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Abstract

Diverse nuclear factor-kB subunits mediate opposite effects of
extracellular signals on neuron survival. While RelA is acti-
vated by neurotoxic agents, c-Rel drives neuroprotective ef-
fects. In brain ischaemia RelA and p50 factors rapidly activate,
but how they associate with c-Rel to form active dimers and
contribute to the changes in diverse dimer activation for
neuron susceptibility is unknown. We show that in both corti-
cal neurons exposed to oxygen glucose deprivation (OGD)
and mice subjected to brain ischaemia, activation of p50/RelA
was associated with inhibition of c-Rel/RelA dimer and no
change p50/c-Rel. Targeting c-Rel and RelA expression
revealed that c-Rel dimers reduced while p50/RelA enhanced
neuronal susceptibility to anoxia. Activation of p50/RelA

Nuclear factor-kB (NF-xB) transcription factor acts in the
nervous system as a pleiotropic regulator of physiological
processes associated with neurodevelopment (Bakalkin ez al.
1993; Bhakar et al. 2002), synaptic activity and memory
formation (O’Neill and Kaltschmidt 1997; Meffert et al. 2003;
Levenson et al. 2004; Meffert and Baltimore 2005; O’Riordan
et al. 2006; Ahn et al. 2008). However, NF-kB activation is
also involved in the pathophysiology of neurological diseases
associated with neurodegeneration (Clemens et al. 1997;
O’Neill and Kaltschmidt 1997; Schneider et al. 1999), where
a dual role of NF-kB as regulator of apoptosis has been
demonstrated and widely discussed (Grilli et al. 1996;
Kaltschmidt ef al. 1999; Qin et al. 1999; Yu et al. 1999;
Mattson and Camandola 2001; Pizzi and Spano 2006). Work
over the last 10 years has shown that NF-xB is an inflamma-
tion and apoptosis regulator contributing to the subacute
pathogenesis of post-ischaemic injury (Schneider et al. 1999;
Nurmi et al. 2004; Herrmann et al. 2005; Crack et al. 2006).
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complex is known to induce the pro-apoptotic Bim and Noxa
genes. We now show that c-Rel-containing dimers, p50/c-Rel
and RelA/c-Rel, but not p50/RelA, promoted Bcl-xL tran-
scription. Accordingly, the OGD exposure induced Bim, but
reduced Bcl-xL promoter activity and decreased the content of
endogenous Bcl-xL protein. These findings demonstrate that
within the same neuronal cell, the balance between activation
of p50/RelA and c-Rel-containing complexes fine tunes the
threshold of neuron vulnerability to the ischaemic insult.
Selective targeting of different dimers will unravel new ap-
proaches to limit ischaemia-associated apoptosis.
Keywords: Bcl-xL, brain ischaemia, c-Rel, primary cortical
neurons, RelA, SK-N-SH.
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Cerebral ischaemia rapidly activates NF-kB in both neurons
and glial cells. However, experiments in mice expressing a
super-repressor form of [kBo in neurons or carrying a neuron-
targeted deletion of IkB kinase 2 gave compelling evidence
that NF-xB activation in neurons rather than in glia plays a
pivotal role in the ischaemic damage (Zhang et al. 2005).
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Nuclear factor-kB is a dimeric transcription factor that can
be formed by the assembly of five diverse proteins, p50, p52,
RelA (p65), RelB and c-Rel which, in combination, specify
the dimer trancriptional activity (Hoffmann et al. 2003). By
dissecting the different NF-kB components activated after
brief exposure to pro- or anti-apoptotic stimuli, recent
research has shown that the diverse NF-kB complexes are
involved in neurodegeneration in different ways. While
aberrantly activated p50/RelA dimers contribute to the
apoptotic program induced by glutamate or B-amyloid, the
c-Rel-containing dimers, p50/c-Rel and RelA/c-Rel, acti-
vated by interleukin-1p, S100B, agonists at metabotropic
glutamate type 5 (mGlu5) receptor and leptin, increase the
resistance of injured neuronal cells (Pizzi et al. 2002b, 2005;
Kogel et al. 2004; Valerio et al. 2008). To analyse which
subunit of NF-kB is involved in stroke, focal cerebral
ischaemia was induced in mice with selective deletion of pS0
(Schneider et al. 1999), p52 and c-Rel or with a conditional
deletion of RelA (Inta ef al. 2006). These studies showed
that only mice with p50 or RelA deficiencies have a reduced
infarct size when exposed to middle cerebral artery occlusion
(MCAO).

To examine the reciprocal assembly of RelA, p50 and c-Rel
subunits to form the NF-xB active dimers in response to
ischaemia, together with the role of diverse complexes in
modulating the neuronal vulnerability, we studied primary
cortical cells exposed to oxygen glucose deprivation (OGD)
and mice subjected to permanent MCAO. Our results indicate
that the nuclear content of p50/RelA complex increases in
neurons exposed to OGD as well as in ischaemic cortices of
mice subjected to MCAO, while the level of RelA/c-Rel
dimers decreases. No change was produced in p50/c-Rel
content. The p50/RelA and c-Rel-containing dimers exert
opposite modulation of the threshold of neuron vulnerability
by diversely affecting the transcription of Bel-2 family genes,
respectively Bim and Bcl-xL, which play a major role as
apoptosis regulators in brain ischaemia (Gillardon et al. 1996;
Graham and Chen 2001; Cao ef al. 2002; Inta et al. 2006).

By focusing on the specific role of different NF-xB
components in neuronal cell survival, this study suggests that
NF-kB selective inducers of c-Rel dimers as well as specific
inhibitors of aberrantly activated p50/RelA complexes should
have much higher beneficial effects in treating ischaemia than
the general blockers of NF-kB pathway tested to date.

Material and methods

Cell culture

Primary cultures of mouse cortical neurons

C57BL/6 mice were purchased from Charles River (Calco, Italy).
Fifteen-day embryonic mice were harvested with caesarean section
from anaesthetized pregnant dams. Cerebral cortices were isolated
and dissociated by manual dispersion with a fire-polished Pasteur
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pipette. Cells were plated at a density of 1.0 x 10° cells/cm? in 21-
em? culture dishes (Nunc, Langenselbold, Germany) for Western
blot and ELISA analyses, and in 2-cm? tissues culture dishes for the
viability studies. Cells were plated at the density of I1-
1.5 x 10° cells/em? in 8-cm? tissues culture dishes for transfection
experiments. Culture dishes were coated with 10 pg/mL poly-
L-lysine. The cells were plated in Neurobasal medium (Invitrogen
Corporation, Carlsbad, CA, USA) supplemented with 2% B27
(Invitrogen Corp.), 0.5 mM r-glutamine (EuroClone, Siziano, Italy)
and 50 U/mL penicillin/streptomicin (Euroclone). Three days after
plating, 50% of the medium was changed with fresh medium and,
subsequently, 50% of the medium was changed twice a week until
11 days in vitro (DIV).

SK-N-SH cell culture

The human SK-N-SH neuroblastoma cell line was purchased from
American Type Culture Collection (Rockville, MD, USA) and was
grown at 37°C in a humidified atmosphere of 5% CO,, 95% O, in
Dulbecco’s modified Eagle’s medium (DMEM) medium (Euro-
clone), supplemented with fetal calf serum (Euroclone), 4 mM
glutamine and 100 U/mL penicillin/streptomicin (DMEM+). When
exposed to retinoic acid (RA), the human SK-N-SH cells
underwent mitotic arrest and differentiated to a neuronal pheno-
type. For differentiation, SK-N-SH cells were incubated in
DMEM+ containing 50 pM RA (Sigma, St. Louis, MO, USA)
for 12—15 days, as previously described (Pizzi et al. 2002a). The
cells were plated at a density of 2.5 x 10° cells in 8-cm?® culture
dishes (Nunc) for both transfection experiments and viability
studies and 1.5 x 10° cells were plated in 21-cm® culture dishes
for western blot analyses.

Cerebral ischaemia models

Middle cerebral artery occlusion
As in vivo model of permanent focal cerebral ischaemia, a distal
MCAO was performed in mice, as previously described (Inta et al.
2006). Briefly, C57BL/6 mice (n = 8) were anaesthetized with i.p.
injection of 150 pL of 2.5% Avertin (Tribromoethanol, Aldrich
Chemical Co., Milwaukee, WI, USA) per 10 g of body weight. A
skin incision was made between the ear and the orbit on the left side.
The parotid gland and the temporal muscle were removed. The stem
of the middle cerebral artery was occluded by microbipolar
coagulation (Erbe, Tiibingen, Germany), maintaining the body at a
temperature of 37°C. The procedure was carried out under the
microscope so that the occlusion of the middle cerebral artery was
directly observed. For laser Doppler validation of the drop of
cerebral blood flow, the probe (P415-205; Perimed, Piscataway, NJ,
USA) was placed 3 mm lateral and 6 mm posterior to the bregma.
Relative perfusion units were determined (Periflux 4001; Perimed).
In a separate cohort of animals, the femoral artery was cannulated to
measure pH, pCO, and pO,, emoglobine, glucose and mean arterial
blood pressure, 15 min before and 15 min into MCAO. The
physiological parameters were superimposable to those previously
reported (Zhang et al. 2005; Inta et al. 2006). After 48 h, the mice
were deeply re-anaesthetized with Avertin and perfused intracardially
with Ringer’s solution. Measurements of the infarct size were
performed as previously described (Herrmann ez al. 2003). A separate
group of mice (n = 4) was killed 4 h after MCAO occlusion, and the
cerebral cortices were rapidly dissected for NF-«xB studies.
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Oxygen glucose deprivation

Oxygen glucose deprivation was performed on 11 DIV cortical
neurons and in differentiated SK-N-SH cells. Cells were incubated
with warm deoxygenated glucose-free balanced salt solution
[(containing in mM): 5.36 KCl, 116.35 NaCl, 0.81 MgSO, and
1.01 NaH,PO,) and transferred to an air-tight chamber fluxed with
an anaerobic gas mixture (95% N, and 5% CO,) for 10 min to
remove oxygen. The oxygen concentration was <0.4% throughout
the OGD period, as assessed by an oxygen analyzer (Servomex
580A, Taylor Servomex, Edenbridge, UK). Cortical neurons were
exposed to OGD at 37°C for 3 h. At the end of anoxic incubation,
cortical neurons were allowed to recover in Neurobasal medium
containing 0.4% B27 supplement under normoxic conditions for 2,
4 and 6 h before protein extraction or for 2, 6 and 24 h for the cell
death evaluation.

SK-N-SH neuronal cells were exposed to OGD for 3, 15 or 24 h.
Thereafter, they were replaced in fresh DMEM without serum for 4
or 24 h before protein extraction or for 24 h for evaluation of cell
viability. Control cell cultures were incubated with balanced salt
solution containing 5.5 mM glucose and bubbled with an aerobic
gas (95% CO, and 5% O,) in a normal aerated incubator for the
same periods. Neuronal injury was evaluated by measuring the
amount of lactate dehydrogenase (LDH) released into the culture
using the CytoTox 96® non-radioactive cytotoxicity assay (Pro-
mega, Madison, WI, USA). Duplicate LDH measurements were
made on OGD experiments, run in triplicate, from at least three
different cell cultures. LDH release was calculated relative to
releasable LDH obtained by incubating the cells for 30 min with 1%
Triton X-100 at the end of each experiment. A second measure of
cell viability was always made by detecting the conversion of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma)
to purple formazan (data not shown).

To evaluate apoptosis, the release of cytochrome ¢ was measured
2 and 6 h after OGD by immunoblot analysis of cytosolic extracts.
Terminal deoxynucleotidyltransferase-mediated ~dUTP-nick-end
labelling was performed using the kit purchased by Roche
Molecular Biochemicals (Indianapolis, IN, USA) according to the
manufacturer’s instructions.

Transfection with silencing RNA

Double-stranded small interfering RNA (siRNAs) corresponding to
homologous sequences of mouse c-Rel and RelA genes were
designed with 5’-phosphate, 3’-hydroxyl and two base overhangs on
each strand. They were synthesized by Qiagen (Valencia, CA,
USA). The following gene-specific sequences were used success-
fully: c-Rel siRNA sense, 5-CCGUGCUCCAAAUACUGCA-3’
and antisense, 3’-UGCAGUAUUUGGAGCACGG-5"; RelA siRNA
sense, 5-CUCUGAGAUCCUGCUUCCA-3" and antisense, 3’-
UGGAAGCAGGAUCUCAGAG-5". RelA siRNA from Santa Cruz
Biotechnology, Inc (sc-29411; Santa Cruz, CA, USA) was also used.
As a negative control (non-siRNA), the following sequences were
used: sense, 5’-UUCUCCGAACGUGUCACGU-3’ and antisense,
3’-ACGUGACACGUUCGGAGAA-5". The siRNAs were dissolved
in buffer [100 mM CH3COOK, 30 mM HEPES-KOH and 2 mM
(CH;C0O0),Mg, pH 7.4] to a final concentration of 20 puM, heated at
90°C for 60 s and incubated at 37°C for 60 min, before use, to
disrupt any higher aggregates that formed during the synthesis. Cell
transfection was carried out using RNAiFect Transfection Reagent
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(Qiagen). For every 2-cm” dishes, c-Rel siRNA from Qiagen
(0.8 pg per well) or a mixture of RelA siRNA from Qiagen (0.4 ng
per well) together with 26.5 nM RelA siRNA from Santa Cruz
Biotechnology was formulated with 6 pL of RNAiFect Transfection
Reagent, at 22°C for 10 min. To transfect cortical cultures, the
transfection complex was diluted in 300 pL of Neurobasal/B27
medium and added directly to the cells. It was replaced with fresh
Neurobasal/B27 3 h later for c-Rel siRNA and 24 h later for RelA
siRNA. Treatment with control fluorescein-conjugated siRNA
showed a transfection efficiency of about 80% (data not shown).
Time-course studies of c-Rel and RelA silencing showed that both
proteins were selectively reduced from 24 h up to 72 h, after the
transfection. The OGD experiments were performed 48 h after the
siRNA treatment.

Transfection with expression plasmids

Experiments of transfection with NF-kB expression plasmids were
performed in neuronally differentiated SK-N-SH cells because of
higher transfection efficiency obtained in these cells when compared
with cortical neurons (about 50%, data not shown). Transfection was
carried out according to the manufacturer’s instructions with
Lipofectamine 2000 Reagent (LF 2000; Invitrogen Corp.). The day
before transfection, neuronal SK-N-SH cells were incubated with
normal growth medium containing serum and without antibiotics.
Cells were transfected with expression plasmids encoding c-Rel
(pSG-c-Rel), pS0 (pSG-p50) and RelA (pSG-RelA), or with the
empty expression vector, pSG3, as a negative control. Plasmids were
kindly provided by P. Jalinot (Crenon et al. 1993). For each cell well,
1 pg of DNA was diluted into 50 pL of Opti-MEM (Invitrogen Corp.)
and 3 pL of LF 2000 Reagent (Invitrogen Corp.) into 50 pL of Opti-
MEM. The two solutions were mixed and incubated for 20 min at
22°C to form the transfection complex. After washing the cells with
serum-free medium, the transfection complex was added to the cells at
afinal volume of 1 mL in DMEM without serum and antibiotics. Cells
were incubated at 37°C under an atmosphere of 5% CO,, 95% air for
24 h, before undergoing the OGD experiments.

Reporter gene assays

For reporter fusion gene experiments, we used (i) the Bcl-xL
promoter luciferase and Bcl-xL AkB luciferase, carrying a mutation
of the kB site, produced by Ron Hay (University of Dundee, UK)
and kindly provided by Dr Perkins (University of Dundee, UK)
(Rocha et al. 2003); (ii) Bim promoter luciferase and Bim-AkB-
luciferase, carrying a mutation in kB site (Inta et al. 2006). After
11 DIV, cortical neurons were transfected using LF 2000 with 1 pg/
mL Bim or Bel-xL plasmids. Twenty-four hours after the transfec-
tion, cells were exposed to 3 h of OGD and additional 4 h of
re-oxygenation. Differentiated SK-N-SH neuronal cells were co-
transfected with 1 pg/mL Becl-xL luciferase reporter plasmid
together with 1 pg of pSG-c-Rel, pSG-RelA and pSG-p50 plasmids
singularly or in combination. Control cells were co-transfected with
1 pg/mL Bel-xL luciferase plasmid and with 1 pg/mL empty
expression vector pSG5. SK-N-SH cells were maintained in the
transfection mixture for 24 h and incubated for additional 6 or 24 h
in fresh medium. To normalize the transfection efficiency, 0.05 ng
per well Renilla luciferase (phRLTK) control plasmid (Promega)
was used, and firefly and Renilla luciferase were measured using
Dual Luciferase Reporter Assay (Promega). All experiments were

Journal Compilation © 2008 International Society for Neurochemistry, J. Neurochem. (2009) 108, 475-485



478 | I. Sarnico et al.

performed for at least three times before calculating means and
standard errors.

Western blot assay
Mouse cortical neurons and SK-N-SH neuronal cells were harvested
in 100 pL of lysis buffer (pH 6.9) containing 1 mM methyl
sulphonyl fluoride, 1 pg/mL leupeptin, 5 pg/mL aprotinin and 1 pg/
mL pepstatin. The suspension was sonicated for 30 s at full power
and centrifuged at 11 000 g for 20 min at 4°C. All proteins present
in the supernatant (25 pg proteins/sample) were suspended in the
sample loading buffer [62.5 mM Tris—HCI, 1% sodium dodecyl-
sulfate (SDS), 5% 2-mercaptoethanol, 10% glycerol and 0.02%
bromophenol blue, pH 7.5] and resolved by 10% SDS—polyacryl-
amide gel electrophoresis. The proteins were transferred electro-
phoretically onto nitrocellulose membrane. Immunodetection was
performed by incubating the membrane overnight at 4°C, with the
following primary antibodies: polyclonal anti-c-Rel antibody (2 pg/
mL, sc-71; Santa Cruz Biotechnology, Inc.), polyclonal anti-RelA
antibody (1 pg/mL, sc-372; Santa Cruz Biotechnology, Inc.),
polyclonal anti-Bel-xL antibody (2 pg/mL, sc-7195; Santa Cruz
Biotechnology, Inc.) and anti-B-tubulin antibody (1 : 1500; Neo-
Markers, Fremont, CA, USA). The immunoreaction was revealed by
1-hour incubation at 37°C with secondary antibodies coupled to
horseradish peroxidase (1 : 1500; Santa Cruz Biotechnology, Inc.)
and chemoluminescence detection was carried out using enhanced
chemiluminescence western blotting reagents (GE Healthcare,
Chalfont St Giles, UK). Quantification of immunoblots was
performed by densitometric scanning of exposed film using GelPro
Analyser software (Media Cybernetics, Bethesda, MD, USA).
Analysis of cytochrome ¢ in cytosolic extracts was performed as
previously described (Movsesyan et al. 2004; Pizzi et al. 2005).
Briefly, cells were resuspended in 100 pL of lysis buffer (1.06 mM
KH,PO,4, 155.17 mM NaCl, 2.96 mM Na,HPO,7H,0, 80 mM
KCl, 250 mM sucrose, 1 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride, 10 pg/mL aprotinin, 1 uM pepstatin and
0.1 mg/mL digitonin, pH 7.4). The lysate was centrifuged at
15 000 g for 15 min at 4°C. Twenty-five micrograms of protein of
the resulting supernatant, representing the cytosolic fraction, was
analysed by immunoblotting. The cytochrome ¢ was detected with
the monoclonal anticytochrome ¢ antibody (0.4 pg/mL, sc13156;
Santa Cruz Biotechnology, Inc.).

Co-immunoprecipitation studies

Co-immunoprecipitation studies to identify NF-kB dimer composi-
tion were carried out in nuclear extracts (Pizzi et al. 2005) from
primary cortical neurons exposed to 3 h of OGD and from cortices
of mice dissected 4 h after the onset of MCAO (Inta et al. 2006).
Fifty micrograms of nuclear extracts was diluted in RIPA buffer [pH
8, Tris—HCIl, 10 mM NaCl, 140 mM 0.5% (v/v) Nonidet P-40
(Sigma-Aldrich, St. Louis, MO, USA); 1 mM sodium orthovana-
date, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride and 1%
protease inhibitor cocktail] and incubated at 4°C overnight with
4 pg/mL of corresponding antibodies. The antibodies used for
immunoprecipitation were goat anti-c-Rel (sc-71G; Santa Cruz
Biotechnology, Inc.), goat anti-RelA (sc-372G; Santa Cruz Bio-
technology, Inc.) and normal goat IgG (Chemicon Corp, Billerica,
MA, USA). After incubation, 25 pL of protein A/G Plus-Agarose
(sc-2003; Santa Cruz Biotechnology, Inc.) was added to the reaction
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mixture and rotated for 2 h at 4°C. Immunoprecipitates were
collected by centrifuging at 770 g for 5 min and washed with the
RIPA buffer as recommended by protein A/G Plus-Agarose
manufacturer. The procedure was repeated four times. After the
final wash, all proteins that adhered to the protein A/G beads were
detached by boiling the beads in loading buffer. Samples were
rapidly centrifuged to pellet the agarose beads and supernatants were
analysed by SDS—polyacrylamide gel electrophoresis. Co-immuno-
precipitated proteins were detected by western blotting using the
following antibodies: rabbit anti-c-Rel (2 pg/mL, sc-71; Santa Cruz
Biotechnology, Inc.), rabbit anti-p50 (1 : 500 Abcam, Cambridge,
UK) and rabbit anti-RelA (1 pg/mL, sc-372; Santa Cruz Biotech-
nology, Inc.). Data from densitometry analysis have been expressed
as the ratio of ischaemic to control templates. Equal amounts of
nuclear proteins were used for immunoprecipitation, as confirmed
by western blot analysis of f-actin in 20 pg of nuclear extracts (data
not shown).

Statistics

Columns represent the means + SEM of at least four values. Data
describing cell survival were analysed by Kruskal-Wallis non-
parametric ANova with adjustment for multiple comparisons.
p < 0.05 was considered as significant.

Results

NF-kB activation in neurons exposed to oxygen glucose
deprivation

The primary cultures of mouse cortical neurons at 11 DIV
were exposed to OGD for 3 h. Apoptosis and necrosis were
evaluated 2, 6 and 24 h later, to check the timing of diverse
cell death in response to the anoxic insult. In line with
previous evidence, the necrosis of neuronal cells appeared to
be secondary to apoptosis (Bonfoco ef al. 1995). The
cytochrome ¢ was detected in the cytosol already 2 h after
the OGD; at 6 h, the cytosolic amount of cytocrome c¢
increased and most cells showed to be terminal deoxynucle-
otidyltransferase-mediated dUTP-nick-end labelling-positive
(Fig. 1a and b), in the absence of any detectable LDH in the
medium. A significant increase of LDH release was
measured 24 h after the OGD exposure (Fig. 1c). In vivo
brain ischaemia was performed by permanent occlusion of
the MCAO in mice (Herrmann efal 2003). MCAO
produced a specific cortical lesion, as evaluated 48 h after
the onset of ischaemia (Fig. 1d).

It has been shown that, as an early response to OGD or
brain ischaemia, NF-kB RelA rapidly activates in neurons
and contributes to the post-ischaemic neurodegenerative
process (Herrmann et al. 2005; Zhang et al. 2005; Inta
et al.2006). To examine the specific assembly of RelA with
p50 or c-Rel in brain ischaemia, we investigated the
reciprocal association of RelA, p50 and c-Rel factors to
form active dimers in primary neurons exposed to 3 h OGD
or in cortices of mice exposed to MCAO. Nuclear extracts
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Fig. 1 Cell death and nuclear factor-xB (NF-«B) activation in primary
cortical cells and cortices of mice exposed to middle cerebral artery
occlusion (MCAOQ). (a,b) Primary cortical neurons were exposed to 3 h
of oxygen glucose deprivation (OGD). Apoptotic cells were evaluated
2 and 6 h later by western blot analysis of cytochrome cin the cytosol
and by TUNEL staining. Neurons underwent apoptosis during the
initial hours after the ischaemic insult which was followed by delayed
necrosis. (c) After the OGD exposure for 2, 6 and 24 h, neurons were
evaluated for cell viability by lactate dehydrogenase assay. Bars
represent the means + SEM of at least three separate experiments
run in triplicate (*p < 0.05 vs. the corresponding control value). (d)
Distribution of infarct on coronal sections from rostral to caudal brain in
male C57BL/6 mice exposed to distal permanent occlusion of the
MCAOQO. Values are means + SEM (n=8). A representative brain

were immunoprecipitated using antibodies against c-Rel or
RelA. The western blot analysis of co-immunoprecipitated
NF-xB factors revealed high activation of p50/RelA dimer
but a reduction of RelA/c-Rel complex in OGD extracts. No
significant change was detected in the nuclear content of p50/
c-Rel dimer (Fig. le and f). Results from densitometry
analysis of the diverse dimers activated in neurons by OGD
have been expressed as ratio of OGD and control templates
(Fig. 1f). The analyses of the NF-kB complexes activated in
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coronal section is shown. (e) Representative pictures of co-immuno-
precipitation analysis of NF-kB dimers in 50 ug of nuclear extracts of
primary cortical neurons exposed to OGD or cortices from mice sub-
jected to MCAO. OGD enhanced the nuclear translocation of p50/RelA
dimers. The nuclear content of RelA/c-Rel complexes decreased while
p50/c-Rel remained unchanged. A similar pattern of activation was
present in the ischaemic cortices 4 h after permanent MCAO. (f) Data
from densitometry analysis of immunoblots are expressed as ratio of
OGD (n = 3) to controls (n = 3) or ratio of MCAO (n = 4) to contro-
lateral cortex (CC, n = 4). Values are expressed as means + SEM
(*p<0.05 vs. the corresponding control value). TUNEL, terminal
deoxynucleotidyltransferase-mediated dUTP-nick-end labelling; IP,
immunoprecipitation; WB, Western Blot; p-tub, p-tubulin.

cortices of mice exposed to brain ischaemia were performed
4 h after the permanent artery occlusion. This time interval
was chosen as the inhibition of NF-kB signalling was only
effective up to 4.5 h after the onset of MCAO (Herrmann
et al. 2005). As observed in cortical neurons exposed to
OGD, the ischaemic cortical templates showed a relevant
induction of p50/RelA, together with a decrease of RelA/
c-Rel and no modification of p50/c-Rel dimers (Fig. le
and f).
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Opposing regulation of neuronal vulnerability by c-Rel and
RelA silencing

To investigate the specific role of p50/RelA and c-Rel-
containing dimers in anoxic injury, we produced a post-
transcriptional silencing of RelA and c-Rel. Double-stranded
siRNAs targeting c-Rel and RelA were added to 8 DIV
cortical cells, as described in Material and methods. The
knockdown of c-Rel and RelA proteins was verified by
western blot analysis of cell extracts (Fig. 2a and b). The
treatments did not affect per se the neuron viability. The c-
Rel- and RelA-silenced neurons were exposed to OGD. As
shown in Fig. 2a, the c-Rel knockdown made cells more
vulnerable to the ischaemic insult when compared with cells
treated with control non-siRNA. On the contrary, silencing

RelA significantly reduced cortical neuron vulnerability to
OGD exposure (Fig. 2b). The opposite regulation of neuro-
nal survival obtained by targeting c-Rel and RelA was
mirrored by effects produced by over-expressing the two NF-
kB factors in neuronally differentiated SK-N-SH cells. Under
exposure to RA, SK-N-SH neuroblastoma cells switch from
a non-neuronal to a neuronal phenotype, expressing antigenic
changes typical of post-mitotic neurons together with
functional NMDA receptors and vulnerability to excitotoxic
injuries (Pizzi et al. 2002b) and OGD. The neuronal cultures
were transiently transfected with expression plasmids coding
for human c-Rel (pSG-c-Rel), RelA (pSG-RelA) or with
control pSG5 empty vector. Twenty-four hours after trans-
fection, the over-expression of c-Rel and RelA was verified
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Fig. 2 Opposing regulation of neuronal vulnerability by c-Rel and
RelA proteins. (a,b) Primary cortical neurons were transfected with
small interfering RNA (siRNA) cognate to c-Rel gene (c-Rel siRNA),
RelA gene (RelA siRNA) or with a control non-specific siRNA (non-
siRNA). The silencing of c-Rel and RelA expression was evaluated in
cell extracts by western blot analysis. c-Rel knockdown made cells
more vulnerable to the ischaemic insult, while RelA silencing signifi-
cantly reduced cortical neuron vulnerability to oxygen glucose depri-
vation (OGD). Values are mean + SEM of three experiments run in
triplicate (*p < 0.05 vs. the corresponding non-siRNA-treated cells). (c)
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Neuronal SK-N-SH cells were transfected with pSG-c-Rel and pSG-
RelA plasmids or with a pSG5 vector for 24 h. Cell extracts immu-
noblotted with c-Rel and RelA antibodies revealed higher c-Rel and
RelA expression in cells transfected with the relative plasmids. Cell
survival was measured in transfected SK-N-SH cells exposed to 3, 15
or 24 h of OGD. OGD toxicity was prevented by c-Rel over-expres-
sion, while over-expressing RelA significantly increased cell loss.
Similar results were obtained in three separate experiments run in
triplicate (*p < 0.05 vs. the corresponding control value, #p < 0.05 vs.
corresponding pSG5-treated cells). B-tub, p-tubulin.
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by immunoblot analysis in total cell extracts (Fig. 2¢). The
cells were then exposed to OGD for 3, 15 and 24 h. The cell
viability was measured by LDH (Fig. 2c) and 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay
(data not shown), 24 h later. The cells transfected with the
empty vector showed a time-dependent vulnerability to
OGD, with significant cell death at 15 and 24 h. Over-
expressing c-Rel significantly reduced the cell vulnerability
to OGD at 15 and 24 h, while over-expressing RelA
significantly augmented the cell loss. The increased suscep-
tibility of RelA over-expressing cells was only evident after
15 h of OGD, a condition producing a submaximal effect in
control cells (Fig. 2c¢).

Pro-apoptotic and anti-apoptotic gene expression: effects
of RelA and c-Rel

It has been recently demonstrated that during cerebral
ischaemia, the promoter activation and the mRNA expression
of pro-apoptotic genes, Bim and Noxa, depend on RelA
activation (Inta et al. 2006). Here, we investigated the
specific contribution of different NF-xB dimers to the
anoxia-induced apoptotic program by studying the response
of Bcl-xL promoter to OGD. Neurons were transfected with
Bim- and Bcl-xL promoter-luciferase plasmids directing
luciferase expression, or with Bcl-xL AkB and Bim AxB
carrying a mutation in the sequence of NF-xB binding site.
As expected, OGD induced a twofold increase in the activity
of Bim promoter (Fig. 3). No modification was observed in
the Bim AxB plasmid, demonstrating that changes in the Bim
transcription were NF-kB-specific. Conversely, the Bcl-xL
promoter activity was partially reduced (-35%) by OGD
exposure (Fig. 3). Mutation in the NF-kB binding site of
Bcl-xL promoter diminished the basal activity (—=28%) and
the responsiveness to OGD (Fig. 3). We then checked the
modification of Bel-xL level in cortical neurons 4 h after
OGD exposure. Western blot analysis revealed a reduction of
endogenous anti-apoptotic protein in cells exposed to OGD.
The decrement was more evident in c-Rel-silenced neurons,
while it recovered in RelA-knockdown cells (Fig. 4a). To
confirm the relation between c-Rel induction and Bcl-xL
gene expression in ischaemia, we checked the effect of c-Rel
activation in SK-N-SH neuronal cells. Intracellular levels of
Bcel-xL protein was reduced in control SK-N-SH cells
exposed to 15 h OGD and maintained for additional 4 h in
normoxic conditions. The Bcl-xL expression totally recov-
ered in SK-N-SH cells over-expressing c-Rel (Fig. 4b).
Finally, to evaluate the dependency of Bcl-xL transcription
on specific NF-xB dimers, we investigated the effects of
c-Rel, RelA and p50 expression plasmids on Bcl-xL
promoter activity. Bcl-xL promoter was strongly induced
by c-Rel over-expression in neuronal SK-N-SH cells at 6 and
24 h after transfection (Fig. 5a). Likewise c-Rel homo-
dimers, the c-Rel heterodimers, p50/c-Rel and RelA/c-Rel,
efficiently induced the Bcl-xL promoter in a kB-dependent
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Fig. 3 Oxygen glucose deprivation (ODG)-induced nuclear factor-xB
(NF-kB) activation promotes Bim but not Bcl-xL transcription. Primary
cortical neurons were transfected with Bim or Bcl-xL luciferase re-
porter plasmid or with Bim and Bcl-xL AxB luciferase reporter plasmids
for 24 h and then exposed for 3 h to OGD. Four hours later, luciferase
activity was measured. The OGD exposure significantly induced Bim
and decreased Bcl-xL promoter activity. Mutation of NF-xB binding
sites reduced the luciferase expression. Values are mean + SEM of
three experiments run in triplicate (*p < 0.05 vs. the corresponding
control value; #p < 0.05 vs. corresponding wild-type luciferase re-
porter plasmid).

manner (Fig. 5b). On the contrary, the RelA homodimers as
well as the p50/RelA did not significantly modify the Bel-xL
promoter activity (Fig. 5a and b).

Discussion

Our data show that NF-xkB dimer composition discriminates
NF-kB transcriptional activity on pro-apoptotic and anti-
apoptotic genes affecting neuronal survival. While p50/RelA
dimer contributes to the pathogenesis of post-ischaemic
injury, activation of c-Rel-containing dimers increases neu-
ron resistance to ischaemia.

Previous studies demonstrated that neuronal cell fate can
rely on the recruitment of different NF-xB subunits in
response to pro-apoptotic or neuroprotective agents. While
glutamate or PB-amyloid mainly activate p50 and RelA
subunits, neuroprotective interleukin-1, mGlu5 receptor
agonists, and leptin activate c-Rel, besides pS0 and RelA
proteins. The c-Rel dimers induced by neuroprotective agents
are responsible for the elicited anti-apoptotic effects (Pizzi
et al. 2002b, 2005; Valerio et al. 2008). This study over-
comes the issue of different NF-xB activation in response to
distinct extracellular stimuli to examine the role of NF-kB
dimers in modulating gene transcription and intrinsic neuron
vulnerability to ischaemia. It has been shown that nuclear
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Fig. 4 Modulation of Bcl-xL level during oxygen glucose deprivation
(OGD) by RelA and c-Rel. (a) Western blot analysis of Bcl-xL in cell
extracts of cortical neurons treated with c-Rel silencing RNA (siRNA),
RelA siRNA or control non-siRNA and exposed to OGD. After 4 h of
re-oxygenation, protein extracts were prepared and immunoblotted
with Bcl-xL or B-tubulin (B-tub) antibodies. (b) SK-N-SH neuronal cells
were transfected with pSG-c-Rel or with control pSG5 vector and then
exposed to 15 h of OGD. Protein cell extracts were prepared 4 h later
and immunoblotted with Bcl-xL or B-tubulin antibodies. Data from
densitometry analyses of immunoblots are expressed as ratio of Bcl-
xL to B-tubulin. Columns are expressed as means + SEM of three
separate experiments (*p <0.05 vs. the corresponding control,
normoxic value).

translocation of NF-«kB subunits is induced in the ischaemic
hemisphere of mice exposed to MCAO, with a prevalent
activation of RelA and p50 subunits (Crack et al. 2006; Inta
et al. 2006). Here, we investigated how these NF-kB
subunits dimerize among them and with c-Rel protein, in
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Fig. 5 c-Rel-containing dimers but not RelA/RelA or p50/RelA dimers
stimulate Bcl-xL transcription. SK-N-SH neuronal cells were co-
transfected with Bcl-xL or Bcl-xL AxB luciferase reporter plasmids
together with pSG-c-Rel and pSG-RelA, or a combination of pSG-p50,
and pSG-RelA and pSG-Rel expression plasmids. Control cells were
transfected with empty pSG5 vector. The luciferase activity was
measured after 6 and 24 h. Mutation of nuclear factor-xB binding site
blocked the luciferase expression. (a) The c-Rel, but not RelA over-
expression, stimulated the activity of Bcl-xL promoter. (b) Co-trans-
fection with p50/c-Rel and RelA/c-Rel, but not p50/RelA, was able to
activate Bcl-xL promoter. Values are mean + SEM of three experi-
ments run in triplicate (*p < 0.05 vs. the corresponding control value).

mice exposed to MCAO and in primary cortical neurons
exposed to OGD. We observed a similar pattern of NF-xB
activation in MCAO ischaemic tissues (Inta et al. 2006) and
primary cortical neurons undergoing OGD-induced apopto-
sis. Specifically, the analysis of NF-kB complexes in both
in vivo and in vitro experimental settings revealed major
activation of the p50/RelA dimer and inhibition of c-Rel-
containing complexes. To investigate the precise contribution
of p50/RelA and c-Rel-containing dimers to neuronal
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vulnerability, we targeted c-Rel and RelA in primary cortical
neurons. The c-Rel knockdown made neuronal cells more
vulnerable to OGD. Conversely, the RelA silencing signif-
icantly reduced the neuronal cell death. The indication of
opposite roles played by c-Rel and RelA in OGD, anti-
apoptotic, the former, and pro-apoptotic, the latter, was
confirmed by over-expressing the two subunits in neuronal
cells. The SK-N-SH cells over-expressing c-Rel appeared to
be more resistant to OGD, while cells over-expressing RelA
were more susceptible. The pivotal role of pS0/RelA in the
pathogenesis of ischaemic injury is in line with studies
demonstrating that brain infarct size after MCAO is reduced
in mice carrying a conditional, brain-specific deletion of
RelA (RelA“MS%©) as well as in p50 knockout mice
(Schneider et al. 1999), but not in mice carrying a germline
deficiency of p52 or c-Rel subunits (Inta et al. 2006; Ridder
and Schwaninger 2008). Contrary to what we found in cells
acutely silenced for c-Rel protein, cortical neurons prepared
from c-Rel—/— mice did not show any enhanced vulnerability
to OGD (data not shown), neither were c-Re/—/— mice more
susceptible to MCAO (Inta et al. 2006). This suggests that
while acute c-Rel knockdown unmasks the c-Rel participa-
tion in anti-apoptotic programs, the congenital lack of c-Rel
during brain development and maturation may be over-
ridden by other NF-kB factors which recombine to guarantee
brain cell resistance to the acute oxidative stress.

We then investigated the target genes and transcriptional
activity of diverse NF-kB dimers during ischaemia. Both
pro- and anti-apoptotic genes are involved in NF-«xB
regulation of neuron survival. Among these, the Bcl-2 family
anti-apoptotic member, Bcl-xL, and the Bcl-2 homology 3
(BH3)-only pro-apoptotic genes, Bim and Noxa (Cao et al.
2002). It has been shown that Bim and Noxa are significantly
induced 6 h after MCAO and their up-regulation is abolished
in RelA“™SKO mice. Experiments of reporter fusion genes
confirm that Bim and Noxa promoters are under the
transcriptional control of RelA (Inta ef al. 2006). With
regard to the anti-apoptotic Bcl-xL, it has been found to be
transcriptionally regulated by c-Rel in non-neuronal cells
(Chen et al. 2000; Kirito et al. 2002; Banerjee et al. 2008).
In neurons, the activation of c-Rel by mGlu5 receptors
promotes expression of Bel-xL that is ultimately responsible
for protective effects against B-amyloid-induced apoptosis
(Pizzi et al. 2005). To investigate the relationship between
NF-kB activity and anti-apoptotic genes in ischaemia, we
checked the expression of endogenous Bcl-xL in cortical
neurons exposed to OGD. The intracellular amount of Bcl-
xL decreased in cells exposed to the ischaemic insult. Bel-xL
level recovered in cells silenced for RelA, but further
decreased in c-Rel-silenced neurons. The knockdown of c-
Rel also reduced the basal Bel-xL content, an event possibly
responsible for the increased cell susceptibility of c-Rel-
silenced neurons to anoxia. By studying the reporter fusion
gene, we demonstrated that in neuronal cells, the anti-
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apoptotic Bcl-xL is transcriptionally activated by c-Rel
homo- and heterodimers, but not by p50/RelA complex.
Despite the ability of pS0/RelA to bind the Bc/-xL promoter,
RelA has been found to act as activator or repressor of Bcl-xL
transcription in cancer cells, as a result of cell type and
applied stimulus (Dong et al. 2002; Campbell et al. 2004).
Our results indicate that in neuronal cells the dimerization of
RelA with p50 does not activate or repress Bcl-xL promoter,
but coupling with c-Rel switches RelA activity to a
stimulatory mode. In line with this evidence, the activity of
Bcl-xL reporter plasmid decreased in cortical cells exposed to
OGD, where endogenous RelA/c-Rel diminished and p50/
RelA prevailed, while Bim reporter plasmid was highly
stimulated in a kB-specific manner. It is conceivable that the
decrease of endogenous Bcl-xL protein, which we observed
4 h after OGD, is the result of both reduced transcription and
increased cleavage of Bcl-xL. The Bcl-xL degradation to
form pro-apoptotic ABcl-xL fragments is induced in brain
ischaemia already 1 h after the ischaemic injury (Miyawaki
et al. 2008) and is strictly dependent on the release of
cytochrome ¢ and activation of caspase 9 cascade (Chen
et al. 2007; Miyawaki et al. 2008). Recent evidence has
shown that Bim, as other BH3-only proteins, can contribute
to the cytochrome c¢ release and apoptosis by directly
activating pro-apoptotic Bax and Bak (Kuwana et al. 2005)
or by displacing Bax and Bak from association with Bcl-xL/
Bcl-2 prosurvival homologues (Puthalakath and Strasser
2002; Willis et al. 2007; Zhang et al. 2008). Reducing p50/
RelA activation by limiting Bim expression and cytochrome
¢ release, could also limit Bel-xL degradation after OGD, as
suggested by the recovery of Bcl-xL in RelA-silenced
neurons. Thus, a change in the balance between pro-apototic
BH3-only proteins and Bcl-2 prosurvival factors, in response
to transcriptional signals, can be the determinant of cell death
or survival (Puthalakath and Strasser 2002). In tune with this
model, the c-Rel-dependent increase of Bcl-xL protein, by
leading to the formation of Bim/Bcl-xL complexes and
inactivation of Bim, can contribute to the lipopolysaccharide-
induced survival of B cells (Banerjee et al. 2008).

It has been proposed that opposite effects of NF-kB as a
regulator of neuronal survival may rely on the different type
of cells where activation occurs. According to this concept,
NF-kB is neuroprotective when activated in neurons and
neurotoxic when induced in glial cells (Mattson and Meffert
2006). Our results demonstrate that, within the same
neuronal cell, unbalanced activation of NF-kB p50/RelA
dimer over c-Rel-containing complexes contributes to cell
death secondary to the ischaemic insult. While p5S0/RelA acts
as transcriptional inducer of pro-apoptotic Bim and Noxa
(Inta et al. 2006), c-Rel dimers specifically promote tran-
scription of Bcl-xL gene. Changes in the nuclear content of
c-Rel dimers strongly affect the threshold of neuron vulner-
ability to brain ischaemia, in line with evidence that c-Rel
activation in vivo is area-specific and correlates with
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increased Bcl-xL expression and neuronal resistance to
hypoxia (Qiu et al. 2001).

Finally, it has been shown that RelA subunit acts as an
inducer of anti-apoptotic gene expression in tumour cells, but
under certain circumstances it can act as a repressor of the
same target genes. This functional switch of NF-xB to a
repressor form results from site-specific phosphorylation of
RelA and association with co-repressor complexes endowed
with histone deacetylase activity rather than co-activators
endowed with histone acetyltransferase activity (Campbell
and Perkins 2004; Rocha et al. 2005). This additional level
of NF-kB regulation might also modulate target gene
specificity for diverse NF-kB dimers in neuronal cells, with
relevant implications for pathological conditions. Identifying
the molecular mechanisms shaping functional activation and
transcriptional activity of diverse NF-kB dimers in neuronal
cells will unravel new potential targets to achieve selective
manipulation of NF-kB complexes to treat neurological
diseases associated with apoptotic cell death.
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