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Abstract Ischemic stroke triggers endogenous angiogenic
mechanisms, which correlates with longer survival in patients.
As such, promoting angiogenesis appears to be a promising
approach. Experimental studies investigated mostly the potent
angiogenic factor vascular endothelial growth factor isoform-
A (VEGF-A). However, VEGF-A increases the risk of
destabilizing the brain microvasculature, thus hindering the
translation of its usage in clinics. An attractive alternative
VEGF isoform-B (VEGF-B) was recently reported to act as
a survival factor rather than a potent angiogenic factor. In this
study, we investigated the therapeutic potential of VEGF-B in
ischemic stroke using different in vivo and in vitro ap-
proaches. We showed that the delayed intranasal administra-
tion of VEGF-B reduced neuronal damage and inflammation.
Unexpectedly, VEGF-B stimulated the formation of stable
brain microvasculature within the injured region by promoting
the interaction between endothelial cells and pericytes. Our
data indicate that the effects of VEGF-B were mediated via
its specific receptor VEGF receptor-1 (VEGFR-1) that is pre-
dominately expressed in brain pericytes. Importantly, VEGF-
B promoted the survival of pericytes, and not brain endothelial
cells, by inducing expression of the anti-apoptotic protein B-
cell lymphoma 2 (Bcl-2) and the main protein involved in
energy homeostasis AMP-activated protein kinase «
(AMPKx). Moreover, we showed that VEGF-B stimulated
the pericytic release of factors stimulating a “reparative
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angiogenesis” that does not compromise microvasculature
stability. Our study unraveled hitherto unknown role of
VEGF-B/VEGFR-1 signaling in regulating the function of
pericytes. Furthermore, our findings suggest that brain micro-
vasculature stabilization via VEGF-B constitutes a safe thera-
peutic approach for ischemic stroke.
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Introduction

Brain microvasculature has an intimate functional relationship
with the brain parenchyma [1]. This relationship is governed
by the neurovascular unit (NVU), which comprises tightly
sealed endothelial cells, forming the blood-brain barrier
(BBB), that interact with extracellular matrix proteins,
pericytes, astrocyte end-feet, microglia, and neurons [2, 3].
The NVU is a site of dynamic and complex biochemical and
cellular interactions that work in concert to enable proper
brain homeostasis and functioning [2—4]. Pericytes are tightly
associated to brain endothelial cells covering more than 80%
of the brain microvasculature, which is the highest coverage
rate observed among all other organs [5, 6]. These cells have
been shown to possess broad cellular functions that include
angiogenesis, microvasculature stability, BBB maintenance,
and cerebral blood flow (CBF) regulation [5, 6]. Ischemic
stroke triggers pericyte death and detachment from brain en-
dothelial cells in the acute phase (minutes to hours after stroke
onset), thus destabilizing the microvasculature and altering
BBB properties [7-10]. These events contribute to the pro-
gression of secondary brain injury by increasing brain edema
and exacerbating the inflammatory response in the sub-acute
phase (hours to days after stroke onset) [7, 10, 11].
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Ischemic stroke triggers the formation of new microvascu-
lature in the peri-infarct region (area surrounding infarct core)
to compensate for disruption of the CBF by activating several
angiogenic mechanisms [12]. Importantly, neuronal survival
is greatest in ischemic tissue undergoing angiogenesis, and the
number of new microvasculature within the ischemic brain
correlates with longer survival in stroke patients [13]. Based
on these observations, several angiogenic factors have been
investigated in experimental studies, namely, VEGF-A, which
potently promotes angiogenesis [14]. These studies have dem-
onstrated that VEGF-A can indeed promote neuroprotection
and neurorestoration following ischemic stroke [14, 15].
Nonetheless, the mechanisms underlying the effects of
VEGF-A remain elusive [14]. In this regard, we have previ-
ously demonstrated that the prophylactic intracerebral admin-
istration of VEGF-A increased the coverage of ischemic brain
microvasculature by pericytes and enhanced their physical
interaction with endothelial cells by increasing expression of
the N-cadherin, a protein involved in cell-cell cross talk [9].
However, the administration of VEGF-A is a double-edged
sword strategy, as it significantly increases the risk of exacer-
bating vascular permeability by further destabilizing the BBB
[16], thereby hindering the translation of its usage into clinics.

Although promising, a key question that remains to be
answered if this approach is to be translated to clinics is
how the safety of pro-angiogenic strategies can be im-
proved. An attractive possibility is to use VEGF-B that
has been shown to act as a “survival,” rather than a potent
“angiogenic” factor [17], thus offering new perspectives
for ischemic stroke therapies. VEGF-A mediates most of
its biological activity via VEGF receptor 2 (VEGFR-2),
whereas VEGF-B specifically binds VEGFR-1 [18].
Compared with the other members of the VEGF family,
VEGF-B has received much less attention. Thereby, the
biological relevance of VEGF-B signaling through
VEGFR-1 in several cell types is poorly understood.
Very few experimental studies examined the role of
VEGF-B in ischemic stroke, although VEGF-B expression
has been reported to increase in the peri-infarct region
after middle cerebral artery occlusion (MCAo) [19]. One
study showed that the depletion of VEGF-B increased
brain damage and neurological deficits in mice subjected
to permanent MCAo [20]. Another study showed that the
intracerebral injection of VEGF-B in VEGFB™"~ mice be-
fore subjecting mice to permanent MCAo rescued neuro-
nal survival within the peri-infarct region [21]. These stud-
ies demonstrated that VEGF-B signaling through VEGFR-
1 inhibited the expression of genes encoding for pro-
apoptotic proteins. In contrast to VEGFR-2 that is
expressed mainly on endothelial cells, VEGFR-1 has been
reported to be expressed in pericytes. Whether VEGF-B
regulates the function of pericytes after ischemic stroke
remains totally unknown. Furthermore, although the
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existing investigations outlined the protective role of
VEGF-B once stroke occurs, its potential in a therapeutic
perspective after ischemic stroke remains to be addressed.

In this study, we evaluated the therapeutic potential of
VEGF-B administration in the sub-acute phase on neuronal
damage, neurological deficits, angiogenesis, and microvascu-
lature stability by deciphering the role of VEGF-B/VEGFR1
signaling in brain pericytes.

Materials and Methods
Animal Experiments

Experiments were performed according to the Canadian
Council on Animal Care guidelines, as administered by the
Laval University Animal Welfare Committee. Adult C57BL6/
j male mice (3 months old) were subjected to focal ischemic
stroke via the transient occlusion of the MCA using an
intraluminal filament technique as described [22]. Briefly, un-
der 1.5% isoflurane (30% O,, remainder N,O) anesthesia, a
midline neck incision was made and the left common and
external carotid arteries were isolated and ligated. A micro-
vascular clip was placed on the internal carotid artery, and a 7—
0 silicon-coated nylon monofilament (Doccol Corporation,
MA, USA) was directed through the internal carotid artery
until the origin of MCA. The monofilament was left in place
for 45 min and then withdrawn. Throughout the surgery, the
rectal temperature was maintained between 36 and 37 °C
using a feedback-controlled heating system (Harvard
Apparatus, QC, Canada). During the experiment, laser
Doppler flow (LDF) was monitored using a flexible fiber optic
probe (Moor Instruments Inc., DE, USA) attached to the skull
overlying the core of the MCA territory. One set of mice (n =6
per group) was intravenously treated 1 h after MCAo induc-
tion with (i) saline, (ii) VEGF-A (PeproTech, NJ, USA; 15 pg/
kg), or (iii) VEGF-B (PeproTech, NJ, USA; 15 ug/kg). This
dose of VEGF-A has been previously reported to induce brain
vascular permeability after experimental ischemic stroke [23];
thereby, a similar dose of VEGF-B was used. Twenty-four
hours after MCAo induction, mice were sacrificed via a trans-
cardiac perfusion with ice-cold normal saline. Three hours
before sacrifice, mice were intraperitoneally treated with 2%
Evans blue solution (4 mL/kg).

Another set of mice (n = 6-9 per group) was intranasally
treated starting at 24 h after MCAo induction with (i) saline or
(i)) VEGF-B (0.16 mg/kg/dose) daily for three successive
days (a total dose of 12 pg/mouse was delivered). Previous
studies demonstrated that at this dose, VEGF-A was effective
in promoting angiogenesis after experimental ischemic stroke
[24]; thereby, a similar dose of VEGF-B was chosen. Twenty-
four hours after last injection, mice were sacrificed via a trans-
cardiac perfusion of 4% paraformaldehyde (PFA). Brains
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were removed and cut on microtome into 25-pum coronal sec-
tions that were kept in an anti-freeze solution at —20 °C for
further use.

Assessment of Neurological Deficit

Neurological deficits were monitored 24 h after MCAo induc-
tion as previously described [25]. The sensorimotor perfor-
mance of mice subjected to MCAo was assessed using a neu-
rological score test that closely correlates the deficits with the
severity of the histological injury. Neurological deficits were
evaluated using the following score: 0 = normal function,
1 = flexion of torso and the contralateral forelimb on lifting
of the animal by the tail, 2 = circling to the contralateral side
but normal posture at rest, 3 = reclination to the contralateral
side at rest, and 4 = absence of spontaneous motor activity.

Evaluation of Brain Vascular Permeability

Evans blue solution was dissolved in normal saline (2% w/v).
A total volume of 4 mL/kg of 2% Evans blue solution was
intraperitoneally injected in mice subjected to focal ischemic
stroke 3 h before sacrifice mice by a transcardiac perfusion
with 50 mL of ice-cold normal saline. Brains were removed
and hemispheres were separated. Ipsilateral hemispheres were
homogenized in 1100 puL of x1X phosphate-buffered saline
(PBS), sonicated, and centrifuged (30 min, 15,000 rpm, 4 °C).
The supernatants were collected, and to each 500 pL, an equal
amount of 50% trichloroacetic acid (TCA) was added. After
an overnight incubation at 4 °C, samples were centrifuged
(30 min, 15,000 rpm, 4 °C). Evans blue extravasation into
the ischemic brain was quantified by measuring the absor-
bance using a microplate reader at 610-nm wavelength
(SpectraMax 340PC, Molecular Devices, CA, USA). Data
were analyzed using SOFTmax Pro3.1.1 software
(Molecular Devices) and quantified according to a standard
curve. The results are presented as (pg of Evans blue)/(g of
brain tissue).

Analysis of Ischemic Injury and Immunoglobulin G
Extravasation

Representative free-floating brain sections were mounted onto
SuperFrost slides (Fisher Scientific, Ottawa, ON, Canada) and
left thorough overnight drying under vacuum. Sections were
next stained with 0.5% cresyl violet to assess the brain infarct
size, as previously described [26]. Stained sections were digi-
tized and the border between injured and non-injured healthy
tissue was outlined with image analysis software (Imagel;
National Institutes of Health, Bethesda, MD, USA). The infarct
size was measured by subtracting the area of ipsilateral hemi-
sphere from that of contralateral hemisphere. Adjacent sections
were processed for immunohistochemistry to stain extravasated

serum immunoglobulin G (IgG), which was studied as an en-
dogenous marker of BBB permeability, as previously described
[26]. Briefly, mounted brain sections were washed with potas-
sium phosphate-buffered saline (KPBS) (Sigma-Aldrich) and
then incubated for 20 min in a permeabilization/blocking solu-
tion containing 4% normal goat serum (NGS), 1% bovine se-
rum albumin (BSA) (Sigma-Aldrich), and 0.4% Triton X-100
(Sigma-Aldrich) in KPBS. Biotinylated anti-mouse IgG anti-
body (Santa Cruz Biotechnology) was incubated overnight at
4 °C. Staining was revealed using avidin peroxidase kit
(Vectastain Elite; Vector Labs, Burlingame, CA, USA) by im-
mersing brain sections for 1 h in avidin-biotin complex (ABC)
mixture. Brain sections were washed and stained in diamino-
benzidine (DAB) solution for 10 min and washed again. Slices
were mounted onto slides, dried, dehydrated, and overlaid with
coverslips using distyrene plasticizer xylene (DPX) mounting
solutions. Brain sections were digitized and analyzed for areas
exhibiting IgG extravasation using ImageJ software.

Fluoro-Jade B Staining

Fluoro-jade B (FJB) staining was used as an indicator of neu-
ronal death as described [27]. Mounted free-floating brain
sections were fixed with 4% PFA for 20 min. Fixed sections
were then rinsed twice with KPBS for 5 min and processed
through a cycle of dehydration/rehydration in ethanol at dif-
ferent dilutions as follows: 3 min in 50%, 1 min in 70%, 3 min
in 100%, 1 min in 70%, 1 min in 50%, and 1 min in distilled
water. Mounted sections were next treated for 10 min with
0.06% potassium permanganate (MP Biomedicals, Santa
Ana, CA, USA), rinsed for 1 min with distilled water, and
then incubated in 0.0004% FIB solution (EMD Millipore,
Etobicoke, ON, Canada) containing 0.1% acetic acid and
2 ug/mL DAPI. Sections were dried overnight, immersed in
xylene, and then coverslipped in anti-fade mounting solution
(Sigma-Aldrich). Fluorescent images were taken using a
Nikon C80i microscope (Nikon Instruments, Williston, VT,
USA) equipped with a motorized stage (Ludl, Hawthorne,
NY, USA) and QImaging® color camera (MBF 2000 R,
Quantitative Imaging, Surrey, BC, Canada) using QCapture
version 2.98.2 software (Quantitative Imaging).

Immunofluorescence Analysis

Mounted sections were first incubated for 20 min in a
permeabilization/blocking solution containing 4% NGS, 1%
BSA, and 0.4% Triton X-100 in KPBS and then overnight at
4 °C with different primary antibodies diluted in the same
solution. The following primary antibodies were used: rabbit
anti-desmin (1/250; Abcam, Cambridge, UK), rabbit anti-
platelet-derived growth factor receptor- (PDGFRf3; 1/250;
Abcam), rat anti-CD31 (i.e., platelet endothelial cell adhesion
molecule-1 (PECAMI1); 1/500; BD Biosciences, San Jose,
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CA, USA), rabbit anti-ionized calcium binding adaptor
molecule-1 (Ibal; 1/250; Wako Chemicals, Cape Charles,
VA, USA), rabbit anti-VEGFR-1 (1/250; Abcam), and mouse
anti-CD105 (i.e., endoglin (ENG); 1/100; Novus Biologicals,
Littleton, CO, USA). Afterwards, sections were rinsed in
KPBS, followed by a 2-h incubation with one of the following
secondary antibodies: Alexa Fluor 488-conjugated goat anti-
rabbit antibody (Invitrogen, Carlsbad, CA, USA), Alexa Fluor
488-conjugated goat anti-rat antibody (Invitrogen), Cy3
AffiniPure goat anti-rabbit IgG (H + L) (Jackson
Immunoreasearch, West Grove, PA, USA), Cy3 AffiniPure
goat anti-rat IgG (H + L) (Jackson Immunoreasearch), or
Cy3 AffiniPure goat anti-mouse IgG (H + L) (Jackson
Immunoreasearch). After washing with KPBS, sections were
coverslipped with anti-fade mounting medium (Sigma-
Aldrich). Epifluorescence images were taken using a Nikon
C80i microscope equipped with a motorized stage (Ludl) and
a QImaging® color camera (Quantitative Imaging) using
QCapture version 2.98.2 software (Quantitative Imaging).
Confocal laser-scanning microscopy was performed with a
LSM 800 microscope equipped with the ZEN Imaging soft-
ware (Carl Zeiss Canada, Toronto, ON, Canada).

Oxygen and Glucose Deprivation Induction

To investigate the responses of brain endothelial cells and
pericytes challenged by ischemia/reperfusion-like conditions,
cells were incubated in oxygen and glucose deprived (OGD)
conditions. OGD was induced by incubating cells at 37 °C ina
Dulbecco’s modified Eagle’s medium (DMEM)-glucose free
medium (Multicell, Wisent, St-Bruno, QC, Canada) under
hypoxic condition (1% O,) for 3 h (ischemia-like) using a
Modular Incubator Chamber (Billups-Rothenberg Inc., Del
Mar, CA, USA). Following the 3 h OGD, DMEM-glucose
free medium was immediately replaced by DMEM glucose-
normal medium and cells were incubated under normal oxy-
genation conditions to allow a re-oxygenation period
(reperfusion-like) for either 1 or 24 h as specified in different
experiments. As control, cells were incubated at 37 °C in
DMEM glucose-normal medium (Multicell, Wisent) under
normal oxygenation conditions (normoxia). Cells were either
harvested for protein extraction or fixed at room temperature
with 3.5% PFA for further analysis. To simplify, we used
throughout the text OGD instead of OGD/re-oxygenation.

Cell Culture Experiments

We chose to use a primary human brain microvascular
pericytes (HBMVPs) (ScienCell Research Laboratories,
Carlsbad, CA, USA) to accurately investigate the function of
pericytes as these cells are the main focus of this study.
Additionally, we choose immortalized murine brain-derived
endothelial cells (bEnd3) (ATCC, Manassas, VA, USA) to
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represent brain endothelial cells, as these cells have been
shown to have similar barrier characteristics to primary brain
microvascular endothelial cells (BEMCs) [28]. Moreover,
bEnd3 cells are attractive candidates to represent the cellular
component of the BBB and are amenable to numerous molec-
ular interventions [28]. HBMVP and bEnd3 were cultured at
37°Cin 5% CO,, 95% air in DMEM normal-glucose medium
(Multicell, Wisent) containing 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin. In all
experiments, cells were grown to approximately 80% conflu-
ence and subjected to a maximum of eight cell passages. To
induce OGD, HBMVP were seeded at 1.5 x 10° cells/well,
and bEnd3 were seeded at 2 x 10 cells/well in a 12-well plate
(Coming, NY, USA). Cells were treated with saline, 4 or 16 ng
of VEGF-B (PeproTech). As screening experiments showed
that VEGF-B at 16 ng was more efficient, this dose was
adopted to perform the functional studies. At the end of each
experiment, cell culture medium was collected, and cells were
either harvested for protein extraction or fixed at room tem-
perature with 3.5% PFA for further analysis.

Western Blot Analysis

HBMVP and bEnd3 in different conditions were harvested,
and whole cell lysates were prepared with NP40 lysis buffer
supplemented with 1% protease inhibitor cocktail (Sigma-
Aldrich) and 1% phosphatase inhibitor cocktail (Sigma-
Aldrich), as specified before [29]. Total protein content for
each sample was determined using the bicinchoninic acid
(BCA) method (QuantiPro Assay Kit, Sigma-Aldrich) [29].
Protein samples (20 pg) were mixed with x5 sodium dodecyl
sulfate (SDS)-loading buffer and heated for 5 min at 95 °C.
Samples were subjected to 8, 10, or 12% SDS polyacrylamide
gel electrophoresis (SDS-PAGE) and subjected to electropho-
resis using Mini-PROTEAN® Tetra Cell (Bio-Rad, Hercules,
CA). After migration, resolved protein bands were transferred
onto a 0.45-mm polyvinylidene fluoride (PVDF) membrane
(EMD Millipore) for 1 h on ice using Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad). The PVDF mem-
brane was rinsed three times with a 0.1 M Tris-buffered saline
solution containing 0.5% Tween-20 (TBS-Tween; Sigma-
Aldrich) and blocked in TBS-Tween with 5% (w/v) skim milk
for 30 min at room temperature. The PVDF membrane was
then incubated overnight at 4 °C with different primary anti-
bodies diluted at 1/1000 in TBS-T solution. The following
antibodies were used: rabbit anti-VEGFR-1 (Santa Cruz
Biotechnology), goat anti-VEGFR-2 (R&D Systems,
Minneapolis, MN, USA), rabbit anti-AMP-activated protein
kinase-ac (AMPKo; Cell Signaling Technology, Danvers,
MA), rabbit anti-B-cell lymphoma-2 (Bcl-2; Santa Cruz
Biotechnology), and mouse anti-(3-actin (EMD Millipore).
Primary antibodies were detected with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibodies
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(Jackson Immunoreasearch) that were diluted 1/500 in TBS-T
and revealed by enhanced chemiluminescence plus (ECL) so-
lution (Bio-Rad, Hercules, CA, USA). -actin was used to
ensure equal protein loading. Blots were revealed and imme-
diately digitized using Thermo Scientific myECL Imager
(ThermoFisher Scientific, Waltham, MA USA). Digitized
blots were densitometrically analyzed with ImagelJ software,
corrected for protein loading by means of (3-actin, and
expressed as relative values comparing different groups.

Cell Viability, Loss, and Count

HBMVP cell viability was assessed using the 2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H—tetrazolium-5-
carboxanilide (XTT) assay according to the manufacturer’s
procedure (Cell Signaling Technology). Cells were plated at
1.5 x 10° cells/well in 12-well plates under either normoxia or
OGD conditions. Cells were stimulated either with sterile sa-
line solution or VEGF-B (16 ng) during OGD induction and
the re-oxygenation period. One hundred microliter of cell cul-
ture medium representing each condition was incubated with
50 pL of XTT detection solution for 3 h at 37 °C. Cell viability
was determined by reading absorbance at 450 nm using a
microtiter plate reader and analyzed with the SOFTmax
Pro3.1.1 software. Independent similar experiments were
performed but by plating cells onto 15-mm coverslips for
adherent cells (Electron Microscopy Sciences, Hatfield, PA).
Cells were fixed with 3.5% PFA at room temperature and
incubated with 1/250 Alexa Fluor®546 phalloidin
(ThermoFisher Scientific). Epifluorescence images were
taken using a Nikon C80i microscope equipped with a
Microfire CCD color camera. HBMVP and bEnd3 cell
death/viability ratio 24 h after OGD induction (i.e., 24-h re-
oxygenation) was assessed using a viability/cytotoxicity assay
according to the manufacturer’s procedure (Biotium, Fremont,
CA, USA). The assay employs two probes that detect
intracellular esterase activity in live cells and compromised
plasma membrane integrity in dead cells. The esterase sub-
strate calcein AM stains live cells green, while the
membrane-impermeable DNA dye ethidium homodimer III
(EthD-III) stains dead cells red. Cells were plated at
1.5 x 10° cells/well in 12-well plates under either normoxia
or OGD conditions. Cell viability/death ratio was measured
using EVOS® FL cell imaging system (ThermoFisher
Scientific) equipped with highly sensitive Sony 1CX445
monochrome CCD camera. In independent similar experi-
ments, absolute cell count was additionally performed using
the same cell imaging system. The number of cells under
different conditions was quantified and corrected to the num-
ber of cells seeded at the beginning of each experiment. The
count of viable/dead cells and absolute cell count were per-
formed using the EVOS FL Auto software that includes a
built-in program to perform cell count.

Cytokine Profiling Analysis

For cytokine expression studies, NP40 HBMVP lysates were
used. Protein expression was determined using the Proteome
Profiler” Array (R&D Systems) that allows assessing the si-
multaneous relative expression levels of 36 human cytokines
and chemokines. The experiment was performed according to
the manufacturer’s protocol. Briefly, a total amount of 200 pg
per sample was mixed with biotinylated detection antibodies
and then incubated with the array membrane which contains
immobilized capture antibodies for the detection of a broad set
of inflammatory cytokines and chemokines. Signals were vi-
sualized by streptavidin-HRP and chemiluminiscent detec-
tion. Membranes were revealed and immediately digitized
using Thermo Scientific myECL Imager (ThermoFisher
Scientific). Digitized blots were densitometrically analyzed
with Imagel software by measuring for each data spot the
mean pixel intensity corrected for the background signal.
Data were analyzed with mean values from duplicates and
related to the mean of three internal control values on each
membrane, as previously described [30].

Statistics

Results are expressed as mean =+ standard deviation (SD). For
comparisons between two groups, Student’s ¢ tests were used.
For comparisons of multiple groups, one-way analysis of vari-
ance (ANOVA) followed by the Tukey’s post hoc tests were
used. P values lower than 0.05 were considered significant. All
statistical analyses were performed using GraphPad Prism ver-
sion 6 for Windows (GraphPad Software, San Diego, CA, USA).

Results

Early Administration of VEGF-B, and Not VEGF-A,
Reduces the Leakage of Ischemic Brain Vasculature

It is well documented that the intravenous administration of
VEGF-A early in the acute phase of ischemic stroke increases
tissue damage and neurological deficits by exacerbating the vas-
cular permeability due to an excessive pro-angiogenic response
[16]. As VEGF-B is suggested to act as a survival rather than an
angiogenic factor [17], the effects of its systemic early adminis-
tration on vascular permeability and neurological deficits were
first evaluated. In contrast to VEGF-A, a single intravenous dose
of VEGF-B administered 1 h after MCAo induction decreased
the levels of the exogenous tracer Evans blue in the ipsilateral
hemisphere (P < 0.0001), indicating that the permeability of the
brain vasculature was preserved (Fig. 1a). Furthermore, in con-
trast to VEGF-A, VEGF-B did not exacerbate the neurological
deficits of mice 24 h after MCAo induction (P < 0.01), indicating
that the histological injury did not worsen (Fig. 1b). In mice, the
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Fig. 1 VEGF-B is a safe alternative for VEGF-A in ischemic stroke
therapy. a Evans blue quantification shows reduced extravasation into
the ischemic brain following early systemic administration of the
VEGF-B. VEGF-A increases extravasation of the Evans blue into the
ischemic hemisphere. b Neurological score analysis shows that
systemic early administration of the VEGF-B does not exacerbate
neurological deficit of mice subjected to ischemic stroke, whereas
VEGF-A worsens the neurological deficit of these mice. VEGF-A
vascular growth factor isoform-A, VEGF-B vascular growth factor
isoform-B. Data are mean + SD (n = 6 animals per group). *P < 0.05/
*#*P < 0.01 VEGF-B treated group compared with saline-treated group,
P <0.01/"77P < 0.0001 VEGF-B-treated group compared with VEGF-
A-treated group (ANOVA followed by Tukey’s multiple comparison test)

half-life of VEGF in the blood circulation is very short (approx-
imately 3 min) [31], suggesting that the reported effects of
VEGF-B were essentially mediated by targeting the ischemic
brain vasculature rather than acting directly on cells within the
brain parenchyma.

Delayed Intranasal Administration of VEGF-B Decreases
the Structural Damage of the Ischemic Brain

After evaluating the efficacy and safety of VEGF-B, the effects
of its delayed intranasal administration in the sub-acute phase,
during which destabilization and permeability of the ischemic
brain microvasculature peak, were investigated. VEGF-B was
administered intranasally to increase the translational potential
of the expected findings as this route of administration can be
used in human and to reduce the possible adverse effects of the
repetitive VEGF systemic administration on hemodynamics
[32]. The intranasal administration of the VEGF-B in the sub-
acute phase decreased infarct size (P < 0.05) (Fig. 2a) and IgG
extravasation (P < 0.05) (Fig. 2b) and reduced the number of
degenerating neurons (FIB™ cells) in the ipsilateral hemisphere
(P < 0.05) (Fig. 2c). Interestingly, attenuation of the neuronal
degeneration was accompanied by a decreased activation of
microglial cells (Ibal™ cells), indicating a reduced inflammatory
response in the ipsilateral hemisphere (P < 0.05) (Fig. 2d). Laser-
scan confocal microscopy analysis showed that microvasculature
in the ipsilateral hemisphere of saline-treated animals has odd
bubble-like morphology presenting several constricted regions,
outlining severe dysfunction, whereas in VEGF-B-treated
groups, the majority of ischemic microvasculature presents
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normal morphology (Fig. 2¢). These results indicate that the
effects of VEGF-B were essentially mediated by targeting the
microvasculature. Nonetheless, to confirm the specificity of the
effects of the intranasal administration of VEGF-B on the integ-
rity of brain microvasculature, we administered half of the dose
used before and found that this low dose did not decrease the
levels of Evans blue in the ipsilateral hemisphere, indicating that
the permeability of the brain microvasculature was not affected
(saline 4.852 + 0.5422 vs VEGFB'®" 9% 5022 + 0.5535 pg of
Evans blue/g of brain tissue; P = 0.83).

Microvasculature Density and Coverage by Pericytes
in the Ischemic Brain Increase After VEGF-B Delayed
Intranasal Delivery

Based on the previous findings, the effects of VEGF-B on
the dynamics of ischemic brain microvasculature were next
analyzed. Unexpectedly, the intranasal sub-acute administra-
tion of VEGF-B increased the density of CD31* brain mi-
crovasculature in the ipsilateral hemisphere (P < 0.001)
(Fig. 3a). This result was not expected as VEGF-B was not
supposed to have an angiogenic activity. Nonetheless,
VEGF-B did not affect the number of CD31" brain micro-
vasculature in the contralateral hemisphere (data not shown).
On the other hand, the absolute abundance of pericytes (des-
min* immunofluorescent staining) (P < 0.05) (Fig. 3b) and
the coverage of brain microvasculature by these cells
(PDGFRA*/CD31" immunofluorescent staining) (P < 0.05)
(Fig. 3c¢) in the ipsilateral hemisphere significantly increased
following VEGF-B administration. Next, we performed
structural analysis by looking closer to the morphology and
behavior of PDGFRB™ pericytes in the ipsilateral hemi-
sphere. We found that in the saline-treated animals, these
cells are highly dissociated from brain endothelial cells and
are activated by adopting a ramified-like structure forming
several cellular protrusions towards brain parenchyma
(Fig. 4). Interestingly, VEGF-B treatment potently restored
the morphology of PDGFRB* pericytes of the ipsilateral
hemisphere (Fig. 4). As VEGF-B signals specifically through
VEGFR-1, the expression of this receptor in pericytes locat-
ed in the ipsilateral hemisphere was assessed. In line with
previous reports, brain endothelial cells do not appear to
express VEGFR-1 in the mouse brain tissue samples used
in this study (data not shown), indicating that the angiogenic
activity is not directly mediated by the action of VEGF-B on
brain endothelial cells. To overcome technical challenges
related to the specificity of antibodies against VEGFR-1
and their compatibility with those against the markers of
pericytes in mouse brain tissue, we decided to comprehen-
sively evaluate in the next experiment expression pattern and
regulation of the VEGFR-1 in brain endothelial cells and
brain pericytes using in vitro cell-based assays.
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Fig. 2 VEGF-B attenuates brain injury after focal ischemic stroke. a
Infarct size analysis shows a reduction of ischemic injury after sub-
acute intranasal VEGF-B treatment. b Immunohistochemistry analysis
demonstrates a reduced IgG extravasation into the ischemic brain
after sub-acute intranasal VEGF-B treatment. ¢ FJB representative
images and analysis outline a reduced number of degenerating neuron
in the ipsilateral hemisphere after sub-acute intranasal VEGF-B
treatment. d VEGF-B treatment decreases the activation of microglial
cells (Ibal* staining) in the ipsilateral hemisphere. e Laser-scan
confocal analysis examining the morphology of the brain microvascula-
ture (CD31" staining; green) in the ipsilateral hemisphere shows that

Brain Endothelial Cells and Pericytes Are Differentially
Affected by the OGD Conditions

The previous observations suggest that VEGF-B seems to act on
brain pericytes rather than brain endothelial cells. To elucidate
this point, and to further characterize the role of VEGF-B/
VEGFR-1 signaling in the brain pericytes, several cell-based
assays under OGD conditions that mimic ischemia-like condi-
tions were used. First, the effects of ischemic conditions on the
cells from the microvasculature—brain endothelial cells and
pericytes—were dissected. For this purpose, HBMVP and
bEnd3 were exposed to OGD. The cell viability/cytotoxicity
assay showed that the ratio of HBMPV death was significantly
higher compared to the death of bEnd3 1 h after OGD induction
(Fig. 5a). More precisely, brain pericyte cell death was around
80% (P < 0.05), whereas brain endothelial cell death was around
50% (P < 0.05) (Fig. 5a). Furthermore, the capacity of cells to
recover and proliferate 24 h following OGD induction was

the majority of brain microvasculature in the saline-treated animals dis-
plays odd bubble-like morphology presenting several constricted regions
(white arrows), while the majority in VEGF-B-treated animals presents
normal microvasculature morphology. VEGF-B vascular growth factor
isoform-B, IgG immunoglobulin G, FJB fluoro-jade B, Ibal ionized
calcium-binding adaptor molecule-1. Data are mean = SD (» = 9 animals
per group). *P < 0.05 compared with saline-treated group (standard
two-tailed unpaired ¢ tests). Epifluorescent images (¢) were acquired with
a x20 objective. Laser-scan confocal images (e) were acquired with a x40
objective. Scale bar = 100 pm

specifically investigated. Absolute cell count analysis demon-
strated that HBMVP were enable to recover 24 h after OGD
induction (P < 0.05 compared to normoxia) (Fig. 5b), thus trans-
lating a profound cell dysfunction, whereas bEnd3 recover much
more efficiently 24 h after OGD induction (P = 0.707 compared
to normoxia) (Fig. 5¢), thus translating mild cell dysfunction.

VEGFR-1, and Not VEGFR-2, Is Highly Expressed
in Brain Microvascular Pericytes and Is Upregulated
Under OGD Conditions

The in vivo results are suggesting that VEGFR-1 is predominate-
ly expressed in desmin-like expressing cells; thereby, protein
expression of the VEGFR-1 was analyzed in HBMVP. Protein
expression analysis showed that OGD rapidly—1 h after induc-
tion—increased the expression level of VEGFR-1 in HBMVP
(P <0.01) (Fig. 6a). Furthermore, expression of the soluble form
of VEGFR-1 (sVEGFR-1), which is involved in regulating the
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Fig.3 VEGF-B increases the density of brain microvasculature and their
coverage by pericytes. a CD31 (endothelial marker) immunofluorescent
representative images (green) and respective stereological quantification
show increased brain microvasculature density in the ipsilateral
hemisphere after sub-acute intranasal VEGF-B treatment. b Desmin
(pericyte marker) immunofluorescent representative images (red) and
respective stereological quantification exhibit an increased absolute
abundance of pericytes in the ipsilateral hemisphere after sub-acute
intranasal VEGF-B treatment. ¢ CD31 (endothelial marker)/PDGFRf3
(pericyte marker) immunofluorescent representative images and

angiogenic response by neutralizing the potent pro-angiogenic
VEGF-A, was induced under OGD conditions (Fig. 6b). It has
been shown that in contrast to VEGFR-2, which is mainly
expressed in brain endothelial cells, expression of the VEGFR-
1 is regulated by hypoxia, and this regulation seems to be cell
type dependent [33]. Importantly, protein expression analysis
demonstrated that VEGFR-2 is constitutively expressed in
bEnd3 but not in HBMVP (Fig. 6¢). Additionally, the protein
expression level of VEGFR-2 in bEnd3 remained unchanged
after OGD challenge (Fig. 6¢). Although protein analysis dem-
onstrated that VEGFR-1 is expressed in brain endothelial cells,
its basal expression level was significantly lower compared to
brain pericytes under normoxic conditions (P < 0.05) but was
accentuated under OGD conditions (P < 0.01). Moreover,
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respective stereological quantification of co-localization show an
increase in the number of brain microvasculature (CD31% staining;
green) covered by pericytes (PDGFRP" staining; red) in the ipsilateral
hemisphere after sub-acute intranasal VEGF-B treatment. VEGF-B
vascular growth factor isoform-B, PDGFR[3 platelet-derived growth
factor receptor-f3. Data are mean = SD (n = 5-8 animals per group).
*P < 0.05/%**P < 0.001 compared with saline-treated group (standard
two-tailed unpaired ¢ tests). Laser-scan confocal images were acquired
with a x10 objective (a, ¢) or X20 (b). Scale bar = 100 um

expression level of the VEGFR-1 in bEnd3 remained unchanged
under ODG conditions, indicating lack of efficient responsive-
ness to hypoxia (P = 0.344) (Fig. 6d). To our knowledge, this is
the first report to show rapid upregulation of VEGFR-1 protein
expression and the induction of sVEGFR-1 in brain pericytes
exposed to OGD.

Survival and Function of Brain Microvascular Pericytes
Challenged by the OGD Conditions Are Potently
Ameliorated by VEGF-B

The previous in vivo findings suggest that VEGF-B increased
the abundance of pericytes that ensheath brain endothelial
cells and restored the overall structure and stability of brain
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Fig. 4 Association of brain endothelial cells and pericytes increases
following VEGF-B administration. Laser-scan confocal analysis of the
triple immunofluorescent staining for CD31 (endothelial marker; green)/
PDGFR} (pericyte marker; red)/DAPI (nucleus marker; blue) shows that
in the ipsilateral hemisphere of saline-treated animals (upper panel),
pericytes (red) are activated presenting a ramified-like morphology and
tend to detach from endothelial cells (green) by protruding towards the
parenchyma (white arrows). VEGF-B (lower panel) reduces the
activation of pericytes that are now more firmly attached to endothelial
cells and enhances the ensheathment of brain microvasculature by
pericytes (white arrows). VEGF-B vascular growth factor isoform-B,
PDGFR} platelet-derived growth factor receptor-f3. VEGFR-1 vascular
endothelial growth factor receptor-1, DAPI 4',6-diamidino-2-
phenylindole. Laser-scan confocal images were acquired with a x40
objective. Scale bar = 50 pm
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Fig. 5 OGD differentially affects the survival and death of brain
pericytes and brain endothelial cells. a Cell viability/cytotoxicity assay
shows that the ratio of cell death (presented as percentage of initially
seeded cells for each condition) is higher in HBMVP (brain pericytes)
1 h after exposure to OGD compared to bEnd3 (brain endothelial cells). b
Absolute cell count analysis indicates that HBMVP loss persists 24 h after
exposure to OGD. ¢ Absolute cell count analysis indicates that bEnd3
recuperates 24 h after exposure to OGD. Absolute cell count was

microvasculature. The specific enhanced expression of
VEGFR-1 in pericytes increased upon hypoxia, thus enhanc-
ing its bioavailability to bind and mediate the biological ef-
fects of VEGF-B in these cells. However, the underlying
mechanisms remain unknown. For this purpose, HBMVP
were exposed to OGD and were stimulated with 4 and 16 ng
of VEGF-B. The dose of VEGF-B at 16 ng was more effi-
cient; thereby, this concentration was used in performing the
experiments. As shape translates the overall health of cells, the
morphological changes associated to actin organization of
HBMVP maintained under different conditions were first an-
alyzed. OGD induced a rapid disruption of actin cytoskeleton
in HBMVP (Fig. 7a), outlining cell dysfunction and death.
Importantly, VEGF-B potently restored the morphology of
HBMVP exposed to OGD (Fig. 7a). Next, cell survival and
death were quantitatively analyzed. XTT viability assay
showed that VEGF-B significantly enhanced the survival of
HBMVP exposed to OGD (P < 0.001) (Fig. 7b) and potently
rescued absolute cell loss (P < 0.01) (Fig. 7c). Moreover,
VEGF-B restored expression of the anti-apoptotic protein
Bcl-2 in HBMVP exposed to OGD (P < 0.01) and even in-
duced protein expression pattern to higher levels in compari-
son to normoxia (P < 0.05) (Fig. 7d). As OGD alters glucose
metabolism and activate hypoxia-induced pathways, activa-
tion (i.e., phosphorylation) of the AMPK«x, an enzyme
playing key roles in cellular energy homeostasis, was next
investigated. Strikingly, VEGF-B significantly enhanced the
phosphorylation of AMPK«x (P < 0.05) (Fig. 7¢), outlining a
previously unknown role of VEGF-B/VEGFR-1 signaling in
modulating energy-related mechanisms in brain pericytes. To
our knowledge, this is the first report to outline a link between
VEGF-B and AMPK« in pericytes. Importantly, the protein
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corrected with the number of seeded cells. NO normoxia, OGD oxygen
and glucose deprivation, H/BMVP human brain microvascular pericytes.
Data are mean = SD (n = 3 independent experiments per condition).
*P < 0.05 death of OGD-exposed HBMVP compared with OGD-
exposed bEnd3, TP < 0.05 survival of OGD-exposed HBMVP
compared with OGD-exposed, bEnd3 saline-treated group (standard

two-tailed unpaired ¢ tests)
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Fig. 6 VEGFR-1 expression is high and dynamic in brain pericytes
exposed to OGD conditions. Western blot analysis using whole cell
lysates shows that OGD conditions increase a expression of the
VEGFR-1 in HBMVP (brain pericytes) and specifically induce b
expression of the soluble form of VEGFR-1 (sVEGFR-1). ¢ Western
blot analysis using whole cell lysates shows that HBMVP do not
express VEGFR-2 and its expression level remains unchanged under
OGD conditions, whereas VEGFR-2 is highly expressed in bEnd3
(brain endothelial cells) and its expression level remains unchanged as
well under OGD conditions. d Western blot analysis using whole cell
lysates indicates that expression of the VEGFR-1 is significantly higher

levels of Bel-2 remained unchanged in bEnd3 cells challenged
by OGD and stimulated by VEGF-B (P = 0.817) (Fig. 8a).
The phosphorylation level of AMPK« has a tendency to
slightly increase under OGD conditions but remained un-
changed following VEGF-B stimulation (P = 0.105)
(Fig. 8b). This indicates that VEGFR-1 seemingly fulfills dif-
ferent roles in brain endothelial cells in comparison to brain
pericytes.

VEGEF-B Stimulation Potentiates the Capacity of Brain
Microvascular Pericytes Challenged by OGD to Promote
Following Reparative Angiogenesis

After elucidating its role in regulating the survival of

pericytes under ischemic conditions, how VEGF-B stimu-
lated angiogenesis and preserved the function of endothelial
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in HBMVP compared to bEnd3 (four times higher) and that its expression
level increases in HBMVP cells exposed to OGD conditions but remains
unchanged in bEnd3 cells. NO normoxia, OGD oxygen and glucose
deprivation, HBMVP human brain microvascular pericytes, VEGF-B
vascular growth factor isoform-B, VEGFR-1 vascular endothelial growth
factor receptor-1. Data are mean = SD (n = 3 independent
experiments per condition). **P < 0.01 OGD-exposed HBMVP
compared with NO-exposed HBMVP, TP < 0.05 NO-exposed HBMVP
compared with NO-exposed bEnd3, #P < 0.01 OGD-exposed HBMVP
compared with OGD-exposed bEnd3

cells was addressed. Upon ischemic stroke, pericytes have
been reported to acquire an inflammatory profile affecting
vascular remodeling [34, 35]. Thereby, cytokine/chemokine
profiler assays were performed. We found that VEGF-B
induced expression of the interleukin-8 (IL-8) in HBMVP
exposed to OGD conditions (P < 0.0001) (Fig. 9a). IL-8 is
a cytokine that has been demonstrated to be directly in-
volved in enhancing endothelial cell survival and prolifera-
tion [36]. Moreover, OGD reduce expression of the plas-
minogen activator inhibitor-1 (PAI-1) (P < 0.0001)
(Fig. 9b), which plays important roles in controlling the
angiogenic response as well by stabilizing the vascular net-
work [37]. Importantly, VEGF-B potently restored stimulat-
ed expression of the PAI-1 in HBMVP exposed to OGD
(P < 0.0001) (Fig. 9b). In parallel, the profiler assay
showed that OGD induced expression of the stromal-cell
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Fig. 7 Survival and function of brain pericytes challenged by the OGD
conditions are potently ameliorated by VEGF-B. a Representative images
of F-actin staining using Alexa Fluor®546 phalloidin shows normal actin
cytoskeleton morphology in NO conditions, disrupted morphology in
OGD conditions, and restored morphology in OGD conditions
following VEGF-B stimulation. b XTT cell viability assay shows that
VEGF-B significantly enhanced the survival of HBMVP (brain
pericytes) exposed to OGD. ¢ Absolute cell count analysis shows that
VEGEF-B potently rescues cell loss induced by the OGD conditions. d
Western blot analysis using whole cell lysates shows that VEGF-B
restores the expression of Bcl-2 in HBMVP exposed to the OGD
conditions. e Western blot analysis using whole cell lysates
demonstrates that VEGF-B significantly enhances the phosphorylation

derived factor-1 (SDF-1) in HBMVP exposed to ODG
(P < 0.05) and effect that was further accentuated by
VEGF-B (P < 0.001) (Fig. 9¢c). SDF-1 is a chemokine that
plays a major role in the recruitment and retention of endo-
thelial progenitor cells (EPCs) to the angiogenic niches
within the ischemic tissue [38]. Finally, OGD significantly
reduced expression of macrophage migration inhibitory fac-
tor (MIF) (P < 0.0001), which is a pleiotropic cytokine with
chemokine-like functions [39] (Fig. 9d). Stimulation of the
HBMVP exposed to OGD with VEGF-B attenuated this
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(i.e., activation) of AMPK« in HBMVP exposed to the OGD
conditions. X7T 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H—
tetrazolium-5-carboxanilide, NO normoxia, OGD oxygen and glucose
deprivation, HBMVP human brain microvascular pericytes. VEGF-B
vascular growth factor isoform-B. VEGFR-1 vascular endothelial
growth factor receptor-1, Bcl-2 B-cell lymphoma 2. AMPKo AMP-
activated protein kinase-o. Data are mean = SD (n = 3 independent
experiments per condition for all except for XTT cell viability assay,
n = 12 wells per condition). *P < 0.05/****P < 0.0001 compared with
NO-exposed cells. TP < 0.05/77P < 0.01/7P < 0.001 compared with
OGD-exposed cells treated with VEGF-B. Epifluorescent images were
acquired with a x20 objective. Scale bar = 100 um

effect by increasing expression of the MIF (P < 0.01)
(Fig. 9d). MIF has been recently shown to play major roles
in neo-angiogenesis by activating endothelial cells and stim-
ulating the recruitment of EPCs to angiogenic vasculature
[40]. Additionally, MIF has been reported to have a protec-
tive effect under ischemic conditions [41, 42]. Finally, to
translate the biological significance of these observations
in vivo, immunofluorescent analysis demonstrated that
VEGEF-B intranasal administration increased the number of
stable neo-angiogenic CD105" microvasculature (Fig. 9¢).

@ Springer



3622

Mol Neurobiol (2018) 55:3611-3626

‘ ‘(BCI—Z

‘-— -(<B-actin

30+

T

201

Bcl-2 protein expression (OD)

0+

NO OGD OGD+VEGF-B

Fig. 8 VEGF-B does not affect Bcl-2 expression and AMPK«x
phosphorylation in brain endothelial cells exposed to the OGD
conditions. a Western blot analysis using whole cell lysates shows that
expression level of Bcl-2 remains unchanged in bEnd3 exposed to the
OGD. b Western blot analysis using whole cell lysates shows that VEGF-

Discussion

This study highlights for the first time the potential of VEGF-
B therapy in ischemic stroke. Using in vivo approaches, we
showed that local (i.e., intranasal) VEGF-B administration
after the post-acute phase (24 h post-stroke for 3 successive
days) enabled recovery of the damaged tissue by promoting
the ischemic microvasculature formation and stabilization.
Epifluorescence and laser-scan microscopy investigations
demonstrated that VEGF-B restored the structure of ischemic
brain microvasculature and enhanced their coverage by
pericytes. Additionally, we showed that VEGF-B enhanced
the association of brain endothelial cells with pericytes.
Using in vitro approaches, we unraveled a novel and previ-
ously unrecognized role of VEGF-B in regulating the function
of brain pericytes challenged by ischemia-like conditions.
Cell-based investigations demonstrated that VEGF-B’s spe-
cific receptor, VEGFR-1, not VEGF-A’s receptor VEGFR-2,
is highly expressed in pericytes, and its expression is induced
by hypoxic conditions. Activation of VEGFR-1 signaling by
VEGF-B enhanced the survival of pericytes exposed to
ischemia-like conditions by stimulating pro-survival and
energy-generating pathways. These effects were specific to
brain pericytes, as VEGF-B was virtually neutral in brain en-
dothelial cells. Finally, we demonstrated that VEGF-B-
stimulated pericytes induced expression of soluble factors in-
volved in promoting endothelial cell survival, proliferation,
and microvasculature stability.

Therapeutic angiogenesis constitutes a promising approach
in ischemic stroke treatment [15]. All experimental studies
evaluated the potent pro-angiogenic isoform VEGF-A [14].
Although it yielded beneficial effects upon local and/or de-
layed administration, it significantly increased vascular per-
meability, which was more pronounced upon systemic and/
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B does not alter the phosphorylation of AMPK« in bEnd3 exposed to the
OGD conditions. NO normoxia, OGD oxygen and glucose deprivation,
VEGF-B vascular growth factor isoform-B, Bcl-2 B-cell lymphoma 2,
AMPKo AMP-activated protein kinase-c. Data are mean + SD (n = 3
independent experiments per condition)

NO

or early administration. These reports dampened the enthusi-
asm regarding this approach in ischemic stroke therapies.
Recent reports demonstrated that the isoform VEGF-B acts
as a survival rather than an angiogenic factor, thus offering
new therapeutic perspectives for ischemic stroke [17]. We
showed here that in contrast to VEGF-A, the systemic early
administration of VEGF-B decreased brain vascular leakage
and did not worsen the neurological deficits of mice subjected
to focal transient MCAo, indicating that VEGF-B-based ther-
apies are safe. To increase the translational potential of our
study, VEGF-B was next delivered intranasally [43], an ad-
ministration route that can be used in human to safely deliver
pharmacological molecules into the brain [44]. VEGF-B re-
duced neuronal degeneration, attenuated inflammation, and
decreased extravasation of serum IgG into the ischemic hemi-
sphere. Laser-scan microscopy analysis showed that VEGF-B
promoted the integrity of ischemic brain microvasculature fol-
lowing VEGF-B administration. Unexpectedly, VEGF-B sig-
nificantly increased the number of brain microvasculature
within the ischemic tissue, outlining a potentiation of the
post-stroke angiogenic process.

Angiogenesis is a highly dynamic process that involves
finely tuned interactions between endothelial cells and
pericytes [5, 45]. Angiogenic microvasculature is initially un-
stable and subsequently become stabilized through the asso-
ciation with pericytes located in the perivascular space [5].
Besides, the capability of brain microvasculature to orches-
trate the exchange between the blood circulation and the brain
parenchyma in response to tissue needs tightly depends upon
the proper interactions between brain endothelial cells with
pericytes [5, 46]. Interestingly, VEGF-B significantly amelio-
rated the number of ischemic brain microvasculature covered
by pericytes, translating an enhanced interaction with the brain
endothelial cells. Laser-scan microscopy analysis further
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Fig.9 Stimulation of brain pericytes with VEGF-B restores cell capacity
to produce molecules involved in maintaining angiogenesis. a Cytokine/
chemokine profiler assay demonstrates that VEGF-B induces protein
expression of IL-8 in HBMVP (brain pericytes) exposed to the OGD
conditions. b Cytokine/chemokine profiler assay shows that OGD
reduces the expression of PAI-1 in HBMVP exposed to the OGD
conditions and that VEGF-B restores protein expression. ¢ Cytokine/
chemokine profiler assay shows that OGD increases expression of
SDF-1 in HBMVP exposed to the OGD conditions and that VEGF-B
further increases its protein expression. d Cytokine/chemokine profiler
assay shows that OGD reduces expression of MIF in HBMVP exposed to

showed that in VEGF-B-treated animals, the pericytes within
the ischemic tissue stay firmly attached to the endothelium
and have fewer tendencies to leave their perivascular location.
These results indicate that VEGF-B mediated its effects by
acting specifically and directly on pericytes within the ische-
mic brain microvasculature.

In the brain, VEGFR-2 is highly and constitutively
expressed in endothelial cells under physiological conditions
[18]. Under pathological conditions, such as ischemic stroke,
VEGFR-2 was detected in some neurons and glial cells [18].
However, the cell type expressing VEGFR-1 is still controver-
sial and not fully elucidated. While some reports have sug-
gested that VEGFR-1 is expressed in motor neurons, endothe-
lial cells, and astrocytes [18], other reports showed different
expression pattern [9, 47]. This discrepancy may be explained
by the fact that protein expression of the VEGFR-1 is physio-
logically weak in the adult normal brain and that its expression
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the OGD conditions and that VEGF-B restores its protein expression.
e Representative images of CD105 (proliferating endothelial cell marker)
immunofluorescent staining outlines an increase in the number of
CD105* brain microvasculature in the ipsilateral hemisphere of mice
subjected to ischemic stroke and treated intranasally in the sub-acute
phase with VEGF-B. Data are mean = SD (n = 3 independent experiments
per condition). *P < 0.05/****P < 0.0001 compared with NO-exposed
cells, TP < 0.01/7P < 0.001/77TP < 0.0001 compared with OGD-
exposed cells treated with VEGF-B. Laser-scan confocal images were
acquired with a 20 objective. Scale bar = 100 um

is hypoxia-inducible in cell type-specific manner [33]. In dif-
ferent vascular systems, namely, the retinal microvasculature,
pericytes have been shown to predominately express VEGFR-
1 [48]. While performing immunofluorescent staining, we
faced major technical challenges concerning the efficiency
and specificity of existing VEGFR-1 antibodies (five different
antibodies cited in major publications were used) that work in
mouse brain tissue. Nonetheless, to overcome this technical
issue, we used primary brain pericyte cell culture to investigate
VEGFR-1 signaling.

Cell-based investigations showed that OGD severely com-
promised the survival of pericytes and to a lesser extent, brain
endothelial cells. Being highly vulnerable to ischemia-like
conditions, it would be more efficient to target pericytes in
order to restore vascular function in vascular-based disorders
instead of directly targeting endothelial cells. Our findings are
the first to demonstrate that expression of the VEGFR-1 is
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regulated by the hypoxic condition of OGD in brain pericytes
and not in brain endothelial cells. This is in line with previous
reports demonstrating that expression of the VEGFR-1 is
hypoxia-inducible in some cell types [33]. Furthermore, OGD
induced expression of sVEGFR-1 that is generated by differ-
ential splicing of the mRNA of VEGFR-1, which acts as a
negative regulator of VEGF-A availability [18]. This result
suggests that pericytes exposed to ischemic conditions nega-
tively affect post-stroke angiogenesis, thus compromising is-
chemic tissue blood perfusion. The fact that OGD rapidly in-
creased expression of the VEGFR-1 in pericytes, but not in
brain endothelial cells, and that OGD did not affect levels of
VEGFR-2 that is highly expressed in brain endothelial cells,
but not in pericytes, delineated the important biological role of
VEGFR-1 in the function of pericytes exposed to ischemia-like
conditions. Collectively, these findings suggest that VEGFR-1
have distinct roles in brain pericytes compared to brain endo-
thelial cells. In line with these results, VEGFR-1 seems to act as
a signaling receptor regulating major functions in some cell
types, such as monocytes, whereas it appears not to be required
as a signaling receptor in endothelial cells [49, 50].
Additionally, cell-based investigations showed that VEGF-
B enhanced the survival of brain pericytes exposed to OGD,
partly by stabilizing expression of the anti-apoptotic protein
Bcl-2. Importantly, VEGF-B enhanced the activation of
AMPK «, a master key regulator of cell energy [51]. AMPK«x
regulates homeostasis of cell energy and metabolism by
inhibiting adenosine triphosphate (ATP)-consuming pathways,
such as gluconeogenesis, lipid, and protein synthesis, and acti-
vating ATP-generating pathways, such as glucose uptake and
fatty acid oxidation [51]. These results indicate that VEGF-B
signaling through VEGFR-1 ameliorated the capacity of brain
pericytes to survive under ischemia-like conditions by restoring
the activity of AMPK . Future studies are warranted to inves-
tigate how VEGF-B/VEGFR-1 mediated AMPKx activation.
It is noteworthy to mention that hypoxia alone is a potent trig-
gered of AMPK « [52]. However, in our experimental settings,
OGD induction was followed by a period of re-oxygenation.
Importantly, in line with our results, re-oxygenation after hyp-
oxia has been shown to decrease activation of the AMPK
[53]. Brain pericytes play a major role in regulating angiogen-
esis and inducing brain microvasculature stability via soluble
and insoluble signals present at the perivascular space [5, 54,
55]. Here, we show that VEGF-B potently restored and poten-
tiated expressions of the IL-8, PAI-1, SDF-1, and MIF, which
are involved in angiogenesis, endothelial survival, and micro-
vasculature stability, by brain pericytes exposed to ischemia-
like conditions. IL-8 has been reported to regulate angiogenesis
by enhancing proliferation and survival of CXC receptor-1
(CXCR-1)- and CXCR2-expressing endothelial cells [36].
PAI-1 controls proteolytic activity and cell migration during
angiogenesis; thereby, it prevents uncontrolled excessive an-
giogenesis that may increase vascular permeability and
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bleeding [56]. SDF-1 plays a key role in the recruitment and
retention of bone marrow-derived CXCR4" vascular and he-
matopoietic cells to the neo-angiogenic niches, thereby accel-
erating revascularization of ischemic tissue [38]. MIF has been
shown to potently stimulate pro-angiogenic responses and re-
combinant MIF decreased focal infarct volume in rats subjected
to MCAo by promoting angiogenesis [57]. This data indicate
that VEGF-B might have promoted a reparative angiogenesis
by stimulating the expression and release of these signals by
pericytes within the ischemic brain microvasculature. Indeed,
VEGF-B increased the number of CD105* proliferating, yet
stable, brain microvasculature within the ischemic tissue.
CD105 is a homodimeric membrane protein that binds
transforming growth factor-31 and 3 (TGF-f31/3) [58]. The
expression of CD105 is induced in proliferating endothelial
cells under physiological and pathological conditions [59].
This protein is required for vascular integrity, as mice lacking
CD105 have been shown to exhibit defective vascular smooth
muscle development and endothelial remodeling [60].
Importantly, CD105 has been shown to be required for endo-
thelial survival, and thereby vascular stability, under hypoxic
conditions [61].

Collectively, our findings unraveled for the first time a
hitherto unknown role of VEGF-B/VEGFR-1 signaling in
regulating the function of pericytes, thereby mediating
neurovascular repair. These findings suggest that VEGF-B -
mediated reparative angiogenesis constitutes a promising and
safe therapeutic approach for ischemic stroke.
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