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ABSTRACT

STRUCTURAL ASPECTS OF THE "BLOOD-BRAIN BARRIER" AREA IN RAT CEREBRUM

by

Geoffrey Q. Fox

, White labofatory raté were anesthetized with sodium pente-
Barbital° Their skulls we:e'OPened and the cerebral hemispherés
exposéd; Paﬁtialhfngtioh;ef the cortex book place in vivo by
drippingrxsmium tetroxide (Og@A) over the eipesed surface, The hemis-
pheré’was then removed, the cortex dieed, and then eompleﬁely fixed in
080,. The tissue was embedded in methacrylate. and Epon 812, then
seetioned and viewed on an electron micrescope. The Epon 812 sections
were stainéd with lead hydrexide. |

The. study cénsisted of investigation of the major components
ofithevbloodwﬁrain barrier: 1) eapillary]ehdothelium; 2) basement
membrane; 3) engroséing sheath formed from membranes of agtrocytie
endpfeet and neuronal processes; 4) neuroglial cells. |
| The caplllary wall represenha the first ‘morphological compoment
of the blood-brain barrier., Medes of nuﬂrienz trensport acress the
endotheliél cell were*soaghto A basemen$ msmhrane completely engrosses
the endeﬁhélial cell, This membrane was found to be lamellar in
struetureoi . ';-‘ "fg' td"‘[f",f |

Three types of nsﬂr@gllal cells were eonsldered leigedendr@glia,



‘astrocytes, and miereélia) ;'éliééaéﬁdreglia were found to be quite
:similar te astroeytes but were dlstlngulshed by diffuse chromatln
in the nucleus and elear m1toehondr1a° Astreeytlc end-feet membranes
plus membranes frem adgaeent eellu;ar processes were found %o form a
4sheath whieh'eomplétely surrouﬁds the'basement ﬁembraneo The presence f
of astroeytic end«feet in congunction with eapillary endothelium »‘
represents a dlreet relatlmnship of astreeytes with bleod-brain ‘barrier '
actlvn.tieso |
Characteristic features of neurens such as large elfealar
mito¢hendria, lebateé nneleass aﬂdfdistinet endoplasmic retieulum -

" make the neuron the mest easily ideﬁ%ifiable @éll in the certex,
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- INTRODUGTION

?éﬁhaps the greatest value deéived from the develepment ef the
electron microscope has been thatvit has enabled the seientist to
re—investigaﬁe many diSputed areas and from this, to add to or detract
' from the evmdenee supperting existlng theories, A reeent applic@tion '
of the electron micreseope hss been dlreeted towards the study of the
"barrier”'areas within the central nervous system, Altheugh "barrier?
areas wefe“knowh to exist éven before the turn of the'eentury9 very
vlittle wasg understood abou$ their merph@legy until rather recentlyo

One of the best known of the present day mult1tude of “barrlers“
is the blood-brain barrier, For thls discussion, the term will be
usged to indicate the tissue area beﬁweenrﬁﬁe endothelial iining of the
eapillariés and the neuron within the central nervous systeﬁ; The‘
present iﬁvesﬁigation;ié‘eoncerned with the morphology of the blopdw
brain barrier in‘the cerebral cortex,

Ehrlieh in 1885, was the flVSt to" descrlbe the ex1stenee of a
barrier, After g1v1ng anlmals 1ntravendus 1n3ect10ns of coerulein-s
dye, Ehrlich found that although most of the body tissues beeama heavzly
stained, the central nervous system remalned relatlvely nntouched by
" the dyeo Follaw1ng these 1n1tial flndinos, a number of Germsn workers
eontinned Ehrllch's studles by u31ng a Varlety of dye stuffso Goldmann,
1909-1913, clsarly deserlbed the existence of a barrler between blood
and brain. He gave intravenous injections of trypan blue and found

1



2
thaé the meninges and chofbid,plexuses were deeply stained while the
éenﬁral nervousxsystem &nd‘eérebro—spinal flui& remgined unétained;
Goldmann (1913) injected the dye directly intO‘thencérebro—spinal
ﬁlﬁid and found that the entire nervous tissue was déeply stained.

This eétablished that, as far as trypan blue was concermed, an effeétive
blood ﬁoAbrain-barrier eﬁisted sinee the dye failed to leave the
vascular bed except in the area eof the choroid plexuses and meninges.
G§ldmann (1913),p§in$ed’out that this barrier was unidiré@tienal and
could be eireumvented‘bj diréét injeetion into the cerebro-gpinal fluid,.
xo;neW'appreaéhes‘to the,problem:develepsd for the next thirty
years and’investigaﬁofg eontinusd_the @sevef dyes and other histolegieal
idenﬁifiablauéﬁbstanéeSjSueﬁ as ferricyanide and silver (Stern and
1 Gautier, 1922; Girtner, 1927; King, 1939). In the early 1940%'s, a
eoncenfrated efforﬁ'ﬁas initiated to determine the physiological,
biechemical, and biéphy;siéal';ﬁropertie}?s of this area. It was soon
- apparent that the brain did not”contain énthloodnbraih barrier és the
early inveé£igators had thought, but several barriers, each of which
was rather speeific in its funetion. For instance, silver and acid
aniline dyes injeeted intravenously will be retained on or within the
eagillax"»y eﬁdofchelium‘ (Enrlich, 1885 ;' Lewandosky, 19003 Goldmann, 1909,
1913; Friedmenn, 1942; Aird and Strait, 1944; Dempsey and Wislocki,
1955; Bakay9'1956)o Most proteins will pass through the capillary
endothelium but are then graded in their advaneement towards a neuron
(Friédmanﬁ§\l942;.Tschirgiy 1952)° The barrier is permeabls to sub-
stances such as basic aniliﬁé-dyes ahd many/antitoxins-(Friedmann,

1942), The list of substances continues %o grow and eash substance



appears to react in a slightly different manner (Friedmanﬁg 19423
Dobbing, 1961). 4
(The'pfesenﬁ inveéﬁigation has,tée objegtivesé‘ 1) a morphologi-
cal examination of the ultrastructural aspects of various compbnents |
of the blood-brain barrier in Epon embedded rat cerebral cortex; 2)
a eomparison of the above resulﬁé with previous findings msing methg~
crylate embedded materiaio Methaerylate embedding is one of the
oldest and most standard procedures in electron microscopy today. It
'hés been found that methacrylate can cause severs eytological distor-
tion due to swelling dﬁriﬂg‘ﬁolymerizatioﬁo The advantage of Epon
ever methécrylate is that polymerization swelling is reduced signifi--
cantly, the result-being:higher‘quality preservation'of cytological
detail, . |
:ihe followiﬁg‘thfeéﬁ&léod»brain_barrier eompohents were given
speéial‘atﬁeﬁtien: 1) capillary endothelium and adjacent membrane
_systems, 2) extracellular spaces and gfound substance, 3) neuroglial

‘eells, A general description of neurens was also deemed applicableo



MATERTALS AND METHODS

Adult white laboraﬁory rats were given‘inﬁraperit@aéél in-
'jectiens of sodium pentobarbital using the standard dosage:of 25=35
mg/gn body weight., The fight half of‘the ékull was exposed and a
hqle was grgund in the posterior medial portion>of the parietal bone
with a small burr dental drill, Thié.cpening avolded the‘superi@f
sagittal and transverse sinuseSp“Thejburr was then replaced with a
vcarﬁormndum disk aﬁdfthe skull was cut anterieély‘froﬁ the halé to fhe
naso-frontal swture, The parietal, fronﬁal and superior‘éoftion of
the squamosal were chipped away to expose %he right cerebrum. The
dissection to this point was aec@mplished almost bloodlessly. The
eerebralleorte# was partially fixed in Tive by drippingvé% Qémium
tetroxide (@§04) over the exposed area for 5-10 minutes@ -The right
corebrum was then freed from the eranial cavity and diced into milli-
meter éﬁbeso These cubes were immediately placed in 080y, for two
hours, dehydrated through a chilled alcohol series and embedded in
methacrylate, Both fiﬁation and dehydration were carried eut at 5°C,
Additional material was preparedkiﬁ a manner similar to that just de-
seribed egéept that it was embedded in Epon 812 using DMP-30 as an
,acceleraﬁorﬁi‘Infboth«gésés'@06$fgelatiﬁ éapsnles were used as an
'eﬁbédding receptacle and ﬁere piaeed.ih,a 60°C oven overnighﬁo

| A1l seetions Werg,eu£~with:§1é33<knives on a Servall MT-l

ultramicrotome, Theiseetidns‘wefé'mbun@ed on 200 mesh grids coated
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with a 0.25% Formvar solution, érids foi méthaerylate- embedded
‘material were carbon coated according to Br;adléy (1954) usiﬁg a
Kinney SG-3 high vacuum i‘evaﬁoré;tﬂér‘, Epon 812 matefial waé stained
with lead hydroxide a@éérq;ng.‘ﬁﬁ'zlﬁever, (.l%d) . Sections 'ﬁere viewed

and photographed with a Philips EM-100B electron microseope.



. OBSERVATIONS

Caplllaries | | A
The main component of all eapillaries 15 a flattened squamous

endothelial eell, The Qell is ensheathed im-a thin, darkly stained
plasme membrane 8-10 miilimierons thieko‘ The membrane surfaee‘faeing
the 1umen of the vessel is surprlslngly 1rregular (f’z.g° l) Bumps
and ridges are quite common but of partleular ‘interest are numerensly
distrlbuted finger-llke processes projeeting 1nto the lumen, As may
be seen in figures 1, 2, 3, these projeetlons are of varying lengths
,and‘Shapesfand do. not appear to orientate themselves with'aﬁy regular-
:'lty within the lumen,
. The macleus is dlstlnet and soﬁewhat more dense than the
- eytoplasm, The ehremat1n is distrlbuted fairly,hom.ogenouslyo The.
nucleus generally protrédes well into the lumen of the vessel and many
times is shaped to the eentoﬁr of the vessel (Bloom and Faﬁeett,-l?éz)c
Ne notleeable nueleoli are. presento The nu@lear membraherstains
sllvhtly darker bhan the surrounding nueleeplasm and . the cytoplasm
and is thus easm_y identlflableo

: The eytoplasm is eharacterlstleally less dense than the nueleus,
The eytoplasm is very hemogenous in spite of being broken up by
’ mltoehondria, ve31c1939 and other agsorted eyt@plasmio bodies (figgg 1,
3, and 4). The degres to whieh the cytoplasm is sandwiched betweén
the p&aéma membraneg varies considerably. In séme ihstances;ﬁhe eybo=-
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plesmic wall is only_abouf 40 mauthiek ﬁhiie in otﬁer areas it
reaehesva thickness of over a-miereno H@teehondria are found o Eéﬂ
distributed at randOmpﬁﬁheir S;zes’ahd shapes varying somewhat, Théy
are morphologically similaf”ﬁé”Mitoehohdria of surrounding nerve
processes bub are mﬂéhxémallero A‘@ifeular or slightly elipsoid.
shapé'seems to“be‘m@st‘commbé; Cristae are sparse but extend the
width of the mitoehendfié (figso‘A and 5).
~ Pinocytotic vgsielgé are’present throughout the end@theliél
cytoplasm and oceasionally can be seeﬁ pin@hing off from ihe plasma
msﬁbran@a (fig. 4). They ave generaily cirenlar, clear, and of uniform
small size, They are éistributéd éuiﬁe evenly between the plasma
membranes. They tend to be slightlyvlessvosmqphilie\fhan.the plasma,
“'T&e external plﬁéma7membrane éresents a smooth ouhér;surfaee
in eomparisﬁn ﬁo ﬁh@ luminzl membrane and shows ne unusuwal surfeasce
irreguléritieso Adjacent endéthelial Geils were found te‘be geparated
from one another by a space of 10 mi, Desmosomes wers found to be
assoclated with these jumetion areas (fig. 2) and, in a few eéses? the
finger-like processes are seen %0 be a continuance of these junetions |
‘(figso 2 and 6)9 S |
The eiistence‘df’fehestrati§nsbin the capillary wall of cortical
vesséls has lbng‘been gquestioned 5y investigators. No evidence was
found to justify the existence of either intraesllular or intereellular -
fenestratiensob As-ean:be ééen in figures 1 and 3, the plasma membranes
‘are.eonﬁiﬁueus’andfumbroke@ areund thé*oytoplasmo.
The basement membrane is 100-200 mu thick and completely sar-

rounds the external plqsma membraheo: The laméllar basement membrane



(figo 7)'is_of a slightly higher aenéity than the endothelizl cytoplasm
and represents a remargably uniform.layér around the capillary (fig. 5).
Whether or not the basement membrane protrudes into the stemata could
not be resolved, | |
Long fusiform cells, bounded by a distinect membrane, oéeur.gt

irregulaf intervals withinfthe basement membrane, The eytoplasm of
these eells is distinétiy less dense than that of the endothelial eell.
'Mitqchend?ia are nob éﬁundanh and do not assume any characteristic
| shapéc-,ﬁifeular‘elear vegi@les ére presémﬁ wiﬁhim the cytoplasm but
not in greétvnumbéré; Hd@éasienally thefé‘appeér to be'sPa;se'cellﬁlar'
organelles present within;the large areas 6f clear gyﬁéplasm (figs; 2‘
and 8)0_ No nuclei were found. |

| A distinetvéuﬁer‘ﬁéﬁﬁrane 6f-é:mu thickness eompletely engrosses
the basement membrane. r?his outer‘membfané‘is composed of membranes
from elesely é&jaeenﬁ eelluiar elements éurfeunding the eapillery,
Two sources éontribute to this sheath, neuroglial end-feet and neuronal

processes (figs, 5 and 8),

'Extra@ellular Space and Ground Smbstanee

The main nass of nervous tissue is a complicated array of
cellular‘e¥ementso» The problem of determining whether true extra-
cellular spaées’exis’s ;ﬁthin this bangle is a difficult ome, -If spaces
do exist, a new pf@blem of ﬁhether a gfound substance oceurs within the
Spaees émerges0 The only possible space that occurs regularly is in
the érea?loeatedbbétween.cellular membrenes. The se?aration-between

’msmbranes_rénges from 14 mu to aﬁout 30 my with oeccasional larger

-
by



| "triengular and irregnlar areas formed by the junetion of membranes

(figs. 9 and 10). Whether this separatien is a true extracellular |
space or not is still problematical, but indications are that spaces
are present, In figures 9, 10 and 11, & substance of distinet density
is present, This esmcphilia is believed to_represent the ground

..substanee'efythe ee?ﬁexg

Neuroglia -
Three types of neureglial cells were examined ellgodendregliay‘
astrecytesy and mierogliao
@llgedendreglial cells eontaln a large, elrcular nncleus with
a distlnet nuclear membrane, Dense macleoll ef,moderate size are some-
Itimes present, The éhromatin material is finely’graﬁulaf'and‘éggren
 gated into small eiumps which are evenly distributed througheut 
(figs. 12 and 13), No ﬁnusuel«eeeumulatieh takes place aleng the
nuclear membrane, o | | |
' The eyteplasm forms a scant boundary la&er around the mucleus,
A‘Its density and censisteney appear te be alm@mt 1dentical to that of ‘
the neeleusoi Cubeldal mltochondrla are mest frequent although elongate
types are not uncommon, especmally in the hlllox reglen (fig. 12).
'The mitochondria appear dlstinctlvely elear ageinst the cytoplasmic
~ background, The crlstae are few with distlnct membranes., 'Their
_length does not exneed the radlus of the mltochondria thus leaving
large elear ereas, Small clumps of dark aggregated materlal, Temark-
ably similer to nuclear chromatin iﬁ appesrance are found in the

ey toplasm, Gleai vesicles are present throughout but tend to be
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mere numerous in the regibn of processes, Luse (1956), Sehultz et al,

(1957) and DeRobertis et al. (1959) all report thab oligodendroglial

proeesses are short and. do not branch exten31velye The density of the

eyteplasm appears to remain falrly constant towards the periphery of
the @ell0

Astrocytes‘afe usuali& about the same size as:oligodendrogliao
Their nuqlei are usﬁélly ovoid but in some éases they are'aimost eir-
- cular, Nuecleoli arerﬁot reqegnizable but a distinet nuclear membrane
, vis9 The chromatin is dense and is distributed in distinct aggregates
" throughout the mucleus (fig. 15). Without fail, this éhromatim‘ |
distinetly lines the‘nuglear membrane and this, it is theﬁghﬁgkmay be
used as a distinguishing characteristic between.this‘eéll and the
gligodeﬁdroglia for ﬁhich‘it is often cqnfusedob Large osmopﬁobic
-areas exist between the chromatlno

The cytoplasm is less dense than that of the ollgodendrogllao
‘It.also tends to oceupy a w1der space about the nucleusa Mitochondria
‘éré'numerous and genérally»sphériea; or cuboidai in shape, They are
alsorfery'dense and stand out like dark spots against the cytoplasmic
background (figs. 14 and 15);;(3hort, daﬁk, beaded, filamentous
structures intertwine amongst the mitochondria and throughout the

eytoplasm (flgo 15) Infmethacrylate‘séctiéns the cytoplasm is

dlsﬁlnctly elear¢ ) | | -

Processes from the astr@cytea are long and elab@rate and their -
end-feet rest upon-the basement membrane of cerebral @apillarles (flgo.
16)° The dlffieulty in identlfylng all end-feet processes makes the

determinatlon of the quantitative relati@nshlp between astroeytes and
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eapillaries é diffieuit onée "

Microgllal eells are readlly lden:tz;fiable° They are about half "
the gize of an astrocyte and appesar. to be darky roughly oveid cells.
The nucleus is large and stains heavilyo' A distinet nuelear m@mbrane
is presén£ with occasi§nal nuclear "pores" (fig. 17). Ghromaﬁin
material is extremely dense aﬁd hemogenous throughout, Several nucleoli
are sbmetimés seen, The cytoﬁiasm is very seant but is as dense ag the
nucleuSg Mitochondria are preéent bﬁt not nuﬁereuso - The eeil in its
"entifety-is the most eleetfon dense structurg present in the.éertexr
| with thé exeépfién‘of’the'myeliﬁatéd‘nerve Sheéthso Mieﬁeglia appear
to act as satellite cells to neurens and eapillaries, Their specific

function is stlll belng sought,

Neuroli‘ ‘

| Tﬁe neuron is the most easily identifiable‘stru@tufe ih{the
cortex. Its.appeérancé is very diétinet>and in only rére'eageskis it
confused with ether_eeils sueh.as mieréglia; It is,thé largest cell
type to be found° ‘The nucleus ﬁakes up a good share of the main
visible mass of the cell, A 1érgag dense, nucieolus is aimest always
present. The main mass of cortieal tissue is composed of neuronal
pmceéses° |

The muclear area is very evident in the neuron, however the

nﬁéléar membrahe is not as distinet as it is in neﬁregliao —The muclear
area ié'slightly less dense ﬁhan thé éytoplgsm and the ehr@métin is’
evénly diétribgtedo The nncleolué is the darkest eleﬁént'in the gell

end is veryvlarge° Multinucleolated neurons have beenvrepérted in
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'raé (Palay and Palade, 1955).

‘The eytoplasmiermass surrounding the nucleus is very'Sbarseg
‘due mainly t§ the great numbef 6f largé mitoehendria present, These
mitochondria are clear and distinctively eircular, sometiﬁes attaining
‘a diameter of one mieron (fig, 18)°t The nﬁclea: membrane tends to
‘surroundfa pbrtion ef.ﬁhe mitoehendriao- A~thin slip.of'eytoplasm
. remains toiseparate‘thé two membranes,  T&é entire nueleus thus appears -
lobated (figoyl9); A large number éf‘miteehondria of all sizes are
always found in the hiilox regions, The cytoplasm contains randomly
arranged irregular open areas; clear vesieles are present inm these
‘areas and of'ten seenm to be associated with the spaces. These éavities
are bouﬁded‘by a membféﬁé éné represent‘éi%he: ap uﬁusually swollen, or
a lérge eﬁéaplasmi@jreticu;um'(Pé;ay and. Paladé; 1955) (fig;l&&).e |
RibosomeSVaré éisﬁribuﬁéd throughoutlthe éjteéiésm but are most coen-
centrated along the membfaﬁes lining the endoplasmic cavities. |

The nerve préeesses vary considerably in size. Some are
myslinated while others are not, Elongite mitochondrie and neuro-

‘ .fibrillae are alweys present,



:  DISCUSSION

As was stated ‘eaﬂier; one of the purposes of this paper is
_to compare work usmng m@thacryiate embedded maberial w1th similar materl-
al embedded in Epeno Thereferep all referenees elted on the follewing
pages w1ll refer to work done with m.etha.cryla‘teo

Several questl@ns arlse as to the morphologieal role the
eerebrél eapillarieézplay‘in'bloodébféin barrier aetiviﬁiese  The first

of these te be eensmdered concerns the flmger like pm@eesses of the

o endothellum pregectlng 1nzo the Lunmen. ef the vessel, Only the presence

of these pseudopodia (Palade, 1961) has besn mentioned to date. I%
was found in this study that their sizes extend over a great raﬁge and
their ériehtaﬁien is anything bﬁ$ eréeflye; This irfégula:ity may1have
an effect on blood flow and presénts'én interesting biéphysical problen,
Pinecytotic VeSieles have long beeﬁ known to exist in the endo-
thelivm (Lewisg 1931) Rhodln (1963) states that they ex1st only in
vareas of greater than 100 mm thickness and this study e@neurs with
those f:,ndlngs° As was stated earlaery;thg capillary endothelium was
'féund to reagh a minimhm thickness of 40 mi, This is far from the
- average thieckness whieh\i? ealeulated to be around 500 ma, Areas of
below 100 mz are quite rave in cortical jea,pillar:li.es and thus it is
believed that other tramnsport mechanisms are involved in these areas, ,
At any rate, Palade (1961) argues that the plnocytotic vesicles present’
in eapillary endothellal eells are the main transporters for nutrient

13



:f  neterial@' If thls is ses the. question arises as to whether pino-
|  eytot1c mechanisms in the central nervous system are selectively
‘ different from these in other parts of the bedyp and if soy how
speelflc are they” |
The. absence of fenestrations in the caplllary wall of eertieal
vessels has long been’ reeognlzed by investlgetors° Farqnhar and
Hartmenn (1956) stated that the luminal plasma membrane may have a few .
perforatlons but nething that ceuld be classified as an endotheliel
ifenestrat;ené JMaynerd~et,elo (1957) found nothing to suggest fenegtra-
tions similes to those found in other areas of the body i.e. glomerular
eapillaries‘(Peese,fl955) No evidenee wag found in this study to
, contradiet prev1oue findlngso o ;
‘ The bl@odnbraln barrier vas 1nitially belleved to be 1eeated
in the membranes surreundlng the eerebral eapillaries since thls was
the erea where a great number of the dyes used by the early investiga—
tors were retained (Lewendowsky, 1900) . Gartner (1927) suggested that
* the’ surroundlng membrenes were pial 1nvestments end that becauee of th159
" permeabllity characteristics were_uniform0 Since that time, the base~
:menb membrane has been reeegnized as;being the'externel investment of
the capillary endotheliumo Bempsey.and‘ﬁieleeki (1955) watered rats en
a 1.5% silver nitrate solution for six menths and found thab silver
: deposition takee'plaee at the basement membrane. In eapillarieS-in
ether perte of the bedy9 the basement membrane may or mey net be presen‘to o
:When 1t is present it ueually presents 2, very diffuse 1rregular appear-
- gnce (Bennett et alos 1959) In the cortex, as was previously stated,'
"it is believed to be a dlstlnct layer beeause.of>the.faet that it 1is |
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neatly SAndwiehed betwéen the external plasma membrane of the endo-.
thelial cell and the various membrenes of celluler elements in the
"nervous tissue., Disputes still reign eover the étructure or struectures
to be termed bésement‘membraneg Farquhar and Hartmann (1956) define
the basement membrane ag a lamlnated layer directly adjacent te the
external plasme membrane of the'endothellumg This eoneurs with more
recent work ‘on basement membranes by Bennett, et al. (1959), On the
other hand, Dempsey‘and Wislocki (1955) describg two distinet layers.
The firét'is a lamins of variable thickness wifh moderate homogenous
- density in ceontact with the endothellal plasma membrane, The seeoﬁd. 
1ayer9 surrounding the first, is made up of collagenor Thls stmdy found
no ev1denee ‘to aupport the 1dea that two dlstinet layers oecur between
the membrane systems, In figure 7 lt is evident that a lamellar
strueture,exis‘ks° Hoﬁever, it should be noted that the laminated area
appears to be of equal densi%y threugheut with no suggestlon of an
additional collagen layer presento

_ Long fusiform cells are preseﬁﬁ in the basément membrane
(Parquhar and Hartmenn, 1956); 'Simeé 1956 other investigators have
confirmed their presence (Behﬁett‘ét 8l,, 1959; Palade, 1961; Pieﬁceg
1963), Seé 1ittle has been mentloned about these ecells, hewever, that
their funetlon can only be generally addueedo They are‘falrly numerous
’but do not seem %o be associated with any speecific adjacent eellular
‘éleMentQ ‘Two pessible functions Ea§e~been,suggested by Farquhar~and
Hartmann (1956): 1) they may play a part in Gaplll&ry contractlen,

2) they may be respons1ble for microglial formation,
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Extracellular Space and Ground Substanee -
The presenee or absenee of grouné or fundamental substaﬂee
. in nervous tlssue has been dlscussed fer a half century. Qbservatlons
of the cortex by light microscopists led histologists to believe that
large extfaeellularvspaeeé,éxisfed{ Their confusion arose from
m151nterpret1ng minute cellular elements for spaceso
In 1955, Hess (l955b) using -the perlodlc acid-Sehiff (PAS)
reaction on brain_materlal concluded that whereas glial and nerve
cells gave a negative reaction, some unknown substance gave a positive
reaction, This sﬁbstaneé was interpesed between the cellular elementis
and accordingly thought of as the ground substance. Dempsey and
‘Wislocki (1955) reached a similar conclusion, Davson and Spaziani
(1959) using cytoéhemiéal methods have caleulated that 15% ofathe brain
is extracellular spﬁeéoa | | k | |
‘Oonsidering only the morphology ef the area, it has Beéome
evident in recent years that no exﬁracellular spaces exiéto Wyckoff
and Young (1956) found no evidensce of extracellular spaces to account
for the ground substance, and Gardner (1960) has confirmed‘ﬁhese
. findings, | -
| Hess (1955a) did show that exﬁfaeéllular spaces do exist in
new born animals and that there is alsubstanee present in these gpaces.
However he thought these spaces disappearea in the adult animzl. It is
thought that there is justification in'gssuming that spaces‘existvbew
tweén eellulér membranes and that this area .is filled with some
amorphous materialo Distinet areésy'ﬁounded»by membraneslof el@sely’

adjacent cellular elementsg are present»in both methacrylate and Epon
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- embedded material., A disﬁinet separation between parallel cellular -
“ membranes is also commen, These spaces héve_é_distinot osmophilia.
Whether these spaces répraéent swollen separations due to the embedding
medium eould not be pésiﬁively determined, It is believed that thesé
spaces do not represent artifacts. A1l components of a.system must bs
eapaﬁle of a limited amount of independent movement and this movement
.wbﬁld be séverely restricted if all celluléf eléments werevjoiQEda

If these spé@es are present in the’céntralvnervous system and
are occupied by the gfound subgshance, then new biechemiscal techniques

will have to be developed %o briﬁg them to light.

>Néuroglia |
The relatibnship of neuroglial eélls to cersbral ecapillaries

kwas recognized very early. Lewandowsky (1900) first éuggested that
théy may be related to the blood-brain barrier., Gartner (1927)
hypothesized that the glial membranes and investing pia membranes
. formed an effective permeabilityﬁﬁhield around the blbod v&sselsov More
resently there has been an increasing aﬁount of interest directed to-
wards the identification and function of the neuroglis.

| Work has been conducted on the Physiolagi@ importanée of the
neuroglia by Dempsey and Wislocki (1955), Bakay (1956), Bairati (1958),
DeRobertis et al°’(1959,F1961)2‘aﬁd Hyden (;962)9 who generally agree
that heuroglial eéllé—play an'imporﬁant part in effeeting anvexchange‘
of nutrieh%s'frem bloed VSSSS1S to nerve tiséusai It is very possible
that neuroglia are the moderaters of the bloodnbraln barrlero Maynard

et al, (1957) demonstrated that astroeytlc processes contact the bass~
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ment membrane‘sufrounding thévcaﬁiliary wallo‘ Since then a number
of 1nVestigators have concurred w1th thlﬁ_work (Farquhar amd Hartmanng
- 1957; DeRobertls et aleg 1959).
| The difficulty in 1dentifying all astrocytic end-feet processes
' mgkes the determination of the quantitative relationship between |
 astrocytes and capillaries a difficult one, The densityrof the cyto-
plaSmie endwfeet appears to be essentially identiealvto‘that of nerve
fiberso It is near lmpessible t@ separate unmyelinated nerve flbef '
fronm astroeytlc endwfeet and precessesa Two erlterla, which serve in
only a fundamental capacity, are available at present: 1) eouparison
of the relaﬁive area that'the structore in question oecupies in‘relatioﬁ
to ép:adjacent unmyelinéted and easily ideﬁfifiable cross sechioned
nerve fiber; 2) the presence or absence of neurofibrillae. Even with
‘this limited approach to'iﬁeniifieation, it is evident that astrocytic
‘end~feet engulf great peﬁ%i@ns of the cerebral vessels. With this
~ elose morphologieal relationshipg ﬁhey are ;ndoubtedly an'éxtremely
impertant eleﬁent.in the barrier meehanism; -
| Another problem is identification 6f oligodendroglia and

ast:oeytes; Thesg two neuroglial cells are often confused with one
another, Photbgraphid evidence presented by various workers appearé
highly‘eéntradietive and eorrélati@n beﬁweenvphatographsvand the
vwrltten deseription is questlenableo

Qllvodendroglla of the cerebral cortex are closelv adjacent to
neurons. DeRobertis et al. (1959) bellevea that they Nattach" them-
sei?esito the perikaryon of the neuron, Whether this is true in most

ingtances is questionable, They are also found in the white matber of
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the spinﬁl cord where they‘are arranged in rows between fascieuli
(DeRebertis and Gersehenfeld9 1961) These ﬁwo types are somewhat
dlfferent 1n structure and the present dlS@ﬂSSlon is confined to the
" eertlcal‘oligcdendregliao Both types ave believed to have had the same
funetion, that is, the sfnthesis and maintenance of m&elin sheaths,
Funetionally thengAthey ére a typeAef Sehwaﬁn eell, This relatlcnshlp
to myelin f@rmatlon is lost in the cortleal area where the dlstanee be« -
tween an oligedendreglia and & myellnated nerve is sometimes very grea:t0
Fer this reason and also beeause of lts el@se relationship to nauronss‘
the function of this ecell in the cortical areas is still belng clesely
examined (Tschirgi, 1952; Manneryg 1954; Bakay, 1956;.D0bbing9'-l%il)°

Three 1dent1fy1ng erlteria for separatlon of ollgodendroglla

© - from astr@cytes has emerged from this study

1? Chromatin material is flnely distributed throughout @llgedendroglla
‘with only minute elumpzng presento In astrocytes the chromatin tends

to form large aggregatés which invériébl&iéeaeeﬁtrate heavily én.the
nuclear membrane, | |

2, Mitoahendria'are distinctively elear iﬁ'eligodgndroglia whereas in
aSﬁr@cytes they ﬁend to be osmbphilic and thus set themselﬁes off
sharply from the cyteplasmle background. » |

3. The cytoplasmic mass in oligodendroglia is moderately dense with no‘
unusual charaeterlstles to point out, Cytoplasm qf astroeytes is very
seant and contains beadedffibers which are quite characteristic of

these eells,.



SUMMARY

. ’The blo@d»braiﬁ barfief ag defined by this study is composed
of the following elements: 1) caplllary endothelial cells; 2) base-
ment membrane; 3) engrossing sheath formed from membranes of
éstroeytic énd»feet and neuronal proeesses;AA)Aneuroglial cells,
specifically astrocytes.

Gapiliary endothelium varies tremendoﬁsly in thickness and
has a very irregular luminél surfaceay Pinocytosis is believed to be
the main nuﬁrlent transpert system but other aetive transport systens
_ must be assmmed to exist, No fenestratlens oeccur 1n the cortical
'endotheliuma

| " A basement membrane eompletely surrounds the endothelium,

This membrane has a lamellar structure and is evenly sandwiehéd be=
tween the external endothelial plasma membrané and the sheath formed
by the surrounding eellulaxs[elemsntso |

A sheath made wup of membranss from astrocytic end-feet and
other eelluiar elements completely surrounds thé basement'membraneo

Idemtifylng charaeteristlcs were establzshed for ollgodendroglla9
asﬁroeytesp and mlerogllao “Astrocytes play 8 d;re@t rele in blood-
brain barrier activities, Endsfeet frqm astreeyti@ processes make
difeet,conﬁaet withithe;basement membrane, The extent of the basement
membrane surface area’eontaeted by tﬁese end-feet is stili aiSPHted
sinee the absolute identification of emd-feet is difficult,
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Figure 1. Cross section of a rat cerebral capillary show-
ing a number of short pseudopodia (P) projecting into the lumen (L)
and pinocytotic vesicles (lines)., A basement membrane (B) containing
a satellite cell (S) completely surrounds the endothelium. Several
astrocytic processes (A) are in contact with the basement membrane,

X23,000,
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Figure 2. Section of the wall of a rat cerebral capillary
showing desmosomes (arrows) at the junetion of two endothelial cells,
Associated with the junction is a prominent pseudopodia (P), A large
satellite cell (S) with a circular mitochondria (M) is present within
- the basement membrane (B). Note that the cytoplasm of the satellite

cell is less osmophilic than that of the endothelium., X26,000.
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Figure 3. Loz;gitudinal section of a rat cerebral ecapillary
with numerous pseudepodia (P) and mitochondria (M). X30,500,
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Figure 4. Endothelial wall showing pinocytotic vesicles

(arrows) pinching off the luminal plasme membrane,

NBumerous vesiecles

(V) are present throughout and a echaracteristic mitochondria (M), A

leucoeyte (W) oeccupies the lumen, X19,000.
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Figure 5. ‘Cress gsection of a rat cerebral ecapillary.
Numerous mitoechondria (M) are present in the endothelium, The base-
ment membrane (B) forms an even layer around the capillary., A large
astroeytie process (A) makes contact with the basement membrane.

Present within the lumen is a leucocyte (W). X18,000.
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Figure 6., Junction of two eerebral capillaries with an
erythrocyte (E) and leucoeyte (W) present within the lumen, Junetion
of two endothelial cells (arrow) is flanked by two distinct pseudo-

podia (P), Basement membrane (B); Satellite eell (S). X26,000,
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Figure 7. Section of endothelium (En) with adjacent basement
membrane (B). The basement membrane has a distinect lamellar struecture,

X108,000,
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Figure 8, Cross section of a rat cerebral eapillery with a
leucocyte (W) oecupying the lumen, Numercus satellite cells kS) with
their characteristic osmophobie eytoplasm are present., An astrocytic

process (A) surrounds half of the eapillary. X16,000,
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Figure 9, Extracellular space (arrow) bounded by membranes

of nerve processes, X20,000,

,Figure 10, Extracellular space (arrow) bounded by membranes
of adjacent nerve processes, An osmophilia similar to that present in

the nerve fibers is present within the space, X20,000,

~Figure 11, Extracellular spaces (arrows) bounded by membranes
of adjacent nerve processes. A distinet osmophilia seems to be

present. X45,000.
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Figure 12, Oligedendroglia eell. Nucleus (Nu) contains
evenly dispersed chromatin granules and is bounded by a distinct
membrane (Mm), Mitochondria (M) are large and clear. Cytoplasm

forms only a thin layer about the nucleus, X10,000.
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Figure 13. Oligondendroglia cell, Distinct nucleolus (Ne)
present within the nucleus (Nu). OClear mitochondria (M) abound in

the thin layer of eytoplasm about the muecleus, X16,000,
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Figure 14, Astrocyte with mucleus (Nu) containing irregularly
distributed aggregations of chromatin (C) whieh forms a heavy border
(arrows) along the nuclear membrane, | Osmophilic mitoehondria (M)
present within the osmophobic eytoplasm, '214,000."
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FPigure 15, Astrecyte with characteristie chromatin aggrega~

tions (C) within the nucleus, Numereus osmophilic mitochondria

(1ines) are present within the cytoplasm,

Beaded filaments (arrows)

are also distributed throughout the cytoplasm., X14,000,
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Figure 16, Cross section of a rat ecerebral capillary
surrounded by astroeytic end-feet (A). A large satellite cell (S)

is present within the basement membrane, X11,000.
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(Fu).

Figure 17. Microglia cell with large osmophilic nucleus

Seant cytoplasm surrounds the mucleus,

on the nuclear membrane (arrow). X20,000,

A "pore® can be seen
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Figure 18, Neuron with abundant large mitoehondria (M). A
distinet endoplasmic retieulum (arrow) is present, Nucleus (Ifu).
X12,000,
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FPigure 19, HNeuron with distinet nucleus (Nu) containing a
nucleolus (Ne)., Mitochondria (M) in clese proximity to nuclear

membrane (arrow) gives the nucleus a lobated effect., X20,000,
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types:

Figure 20, Methacrylate embedded sectien showing three cell

1) neuren; 2) oligodendroglia; 3) microglia, X5400,
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Figure 2.1.' Mefbhacrylate 'e_mbedded. astrocyte with nueleus
(Nu) surrounded by clear eytoplasm (Cy). X5400.
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