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Abstract

While the concept of the Neurovascular Unit
(NVU) is increasingly considered for exploring
mechanisms of tissue damage in ischemic
stroke, immunohistochemical analyses are of
interest to specifically visualize constituents
like the endothelium. Changes in immunoreac-
tivity have also been discussed to reflect func-
tional aspects, e.g., the integrity of the blood-
brain barrier (BBB). This study aimed to char-
acterize the endothelial barrier antigen (EBA)
as addressed by the antibody SMI-71 in a rat
model of embolic stroke, considering FITC-albu-
min as BBB leakage marker and serum levels of
BBB-associated matrix metalloproteinases
(MMPs) to explore its functional significance.
Five and 25 h after ischemia onset, regions with
decreased BBB integrity exhibited a reduction
in number and area of EBA-immunopositive
vessels, while the stained area per vessel was
not affected. Surprisingly, EBA content of
remaining vessels tended to be increased in
areas of BBB dysfunction. Analyses addressing
this interrelation resulted in a significant and
inverse correlation between the vessels’ EBA
content and degree of BBB permeability. In con-
clusion, these data provide evidence for a func-
tional relationship between EBA-immunoreac-
tivity and BBB dysfunction in experimental
ischemic stroke. Further studies are required to
explore the underlying mechanisms of altered
EBA-immunoreactivity, which might help to
identify novel neuroprotective strategies.

OPEN aACCESS

European Journal of Histochemistry 2013; volume 57:e38

Introduction

As consequence of numerous neuroprotec-
tive failures in acute ischemic stroke,' the per-
spective of tissue damage shifted from the ini-
tial neurocentric to an extended view consider-
ing the vasculature as an essential component
of the so-called Neurovascular Unit (NVU).24
The NVU including endothelial and associated
cells like neurons and glia also forms the blood-
brain barrier (BBB),>” which critically impacts
on local homeostasis and ischemia-related com-
plications like edema generation and hemor-
rhagic transformation.® However, to gain fur-
ther insight into the functional role of NVU con-
stituents, their reliable visualization under
experimental conditions is required and largely
based on specific markers allowing the simulta-
neous detection of multiple vascular compart-
ments. In this context, antibodies directed
against the endothelial barrier antigen (EBA)
have frequently been applied to address the
cerebral endothelium in rodents also under
pathological conditions like ischemic stroke,*?
intracerebral hemorrhage,"® experimental aller-
gic encephalomyelitis,'* traumatic brain
injury,® and spinal cord trauma.!s Initially
described in 1987 by Sternberger and
Sternberger,'” anti-EBA is a monoclonal mouse
antibody of the immunoglobulin M (IgM) class,
that binds to the luminal side of cerebral
endothelial cells. The name EBA was chosen
due to the assumption that antigen reactivity is
associated with parts of the cerebral vasculature
exhibiting a selective permeability barrier,
since EBA-immunoreactivity in the rat brain
was found to be absent or diminished in regions
with naturally restricted BBB integrity like the
area postrema and the choroid plexus.!”
Subsequently, EBA was also detected in
endothelial cells in the reproductive tract of
male rats, probably as a part of the blood-testis
barrier.’® However, the distribution of EBA
varies strongly in the CNS with a mixture of
EBA-immunopositive and -immunonegative
cells in pial vessels,'® a complete lack of EBA in
cerebral arterioles and a mosaic pattern in cap-
illaries and venules.?’ Notably, previous studies
demonstrated that cerebral areas with reduced
EBA-positive vessels provide increased BBB-
permeability for endogenous albumin and
IgG,13212 Jeading to the hypothesis that EBA-
immunoreactivity might represent a potential
tool to explore functional characteristics of the
NVU with a special focus on BBB integrity.
However, this perspective has so far not been
investigated under ischemic conditions,
although such a feature might notably comple-
ment further research while covering ischemia-
related consequences in more detail.

The present study therefore aimed to charac-
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terize EBA in a descriptive and functional fash-
ion using an embolic model of focal cerebral
ischemia in rats. For this purpose, EBA-
immunoreactivity was analyzed to identify the
spatio-temporal pattern in ischemia-affected
areas exhibiting increased BBB permeability as
identified by leakage of intravenously applied
fluorescein isothiocyanate (FITC)-albumin.
Moreover, relationships between different
aspects of EBA-immunoreactivity and BBB per-
meability as well as matrix metalloproteinases
(MMPs), known to promote disintegration of
the BBB during stroke, 3 were analyzed by cor-
relation coefficients to further explore the func-
tional significance of EBA under ischemic con-
ditions.
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Materials and Methods

Study design and tissue preparation

Seventeen male Wistar rats (mean body
weight 324 g), provided by Charles River
(Sulzfeld, Germany), underwent embolic mid-
dle cerebral artery occlusion as described
below and were consecutively assigned to an
observation period of 5 or 25 h, respectively.
Premature death occurred in one animal,
resulting in a total of 16 animals (8 in each
group) that finished the study addressing spa-
tio-temporal characteristics of EBA-immunore-
activity. In control experiments, 4 rats (mean
body weight 358 g) underwent sham-opera-
tion, while additional 2 rats suffering from
embolic middle cerebral artery occlusion
(mean body weight 322 g) were used for triple
fluorescence labeling of vascular constituents.
For visualizing ischemia-associated changes
in BBB integrity, 4 or 24 h after ischemia onset
FITC-albumin (molecular weight about 70 kDa;
20 mg dissolved in 1 mL saline; Sigma,
Taufkirchen, Germany), usually not crossing
the BBB under physiological conditions, 2 was
applied intravenously via a femoral catheter.
After an additional 1-hour circulation period
animals were sacrificed and blood was sam-
pled for measuring serum levels of MMPs, fol-
lowed by transcardial perfusion with a fixative
containing 4% paraformaldehyde in phos-
phate-buffered saline (PBS). Next, brains
were removed from the skulls and immersed in
the same fixative for 24 hours before their
equilibration in 30% phosphate-buffered
sucrose. Free-floating 30 pm thick coronal sec-
tions from the entire forebrain, stored in 0.1 M
Tris-buffered saline, pH 7.4 (TBS), containing
sodium azide, served for subsequent histologi-
cal analyses. The experimental protocol involv-
ing animals was approved by local authorities
(Regierungsprasidium Leipzig, reference
numbers TVV-02/09 and TVV-34/11). Care and
treatment of animals conformed to the stan-
dards of the European Communities Council
Directive (86/609/EEC).

Experimental induction of focal
cerebral ischemia and sham
procedure

Focal cerebral ischemia was induced by an
embolic model originally described by Zhang et
al.”» with some minor modifications as previ-
ously reported.” Briefly, animals were anaes-
thetized breathing 2.0-2.5% isoflurane in a
mixture of 70% N,O and 30% O,. During the
surgical procedure the body temperature was
adjusted to 37°C using a warming pad with a
rectal probe (Fine Science Tools, Heidelberg,
Germany). After preparation of left femoral
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vessels and catheter insertion, a tissue-con-
serving preparation of right cervical vessels
was performed. Afterwards, a pointed PE-50
catheter was inserted into the right external
carotid artery and advanced into the distal
internal carotid artery where a blood clot with
a length of approximately 45 mm was released.
Finally, the catheter was removed and the
stump of the external carotid artery ligated.
The sham-procedure was performed in analo-
gous manner, except of catheter insertion into
cervical vessels and thus without clot release.

Immunofluorescence labeling
of EBA and enhancement
of FITC-albumin

A first series of brain sections was washed 3
times for 10 min with TBS before being rinsed
with distilled water, mounted on fluorescence-
free glass slides, air-dried and coverslipped with
Entellan in toluene (Merck, Darmstadt,
Germany). Afterwards, sections were screened
using a fluorescence microscope (Axioplan;
Zeiss, Germany) to identify regions with
increased BBB permeability indicated by green
fluorescence of extravasated FITC-albumin.
Preceding brain sections were then applied to
indirect red fluorescent Cy (carbocyanine) 3
staining of EBA-immunoreactivity and concomi-
tant enhancement of FITC-albumin fluores-
cence. In detail, brain sections were washed 3
times for 10 min each with TBS before being
blocked for 1 hour with TBS containing 5% nor-
mal donkey serum and 0.3% Triton X-100 (TBS-
NDS-T) followed by an overnight incubation
with SMI-71, an IgM mouse monoclonal anti-
body directed against EBA (1:400 in TBS-NDS-T;
Covance, Emeryville, CA, USA). After further 3
washings with TBS for 10 min each, a cocktail
was added for 1 h containing Cy2-anti-FITC-IgG
(20 pg/mL TBS-BSA; Dianova, Hamburg,
Germany), for enhancement and long-term sta-
bilization of the green fluorescent signal of
FITC-albumin, and Cy3-donkey-anti-mouse-IgM
(20 pg/mL TBS-BSA; Dianova) visualizing SMI-
71.

In additional experiments, selected brain
sections from animals that underwent middle
cerebral artery occlusion and injection of FITC-
albumin were blocked with TBS-NDS-T for 1 h
and then incubated overnight with a mixture
of two endothelial markers, biotinylated
Solanum tuberosum agglutinin (20 pg/mL
TBS-NDS-T; Vector, Burlingame, CA, USA) and
SMI-71 (1:200). Next, the sections were rinsed
with TBS and processed with a cocktail com-
posed of Cy5-streptavidin (Dianova), Cy2-anti-
FITC-IgG and Cy3-donkey-anti-mouse-IgM (all
at 20 pg/mL TBS-BSA) for 1 h. Finally, brain
sections were washed, mounted, air-dried and
coverslipped as described above.
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Quantification of EBA-immunore-
activity

Fluorescence-based measurements were
done by a blinded investigator using an
Axioplan 2 microscope (Zeiss) with a struc-
tured-light confocal system (OptiGrid; Qioptig,
Fairport, NY, USA) and a digital camera (ORCA-
ER; Hamamatsu, Hamamatsu City, Japan).
Applying a 10x magnification, brain sections
were first scanned for regions with clear
extravascular green fluorescence signal in
terms of FITC-albumin leakage arising from the
inner part of the vessels indicating increased
BBB permeability. Within those regions, 2
microscopic fields (each covering an area of
about 0.55 mm?) were digitized and the total
number as well as the stained area of EBA-
immunopositive vessels vessels were assessed
automatically using the imaging software
Volocity 4.3.2 (PerkinElmer, Waltham, MA,
USA). Criteria to identify a vessel were a length
of at least 12 pm and an area of at least 100 pm?.
Thereby, the following settings were applied:
Find objects by intensity and exclude objects by
size (<100 pm?), while the overall technical
standard was a 10x magnification with numeri-
cal aperture 0.3. Further settings were:
Immersion medium air, exposure time 400 ms,
gain 0, offset 0, binning 1, grid wide field, Cy2:
excitation 480 nm, emission 527 nm, Cy3: exci-
tation 545 nm and emission 610 nm. The
stained area per vessel was obtained by dividing
the area of vessels by their total number. To
obtain intensity of the EBA-immunofluores-
cence signal per pm? vessel area, representing
the vessels’ EBA content, the total fluorescence
intensity of the microscopic field was measured
by Volocity 4.3.2 and manually corrected for the
surprisingly low background staining. Finally,
the background-corrected intensity of the EBA-
immunofluorescence signal was divided by the
previously obtained vessel area. For control
issues on the ischemia-affected hemisphere,
number and area of EBA-immunopositive ves-
sels, area per vessel and the intensity of the
EBA-immunofluorescence signal per pm? vessel
area were also measured in the hippocampus.
Due to the nature of embolic stroke with varying
infarct degrees and locations between ani-
mals,” we also analyzed corresponding regions
of the contralateral (non-ischemic) hemi-
sphere, allowing the calculation of a ratio
between the ischemic and non-ischemic hemi-
spheres for vessels’ EBA content, finally
enabling intergroup comparison. In sections
from sham-processed animals devoid of FITC-
albumin leakage, 4 microscopic fields in both
hemispheres (each 0.55 mm?), covering hypo-
thalamus, striatum, parietal cortex and hip-
pocampus, were analyzed as described above.
For illustration of data, high-resolution images
were taken from selected sections using the
confocal laser-scanning microscopes 510
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(Meta) or 700 (both from Zeiss) as well as an
Olympus BX51 microscope equipped with an
XM10 digital camera (Olympus, Hamburg,
Germany). In addition, a coronal brain section
was scanned using a photo scanner (2.000 dpi;
ScanMaker 9800 XL; Microtek, Willich,
Germany). Original images were generally
processed with CorelDraw/ Photo-Paint version
12.0 (Corel Corp., Ottawa, Canada); if indicated,
brightness, contrast or intensity were slightly
adjusted without creating or deleting signals.

Quantification of BBB integrity and
measurement of BBB-related
serum markers

Quantification of BBB permeability in
ischemia-affected brain regions using FITC-
albumin as leakage marker as well as acquisi-
tion of MMP-2 and MMP-9 serum levels were
described previously.?” The resulting ratio of
extra-/intravascular Cy2-enhanced FITC-albu-
min as surrogate for BBB integrity as well as
MMP serum levels were utilized for calcula-
tions in the present study.

Statistical analysis

Calculations were performed with SPSS ver-
sion 20.0 (IBM Corp.; New York, NY, USA). The
Wilcoxon test was utilized to check for statisti-
cal significance between values of the
ischemic vs the non-ischemic hemisphere at a
single time point. For inter-group comparisons
at different time points the #-test was used. To
explore interrelations between assessed vari-
ables, partial correlations, controlled for obser-
vation time, were applied. In general, a P<0.05
was considered as statistically significant.

Results

EBA-immunoreactivity after exper-
imental ischemic stroke

In sham-processed animals devoid of focal
cerebral ischemia, anti-EBA reliably detected

cerebral vessels in neocortical and subcortical
regions except of the circumventricular
organs, e.g., the choroid plexus and some pial
vessels showing an incomplete staining.
Compared to the neocortex and striatum, the
number of EBA-immunopositive vessels
appeared to be symmetrically reduced in the
hippocampus.

To ensure the specificity of endothelial EBA-
immunolabeling in ischemia-affected brain
regions, triple fluorescence labeling was
applied resulting in nearly complete congru-
ence of EBA-immunoreactivity and the
endothelium as visualized by Solanum tubero-
sum lectin (STL), confirmed by FITC-albumin
that remained intravascularly (Figure 1A). In
contrast to the surrounding tissue with regular
BBB integrity and to the non-affected con-
tralateral hemisphere, vessel-associated EBA-
immunoreactivity was found to be rarefied in
areas with ischemia-related BBB dysfunction,
indicated by FITC-albumin leakage (Figure
1B). Apart from the striatum as primary region
of ischemia, this feature was also seen in the
neocortex if affected by ischemia. A remark-
ably weak background staining in all animals,
facilitated quantitative analyses of the red flu-
orescence signal.

Diverse aspects of EBA-immunore-
activity in regions with decreased
BBB integrity

Sham-proceeded animals showed no differ-
ences in number of EBA-immunopositive ves-
sels, stained area of vessels and area per ves-
sel between both hemispheres (data not
shown). Compared to corresponding regions
in the non-affected hemisphere, 5 h after
ischemia onset the number of EBA-
immunopositive vessels was significantly
reduced in the area of decreased BBB integri-
ty as indicated by FITC-albumin leakage
(Wilcoxon, P=0.02; overview in Table 1), while
stained vessel area provided the same tenden-
cy, scarcely missing statistical significance
(Wilcoxon, P=0.09). Similar findings were
obtained at 25 h after ischemia onset with a
significant decrease in the stained area of ves-
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sels (Wilcoxon, P=0.04) and a reduction in
number of EBA-immunopositive vessels
(Wilcoxon, P=0.05), simultaneously occurring
with FITC-albumin leakage (Figure 2).
Surprisingly, the stained area per vessel did
not change at both time points (Wilcoxon, 5 h:
P=0.12; 25 h: P=0.35).

Additionally, at both time points no signifi-
cant changes in number of EBA-immunoposi-
tive vessels, stained vessel area or area per
vessel were found between the ipsi- and con-
tralateral hippocampus (Wilcoxon, P>0.05
each).

Vessels’ EBA content in regions
with BBB dysfunction

Five and 25 h after ischemia onset, intensi-
ty of EBA-immunofluorescence signal per pm?
vessel area as surrogate for vessels’ EBA con-
tent tended to be increased in areas with FITC-
albumin leakage compared to corresponding
regions on the non-affected hemisphere, how-
ever, failing statistical significance (Wilcoxon,
P=0.12 and P=0.17). Even clearer in the hip-
pocampus, no significant change in vessels’
EBA content was found at both time points
(Wilcoxon, P>0.05 each). Concerning the gen-
eral time course, regions with decreased BBB
integrity exhibited a slightly increased EBA-
immunofluorescence signal per pm? vessel
area towards the 25 h time point, which, how-
ever, failed statistically significance when
compared to 5 h (¢-test, P=0.58).

Interrelations among number of
EBA-immunopositive vessels,
stained vessel area, vessels’ EBA
content and degree of BBB dys-
function

As previously described, in the applied
model of focal cerebral ischemia affected brain
regions displayed a decreased tendency of the
extra-/intravascular FITC-albumin ratio as sur-
rogate for BBB dysfunction between 5 and 25 h
after ischemia onset, indicating an increase in
BBB integrity in the early phase of stroke.?
However, in areas with increased BBB perme-

Table 1. Parameters of endothelial barrier antigen (EBA)-immunoreactivity in the rat brain affected by focal cerebral ischemia.

1
Area with BBB dysfunction (0.02)
Hippocampus =

(0.05)

Il
(0.09) (0.04) -

1 1
(0.12) (0.17)

EBA, endothelial barrier antigen; BBB, blood-brain barrier. Arrows indicate an increased (1), decreased (4 ), or equal (=) reaction of listed parameters in regions of ischemia-related BBB dysfunc-
tion compared to the contralateral (non-affected) hemisphere. P-values originating from the Wilcoxon test are shown in brackets.
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ability no significant correlation (corrected for
time points) was found between the number or
area of EBA-immunopositive vessels and the
ratio of extra-/intravascular FITC-albumin
(r=0.22, P=0.47; r=0.05, P=0.87).

When further corrected for serum levels of
MMP-2 and -9, the ratio of vessels’ EBA content
and the intensity of EBA-immunofluorescence
signal per pm? vessel area correlated in an

FITC-albumin

inverse manner with the ratio of extra-/intravas-
cular FITC-albumin in regions of increased BBB
permeability (r= —0.68, P=0.02; r=0.60 P=0.05;
Figure 3). No correlation was found between
intensity of either EBA-immunosignal per pm?
vessel area or ratio of vessels’ EBA content and
serum levels of both MMP-2 and -9 (MMP-2: r=
-0.03, P=0.91; r= 0.2, P=0.52; MMP-9: r=
—0.02, P=0.95; r= —0.11, P=0.72).

\tpress

Discussion

Following previous investigations, regular
establishment of EBA has been considered to
be associated with an intact cerebral vascula-
ture as well as unaltered BBB integrity,!®17.2122
although clear evidence for such a functional
perspective is still missing, especially under

Figure 1. Characteristics of endothelial barrier antigen (EBA)-immunoreactivity associated with ischemia-related decrease in blood-
brain barrier (BBB) integrity, shown in representative coronal rat brain sections within 25 h after embolic stroke. Triple fluorescence
labeling of EBA (A) and Solanum tuberosum lectin (STL;A’) as endothelial markers, as well as fluorescein isothiocyanate FITC-albu-
min (A”) as indicator for impaired BBB integrity revealed a clear allocation in the overlay (A™), validating EBA as part of the vascula-
ture in ischemia-affected brain areas. Detection of extravasated fluorescein FITC-albumin, enhanced by carbocyanine (Cy)2-anti-FITC-
IgG, marked the area with increased BBB permeability (left part in B). Cy3-immunolabeling of EBA using the SMI-71 antibody result-
ed in a clearly cut differentiation between the intact appearing vasculature in regions devoid of ischemia (right part in B’) and affected
vasculature in subcortical ischemic areas (left part in B’), which became obvious by an opposite immunosignal in the merged compo-

sition (B”). Scale bars: A,A’,A”,A””, 30 pm; B,B’,B”, 200 pm.
OPEN a ACCESS
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ischemic conditions. To the best of our knowl-
edge, the present study for the first time pro-
vides descriptive details and spatio-temporal
characteristics of EBA-immunoreactivity in
brain regions with decreased BBB integrity
due to focal cerebral ischemia using an embol-
ic model of stroke in rats.

Five and 25 h after ischemia induction, both
number of EBA-immunopositive vessels and
stained area of vessels were reduced in
regions with increased BBB permeability. At
first glance, these findings confirm previous
reports about a decrease of EBA-immunoposi-
tive vessels under ischemic conditions,!®!112
but contrary to Lin and Ginsberg! as well as Lu

et al" the stained area per vessel did not
change significantly at both time points inves-
tigated, probably indicating a lack of vessel
fragmentation. This discrepancy might be
attributed to several reasons, e.g., differing
stroke models (embolic vs filament-based) and
localization of measurement (associated with
impaired BBB vs infarcted area itself). Indeed,
Michalski ef a/?* could show that the applied
model of embolic stroke in rats leads to FITC-
albumin leakage that is restricted to ischemia-
affected areas, but vice versa loss of neurons
could naturally exceed the area of increased
BBB-permeability. Mismatch between previous
immunohistochemical studies®'**® might also
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result from considerably differing staining
methods, e.g., SMI-71 was utilized in dilutions
ranging from 1:100% to 1:2000"° for
immunoperoxidase labeling with diaminoben-
zidine as chromogen.

So far, a loss of EBA-immunopositive vessels
has predominantly been interpreted as a loss
of EBA-immunoreactivity linked to an increase
in BBB permeability,'*?'?2 but specific data on
the functional role in focal cerebral ischemia
are lacking, especially whether reduced EBA-
immunolabeling is the cause or the conse-
quence of BBB dysfunction. Bhattacharjee et
al. showed that papaverine, when applied in
vivo, resulted in an opening of the BBB as

Figure 2. Representative overview scan from a coronal rat brain section 25 h after embolic stroke (center). Lateral inserts indicate cere-
bral vessels immunolabeled with anti-endothelial barrier antigen (EBA) on the ischemia-affected hemisphere (A,B,C) and the non-
affected hemisphere (J,K,L), while fluorescein isothiocyanate (FITC)-albumin, enhanced by carbocyanine (Cy)2-anti-FITC-IgG, indi-
cated increased vascular permeability in terms of leakage (D, E and F on the ischemic vs G, H and I on the contralateral hemisphere).
Generally, different parameters of EBA-immunolabeled structures in the striatum (middle inserts) as primarily affected area in the
applied model of focal cerebral ischemia, as well as the hypothalamus (lower inserts), which was also involved in several cases, while
the hippocampus (upper insets) with apparently intact blood-brain barrier served as control. Scale bars: A-L, 100 um.
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Figure 3. Scatter plots indicating interrelations between the ratio of extra-/intravascular fluorescein isothiocyanate (FITC)-albumin as
surrogate for blood-brain barrier integrity and the ratio of the vessels’ endothelial barrier antigen (EBA) content between the ischemic
and non-ischemic hemisphere (A), as well as the vessels’ EBA content (B).
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early as 1 h after injection, whilst an ongoing
reduction of EBA-immunopositive vessels was
not seen until 3 h and an increase of MMP-9
did not occur until 24 h.2® On the other hand,
Ghabriel et al. demonstrated that administer-
ing anti-EBA in vivo led to a widespread, dose-
dependent and monophasic opening of the
BBB with extravasation of horseradish peroxi-
dase into brain parenchyma.!82%30

In the present study, indirect red fluorescent
Cy3-immunolabeling allowed quantitative
measurement of vessels’ EBA content.
Remarkably, as number of EBA-immunoposi-
tive vessels and stained vessel area were
reduced in regions with FITC-albumin extrava-
sation 5 and 25 h after ischemia onset, the
intensity of the EBA-immunofluorescence sig-
nal per pm? vessel area tended to increase in
the remaining vessels. This rise in vessels’
EBA content in ischemia-affected areas
exhibiting impaired BBB integrity strength-
ened previous data on a highly dynamic distri-
bution and regulation of EBA, which was also
described by Saubaméa et al., even on a cell-to-
cell basis.2’ Further support for a highly vari-
able expression level of EBA in endothelial
cells emerges from an electron microscopic
study showing that EBA was not only located in
the luminal membrane of endothelial cells but
also in the cytoplasm and nuclei, denoting a
pool of EBA which might quickly replenish or
reinforce the membranes’ content of EBA pro-
teins.’! However, even more than 25 years after
the first description of anti-EBA recognizing a
protein triplet of 30, 25 and 23.5 kD, respec-
tively,'” substantial information on the EBA's
protein identity and its exact (patho-)physio-
logical role in the cerebral endothelium is still
lacking. With respect to potential effects on
BBB integrity, EBA seems to be regulated dif-
ferently than other well-established BBB mark-
ers like the endothelial glucose transporter
(GLUT)-1. In a model that used anti-Thy-1
immunotoxin to achieve neuronal loss and
astroglial damage, EBA-expression was tran-
siently decreased but nearly completely
restored 4 weeks later, while GLUT-1-
immunoreactivity remained unaltered during
the whole observational period.?!

Furthermore, the total EBA content of ves-
sels in regions with a BBB dysfunction as well
as the ratio of the vessels’ EBA content
between the ischemic and non-ischemic hemi-
sphere were found to correlate significantly
with the ratio of extra-/intravascular FITC-
albumin as a surrogate for BBB integrity,
remarkably, in an inverse manner. To the best
of our knowledge, our quantitative data for the
first time support the original assumption of
Sternberger and Sternberger about EBA’s asso-
ciation with parts of the vasculature that pos-
sess a selective permeability barrier.!”
However, the present study revealed no signif-
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icant correlation between the total number or
area of EBA-immunopositive vessels in
regions with decreased BBB integrity and the
degree of BBB dysfunction itself.

Concerning the time course of BBB dysfunc-
tion after ischemic stroke, currently 2 hypothe-
ses exist: the monophasic model postulates a
continuous opening of the BBB beginning as
early as 25 min after ischemia induction,*%
while the widely accepted biphasic model
describes a first rise in BBB permeability at 3
to 6 h after ischemia onset, followed by a sec-
ond opening at 24 to 72 h.*% Thereby, the
biphasic opening is thought to be attributed,
amongst others, to a temporally differing
release of enzymes degrading components of
the NVU, notably MMPs.?%% However, the
underlying cause for BBB stabilization
between the first and the second opening is
still unclear,® since degrading effects of initial-
ly released enzymes would probably continue
between these time points.? Considering EBA,
the findings of the present study lead to the
hypothesis that a pathological stimulus like
stroke results in an upregulation of EBA in
membranes of still viable cerebral endothelial
cells. This increase in vessels’ EBA content
might be a cause for observed amelioration of
BBB dysfunction between the first and the sec-
ond phase of opening. The transient stabiliza-
tion of the BBB would also require the involve-
ment of proteins that are not affected by pro-
teases like MMPs. In line with this assump-
tion, no significant correlation was found
between the vessels’ EBA content and serum
levels of MMPs, excluding at least direct effects
of MMPs 2 and 9 on EBA.

In summary, our data provide evidence for a
functional relationship between EBA-
immunoreactivity and BBB dysfunction in a rat
model of ischemic stroke, whereas its upregu-
lation is accompanied by an amelioration of
BBB dysfunction. Hence, further research is
required to clarify the underlying mechanisms
of observed dynamics in EBA-immunoreactivi-
ty, which might help to identify novel neuro-
protective approaches in stroke.
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