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Molecular anatomy of interendothelial junctions
In human blood-brain barrier microvessels
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Abstract: Immunogold cytochemical procedure was used to study thelocalization at the ultrastructural level of interendothe-
lial junction-associated protein molecules in the human brain blood microvessels, representing the anatomic site of the
blood-brainbarrier (BBB). Ultrathin sectionsof L owicryl K4M-embedded biopsy specimensof human cerebral cortex obtained
during surgical procedures were exposed to specific antibodies, followed by colloidal gold-labeled secondary antibodies. All
tight junction-specific integral membrane (transmembrane) proteins - occludin, junctional adhesion molecule (JAM-1), and
claudin-5 - aswell as periphera zonula occludens protein (ZO-1) were highly expressed. Immunoreactivity of the adherens
junction-specific transmembrane protein VE-cadherin was of almost similar intensity. Immunolabeling of the adherens
junction-associated peripheral proteins- a-catenin, 3-catenin, and p120 catenin - athough positive, was evidently lessintense.
The expression of y-catenin (plakoglobin) was considered questionable because solitary immunosignals (gold particles)
appeared in only afew microvascular profiles. Double [abeling of some sections made possibleto observe strict colocalization
of thejunctional molecules, such asoccludin and ZO-1 or JAM-1 and V E-cadherin, in theinterendothelial junctions. Wefound
that in human brain microvessels, the interendothelial junctional complexes contain molecular components specific for both
tight and adherensjunctions. It is assumed that the data obtained can help us find the immunodetectabl e junctional molecules
that can serve as sensitive markers of normal or abnormal function of the BBB.
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I ntroduction

Interendothelial junctional complexes in brain blood
microvessels are believed to be one of the main factors
responsible for the tightness of the blood-brain barrier
(BBB). Morphologically, thistightnessismanifested by
the presence of characteristic intimate contacts between
plasma membranes of adjacent endothelial cells (ECs)
visibleat thelevel of ultrastructureand known aszonula
occludens. As a result of the existence of continuous
rows of these contacts, the intercellular cleft between
adjacent ECs is obstructed. In effect, tight junctions
(TJs) are formed that impose a passive, nonselective
obstruction to solute exchange between blood and brain
interstitial fluid [7]. It was shown that BBB maturation
during development is paraleled by the formation of
complex TJs between microvascular ECs[34].
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The presence of TJsin the brain microvascular endo-
thelial layer is presumably responsible not only for its
barrier function but also for the maintenance of cell
polarity. The functional polarity (or asymmetry) of the
brainvascular ECsismanifested morphologically by the
different distribution of several enzymes and carriers
between luminal and abluminal plasmamembranes|10,
39]. Molecular components of TJs are considered im-
portant factors engaged in their fence function control-
ling the intramembrane diffusion and consequently
maintaining the structural and functional polarity of the
ECs[3,4,7,8].

There are several molecular components present in
the TJs of various endothelial and epithelial cells. The
most important among them are intrinsic, transmem-
brane proteins such as occludin, thefamily of junctional
adhesion molecules (JAMs) found in different types of
cells[2, 24, 31], and claudins [26, 27]. Occludin is the
first and best-known integral membrane protein of TJs,
whichisbelieved to be directly involved in their barrier
and fence functions [12, 13]. The TJ-associated periph-
eral zonula occludens protein (ZO-1) establishes alink
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betweenthetransmembraneproteins(e.g., occludin) and
the actin cytoskeleton [11, 37].

In addition to the TJ-associated protein molecules,
proteins are also associated with zonula adherens that
form the adherens junctions (AJs). Several AJ-associ-
ated proteins were found in the endothelium of the rat
brain blood microvessels representing the BBB [35].
These dataindicate that in the endothelium of the BBB
microvessels, not only TJsbut also AJsare present. The
structural and functiond relationsof both types of interen-
dothdid junctions and their involvement in the formation
and maintenance of the barrier function of brain blood
microvessals are not yet well known [20, 25].

Similar to TJs, in the AJs, both transmembrane and
peripheral protein moleculesare present. Thelargefam-
ily of cadherins represents the transmembrane proteins
of AJs that interact homotypically in the presence of
calciumions[36]. Vascular endothelium cadherin (VE-
cadherin or cadherin-5) is an important determinant of
microvascular integrity both in vitro and in vivo and,
together with catenins, formsthe complex that functions
as an early-recognition mechanism between ECs [29].
Although VE-cadherin is expressed in the blood vessd
endothelium, itsspecific associationwiththe BBB remains
unclear, as emphasized by Rubin and Staddon [32].

A major role of catenins is to anchor the cadherin
complex to the actin cytoskeleton, and in this respect,
their roleasperipheral proteinsin A Jsbearsresemblance
tothat of ZO-1in TJs. It is believed that [3-catenin and
y-catenin (plakoglobin) link cadherin to a-catenin,
whichinturn couplesthe complex to theactin microfila-
ment network of the cell cytoskeleton [30]. A new p120
catenin (ppl20 or pl20 cas) was recently identified
whose role remains controversial in contrast to the
above-mentioned classical catenins. High-affinity bind-
ing of the p120 catenin to VE-cadherin suggests that it
can be engaged in regulation of vascular permeability
and can in some way affect BBB function [1]. This
problemisof great interest and needsfurther experimen-
tal work.

One should bear in mind that the data related to the
presence and localization of the protein molecules
(transmembraneand peripheral) associated with TJsand
AJs were obtained on different types of epithelial and
endothelial cellscultivatedinvitro or obtained asbiopsy
specimens. Thus, it isnot clear whether all new dataon
themol ecular composition of intercellular junctionsalso
relate to highly specialized cells that form the endothe-
lial lining in the BBB type of brain blood microvessels.

Consideration of the data presented above prompted
usto study thedistribution at the ultrastructural level of the
interendotheliad junction-associated molecules in human
brain blood microvessels representing the BBB. We ap-
plied the postembedding immunogold procedure to study
the locdlization of TJ and AJ-associated protein mole-
culeswith commercially available specific antibodies.
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Materialsand methods

Material. Biopsy specimens of human cerebral cortex, obtained
during surgical procedures on four patients with brain tumors (men-
ingioma), used previously for our cytochemical studies[ 38, 40], were
also utilized for the present immunocytochemical trials. Small sam-
ples(1-2 mm?) of normal-looking brain tissuewereimmersion-fixed
at room temperature (RT; ca 22°C) in freshly prepared fixative
containing 4% formaldehyde (prepared from paraformal dehyde),
0.1% glutaraldehyde, 0.15 M sucrose in 0.1 M cacodylate buffer,
pH 7.4. After fixation (up to 2 h), tissue blocks were washed over-
night inice-cold 7.5% sucrose, dehydrated in ethanol with concomi-
tant lowering of temperature to -35°C, and finally embedded in
hydrophilic resin Lowicryl K4M. After polymerization under UV
lamp inthelow-temperature embedding apparatus TTP 010 (Balzers
Union; Liechtenstein), the samples were cut with a diamond knife
using an ultramicrotome (Sorvall MT-5000; DuPont).

Immunocytochemical procedure. Ultrathin sections attached to
formvar-carbon-coated nickel gridswere placed in amoist chamber
at RT onadrop of 0.1 M glycinefor 15 min to quench free al dehyde
groups. The sectionswereincubated in arefrigerator (4°C) overnight
(approximately 16 h) on a drop of primary antibody (see below)
solutionin TBS(pH 8.0) containing 1% bovine serum albumin. After
washing with TBS, the sections were exposed for 1 h a RT to the
solution of secondary antibody labeled with colloidal gold (see
below). The diameters of gold particles used were asfollows: 10 nm
(shortly G10); 12 nm (G12); 15 nm (G15); and 18 nm (G18).

Occasionally, sections were immunostained with two different
primary antibodies that were labeled with secondary antibodies of
different size (diameter) of the colloidal gold particles. After severd
washings with TBS and glass distilled water, and staining with 4%
uranyl acetate (3 min) and Reynold’ slead citrate (1 min), thesections
were examined in a Hitachi 7000 el ectron microscope.

Controls for the specificity of the immunostaining consisted of
sections incubated with normal rabbit preimmune serum or with
secondary antibodies only.

The following primary antibodies were used: rabbit polyclonal
anti-occludin and anti-ZO-1, mouse monoclonal anti-y-catenin (pla-
koglobin) and anti-claudin-5, all from Zymed L aboratories, Inc., San
Francisco, CA, USA; rabbit polyclonal anti-a-catenin and anti-[3-
catenin, from Chemicon International, Inc. Temecula, CA, USA;
goat polyclona anti-human JAM-1 from R&D Systems, Inc., Min-
neapolis, MN, USA; rabbit polyclonal anti-V E-cadherin from Cay-
man Chem., Ann Arbor, M1, USA; and mouse monoclonal anti-p120
catenin (p120 cas) from BD Biosciences, San Diego, CA, USA. The
following colloidal gold-labeled secondary antibodies were used:
goat anti-rabbit (GAR-G15) and goat anti-mouse (GAM-G15), from
Amersham Biosciences UK Ltd.; donkey anti-goat (DAG-G12 and
DAG-G18) and goat anti-rabbit (GAR-G18), from Jackson Immu-
noresearch Lab. Inc., West Grove, PA , USA; and GAR-G10, from
Sigma-Aldrich, St. Louis, MO, USA.

The labeling density of immunosignals represented by colloidal
gold particles (GPs) was expressed as the number of GPs per um of
length of interendothelial junction. The details of the label quantifi-
cation were described previously [41]. The results of the labeling
density quantification are presented in Table 1. Dueto small number
of vascular profilesthat were perfectly suitablefor morphometry, the
significance of differencesbetween labeling densities of the particu-
lar junctional molecules was not statistically eval uated.

Results

Tight junction-associated protein components

Occludin. Expression of occludin, evidenced by the
density of immunosignalsrepresented by colloidal GPs,
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was the highest among all junctional proteins under
study. Morphometric analysis of 10 randomly chosen
interendothelial junctional complexes gave valuesfrom
3.16 to 6.9 GPs per um of junctional length (see Table
1). Inlongitudinally (Fig. 1) or moreobliquely sectioned
interendothelial junctions (Fig. 2), numerous GPs were
associated with the plasma membranes of adjacent ECs
or appeared insidethejunctional clefts. The GPslocated
inside the junctional cleft were especially conspicuous
in short segments of transversely sectioned junctions
(Fig. 3). In the majority of examined junctional com-
plexes, the shorter or longer segments of the EC plasma
membranes delimiting the interendothelial clefts,
together with adjacent cytoplasm, revealed increased
density and were recognized as perijunctiona plagques
(e.g., inFig. 3).

Junctional adhesion molecules(JAM-1). Immuno-
signals for JAM-1 represented by colloidal GPs were
distributed unevenly intheinterendothelial junctions. In
some junctional segments, numerous GPs were |ocated
inside the interendothelial clefts. Some GPs were scat-
tered singly, whereas othersformed small clusters com-
posed of threeto six particles (Fig. 4). In many vascular
profiles, however, only afew GPswere associated with
perijunctional plagues and with adjacent plasma mem-
branes, or were located inside the interendothelial cleft
(Fig. 5). Morphometric analysis gave a mean value for
labeling density of 3.31 GPs/um, i.e., somewhat lower
than that for occludin (Table 1).

Claudin-5. The distribution of immunosignals for
claudin-5 was similar to that for occludin and JAM-1,
although the density of immunolabeling was slightly
lower (2.94 GP/um). In some vascular profiles, solitary
GPs were almost uniformly at relatively even space
intervals, scattered along the interendothelial junctions
(Fig. 6). A few GPs were occasionally clustered inside
or in close proximity to the junctional cleft (Fig. 7). In
several longitudinally sectioned junctions, long seg-
ments were unlabeled, whereas afew GPswere present
in the vicinity of lumina or abluminal estuary of the
interendothelial cleft.

Zonula occludens protein (ZO-1). Immunosignals
for ZO-1 were frequently grouped in short segments of
theinterendothelial junctions, leaving long segments of
these junctions unlabeled (Fig. 8). In many vascular
profiles, however, the entire length of the sectioned
junction was labeled with several GPs, located usually
inthe perijunctional plasmamembranesandin cytoplas-
mic plagues (Fig. 9). The density of immunolabeling
wasrelatively high, giving mean value of 6.48 GPs/um.

Colocalization of ZO-1 and occludin. The structu-
ral relations of the transmembrane proteins represented
by occludin immunolabeled with G10 and peripheral
protein represented by ZO-1 labeled with G18 was
judged by double immunogold labeling. As shown in
Figure 10, immunosignals for occludin were mainly
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located inside or in close proximity to the interendothe-
lia cleft. In contrast, immunosignals for ZO-1 repre-
sented by larger GPs (18 nm) werelocated mostly more
peripherally, although afew of them were occasionally
present inside the interendothelial cleft in close associ-
ation with occludin.

Adherensjunction-associated protein
components

VE-Cadherin. Immunosignals for VE-cadherin were
numerous, but they were irregularly scattered along the
interendothelial junctions, leavingtheir shorter or longer
segments unlabeled (Figs. 11 and 12). The maority of
GPs were located inside or in close proximity to the
interendothelial cleft. In somecapillary profiles, severa
GPswereassociated only witharel atively short segment
of the junctional complex (Fig. 12). In spite of this
irregularity, the mean value for the labeling density of
5.07 GPs/um was relatively high.

Colocalization of VE-cadherin and JAM-1. The
structural relation of transmembrane proteins repre-
senting different typesof junctionswasjudged by exam-
iningthelocalization of immunosignalsfor VE-cadherin
(G18) representing the AJs, and JAM-1 (G12) repre-
senting the TJs. As shown in Figure 13, both proteins
were closely associated with the interendothelial junc-
tions, although larger GPs (V E-cadherin) revealed some
tendency to more peripheral distribution than smaller
immunosignals for JAM-1 which were located mainly
in theinterendothelial cleft.

a-Catenin. The density of immunogold |abeling for
o-catenin was significantly lower than that for V E-cad-
herin. Inthemajority of microvascular profiles, only 2-4
GPs per sectioned interendothelial junction were pres-
ent. These immunosignals were located mainly periph-
erally in perijunctional plaguesor eveninthevicinity of
the EC plasma membrane (Fig. 14). The mean value of
thelabeling density for a-catenin was 1.79 GPs per um
of junctional length.

[-Catenin. The distribution of immunosignals for
[3-catenin was similar to that for a-catenin, athough the
density for immunogold labeling was somewhat lower,
yielding thevalue of 1.41 GPs/um. Theimmunosignals
represented by afew GPs were usually scattered along
the short segments of the junctional cleft (Fig. 15) and
frequently were associated with the EC plasma mem-
branes or with perijunctional plagues.

y-Catenin (Plakoglobin). Immunoreactivity of y-
catenin appeared in some microvascular profiles only
and was represented by one or two GPs located inside or
in close proximity to theinterendothdlid cleft (Fig. 16). In
these microvessels, the density of immunolabeling was
low, approximately 0.77 GP/um. Sincein the majority of
microvascular profiles no immunosignal swere present,
these results were considered questionable.
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p120 Catenin. Immunosignals for p120 were found
inalmost all microvascular profiles examined, although
the density of immunolabeling waslow, yielding values
between 0.86 and 0.92 GP/um. The localization of GPs
wassimilar tothat observedfor a-cateninand 3-catenin,
i.e., they were scattered irregularly along the interendo-
thelial junctions (Fig. 17). Occasionally, solitary GPs
were located inside the junctional cleft or were associ-
ated with EC plasma membranes or perijunctiona

plaques.

Discussion

Themain findings of our studies are asfollows. (a) The
interendothelial junctional complexes of the human
brain blood microvessels representing the BBB contain
al three TJ-specific integral membrane (transmem-
brane) proteins. The protein molecules occludin, JAM-
1, and claudin-5 colocalize with ZO-1, which is
considered the primary junctional peripheral membrane
protein. (b) In these junctional complexes, severa AJ-
specific molecular components, such astransmembrane
protein VE-cadherin, and the peripheral proteins a-
catenin, 3-catenin, and p120 catenin areal so present. (C)
The presence of the above-mentioned, highly expressed
proteinsin the microvascular interendothelial junctions
allows us to assume that some of them can serve as
sensitive biomarkers of normal or abnormal function of
theBBB. Thesepointsdeserve additional commentsand
discussion.

(a) Thepresenceof al of the above-mentioned trans-
membrane componentsof TJsinthe ECsof human BBB
microvessels is of great interest because these proteins
werefound originally in other speciesand in other types
of cells. Occludin, the first known TJ-specific integral
membrane protein, was identified, characterized bio-
chemically, and localized at the ultrastructural level in
chickenintestinal epithelial andliver cells[12]. Itsultra-
structural localization in the interendothelial junctions
of BBB microvesselsof animals(porcine) wasobserved
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Table 1. Cumulative results of immunogold labeling density dis-
tribution for molecular components of interendothelial junctionsin
human brain capillaries

Type of junction Junctional protein | Labeling density*
Transmembrane:
Occludin 5.24 (3.16-6.90)
. . JAM-1 3.31 (2.38-4.33)

Tight Junctions Claudin-5 2.94 (2.03- 4.40)
Peripheral:

Z0-1 6.48 (5.61-7.75)

Transmembrane:

VE-Cadherin 5.07 (3.90- 6.50)
. Peripheral:

AdherensJunctions | _capenin 179 (145-251)
B-Catenin 141 (1.36-1.47)
y-Catenin 0.77 (0.71-0.86)
p120 0.88 (0.86-0.92)

*Means and ranges (in parentheses) of gold particle counts per
one um of the length of the interendothelial junctions are shown.
Each valueis based on 10 microvascular profiles examined.

later by Hiraseetal.[17]. JAM wasoriginally identified
in vascular ECs from mouse heart and lungs and in
epithelia cells growing in vitro. This protein was also
obtained from mouse duodenum, whereits ultrastructu-
ral localization was observed for the first time [24].
Claudin family members were originally identified in
cultured MDCK transfectants and in sections of mouse
liver and kidney [26], whereas claudin-5 was found in
mouse lungs, kidney, intestine, and brain [27].

Our observation of double-labeled brain sectionsre-
vealed a close structural relation of TJ-specific trans-
membrane protein occludin to membrane periphera
protein ZO-1. Closely related to ZO-1, which isaphos-
phoprotein with a molecular mass of 210-225 kD, are
160-kD molecules known as ZO-2 [16], and 130-kD
molecules, known as ZO-3 [19]. Only the localization
of ZO-1 was studied in our present work because the
efficient antibodies for ZO-2 and ZO-3 were not com-

Fig. 1. A longitudinal section of the wall of ablood microvessel (capillary) from the human cerebral cortex showing many immunosignals
for occludin, represented by colloidal gold particles of 15-nm diameter (G15). The mgjority of immunosignals are located inside or at close
proximity to theinterendothelial junctional cleft (arrows). The following abbreviations (symbols) are used in thisand in al other figures: B,
basement membrane; E, endothelial cell; L, vessel lumen; P, pericyte; R, red blood cell. Scale bars= 0.5 pm. x 60,000. Fig. 2. Cross-sectioned
capillary shows numerous immunosignals for occludin associated with the interendothelial junction (arrows). x 60,000. Fig. 3. In this
cross-sectioned capillary wall, the immunosignals for occludin are located inside (arrow) or in close proximity to the interendothelia
junctional cleft. The cytoplasm of the endothelial cell (E) adjacent to the interendothelial junction forms characteristic plaques showing
increased density. x 60,000. Fig. 4. Section of the capillary wall with numerousimmunosignalsfor JAM-1. Several gold particles (G18) are
located in the junctional cleft (arrows). Gold particles occasionally form small aggregates (arrowheads). x 51,000. Fig. 5. A longitudinally
sectioned interendothelial junction of the capillary incubated for immunogold localization of JAM-1 is shown under high magnification.
Immunosignals represented by colloidal gold particles (G18) are closely associated with the interendothelia cleft (arrows). x 90,000.
Fig. 6. A portion of the capillary wall with several immunosignals (arrows) for claudin-5 scattered along slightly tangentially sectioned
interendothelial junction. x 60,000. Fig. 7. Immunosignals (G15) for claudin-5 (arrows) associated with the interendothelial junction in the
capillary wall. x 90,000. Fig. 8. Longitudinally sectioned wall of the capillary showing numerousimmunosignalsfor ZO-1 (G10) associated
with some segments of the interendothelial junction (arrows). x 68,000. Fig. 9. In this cross-sectioned capillary wall, several immunosignals
for ZO-1 are located in close proximity to the interendothelia junction (arrows). Single gold particle appears also at the abluminal estuary
of the interendothelial cleft (arrowhead). x 80,000.
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mercially available. Presumably, thislimitation doesnot
affect the value of our findings because both satellite
molecules ZO-2 and ZO-3 are smaller and are attached
tothelarger moleculeof ZO-1. Thus, onecan expect that
thelocalization of all these ZO moleculesisidentical. It
is noteworthy that strict colocalization of ZO-1 with
TJspecific transmembrane proteins such as occludin,
claudin-5, and ESAM (JAM-related endothelial cell-se-
lective adhesion molecule) in mouse brain capillaries
was recently documented by immunogold electron
microscopy [28].

(b) Our observations revealed the presence of AJ-
specific proteinsin human BBB-typebrain blood micro-
vessels. The most interesting is the high expression of
transmembrane protein VE-cadherin, which is con-
sidered an important determinant of microvascular inte-
grity both in vivo and in vitro. Together with catenins,
VE-cadherin forms the complex that functions as an
early-recognition mechanism between endothelial cells
[21]. In spite of its high expression in human brain
microvessels, V E-cadherinisnot specifically associated
with BBB function, as emphasized by Rubin and Stad-
don[32], butinstead, appearsto beagenerally occurring
component of interendothelial junctionsinvarioustypes
of vessels, including retothelial cells of lymph nodes
[33].

The A J-specific membrane peripheral proteinsof the
catenin family (a-catenin, 3-catenin, and p120) are ex-
pressed in human BBB capillaries less intensely than
V E-cadherin. Presumably, theepitopesof theseantigens
aremore sensitive to the fixatives used or to the embed-
ding procedure than is V E-cadherin.

The close spatial association of AJ-specific and TJ-
specific proteins indicates that both types of junctions
arepresent intheendothelial lining of BBB-type human
brain vasculature. This assumption is compatible with
the results of immunogold study of Schulze and Firth
[35] on rat BBB microvessels. Although these authors
used antibodies to other AJ-associated proteins such as
pan-cadherin, N-cadherin, a-actinin, vinculin, and
zyxin, they concluded that in BBB endothelium, the
complex TJisembeddedinan AJthat occupiestheentire
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length of thejunctional cleft. Theresultsof our previous
studies performed on mouse, rat, and human brain sam-
ples [41, 42] dso led us to the conclusion that both
junctional types, i.e., TJs and AJs, are intermingled in
theinterendothelial junctionspresentin BBB-typeblood
microvessels.

This conclusion relates at least to mammalian brain
capillaries, because in chicken BBB microvessels, the
location of cadherin and cateninsis different. Gerhardt
et al. [14] observed that in developing and maturing
chicken BBB, N-cadherinislocalized in the EC ablumi-
na plasma membrane. Because the similar location of
[-catenin in chicken BBB was observed by Liebner et
al. [23], one can assume that during development and
maturation of the BBB, these proteins are responsible
for anchorage of the endothelium to other perivascular
cell types such as pericytes or smooth muscle cells. The
y-catenin, whose expression was found to be very low
(even questionable) in human brain microvessdls, is
highly expressed in the interendothelial junctions of
chicken BBB vasculature [23]. These data suggest the
existence of some species-related differences in the
presence and localization of molecular components of
interendothelial junctional complexes in BBB-type
blood microvessels. The elucidation of this interesting
problem requires further experimental studies.

(c) One of the abjectives of this work was to deter-
mine the interendothelial junction-associated protein
molecul esthat can serve as sensitive markers of normal
and/or disturbed barrier function of brain microvessels.
Understanding of the structural-functional correlations
between molecular components of the junctional com-
plexesinnormal, experimental, and pathol ogical condi-
tions can provide important information on the
pathogenesis of various neurodegenerative diseases.
One can assumethat the pathological insult that disturbs
the barrier function also destroys or changes the mole-
cular architectureof theinterendothelial junctional com-
plexesin the affected vessel. As emphasized by Gloor
et al. [15], thereislittle information about the involve-
ment of endothelial TJproteinsin diseases of the central
nervous system. On the other hand, however, several

Fig. 10. A portion of the capillary wall showing colocalization of occludin (G10) and ZO-1 (G18). Immunosignalsfor occludin (arrows) are
located mainly inside or in close proximity to the interendothelial cleft, whereasimmunosignalsfor ZO-1 (arrowheads) are located mostly
more peripherally. x 75,000. Fig. 11. In this longitudinally sectioned interendothelial junction of brain capillary, the immunosignals for
VE-cadherin arelocalized inside theinterendothelial cleft (arrows) or in the adjacent perijunctional plaques (arrowheads). x 80,000. Fig. 12.
Immunosignalsfor VE-cadherin are gathered in the segment of theinterendothelial junction (arrows), whereas the remaining segment of the
junctional cleft remains unlabeled, including its luminal estuary (arrowhead). x 90,000. Fig. 13. Colocalization of JAM-1 (G12) and
VE-cadherin (G18) inthewall of brain capillary. Theimmunosignalsfor JAM-1 (arrows) arelocated mostly inside theinterendothelial cleft,
whereas some immunosignals for VE-cadherin (arrowheads) are scattered more peripherally. x 100,000. Fig. 14. In this capillary profile, a
few immunosignals for a-catenin are associated with the interendothelial junction (arrows) or with the EC plasma membrane (arrowheads).
x 75,000. Fig. 15. In this capillary profile, only solitary immunosignals for 3-catenin appear inside the junctional cleft (arrow) or in the
perijunctional EC cytoplasm (arrowheads). x 60,000. Fig. 16. Longitudinally sectioned capillary wall showing only two immunosignal sfor
y-catenin (plakoglobin) in the abluminal estuary of the interendothelial junctiona cleft (arrow) and in the perijunctional EC cytoplasm
(arrowhead). x 60,000. Fig. 17. In this capillary profile, afew immunosignals for p120 catenin are scattered along the interendothelial cleft
(arrows). x 60,000.



Junctional moleculesin human blood-brain barrier 73




74

interesting dataindi cate that diseasesand conditionsthat
affect brain function, such as multiple sclerosis, HIV
encephalitis, Alzheimer’s disease, and stroke, perturb
BBB integrity with subsequent increasein vascular per-
mesability [18].

The above-mentioned markersareindeed in demand
inthelight of growing evidenceindicating that disturbed
barrier function of brain microvessels is paralleled by
altered expression of junctional proteins, e.g., occludin
and ZO-1 [5], claudin-1 and claudin-5 [22], or mainly
Z0O-116,9].

The data presented by the authors mentioned above
aswell asour own observations suggest that TJ-specific
transmembrane proteinssuch asoccludin, claudin-5and
JAM-1, together with peripheral protein ZO-1, can be
considered valuable and efficient markers of the inte-
grity of the interendothelial junctional complex in
human BBB. Occludin and ZO-1 appear to be the most
reliable because these proteins survive fixation and em-
bedding at low temperature in Lowicryl K4M and give
reproducible and intense immunogold labeling at the
ultrastructural level. The validity of these markers
should be evaluated in the course of further studies
performed on human brain biopsy specimens and on
laboratory (eventually transgenic) animals.
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