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Abstract

Stroke is a life threatening disease leading to long-term disability in stroke survivors. Cerebral
functional insufficiency in chronic stroke might be due to pathological changes in brain areas
remote from initial ischemic lesion, i.e. diaschisis. Previously, we showed that the damaged blood-
brain barrier (BBB) was implicated in subacute diaschisis. The present study investigated BBB
competence in chronic diaschisis using a transient middle cerebral artery occlusion (tMCAOQ) rat
model. Our results demonstrated significant BBB damage mostly in the ipsilateral striatum and
motor cortex in rats at 30 days after tMCAO. The BBB alterations were also determined in the
contralateral hemisphere via ultrastructural and immunohistochemical analyses. Major BBB
pathological changes in contralateral remote striatum and motor cortex areas included: (1)
vacuolated endothelial cells containing large autophagosomes, (2) degenerated pericytes
displaying mitochondria with cristae disruption, (3) degenerated astrocytes and perivascular
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edema, (4) Evans Blue extravasation, and (5) appearance of parenchymal astrogliosis. Importantly,
discrete analyses of striatal and motor cortex areas revealed significantly higher autophagosome
accumulation in capillaries of ventral striatum and astrogliosis in dorsal striatum in both cerebral
hemispheres. These widespread microvascular alterations in ipsilateral and contralateral brain
hemispheres suggest persistent and/or continued BBB damage in chronic ischemia. The
pathological changes in remote brain areas likely indicate chronic ischemic diaschisis, which
should be considered in the development of treatment strategies for stroke.
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INTRODUCTION

Stroke is a serious life threatening disease and the fourth leading cause of death in the USA
(Anon, 2012). On average, every 40 seconds someone has a stroke and every 4 minutes
someone dies of a stroke (Anon, 2012; Go et al., 2013). Due to interruption of blood flow to
the brain, stroke is typed as ischemic, intracerebral hemorrhagic, or subarachnoid
hemorrhagic. Approximately 87% of strokes are ischemic (Go et al., 2013). Stroke survivors
may not fully recover and risk long-term disability (Centers for Disease Control and
Prevention (CDC), 2009). Of ischemic stroke survivors at 65 years of age and older,
observed at 6 months after stroke, 50% had hemiparesis, 46% had cognitive deficits, and
about 30% were dependent in daily living activities (Kelly-Hayes et al., 2003).

The pathologic processes caused by stroke vascular injury occur in a time-dependent manner
and are separated into acute (minutes to hours), subacute (hours to days), and chronic (days
to months). The cascade of cerebral pathological events arising shortly after initial ischemic
stroke insult (reviewed in (Dirnagl et al., 1999; Bramlett and Dietrich, 2004; VanGilder et
al., 2012)) might contribute to prolonged and widespread brain damage. Although the size of
the primary stroke lesion is important, the location of this lesion is also essential for
predicting patient outcome, especially at chronic stage. It has been shown that motor
recovery and functional outcome in hemiplegic stroke patients at 1 and 6 months after stroke
correlate more strongly with brain lesion size and primary location rather than only with
lesion size (Chen et al., 2000). However, post-stroke recovery might also depend on
functional changes in remote brain structures, i.e. diaschisis, which are distant from the
initial (focal) ischemic lesion. Changes in blood flow and metabolism have been determined
in the hemisphere contralateral to unilateral cerebral ischemia, a condition known as
transhemispheric diaschisis (Dobkin et al., 1989; Andrews, 1991). Stroke patients who
recovered from severe hemiparesis after about 6 months demonstrated overlap between the
lesion-affected and recovery-related networks in the contra-lesional thalamus and
extrastriate occipital cortex (Seitz et al., 1999). Also, it has been shown that crossed
cerebellar diaschisis is associated with infarct hypoperfusion volume in both acute and
outcome stages in patients within 72 hours and 3 months of stroke onset, respectively, and
“persists despite neurological recovery” (Infeld et al., 1995). In a rat middle cerebral artery
occlusion (MCAO) model of transient ischemia, transcortical diaschisis was determined in
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the neocortex (Reinecke et al., 1999; Neumann-Haefelin and Witte, 2000), suggesting
widespread degeneration of corticostriatal connections. Another study on a focal cortical rat
stroke model demonstrated ipsilateral diachisis in connected cortical regions, which were
distant from initial damage (Carmichael et al., 2004).

Amid this complexity of post-ischemic pathological changes, blood-brain barrier (BBB)
competence might be critical. Numerous comprehensive studies have identified BBB
disruption after stroke (del Zoppo and Hallenbeck, 2000; Brown and Davis, 2002; del Zoppo
and Mabuchi, 2003; Persidsky et al., 2006; Sandoval and Witt, 2008; Jin et al., 2010;
Lakhan et al., 2013). Increased BBB permeability has been shown in both acute ischemic
stroke patients (Dankbaar et al., 2011) and in a rodent model of MCAO (Preston et al., 1993;
Yang and Betz, 1994; Belayev et al., 1996; Kahles et al., 2007). Although biphasic (“open-
close-open”) BBB leakage separated by a refractory period in ischemic-reperfusion injury
was noted between 3 and 24 hours post-MCAO (Kuroiwa et al., 1985; Preston et al., 1993;
Belayev et al., 1996; Rosenberg et al., 1998), some studies showed BBB openings lasting up
to 4-5 weeks (Strbian et al., 2008; Abo-Ramadan et al., 2009) and possibly aggravating
post-ischemic brain injury.

However, despite intensive research into the implications of BBB openings in ischemic
stroke, the bulk of these studies have focused on the acute post-stroke stage and the cerebral
hemisphere of initial ischemic insult. Recently, we demonstrated BBB alterations not only in
the ipsilateral hemisphere, but also in contralateral brain areas, 7 days after transient MCAO
in rats, indicating the existence of subacute ischemic diaschisis (Garbuzova-Davis et al.,
2013). Mainly, damaged endothelial cells containing numerous autophagosomes, pericyte
degeneration, and perivascular edema in addition to vascular leakage, widespread
astrogliosis, activated microglia, neuronal pyknosis, and decreased myelin were determined
in contralateral striatum, and motor and somatosensory cortices. Since our data revealed
microvascular damage is associated with BBB breakdown in brain areas remote from initial
ischemic lesion at subacute ischemic stage, an important next step was to investigate BBB
competence and diaschisis in chronic ischemic stroke.

The aim of this study was to evaluate chronic diaschisis in a rat model of focal cerebral
ischemia. A specific focus was analyzing BBB status in the contralateral cerebral
hemisphere, an area with remote brain structures not directly affected by ischemia.

MATERIALS AND METHODS

Ethics Statement

Animals

All described procedures were approved by the Institutional Animal Care and Use
Committee at USF and conducted in compliance with the Guide for the Care and Use of
Laboratory Animals.

All animals used in the study were obtained from The Jackson Laboratory, Bar Harbor,
Maine. Thirty two Sprague Dawley adult male rats weighting 260.5 + 3.15 g were randomly
assigned to one of two groups: MCAO (n=15) or control (n=17). All rats were housed in a
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temperature-controlled room (23°C) and maintained on a 12:12 h dark: light cycle (lights on
at 06:00 AM). Food and water were available ad libitum.

Middle Cerebral Artery Occlusion

Stroke surgery was performed via transient middle cerebral artery occlusion (tMCAO) using
the intraluminal filament technique previously described in detail (Borlongan et al., 2004 a;
Tajiri et al., 2012; Garbuzova-Davis et al., 2013) and based on our prior standardization of
this stroke model (Matsukawa et al., 2009; Yasuhara et al., 2009; Borlongan et al., 2010)
showing at least 80% reduction in regional cerebral blood flow in stroke animals during the
occlusion period as determined by laser Doppler (Perimed). Briefly, the tip of the filament
was customized using a dental cement (GC Corporation, Tokyo, Japan). Body temperature
was maintained at 37 + 0.3°C during the surgical procedures. The midline skin incision was
made in the neck with subsequent exploration of the right common carotid artery (CCA), the
external carotid artery, and internal carotid artery. A 4-0 monofilament nylon suture (27.0—
28.0 mm) was advanced from the CCA bifurcation until it blocked the origin of the middle
cerebral artery (MCA). Animals were allowed to recover from anesthesia during MCAO. At
60 minutes after MCAO, animals were re-anesthetized with 1-2% isoflurane in nitrous
oxide/oxygen (69%/30%) using a face mask and reperfused by withdrawal of the nylon
thread. A midline incision was made in the neck and the right CCA was isolated. The
animals were then closed and allowed to recover from anesthesia.

Perfusion and Tissue Preparation

Thirty days after reperfusion, tMCAO rats and controls were sacrificed under CO,
inhalation and perfused transcardially with 0.1 M phosphate buffer (PB, pH 7.2) followed by
4% paraformaldehyde (PFA) in phosphate buffer solution under pressure control fluid
delivery at 85 mm Hg. tMCAO rats (n=12) and controls (n=15) were intravenously injected
with 1 ml of 2% Evans Blue dye (EB, Aldrich Chemical) in saline solution via the jugular
vein 30 min prior to perfusion as previously described (Garbuzova-Davis et al., 2013). The
surgical procedure was performed in tMCAO and control rats using the same protocol
including exposure to anesthesia. Prior to perfusion, blood samples (about 3 ml) were taken
through cardiac puncture from randomly selected tMCAO and control rats (n=5/each group)
and collected into serum separation tube (Corvac™) for 10 minutes at room temperature
(RT). Sera were obtained after centrifugation at 1200 rpm for 15 minutes. Rats assayed for
Evans Blue extravasation received only phosphate buffer solution. After perfusion, rat brains
were rapidly removed from tMCAO rats (n=9) and controls (n=11) for Evans Blue
extravasation assay as described below. Remaining rats receiving an Evans Blue injection
were perfused and their brains were immediately removed, fixed intact in 4%
paraformaldehyde in 0.1 M phosphate buffer for 24-48 hrs and then cryoprotected in 20%
sucrose in 0.1 M phosphate buffer overnight. Coronal brain tissues were cut at 30 ym in a
cryostat, thaw-mounted onto slides, and stored at —20°C for immunohistochemical analysis.
Rats assayed for electron microscope analysis were randomly chosen from each group
(tMCAO, n=3; control, n=2). Rat brains were immediately removed and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer for 16—24 hours at 4°C. The next day, brains
were cut into 1 mm slices, mapped against a diagram of the whole slice at Bregma level of
0.20-0.48 mm accordingly to a rat brain atlas (Paxinos and Watson, 1998), and the motor
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cortex (M2/M1) and striatum (CPu) regions removed and coded from the slices of both brain
hemispheres. Coordinates for ipsi- M1/M2 motor cortex area were about 4 mm ventral and
1.5 mm lateral from the striatum on the coronal section. Coordinates applied for removal of
striatum and motor cortex tissues from the contralateral hemisphere were as previously
described (Garbuzova-Davis et al., 2013). Tissues were then fixed overnight in 2.5%
glutaraldehyde in 0.1M phosphate buffer (Electron Microscopy Sciences, Inc., Hatfield, PA)
at 4°C and stored for further electron microscope processing.

BBB Permeability

Evans Blue dye, 961 Da, was used as a tracer for assessing BBB disruption. The Evans Blue
extravasation assay was performed as previously described (Borlongan et al., 2004b;
Garbuzova-Davis et al., 2013). Briefly, after perfusion, rat brains were divided into right and
left hemispheres. Brain tissues were weighed and placed in 50% trichloroacetic acid solution
(Sigma). Following homogenization and centrifugation, the supernatant was diluted with
ethanol (1:3) and loaded into a 96 well-plate in triplicates. Sera were diluted with ethanol
(1:10,000) and loaded separately into a 96 well-plate in triplicates also. The dye was
measured with a spectrofluorometer (Gemini EM Microplate Spectrofluorometer, Molecular
Devices) at excitation of 620nm and emission of 680nm (Ay et al., 2008). Calculations were
based on external standards in the same solvent. The tissue Evans Blue content was
quantified from a linear standard curve derived from known amounts of the dye and was
normalized to tissue weight (ug/g). For sera, Evans Blue concentration was quantified
similarly and presented as pug/ml. All measurements were performed by two experimenters
blinded to the experiment.

Electron Microscopy

Since the cortex and striatum are the areas most affected by MCAO (Nagasawa and Kogure,
1989; Popp et al., 2009) and compromised BBB integrity was determined in remote
contralateral brain areas in tMCAQO rats at subacute stage (Garbuzova-Davis et al., 2013),
structural analysis of microvessels was performed in the motor cortex (M2/M1) and striatum
(CPu) of both brain hemispheres in rats 30 days after tMCAO using electron microscopy.
Briefly, tissue samples were post-fixed in 1% osmium tetroxide (Electron Microscopy
Sciences, Inc., Hatfield, PA) in 0.1M phosphate buffer for 1 hour at room temperature and
then dehydrated in a graded series of acetone dilutions. Tissues were transferred to a 50:50
mix of acetone and LX112 epoxy resin embedding mix (Ladd Research Industries,
Burlington VT) and infiltrated with this mix for 1 hour. The tissues were then transferred to
a 100% L X112 embedding mix and infiltrated with fresh changes of the embedding mix.
The tissues were further infiltrated overnight in fresh embedding medium at 4°C. On the
following day, the tissues were embedded in a fresh change of resin in tissue capsules. The
blocks were polymerized at 70°C in an oven overnight. The blocks were trimmed and then
sectioned with a diamond knife on an LKB Huxley ultramicrotome. Thick sections cut at
0.35um were placed on glass slides and stained with 1% toluidine blue stain. Thin sections
were cut at 80-90nm, placed on copper grids, and stained with uranyl acetate and lead
citrate.
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BBB Integrity Analysis

For analysis of BBB ultrastructure, microvessels in the motor cortex and striatum of both
ipsilateral and contralateral brain hemispheres were examined by an investigator blinded to
the animal groups and photographed with an Olympus MegaView Il digital camera
(ResAlta Research Technologies Corp., Golden, CO.) attached to a FEI Morgagni
transmission electron microscope (FEI, Inc., Hillsboro, OR), at 60kV. In addition to the EB
extravasation assay described above, vascular EB leakage was analyzed in serial brain
sections via immunohistochemistry.

Immunohistochemistry

Immunohistochemical staining for autophagosomes was performed to detect autophagy
response within capillary endothelial cells. Serial brain tissue sections of tMCAO and
control rats were pre-incubated with 10% normal donkey serum (NGS) and 0.3% Triton
100X in phosphate-buffered saline (PBS) for 60 min at room temperature. Sheep polyclonal
anti-Beclin-1 antibody (Beclin-1, 1:200, Thermo Scientific Pierce Antibodies) was applied
on the slides overnight at 4°C. The next day, the slides were rinsed in phosphate-buffered
saline and incubated with secondary donkey anti-sheep antibody conjugated to FITC (1:500,
Alexa Fluor 488, Molecular Probes) for 2 hrs. After rinsing, slides were coverslipped with
Vectashield containing DAPI (Vector) and examined using an Olympus BX60
epifluorescence microscope. Observation and quantification of Beclin-1 fluorescent intensity
was performed in 5-8 capillaries per examined brain area and structure in both hemispheres:
striatum — medial (M), lateral (L), dorsal (D), and ventral (V) areas; motor cortex — M2 and
M1 areas. Microvascular EB leakage was also analyzed on these images. Diameters of
capillaries (um) were measured using NIH ImageJ (version 1.46) software. For consistent
results, capillaries of diameters from 20-25 pum were used for fluorescent detection of
Beclin-1 immunoexpression. Microvessels below or above this range as well as longitude
capillaries were excluded.

In a separate set of brain sections, immunohistochemical staining of astrocytes was
performed as described (Garbuzova-Davis et al., 2013). Briefly, brain tissues were pre-
incubated in blocking solution as described above and then incubated overnight with rabbit
polyclonal anti-glial fibrillary acid protein primary antibody (GFAP, 1:500, Dako) at 4°C.
The next day, secondary goat anti-rabbit antibody conjugated to FITC (1:500, Invitrogen)
was applied for 2 hrs. After washing, slides were coverslipped with Vectashield containing
DAPI (Vector) and examined using an Olympus BX60 epifluorescence microscope.
Fluorescent images were taken from 2-3 sections per animal separated by approximately 90
um and analyzed in the same discrete areas of the striatum and motor cortex described
above.

Immunohistochemical images of all performed assessments were taken at approximately the
same Bregma level analyzed for electron microscopy by an investigator blinded to the
experiments and animal codes were removed prior to analysis. To avoid bias in the analysis
of fluorescence images, specific brain areas were identified in a section using a 10x/0.30
numerical aperture (NA) lens, and then areas of interest were photographed with a 20x/0.50
NA lens, photographing the slide in a random raster pattern. All image analyses for Beclin-1
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and GFAP were performed by measuring intensity of fluorescent expression (%/um?) using
NIH ImageJ (version 1.46) software. For Beclin-1 immunoexpression, fluorescent intensity
was measured relative to capillary area. For GFAP immunoexpression, fluorescent intensity
was measured in the entire image. Thresholds for detection of Beclin-1 and GFAP
fluorescein expressions were adjusted for each image to eliminate background noise.

Primary Antibody Characterization

The primary antibodies, their sources, and the dilutions used for immunohistochemistry in
this study are listed in Table 1. Immunohistochemical staining for autophagosomes within
capillary endothelial cells was performed using a polyclonal sheep anti-Beclin-1 antibody
(Cat. No. OSA00006W; 1:200, Thermo Scientific Pierce Antibodies, Rockford, IL, USA).
The antigen is a synthetic peptide from amino acid region 400-450 of human Beclin-1
which was conjugated to a blue carrier protein. This region is homologous in rat and mouse
and corresponds to a portion of BCL2-interacting protein. This antibody identifies a
Beclin-1 protein with Western blotting at approximately 50-55 kDA (manufacturer’s
technical information; antibody registry No. AB_962043). Immunohistochemical staining of
astrocytes was performed using a rabbit polyclonal anti-glial fibrillary acid protein primary
antibody (GFAP, Cat No. Z0334; 1:500, Dako, Glostrup, Denmark). This polyclonal
antibody was prepared against GFAP from bovine spinal cord. GFAP shows 90-95%
homology between species, and as demonstrated by immunocytochemistry, the antibody
cross-reacts with GFAP in cat, dog, mouse, rat, and sheep (manufacturer’s technical
information; antibody registry No. AB_10013382; Fuentes-Santamaria et al., 2013).

Statistical Analysis

Data are presented as means + S.E.M. One-way ANOVA with Bonferroni/Dunn’s Multiple
Comparison test (Statview, Cary, NC, USA) was used. Analyses were considered significant
if: EB extravasation — p<0.0167, EB serum concentration — p<0.005, Beclin-1 or GFAP
immunoexpression in striatum — p<0.0004, Beclin-1 or GFAP immunoexpression in motor
cortex — p<0.0018.

RESULTS

Ultrastructure of the Cerebral Microvasculature in a Chronic Ischemic Rat Model of tMCAO

BBB ultrastructure was analyzed in brains of rats sacrificed at 30 days after tMCAO by
electron microscopy. Structural integrity analysis of microvessels in the striatum and motor
cortex of the brain was performed on hemispheres ipsilateral and contralateral to tMCAO
damage.

Striatum—The striatum in both hemispheres of control rats was characterized by the
normal appearance of capillaries surrounded by astrocyte cell processes and myelinated
axons (Fig. 1A,B). Capillaries consisted of a single layer of endothelial cells (ECs)
surrounded by a basement membrane (BM) layer, sometimes enclosed by additional pericyte
cytoplasm. Neurons demonstrated normal morphology with central nuclei (Fig. 1C).
Organelles in all cells were well preserved and mitochondria showed a normal pattern of
cristae.
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In the hemisphere ipsilateral to tMCAO, ultrastructural abnormalities were observed in
capillary endothelia in the striatum (Fig. 1D,E). Nearly all ECs showed cytoplasmic
formation of autophagosomes, with some autophagosomes extending from lumen to basal
lamina in attenuated portions of the cells (Fig. 1D). In several capillaries, large
autophagosomes had almost ruptured the lumen of EC membrane. Numerous large vacuoles
were seen in EC cytoplasm and perinuclear membrane separation was occasionally observed
in EC (Fig. 1E). Pericytes appeared swollen or completely degenerated (Fig. 1D,E).
Mitochondria in the cytoplasm of most ECs and pericytes showed disrupted cristae. Near the
capillaries were large spaces created by degenerating astrocyte cell processes and protein-
filled areas formerly occupied by astrocytes (Fig. 1D). Also, the capillary shown in Figure
1D demonstrated an edematous astrocyte with lipofuscin inclusions. In another striatum
capillary (Fig. 1E), two large vacuoles occupied the astrocyte cytoplasm. Figure 1E also
shows collagen formation surrounding the capillary, likely due to replacement of
degenerated pericyte processes. Myelin sheets in many axons were separated and disrupted
(Fig. 1E, black A). Some demyelinated or completely degenerated axons showed evidence
of disrupted axoplasmic transport (Fig. 1E, white A). In neuropil of striatum ipsilateral to
tMCAO, edematous space between astrocyte, oligodendrocyte, and neuron was noticed (Fig.
1F). Neurons also demonstrated swollen and edematous cytoplasm. Also, uncommon
locations of microglia, surrounding or adjacent to capillaries, were detected (data not
shown).

In the striatum contralateral to tMCAQO insult, considerable vascular damage was observed.
Although some capillaries demonstrated normal morphology, numerous capillaries had
vacuolated ECs containing large autophagosomes (Fig. 1G). Vacuolization in EC cytoplasm
in addition to the perinuclear membrane separation proceeded to almost rupture the EC
membrane as shown in one capillary (Fig. 1H). Swollen or degenerated pericytes contained
mitochondria with loss of cristae (Fig. 1G). Surrounding the capillaries were degenerated
astrocytes showing severe edema and free floating enlarged mitochondria with obvious
disruption of the cristae (Fig. 1G,H). Neurons near capillaries displayed swollen (Fig. 1H) or
completely degenerated (Fig. 11) endoplasmic reticulum. In Fig. 1l, dilated nucleus appeared
in degenerated neuron, possibly indicating an apoptotic process. Additionally, an entirely
degenerated astrocyte containing vacuoles and lipofuscin inclusions was indicated adjacent
to this damaged neuron (Fig. 11).

Motor cortex—Similar to the striatum, motor cortex capillaries in control rats showed
normal ultrastructure consisting of microvessels with a single endothelium layer, surrounded
by BM and pericyte cytoplasm (Fig. 2A,B). Astrocyte cell processes were adjacent to the
outer capillary surface. Myelinated axons were evident and mitochondria showed a normal
pattern. Neurons, oligodendrocytes, and astrocytes in close proximity to capillaries
demonstrated normal morphology (Fig. 2C).

Thirty days post stroke, in the hemisphere ipsilateral to insult, capillary ultrastructure in
motor cortex displayed varied abnormalities (Fig. 2D,E). Edematous ECs with swollen
mitochondria were adjacent to healthy ECs in the lumen (Fig. 2D). In numerous motor
cortex microvessels, astrocyte cell processes demonstrated dilated endoplasmic reticulum
(Fig. 2D) or complete degeneration, as shown by edematous space in their cytoplasm (Fig.

J Comp Neurol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Garbuzova-Davis et al. Page 9

2E). Pericytes also showed a similar profile of dilated endoplasmic reticulum and
cytoplasmic lipid drops (Fig. 2E). Axonal myelin degeneration and perivascular edema were
noted (Fig. 2E,F). Additionally, a neuron appeared with a swollen nucleus near a capillary
and an autophagosome was observed in EC cytoplasm (Fig. 2F).

In the hemisphere contralateral to tMCAO, capillaries in the motor cortex also showed
endothelial and pericyte cell damage (Fig. 2G,H). Swollen ECs and autophagosomes in EC
cytoplasm were noted in numerous capillaries. Figure 2G showed complete pericyte
degeneration with lipofuscin inclusions. In another capillary (Fig. 2H), a swollen pericyte
contained enlarged mitochondria with disruption of the cristae. Similarly to the ipsilateral
hemisphere, large areas of extracellular edema were observed surrounding the capillary or
glial cells (Fig. 2G,H,l). The endothelium thickness was reduced in the area of perivascular
edema (Fig. 2H,1). In some motor cortex contralateral areas, edematous spaces were
apparent in neurons near their nuclei or in their cytoplasm (Fig. 21). Interestingly, microglial
cells were detected adjacent to capillaries, likely phagocytosing degenerated neural tissue
(Fig. 2H).

Thus, BBB alterations were clearly detected by electron microscopy in the striatum and
motor cortex of both ipsilateral and contralateral cerebral hemispheres in rats 30 days after
tMCAO. Importantly, capillary ultrastructural abnormalities were demonstrated in brain
regions remote from the site of primary ischemic injury in chronic phase.

Microvascular Permeability

Capillary BBB permeability was examined via quantitative analysis of Evans Blue
extravasation into the brain parenchyma in tMCAO rats and controls. Tissue measurements
showed significantly higher EB levels in ipsilateral (1.45+0.05 pg/g, p<0.0001) and
contralateral (1.11+0.04 pg/g, p<0.0001) hemispheres vs. controls (0.68+0.06 pg/g) (Fig.
3A). Significantly (p=0.0047) elevated EB level was determined in ipsilateral hemisphere
compared to contralateral. These results correlated with our EM findings showing
ultrastructural abnormalities in capillary endothelia in striatum and motor cortex
microvessels in both ipsilateral and contralateral hemispheres possibly leading to capillary
leakage.

Quantification of EB concentrations in sera from tMCAO and control rats was performed as
control for cerebral EB extravasation. Expected results showed no significant difference
(p=0.8127) in EB concentrations in sera from control (1.39£0.06 pg/ml) vs. tMCAO
(1.42+0.14 ug/ml) rats (Fig. 3B) confirming same dye content in stroke and control animals
after intravenous injection.

Autophagosomes in Cerebral Endothelial Cells

In view of the fact that our electron microscopy analyses demonstrated ECs containing
autophagosomes in numerous striatum and motor cortex capillaries of both ipsi- and
contralateral hemispheres 30 days after tMCAQ, immunohistochemical analysis of Beclin-1
expression was performed in capillaries from both hemispheres in the striatum (medial (M),
lateral (L), dorsal (D), and ventral (V) areas) and motor cortex (M2 and M1 areas).
Analyzed capillary diameters in all striatum areas were 23.03+0.61 pm and in M2/M1 motor
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cortex — 22.51+0.52 pm. Results showed significant (p<0.0001) upregulation of Beclin-1
immunoexpression in ipsilateral L, D, and V striatum areas of post-stroke rats compared to
controls (Fig. 5B; Fig. 4F,G,H). In the contralateral striatum, a significant (p<0.0001)
increase of Beclin-1 fluorescent expression was determined in area V (Fig. 5B; Fig. 41),
although elevations of protein expression were seen in M, L, and D areas vs. controls.
Importantly, significantly (p<0.0001) higher Beclin-1 immunoexpression was noted in V
striatum (Fig. 4H) compared to area M in ipsilateral hemisphere and M (p<0.0001) and D
(p=0.0002) areas of contralateral striatum (Fig. 5B). In the motor cortex, a significant
increase of Beclin-1 immunoexpression in capillary endothelium was determined in M2
(p=0.0005) and M1 (p<0.0001) areas in ipsilateral hemisphere (Fig. 5C, Fig. 40,P).
Overexpression of Beclin-1 in contralateral motor cortex was noted in M2 area (Fig. 4Q). Of
note, more extensive Beclin-1 upregulation was shown in ipsilateral M1 capillary ECs
(p=0.0012) (Fig. 5C, Fig. 4P) than in M2 or contralateral M1 (p<0.0001) or M2 (p=0.0004)
areas. Additionally, immunofluorescence revealed expansion of Beclin-1 in numerous
capillaries of analyzed brain structures in both hemispheres (Fig. 4F,H,J,L). Together, our
data demonstrated upregulation of Beclin-1 immunoexpression in capillary endothelium in
ipsilateral and contralateral striatum and motor cortex microvessels, likely leading to the
endothelium damage and vascular leakage determined by quantitative analysis of EB
extravasation. Capillary permeability examined via immunofluorescence expression showed
no EB leakage on the abluminal capillary side in the brains of control rats (Fig. 4A-D). At
30 days after tMCAO, EB extravasation was identified at some distance from microvessels
in the ipsilateral hemisphere, mostly, in L, D, and V areas of the striatum (Fig. 4F-H) and
motor cortex (M1) (Fig. 4P). Extensive EB leakage was also seen in the same areas of
cerebral structures in the hemisphere contralateral to initial insult (Fig. 41-L,Q, R).

Astrocyte Reactivity

Immunohistochemical analysis of astrocytes by GFAP immunoexpression was performed in
the same areas of the striatum and motor cortex in both hemispheres as described for
Beclin-1 analysis. In the ipsilateral hemisphere of tMCAQO rats, significantly (p<0.0001)
elevated GFAP fluorescent expression was determined in all analyzed areas of the striatum
(M, L, D, and V) compared to control animals (Fig. 7B, Fig. 6E-H). A significant increase
of GFAP immunoreactivity in the contralateral striatum of post-stroke rats vs. controls was
demonstrated only in area D (p=0.0002) (Fig. 7B, Fig. 6K). Higher GFAP fluorescent
expression was demonstrated in M and D areas of the striatum in post-stroke in ipsilateral
hemisphere compared to any analyzed striatal contralateral areas (p<0.0001) (Fig. 7B).
There were no statistical differences between tMCAO and control rats in GFAP
immunoexpression within M2 and M1 motor cortex in ipsilateral or contralateral hemisphere
(Fig. 7C), although increased GFAP immunoreactivity was shown in ipsilateral M2 area of
tMCAQO rats (Fig. 60) vs. controls. Also, ipsilateral M2 motor cortex significantly
(p=0.0009) differed from M2 contralateral area in post-stroke animals. Additionally, GFAP
positive cells were distinguished surrounding capillaries in the striatum of control brains
with detection of EB fluorescence as small red dots attached to the capillary lumen (Fig.
6A-D). In the brains of rats 30 days post-tMCAOQO, most evidenced astrogliosis in ipsilateral
striatum accompanied by microvascular leakage (Fig. 6F,G). Similar capillary leakage was
seen in contralateral striatum areas (Fig. 6J-L). Interestingly, EB extravasation in the
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striatum and motor cortex of both hemispheres was predominately in capillaries with
dissociation of astrocyte end-feet from lumen (Fig. 6F-H,J-L,O-R).

DISCUSSION

Based on our previous study results (Garbuzova-Davis et al., 2013) demonstrating that the
damaged BBB plays an important role in subacute diaschisis in the tMCAO ischemic stroke
rat model, the present investigation focused on BBB competence in chronic ischemic
diaschisis. Although our results showed that most BBB damage (endothelial and pericyte
cells impairment, edematous or degenerated perivascular astrocytes, significant EB
parenchymal extravasation, endothelial autophagosome accumulation, and increased
parenchymal astrocyte reactivity) was detected in the ipsilateral striatum and motor cortex of
rats at 30 days after tMCAO, BBB alterations were also identified in the same brain
structures of the contralateral hemisphere. Major BBB pathological changes in contralateral
remote striatum and motor cortex areas included: (1) vacuolated endothelial cells containing
large autophagosomes, (2) degenerated pericytes displaying mitochondria with cristae
disruption, (3) degenerated astrocytes and perivascular edema, (4) EB extravasation, and (5)
appearance of parenchymal astrogliosis. These pathological alterations were observed not
only in the brain regions of primary ischemic injury but also in contralateral cerebral remote
areas, suggesting persistent BBB damage in chronic ischemia.

Extensive vascular damage such as BBB impairment in ipsilateral and contralateral cerebral
brain structures determined at the ultrastructural level represents a main pathologic feature
of chronic tMCAO. Microvascular abnormalities characterized by capillary endothelial and
pericyte cell deterioration in addition to perivascular astrocyte degeneration and edema
formation in the ipsi-and contralateral hemispheres to MCAO insult strongly evidence
compromised BBB integrity at chronic post-stroke condition. Although major ultrastructural
BBB damage was observed in the striatum and motor cortex capillaries of the ipsilateral
hemisphere, significant but less severe BBB abnormalities were determined in the same
brain structures in the hemisphere contralateral to tMCAO at 30 days. This vascular damage
in remote brain areas, opposite to the initial stroke insult, might indicate ongoing
pathological vascular changes in association with chronic diaschisis.

The pervasive BBB abnormalities evidenced by electron microscopy imaging in both
ipsilateral and contralateral hemispheres at 30 days post-tMCAOQ led to vascular leakage as
confirmed by quantitative analysis of Evans Blue extravasation into the brain parenchyma.
The extravasated EB level in the ipsilateral and contralateral hemispheres was significantly
higher, 2 times and 1.5 times, respectively, compared to non-ischemic controls. Of note, EB
extravasation in the contralateral hemisphere was significantly less than in ipsilateral. In
comparison with our previous study (Garbuzova-Davis et al., 2013) showing significant EB
level in both hemisphere parenchymas in subacute (7 days) tMCAO, half the EB
extravasation was noted in chronic (30 days) ischemic tMCAO. Although the reduction in
vascular leakage was substantial from subacute to chronic post-stroke stage, significant
capillary leakage at 30 days after tMCAO supports previous studies demonstrating BBB
leakage for up to 5 weeks (Strbian et al., 2008; Abo-Ramadan et al., 2009). This capillary
leakage in the contralateral hemisphere might indicate pervasive BBB damage at chronic
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post-stroke stage, leading to the perivascular edema demonstrated by our EM analyses. In
both ipsilateral and contralateral hemispheres, the EB extravasation possibly occurs
transcellularly or paracellularly due to impaired EC at the structural level as demonstrated in
our study or the extravasation may be aided by decreased tight junction integrity under
hypoxic condition as shown in vitro (Mark and Davis, 2002; Koto et al., 2007) and ex vivo
(Kago et al., 2006) studies. Also, the elevated EB level in brain parenchyma might result
from neovascular permeability. Angiogenesis has been shown to begin shortly after
ischemic insult in both rodent models of MCAO and in stroke patients (Marti et al., 2000;
Hai et al., 2003; Krupinski et al., 1994) and vessel proliferation continues for up to 3 weeks
following experimental cerebral ischemia (Hayashi et al., 2003). Despite the importance of
vascular remodeling in neurological post-stroke recovery (Zhang and Chopp, 2009), new
cerebral vessels are leaky for several weeks until forming a fully functional BBB (Risau,
1994). Thus, vascular leakage detected by EB extravasation in cerebral hemisphere of initial
tMCAO insult and contralateral hemisphere is likely due to compromised endothelial cell
integrity and/or neovascular permeability and might contribute to neuronal damage by
allowing neurotoxins and other harmful blood-born substances into the CNS. tMCAO rats
demonstrated significant motor and neurological dysfunction at 1 month after stroke with
substantial neuronal cell losses in the ipsilateral striatum persisting for up to 8 weeks
compared to the contralateral hemisphere striatum (Borlongan et al., 1995; Yasuhara et al.,
2009). Other reports showed significant correlations between lesion size and
histopathological neuronal changes in tMCAQ rats for up to 21-60 days post-stroke (Peeling
et al., 2001; Sicard et al., 2006). Moreover, a significant decrease of the apical dendritic
spine density of the layer V pyramidal neurons in the peri-infarct cortex was determined in
the aged mice at 5 months after focal cerebral cortical ischemia (Cui et al., 2013). Although
these studies demonstrated neuronal pathological changes predominantly in the brain areas
of primary ischemic insult, our ultrastructural analysis revealed numerous neurons with
swollen endoplasmic reticulum or edematous cytoplasm and demyelinated axons in the
striatum and motor cortex of both ipsilateral and contralateral hemispheres at chronic post-
ischemia. Future evaluations focusing on neuronal characteristics in brain areas remote from
initial ischemic injury after more prolonged chronic ischemia are needed.

Similar to our previous study (Garbuzova-Davis et al., 2013) showing excessive
autophagosome accumulation within capillary endothelium in ipsilateral and contralateral
striatum and motor cortex areas in subacute post-tMCAO, the present study also
demonstrated a significant increase of autophagosomes in ECs through upregulation of
Belcin-1 expression at chronic stage in tMCAO rats. Since autophagy plays an important
role in cell survival by degradation of cytosolic components through the autophagosomal-
lysosomal pathway (Uchiyama et al., 2008) excessive autophagic processes might induce
cellular death (Reggiori and Klionsky, 2002). Increased autophagosomes within neurons in
the penumbra were demonstrated at 6 hours post-ischemia in tMCAO (Rami et al., 2008),
inducing further neuronal damage after ischemic insult (Sadoshima, 2008; Balduini et al.,
2009). Our capillary analyses in specific discrete areas of the striatum and motor cortex in
both ipsi- and contralateral hemispheres revealed significant overexpression of Beclin-1 in
ECs. Interestingly, immunofluorescent Beclin-1 expression was significantly higher in
capillary ECs of the ventral striatum in both ipsilateral and contralateral hemispheres. Since
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the ventral striatum is adjacent to the interstitial nucleus of the posterior limb of the anterior
commissure (IPAC), an area vital for various afferent brain connections (Alheid et al., 1999;
Shammah-Lagnado et al., 1999; Gartner et al., 2002), it is possible that affected capillaries
in this area of both ipsilateral and contralateral hemispheres might negatively influence the
amygdala-striatal afferent connections. While the amygdala-striatal transition area has
typical striatal connections via cortico- and thalamostriate pathways and is directly or
indirectly involved in projections to the substantia nigra (Shammah-Lagnado et al., 1999,
2001; Otake and Nakamura, 2003), the investigation of BBB integrity in these connected
remote brain areas from initial ischemic insult might be essential for better understanding
post-stroke diaschisis. Another of our findings was significant Beclin-1 overexpression in
EC capillaries predominantly of ipsilateral M2 and M1 motor cortex areas with higher
expression in M1. Although expression of Beclin-1 in contralateral capillary endothelium of
the motor cortex did not significantly differ from controls, elevated marker expression was
noted. These capillary endothelium alterations due to autophagosome accumulation,
potentially leading to vascular leakage in motor cortex areas, might induce and/or promote
neuronal injury in chronic postischemia. Studies have shown extensive neuronal post-
ischemic damage in the cerebral cortex, thalamus, brainstem, and spinal cord accompanied
by degeneration of corticofugal axonal fibers extending transcallosally into the contralateral
hemisphere and caudally along descending tracts indicating remote changes (lizuka et al.,
1989, 1990; Wu and Ling, 1998; Dihné et al., 2002; Ferrer and Planas, 2003; Wang et al.,
2012). Moreover, predicting functional potential and recovery in chronic stroke patients
depends on corticospinal tract disruption (Stinear et al., 2007; Jayaram et al., 2012). Thus,
these results demonstrating upregulation of Beclin-1 expression correlate with our EM
observation showing that EC capillaries contained large autophagosomes attenuating
portions of the endothelia or even almost rupturing lumen of EC membrane in analyzed
brain structures in both hemispheres at 30 days after tMCAO. The extensive autophagosome
accumulations within ECs likely led to the BBB dysfunction and vascular leakage
determined by quantitative analysis of EB extravasation. The accumulation of
autophagosomes in EC likely indicates that these cells have undergone post-ischemic stress,
are severely damaged and attempting self-repair. Since many EC are unable to repair
themselves through autophagocytosis, they finally die and slough off the capillaries,
contributing to the capillary leakage shown in our study. The initial stroke may have
switched the EC to an anaerobic metabolism, and they may not have successfully switched
back to an aerobic metabolism at chronic post-stroke condition (Wojtkowiak et al., 2012).
Possibly the observed EC leakage is due to disruption of normal transport mechanisms and
cellular metabolism.

Finally, astrocyte reactivity analyzed in the same specific brain areas in both ipsilateral and
contralateral hemispheres used for detection of capillary Beclin-1 expression showed
significant increases of GFAP immunoreactivity in all striatal areas of the ipsilateral
hemisphere. In the contralateral striatum, significantly elevated GFAP expression was only
determined in the dorsal area, although enhanced astrocyte reactivity was noted in remaining
regions of the striatum. Yet, it is unclear why bilateral astrocytic overexpression is restricted
to only the dorsal striatum. Possibly, astrogliosis in this striatal area reflects spatial
differences in astrocyte reactivity due to the striatum’s anatomical location proximate to the
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corpus callosum. A recent report (Wang et al., 2012) demonstrated degeneration of
transcallosal fibers in stroke patients in the subacute or chronic stage using functional MRI.
However, this possibility needs further investigation at different post-stroke stages in an
animal model. Interestingly, there were no significant differences in GFAP
immunoreactivity in M2 and M1 motor cortices between tMCAO and controls in both
ipsilateral and contralateral hemispheres. GFAP expression in M2 of ipsilateral hemisphere,
however, was significantly higher than M2 on the contralateral side. These results indicate
reactive astrogliosis in the ipsilateral striatum in addition to some astrogliosis in remote
striatal areas and likely point to chronic post-ischemic inflammation. Since inflammation
plays a major role in the pathogenesis of ischemic stroke (del Zoppo and Hallenbeck, 2000;
Huang et al., 2006), activated astrocytes (and microglia) might be important contributors to
neuroinflammation by secretion of various exacerbating factors such as pro-inflammatory
cytokines and chemokines. Although microglial cell response was not directly analyzed in
the present study, our ultrastructural examination demonstrated uncommon locations of
microglia, surrounding or adjacent to capillaries, in both ipsilateral and contralateral striatum
and motor cortices. This observation might indicate migration of microglia to the capillary
wall where their activation could induce vascular endothelial inflammation. In an interesting
study (Butler et al., 2002), positively double-labeled astrocytes (GFAP) with Fluoro-Jade in
the striatum at 21 days after one hour of MCAO in rats demonstrated astrocyte degeneration.
Also, the authors described restricted bilateral astrocytic activation in the hippocampus,
without contralateral effects in the cortex or striatum, beginning at 1 day and lasting to at
least 21 days post-MCAO. Although these study results did not show astrocyte degeneration
in the contralateral striatum or cortex after ischemic injury, our EM evaluation provides
strong evidence of edematous or entirely degenerated astrocytes not only adjacent to
capillaries but also to neurons in the striatum and motor cortex of both ipsilateral and
contralateral hemispheres at 30 days tMCAQ. Moreover, dissociation of astrocyte end-feet
from capillary lumen was demonstrated via immunohistochemistry in analyzed brain
structures of both hemispheres. The ultrastructural alterations have been noted in the
microvascular BM and BM-astrocyte contacts leading to cerebral edema formation in rats
with permanent MCAO (Kwon et al., 2009). These alterations progressed in a time
dependent manner during the acute phase of focal ischemia: astrocyte swelling and focal
detachment from BM (4 hours), marked astrocyte swelling and decreased contact with BM
(8 hours), damaged BM and markedly decreased BM-astrocyte contact (12 hours), BM
degradation and ruptured astrocytes (16 hours), excessive water accumulation around
microvessels (20 hours), and astrocyte end-feet are no longer visible and BM is faint (48
hours). Since astrocytes mainly regulate cerebral fluid balance via ion and water channels,
the astrocyte impairment discussed above which occurs shortly after the ischemic insult is
aggravated at subacute (Garbuzova-Davis et al., 2013) and chronic ischemic stages as
demonstrated in the present study by significant perivascular edema formation. A
comprehensive review (Abbott et al., 2006) emphasized that proper interaction between
capillary endothelium and astrocytes within the neurovascular unit is essential for normal
BBB maintenance and “investigation of the mechanisms involved in endothelial-astrocytic
interaction could help in the design of therapies targeted at specific features necessary for
BBB function.” One approach for astrocyte-directed stroke therapy has been discussed
(reviewed in (Gleichman and Carmichael, 2013)).
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In summary, the compromised BBB integrity detected in chronic post-ischemic rats in
cerebral hemisphere capillaries both ipsilateral and contralateral to initial stroke insult might
indicate chronic diaschisis. This widespread microvascular damage due to endothelial cell
impairment demonstrated by excessive autophagosome accumulation and perivascular
astrocyte degeneration could aggravate neuronal deterioration in chronic ischemia. Chronic
diaschisis should be considered in the development of treatment strategies for stroke with a
primary focus on restoration of endothelial and/or astrocytic integrity towards BBB repair,
which might be beneficial for many chronic stroke patients. One potential therapeutic
approach for BBB repair in stroke is cell therapy for replacement of damaged endothelial
cells by endothelial progenitors. A combination of cellular BBB therapy and inhibition of
environmental inflammatory effectors might be a more beneficial treatment strategy for
stroke.
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Figure 1.
Electron microscope examination of microvasculature in the rat striatum 30 days after
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tMCAO. Control (A-C): Representative areas of control rat striatum were characterized by
the normal ultrastructural appearance of capillaries, motor neurons (N), neuropil, and

myelinated axons (A). A single layer of endothelial cells (ECs) was surrounded by a single
layer of basement membrane (BM) and enclosed by additional pericyte (P) cytoplasm,
forming an intact BBB. Astrocyte (Ast) processes surrounding capillaries showed a normal
morphology. tMCAOQ 30 days Ipsilateral hemisphere (D-F). D: In the hemisphere
ipsilateral to tMCAQO insult, ultrastructural abnormalities were observed in striatum capillary
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endothelia. ECs showed formation of autophagosomes (Aph) in their cytoplasm, with some
autophagosomes extending from lumen to basal lamina in attenuated portions of the cells.
Pericytes appeared swollen or completely degenerated. In close proximity to the capillary
was a large protein-filled area created by degenerating astrocyte cell processes. Edematous
astrocyte with lipofuscin inclusions was noted. E: Numerous large vacuoles were seen in EC
cytoplasm (arrowheads) and perinuclear membrane separation was occasionally observed in
EC. Pericyte was also swollen and contained enlarged mitochondria with disruption of
cristae. Two large vacuoles (V) occupy cytoplasm of astrocyte. Collagen (Coll) formation
surrounding capillary was detected. Myelin sheets in many axons were separated and
disrupted (black A). Two degenerated axons (white A) showed evidence of disrupted
axoplasmic transport. F: In ipsilateral striatum areas, edematous space between astrocyte,
oligodendrocyte (Oligo), and neuron was noticed (*). Neuron also demonstrated swollen and
edematous cytoplasm. tMCAO 30 days Contralateral hemisphere (G-1). G: In
contralateral striatum, capillaries contained vacuolated EC with large autophagosomes. A
degenerated pericyte occupied by mitochondria (m) with loss of cristae was also apparent.
Surrounding the capillary were degenerated astrocytes (*) showing severe edema and free
floating enlarged mitochondria. H: A capillary with vacuolization in EC cytoplasm in
addition to the perinuclear membrane separation (arrowheads) proceeded to almost rupture
the cell membrane, was determined. Adjacent to the capillary is an edematous perivascular
space (*) containing enlarged mitochondria. Profile of dilated endoplasmic reticulum (ER)
was observed in neuron cytoplasm near capillary. I: Another neuron with dilated nucleus
appeared in contralateral striatum. Entirely degenerated astrocyte containing vacuoles and
lipofuscin inclusions (Lf) was observed in close proximity to damaged neuron.

En, endothelial cell; P, pericyte; BM, basement membrane; Ast, astrocyte; E, erythrocyte;
Tj, tight junction; m, mitochondrion; A, axon; A (white), disrupted axoplasmic transport; V,
vacuole; N, neuron; Nu, nucleus; Aph, autophagosome; ER, swollen endoplasmic reticulum;
Lf, lipofuscin inclusion; Coll, collagen; Oligo, oligodendrocyte; arrowheads in E and H
indicate separation of luminal EC membrane; arrowheads in | indicate dilated nucleus in
neuron. Asterisks in D, E, F, G, and H indicate extracellular edema. Scale bar = 2 ym in A-
E and F-I and =500 nm in G.
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Electron microscope examination of microvasculature in the rat motor cortex 30 days after
tMCAO. Control (A-C). A,B: Similarly to striatum, capillaries in control motor cortex
showed normal ultrastructure consisting of microvessels with a single endothelium layer
(En), surrounded by BM, and partially bounded by pericyte (P) cytoplasm. Astrocyte (Ast)
cell processes were adjacent to the outer capillary surface. Myelinated axons (A) were
present and mitochondria showed a normal pattern. C: In control motor cortex areas,
neurons (N), oligodendrocytes (Oligo), and astrocytes proximal to capillary demonstrated
normal morphology. tMCAOQO 30 days Ipsilateral hemisphere (D—F). D: In the hemisphere
ipsilateral to tMCAO damage, edematous EC with swollen mitochondria were adjacent to
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healthy ECs in the lumen. Astrocyte cell processes surrounding capillary demonstrated
dilated endoplasmic reticulum (ER). E: Completely degenerated astrocyte with edematous
cytoplasm was adjacent to capillary. Surrounding the capillary were cell processes of a
degenerated pericyte with dilated endoplasmic reticulum and lipid drops (L). E,F: There
was evidence of extracellular edema and myelin degeneration. F: Capillary EC displayed
autophagosome (Aph) formation. Neuron appeared with swollen nucleus near capillary.
tMCAO 30 days Contralateral hemisphere (G-I). G: In motor cortex of the hemisphere
contralateral to tMCAO insult, a capillary was observed with swollen endothelium and
complete pericyte degeneration with lipofuscin inclusions. H: In another capillary, a swollen
pericyte contained enlarged mitochondria (m) with disruption of the cristae in addition to EC
containing an autophagosome. Large areas of extracellular edema were observed
surrounding the capillary (*). The thickness of endothelium was reduced in the area of
perivascular edema. Microglia were detected adjacent to capillary and degenerated myelin.
I: Edematous spaces (*) were revealed in neurons near nucleus or in their cytoplasm
proximal to extracellular edema surrounding capillary.

En, endothelial cell, P, pericyte; BM, basement membrane; Ast, astrocyte; E, erythrocyte; m,
mitochondrion; A, axon; V, vacuole; N, neuron; Nu, nucleus; Aph, autophagosome; ER,
swollen endoplasmic reticulum; L, lipid drop; Lf, lipofuscin inclusion; Oligo,
oligodendrocyte; D, dendrite; right arrowhead in d indicates edematous EC with swollen
mitochondria. Asterisks in E, F, G, H, and | indicate extracellular edema. Scale bar = 2 pm
inB-G and | and =500 nmin A, H.
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Figure 3.
Quantitative analysis of Evans Blue extravasation into the rat brain parenchyma and dye

concentration in sera 30 days after tMCAO. A: Quantitative measurement of cerebral tissue
EB content showed significantly (p<0.0001) higher extravasated EB levels in ipsilateral and
contralateral hemispheres vs. control. Significantly (p=0.0047) elevated EB level was
determined in ipsilateral hemisphere compared to contralateral. B: There was no significant
difference in EB concentration in sera from tMCAQO rats vs. controls.
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Figure 4.
Immunohistochemical analysis of Beclin-1 immunoexpression in capillary endothelium in

the rat brain 30 days after tMCAO. Control Striatum Ipsi/Contralateral hemisphere (A-
D): Immunofluorescent staining for Beclin-1 (green, arrowheads) showed typical expression
in capillary endothelium of medial (A), lateral (B), dorsal (C), and ventral (D) striatum of
control rats. tMCAO 30 days, Striatum Ipsilateral hemisphere (E-H): In the ipsilateral
hemisphere, extensive Beclin-1 immunoexpression, indicating autophagosome accumulation
within endothelium in numerous striatum capillaries in all analyzed areas, was observed.

J Comp Neurol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Garbuzova-Davis et al. Page 26

tMCAO 30 days, Striatum Contralateral hemisphere (1-L): In the contralateral striatum,
higher Beclin-1 expression was determined in lateral (J) and ventral (L) areas compared to
medial (I) or dorsal (K). In both ipsilateral (E-H) and contralateral (I-L) striatal capillaries,
EB leakage (red, asterisks) was seen. Motor cortex (M—R): In motor cortex, increased
Beclin-1 immunoexpression in capillary endothelium was determined in M2 (O) and M1 (P)
areas in ipsilateral hemisphere vs. control (M,N). Q: Elevated Beclin-1 immunopositivity
was noted in M2 contralateral motor cortex. R: Beclin-1 immunoexpression in M1
contralateral motor cortex was slightly elevated compared to M1 control (N). EB leakage
(red, asterisks) was higher in M1 ipsilateral motor cortex area (P). M: Of note, EB dye in
ipsilateral or contralateral hemispheres of controls was observed within capillary lumen (#).
Sriatum: medial (A,E,I), lateral (B,F,J), dorsal (C,G,K), and ventral (D,H,L) areas. Motor
cortex: control ipsi/contralateral hemisphere (M — M2 area, N — M1 area), tMCAQ 30 days
ipsilateral hemisphere (O — M2 area, P — M1 area), and tMCAO 30 days contralateral
hemisphere (Q — M2 area, R — M1 area). Scale bar = 25 pym in A-R.
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Figure 5.
Quantitative analysis of Beclin-1 immunoexpression in capillary endothelium in the rat brain

30 days after tMCAO. A: Schematic representation of analyzed areas in the striatum and
motor cortex in the ipsilateral and contralateral hemispheres. B: Significant (p<0.0001)
upregulation of Beclin-1 immunoexpression was detected in ipsilateral lateral (L), dorsal
(D), and ventral (V) striatum areas of post-stroke rats compared to controls. In contralateral
striatum, significant (p<0.0001) increase of Beclin-1 fluorescent expression was determined
in area V, although elevation of protein expression was demonstrated in medial (M), L, and
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D areas vs. controls. C: In motor cortex, significant increase of Beclin-1 immunoexpression
in capillary endothelium was determined in M2 (p=0.0005) and M1 (p<0.0001) areas in the
ipsilateral hemisphere. Overexpression of Beclin-1 in contralateral motor cortex was noted
in M2 area. More extensive Beclin-1 upregulation showed in capillary ECs of ipsilateral M1
(p=0.0012) than in M2 and in comparison to contralateral M2 (p=0.0004) and M1
(p<0.0001) motor cortex areas.
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Figure 6.
Immunohistochemical analysis of GFAP immunoexpression in the rat brain 30 days after

tMCAO. Control Striatum Ipsi/Contralateral hemisphere (A-D): Normal appearance of
parenchymal GFAP positive cells with well-defined astrocytes surrounding capillaries
(green, arrowheads) was seen in all examined striatal areas of ipsilateral or contralateral
hemisphere in control rats. EB dye was visible as small red dots (#) attached to the capillary
lumen. tMCAO 30 days, Striatum Ipsilateral hemisphere (E-H): In the ipsilateral
hemisphere of tMCAO rats, increased GFAP immunoreactivity, indicating astrogliosis, was
determined in all analyzed striatal areas. tMCAOQ 30 days, Striatum Contralateral
hemisphere (I-L): Similar, but less intensive, GFAP immunoreactivity was observed in
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contralateral striatum. EB capillary leakage was mostly detected in lateral and dorsal areas
of ipsilateral (F,G, red, asterisks) and contralateral (J,K, red, asterisks) striatum. Motor
cortex (M-R): In motor cortex, GFAP immunoexpression in M2 and M1 areas in ipsilateral
(O,P) and contralateral (Q,R) hemispheres of tMCAQ rats did not differ from controls
(M,N). Importantly, dissociation of astrocytes from capillary lumen was observed in the
striatum (F-H,J-L) and motor cortex (O-R) of both hemispheres in tMCAO rats. Sriatum:
medial (A,E,I), lateral (B,F,J), dorsal (C,G,K), and ventral (D,H,L) areas. Motor cortex:
control ipsi/contralateral hemisphere (M — M2 area, N — M1 area), tMCAO 30 days
ipsilateral hemisphere (O — M2 area, P — M1 area), and tMCAO 30 days contralateral
hemisphere (Q — M2 area, R — M1 area). Scale bar = 50 pm in A-R.
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Figure 7.
Quantitative analysis of GFAP immunoexpression in the rat brain 30 days after tMCAO. A:

Schematic representation of analyzed areas in the striatum and motor cortex in the ipsilateral
and contralateral hemispheres. B: In ipsilateral striatum of tMCAO rats, significantly
(p<0.0001) elevated GFAP immunoexpression was determined in all analyzed areas (M, L,
D, and V) vs. controls. Only significant (p=0.0002) increase of GFAP immunoreactivity was
determined in area D of contralateral striatum. C: There were no significant differences
between tMCAO and control rats in GFAP immunoexpression in M2 and M1 motor cortices
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in ipsilateral or contralateral hemisphere, although elevation of GFAP immunoexpression
was determined in ipsilateral M2 area of tMCAO rats. Also, ipsilateral M2 area of motor
cortex was significantly (p=0.0009) higher than in contralateral side in tMCAO rats.
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Table 1
Primary Antibodies Used
Antigen | Immunogen Manufacturer Catalog/lot Dilution
number/species used
Beclin-1 | Synthetic peptide from human Thermo Scientific Pierce OSA00006W/0D 1691051/ Sheep 1:200
coiled-coil myosin-like BCL2- Antibodies (Rockford, IL) polyclonal
interacting protein
GFAP Polyclonal rabbit anti-glial Dako (Glostrup, Denmark) Z0334/00073720/ Rabbit polyclonal 1:500

fibrillary acidic protein. GFAP
isolated from cow spinal cord
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