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ABSTRACT One mechanism leading to neurodegenera-
tion during Alzheimer’s disease (AD) is amyloid b peptide
(Ab) neurotoxicity. Ab elicits in cultured central nervous
system neurons a biphasic response: a low-dose neurotrophic
response and a high-dose neurotoxic response. Previously we
reported that NF-kB is activated by low doses of Ab only. Here
we show that NF-kB activation leads to neuroprotection. In
primary neurons we found that a pretreatment with 0.1 mM
Ab-(1–40) protects against neuronal death induced with 10
mM Ab-(1–40). As a known neuroprotective agent we next
analyzed the effect of tumor necrosis factor a (TNF-a).
Maximal activation of NF-kB was found with 2 ngyml TNF-a.
Pretreatment with TNF-a protected cerebellar granule cells
from cell death induced by 10 mM Ab-(1–40). This protection
is described by an inverted U-shaped dose response and is
maximal with a NF-kB-activating dose. The molecular spec-
ificity of this protective effect was analyzed by specific block-
ade of NF-kB activation. Overexpression of a transdominant
negative IkB-a blocks NF-kB activation and potentiates Ab-
mediated neuronal apoptosis. Our findings show that activa-
tion of NF-kB is the underlying mechanism of the neuropro-
tective effect of low-dose Ab and TNF-a. In accordance with
these in vitro data we find that nuclear NF-kB immunoreac-
tivity around various plaque stages of AD patients is reduced
in comparison to age-matched controls. Taken together these
data suggest that pharmacological NF-kB activation may be
a useful approach in the treatment of AD and related neuro-
degenerative disorders.

Alzheimer’s disease (AD) is characterized by plaques within
many brain regions, including the cerebellum (1). The major
component of plaques is an amyloid peptide named bA4 or Ab
(2). Ab is a proteolytic product of the larger amyloid precursor
protein (APP; ref. 3). Further pathological criteria are the
formation of neurofibrillary tangles (4) or increased advanced
glycation end products (5), which also can activate NF-kB (6).
Mutations in the presenilin genes 1 and 2 (for review see ref.
7) were described, which can lead to increased production of
Ab in transgenic mice (8). Mutant presenilin proteins interact
directly with APP (9). Activation of NF-kB protects against the
proapoptotic action of mutated presenilin-1 (10). Knockout of
APP results in agenesis of corpus callosum, memory defects,
and reactive gliosis (11, 12). An important mechanism leading
to neurodegeneration during AD is Ab neurotoxicity (13).
Two dose-dependent effects of Ab were described: a low
neurotrophic dose and a high neurotoxic dose (13). Previously
we reported that NF-kB is activated only by low doses of Ab
in cerebellar granule cells (14). Similarly Ab could activate

NF-kB in neuroblastoma cells (15), and Ab-resistant cells have
constitutive NF-kB activity (16).

To date five mammalian NF-kB DNA-binding subunits are
known: p50, p52, p65 (RelA), c-Rel, and RelB (17). Inhibitory
proteins are IkB-a, IkB-b, IkB-g(p105), IkB-d(p100), and
IkB-« (18, 19). Frequently NF-kB in the nervous system is
composed from the DNA-binding subunits p50 and p65
(RelA) and an inhibitory subunit IkB-a (20). In neurons
NF-kB can be activated either by glutamate (21, 22) or nerve
growth factor (23) or is constitutively activated (24, 25). In glia
it can be activated by various proinflammatory cytokines (20)
or by nerve growth factor via p75NTR (26). Activation of NF-kB
by external stimuli involves IkB kinases (for review see ref. 27),
which are present in a large complex with the kinase Nemo
(28), also called Ikkg (29). This kinase complex is assembled
with the help of the scaffold protein IKAP (30).

Expanding on our previous study (14), we have investigated
here whether a preincubation with low amounts of Ab leads to
neuronal protection against a toxic dose of Ab. We found that
intracellular protection of neurons against neurotoxic stimuli
is feasible and relies on activated NF-kB.

MATERIALS AND METHODS

Primary Culture. Primary rat cerebellar granule cells were
prepared as described (31). Human recombinant tumor ne-
crosis factor a (TNF-a) was from Boehringer-Mannheim.
Ab-(1–40) (lot nos. 506773 and 510598) and Ab-(40–1) (lot
no. H-2972) (Bachem) were used as described (14).

Immunofluorescence and Cell Survival Analysis. Cells were
fixed for 2 min in ethanol and for 5 min in 3.7% formaldehyde
and immunostained with an a-p65 mAb (Boehringer-
Mannheim) detected with a biotinylated a-mouse antibody
decorated with streptavidin Cy3. Analysis of neuronal survival
in parallel to immunostaining was performed with the fluo-
rescent nuclear dye 49,6-diamidino-2-phenylindole (DAPI)
(Boehringer-Mannheim), and images were digitally mounted
(14) or digitally captured with a Princeton Instruments (Tren-
ton, NJ) MicroMax camera. Nuclear chromatin morphology
was analyzed with a 403 objective. Nonviable neurons were
recognized by nuclear condensation andyor fragmented chro-
matin. The number of viable and nonviable neurons was
counted in five fixed fieldsychamber of up to five separate
cultures.

Biolistic Transfection. One microgram DNAy1 mg Gold
was used to coat 0.6-mm Gold particles (Bio-Rad) as described
by the manufacturer. Granule cells were seeded in 4-well slides
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(Nunc) at a density of 500,000 cellsycm2. Goldyshot (0.3 mg)
was applied at 100 psi through a 100-mm nylonmesh with a
Helios Gene Gun (Bio-Rad). For further details see ref. 62.
LacZ staining together with IkB expression was done as
described (32) with modifications. After LacZ staining the
slides were washed and mounted with glycerin (90%) 13 PBS
and 10 mgyml DAPI (Boehringer Mannheim). Morphometric
analysis was done by using IP-Lab-Spectrum software (Scana-
lytics, Fairfax, VA) on a Macintosh PowerPC. The minimal
diameter of DAPI-stained nuclei was measured on at least five
lacZ-expressing cells for each condition, with similar results
from at least three independent experiments. Statistical anal-
ysis was done with ANOVA and Scheffé’s post hoc test.

Histological Analysis. Isocortical tissue was obtained post-
mortem from patients with histopathologically confirmed AD
and healthy controls. Frozen brain material from nonde-
mented control (n 5 6) and AD (n 5 11) patients was obtained
from the Netherlands Brain Bank (NBB) (coordinator, R.
Ravid), nondemented control (n 5 3) and AD (n 5 4) patients
from the National Neurological Research Specimen Bank, Los
Angeles (director, W.W. Turtellotte) and nondemented con-
trol (n 5 6) from the Medical Research Council Alzheimer’s
Disease Brain Bank, Department of Neuropathology, Institute
of Psychiatry, London (coordinator: N.J. Cairns). All brains
were neuropathologically investigated. The cases were
matched for age, postmortem delay, and fixation duration.
Eight-micrometer cryostat sections were cut from frozen tissue
by using a Jung cryostat (Leica, Heidelberg, Germany) and
mounted on gelatin-coated slides. Immunohistochemistry and
mounting was performed essentially as described (14). Plaque
types were classified on the morphology of thioflavin S fluo-
rescence (33).

RESULTS

Preactivation of NF-kB After Ab Treatment. Primary cer-
ebellar granule cell cultures were used as a well-established
culture system with a high content (.95%) of neurons. In
these cultures 0.1 mM Ab-(1–40) activates NF-kB, whereas the
neurotoxic dose of 10 mM Ab-(1–40) does not (14). Here we
tested the physiological significance of this observation by
using neurons pretreated with 0.1 mM Ab-(1–40) for 24 h or
left untreated. This preconditioning was followed by the
addition of 10 mM Ab-(1–40), which is significantly neurotoxic
in this paradigm, for an additional 24 h. Cultures were tested
for NF-kB activation with a mAb specific for the activated
NF-kB p65 subunit (31) (Fig. 1B). Immunoreactivity with this
antibody is detectable only after activation of NF-kB (14, 22,
26, 34). This type of single-cell analysis is superior when
studying signal transduction in neuronal cultures (35, 36),
because it can be limited to identified cell types. Furthermore
neuronal cell death can be assayed with nuclear DAPI fluo-
rescence (Fig. 1B) together with NF-kB activation. Cultures
without pretreatment [0.1 mM Ab-(1–40)] did not survive an
insult with 10 mM Ab-(1–40) for 24 h (Fig. 1B, Left), as
apparent from the large number of pyknotic nuclei. In con-
trast, cultures pretreated with 0.1 mM Ab-(1–40) survived very
well after treatment (Fig. 1B, Right), as can be seen from the
well-preserved nuclear structure. This survival effect corre-
lates with a long-lasting activation of NF-kB p65 (Fig. 1B,
Right). Quantitative analysis (Fig. 1C) showed a significant
protection of neurons with activated NF-kB (92% alive) in
comparison to neurons without pretreatment (38% alive),
whereas a concentration of 0.1 mM Ab is not neurotoxic (92%
alive). The Ab-induced NF-kB immunoreactivity is detected
specifically by the anti-p65 mAb used here, because it could be
blocked by preincubation with the peptide epitope used for
generation of this antibody (Fig. 1D, Ab preabsorbed). Acti-
vation depends on the formation of reactive oxygen interme-
diates (ROIs), because it can be blocked by preincubation with

100 mM of the antioxidant pyrrolidine dithiocarbamate
(PDTC) (see Fig. 1D; compare Left and Right). As specificity
control for the Ab-induced NF-kB activation, a scrambled
peptide was tested that did not activate NF-kB (see also ref. 2).
In addition, an inverse Ab (Ab-40–1) did not induce any
NF-kB response (Fig. 1E).

B
C
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E
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FIG. 1. Neuroprotection against Ab is induced with low amounts
of Ab and depends on NF-kB activation. (A) Experimental setup for
the treatment of primary cerebellar granule cells. Pretreatment was
done with 0.1 mM of Ab-(1–40), or mock 10 mM Ab-(1–40) was used
to induce cell death. (B) Granule cells were stained with anti-p65
NF-kB (Upper) and DAPI counterstaining (Lower). Neuronal death
(see pyknotic nuclei) is induced after Ab treatment without pretreat-
ment (Left); long-lasting NF-kB activation is seen in neurons pre-
treated with Ab (Right). Scale bar, 25 mm. (C) Quantification of
neuronal cell death after Ab treatment. Data are shown as mean 6
SEM of five independent determinations. Treatment was as shown in
A. Treatment with 10 mM of Ab-(1–40) induced a . 60% reduction
of viable cells (P , 0.001 to all other conditions), whereas pretreat-
ment with 0.1 mM of Ab-(1–40) reverses the neurotoxic effect. (D)
Preincubation of the peptide epitope used for generation of the
antibody totally abolished the p65 staining, showing the high specificity
of the used anti-p65 antibody (compare second and third panels). A
preincubation of 100 mM PDTC for 15 min blocks the activation of
NF-kB by 0.1 mM Ab (Right). (E) An Ab with inversed sequence
(Ab-40–1) is not activating NF-kB in cerebellar granule cells.
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Preactivation of NF-kB After TNF-a Treatment. Here we
asked whether TNF-a, another neuroprotective agent for
hippocampal neurons (37), also can activate NF-kB in cere-
bellar granule cells. Optimal concentration of TNF-a for
NF-kB activation was analyzed by indirect immunofluores-
cence. Unexpectedly we found a rather sharp concentration
dependence with maximal NF-kB activation at a concentration
of 2 ng TNF-ayml (Fig. 2A). The activation of NF-kB at this
concentration (Fig. 2B) is compatible with the previously
reported TNF-a-mediated induction of kB binding activity in
primary hippocampal neurons (38, 39). Because TNF-a at 4
ngyml does not activate NF-kB, we wanted to use this obser-
vation as a pharmacological tool. Cerebellar granule cells were
treated either with a NF-kB-activating dose of TNF-a (2
ngyml) or with a nonactivating dose (4 ngyml) by using a
paradigm outlined in Fig. 1 A. A pretreatment with 2 ngyml for
24 h clearly protects against Ab-induced neuronal death,
whereas a pretreatment with 4 ngyml does not (Fig. 2B).
Quantification (Fig. 2C) showed that pretreatment with

TNF-a alone does not affect neuronal survival. But only
TNF-a at a concentration that activates NF-kB (2 ngyml) is
neuroprotective (Fig. 2C). Activation of NF-kB by TNF-a has
a common denominator with the activation by Ab, because
both depend on the formation of ROIs and can be blocked by
PDTC (see supplemental data on the PNAS web site,
www.pnas.org). These data extend the findings of a neuropro-
tective role of TNF-a in hippocampal neurons (37) to a
dose-dependent activation of NF-kB p65.

Interference with Neuroprotection via Overexpression of
Transdominant Negative IkB-a. To further corroborate the
pharmacological data, we wanted to specifically inhibit NF-kB,
by using overexpression of a transdominant negative mutant
(40) of IkB in cerebellar granule cells. This mutant is devoid
of phosphorylation sites for IkB kinases (41), which transforms
this molecule in a constitutive repressor. We used biolistic
transfection to express either Escherichia coli b-galactosidase
(LacZ) or LacZ together with transdominant negative IkB in
cerebellar granule cells. These cells were treated with 0.1 mM
Ab-(1–40) to activate NF-kB, leading to neuroprotection, and
stressed after 24 h with the toxic amount of Ab for 3 h as shown
in Fig. 3A. We used LacZ expression to identify transfected
cells via blue staining with 5-bromo-4-chloro-3-indolyl b-D-
galactoside (X-Gal) (see Fig. 3B Upper). LacZ-expressing cells
depict a viable nuclear morphology (Fig. 3B, arrowheads), in
comparison to surrounding nuclei of cells not expressing lacZ
(Fig. 3B Left). In contrast, transfection of neurons with the IkB
expression vector resulted in a high amount of cell death after
the addition of 10 mM Ab as apparent by the large amount of
pyknotic cell nuclei (Fig. 3B Right, arrows). These pyknotic
nuclei have a comparable greater diameter to those shown in
Fig. 1B, because the analysis was done 3 h after treatment with
10 mM Ab. Later on, after treatment all blue cells expressing
IkB already were eliminated (data not shown), therefore 3 h
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FIG. 2. TNF-a is activating NF-kB in granule cells. (A) Concen-
tration dependence. Granule cells were left untreated (0) or incubated
for 24 h with TNF-a at the concentrations indicated. The TNF-a-
mediated increase in nuclear NF-kB p65 immunoreactivity is depicted
as means 6 SEM (n . 10 neurons). A treatment with 2 ngyml TNF-a
induces a long-lasting robust increase in nuclear NF-kB immunore-
activity (P , 0.001 to other concentrations). (B) Pretreatment with
TNF-a effects survival of granule cells. Granule cells were pretreated
with TNF-a at the concentrations indicated, (200 unitsyml, which is
2 ngyml, or 400 unitsyml, which is 4 ngyml) followed by additional
24-h incubation in the presence of 10 mM Ab. Note: only the
NF-kB-activating dose (2 ngyml or 200 unitsyml) leads to neuropro-
tection (Left). Cell cultures were analyzed by indirect immunofluo-
rescence for an increase of a-p65 mAb immunoreactivity (Upper), and
nuclear DAPI staining is shown below. Scale bar, 25 mm. (C)
Quantification of neuronal cell death after Ab treatment. Data are
shown as mean 6 SEM of five independent determinations. Treatment
scheme was as shown in Fig. 1A. Treatment with 10 mM of Ab-(1–40)
after a pretreatment with 4 ngyml TNF-a induced a . 40% reduction
of viable cells (P , 0.001 to all other conditions), whereas pretreat-
ment with 2 ngyml TNF-a reverses the neurotoxic effect.

A
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FIG. 3. Overexpression of IkB reverses the neuroprotective effect
of pretreatment with a low dose of Ab. (A) Experimental setup for the
treatment and biolistic transfection of primary cerebellar granule cells.
Primary granule cells were transfected with the expression vectors by
the gene gun. After 6 h the cells were pretreated with 0.1 mM
Ab-(1–40) for 24 h to activate NF-kB, and after 3 h the survivors were
counted. (B) Blow-up comparing transfection of LacZ alone (Left) or
in combination with transdominant negative IkB expression vector
(Right). (Upper) Staining of lacZ activity with 5-bromo-4-chloro-3-
indolyl b-D-galactoside (X-Gal). (Lower) Nuclear DAPI stain. Note
the shrinkage of nuclei after transfection with IkB (arrows), in contrast
to viable cells (arrowheads), some dark blue cells after X-Gal stain
show a somewhat reduced DAPI stain. (C) Quantification of cell death
in LacZ-positive cells. Means (seven independent determinations) of
dying cells were depicted 6 SEM (P , 0.001). Scale bar, 25 mm.
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of treatment was chosen for optimal analysis. Morphometric
analysis of minimal nuclear diameter shows a mean diameter
of 12.9 mm 6 0.09 (SEM) of lacZ-expressing cells (see Fig. 3B
Left), whereas IkB-expressing cells show a shrunken pyknotic
nucleus (Fig. 3B Right) with a mean diameter of 8.2 mm 6 0.2
(P 5 0.0024). Occasionally the intensity of nuclear DAPI
fluorescence (Fig. 3B Lower) is somewhat quenched in cells
with a high level of X-Gal staining. By quantifying the number
of blue cells with normal or shrunken pyknotic nucleus (Fig.
3C) a significant difference between the cells with or without
IkB expression could be detected (Fig. 3B). In pretreated
cultures transformed with a LacZ expression vector alone
more than 80% survived the insult with 10 mM Ab, whereas if
the NF-kB activity was blocked via overexpression of a non-
degradable transdominant negative IkB only about 30% of the
transfected cells survived (Fig. 3C). These data point to a
critical role of NF-kB in activating a gene expression program
with neuroprotective function.

Analysis of Plaque Stages in AD Patients. Plaque types were
classified on the morphology of the thioflavin S fluorescence
as described (33): diffuse plaques, primitive plaques, classical
plaques, and compacted plaques. This method might under-
represent the number of diffuse amyloid deposits, which are
found more frequently with immunostaining methods (33). We
analyzed the amount of each plaque type in AD patients and
healthy controls. We found in the frozen material used here
that the earliest plaque stage, the diffuse plaque, was most
abundant (80%) in healthy controls (Fig. 4), whereas mature
plaque types such as primitive, classical, and compact plaques
were typical for AD patients (Fig. 4). This finding is in
accordance with results obtained with the Bielschowsky silver-
staining method (42). Primitive, classical, and compact types
account for up to 70% of all plaques in disease patients. Taken
together, a quantitative analysis of plaque types could distin-
guish between healthy (predominantly diffuse plaques) and
AD patients (predominantly primitive and classical plaques).

Analysis of NF-kB Immunoreactivity Around Different
Plaque Types. Based on this analysis we wanted to compare the
nuclear NF-kB immunoreactivity around all plaque types in
brain sections of healthy controls and AD patients. As reported
earlier, NF-kB immunoreactivity is found predominantly in
and around early plaque types of AD patients (14). Other
reports described a generally higher NF-kB immunoreactivity
in AD patients in comparison to controls (12, 43–45), but

increased neuronal immunoreactivity for p65 was predomi-
nantly cytoplasmatic (43). Here we are analyzing nuclear
immunoreactivity in cells surrounding diffuse, primitive, and
classical plaques of healthy controls (Fig. 5) and AD patients.
Plaque types were analyzed by using thioflavin S staining on
adjacent sections, but DAPI staining results in a rather similar
staining of plaques (M.U., C.K., and B.K., unpublished obser-
vation, see Fig. 5). As an example we chose two different
plaque types, primitive (Fig. 5 a and c) and classical (Fig. 5 e
and g), from one representative AD patient (AD 90–129;
NBB) and one age-matched control (93y166; NBB). In Fig. 5
a, b, e, and f Left, the strong nuclear NF-kB staining in cells
surrounding the plaques of the control (see arrows) can be
seen. Fig. 5 c, d, g, and h Right demonstrates the nuclear NF-kB
staining in the AD patient (see arrows). In contrast to those of
healthy controls, many of the cells surrounding plaques of AD
patients show a vastly reduced NF-kB activity. Taken together
data from 11 AD cases point to gradual loss of nuclear NF-kB
immunoreactivity during plaque maturation (Table 1). In
comparison to controls the NF-kB activity in cells around all
plaque types is reduced at least 50% in AD patients.

DISCUSSION

This study shows that preactivation of NF-kB by low amounts
of Ab and TNF-a protects neurons through the activation of
a NF-kB-dependent gene expression program. This effect can
be blocked by overexpression of the specific NF-kB inhibitor
IkB. Increased production of ROIs (e.g., H2O2) might activate
NF-kB because the antioxidant PDTC can inhibit the Ab-
induced NF-kB activation. Also direct application of H2O2
(again in low amounts) can activate NF-kB in cerebellar
granule cells (14). This effect of H2O2, as a crucial mediator for
NF-kB activation, was described first for nonneuronal cells
(46). Here we show that NF-kB activation via TNF-a in
cerebellar granule cells follows an inverted U-shaped dose-
response curve. A similar inverted U-shaped activation of
NF-kB previously was described for Ab and H2O2 (14). The
reason for such a response could be the amount of ROI; a low
amount of ROIs is activating NF-kB, whereas high amounts of
ROIs inactivate the p65-subunit (see ref. 47 for discussion),
because perinuclear aggregates are found with increased
amounts of ROI-producing agents (14). In this line it was
shown that a reduction of brain-derived kB-binding activity
upon in vitro treatment with H2O2 could be restored by
reducing thiols such as DTT or b-mercaptoethanol (48).

Taken together this activation of NF-kB leads to intracel-
lular protection of cultured neurons against the neurotoxic
action of large amounts of Abs, using similar mechanisms as
suggested by David Baltimore for intracellular immunization
against viral infections (49).

Here we extend our previous finding of NF-kB immunore-
activity in and around plaques in AD patients (14) to a more
detailed analysis. Although activated NF-kB is found in cells
around all plaque types in both healthy and AD patients, here
we describe a dramatic down-regulation of NF-kB activity
from early to late plaque stages in AD patients. This difference
might be one of the biochemical differences discriminating
between healthy or diseased brains, which is important for AD
(50). In this line it was shown that apoptotic cell death can be
detected in AD (51) and that there is a progressive increase in
cell death from early to late plaque stages (52). It is tempting
to speculate that the inhibition of NF-kB observed here is the
underlying mechanism for neuronal apoptosis as shown in vitro
(see above) and for nonneuronal cells (53). We propose that
NF-kB activation is necessary for the neurons to survive in the
close vicinity of plaques. Because NF-kB activation is selec-
tively lost around plaques of AD patients, this might be an
important reason for the neurodegeneration observed around
late plaque types, which are rare in healthy persons. We present

FIG. 4. Quantification of plaque types in AD patients and controls.
Means (n 5 15 for AD (89y220, 90y065, 90y077, 90y078, 90y080,
90y129, 90y139, 90y167, 90y174, 90y189, and 90y191 from NBB;
1956, 1998, 2195, and 2196 from Medical Research Council Alzhei-
mer’s Disease Brain Bank); (n 5 15 for controls; 90y160, 90y206,
93y166, 93y204, 95y204, and 95y026 from NBB; 1933, 2296, and 2335
from the National Neurological Research Specimen Bank; 89y059,
89y072, 89y073, 89y084, 89y097, and 89y099 from Medical Research
Council Alzheimer’s Disease Brain Bank) expressing a percentage of
the total plaque numbers in 98,175 mm2 (five randomly selected
microscopic views) were depicted.
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the hypothesis that reduced NF-kB activation in cells around
plaques renders them sensitive to a neurotoxic insult by Ab.

What can be the reason behind the reduction of NF-kB
activation near plaques of AD patients? At least two scenarios
might be envisaged: first, a direct inactivation of neuronal
NF-kB caused by high amounts of Ab in the plaque neigh-
borhood, or second, an indirect inactivation via production of
NF-kB-inhibiting substances by glial cells.

For the first scenario in vitro data from this study could
support the following hypothesis about the role of NF-kB in
neurons. The inverted U-shaped dose response for activation
of NF-kB via Ab suggest that higher doses andyor long
exposure of neurons with Ab could lead to an overload of

oxidative stress (see ref. 47 for review), inactivating NF-kB-
driven neuroprotective gene expression, and therefore might
contribute directly to pathological mechanisms.

For the second scenario glial cells can be envisaged as
producers of disease-aggravating mediators. Reactive micro-
glia frequently is found in or near plaques (54–57). Because
astrocytes are absent is some plaques they do not seem to be
directly involved in plaque formation (55). Activated microglia
also is found in association of cerebellar plaques in AD (58)
and might be crucially involved in the genesis of these plaques.
Reactive microglia produces high amounts of proinflamma-
tory cytokines such as TNF-a, IL-1b, and IL-6 or expressing
MHC class II molecules as an activation marker (see ref. 59).
Similarly, TNF-a production by microglia in vitro after Ab
stimulation (60) has been described together with a neurotoxic
action of the stimulated microglia. This might very well
resemble the in vitro effect described here of TNF-a-mediated
NF-kB inhibition, which could result in a loss of neuroprotec-
tion. Thus inactivation of NF-kB around senile plaques also
might be the consequence of high amounts of TNF-a produced
directly by activated microglia in close vicinity to amyloid
plaques (33). Directly linked with TNF-a production glial cells
(e.g., microglia and astrocytes) could produce significant
amounts of NO after proinflammatory stimulation. In this line

Table 1. Immunoreactivity for activated NF-kB, nuclear in cells
around different plaque states

Diagnosis Diffuse Primitive Classic Compact

Nondemented
Controls (n 5 6) 58.5 34.6 19.4* 12.5*
AD (n 5 11) 25.6 17.4 6.9 3.1

Immunoreactivity present in nuclei is expressed as a percentage of
the total plaque number of patients and controls studied.
*Only rarely in nondemented controls.

FIG. 5. Immunohistochemical analysis of nuclear NF-kB in cells around primitive (a and c) and classical plaques (e and g) of one representative
AD patient (AD 90y129 from NBB and one representative age-matched control 93y166 from NBB), (b, d, f, and g) corresponding DAPI image
of plaques. Note the reduced nuclear NF-kB immunoreactivity (compare arrows of a and b with arrows of c and d and arrows of e and f with the
ones of g and h) in both plaque types of AD patients in comparison to healthy controls. Scale bar, 50 mm.

Neurobiology: Kaltschmidt et al. Proc. Natl. Acad. Sci. USA 96 (1999) 9413



microglial production of NO can be stimulated via Ab and
IFN-g treatment and depends on TNF-a production (60). NO
might act in concert with TNF-a, because recently it was shown
that NO produced in cultured astrocytes could effectively
inhibit the activation of NF-kB (61). Taken together glia-
produced TNF-a or NO might exert their local neurotoxicity
via inactivation of neuronal NF-kB, abbrogating neuroprotec-
tive gene expression. Thus understanding the involvement of
NF-kB in neurological diseases might open the route for the
development of new classes of neuroprotective drugs modu-
lating NF-kB activation.
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