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The function of nuclear factor (NF)-�B within the developing
and mature CNS is controversial. We have generated trans-
genic mice to reveal NF-�B transcriptional activity in vivo. As
expected, constitutive NF-�B activity was observed within im-
mune organs, and tumor necrosis factor-inducible NF-�B ac-
tivity was present in mesenchymal cells. Intriguingly, NF-�B
activity was also prominent in the CNS throughout develop-
ment, especially within neocortex, olfactory bulbs, amygdala,
and hippocampus. NF-�B in the CNS was restricted to neurons
and blocked by overexpression of dominant-negative NF-�B-

inducible kinase or the I�B�M super repressor. Blocking en-
dogenous neuronal NF-�B activity in cortical neurons using
recombinant adenovirus induced neuronal death, whereas in-
duction of NF-�B activity increased levels of anti-apoptotic
proteins and was strongly neuroprotective. Together, these data
demonstrate a physiological role for NF-�B in maintaining sur-
vival of central neurons.
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Nuclear factor (NF)-�B transcription factors are required for
regulating cell survival and differentiation and for inflammatory
and immune responses. The five mammalian NF-�B subunits
[RelA (p65), NFkB2 (p52/p100), NFkB1 (p50/p105), RelB, and
c-Rel] each contain a Rel homology domain that allows these
factors to dimerize and bind DNA (for review, see Gilmore, 1999;
Perkins, 2000). In lymphocytes and other activated immune cells,
NF-�B is retained in the nucleus and is constitutively active. In
most cells, however, NF-�B dimers are normally rendered inac-
tive in the cytosol by virtue of their interaction with one of the
inhibitory I�B proteins (I�B�, I�B�, I�B�, I�B�, and Bcl-3).
Translocation to the nucleus occurs only after stimuli-induced
I�B protein degradation. This process requires the activation of
kinase cascades that converge on I�B kinase (IKK)1 and IKK2,
related catalytic kinase subunits that, together with NF-�B essen-
tial modulator/IKK�, form a complex that phosphorylates I�B
family members and subsequently targets them for ubiquitination
and proteosomal degradation (for review, see Karin and Ben-
Neriah, 2000).

In non-neuronal cells, three major functions have been as-
cribed to the NF-�B family. Inducible NF-�B activity is crucial
for activating genes mediating the proinflammatory response, a
key component of the host defense system (Hatada et al., 2000).
NF-�B activation also induces the transcription of anti-apoptotic
genes and thereby promotes survival (Van Antwerp et al., 1998;

Wang et al., 1998; Barkett and Gilmore, 1999). Finally, NF-�B
plays a crucial role in maturation of the skin and skeletal systems
(Q. Li et al., 1999). The precise role(s) of NF-�B within the
nervous system is less clear. Several studies have found that
NF-�B activity facilitates neuronal survival (Barger et al., 1995;
Guo et al., 1998; Lezoualc’h et al., 1998; Maggirwar et al., 1998;
Hamanoue et al., 1999; Kaltschmidt et al., 1999), yet others report
that NF-�B activation is required for neuronal death (Grilli et al.,
1996; Post et al., 1998; Schneider et al., 1999). The use of genet-
ically altered mice will no doubt resolve this issue, but so far, the
results have been equivocal. For example, mice lacking the p50/
p105 NF-�B subunit show increased hippocampal damage in
response to kainate-induced excitotoxicity (Yu et al., 1999), yet
p50/p105 nulls also show reduced neuronal damage after focal
cerebral ischemia (Schneider et al., 1999)

To clarify the role of NF-�B in the CNS, the pattern of
transcriptionally active neuronal NF-�B needs to be established.
To address this, we generated transgenic mice that provide a
sensitive readout of NF-�B activity, particularly within the ner-
vous system. Primary fibroblasts derived from these mice show
appropriate reporter gene activation in response to known
NF-�B inducers, and this response is blocked by overexpression
of I�B�M, a specific NF-�B repressor. Transgenic mice show
constitutive NF-�B activation in peripheral lymphoid tissues and
display high levels of NF-�B activity in developing epidermal
appendages. Intriguingly, the reporter mice also reveal high levels
of NF-�B activity within developing and mature neurons of the
CNS. Reducing neuronal NF-�B activity through overexpression
of an I�B super repressor or dominant inhibitory NF-�B-
inducing kinase (NIK) induces cortical neuron death. Con-
versely, adenovirus-mediated overexpression of p65/RelA in pri-
mary neurons induces accumulation of Bcl-XL, inhibitor of
apoptosis protein (IAP)1, and IAP2 and confers strong protec-
tion against neuronal apoptosis induced by etoposide or campto-
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thecin. Together, these studies demonstrate that active NF-�B
activity is present throughout the developing and adult nervous
system and indicate that NF-�B plays an important role in sur-
vival of CNS neurons.

MATERIALS AND METHODS
DNA construct and production of transgenic mice. To create a high-fidelity
NF-�B reporter minigene, an NF-�B tandem repeat derived from the
long terminal repeat of human immunodeficiency virus (HIV-LTR) was
placed just upstream of a minimal SV40 promoter. Overlapping oligo-
nucleotides were used to make additional identical NF-�B tandem re-
peats, which when combined, produced three tandem NF-�B repeats
upstream of the SV40 minimal promoter. The enhancer/promoter frag-
ment was cloned upstream of an Escherichia coli �-galactosidase gene
modified to contain a mammalian Kozak consensus, an SV40 T-antigen-
derived nuclear localization signal, and a polyA tract and splicing signal
derived from the protamine I gene (Mercer et al., 1991). The minigene
cassette was isolated from parental vector and injected into pronuclei to
produce a total of 10 transgenic founder mice in a C3HxBALB/c back-
ground. Genotyping of transgenic mice was performed by PCR analysis
from tail biopsies (Laird et al., 1991) using primers directed to �-galacto-
sidase (5�-CTGCAGATAACTGCCGTCACTCC-3�, 5�-CTTAATCGC-
CTTGCAGCACAT-3�).

Cell culture and reagents. Primary mouse embryonic fibroblasts (MEF)
were derived from the dorsal skin of embryonic day (E) 15–16 transgenic
embryos and maintained in DMEM containing 10% bovine calf serum,
2 mM L-glutamine, and 100 �g/ml penicillin /streptomycin. Human em-
bryonic kidney (HEK) 293A cells were maintained in DMEM containing
10% bovine calf serum, 2 mM L-glutamine, and 100 �g/ml penicillin /
streptomycin. Cortical cultures were prepared from E15–16 transgenic
mouse telencephalon and maintained 8–10 d in vitro (DIV) in Neuro-
basal media (Invitrogen), supplemented with a final concentration of
0.5 � B27 supplement (Invitrogen), 0.5 � N2 supplement (Invitrogen), 2
mM L-glutamine, and 100 �g/ml penicillin /streptomycin. I�B�, p100,
c-IAP1, and Bcl-XL antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA); p65/RelA monoclonal antibody was from Transduc-
tion Laboratories; GFP polyclonal antibody was from Clontech (Cam-
bridge, UK); �-galactosidase polyclonal antibody was from ICN Bio-
chemicals; and the anti-hemagglutinin (HA) monoclonal antibody
12CA5 was from Boehringer Mannheim. Secondary donkey anti-rabbit
or donkey anti-mouse horseradish conjugates were from Jackson Immu-
noResearch (West Grove, PA).

Generation of recombinant adenovirus. The I�B�M cDNA (Van Ant-
werp et al., 1998) was provided by Inder Verma and subcloned into the
cytomegalovirus (CMV) 5� transfer vector, and recombinant adenovirus
was generated in 293A cells using standard techniques (Hitt et al., 1997).
Human p65/RelA cDNA was cloned into the pAdTrack-CMV shuttle
vector, and recombinant adenovirus was generated as described previ-
ously (He et al., 1998). The HA-tagged dominant-negative NIK
(dnNIK) consists of a truncated protein where the kinase domain and
tumor necrosis factor (TNF) receptor-associated factor (TRAF)-
interacting domain were deleted (amino acid 1–623 deletion) (Natoli et
al., 1997). The adenoviral dnNIK was constructed using the Cre-lox
recombination method as described previously (Russo et al., 2002).
I�B�M, dnNIK, and control green fluorescence protein (GFP) or
�-galactosidase adenovirus were amplified in 293 cells and purified over
sucrose gradients, and stock titer values were obtained using the tissue
culture infectious dose 50 method. For primary cell infections, appropri-
ate titers of virus were diluted into 10% of the culture volume and added
directly to MEFs or cortical neurons at the time of plating or on cells
plated 2 or 5 d earlier.

�-Galactosidase assays and immunofluorescence. Embryos, organs, or
cultured cells were fixed for 20 min at 4°C in 4% paraformaldehyde
(PFA) in PBS and then assayed for �-galactosidase activity by incubation
in 37°C in 80 mM dibasic sodium phosphate, 20 mM monobasic sodium
phosphate, 2 mM MgCl2, 0.2% Nonidet P-40, 1 mg/ml sodium deoxy-
cholate, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and
800 �g/ml 4-chloro-5-bromo-3-indolyl-�-galactoside (X-gal; Sigma, St.
Louis, MO) for 4–16 hr. Samples were then washed in PBS and postfixed
in 4% paraformaldehyde in PBS. Immunostaining was performed on
parallel PFA-fixed cultures using antibodies directed against
�-galactosidase (polyclonal; ICN Biomedicals, Cleveland, OH), MAP2
(monoclonal, clone AP-20 from Sigma), �-III-tubulin (monoclonal,
Sigma clone SDL.3D10), and glial fibrillary acidic protein (GFAP)

(monoclonal; Boehringer Mannheim), and using donkey anti-mouse-
conjugated fluorescein isothiocyanate and donkey anti-rabbit CY3
(The Jackson Laboratory, Bar Harbor, ME) as fluorescent secondary
antibodies.

Transcriptional assays. For HEK293 cells, cells on six-well plates were
transfected with CaPO4 precipitates containing the reporter plasmid on
day 0, induced with cytokines beginning on day 1, and harvested in lysis
buffer 16 hr later. �-galactosidase activity was assessed by O-nitrophenyl
�-D-galactopyranoside conversion (Promega, Madison, WI). To quantify
�-galactosidase activity in primary transgenic MEFs, cells were placed
into 96-well plates, left uninfected or infected with recombinant adeno-
virus for 24 hr, induced with TNF� for 16 hr, and then harvested in
radioimmunoprecipitation assay buffer. Lysates were assayed for
�-galactosidase activity using Galactostar, a chemiluminescent substrate
(Tropix). The same chemiluminescent technique was performed on
transgenic cortical cultures that were plated at 20,000 cells/well on a
96-well plate, infected with recombinant adenovirus on day 5 in vitro, and
harvested 4 d later.

Survival and apoptotic assays. Dissociated cortical neurons were plated
as above and infected with recombinant adenovirus. After the periods
indicated in the figure legends, neurons were assayed for viability using
3(4,5-dimethylthio-zol-2-yl)2,5-diphenyltetrazolium bromide (MTT; Sig-
ma), which was added at a final concentration of 1 mg/ml for 4 hr. The
reaction was ended by the addition of 1 vol of solubilization buffer (20%
SDS, 10% dimethylformamide, and 20% acetic acid). After overnight
solubilization, specific and nonspecific absorbance were read at 570 and
630 nm, respectively. Each condition was tested in four to six wells,
experiments were performed in triplicate, and results were analyzed for
statistical significance by multiple ANOVA. For terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)
assays, infected neurons were treated 24 hr later with 20 �M camptoth-
ecin or etoposide (Calbiochem, La Jolla, CA) for 16 hr, fixed, and
permeabilized in 4% PFA and 1:1 acetone/methanol, incubated with
Biotin-dUTP (Boehringer Mannheim) and TdT as per the manufactur-
er’s protocol (Promega), and followed with streptavidin-CY3 (Boehr-
inger Mannheim) for visualization.

RESULTS
Previous studies have demonstrated that �B elements within the
HIV-LTR promoter are sensitive to neuronal NF-�B activity in
vitro (Rattner et al., 1993) and in vivo (Corboy et al., 1992; Buzy
et al., 1995). To produce a reporter construct that would reflect
endogenous NF-�B activity in neurons, we generated an NF-�B
responsive minigene containing three tandem HIV-derived �B
binding element repeats placed proximal to a minimal promoter
derived from SV40. This construct drives expression of
�-galactosidase that was modified to include an SV40 T-antigen-
derived nuclear localization sequence (Fig. 1A). When trans-
fected into HEK293 cells, the reporter construct exhibited low
basal activity and could be readily induced to express
�-galactosidase after treatment with TNF�, a well established
NF-�B activator (Fig. 1B). The NF-�B responsive minigene
cassette was injected into pronuclei, and a total of 10 transgenic
founder mice were produced in a C3HxBALB/c background. Of
these, five (17812, 17813, 17816, 17817, and 17820) showed no
developmental �-galactosidase expression, suggesting that the
transgene was incorporated into areas of inactive chromatin. Of
the remainder, three founders (17814, 17815, and 17819) showed
identical �-galactosidase expression patterns, which are described
in detail below. The two remaining founder lines (17818 and
17821) showed differing subsets of the expression patterns ob-
served in the 17814, 17815, and 17819 lines. The variable expres-
sion in the 17818 and 17821 lines likely represents local enhancer
effects on transgene expression, and these lines were not studied
further.

To confirm appropriate in vivo activity of the incorporated
minigene, primary fibroblast cells (MEFs) were derived from
transgenic mouse embryos and analyzed for TNF�-induced
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�-galactosidase activity. Figure 1C shows that �-galactosidase
activity was not detected in cultured transgenic MEFs under
normal growth conditions but was present after exposure to a low
concentration of TNF�. The MEF cultures used in these exper-
iments represent a mixture of cells derived from transgenic and
nontransgenic embryos and therefore likely under-represents the
responsiveness of a pure transgenic population. To confirm that
the TNF�-mediated induction of �-galactosidase in transgenic
MEFs reflects bona fide NF-�B transcriptional activity, we cre-
ated a recombinant adenovirus encoding I�B�M, a modified form
of I�B� that is resistant to proteolytic degradation and represses
NF-�B signaling by constitutively retaining NF-�B subunits in
the cytosol in latent form. Figure 1D shows that endogenous
I�B� is rapidly degraded in cells exposed to TNF� (compare first
and fourth lanes), but I�B�M remains intact under these condi-
tions and is therefore available to bind and retain cytosolic
NF-�B subunits in the cytoplasm. Transgenic MEFs that were
left uninfected or were infected with recombinant adenovirus
encoding I�B�M were exposed to increasing concentrations of
TNF� and then analyzed for �-galactosidase activity. Figure 1E
shows that the TNF�-mediated increase in �-galactosidase is
attenuated in cells coexpressing I�B�M and demonstrates that
�-galactosidase activity induced by TNF� in these primary cul-
tures occurs through the NF-�B signaling pathway.

To examine NF-�B transcriptional activity during develop-
ment, transgenic litters from lines 17814, 17815, and 17819 were
fixed and whole-mount stained for �-galactosidase activity at
different stages after implantation. Results for these three lines
are identical, and only those from the 17814 line are shown in
Figure 2A–K. At E13, NF-�B activity is observed in prominent
tactile and sinus hair follicles and in vibrissae primordia (Fig.
2A). The telencephalon is prominently stained, and NF-�B ac-
tivity is present at the roof plate of the midbrain. Staining is also
observed at the midbrain–hindbrain junction (Fig. 2B), within
mammary gland primordia in the thoracic region, and in the
gonadal area (Fig. 2C). Comparative NF-�B activity in transgenic
versus nontransgenic negative control littermates is shown in
Figure 2D.

At E16, increased numbers of vibrissae are stained, and NF-�B
activity is prominent over the presumptive eyelid crease (Fig.
2E). Prominent NF-�B activity is also visible in epidermis on
plantar and palmer surfaces of forepaws and hindpaws (Fig. 2F).
In neonates, high levels of NF-�B activity were observed in the
CNS within the cortex, olfactory lobes, roof plate of the midbrain
(Fig. 2H), and the midbrain–hindbrain junction (data not shown).
The dermal surface of skin also had NF-�B activity, with a
beaded appearance that likely represents staining within multinu-
cleated muscle fibers (Fig. 2G).

NF-�B is retained in the cytoplasm in an inactive form in most
cells, but constitutive NF-�B activity occurs in various immune
cells and immunocompetent organs (Lernbecher et al., 1993;
Carrasco et al., 1994; Weih et al., 1994). Consistent with this, high
�-galactosidase activity was observed in trachea and bronchial

Figure 1. Transgene design and in vitro validation of the �B-dependent
�-galactosidase construct. A, The NF-�B reporter minigene contains
three tandem HIV-LTR repeats upstream of the SV40 minimal promoter,
an E. coli �-galactosidase cDNA modified to contain a mammalian Kozak
consensus, an SV40 T-antigen-derived nuclear localization signal, and a
polyA tract derived from the protamine I gene. B, HEK293 cells were
transiently transfected with the minigene and induced with DMEM �
TNF� (5 ng/ml) or with DMEM alone (indicated as control) for 16 hr
and analyzed for �-galactosidase activity. C, Primary MEFs derived from
transgenic mice were incubated with ( panels 2, 4 ) or without ( panels 1, 3)
TNF� (5 ng/ml) for 16 hr and then assessed for �-galactosidase activity.
Cultures were counterstained with Hoechst 33342 ( panels 3, 4 ) to show
cell nuclei. D, MEFs were infected with 0, 5, 50, or 250 MOI of recom-
binant I�B�M adenovirus for 24 hr, and total cell lysates were prepared
and analyzed by immunoblotting for I�B�. Wells that were mock infected
or infected with 50 MOI of recombinant I�B�M adenovirus were exposed
to TNF� (20 ng/ml) for 10 min. Endogenous I�B� is completely de-
graded by this treatment, but I�B�M is unaffected. E, Transgenic MEFs
were incubated with 0, 0.5, 2.5, 5, and 25 ng/ml TNF� for 16 hr in the

4

absence (white bars) or presence (black bars) of I�B�M adenovirus
(�50% infection efficiency). �-galactosidase activity was quantified using
a chemiluminescent assay (Galacto-Star; Tropix). Each data point repre-
sents the average of six wells of a 24-well plate, and error bars indicate SD.
Results were analyzed for statistical significance by ANOVA [Tukey
honestly significant difference (HSD) multiple comparison], and statisti-
cally significant differences of p � 0.001 are indicated by an asterisk.
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tubes, areas of primary immune defense that have high numbers
of lymphocytes (Fig. 2 I), and in lymphoid organs of transgenic-
positive animals (Fig. 2J,K). Together, these results show that
these transgenic mice provide accurate reporting of endogenous
NF-�B activity and indicate that NF-�B activity is present within
the developing brain during murine development.

Figure 3 shows that NF-�B activity remains elevated in the

CNS into adulthood, particularly in the forebrain. Serial brain
sections reveal NF-�B activity in the olfactory bulbs (granule cell
layer of the main olfactory bulb and the anterior olfactory nu-
cleus) (Fig. 3A), the olfactory tubercle (islands of Calleja) (Fig.
3A–C), in all layers of the neocortex (Fig. 3A–H), in amygdala and
claustrum, and within the dentate gyrus and hippocampus (Fig.
3D–G). Lower levels of NF-�B activity are present in the piri-

Figure 2. �-galactosidase expression pattern in discrete lo-
cations in embryonic and adult transgenic reporter mice. A,
Whole-mount X-gal staining of an E13 transgenic mouse
shows high basal NF-�B activity in the telencephalon and
along the roof plate of the midbrain. Facial staining is visible
within the primordia of the vibrissae (5 parallel rows) and in
the prominent tactile hair follicles. B, Dorsal view of E13
transgenic embryos shows staining at the roof plate of the
midbrain and at the midbrain–hindbrain junction. C, Close
up of thoracic region. NF-�B activity is present in mammary
gland primordia and in the gonadal area. D, �-galactosidase
staining in transgenic (right) and in control littermate (lef t).
E, E16 transgenic embryo showing prominent staining in
vibrissae of the snout, in the olfactory lobes, and in the
developing eyelid. F, NF-�B activity in the pads of the
plantar surface of the E16 hindpaw (lef t) and of the palmer
surface of the E16 forepaw (right). G, NF-�B activity within
nuclei, likely multinucleated muscle fibers, beneath superfi-
cial layers of P1 skin. H, Robust NF-�B activity in P1 cortex,
olfactory lobes, and roof plate of the midbrain. I–K, Lym-
phoid organs from postnatal day (P) 60 transgenic mice were
analyzed for �-galactosidase activity as described in Materi-
als and Methods. Constitutive NF-�B activity was detected
along the trachea and bronchial tubes ( I ), in the thoracic
lymph nodes (J and indicated by arrows in I ), and in the
thymus (K).
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form and entorhinal cortices (Fig. 3I) and within the hypothala-
mus (Fig. 3J). Cingulate and parietal cortex contain abundant
blue nuclei in all cortical layers, with staining most prominent in
layers 2, 4, and 5 (Fig. 3K). In the hippocampus, �-galactosidase-
positive nuclei are visible throughout the deep and superficial
pyramidal layers of Ammon’s horn, and robust activity is present
in the CA1 and CA2 regions. Neurons within the CA3 region of
the hippocampus show markedly reduced NF-�B activity com-
pared with those in CA1 and CA2 (Fig. 3E,K). NF-�B-positive
nuclei can also be found throughout the stratum oriens and
radiatum (Fig. 3K) and within a layer of interneurons along the
stratum lacunosum moleculare (Fig. 3F,G,K).

To confirm that the �-galactosidase activity observed within the
embryonic telencephalon reflects neuronal NF-�B activity, cortical
cultures were prepared from E16 transgenic embryos, maintained
in vitro for 8 –10 d, and then analyzed for �-galactosidase
accumulation by immunohistochemistry. Figure 4 A shows that

cells exhibiting typical pyramidal neuronal morphology con-
tain �-galactosidase activity, and Figure 4 B shows that the
�-galactosidase-positive cells in these cultures coexpress the neu-
ronal markers �III-tubulin and MAP2. GFAP-positive glial cells
consistently lacked �-galactosidase activity (data not shown).

To confirm that �-galactosidase levels within transgenic neu-
rons are regulated by NF-�B transcriptional activity, NF-�B
activity was disrupted in transgenic neurons using recombinant
adenovirus encoding elements of the NF-�B signaling cascade.
Figure 4C shows that expression of the I�B�M super repressor,
which retains NF-�B subunits in the cytosol, reduced levels of
�-galactosidase in transgenic neurons, whereas �-galactosidase
levels were elevated in transgenic neurons infected with an ade-
novirus encoding the p65/RelA NF-�B subunit, which increases
NF-�B transcriptional activity. Together, these results indicate
that the constitutive �-galactosidase activity observed within
transgenic neurons is regulated by NF-�B activity.

Figure 3. NF-�B activity in the adult brain. A–H, Serial
sections (3 mm) of P180 transgenic brain were stained for
�-galactosidase activity. Robust activity is visible in cortical
layers 2, 4, and 5 (A–G), in the outer layers of the olfactory
lobes (A), and in the islands of Calleja (olfactory tubercle)
(A–C). Lower levels of �-galactosidase activity are present in
the entorhinal and piriform cortices (D–F) and in the amyg-
dala (D, E), claustrum (C–F), dentate gyrus, and hippocam-
pus (D–G). I, NF-�B activity is present in the piriform–
entorhinal cortex ( piri) and is prominent in the amygdala
(amyg). J, NF-�B activity is present in cells throughout the
hypothalamus. K, NF-�B activity is prominent in the dentate
gyrus (DG) and in CA1 and CA2 regions of the hippocam-
pus. NF-�B activity is present in the CA3 region but lower
than in CA1 and CA2 (also see D, E). Positive nuclei are also
found in the stratum oriens, radiatum, and lacunosum mo-
leculare of Ammon’s horn. Within the cingulate and parietal
cortex, positive nuclei are found in all cortical layers, but
layers 2, 4, and 5 are stained most prominently.
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In many cells, activation of NF-�B induces transcription of
anti-apoptotic genes, and the presence of NF-�B transcriptional
activity in central neurons therefore raised the possibility that
constitutive neuronal NF-�B activity may play a role in the
maintenance of central neuron survival. To address this,
NF-�B activity was reduced in cortical neurons using adeno-
virus encoding the I�B�M super repressor and, 48 hr later,
assessed for survival using MTT assays. Figure 4 D shows that
infection with a control �-galactosidase adenovirus had no
significant effect on neuronal survival, whereas infection with
the I�B�M super repressor significantly reduced survival, at
each multiplicity of infection (MOI) tested. To address
whether this neuronal loss occurs through activation of apo-
ptotic cascades, cortical neurons were infected with I�B�M
and treated with zVAD, a broad-spectrum caspase inhibitor.
Under these conditions, cortical neuron survival was signifi-
cantly enhanced ( p � 0.03; data not shown).

These results indicated that constitutive NF-�B activation is
necessary for the survival of primary cortical neurons. To confirm
this and begin to address the signaling events that might contrib-
ute to this effect, NF-�B signaling was disrupted in primary
cortical neurons using a recombinant adenovirus encoding
dnNIK, a MAP3K implicated in NF-�B activation in non-
neuronal cells (Malinin et al., 1997; Regnier et al., 1997). To first
confirm that dominant-negative NIK reduced NF-�B activity in
primary neurons, transgenic cortical neurons were infected with
dominant-negative NIK adenovirus and assessed for reductions
in �-galactosidase activity. Figure 5A shows that infection with a
control adenovirus encoding GFP had no effect, whereas infec-
tion with equivalent titers of dominant-negative NIK adenovirus
virus resulted in a significant reduction in �-galactosidase activity.
At adenovirus titers �5 (MOI), NIK expression appeared to
cause neuronal cell death. To investigate this effect, primary
cortical neurons were infected with increasing titers of adenovirus
encoding either dominant-negative NIK or GFP and assessed for
survival using MTT assays. Figure 5B shows that the adenovirus
encoding GFP had no significant effect on neuronal survival,
whereas infection with adenovirus encoding dominant-negative
NIK resulted in substantial neuronal death. These results indicate
that constitutive NF-�B signaling plays an important role in the
maintenance of primary cortical neuron survival.

The profound reduction in survival induced by the I�B�M

super repressor and by dominant-negative NIK suggests that
NF-�B activity may normally regulate a prosurvival response in
neurons. Therefore, we tested whether activation of NF-�B con-
fers a survival advantage in cortical neurons. Adenovirus encod-
ing GFP alone or encoding both GFP and p65/RelA was used to
infect primary cortical neurons before treatment with camptoth-
ecin and etoposide, inhibitors of topoisomerase I and II that are
highly neurotoxic and cause apoptotic cell death of 50–80% of
primary cortical neurons (Fig. 6 I). After 18 hr of drug treatment,
infected cells were assessed for apoptotic death using TUNEL
assays and by examination of nuclear morphology. Figure 6A–D
shows that essentially all neurons that were infected with control
adenovirus encoding GFP alone displayed pyknotic nuclei and
were TUNEL positive, indicating widespread apoptotic cell
death. In contrast, Figure 6E–H shows neurons infected with
adenovirus encoding p65/RelA and GFP that were uniformly
TUNEL negative and contained healthy nuclei (whereas unin-
fected neurons in the same field were apoptotic). Quantification
of these studies (Fig. 6 I) revealed that �90% of neurons infected
with p65/RelA were protected from apoptosis normally induced
by etoposide or camptothecin. Together, these data indicate that
NF-�B activation confers a profound survival advantage to cor-
tical neurons.

To determine whether protein products of anti-apoptotic genes
were induced by NF-�B in cortical neurons, cells were infected
with adenovirus encoding GFP alone or encoding both GFP and
p65/RelA for 48 hr, lysed, and analyzed by immunoblot. Genes
encoding NF-�B signaling elements are themselves very sensitive
to NF-�B activation and therefore provide useful internal con-
trols to demonstrate NF-�B activation. Levels of endogenous
I�B� and NFkB1 protein were unaffected in neurons infected
with GFP alone, but both were strongly induced in cells express-
ing p65/RelA and GFP (Fig. 6J), indicating that NF-�B activity
was induced in cortical neurons by p65/RelA overexpression.
Anti-apoptotic genes of the Bcl-2 family and IAPs represent two
main classes of anti-apoptotic genes that are regulated by NF-�B
in non-neuronal cells, and we therefore examined Bcl-XL, IAP1,
and IAP2 as representative members of these two families. Figure
6J shows that levels of each of these genes were increased in cells
overexpressing p65/RelA and GFP but not in cells overexpressing
GFP alone. Therefore, activation of NF-�B in primary cortical
neurons appears to increase levels of anti-apoptotic proteins

Figure 4. NF-�B transcriptional activity is abundant in cul-
tured primary cortical neurons. A, E16 primary cortical neu-
rons derived from a heterozygote litter were grown for 10
DIV and then fixed and assessed for �-galactosidase activity.
Arrows, Transgenic nuclei. B, E16 primary cortical neurons
were immunostained for �-galactosidase and �-III-tubulin.
�-galactosidase immunoreactivity is shown in red, �-III-
tubulin is green, and nuclei stained with Hoescht 33342 are
blue. C, Transgenic E16 cortical neurons derived from a
heterozygote litter were infected with indicated MOIs of
recombinant adenovirus expressing GFP, GFP and p65/
RelA, or I�B�M for 48 hr, lysed, normalized for protein
content, and analyzed for �-galactosidase content by immu-
noblot. Levels of �-III-tubulin assessed in parallel blots con-
firmed equivalent protein loading between lanes. D, Primary
cortical neurons were infected with adenovirus encoding
�-galactosidase (white bars) or I�B�M (black bars), and sur-
vival was measured by MTT conversion 48 hr later. Error
bars indicate SD. Results were analyzed for statistical signif-
icance by ANOVA (Tukey HSD multiple comparison). Sta-
tistically significant differences of p � 0.001 are indicated by
an asterisk. A–D, Each experiment was performed at least
three times.
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and thereby elevate the survival threshold of primary cortical
neurons.

DISCUSSION
In this study, we have produced transgenic reporter mice that
provide a reliable means for assessing NF-�B transcriptional
activity in vivo. Mouse embryonic fibroblasts derived from these
animals display an inducible NF-�B transcriptional readout that
is inhibited by I�B�M, a repressor of NF-�B signaling, whereas

transgenic lymphoid cells display constitutive NF-�B activity.
Intriguingly, the transgenic reporter mouse reveals prominent
constitutive NF-�B activity within neurons of the developing and
mature CNS. Blockade of NF-�B activity results in neuronal
death, whereas p65/RelA overexpression confers protection
against insults and induces expression of anti-apoptotic gene
products that include Bcl-XL, IAP1, and IAP2, indicating an
important role for NF-�B activity in the regulation of neuronal
survival.

NF-�B refers to transcriptional activity that is mediated by the
Rel family of gene products through NF-�B cis-elements (for
review, see Karin and Ben-Neriah, 2000). There is considerable
diversity in the DNA binding properties of the different NF-�B
proteins, and the NF-�B consensus sequence has �60 variants
with different binding properties. The DNA binding potential of
Rel family members is regulated by I�B binding and I�B-
independent post-translation mechanisms. Transcription regu-
lated through NF-�B cis-elements will therefore reflect the pres-
ence and affinities of subsets of Rel family members that are
present in various tissues during specific developmental windows.
The NF-�B enhancer element that we used to generate the
transgenic mice reported here was derived from a fragment of the
HIV-LTR that is particularly sensitive to neuronal NF-�B activ-
ity (Corboy et al., 1992; Buzy et al., 1995). p65/RelA and p50/
p105 bind this NF-�B element in cultured neurons (Rattner et al.,
1993), but the precise complement of NF-�B proteins that medi-
ate the activation of this element in neurons remains unknown.
Our identification of constitutive NF-�B activity within CNS
neurons expands on previous studies that have used electro-
phoretic mobility shift assay and immunological methods to iden-
tify constitutive NF-�B in developing cortex and in CA1 and CA3
regions of the hippocampus, with much lower activity in the
cerebellum (Bakalkin et al., 1993; Kaltschmidt et al., 1993, 1994;
Rattner et al., 1993).

Other groups have used distinct NF-�B cis-elements to gener-
ate reporter mice that identify endogenous NF-�B activity. Using
the �B motif from the immunoglobin �B enhancer, Lernbecher et
al. (1993) identified NF-�B activity only in lymphoid tissues,
whereas the use of the p105 Rel enhancer or regions of the
immunoglobin �B enhancer revealed �-galactosidase activity in
lymphoid tissues, as well as in developing rhombencephalon,
spinal medulla, and blood vessels (Schmidt-Ullrich et al., 1996). It
is likely that any single NF-�B element will provide a readout of
only a subset of endogenous NF-�B activities, and it is therefore
not surprising to see differences between animals generated using
distinct NF-�B cis-elements. Indeed, a generation of mice null for
various members of the Rel family has revealed that the physio-
logical sites of NF-�B action extend well beyond those revealed in
a single transcriptional reporter mouse line (Lernbecher et al.,
1993; Beg et al., 1995; Weih et al., 1995; Beg and Baltimore, 1996;
Schmidt-Ullrich et al., 1996; Franzoso et al., 1997; Iotsova et al.,
1997).

A crucial step in validating the transgenic reporter mice is to
ablate NF-�B signaling and demonstrate concomitant reductions
in �-galactosidase reporter gene activity. Primary fibroblasts de-
rived from the transgenic reporter mouse revealed TNF�-
induced �-galactosidase activity, which was strongly attenuated in
cells expressing the I�B�M repressor, a mutated form of I�B�
that cannot be phosphorylated by IKK proteins and therefore
retains NF-�B dimers in the cytosol. Several recent studies have
shown that TNF�-dependent NF-�B induction in MEFs occurs
through an IKK2-dependent signaling mechanism, and our re-

Figure 5. NIK signaling is required for NF-�B transcriptional activity
and for neuronal viability in primary cortical neurons. A, E16 primary
cortical neurons derived from a heterozygote litter were mock infected
( gray bar) or infected with control GFP adenovirus (white bars) or dnNIK
adenovirus (black bars) at 0.5 or 5 MOI and harvested 4 d later. Lysates
were analyzed for �-galactosidase activity using a chemoluminescence
assay (Tropix). �-galactosidase activity was significantly reduced in cells
infected with 5 MOI of dnNIK (*p � 0.03). B, C, Cortical neurons were
infected with 0 ( gray bar), 50, 100, or 250 MOI of recombinant adenovirus
encoding GFP (white bars) or dnNIK (black bars) for 72 hr and then
analyzed for viability by MTT dye conversion (B) and for GFP and
dnNIK expression by immunoblotting (C). �-galactosidase overexpres-
sion had no significant effect on neuronal survival, but overexpression of
dnNIK reduced survival at each MOI tested (*p � 0.001). A, B, Six wells
were analyzed per condition, and results were analyzed for statistical
significance by ANOVA (Tukey HSD multiple comparison). A–C, Each
experiment was repeated at least three times.
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sults suggest that peripheral cells derived from these transgenic
animals provide a sensitive transcriptional readout of this
pathway.

Primary cortical neurons showed constitutive �-galactosidase
activity, which was reduced by infection with adenovirus encod-
ing the I�B�M repressor or using a dominant inhibitory form of
NIK, a MAP3K that binds both TRAF and IKK1 proteins and
normally regulates activation of NF-�B in response to some, but
not all, cytokines (Yin et al., 2001). I�B�M repressor should
retain Rel family members in the cytosol, whereas the dominant-
negative NIK variant used in our studies is a deletion mutant that
lacks the kinase domain but contains the TRAF and IKK binding
domains that function by blocking the recruitment of endogenous
NIK and titrating upstream and downstream effectors (Malinin et
al., 1997; Natoli et al., 1997; Ling et al., 1998; Van Antwerp et al.,
1998; Delhase et al., 1999; Foehr et al., 2000). Together, these
distinct approaches show that the �-galactosidase activity present
in primary cortical neurons is indeed regulated by NF-�B activ-
ity. The precise signaling elements that contribute to NF-�B-
dependent activation of �-galactosidase in these animals are not
certain and likely to be complex. It will be particularly interesting
to examine the roles of the IKK proteins in this regard; mice
rendered null for IKK1 or IKK2 display no apparent neuronal
phenotype (Q. Li et al., 1999; Z. W. Li et al., 1999), yet mice
lacking both genes show enhanced apoptosis in the neuroepithe-
lium and a defect in neurulation (Li et al., 2000), consistent with
the hypothesis that together these genes regulate NF-�B-
dependent survival pathways in developing neurons.

We have shown that expression of the I�B�M repressor or
dominant-negative NIK results in a profound reduction in corti-
cal neuron viability, consistent with the hypothesis that NF-�B
normally plays an important role in promoting central neuron
survival. These results are consistent with several studies that
indicate that NF-�B promotes the survival of peripheral neurons.
In sympathetic neurons, overexpression of a mutated derivative
of c-Rel lacking the transactivation domain blocks neurotrophin-
dependent survival, whereas c-Rel overexpression facilitates sur-

vival (Maggirwar et al., 1998), in part by inducing gene products
that block cytochrome c release (Sarmiere and Freeman, 2001).
Similarly, in developing dorsal root sensory neurons, members of
the neurotrophin and ciliary neurotrophic factor families activate
NF-�B-dependent survival pathways that require p65/RelA (Ha-
manoue et al., 1999; Middleton et al., 2000).

The impact of NF-�B on the survival of CNS neurons is more
controversial, with some studies suggesting a role for NF-�B in
the promotion of survival, whereas others indicate that NF-�B
may facilitate apoptosis (for review, see Mattson and Camandola,
2001). For example, NF-�B activation appears to protect central
neurons against amyloid �-peptide toxicity (Barger et al., 1995)
and excitotoxic or oxidative stress (Goodman and Mattson, 1996;
Mattson et al., 1997), yet NF-�B exerts a pro-apoptotic effect that
facilitates glutamate-induced toxicity (Grilli and Memo, 1999).
Furthermore, mice rendered null for p50/p105 show increased
death in response to kainate-induced excitotoxicity but are resis-
tant to damage induced by ischemia (Schneider et al., 1999; Yu et
al., 1999). Our data showed that induction of NF-�B mediated by
p65/RelA overexpression effectively protected primary cortical
neurons from death induced by etoposide or camptothecin, likely
through upregulation of IAPs and anti-apoptotic BclII family
members. This finding is in agreement with recent results show-
ing that Jak2-dependent activation of NF-�B resulted in accumu-
lation of X-linked inhibitor of apoptosis protein and IAP2 pro-
teins and conferred neuroprotection to toxic concentrations of
S-nitrosocystein, a nitric oxide donor (Digicaylioglu and Lipton,
2001). Together, these results suggest that physiological stimuli
that increase NF-�B activation in neurons will confer neuropro-
tection, and these data are consistent with recent findings that
show that preconditioning stimuli that confer neuroprotection on
central neurons in vivo result in increased neuronal NF-�B acti-
vation (Blondeau et al., 2001; Ravati et al., 2001). Thus, our
results support the hypothesis that constitutive NF-�B is neces-
sary for neuronal survival and that further increases in NF-�B
activation are neuroprotective. However, the complexity of
NF-�B signaling pathways that results in specific gene activation

Figure 6. p65/RelA protects cortical neurons from apoptotic
death. E15–16 cortical neurons were infected with 75 MOI of
recombinant adenovirus encoding GFP alone (A–D) or with
recombinant virus encoding both p65/RelA and GFP (E–H)
for 24 hr. Cells were then exposed to etoposide (20 �M) for
an additional 18 hr and then fixed and analyzed for GFP
fluorescence (B, F, green), for apoptosis using Hoescht 33342
nuclear staining (A, E, blue), and TUNEL labeling (C, G,
red). D, H, Merged images of A–C and E–G, respectively.
Cells infected with GFP alone (and uninfected cells) rapidly
underwent apoptosis when exposed to etoposide, whereas
neurons infected with p65/RelA were robustly viable under
these conditions. I, Cells were infected with 75 MOI of
adenovirus expressing either GFP or expressing GFP to-
gether with p65/RelA for 48 hr and then treated with camp-
tothecin (20 �M) or etoposide (20 �M) for 18 hr. GFP-
positive cells were scored for TUNEL-positive nuclei.
Expression of p65/RelA conferred robust protection from
apoptosis because of campthothecin (*p � 0.001) or etopo-
side (*p � 0.0001). At least 300 cells were assessed for each
condition, and results were analyzed for statistical signifi-
cance by Student’s t test. J, E16 cortical neurons were either
left uninfected or were infected with 75 MOI of recombinant
adenovirus expressing GFP or expressing both GFP and
p65/RelA for 48 hr. Neurons were then lysed and analyzed by
immunoblot. Levels of endogenous I�B�, NFkB1, IAP1,
IAP2, and Bcl-XL were specifically increased by p65/RelA
overexpression.
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events under physiological situations should not be underesti-
mated, and we cannot rule out the possibility that there may be
pathological conditions that activate sets of NF-�B-dependent
genes that may induce distinct effects that include facilitating
apoptosis.

The precise stimuli that contribute to constitutive NF-�B ac-
tivation within neurons are unclear. NF-�B is activated by nu-
merous stimuli, and it is possible that constitutive paracrine or
autocrine activation loops act to increase NF-�B activity. It is
also possible that NF-�B is a retrograde signal that links synaptic
events to transcription (Kaltschmidt et al., 1993; Meberg et al.,
1996). Glutamate, kainic acid, and nitric oxide all activate neu-
ronal NF-�B (Guerrini et al., 1995; Simpson and Morris, 1999),
and recent studies have demonstrated activity-dependent trans-
location of p65/RelA from neurites to the nucleus of living
neurons stimulated with glutamate, kainate, or potassium chlo-
ride (Wellmann et al., 2001). These studies therefore raise the
intriguing possibility that NF-�B activity may link neuronal ac-
tivity to cell survival pathways.

In summary, we have established that NF-�B transcriptional
activity is prominent in the developing and adult nervous system.
We have shown that NF-�B activity is necessary for neuronal
survival and found that overexpression of NF-�B in primary
neurons confers a high degree of neuroprotection through pro-
duction of anti-apoptotic genes. Together, these studies demon-
strate an important role for NF-�B in the development and
maintenance of the nervous system.
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