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Nuclear factor kB (NF-kB) appears to participate in the
excitotoxin-induced apoptosis of striatal medium spiny neu-
rons. To elucidate molecular mechanisms by which this tran-
scription factor contributes to NMDA receptor-triggered apo-
ptotic cascades in vivo, rats were given the NMDA receptor
agonist quinolinic acid (QA) by intrastriatal infusion, and the role
of NF-kB in the induction of apoptosis-related genes and gene
products was evaluated. QA administration induced time-
dependent NF-kB nuclear translocation. The nuclear NF-kB
protein after QA treatment was comprised mainly of p65 and
c-Rel subunits as detected by gel supershift assay. Levels of
c-Myc and p53 mRNA and protein were markedly increased at
the time of QA-induced NF-kB nuclear translocation. Immuno-
histochemical analysis showed that c-Myc and p53 induction
occurred in the excitotoxin-sensitive medium-sized striatal neu-
rons. NF-kB nuclear translocation was blocked in a dose-

dependent manner by the cell-permeable recombinant peptide
NF-kB SN50, but not by the NF-kB SN50 control peptide.
NF-kB SN50 significantly inhibited the QA-induced elevation in
levels of c-Myc and p53 mRNA and protein. Pretreatment or
posttreatment with NF-kB SN50, but not the control peptide,
also substantially reduced the intensity of QA-induced internu-
cleosomal DNA fragmentation. The results suggest that NF-kB
may promote an apoptotic response in striatal medium-sized
neurons to excitotoxic insult through upregulation of c-Myc and
p53. This study also provides evidence indicating an unique
signaling pathway from the cytoplasm to the nucleus, which
regulates p53 and c-Myc levels in these neurons during
apoptosis.
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Excitotoxicity has long been implicated in the pathogenesis of
degenerative disorders, such as Huntington’s disease (HD), Par-
kinson’s disease (PD), and Alzheimer’s disease (AD) (Choi,
1992; Coyle and Puttfarcken, 1993). The selective neuronal de-
generation occurring in many of these conditions appears to
involve an apoptotic process (Portera-Cailliau et al., 1995; Cot-
man and Su, 1996; Anglade et al., 1997; Mochizuki et al., 1997).
Recent preclinical observations suggest that glutamate agonist-
induced neuronal destruction, at least in part, also occurs by an
apoptotic mechanism (Ankarcrona et al., 1993; Bonfoco et al.,
1995; Qin et al., 1996; Simonian et al., 1996).

The time course of transcription factor expression in tissues
undergoing apoptosis, as well as the effect of transcription and
translation inhibitors on neuronal injury, suggest that some tran-
scription factors may participate in the regulation of the destruc-
tive process (Pittman et al., 1994; Hughes et al., 1997). One such
transcription factor is nuclear factor kB (NF-kB). NF-kB is
expressed in neurons and glia throughout the mammalian CNS
(Kaltschmidt et al., 1993, 1994) and can be activated by glutamate
receptor agonists (Guerrini et al., 1995; Kaltschmidt et al., 1995).
Increased NF-kB levels have recently been observed in areas of
neuronal degeneration in animal models of ischemia, as well as in
patients with AD and PD (Terai et al., 1996; Clemens et al., 1997;

Hunot et al., 1997; Kaltschmidt et al., 1997). Although these
NF-kB changes could reflect epiphenomena or the activation
of defense mechanisms (Barger et al., 1995; Mattson et al., 1997),
a contribution to pathogenesis would seem more likely because
the changes appear limited to brain regions undergoing
neurodegeneration.

NF-kB participates in the control of a broad range of physio-
logical and pathological processes (Baeuerle and Henkel, 1994;
O’Neil and Kaltschmidt, 1997; Siebenlist, 1997). Its role in the
regulation of apoptosis, however, has been rather controversial
(Baeuerle and Baltimore, 1996; Baichwal and Baeuerle, 1997;
Lipton, 1997). Evidence suggesting that NF-kB protects dividing
cells against apoptosis derives mainly from studies of tumor
necrosis factor-induced cell death (Antwerp et al., 1996; Beg and
Baltimore, 1996) but has been observed in certain other situa-
tions, including an NF-kB p65 subunit knock-out animal model
(Beg et al., 1995; Wu et al., 1996; Ozaki et al., 1997; Taglialatela
et al., 1997). In contrast, other studies have suggested that NF-kB
promotes apoptotic cell death in a variety of cell injury models
(Lin et al., 1995a; Grilli et al., 1996; Grimm et al., 1996; Mari-
novich et al., 1996; Clemens et al., 1997, 1998). Previously, we
have reported that quinolinic acid (QA)-induced striatal cell
death in rats displays many hallmarks of apoptosis (Qin et al.,
1996) and that the cell-permeable peptide NF-kB SN50, which
blocks NF-kB nuclear translocation, diminishes QA-induced ap-
optosis (Qin et al., 1998). These observations suggest that NF-kB
positively regulates excitotoxin-induced apoptosis in postmitotic
striatal neurons in vivo.

Many factors could contribute to the antipodal consequences of
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NF-kB activation for cell survival. Because NF-kB interacts with
a broad array of genes, it is hardly surprising that different genetic
programs may be stimulated in different cell types, exposed to
different apoptotic triggers, under various experimental or natu-
rally occurring conditions. It is important, therefore, to study the
regulation of those genes involved in excitotoxin-induced apopto-
sis by NF-kB in the neurons of interest. To elucidate biochemical
events possibly linking NF-kB activation to the excitotoxin-
induced apoptosis of striatal medium spiny neurons, we have
studied the role of NF-kB activation on QA-induced c-Myc and
p53 regulation and on the induction of neuronal apoptosis in the
excitotoxic HD model.

MATERIALS AND METHODS
Animals and drug administration. Male Sprague Dawley rats weighing
300–350 gm were purchased from Taconic Farms (Germantown, NY).
All procedures were performed in accordance with National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

Intrastriatal stereotaxic drug administration was performed as de-
scribed previously (Qin et al., 1996). To study the time course of QA-
induced NF-kB activation, rats were infused intrastriatally with QA (60
nmol) or saline (1 ml) and killed 3, 6, 12, or 24 hr later. Striatal tissues
were dissected for electrophoresis mobility shift assay (EMSA). To study
the effect of QA on c-Myc and p53, rats were treated and killed as
described above, and striatal tissues were used for Western blot analysis
of c-Myc and p53 protein levels or for Northern blot analysis of c-Myc
and p53 mRNA levels. Some animals were perfused transcardially with a
solution containing 4% paraformaldehyde, 0.2% picric acid, and 0.05%
glutaraldehyde, pH 7.4, and their brains were assessed immunohisto-
chemically. To study the effect of NF-kB inhibitory peptide on the
QA-induced nuclear translocation of NF-kB, rats were infused intras-
triatally with NF-kB SN50 (Lin et al., 1995b) or NF-kB SN50 control
peptide (5–20 mg; Biomol, Plymouth Meeting, PA) 15 min before QA and
killed 12 hr later. Striatal tissues were used for nuclear protein extraction
and EMSA. To study the effect of NF-kB SN50 on QA-induced inhibitor
kB (IkB) degradation, rats received this recombinant peptide (20 mg) 15
min before QA and were killed 12 hr later. Striatal proteins were
extracted and used for Western blot analysis. To study the effect of
NF-kB SN50 on the QA-induced increase in c-Myc and p53, rats re-
ceived 20 mg of this recombinant peptide 15 min before QA and were
killed 24 hr later. Striatal tissues were used for Northern and Western
blot analysis. To study the effect of NF-kB SN50 on QA-induced inter-
nucleosomal DNA fragmentation, three experiments were performed. In
the first, rats were pretreated with NF-kB SN50 or NF-kB SN50 control
peptide (5–20 mg) 15 min before QA and were killed 24 hr later. In the
second, rats were pretreated with NF-kB SN50 (20 mg) 15 min before QA
and were killed 12, 24, or 48 hr later. In the third experiment, one group
of rats received NF-kB SN50 (20 mg) 15 min before QA, whereas other
groups were first infused intrastriatally with QA (60 nmol) and 2, 4, and
6 hr later were given NF-kB SN50 (20 mg) intrastriatally. All animals
were killed 24 hr after QA administration, and their striatal tissues were
used for DNA extraction.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (Wosikowski et al., 1995) with modifications. Striatal
tissues were homogenized and then sonicated in a lysing buffer contain-
ing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM PMSF, 0.28 U/ml aprotinin,
50 mg/ml leupeptin, 1 mM benzamidine, and 7 mg/ml pepstatin A. Protein
concentrations were determined using a BCA protein assay kit (Pierce,
Rockford, IL). Samples were mixed with loading buffer and boiled for 5
min. An aliquot of 30 mg of protein from each sample was separated on
12% SDS-PAGE gel using constant current. Proteins were subsequently
transferred to Immobilon-P membranes (Millipore, Bedford, MA) with a
semidry blotting system. After blocking for 1 hr in PBS with 0.1% Tween
20 (PBST) and 5% nonfat dry milk, membranes were incubated for 3 hr
with primary antibodies in PBST containing 3% nonfat dry milk. Mem-
branes were then washed and incubated with a horseradish peroxidase-
conjugated secondary antibody in PBST containing 3% nonfat dry milk
for 1 hr. Immunoreactivity was detected by enhanced chemilumines-
cence autoradiography (ECL kit; Amersham, Arlington Heights, IL) in
accordance with the manufacturer’s instructions. The following primary
antibodies were used: antibody against IkB-a was rabbit polyclonal an-

tibody IkB-a (FL) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-
bodies against c-Myc and p53 were mouse monoclonal antibodies c-Myc
(C-33) (Santa Cruz), p53 (Ab-1) and p53 (Ab-3) (Calbiochem, Cam-
bridge, MA), and p53 (Pab 240) (Santa Cruz).

Northern blot analysis. Total mRNA was extracted from injected stri-
atum and isolated by cesium chloride gradient centrifugation. After
electrophoresis on 1% agarose gel containing formaldehyde, mRNA was
transferred to Duralose membranes (Stratagene, La Jolla, CA). cDNA
probes for p53 and c-Myc mRNA were labeled with [ 32P]dCTP by the
random priming method. Hybridization was performed at 42°C for 16 hr.
Membranes were then washed twice at room temperature with 23 SSC
containing 0.1% SDS and twice at 50°C in 0.13 SSC containing 0.1%
SDS. The results were quantitatively analyzed using a Betascope Model
603 Blot Analyzer (Betagen, Waltham, MA).

EMSA. Striatal nuclear proteins were prepared as described previously
(Qin et al., 1998). Protein concentrations were determined with a BCA
kit (Pierce). Double strand DNA oligonucleotides containing consensus
sequences for NF-kB and activator protein 1 (AP-1) (Promega, Madison,
WI) were labeled with [ 32P]ATP by T4 polynucleotide kinase (Promega).
Nuclear proteins (8–12 mg) were incubated with radiolabeled DNA
probes (40,000 cpm) for 15 min at room temperature in the binding
buffer (Promega). For supershift assay, nuclear proteins were incubated
with antibodies (4 mg) to p65, p50, p52, Rel B or c-Rel [NF-kB P65 (A),
NF-kB p50 (C-19), NF-kB p52 (K-27), Rel B (19), c-Rel (N) (all from
Santa Cruz)] for 1 hr at room temperature before adding labeled DNA
probes. The reaction mixture was then electrophoresed on 4.5% nonde-
naturing polyacrylamide gel with 0.53 Tris borate-EDTA buffer. Auto-
radiograms were developed by exposing the vacuum-dried gels to x-ray
film at 280°C with intensifying screens for 24–48 hr. Results were
quantitatively evaluated with an image analyzer (NIH Image 1.60).

Immunohistochemistry. Perfused brains were post-fixed overnight in
the same perfusate as described above and then immersed in 30%
sucrose. Coronal sections of 25 mm thickness were cut with a cryostat and
washed in 0.1 M Tris-buffered saline (TBS) three times 10 min each and
incubated in TBS with 0.25% Triton X-100 for 30 min. Free-floating
sections were then blocked with 1% normal goat serum for 1 hr at room
temperature and incubated with primary antibodies in the above solution
at 4°C for 48 hr. Sections were subsequently washed and incubated with
secondary antibodies using a Vectastain Elite kit (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s protocol. Finally,
sections were counterstained with thionin. Two antibodies, mouse mono-
clonal antibody (C-33; Santa Cruz) and rabbit polyclonal antibody (C-19;
Santa Cruz), were used to detect c-Myc immunoreactivity; mouse mono-
clonal antibody (Ab-3; Calbiochem) and mouse monoclonal antibody
(Pab 246, Santa Cruz) were used to detect p53 immunoreactivity. Anti-
body specificity was evaluated by preabsorption with specific peptides or
omission of primary antibodies.

Genomic DNA preparation and DNA electrophoresis. Striatal genomic
DNA was prepared as described previously (Qin et al., 1996). Briefly,
striatal tissues were homogenized in a buffer containing 100 mM NaCl, 25
mM EDTA, 10 mM Tris-HCl, pH 8.0, 0.5% SDS, and 0.5 mg/ml RNase.
Homogenates were incubated at 55°C and then extracted with phenol /
chloroform/isoamyl alcohol (25:24:1). DNA pellets were washed once
with precooled 80% alcohol, vacuum-dried, and resuspended in Tris-
EDTA buffer. DNA fragments were separated on 2% agarose gel (3:1;
NuSieve, Rockland, ME) and detected with an UV transilluminator after
staining with ethidium bromide.

Statistical analysis. For comparison of multiple means, ANOVA fol-
lowed by Dunnett t test was performed using the original data. For
comparison of two means, the Student’s t test was used. After statistical
comparison, some data were converted to percent of control for presen-
tation in bar figures.

RESULTS
QA effects on NF-kB activation
QA induced a marked time-dependent increase in NF-kB bind-
ing activity in striatal nuclear extracts, with the peak occurring 12
hr after QA administration (Fig. 1A). Nuclear NF-kB binding
activity was not significantly affected in vehicle-treated control
animals (Fig. 1B). The specificity of NF-kB binding was con-
firmed with unlabeled probes and mutant NF-kB probes. NF-kB
binding activity was almost completely eliminated by adding a
60-fold excess of unlabeled NF-kB probes but not by adding
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unlabeled AP-1 probes (Fig. 2A). A single base mutation in
NF-kB DNA binding motif eliminated upper band binding but
only slightly reduced lower band activity. In other studies, only
upper bands, which were markedly altered by QA treatment, were
quantitatively analyzed. Supershift assays showed that preincuba-
tion with anti-p65 or anti-c-Rel antibodies reduced NF-kB bind-
ing activity in nuclear extracts. The addition of anti-p65 antibody

Figure 1. Effect of QA on NF-kB binding activity in nuclear extracts.
Rats received QA (60 nmol in 1 ml) or saline intrastriatally and were
killed 3, 6, 12, and 24 hr later. Striatal nuclear proteins were extracted and
analyzed by EMSA. A, QA treatment. B, Vehicle treatment. Results from
four rats in each group were quantitatively analyzed with an image
analyzer and expressed as percent of control (nontreated animals;
mean 6 SEM). Statistical comparisons between treated and control
groups were performed by ANOVA followed by a Dunnett t test. *p ,
0.05; ***p , 0.001.

Figure 2. Specificity of QA-induced NF-kB binding activity and NF-kB
subunits detected in nuclear extracts. Rats were treated as described in
legend for Figure 1 and killed 12 hr after QA treatment. Striatal nuclear
proteins were extracted and analyzed by EMSA. A, Specificity of NF-kB
binding. In lane 3 from the lef t, unlabeled competitors were added to the
assay mixtures 15 min before radioactively labeled NF-kB probes. B,
Supershift assay. Antibodies specific for individual NF-kB subunit were
added to assay 1 hr before radioactively labeled NF-kB probes. The arrow
indicates supershifted band.
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Figure 3. Effect of QA on p53 mRNA and protein levels. Rats were
treated with QA or saline and then killed as described in legend for Figure
1. Striatal mRNA or proteins were extracted and used for Northern or
Western blot analysis. Results from three to four rats in each group were
quantitatively analyzed with an image analyzer and expressed as percent
of control (nontreated animals; mean 6 SEM). Statistical comparisons of
treated groups with control groups were performed by ANOVA followed
by the Dunnett t test. **p , 0.01. ***p , 0.001. A, QA treatment, p53
mRNA. B, QA treatment, p53 protein. C, Vehicle treatment, p53 protein.

Figure 4. Effect of QA on c-Myc mRNA and protein levels. Rats were
treated with QA or saline and then killed as described in legend for Figure
1. Striatal mRNA and proteins were extracted and used for Northern and
Western blot analysis. Results from three to four rats in each group were
quantitatively analyzed with an image analyzer and expressed as percent
of control (nontreated animals; mean 6 SEM). Statistical comparisons of
treated groups with control groups were performed by ANOVA followed
by the Dunnett t test. *p , 0.05; ***p , 0.001. A, QA treatment. B,
Vehicle treatment. The arrow indicates the loading of total RNA in each
lane was approximately equal.
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to the assay also produced a supershifted band, but the addition of
anti-c-Rel antibody failed to produce an appreciable supershifted
band. This may indicate loss of DNA binding ability of antibody–
c-Rel complex. The results suggest that NF-kB subunits translo-
cated to the nucleus after QA treatment were mainly comprised
of p65 and c-Rel (Fig. 2B). In vehicle-treated animals, no appre-
ciable supershifted signals were detectable (data not shown).

QA effects on c-Myc and p53
Levels of p53 mRNA were significantly increased starting 6 hr
and peaking 12 hr after QA treatment, as determined by North-
ern blot analysis (Fig. 3A). Meanwhile, levels of p53 immunore-
activity were also substantially elevated 12–24 hr after QA but
were not increased by vehicle treatment (Fig. 3B,C) as revealed
by Western blot analysis. The increase in p53 immunoreactivity
was detectable with several p53 antibodies [p53, Ab-1, p53 (Pab
240), and p53 (Ab-3)], but these antibodies react with both wild-
type and mutant p53 under denaturing conditions. Similarly, QA
treatment also markedly increased levels of c-Myc mRNA and
c-Myc proteins (Fig. 4A,B). No change in c-Myc protein levels
occurred in vehicle-treated animals (Fig. 4C).

In agreement with these results obtained by Western blot
analysis, large increases in both c-Myc and p53 immunoreactivity

were also detected by immunohistochemistry 12–48 hr after QA
administration. The rise in p53 immunoreactivity could be mea-
sured equally well with two p53 antibodies [p53 (Ab-3) and p53
(Pab 246)]. P53 (Pab 246) reacts to wild-type but not mutant p53
under nondenaturing conditions. Microscopic analysis of counter-
stained brain sections showed that the increased levels of c-Myc
and p53 immunoreactivity occurred mainly in medium-sized neu-
rons and only occasionally in glia (Fig. 5C,D). No apparent
increase in either c-Myc or p53 immunoreactivity occurred after
vehicle treatment (Fig. 5A,B).

NF-kB SN50 effects on QA-induced IkB-a degradation,
NF-kB nuclear translocation, and AP-1 activation
The QA-induced increase in nuclear NF-kB binding activity was
inhibited by pretreatment with NF-kB SN50 (5–20 mg) in a
dose-dependent manner (Fig. 6A). However, intrastriatally ad-
ministered NF-kB SN50 did not have an appreciable effect on the
QA-induced rise in AP-1 binding activity (Fig. 6B). Moreover,
the same doses of NF-kB SN50 control peptide failed to alter the
QA-induced NF-kB nuclear translocation or increase in AP-1
binding (Fig. 6C,D). As expected, NF-kB SN50 (20 mg) alone did
not modify IkB-a levels in untreated controls and, when used in

Figure 5. Effect of QA on c-Myc and p53 expression: immunohistochemical studies. Rats were treated and then killed as described in legend for Figure
1. Fixed brain sections were immunostained with c-Myc or p53 monoclonal antibodies. Representative results from animals 24 hr after QA or saline
administration are presented showing the neuronal localization of c-Myc [stained with c-Myc (c-33); p53, stained with p53 (Pab 246)] immunoreactivity.
A, B, Saline treatment. C, D, QA treatment. Arrows indicate typical striatal neurons expressing high levels of c-Myc and p53 (C, D). Scale bar, 25 mm.
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Figure 6. Effect of NF-kB SN50 on QA-induced alterations in NF-kB and AP-1 binding activities. Rats received intrastriatally administered NF-kB
SN50 (5–20 mg) or control peptide (5–20 mg) 15 min before QA (60 nmol) and were killed 12 hr later. Striatal nuclear proteins were extracted and NF-kB
and AP-1 binding activities measured by EMSA. Results from six rats in each group were quantitatively analyzed with an image analyzer and expressed
as percent of control (saline treated; mean 6 SEM) animals. Statistical comparisons were performed by ANOVA followed by the Dunnett t test. ***p ,
0.001 (comparison of QA plus NS, QA plus 5 mg of SN50, QA plus 10 mg of SN50, or QA plus 20 mg of SN50 with control). #p , 0.05 (comparison of
QA plus 5 mg of SN50, QA plus 10 mg of SN50, or QA plus 20 mg of SN50 with QA plus NS). A, NF-kB SN50 treatment, NF-kB binding. B, NF-kB
SN50 treatment, AP-1 binding. C, NF-kB SN50 control peptide treatment, NF-kB binding. D, NF-kB SN50 control peptide treatment, AP-1 binding.
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combination with QA, had no significant effect on QA-induced
degradation of IkB-a (Fig. 7).

NF-kB nuclear translocation blockade effects on QA-
induced c-Myc and p53 expression
The QA-induced increases in striatal p53 mRNA and protein
were diminished by NF-kB SN50. Quantitative analysis of the
data indicated that NF-kB SN50 (20 mg) significantly reduced the
QA-induced rise in levels of c-Myc mRNA from 1311 6 169 to
700 6 42% of control and protein from 735 6 123 to 431 6 49%
of control ( p , 0.001) (Fig. 8A,B). Similarly, NF-kB SN50 (20
mg) also attenuated the QA-induced increase in levels of p53
mRNA from 230 6 7 to 169 6 9% of control ( p , 0.001) and
protein from 260 6 47 to 131 6 37% of control ( p , 0.01)
(Fig. 8C,D).

NF-kB nuclear translocation blockade effects on QA-
induced internucleosomal DNA fragmentation
Pretreatment with NF-kB SN50 (5–20 mg) produced a dose-
dependent inhibition of QA-induced internucleosomal DNA
fragmentation in animals assayed 24 hr after excitotoxin admin-
istration (Fig. 9A). In contrast, pretreatment with NF-kB SN50
control peptide (5–20 mg) had no effect on QA-induced internu-
cleosomal DNA fragmentation (Fig. 9B). To determine whether
NF-kB SN50 merely delays onset of DNA fragmentation rather
than actually blocking it, rats were pretreated with a single dose
of NF-kB SN50 (20 mg), and striatal DNA fragmentation was
assayed at various times after QA administration. The results

showed that NF-kB SN50 inhibited QA-induced internucleoso-
mal DNA fragmentation at all times examined (12, 24, and 48 hr)
(Fig. 9C). To determine whether NF-kB SN50 inhibits DNA
fragmentation when given shortly after QA treatment, animals
received a single dose of NF-kB SN50 either 15 min before or 2,
4, or 6 hr after QA infusion. Biochemical evaluation 24 hr after
QA administration indicated that pretreatment with NF-kB SN50
was most effective in reducing QA-induced internucleosomal
DNA fragmentation. Some attenuation of QA-induced DNA
fragmentation occurred when NF-kB SN50 was administered 2 or
4 hr after QA but not when given 6 hr later (Fig. 9D).

DISCUSSION
The present results provide additional support for the possibility
that NF-kB participates in a signaling cascade culminating in the
apoptotic demise of rat striatal neurons exposed to the excito-
toxin QA (Qin et al., 1996, 1998). It now appears that QA
stimulation of glutamate receptors of the NMDA subtype leads
to the selective degradation of IkB-a, a cytosolic protein that
binds NF-kB. Our data further suggest that the resultant release
and nuclear translocation of NF-kB augments expression of the
proapoptotic genes p53 and c-Myc, because blockade of NF-kB
translocation with NF-kB SN50 inhibits the QA-induced rise in
mRNA and protein levels of both p53 and c-Myc, as well as the
severity of internucleosomal DNA fragmentation. These in vivo
findings could have important implications for the treatment of
CNS degenerative disorders, as well as other conditions in which
excitotoxicity and NF-kB activation may contribute to neuronal
death.

As a transcription factor, NF-kB is known to influence the
expression of a broad array of genes. In the present study, NF-kB
activation by QA preceded the appearance of maximum internu-
cleosomal DNA cleavage (Qin et al., 1998). It is thus conceivable
that NF-kB may be able to induce gene products that stimulate
apoptosis in striatal neurons. Among potential candidates for this
role, c-Myc and p53 are of particular interest. Previous studies
have shown that NF-kB binding sites are present in the promoter
regions of both genes (Duyao et al., 1990; Kessler et al., 1992; Wu
and Lozano, 1994; Lee et al., 1995), but whether these binding
sites contribute to the regulation of p53 and c-Myc expression in
neurons has yet to be established. Here, we find that QA increases
neuronal levels of p53 and c-Myc mRNA and protein in striatal
neurons and that the induction of these genes and gene products
occurs in close temporal relation to NF-kB activation by IkB
degradation and the subsequent appearance of the biochemical
and morphological stigmata of apoptosis. The increase in p53
protein levels by QA observed in the present studies is consistent
with finding reported by Hughes et al. (1996). These observations
raise the question as to whether the temporal association in this
instance could signify a causal relationship.

The possibility that NF-kB activation triggers c-Myc and p53
induction and the apoptotic death of rat striatal neurons was
addressed by studies with NF-kB SN50. This recombinant pep-
tide contains two functional regions: the hydrophobic domain of
the signal peptide from Kaposi fibroblast growth factor, which
confers membrane permeability, and a nuclear localization se-
quence (residues 360–369), which selectively blocks the nuclear
translocation of NF-kB in a saturable, competitive manner (Lin
et al., 1995b). In agreement with our previous results (Qin et al.,
1998), we found that NF-kB SN50, but not its control peptide,
attenuated the QA-induced increase in nuclear NF-kB activity in
a dose-dependent manner. We also found that the inhibitory

Figure 7. Effects of NF-kB SN50 on QA-induced degradation of IkB-a.
Rats received intrastriatally administered NF-kB SN50 (20 mg) 15 min
before intrastriatal injection of QA (60 nmol) and were killed 12 hr later.
Striatal proteins were extracted for Western blot analysis. Results from six
rats in each group were quantitatively analyzed with an image analyzer
and expressed as percent of control (saline-treated animals; mean 6
SEM). Statistical comparisons were performed by ANOVA followed by
the Dunnett t test. *p , 0.05; **p , 0.01 (comparison of QA with control
or QA plus 20 mg of SN50 with control).

Qin et al. • NF-kB upregulates c-Myc and p53 J. Neurosci., May 15, 1999, 19(10):4023–4033 4029



Figure 8. Effect of NF-kB SN50 on QA-induced increases in p53 and c-Myc mRNA and protein levels. Rats received intrastriatally administered NF-kB
SN50 (20 mg) 15 min before QA (60 nmol) and were killed 12 or 24 hr later. Levels of p53 and c-Myc mRNA or proteins were measured by Northern
or Western blot analysis. Results from four rats in each group were quantitatively analyzed with an image analyzer and expressed as percent of control
(saline treated animals; mean 6 SEM). Statistical comparisons were performed by ANOVA followed by the Dunnett t test or by Student’s t test. ***p ,
0.001 (comparison of QA plus NS with control or QA plus 20 mg of SN50 with control). ##p , 0.01; ###p , 0.001 (comparison of QA plus NS with
QA plus 20 mg of SN50). A, p53 mRNA. B, p53 protein. C, c-Myc mRNA. D, c-Myc protein. The arrow indicates the loading of total RNA in each lane
was approximately equal.
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peptide had no effect on IkB-a degradation but did diminish the
QA-induced rise in the expression of both p53 and c-Myc mRNA
and protein. These studies suggest that NF-kB nuclear translo-
cation upregulates the expression of both p53 and c-Myc in
striatal neurons. The observation that NF-kB SN50 reduced p53
and c-Myc induction by only 50–80% could indicate that its
inhibitory action was incomplete or that other signaling pathways
besides NF-kB contribute to c-Myc and p53 responses to NMDA
receptor stimulation.

Both c-Myc and p53 serve as critical regulators of the cell cycle
and of apoptotic mechanisms in normal and malignant cells
(Kastan et al., 1995; Packham and Cleveland, 1995; Selivanova
and Wiman, 1995). The important contribution of p53 to apopto-
tic processes in postmitotic neurons is now especially well docu-
mented (Slack et al., 1996; Hughes et al., 1997; Jordan et al.,
1997). Moreover, several studies have linked p53 expression to
the neuronal damage in the CNS after exposure to ischemia or
excitotoxins (Chopp et al., 1992; Li et al., 1993; Sakhi et al., 1994).

Conversely, p53 null mice have been found to resist ischemic or
excitotoxic insult (Crumrine et al., 1994; Hermeking and Eick,
1994; Morrison et al., 1996; Xiang et al., 1996). Similar evidence
suggests the participation of c-Myc as a proapoptotic regulator in
cells of various types and under variety of conditions (Packham
and Cleveland, 1995; Nakagomi et al., 1996; Packham et al.,
1996). Indeed, c-Myc and p53 have been reported to act syner-
gistically in the induction of apoptosis (Saito and Ogawa, 1995).
In this study, we found that increased levels of both c-Myc and
p53 occurred in the medium-sized efferent neurons but not in the
large-sized interneurons, which are relatively resistant to QA.
The increased p53 immunoreactivity in striatal neurons could
also be detected with an antibody specific for the wild form of p53,
indicating that the wild type of p53 is induced (for review, see
Hughes et al., 1997). Interestingly, kainic acid-induced elevations
in c-Myc and p53 immunoreactivities occurred in both medium-
and large-sized striatal neurons, and these c-Myc and p53-positive
large neurons evidenced rapid degeneration (data not shown).

Figure 9. Effect of NF-kB SN50 on QA-induced internucleosomal DNA fragmentation. A, B, Rats received intrastriatally administered NF-kB SN50
(5–20 mg, A) or control peptide (5–20 mg, B) 15 min before QA (60 nmol) and were killed 24 hr later. Genomic DNA was extracted and electrophoresed
on 2% agarose gel. Each lane shows results from three animals. C, Rats received intrastriatally administered NF-kB SN50 (20 mg) 15 min before QA
(60 nmol) and were killed 12, 24, and 48 hr later. Genomic DNA was extracted and electrophoresed on 2% agarose gel. Each lane shows results from
three animals. D, Rats received intrastriatally administered NF-kB SN50 (20 mg) 15 min before QA (60 nmol) or were given intrastriatal QA (60 nmol)
and then NF-kB SN50 (20 mg) 2, 4, or 6 hr later. Animals were killed 24 hr after QA, and genomic DNA was extracted and electrophoresed on 2%
agarose gel. Each lane shows results from three animals.
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The upregulation of c-Myc and p53 in vulnerable medium-sized
efferent neurons by NF-kB observed in this study is consistent
with the view that NF-kB plays a proapoptotic role in striatal
neurons exposed to excitotoxic insult. More direct support for
this possibility derives from our findings with NF-kB SN50; this
inhibitor of NF-kB activation produced a dose-dependent reduc-
tion in the intensity of the QA-induced internucleosomal DNA
fragmentation, a hallmark of apoptosis. Similar treatment with
NF-kB SN50 control peptide had no effect on QA-induced inter-
nucleosomal DNA fragmentation. NF-kB SN50 even evidenced
some protective activity when given a few hours after QA treat-
ment. On the other hand, NF-kB SN50 had no effect when
administered 6 hr after QA, because by then NF-kB activation
had already taken place.

Apoptotic processes in mature neurons are tightly regulated,
and underlying mechanisms are necessarily complex. Previous
studies have identified a complicated pattern of QA-induced
alterations in transcription factors in addition to the NF-kB
changes studied here. These included time-dependent increases
in AP-1 and decreases in octamer 1 and SP-1 binding activities
occurring in association with the apoptotic destruction of rat
striatal neurons (Qin et al., 1998). Concomitant changes in sig-
naling molecules other than NF-kB could exert a critical influ-
ence on apoptotic mechanisms involving NF-kB. Moreover, dif-
ferent combinations of NF-kB subunits may activate different sets
of target genes (Perkins et al., 1992). In view of previous obser-
vations suggesting a proapoptotic role for c-Rel (Abbadie et al.,
1993), the fact that we were able to detect c-Rel in the nucleus
after QA treatment could be of considerable importance. Clearly,
NF-kB function depends on many factors, few of which are now
understood. Apparent discrepancies between studies of this tran-
scription factor are thus hardly surprising (Barger et al., 1995;
Mattson et al., 1997).

Results of the present investigation not only support earlier
observations suggesting that NF-kB plays a proapoptotic role in
certain models of cell death (Abbadie et al., 1993; Lin et al.,
1995a; Grimm et al., 1996; Marinovich et al., 1996) but also detail
some of the molecular events linking NF-kB activation to an
apoptotic program in an animal model. In addition, our findings
may shed light on recent reports of increased NF-kB levels in
certain neurodegenerative disorders (Terai et al., 1996; Hunot et
al., 1997; Kaltschmidt et al., 1997; Clemens et al., 1998). Current
evidence suggests that NF-kB elevations in these CNS disorders
may be injurious to vulnerable neurons by either or both of two
mechanisms, one involving cytokine-mediated inflammatory re-
actions, the other involving the direct activation of apoptotic
processes. In either case, NF-kB could be an important target for
new drug development.
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