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Tumor Necrosis Factor Death Receptor Signaling Cascade Is
Required for Amyloid-� Protein-Induced Neuron Death
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Tumor necrosis factor type I receptor (TNFRI), a death receptor, mediates apoptosis and plays a crucial role in the interaction between the
nervous and immune systems. A direct link between death receptor activation and signal cascade-mediated neuron death in brains with
neurodegenerative disorders remains inconclusive. Here, we show that amyloid-� protein (A�), a major component of plaques in the
Alzheimer’s diseased brain, induces neuronal apoptosis through TNFRI by using primary neurons overexpressing TNFRI by viral
infection or neurons from TNFRI knock-out mice. This was mediated via alteration of apoptotic protease-activating factor (Apaf-1)
expression that in turn induced activation of nuclear factor �B (NF-�B). A�-induced neuronal apoptosis was reduced with lower Apaf-1
expression, and little NF-�B activation was found in the neurons with mutated Apaf-1 or a deletion of TNFRI compared with the cells from
wild-type (WT) mice. Our studies suggest a novel neuronal response of A�, which occurs through a TNF receptor signaling cascade and
a caspase-dependent death pathway.
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Introduction
Apoptosis is a normal biological process during brain develop-
ment. However, it can become a harmful factor for mature brains
under injured or diseased circumstances, such as brain neuronal
loss in neurodegenerative diseases (Anderson et al., 1996; Estus et
al., 1997; Troy et al., 2000; Yuan and Yankner, 2000; Jellinger and
Stadelmann, 2001; Morishima et al., 2001; Cregan et al., 2002;
Galvan et al., 2002; Kumar-Singh et al., 2002; Wei et al., 2002;
Eberhardt and Schulz, 2003; Koriyama et al., 2003; Lopez Salon et
al., 2003; Tamagno et al., 2003). Alzheimer disease (AD) is a
neurodegenerative disease and is characterized by significant
neuronal loss. There are two major neuropathological changes in the
AD brain: senile plaques and neurofibrillary tangles. Amyloid-�pro-

teins (A�) are major constituents of senile plaques and are produced
from cleavage of the amyloid precursor protein (APP) (Selkoe and
Kopan, 2003; Sisodia and St. George-Hyslop, 2002). The majority of
A� fragments include A�1–40 and A�1–42. Although A�1–42 is be-
lieved to be the protein initially deposited in diffuse plaques as the
seed molecule for amyloid fibril formation, the subsequent deposi-
tion of A�1–40 is more closely associated with the onset of clinical
symptoms in late-onset AD (Jarret and Lansbury, 1993; Ishii et al.,
1997). During the past decade, various insults have been proposed as
a part of the molecular mechanisms involved in A�-induced neuro-
toxicity. These include receptor mediation, free radicals, imbalances
of cellular calcium distribution, and many others (Yan et al., 1996;
Sheehan et al., 1997; Geula et al., 1998; Lorenzo et al., 2000; Mattson
et al., 2000; Troy et al., 2000; Wang et al., 2000; Butterfield et al., 2002;
Heneka et al., 2002; Kaltschmidt et al., 2002; Mettenburg et al., 2002;
Xiao et al., 2002; Xie et al., 2002; Chaudhury et al., 2003; Tamagno et
al., 2003). Recently, Ferrer et al. (2001) reported that expression of
one particular death receptor, Fas, in AD brains is increased. How-
ever, Fas expression seemed not to be directly correlated with tangles
in AD brains (Ferrer et al., 2001). The other death receptor, tumor
necrosis factor type I receptor (TNFRI), has shown increased expres-
sion in AD brains and is related to the apoptotic process in AD brains
(our unpublished observation). By using double-labeling methods,
our unpublished data demonstrated that TNFRI is expressed in most
pyramidal glutamatergic neurons in both normal and AD brains.
Caspases and transcription factor mechanisms have also been pro-
posed (Nakagawa et al., 2000; Cregan et al., 2002; Galvan et al., 2002;
Haas et al., 2002; Kuperstein and Yavin, 2002; Lee et al., 2002; Walsh
et al., 2002; Yao et al., 2002; Yu et al., 2002; Zhang et al., 2002; Zau et
al., 2002; Raina et al., 2003) as underlying defects in several types of

Received Oct. 9, 2003; revised Dec. 30, 2003; accepted Jan. 3, 2004.
This work was supported by grants from the Alzheimer’s Disease Association, Neuroscience Education Research

Foundation, Arizona Disease Control Research Center Program Project Category II (Y.S., R.L.), and the National
Nature and Science Foundation of China (D.Z.). We thank Dr. D. V. Goeddel and Dr. P. Baeuerle from Tularik, Inc., for
their constructive and helpful discussion and encouragement; Dr. I. M. Verma from The Salk Institute for providing
NF-�B p65, IKK�, and mutant IKK� plasmids; Dr. Ted Dawson from Johns Hopkins University Medical School for his
critical reading of this manuscript and correction; and G. Arnold for her technical support and careful manuscript
reading during the preparation of this manuscript.

Correspondence should be addressed to either of the following: Dr. Yong Shen, Haldeman Laboratory of Molec-
ular and Cellular Neurobiology, Sun Health Research Institute, 10515 West Santa Fe Drive, Sun City, AZ 85351,
E-mail: yong.shen@sunhealth.org; or Dr. Rena Li, Alzheimer’s Research Laboratory, Sun Health Research Institute,
10515 West Santa Fe Drive, Sun City, AZ 85351, E-mail: rena.li@sunhealth.org.

L. Yang’s present address: Earle Chiles Institute of Molecular Biology, Oregon Health Sciences University, Port-
land, OR 97213.

Y. Konishi’s present address: Department of Physiology, Ehime University School of Medicine, Ehime 791-0296,
Japan.

DOI:10.1523/JNEUROSCI.4580-03.2004
Copyright © 2004 Society for Neuroscience 0270-6474/04/241760-12$15.00/0

1760 • The Journal of Neuroscience, February 18, 2004 • 24(7):1760 –1771



neurodegeneration. However, molecular mechanisms of A�-
induced neuronal death remain inconclusive.

Recent studies on apoptotic protease-activating factor-1
(Apaf-1) transgenic mice (Li et al., 1997; Cecconi et al., 1998;
Yoshida et al., 1998) demonstrate that activation of Apaf-1 in-
duces obvious abnormality in tissues in which cellular develop-
ment depends on apoptosis (Srinivasula et al., 1998; Cregan et al.,
2002; Ferraro et al, 2003). This observation suggests a critical role
of Apaf-1 in apoptotic cell death. Apaf-1 is a member of the
protein family that contains a caspase recruitment domain and
regulates apoptosis. Nod1 and Nod2 contain a caspase recruit-
ment domain (CARD), which can interact with NF-�B and pro-
mote NF-�B activation, which requires IKK� and is inhibited by
dominant negative mutants of I�B�, IKK�, IKK�, and IKK�
(Inohara et al., 2001; Ogura et al., 2001). Furthermore, the acti-
vation of NF-�B translocation causes apoptosis in vitro (Mc-
Carthy et al., 1998; Thome et al., 1998; Inohara et al., 2001; Ogura
et al., 2001). Another NF-�B-related mechanism of apoptosis is
TNFRI, which contains a “death domain” (DD). TNFRI and its
intracellular mediators may activate common pathways that lead
to degradation of I�B�, which relocates NF-�B from the cyto-
plasm into the nucleus (Miyamoto et al., 1994; Hsu et al., 1995).
The translocation of NF-�B might play an anti-apoptotic role in
various cells (Guo et al., 1998; Kaltschmidt et al., 1999) and an apo-
ptotic role in neuronal cells (Schneider et al., 1999; Yang et al., 2002).
This discrepancy may be caused by different cell types or the involve-
ment of distinct receptors in neurons. In AD, A� peptide has been
shown to activate NF-�B (Akama et al., 1998; Kuner et al., 1998;
Ghribi et al., 2001). A recent report demonstrated that the soluble
A�1–40-induced toxicity correlates with its association with the cell
membrane (Mathews et al., 2002; Morishima-Kawashima and
Ihara, 1998). These findings, together with the pronounced toxicity
of soluble A� at low concentrations, suggests that cell membrane
receptor(s) might be involved in A�-induced cell death (Kuner et al.,
1998; Janciauskiene et al., 1999; Lorenzo et al., 2000; Wang et al.,
2000; Mettenburg et al., 2002; Xie et al., 2002).

Although a previous study has demonstrated that knock-out
of both TNFRI and TNFRII can simultaneously increase neuro-
degeneration (Bruce et al., 1996), the specific contributions of
each TNF receptor subtype to neuronal cell death has not been
clearly identified. We demonstrated recently that TNF-�-
induced neuronal cell death is mediated by the NF-�B transloca-
tion and is TNFRI dependent (Yang et al., 2002). Here, we ex-
plore whether A�-induced neuronal apoptosis is related to
TNFRI and its unique signal transduction pathway. By using a
gene targeting approach, we provide novel evidence that treat-
ment with A�1– 40 increases Apaf-1 expression and neuronal
NF-�B translocation. Our data suggest that, on treatment with
A�1– 40, Apaf-1 activates NF-�B via binding the intracellular
death domain of TNFRI with high affinity, eventually leading to
neuronal death.

Materials and Methods
All chemicals were purchased from Sigma (St. Louis, MO), unless other-
wise stated. A�1– 40 and reverse A�40 –1 peptides were purchased from
Bachem (Torrance, CA). The peptides were dissolved in DMSO or for-
mic acid to maintain soluble form and then diluted to indicated concen-
trations with culture media for toxicity or binding experiments. Anti-
bodies for TNF receptors were purchased from R & D Systems
(Minneapolis, MN) and the antibody for NF-�B p65 was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). A polyclonal rabbit anti-
body to Apaf-1 was purchased from Chemicon (Temecula, CA), and
monoclonal antibodies to actin and laminin were purchased from Sigma.

Molecular cloning and plasmid construction. For the construction of

TNF receptor subtype cDNA plasmids, we isolated poly(A) � RNA from
human brain tissue and synthesized cDNA using reverse transcriptase
(RT) methods. PCR was used to amplify TNFRI, complement C1qB
chain, complement C9, and the epidermal growth factor receptor
(EGFR) coding region. For transient transfection, cDNA was inserted
into a pcDNA3.1 expression vector (Invitrogen, Gaithersburg, MD) that
directs expression from both cytomegalovirus (CMV) promoter and
simian virus 40 (SV40) origin.

Primary hippocampal neuron cultures from TNFRI knock-out mice.
TNFRI knock-out mice (C57BL/6J background) were purchased from
The Jackson Laboratory (Bar Harbor, ME). Primary hippocampal neu-
ron cultures were prepared as described previously (Kamegai et al., 1990;
Yang et al., 2002). Briefly, the hippocampal regions from embryonic
15-d-old mice fetuses were dissected and the neurons were recovered by
enzymatic digestion with trypsin and mechanical dissociation. Cells were
then plated at a density of �6 � 10 5 cells in 3 ml of media per 35 mm dish
(Primaria, Falcon Instruments, Florence, Italy) coated with poly-L-lysine
(Sigma). Cultures were maintained at 37°C in an incubator humidified
with 95% O2 and 5% CO2. The culture medium was a 1:1 mixture of
DMEM and Ham’s F12 supplemented with 15 mM HEPES, 100 �g/ml
human transferrin, 25 �g/ml bovine insulin, 20 nM progestenne, 20 nM

hydrocortisine-21-phosphate, 10 mM L-carnitine, 30 nM 3,3,5-triiodo-l-
thyronine, 7 ng/ml �-tocopherol, 7 ng/ml retinol acetate, 1 �M thioctic
acid, and 100 �M putrescine (Invitrogen). No serum was used in the
dissociation or in the cultures. Neurons were used for experiments 5 d
after plating.

Neurotypic cell line culture. Human SH-SY5Y cells, which can be ter-
minally differentiated into cells bearing numerous specific characteristics
of neurons (Shen et al., 1997), were cultured using 50% MEM plus 50%
F12 medium, 10% heat-inactivated fetal calf serum, and 10 �M retinoic
acid. The culture medium was replaced every 3 d and cells were differen-
tiated for 6 d.

RT-PCR for TNFRI�/� and Apaf-1 mRNA detection. Total RNA was
extracted from neurons with TNFRI �/� or wild-type mice (Qiagen, Va-
lencia, CA). Pilot experiments were done to determine the linear range of
amplification with respect to the amount of starting template and PCR
cycles. The cDNA was synthesized from 1.5 ng of total RNA using the
SuperScript One-Step RT-PCR kit (Invitrogen) at 62°C for 30 min. The
PCR-forward oligonucleotide primer used for TNFRI was 5�TCGATT-
TGCTGTACCAAGTG3� and the reverse oligonucleotide primer used
for TNFRI was 5�GAAAATGACCAGGGGCAACAG3�. After an initial
denaturation step at 94°C for 5 min, the cycle was initiated, which con-
sisted of denaturing for 1 min at 94°C, annealing for 2 min at 53°C, and
extending for 2 min at 72°C. The cycle was repeated 35 times. The PCR-
forward oligonucleotide primer used for wild-type and knock-out
Apaf-1 was 5�AGATAGCCTAGGGGGGTGCAT3� and the reverse oli-
gonucleotide primer used for Apaf-1 was 5�ATCAGTTTCCAATCDCT-
GCT3�. After an initial denaturation step at 94°C for 5 min, the cycle was
initiated, which consisted of denaturing for 1.5 min at 94°C, annealing
for 1 min at 66°C, and extending for 1.5 min at 72°C. The cycle was
repeated 35 times, with one final extension cycle of 10 min at 72°C.

Nuclear and cytoplasmic isolation. To prepare nuclear extracts, 4 � 10 6

treated cells were trypsinized and incubated for 20 min in a hypo-osmotic
buffer containing the following: 10 mM HEPES, pH 7.8, 10 mM KCl, 2 mM

MgCl2, 0.1 mM EDTA, 10 mg/ml aprotinin, 0.5 mg/ml leupeptin, 3
mg/ml PMSF, and 3 mM DTT with 25 ml of 10% NP-40. The nuclei were
pelleted by centrifugation for 5 min in a microcentrifuge. The superna-
tants containing the cytoplasmic proteins were removed and stored at
�70°C. T solubilize the DNA binding proteins, the pelleted nuclei were
resuspended in a high salt buffer containing the following: 50 mM

HEPES, pH 7.4, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 10% v/v
glycerol, 3 mM DTT, and 3 mM PMSF. The resuspended nuclei were
gently shaken for 30 min at 4°C. The extracts were spun in a microcen-
trifuge for 10 min and the clear supernatant, containing nuclear protein,
was either aliquoted for determination of the protein concentration or
stored at �70°C for future assays.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) was performed using a double-stranded 15 bp oligonucleotide
(5�CTAGGGGGACTTTCC3�) containing the NF-�B consensus se-
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quence, and radiolabeled with 32P-ATP. For the binding reaction, the
nuclear protein extract (10 �g) and 0.25 ng (25,000 cpm) of labeled
oligonucleotide was incubated for 15 min at 4°C in a total volume of 30 �l
binding buffer containing the following: 10 mM Tris-HCl, pH 7.5, 50 mM

NaCl, 50 mM KCl, 1 mM EDTA, 5 mM DTT, 5% glycerol and 2 �g poly
dIDC. DNA protein complexes were separated from unbound probe on
native 4.5% polyacrylamide gels in 250 mM Tris-boric EDTA at 200 –250
V for 2–3 hr. The resultant gel was vacuum-dried and exposed to Kodak
film (Eastman Kodak, Rochester, NY) for 8 –15 hr at �70°C. The visual
inspection of the free probe band at the bottom of the gel confirmed that
equivalent amounts of radiolabeled probe were used for each sample.
The amount of DNA–protein complex present was analyzed using den-
sitometry or a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

Lactate dehydrogenase release measurement and statistical analysis. For
quantitative assessment of neuron damage, lactate dehydrogenase
(LDH) release from degenerating neurons was measured using a Cyto-
Tox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI).
The percentage of LDH release was calculated as the ratio of LDH con-
tained in the supernatant relative to total LDH contained in both the
supernatant and cell lysate. Data were analyzed by an ANOVA Student
paired t test.

Western blot analysis. The samples of neurons and cells were lysed in
buffer containing the following: 10 mM Tris-HCl, pH 7.4, 25 mM NaCl, 50
mM EDTA, 1 mM EGTA plus 0.5% Triton X-100, 10% SDS, and a pro-
tease inhibitor mixture [1 mM phenylmethylsulfonyl fluoride, 1 �g/ml
pepstatin A, 5 �g/ml leupeptin, and 2 �g/ml aprotinin (Boehringer
Mannheim, Indianapolis, IN)]. For each sample, 10 �g protein was sep-
arated on a 15% SDS Tricine gel and transferred to a polyvinylidene
difluoride (PVDF) membrane electrophoretically for 2 hr with 0.1%
Tween 20 in TBS. Either NF-�B p65 or Apaf-1 was detected with anti-
bodies against NF-�B p65 or Apaf-1 at a 1:1000 dilution for 16 hr at 4°C,
followed by incubation with an HRP-conjugated secondary antibody
and processed using ECL detection (Amersham Biosciences, Piscataway,
NJ). Actin and laminin were examined as housekeeping proteins in the
cytoplasm and nucleus, respectively.

Expression plasmids and transfection. Plasmid DNA used for transfec-
tions was purified using Qiagen Maxiprep kits. Exogenous DNA trans-
fection followed the procedures of Lipofectamine (Invitrogen). For tran-
sient transfection, the cDNA of TNFRI, complement C1qB chain,
complement C9, or EGFR was inserted into a pcDNA3– histamine (HA)
expression vector containing a C-terminal HA tag that directs its expres-
sion from both CMV and SV40 promoters. The vector alone was used as
a control. These constructs were transiently transfected into neurons. For
stable transfection, the cDNA was subcloned into the pcDNA3.1 vector
and transfected into neurons using Lipofectamine Plus (Invitrogen).
Forty-eight hours later, 96 well plates at 10 3 cells per well were seeded
with cells, selected with G418 (600 �g/ml; Invitrogen) and maintained
with 350 �g/ml G418. The selected cells were screened by Western dot-
blotting to confirm TNFRI, C1qB, C9, and EGFR expression.

Viral transfection of neurons with I���, mutant I���, Apaf-1, and
mutant Apaf-1. The adenovirus vector we have constructed was de-
scribed previously (Choi-Lundberg et al., 1997). In brief, the replication
defective adenoviral vector (AdCMV-lacZ), contains the enhancer/early
promoter of CMV drives lacZ transcription with an SV40 polyadenyla-
tion sequence downstream, but the vector has deleted E1A, E1B, and E3
regions, which impair the ability of the virus to replicate and transform
nonpermissive cells. A viral stock solution of 1.0 � 10 12 particles/ml was
used for AdCMV-lacZ; 10- or 10 2-fold dilutions of these stocks were
prepared in PBS immediately before affection in primary neurons. Con-
trol affections were performed with PBS and AdCMV-lacZ without the
IKK�, mutant IKK� (mIKK�), Apaf-1, and mutant Apaf-1 plasmids
[gifts from Dr. D. V. Goeddel (Tularik Inc., South San Francisco, CA),
Dr. P. Baeuerle (Tularik Inc.), and Dr. I. M. Verma (The Salk Institute,
San Diego, CA)]. Vector titers were matched for total particles at �1–2 �
10 9 particles/2 �l (Mochizuki and Mizumo, 2003).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling staining and DNA fragmentation. Neurons were grown on
poly-L-lysine-coated chamber slides. Terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) was

used to visualize neurons with fragmented DNA. Neurons were har-
vested 16 hr after A�1– 40 treatment, fixed in 4% paraformaldehyde for 20
min, washed in three changes of PBS, and then incubated for 1 hr at 37°C
with 75 �l of a TUNEL mixture (Boehringer Mannheim) containing the
following (in �l): 0.5 terminal transferase, 0.95 biotin-deoxyUTP, 6.0
CoCl2, 15.0 TdT buffer, and 52.55 distilled water. The reaction was
stopped by incubation in 4� SSC buffer followed by three washes in PBS.
Neurons were then labeled with a streptavidin Cy2 secondary antibody
(Jackson ImmunoResearch, West Grove, PA) for 45 min at room tem-
perature and counterstained with Hoechst 33258 (0.5 �g/ml) for 5 min.
The fraction of TUNEL-positive cells as a percentage of total cell number
was determined. To analyze DNA integrity, DNA was extracted from
neurons with or without A�1– 40 treatment from TNFRI �/� mice and its
optical density was measured at 260 nm and separated on a 1% agarose
gel to confirm DNA loading after staining the gel with ethidium bromide.
Equal amounts of DNA were separated by conventional agarose gel elec-
trophoresis and Southern blotted, and apoptotic DNA ladders were vi-
sualized by hybridization with digoxigenin-labeled total mouse genomic
DNA probe (Boehringer Mannheim).

Transfection and NF-�B activity assay. NF-�B activity was analyzed
using a luciferase reporter gene; 3 � 10 5 cells were transfected with 5�
�B-luciferase reporter plasmid and various expression plasmids, includ-
ing IKK� and mutant IKK�, using Lipofectamine per the manufacturer’s
instructions. To normalize for transfection efficiency, all transfections
included a LacZ-expressing plasmid, and the lysates were assayed for
�-galactosidase activity.

Preparation of Apaf-1 antisense oligonucleotide. Both sense and anti-
sense Apaf-1 oligonucleotide phosphorothioates were synthesized on an
Applied Biosystems (Foster City, CA) model 392 DNA synthesizer using
phosphoramidite chemistry. Oligonucleotides were purified by reverse-
phase chromatography using Oligo-Pak oligonucleotide purification
columns (Millipore, Billerica, MA) as reported previously (Shen et al.,
1997). The Apaf-1 antisense oligonucleotide sequence was 5�CTTCTC-
CATCGCTCACCT3�, overlapping the code for the initiation site of me-
thionine on the Apaf-1 gene (Zou et al., 1997). The sense oligonucleo-
tides for Apaf-1 were the exact inverse complement of the antisense
oligonucleotides. Lyophilized oligonucleotides were dissolved in sterile
water to prepare stock solutions.

In vitro 125I-A�1– 40 binding assay. Cells (2 � 10 7) were transfected
with expression vectors containing TNFRI, complement C1qB, comple-
ment component C9, and EGFR. Sixteen hours after transfection, mem-
branes were prepared from transfected cells. For Figure 6 B, membrane
lysates containing 10 mg of protein were incubated with 600 ng of 125I-
A�1– 40 (Amersham), 5 �g of anti-FLAG M2 antibody (Sigma), 10 �l of
protein A–Sepharose, and 10 �l of protein G–Sepharose at 4°C for 2 hr.
Proteins bound to the matrix were washed six times with 1 ml of the
washing buffer. The bound radioactivity was measured using a Beckman
(Fullerton, CA) liquid scintillation counter. For Figure 6C, proteins were
immunoprecipitated first from 40 mg of membrane lysate as described
above and then incubated with 600 ng of 125I-A�1– 40 in the presence of
20 mg of bovine serum albumin Fraction V (Sigma) at 4°C for 2 hr. After
six washes with 1 �l of washing buffer, the bound radioactivity was
measured. To evaluate protein expression, proteins in 25 �g of mem-
brane lysates were detected by immunoblotting with anti-FLAG
antibody.

TNF receptor binding in whole cells. TNFRI transfected SH-SY5Y cells
(1 � 10 6 per assay) were incubated with increasing concentrations of
125I-A�1– 40 alone or with a 100-fold excess of unlabeled 125I-A�1– 40 for
2 hr at 4°C. 125I-A�1– 40 receptor complexes were precipitated at 4°C by
the addition of 500 �l of 25% polyethylene glycol and 500 �l of 0.1%
rabbit �-globulin. Cells were incubated with increasing concentrations of
125I-A�1– 40 alone or with a 200-fold excess of unlabeled A�1– 40 for 2 hr
at 4°C and then washed three times. Specific binding (the difference
between binding of 125I-A�1– 40 in the absence or presence of cold 125I-
A�1– 40) was usually �80% of the total 125I-A�1– 40 binding activity.
After centrifugation, 3 ml of ice-cold buffer was added to the tubes,
followed by filtration through a Brandel (Gaithersburg, MD) cell har-
vester, using GF/C glass fiber filters previously soaked in 0.05% polyeth-
ylenimine. Radioactivity on the filters was determined in a liquid scintil-
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lation counter with a counting efficiency of �40% (Wallac,
Gaithersburg, MD). The data preprocessing was performed using a
Prism program and the actual nonlinear curve-fitting was performed
using Ligands software.

Results
TNFRI contributes to A�1– 40-induced neuronal apoptosis
Because TNFRI contains a DD, we thus assume that neurons with
high levels of TNFRI might be more vulnerable to insults such as
A�. To test this hypothesis, we overexpressed TNFRI in neurons
by adenoviral affection (Fig. 1A) and used LDH release as a cell
death marker to evaluate A�-induced neurotoxicity in the in-
fected neurons. We found that A�-induced LDH release from the
TNFRI-infected neurons is significantly increased in a dose-
dependent manner after 8 hr infection. The dose dependency of
A�1– 40 treatment was also observed at low doses (100 –10,000
nM), at which these concentrations are generally not toxic to
noninfected control neurons (Fig. 1B). Our data indicate that
TNFRI-infected neurons are more vulnerable to A�-induced
toxicity compared with noninfected control neurons (Fig. 1B),
which usually need at least 10 –20 times higher concentrations of
A�1– 40 to cause neuron death (Estus et al., 1997; Morishima et al.,
2001). This is consistent with our recent findings as well as with
studies from other groups that TNFRI-affected neurons are more
vulnerable to insults (Bruce et al., 1996; Estus et al., 1997; Mor-
ishima et al., 2001; Yang et al., 2002). Moreover, to determine
whether A�-induced cell death is associated with apoptosis, we
performed DNA fragmentation experiments and found that
DNA fragments were greatly increased in A�-treated TNFRI-
affected neurons compared with the noninfected control or con-
trol vector-infected neurons (Fig. 1C). Moreover, the appearance
of DNA fragments was observed at the much lower dose (100 nM)
of A� treatment (Fig. 1C) in the infected cells; similarly, DNA
fragments were found in nontransfected neurons at �100-fold
greater doses of A� treatment (Fig. 1C).

To further examine how A� causes neuronal apoptosis, and fur-
ther verify whether TNFRI is linked to A�-induced neuronal apo-
ptosis, we examined A�-induced toxicity in the cultured hippocam-
pal neurons from TNFRI knock-out or WT mice. Studies from our
Southern blot and Western blot hybridizations confirmed no ex-
pression of TNFRI in TNFRI�/� mice (data not shown). Morpho-
logically, the hippocampal neurons from TNFRI�/� mice treated
with vehicle grew rather healthily with multiple and long neurites
(Fig. 2A). To further confirm our morphological observation, LDH
release was used as a cell death marker to quantitatively measure cell
death in the cultured neurons under each treatment condition. In-
terestingly, we found that treatment with A�1–40 at various doses in
the TNFRI�/� neurons produced no changes in LDH release com-
pared with neurons from WT mice, even at high doses of A�1–40

(0.1–10 �M) for 48 hr (Fig. 2B). These data suggest that TNFRI gene
deletion might have shut down a cellular death-related signal path-
way and neurons without an IDD became “insensitive” to insults.
Likewise, TNFRI�/� neurons treated with vehicle grew well, sug-
gesting that mature neurons are able to survive in the absence of
TNFRI (Fig. 2A). Furthermore, to determine whether this neuronal
degeneration is associated with apoptosis, we used TUNEL staining
and DNA fragmentation techniques to evaluate neuronal apoptosis
and found that most TNFRI�/� neurons were negative for TUNEL
staining after A�1–40 treatment, compared with very positive
TUNEL staining in the A�-treated WT neurons (Fig. 2C,D).

Physical interaction between A�1– 40 and TNFRI in neurons
Having shown that A� exposure resulted in less neuron degener-
ation and apoptosis in neurons from target-deleted TNFRI mice,

Figure 1. Overexpressing TNFRI reveals vulnerability to A�1– 40. Neurons were infected with
defective adenoviral vector containing TNFRI, TNFRII, empty-defective adenoviral vector, or
noninfection. A, The protein expression of TNFRI after infection was confirmed by Western blot.
B, Overexpression of TNFRI resulted in neuronal vulnerability to A�1– 40-induced cell death even
at low doses (100 or 10,000 nM), whereas no such effects were observed in nonaffected neurons
or neurons transfected with an empty-defective viral vector in the presence of A�1– 40 at the
same doses. All results were repeated four times from independent experiments, 8 hr after
infection. **p � 0.01. C, DNA fragmentation was observed in neurons with TNFRI overexpres-
sion at 100, 1000, and 10,000 nM of A�1– 40, but noninfected or control vector-infected neurons
and TNFRII-infected neurons exhibited DNA fragmentation only at the high dose of A�1– 40

(10,000 nM) after 8 hr of infection.
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we further addressed the issue of how
A�1– 40 interacts with TNFRI on the neu-
ronal surface to transduce receptor activa-
tion to the death signal cascade. A high
level of expression of TNFRI in the in-
fected neurons was confirmed by mRNA
and protein expression using RT-PCR and
Western blots (Fig. 3B). To examine
whether A�1– 40 binds TNFRI directly, cell
membranes were prepared from neurons
expressing TNFRI as described in Materi-
als and Methods. The ability of TNFRI to
bind radiolabeled 125I-A�1– 40 was tested
by a modified immunoprecipitation assay.
To further rule out nonspecific binding,
we included cold reverse A�40 –1 peptide to
compete for our specific binding by using
radiolabeled A�1– 40. We did not find any
specific inhibitory binding in our assays
(data not shown). A�1– 40 was coimmuno-
precipitated with FLAG-tagged TNFRI
only, not with other FLAG-tagged control
proteins (i.e., EGFR, C1qB, IL receptor,
and C9) (Fig. 3B). Furthermore, to rule
out nonspecific immunoprecipitation, we
also used reverse A�40 –1 to coimmunopre-
cipitate with FLAG-tagged TNFRI, as well
as EGFR, C1qB, IL-1R, and C9, but no sig-
nificant immunoprecipitation was ob-
served (data not shown). Thus, TNFRI is
associated with an A�-binding activity
present in the membrane of neurons.
However, there is a possibility that TNFRI
does not bind directly to A�1– 40 and that
the association requires other membrane
factors, such as fatty lipids (Avdulov et al.,
1997; Corsico et al., 1998; Waschuk et al.,
2001). To test this possibility, we first im-
munoprecipitated TNFRI and a comple-
ment component protein, C9, as a control
protein, with anti-FLAG antibody, and the
ability of the immunoprecipitated pro-
teins to bind A�1– 40 was tested in lipid-free
buffer. Immunoprecipitated TNFRI ex-
hibited A�1– 40 binding activity, but con-
trol protein, C9, did not (Fig. 3C). These
results suggest that TNFRI binds directly
to A�1– 40.

To further characterize the pharmacological binding affinity
of A� to TNFRI, we established an in vitro model by subcloning
TNFRI cDNA into the expression vector pcDNA3.1 that contains
the human CMV promoter and SV40 ori. This construct was
transfected into human SH-SY5Y neurotypic cells, which have
low levels of endogenous TNFRI (Fig. 3D) and exhibit neuronal
properties (Shen et al., 1997), followed by a modified calcium
phosphate transfection technique. Protein expression in whole
cells was measured by 125I-specific binding (Yang et al., 2002). To
ensure the specific binding was from soluble A�1– 40 instead of
nonspecific binding caused by “stickiness” of the physical prop-
erty of the protein, specific 125I-A�1– 40 binding was analyzed in
the absence and presence of a 100-fold excess of cold-soluble
A�1– 40. To prevent peptide aggregation that can occur at higher

temperatures (Estus et al., 1997; Morishima et al., 2001), all bind-
ing assays were performed on ice at all times to maintain the
soluble form of A�1– 40 peptide, as described in Materials and
Methods. We found that 125I-A�1– 40 binds specifically to TNFRI
in the transfected SH-SY5Y cells, but little specific binding was
seen in nontransfected cells (Fig. 3D). After analyses of 125I-
A�1– 40 saturation binding and Scatchard properties in TNFRI
transfected cells, we found that 125I-A�1– 40 exhibits receptor
binding dissociate constant (Kd) for TNFRI (Kd 	 0.42 nM), as
illustrated in Figure 3D. This was determined using the SH-SY5Y
cell transfectants and is comparable with the Kd of the native
TNFRI expressed constitutively on Chinese hamster ovary cells
and endogenous TNF receptors in HeLa cells (data not shown).
We have also examined whether 125I-A�1– 40 binds to other cyto-
kine receptors such as the p75 NGF or EGF receptor in trans-

Figure 2. Hippocampal neurons from knock-out TNFRI exhibit clear neurodegeneration after exposures of A�1– 40 peptide. A,
Morphological changes of hippocampal neurons from TNFRI knock-out (TNFRI �/�) or wild-type mice after exposure to A�1– 40

for 48 hr. Nikon (Tokyo, Japan) microscope at 200�. TNFRI �/� neurons show resistance to A�1– 40 insults, but wild-type
neurons demonstrated degeneration after A�1– 40 treatment. B, The primary cultured hippocampal neurons from six TNFRI �/�

or wild-type mice were incubated for 48 hr with A�1– 40. The dead or detached neurons were removed with the supernatant, and
the remaining neurons were lysed. LDH levels were measured in both supernatant and cell lysates. The data in B are from four
independent experiments and represent the means 
 SD, which is the percentage of supernatant LDH values relative to total LDH
contained in both the supernatant and cell lysate as described in Materials and Methods. Hippocampal neuronal apoptosis induced
by A�1– 40 treatment is TNFRI dependent. A�1– 40-induced apoptosis in hippocampal neurons in the absence of TNFRI is demon-
strated in TUNEL staining ( C) and DNA fragmentation ( D). The hippocampal neurons from TNFRI �/� or wild-type mice were
incubated with A�1– 40 at 10, 000 nM for 18 hr. The cells were fixed and neurons were analyzed for apoptosis using TUNEL for
fragmented nuclear DNA ( C). These images are typical of apoptotic single neurons cultured with A�1– 40 at 10, 000 nM in wild-type
mice. For DNA fragmentation, Southern blots of DNA isolated from TNFRI �/� or wild-type mice were analyzed. TNFRI �/� and
wild-type neurons were treated with A�1– 40 (100 nM to 20 �M) for 48 hr ( D) and cycloheximide was used as a positive control
(data not shown). The results from TUNEL, Hoechst staining, and DNA fragmentation indicate that neurons with TNFRI deletion
were resistant to A�1– 40-induced apoptosis.
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fected SH-SY5Y cells and no specific or high-affinity binding was
observed (data not shown). Together, these results indicate that
A�1– 40 binds with high affinity and specificity to the TNFRI
receptor.

Activated NF-�B translocation by A� is diminished in
neurons from TNFRI �/� mice
To further study the possible mechanisms by which A�1– 40 en-
hances apoptosis in neurons with TNFRI overexpression, we ex-
amined TNF-receptor-related signal transduction pathways.
Moreover, several studies have shown that A� induces the activ-
ity of NF-�B DNA binding (Akama et al., 1998; Ghribi et al.,
2001) and that NF-�B is also reported to be TNFRI dependent
not only in the peripheral immune system (Tartaglia et al., 1993;
Hsu et al., 1995; Sipe et al., 1996), but also in the brain (Yang et al.,
2002). To determine whether TNFRI is involved in the A�1– 40-
induced NF-�B neuronal activity, an experiment for examining
translocation of p65, a subunit of NF-�B, was performed using
Western blotting. Nuclear and cytoplasmic extracts were isolated
from the neurons of WT and TNFRI�/� mice after a 30 min
incubation with A�1– 40 at 0, 0.1, 1, and 10 �M. We found that
A�1– 40 induced increases in nuclear NF-�B p65 in a dose-
dependent manner, whereas decreased cytoplasmic NF-�B p65
was observed in hippocampal neurons of WT mice (Fig. 4A).
This suggests that A�1– 40 induces NF-�B translocation into the
nucleus. However, no significant NF-�B p65 translocation was
observed in either the cytoplasm or the nucleus in neurons of
TNFRI�/� mice after A� treatment (Fig. 4B). This result indi-
cates that translocation of NF-�B p65 in neurons induced by
A�1– 40 is at least partially TNFRI dependent. To examine changes
of the binding activity of NF-�B, we conducted NF-�B binding
studies using EMSA and found low NF-�B binding activity in
TNFRI�/� neurons, whereas WT neurons still contained high
levels of A�1– 40-induced NF-�B binding activity (Fig. 4C). Al-
though we found that the translocation of NF-�B by A� is TNFRI
dependent, whether translocation of NF-�B causes neuronal
death or enhances cell survival or plays a compensatory role was
not clear. To examine this possibility, we used adenovirus to
deliver I���, which on phosphorylation, releases p65 NF-�B
into the nucleus. Adenovirus was also used to deliver mutant
I���, which is unable to be phosphorylated. We found that
A�1– 40 treatment in neurons with viral transduction of I���
resulted in DNA fragmentation, whereas little DNA fragmenta-
tion was observed in mutant I���-affected neurons even at a
relatively high dose of A�1– 40 treatment (Fig. 4D), suggesting
that NF-�B translocation activated by I��� leads to apoptosis in
neurons.

Apaf-1 is essential for A�-induced neuronal NF-�B
translocation in a TNFRI-dependent manner
Apoptotic protease activating factor-1 (Apaf-1) has been re-
ported to be essential in apoptosis during development (Cecconi
et al., 1998; Yoshida et al., 1998; Fortin et al., 2001). Recent stud-
ies have also shown that insults, including ischemic injury, may
enhance Apaf-1 expression only in certain types of cells, such as
neurons in the brain. The neuronal-cell-specific increases in
Apaf-1 are involved in an apoptotic process mediated by caspases
(Li et al., 1997, 1998; Yakovlev et al., 1997), suggesting a critical
role of Apaf-1 in neuronal degeneration (Yuan and Yankner,
2000). To examine the relationship between the A�-induced
NF-�B activation and Apaf-1 expression in neurons, we tested
whether A� treatment can alter Apaf-1 expression levels. We
examined Apaf-1 mRNA levels using semiquantitative RT-PCR.
As shown in Figure 5A, TNFRI-infected neurons treated with
A�1– 40 exhibited a significant increase in Apaf-1 mRNA levels in
comparison with A�1– 40-treated non-TNFRI-transduced neu-
rons, and the Apaf-1 mRNA increase was in an A�1– 40 dose-
dependent manner. This increase in Apaf-1 mRNA levels was

Figure 3. Interaction between TNFRI and A�1– 40. A, Detection of mRNA and protein expres-
sion of TNFRI by using RT-PCR and Western blot techniques. For RT-PCR, the negative control
reaction in the absence of RT with RNA template yielded no detectable product, whereas the
positive control reaction in the TNFRI transfection with RNA template, yielded a highly abun-
dant band, as expected. For Western blot analysis, the same SH-SY5Y cells transfected with
TNFRI, EGFR, complement component C1qB, complement component C9, and IL-1R were used
for confirmation of the expression of this receptor. The results demonstrated little expression of
the endogenous TNFRI in SH-SY5Y cells ( A). B, Physical interaction between TNFRI and A�1– 40.
5 � 10 7 SH-SY5Y cells were transfected with 20 �g of pcDNA3.1-FLAG-TNFRI, pcDNA3.1-FLAG
EGFR, pcDNA3.1-FLAG-C1qB, pcDNA3.1-FLAG-C9, and pcDNA3.1-FLAG-IL1R. Twenty-four
hours after transfection, cell membranes were prepared from transfected cells as described in
Materials and Methods. The radioactivity of 125I-A�1– 40 coimmunoprecipitated with anti-FLAG
antibody was determined as described in Materials and Methods. C, Proteins were immunopre-
cipitated first from 40 mg of membrane lysate and incubated with 125I-A�1– 40 in the presence
of 20 mg bovine serum albumin. The coimmunoprecipitated radioactivity was determined as
described in Materials and Methods. The expression of each protein in 40 �g of membrane
lysates was immunoprecipitated with anti-FLAG antibody. D, Pharmacological binding analysis
of the 125I-A�1– 40 binding in TNFRI transfected SH-SY5Y cells. The assays with transfected, and
control cells contained 1 � 10 6 cells per assay. Five independent binding assays were per-
formed, and the Kd average for TNFRI is 0.42 nM.
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observed after 8 hr of A�1– 40 (10 �M) treatment and remained
elevated after 24 hr of treatment. To confirm that the induction of
Apaf-1 expression was caused by A�1– 40 administration, the lev-
els of Apaf-1 mRNA were examined in neurons treated with con-

Figure 4. A�-induced neuronal NF-�B p65 translocation and activity are TNFRI dependent.
A, Western blots of cytoplasmic and nuclear NF-�B p65 in hippocampal neurons of wild-type
mice. Neurons were treated with soluble A�1– 40 at 0, 0.1, 1, and 10 �M for 30 min. At the
various indicated doses of A�1– 40 treatment, cell cytoplasmic or nuclear samples were sub-
jected to SDS-PAGE and the blots were probed with an antibody to NF-�B p65 or actin and
laminin as the cytoplasmic and nucleic housekeeping proteins, respectively. Visualization of the
proteins was performed with ECL. This result demonstrates that cytoplasmic NF-�B p65 was at
high levels, whereas nuclear NF-�B p65 without A�1– 40 treatment was low. However, A�1– 40

treatment resulted in low levels of cytoplasmic NF-�B p65, and high levels were seen in the
nucleus, suggesting that NF-�B p65 was translocated from the cytoplasm to the nucleus in
hippocampal neurons after A�1– 40 treatment. B, Western blot of nuclear NF-�B p65 in hip-
pocampal neurons from TNFRI knock-out mice (TNFRI �/�). The neurons from TNFRI knock-out
brains were treated with A�1– 40 at the same doses (0.1–10 �M) for 30 min. The cytoplasmic
and nuclear samples were subjected to SDS-PAGE, and the blots were probed with an antibody
to NF-�B p65 or actin and laminin. We found that little NF-�B p65 was induced by A�1– 40 at
100 nM compared with that in wild-type neurons ( A). C, EMSA analysis of NF-�B binding activity
in hippocampal neurons from TNFRI �/� and wild-type mice. EMSA assay with nuclear extracts
prepared from neurons of TNFRI �/� and wild-type mice with A�1– 40 treatment (10 �M) for
30 min. The 32P-labeled oligonucleotide probe that was used contained the NF-�B p65 subunit
and a 50-fold molar excess of an unlabeled AP2 (nonspecific competitor, NS) probe. The NF-�B
activity was abolished in TNFRI-deleted neurons but not in neurons from wild-type mice. D, DNA
fragmentation was examined in neurons affected with IKK� and mIKK� adenoviral affection
after A�1– 40 treatment (0, 1, or 10 �M). Interestingly, A�-induced DNA fragmentation was
observed only in IKK�-transfected neurons but not in neurons with mIKK� transfection.

Figure 5. Apaf-1-induced expression by A� in hippocampal neurons is TNFRI dependent. A,
RNA was extracted from neurons of wild-type and TNFRI �/� mice 8 and 24 hr after A�1– 40

treatment (1 �M) and analyzed for Apaf-1 or �-actin expression using semiquantitative RT-
PCR. B, Hippocampal neurons from TNFRI �/� mouse brains were treated with ��1– 40 (0, 10,
100 �M) for 24 hr. Extracts of cell lysates were fractionated by SDS-PAGE on 12% Tris-glycine
gels and transferred to PVDF membranes; 10 �g of cell lysates was loaded per lane. The Apaf-1
expression was detected with affinity-purified antibody using a horseradish peroxidase-
conjugated secondary antibody and processed using ECL detection. C, We found that A�1– 40

increased Apaf-1 activity in hippocampal neurons from wild-type mice. These effects are dose
dependent. However, no alteration of Apaf-1 expression was observed in these TNFRI �/� neurons
by A�1– 40 peptide treatment, suggesting that Apaf-1 expression is induced by A�peptide. D, TUNEL
staining was performed, and representative photomicrographs are shown in the Apaf-1-transfected
neurons with A� treatment. Primary neurons were treated with A�1– 40 and then stained with
anti-Apaf-1 (red, left) and TUNEL (green, middle). The rightmost panels are merged images of the
Apaf-1 stain and TUNEL (red and green). Most TUNEL-positive neurons with Apaf-1 transfection after
A�1– 40 treatment show condensed nuclei, suggestive of apoptosis.
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trol peptide, a reversed A�1– 40 peptide. The Apaf-1 mRNA levels
did not increase in the control peptide treated neurons (Fig. 5A).
Our data confirm the requirement of A�1– 40 for Apaf-1 induc-
tion. To examine whether A�-induced Apaf-1 upregulation is
associated with TNFRI, we treated primary neurons from TNFRI
knock-out mice with A�1– 40 for 8 and 24 hr and examined
whether the Apaf-1 mRNA level was changed. Apaf-1 mRNA
levels were not increased in TNFRI knock-out mice, but instead
were decreased after A�1– 40 treatment at 8 and 24 hr (Fig. 5A).

To determine whether the alteration in mRNA levels of
Apaf-1 was accompanied by a change in its protein expression, we
first conducted Western blot analysis of Apaf-1 protein expres-
sion from TNFRI-infected and control (empty vector-infected
wild-type) neurons, undergoing A�1– 40-induced apoptosis. Cell
lysates were obtained from A�1– 40 treated neurons at various
concentrations and Apaf-1 protein expression was examined. A
significant increase in Apaf-1 protein expression in TNFRI-
transfected neurons was observed at 100 nM of A�1– 40 treatment
compared with that of control neurons, although both groups of
neurons were treated with A�1– 40 (Fig. 5B), but such phenomena
were not observed by using reverse A�40 –1 peptide (data not
shown). A time-dependent increase in A�1– 40-induced Apaf-1
protein levels was found only in control neurons. When we com-
pared the time course of A� treatment, the A�1– 40-induced
Apaf-1, mRNA upregulation appeared earlier than protein ex-
pression. To verify whether A�-upregulated Apaf-1 protein ex-
pression occurred through TNFRI, we examined Apaf-1 protein
levels in neurons from TNFRI�/� mice after A�1– 40 treatment
and found no significant change in Apaf-1 protein expression in
neurons from TNFRI�/� mice after A�1– 40 treatment at 10 �M

for 24 and 36 hr (Fig. 5C).
Our experimental data demonstrate that A� can induce the

upregulation of Apaf-1 mRNA and protein expression in a
TNFRI-dependent manner. To determine whether Apaf-1 plays
an essential role in A�-induced apoptosis mediated by TNFRI
activation (Yang et al., 2002), we examined the incidence of
TUNEL-labeled neuron death after A�1– 40 treatment in Apaf-1
mutant and control neurons. As shown in Figure 5D, A� induced
widespread cell death in control neurons, whereas sparsely dis-
tributed apoptotic neurons are evident in the Apaf-1 mutant neu-
ron culture. This may be caused by a caspase-independent form
of neuron death or a delayed cell death program as reported for
some cells in the Apaf-1 knock-out mouse (Cecconi et al., 1998;
Yoshida et al., 1998). Thus, in addition to physiological apopto-
sis, Apaf-1 plays a central role in pathological apoptosis engaged
by A�.

Figure 6. Neuronal NF-�B activation by Apaf-1 expression induced by A�. A, Neurons from
wild-type and TNFRI �/� mice were transfected with an empty vector (EV) or increasing
amounts of FLAG-tagged Apaf-1 construct together with an NF-�B luciferase reporter con-
struct. The cells were harvested 24 hr after transfection and lysed in a luciferase assay buffer. The
lysates were assayed for luciferase activity as described in Materials and Methods and subjected
to Western blot analysis. The relative amounts of Apaf-1 in the lysates were determined by
densitometric scanning of the immunoreactive bands on the Western blots. B, Induction of
Apaf-1-induced NF-�B activation by A�1– 40. Induction of NF-�B activation was determined
from triplicate culture of wild-type and TNFRI �/� neurons cotransfected with the same
amounts of FLAG-tagged Apaf-1 as ( A) with the NF-�B luciferase reporter construct; 23 hr after
transfection the neurons were treated with 10 �M A�1– 40 for 60 min. C, Apaf-1-induced NF-�B
activation is inhibited by kinase-inactive IKK� protein. Cells were transfected with 1.5 �g of
empty vector, vector plus NF-�B luciferase construct, empty vector plus Apaf-1, or Apaf-1 plus
mIKK�. After 23 hr of transfection, one group of neurons was treated with 10 �M A�1– 40 for 60

4

min and then cells were harvested and assayed for NF-�B activity by the luciferase assay as
described in Materials and Methods. D, Western blot analysis of the abundance of Apaf-1 in the
protein extracts isolated neurons by transfection of Apaf-1 and mutant Apaf-1. Pretreatment of
neurons using antisense oligonucleotides for Apaf-1 at 5, 10, and 15 �M previous A�1– 40

treatment (10 �M) resulted in a significant reduction of Apaf-1 expression (top). However,
there was no significant change of p65 NF-�B expression level in cytoplasm (middle), and little
p65 NF-�B was detected in the nucleus (bottom), suggesting that inhibition of Apaf-1 did not
result in the translocation of NF-�B. In the neurons with sense oligonucleotides for Apaf-1
treatment at the same series of concentrations, no Apaf-1 reduction was observed. However,
p65 NF-�B was decreased in the cytoplasm and was increased in the nucleus after A�1– 40

treatment, indicating that A�1– 40 treatment triggers the activation of NF-�B translocation.
One hundred microgram aliquots of cytosolic protein extracts isolated from neurons were sub-
jected to 5% (for Apaf-1) or 10% (for p65 NF-�B) SDS-PAGE and transferred to a nitrocellulose
filter. The filters were probed with a polyclonal anti-Apaf-1 antibody (AB16941; Chemicon). The
antigen–antibody complexes were visualized by an ECL method, as described in Materials and
Methods.
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To determine whether A�-induced Apaf-1 protein could ac-
tivate NF-�B translocation in neurons containing high levels of
TNFRI, we transfected neurons with NF-�B luciferase reporter
plasmid in combination with increasing amounts of an expres-
sion vector encoding the Apaf-1 protein. We used these trans-
fected neurons as a system to examine whether Apaf-1 is able to
regulate NF-�B translocation in neurons. The neurons were lysed
16 hr after the transfection and assayed for NF-�B activity and
protein expression. As shown in Figure 6A, transfection of
Apaf-1 caused NF-�B activation in a transfection dose-
dependent manner. Interestingly, A�1– 40 treatment induced ap-
proximately fourfold to fivefold more activation of NF-�B than
that in vehicle treatment in the Apaf-1 transfected neurons (Fig.
6B). As many other research groups have indicated, IKK� can
cause degradation of I�B� (an NF-�B inhibitor) by phosphory-
lation, and result in the release of cytoplasmic NF-�B, which is
then able to translocate into the nucleus (Miyamoto et al., 1994;
Verma et al., 1995; Baeuerle and Baltimore, 1996). However, a
mutated IKK� fails to phosphorylate I�B� and blocks NF-�B
activation (Malinin et al., 1997; Regnier et al., 1997). Thus, to
further verify that A� does indeed induce NF-�B activation
through Apaf-1, we transiently cotransfected neurons with
NF-�B control luciferase reporter plasmid with Apaf-1 and mu-
tated IKK�. As shown in Figure 6C, the kinase-inactive mutant
IKK� completely blocked the Apaf-1-induced NF-�B transloca-
tion regardless of the presence or absence of A�1– 40 treatment.
This result shows that the kinase activity of IKK� is essential for
Apaf-1-induced NF-�B activity and suggests that Apaf-1 may
contribute to A�-induced transduction of NF-�B activation sig-
nals from TNFRI in neurons.

To further verify the above result that A�-induced Apaf-1
activates NF-�B, we first used antisense oligonucleotides (ASO)
to knock down Apaf-1 expression. As Figure 6D demonstrates,
when Apaf-1 expression is reduced by ASO, A�1– 40 treatment did
not result in translocation of p65 NF-�B whereas, in our control
group, A�-induced p65 NF-�B translocation is clearly observed.
Furthermore, we examined Apaf-1 and NF-�B in neurons from
TNFRI�/� mice. Our results demonstrated that either Apaf-1 or
NF-�B failed to be induced and transduce the A� signal in
TNFRI�/� neurons (Fig. 6). This supports our hypothesis that
A�-induced Apaf-1 expression is related to neuronal death in a
TNFRI-dependent manner. Together, these data suggest that
TNFRI plays a critical role in the degeneration of neurons re-
sponding to insults such as A�.

Discussion
Although plaques containing A� are considered an early event in
the development of AD, and A� is believed to cause neuronal loss,
the mechanisms of A�-induced neuronal death remain unclear.
The results presented in this paper are the first to demonstrate
that A� induces Apaf-1 elevation, in turn activating NF-�B trans-
location in a TNFRI-dependent manner, which may contribute
to neuronal apoptosis in the AD brain.

Activation of Apaf-1 appears to be a critical event in the exe-
cution of A�-induced neuronal apoptosis in the brain, whereas
caspases may also be involved in A�-induced Apaf-1 and NF-�B
signal transduction. In the intrinsic pathway of this elevation,
Apaf-1, NF-�B, and caspases (caspases 3, 9, and 12) may form a
functional complex contributing to apoptosis during develop-
ment as well as in diseased brains (Li et al., 1997; Zou et al., 1999;
Yakovlev et al., 2001). In the present study, we examined the
intrinsic pathway of Apaf-1-activated NF-�B in mouse hip-
pocampal neurons after an A�-induced lesion. We also investi-

gated the expression of the Apaf-1 gene at mRNA and protein
levels, given the role of this protein in injury-induced neuronal
apoptosis. Our data show that A� induces a relatively small but
steady increase of Apaf-1. Also, a robust decrease of p65 NF-�B in
was seen in the cytoplasm, whereas there was a significant in-
crease in the nucleus. This again supports the critical role of
Apaf-1 in the apoptosis of neurons, because depletion of Apaf-1
in mice reduces tissue damage (Li et al., 1997; Yoshida et al.,
1998). We also demonstrated that the ability of A� to induce
Apaf-1 elevation and NF-�B translocation is partially abolished
in TNFRI knock-out neurons, suggesting TNFRI dependence
and involvement. Thus, induction of Apaf-1-induced NF-�B
translocation may be necessary for the induction of apoptosis by
death receptors such as TNFRI after A� stimulation in neurons.
This is consistent with studies in other types of cells with different
apoptotic stimuli. We have shown recently that high expression
of TNFRI-induced by TNF-� is sufficient to trigger the apoptotic
cascade in mature neurons and that depletion or loss of func-
tional TNFRI reduces neuronal cell death (Shen et al., 1997; Yang
et al., 2002). This suggests that Apaf-1 acts as a key regulator of the
death cascades in injured neurons.

Our results also demonstrate a physical and pharmacological
interaction between A�1– 40 and the extracellular domains of TNF
receptors, indicating novel A� involvement with TNFRI. Our
unpublished data from ligand dot-blot binding experiments
show no interaction between the last 100 aa of APP or reverse
A�40 –1 peptide (data not shown) and TNFRI, or between other
growth factors or immune molecules such as EGF, p75 NGF re-
ceptor, and A�1– 40 peptide. Radiolabeled A� binding assay data
also support this finding (Fig. 6), indicating the selectivity of
A�1– 40 for TNFRI. The interaction between purified TNFRI (ex-
tracellular fractions) and A�1– 40 was confirmed on SDS-PAGE
using labeled Ab (data not shown). The interaction between A�
and other amyloid-binding proteins was evaluated by an 125I-
A�1– 40 binding assay (data not shown). The results from this
binding assay indicated that the affinity of interaction between
A� and TNFRI was comparable with or higher than the affinity of
interaction between A� and insulin, �2-macroglobulin, receptor
for advanced glycation end product, apolipoprotein (apo) E3,
and apoE4 (Yamauchi et al., 1999; Mettenburg et al., 2002; Xie et
al., 2002).

A recent report (Kayed et al., 2003) on the conformation of A�
suggests that soluble amyloid oligomers may be a common mech-
anism of pathogenesis of AD. To understand the conformation of
A�1– 40 we used for neuronal toxicity and binding activity, we
identified our A�1– 40 at the conditions for neurotoxicity and
125I-A�1– 40 for binding experiments by using PAGE gel and
Western blot and found that most of A�1– 40 were in a soluble
conformation, not fibrils or protofibrils (data not shown), sug-
gesting that A�1– 40 seems to be soluble when binding TNFRI as a
ligand. However, to further verify the absolute conformation, in
future experiments, we will need to use oligomers to conduct
TNFRI radioligand binding to determine whether binding affin-
ity would be same or different and whether such binding would
affect neuronal degeneration.

TNFRI is expressed not only in many non-neuronal cells such
as lymphocytes, but also in other types of cells in the CNS, includ-
ing microglia, astrocytes, and neurons of diseased brains (Y. Kon-
ishi and Y. Shen, unpublished observation). This suggests that
these TNF receptor subtypes might not be mediated exclusively
by the native TNF-� ligand. Evidence from this study shows that
TNFRI binds A�, and other studies show that Fas ligand binds
TNF receptors, supporting this notion. We believe that different
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types of neurons have different expression ratios of the two TNF
receptors. For example, the expression level of the two types of
TNF receptors in a single neuron in a specific brain area is differ-
ent from other regions of the brain. Moreover, in AD, this ratio
could be changed such that more TNFRI is upregulated, leading
to increased neuronal loss. Additional studies are aimed at
whether more rigorous techniques or double-labeling in situ hy-
bridization techniques will reveal single neuron expression. The
TNF receptor type I family contains several members with ho-
mologous cytoplasmic domains known as a death domain (DD).
The DD is critical in initiating apoptosis and other signaling path-
ways after ligand binding by the receptors (Tartaglia et al., 1993;
Troy et al., 2002; Yang et al., 2002). In the absence of a ligand,
DD-containing receptors are maintained in an inactive state.
However, under pathological conditions, in which glial cells are
activated in the brain and A� or other secreted molecules behave
like TNF-�, TNFRI may then be activated. TNFRI contains a
cytoplasmic DD required for signaling pathways that is respon-
sible for NF-�B activation and apoptosis (Tartaglia et al., 1993;
Hsu et al., 1995; Yang et al., 2002). Now, a newly discovered role
of Apaf-1 in neurons provides a bridge for A� protein and TNF
receptor binding in NF-�B translocation and neuronal death.

Our present studies suggest that Apaf-1 and NF-�B may be
direct regulatory target candidates for A� in neuronal cell death
and that the upregulation of Apaf-1 by A� and activated NF-�B
translocation plays an important role in the apoptosis-signaling
cascade after brain injury. Furthermore, neuronal death medi-
ated by the Apaf-NF-�B signal cascade seems to be involved in
the activation of TNFRI, which may interact through A� binding.
The binding complex of A� to TNFRI may be involved in more
than one distinct signal transductions, such as JNK (c-Jun
N-terminal protein kinase; Morishima et al., 2001), Src protein
kinase (Williamson et al., 2002), and Cdk5 (cyclin-dependent
kinase 5) activity (Patrick et al., 1999; Lee et al., 2002). On the
other hand, neuronal death mediated by the Apaf-NF-�B signal
cascade might interact with more than one surface protein of
neurons, such as APP itself (Lorenzo et al., 2000), a receptor for
advanced glycation end products (Yan et al., 1996), or both. Ad-
ditional studies on structural features specific to these binding
proteins, including the TNF receptor, by site-directed mutagen-
esis and their differential expression in the AD brain using in situ
hybridization and immunohistochemistry, need to be con-
ducted. Activation of the Apaf-1 and NF-�B signal cascades pro-
vides a mechanism by which A� may be coupled to signal trans-
duction pathways exerting a major influence on neuron fate.
Elucidation of the multiple pathways and their components is an
important step in understanding A�-induced neuronal loss in
AD brains and may lead to alternative therapeutic targets in AD
and better strategies for treatments.
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