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Abstract

S100B is a soluble protein secreted by astrocytes that exerts
pro-survival or pro-apoptotic effects depending on the con-
centration reached in the extracellular millieu. The S100B
receptor termed RAGE (for receptor for advanced end gly-
cation products) is highly expressed in the developing brain
but is undetectable in normal adult brain. In this study, we
show that RAGE expression is induced in cortical neurons of
the ischemic penumbra. Increased RAGE expression was
also observed in primary cortical neurons exposed to excito-
toxic glutamate (EG). S100B exerts effects on survival path-
ways and neurite extension when the cortical neurons have
been previously exposed to EG and these S100B effects were

S100B is a small EF-hand Ca®*-binding protein abundant in
the cytoplasm of brain astrocytes (Kligman and Hilt 1988).
S100B has several intracellular actions, including regulation
of Ca** homeostasis (Xiong et al. 2000), control of micro-
tubule stability (Sorci ef al. 2000) and modulation of mitosis
(Donato 2003). S100B can be secreted from glial cells to the
extracellular space by a poorly defined mechanism that is
insensitive to the endoplasmic reticulum-Golgi trafficking
inhibitor brefeldin (Davey ef al. 2001) yet is sensitive to
SHT;5 agonists (Azmitia and Whitaker-Azmitia 1991,
Ahlemeyer et al. 2000; Ramos et al. 2004), to fluoxetine
(Manev et al. 2001; Tramontina ef al. 2008), and to severe
metabolic stress induced by oxygen-glucose-serum depriva-
tion (Gerlach et al. 20006).

Brain trauma induces S100B release from astrocytes and
increased S100B levels are found in CSF and peripheral
blood in a number of pathological states and neurodegener-
ative diseases, such as ischemic stroke, traumatic brain
injury, and Alzheimer’s disease (Van Eldik and Griffin 1994,
Rothermundt et al. 2003; Braga et al. 2006).
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prevented by anti-RAGE blocking antibodies. Furthermore,
nuclear factor kappa B (NF-kB) is activated by S100B in a
dose- and RAGE-dependent manner and neuronal death
induced by NF-kB inhibition was prevented by S100B that
restored NF-kB activation levels. Together, these findings
suggest that excitotoxic damage can induce RAGE expres-
sion in neurons from ischemic penumbra and demonstrate
that cortical neurons respond to S100B through engagement
of RAGE followed by activation of NF-kB signaling. In addi-
tion, basal NF-«B activity in neurons is crucial to modulate the
extent of pro-survival or pro-death S100B effects.
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S100B has dose-dependent effects on neurons. Nanomolar
levels of S100B protect neurons from stress-induced apop-
tosis (Ahlemeyer et al. 2000; Kdgel et al. 2004), stimulate
neurite outgrowth and MAP-2 expression (Reeves et al
1994; Nishi et al. 1997, 2000) and modulate long-term
neuronal plasticity (Nishiyama et al. 2002). However, expo-
sure to micromolar S100B concentrations increases [3-
amyloid neurotoxicity (Businaro ef al. 2006) and causes
neuronal apoptosis (Hu et al. 1997).
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The receptor for advanced glycation end products
(RAGE) is a member of the immunoglobulin superfamily
and can be bound by several ligands, including S100B
(Hofmann et al. 1999; Rong et al. 2005; Ramasamy et al.
2009). The pro-survival effects of S100B in neurons appear
to be due to RAGE-mediated nuclear factor kappa B
(NF-xB) activation which, in turn, induces transcription of
Bcl-2 and other anti-apoptotic genes (Alexanian and
Bamburg 1999; Huttunen et al. 2000; Kdgel et al. 2004).
In contrast, the toxic effect of micromolar S100B exposure
apparently relies on production of reactive oxygen species,
cytochrome C release from mitochondria and caspases
activation (Vincent et al. 2007).

Little is known about the role of the SI00B/RAGE axis in
brain ischemia. Penumbral neurons are exposed to large
quantities of S100B, released from reactive astrocytes, and
neurons expressing RAGE have been detected after exper-
imental and human brain ischemia (Qiu et al. 2008; Zhai
et al. 2008; Hassid et al. 2009). The present study was
designed to investigate whether extracellular S100B affects
neuronal outcome in conditions that mimic the ischemic
penumbra. We demonstrate that RAGE expression is selec-
tively induced in neurons from ischemic penumbra and show
that RAGE expression is induced in primary cortical neurons
exposed to glutamate excitotoxicity. This enables increased
sensitivity to S100B-induced survival and death. We then
demonstrate that S100B-induced survival effects are RAGE-
and NF-xB-dependent and show that basal NF-kB activity
determines the prevalence of pro-death or pro-survival
S100B effects in neurons.

Experimental procedures

Reagents

Cell culture reagents were obtained from HyClone (Logan, UT,
USA) and Invitrogen (Carlsbad, CA, USA). Antibodies were
purchased from Chemicon (Temecula, CA, USA; anti RAGE cat#
MABS5328; anti-NeuN cat# MAB377); from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA; anti- NF-kB p65 cat# sc-372, anti-
Bel-XL cat# sc-634; anti- alkB cat# sc-371) and Cell Signaling
Technologies (Beverly, MA, USA; anti-phospho p65 (Ser 536) cat#
3036). The horseradish peroxidase-conjugated secondary antibodies,
biotinilated antibodies, extravidin complex, glutamate, S100B
purified from bovine brain and other chemicals were obtained from
Sigma (St Louis, MO, USA). Secondary fluorescent antibodies were
from Jackson Immunoresearch (West Grove, PA, USA). The
enhanced chemiluminescence used in the detection of immuno-
reactive bands was purchased from Pierce (Rockford, IL, USA).

Cortical devascularization

Adult male Wistar rats (250-300 g) obtained from the Animal
Facility of the Pharmacy and Biochemistry School, University of
Buenos Aires, were used in this study. Animals were housed in a
controlled environment (12/12-h light/dark cycle, controlled humid-
ity and temperature, free access to standard laboratory rat food and
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water) under the permanent supervision of a professional technician.
All surgical procedures were performed under gas anesthesia
induced with sevofluorane (4% vol/vol). Animals were subjected
to a unilateral cortical devascularization as previously described
(Herrera and Robertson 1989; Figueiredo et al. 1993; Angelo et al.
2009). All efforts were made to reduce the suffering and the number
of animals used. The animal care for this experimental protocol was
in accordance with the NIH guidelines for the Care and Use of
Laboratory Animals, the principles presented in the Guidelines for
the Use of Animals in Neuroscience Research by the Society for
Neuroscience, the ARRIVE guidelines and it was approved by the
CICUAL committee of the School of Medicine, University of
Buenos Aires.

Fixation

After various recovery times [3, 7 or 14 days post-lesion (DPL)],
animals were deeply anaesthetized with ketamine/xylazine (90/
10 mg/kg, i.p.) and were perfused through the left ventricle as
described (Aviles-Reyes ef al. 2010). Brains were cryoprotected,
snap frozen and coronal 25-50 pum thick brain sections were cut
using a cryostat. Free floating sections were kept in a cryoprotective
solution (30% glycerol, 20% ethylene glycol in 0.05 M phosphate
buffer) at —20°C until use.

Immunohistochemistry

Brain sections of animals belonging to the different experimental
groups were simultaneously processed in the free floating state
(Angelo et al. 2009; Aviles-Reyes et al. 2010). Controls for the
immunohistochemistry procedure were routinely performed by
omitting the primary antibody. Photographs were taken in a Zeiss
Axiophot microscope (Carl Zeiss, Oberkochen, Germany) equipped
with an Olympus Q-Color 5 camera or in an Olympus I[X-81
inverted microscope equipped with a DP71 camera (Olympus,
Tokyo, Japan).

Primary neuronal culture

The cortical neuronal cultures were prepared from embryonic day
(E) 16 Wistar rats according to Goslin et al. (1988) with minor
modifications. Briefly, cortical neurons were dissociated by treat-
ment with 0.25% trypsin followed by trituration through a Pasteur
pipette. Cells plated at a density of 1 x 10° or 7 x 10* cells/cm® on
poly-D-lysine-coated plastic dishes or glass coverslips, respectively,
and maintained for up to 10 days in NeuroBasal medium (Invitro-
gen) supplemented with 2% B27 (Invitrogen) and 0.5 mM gluta-
mine. Induction of excitotoxicity in neurons was performed after
7 days in vitro (7 DIV) by extracting 50% of culture medium and
adding glutamate (final concentration 300 puM) or control buffer.
After 5 or 10 min, the medium was completely removed, cells were
washed and a mixture of 50% conditioned medium and fresh
medium containing B27 was added. Neurons were incubated during
additional 20 h before lysing them in NP-40 buffer as shown below.
For immunocytochemistry, neurons were washed with cold phos-
phate-buffered saline (PBS) and fixed with 4% paraformaldehyde
plus 4% sucrose in PBS pH 7.2 for 15 min at 18-25°C. Cells were
then washed three times with cold PBS and permeabilized with
0.1% Triton X-100. The procedure was then followed as stated for
tissue sections. After finishing the immunofluorescence protocol,
slides containing primary cortical neurons were rinsed with PBS and
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incubated with a solution of Hoechst 33342 (2 pg/mL in PBS), in a
dark chamber, for 5 min at 18-25°C. After further rinses in PBS, the
coverslips were mounted on gelatin-coated slides, using a solution
of glycerol 30% in PBS

Exposure to S100B

S100B purified from bovine brain (Sigma) was dissolved in PBS to
1 mg/mL, sterile filtered and stored in aliquots at —80°C. This value
is equivalent to 50 uM of S100B dimer. Neuronal cultures were
exposed to S100B in neurobasal-B27 medium. Alternatively,
neurons were exposed for 24 h to S100B plus sulfazalazine
2.5 M to perform the NF-kB loss of function experiments. The
RAGE blockage experiments were done by exposing neurons to
anti-RAGE blocking antibody (MAB 5328; Chemicon) that recog-
nizes RAGE extracellular domain (Fiuza et al. 2003; Chou et al.
2004). Neurons were exposed to 1.5 pg anti-RAGE or unrelated
mouse IgG for 2 h and then exposed to different concentrations of
S100B.

Immunoblotting

Neurons were homogenized in NP-40 lysis buffer [10 mM Tris
(pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 10% glycerol], with
protease inhibitors cocktail (Sigma), phenylmethylsulfonyl fluoride
I mM and sodium vanadate 10 mM. Cortical areas of animals
subjected to cortical devascularization (CD) were homogenized in
modified RIPA lysis buffer for tissues (150 mM NaCl; 50 mM
Tris; 1 mM EDTA; 1% Triton X-100; 1% sodium deoxycholic
acid; 0.1% sodium dodecyl sulfate and protease inhibitors).
Proteins were determined using bovine serum albumin (BSA) as
standard using the BCA assay (Pierce). Samples with equivalent
protein content were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, and proteins were transferred
onto nitrocellulose membrane. The membrane was blocked in Tris-
buffered saline/Tween [10 mM Tris (pH 8.0), 150 mM NacCl, 0.2%
Tween 20] added with 5% (w/v) dried skim milk powder. The
primary and secondary antibody incubations were carried out in
the blocking solution. Immunoreactive bands were detected using
the enhanced chemiluminescence solution (Pierce) and AGFA
films.

Quantitative studies

Morphometrical studies to analyze dendrite length per neuron were
performed on microscopy images taken from cell culture labeled
slides with the NeuronJ plugin for the NIH Imagel] software
(Meijering et al. 2004). Using this software, we analyzed 20-30
neurons per field, 8-10 fields (20x primary magnification), per
experimental condition in each experiment and the total dendrite
length of MAP-2+ projections was measured. Experiments were
repeated 3—4 times with similar results. Neuronal death was
evaluated in Hoechst stained sections by quantifying the percentage
of neurons showing apoptotic cell bodies or pycnotic nuclei.
Nuclear p65 localization was determined in p65/Nf-200 KDa or
p65/NeuN stained sections. Immunoreactive bands in western blot
studies were analyzed with the NIH ImageJ software and intensity of
bands related to the loading control. Statistical analysis was
performed by one-way anova and Student-Newman—Keuls post-
test. Significance was set at p < 0.05. Data were presented as
mean £ SEM unless stated different.
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Results

RAGE expression is induced in cortical neurons after brain
ischemia

RAGE expression is prominent during CNS development,
but RAGE protein is undetectable in the normal adult brain.
As previous reports have shown that brain hypoxia or
ischemia can induce RAGE expression, we set out to
identify RAGE-expressing cells in brains subjected to CD-
induced ischemia. Figure S1 shows that the ischemic lesion
induced by CD affected the cortical layers I-IV. The necrotic
core was noted by the absence of individual cells and the
penumbra displayed pyknotic nuclei and profuse reactive
gliosis. Figure 1(a) and (b) shows that RAGE was expressed
in cells with neuronal morphology in the ischemic penum-
bra, while contralateral hemisphere only showed a very
weak RAGE staining in blood vessels endothelium (Fig. 1f).
The morphology of RAGE expressing cells were of two
main classes: pyramidal-like neurons with a dense cytoplas-
mic RAGE staining and non-distinguishable nucleus
(Fig. 1c) and rounded-shaped neurons with a membrane-
like staining and negative nucleus (Fig. 1d). Both types of
RAGE+ neurons were present in the ischemic penumbra
surrounding the ischemic core (see schematic representation
in Fig. le). Figure 1g shows that RAGE+ cells co-stain with
neuron-specific enolase but not with glial fibrillary acidic
protein (GFAP) (Figure S2). In addition, 200 KDa-neurofi-
lament (Nf-200 KDa) immunostaining was observed on
RAGE+ neuronal projections (Figure S2). Therefore, we
conclude that RAGE+ cells are neurons.

RAGE+ neurons showed pyknotic as well as normal
Hoechst-stained nucleus (Fig. 1g). These RAGE+ cells
were prominent at 3 DPL, 7 DPL but only isolated neurons
retained RAGE staining by 14 DPL (data not shown).
Immunoblot analyses demonstrated that RAGE expression
increased from 3 DPL to 7 DPL in the ipsilateral hemi-
sphere (Ipsi) becoming undetectable after 14 DPL (Fig. 2).
Interestingly, RAGE expression reached the maximal level
before the apparent peak of reactive gliosis detected by the
over-expression of astroglial markers GFAP and Vim that
have a maximal abundance at 7 DPL and 7-14 DPL,
respectively.

Glutamate excitotoxicity or S100B exposure induce RAGE
expression in cortical primary neurons

In our next set of experiments, we studied the mechanisms
responsible for the specific localization of RAGE in the
ischemic penumbra neurons. For that purpose, we prepared
primary cortical neurons (7 DIV) and exposed them to an
excitotoxic stress that mimics the conditions of ischemic
penumbra. Figure 3a shows that 5 or 10 min exposure to
300 uM glutamate increased RAGE expression in cortical
neurons and increased the level of Sp1 transcription factor in
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RAGE

Hoechst Merge

Fig. 1 RAGE expression in neurons from the ischemic penumbra
analyzed 3 days post-lesion (3 DPL). (a) Low magnification photo-
graph showing the relative localization of RAGE+ neurons to the
ischemic core (Co), bar = 10 um. (b—d) Larger magnification details of
the different morphology of RAGE+ neurons, bar =20 um (b) and
25 um (c, d). (e) Schematic representation of the relative localization

these cells. Spl has been previously demonstrated to be
involved in the control of RAGE expression (Li and Schmidt
1997; Li et al. 1998). Spl-dependent transcription is effi-
ciently stimulated by hypo-osmolar exposure (Ramos et al.
2007) and Fig. 3b shows that neurons exposed to hypo-
osmolar medium (50% osm, 160 mOsm/kg) also increased
RAGE expression. RAGE ligands are known to enhance
RAGE expression and in our next experiments we asked if
S100B was able to induce RAGE expression in cortical
neurons. As shown in Fig. 3c, control primary cortical
neurons treated with different S100B doses showed increased
RAGE expression only at the highest SI00B dose (7.5 uM
S100B). S100B did not significantly increase RAGE expres-
sion in glutamate-exposed neurons (Fig. 3c).
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of ischemic lesion core (Co) and the RAGE+ neurons (*). (f) Contra-
lateral hemisphere showing absence of RAGE+ neurons. (g) Double
immunostaining of the ischemic lesion showing neuron-specific eno-
lase (NSE) (green)/RAGE (red) co-expression, bar = 10 um, the inset
shows a larger detail of a RAGE+/NSE+ neuron.

S100B effects on neurons exposed to glutamate-induced
excitotoxicity

We next asked if the response of neurons to S100B was
altered by glutamate exposure. Although micromolar S100B
had a significative effect affecting survival of control primary
neurons, the previous exposure to an excitotoxic pulse of
glutamate potentiated S100B pro-survival or pro-death effects
at nanomolar and micromolar concentrations, respectively
(Fig. 4a). We then asked if the S100B effects observed in
glutamate-exposed cells were actually RAGE-dependent,
using a RAGE-neutralizing antibody. Figure 4b shows that
50 nM S100B increased cell survival, while RAGE blockage
restored cell death in glutamate-exposed neurons. RAGE
blockage also reduced the killing induced by high concen-
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Fig. 2 Time—course of RAGE expression in brain cortical extracts
from animals subjected to ischemia. Animals were killed at 3, 7 or
14 days post-ischemic lesion (DPL). Ipsilateral hemisphere (Ipsi) and
contralateral hemisphere (CL) were dissected and soluble cortical
brain extracts were analyzed by immunoblot, actin was used as
internal loading control.

tration of S100B (Fig. 4b). Surprisingly, RAGE blockade
reduced neuronal survival in control neurons, even in the
absence of S100B (Fig. 4b). Together, these data indicate that
after excitotoxicity, S100B effects are RAGE-dependent and
that RAGE mediates survival signaling in control neurons.
S100B can also induce neurite outgrowth and in our next
experiments, we asked whether the neurite extension ability
of S100B was modified by excitotoxicity and if it was RAGE
dependent. In control neurons, MAP-2+ neurite outgrowth
was modestly stimulated by 1 uM S100B and this was
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abolished by exposure to the RAGE-blocking antibody.
Exposure to excitotoxicity increased neurite extension in the
surviving neurons exposed to 50 nM and 1 uM S100B and
again, RAGE blockage abolished these effects (Fig. 5).
These data indicate that neurite extension by S100B is a
RAGE-dependent effect and is potentiated by the previous
excitotoxic stress.

S100B exposure induces NF-kB activation in primary
cortical neurons

NF-kB activation is a hallmark of RAGE engagement
(Hofmann et al. 1999; Huttunen et al. 1999; Rong et al.
2005; Ramasamy ef al. 2009) and we therefore asked
whether S100B activates NF-xB and if the activation was
RAGE-dependent. Primary cortical neurons were exposed to
S100B for 3 h in presence or absence of RAGE-neutralizing
antibodies. As shown in Fig. 6a, p65 subunit nuclear
localization was increased in S100B-treated neurons, an
effect reduced by RAGE-blocking antibodies.

The transcriptional activity of p65 (relA), the most
abundant NF-kB subunit in neurons, is increased by
phosphorylation of the transactivation domain region at
Ser536 (Chen and Greene 2004; Ho et al. 2005; Ridder and
Schwaninger 2009). In next experiments, we analyzed a
number of molecules involved in S100B-induced NF-xB
activation and studied p65 phosphorylation. Figure 6b shows
that S100B exposure induced a dose-dependent degradation
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Fig. 3 Induction of RAGE expression by
stressful stimuli. (a) RAGE expression in
primary cortical neurons induced by a glu- (c) s1008 0 18 nM 150 /M 7.5 uM
tamate pulse of 300 pM during 5 or 10 min Glutamate g S5 i S L i
| lut 1 ivel -
(glut 5 or glut 10, respectively) and ana GG.6 wm on . B RAGE

lyzed 24 h later. (b) RAGE expression in-
duced by hypo-osmolarity (50% Osm,
160 mOsm/Kg) during 20 h. (c) RAGE
expression induced by 24 h exposure to
S100B. Neuron-specific enolase (NSE) was
used as loading control. The graph shows
the quantification of RAGE/NSE ratio
(n=3). Data were analyzed by one-way
ANovA and Student-Newman—Keuls post-
test (*p < 0.05). Both in a, b and ¢ experi-
ments RAGE run as a double band, in a, b
bands were separated using a 15% sodium
dodecyl sulfate—-PAGE gel, whereas in c a
12% gel was used.
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Fig. 4 Neuronal survival is modified by
S100B. (a) Primary cortical neurons were
exposed to vehicle or to glutamate 300 puM
for 10 min and 24 h later to different S100B
concentrations as shown. Representative
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pictures of microscopic fields obtained with
phase contrast and the quantification of
neuronal death with statistical comparisons
made against the respective (no-S100B)
control are shown. (b) Quantification of
neuronal death after a similar experiment
but including a RAGE-blocking antibody
(Ab) and only two S100B doses. The num-
ber of dying neurons was determined by
nuclear morphology with Hoechst staining
and expressed as percent of dying neurons
per field. Data were analyzed by one-way
ANovAa and Student-Newman—Keuls post-
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of IkB in control neurons and previous exposure to glutamate
rendered a trend to further degradation of IxB. The analysis
of Ser536 showed that phosphorylation at this residue of p65
was increased by S100B in a dose-dependent manner and
that previous exposure to glutamate significantly enhanced
phosphorylation at this site (Fig. 6b). Hypo-osmolar expo-
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Glutamate-exposed

test (*p < 0.05; **p < 0.01; ***p < 0.001).

sure also increases Ser536 phosphorylation level and
enhances IkB degradation in primary cortical neurons
(Fig. 6¢). We conclude that S100B activates NF-kB in a
dose- and RAGE-dependent manner and previous glutamate
exposure potentiates S100B-induced NF-kB activation by
increasing phosphorylation of p65 subunit.
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Fig. 5 Dendrite extension induced by
S100B. Quantification of the MAP-2+ neu-
rite projections in low-density primary corti-
cal neuronal culture exposed to the
glutamate pulse and S100B in presence or
absence of RAGE-blocking antibodies and
immunostained for MAP-2. Data were ana-
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Effects of NF-kB blockage on primary cortical neurons
exposed to glutamate and S100B

Constitutive NF-kB activity is present in cortical neurons and
it is required for neuronal survival in vitro (Bhakar et al.
2002). As S100B induces NF-«kB activation, we asked if
S100B could be able to prevent the neuronal death induced
by the chemical blockage of NF-kB with sulfasalazine (SFZ),
a drug that prevents kB degradation. For that purpose, we
first determined that 2.5 pM SFZ was the lowest SFZ dose
that reduced neuronal survival in dose-response studies (data
not shown). Then, we treated control or glutamate-exposed
primary cortical neurons with 2.5 pM SFZ in presence or
absence of S100B. Figure 7(a) and (b) show that SFZ
treatment drastically reduced neuronal survival, however,
when neurons were co-incubated with SFZ and S100B,
neuronal survival was restored to control values. Previous
glutamate exposure improved the survival of SFZ-exposed
neurons, probably because of activation of NF-xB signaling
by glutamate (Fig. 7a and b).

In our final experiments, we asked if S100B treatment was
able to restore the NF-kB activity in presence of NF-kB
blocker SFZ. Figure 7c shows that SFZ treatment reduced
NF-kB activation as shown by reduced IxB degradation,
reduced p65Ser536 phosphorylation and slight p65 accu-
mulation in the cytoplasmic compartment. However, the
reduction in NF-kB activation by SFZ was prevented by the
co-incubation with 1 utM S100B, as shown by the increase in
p65Ser536 phosphorylation, reduction of cytoplasmic p65
accumulation and partial restoration of IkB degradation
(Fig. 7¢). As RAGE expression is induced by NF-kB, we then
asked if the short 3 h treatment with SFZ was able to modify
RAGE abundance in these cortical neurons. As shown in
Fig. 7c, RAGE expression was not significantly changed by
3 h exposure to SFZ treatment, either in presence or absence
of S100B. We conclude that SI00B prevents NF-kB block-
age-induced death by partially restoring NF-xB activity.

Discussion

RAGE expression is induced in human and experimental
ischemia (Ma et al. 2003; Pichiule ez al. 2007; Qiu et al.
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2008; Zhai et al. 2008; Hassid et al. 2009). Here, we show
that RAGE-expressing neurons are present specifically in the
ischemic penumbra where a profuse reactive gliosis with
increased S100B expression has been demonstrated (Ramos
et al. 2004). Although it was believed that RAGE is
expressed only in dying neurons (Ma ef al. 2003), by
analyzing the nuclear morphology we found that RAGE
expression was present in both healthy and dying neurons.
RAGE expression seems to be controlled by a number of
transcription factors, including Spl; NF-kB and hypoxia
induced factor 1 alpha (HIF-1a) (Li and Schmidt 1997; Li
et al. 1998; Tanaka ef al. 2000; Pichiule ef al. 2007). In
cortical neurons, we observed that glutamate excitotoxicity-
induced RAGE expression and increased Spl abundance.
Kogel et al. (2004) showed that NMDA agonists are able to
increase RAGE mRNA and thus we assume that glutamate is
probably acting through this receptor to induce RAGE
expression. Brain edema, a common consequence and
clinical complication of acute ischemia can be modeled
in vitro by hypo-osmolar exposure of cell cultures and this
paradigm demonstrated to increase Sp1-dependent transcrip-
tion (Ramos et al. 2007; Kommaddi et al. 2011) and RAGE
expression (Fig. 3b). We confirmed that S100B, behaving
like a classical RAGE ligand, stimulates RAGE expression in
cortical primary neurons but found that S100B was unable to
further increase RAGE expression in glutamate-exposed
neurons. Together these data show that stressful stimuli
capable of activating Spl and/or NF-xB dependent tran-
scription increase RAGE expression in cortical neurons.
Nanomolar S100B levels protect neurons from excito-
toxicity when they are pre-incubated with S100B (Ahle-
meyer et al. 2000; Kogel et al. 2004) or are exposed to
S100B immediately after oxygen-glucose-deprivation (Pi-
chiule ef al. 2007). In an attempt to reproduce ischemic
penumbra environment where S100B is massively released
after ischemia, we added S100B to the culture medium and
showed that it rescues neurons from the glutamate-induced
neuronal death even when is applied 24 h after the primary
excitotoxic stimulus. However, we observed that micro-
molar S100B levels have a detrimental effect on glutamate-
exposed neurons. This result has an interesting correlation

Journal of Neurochemistry © 2011 International Society for Neurochemistry, J. Neurochem. (2011) 10.1111/j.1471-4159.2011.07207.x
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Fig. 6 NF-kB activation after S100B exposure. (a) Primary cortical
neurons were exposed to S100B for 3 h, double labeled for p65/NeuN
and the relative number of neurons with nuclear p65 was determined
with the Imaged Cell Counter plugin. (b) Neurons were exposed to
control medium or to glutamate 300 uM for 10 min and 24 h later
different S100B concentrations were added for additional 3 h. Neuron-
specific enolase (NSE) and GAPDH were used as loading controls.
The graphs show the densitometry of the immunoblots analyzed by

with studies showing that S100B over-expression precedes
delayed infarct expansion into the penumbra (Matsui ef al.
2002) and that inhibition of S100B over-production by
astrocytes may provide neuroprotection (Asano et al. 2005).
Using RAGE-neutralizing antibodies, we observed that
RAGE blockage in neurons exposed to excitotoxicity
abolishes the nanomolar S100B pro-survival effect and
prevents neuronal death induced by micromolar S100B,
thus supporting the hypothesis that S100B differential

© 2011 The Authors

one way Anova followed by Student-Newman—Keuls post-test. The
significance versus the respective control (non-glutamate exposed
neurons) (*p < 0.05; **p < 0.01; ***p < 0.001) or versus the glutamate-
exposed neurons (*p < 0.05; #¥p < 0.01; #*¥p < 0.001) is indicated. (c)
The effect of 20 h exposure to hypo-osmolarity in NF-xB activation
with densitometry is shown as a ratio of the band intensities versus
NSE loading control (***p < 0.001).

effects on neuronal survival are RAGE-dependent in these
conditions. RAGE-dependence of S100B pro-death effects
after excitotoxicity correlates with reports showing that
knockout mice lacking of RAGE or the RAGE blockade
induce a reduction in the brain infarct size (Muhammad
et al. 2008).

Extracellular S100B increases neurite outgrowth. Indeed,
S100B was originally described as a neurite extension factor
(Kligman and Marshak 1985; Zhou et al. 1995). S100B has

Journal of Neurochemistry © 2011 International Society for Neurochemistry, J. Neurochem. (2011) 10.1111/.1471-4159.2011.07207.x
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Fig. 7 NF-xB blockade effects in cortical
neurons. (a) Primary cortical neurons ex- (b)
posed to a glutamate pulse of 300 uM for
10 min or vehicle were exposed 24 h later
to S100B for additional 24 h in presence or
absence of 2.5 uM NF-«xB chemical inhibitor
sulfazalazine (SFZ). Representative photo-
graphs of microscopic fields obtained in an
inverted microscope with phase contrast
are shown. (b) Quantification of neuronal
survival after the experiment shown in panel
(a) with the number of surviving healthy (c)
neurons determined by Hoechst nuclear
staining. Data were analyzed by one-way
ANovA and Student-Newman—Keuls post-
test (*p<0.05; ***p < 0.001 versus the
respective control without S100B). (c) Fol-
lowing the same paradigm as in panel (a)
but exposing 3 h to S100B with or without
SFZ, cells were lysed and cytoplasmic ex-
tracts subjected to immunoblot to verify the
effect of S100B in restoring the NF-«xB
activity. Neuron-specific enolase (NSE) and
GAPDH were used as loading controls.

shown to reverse colchicine-induced collapse of microtu-
bules (Brewton ef al. 2001), to promote dendrite extension
(Nishi et al. 1997, 2000) and to regulate neurite outgrowth in
a neuroblastoma cell line (Huttunen ez al. 2000). We
determined that S100B stimulates dendrite outgrowth in the
surviving excitotoxicity-exposed neurons in a RAGE-depen-
dent manner. RAGE knockdown in primary cerebellar
granule neurons also inhibits neurite outgrowth in absence
of S100B, but probably by blocking some additional
autocrine RAGE signaling (Wang et al. 2008).

The downstream signaling after RAGE activation by
S100B in different cell types, including astrocytes, microglia
and neuroblastoma cell lines, is mostly attributed to NF-xB
activation (Donato 2007; Donato et al. 2009). In primary

© 2011 The Authors
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hippocampal neurons, Kogel et al. (2004) have described the
activation of a p65/cREL atypical NF-kB complex when
neurons were pre-incubated with S100B and then exposed to
NMDA. Considering that excitotoxicity activates NF-xB, we
used a different paradigm where neurons were exposed to the
excitotoxic pulse, and 24 h later incubated with S100B to
determine NF-xB activation. Our results indicate that SI00B
activates NF-kB in a RAGE-dependent manner and that
previous exposure to glutamate excitotoxicity significantly
increases p65 phosphorylation that is known to augment its
transcriptional activity (Perkins 2006). Interestingly, a prom-
inent increase in Ser536 phosphorylated p65 has been
demonstrated in the neurons of the ischemic penumbra
(Ridder and Schwaninger 2009).
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To further establish the NF-kB dependence of S100B
effects, we used the NF-xB inhibitor sulfasalazine (SFZ)
that reduced neuronal survival because basal NF-kB activity
is essential for neuronal survival in vitro (Bhakar et al.
2002). As expected, neuronal survival in presence of SFZ
was improved by S100B and this correlated with reduced
IxkB, reduced cytoplasmic p65 and partial recovery of
Ser536 phosphorylation, all indicative of active NF-kB.
Interestingly, SFZ has prevented the detrimental effects of
micromolar S100B on neurons exposed to glutamate,
probably by limiting the over activation of NF-kB pathway.
It has been previously described that S100B pro-survival
effects in chicken forebrain neurons and neuroblastoma
cells are NF-kB-dependent (Alexanian and Bamburg 1999;
Huttunen et al. 2000). We now propose that both the pro-
survival and pro-death S100B effects are mediated by
NF-kB. The basal NF-xB activity in neurons and the
S100B-induced level of NF-kB activity, probably deter-
mined by phosphorylation of p65 transactivation domain,
emerge as the main determinants for the prevalence of
pro-survival or pro-death S100B effects. The p65 phos-
phorylation is a key control point for NF-xB transcriptional
activity and over-activation of NF-kB in neurons contrib-
utes to cell death in ischemia (Zhang et al. 2005; Ridder
and Schwaninger 2009).

It is important to note that in vivo, RAGE is probably
interacting not only with S100B released form reactive
astrocytes, but also with other ligands released by the
neighboring necrotic core. Other RAGE ligands such as high
mobility group box 1 (also known as amphoterin or HMG-1)
released by the necrotic neurons from ischemic core can act
to recruit brain macrophages and promote inflammation
(Muhammad et al. 2008; Qiu et al. 2008) and high mobility
group box 1 blockade-ameliorated brain damage (Liu ef al.
2007; Kim et al. 2008; Muhammad et al. 2008).

In conclusion, we have shown that RAGE expression and
basal NF-«xB activity in neurons determine the beneficial or
detrimental effects mediated by S100B on neuronal survival
and dendrite extension. /n vivo in ischemic penumbra, the
convergence of different RAGE ligands are probably
contributing to the final response in target cells and defining
neuronal survival or death.

Acknowledgements

This work was supported by grants CONICET PIP1728 (AJR),
ANPCYT (grant PICT 2008-1590 to AJR and PICT 2005-34397 to
AGR) and IBRO Return Home Fellowship (AJR). RXAR, MFA and
AV are fellows from CONICET (Argentina). AJR and AGR are
researchers from CONICET (Argentina). We thank Ms Andrea
Pecile for her help with the animal care; Dr G. Paratcha, Dr F. Ledda
and Dr P. Barker for helpful discussion and revision of the
manuscript; Dr P. Power and Dr G. Gutkind for the initial
purification of S100B used in exploratory experiments.

© 2011 The Authors

Supporting information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Photocomposition showing the focal isquemia
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