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ABSTRACT Amyloid b peptide (Ab)-containing plaques
are a hallmark of Alzheimer disease. Here, we show that the
neurotoxic Ab, a major plaque component, is a potent acti-
vator of the transcription factor NF-kB in primary neurons.
This activation required reactive oxygen intermediates as
messengers because an antioxidant prevented Ab-induced
NF-kB activation. Maximal activation of NF-kB was found
with 0.1 mM Ab-(1–40) and 0.1 mM Ab-(25–35) fragments,
making a role for NF-kB in neuroprotection feasible. Using an
activity-specific mAb for the p65 NF-kB subunit, activation of
NF-kB also was observed in neurons and astroglia of brain
sections from Alzheimer disease patients. Activated NF-kB
was restricted to cells in the close vicinity of early plaques. Our
data suggest that the aberrant gene expression in diseased
nervous tissue is at least in part due to Ab-induced activation
of NF-kB, a potent immediate–early transcriptional regulator
of numerous proinf lammatory genes.

A characteristic of Alzheimer disease (AD) is the accumula-
tion of a 40–43-amino acid peptide termed ‘‘amyloid b-pep-
tide’’ (Ab or bA4) (1, 2). This peptide is the major component
of senile plaques found in AD and in Down syndrome. Ab is
a proteolytic fragment of the large amyloid precursor protein
(APP) (3). Several animal models recently have underscored
the importance of APP for neuronal function. A knockout
mouse, in which a shorter exon 2-lacking form of APP is
expressed, shows memory defects (4). Two APP-null mutation
strategies recently have been developed (5, 6). APP-null
mutation leads to impaired neuronal function and reactive
gliosis (5). Overexpression of APP leads to the formation of
senile plaques and synaptic loss (7). In addition, Ab was found
to be neurotoxic for primary neurons and clonal cell lines
(8–11). The neurotoxic action of Ab could be blocked by
antioxidants (10) and relied on the production of reactive
oxygen intermediates, e.g., hydrogen peroxide (11).
AD is accompanied by the expression of inflammatory

cytokines and cell adhesion molecules, including interleukin 6
(IL-6), IL-1b, and intercellular adhesion molecule 1, in neu-
rons and microglia (12). Several studies suggest that the
neurodegenerative effects in AD can, at least in part, be
attributed to the action of neurotoxic cytokines, such as IL-6
(13, 14).We have noticed that many of the genes newly induced
in AD are under immediate–early transcriptional control of
NF-kB, a factor present in neurons as well as microglia (15, 16).

Many mostly pathogenic stimuli can activate NF-kB (17),
leading to the expression of a cellular defense program. In this
line, activated NF-kB is a positive regulator of genes, whose
products mediate the acute phase response, lymphoprolifera-
tion, leukocyte adhesion, chemoattraction of macrophages, B
and T cell activation, and antiviral response. Very recently, the
neurotransmitter glutamate and its agonists kainate and N-
methyl-D-aspartate were shown to cause activation of NF-kB
in primary neurons (18, 19). Glutamate plays a role in both
neurotransmission and neurodegeneration and has been
shown to induce oxidative stress in neurons (20).
In nonstimulated cells, NF-kB is sequestered in the cyto-

plasm by inhibitory subunits called IkB proteins. Stimulation
of cells by diverse inducers causes phosphorylation of IkB-a
and subsequent degradation of IkB-a by the proteasome (21).
Liberated NF-kB is transported in the nucleus, where it
induces transcription of target genes, including IkB-a as an
autoregulatory loop (21). Reactive oxygen intermediates
(ROIs) can function as second messengers in NF-kB activation
(22–25). Cytoplasmic NF-kB, containing p50 and p65 (RelA)
DNA-binding subunits, was found in all regions of the brain
(26) and in basically all cell types of the nervous system (16, 18,
27, 28). The p65 subunit is essential for survival (29).
Here we report that the neurotoxic peptide Ab is a potent

inducer of NF-kB in primary neurons and astrocytes. This
activity of Ab required the production of ROIs as messengers.
Immunohistochemical analysis of brain sections from AD
patients using a mAb with selectivity for the activated nuclear
form of p65 revealed that NF-kB was activated in neurons and
astrocytes. Cells with activated NF-kB were restricted to the
close proximity of early plaque stages. We discuss the possi-
bility that (i) Ab-induced NF-kB activation contributes to the
pathological changes observed in AD via the induction of
proinflammatory and cytotoxic genes or, more likely, that (ii)
Ab-induced NF-kB activation is part of a cellular defense
program.

MATERIALS AND METHODS

Primary Culture Ab Treatment and Cell Survival Analysis.
Cerebellar granule cell cultures were prepared from 6–7-day-
old Wistar rats (18). At this stage, a-p65 mAb immunoreac-
tivity in cerebellar neurons is very low (18). Ab-(25–35) (lots
506861 and 510178) and Ab-(1–40) (lots 506773 and 510598)
(Bachem) fragments were dissolved in water at 1 mgyml
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directly before use or the solution was aliquoted and stored
frozen at 2208C. Refreezing was avoided. One batch of
Ab-(1–40) tested for aggregation with Congo red staining and
electron microscopy was obtained from Boehringer Ingelheim.
A scrambled control peptide (sequence KSGNMLGIIAG; ref.
11) was synthesized and purified by HPLC. Substance P,
bovine catalase, pyrrolidine dithiocarbamate (PDTC), and
3-amino-1,2,4-triazole were from Sigma. Inhibition of bovine
catalase (specific activity 2200 unitsymg protein) was done
with a 5-fold molar excess of 3-amino-1,2,4-triazole for 1 h at
ambient temperature followed by dialysis on Millipore filters.
Cells were treated with the indicated concentrations of pep-
tides in medium with serum for 45 min to 3 days. Thereafter,
cells were fixed for 2 min in ethanol and for 5 min in 3.7%
formaldehyde and immunostained. The sequence of the pep-
tide used for antibody competition is described elsewhere (28).
For analysis of neuronal survival in parallel to immunostain-
ing, the fluorescent nuclear dye 6-diamidino-2-phenylindole
(DAPI) was used. Nuclear chromatin morphology was ana-
lyzed with a 3 40 objective. Nonviable neurons were recog-
nized by nuclear condensation andyor fragmented chromatin.
In phase contrast images, those neurons were irregularly
shaped with shrunken cell body andyor dystrophic neurites.
The number of viable and nonviable neurons was counted in
three to five fixed fields per chamber.
Immunostaining Methods. Isocortical tissue was obtained

post mortem from patients with histopathologically confirmed
AD. Cryostat sections (8mm) were cut from frozen tissue using
a Jung cryostat (Leica, Heidelberg) and mounted on gelatine-
coated slides. Immunohistochemistry was performed essen-
tially as previously described (15, 18, 28). For double labeling
experiments, the brain sections were incubated with the two
antibodies (diluted 1:50): an mAb against p65 (Boehringer
Mannheim) and a polyclonal rabbit anti-Ab antiserum (anti-b
amyloid, Alzheimer; Boehringer Mannheim). Bound antibod-
ies were detected with a biotinylated anti-mouse IgGyavidin
Cy3 complex and an anti-rabbit IgG coupled with dichloro-
triazinyl amino fluorescein. In addition, 50mm paraffin-
embedded sections were cut from autopsy material obtained
from the local Department of Neuropathology. Before immu-
nohistochemistry, sections were treated for 10 min in a mi-
crowave oven in 0.1 M citrate buffer (pH 6.0). a-p65 mAb
(1:50) was detected with a peroxidase-coupled secondary
antibody using nickel-enhanced diaminobenzidine as substrate
(Vectastain Elite, Vector Laboratories). Peptide preabsorb-
tion was done as described (18). Color slides for Figs. 1–4 were
digitized using a Nikon Coolscan connected to an Apple
Macintosh computer. Color slides for Fig. 5 were digitized with
a Linotype-Hell Topaz Scanner at high resolution. Mounting
of figures was done using ADOBE PHOTOSHOP software.

RESULTS

Nanomolar Concentrations of Ab Peptides Activate Tran-
scription Factor NF-kB in Primary Neurons.We investigated
by an immunocytochemical approach whether Ab could acti-
vate transcription factor NF-kB in primary cultures of cere-
bellar granule cells. A recently developed mAb (a-p65 mAb;
ref. 28) was used that selectively stains the activated nuclear
form of NF-kB and allows monitoring of NF-kB activation at
the single cell level. The antibody recognizes an epitope on the
DNA-binding p65 subunit, which is shielded by IkB in the
inactive cytoplasmic form of NF-kB (28). Because the p65 gene
is not rapidly inducible (30, 31), the appearance of nuclear p65
immunoreactivity results from the release of IkB during
posttranslational activation.
An untreated control culture of cerebellar granule cells

showed weak a-p65 mAb immunoreactivity, which did not
overlap with the nuclei. Each image in Fig. 1, a-c shows a
number of neurons (small nuclei) and an astrocyte (large

nucleus). Treatment with 100 nM of Ab peptides [Ab-(1–40)
and Ab-(25–35)] for 45 min induced a strong increase in p65
activity in both neurons and astrocytes (Fig. 1 d and g). a-p65
mAb immunoreactivity now colocalized with the nuclear
DAPI staining (compare Fig. 1 Top and Middle). This shows
that Ab can activate NF-kB in both neurons and astrocytes.
Ab-(1–40) activated NF-kB in the same concentration range
as Ab-(25–35), (see below) but substance P failed to activate
NF-kB at concentrations up to 15 mM (data not shown). The
concentration profile of the NF-kB activation induced by
Ab-(1–40) (Fig. 2A) and Ab-(25–35) (Fig. 2B) was measured.
Activation was quantified using histograms of full microscopic
views, depicted on a linear scale with the relative amount of
pixels shown on the ordinate and the fluorescence intensity
shown on the abscissa (Fig. 2). We found that 100 nM
reproducibly gave the strongest activation with both Ab-(1–40)
and Ab-(25–35) resulting in a peak at the highest f luorescence
intensity (Fig. 2 A and B, arrows). At a concentration of 1 mM
Ab-(1–40), p65 was still activated (Fig. 2A) in contrast to
neurons treated with 1 mMAb-(25–35). Treatment with higher
concentrations of peptides resulted in an induction of an a-p65
immunoreactivity, which no longer colocalized with the nu-
clear DNA staining but was concentrated in perinuclear
aggregates. This was much more pronounced in cells treated
with Ab-(25–35) (Fig. 2B).
Next, we tested whether the observed NF-kB activation by

the Ab peptides was specific. A peptide of the same amino acid
composition as Ab-(25–35) but with a randomized sequence
(11) was tested at a concentration of 100 nM. The scrambled
peptide failed to detectably activate NF-kB (data not shown).
To assess the specificity of the a-p65 mAb, the antibody was
preincubated with the p65 peptide used to raise the mAb (28).
Peptide-preabsorbed a-p65 mAb did not stain granule cells
treated with Ab (data not shown).
Activation of NF-kB by Ab Is Time-Dependent.Ab peptides

were applied for several days on cerebellar granule cells.
NF-kB activation was measured at different time points (data

FIG. 1. Activation of NF-kB by Ab in rat cerebellar granule cells.
Primary neuronal cells were treated with 100 nM Ab-(1–40) (d-f) and
Ab-(25–35) (g-i) for 45 min or left untreated (a-c). (a, d, g) Indirect
immunofluorescence analysis of cell cultures for p65 NF-kB immu-
noreactivity using the activity-specific a-p65 mAb (28) and a Cy3-
conjugated second antibody (seeMaterials andMethods). (b, e, h) DNA
staining of nuclei in cell cultures using DAPI. (c, f, i) Phase contrast
micrographs. N, neurons; A, astrocytes. (Bar 5 50 mm.)
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not shown). NF-kB activation shows an inverted U-shaped
concentration dependence for Ab peptides. Maximal activa-
tion was observed at a narrow concentration range of 0.1 mM
Ab-(25–35) and 0.1 mM Ab-(1–40) up to 1 mM Ab-(1–40)
after 1 h, and up to 24 h, of peptide exposure. No activation
of NF-kB could be detected at higher concentrations even
after an exposure of up to 3 days. Nevertheless, neurotoxicity
of both Ab peptides (10 mM) was evident after 1 day of
exposure and increased to more than 80% nonvital cells after
3 days. The neurotoxicity of the Ab peptides was even more
pronounced when the treatment was done without serum.
Of interest, after 1 day of exposure with 0.1 mM Ab-(1–40)

an up to 30% increase in viability of granule cells was observed.
This correlates very well with the maximal activation of NF-kB
at this neuroprotective dose of 0.1 mM Ab-(1–40) and is in a
time frame to allow de novo gene expression. As observed with
activation by other stimuli, e.g., tumor necrosis factor (TNF)
or phorbol esters, NF-kB activation is a transient process,
which is inhibited through de novo expression of the NF-kB-
target gene IkB as part of an autoregulatory loop (21). To test
the mechanisms involved in the repression of NF-kB activation
at high concentrations of Ab, we tested several concentrations
of H2O2 for NF-kB activation (data not shown). Surprisingly,
here also an inverted U-shaped concentration curve was
observed, and with H2O2 amounts higher than 40 mM, a
perinuclear staining was evident. One explanation for this
unusual localization of activated p65 might be an oxidative
modification of p65 interfering with nuclear transport. Taken
together, these data point to a role of NF-kB in neuroprotec-
tion rather than in neurodegeneration.
Activation of NF-kB by Ab Is Dependent on ROIs. Ab

peptide solutions are capable of generating ROIs (11, 32), and

ROIs were shown to be critical for the neurotoxic action of Ab,
as was evident from the protective effect of antioxidants, such
as vitamin E or exogenously applied catalase (10, 11). Because
NF-kB is activated by H2O2 in some T cell lines, in HeLa cells
(23, 24), and in cerebellar granule cells, we tested whether
ROIs, in particular H2O2, play a role in Ab-induced NF-kB
activation. Cultures of granule cells were stimulated with
Ab-(1–40) (Fig. 3, a-d, Upper) and Ab-(25–35) (Fig. 3, a-d,
Lower) alone, in combination with the antioxidant PDTC (Fig.
3, e-h), an inhibitor of cellular H2O2 production in response to
okadaic acid stimulation (33), and in combination with cata-
lase (Fig. 3, i-l). PDTC (100 mM) almost completely blocked
the appearance of Ab-activated p65 in nuclei (Fig. 3, e and g).
Only a weak perinuclear p65 staining was evident.
TNF-induced NF-kB activation can be suppressed by stable

overexpression of catalase or exogenously applied enzyme
(25), suggesting that H2O2 is a critical ROI factor in TNF
signaling. Because catalase also prevents the cytotoxic effects
of Ab (11), we wondered whether NF-kB activation by Ab also
was suppressed by the H2O2-degrading enzyme. Primary gran-
ule neurons were preincubated for 1 h with 400 mgyml catalase
before the addition of 100 nM Ab peptides [Fig. 3, i-l:
Ab-(1–40) Upper; Ab-(25–35) Lower]. As shown in Fig. 3, i-l,
exogenous catalase effectively suppressed the appearance of
Ab-activated NF-kB in nuclei. In comparison to PDTC, inhi-
bition with catalase is much less efficient. For inhibition of

FIG. 2. Concentration dependence of Ab-induced NF-kB activa-
tion in cerebellar granule cells. (A) Granule cells treated with Ab-
(1–40). (B) Granule cells treated with Ab-(25–35). (Upper) Indirect
immunofluorescence analysis of primary cell cultures for binding of
a-p65 mAb. Cells were stimulated for 45 min with the indicated
concentrations of Ab-(1–40). Sections with two to four neurons are
shown. Neurons were identified by DAPI staining and by their
morphology upon phase contrast microscopy. Analysis of the immu-
nofluorescence intensity of a larger area of the specimen in one optical
plane. Histograms for each concentration are shown. The ordinate
(linear scale) depicts relative amounts of pixels. The fluorescence
intensities of the Cy3 chromophor are shown on a linear scale on the
abscissa. Arrows indicate the maximal signals obtained at 100 nM Ab
peptides.

FIG. 3. The effect of the antioxidant PDTC and catalase on
Ab-inducedNF-kB activation. Granule cells were incubated for 45min
with 100 nM Ab alone [a and b, Ab-(1–40); c and d, Ab-(25–35)] or
with Ab and 100 mM PDTC, which was added to cell cultures 10 min
before Ab [e and f, Ab-(1–40); g and h, Ab-(25–35)], or with 100 nM
Ab plus 400 mgyml catalase, which was added to cells 1 h before the
Ab peptide [i and j, Ab-(1–40); k and l, Ab-(25–35)]. Cell cultures were
analyzed by indirect immunofluorescence for an increase of a-p65
mAb immunoreactivity (a, e, i, c, g, k) and by nuclear DAPI-staining
(b, f, j, d, h, l).

2644 Neurobiology: Kaltschmidt et al. Proc. Natl. Acad. Sci. USA 94 (1997)



TNF-mediated NF-kB activation, a prolonged pretreatment
(30 h) with exogenous catalase was necessary (25). Here, only
a 1-h pretreatment with catalase was needed to clearly sup-
press NF-kB activity. We tested also catalytically inactive
catalase. Therefore we preincubated catalase with the specific
inhibitor 3-amino-1,2,4-triazole (25). The treated catalase was
tested for inhibition of Ab-(1–40)- and Ab-(25–35)-mediated
NF-kB activations. Surprisingly, the inactivated catalase acted
also as an inhibitor of NF-kB activation (data not shown). One
possible explanation might be an interference of catalase with
Ab aggregation.
NF-kB Immunoreactivity Is Present in Senile Plaques. We

investigated whether NF-kB is activated in the vicinity of
Ab-containing plaques in the brains of AD patients. The first
series of experiments were performed with cryosections from
brains of patients with AD stained by an indirect immunoflu-
orescence technique because of this technique’s suitability for
double labelings. A total of 10 sections originating from the
limbic cortex and hippocampus of four AD brains were
analyzed. Bindings of polyclonal anti-Ab antibodies and of a
monoclonal a-p65 antibody were visualized by respective,
specific secondary antibodies. In Fig. 4a, red fluorescence
(Cy3) corresponds to activated p65 and green fluorescence

(dichlorotriazinyl amino fluorescein) corresponds to anti-Ab
immunoreactivity (Fig. 4b). An example of a senile plaque, as
detected by an anti-Ab antiserum, is shown in Fig. 4b, and the
same structure is stained with a-p65 in Fig. 4a. Out of 300
anti-Ab immunoreactive plaques inspected,'65% were found
to also be strongly positive for a-p65 immunoreactivity. No
staining was evident when the mAb was preabsorbed with the
corresponding p65 peptide epitope (data not shown).
Early Plaque Stages Are Surrounded by Neurons with

Activated NF-kB. Using paraffin-embedded sections of AD
brains and peroxidase-conjugated anti-mouse-IgG, distinct
plaque stages in the isocortex of AD patients were analyzed for
a-p65 mAb immunoreactivity. Although this procedure is of
lower sensitivity compared with immunofluorescence staining
methods, as evident from a lower density of NF-kB-positive
plaques, it has the advantages that lipofuscin granules are not
detected and that different plaque stages can be identified. We
have analyzed diffuse, primitive, and classical plaques in a total
of 30 samples from the cerebral cortex of four patients with
AD. A total of 100 plaques of each sample was inspected. The
majority of plaques was significantly labeled with a-p65 mAb
(see Fig. 4) whereby the intensity of labeling correlated with
the plaque stage. The strongest staining was observed in
primitive plaques, and diffuse and classical plaques showed
only weak p65 staining (data not shown). In primitive plaque
stages, a-p65 mAb immunostaining clearly labeled plaques
(Fig. 5, brown color). Two examples of regions with primitive
plaques are shown at low power view in Fig. 5 and are
consistent with the results from indirect immunofluorescence
labeling (see Fig. 4). A number of cells surrounding the plaque
(Fig. 5, arrows), among them pyramidal neurons (identified by
their triangular shape at high power magnification; data not
shown), showed a strong nuclear a-p65 mAb immunoreactivity
(dark brown) indicating both the presence of activated tran-
scription factor NF-kB and an inducing signal derived from the
nearby primitive plaque. In brain regions free of senile
plaques, very few anti-p65 immunoreactive cells were observed
(Fig. 5, asterisks). This observation in post mortem tissue was
in contrast to freshly prepared rodent brains, which have a
relatively high density of a-p65 mAb-positive neurons (15, 28)
and may reflect ceased neuronal activity. Taken together, our
data suggest that predominantly early plaque stages can emit

FIG. 4. Colocalization of a-p65 mAb and anti-Ab immunoreactiv-
ities in senile plaques from brains of AD patients. In double immu-
nofluorescence experiments, cryosections from patients with AD were
immunostained with polyclonal anti-Ab (b) and monoclonal anti-p65
(a) antibodies. Bound antibodies were detected by species-specific
second antibodies conjugated to either Cy3 [red fluorescence, anti-p65
(a)] or dichlorotriazinyl amino fluorescein [green fluorescence, an-
ti-Ab (b)]. (Bar 5 10 mm.)

FIG. 5. Immunohistochemical analysis of plaques in cortical sections of AD brains for a-p65 mAb immunoreactivity. Plaques are visualized by
immunoreactivity (brown color). Examples of a-p65 immunoreactive cell nuclei (arrows) and surrounding plaques are depicted. Different examples
for primitive plaque types are shown. Regions distant from plaques have reduced a-p65 immunoreactivity (asterisks). (Bar 5 50 mm.)
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a signal activating NF-kB in closely adjacent neurons and
astroglia of the cerebral cortex of patients with AD.

DISCUSSION

TheMechanism of NF-kB Activation by Ab. In this study, we
show, in primary neuronal cultures, that the transcription
factor NF-kB can be potently activated by nanomolar concen-
trations of both neurotoxic peptides Ab-(1–40) and Ab-(25–
35). Cerebellar granule cells were used as a convenient well
characterized model of cultured neurons. Similar activation of
NF-kB was detected in post mortem sections from cortex and
hippocampus of patients with AD, suggesting that this re-
sponse was not limited to cerebellar neurons. The Ab-(25–35)
peptide has been shown to induce oxidative stress in primary
neurons and to activate a kB-dependent reporter gene con-
struct in transiently transfected B12 neuroblastoma cells (11).
Here, we directly observed NF-kB activation at a single cell
level in both cultured primary neurons and astrocytes and
provide evidence that this also may occur in a pathological in
vivo situation.
It has been reported that the neurotoxic action of Ab relies

on H2O2 production (11). Here we show that NF-kB activation
by Ab was prevented by PDTC, a compound shown to prevent
cellular H2O2 production and the de novo phosphorylation and
subsequent degradation of IkB-a in response to TNF and IL-1
(34, 35). We also found that the Ab-mediated NF-kB activa-
tion could be blocked by exogenous catalase. This might be a
result of a catalase catalyzed degradation of H2O2. But,
surprisingly, catalase treated with the specific inhibitor 3-ami-
no-1,2,4-triazole also blocked NF-kB activation. A nonenzy-
matic mechanism for catalase in inhibiting Ab-mediated
NF-kB activation also is supported by the short time of
preincubation (1 h), which is sufficient for blocking, whereas
TNF-mediated NF-kB activation is only blocked after a pro-
longed pretreatment (30 h) with exogenous catalase (25).
Taken together, these data suggest a structural interaction of
catalase with Ab peptides, independent of enzymatic activity.
The consequence might be an interference with Ab aggrega-
tion andyor receptor binding.
Ab has been reported to generate ROIs in the absence of

cells (32), so we tested exogenous H2O2 for NF-kB activation.
In HeLa and Jurkat T cell clones, 50–250 mM of exogenously
applied H2O2 was required to activate NF-kB (23, 24). Cor-
responding to the inverted U-shaped activation curve of Ab,
10–40 mM of H2O2 was efficient in activating NF-kB in
cerebellar granule cells. Perinuclear aggregates of p65 could be
detected in cells exposed to high amounts of Ab or H2O2. One
possible explanation for this unphysiological location is an
accumulation of covalently modified NF-kB due to increased
oxidative stress. Future studies with purified proteins will
further address this question.
Recently, it was shown that Ab interacts with tachykinin

receptors (36). However, substance P, one of the natural
ligands of tachykinin receptors, failed to activate NF-kB in
primary cerebellar granule cells, suggesting that tachykinin
receptors were not involved in NF-kB activation by Ab.
Activated NF-kB in Brains of Patients with AD. In this study,

we provide immunohistochemical evidence that Ab may acti-
vate NF-kB in brains from patients with AD. It must be
emphasized that post mortem material was analyzed, with an
autolysis time up to 12 h. During this time, the IkB-shielded
epitope for a-p65 mAb could become exposed on p65 because
of enhanced proteolysis. However, a major argument against
such an artificial NF-kB activation is that very few cells in
cryosections and paraffin-embedded sections were immuno-
reactive, except for those in the close vicinity of certain plaque
stages (see Fig. 5).
Two types of a-p65 mAb immunoreactivity were observed in

AD brains. First, early plaque stages were directly stained, in

particular primitive plaques, which showed a strong reactivity
in their center. The same staining pattern was reported for the
inflammatory cytokine IL-6 (14), whose gene is known to be
inducibly controlled by NF-kB (12). Likewise, IL-1 and inter-
cellular adhesion molecule 1, which are both encoded by target
genes for NF-kB (12), were found in plaques (37, 38). It has
been suggested that the center of classical plaques contains an
activated microglial cell, producing inflammatory cytokines
such as IL-6 and IL-1 (39) that could be produced as a
consequence of activated NF-kB. Recently, the APP gene was
identified as a NF-kB target gene (40), explaining the up-
regulation of this gene by IL-1. In addition, Ab-(25–35) can
stimulate the expression of IL-1 but not of IL-6 (41). The whole
system consists of several feedback loops, like IL-1 and APP,
which stimulate their own synthesis directly or indirectly via
microglia activation (39). In this system, NF-kB seems to
function as a central regulator. NF-kB is present in synapses
(19, 26), so the p65 immunoreactivity found within plaques
may alternatively (or in addition) originate from disintegrated
synapses (42). The absence of nuclear DAPI staining from the
plaque center (data not shown) would support this model.
Second, a-p65 mAb immunostaining was seen in neurons

and astroglia surrounding primitive plaques. These discrete
nuclear stainings indicate the exposure of cells to a strong
NF-kB-activating signal originating from the plaque. Ab is the
major plaque component, so Ab is a likely candidate. The
reduced p65 immunostaining in the vicinity of classical plaques
could come from the progressive loss of neurons by apoptotic
cell death (43).
In the context of a neurodegenerative disease, our study

makes a link among one causative agent (Ab), production of
secondary ROI signals, activation of NF-kB, an ROI-inducible
transcription factor, and expression of a number of inflamma-
tory genes known to be regulated by NF-kB. Below we discuss
the possibility that the activation of NF-kB could initiate a
neurodegenerative or neuroprotective gene expression pro-
gram, depending on the cellular context.
A Possible Role for NF-kB in Neurodegeneration. Do such

toxic compounds as ROIs really depend on a transcription
factor to exert their neurotoxic effects? High ROI doses may
not need transcriptional events; however, a chronic exposure
to low ROI doses may depend on a genetic program to exert
a neurotoxic effect. Upon oxidative stress, NF-kB may induce
the expression of gene products with a direct or indirect
neurotoxic activity. Such indirect neurotoxic effects might well
be the consequence of NF-kB activation in glial cells. On the
other hand, candidates for neuronal NF-kB target genes with
a direct neurodegenerative effect are the inducible NO syn-
thase (44) and IL-6 (45). Novel major histocompatibility
complex class I expression in stressed neurons could have an
indirect neurodegenerative effect by targeting the cells for
immunosurveillance (46). Of interest, stimulation ofN-methyl-
D-aspartate and non-N-methyl-D-aspartate receptors on cere-
bellar granule neurons leads to a rapid activation of NF-kB and
a subsequent surface expression of major histocompatibility
complex class I molecules (18).
A Possible Role for NF-kB in Neuroprotection. Depending

on the genetic program of a cell, NF-kBmay be able to activate
expression of genes with neuroprotective function, e.g., in
neurons, whereas neurodegenerative functions are directed in
glia. This could explain why both TNF a and b can induce
neuroprotection against Ab-induced neuronal death when
applied 24 h before Ab (47). Recently, we found that nerve
growth factor can activate NF-kB via the p75 neurotrophin
receptor (48). Of interest, this receptor is abundantly ex-
pressed on cholinergic neurons and is necessary for sprouting
after lesions (49).
A further possibility is that short term stimuli of NF-kB lead

to neuroprotection whereas chronic stimuli, e.g., long term
incubation with Ab peptides, cause NF-kB inhibition and
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subsequent neurodegeneration. A link of NF-kB activation
and neuroprotection is supported by the following observa-
tions: (i) The strongest NF-kB activation is only found at
extremely low concentrations of Ab (maximal at 0.1 mM); (ii)
this inverted U-shaped activation curve is found with both
Ab-(25–35) and Ab-(1–40); (iii) for Ab-(1–40), a concentra-
tion of 0.1 mM is neuroprotective in cerebellar granule cell
paradigm used here; and (iv) in vivo only, early plaque types are
surrounded by neurons with activated NF-kB.
Taken together, these data underscore a role for NF-kB as

an immediate sensor for increased levels of ROIs in neurons.
In response to increased ROI levels, NF-kB could direct the
expression of a cellular defense program, as shown for the
immune system. Under chronic stimulation andyor stimulation
with high amounts of Ab, this sensing system seems to be
overloaded, with the consequence that there will be no in-
crease in cellular buffering mechanisms for ROIs, and this
might result in further exacerbation of the neurodegenerative
process.
Transcription factor NF-kB is activated by Ab, ROIs, and

inflammatory cytokines in various cell types of the brain and
induces a number of genes with relevance for AD. Hence, the
factor may play an important role in the development of the
disease and define a novel drug target for slowing down or
arresting the progression of AD.
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