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Abstract

 

Alzheimer’s disease is a neurodegenerative disorder charac-

terized by the extracellular deposition in the brain of aggre-

gated 

 

b

 

-amyloid peptide, presumed to play a pathogenic role,

and by preferential loss of neurons that express the 75-kD

neurotrophin receptor (p75

 

NTR

 

). Using rat cortical neurons

and NIH-3T3 cell line engineered to stably express p75

 

NTR

 

,

we find that the 

 

b

 

-amyloid peptide specifically binds the

p75

 

NTR

 

. Furthermore, 3T3 cells expressing p75

 

NTR

 

, but not

wild-type control cells lacking the receptor, undergo apop-

tosis in the presence of aggregated 

 

b

 

-amyloid. Normal neu-

ral crest–derived melanocytes that express physiologic

levels of p75

 

NTR

 

 undergo apoptosis in the presence of aggre-

gated 

 

b

 

-amyloid, but not in the presence of control peptide

synthesized in reverse. These data imply that neuronal

death in Alzheimer’s disease is mediated, at least in part, by

the interaction of 

 

b

 

-amyloid with p75

 

NTR

 

, and suggest new

targets for therapeutic intervention. (

 

J. Clin. Invest.

 

 1997.

 

100:2333–2340.) Key words: melanocytes
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Introduction

 

Alzheimer’s disease is a neurodegenerative disorder affecting
20 million people worldwide (1–3). It is characterized clinically
by progressive dementia and neuropathologically by deposits
in the brain parenchyma and in the walls of meningeal and cor-
tical blood vessels that consist primarily of the so-called 

 

b

 

-amy-
loid protein, a 4.2-kD polypeptide (4, 5). Cholinergic neurons
of the basal nuclear complex that express the highest levels of
the p75 neurotrophin receptor (p75

 

NTR

 

) in the brain are prefer-
entially affected (6), but the disease affects cortical neurons as
well (7).

The structure of p75

 

NTR

 

 is similar to that of p55 TNF recep-
tor and Fas, and all three proteins are known to have a con-
served sequence in their cytoplasmic domain, the death do-
main motif, which generates a cell death signal upon activation
(8, 9). Furthermore, when p75

 

NTR

 

 is activated by nerve growth
factor (NGF)

 

1

 

 in cells that do not also express the NGF-spe-

cific receptor p140

 

trkA

 

, p75

 

NTR

 

 activation leads to cell death (10,
11). Also, PC12 cells, like neurons, undergo cell death when
exposed to 

 

b

 

-amyloid; the expression of p75

 

NTR

 

 is required for

 

b

 

-amyloid to kill these cells (12). In a mutant PC12 cell line
that lacks p75

 

NTR

 

, 

 

b

 

-amyloid has hardly any effect on cell via-
bility (12). Taken together, these data suggest an interaction
between 

 

b

 

-amyloid and p75

 

NTR

 

 that predisposes neuronal
death. Here we demonstrate that this interaction constitutes
direct binding of 

 

b

 

-amyloid to p75

 

NTR

 

.

 

Methods

 

Cell culture

 

p75

 

NTR

 

-NIH 3T3 and wild-type (WT) NIH-3T3 cells (kindly provided

by Dr. M.V. Chao, Cornell University Medical College, New York)

were maintained in DMEM supplemented with 10% FBS in the pres-

ence of penicillin (45 ng/ml), streptomycin (68 ng/ml), and hygromycin

B (17.5 ng/ml) (only p75

 

NTR

 

-NIH 3T3 cells). For definitive experi-

ments cells were provided with serum-free DMEM containing transfer-

rin (5 

 

m

 

g/ml) and insulin (5 

 

m

 

g/ml). Melanocytes were established

from neonatal foreskins, and were maintained as described (13). Ho-

mogenous cultures consisting of neural crest–derived melanocytes,

known to express both p75

 

NTR

 

 (14) and p140

 

trkA

 

 (13), were serially

passaged at confluence and used at second to fourth passage. In de-

finitive experiments cells were maintained in serum-free Medium 199

(GIBCO BRL, Gaithersburg, MD) supplemented with epidermal

growth factor (10 ng/ml) (GIBCO BRL), insulin (10 

 

m

 

g/ml), (Sigma

Chemical Co., St. Louis, MO), triiodothyronine (10

 

2

 

9

 

 M) (Sigma

Chemical Co.), transferrin (10 

 

m

 

g/ml) (Sigma Chemical Co.), hydro-

cortisone (1.4 

 

3

 

 10

 

2

 

6

 

 M) (Calbiochem Corp., La Jolla, CA), choler-

agen (10

 

2

 

9

 

 M) (List Biological Laboratories, Inc., Campbell, CA),

and basic fibroblast growth factor (10 ng/ml) (Collaborative Biomed-

ical Products, Bedford, MA). Neuronal cultures were established

from the cerebral cortex of E17 fetal rats (Long Evans; Charles River

Lab., Portage, MI) as described (15), with minor modifications. In

brief, the cerebral cortices were removed, resuspended in 0.025%

trypsin in HBSS buffered with 10 mM Hepes, and incubated at 37

 

8

 

C.

After 10 min, serum-containing medium supplemented with 0.05%

DNAse was added, and the content was centrifuged and suspended in

serum-containing medium supplemented with 0.02% DNAse. Cells

were then dissociated by gentle trituration, filtered through 73.7-

 

m

 

m

and 35-

 

m

 

m screens, and the dissociated cells were resuspended in se-

rum-free neurobasal medium (GIBCO BRL). Cells were plated in

T75 tissue culture flasks precoated overnight with 2 

 

m

 

g/cm

 

2

 

 poly

 

D

 

-lysine in PBS (30,000–70,000, pH 7.5; Sigma Chemical Co.). Cul-

tures were used 2 d after plating.

In definitive experiments, cultures were examined daily for gross

differences in cell morphology using an inverted phase contrast mi-

croscope (Nikon, Japan) without reference to culture identity.

 

Toxicity assays

 

b

 

-amyloid toxicity was determined by cell yields and Trypan blue ex-

clusion.

 

Cell yield.

 

After removing the medium and rinsing once with

PBS to remove unattached cells, cultures were incubated either in

0.25% trypsin or in EDTA at 37

 

8

 

C, and cell yields were determined

using a particle counter (Coulter Corp., Hialeah, FL).
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Trypan blue exclusion assay.

 

p75

 

NTR

 

-NIH 3T3 cells were incu-

bated in EDTA. Suspended cells were incubated for 5 min with 0.5%

Trypan blue at room temperature. Trypan blue–positive and –nega-

tive cells were determined using a hemocytometer.

 

b

 

-Amyloid preparations

 

Lyophilized HPLC-purified 

 

b

 

-amyloid, containing the first 40 amino

acids of the 

 

b

 

-amyloid peptide (1–40), or an identically handled pep-

tide containing the first 40 amino acids synthesized in reverse order

(40–1) used as a negative control (Bachem California, Torrance, CA),

were dissolved in ddH

 

2

 

O at a concentration of 5 mg/ml, aliquoted,

and frozen at 

 

2

 

20

 

8

 

C. Before use, preparations were thawed once, di-

luted in DMEM, and were either added directly to medium (mono-

meric, soluble), or incubated at 37

 

8

 

C for 16 h before addition to me-

dium (aggregated).

To confirm that the latter preparation contained aggregated

 

b

 

-amyloid, presumptive soluble and aggregated 

 

b

 

-amyloid prepara-

tions were dissolved in Laemmli sample buffer and subjected to elec-

trophoresis on Tris-tricine SDS/10–20% PAGE under reducing con-

ditions, and were stained with Coomassie Blue to reveal bands of

different electrophoretic mobilities. Gels were scanned into a com-

puter (Macintosh IIsi). The intensity of the bands at 4.5-kD electro-

phoretic mobility in the soluble and the aggregated preparation was

determined using Scan Analysis (68000) program, and the percent of

aggregated 

 

b

 

-amyloid was calculated. [

 

125

 

I]

 

b

 

-amyloid was always used

in its soluble, monomeric form.

 

Immunoprecipitation

 

80% confluent p75

 

NTR

 

-NIH 3T3 cells or rat cortical neurons were

lifted from the dish with EDTA and incubated in suspension with

monomeric soluble [

 

125

 

I]

 

b

 

-amyloid (Peninsula Laboratories, Inc., Bel-

mont, CA) with or without 1,000-fold excess unlabeled aggregated

 

b

 

-amyloid at 4

 

8

 

C. After incubation, 1 mM of disuccinimidyl suberate

was added for 30 min. After centrifugation, cells were lysed with

RIPA buffer (50 mM Tris-HCl [pH 8.0], 0.15 M NaCl, 0.5% sodium

deoxycholate, 1% Triton X-100) in the presence of 1 

 

m

 

g/ml aprotinin

and 75 

 

m

 

g/ml PMSF, sonicated for 1–3 s, and immunoprecipitated

with anti–human p75

 

NTR

 

 antibodies (mouse monoclonal IgG1; Cedar-

lane Laboratories Ltd., Ontario, Canada, p75

 

NTR

 

-NIH 3T3 cells), anti–

rat p75

 

NTR

 

 antibodies (mouse monoclonal IgG1; Boehringer Mann-

heim Biochemicals, Indianapolis, IN, rat cortical neurons) or with

mouse IgG as control for 16 h at 4

 

8

 

C in the presence of 15 

 

m

 

l of pro-

tein G plus protein A agarose and 1 M NaCl adjusted to pH 8.0. After

several washes with 20 mM Tris HCl, pH 8.0, 1 M NaCl, 5 mM MgCl

 

2

 

,

0.2% Triton X-100, and 1 mM PMSF, immunoprecipitates were sepa-

rated over 8% PAGE and subjected to autoradiography.

 

Binding assays

 

p75

 

NTR

 

-NIH 3T3 cells were incubated in binding medium (DMEM,

10 mM Hepes, 0.1 mg/ml cytochrome C, 0.01% Tween 80, 1 mg/ml

BSA) with 0.2 nM [

 

125

 

I]

 

b

 

-amyloid 1–40 and increasing concentrations

of cold aggregated 

 

b

 

-amyloid for 4 h at 15

 

8

 

C; or 1 nM [

 

125

 

I]

 

b

 

-amyloid

1–40 and increasing concentrations of cold soluble 

 

b

 

-amyloid for 4 h

at 4

 

8

 

C. In NGF displacement studies, cells were incubated with 1 nM

[

 

125

 

I]

 

b

 

-amyloid 1–40 and increasing concentrations of cold human

NGF (Boehringer Mannheim Biochemicals) at 4

 

8

 

C. At the end of the

incubation period, cells were rinsed in PBS, lysed in 1 N NaOH, and

lysates were subjected to 

 

g

 

 counting. For each point of the Scatchard

analysis, nonspecific binding, determined with a 400-fold excess of

unlabeled competitor, was subtracted from total binding. Each point

was the average of at least two separate determinations.

 

Apoptosis analysis

 

In situ labeling of DNA strand breaks.

 

Detached as well as adherent

cells were collected and fixed in 4% paraformaldehyde in PBS (pH

7.4) for 30 min at room temperature as described (16). Cells were per-

meabilized with 0.1% Triton X-100 in 0.1% sodium citrate (2 min at

4

 

8

 

C), then incubated for 60 min at 37

 

8

 

C with fluorescein-tagged

dUTP in the presence of terminal deoxynucleotidyl transferase (Boeh-

ringer Mannheim Biochemicals), and cellular fluorescence was ana-

lyzed by flow cytometry (Becton Dickinson, San Jose, CA).

 

DNA extraction.

 

Cells were washed with cold PBS and disrupted

in lysis buffer, pH 8.0 (10 mM Tris, 150 mM NaCl, 0.1 mM EDTA,

1% SDS, 200 

 

m

 

g/ml proteinase K). After a 15-h incubation at 37

 

8

 

C,

samples were extracted twice with phenol plus chloroform (1:1 vol/

vol) and precipitated overnight with ethanol (2.5

 

3

 

 vol) and 3 M so-

dium acetate (1/10

 

3

 

 vol). The DNA was then digested with DNAse-

free ribonuclease (10 

 

m

 

g/ml) for 1 h at 37

 

8

 

C and separated on 1% aga-

rose gel.

 

Results

 

b

 

-amyloid binds p75

 

NTR

 

.

 

To determine if 

 

b

 

-amyloid interacts
directly via receptor binding, soluble monomeric [

 

125

 

I]1–40

 

b

 

-amyloid peptide was added to NIH-3T3 cells engineered to
stably express p75

 

NTR

 

 (p75

 

NTR

 

-NIH 3T3 cells) in the presence
of disuccinimidyl suberate, a widely used reagent for cross-
linking ligand–receptor complexes (17). Cells were then immu-
noprecipitated with anti-p75

 

NTR

 

 antibodies or an irrelevant
mouse IgG. Autoradiograms revealed a protein band of 75–
80 kD only in lysates immunoprecipitated with anti p75

 

NTR

 

antibodies (Fig. 1 

 

A

 

). Excess cold aggregated 

 

b

 

-amyloid com-
petitively inhibited the binding of [

 

125

 

I]

 

b

 

-amyloid (Fig. 1 

 

B

 

).
Scatchard analysis of aggregated 

 

b

 

-amyloid binding to p75

 

NTR

 

-
NIH 3T3 cells demonstrated a K

 

d

 

 of 23 nM (Fig. 1 

 

C

 

), indicat-
ing that in its aggregated state, 

 

b

 

-amyloid has a lower receptor
affinity than NGF, for which the reported p75

 

NTR dissociation
constant is 4–7 nM (18, 19). Compared to the aggregated
b-amyloid, soluble b-amyloid showed a higher affinity for
p75NTR (displacement of 50% of radiolabeled tracer at z 12
nM, data not shown). To determine if b-amyloid similarly
binds p75NTR expressed on normal neurons, the cross-linking
and immunoprecipitation experiments were repeated using rat
cortical neurons. [125I]b-amyloid again specifically bound p75NTR

(Fig. 1 D). Furthermore, increasing concentrations of unla-
beled human NGF competitively displaced the [125I]b-amyloid
binding in p75NTR-NIH 3T3 cells with 50% displacement at a
concentration of z 6 nM (Fig. 1 E). SDS-PAGE/Coomassie
blue staining showed that some of the b-amyloid preparation
that had been maintained at 378C overnight was either retained
at the top of the gel or migrated at a slower electrophoretic
mobility (Fig. 1 F). These results are similar to those shown in
previous studies (20). Densitometric analysis showed that
z 20% of the preparation was present in the aggregated form.

b-amyloid is toxic to p75NTR-NIH 3T3 cells. To determine the
effect of p75NTR-bound b-amyloid on cells, p75NTR-NIH 3T3
cells were supplemented with HPLC-purified aggregated b-amy-
loid corresponding to amino acids 1–40. In Alzheimer’s disease
and related disorders, b-amyloid protein is found in an aggre-
gated, poorly soluble form (21), and in vitro b-amyloid–
induced neurotoxicity is markedly enhanced when the peptide
is preaggregated (22). We initially chose to examine the effect
of 25 mM aggregated b-amyloid, a concentration much higher
than the calculated Kd, but one that is routinely used in other
in vitro studies to induce neurotoxicity (12, 23). The parental
WT NIH-3T3 cells that lack p75NTR were used as a control.
Within 72 h there was a significant decline in cell yields of
p75NTR-NIH 3T3 cells, but not WT NIH-3T3 cells (Fig. 2 A).
While WT NIH-3T3 cells appeared healthy (Fig. 2 B), p75NTR-
NIH 3T3 cells were rounded and detached from the dish sur-
face (Fig. 2 C). In contrast to aggregated b-amyloid, mono-
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Figure 1. b-amyloid binds the 

p75NTR. (A) p75NTR-NIH 3T3 cells 

were incubated in suspension with 5 

mCi (5 nM) soluble [125I]b-amyloid 

1–40 (specific activity 1615 Ci/

mmole) at 48C. Cell lysates were im-

munoprecipitated with anti-p75NTR 

antibodies (mouse monoclonal 

IgG1; Cedarlane Laboratories Ltd., 

Ontario, Canada) or with mouse 

IgG as control, and separated over 

8% PAGE. Autoradiography shows 

a band of 75–80 kD only in lysates 

immunoprecipitated with anti-

p75NTR antibodies (arrow) and not 

in lysates immunoprecipitated with 

irrelevant mouse IgG. (B) p75NTR-

NIH 3T3 cells were incubated in 

suspension with 0.1 nM, 1 nM, or 10 

nM of soluble [125I]b-amyloid 1–40 

(specific activity 1926 Ci/mmole) in 

the presence (1) or absence (2) of 

10 mM cold aggregated b-amyloid 

and immunoprecipitated as above 

with anti-p75NTR antibodies. The ex-

pected band of 75–80 kD is present 

only in lysates incubated with 10 nM 

[125I]b-amyloid. The presence of 

1,000-fold excess cold aggregated 

b-amyloid blocked [125I]b-amyloid 

binding. (C) Scatchard analysis of 

aggregated b-amyloid binding to 

p75NTR-NIH 3T3 cells. 0.2 nM 

[125I]b-amyloid was used as tracer, 

and increasing concentrations of ag-

gregated b-amyloid was used as 

competitor. The derived Kd is 23 

nM, and Bmax is z 60,000 sites per 

cell, consistent with the published 

90,000 sites per cell (18) and well 

within the range of p75NTR in non-

transfected cells (i.e., PC12 cells 

z 60,000 sites/cell [58]; A875 mela-

noma, 100,000 sites/cell [18]). Simi-

lar Kd results of z 25 nM were ob-

tained in each of four different 

displacement curves. (D) Rat corti-

cal neurons were incubated in sus-

pension with 10 nM [125I]b-amyloid 

1–40 (specific activity 1058 Ci/

mmole) in the presence (1) or ab-

sence (2) of 10 mM cold aggregated 

b-amyloid and immunoprecipitated 

with anti–rat p75NTR antibodies. The 

expected band of 75–80 kD is 

present only in lysates incubated 

with 10 nM [125I]b-amyloid. The 

presence of excess cold aggregated 

competitor blocked [125I]b-amyloid 

binding to neurons. (E) p75NTR-NIH 

3T3 cells were incubated for 4 h in 

binding medium with 1 nM [125I]b-

amyloid 1–40 and increasing con-

centrations of human NGF (0–100 

nM). A concentration-dependent 

inhibition of [125I]b-amyloid bind-

ing by NGF was observed with

50% inhibition at z 6 nM NGF con-

centration, consistent with the

reported Kd for NGF of 4–7
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meric soluble b-amyloid did not affect cell yield (data not
shown).

Furthermore, increasing concentrations (0–10 mM) of ag-
gregated 1–40 b-amyloid decreased p75NTR-NIH 3T3 cell yield
and viability in a dose-dependent manner (Fig. 2, D and E).
Regression analysis showed significant dose-dependent de-
creases in cell yield (r2 5 0.9070, P , 0.000001) and Trypan
blue exclusion (r2 5 0.9189, P , 0.000001).

At least one pathway of b-amyloid–induced cellular toxic-
ity involves the formation of free radicals (24). To rule out the
possibility that expression of p75NTR simply renders the cells
more sensitive to oxidative stress generally, p75NTR-NIH 3T3
cells and WT NIH-3T3 cells were supplemented with 10–300 mM
hydrogen peroxide (H2O2). At the lower doses, no effect was
observed. At 100 and 300 mM H2O2 there were progressive de-
creases in cell yields, determined daily for 4 d up to z 50%,
but no difference between the cell lines (data not shown).

b-amyloid induces apoptosis of p75NTR-NIH 3T3 cells. Re-
cent in vivo and in vitro data suggest that b-amyloid–induced
cell death exhibits classical characteristics of programmed cell
death (25, 26). To determine if p75NTR-NIH 3T3 cells undergo
apoptosis after exposure to aggregated b-amyloid, DNA frag-
mentation was assessed. Total cellular DNA isolated from cul-
tures 72 h after b-amyloid addition displayed the characteristic
endonuclease-induced DNA fragmentation into multimers (Fig.
3 A). The DNA showed a random degradation pattern in addi-
tion to the characteristic fragmentation into multimers, sug-
gesting that b-amyloid induces cell death via both necrosis and
apoptosis as has been reported (27, 28). In situ labeling of
DNA strand breaks was performed as well. After 72 h,
50.566.5% of b-amyloid–treated p75NTR-NIH 3T3 cells as
compared to 6.960.3% of WT NIH-3T3 cells (P , 0.0001,
nonpaired t test, four separate determinations) showed label
incorporation, indicating apoptosis (Fig. 3, B and C).

b-amyloid is toxic to normal human neural crest–derived

melanocytes. To determine the effect of b-amyloid on normal
human cells that express physiologic numbers of p75NTR (14),
homogenous cultures consisting of neural crest–derived mela-
nocytes were supplemented with increasing concentrations (up
to 50 mM) of aggregated 1–40 b-amyloid fragment, or 40–1 as
a negative control (Fig. 4 A). Regression analysis showed sig-
nificant dose-dependent decreases in cell yield with b-amyloid
1–40 (R2 5 0.8475, P , 0.00001), but no significant effect on
cell yield with b-amyloid 40–1 (R2 5 0.06, P 5 0.44). Phase
contrast microscopy showed that the majority of melanocytes
maintained in the presence of the 1–40 peptide were dying and
detaching from the dish surface (Fig. 4 B). In contrast, cells
maintained with the same concentration of the control peptide
appeared healthy (Fig. 4 C). Similar but less prominent effects
were observed when lower doses of b-amyloid were used (Fig.
4 D). Within 48 and 72 h, 100 nM of aggregated b-amyloid
1–40 decreased melanocyte yields by 2661% and 2864%, re-
spectively, compared to cultures maintained with the same
concentration of the control 40–1 peptide that showed no sig-

Figure 1 legend (Continued)

nm (18, 19). (F) SDS-PAGE analysis of aggregated b-amyloid. Aggregated b-amyloid was run over an SDS/10–20% PAGE. Soluble fraction is 

migrating predominantly as a single band at z 4.5 kD (arrowhead). In contrast, with soluble b-amyloid that runs as a single band at z 4.5 kD 

(data not shown), a prominent proportion of the preparation is either retained at the top of the gel (upper arrow) or migrates at slower electro-

phoretic mobility (lower arrow). One representative experiment is shown.

Figure 2. b-amyloid induces death of p75NTR-NIH 3T3 cells. (A) 

p75NTR-NIH 3T3 cells and WT NIH-3T3 cells were maintained in 

serum free medium, and yields 72 h after addition of b-amyloid be-

tween p75NTR-expressing cells and control cells were highly statisti-

cally significant (P , 0.007, ANOVA. Bonferroni post-hoc compari-

sons demonstrated a difference at a significance level of P 5 0.001 

between p75NTR-NIH 3T3 and WT NIH-3T3 cells at 72 h, and a differ-

ence at a significance level of P 5 0.05 between p75NTR-NIH 3T3 and 

WT NIH-3T3 cells at 24 and 48 h). Error bars represent standard de-

viations of two different dishes. (B) The majority of the WT NIH-3T3 

cells have a typical bipolar morphology, and are spread on the dish 

surface. (C) The majority of p75NTR-NIH 3T3 cells are rounded and 

detached from the dish surface. (D and E) p75NTR-NIH 3T3 cells were 

maintained as above and supplemented with increasing concentra-

tions (0–10 mM) of aggregated b-amyloid 1–40 peptide. (D) 72 h after 

addition of aggregated b-amyloid, there is a dose-dependent decrease 

of cell yield. (E) The same cultures processed for Trypan blue exclu-

sion assay show a dose-dependent increase in Trypan blue–positive 

cells.
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nificant change in cell yields after supplementation. ANOVA
indicated significance of P , 0.003 at 48 h and P , 0.007 at 72 h.
Bonferroni post-hoc comparisons demonstrated a significant
difference between the 100 nM b-amyloid–treated group and
all other groups (P , 0.0001). After 48 h, in situ labeling of
DNA strand breaks showed 20.667.2% of apoptotic cells in
cultures provided 100 nM 1–40 as compared to 2% in cultures
provided control peptide (Fig. 4, E and F).

Discussion

Our studies document that b-amyloid–induced apoptosis can
be mediated through its binding to p75NTR. This binding occurs
in cells that normally express no neurotrophin receptors, but
that were engineered to stably express p75NTR. b-amyloid also
binds p75NTR in primary rat cortical neurons and human epi-
dermal melanocytes, both known to express physiologic levels
of p75NTR in addition to a neurotrophin-specific receptor of the
trk family. Although classically considered to mediate survival
in cells that express its specific p140trkA receptor (29, 30), NGF
binding to p75NTR in cells that lack p140trkA may lead to cell
death (10, 11). Our data confirm and expand the recent obser-

vation that, in such cells, expression of p75NTR is required for
b-amyloid–induced cell death (12).

Our studies also demonstrate that both the soluble and the
aggregated form of b-amyloid bind p75NTR, but only the aggre-
gated form is cytotoxic. The toxicity data correlate well with
the calculated Kd for the aggregated molecule. In both p75NTR-
NIH 3T3 cells and melanocytes, there is hardly any toxic effect
on cells treated with doses # 10 nM, but there is a significant
cytotoxicity with doses of 100 nM or higher. In vitro studies
show that b-amyloid toxicity for neurons, astrocytes, micro-
glia, and endothelial cells require aggregation of the molecule
(31). Also, the in vivo association between aggregated, fibrillar
b-amyloid, and local neuronal toxicity has been confirmed by
light and electron microscopic studies of Alzheimer’s disease
brains (31). It is possible that signaling by b-amyloid through
p75NTR requires cross-linking of p75NTR rather than one-on-one
ligand–receptor binding. Such a model could explain why ag-
gregated b-amyloid, but not the soluble form, is toxic to cells.
Indeed, it was shown for Fas, another member of the death do-
main receptor family that includes p75NTR, that cross-linking of
receptors is required for signaling (32). Such a mechanism is
strongly suggested by our data, but further experiments are re-
quired to delineate this point.

Two parallel signaling pathways are coupled to p75NTR: one
that leads to apoptosis and one that leads to survival. It was
shown that in mature oligodendrocytes (10) and early develop-
ing retinal neurons (11), NGF binding to p75NTR results in a
sustained increase of intracellular ceramide, activation of the
c-Jun amino-terminal kinase, and apoptotic cell death. Apop-
tosis through p75NTR activation, however, appears to depend
on the cell type and its differentiation state. For example, in
developing avian sympathetic ganglia, NGF activation of p75NTR

induces primarily proliferation (33), and NGF binding to
p75NTR-expressing immortalized neuronal cells (34), or neuroblas-
toma cells that do not express p140trkA, enhances their survival.

NGF, the best-studied ligand for p75NTR, is known to bind
in addition the p140trkA, a tyrosine kinase receptor. It is under-
stood that when both p75NTR and p140 trkA are expressed on the
cell surface, NGF receptor binding affinity is in the picomolar
range (35), and NGF signals through p140trkA leading to cell
survival (36). Indeed, in the adult organism, presumptively
through coordinated binding to both p75NTR and p140trkA, NGF
can augment survival of aged neurons (37–39) as well as the
survival of neurons after various injuries like hypoglycemia
(40, 41), axotomy (42–44), or exposure to neurotoxic sub-
stances (45). Furthermore, in some studies NGF has been
reported to improve cognitive function and attenuate loss of
cholinergic neurons in animal models or in patients with
Alzheimer’s disease (46–48). In melanocytes that express both
p75NTR and p140 trkA, b-amyloid induces cell death, while NGF
induces their survival (49). Therefore, our studies are consis-
tent with b-amyloid interacting exclusively with p75NTR in con-
trast with NGF that interacts with p75NTR and p140 trkA.

b-amyloid–containing senile plaques are known to exist in
the brain parenchyma years before dystrophic neuritic alter-
ations occur, and before signs of dementia appear (21). Fur-
thermore, diffuse amyloid plaques occur in many clinically
normal aged humans, suggesting that b-amyloid deposition is
not sufficient by itself to produce the clinical manifestations of
Alzheimer’s disease. Instead, it appears that additional local
changes in the brain tissue render neurons susceptible to the
toxic effects of b-amyloid. Of note, the presumptive survival

Figure 3. b-amyloid induces apoptosis of p75NTR-NIH 3T3 cells. (A) 

Within 72 h after addition of aggregated b-amyloid to p75NTR-NIH 

3T3 cells, DNA fragmentation was observed in cultures supple-

mented with 1–40 peptide, but not in cultures supplemented with

40–1 peptide. The DNA also shows a random degradation pattern 

suggesting necrosis in addition to apoptosis. (B and C) Flow cytomet-

ric analysis of NIH-3T3 cell apoptosis. Detached as well as adherent 

b-amyloid treated WT NIH-3T3 cells (B, black curve) and p75NTR-

NIH 3T3 cells (C, black curve) were collected and processed for 

DNA strand breaks. Background (white curve) represents fluores-

cence intensity obtained when cells were incubated without terminal 

deoxynucleotidyl transferase.
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factor NGF is locally produced in the brain (50, 51), and its
abundance has been reported to decrease with aging (52), sug-
gesting that a relative lack of NGF may predispose the elderly
to neuronal loss.

Recently, the cell surface neuronal receptor for advanced
glycation endproducts has been reported to bind aggregated
b-amyloid (53, 54), leading to the generation of oxidative stress
and induction of macrophage–colony stimulating factor, which
in turn enhances microglia cell proliferation and migration. In
addition, microglia express scavenger receptors that promote
their adhesion to b-amyloid, leading to b-amyloid uptake by
the receptors and release of cytokines and reactive nitrogen
and oxygen species that damage neurons (55, 56). These be-

haviors of neurons and microglial cells are postulated to con-
tribute to the pathophysiology of Alzheimer’s disease.

Based on our findings, we propose an alternative/addi-
tional mechanism for the pathophysiology of Alzheimer’s dis-
ease. We propose that in neurons expressing both p75NTR and
p140trkA, NGF binds p75NTR/p140trkA with an affinity in the pi-
comolar range and enhances neuronal survival (29, 30, 35), but
that under conditions characterized by increased surface ex-
pression of p75NTR (57) and/or greatly increased levels of b-amy-
loid in the extracellular space in the absence of saturating
amounts of NGF, cell death may result from binding of b-amy-
loid to the p75NTR alone, with subsequent activation of the apop-
totic pathway. Such a situation might occur in older individu-

Figure 4. Effect of b-amyloid on melanocyte apoptosis. 2 d after plating, melanocytes were supplemented with increasing concentrations of ag-

gregated b-amyloid 1–40 or the control peptide 40–1 (0–50 mM). (A) Cell yields determined 72 h after addition of b-amyloid show a dose-depen-

dent decrease of cell yield in cultures maintained with the 1–40 peptide. No effect on cell yield was observed in cultures maintained with the con-

trol 40–1 peptide. One representative experiment with mean and STDEV of two separate counts is shown. (B) The majority of melanocytes 

maintained in the presence of 25 mM 1–40 peptide are rounded and detached from the dish surface. (C) Melanocytes maintained in the presence 

of 25 mM 40–1 control peptide have a typical bipolar to polygonal morphology. (D) 2 d after plating, melanocytes were supplemented with 1–100 

nM of aggregated b-amyloid or the same concentrations of the control peptide 40–1. Cell yields determined 48 and 72 h after addition of b-amy-

loid show a significant decrease of cell yield in cultures maintained with 100 nM 1–40 peptide as compared to cultures maintained with the con-

trol peptide. (E and F) Flow cytometric analysis of melanocyte apoptosis 48 h after addition of aggregated b-amyloid. b-amyloid 40–1 peptide–

treated cultures (E, black curve) and 1–40 peptide-treated cultures (F, black curve) were processed for DNA strand breaks. Background (white 

curve) represents fluorescence intensity obtained when cells were incubated without terminal deoxynucleotidyl transferase.
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als, particularly those with a genetically determined excessive
production of b-amyloid fragments (21). This model for the
pathophysiology of Alzheimer’s disease may suggest new ther-
apeutic interventions to slow or arrest its progression.
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