
Cellular/Molecular

Nuclear Factor-�B Modulates the p53 Response in Neurons
Exposed to DNA Damage
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Previous studies have shown that DNA damage-evoked death of primary cortical neurons occurs in a p53 and cyclin-dependent kinase-
dependent (CDK) manner. The manner by which these signals modulate death is unclear. Nuclear factor-�B (NF-�B) is a group of
transcription factors that potentially interact with these pathways. Presently, we show that NF-�B is activated shortly after induction of DNA
damage in a manner independent of the classic I�B kinase (IKK) activation pathway, CDKs, ATM, and p53. Acute inhibition of NF-�B via
expression of a stable I�B mutant, downregulation of the p65 NF-�B subunit by RNA interference (RNAi), or pharmacological NF-�B
inhibitors significantly protected against DNA damage-induced neuronal death. NF-�B inhibition also reduced p53 transcripts and p53
activity as measured by the p53-inducible messages, Puma and Noxa, implicating the p53 tumor suppressor in the mechanism of
NF-�B-mediated neuronal death. Importantly, p53 expression still induces death in the presence of NF-�B inhibition, indicating that p53
acts downstream of NF-�B. Interestingly, neurons cultured from p65 or p50 NF-�B-deficient mice were not resistant to death and did not
show diminished p53 activity, suggesting compensatory processes attributable to germline deficiencies, which allow p53 activation still
to occur. In contrast to acute NF-�B inhibition, prolonged NF-�B inhibition caused neuronal death in the absence of DNA damage. These
results uniquely define a signaling paradigm by which NF-�B serves both an acute p53-dependent pro-apoptotic function in the presence
of DNA damage and an anti-apoptotic function in untreated normal neurons.
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Introduction
DNA damage is an important component of neuropathological
conditions. For example, DNA strand breaks have been reported
in neurons after reperfusion of ischemic tissue, well in advance of
DNA fragmentation caused by the apoptotic process (Tobita et
al., 1995; Chen et al., 1997; Cui et al., 2000). DNA damage also has
been reported in other chronic neurodegenerative conditions
such as Parkinson’s (Robison and Bradley, 1984; Alam et al.,
1997; Jenner, 1998), Huntington’s, and Alzheimer’s diseases
(Gabbita et al., 1998; Mecocci et al., 1998; Lovell and Markesbery,
2001) and amyotrophic lateral sclerosis (ALS) (Robison and
Bradley, 1984; Bogdanov et al., 2000). In this regard, elements
known to be relevant to DNA damage, such as poly(ADP-ribose)
polymerase (PARP) and p53, have been implicated in a variety of
models of neurodegenerative disease (Morrison et al., 1996; Cosi
et al., 1997; Cosi and Marien, 1999). The importance of DNA
damage is illustrated further by the observation that mice defi-
cient in a variety of DNA damage repair pathways display aber-
rant neuronal loss and impaired neurodevelopment (Barnes et

al., 1998; Gao et al., 1998; Deans et al., 2000; Gu et al., 2000; Sugo
et al., 2000). Taken together, this evidence implicates DNA dam-
age as one key initiator of neuronal death. However, the mecha-
nism or mechanisms that regulate this death are not fully
understood.

Neuronal death is controlled by a complex series of events,
which include both pro-apoptotic and anti-apoptotic signals. To
examine the fundamental signals induced by DNA damage, we
have used the paradigm of cortical neuronal death initiated by
exposure to the topoisomerase1 inhibitor, camptothecin. In this
model, death is dependent on at least two proximal signals, the
tumor suppressor p53 and the cell cycle-related cyclin-dependent
kinases (CDKs) (Park et al., 1998). These signals work in concert
to control Bax translocation and activation of the apoptosome.
However, it is likely that numerous other signals implicated in
neuronal death are regulated by DNA damage also. Because it is
the balance of all signals that control death, it has become impor-
tant to delineate additional death/survival-promoting elements
and ascertain how they are linked to the growing signaling
picture.

One fundamental signal that has played an important role in
cell death/survival is nuclear factor-�B (NF-�B). Members of
Rel/NF-�B family of transcription factors regulate diverse pro-
cesses such as inflammation, cell cycle, and apoptosis. The active
form of NF-�B is a dimeric molecule composed of two subunits
from the Rel/NF-�B family, including Rel-A (p65), Rel-B, c-Rel,
p50 (cleavage product of NF-�B1/p105), and p52 (cleavage prod-
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uct of NF-�B2/p100). In most systems NF-�B exists in an inactive
form by associating with an inhibitory protein of I�B family
(I�B-�, I�B-�, I�B-�, I�B-�, and Bcl-3). This association seques-
ters NF-�B in the cytoplasm. Activation of NF-�B usually is
achieved via phosphorylation of I�B, followed by its degradation
via a ubiquitin–proteasome-mediated degradation pathway.
However, cleavage of I�B by the protease calpain also has been
suggested as an alternative pathway to I�B degradation (Miy-
amoto et al., 1998; Pianetti et al., 2001). Degradation of I�B al-
lows NF-�B to translocate to the nucleus, where it binds to the �B
consensus sequence and modulates numerous target genes.

Several studies have shown that NF-�B is activated in response
to in vitro and/or in vivo insults such as stroke (Clemens et al.,
1997; Schneider et al., 1999), kainate-induced seizures (Nakai et
al., 2000), and �-amyloid treatment of fetal rat cortical neurons
(Bales et al., 1998). However, the functional role of Rel/NF-�B in
neuronal death/survival has been a matter of debate (for review,
see Barkett and Gilmore, 1999), and both pro-apoptotic and anti-
apoptotic roles have been ascribed to NF-�B activation (Wang et
al., 1996; Lin et al., 1998). In this regard, NF-�B can activate death
genes (e.g., p53, c-myc, Fas) (Cheema et al., 1999; Qin et al., 1999)
as well as pro-survival genes [inhibitors of apoptosis (IAPs), Bcl-2
and Bcl-x, and antioxidant enzymes such as manganese superox-
ide dismutase (MnSOD)] (Mattson et al., 1997; LaCasse et al.,
1998). The mechanisms underlying the dual nature of NF-�B is
not well understood.

Presently, we show that DNA damage initiated by camptoth-
ecin activates the NF-�B pathway. Interestingly, it does so in a
manner that is independent of the previously established CDK
and p53 pathways. Most importantly, we find that the functional
role of NF-�B is dependent on the timing and manner by which
the NF-�B signal is manipulated. Acute inhibition of NF-�B de-
lays death by the inhibition of p53 induction. More chronic
NF-�B inhibition, however, leads to neuronal death. Therefore,
even in the same cell type NF-�B can be manipulated to display
multiple effects. These findings provide a plausible explanation
for the dual role of NF-�B in survival and death.

Materials and Methods
Material. Flavopiridol [L86-8275 {(�)cis-5,7-dihydroxy-2-(2-chloro-
phenyl)-8[4-(3-hydroxy-1-methyl)-piperidinyl]-4H-benzopyran-4-one}]
was a generous gift from Dr. Peter J. Worland (National Cancer Institute,
Bethesda, MD). Camptothecin was obtained from Sigma (St. Louis, MO).
BAY 11-7082, CAPE (caffeic acid phenethlester), and helenalin were pur-
chased from Biomol (Plymouth Meeting, PA); ALLN was obtained from
Calbiochem (San Diego, CA). Recombinant mouse tumor necrosis factor-�
(TNF-�) was purchased from Invitrogen (San Diego, CA).

Knock-out mice. p50, p65, and ataxia telangiectasia-mutated (ATM)
heterozygous breeding pairs were obtained from Jackson Laboratories
(Bar Harbor, ME) on a mixed C57BL/6 � 129 background. p53-deficient
animals were on a C57BL/6J background. All knock-out neurons were
obtained from embryos derived from heterozygous breeding. The p65
genotyping protocol was performed by using 5�-CCTATAGAGGAG-
CAGCGCGGG-3� (p65 5�), 5�-AATCGGATGTGAGAGGACAGG-3� (p65
3�), and 5�-AAATGTGTCAGTTTCATAGCCTGAAGAACG-3� (HH-neo)
primers to amplify wild type (130 bp) or NeoTD inserted, knocked out, p65
alleles (160 bp). PCR condition was 94°C for 5 min (1 cycle), 94°C for 1 min,
65°C for 1.5 min, and 72°C for 1 min (30 cycles). p65 deficiency was con-
firmed further by performing an additional Western blot analysis on embry-
onic liver tissue protein extract, using anti-p65 specific antibody (sc-109,
Santa Cruz, Santa Cruz, CA). p50 genotyping was performed by a PCR
reaction that included the following protocol: 94°C for 1.5 min (1 cycle),
94°C for 20 sec, 60°C for 30 sec (�0.5°C per cycle), 72°C for 35 sec (12 cycles),
94°C for 20 sec, 55°C for 30 sec, 72°C for 35 sec (25 cycles), and 72°C for 2
min, and by using 5�-GCAAACCTGGGAATACTTCATGTGACTAAG-3�

(IMR 476, NF-�b1 wild type), 5�-ATAGGCAAGGTCAGAATGCAC-
CAGAAGTCC-3� (IMR 477, NF-�b1 wild type), and 5�-AAATGTG-
TCAGTTTCATAGCCTGAAGAACG-3� (IMR 478, NF-�b1 knock-out)
to detect wild-type (100 bp) or knock-out (190 bp) alleles. p53-deficient
genotyping of each individual embryo was performed by using 5�-
GTATCTGGAAGACAGGCAGAC-3� (O-p53-1) and 5�-TGTACTT-
GTAGTGGATGGTGG-3� (O-p53-2) primers to detect the wild-type
allele (450 bp) and 5�-TATACTCAGAGCCGGCCT-3� (O-p53-X7)
and 5�-TTCCTCGTGCTTTACGGTATC-3� (O-neo-2) primers to
detect the targeted allele (533 bp). PCR conditions included 94°C for
5 min (1 cycle), 94°C for 1 min, 55°C for 1 min, 72°C for 1 min (30
cycles), and 72°C for 10 min. ATM was genotyped as follows:
5�-GCTGCCATACTTGATCCATG-3� (IMR 640, ATM wild type), 5�-
TCCGAATTTGCAGGAGTTG-3� (IMR 641, ATM wild type), 5�-CTT-
GGGTGGAGAGGCTATTC-3� (IMR013, Neo1 generic neo primer), and
5�-AGGTGAGATGACAGGAGATC-3� (IMR014, Neo2 generic neo
primer). These were used as primers to amplify wild-type (147 bp) and
knock-out (280 bp) alleles in a PCR protocol that included 94°C for 3 min (1
cycle), 94°C for 20 sec, 64°C for 30 sec (�0.5°C per cycle), 72°C for 35 sec (12
cycles), 94°C for 20 sec 58°C for 30 sec, 72°C for 35 sec (25 cycles), and 72°C
for 2 min.

Cell culture. Cortical neurons were cultured from 14.5 d mouse em-
bryos (CD1, Charles River, Wilmington, MA or from knock-out breed-
ing as described above) as described previously (Giovanni et al., 2000).
Briefly, neurons were plated into 24-well dishes (�300,000 cells/well) or
six-well dishes (1–3 million cells/well) coated with poly-D-lysine (100
�g/ml) in serum-free medium [MEM/F12 (1:1) supplemented with 6
mg/ml D-glucose, 100 �g/ml transferrin, 25 �g/ml insulin, 20 nM proges-
terone, 60 �M putrescine, 30 nM selenium]. At 1–2 d after initial plating
the plated cells were treated with serum-free medium supplemented with
camptothecin (10 �M), flavopiridol (1 �M), or NF-�B inhibitors as indi-
cated in this text and figures. At appropriate times of culture under the
conditions described in this text the cells were lysed, and the numbers of
viable cells were evaluated. Briefly, the cells were lysed in 200 �l of cell
lysis buffer (0.1� PBS, pH 7.4, containing 0.5% Triton X-100, 2 mM

MgCl2, and 0.5 gm/100 ml ethylhexadecyldimethylammonium bro-
mide), which disrupts cells but leaves the nuclei intact. Then 10 �l of
sample from each culture was loaded onto a hemacytometer, and the
number of healthy, intact nuclei was evaluated by phase microscopy. To
obtain a positive control for I�B phosphorylation, we cultured NIH-3T3
fibroblasts cells in six-well culture dishes in DMEM with 10% fetal calf
serum (FCS) and allowed them to proliferate until they were 70 – 80%
confluent. The fibroblasts were treated with 10 ng/ml recombinant mu-
rine TNF-� (Invitrogen) for the indicated times.

RNA interference transfection. To suppress the expression of the p65
subunit of NF-�B, we designed a double-stranded short-interfering RNA
(siRNA) to p65 (sequence, AAGAAGCACAGAUACCACCAA). The
siRNA duplex along with a nonspecific control duplex (GCGCGCUUU-
GUAGGAUUCG) was obtained from Dharmacon (Lafayette, CO) RNA
interference (RNAi) technology in the 2�-deprotected and desalted form.
Brain cortical tissues were dissected from the brains of CD-1 mouse
embryos, 14 –15 d of embryonic life, as previously described by Fortin et
al. (2001). At 48 hr after plating the cells were transfected by RNAi with
GeneSilencer siRNA transfection reagent (Gene Therapy System, San
Diego, CA), following the instruction manual provided by the supplier.
Briefly, GeneSilencer reagent and siRNA were diluted in serum-free me-
dium (Opti-MEM, Invitrogen) separately in appropriate amounts and
mixed and incubated at room temperature for 10 min to allow the
siRNA/lipid complex to form. Then 60 pmol/well of siRNA in 24-well
plates was used. Alternatively, we used Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) instead of GeneSilencer reagent, and allowed 20 min room
temperature incubation for siRNA/lipid complex formation.

Semiquantitative RT-PCR analysis. Total RNA was isolated from cells
via Tripure isolation reagent according to the manufacturer’s instruc-
tions (Boehringer Mannheim, Indianapolis, IN). Total RNA (2 ng) was
used for cDNA synthesis and targeted gene amplification via the Super-
Script One-Step RT-PCR kit (Invitrogen). cDNA synthesis was per-
formed at 48°C for 45 min, followed by a 2 min initial denaturation step
at 94°C. To amplify PUMA, we used 5�-CCTCAGCCCTCCCTGTCA-
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CCAG-3� (PUMA forward) and 5�-CCGCCGCTCGTACTGCGCGTTG-3�
(PUMA reverse) in 25 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C
for 30 sec. NOXA primers, 5�-CAACGCGGGCAGAGCTACCACCTGA
(NOXA forward) and 5�-TGGGCTTGGGCTCCTCATCCTGCTC-3�
(NOXA reverse), were used in 34 cycles of 94°C for 30 sec, 59°C for 30 sec,
and 72°C for 1 min of thermal cycling. p53 levels were determined by
using mouse-specific primers: p53 forward, 5�-AGTGGATCCTTTATT-
CTACCCTTTCCTATAAGCCATA-3�, and p53 reverse, 5�-AGTGGTA-
CCTTAGTTCCTGATTTCCTTCCATTTTTTG-3�. Total RNA (50 ng)
was used for cDNA synthesis and targeted gene amplification. cDNA
synthesis was performed at 45°C for 45 min, followed by a 2 min initial
denaturation step at 94°C. This was followed by 37 cycles (p53) at 94°C
for 30 sec, 56°C for 30 sec, and 72°C for 1 min. The resulting product was
sequenced and confirmed to be p53. We used ribosomal protein S12
mRNA as a loading control (Kenmochi et al., 1998). S12 cDNA was
amplified by 5�-GGAAGGCATAGCTGCTGG-3� and 5�-CCTCGA-
TGACATCCTTGG-3� as primers in 25 cycles of 94°C for 30 sec, 57°C for
30 sec, and 72°C for 1 min of PCR reaction.

Electromobility shift assay. Cortical neurons (embryonic day 14.5) were
harvested at the indicated times and lysed in a solution containing (in
mM) 10 HEPES buffer, pH 7.9, 10 KCl, 1.5 MgCl2, 0.5 DTT, 0.5 PMSF
plus 0.1% NP-40 for 20 min on ice to obtain cytoplasmic proteins. After
centrifugation (12,000 rpm, 5 min) the pellet was resuspended in buffer
containing (in mM) 20 HEPES, pH 7.9, 420 NaCl, 1.5 MgCl2, 0.2 EDTA,
0.5 DTT, 0.5 PMSF, 0.15 spermin, plus 25% glycerol, 5 �g/ml aprotinin,
5 �g/ml leupeptin, and 5 �g/ml pepstatin. After incubation for 45 min
the extract was centrifuged (14,000 rpm, 10 min) to precipitate debris
and was measured for protein by Bradford assay (Bio-Rad, Hercules, CA).
NF-�B probe was prepared by incubating 20 ng of double-stranded �B con-
sensus oligonucleotides (5�-AGTTGAGGGGACTTTCCCAGGC-3�) in a
reaction mixture containing T4 poly nucleotide kinase (T4 PNK), 1� reac-
tion buffer (T4 PNK and 10� reaction buffer obtained from New England
Biolabs, Beverly, MA), and 60 �Ci of � 32P-dATP (Amersham, Arlington
Heights, IL) in 37°C for 1 hr. The reaction was purified through a Sephadex
G-25 spin column, and the end product was diluted in 200 �l of dilution
buffer containing (in mM) 20 HEPES, pH 7.9, 0.5 EDTA, 0.5 EGTA, 100 KCl,
0.5 DTT, and 10% glycerol. Then 5 �g of nuclear protein extract samples was
incubated with DNA binding buffer containing (in mM) 20 HEPES, pH 7.9,
0.2 EDTA, 0.2 EGTA, 100 KCl, and 2 DTT plus 50% glycerol along with 5 �g
of poly(dI-dC) (Roche Diagnostics, Laval, Quebec, Canada) and 0.2 ng of
5�-end-labeled NF-�B consensus double-stranded DNA probe (100,000
cpm) labeled with � 32P-dATP (Amersham, Arlington Heights, IL). For cold
competition 125-fold excess (25 ng) of unlabeled probe was added before
labeled probe, and the same amount of unlabeled mutant double-stranded
oligonucleotide (with a “G”3“C” substitution in the underlined position in
the above-mentioned consensus �B sequence) was added to check the spec-
ificity of the �B-specific band. For supershift assays anti-p65 (Santa Cruz
sc-109 X), anti-p50 (Santa Cruz sc-1190 X), anti-Rel-B (Santa Cruz sc-226
X), anti-c-Rel (Santa Cruz sc-71 X), or anti-p52 (Santa Cruz sc-298 X) anti-
body was added to the reaction mixture and incubated for 30 min. Samples
were resolved on 5% nondenaturing polyacrylamide gel and visualized by
autoradiography.

I�B adenoviral vector. Recombinant adenoviral vectors were con-
structed by using the Cre-lox system as described previously (Hardy et
al., 1997). Briefly, I�B containing Ser 32 and Ser 36-to-alanine mutations
was excised from pcDNA3(�) (Invitrogen), using HindIII and NotI. The
sequence encoding enhanced green fluorescent protein (EGFP) was ex-
cised from pEGFP-C3 (BD Biosciences Clontech, Palo Alto, CA), using
NheI and HindIII. Both fragments were ligated into pAdlox to produce
pAdlox-EGFP-C3-I�B-�. Purified plasmids were cotransfected onto
HEK293 CRE cells along with �5 viral backbone DNA, using standard
calcium phosphate techniques. Crude lysate was obtained via three suc-
cessive rounds of freeze–thaw, and recombination was confirmed by
restriction digest of the viral DNA. The crude lysate was purified by
plaque isolation and amplified to high titer. Then the recombinant ade-
novirus was purified and concentrated via two rounds on cesium chlo-
ride gradients; concentration was determined by plaque assay.

SDS-PAGE and immunoblot analysis. After we treated the cells for the
desired time course, the medium was aspirated and the cells were washed

twice with cold PBS. Cells were harvested by scraping in SDS sample
buffer (containing 62.5 mM Tris-HCl, 2% w/v SDS, 10% glycerol, 50 mM

dithiothrietol, and 0.01% w/v bromophenol blue) and were transferred
to a microcentrifuge tube. After a brief sonication (10 –15 sec) the sam-
ples were heated to 95–100°C for 5 min. Samples were resolved on 10 –
12% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad).
Membranes were incubated with primary antibodies diluted in 3%BSA
and secondary antibodies diluted in 5% milk in TBS/T (Tris-buffered
saline plus Tween 20) containing 50 mM Tris, pH 7.4, 150 mM NaCl, and
0.1% v/v Tween 20. Primary antibodies and their dilution were as fol-
lows: anti-p65 (1:1000; Santa Cruz), I�B-� (1:1000; Santa Cruz),
phospho-I�B-� (Ser 32, 1:500; Cell Signaling Technology, Beverly, MA),
�-actin (1:3000; Sigma), I�B-� (sc-945, 1:1000; Santa Cruz), and p53
(1:2000; 1C12 monoclonal, Cell Signaling Technology). Goat anti-
mouse or anti-rabbit IgG(H�L) HRP conjugate (Bio-Rad) were used as
secondary antibodies at 1:3000 dilution. Immunoreactivity was detected
by using the Western blot chemiluminescence reagent system
(PerkinElmer, Boston, MA). Films were exposed at different time points
to ensure the optimum density, but not saturated.

Transient transfection and immunostaining. At 24 –36 hr after initial
plating the cortical neurons were transiently transfected by the calcium
phosphate coprecipitation protocol as described previously (Xia et al.,
1996). The neurons were cotransfected with a CMV promoter-driven
expression plasmid, expressing lacZ or GFP (2 �g) and an empty
pcDNA3 vector (Invitrogen) or lacZ/GFP and I�B super-repressor
(I�BSR; 4 �g). DNA damage was induced 16 hr after transfection by
adding camptothecin (10 �M) for 14 hr or as indicated in the text or
figures. Cells were fixed with a paraformaldehyde-based fixative solution
(4% paraformaldehyde, 125 mM sodium dihydrogen phosphate, 125 mM

disodium hydrogen phosphate, 14% picric acid) for 30 min at room
temperature and washed with PBS three times. When cotransfected with
LacZ reporter, the neurons then were incubated with anti-�-
galactosidase antibody (�-gal; Promega) for 12–14 hr at 4°C, followed by
Cy3-conjugated secondary antibody incubation (1 hr, room tempera-
ture) with subsequent PBS wash after each step (three times at room
temperature). The transfected cells were identified by Cy3 fluorescence
indicating �-gal expression. The integrity of the nucleus was analyzed by
nuclear staining with Hoechst 33342 (for 10 min at room temperature;
Sigma). The live cells were scored on the basis of the expression of �-gal/
GFP and their nuclear integrity. The percentage of survival was calculated
as the percentage of live neurons (in �-gal/GFP-positive cells) over the
total number of neurons expressing the reporter gene and presented as
the mean � SE of three independent experiments (n � 3).

Adenoviral infection. Cortical neurons were exposed to recombinant
adenovirus expressing GFP or GFP-tagged I�BSR, lacZ, or p53 at the
time of plating. At �16 hr after infection the cultures were exposed to
camptothecin as described above and assessed for neuronal survival.

Immunofluorescence for p53. Cortical neurons were cultured and in-
fected with adenovirus expressing both GFP and I�BSR as described
above. After fixation with previously described fixative solution for 30
min at room temperature, the cells were washed three times with PBS and
incubated with anti-p53 (1:2000; 1C12 monoclonal, Cell Signaling Tech-
nology) overnight. After being washed, Cy3-linked (1:300; Jackson Lab-
oratories) secondary antibodies were added for 1 hr. Nuclei were stained
with Hoechst dye 33342 (Sigma). Cells were visualized under fluorescent
microscopy, and GFP-expressing cells were evaluated for p53 in each
group. GFP-producing cells, which showed p53 induction, were scored
as “positive” versus “negative” cells that expressed GFP but showed little
or no nuclear p53 immunoreactivity.

Results
NF-�B activation/regulation after camptothecin treatment
To determine the involvement of the NF-�B pathway in neuronal
death/survival after DNA damage, we first examined the DNA
binding activity of NF-�B after camptothecin exposure of embry-
onic cortical neurons by electrophoretic mobility shift assay
(EMSA). Nuclear protein extracts, obtained from neuronal cul-
tures treated with camptothecin for 0 – 8 hr, were incubated with
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radiolabeled consensus NF-�B oligonucleotide under nondena-
turing conditions. As shown in Figure 1, a major band appeared
as early as 2 hr after camptothecin treatment and gradually in-
creased throughout the 8 hr time course. This band appeared to
be specific for NF-�B DNA binding because the addition of ex-
cess unlabeled consensus probe abolished the signal, whereas the
addition of mutant competitor probe had no effect. In addition, it
had the same mobility as a positive control for NF-�B induced by
TNF-� treatment. To determine the composition of this band, we
performed supershift experiments. Anti-p65 antibody resulted in
loss of the induced complex, whereas anti-p50 antibody caused a
supershift of the mentioned band. Antibodies to Rel-B, p52, or
c-Rel had no effect. This indicates that the active form of NF-�B
induced by DNA damage and detected by EMSA is composed of
p65 and p50.

We next examined the mechanism by which NF-�B may be
activated after DNA damage. NF-�B is known to be regulated via
binding to I�B. Accordingly, we examined for I�B levels by West-
ern blot analyses. Consistent with increased NF-�B DNA binding
observed by EMSA, we detected a decrease in the level of I�B-�
after camptothecin treatment (Fig. 2A). Densitometric analysis,
standardized against �-actin, indicates that I�B-� degradation
begins as early as 2 hr from the start of camptothecin exposure.

We also examined for I�B-� degradation, another important
member of the I�B family. In contrast to I�B-�, I�B-� levels
remained constant until the 12 hr time point (Fig. 2B).

One mechanism of control over I�B stability is via phosphor-
ylation at Ser 32 and Ser 36 (Karin, 1999). Interestingly, however,
no consistent increase in I�B-� phosphorylation was observed at
similar time points with a phospho-I�B (Ser 32) specific antibody
(Fig. 3B). To ensure that the antibody is able to detect the phos-
phorylated form of I�B, we performed a control experiment by
treatment of fibroblasts with TNF-�. 	s is shown in Figure 3A,
the antibody effectively recognizes phospho-I�B in this classical
paradigm of cytokine-induced NF-�B activation. Because the
phosphorylated form of I�B is ubiquitinated rapidly and de-
graded by proteasomal activity, we also treated neurons in the
presence of camptothecin and a proteasomal inhibitor ALLN (50
�M) and assessed for phospho-I�B (Ser 32). Similar to camptoth-
ecin treatment alone, no increase in phospho-I�B was detected
(Fig. 3C). Taken together, these observations strongly suggest the
NF-�B signaling is activated after DNA damage and that this
activation may occur via a mechanism other than phosphoryla-
tion of I�B on Ser 32. We also examined several potential up-
stream regulators of NF-�B. ATM, a PI3-kinase like family mem-
ber that is thought to regulate p53 stability under select
conditions of DNA damage (Keramaris et al., 2003), also is re-
ported to regulate NF-�B activity (Piret et al., 1999). However,
ATM-deficient neurons show no defect in NF-�B activation, as

Figure 1. Camptothecin treatment induces NF-�B DNA binding. Nuclear protein extracts of
cultured cortical neurons subject to camptothecin for the indicated times were subjected to
EMSA. A, NF-�B-related band appeared as early as 2 hr and reached its maximum intensity at
�8 hr. The induced band was reactive with the antibody to NF-�B family member p65. B, The
camptothecin-induced NF-�B band was also reactive to the antibody to p50, but not Rel-B,
c-Rel, or p52. TNF-�-treated cortical neurons also were included as a positive control. Cold
comp refers to the addition of 125-fold of excess amounts of unlabeled probe. Mutant comp
refers to the addition of a mutant form of the NF-�B-specific probe that is unable to compete
with the consensus radiolabeled probe.

Figure 2. Camptothecin-induced activation of NF-�B is accompanied by I�B degradation.
A, Total cell lysates of cultured cortical neurons at indicated times were analyzed for I�B-� by
Western blot analysis. Densitometric analysis of I�B degradation from three independent ex-
periments is provided. All data are normalized to loading controls. Error bars are represented as
�SEM. B, Western blot analyses of cortical neurons for I�B-� levels after camptothecin
treatment.
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detected by EMSA, after camptothecin treatment (data not
shown). Similarly, p53-deficient neurons still induced NF-�B ac-
tivation (data not shown). Finally, previous reports have sug-
gested a functional link between the CDK/Rb pathway, a critical
death effector in neurons after DNA damage, and NF-�B (Joyce
et al., 2001). However, treatment with the general CDK inhibitor
flavopiridol had no effect on NF-�B DNA binding and I�B-�
degradation after camptothecin treatment (data not shown).
Taken together, these data indicate that IKK, ATM, p53, and
CDKs do not regulate NF-�B activation.

Dual functional role of NF-�B
We next examined whether the inhibition of NF-�B affects DNA
damage-induced cell death. In this regard we first used pharma-
ceutical agents that inhibit NF-�B via different mechanisms. Hel-
enalin inhibits NF-�B by specific and irreversible alkylation of the
p65 subunit, thereby blocking DNA binding (Lyss et al., 1998).
Parallel analyses of helenalin effects on neuronal death either on
its own or in combination with camptothecin indicated that hel-
enalin significantly protected against camptothecin-induced
neuronal death as evaluated by nuclear morphology. In this case,
considerable neurite loss was observed along with the protection
(Fig. 4A,B). However, prolonged exposure to helenalin alone (48
hr or more, without camptothecin exposure) induced death.
Similar findings were observed with another NF-�B inhibitor,
CAPE (Natarajan et al., 1996), which inhibits nuclear transloca-
tion of NF-�B (data not shown). Interestingly, the IKK inhibitor
BAY 11-7082 (Pierce et al., 1997) failed to be protective at any
dose that was examined and, similar to the other NF-�B inhibi-
tors, showed toxicity (Fig. 4C). This result is consistent with the
lack of increased I�B phosphorylation with camptothecin expo-
sure. Taken together, these findings suggest that, although a basal
activity of NF-�B is needed for neuronal survival and neurite

Figure 3. Lack of increase in I�B-� phosphorylation in cortical neurons after DNA damage.
A, Positive control for Ser 32 phosphorylation; fibroblasts were treated with TNF (10 �M) for the
indicated times and analyzed by Western blot analyses, using a phospho-epitope-specific
I�B-� antibody. Total cell lysates of cultured cortical neurons also were treated with campto-
thecin alone ( B) or camptothecin and the proteasomal inhibitor ALLN (C; 50 �M) for the indi-
cated times and analyzed for Ser 32 I�B-� phosphorylation as above.

Figure 4. Effects of pharmacological inhibitors of the NF-�B pathway. Cultured cortical
neurons were cotreated with camptothecin (10 �M) and the indicated concentrations of the
p65 inhibitor helenalin (hel) or the IKK inhibitor BAY 11-7082. A, Phase-contrast photomicro-
graphs of neuronal cultures untreated ( a), treated with camptothecin ( b), and cotreated with 5
�M ( c) or 10 �M ( d) helenalin for 12 hr. B, Quantitation of neuronal survival with helenalin (2.5
�M) as assessed by nuclear counts under the conditions as indicated. Similar results were
obtained for 5 �M helenalin; however, the time course of toxicity was accelerated. Each data
point is the mean � SEM from three independent cultures. *p 
 0.05 when campto versus
campto � hel are compared at each time point or as indicated. C, Quantitation of neuronal
survival with BAY 11-7082 (12 hr) as assessed by nuclear counts under the conditions as
indicated.
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maintenance, NF-�B also may have a role in DNA damage-
induced cell death.

Because pharmacological agents have the potential pitfall of
nonspecific drug actions, we next investigated the functional im-
portance of NF-�B, using a more specific molecular approach. As
we previously mentioned, activation of NF-�B requires its disso-
ciation from the inhibitory molecule, I�B. Accordingly, we ex-
pressed a stable mutant super-repressive form of I�B-� (Ser 32/
Ser 36-to-alanine mutant; I�BSR) and evaluated its effects on
neuronal death. Cultured cortical neurons were cotransfected
with a plasmid construct, expressing I�BSR, along with �-gal-
expressing plasmid, as a marker to determine the transfected
cells. In this experiment the time between transfection and start
of camptothecin treatment was shortened to eliminate any po-
tential effects of prolonged I�B effects on neuronal survival. Ac-
cordingly, 16 hr after transfection (a time at which I�B expression
was observed) neuronal cultures were treated with camptothecin

for 14 hr. Then the neuronal cultures were fixed and analyzed by
immunocytochemistry via an anti-�-gal antibody and evaluated
for nuclear morphology by Hoechst staining. Cells with con-
densed or fragmented nuclei were scored as dead (Fig. 5A). As
shown in Figure 5B, cells cotransfected with �-gal and I�BSR
(�50% survival) were considerably more resistant to death in-
duced by camptothecin than those transfected with �-gal alone
(20% survival). To support the notion that the protective effects
of I�BSR were not an artifact of the transfection methodology, we
also chose to deliver a GFP-tagged I�BSR fusion protein via re-
combinant adenovirus. Primary cortical neurons were infected at
the time of plating. After 16 hr the cultures were treated with
camptothecin for 14 hr, and GFP-positive neurons were evalu-
ated for death. As shown in Fig. 5C, protection with I�BSR was
comparable to that achieved with transfection.

The above evidence suggests that the NF-�B pathway plays a
role in neuronal damage. However, as mentioned previously, our
results with the use of pharmacological NF-�B inhibitors also
suggest that NF-�B activation may activate pro-survival signals.
In this regard, prolonged expression of I�BSR (over 48 –72 hr)
gradually results in neuronal death (Fig. 6). This is consistent
with the observation that prolonged exposure to pharmacologi-
cal NF-�B inhibitors alone also induces death. In this case it is
important to note that death induced by the NF-�B pharmaco-
logical inhibitors is slightly more rapid than with I�B expression.
This may be attributable to the fact that it takes more time to
synthesize sufficient I�B to inhibit the NF-�B genes required for
neuronal maintenance and/or that the rapid onset of NF-�B in-
hibition with pharmacological inhibitors may be more efficient at
inducing toxicity. Nonetheless, the observation that multiple
NF-�B inhibitors as well as I�B expression both protect from
exogenous insults and also induce death on its own suggests that
NF-�B serves a dual role: neuronal maintenance under basal con-
ditions and signaling for death under conditions of acute hyper-
activation caused by DNA damage.

The complexity of NF-�B signaling is underscored by our
observations with the use of p50- or p65-deficient neurons. Cor-
tical neurons were obtained from mice deficient in either the p50
or p65 NF-�B subunits and evaluated for death after DNA dam-
age. Both p50- and p65-deficient neurons did not show any re-
sistance or sensitivity to death after camptothecin treatment (Fig.
7A,B). Interestingly, neurons obtained from p50 or p65 knock-
out mice showed healthy soma and neurites in culture in the

Figure 5. Inhibition of NF-�B by induction of I�BSR protects primary cortical neurons
against camptothecin-induced cell death. A, B, Primary cortical neurons were cotransfected
with �-gal� empty pcDNA3 vector (�Gal) or �-gal�I�BSR expressing pcDNA3
(�Gal�I�BSR) and treated with or without camptothecin (campto). Aa, Cultured cortical neu-
rons were immunostained by anti-�-gal antibody (as described in Materials and Methods). Ab,
Nuclei were stained with Hoechst, a nuclear-specific fluorescent dye. Ac, Merged micrograph of
a and b. Condensed or fragmented nuclei were scored as dead (shown by thin arrow) versus
intact nuclei (shown by thick arrow). B, Quantitation of survival assay among indicated groups
of cotransfected primary cortical neurons after 14 hr of treatment with camptothecin. C, Iden-
tical experiment as in A and B with the exception that I�BSR was expressed via recombinant
adenovirus. GFP, Green fluorescent protein; I�B, GFP-tagged I�BSR. Each data point is the
mean � SEM of three independent cultures. *p 
 0.05 (t test).

Figure 6. Chronic expression of I�BSR results in neuronal death. Embryonic cortical neurons
were infected with either GFP or GFP-tagged I�BSR expressing adenoviruses at the time of
plating (MOI � 250). At 48, 72, and 96 hr after plating the neuronal cultures were fixed, and
GFP-containing neurons were assessed for survival by analyses of nuclear integrity. Each data
point is the mean � SEM of three independent cultures. *p 
 0.05 (t test).
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absence of DNA damage and displayed normal basal levels of
survival. The results suggest that single deletions of either p50 or
p65 have no effects on neuronal survival or death and/or com-
pensatory mechanisms of NF-�B action (to be discussed further
below). However, NF-�B DNA binding activity (as observed by
EMSA as in Fig. 1) was not detected in extracts from p50 neurons
treated with DNA damage (data not shown). This suggests that,
although gross NF-�B induction by DNA damage is abolished in
these NF-�B-deficient neurons, some germline compensation al-
lows for death to proceed. To determine more definitively the
role of NF-�B in neuronal death induced by DNA damage and to
avoid any compensatory issues associated with germline deficien-
cies inherent in knock-out mice, we more acutely suppressed the
expression of p65, using an RNAi strategy. p65-specific RNAi,
but not a scrambled control or transfection reagent alone, re-
duced the level of this protein (Fig. 8). Importantly, p65 down-
regulation by RNAi also provided significant protection against
DNA damage (Fig. 8). This finding is consistent with our obser-
vations with I�B expression and pharmacological inhibitors and
supports a pro-apoptotic role for acute NF-�B activation in DNA
damage.

p53 as a required downstream effector of NF-�B in
camptothecin-induced neuronal death
We next explored the potential mechanisms by which NF-�B
may induce death after DNA damage. We have shown previously
that p53 is induced after camptothecin exposure (Morris et al.,
2001). We first evaluated whether coadministration of the NF-�B
inhibitors CAPE or helenalin with camptothecin would affect
p53 induction. As shown in Figure 9A, both inhibitors effectively
blocked the induction of p53 as compared with cultures treated
with camptothecin alone. To ensure that these effects were spe-
cific to NF-�B inhibition, we also examined for p53 induction in
I�BSR-expressing neurons. Neuronal cultures were infected with
adenovirus expressing either GFP-tagged I�BSR or GFP. Cul-
tures were exposed to camptothecin for 8 hr to induce p53 levels.
After fixation the GFP-positive neurons then were evaluated for
p53 by immunofluorescence staining. The ratio of p53-positive
GFP-positive cells to p53-negative GFP-positive cells was deter-
mined. As shown in Figure 9C, GFP-expressing cultures dis-
played almost four times the ratio of p53-positive cells as com-
pared with GFP-tagged I�BSR-expressing cells. Taken together,
these results indicate that NF-�B inhibition by pharmacological
inhibitors or I�BSR expression results in decreased p53
induction.

The elevation in p53 levels is accompanied by an increase in
p53-inducible genes. The induction of the Bcl-2 family members
Puma and Noxa is dependent on p53 (Oda et al., 2000; Yu et al.,
2001). As shown in Figure 10A, the induction of these genes (as
determined by RT-PCR) after camptothecin treatment is reduced
dramatically with cotreatment with the NF-�B inhibitor helena-
lin, which is also effective in promoting survival (Fig. 4). These
results indicate that NF-�B actions occur upstream of p53 to
regulate both p53 levels and activity. Consistent with this inter-
pretation, adenoviral-mediated p53 expression induces death
even in the presence of the NF-�B inhibitor helenalin (Fig. 10B).
Finally, we examined whether NF-�B may affect transcription of
p53 directly. As shown in Figure 11, p53 transcripts, as measured
by RT-PCR, increase after exposure to DNA damage. This in-
crease was abolished with cotreatment with the NF-�B inhibitor
helenalin.

Our results described above strongly suggest that the protec-
tive effects of acute NF-�B inhibition in the presence of DNA
damage occur via transcriptional modulation of p53. Interest-
ingly, we also examined whether p53 is modulated in p65-
deficient neurons that are not resistant to DNA damage-induced
death. As shown in Figure 9B, the data clearly indicate that the
increase in p53 levels is not affected by p65 deficiency when com-
pared with littermate controls. Similarly, the IKK inhibitor BAY
11-7082 (Pierce et al., 1997), which was not protective, also failed
to block p53 induction (Fig. 9A) and the induction of the p53-
inducible genes Puma and Noxa (Fig. 10A). This evidence is con-
sistent with the relationship between p53 inhibition and resis-
tance to DNA damage-induced death.

Discussion
Our previous work in a cortical model of neuronal death evoked
by the DNA-damaging agent camptothecin has provided a sig-
naling framework by which CDKs and p53 coordinate to activate
the conserved mitochondrial pathway of death (Bax activation,
cytochrome c release, caspase activation) (Morris et al., 2001).
However, key questions remain. For example, how are these sig-
nals activated and how do they control the Bax activation? The
present examination of NF-�B was undertaken for several rea-
sons. First, previous reports indicated potential interactions of
NF-�B with both p53 and CDKs. For example, NF-�B regulates
the expression of cyclinD1, a binding partner required for
CDK4/6 activation. It also interacts directly with pRb, stimulat-
ing NF-�B DNA binding, but suppresses transcriptional activity
(Tamami et al., 1996). Similarly, NF-�B potentially can regulate
p53-mediated processes. For example, NF-�B can regulate ex-
pression of p53 directly via �B sites in the promoter sequence of
the p53 gene (Wu and Lozano, 1994; Kirch et al., 1999; Qin et al.,
1999; Benoit et al., 2000). Second, NF-�B modulates other life/
death signaling pathways via expression and/or repression of a
myriad of pro- or anti-apoptotic genes (for review, see Barkett
and Gilmore, 1999). Our present results show that (1) NF-�B
activation occurs via degradation of I�B; (2) this activation that
occurs is likely independent of IKK, ATM, p53, and CDK activa-
tion; (3) functionally, NF-�B serves a dual role in neurons. In the
presence of DNA damage, inhibition of the NF-�B pathway by
NF-�B inhibitors or I�BSR expression is protective by a mecha-
nism involving suppression of p53 induction. However, in the
absence of such stress, long-term inhibition of NF-�B leads to
neuronal death, suggesting an alternative role in neuronal
maintenance.

Figure 7. p50 or p65 deficiency is not protective against camptothecin-induced neuronal
death. Cortical neurons were obtained from embryos derived from a double heterozygote
breeding of either p50 ( A) or p65 ( B). Cultures were exposed to camptothecin for 14 hr and
analyzed by nuclear counts. Each data point is the mean � SEM from three independent
embryos.
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Control of activation of NF-�B
Our results clearly demonstrate activation
of NF-�B after DNA damage. We have
demonstrated a rapid increase in NF-�B
DNA binding as early as 2 hr after camp-
tothecin treatment. Importantly, NF-�B
activation occurs before the neuronal
commitment point of death, which we
have defined previously as �4 – 6 hr after
camptothecin treatment. This indicates
that, at least temporally, NF-�B activation
occurs at a time sufficiently early to mod-
ulate death commitment.

In this death paradigm the activation of
NF-�B likely is mediated via the loss of
I�B. How is the loss of I�B regulated?
There are several possibilities in this re-
gard. First, phosphorylation of I�B-� on
two conserved serine residues (Ser 32 and
Ser 36 in human and mouse I�B-�) in the
N-terminal regulatory domain of I�B re-
sults in ubiquitination and consequent
proteasomal-mediated degradation. Phos-
phorylation of I�B-� occurs via I�B kinase
complex (IKK) or, in select circumstances
of p53-mediated death, via pp90rsk (in-
volved in the RAF/MAPK cascade) (Ghoda et al., 1997; Ryan et al.,
2000). However, our evidence does not support the regulation
of I�B via this phosphorylation-mediated mechanism. For example,
the IKK inhibitor BAY 11-7082 (Pierce et al., 1997), does not
protect neurons from camptothecin-induced damage, and we
could not detect an increase in phosphorylation of I�B-�. This
suggests that the classical IKK pathway and/or phosphoryla-
tion on Ser 32/Ser 36 may not play a role in NF-�B regulation
after DNA damage. Alternative pathways of I�B regulation
include calpain-mediated cleavage (Miyamoto et al., 1998;
McDonald et al., 2001), phosphorylation of tyrosine 42, which
has been reported to release NF-�B from I�B-� without sub-
sequent proteolytic degradation (Imbert et al., 1996), or re-
dox-dependent I�B degradation (Kretz-Remy et al., 1998;
Das, 2001). In addition, it is possible that other members of
I�B family also may play a critical role in regulation of NF-�B.
Careful examination of these possibilities will be of impor-
tance in future studies.

Importantly, NF-�B activation is not regulated directly by
ATM, p53, or CDKs. This observation is of particular interest
because of previous reports implicating ATM and p53 as activa-
tors of NF-�B activation (Piret et al., 1999; Li et al., 2001) and
CDK-mediated regulation of NF-�B via the p300 and CBP coac-
tivators (Perkins et al., 1997). The relationship among ATM, p53,
CDKs, and NF-�B is clearly different in the present context. For
example, it is more likely that the NF-�B pathway is parallel to the
CDK pathway while it activates the p53 response.

Function of NF-�B in neuronal survival and death
The biological activity of NF-�B is complex in regard to cell sur-
vival or death. For example, NF-�B has been shown to have dif-
ferential effects in response to distinct death initiators (Lin et al.,
1998). In cultured cortical neurons our evidence indicates that
NF-�B plays a dual role in neurons, depending on the context
and the manner by which NF-�B activity is manipulated. Several
pieces of evidence support this. First, under normal basal condi-
tions the prolonged expression of I�B as well as pharmacological

inhibitors of NF-�B leads to loss of neurites and neuronal death.
This is consistent with several reports indicating that a sustained
basal activation of NF-�B is necessary in cortical neurons as well
as other neuronal cell types (Hamanoue et al., 1999; Bhakar et al.,
2002). For instance, Maggirwar et al. (1998) have shown that
nerve growth factor-dependent (NGF) activation of NF-�B con-
tributes to survival of cultured sympathetic neurons and that
NF-�B suppression can be protective against NGF deprivation in
that model.

However, with acute exposure to camptothecin the down-
regulation of NF-�B is transiently protective. The mechanism by
which this occurs is likely via attenuation of p53 levels. Consistent
with this, we have shown that p53 deficiency protects cortical
neurons from DNA damage (Morris et al., 2001). In addition, our
present data indicate that suppression of NF-�B pathways by
multiple means diminishes p53 transcription and activity. In-
deed, �B binding sites on the p53 promoter have been described,
and NF-�B has been reported to activate transcription of the p53
gene (Hellin et al., 1998; Pei et al., 1999; Zhang et al., 2001). I�B
also may regulate p53 by direct physical interaction (Chang,
2002). However, the fact that we could not detect cytoplasmic
sequestration of p53 (our unpublished data) makes this possibil-
ity unlikely. The present findings are further consistent with re-
ports indicating that NF-�B in the presence of p53 serves a pro-
apoptotic function (Ryan et al., 2000).

It is important to note that understanding the role of NF-�B
pathways in neuronal death/survival is a function of the manner
by which NF-�B is altered. This reflects the dual nature of NF-�B
in regard to death and survival (Wang et al., 1996). For example,
although our present results suggest that downregulation of
NF-�B results in survival, a previous report suggested that over-
expression of p65 also leads to protection in neurons exposed to
DNA damage (Bhakar et al., 2002). The likely explanation for
these differences is that the induction of specific NF-�B-
regulated genes is activated differentially, depending on subunit
composition, strength, and duration of NF-�B activation. For
example, p65 overexpression is known to upregulate pro-survival

Figure 8. NF-�B p65 suppression by RNA interference (RNAi) protects cortical neurons against camptothecin-induced neuro-
toxicity. Cortical neurons were transfected with short-interfering RNA (siRNA) oligonucleotides as described in Materials and
Methods. A, Top, The levels of p65 protein were reduced in neurons that had been transfected with p65 RNAi (NF-�B-RNAi) as
compared with nontransfected cells (–) or cells that had been transfected with nonspecific scrambled RNAi (contr-RNAi; 48 hr
after transfection). �-Actin blot was provided as a loading control. Similar results were obtained by using both transfection
strategies as described in Materials and Methods. A, Bottom, The specificity of the p65 antibody is demonstrated by using cortical
cultures obtained from p65-deficient and wild-type littermate controls. B, Survival of cortical neurons, transfected with p65
NF-�B or control nonspecific RNAi and treated with camptothecin or vehicle for 12 hr, was assessed by nuclear morphology. Two
independent experiments with different transfection methods are shown. Right, GeneSilencer; left, Lipofectamine 2000 (see
Materials and Methods). Each data point is the mean � SEM of three separate cultures. *p 
 0.05 (t test) when comparing
cont-RNAi � campto versus NF-�B-RNAi � campto.
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signals such as the IAPs as well as I�B itself in DNA-damaged
neurons, whereas downregulation of NF-�B signaling, as pre-
sented here, inhibits p53 induction. Indeed, the contribution of
NF-�B to either survival or death may depend on specific subunit
composition of NF-�B at specific endogenous NF-�B-regulated
promoter sites, as reported in other paradigms (Cheng et al.,
1994). Although our own present studies indicate that campto-
thecin activates the p65/p50 NF-�B dimer (at least as observed by
EMSA), it does not provide a comprehensive picture of how
NF-�B is regulated at specific promoter sites during death.

Importantly, neurons obtained from p65- or p50-deficient
mice show no resistance or sensitization to camptothecin-
induced death, nor were they different in apparent size, general
appearance, neurite formation, and basal survival as compared
with littermate control neurons. This lack of effect of p50/p65
deficiency may be attributable to the fact that other NF-�B sub-

Figure 9. The effect of NF-�B suppression on p53 activation after camptothecin treatment.
A, Cultured cortical neurons were treated for 8 hr with camptothecin (10 �M) or cotreated with
indicated pharmacological inhibitors of NF-�B. Total protein extracts were probed for p53 in a
Western blot analysis. B, Cortical neurons, which had been harvested from 14.5 d littermate
embryos of indicated p65 genotypes, were subjected to camptothecin or vehicle treatment for
8 hr. Protein extracts were probed for p53. �-Actin was used as a loading control. C, Expression
of I�BSR inhibits p53 induction. Cortical neurons were infected with GFP or GFP-tagged I�BSR-
expressing adenoviruses (MOI � 250) at the time of plating. At 24 hr after plating they were
treated with camptothecin (10 �M) for 8 hr to induce p53. Neurons were fixed and immuno-
stained for p53. Neurons that expressed GFP (left panel) and nuclear p53 (right panel) were
scored as positive (indicated with arrowheads). Neurons that expressed GFP but displayed no
p53 signal were scored as negative. Bar graph representing quantitation of p53-positive neu-
rons in cells expressing GFP control or GFP-I�BSR is indicated below the panels. Each data point
is the mean � SEM of three independent experiments. *p 
 0.05 (t test).

Figure 10. A, The p65 inhibitor helenalin (Hel), but not the IKK inhibitor BAY 11-7082
(Bay), inhibits the p53-inducible genes Noxa and Puma. Cortical neurons were treated
with camptothecin with and without cotreatment as indicated for 12 hr. Noxa and Puma
levels then were analyzed by RT-PCR as described in Results. S12 (a ribosomal protein used
as a loading control) also was analyzed as a negative control, which did not change during
camptothecin treatment. B, Adenoviral-mediated expression of p53 still induces death
even in the presence of the NF-�B inhibitor helenalin (Hel; 5 �M). Neurons were infected
with adenovirus expressing lacZ control or p53 as indicated in Materials and Methods.
Camptothecin treatment was initiated 24 hr after infection. Survival was assessed at 12 hr
after camptothecin treatment in the presence or absence of helenalin. Inset demonstrates
the overexpression of p53. Lane 1, Infection with p53-expressing virus; lane 2, infection
with lacZ control; lane 3, no infection. *p 
 0.05 (t test).

Figure 11. NF-�B inhibition blocks induction of p53 transcripts induced by DNA damage.
Cortical neurons were treated with camptothecin with and without cotreatment with helenalin
(Hel; 5 �M) as indicated for 2 hr. Then p53 transcription levels were analyzed by RT-PCR as
described in Results. S12 (a ribosomal protein used as a loading control) also was analyzed as a
negative control, which did not change during camptothecin treatment.
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units in addition to p65/p50 may compensate for single subunit
deficiencies. In this regard, numerous additional forms of Rel/
NF-�B proteins have been described (e.g., c-Rel, Rel-B, p52, and
N��F, a neuron-specific �B factor) (Moerman et al., 1999).
However, our results demonstrating protection with more acute
downregulation of p65 by RNAi suggest that this is not the case.
Alternatively, germline compensation not directly related to
NF-�B in p65- or p50-deficient mice may mask normal NF-�B
function. Regardless of the reason, it is important to note that
p65- or p50-deficient neurons did not show an attenuated p53
response when compared with littermate controls. This is consis-
tent with the notion that reduction of p53 activation is important
for the survival effects observed by overexpression of I�B or gen-
eral NF-�B inhibitors.

In summary, our results support a model by which NF-�B can
serve both a pro-apoptotic and pro-survival function. We hy-
pothesize that a basal level of NF-�B activity is important for
proper neuronal maintenance and survival under normal condi-
tions. However, in the presence of a DNA damage stimulus
NF-�B participates in the induction of p53 and therefore serves
an acute pro-apoptotic function. Accordingly, the ultimate prog-
nosis of damaged neurons is modulated by the balance between
these two simultaneous and opposing roles of NF-�B. Moreover,
this model would serve to explain the controversial nature of
NF-�B in neuronal death and survival.
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