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Neurobiology of Disease

Epileptiform Activity Induces Vascular Remodeling and
Zonula Occludens 1 Downregulation in Organotypic
Hippocampal Cultures: Role of VEGF Signaling Pathways

Mélanie Morin-Brureau, Aurore Lebrun, Marie-Claude Rousset, Laurent Fagni, Joél Bockaert, Frédéric de Bock,

and Mireille Lerner-Natoli

Institut de Génomique Fonctionnelle, Centre National de la Recherche Scientifique Unité Mixte de Recherche 5203, INSERM U661, Université Montpellier
1, 2 Montpellier, France

Recent studies suggest that blood- brain barrier (BBB) permeability contributes to epileptogenesis in symptomatic epilepsies. We have
previously described angiogenesis, aberrant vascularization, and BBB alteration in drug-refractory temporal lobe epilepsy. Here, we
investigated the role of vascular endothelial growth factor (VEGF) in an in vitro integrative model of vascular remodeling induced by
epileptiform activity in rat organotypic hippocampal cultures. After kainate-induced seizure-like events (SLEs), we observed an overex-
pression of VEGF and VEGF receptor-2 (VEGFR-2) as well as receptor activation. Vascular density and branching were significantly
increased, whereas zonula occludens 1 (ZO-1), a key protein of tight junctions (TJs), was downregulated. These effects were fully pre-
vented by VEGF neutralization. Using selective inhibitors of VEGFR-2 signaling pathways, we found that phosphatidylinositol 3-kinase is
involved in cell survival, protein kinase C (PKC) in vascularization, and Src in ZO-1 regulation. Recombinant VEGF reproduced the
kainate-induced vascular changes. As in the kainate model, VEGFR-2 and Src were involved in ZO-1 downregulation. These results
showed that VEGF/VEGFR-2 initiates the vascular remodeling induced by SLEs and pointed out the roles of PKC in vascularization and

Src in T] dysfunction, respectively. This suggests that Src pathway could be a therapeutic target for BBB protection in epilepsies.

Introduction

Temporal lobe epilepsy (TLE), the most common form of symp-
tomatic epilepsies, is associated with pharmacoresistance in 30%
of patients. TLE pathogenesis is poorly understood, but imaging
and neuropathology indicate that progressive tissular and cellular
reorganization participates in epileptogenesis (Pitkdnen and
Sutula, 2002). Since the early 20th century, vascular anomalies
and blood supply failure have been suspected to contribute to
epileptogenesis (Bratz, 1899; Spielmeyer, 1927; Scholz, 1959).
Today, this theory is supported by several studies describing al-
terations of the blood—brain barrier (BBB) in TLE and relevant
models (Eid et al., 2004, 2005; Rigau et al., 2007; van Vliet et al.,
2007; Marcon et al., 2009; Ghosh et al., 2010; Ndode-Ekane et al.,
2010). In parallel, clinical and experimental data showed that
BBB permeability also contributes to epileptogenesis (Seiffert et
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al., 2004; Ivens et al., 2007; Tomkins et al., 2007; van Vliet et al.,
2007; Fabene et al., 2008; Cacheaux et al., 2009; David et al.,
2009).

We previously described in patients a pathological angiogen-
esisand a disruption of the BBB associated with overexpression of
VEGF and its main receptor VEGFR-2 (Rigau et al., 2007). In a rat
model of TLE with similar vascular remodeling, we found a sig-
nificant upregulation of VEGF as reported in other models of
seizures (Croll et al., 2004; Newton et al., 2006; Rigau et al., 2007;
Nicoletti et al., 2008).

VEGEF is a pleiotropic growth factor induced by hypoxia and
inflammation in various cell types. The VEGFR-2 receptor is ex-
pressed in endothelial cells and neurons. It activates numerous
signaling pathways (Kowanetz and Ferrara, 2006), which are in
principle neuroprotective or improve neurovascular coupling
(Ahmad et al., 2006). VEGFR-2 activation also alters extracellular
matrix, as well as adherens junctions (AJs) and tight junctions
(TJs) (Zhang and Chopp, 2002; Sandoval and Witt, 2008). A role
of the Src pathway in the downregulation of AJ and TJ proteins
has already been demonstrated (Gavard and Gutkind, 2006; Tak-
enaga et al., 2009).

To address the role of VEGF/VEGFR-2 in TJ protein down-
regulation in epileptic tissue, we used an in vitro model of vascu-
lar remodeling induced by seizure-like events (SLEs) in
organotypic hippocampal cultures (OHCs), in which microves-
sels and TJs are preserved (Moser et al., 2003). We investigated
vascular changes induced in OHCs by SLEs by measuring vascu-
lar density and branching, and the expression of the main TJ
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Table 1. Primary and secondary antibodies
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Source Clone or Reference Dilution Supplier IHC WB
Primary antibodies
GFAP Mouse monoclonal 6F2 1:500 DAKO +
Rabbit polyclonal 1:1000 +
NeuN Mouse monoclonal MAB377 1:500 Millipore Bioscience Research Reagents +
VEGF Goat polyclonal Sc-1836 1:200 Santa Cruz Biotechnology, Tebu-bio +
1:100 +
VEGFR2 Rabbit polyclonal Sc-504 1:200 Santa Cruz Biotechnology, Tebu-bio +
Rabbit polyclonal Ab2349 1:1000 Abcam +
VEGFR2P Rabbit polyclonal Ab5473 1:1000 Abcam +
Src Rabbit monoclonal 36D10 1:1000 Cell Signaling Technology, Ozyme +
SrcP Rabbit polyclonal 2101 1:1000 Cell Signaling Technology, Ozyme +
20-1 Rabbit polyclonal 61-7300 1:200 Zymed, Invitrogen +
1:800 +
RECA-1 Mouse monoclonal MCA970R 1:1000 AbD Serotec +
Laminin Mouse monoclonal 2E8 1:3000 Millipore Bioscience Research Reagents +
Rabbit polyclonal 19393 1:4000 Sigma-Aldrich +
Actin Mouse monoclonal ACTNOS 1:1000 LabVision, Thermo Fisher Scientific +
Other markers
Lectin Biotinylated isolectin B4 L-3759 1:200 Sigma-Aldrich +
Secondary antibodies
Alexa 488 Donkey anti-goat A11055 1:2000 Invitrogen +
Goat anti-rabbit A11008 1:2000 +
(3 Donkey anti-mouse 715-165-151 1:500 Jackson ImmunoResearch Europe +
AMCA Donkey anti-rabbit 711-155-152 1:100 Jackson ImmunoResearch Europe +
Texas Red Avidin A-1100 1:100 DAKO +
HRP Goat anti-rabbit 111-035-003 1:4000 Jackson ImmunoResearch Europe +
Goat anti-mouse 115-005-146 1:4000 Jackson ImmunoResearch Europe +
Rabbit anti-goat AP107P 1:2000 Millipore Bioscience Research Reagents +
IHC, Immunohistochemistry; WB, Western blot.
proteins. We focused on the regulation of zonula occludens 1 Treatments

(ZO-1), which anchors transmembrane proteins to actin and
contributes to electrical resistance and paracellular flux. More-
over, this protein is degraded or mislocalized by VEGF (Bazzoni
and Dejana, 2004; Harhaj and Antonetti, 2004; Sandoval and
Witt, 2008; Fanning and Anderson, 2009).

We tested the effects of VEGF application and neutralization,
as well as specific inhibitors of VEGFR-2 signaling pathways, on
BBB alterations secondary to kainate (KA)-induced SLEs. We
found that protein kinase C (PKC) participates in vascularization
and Src in the regulation of ZO-1 expression following epilepti-
form activity.

Materials and Methods

OHCs

OHCs were prepared and cultured according to the method of Stoppini
etal. (1991). Hippocampi from 6- to 7-d-old Sprague Dawley rats (Jan-
vier) were rapidly dissected under aseptic conditions, and transverse sec-
tions (400 wm) were obtained using a tissue chopper (MaclIwain, Mickle
Laboratory Engineering). Ten slices were placed on a 30 mm porous
membrane (Millicell-CM, Millipore) and kept in 100-mm-diameter Pe-
tri dishes filled with 5 ml of culture medium composed of 25% heat-
inactivated horse serum, 25% HBSS, 50% Opti-MEM, 25 U/ml
penicillin, 25 ug/ml streptomycin (Invitrogen). Cultures were main-
tained in a humidified incubator at 35°C and 5% CO,. One week later,
cultures were transferred in defined medium composed of 25% B27
supplemented Neurobasal medium, 25% HBSS, 50% Opti-MEM, 25
U/ml penicillin, 25 pg/ml streptomycin (Invitrogen).

At 2 weeks, membranes were transferred for experimentation to 6 well
plates, each well filled with 1 ml of defined culture medium. Any other
compound was added in this volume and below the membrane, to obtain
the desired final concentration.

In all experiments, slices and culture medium were collected for different
analyses, at various time points: 2, 12, and 24 h after kainate treatment
(post-KA).

Induction and recording of seizure-like events. Slices were treated for 1 h
with 25 uMm kainate (Sigma-Aldrich), a dose that induces SLEs and neu-
ronal death (de Bock et al., 1998). Then they were perfused with kainate-
free defined culture medium up to 24 h (recovery period). Neuronal
activity was recorded by dendritic field potentials in CA1 area during
kainate treatment (1 h) and for the following 3 h at the beginning of the
recovery period. Control slices received no treatment (supplemental Fig.
1A, available at www.jneurosci.org as supplemental material).

The first SLE, which consisted of an 8—9 Hz spike frequency lasting
10-20 s, appeared from 3 to 5 min after the beginning of the kainate
treatment. Two to three successive similar SLEs separated by 3—6 min
followed this initial event. This SLE pattern was found in all treated
OHC:s (n = 5). No SLE was observed following kainate washout, as well
as in control (nontreated) slices (supplemental Fig. 2 A, available at www.
jneurosci.org as supplemental material).

SLE suppression by tetrodotoxin. To determine whether neuronal activ-
ity per se was necessary to induce vascular remodeling, we suppressed the
epileptic activity with tetrodotoxin (Sigma-Aldrich), a potent blocker of
voltage-dependent sodium channels at a dose (1 um) that abolishes in
vitro seizures in hippocampus (Khirug et al., 2010). We used four condi-
tions: control (no treatment), KA only (25 um, 1 h), TTX only (1 um, 15
min before and during KA treatment), and KA + TTX (supplemental
Fig. 1 B, available at www.jneurosci.org as supplemental material). OHCs
were used to study vascular density (# = 12 slices from 3 rats per condi-
tion) and protein expression (n = 5 samples per condition).

VEGF neutralization. To neutralize the endogenous VEGF released
after SLEs, we used a monoclonal antibody raised against rat VEGF (R&D
System Europe catalog #AF 564). It was added at 1 pg/ml in the culture
medium after KA treatment, to prevent an effect of the antibody on
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” Post-KA I Recombinant rat VEGF. Slices were treated

CA1

up to 24 h with 2 ng/ml recombinant rat VEGF
(rrVEGF) or inactivated rrVEGF (rrVEGF
boiled 10 min at 100°C; BrrVEGF) dissolved in
culture medium. They were then sampled at
2,12, and 24 h after the beginning of rrVEGF
or BrrVEGF treatment (n = 5 samples for
each time point) to analyze phosphorylated
VEGEFR-2 (VEGFR-2P) (supplemental Fig. 1 E,
available at www.jneurosci.org as supplemen-
tal material). Vascular density was checked
24 h after the beginning of rrVEGF or BrrVEGF
treatment. We also examined the effect of
rrVEGF or BrrVEGF on Src phosphorylation,
and ZO-1 expression, 2 h post-treatment, and
then, vascular density and vascular branching
24 h post-treatment in the presence of PP2
inhibitor (supplemental Fig. 1F, available at
www.jneurosci.org as supplemental material).
No effect of BrrVEGF was observed, indicating
a specific effect of rr'VEGF. Control slices re-
ceived no treatment (n = 5 samples for each
time point).

Cell death detection
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Figure 1.

epileptiform activity (supplemental Fig. 1C, available at www.jneurosci.
org as supplemental material).

Inhibition of VEGFR-2 signaling pathways. We inhibited VEGF-depen-
dent signaling pathways using the following specific inhibitors, already used
on rat brain slices (Selvatici et al., 2003; Ramsey et al., 2005; Dahmani et al.,
2007): (1) Src pathway with 4-amino-5-(4-chlorophenyl)-7-(¢-butyl)pyra-
zolo[3,4-d]pyrimidine (PP2) (10 um), and its inactive analog (PP3, 10 um),
as control; (2) phosphatidylinositol 3-kinase (PI3K) with 2-(4-morpholi-
nyl)-8-phenyl-4 H-1-benzopyran-4-one (LY294002) (10 um); and (3) PKC
with 2-[1-(3-dimethylaminopropyl)-1 H-indol-3-yl]-3-(1 H-indol-3-yl)-
maleimide (Bis 1) (1 uMm). All inhibitors (Calbiochem Merk Chemi-
cals) were dissolved in DMSO. The final dilution of DM SO was always
>1:2000. At this dilution, DMSO had no effect on kainate-induced
Src activation (supplemental Fig. 3B, available at www.jneurosci.org
as supplemental material).

Inhibitors were added in the culture medium 1 h before KA treatment
and up to 24 h post-KA (supplemental Fig. 1D, available at www.
jneurosci.org as supplemental material). We assessed the cytotoxicity of
these inhibitors using the lactate dehydrogenase (LDH) test.

12h 24h
Time Post-KA (h)

KA treatment induces vascularization in OHCs. A, Double immunostaining of laminin and RECA-1 at 24 h post-KA.
Scale bar, 50 pm. B, Immunostaining of laminin in whole slices at 2, 12, and 24 h post-KA. Arrows show the zones in which vascular
densityisincreased after KA, compared with control slices. Scale bar, 400 pum. €, Quantification of vascular density at 2, 12,and 24 h
post-KA. Data are expressed as percentage of control (control n = 21 slices from 6 rats, KA n = 24 slices from 6 rats for each time
point). D, Quantification of vascular density at 24 h post-KA with or without TTX. Data are expressed as percentage of control (n =
12 slices from 3 rats per condition). E, Representative confocal images of laminin staining in CAT and CA3 areas at 24 h post-KA.
Arrows show vessel branch points. Scale bar, 50 wm. F, Quantification of branching at 2, 12, and 24 h post-KA. Data are expressed
as percentage of control (n = 15 slices from 6 rats per condition and for each time point). **p << 0.01, ***p << 0.005.

The cell death was evaluated by the following
two methods.

Quantitative assay: LDH test. LDH activity
was determined according to the manufactur-
er’s protocol (kit no. 11644793001, Roche Di-
ok agnostics). Briefly, 100 ul of culture medium
were collected to measure LDH released by
damaged cells (Koh and Choi, 1987) in control
(no treatment) and at 2, 12, and 24 h post-KA
(n = 20 samples per condition). Cultures
treated for 1 h with glutamate (25 mm) were
used as controls of maximal toxicity (positive
control). LDH activity was measured by the
optical density (OD) at 405 nm. The cytotoxic-
ity was evaluated in percentage of the maximal
toxicity obtained by glutamate exposure:
[(SLEs OD — control OD)/(glutamate OD —
control OD)]. Statistical analysis was per-
formed using Student’s ¢ test for unpaired data
(p < 0.05 is significant). From 2 to 24 h post-
KA, the cytotoxicity measured by the LDH test
increased continuously and became significant
at 12 and 24 h post-KA (supplemental Fig. 2 B,
available at www.jneurosci.org as supplemen-
tal material).

Evaluation of propidium iodide accumulation
in different hippocampal areas. We studied the localization of cell death
using propidium iodide (PI) staining in control, 24 h post-KA, and pos-
itive control OHCs (n = 20 slices from 5 rats per condition). Pl accumu-
lated selectively in CA3 24 h post-KA, as previously described (de Bock
etal., 1998) (supplemental Fig. 2C, available at www.jneurosci.org as
supplemental material).

VEGF and VEGEFR-2 transcript quantification

Slices were placed in RNAlater tissue collection solution (Ambion/Applied
Biosystems) for RNA stabilization before extraction. Total RNAs were pre-
pared using the RNAqueous-4PCR kit (Ambion), and their concentrations
were evaluated by NanoDrop (Thermo Fisher Scientific). Then, 300 ng of
RNA were reverse-transcribed with Cloned AMV First-Strand cDNA syn-
thesis (Invitrogen). Primer pairs were designed with PrimerExpress Soft
(Applied Biosystems): VEGF, 5'-TTGAATCCGCATGATCTGCATA-3'
and 3’-GCTATTGCCGTCCAATTGAGA-5"; VEGFR-2, 5'-CGCTGGA-
GTACACGGTGGTAT-3" and 3'-TGTCAGAGACACTGAGCATGGA-5';
B-actin, 5'-CCAGRGGRACGACCAGAGGC-3' and 3'-CGTAGCCA-
TCCAGGCTGTGT-5"; TATA box binding protein, 5'-AATCCA-

[ Control
WKA
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GGAAATAATTCTGGCTCATA-3" and 3'-
GTTGACCCACCAGCAGTTCAG-5"; HPRT
(hypoxanthine phosphoribosyltransferase 1), 5'-
TCGCTGATGACACAAACATGATT-3" and
3'TGACTATAATGAGCACTTCAGGGATT-3'.

Quantitative PCR was performed using
SYBR Green Master Mix (Applied Biosystems
7500). Reverse-transcribed products (10 ng)
were amplified in 10 ul of a solution containing
1X Syber Mix and primers. B-Actin, TATA
box binding protein, and HPRT were used as
housekeeping genes.

Relative quantification of VEGF and VEGFR-2

>
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Western blot and analysis of protein

In Western blots, each sample consisted of 10
slices from the same well, pooled and lysed in
the same tube. The number of samples used for
each analysis is indicated in figure legends. In
each experiment, samples were loaded in du-
plicate. Data shown in figures correspond to
the average of such duplicates.

Tissues were lysed in sample buffer containing Tris-EDTA 1X,
NaCl (100 mm), 1% Triton X-100, 1 X protease inhibitors, and phos-
phatase inhibitors: sodium fluoride (10 mm), sodium orthovanadate
(2 mm), and sodium pyrophosphate (1 mm) (all components from
Sigma-Aldrich). After mechanical lysis with a Potter-Elvehjem ho-
mogenizer, samples underwent centrifugation at 1000 X g at 4°C for
10 min, and the supernatant containing proteins was stored at —20°C.

Protein concentration was determined by using a BCA assay kit
(Sigma-Aldrich). Protein samples (40 ug) boiled in Laemmli buffer
containing 2-3-mercaptoethanol were loaded onto a Novex NuPAGE
4-12% Bis-Tris Midi gel (Invitrogen), separated electrophoretically,
and transferred to polyvinyl difluoridine membranes (Hybond-C-
extra, GE Healthcare Europe). Membranes were blocked with TBS-T/
milk 5% or TBS-T/BSA 5% for phosphorylated proteins. After blocking,
membranes were incubated overnight at 4°C with primary antibodies
raised against VEGF, VEGFR-2, VEGFR-2P (phosphorylation sites on
tyrosine 1054 and on tyrosine 1059), ZO-1, phosphorylated Src (SrcP)
(phosphorylation site on tyrosine 416), Src, or actin diluted as indicated
in Table 1, in TBS-T/milk 5% or TBS-T/BSA 3% for phosphorylated
antibody. Membranes were then incubated with HRP-conjugated sec-
ondary antibodies (Table 1) for 1 h at room temperature in TBS-T/milk
5% or TBS-T 3% followed by chemiluminescence detection (Western
Lightning, PerkinElmer). The detected bands were scanned at high defi-
nition and analyzed by densitometry using NIH Image] software and
normalized with actin. Statistical analysis was performed by Kruskall-
Wallis test ( p < 0.05 is significant).

Figure 2.

Quantification of VEGF release

The level of VEGF released in culture medium was determined by stan-
dard ELISA using the Quantikine Immunoassay Kit (catalog #DY564,
R&D Systems Europe), according to the manufacturer’s protocol. VEGF
concentration was determined with linear regression using standard con-
centrations of rrVEGF between 31 and 1000 pg/ml as a reference. Statis-
tical analysis was performed using one-way ANOVA followed by Fisher’s
test ( p < 0.05 is significant).

201 =5 250kD
expression Actin - ] 40 kD

KA-induced SLEs regulate tight junction proteins. A—C, Western blotting of occludin, claudin-5, and Z0-1 expression
at 2, 12,and 24 h post-KA. Quantification is expressed as percentage of control (n = 10 samples per condition and for each time
point). *p << 0.05, **p << 0.01, ***p << 0.005. D, Representative confocal images of double labeling of Z0-1 (green) and laminin
(red) at 2 and 24 h post-KA. Scale bar, 10 em.

Histological study of vascularization, VEGF, VEGFR-2, and

ZO-1 expression

Immunohistochemistry. Slices were fixed in 4% paraformaldehyde (PFA)
for 30 min and stored at 4°C in PBS containing 0.1% NaNO,. To evaluate
vascular density and ZO-1 expression, immunohistochemistry was per-
formed on free-floating whole slices. After preincubation in a PBS solu-
tion containing 10% goat serum and 0.1% Triton X-100 for 2 h at room
temperature, slices were incubated at 48 h at 4°C with primary antibodies
raised against the following: laminin (a specific protein of the peri-
endothelial basal lamina), rat endothelial cell antigen (RECA-1), and the
tight junction protein ZO-1, in PBS + 0.1% Triton X-100. Slices were
then incubated with fluorescence-conjugated secondary antibodies (Ta-
ble 1). To check the specificity of antibodies, we performed negative
controls, by omitting primary antibodies.

For VEGF and VEGFR-2 expression and localization, PFA-fixed slices
were cryoprotected by immersion in successive sucrose solutions (10, 20,
and 30%) in PBS, 1 h for 10 and 20%, and overnight for 30% at 4°C, and
cutinto 20 um sections with a cryostat, mounted on slides, and processed
for immunostaining as above. All antibody sources, suppliers and dilu-
tions are specified in Table 1.

Microscope observation and image acquisition. To measure the vascular
density, sections were observed with a Leitz DMRB microscope (Leica
Microsystems) equipped for fluorescence microscopy. Images were dig-
itized by a 1392 X 1040 pixel resolution cooled CCD camera (CoolSNAP,
Princeton Instruments, Roper Scientific, SAS) on a computer with Cool-
SNAP software and transferred to Adobe Photoshop Elements for image
processing.

For VEGF, VEGFR-2, and ZO-1 immunostaining, sections were ob-
served using a confocal microscope (LSM 510 Meta, Zeiss). Images were
collected sequentially to avoid cross-contamination between fluoro-
chromes. Series of 15 optical sections were projected onto a single image
plane and scanned at 1024 X 1024 pixel resolution.

Measure of vascular density: data analysis. We used the point-counting
method (de Paz and Barrio, 1985) to quantify the whole vascular network
in the different experimental conditions as previously described in vivo
and in organotypic slices (Rigau et al., 2007). Briefly, a 5 X 5 grid (5.2
mm?) was superimposed on the digitized image, and the number of
labeled vessels crossing the grid was counted. The score was expressed in
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marker RECA-1. We observed a regular
expression of laminin, lining RECA-1-
stained cells, in control slices and at 24 h
post-KA (Fig. 1 A). This observation sup-
ports the idea that laminin is a suitable
marker of blood vessels. In control OHCs,
laminin immunostaining revealed the
presence of large microvessels derived
from the periventricular zone and hip-
pocampal fissure, with collaterals forming
a regular network of capillaries in the
O Control whole hippocampus (Fig. 1 B). In kainate-
M Post-KA treated OHCs, we observed an overexpres-

* sion of laminin (Fig. 1 B) and a significant
increase in vascular density at 24 h post-KA
(Fig. 1C). Moreover, the inhibition of neu-
ronal activity by TTX prevented the increase
in vascular density observed after kainate
treatment (Fig. 1D). This result indicates
that the epileptiform activity was necessary
to induce vascularization. We also found an
intense branching, which generated large

*
*
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Time Post-KA (h)

2h 12h 24h

Control
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Figure 3.

arbitrary units of vascular density per square millimeter. Results were
expressed in percentage of controls. Slices used for quantification were
randomized among slices of three different cultures and different ani-
mals. Statistical analysis was performed by one-way ANOVA followed by
Fisher’s test for OHCs ( p < 0.05 is significant).

Branching: data analysis. To evaluate the branching after each treat-
ment, we selected magnifications of 0.5 mm? areas in the two main
hippocampal fields: CA1 and CA3 areas. We counted manually the vessel
branch points (Horowitz and Simons, 2008). Results were expressed as a
percentage of controls. Statistical analysis was performed by one-way
ANOVA followed by Fisher’s test for OHCs ( p < 0.05 is significant).

Results

SLEs induce vascularization and ZO-1 downregulation

To confirm that laminin was specific to blood vessels in our prep-
aration, we performed a double labeling with the endothelial cell

| 12h Post-KA |

KA-induced SLEs activate VEGFR-2 and upregulate VEGF/VEGFR-2. A, D, Quantitative RT-PCR of VEGF and VEGFR-2 mRNA
isolated from control OHCs and KA-treated OHCs at 2, 12, and 24 h post-KA (n = 3 samples per condition and for each time point). B, E,
Western blot of VEGF and VEGFR-2 at 2, 12, and 24 h post-KA. Quantification expressed as percentage of control (1 = 5 samples per
condition and for each time point). ¢, Measure of VEGF released in medium by ELISA at 2, 12, and 24 h post-KA (n = 5 samples for each time
point). F, Western blot of phosphorylated VEGFR-2 at 2, 12, and 24 h post-KA. Quantification is expressed as percentage of control (1 = 5
samples per condition and for each time point). *p << 0.05, **p << 0.01, ***p << 0.005, NS, not significant. G, Representative confocal
images of CAT area in control and treated OHCs (12 h post-KA). Top, Triple labeling of VEGF (green), NeuN (red), and GFAP (blue). Bottom,
Triple labeling of VEGF (green), laminin (red), and GFAP (blue). Arrows indicate the diffusion of VEGF around microvessels; arrowheads
indicate the presence (control) or loss (post-KA) of GFAP staining that is consistent with the detachment of astrocytic end feet around
microvessels. Scale bar, 10 m. H, Representative confocalimages of double labeling of VEGFR-2 (green) and NeuN or GFAP or laminin (red)
in CAT area of control and treated OHCs (12 h post-KA). The arrow shows VEGFR-2 expression in neurons. Scale bar, 10 pum.

and short collateral capillaries in CA1 and
CA3 areas of KA-treated OHCs (Fig. 1E).
The quantification of branches in these ar-
eas revealed a significant increase at 24 h
post-KA (Fig. 1 F). We noticed that branch-
ing was stronger in CA1 than in CA3 (sup-
plemental Fig. 3A, available at www.
jneurosci.org as supplemental material).

The TJ integrity was evaluated by
quantifying expression of three main
proteins of tight junctions: occludin,
claudin-5, and ZO-1. Western analysis
showed no significant difference in occlu-
din expression between control and KA-
treated slices (Fig. 2A). Both claudin-5
and ZO-1 were significantly decreased
at 2 h post-KA (Fig. 2B,C). However,
only the level of ZO-1 remained signifi-
cantly low 24 h post-KA (Fig. 2C). Im-
munofluorescence showed that ZO-1
staining was regular along microvessels
in control OHCs, whereas it was discon-
tinuous or absent from 2 to 24 h after
kainate treatment (Fig. 2 D). Therefore,
we focused our study on the regulation
of ZO-1.

SLEs induce VEGF/VEGFR-2 upregulation and
VEGEFR-2 activation
To study the kinetics of angiogenic processes in vitro, we mea-
sured transcription, expression, localization, and secretion of
VEGE. The amount of VEGF mRNA was significantly upregu-
lated at 2 and 24 h post-KA (Fig. 3A). At 12 h post-KA, VEGF
mRNA was at the same level as that found in untreated OHCs
(Fig. 3A). VEGF protein level was significantly increased at 12 h
post-KA, subsequent to the peak of VEGF mRNA (Fig. 3B). The
progressive accumulation of VEGF in the medium, measured by
ELISA, was significantly enhanced only at 24 h post-KA (Fig. 3C).
Quantitative reverse transcriptase (RT)-PCR revealed a sig-
nificant upregulation of VEGFR-2 mRNA at 2 and 24 h post-KA
(Fig. 3D). At 12 h post-KA, VEGFR-2 mRNA amount was at the
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medium by ELISA, 24 h post-KA, with or without anti-VEGF antibody (n = 15 samples per
condition and for each time point). B, Cytotoxicity measured by LDH activity in the supernatant
at 24 h post-KA, with or without anti-VEGF antibody. Results are expressed as percentage of
maximal toxicity (n = 10 wells from 8 rats for each condition). €, D, Wester blot of VEGFR-2
expression and phosphorylationat 2, 12, and 24 h post-KA, with or without anti-VEGF antibody.
Quantification is expressed as percentage of control (n = 5 samples per condition and for each
time point). *p < 0.05, **p < 0.01, ***p < 0.005.

same level as the one measured in the control condition (Fig. 3D).
The expression of VEGFR-2 increased at 12 and 24 h post-KA
(Fig. 3E). We measured a characteristic feature of VEGFR-2 acti-
vation: the trans-autophosphorylation of tyrosine residues
Y1054/Y1059 in the cytoplasmic domain following receptor acti-
vation by VEGF (Dougher and Terman, 1999). Immunoblotting
showed that the levels of pY1054/pY1059 were transiently in-
creased at 2 h post-KA and returned to control level at later time
points (Fig. 3F).

We identified by immunofluorescence the cell types express-
ing VEGF and VEGFR-2. In control OHCs, a substantial amount
of VEGF was stored in large vesicles of neurons and few astrocytes
(Fig. 3G). At 12 h post-KA, VEGF staining was strongly increased,
particularly in astrocytes and, to a lesser extent, in neurons. We
observed a diffusion of VEGF around capillaries (Fig. 3G, arrows)
and a detachment of astrocytic end feet from microvessels (Fig.
3G, arrowheads).

VEGEFR-2 staining was very faint in neurons and blood vessels
in control conditions, whereas it was strong in both neurons and
vascular cells after neuronal activity (Fig. 3H).

SLEs induce vascularization and ZO-1 downregulation by
VEGF/VEGEFR-2 activation

To further examine the implication of VEGF in vascular remod-
eling after neuronal activity, we neutralized extracellular VEGF
with an anti-VEGF antibody. We assessed the efficacy of the an-
tibody by the lack of detectable VEGF measured by ELISA in
culture medium, 24 h after kainate treatment (Fig. 4A).

We checked the toxicity of the anti-VEGF antibody on OHCs
using the LDH test. The antibody alone had no cytotoxic effects
on control OHCs, whereas it worsened significantly the KA-
induced cytotoxicity (Fig. 4 B).

Morin-Brureau et al. ® Seizure-Like Events Downregulate Z0-1

Then, we evaluated the effects of the anti-VEGF antibody on
VEGF/VEGFR-2 activation. As reported above, VEGFR-2 ex-
pression was significantly increased at 12 and 24 h after KA treat-
ment. These changes were not modified in the presence of the
neutralizing antibody (Fig. 4C). The transient phosphorylation
of VEGFR-2 at tyrosine Y1054/Y1059, observed at 2 h post-KA,
was prevented by the anti-VEGF antibody (Fig. 4 D). Thus, VEGF
neutralization did not modify VEGFR-2 expression, but pre-
vented VEGFR-2 activation induced by KA.

The effects of VEGF neutralization on vascular remodeling
were measured at 24 h post-KA (the time point of maximal vas-
cular density and branching). The anti-VEGF antibody had no
effect on the vascularization in control OHCs, but fully prevented
the vascular changes induced by KA treatment (Fig. 5A). Vascular
density and branching 24 h post-KA were quantitatively similar
to those observed in control OHCs (Fig. 5B,C).

We evaluated the effects of anti-VEGF antibody on ZO-1 ex-
pression and localization. In the control condition, ZO-1 was
regularly expressed along microvessels, and the anti-VEGF anti-
body did not alter this staining (Fig. 6A). At 24 h post-KA, the
ZO-1 labeling disappeared, while anti-VEGF antibody main-
tained a regular expression staining of ZO-1 in microvessels (Fig.
6A). This effect was confirmed by immunoblot analysis showing
that the antibody did not modify ZO-1 expression in control
slices, but prevented its downregulation observed at 2, 12, and
24 h post-KA (Fig. 6B).

Suppression of neuronal activity by TTX prevented VEGF
overexpression and ZO-1 downregulation (Figs. 5D, 6C), thus
confirming that epileptiform activity, rather than KA per se, con-
trols expression of these proteins.

Together, these results show that VEGF neutralization by an
anti-VEGF antibody fully prevented SLE-induced vascular re-
modeling and ZO-1 downregulation.

Phosphatidylinositol 3-kinase pathway and PKC are involved
in cell survival and vascularization, respectively, secondary to
SLEs

Since both neurons and endothelial cells express VEGFR-2 and
because the anti-VEGF antibody fully prevents the effects of
VEGFR-2 on SLE-induced vascular remodeling, we aimed at de-
termining the respective roles of the signaling pathways down-
stream to VEGFR-2.

We selectively blocked the three main pathways, PI3K, PKC,
and Src, with specific inhibitors (LY294002, Bis 1, and PP2, re-
spectively). First, we checked the effects of the three inhibitors on
cytotoxicity and vascularization at 24 h post-KA. As shown in
Figure 4 B, KA alone induced cytotoxicity in OHCs. Bis 1 and PP2
alone had no effect on cytotoxicity in control and in KA-treated
OHCs. In contrast, LY294002 alone was toxic and significantly
worsened the cytotoxic effect of KA treatment (Fig. 7A4). We
thought that this over-cytotoxicity itself could have deleterious
effects, like inflammation, which could participate in vascular
alteration (Ravizza et al., 2008). Thus, we concluded that PI3K
inhibition by LY294002 was not relevant in this study, and we
focused on PKC and Src pathways.

We evaluated the effects of PKC or Src inhibition by Bis 1 and
PP2, respectively, on the vascularization at 24 h post-KA, which is
the time point of maximal vascular density and branching. Nei-
ther Bis 1 nor PP2 modified the laminin staining in OHCs (Fig.
7B), showing that these inhibitors had no effects on vascular
network. However, 24 h post-KA, the increase in laminin staining
(Fig. 7B) and vascular density (Fig. 7C) was totally blocked by Bis
1, while PP2 had no effect (Fig. 7B, C). OHCs treated with Bis 1
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Figure 5.  KA-induced SLEs lead to vascularization via VEGF/VEGFR-2 activation. A, Repre-

sentative images of laminin immunostaining at 24 h post-KA, with or without anti-VEGF anti-
body. Scale bar, 400 wem. B, €, Quantification of vascular density and number of branch points.
Results are expressed as percentage of control (n = 15 slices from 6 rats per condition and for
each time point). D, Western blot of VEGF at 12 h post-KA, with or without TTX. Quantification is
expressed as percentage of control (n = 3 samples per condition and for each time point).
**p <001, ***p < 0.005.

displayed an impressive lack of branching in CA1 and CA3 areas
that was confirmed by quantification in these areas (Fig. 7D, E).
Inhibiting Src pathway by PP2 did not prevent the increase in
KA-induced branching (Fig. 7D, E). These results indicate a spe-
cific role of PKC, but not Src in KA-induced vascularization and
branching.

Src pathway is involved in KA-induced ZO-1 downregulation
Since Src inhibition had no effect on toxicity, vascular density,
and branching, we decided to investigate the role of this pathway
in ZO-1 regulation. We evaluated Src activation by measuring
phosphorylation of its tyrosine 416 (Y416) at 2 h post-KA, be-
cause this time point corresponds to the peak of VEGFR-2 acti-
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sentative confocal images of double labeling of Z0-1 (green) and laminin (red) in CA1
area, 24 h post-KA, with or without anti-VEGF antibody. Scale bar, 10 wm. B, Western blot
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percentage of control (n = 3 samples per condition and for each time point). **p < 0.01,
**%p < 0.005.
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turned to control levels at 12 and 24 h after
rrVEGF application. No VEGFR-2 activa-
tion was observed after the application of
the inactive BrrVEGF (Fig. 94), suggesting a
specific effect of rrVEGF. We then studied
the activation of Src pathway 2 h after
rrVEGF treatment, which is the time point
of maximal VEGFR-2 activation. We found
that Src phosphorylation increased in the
presence of rrVEGF, and this effect was
inhibited by PP2 (Fig. 9B). No Src phos-
phorylation was observed with BrrVEGF treatment (Fig. 9B).
These results were comparable to those obtained with KA
treatment (Fig. 8 A).

Neither PP2 alone nor BrrVEGF altered the vascular network
24 h after the onset of drug application. To the contrary, we
observed a significant increase in laminin staining and vascular
density at 24 h of rrVEGF treatment (Fig. 9C,D). The number of
branch points quantified in CA1 and CA3 also increased signifi-
cantly in OHCs after 24 h of rrVEGF treatment compared with
control OHCs. PP2 treatment did not prevent this effect (Fig.
9E,F).

Two hours of rr'VEGF treatment induced an irregular staining
of ZO-1 along microvessels (Fig. 9G) and a significant decrease in
Z0-1 expression (Fig. 9H). No changes in ZO-1 expression
were observed after BrrVEGF application. Finally, PP2 treat-

Figure7.

0.01, ***p < 0.005.

Cell survival depends on PI3K and vascularization on PKC. A, Cytotoxicity measured by LDH activity in the supernatant
at 24 h post-KA, with or without specificinhibitors: Bis 1, PP2, or LY294002. Results are expressed as percentage of maximal toxicity
[control = 10wells, KAn = 12 wells; control + inhibitor (inh) n = 8 wells; KA + inh n = 8 wells) B, Immunostaining of laminin
24 h post-KA, with or without Bis 1 or PP2. Scale bar, 400 wm. €, Quantification of vascular density 24 h post-KA, with or without
Bis 1 or PP2. Results are expressed as percentage of control (control n = 20 slices from 6 rats, KA n = 20 slices from 6 rats, control
+ inhn = 10slices from 3 rats and KA+ inh n = 10slices from 3 rats). D, Representative confocal images of laminin staining in
CA1and CA3 areas at 24 h post-KA, with or without Bis 1 or PP2. Scale bar, 50 wm. E, Branch point quantification in CA1 and CA3
areas at 24 h post-KA, with or without Bis 1 or PP2. Results are expressed as percentage of control (control n = 15slices from 6 rats,
KA n = 5slices from 6 rats, control + inh n = 10 slices from 5 rats, and KA + inh n = 10 slices from 5 rats). *p << 0.05, **p <

ment maintained a normal pattern of ZO-1 staining at the TJ
and abolished the rrVEGF-induced downregulation of the
protein (Fig. 9G,H).

Together, these results showed that rrVEGF mimicked the
effects of KA-induced SLEs on OHCs: transient activation of
VEGFR-2 and Src, downregulation of ZO-1, and increase in vas-
cularization. Moreover, they confirmed that VEGF/VEGFR-2 ac-
tivation was responsible for vascular remodeling and that Src
pathway regulates ZO-1 expression.

Discussion

This study showed that kainic acid induced vascular changes,
which disappear in the presence of TTX, suggesting that neuronal
activity activated VEGF/VEGFR-2-signaling pathways. In our in
vitro model, we found that PI3K is involved in cell survival, PKC
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stored in large extracellular vesicles of neu-
rons and astrocytes, like in tumor cells. Such
vesicles have been shown to rapidly release
and diffuse VEGF in the vicinity of mi-
crovessels by shedding (Schiera et al., 2007;
Proia et al.,, 2008). The opposite effects of
anti-VEGF and recombinant VEGF treat-
ments confirmed that a transient phos-
phorylation of VEGFR-2 is necessary
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in vascularization, and Src in ZO-1 downregulation. VEGF mo-
bilization by SLEs seemed to be the key event in the vascular
remodeling since neutralizing VEGF with a specific antibody
fully prevented all the changes.

Z0O-1 downregulation was likely to be the first step of tight
junction dysfunction, leading to an alteration of the BBB. Such
causal deleterious effects of the VEGF/VEGEFR-2 system on BBB
integrity have been suggested in neuroinflammatory pathologies
such as experimental autoimmune encephalomyelitis and Alz-
heimer’s disease (Ballabh et al., 2004; Zlokovic, 2008; Argaw et al.,
2009), but have never been demonstrated in epilepsy.

Several observations indicate that the initiation of VEGFR-2
signaling cascades was exclusively due to a release of the VEGF
present in neurons before SLEs and not to the VEGF synthesized
after SLEs. We do not exclude that other VEGFR-2 ligands, pres-
entin our preparation, could also participate in this effect, but the
following observation favors a prevalent effect of VEGF. On the
one hand, the phosphorylation of VEGFR-2 on Y1054/Y1056,
which is necessary for maximal activation, was strongly increased
at 2 h post-KA, concomitant with the VEGF-induced Src activa-
tion and ZO-1 downregulation. On the other hand, VEGF level
peaked only at 12 h post-KA, expressed mainly by astrocytes
rather than neurons. It has already been described that VEGF is

Srcisinvolved in SLE-induced Z0-1 downregulation. A, Western blot of phosphorylated Src (SrcP) and Src 2 h post-KA
with orwithout anti-VEGF antibody or PP2. Quantification of the ratio SrcP/Srcis expressed as percentage of control (n = 5 samples
per condition and for each time point). B, Confocal images of double labeling of Z0-1 (green) and laminin (red) in CAT area 2 and
24 h post-KA, with or without PP2. Scale bar, 10 um. C, Western blot of Z0-1 at 2 and 24 h post-KA, with or without PP2,
and quantification expressed as percentage of control (n = 5 samples per condition and for each time point). **p << 0.01,

Akt against neuronal death after kainate-
induced SLEs (Lee et al., 2006). Second,
activation of endothelial VEGFR-2 pro-
vides an indirect neuroprotection, via
PKC-dependent endothelial proliferation.
By increasing the vascular density, this
pathway improves the neurovascular cou-
pling required during in vivo seizures. In
OHGCs, inhibiting PKC pathway pre-
vented branching and vascularization af-
ter SLEs, as has already been reported in
diabetic retinopathy (Holmes et al., 2007),
thus indicating a crucial role of PKC in
SLE-induced vascularization.

In contrast to these positive conse-
quences of VEGF following SLEs, other
VEGEF signaling pathways exert deleteri-
ous effects on vascular integrity, particu-
larly at the BBB. We showed here that
downregulation of ZO-1, an essential
scaffold protein for tight junction assembly, follows activation of
VEGEFR-2 and Src pathway. We also showed that Src inhibition
provided an effective protection of ZO-1 network after SLEs,
confirming the major role of Src in ZO-1 downregulation, as
was reported in models of ischemia and retinopathy (Sheik-
pranbabu et al., 2009; Takenaga et al., 2009). It is noteworthy
that another Src inhibitor (CGP76030), tested on an in vivo
model of epilepsy, was shown to reduce the proconvulsive
effects of IL-183 (Balosso et al., 2008), strengthening the inter-
est in investigating Src signaling for epilepsy.

Transcription and synthesis of VEGF and VEGFR-2 are not
involved in the acute activation of VEGFR-2 pathways observed
after SLEs. VEGF is known to be rapidly induced in hypoxic or
inflammatory conditions, via transcription factors such as HIF-1
(hypoxia-inducible factor 1), AP-1 (activator protein 1), Sp-1,
and STAT 3 (signal transducer and activator of transcription 3),
which are also activated by seizures (Feng et al., 1997, 1999; Choi
etal., 2003). Similarly, VEGFR-2 synthesis was shown to depend
on the same transcription factors (HIF-1 and Sp-1) in hypoxic or
inflammatory conditions and after seizures (Gerber et al., 1997;
Meissner et al., 2009). Nevertheless, in OHCs, VEGFR-2 activa-
tion occurred early after seizure induction (2 h post-KA) and not
at later time points when VEGF and VEGFR-2 were over-
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expressed. Such a downregulation of
VEGFR-2 activity has been described
previously during angiogenesis as a
ligand-stimulated mechanism of recep-
tor desensitization, endocytosis, or pro-
teolysis (Lampugnani et al., 2006; Bruns
etal.,2010). We suggest that the delayed
increase in VEGF and VEGFR-2 expres-
sion could potentiate the vascular alter-
ation in response to putative subsequent
epileptiform activity, worsening and
prolonging BBB disruption, as shown in
vivo (Rigau et al., 2007).

Moreover, other angiogenic or inflam-
matory factors such as angiopoietins,
bFGF, interleukins, TNFea, and chemo-
kines could be induced by cell death,
which peaks at 12 h post-KA, potentiating
the effects of VEGFR-2 via a synergy of
signaling pathways (Allan et al., 2005;
Ravizza et al., 2008; Vezzani et al., 2008;
Marcon et al., 2009). Such receptor trans-
activation or modulation has been shown
previously to prolong BBB degradation
(Petreaca et al., 2007).

In conclusion, our findings revealed
that the VEGF/VEGR-2 system played a
pivotal role in initiating SLE-induced BBB
alterations, which in turn contributed to
epileptogenesis. Selectively targeting the
Src pathway prevented tight junction dys-
function without deleterious side effects
on neurons or vascularization. Future
investigations should consider the Src
pathway as a putative therapeutic target
for intractable epilepsies, and that pro-
tecting BBB integrity could reduce or
delay epileptogenesis.

References

Ahmad S, Hewett PW, Wang P, Al-Ani B, Cud-
more M, Fujisawa T, Haigh JJ, le Noble F,
Wang L, Mukhopadhyay D, Ahmed A (2006)
Direct evidence for endothelial vascular endo-
thelial growth factor receptor-1 function in
nitric oxide-mediated angiogenesis. Circ Res
99:715-722.

Allan SM, Tyrrell PJ, Rothwell NJ (2005)
Interleukin-1 and neuronal injury. Nat Rev
Immunol 5:629—640.

Argaw AT, Gurfein BT, Zhang Y, Zameer A, John
GR (2009) VEGF-mediated disruption of en-
dothelial CLN-5 promotes blood-brain barrier
breakdown. Proc Natl Acad Sci USA
106:1977—-1982.

Morin-Brureau et al. ® Seizure-Like Events Downregulate Z0-1

A 200 N B . 200
a s 150 o £ 150
q S SE
1 8 100 & 8 100
L(B = 50 5% 50 |_|
s &0 ] |"'|
>2 g, 1
2h 12h 24h SrcP |_=-_| [E====] 60 kD
VEGFR2P [E==][EE = [===] 150 kD sre 60 kD
Actin =] === [===ws] 40 kD Actin [===] |T-| 40 kD
rrVEGF B L mVEGF - - + -
BrfVEGF - + = = + = = + - BrrVEGF - + - -+ -
PP2 - - -+ 4+
C | Control || BrrVEGF || rmVEGF |
> 200
N 7’ ;O\ *kk
a °
& é £ 150 *
Q 5 S 100
= 2%
% N 50
N > 0
a . .
o mVEGF - - + - -+
§ Brr'VEGF - + - -+
PP2 - - - + o+ o+
e
E Control | |mVEGF (2an) || TVECF+PP2 F,
(24h) o 300 .
= 5 E200
3 i
=1 ] T
— 2 R
g ~
™ =z 0 S ¥
3 MVEGF -+
- PP2 - - + o+
G | Control || BrrVEGF rrVEGF 150
b ‘5 =
N % 5100
a = "
o g8
g B g 5 |-T-|
Y R
R< o ' .
~ Z0-1 B —] [====1]250kD
& Actin e |——-|40kD
= mVEGF - - + - -+
= BrfVEGF - + - - + .
PP2 e -+

Figure9.  rVEGF reproduces KA-induced vascular remodeling. A, Western blot of VEGFR-2P, 2, 12, 24 h after rrVEGF or BrrVEGF
application. Quantification expressed in percentage of control (n = 5 samples per condition). B, Western blot of SrcP and Srcat 2 h
of application with or without PP2. Quantification represents the ratio SrcP/Src expressed in percentage of control (1 = 5 samples
per condition. €, Laminin immunostaining in OHCs at 24 h of rrVEGF or BrrVEGF application, with or without PP2. Scale bar, 400
m. D, Quantification of vascular density at 24 h after BrrVEGF or rrVEGF application with our without PP2. Data are expressed in
percentage of control (n = 15 slices from 3 rats per condition). £, Confocal images of laminin staining in CA1and CA3 areas at 24 h
after rr'VEGF treatment, with or without PP2. Scale bar, 50 .um. F, Branch point quantification at 24 h of rrVEGF application with our
without PP2. Data are expressed in percentage of control (n = 10 slices from 4 rats per condition). G, Confocal images of double
labeling of Z0-1 (green) and laminin (red) in CA1 area 2 h after BrrVEGF or rrVEGF application, with or without PP2. Arrows show the
disrupted Z0-1 on microvessels. Scale bar, 10 um. H, Western blot of Z0-1 expression 2 h after rVEGF or Br'VEGF application with
or without PP2, and quantification expressed in percentage of control (n = 5 samples per condition). *p << 0.05, **p << 0.01,
#4%p < 0,005.
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