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Despite the clinical significance of post-stroke angiogenesis, a detailed phenotypic
analysis of pre-stroke vascular remodeling and post-stroke angiogenesis had not yet
been done in a model of focal ischemia. In this study, using BrdU-labeling of proliferating
cells and immunofluorescence of pre- and post-stroke rats, we found that, () BrdU
administered before stroke was incorporated preferentially into the nuclei of endothelial
cells lining the lumen of existing blood vessels and newly born neurons in the dentate
gyrus but not in the subventricular zone or proliferating microglia, (i) BrdU injection prior
to stroke led to the patchy distribution of the newly incorporated endothelial cells into
existing blood vessels of the adult rat brain, (jii) BrdU injection prior to stroke specifically
labeled neuronal precursors cells in a region of soft tissue beyond the inhibitory scar,
which seems to be permissive to regenerative events, (iv) BrdU injection after stroke
led to labeling of endothelial cells crossing or detaching from the disintegrating blood
vessels and their incorporation into new blood vessels in the stroke region, scar tissue
and the region beyond, (v) BrdU injection after stroke led to specific incorporation
of BrdU-positive nuclei into the “pinwheel” architecture of the ventricular epithelium,
(vi) blood vessels in remote areas relative to the infarct core and in the contralateral
non-lesioned cortex, showed co-labeled BrdU/RECA* endothelial cells shortly after the
BrdU injection, which strongly suggests a bone marrow origin of the endothelial cells.
In the damaged cortex, a BrdU/prolyl 4-hydroxylase beta double labeling in the close
proximity to collagen IV-labeled basement membrane, suggests that, in addition to bone
marrow derived endothelial cells, the disintegrating vascular wall itself could also be a
source of proliferating endothelial cells, (vii) By day 28 after stroke, new blood vessels
were observed in the perilesional area and the scar tissue region, which is generally
considered to be resistant to regenerative events. Finally, (viii) vigorous angiogenesis was
also detected in a region of soft tissue, also called “islet of regeneration,” located next to
the inhibitory scar.

Conclusion: BrdU administered prior to, and after stroke, allows to investigate brain
vasculature remodeling in the adult brain.
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Surugiu et al.

Post-stroke Angiogenesis in a Rat Model

INTRODUCTION

Following recanalization and neuroprotection, research on
stroke is focused on tissue structure restoration and functional
recovery based on revascularization and cell therapy based
neuroregeneration. Angiogenesis is most likely the first
step in supporting endogenous recovery mechanisms, like
neurogenesis in the subventricular zone and perilesional
area and is promoted by several signaling molecules and
growth factors, such as eNOS and CSE, VEGF/VEGFR2,
Ang-1/Tie2, IGF-1, BDNE FGF-2, VEGE and the chemokines
SDF-1 and MCP-1 (1). However, the molecular and genetic
events underlying successful angiogenesis are not fully
understood and therefore cannot be exploited for stroke
therapy (2-5).

Endogenous recovery and long-term post-stroke repair
mechanisms in the brain rely on angiogenesis, which can be
enhanced by release of pro-angiogenic factors in response to, for
example, physical exercise in the brain. Thus, exposure of Wistar
rats to treadmill training increased the expression of vascular
endothelial growth factor (VEGF) and matrix metalloproteinase
2 (MMP2) (6).

Few studies have investigated human post-stroke angiogenesis
at molecular level. Krupinski and colleagues (7) noted active
angiogenesis in the penumbral areas of patients who survived
from several days to weeks after cerebral stroke, along with
a positive correlation between microvessel density and patient
survival. In subsequent studies, the authors demonstrated an
increased synthesis of angiogenic growth factors, such as FGF-
2, PDGF, VEGE, and their receptors within hours of stroke
that correlated with blood vessel growth in the penumbra
(8,9).

The literature on gene expression profiles after stroke in
humans and rodents is limited. Recently, by comparative
transcriptomics of angiogenesis in young vs. aged rats, our group
identified 36 new stroke-related genes which may be used to
develop new therapeutic approaches to improve angiogenesis
after stroke in the aged brain (10). In another study, Vikman
and Edvinsson (11) have shown similarities in gene expression
profiles between human strokes and those in animal models and
reported new genes that support the dynamic changes that occur
after stroke in the middle cerebral artery branches supplying the
ischemic region.

These results argue for the utility of proangiogenic therapies in
stroke to support the restoration and recovery of neurovascular
networks after ischemia by increasing blood flow and decreasing
infarct size (5). However, there are parallels between the structure
of the newly formed angiogenic blood vessels after stroke and
blood vessels of cancerous tumors with regard to capillary
immaturity and permeability which strongly suggest that the
structure of the vascular wall in post-stroke angiogenesis is
different from that of the non-injured, mature vascular wall.
Therefore, in this study, we aimed at identifying the major
contributors to vascular remodeling in naive and post-stroke
rats by making a detailed microscopic analysis of pre-stroke
vascular remodeling and post-stroke angiogenesis focused on
BrdU-labeled proliferating cells in pre- and post-stroke rats.

MATERIALS AND METHODS

Animals

Sixty five young [3 to 5 month old] male Sprague-Dawley rats,
bred in-house, were used. Body weights ranged from 290 to 360 g.
The rats were kept in a controlled environment in standard cages
at the temperature of 22°C, in the humidity level between 40 and
60%, and light period time range from 07.00 to 19.00 h. They had
free access to food and water. The rats were divided randomly
into 3, 14, and 28 day post-stroke survival groups (N = 20 per
time point and treatment) and included post-stroke rats injected
with BrdU 1 week before cerebral ischemia and sacrificed at days
3 (N = 10), at day 14 (N = 10) and 28 post-stroke (N = 10)
as well as post-stroke rats injected with BrdU daily after stroke,
sacrificed at days 3, 14, and 28 post-stroke (Figures 1A,B). In
addition, 5 rats were used as sham controls. All experiments
were approved by the University Animal Experimentation Ethics
Board as meeting the ethical requirements of the University of
Medicine and Pharmacy of Craiova, Romania.

Reversible Occlusion of the Middle
Cerebral Artery (MCAO)

Cerebral infarction was induced by transcranial interruption
of blood flow by transiently lifting the middle cerebral artery
with a tungsten hook as previously described (12). Eighteen
hours prior to surgery, rats were deprived of food to minimize
variability in ischemic damage that can result from varying
plasma glucose levels. Water remained available at all times. The
right middle cerebral artery (MCAO) was lifted with a tungsten
hook attached to a micromanipulator (Maerzhaeuser Precision
Micro-manipulator Systems, Fine Science Tools). Both common
carotid arteries were then occluded by tightening pre-positioned
thread loops for 90 min. Throughout surgery, anesthesia was
maintained by spontaneous inhalation of 1-1.5% isoflurane in a
mixture of 75% nitrous oxide and 25% oxygen. Body temperature
was controlled at 37°C by a Homeothermic Blanket System
(Harvard Apparatus). The local changes in blood flow were
monitored using a laser Doppler device (Perimed, Stockholm,
Sweden), and blood gases were measured at several time points
during ischemia. A decrease in the laser Doppler signal to <20%
of control values was considered to indicate successful MCA
occlusion. After 90 min, the common carotid arteries were re-
opened. Surgery was performed under antiseptic conditions to
minimize the risk of infection. Nevertheless, 3 rats died in the first
week post-stroke. Subsequent to survival times of 3 or 28 days,
rats were deeply anesthetized with 2.5% isoflurane, 75% nitrous
oxide, and 25% oxygen, and the blood removed by perfusion with
neutral buffered saline. Brains were cut into 2 mm slices and the
periinfarcted area was microdissected under a microscope and
stored at —70°C until use.

To study the phenotype of proliferating cells before stroke, rats
were given injections of bromodeoxyuridine (BrdU; 50 mg/kg
body weight, i.p.) daily and in total for 7 days. To label the
newly generated cells after stroke, rats were given injections of
bromodeoxyuridine (BrdU; 50 mg/kg body weight, i.p.) daily in
the first week post-stroke.
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were largely similar and independent of the BrdU treatment.

FIGURE 1 | (A,B) Schematic overview of the experimental design. (C) The development of the infarct core by immunohistochemistry for NeuN. The infarct was larger
(129 £ 39 mms) in in the first 3 days, presumably because of edema buildup, and stabilized to 116 + 29 mm?3 by day 28 (D). However, the infarcted cortical volumes

RNA Extraction and RNA Quality Control
After the tissue was homogenized, total RNA was extracted
from microdissected tissue using TRIzol reagent (Invitrogen
Life Technologies, Karlsruhe, Germany). Genomic DNA was
removed using the RNeasy Plus kit (Qiagen).

Quantitative Real-Time PCR

For quantitative real time PCR (qPCR), we synthesized
c¢DNA from total RNA with the High-Capacity cDNA reverse
transcription kit (Applied Biosystems, USA). The qPCR was
performed in 96-well 0.1-ml thin-wall PCR plates (Applied
Biosystems) in the Step One Plus System (Applied Biosystems).
Each 20 ] reaction contained 10 pl iQ SYBR Green Master Mix
(BioRad Laboratories, Hercules, CA), 2 pl prolyl 4-hydroxylase

beta (P4H beta) gene-specific forward and reverse primer mix
(Qiagen, Alameda, CA), and 8 pl pre-diluted cDNA. Controls
contained nuclease-free water instead of template primer. The
cycling conditions were 3min at 95°C to activate iTaq DNA
polymerase, followed by 45 cycles with 30s denaturation at
95°C, 30s annealing at 58°C and 30s elongation at 72°C. At
the end of the amplification cycles, melting curves were used
to validate PCR product specificity. All samples were amplified
in triplicate. Data were analyzed using the AACt method (13).
The expression levels of genes of interest were normalized to
the average of expression level of the three housekeeping genes
(GAPDH, HPRT1, and Ribosomal protein 19, RPL 19) from the
same sample. So, the relative expression for a gene of interest
was defined as the ratio of expression of the gene to that of the
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housekeeping gene. The fold change for P4H beta was defined as
the ratio of the relative expression in the ipsilateral hemisphere
(stroke lesioned, peri-infarcted or PI) to that in the naive animals.
Primers were provided by Eurofinn, Germany.

Determination of the Infarct Volume

To assess the size of the infarct induced by transient focal
ischemia, every tenth section was stained with NeuN, a marker
of neuronal nuclei. In previous studies, we have found that the
disappearance of NeuN is a reliable indicator that neurons have
been lost (14). Images of the stained sections were taken to cover
the entire infarcted area, which was then calculated as the sum of
partial areas using Image ] analysis software. Integration of the
resulting partial volumes gave the total volume of the ipsilateral
hemisphere along with the total volume of the cortical infarct;
lesion volume was then expressed as a percent of the hemispheric
volume.

Immunohistochemistry of Rat Tissue

Sections (25 pm-thick) were cut on a freezing microtome and
processed for immunohistochemistry as previously described
(15). Briefly, after incubation with blocking solutions containing
3% donkey serum/10 mmol/L PBS/0.3% Tween 20, tissue sections
were exposed overnight at 4°C to mouse anti-NeuN (1:1000,
Millipore, Germany) diluted in PBS containing 3% normal
donkey serum and 0.3% Tween 20. After washing in PBS
containing 0.3% Tween, the NeuN antigens were visualized by
DAB staining.

Laminin, SMA, BRDU Triple Labeling

Sections were incubated first with a mix of mouse anti-gamma
smooth muscle actin (SMA) (1:1000, Sigma-Aldrich, Munich,
Germany) and rabbit anti-laminin 5 (1:2000, Sigma, Munich,
Germany) followed by a mix of donkey anti-mouse Cy3 and
donkey anti-rabbit Cy2 to visualize both antigens. After a short
fixation step with 4% paraformaldehyde, sections were subjected
to the BrdU treatment. For BrdU detection, free-floating sections
were incubated in 2M HCI at 37°C for 30 min, and rinsed in
0.1 M borate buffer (pH 8.5) at room temperature for 10 min.
After neutralization, sections were incubated in blocking solution
containing 10% goat serum, 0.3% Triton X-100, 0.2% gelatin
in PBS overnight at 4°C, followed by rat anti-BrdU antibody
(1:2000, AbD Serotec, UK) at 4°C for 48 h. BrdU-positive cells
were visualized by incubating either with Cy5-conjugated donkey
anti-rat IgG (H+-L) (1:3000).

Collagen IV, P4Hbeta, BRDU Triple Labeling
Sections were incubated first with rabbit polyclonal anti-collagen
IV (1:1000, abcam, UK) followed by mouse anti-P4Hbeta
monoclonal antibody (1:1000, Novus Biological, UK) followed
by a mix of donkey anti-mouse Cy3 and donkey anti-rabbit
Cy2 to visualize both primary antibodies. After a short fixation
step with 4% paraformaldehyde, sections were subjected to the
BrdU treatment and detection as above. BrdU was detected using
donkey anti-rat Cy5.

RECA, SMA, BRDU Double and Triple
Labeling

Sections were incubated first with a mix of rabbit polyclonal
anti-actin (1:2000, Sigma, Munich, Germany) and mouse anti-
rat endothelial cell antigen (RECA) (1:200, abcam, UK) followed
by a mix of donkey-anti-rabbit-FITC 1:3000, and donkey-anti-
mouse-rhodamine F(ab) 1:4000 both from Dianova, Hamburg,
Germany. After a short fixation step with 4% paraformaldehyde,
sections were subjected to the BrdU treatment and detection as
above.

BrdU, Doublecortin Double Labeling

Cryostat, free-floating sections of 25pum were fixed in 4%
paraformaldehyde for 15min and then washed extensively with
PBS. After incubation in 50% Formamide/2X SSC for 2 h at 60°C,
sections were washed again, first in 2x SSC and then in 10x PBS.
After denaturization in 2N HCL at 37°C for 40 min, sections were
made neutral by adding 0.1 M Borate buffer (pH 8.5). Thereafter
sections were incubated with the guinea pig anti-doublecortin
(DCX; Millipore) antibody overnight at 4°C followed by donkey
anti-guinea pig IgG-biotin (Dianova, Hamburg, Germany) and
streptavidin Alexa 488 (Life Technologies, Karslruhe, Germany).
Finally, sections were incubated with rat anti-BrdU antibody
(1:2000, AbD Serotec, Puchheim, Germany). BrdU-positive cells
were visualized by incubating with Cy3-conjugated donkey anti-
rat IgG (H+L) (1:3000).

Cell Quantitation

The number of labeled cells at the given reperfusion times was
determined by counting cells on every tenth section in systematic
random series across the entire region of interest. To this end,
a sequence of confocal counting images of 161 x 242 x 25um,
spaced 0.1 um apart across a 25-pum-thick section and covering
30% of the infarcted area, was taken for fluorescently labeled cells.
The resulting images were loaded into Image-J analysis software
and the percentage of labeled cells was counted as previously
described by us (14). Counting was done by two independent
observers and the results are expressed as means & SD.

Quantitation of the Number of Remodelled

Blood Vessels

Microvascular density was quantitated using the “hot spot”
analysis covering 30% of the infarcted area. Briefly, hot-spots,
i.e,, regions with a high density of RECA/BrdU-positive blood
vessels were identified using a 40 objective and were then counted
using 20 objective, corresponding to a microscopic field of 0.7386
mm? and the percentage of labeled blood vessels was calculated
as previously described by us (10). Counting was done by two
independent observers and the results are expressed as means &
SD.

Microscopy

For light microscopy, an Axioscope Al (Zeiss, Germany,
Germany) was used. Confocal microscopy images were acquired
using a Zeiss LSM710 laser-scanning confocal system with
spectral detection capabilities, and Zen 2010 software version
6.0 (Carl Zeiss Microscopy GmbH, Jena, Germany) was used
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for image acquisition and analysis. Excitation light was provided
by 488, 543, and 634nm laser lines; fluorescence emission
was detected at 500-530 nm for FITC (green), 550-600 nm for
Rhodamin (red), and 650-710nm for Cy5 (blue) in separate
tracks, using a confocal aperture of 1 Airy unit. Some of the
images were acquired as z-stacks and 3D reconstruction was
performed using a software algorithm (maximal projection).

STATISTICAL ANALYSIS

The main effects of time and manipulation (stroke vs. sham),
as well as interactions, were evaluated by ANOVA followed
by Tukey post-hoc analyses using Prism software. The level of
significance was set at P < 0.05, two-tailed test.

RESULTS

BRDU Administration Prior Stroke Had no

Effect on the Infarct Volume

The development of the infarct core was visualized by
immunohistochemistry using anti NeuN antibodies, a sensitive
indicator of neuronal viability (14). The development of the
infarct was larger (129 + 39 mm?®) in in the first 3 days,
presumably because of edema buildup (16), and stabilized at 116
+ 29 mm? by day 28 (Figures 1C,D). However, the infarcted
cortical volumes at 28 days were largely similar and independent
of the BrdU treatment (Figures 1C,D).

Brain Vasculature Is Continuously

Remodelled in the Adult Non-injured Brain
By injecting BrdU before brain injury we were able to identify
proliferating cells like endothelial precursor cells and neuronal
precursor cells in the non-injured adult rat brain that might
be used in the brain response to cerebral ischemia. Using
this method, we found that at 3 days after stroke, BrdU
was incorporated preferentially into the nuclei of cells in
the proximity of the dentate gyrus (DG) (Figure2A). By
double labeling these nuclei were identified as DCX neuronal
precursor cells (Figure2A, inset). Likewise, BrdU-positive
nuclei that co-localized with DCX-positive cells were also
found in the subventricular zone of the lateral ventricle
(LV) (Figure2B and inset) as well as in the cortex (CX)
of the non-injured tissue (Figure2C). Furthermore, BrdU-
positive nuclei co-localized with the marker of the rat
endothelial cells, RECA, lining the lumen of existing blood
vessels in the rat cortex in remote areas (RA) relative to
the infarct location (Figure2D). By triple immunostaining,
the co-localized BrdU/RECA cells were covered by smooth
muscle actin-positive cells which were, most likely pericytes
(Figures 2E,F). Interestingly, in a 3D image, the newly
incorporated cells had a patchy distribution, suggesting a
random insertion of endothelial cells into existing blood vessels
(Figures 2G,H).

Quite surprisingly, BrdU-positive cells having a patchy
distribution were also found in branched blood vessels in the

infarcted area (Figure 2I). However, we could not detect BrdU-
positive nuclei in proliferating microglia cells in the perilesional
area (Figure 2J). Nevertheless, at 28 days post-stroke, we found
co-localized BrdU/RECA cells (Figure 2K) as well as BrdU/NeuN
cells (Figure 2L) in the region of soft tissue beyond the inhibitory
glial scar, that we dubbed “islet of regeneration” because of
presence of numerous blood vessels and endothelial cells (10).

After Stroke, BRDU-Labeled Nuclei Are
Incorporated Mostly in Proliferating
Endothelial Cells

Focal cerebral ischemia leads to blood vessel disintegration
and endothelial cells proliferation (17). A good marker of
proliferating endothelial cells in response to hypoxia, is
prolyl 4-hydroxylase beta (18). Under hypoxic conditions,
the proliferating endothelial cells express prolyl 4-hydroxylase
(P4Hbeta), which catalyzes hydroxylation of the aminoacid
proline in collagen fibrils. Injection of BrdU daily after cerebral
ischemia led, at day 3 after the ischemic event, to labeling of
endothelial cells lining blood vessels in remote area to the stroke
lesion (Figure 3A, red color, arrows). Concurrently, we detected
cells expressing the endothelial marker P4Hb that apparently
crossed large blood vessels (Figure 3A, blue color, arrowheads)
that were labeled with anti-collagen IV antibodies (Figure 3A,
green color). The increased expression of P4Hbeta mRNA
was confirmed by RT-PCR using P4Hbeta-specific primers at
days 3 and 14 post-stroke when we expected an increase in
P4Hbeta mRNA expression in endothelial cells in response
to hypoxia (Figure 3C). At day 14 post-stroke, proliferating
endothelial cells expressing P4Hbeta antigens were still present
(Figure 3B and insets). Using these markers, we could visualize
endothelial cells detaching from the disintegrating blood vessels
those basement membrane was labeled with anti-collagen IV
antibodies (Figure 3B, green).

By day 28 after stroke, new blood vessels were observed in
the perilesional area, most of which were BrdU+ (Figure 3D,
red, arrows) and were, most likely, endothelial cells embedded
in a laminin matrix (Figure 3D, green, arrowheads). Most
interestingly, double labeled BrdU+ (red) and RECA+ (green)
blood vessels densely populated the scar region, which isolates
the infarct area and is considered to inhibit axonal growth after
stroke (Figure 3E). Further, double labeled BrdU+ (red) and
RECA+ (green) blood vessels also emerged in the region beyond
the glial scar (Figure 3F).

Quite unexpectedly, even at day 28 after the ischemic event,
BrdU+ cells seemingly leaking through the wall of the blood
vessels labeled with anti-laminin antibodies (Figure 3E, red,
arrows), were present in the peri-infarcted area (Figure 3G,
red, arrows). At the same time, blood vessel double labeled for
BrdU and RECA were present in remote areas relative to the
stroke lesion (Figure 3H, arrows) and in the contralateral side
(Figure 31, red, arrows).

In other remote areas to the infarct core like the lateral
ventricle, the BrdU"™ nuclei were distributed mainly in the
“pinwheel” architecture of the ventricular epithelium (19, 20)
(Figure 3], BrdU™ nuclei shown in red) while the RECA™ cells
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FIGURE 2 | BrdU treatment before brain injury: brain vasculature is continuously remodeled in the adult non-injured brain. At 3 days after stroke, BrdU was
incorporated preferentially into the nuclei of cells in the proximity of the dentate gyrus (DG) (A). By double labeling these nuclei were identified as DCX neuronal
precursor cells (A, inset). Likewise, BrdU/DCX co-localized cells were also found in the subventricular zone of the lateral ventricle (LV) (B, inset) as well as in the cortex
(CX) of the non-injured tissue (C). BrdU-positive nuclei co-localized with the marker of rat endothelial cells, RECA, lining the lumen of existing blood vessels in the rat
cortex in remote areas (RA) relative to the infarct location (D). By triple immunostaining, the co-localized BrdU/RECA cells were covered by smooth muscle
actin-positive cells which were, most likely pericytes (E,F). In a 3D image, the newly incorporated cells had a patchy distribution (G,H). BrdU-positive cells having a
patchy distribution were also found in branched blood vessels in the infarcted area (I). However, BrdU-positive nuclei did not co-localized with proliferating microglia
cells in the perilesional area (J). Nevertheless, at 28 days post-stroke, co-localized BrdU/NeuN cells were found in the region beyond the inhibitory glial scar, “islet of
regeneration, IR” (K,L). The total number of animals at each time points was N = 10.
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FIGURE 3 | BrdU treatment after cerebral ischemia. Cell phenotyping. BrdU injection daily after focal ischemia led to labeling of endothelial cells lining blood vessel in
remote area to the stroke lesion (A, red color, arrows) at day 3 after the ischemic event. Concurrently, cells which express the endothelial marker P4Hb that apparently
cross large blood vessels (B, blue color, arrowheads) labeled with anti-collagen IV antibodies (green color) were detected. At day 14 post-stroke, proliferating
endothelial cells were still detected using double labeling with anti-P4Hbeta (B, insets, red, arrows) and anti-BrdU antibodies (B, insets, blue, arrowhead, and insets).
Using these markers, we could visualize endothelial cells detaching from the disintegrating blood vessels whose basement membrane was labeled with anti-collagen
IV antibodies (B, green). The increased expression of P4Hbeta mRNA was confirmed by RT-PCR using P4Hbeta-specific primers at days 3 and 14 post-stroke when
we expected an increase in P4Hbeta mRNA expression in endothelial cells in response to hypoxia (C). By day28 after stroke, new blood vessels were emerging in the
perinfarcted area, most of which were BrdU+ (D, red, arrows) and were, most likely, endothelial cells embedded in a laminin matrix (D, green, arrowheads). Double
labeled BrdU+ (red) and RECA+ (green) blood vessels densely populated the scar region (E). Double labeled BrdU+ (red) and RECA+ (green) blood vessels also
emerged in the region beyond the glial scar, which we dubbed “islet of regeneration,” IR (F, arrow). Even at day 28 after the ischemic event BrdU+ cells seemingly leak
through the wall of the blood vessels labeled with anti-laminin antibodies (E, red, arrows), into the vicinity of the infarcted area (G, red, arrows). Blood vessel double
labeled for BrdU and RECA are still present in remote areas to the stroke lesion (H, arrows) and in the contralateral side (I, red, arrows). BrdUt nuclei were also
distributed in the “pinwheel” architecture of the ventricular (J, red) while the RECAY cells occupied an adjacent, distal position (I, green). At day 3 after stroke, most of
the neuroepithelial cells in the scar region and in the perilesional area displayed the nestin antigens (K,L; arrowheads). For immunohistochemistry the total number of
animals at days 3 and 14 was N = 7. For RT-PCR the number of animals at days 3 and 14 was N = 3. The total number of animals at day 28 was N = 7. **P = 0.01;
**P = 0.001.
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occupied an adjacent, distal position (Figure 3], RECA™ cells
shown in green). Next, we investigated the presence of other
proliferative BrdU-labeled cells in the perilesional area and found
that at day 3 after stroke most of the proliferating cells displayed
nestin antigens, strongly suggesting a neuroepithelial origin,
both in the scar region and the perilesional area (Figures 3K,L;
arrows).

DISCUSSION

Stroke induces a specific remodeling of the brain vasculature.
However, the origin of the cells contributing to post-stroke
cerebral blood vessel remodeling is poorly documented. By
BrdU-labeling prior to stroke and immunohistochemistry we
found that before injury there is a continuous remodeling of
the adult brain vasculature by the incorporation of BrdU into
the nuclei of endothelial cells lining the lumen of existing blood
vessels in the adult rat cortex. Following injury, BrdU-positive
cells were found in branched blood vessels in the infarcted area
and in the “pinwheel” architecture of the ventricular epithelium.
By BrdU-labeling after stroke and immunohistochemistry we
found that BrdU/P4Hb co-labeled endothelial cells detaching
from the disintegrating blood vessel at days 3-14 after the
ischemic event. At 28 days post-stroke, we found co-localized
BrdU/RECA and BrdU/NeuN cells in the region beyond the
inhibitory glial scar, that we dubbed “islet of regeneration.” Other
cells that incorporated BrdU+ nuclei were neuroepithelial cells
and neuronal precursor cells.

Brain Vasculature Remodeling in the Adult
Non-injured Brain

The adult brain vascular system is considered to be stable
under normal physiological conditions (21). Therefore, data on
brain vasculature remodeling in the adult brain is scarce. BrdU
is widely used to label proliferating cells in the brain. BrdU
incorporation into the nuclei of cells in the proximity of two
neurogenic zones, the dentate gyrus and ependymal cell layer
of the subventricular zone was therefore, not surprising (22).
However, the incorporation of BrdU into the nuclei of endothelial
cells lining the lumen of existing blood vessels in the rat cortex
was rather surprising. Furthermore, the patchy distribution of
endothelial cells with a BrdU nucleus highly suggests a random
insertion of endothelial cells into existing blood vessels. As to the
origin of these cells, they are most likely derived from endothelial
progenitor cells (EPCs) which are normally present in the bone
marrow and peripheral cells (23, 24). Likewise, the EPCs cells
are most likely, at the origin of endothelial cells lining the newly
formed blood vessels in the region beyond the inhibitory scar
(24). Also unexpected was the incorporation of BrdU cells into
nuclei of cells scattered into the non-injured cortex of the rat
brain that probably entered the brain from the circulation via
leptomeningeal blood vessels as previously reported by us (25).

Brain Vasculature Remodeling in Response

to Cerebral Ischemia
After cerebral ischemia, a cascade of events that leads to vascular
remodeling is triggered. One such process is arteriogenesis in

response to the increased cerebral blood volume (CBV) after
stroke (26, 27). Likewise, after transient MCA occlusion in rats,
pial microcirculation remodeling along with new arterioles can
be seen sprouting from the penumbra vessels and overlapping
the ischemic core (28). Prolonged hypoxia induces blood vessel
dilation, disintegration, pericytes detachment and migration, and
EC proliferation. Further, when capillaries lose pericytes, they
become hyperdilated and hemorrhagic leading to edema, which
is the main cause of death in the first week after stroke and
facilitates the infiltration of circulating, prior to stroke BrdU-
labeled bone marrow derived endothelial precursor cells (24, 29).

BrdU injection shortly after stroke led to persistent labeling of
numerous proliferating cells co-expressing BrdU and P4Hbeta, a
marker of proliferating endothelial cells, emanating or detaching
from the disintegrating blood vessels those basement membrane
was labeled with anti-collagen IV antibodies as previously
shown by us (17). However, it is hard to distinguish between
bone marrow derived endothelial precursor cells and blood
vessel wall-derived endothelial cells. Since shortly after BrdU
injection blood vessels in remote areas to the infarct core
and in the contralateral non-lesioned cortex showed co-labeled
BrdU/RECA™ endothelial cells, we reasoned that these cells are
derived from the bone marrow and reflect the normal remodeling
of the cerebral vasculature.

In the damaged cortex, a BrdU/P4H double labeling in close
proximity to collagen IV-labeled basement membrane suggests
that, in addition to bone marrow-derived endothelial cells, the
disintegrating vascular wall itself could be also a source of
proliferating endothelial cells (17). At 4 weeks after stroke, new
blood vessels were observed in the perilesional area, most of
which were BrdU- and RECA-positive and were, most likely,
endothelial cells embedded in a laminin matrix. Such cells
are more likely bone marrow-derived endothelial cells that are
present in the systemic circulation and leaked into the damaged
area. Such cells are able to differentiate into endothelial cells in
the perilesional area (30).

Most interestingly, double labeled BrdU+ (red) and RECA+
(green) blood vessels densely populated the scar region, which
is considered by many neuroscience scholars as a region which
is refractory to axonal growth and regenerative events, generally
(Figure 3E). This finding suggests that the scar region which is
made mostly of astroglial and fibroblasts-like cells, is actively
maintained by a network of blood vessels. Further, the presence
of double labeled BrdU+ and RECA+ blood vessels along with
BrdU/NeuN-positive cells in the region which we dubbed “islet of
regeneration,” beyond the glial scar, Buga et al. (10) suggests that
vasculogenesis and neurogenesis may occur beyond the scarring
region and do not need a “template.”

Quite unexpectedly, even at day 28 after the ischemic event
BrdU+ cells seemingly leak through the basal lamina of the blood
vessels the infarcted area and in remote areas to the stroke lesion
suggesting that angiogenesis after stroke share similarities with
angiogenesis in tumors i.e., the newly formed blood vessels are
disorganized and leaky possibly via the STAT1/STAT3 pathway
(10, 31).

In the non-lesioned subventricular zone, the BrdU™T nuclei
were incorporated in the “pinwheel” architecture of the
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FIGURE 4 | Overview and quantification of BrdU-labeled blood vessels in the non-injured and injured adult rat brain. (A) At 3 days after stroke, BrdU was incorporated
preferentially into 6.3% of the neurons in the dentate gyrus (DG). BrdU-positive nuclei also co-localized with the marker of rat endothelial cells, RECA, in 17% of blood
vessels in the rat cortex in remote areas (RA) relative to the infarct location. By triple immunostaining the newly incorporated cells had a patchy distribution in 14.6% of
existing blood vessels. By day 28 after the stroke, BrdU-positive cells were also found in 11.3% of the branched blood vessels in the infarcted area and in 6.4% of the
blood vessels in the region of soft tissue beyond the fibrotic scar (B). (C) At day 3 post-stroke, prolyl 4-hydroxylase (P4Hbeta) was expressed in 5.2% of the
endothelial cells detaching from the wall of the disintegrating blood vessels. Their number increased to 20.7% by day 14 after cerebral ischemia. By day 28 after
stroke, new blood vessels were emerging in the perinfarcted area, 18% of which were BrdU+. More (38%) double labeled BrdU/RECA-positive blood vessels densely
were found in the scar region while 7% double labeled BrdU/RECA-positive blood vessels were localized in the region beyond the glial scar, IR. At the same time, a

small fraction (3.3%) of double labeled blood vessels were still present in remote areas relative to the stroke.

ventricular epithelium (19, 20) and did not overlap with the
RECA™ cells. The significance of this finding is currently not
known.

CONCLUSIONS

First, BrdU injection prior to stroke led to the patchy distribution
of newly incorporated endothelial cells in mature blood vessels
of the adult rat brain. Secondly, BrdU injection prior to stroke,
specifically labeled neuronal precursors cells in the region beyond
the inhibitory scar region which seems to be permissive to
regenerative events. Third, BrdU injection after stroke led to
the labeling of endothelial cells crossing or detaching from the
disintegrating blood vessels, and their incorporation into new

blood vessels in the infarct core, scar tissue and the region
beyond. Fourth, BrdU injection after stroke led to the specific
incorporation of BrdU™ nuclei into the “pinwheel” architecture
of the ventricular epithelium. The pre- and post-stroke events
of BrdU incorporation are summarized along with counting of
immunofluorescently labeled cells and blood vessels, in Figure 4.
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