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Development/Plasticity/Repair

Neurotrophic Effects of Vascular Endothelial Growth Factor
on Organotypic Cortical Explants and Primary Cortical
Neurons

Jeffrey M. Rosenstein, Nina Mani, Alfia Khaibullina, and Janette M. Krum
Department of Anatomy and Cell Biology, The George Washington University Medical Center, Washington, DC 20037

Vascular endothelial growth factor (VEGF) is well known to play an important regulatory role in vascular growth and development.
Because gene knock-outs of VEGF and its receptors flk-1 and fIt-1 result in early embryonic lethality, determining roles for VEGF in CNS
development has been particularly difficult. Recent studies have shown that VEGF is upregulated after various injuries to the adult brain
and that the cytokine affords protection to cultured neurons affected by oxidative or excitotoxic stress. The present study demonstrates,
for the first time, that VEGF is directly neurotrophic to CNS neurons in culture. We applied VEGF to normoxic fetal organotypic cortical
explants as a model of CNS neuropil, in addition to primary cortical neurons, to assess direct growth effects absent vascular or astroglial
activity. We found that VEGF provided a significant dose-responsive increase in the neuronal microtubule markers TUJ1 and MAP-2, as
well as mRNA for MAP-2 and flk-1. Antisense oligodeoxynucleotides to flk- 1, but not fIt-1, inhibited neuritic outgrowth, whereas inhib-
itors of the signaling pathways MEK1 and P13-AKT both abrogated VEGF-induced growth. VEGF applied to primary cortical neurons
produced significant increases in neuronal cell body diameter and the number of emerging neurites mediated by flk-1. Possibly, VEGF
achieves its effects by acting on the neuronal microtubular content, which is involved with growth, stability and maturation. Several
studies have now shown that VEGF is neurotrophic and neuroprotective independent of a vascular component; we suggest that VEGF

plays seminal pleiotrophic roles in CNS development and repair.
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Introduction

Vascular endothelial growth factor (VEGF) is a secreted vascular
mitogen that is purportedly specific for endothelial cells and plays
an important regulatory role in vascular growth in several organ
systems during development (Ferrara and Davis-Smyth, 1997).
VEGF has been implicated as the predominant angiogenic factor
in tumors, epithelial wound healing, and diabetic retinopathy
(Dvorak et al., 1995). Little information exists concerning the
direct growth effects of the application of VEGF to CNS tissue
because most work regarding VEGF action, receptor mecha-
nisms, and signaling pathways has been done in non-neural tis-
sues. The importance of VEGF and its primary receptors flk-1
(KDR/VEGFR?2) and flt-1 (VEGFR1) is illustrated by knock-outs
of their genes, which results in severe vascular defects and early
embryonic death (Fong et al., 1995; Shalaby et al., 1995; Carme-
liet et al., 1996). Thus, precise growth and developmental roles
for VEGF in CNS tissue are difficult to determine, particularly
because the protein is markedly downregulated after birth. How-
ever, VEGF and its receptors are strongly upregulated in several
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cell types after stroke or mechanical injury (Kovacs et al., 1996;
Krum and Rosenstein, 1998; Marti and Risau, 1999).

Recent studies have indicated that VEGF may have additional
actions beyond vascularization that point to a neurotrophic role
in nervous tissue. When VEGF was applied to fetal ventral mes-
encephalic explants, a substantial increase in neuritic outgrowth
was found as well as enhanced survival of dopaminergic neurons
compared with nontreated explants (Silverman et al., 1999). Fur-
ther, VEGF application to cultured peripheral adult ganglia
caused significant neuritic outgrowth that was mediated by the
flk-1 receptor (Sondell etal., 1999). Peripheral nerve regeneration
in vivo has been shown to be enhanced by VEGF application,
possibly because of increased angiogenesis and Schwann cell pop-
ulations (Hobson et al., 2000; Schratzberger et al., 2000). VEGF
has also been implicated in a neuroprotective role in vitro by
rescuing both primary cortical neurons after ischemia or serum
deprivation (Jin et al., 2000a,b) and primary hippocampal neu-
rons after excitotoxicity (Matsuzaki et al., 2001; Svensson et al.,
2002).

We have developed a serum-free organotypic explant system
using embryonic day 17 (E17) to E18 rat brain to understand how
exogenous VEGF application may affect CNS neuropil develop-
ment (Rosenstein et al., 1998; Silverman et al., 1999). In the
present study we have examined the neurotrophic actions of
VEGF on fetal cortical explants as well as on primary cortical
neurons to further assess how VEGF may directly affect neuronal
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growth absent any angiogenic or astroglial activity. The results
show that VEGF application to explants produces substantial and
specific flk-1 receptor-mediated neuritic growth and maturation
that is likely dependent on both the phosphatidylinositol
3-kinase (PI3-K)/Akt (serine/threonine protein kinase) and the
mitogen-activated protein kinase kinase (MEK/ERK) signaling
pathways. In primary neuronal cultures, VEGF caused significant
neuritic outgrowth and increased somal size compared with un-
treated neurons. By upregulating developmentally regulated neu-
ronal proteins related to microtubule function or metabolism, we
suggest that VEGF plays an important role in the growth, devel-
opment, and potentially, structural stability of CNS neurons.

Materials and Methods

Neocortical explant preparation and incubation. Pregnant Wistar dams
(E17-E18) were anesthetized with ketamine (60 mg/kg)/xylazine
(Rompun; 6 mg/kg), and the fetal brains were removed under aseptic
conditions. The meningeal coverings were removed and the neocortex
was dissected in ice-cold Earle’s balanced salt solution (Invitrogen,
Grand Island, NY). A Stoelting (Kiel, WI) manual tissue slicer was used to
produce 400 wm cortical slices. Six slices of fetal tissue were arranged on
Millicell-CM culture plate inserts (Millipore, Bedford, MA), and the in-
serts were placed in six-well culture dishes. Each well received 1 ml of
serum-free medium consisting of Neurobasal medium (modified
DMEM-F12) with B27 supplement, 25 um glutamate and 0.5 mm glu-
tamine (Invitrogen) added. Experimental cultures received doses of hu-
man recombinant VEGF 5 (R & D Systems, Minneapolis, MN) of 1, 10,
25, 50, or 100 ng/ml added directly to the medium immediately before
introduction of the slices; control explants (the sixth well) did not receive
VEGF 45. All explant cultures were incubated identically under standard
conditions for 3 d. Separate sets of explants (fresh frozen) were used for
reverse transcriptase (RT)-PCR analysis.

Primary cortical neuronal cultures. Cerebral cortical neurons were iso-
lated from E18 rat fetuses and cultured in serum-free medium. Fetuses
were delivered by cesarean section and decapitated in ice; the meninges
were removed from the brain and the neocortex was dissected out. The
combined neocortices from three to four fetuses were cut into 1 mm
cubes, briefly trypsinized and triturated 10-15 times through a fire-
polished Pasteur pipette in a tube containing 2 ml of B27/neurobasal
medium. After any undispersed tissue settled, the supernatant was spun
down for 1 min at 200 X g. The number of viable cells was determined
with a hemocytometer, and the desired neuronal density (~200 cells/
mm?) was obtained by dilution of the primary cell suspension in Neu-
robasal medium supplemented with 0.5 mm glutamine, 25 um glutamate,
and B27 supplement (Invitrogen) with supplemented neuronal medium.

The cultures were plated on sterile poly-p-lysine/laminin-coated glass
coverslips in six-well culture dishes in fresh B27/Neurobasal medium
containing the various dosages of VEGF [0 (control), 1, 10, 25, 50, or 100
ng/ml]. The cultures were then incubated for 3 d under standard condi-
tions. Immunohistochemical analysis of GFAP expression was used to
confirm the purity of neuronal cultures. In the majority of experiments,
the cultures consisted of ~95% neurons.

Immunocytochemistry. Immunocytochemical evaluation of explants
was conducted after overnight fixation of whole explants (2 hr for pri-
mary neuronal cultures) at 4°C in a fixative solution of 4% paraformal-
dehyde, 0.1 M sodium cacodylate buffer, and 3% sucrose, pH 7.2. After
washing in 0.05 M Tris-buffered saline (TBS), pH 7.6, the cultures were
processed for immunochemistry. Endogenous peroxidase activity was
blocked by incubating explants for 10 min in 3% hydrogen peroxide in
10% methanol, at room temperature. This was followed by incubation in
the appropriate primary antisera dilutions for 48 hr at 4°C. After washing
with 0.05 M TBS, the explants were incubated with the appropriate sec-
ondary antibody for 30 min, followed by incubation for 30 min with
either rabbit or mouse PAP (Sigma, St. Louis, MO), and reaction prod-
ucts were visualized by diaminobenzidine. Other cultures were subjected
to confocal analysis after single or double immunofluorescence staining.
In these specimens, FITC- or Texas Red-conjugated secondary antibod-
ies were used (Vector Laboratories, Burlingame, CA). All tissues were
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scanned using Lasersharp software (Bio-Rad, Hercules, CA) at 20X mag-
nification using a Bio-Rad 1024 laser confocal microscope at 10-30%
laser excitation at a Z-series optical sectioning thickness of 0.5-1 wm.
Images were collected in sequential mode, using an image scan filtering
Kalman range of 4—6, reassembled as projections using Lasersharp soft-
ware, and then merged using Bio-Rad plug-ins in Photoshop (Adobe
Systems, San Jose, CA). Immunocytochemical analysis of various anti-
gens was repeated at least three times for each antigen and experimental
procedure.

Controls included omission of primary antibodies and replacement of
the primary antibody with normal serum. The antibodies used were
microtubule-associated protein (MAP-2) (1:500; Boehringer Mann-
heim, Ridgefield, CT), neuronal nuclear antigen (NeuN) (1:500; Chemi-
con, Temecula, CA), neuron specific enolase (NSE; 1:500; Polysciences,
Warrington, PA), and B-tubulin IIT (TUJ1; 1:500; Covance, Berkeley,
CA); flt-1 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA) and flk-1
(1:50; Santa Cruz Biotechnology) or 1:100 (Calbiochem, La Jolla, CA)
were used to identify VEGF receptor markers.

Quantification of immunostained cultures. Images of PAP MAP-2 im-
munostaining for each VEGF dose and control were digitized using the
Image-Pro image analysis system (Media Cybernetics, Silver Spring,
MD) with Metamorph software (Universal Imaging, Downingtown, PA)
images of 6.4 inches X 4.8 inches captured at 20X magnification. To
measure the relative area occupied by neurons and to exclude variations
in DAB immunostaining intensity, the threshold color value below
which staining would not be counted was determined and the area above
the threshold measured as a ratio to the total area analyzed. For each
VEGF dose and control explants, no fewer than three fetal brains were
used for semiquantitative analysis, and six random regions within each
were sampled. The data represents the results from four experiments.
Statistical significance was evaluated using Student’s t and Mann—Whit-
ney tests (Sigma Stat 2.03; SPSS Inc., Chicago, IL). The difference be-
tween control and VEGF-treated samples was considered to be statisti-
cally significant at p = 0.001.

For measurements in primary cortical neuronal cultures, bright-field
images immunostained with TUJ1 antibody were obtained and digitized
with a Coolsnap Pro (Nikon, Media Cybernetics) color camera. All im-
ages for each series were acquired using ImagePro Express 3.2 (Media
Cybernetics) during one session, with the same brightness settings. Be-
fore measurements, ImagePro Express was calibrated using a commercial
1 mm calibration slide for 20X or 40 X magnification microscope setting.
Therefore, the neuronal soma diameter was acquired in absolute units
(micrometers) and the data were exported into Excel (Microsoft, Seattle,
WA) workbook. From each VEGF dose in a series, three to four random
areas from each coverslip slide were collected for measurements. Neu-
rons with an entire nuclear profile were measured across their broadest
diameter. Neurites were counted only if they had an obvious attachment
to the neuronal soma, and more distal branching patterns were not mea-
sured because neuritic outgrowth was so robust after VEGF application.
For the statistical analysis, one-way ANOVA and the Mann-Whitney
rank sum test were performed (Sigma Stat 2.03; SPSS Inc.). The differ-
ence between control and VEGF-treated samples was considered to be
statistically significant at p =< 0.001.

Semiquantitative RT-PCR. Fresh-frozen tissue from explants was used
to obtain total RNA using the Purescript RNA isolation kit (Gentra Sys-
tems, Minneapolis, MN). RNA from each sample was reverse-
transcribed using the Superscript preamplification System for First
Strand cDNA Synthesis kit (Invitrogen). Normalization of cDNA sam-
ples was performed using the internal standard glyceraldehyde-3-
phosphate dehydrogenase (G3PDH). Amplification of each of the genes
being tested was performed at the exponential phase (number of cycles
determined for each tested gene) using the normalized template values.
PCR products were resolved by 1.2% agarose gel electrophoresis and
stained with ethidium bromide and visualized under UV light. After this,
direct comparisons of the relative abundance of gene-specific mRNAs
were made. In general, the PCR mixture prepared for all genes being
tested was as follows: 45 ul of High Fidelity Elongase (Invitrogen) + 10
uM each forward and reverse primers + dilution (1:10) of prepared
c¢DNA. The gene-specific primer pairs were prepared by Invitrogen and
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PAGE purified: flk-1 (286 bp) (Sandner et al., 1997) forward (5'-
CATGCTGTATCTCGAGGGC-3') and reverse (5'-TTTGTCATCCC-
AGGGTAC-3") (40 cycles), flt-1 (238 bp) forward (5'-AGGATATT-
GTTCAGGGTCGAAGT-3") and reverse (5-CAAGTGTAGAGTC-
CCTTG-3") (44 cycles), MAP-2 (422 bp) (Wang and Dow, 1998) forward
(5'-GTCTGGTTTTACGGGTTGGCTGTC-3") and reverse (5-GCC-
ATGATCTTTCCCCTCTGGCTT-3") (28 cycles), and G3PDH forward
(5'-TGAAGGTCGGTGTCAACGGATTTGGC-3") and reverse (5'-
CATGTAGGCCATGAGGTCCACCAC-3") (21 cycles). Controls in-
cluded omission of reverse transcriptase during cDNA synthesis. For
each dose, at least three different rat brains were used for each experi-
ment. The results shown were obtained from separate experiments re-
peated four times. Gels were scanned using Bioimaging Systems (Up-
land, CA) Gene Genius System, and the images were subsequently
analyzed by the Gene Tools Analysis Software (Frederick, MD). After
background correction, raw volumes representing densitometric values
were obtained for each gel band. The raw volumes represented a semi-
quantitative guide to changes in mRNA expression.

Receptor antisense experiments. To distinguish the involvement of fJt-1
and flk-1 in the observed effects of VEGF, antisense oligodeoxynucleoti-
des (AS-ODN) were used. A set of modified 20-mer AS-ODNss targeted
to flt-1 and flk-1 genes was synthesized commercially (Integrated DNA
Technologies, Coralville, IA). To protect against nuclease degradation,
all ODNs were end-capped by phosphorothioate modification at their 3’
terminal positions. The ODN sequences (Bernatchez et al., 1999) are as
follows: flt-1, 5'-GTCGCTCTTGGTGCTATA-3'; flk-1, 5'-CCTCCA-
CTCTTTTCTCAG-3'. The following missense phosphorothioate se-
quence was used as a control: flk-1, 5'-TGCTGGCATGTGCGTTGT-3".
Consistent effects on receptor translation are produced when ODNs are
used at concentrations of 2-10 mu for 3 d. AS-ODNs were added to the
explant medium containing 0-100 ng/ml VEGF at the start of incuba-
tion; cultures were fixed with 4% paraformaldehyde and processed for
immunocytochemistry on day 3.

Western blots. Homogenates of control and VEGF-antisense flk-1-
treated explants were prepared in RIPA buffer (25 mm Tris, 150 mm KCl,
5 mm EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
SDS, pH 7.4,) containing a protease inhibitor cocktail at the recom-
mended concentration (Boehringer Mannheim, Ridgefield, CT). Twenty
nanograms of a 43 kDa flk-I-tagged fusion protein (Santa Cruz Biotech-
nology), used as a Western blotting control, and 250 ug of total protein
extracts were separated on 5% Tris-HCI gels (Bio-Rad) and transferred
electrophoretically to polyvinylidene difluoride membranes (Amersham
Biosciences, Arlington Heights, IL). Membranes were probed using a
flk-1 antibody (1:200; Santa Cruz Biotechnology). After incubation with
the primary antibody, the membranes were washed three times with
TBS-Tween (TBST) and then further incubated with horseradish
peroxidase-conjugated secondary antibody (1:7500; Amersham Bio-
sciences) for 1 hr. Subsequently, the membranes were washed three times
with TBST and developed using the enhanced chemiluminescence plus
detection system (Amersham Biosciences).

Signal transduction experiments. To study the role of MAPKK (ERK) in
the explant cultures a MAP kinase (MEK1) inhibitor, PD98059 was in-
troduced into VEGF-treated cultures and examined for neurite growth
by TUJ1 or MAP-2 immunoexpression. PD98059 is a specific inhibitor of
activated MEK1 in vitro and in vivo, which prevents the subsequent phos-
phorylation and activation of MAP kinase (ERK). PD98059 (50 um)
(Promega, Madison, WI) was introduced into cultures that also received
VEGF (50 or 100 ng/ml) (the concentrations that produced the most
consistent neuritic growth or maturation; see Results). Control cultures
received serum-free medium alone, whereas another set of controls cul-
tures were administered PD98059 (50 um) only. All cultures were incu-
bated under standard conditions for 3 d, followed by fixation in 4%
paraformaldehyde and processed for immunofluorescence and confocal
microscopy, as described previously. To investigate the possible involve-
ment of the PI3-kinase pathway in VEGF signal transduction, wortman-
nin (50 mm) (Sigma), a potent PI3-K inhibitor, was added to cortical
explants at the time of planting to serum-free medium containing 50 or
100 ng/ml VEGE. Control explants were incubated with wortmannin
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Figure 1. Neuronal protein immunoexpression in fetal organotypic explants. A, Survey
micrograph of untreated explant has weak MAP-2 staining of cortical neurites. B, Sister explant
treated with 50 ng/ml VEGF has intensely stained and thickened MAP-2 ™ neurites extending to
the edge of the culture. ¢, Higher magnification shows that the effects on MAP-2 * neurite
growth compared with control explants can be recognized after 10 ng/ml VEGF. MAP-2 *
processes are of moderate intensity, but neuronal soma staining, which was not observed in
control explants, can be discerned (arrow). D, Application of 100 ng/ml VEGF to the fetal ex-
plants induces robust MAP-2 immunoexpression typical of mature cortical neurons. £, Un-
treated (control) fetal cortical explant has weak immunoexpression of NSE, a developmentally
regulated neuronal glycolytic enzyme. F, Sister explant to £ treated with 100 ng/ml VEGF has a
substantial increase in NSE immunoexpression and a much improved organizational appear-
ance of the explant neuropil that was not seen in the controls or at low VEGF doses. NSE expres-
sion is representative of neuronal metabolic activity and the explant neurons had a variable
staining intensity as occurs in situ.Scale bar: (in ) A, B, 140 wm; G, D, 100 wm; £, £, 120 um.

alone. On day 3 of incubation, explants were fixed and processed for
TUJ1 or MAP-2 immunofluorescence.

Results

VEGEF application causes upregulation of developmentally
regulated neuronal proteins

Organotypic fetal cortical explants cultured for 3 d in serum-free
medium without VEGF (controls) typically survived reasonably
well, but they exhibited only modest growth and sparse immu-
noexpression of MAP-2 within occasional neurites (Fig. 1A).
MAP-2 is a developmentally regulated microtubular protein that
is well recognized to be an important factor in neuronal growth
and maturation (Matus, 1988; Tucker, 1990). During postnatal
development, complete expression of MAP-2 is not reached until
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Figure2. A, Semiquantitative analysis of MAP-2 immunostaining after VEGF application to
the cortical explants using the Image-Pro and Metamorph systems (see Materials and Methods)
depicts a significant dose-responsive increase ranging from 25% at 25 ng/ml VEGF to >100%
at 100 ng/ml VEGF. B, Semiquantitative RT-PCR for MAP-2 mRNA also shows a dose-responsive
increase after VEGF application compared with untreated explants, as measured by densitomet-
ricdata from Gene Snap software (Cambridge, UK). The increase in MAP-2 message ranged from
30% at 1ng/ml to 47% at 25 ng/ml to just over 100% at 50 —100 ng/ml VEGF. G3PDH, Loading
control.

7-10 d (Matus, 1988; Rosenstein, 1995). In this organotypic ex-
plant model, MAP-2 remains at immature protein expression
levels after 3 d in culture. In sister explants that received 50 or 100
ng of VEGF, substantial neurite growth was characterized by ro-
bust MAP-2 immunoexpression on a profuse carpet of thickened
interconnecting and branching processes throughout the ex-
plants (Fig. 1 B). Atlower doses of VEGF (e.g., 10 ng) (Fig. 1C), an
increase in MAP-2 expression within neuronal somata was ini-
tially recognized at higher magnification, whereas MAP-2 ex-
pression was never observed in neuronal somata of control ex-
plants. Cortical neurons within organotypic laminae in explants
receiving 100 ng of VEGF had very strong MAP-2 cell-body ex-
pression (Fig. 1 D), comparable with that of mature neurons in
situ; such MAP-2 immunoexpression was not found in controls
or even at lower VEGF doses. Quantitation of the MAP-2 expres-
sion of per-area ratio using Metamorph software showed that
VEGF doses of 25-100 ng produced statistically significant in-
creases in the microtubular protein (Fig. 2A). It should be noted
that the profuse VEGF-induced growth within this explant model
was not conducive to measuring neuronal individual sizes or
branching of the neurites, although certain quantitative measures
could be accomplished in primary neuronal cultures (see below).
Semiquantitative RT-PCR showed a clear dose-responsive in-
crease in MAP-2 gene product in the explants after VEGF appli-
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cation (Fig. 2B). The densitometry data derived from the Gene
Snap software indicated that VEGF doses increased MAP-2
mRNA ranging between a 30% increase at 1 ng to a 47% increase
at 25 ng to just over a 100% increase at 50—100 ng. Thus, VEGF
application increased transcription of MAP-2, and its subsequent
protein translation, to levels substantially above controls within
the 3 d culture period.

We also examined the immunoexpression of NSE within the
cortical explants using the same conditions. NSE is an enzyme
specific to the neuronal glycolytic pathway that is developmen-
tally regulated in situ and serves as a marker for neuronal matu-
ration (Schmechel et al., 1978; Schmechel et al., 1980; Rosenstein,
1993). VEGF application at the higher concentrations (50—100
ng) produced immunostaining patterns comparable with those
of MAP-2. Whereas control explants had sparse and fairly non-
specific NSE expression (Fig. 1 E), VEGF-treated explants con-
tained neurons that were strongly and discretely immunostained
(Fig. 1F). Although the VEGF-treated explants had demonstra-
bly better (neuropil) organization, the degree of immunostaining
intensity was somewhat variable within individual explant
neurons as it occurs in situ in contrast to the MAP-2 data, in
which all neurons exposed to 100 ng/ml VEGF were uniformly
immunostained.

VEGEF application causes neuritic growth characterized by
increase in TUJ1 and flk-1 proteins

Organotypic cortical explants cultured for 3 d without VEGF and
immunostained for the specific neuronal marker for TUJ1 con-
tained more observable neurites (Fig. 3A) than did staining for
MAP-2. This would be expected because TUJ1 is not postnatally
regulated and is expressed in postmitotic neuronal somata. At the
10 ng VEGF dose there was a substantial increase in the number
and size of TUJ1-expressing neurites (Fig. 3B). At the 100 ng
concentration, the neuronal profile in the explants had a much
more mature appearance (Fig. 3C) that was comparable with the
MAP-2 immunostained images (Fig. 2D). Robust TUJ1 immu-
nostaining filled neurons with large cell bodies from which thick,
intensely stained dendrites emanated. These results indicate that
VEGEF application, in separate experiments, markedly increases
two different neuronal microtubular protein components in an
almost entirely comparable manner in terms of neuritic and so-
mal growth and maturation.

When the explants were double-immunostained for VEGF
receptors, only flk-1 was coexpressed with TUJ1. Neuritic expres-
sion of flk-1 was sparse in control explants (data not shown) but
overlapped with most but not all TUJ1 ¥ neurites at high VEGF
concentrations such as 50 ng (Fig. 3C, inset). Double immuno-
staining for fIk-1 and NeuN, a specific neuronal nuclear marker,
depicted the dense neuritic outgrowth from a portion of alamina
containing cortical neurons after exposure to 100 ng/ml VEGF
(Fig. 3D). Probing for flk-1 mRNA by RT-RCR showed a dose-
responsive increase ranging from 30 to 120% after the 100 ng
VEGEF dose (Fig. 3E). The presence of upregulated flk-1 mRNA in
these fetal brain explants after VEGF application is noteworthy
because in adult brain it is practically undetectable by RT-RCR or
Northern blot (Soker et al., 1998).

VEGF-induced neuritic growth is mediated by its flk-1
receptor and both the MAPK and PI3/Akt signaling pathways
To determine the specificity of receptor-mediated neuritic out-
growth after VEGF application, we used AS-ODN technology to
“knock down” the formation of the flk-1 and flt-1 receptors.
When both 100 ng VEGF and a missense (control) ODN to
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Figure 3.  VEGF-induced upregulation of TUJ1 and flk-7 immunoexpression in fetal cortical
explants. A, Control cortical explant immunostained for TUJ1 shows moderate expression in
fairly sparse neuritic processes. B, Sister explant treated with 10 ng/ml VEGF has stronger TUJ1
immunoexpression in larger and thickened processes. C, After 100 ng/ml VEGF, TUJ1 expression
in neuronal somata and processes is quite robust and comparable with that seen for MAP-2
expression at this dose (Fig. 1D). In untreated or low VEGF doses, strong TUJ1 or MAP-2 expres-
sion was not observed in neuronal somata. Inset, Double immunostaining for TUJ1 (green) and
the VEGF flk-1 receptor (red) shows that portions of many, but not all, neuritic processes express
this receptor (yellow). D, Double immunostaining for neuronal nuclear marker NeuN (red) and
the flk-1 receptor (green) shows a profuse growth of thick neurites emerging from a cortical
lamina in the organotypic culture after 100 ng/ml VEGF. Flk-7immunoexpression in untreated
cortical explants is sparse (data not shown), although its mRNA can be detected in £. Scale bar,
80 wm. £, Semiquantitative RT-PCR indicates a dose-responsive increase in flk-7 mRNA after

VEGF application compared with untreated cultures ranging from 30% at 10 ng/ml to 120% at
100 ng/ml VEGF.

FLK-1

G3PDH

E

flk-1 were added to cortical explants, the neuronal appearance
was similar to those incubated with 100 ng VEGF alone (Fig. 4A).
However, when the flk-1 antisense ODN was added together with
100 ng VEGEF, there was a remarkable reduction in TUJ1 * neu-
rites that closely resembled control explants immunoreacted for
TU]J1 (Fig. 4 B). When the antisense ODN to fIt-1 was added with
100 ng VEGF in the same paradigm, there was no change at all
from the VEGF-only treatment. Western blotting experiments
confirmed that the application of AS-ODN to flk-1 substantially
reduced but did not eliminate the VEGF-induced increase in flk- 1
protein (Fig. 5). We have also found similar results in fetal ventral
mesencephalic explants (our unpublished observations). These
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results indicate that the VEGF-induced neuritic growth is medi-
ated specifically by the flk-1 receptor.

To examine potential signaling pathways, we used two well
known inhibitors in the explant model. The MAPK pathway has
been shown in other systems to be inhibited by PD98059 (Alessi
et al., 1995; Dudley et al., 1995). Compared with the robust
TUJ1 " neuritic growth after 50 ng VEGF (Fig. 4 D) the addition
of PD98059 nearly abolished the VEGF-induced outgrowth (Fig.
4E). When the inhibitor was added to untreated sister explants
there was no qualitative difference between these (Fig. 4F) and
other control explants or the experimental ones that received 50
ng VEGF (Fig. 4E). To determine whether the PI3/Akt signaling
pathway was operative we added the specific inhibitor wortman-
nin (Gerber et al., 1998) using the same paradigm. When wort-
mannin was added to explant cultures that also received 50 ng
VEGF, the robust TUJ1 ™ neuritic growth was nearly abolished
(Fig. 4G). Control cultures that received wortmannin alone ap-
peared entirely comparable with untreated controls as in the
PD98059 experiments (data not shown).

VEGF neurotrophic effects in primary neuronal cultures

The organotypic explant model is useful to examine VEGF effects
on developing cortical neuropil with the cellular componentsina
near-normal anatomical architecture. This raises the possibility
that VEGF neurotrophic effects in this model could be of an
indirect nature (see Discussion). We studied primary cortical
neuronal cultures to eliminate potential interactions with other
cell types and attempted to corroborate the observed neurotro-
phic effects observed in the explant model. It was evident mor-
phologically that VEGF application had substantial effects on
primary cortical neurons. Neurons cultured in serum-free me-
dium without VEGF added had reasonable survival and neurite
growth as seen in a survey micrograph (Fig. 6 A). However, sister
cultures that received VEGF application (10-100 ng) showed
extensive neuritic outgrowth across the whole coverslip, as deter-
mined by TUJ1 immunoexpression (Fig. 6 B). To exclude the
possibility that we were just observing (and quantitating) more
neurons, because VEGF has been described recently as a neuro-
protective agent in hypoxic cultures (Jin et al., 2000a; Matsuzaki
et al., 2001), we chose, on a random basis, relatively small, iso-
lated clusters of neurons from each coverslip for morphological
comparison and quantitation. A moderate-size cluster of neu-
rons (six to eight) from cultures treated with 100 ng VEGF had
extensive neurite outgrowth and interconnections (Fig. 6D)
compared with the untreated control (Fig. 6C). Similarly, an iso-
lated neuronal doublet from a 50 ng VEGF-treated culture had a
much more extensive neurite profile (Fig. 6 F) than that from an
untreated culture (Fig. 6 E).

VEGF application to primary cortical neurons also induced
strong upregulation of the flk-1 receptor, whereas neurons in
untreated cultures had modest flk-1 immunoexpression that was
associated only with the soma (data not shown). After a 50 ng
VEGF application, flk-1 was expressed within the dendritic ar-
borization of individual neurons (Fig. 6 D). When AS-ODN to
flk-1 was added to 50 ng VEGF-treated cultures, the extensive
neuritic flk-1" outgrowth was mostly abrogated. These neurons
were comparable in appearance for flk-1 expression to untreated
ones (Fig. 6 H). These data strongly suggest that in both organo-
typic explants and primary culture, VEGF-induced neuritic
growth is mediated directly through its fIk-1 receptor.

For quantitative purposes we chose to examine data parame-
ters from TUJ1-immunostained cultures that could be analyzed
in absolute terms such as neuronal size and number of neurites
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Figure4. Receptor mediation and signaling pathways involved in VEGF-induced neuritic growth. A, Application of 100 ng/ml
VEGF and amissense ODN sequence to flk-T shows no change in VEGF-induced TUJ1 * neuritic growth. B, Application of 100 ng/ml
VEGF and AS-ODN sequence to flk-1 shows a substantial decrease in TUJT * processes, reminiscent of an untreated explant. ,
Application of 100 ng/ml VEGF and AS-ODN to the VEGF flt- 7 receptor had no effects on neuritic growth. D, Application of 50 ng/ml
VEGF to cortical explant shows strong MAP-2 * immunofluorescence. £, Addition of PD98059, a MAPK (MEK) signaling pathway
inhibitor, nearly eliminates neuritic growth in asister culture to 0. F, When PD98059 was added to control explants there was little
qualitative difference between these and explants that also received 50 ng/ml VEGF ( £), ruling out the possibility that the inhibitor
indiscriminately destroyed existing neurites. G, Addition of the P13-Akt signaling pathway inhibitor wortmannin to explants that
also received 50 ng/ml VEGF nearly eliminated neuritic outgrowth seen with VEGF alone. Application of wortmannin to untreated
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roles apart from vascularization, including
astroglial proliferation and neuroprotection
(see below). At this juncture it seems clear
that VEGF plays pleiotrophic roles in the
CNS that include cellular growth, prolifera-
tion, and protection (Oosthuyse, 2001; Jin et
al., 2002).

In the present study we have used orga-
notypic cortical explants as a model of
neuropil development as well as primary
cortical neurons to determine direct neu-
rotrophic properties of VEGF on embry-
onic CNS neurons. Because of VEGF
downregulation after birth and the lack of
genetically modified animals (Fong et al.,
1995; Shalaby et al., 1995; Carmeliet et al.,
1996), hypotheses about the role(s) of
VEGF in brain development have thus far
been inferred from its observed upregula-
tion after trauma (i.e., an increase in vas-
cularization, stimulated largely by VEGF,
would provide metabolic support for a
growing neuronal population). A role for
VEGEF actions on CNS neuronal growth
and development has not been detailed
previously. A past study showed that
VEGF application to ventral mesence-
phalic explants increased MAP-2™ neu-
rites and promoted the survival of dopa-

cultures had no discernable effect (not illustrated). Scale bars: (in () A-C, 100 wm; (in G) D-G, 125 m.

V50 V50 Cc

+ASK

180— - o

Figure 5.  Antisense treatment of explants reduces flk-7 protein. Western blots show that
the strong appearance of the flk-7 doublet of protein bands at ~180 kDa after treatment with
50 ng/ml VEGF (V50) is substantially reduced after flk-7 AS-ODN treatment (V50 + ASK) and is
comparable with the control (C).

directly emerging from a neuronal profile. In most instances neu-
ritic growth was too extensive to measure branching points or
absolute length accurately. At all VEGF doses (10—100 ng) signif-
icant trophic effects on primary neurons were found. After VEGF
application, an increase in neuronal diameter ranged between 27
and 40% higher than control neurons (Fig. 7A4). Quantitation of
neurites emerging directly from the soma showed an increase
over control ranging from 32% at 10 ng to 60% at 100 ng (Fig.
7B).

Discussion

VEGF is nominally considered the most potent angiogenic factor in
many biologic situations, including organogenesis, tissue repair, and
tumor growth. In the brain, VEGF and its flk- 1 and fIt-I receptors are
normally quiescent, because the angiogenic component of the cere-
brovasculature is practically nil. After a stroke or traumatic injury
VEGEF is intensely upregulated (Kovacs et al., 1996; Issa et al., 1999;
Marti and Risau, 1999), and it has been suggested that it functions as
a protective cytokine (Plate et al., 1999); its potential secretion by
vascular cells, glia, or neurons could induce neovascularization so as
to stabilize metabolic distress. Because of its strong expression in
nonvascular cell types after trauma, studies have explored VEGF

mine containing neurons (Silverman et al.,
1999). However, neither receptor media-
tion nor signaling pathways were examined, and it was argued
that other components in the explant cultures enhanced by VEGF
could have contributed to neuritic growth (see below). Similarly,
VEGF application to cultured adult dorsal root or autonomic
ganglia (peripheral structures normally competent to regenerate)
caused increased neuritic outgrowth and reduced apoptotic pro-
files compared with nontreated cultures (Sondell et al., 1999).
Chemical inhibition of the flk-1 receptor and the MAPK signaling
pathway attenuated the growth and survival effects; in addition,
VEGF appeared to be mitogenic for Schwann cells. Therefore,
VEGF appears to have nearly homologous actions on nonvascu-
lar elements both centrally and peripherally. In both systems
VEGEF induces neuritic growth and is also a potent mitogen for
astroglia (Krum et al., 2002; Krum and Khaibullina, 2003) and
Schwann cells (Sondell et al., 1999; Schratzberger et al., 2000).
The findings that VEGF application enhances neuronal
growth within an organotypic explant model inherently present
difficulties in accurately interpreting whether such effects are di-
rectly VEGF-receptor-mediated or indirectly mediated via fac-
tors produced by other neuropil cell types. Conceivably, after
VEGF application the rapid increases in angiogenesis (Rosenstein
et al., 1998) may initiate a cascade of signaling events or the
production of endothelial-derived BDNF (Leventhal et al., 1999;
Louissaint et al., 2002), which could then affect neuronal growth
or migration. Moreover, astrocytes, when activated, can produce
asubstantial cadre of trophic factors, including VEGF (Eddleston
and Mucke, 1993; Jjichi et al., 1995; Ment et al., 1997; Krum and
Rosenstein, 1998), any number of which could interact with ad-
jacent neurons. This scenario within the organotypic explant
could be indicative of what might occur in situ, except for the
absence of circulation and continual blood-brain barrier-
controlled amino acid and glucose transfer from the blood. To
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Figure6.  VEGF trophiceffects on primary cortical neuronal cultures. A, Survey micrograph of
untreated cultured primary cortical neurons grown in serum-free media immunostained for
TUJ1 shows reasonable survival and growth. B, Survey micrograph of sister culture of cortical
neurons after 100 ng/ml VEGF shows extensive TUJ1 * neuritic outgrowth extending between
neuronal clusters. C, Clusters of TUJ1 ™ neurons in untreated culture. D, Neuronal cluster after
50 ng/ml VEGF shows longer and more branched interconnecting neuritic processes. £, Two
isolated neuronsin control culture. £, Pair of isolated neurons in a 10 ng/ml VEGF-treated culture
show increased neuritic outgrowth from cell body. G, Isolated cortical neurons in serum-free
primary culture after 50 ng/ml VEGF immunostained for flk- 7. H, Sister culture to G shows lack of
neuritic outgrowth from flk-7 ¥ neuronal somata after incubation with 50 ng/ml VEGF with
AS-ODN to flk-1. Scale bars: (in B) A, B, 100 m; (in F) (—=F, 80 wm; (in H) G, H, 100 um.
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Figure7. Quantitative assessment of VEGF-induced trophic effects on primary cortical neu-
rons. Top, Absolute measurements of neuronal somata across the broadest diameter through
the nucleus shows a significant increase in size at all VEGF doses ranging between 27% at 10
ng/ml and 40% at 100 ng/ml. Bottom, VEGF application produced a significant increase of
neurites emerging from neuronal somata at all doses ranging up to 60% at 100 ng/ml.

determine whether VEGF produced a direct neurotrophic effect,
we also used primary cortical neuronal cultures, in which the
potential contributions of stimulated endothelia and astrocytes
were not an issue. The primary neuronal cultures allowed us to
measure directly the substantial structural changes in VEGEF-
treated neurons with respect to somal size and neuritic out-
growth. In both the explant and primary culture models, addition
of AS-ODN to the flk-1 receptor nearly abolished the neuritic
outgrowth, whereas AS-ODN to the fIt-1 receptor had no effect.
In a previous study (Silverman et al., 1999), we applied neutral-
izing antibody to VEGF in ventral mesencephalic explants and
found that it eliminated angiogenic effects but not neuritic out-
growth. It was suggested that VEGF receptors on vessels could be
of lower affinity than those on neurons. Although specific recep-
tor mediation of VEGF actions on neurons were demonstrated in
the present study, it cannot be ruled out that other factors pro-
duced in the explant model (or potentially in an in situ situation)
may have played an indirect or synergistic role in neuritic growth.
An additional important avenue of investigation would be the
examination of neuropilin, a coreceptor with flk-1 for both VEGF
and semaphorin; this association with a neuritic guidance system
suggests that VEGF may be involved in the coordination of vas-
cular and neuronal growth. It is interesting to note that VEGF
application to primary cortical neurons produced comparable
structural growth effects such as increased somal size and neurite
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outgrowth that GDNF induced on cultured primary dopamine
neurons (Lin et al., 1993).

Recent studies have indicated that VEGF can play a neuropro-
tective role for cultured CNS neurons injured by either hypoxia—
ischemia, serum deprivation, or excitotoxicity (Jin et al., 2000a,b;
Matsuzaki et al., 2001; Wick et al., 2002). In these models, VEGF
application prevented neuronal apoptosis via activation of the
PI3/Akt signaling cascade. However, an additional study showing
VEGEF protection of hippocampal neurons exposed to NMDA
indicated that this pathway was not affected (Svensson et al.,
2002). The protective effects demonstrated in these neuroprotec-
tion assays were mediated via the flk-1 receptor. VEGF could
target flk-1 on neurons and promote signaling pathways that ac-
tivate the Bcl-2 family for anti-apoptotic activity (Jin et al., 2000b;
Matsuzaki et al., 2001). However, for challenged neurons that
have functional glutamate receptors, the constitutive expression
of flk-1 or its coreceptor neuropilin-1 alone can mediate protec-
tion (Svensson et al., 2002). The present results show that both
the PI3/Akt and the MAPK (MEK1) signaling pathways are in-
volved in VEGF neurotrophic effects because the appropriate
inhibitors nearly eliminated neuritic outgrowth. Our AS-ODN
results indicate that the flk-1 receptor mediates outgrowth, but
AS-ODN to flk-1 also blocked the neuroprotective effects of
VEGEF against glutamate toxicity (Matsuzaki et al., 2001), sug-
gesting possible multiple roles for this receptor within the context
of the PI3/Akt and MEK]1 signaling pathways. The latter path-
ways may be operational in VEGF-mediated neuritic growth in
the peripheral nervous system (Sondell et al., 1999), whereas the
former pathway is well known for mediating cell survival.
Whether there is greater neuronal survival in our normoxic
VEGEF-treated explants under serum-free conditions is currently
under study. If VEGF application caused increased neuronal
numbers within explants, it could account for the appearance of
a more extensive carpet of neurites, but the primary culture data
are strongly supportive of a direct VEGF-induced growth effect
on individual neurons.

Although available data point to the neuroprotective actions
of VEGF being mediated via the PI3/Akt or MEK1 pathways,
mechanistically, on a cytoskeletal/cytoplasmic level, how VEGF
achieves its neurotrophic effects remains to be elucidated. Micro-
tubules are one of the most prominent cytoskeletal organelles and
are involved in many important neuronal functions, including
growth, structural stability, shape, plasticity, cAMP-dependent
kinase phosphorylation, and maturation (Matus, 1988; Tucker,
1990; Hayes et al., 1995). VEGF application to CNS neuronal
cultures upregulated both the expression and mRNA of MAP-2
and TU]J1, proteins that directly reflect the neuronal microtubule
content, in a dose-responsive manner and quantitative differ-
ences in neurite content could be observed. It is an intriguing
speculation that VEGF may affect the transcriptional regulation
and translation of neuronal microtubular proteins and play a role
in somatodendritic growth and maturation, although the up-
regulation of these proteins could be secondary to a different, as
yet unknown, growth effect. Neuronal microtubules are well
known to be rapidly downregulated (disassembled) by almost all
forms of trauma, including hypoxia/ischemia (Kitagawa et al.,
1989; Inuzuka et al., 1990; Folkerts et al., 1998). Because VEGF
actions indicate an anti-apoptotic component (Jin et al., 2000;
Larrivee and Karsan, 2000), it could have the potential to atten-
uate microtubule proteolytic dissolution that ultimately leads to
cell death. Part of the neuroprotective activities of VEGF might
include the modulation of both depolarization and activation of
calcium-dependent proteolytic enzymes that serve to dissolve
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microtubular components. VEGF appears to upregulate certain
developmentally regulated proteins, including NSE, a glycolytic
enzyme unrelated to microtubular biology, that are downregu-
lated in CNS injury. Whether VEGF can be shown to stabilize
such proteins could have important ramifications for potential
application in brain repair.

Although VEGF has long been recognized as a primary vascu-
lar proliferation factor, several studies have now shown that the
cytokine has direct protective and trophic effects on neurons in-
dependent of a vascular component. Additional study of the sub-
cellular effects of the VEGF molecule on different elements of the
neuropil may reveal that it is involved in a number of seminal
aspects of CNS development and repair.
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