grune and Stratton, New York. pp 84- 
145. 

Lockwood A.H., Bolornery L. and Napoleon F. (1 984). Blood-brain 
barrier to arnrnonia in hurnans. J. Cereb Blood Flow Metabol. 
4, 516-522. 

Majno G. (1965). Ultrastructure of the vascular rnernbrane.-ln: 
Handbook of physiology. Section 2. Circulation. Vol. III. 
Hamilton W.F. (ed). Arnerican Physiological Society. 
Washington. D.C., pp 2293-2375. 

Manz H.J. and Robertson D.M. (1972). Vascular perrneability to 
horseradish peroxidase in brainstern lesions of thiarnine- 
deficient rats. Arn. J. Pathol. 66, 565-576. 

Milholat T.H., Davis D.A. and Lloyd B.J. (1973). Two 
rnorphologically distinct blood-brain barriers preventing entry 
of cytochrorne into cerebrospinal fluid. Science 180. 76-77. 

Mrsulja B.B. and Djuricic B.M. (1 980). Biochernical characteristics 
of cerebral capillaries. In: The Cerebral Microvasculature. 
Eisenberg H.M and Suddith R.L. (eds), Acadernic Press, New 
York, pp 29-42. 

Mrsulja B.B.. Djuricic B.M.,, Cvejic V. and Micic D.V. (1984). 
pharrnacological approach to postischernic brain edema in 
gerbils. In: Recent Progress in the Study and Therapy of Brain 
Edema. Go K.G. and Baethrnann A. (eds), New York, Phlenurn 
Press, pp 683-689. 

Mrsulja B.J. and Mrsulja B.B. (1980). Histochernical and 
biochernical investigations on ATPase activity following 
transient brain ischernia in gerbils. In: Circulatory and 
Developrnental Aspects of Brain Metabolisrn. Spatz M.. 
Mrsulja B.B., Rak!c L.J. and Lust W.D. (eds), Plenurn. New 
York, pp 65-79. 

Nag S. (1984). Cerebral endothelial surface charge in 
hypertension. Acta Neuropathol. (Berl) 63, 276-281. 

Nag S. (1 986). Cerebral endothelial plasma rnernbrane alterations 
in acute hypertension. Acta Neuropathol. (Berl) 70, 38-43. 

Nagy Z.. Peters H. and Hftner 1. (1981). Endothelial surface 
charge: Blood-brain-barrier opening to horseradish 
peroxidase induced by the polycation protarnine sulfate. Acta 
Neuropathol. (Berl) Supp. VII. 7-9. 

Nagy Z.. Goehlert U.G., Wolfe L.S. and Hüttner 1. (1985). CA' 
depletion-induced disconnection of tight junctions in isolated 



Blood- Brain Barrier 

rat brain rnicrovessels. Acta Neuropathol. (Berl) 68, 48-52. 
Nakagawa Y ., Cervós-Navarro J. and Artigas J. (1 984). A possible 

paracellular route for the resolution of hydrocephalic edema. 
Acta Neuropathol. (Berl.) 64, 122-128. 

Nakawa Y., Cervós-Navarro J. and Artigas J. (1 985). Tracer study 
on a paracellular route in experimental hydrocephalus. Acta 
Neuropathol. (Berl) 65,247-254. 

Naruse S.. Horikawa Y., Tanaka C., Hirakawa K., Nishizaki H. and 
Yoshizaki K. (1982). Proton nuclear magnetic resonance 
studies on brain edema. J. Neurosurg. 56,747-752. 

Nitsch C.. Goping G., Laursen H. and Klatzo 1. (1986). The blood- 
brain-barrier to horseradish peroxidase at the onset of 
bicuculline-induced seizures in hypothalarnus, pallidurn, 
hippocarnpus, and other selected regions of the rabbit. Acta 
Neuropathol. (Berl) 69, 1-1 6. 

Oldendorf W.H. (1971). Brain uptake of radio-labelled arnino 
acids. arnines and hexose after arterial injection. Arn. J. 
Physiol. 221, 1629-1 639. 

Oldendorf W.H., Cornford M.E. and Brown W.J. (1981). Sorne 
unique ultrastructural characteristic of rat rain capillaries. In: 
Cerebral Microcirculation and Metabolism. Cervós-Navarro J. 
and Fritschka E. (eds). Raven Press. New York, pp. 9-1 5. 

Olsson Y.. Klatzo l. and Carsten A. (1975). The effect of acute 
radiation injury on the perrneability and ultrastructure of 
intracerebral capillaries. Neuropathol. Appl. Neurobiol. 1,59-68. 

Persson L.I.. Johansson B.B. and Hansson H.A. (1978). 
Ultrastructural studies on blood-brain-barrier dysfunction 
after cerebral air ernbolisrn in the rat. Acta Neuropathol. (Berl.) 
44, 53-56. 

Petito C.K., Schaefer J.A. and Plurn F. (1977). Clltrastructural 
characteristic of the brain and blood-brain barrier in 
experimental seizures. Brain Res. 127.251 -267. 

Phelps M.E.. Hoffrnan E.J., Haung S.C. and Kuhl D.E. (1978). 
ECAT: A new cornputerized tornographic irnaging systern for 
positron ernitting radiopharrnaceuticals. J. Nucl. Med. 19, 
635-647. 

Rarnsey H.J. (1965). Fine structure of the surface of the cerebral 
cortex of hurnan brain. J. Cell. Biol. 26, 323-333. 

Rapopoi? S.I., Hori M. and Klatzo l. (1972). Testing a hypotheisfor 
osmotic opening of the blood-brain barrier. Arn. J. Physiol. 
233,323-331. 

Rapport S.I. (1976). Opening of the blood-brain barrier by acute 
hypertension. Exp. Neurol. 52,467-479. 

Rechthand E., Smith Q.R., Latker C.H. and Rapoport S.1. (1987). 
Altered blood-nerve barrier perrneability,to srnall molecules in 
experimental diabetes rnellitus. J. Neuropathol. Exp. Neurol. 
46,302-31 4. 

Robert A.M., Godean G., Muskulin M. and Maati F. (1977). 
Mechanisrn of action of collagenase on the perrneability of the 
blood-brain barrier. Neurochern. Res. 2, 449-455. 

Sadoshirna S., Fujishirna M., Ogata J., lbayashi S., Shiokawa O. 
and Omae T. (1983). Disruption of blood-brain barrier 
following bilateral carotid artery occlusion in spontaneously 
hypertensive rats. A quantitative study. Stroke 14, 876-882. 

Sasaki S., Ferszt R. and Cervós-Navarro J. (1977). 
Transendothelial vesicular transport of protein in brain edema 

induced by ultraviolet irradiation. Acta Neuropathol. (Berl) 40. 
207-212. 

Shakib M. and Cunha-Vaz J.G. (1966). Studies on the 
perrneability of the blood-retina1 barrier. IV. Junctional cornplexes 
of the retinal vessels and their role in the perrneability of the blood 
retinal barrier. Exp. Eye Res. 5,229-234. 

Sirnionescu M.. Sirnionescu N. and Palade G.E. (1975). 
Segrnental differentiations of cell junctions in the vascular 
endotheliurn. J. Cell Biol. 67, 863-885. 

Shakib M. and Cunha-Vaz J.G. (1966). Studies on the 
perrneability of the blood-retina1 barrier. IV. Junctional 
cornplexes of the retinal vessels and their role in the permeability 
of the blood retinal barrier. Exp. Eye Res. 5: 229-234. 

Sirnionescu M., Sirnionescu N. and Palade G.E. (1982). 
Preferential distribution of anionic sites on the basernent 
rnernbrane and the ablurninal aspect of the endotheliurn in 
fenestrated capillaries. J. Cell. Biol. 95, 425-434. 

Stehbens W.E. (1972). Pathology of cerebral blood vessels. C.V. 
Mosby. St. Louis. 

Van Gelder N.M. (1968). A possible enzyrne barrier for garnrna- 
arninobytyric acid in the central nervous systern. Prog. Brain 
Res. 29.259-271. 

Vehaskari V.M., Chang CT.C., Stevens J.K. and Robson A.M. 
(1984). The effects of polycations on vascular perrneability in 
the rat. A proposed role for charge sites. J. Clin. Invest. 73, 
1053-1 061. 

Vorbrodt A.W.. Lossinsky A.S., Wisniewski H.M., Suzuki R., 
Yarnaguchi T., Masaoka H. and Klatzo 1. (1 985). Ultrastructural 
observations on the transvacuolar route of protein rernoval in 
vasogenic brain edema. Acta Neuropathol. (Berl.) 66, 265- 
273. 

Wagner D.D., Olrnsted J.B. and Marder V.J. (1982). 
Imrnunolocalization of von Willebrand protein in Weibel- 
Palade bodies of hurnan endothelial cells. J. Cell. Biol. 95: 
355-360. 

Wagner H.J., Pilgrirn Ch. and Brandt J. (1974). Penetration and 
rernoval of horseradish peroxidase injected into the 
cerebrospinal fluid. Acta Neuropathol. (Berl.) 27,299-305. 

Ware R.A. Chang L.W. and Burkholder P.M. (1974). An 
ultrastructural study on the blood-brain barrier dysfunction 
following rnercury intoxication. Acta Neuropathol. (Berl.) 30, 
21 1-224. 

Weibel E.R. and Palade G.E. (1964). New cytoplasmic 
cornponents in arterial endothelia. J. Cell. Biol. 23, 101 -1 12. 

Westergaard E.V.. Deurs B. and Bronsted H.E. (1977). lncreased 
vesicular transfer of horseradish peroxidase across cerebral 
endothelirn, evoked by acute hypertension. Acta Neuropathol. 
(Berl.) 37, 141 -152. 

Yen C.K. and Budinger T.F. (1981). Evaluation of blood-brain 
barrier perrneability changes in rhesus rnonkeys and rnan 
using 82Rb and positron ernission tornography. J. Cornput. 
Assist. Tornogr. 5. 792-799. 

Yen C.K., Yano Y., Budinger T.F., Friedland R.P., Derenzo S.E., 
Huesrnan R.H. and O'Brien H.A. (1982). Brain turnour 
evaluation using Rb-82 and positron ernission tornography. J. 
Nucl. Med. 23, 532-537. 




