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Nuclear factor-kB (NF-kB) is activated in brain cells after vari-
ous insults, including cerebral ischemia and epileptic seizures.
Although cell culture studies have suggested that the activation
of NF-kB can prevent neuronal apoptosis, the role of this
transcription factor in neuronal injury in vivo is unclear, and the
specific kB subunits involved are unknown. We now report that
mice lacking the p50 subunit of NF-kB exhibit increased dam-
age to hippocampal pyramidal neurons after administration of
the excitotoxin kainate. Gel-shift analyses showed that p50 is
required for the majority of kB DNA-binding activity in hip-
pocampus. Intraventricular administration of kB decoy DNA
before kainate administration in wild-type mice resulted in an
enhancement of damage to hippocampal pyramidal neurons,

indicating that reduced NF-kB activity was sufficient to account
for the enhanced excitotoxic neuronal injury in p502/2 mice.
Cultured hippocampal neurons from p502/2 mice exhibited
enhanced elevations of intracellular calcium levels and in-
creased levels of oxidative stress after exposure to glutamate
and were more vulnerable to excitotoxicity than were neurons
from p501/1 and p501/2 mice. Collectively, our data demon-
strate an important role for the p50 subunit of NF-kB in pro-
tecting neurons against excitotoxic cell death.
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Nuclear factor-kB (NF-kB) exists in the cytosol as an inducible
three subunit complex consisting of two (prototypical) subunits of
50 kDa (p50) and 65 kDa (p65; RelA) and an inhibitory subunit
called I-kB. NF-kB activation occurs when I-kB is induced to
dissociate from the complex. The p50–p65 dimer then translo-
cates to the nucleus and binds to 59 regulatory elements of genes
responsive to NF-kB (for review, see Baeuerle and Baltimore,
1996; Mattson, 1998). NF-kB is expressed in the nervous system
and shows a low level of constitutive activity in neurons
(Kaltschmidt et al., 1994). NF-kB activity is increased greatly in
neurons after seizure activity (Prasad et al., 1994; Grilli et al.,
1996; Rong and Baudry, 1996; Matsuoka et al., 1999) and isch-
emia (Salminen et al., 1995; Clemens et al., 1997, 1998; Carroll et
al., 1998; Zhang et al., 1998). Injury-related signals that can
activate NF-kB in neurons include tumor necrosis factor (Barger
et al., 1995), glutamate (Kaltschmidt et al., 1995), nerve growth
factor (Carter et al., 1996; Maggirwar et al., 1998), and reactive
oxygen species (Schreck and Baeuerle, 1994; Guo et al., 1998).
Because the activation of NF-kB is associated with cell injury and
death in many different pathological settings, it has been proposed
that the activation of NF-kB contributes to the cell death process
(Grilli et al., 1996; Clemens et al., 1997). However, cell culture
studies suggest that the activation of NF-kB represents a cyto-
protective response that can, in fact, prevent neuronal apoptosis
(Cheng et al., 1994; Barger et al., 1995; Mattson et al., 1997;

Taglialatela et al., 1997). Gene targets that may mediate the
anti-apoptotic action of NF-kB in neurons include those encoding
manganese superoxide dismutase (Mn-SOD; Mattson et al., 1997)
and the calcium-binding protein calbindin D28k (Cheng et al.,
1994).

Although the activation of NF-kB in neurons may be benefi-
cial, the activation of NF-kB in microglia may stimulate poten-
tially neurotoxic cascades involving the production of nitric oxide
and excitotoxins (Barger and Harmon, 1997; Kim and Ko, 1998).
It is therefore unclear whether the net result of the activation of
NF-kB in neurons and glial cells after brain injury in vivo is
beneficial or detrimental for neurons. Knock-out of the p65
subunit of NF-kB by targeted gene disruption results in embry-
onic lethality (Beg et al., 1995). In contrast, mice develop nor-
mally in the absence of the p50 subunit of NF-kB, although such
p50-deficient mice exhibit altered lymphocyte responses when
challenged with lipopolysaccharide and infectious agents (Sha et
al., 1995; Snapper et al., 1996). It is not known whether p50 plays
roles in cellular responses to brain injury. In the present study we
used p50 knock-out mice and a method for suppression of NF-kB
activation, using kB decoy DNA (Mattson et al., 1997), to deter-
mine the role of NF-kB directly in the death of hippocampal
neurons after the administration of the seizure-inducing excito-
toxin kainate. The data suggest that p50 is required for kainate-
induced kB DNA-binding activity in hippocampus and that the
activation of NF-kB protects hippocampal pyramidal neurons
against excitotoxic injury.

MATERIALS AND METHODS
Mice and procedures for administration of kainate and kB decoy DNA. The
gene-targeting strategy used to generate lines of mice lacking p50 has
been described previously (Sha et al., 1995; Snapper et al., 1996). Ho-
mozygous p50 knock-out (p50 2/2) mice exhibit no overt phenotype but
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do exhibit abnormalities in responses of B lymphocytes to bacterial
lipopolysaccharide and reduced resistance to certain infectious agents.
Mice were maintained on a random C57BL/6 3 129 background. Ex-
periments were performed in 3-month-old male mice (25–30 gm body
weight); the mice were fed ad libitum and maintained on a 12 hr
light /dark cycle. Kainate was administered via stereotaxic injection into
the dorsal hippocampus by methods detailed in our previous studies
(Bruce et al., 1996; Guo et al., 1999). Briefly, kainate (0.1 or 0.2 mg in a
volume of 0.5 ml) was injected unilaterally into dorsal hippocampus
(dorsoventral, 22.0; mediolateral, 12.4; anteroposterior, 20.8 from
bregma) of anesthetized mice. All mice that were administered kainate
exhibited seizures within the first hour after injection. The mice were
killed at designated time points after kainate administration, and brain
tissue was prepared for histological analyses or for gel-shift assays as
described previously (Bruce et al., 1996; Guo et al., 1998). kB decoy DNA
was prepared by annealing single-stranded oligonucleotides of the fol-
lowing sequences: 59-GAGGGGACTTTCCCT-39 and 59-AGGGAAA
GTCCCCTC-39. Control DNA with a scrambled sequence was prepared
by annealing oligonucleotides of the following sequences: 59-GATGCGT
CTGTCGCA-39 and 59-TGCGACAGACGCATC-39 Stocks of double-
stranded DNA were prepared at a concentration of 2 mM in saline. Decoy
DNA was administered via stereotaxic injection into the lateral ventricles
as described previously (Smith-Swintosky et al., 1994).

Histolog ical procedures. Coronal brain sections (30 mm) were cut on a
freezing microtome and were stained with cresyl violet. Nissl-positive
undamaged neurons were counted in hippocampal regions CA1, CA3,
and hilus (three 453 fields per region per section and three sections per
hippocampus); counts were performed without knowledge of the geno-
type or treatment history of the mice. Immunohistochemistry was per-
formed in free-floating sections, using the methods described previously
(Bruce et al., 1996). Briefly, the sections were incubated for 2 hr at room
temperature in a solution containing 0.2% Triton X-100 and 1% normal
horse serum in PBS. Then the sections were incubated overnight at 4°C
in primary antibody (a mouse monoclonal antibody against microtubule-
associated protein-2 (MAP-2); 1:250 dilution; Sigma, St. Louis, MO) in
PBS. Sections then were washed with PBS and incubated for 2 hr at room
temperature in the presence of biotinylated secondary antibody, followed
by a washing in PBS. Next the sections were incubated for 1 hr in ABC
reagent (Vector Laboratories, Burlingame, CA), washed in PBS, and
incubated for 5 min in nickel-enhanced DAB solution (Vector Labora-
tories). The sections were air-dried, mounted, observed, and photo-
graphed under bright-field optics.

Gel-shif t and supershif t assays. Nuclear protein extracts were prepared
according to the methods reported previously, with some modifications
(Guo et al., 1998). Briefly, after being removed from storage at 280°C,
brain tissues were immersed immediately in 1 ml of ice-cold lysis buffer
containing (in mM) 10 KCl, 1.5 MgCl2, 0.5 dithiothreitol, 0.5 phenyl-
methylsulfonyl fluoride, and 10 mM HEPES, pH 7.9, plus 2 mg/ml
pepstatin A, 2 mg/ml leupeptin, and 2 mg/ml L-leucinethiol. Samples were
homogenized immediately on ice with a Dounce homogenizer, using
pestles A (10 strokes) and B (5 strokes). Samples were kept on ice for 15
min, and then 25 ml of 10% Nonidet P-40 was added in the homogenate.
After a brief vortexing, they were incubated on ice for another 20 min
and were centrifuged at 12,500 rpm for 30 sec. The pelleted nuclei were
resuspended in 50–100 ml of extraction buffer consisting of (in mM) 420
NaCl, 1.5 MgCl2, 0.2 EDTA, 0.5 dithiothreitol, 0.5 phenylmethylsulfonyl
fluoride, and 20 HEPES, pH 7.9, plus 2 mg/ml pepstatin A, 2 mg/ml
leupeptin, and 2 mg/ml L-leucinethiol and were incubated on ice for 30
min. The nuclear suspension was centrifuged at 12,500 rpm for 15 min at
4°C, and the supernatant containing the nuclear protein extracts was
saved. Protein concentration of the nuclear extract was determined by the
Bio-Rad protein assay reagent (Richmond, CA). Aliquots of the nuclear
extracts were stored at 280°C for the gel-shift /supershift assay. The
gel-shift assay was performed with a commercial DNA-binding protein
detection system (Life Technologies, Gaithersburg, MD), as described by
the manufacturer. Briefly, a 5 mg aliquot of extracted nuclear protein was
preincubated in a reaction buffer containing (in mM) 500 NaCl, 5 EDTA,
5 dithiothreitol, and 50 Tris, pH 7.5, plus 20% glycerol and 0.4 mg/ml
salmon sperm DNA. After 15 min of incubation on ice, approximately
1 3 10 5 cpm of 32P end-labeled double-stranded oligonucleotide con-
taining the kB consensus sequence 5-TCAGAGGGGACTTTCCGAG
AGG-3was added to the reaction, and the mixture was incubated for 20
min at room temperature. Then 2 ml of 0.1% bromphenol blue dye was
added to each sample, and a 25 ml aliquot of the sample was electropho-
resed through a 6% nondenaturing polyacrylamide gel for 105 min at 150

V. The gel was dried and exposed to x-ray film, using intensifier screens
at 270°C. The specificity of the identified kB-binding proteins in the
nuclear extracts was determined by adding a 100-fold excess of unlabeled
competitor DNA to the reaction. For gel supershift analysis, extracted
nuclear proteins (5 mg) were incubated with 1 mg of polyclonal antibodies
against the p65, p50, and/or c-Rel proteins (Santa Cruz Biotechnology,
Santa Cruz, CA) for 45 min before the addition of 32P-labeled double-
stranded NF-kB oligonucleotide; then gel-shift analysis was performed as
described above.

Primary hippocampal cell cultures and measurements of neuronal sur-
vival, intracellular calcium levels, and levels of reactive oxygen species. The
method for establishing primary cultures of hippocampal neurons from
postnatal day 1 mice was described in our previous study (Guo et al.,
1999). Cells were maintained in Neurobasal medium with B27 supple-
ments (Life Technologies), and experiments were performed in 8-d-old
cultures. Immediately before experimental treatment the medium was
replaced with Locke’s buffer [containing (in mM) 154 NaCl, 5.6 KCl, 2.3
CaCl2, 1.0 MgCl2, 3.6 NaHCO3, 5 glucose, and 5 HEPES, pH 7.2].
Glutamate was prepared as a 2003 stock in Locke’s buffer. Neuron
survival was quantified as described previously (Cheng et al., 1994).
Neurons in premarked microscope fields were counted before, and at
indicated time points after, exposure to glutamate. Neurons with intact
neurites and a cell body that was smooth and round to oval-shaped were
considered viable, whereas neurons with beaded or fragmented neurites
and a cell body that was shrunken and rough in appearance were
considered nonviable. Analyses were performed without knowledge of
the treatment history of the cultures. Intracellular free calcium levels
([Ca 21]i) were quantified by fluorescence ratio imaging of the calcium
indicator dye fura-2, using methods described previously (Cheng et al.,
1994). Briefly, the cells were loaded with the acetoxymethylester form of
fura-2 (30 min incubation in the presence of 10 mM fura-2) and imaged
with a Zeiss AttoFluor system with a 403 oil objective. The average
[Ca 21]i in individual neuronal cell bodies was determined from the ratio
of the fluorescence emissions obtained by using two different excitation
wavelengths (334 and 380 nm). The system was calibrated with solutions
containing either no Ca 21 or a saturating level of Ca 21 (1 mM) by the
formula: [Ca 21]i 5 KD[(R 2 Rmin)/(Rmax 2 R)](Fo/Fs). Peroxide levels
were measured by confocal microscope analysis of cellular dichlorofluo-
rescein (DCF) fluorescence, as described previously (Mattson et al.,
1995).

RESULTS
NF-kB DNA-binding activity is decreased and neuronal
damage is increased after kainate administration in
hippocampus of mice lacking p50
Gel-shift analysis of NF-kB DNA-binding proteins in hippocam-
pal nuclear extracts from control (saline-injected) wild-type mice
revealed two prominent bands (Fig. 1A). The intensity of the
upper band was increased markedly after kainate administration,
whereas the intensity of the lower band was not changed (Fig.
1A). The upper shifted band was completely absent in p502/2

mice, both under basal conditions and after kainate administra-
tion, whereas the lower shifted band was present in both p501/1

and p502/2 mice (Fig. 1A). Supershift analysis showed that the
upper band was shifted by an antibody against p50 and by an
antibody against p65, but not by an antibody against c-Rel (Fig.
1B). In contrast, the lower band was not shifted by any of the
three antibodies. These results indicated that the upper shifted
band consists of p50/p65 heterodimers and is the major kainate-
inducible kB-binding complex present in hippocampus. Excess
unlabeled kB DNA eliminated the NF-kB binding activity of the
upper shifted band, demonstrating the specificity of binding of
those proteins to the DNA (Fig. 1C). The lower shifted band,
which was partially competed by cold competitor DNA, appears
to correspond to the novel neuronal kB-binding protein recently
described by Moerman et al. (1999) for which physiological roles
remain to be determined.

We next injected saline or kainate into the dorsal hippocampus
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unilaterally in wild-type and p502/2 mice and then killed the
mice either 6 or 24 hr later. Analyses of cresyl violet-stained
coronal sections of hippocampus from wild-type mice showed
that ;30 and 70% of CA1 and CA3 neurons were damaged (in
the kainate-injected hippocampus) at the 6 and 24 hr time points,
respectively (Figs. 2, 3A,B). There was a significant enhancement
of neuronal degeneration in region CA1 at the 6 hr time point and
in regions CA3 and CA1 at the 24 hr time point in the p502/2

mice. Kainate also caused more damage to hilar neurons at the 24
hr time point (Fig. 3B). At the dose that was used, kainate caused
little or no damage to neurons in the uninjected hippocampus of
p501/1 mice. However, in p502/2 mice there was extensive
damage to CA1 and CA3 neurons in the contralateral (unin-
jected) hippocampus (Fig. 3C). Collectively, these data demon-
strate increased vulnerability to excitotoxicity of hippocampal
pyramidal neurons in mice lacking p50.

Figure 1. kB DNA-binding activity is greatly reduced in hippocampal tissue from p50 knock-out mice. A, Gel-shift analysis of nuclear extracts from
hippocampi of p50 2/2 mice and p50 1/1 mice that had been killed 4 hr after intrahippocampal administration of either saline or kainate (K A). Similar
results were obtained in two additional experiments. LS, Lower shifted band. B, Supershift analysis of kB-binding proteins present in nuclear extracts
of hippocampus from a wild-type mouse (8 hr after kainate). Samples of nuclear extracts (5 mg) were preincubated for 45 min (before the addition of
radiolabeled kB DNA) in the absence of additions (lane 1) or in the presence of a 200-fold excess of unlabeled cold probe or antibody against p65, p50,
and/or c-Rel, as indicated. LS, Lower shifted band. C, Samples of nuclear extracts (5 mg) were preincubated for 45 min in the absence of additions (lane
1) or in the presence of a 100- or 50-fold excess of unlabeled cold probe (lanes 2, 3).

Figure 2. Cresyl violet-stained sections of
hippocampi from p50 1/1 (top) and p50 2/2

(bottom) mice 24 hr after the administra-
tion of kainate into the right hippocam-
pus. Note that the extent of neuronal
damage in regions CA3 and CA1 of right
hippocampus is greater in the p50 2/2

mouse and that there is also damage to
CA1 neurons in the contralateral hip-
pocampus of the p50 2/2 mouse, but not in
the p50 1/1 mouse.
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kB decoy DNA increases the vulnerability of
hippocampal neurons to excitotoxicity
We (Mattson et al., 1997) and others (Taglialatela et al., 1997)
have shown that administration of kB decoy DNA can suppress
NF-kB activity and increase vulnerability of cultured neurons to
apoptosis induced by several different insults. In the present study
we administered double-stranded kB decoy DNA or control
double-stranded DNA with a scrambled sequence (see Materials
and Methods) into the lateral ventricles of adult wild-type mice
(two injections at 24 and 2 hr before kainate administration) and
then killed the mice either 8 hr after kainate administration for
gel-shift analysis of NF-kB activity or 24 hr after kainate for
quantification of damage to hippocampal neurons. For these
studies the dose of kainate was reduced to 0.1 mg to reduce the
extent of neuronal damage in control mice so that any exacerba-
tion of damage by kB decoy DNA could be detected more readily.
In a preliminary experiment we administered fluorescein-tagged
kB decoy DNA (60 mg) into the lateral ventricles, killed the mice
2 hr later, and prepared coronal brain sections for examination
with a microscope with epifluorescence illumination. Many neu-
rons throughout the hippocampus exhibited intense fluorescence,
including cells corresponding to Nissl-positive pyramidal neurons
in region CA1 (Fig. 4A), indicating that the DNA was taken up by
the neurons. Weaker fluorescence was present in cells in neuropil,
suggesting that the DNA also was taken up by glia. The cell-
associated fluorescence was attributable to the uptake of intact
labeled DNA, because no cell-associated fluorescence was ob-
served after intraventricular administration of fluorescein-labeled
decoy DNA that had been preincubated with DNase-I (data not
shown). These results are consistent with previous studies that
demonstrated the penetration of oligonucleotides of similar size
as our kB decoy DNA into both neurons and glia in vivo (Grzanna
et al., 1998) and showed their specific efficacy in modulating
target cell function (Meiri et al., 1997; Engelmann et al., 1998).

We next performed gel-shift analyses to determine whether
levels of NF-kB activity were altered in hippocampal cells after
intraventricular administration of kB decoy DNA. The kainate-
induced increase in NF-kB activity was suppressed completely in
hippocampus of mice that were administered kB decoy DNA but
was unaffected in mice that were administered control scrambled
DNA (Fig. 4B). Quantification of neuronal damage in hippocam-
pus 24 hr after kainate administration revealed a marked en-
hancement of the degeneration of CA1 pyramidal neurons and
hilar neurons in the mice that were administered kB decoy DNA
as compared with mice that were administered saline or scram-
bled control DNA (Fig. 4C). When taken together with the data
obtained in studies of p502/2 mice, the data suggest that NF-kB

4

numbers of undamaged neurons in regions CA1, CA3, and hilus of
the injected hippocampus were quantified (see Materials and Methods).
Values are the mean and SD (n 5 8 mice per group). *p , 0.05 and **p ,
0.01 as compared with the corresponding Control value. ##p , 0.01 as
compared with the corresponding value for group p50 1/1, KA; ANOVA
with Scheffé’s post hoc tests. C, p50 1/1 and p50 2/2 mice were admin-
istered either saline or 0.2 mg of kainate into the dorsal hippocampus. The
mice were killed 24 hr later, and the numbers of undamaged neurons in
regions CA1, CA3, and hilus of the contralateral (uninjected) hippocam-
pus were quantified. Values are the mean and SD (n 5 8 mice per group).
*p , 0.05 as compared with p50 1/1, saline value. ###p , 0.001 as
compared with the corresponding value for group p50 1/1, KA; ANOVA
with Scheffé’s post hoc tests.

Figure 3. Vulnerability of hippocampal neurons to kainate-induced dam-
age is increased in mice lacking p50. A, B, p50 1/1 and p50 2/2 mice were
administered either saline or 0.2 mg of kainate into the dorsal hippocam-
pus. Mice were killed either 6 hr (A) or 24 hr (B) later, and the
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plays a key neuroprotective role in the kainate model of excito-
toxic neuronal injury.

Increased vulnerability of hippocampal neurons
lacking p50 to excitotoxicity is correlated with
increased intracellular calcium levels
To determine whether the increased vulnerability of hippocampal
neurons in p502/2 mice in vivo was the result of a lack of p50
specifically in neurons and to begin to examine the underlying
mechanisms, we studied primary hippocampal neurons in cultures
established from p501/1, p501/2, and p502/2 mice. The vulner-

ability of hippocampal neurons to increasing concentrations of
glutamate was determined in cultures from mice of each geno-
type. Neurons from p502/2 mice were significantly more vulner-
able to glutamate toxicity than were neurons from p501/1 mice,
and the vulnerability of neurons from p501/2 mice was interme-
diate to that of neurons from p501/1 and p502/2 mice (Fig. 5A).
Glutamate neurotoxicity is mediated by calcium influx through
NMDA receptor channels and voltage-dependent calcium chan-
nels (Mattson et al., 1993; Choi, 1994). We recently provided
evidence that the activation of NF-kB in cultured rat hippocam-

Figure 4. Intraventricular administration of kB decoy DNA results in increased vulnerability of hippocampal neurons to kainate-induced damage. A,
Micrographs showing kB decoy DNA-associated fluorescence (top panel ) and Nissl staining (bottom panel ) in region CA1 of a hippocampal section from
a mouse that was killed 2 hr after the intraventricular administration of 60 mg of fluorescein-labeled kB decoy DNA. Note that many neurons exhibit
intense fluorescence. B, Gel-shift analysis showing NF-kB DNA-binding activity in hippocampal nuclear extracts from wild-type mice that had received
intraventricular injections of vehicle, 60 mg of kB decoy DNA (Decoy), or 60 mg of scrambled control DNA (ScDNA) at 24 and 2 hr before the
administration of either saline or kainate (K A; 0.1 mg injection into the dorsal hippocampus). The mice were killed 8 hr after kainate administration,
and nuclear extracts of hippocampal tissue were prepared and subjected to gel-shift analysis (3 mg of nuclear extract per lane). Similar results were
obtained in two additional experiments. C, Mice received intraventricular injections of 60 mg of kB decoy DNA (Decoy) or scrambled control DNA
(ScDNA) at 24 and 2 hr before the administration of either saline or kainate (0.1 mg injection into the dorsal hippocampus). The mice were killed 24
hr later, and the numbers of undamaged neurons in regions CA1, CA3, and hilus of the ipsilateral hippocampus were quantified. Values are the mean
and SD (n 5 8 mice per group). *p , 0.05 as compared with the corresponding Control value; #p , 0.01 as compared with each of the other values for
that region of hippocampus; ANOVA with Scheffé’s post hoc tests.
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pal neurons results in the stabilization of cellular calcium ho-
meostasis such that calcium responses to glutamate are decreased
(Furukawa and Mattson, 1998). To determine whether a lack of
p50 affects neuronal calcium homeostasis after exposure to glu-
tamate, we measured calcium responses to glutamate, using the
calcium indicator dye fura-2 in hippocampal neurons from
p501/1, p501/2, and p502/2 mice. Basal levels of [Ca21]i were
;70–75 nM in neurons of each genotype (Fig. 5B,C). Exposure of
neurons from p501/1 mice to 10 mM glutamate resulted in a rapid
increase of [Ca21]i to a peak level of ;210 nM within 30 sec and
a subsequent reduction to a plateau level of ;175 nM by 13 min
after treatment. Both the peak (380 nM) and plateau (300 nM)
[Ca21]i were significantly greater in neurons from p502/2 mice as
compared with neurons from p501/1 mice (Fig. 5B,C). The
[Ca21]i response to glutamate in neurons from p501/2 mice was
intermediate to that of p501/1 and p502/2 mice. MAP-2 is a
dendritic microtubule-associated protein that is sensitive to
calcium-mediated proteolysis; levels of MAP-2 immunoreactivity
decrease in molecular layers of CA1 and CA3 after kainate
administration (Smith-Swintosky et al., 1996; Arias et al., 1997).
Consistent with a role for increased levels of [Ca21]i in the
increased vulnerability of hippocampal neurons to excitotoxicity
in vivo, we found that the extent of decrease in MAP-2 immuno-
reactivity in molecular layers of region CA1 was greater in
p502/2 mice than in p501/1 mice (Fig. 6).

We had shown previously that glutamate-induced elevations of
[Ca21]i lead to increased levels of reactive oxygen species in
cultured hippocampal neurons (Mattson et al., 1995). In the
present study we found that the magnitude of glutamate-induced
increase in levels of reactive oxygen species (measured with the
probe DCF; see Materials and Methods) was greater in neurons
from the p502/2 mice than in neurons from p501/1 mice. Basal
levels of DCF fluorescence (average pixel intensity per neuron;
mean 6 SD of determinations made in four cultures with 12–15
neurons analyzed per culture) were 29 6 8 in neurons from
p501/1 mice and 37 6 6 in neurons from p502/2 mice. Levels of
DCF fluorescence 2 hr after exposure to 5 mM glutamate were
100 6 14 in neurons from p501/1 mice and 144 6 15 in neurons
from p502/2 mice ( p , 0.05).

DISCUSSION
Although NF-kB activation occurs in neurons after injury to the
nervous system, the role of this activation in the injury outcome
has been unclear. Many investigators that documented increased
NF-kB activity under conditions in which neurons were dying
assumed that NF-kB was contributing to the cell death (Grilli et
al., 1996). However, subsequent cell culture studies provided
evidence that the activation of NF-kB can protect neurons

Figure 5. Cultured hippocampal neurons from p50 2/2 mice exhibit
increased neuronal death and enhanced elevations of intracellular calcium
levels after exposure to glutamate. A, Hippocampal cultures from p50 1/1,
p50 1/2, and p50 2/2 mice were exposed for 24 hr to the indicated

4

concentrations of glutamate, and the neuronal survival was quantified.
Values are the mean and SD of determinations made in four to six
cultures. *p , 0.05 and *p , 0.01 as compared with the corresponding
value for p50 1/1 mice; ANOVA with Scheffé’s post hoc tests. B, The
[Ca 21]i was measured in neurons from p50 1/1, p50 1/2, and p50 2/2 mice
at the indicated time points before and after exposure to 5 mM glutamate.
Each data point represents the mean of 10–15 neurons. C, The basal
(immediately before exposure to glutamate), peak (1 min after gluta-
mate), and plateau (13 min after glutamate) levels of [Ca 21]i were
quantified in neurons from p50 1/1, p50 1/2, and p50 2/2 mice. Values are
the mean and SD (n 5 4 cultures, with measurements made in 10–15
neurons per culture). *p , 0.05 and *p , 0.01 as compared with the value
for cultures from p50 1/1 mice; ANOVA with Scheffé’s post hoc tests.
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against oxidative and metabolic insults (Barger et al., 1995; Matt-
son et al., 1997) and death after trophic factor withdrawal (Ta-
glialatela et al., 1997). We found that excitotoxic damage to
hippocampal neurons in vivo was increased in mice lacking the
p50 subunit of NF-kB and after the administration of kB decoy
DNA, two conditions in which injury-induced NF-kB activity was
suppressed. On the basis of experiments that used pharmacolog-
ical agents such as aspirin that inhibit NF-kB activation, it was
proposed that NF-kB activity contributes to neuronal death
(Grilli et al., 1996; Clemens et al., 1997). Unfortunately, such
agents are not specific inhibitors of NF-kB and possess antioxi-
dant and anti-inflammatory actions that may account for their
neuroprotective actions (Barneoud and Curet, 1999). In contrast,
we studied mice in which NF-kB activity was inhibited selectively
by the genetic deletion of p50 or treatment with kB decoy DNA.
Our data strongly support a neuroprotective role for p50 and
NF-kB activation in vivo, at least in the present model of excito-
toxic neuronal degeneration.

Our gel-shift analyses revealed two distinct shifted bands. The
upper band appears to consist of p50/p65 heterodimers, because
the band was shifted by both p50 and p65 antibodies and because
it was absent in p502/2 mice. The lower shifted band appears to
correspond to the band recently described by Moerman et al.
(1999) in their study that characterizes kB-binding proteins in
neural cells. Their data are consistent with a role for this kB-
binding protein in the nervous system. However, the lower shifted
band was present in p502/2 mice and was not affected by kainate,
suggesting that it is unlikely to play a role in the increased
vulnerability of hippocampal neurons p502/2 mice and kB decoy
DNA-treated mice to excitotoxicity.

Several findings suggest that the excitoprotective action of
NF-kB activation in vivo results from its activation in neurons.
First, previous cell culture studies have shown that the activation
of NF-kB in neurons results in increased resistance to apoptosis
and excitotoxicity (Barger et al., 1995; Barger and Mattson, 1996;
Goodman and Mattson, 1996). Second, blockade of the NF-kB

activity that used decoy DNA or pharmacological agents greatly
increases the vulnerability of cultured neurons to several different
insults (Mattson et al., 1997; Taglialatela et al., 1997). Third,
activation of NF-kB in microglial cells induces the production of
inflammatory cytokines and toxins that may be damaging to
neurons (Colasanti et al., 1995; Barger and Harmon, 1997; Bon-
aiuto et al., 1997; Kim and Ko, 1998). Suppression of NF-kB in
microglia therefore should reduce neuronal damage in vivo, a
result not observed in the present study. In addition, increased
levels of NF-kB activity measured within 4–8 hr of kainate
administration are not likely to represent activation in microglia,
because microglial activation appears to be delayed by at least
24–48 hr in this model (Andersson et al., 1991). However, a
contribution of NF-kB activation in glia to neuroprotection in
vivo cannot be ruled out, because astrocytes and microglia pro-
duce several different neurotrophic factors and cytokines that can
protect neurons against excitotoxicity and apoptosis (for review,
see Mattson and Furukawa, 1996).

The p65 subunit of NF-kB is necessary for normal embryonic
development and survival (Beg et al., 1995), whereas mice lacking
p502/2 survive and reproduce relatively normally (Sha et al.,
1995). However, when mice lacking p50 are challenged by expo-
sure to infectious agents, they exhibit altered immune responses
(Sha et al., 1995; Snapper et al., 1996). Recent studies of p502/2

mice suggest increased vulnerability to apoptosis of cells from
several different tissues. Exposure of p502/2 mice to murine
encephalomyocarditis virus results in increased apoptosis of fi-
broblasts (Schwarz et al., 1998), and increased apoptosis may
contribute to the reduced eosinophilia in allergic airway inflam-
mation (Yang et al., 1998). Our gel-shift analyses indicate that p50
is required for the majority of kB DNA-binding activity in hip-
pocampus, and our analyses of neuronal vulnerability to excito-
toxicity reveal an important role for p50 in protecting hippocam-
pal neurons against excitotoxic injury in vivo and in cell culture.
Overactivation of glutamate receptors in hippocampal neurons
can induce either apoptosis or necrosis in vivo (Pollard et al.,
1994; Yang et al., 1997) and in cell culture (Ankarcrona et al.,

Figure 6. Kainate-induced loss of
MAP-2 immunoreactivity in hippocam-
pus is exacerbated in mice lacking p50.
Micrographs of MAP-2 immunoreactivity
in hippocampi of p50 1/1 and p50 2/2

mice, 24 hr after intrahippocampal ad-
ministration of 0.2 mg kainate. Note the
greater loss of MAP-2 immunoreactivity
in molecular layers of region CA1 in the
p50 2/2 mouse as compared with the
p50 1/1 mouse. Similar results were ob-
tained in analyses of six p50 1/1 and six
p50 2/2 mice.
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1995). We did not determine whether the increased vulnerability
of neurons lacking p50 resulted from increased apoptosis and/or
increased necrosis. However, previous cell culture studies have
shown that the activation of NF-kB is particularly effective in
preventing neuronal apoptosis (Barger et al., 1995; Mattson et al.,
1997; Taglialatela et al., 1997). An anti-apoptotic function of
NF-kB is strongly suggested by data from studies of lymphocyte
cell death also (Wang et al., 1996; Wu et al., 1996). Interestingly,
both pro-apoptotic signaling cascades (Mattson et al., 1998; Duan
et al., 1999) and NF-kB (Kaltschmidt et al., 1993; Meberg et al.,
1996) can be activated in synaptic terminals, suggesting important
roles for neurodegenerative and neuroprotective signaling at the
level of the synapse. Such synaptic signaling mechanisms likely
play key roles in the kainate model of excitotoxic injury that was
used in the present study.

Recent studies are elucidating the identity of the kB-responsive
genes that may mediate increased resistance of neurons to exci-
totoxic and apoptotic insults. The antioxidant enzyme Mn-SOD is
induced in hippocampal neurons by tumor necrosis factor-a
(TNFa) in vivo (Bruce et al., 1996) and in cell culture in which
treatment with kB decoy DNA prevents Mn-SOD induction
(Mattson et al., 1997). Overexpression of Mn-SOD protects cul-
tured neural cells and neurons in vivo against oxidative and
ischemic injury (Keller et al., 1998). We previously reported that
Mn-SOD levels increase in hippocampal pyramidal neurons after
kainate administration (Bruce et al., 1996). We have found that
levels of TNFa and Mn-SOD are increased to a much greater
extent after kainate administration in hippocampal pyramidal
neurons in p501/1 mice as compared with p502/2 mice (Z. Yu
and M. P. Mattson, unpublished data), suggesting that the p50
subunit of NF-kB plays an important role in the induction of
TNFa and Mn-SOD in hippocampal neurons after excitotoxic
insults. Other kB-responsive genes that have been linked to
neuroprotection are those encoding members of the inhibitors of
apoptosis (IAP) family (Xu et al., 1997; Stehlik et al., 1998;
Simons et al., 1999) and the calcium-binding protein calbindin
(Cheng et al., 1994).

It is well known that there is differential vulnerability of sub-
populations of neurons in the hippocampus to excitotoxic and
metabolic insults. For example, CA3 and CA1 neurons are more
vulnerable than dentate granule cells to seizure-induced injury
(Nadler et al., 1978), whereas CA1 neurons are selectively vul-
nerable to transient global forebrain ischemia (Pulsinelli and
Brierley, 1979). It is not known whether different subpopulations
of hippocampal neurons express different levels of NF-kB sub-
units nor whether they exhibit differential activation of NF-kB or
express different kB-responsive genes after injury. Our data sug-
gest that p50 and NF-kB activation plays a particularly important
role in protecting CA1 neurons against excitotoxic injury. A
comparison of the data in Figure 3, A and B, indicates that CA1
neurons in p502/2 mice die much more rapidly as compared with
CA1 neurons in wild-type mice and with CA3 neurons in p502/2

mice. In addition, there was marked degeneration of CA1 and
CA3 neurons in the hippocampus contralateral to that receiving
kainate in p502/2 mice, whereas there was little or no degener-
ation of these neuronal populations in the contralateral hip-
pocampus of wild-type mice. Although not extensively studied,
available data also suggest differential expression of kB-
responsive genes among hippocampal neurons under basal con-
ditions and after brain injury. For example, Mn-SOD is expressed
at higher levels in CA3 neurons than in CA1 or dentate granule
neurons under basal conditions (Akai et al., 1990), and Mn-SOD

increases in CA3 and CA1 neurons after kainate administration
(Bruce et al., 1996). Calbindin D28k, another putative gene target
of NF-kB (Cheng et al., 1994), is induced in hippocampal CA1
and dentate granule neurons by seizures and stress (Krugers et
al., 1996; Lee et al., 1997) and is therefore another potential
mediator of kB-induced neuroprotection. Collectively, the
emerging data suggest important roles for NF-kB in modifying
neuronal injury responses and further suggest a potential role for
differential NF-kB signaling in selective neuronal vulnerability in
various neurodegenerative disorders. The ability of NF-kB to
prevent excitotoxic neuronal death suggests that therapeutic in-
terventions aimed at activating NF-kB may prove beneficial in
the many different neurodegenerative conditions (e.g., stroke,
epileptic seizures, and Alzheimer’s and Parkinson’s diseases) that
are believed to involve an excitotoxic component.
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