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�-Amyloid Peptide at Sublethal Concentrations
Downregulates Brain-Derived Neurotrophic Factor
Functions in Cultured Cortical Neurons
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The accumulation of �-amyloid (A�) is one of the etiological factors in Alzheimer’s disease (AD). It has been assumed that the underlying
mechanism involves a critical role of A�-induced neurodegeneration. However, low levels of A�, such as will accumulate during the
course of the disease, may interfere with neuronal function via mechanisms other than those involving neurodegeneration. We have been
testing, therefore, the hypothesis that A� at levels insufficient to cause degeneration (sublethal) may interfere with critical signal
transduction processes. In cultured cortical neurons A� at sublethal concentrations interferes with the brain-derived neurotrophic
factor (BDNF)-induced activation of the Ras–mitogen-activated protein kinase/extracellular signal-regulated protein kinase (ERK) and
phosphatidylinositol 3-kinase (PI3-K)/Akt pathways. The effect of sublethal A�1– 42 on BDNF signaling results in the suppression of the
activation of critical transcription factor cAMP response element-binding protein and Elk-1 and cAMP response element-mediated and
serum response element-mediated transcription. The site of interference with the Ras/ERK and PI3-K/Akt signaling is downstream of the
TrkB receptor and involves docking proteins insulin receptor substrate-1 and Shc, which convey receptor activation to the downstream
effectors. The functional consequences of A� interference with signaling are robust, causing increased vulnerability of neurons, abro-
gating BDNF protection against DNA damage- and trophic deprivation-induced apoptosis. These new findings suggest that A� engenders
a dysfunctional encoding state in neurons and may initiate and/or contribute to cognitive deficit at an early stage of AD before or along
with neuronal degeneration.
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Introduction
Alzheimer’s disease (AD) is characterized by a progressive decline
in cognitive functions. Hallmarks of the neuropathology include
the accumulation of tangles, amyloid-� (A�)-containing
plaques, dystrophic neurites, and loss of synapses and neurons
(Selkoe, 1999). It generally is believed that A� peptides contrib-
ute significantly to the pathogenesis of the disease, although the
mechanisms are not understood clearly. Transgenic animals
overexpressing AD-associated mutant �-amyloid precursor pro-
tein (APP) mimic certain features of AD, including the deposi-
tion of amyloid plaques and the development of cognitive defi-
cits. However, although neurite degeneration is observed, neuron
loss is not a consistent feature of the phenotype (Hsiao et al.,
1996; Chapman et al., 1999; Hsia et al., 1999; Hardy and Selkoe,
2002). Furthermore, in certain animal models impaired perfor-
mance in behavioral tests precedes abundant amyloid plaque
deposition (Holcomb et al., 1998), suggesting that nondegenera-
tive mechanisms may contribute to cognitive decline. Similarly,
studies on postmortem brains are consistent with the view that

cognitive decline may precede the formation of plaques and neu-
rodegenerative changes (Morris et al., 1996; Lue et al., 1999;
Naslund et al., 2000; Snowdon et al., 2000). Thus, although it is
well documented that A� peptides can cause neurodegeneration
both in vivo and in vitro (Yankner, 1996), it seems that impair-
ment of neuronal plasticity, including cognition, may precede
both high levels of A� accumulation and neuron loss in the brain.

AD is a progressive disease, and A� may be present in the
brain at sublethal concentrations for extended periods before the
overt manifestation of the disorder. Recently, we proposed that
A� at levels not compromising survival may affect neuronal func-
tion via critical signal transduction processes that mediate plastic
changes, including those involved in learning and memory (Tong
et al., 2001). In that study we observed that sublethal A�1– 42

interferes with neuronal activity-dependent signaling, suppress-
ing activation of the transcription factor cAMP response
element-binding protein (CREB) that plays a critical role in
learning and memory in different species (Bourtchuladze et al.,
1994; Tully, 1997) and also has cell survival-promoting effects
(Bonni et al., 1999).

One of the CREB target genes is brain-derived neurotrophic
factor (BDNF), and the A�1– 42 treatment interfered with the
CREB activation-induced transcription of the BDNF gene (Tong
et al., 2001). BDNF has an important role, in its own right, in
promoting neuronal survival, differentiation, and synaptic plas-
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ticity (Thoenen, 2000; Huang and Reichardt, 2001). In the
present study we examined, therefore, the influence of sublethal
concentrations of A�1– 42 on BDNF-induced signaling and neu-
roprotection in cultured rat cortical neurons, because BDNF
might be not only a target but also one of the effectors of A�1– 42

action. The effects of BDNF are mediated by TrkB receptor-
induced activation of key signaling pathways, including phos-
pholipase C� (PLC�), Ras–mitogen-activated protein kinase/ex-
tracellular signal-regulated protein kinase (MAPK/ERK), and
phosphatidylinositol 3-kinase (PI3-K)/Akt pathways, leading to
the activation of critical transcription factors such as CREB and
Elk-1, which play crucial roles in neuronal physiology, including
synaptic plasticity (Finkbeiner et al., 1997; Tully, 1997; Wasylyk
et al., 1998; Huang and Reichardt, 2001).

Our current observations show that A�1– 42 at sublethal levels
suppresses BDNF-induced activation of selective signaling path-
ways by interfering at the level of docking proteins that mediate
signaling to Ras–MAPK/ERK and PI3-K/Akt pathways. Taken
together, our observations support a model in which sublethal
A� interferes with signaling critical for neuronal function and
plasticity and thus may contribute to the cognitive impairment
that precedes the development of the AD characteristic
neuropathology.

Materials and Methods
Cell culture. Cultures greatly enriched in cortical neurons from embry-
onic day 18 rat fetuses were prepared as described previously (Pike et al.,
1993). Cells plated at 2.5 � 10 4 cells/cm 2 were cultured in poly-L-lysine-
treated multiwell plates and maintained in serum-free optimal DMEM
supplemented with B27 components (Invitrogen, Carlsbad, CA). When
cells were exposed to A�, the medium was switched to DMEM/B27 con-
taining A�. Cultures were maintained for 5 d before treatments. Neuro-
nal survival was determined at 5 d in vitro (5 DIV) by trypan blue exclu-
sion (Pike et al., 1993) or by use of the MTT assay (Ivins et al., 1999). Early
apoptotic changes were assessed by using the Annexin V FLUOS staining
kit (Roche Biochemicals, Indianapolis, IN).

Cells were treated with tetrodotoxin (TTX; 1 �M) and amino-5-
phosphonovaleric acid (100 �M) 2 hr and 30 min, respectively, before
exposure to A� to reduce endogenous synaptic activity and to block
glutamate release induced by BDNF (Li et al., 1998; Numakawa et al.,
2001) to reduce the basal level of activated signaling molecules (Chandler
et al., 2001). Cells were treated with A� for 2 hr before the addition of
BDNF (PeproTech, Rocky Hill, NJ). After 10 –15 min of incubation with
BDNF the cells were lysed and the preparations subjected to either elec-
trophoresis or immunoprecipitation.

A� peptides [A�1– 42 and A�1– 42(R) with random amino acid se-
quence] were synthesized by solid-phase Fmoc [N-(9-fluorenyl)
methoxycarboxyl] amino acid chemistry, purified by reverse-phase
HPLC, and characterized by electrospray mass spectrometry as previ-
ously described (Burdick et al., 1992; Pike et al., 1993). A stock solution of
A� (1 mM) was prepared in distilled water and used after one freeze–thaw
cycle. Preparations of A�1– 42 oligomers were obtained from the same lot
of A�1– 42 peptides as the �-sheet containing A�1– 42 preparations de-
scribed above to facilitate the comparison of the two preparations. Solu-
tions of A�1– 42 oligomers were prepared as previously described (Oda et
al., 1995; Lambert et al., 1998). In brief, A�1– 42 (100 �M) in cold DMEM
was vortexed and incubated at 4 – 8°C for 24 hr. Solutions were centri-
fuged at 14,000 � g for 10 min to remove large aggregates, and the
supernatant was used for all assays. In agreement with the published
reports, microscopic examination of these preparations indicated that
the supernatant contained no large aggregates.

Test for phosphatidyl serine externalization (annexin staining). Cells
were grown on glass coverslips as above. At 5 DIV the cultures received
A�1– 42, and after 2 hr the medium was removed and replaced with
DMEM/B27. After an additional 2 hr period annexin V-FLUOS and
propidium iodide were added, and the cultures were viewed with confo-
cal microscopy after 30 min of staining.

Western blots. Cultures of cortical neurons were lysed in SDS-sample
buffer, and proteins, resolved by 10% SDS-PAGE, were transferred to
polyvinylidene difluoride membrane. Membranes were incubated in
Tris-buffered saline (TBS) containing 0.1% Tween and 5% nonfat milk
for 60 min at room temperature to block nonspecific binding. Mem-
branes were incubated additionally for 2 hr at room temperature in the
presence of the following antibodies as indicated: from Upstate Cell Sig-
naling (Charlottesville, VA), phosphorylated CREB (P-CREB; detects
CREB phosphorylated at Ser 133; 1:2000), total CREB (T-CREB; 1:2000),
Shc (the antibody recognizes all isoforms; 1:1000), PLC� (1:1000), total
TrkB (T-TrkB; 1:1000); from Cell Signaling Technology (Beverly, MA),
phosphorylated MAPK/ERK (P-MAPK; detects p44/42 MAPK phos-
phorylated at Thr 202 and Tyr 204; 1:2000), total MAPK (T-MAPK;
1:2000), phosphorylated Raf-1 (P-Raf-1; detects Raf-1 phosphorylated at
Ser 388; 1:1000), phosphorylated MEK1/2 (P-MEK1/2; detects MEK1/2
phosphorylated at Ser 217/221; 1:1000), total MEK1/2 (T-MEK1/2;
1:1000), phosphorylated Elk-1 (P-Elk-1; detects Elk-1 phosphorylated at
Ser 383; 1:1000), total Elk-1 (T-Elk-1; 1:1000), phosphorylated Akt (P-
Akt; detects Akt phosphorylated at Ser 473; 1:1000), total Akt (T-Akt;
1:1000), phosphorylated TrkB (P-TrkB; detects TrkB phosphorylated at
Tyr 490; 1:500). Membranes then were treated with HRP-conjugated sec-
ondary antibodies for 1 hr, followed by four washes with TBS containing
0.1% Tween. Immunolabeling was detected by enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, NJ) according to the recom-
mended conditions. Immunoreactivity was quantified by using densito-
metric analysis.

Immunoprecipitation. Cells were lysed in 500 �l of immunoprecipita-
tion buffer [1% Triton X-100 plus (in mM) 150 NaCl, 50 Tris, pH 8.0, 0.2
sodium orthovanadate, 0.2 phenylmethylsulfonyl fluoride, and 1 mg/ml
each pepstatin, leupeptin, and antipain]. Lysates were centrifuged at
10,000 � g for 30 min, and protein concentration of the clarified lysates was
determined by the Micro-BCA protein assay (Pierce, Rockford, IL). Proteins
were immunoprecipitated with anti-insulin receptor substrate-1 (anti-IRS-
1)-, anti-Shc-, or agarose-linked anti-phosphotyrosine antibodies at 4°C
overnight. After immunoprecipitation with anti-IRS-1 or anti-Shc anti-
bodies the samples were rotated in the presence of protein G-Sepharose
at 4°C for 2 hr. The immune complexes were pelleted by centrifugation at
10,000 � g at 4°C for 1 min. The supernatant was decanted, and the pellet
was washed with 1 ml of immunoprecipitation buffer. These steps were
repeated three times; finally, the pellet was suspended in 60 �l of SDS-
sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 5%
�-mercaptoethanol, 0.01% bromphenol blue). Proteins of the sus-
pended immunoprecipitate (30 �l) were separated on a 10% SDS-PAGE
gel. The immunoprecipitates were analyzed by Western blotting with
anti-phosphotyrosine 4G10 (Upstate Cell Signaling) or PLC� (Upstate
Cell Signaling) antibodies.

Immunocytochemistry. Cultures were fixed with 4% paraformaldehyde
in 0.1 M PBS, pH 7.4. After fixation the cultures were treated with a
solution of 3% aqueous H2O2 for 3 min and then briefly rinsed with PBS.
Cultures next were incubated with PBS containing 5% bovine serum
albumin (BSA) and 0.3% Triton X-100 at room temperature for 1 hr,
followed by additional incubation at 4°C in PBS/5% BSA containing the
rabbit polyclonal IgG against P-CREB (1:2000; Upstate Biotechnology,
Lake Placid, NY). Cultures then were rinsed in buffer and incubated in
biotinylated goat anti-rabbit IgG. After a buffer rinse the cultures were
incubated in the presence of avidin– biotin complex (Vector Laborato-
ries, Burlingame, CA) for 90 min. They were rinsed in 0.1 M Tris-HCl, pH
7.6, and treated with diaminobenzidine tetrahydrochloride (0.05% in
Tris-HCl) and 0.01% hydrogen peroxide for 5–10 min. Reactions were
stopped by rinsing the cultures with PBS.

Cortical neuron transfection and luciferase assay. Cortical neurons were
transfected with the plasmid pCRE-Luc containing the cAMP response
element (CRE) sequence (TGACGTCA)and pSRE-Luc containing the se-
rum response element (SRE) sequence (CCATATTAGG) (Stratagene, La
Jolla, CA) at 3 DIV with a procedure described by Myers et al. (1998).
Briefly, cultures in six-well 35 mm dishes were transfected in the presence
of Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. Each well was transfected with 1 �g of reporter plasmid and
0.1 �g of pRL-CMV (Promega, Madison, WI), a CMV-luciferase control
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plasmid to normalize CRE and SRE activity. At 40 hr after transfection
the cultures received 50 ng/ml BDNF for 9 hr; then the plates were
washed twice with cold PBS, and the cells were lysed with 200 �l of lysis
buffer (Promega). Cell extract (20 �l) was used for a dual-luciferase
reporter assay (Promega) according to the manufacturer’s instructions.

Akt activity assay. Akt activity was determined with an Akt assay kit
(Cell Signaling Technology) according to the manufacturer’s instruc-
tion. The phosphorylation of a substrate of Akt (glycogen synthase ki-
nase, GSK-3�/�) was measured by using immunoprecipitated Akt from
cell lysates. Cell extracts (200 �l) were incubated for 2 hr with immobi-
lized Akt 1G1 monoclonal antibody. After extensive washing the kinase
reaction was performed in the presence of 200 �M cold ATP and GSK-
3�/� substrate. Phosphorylation of GSK-3�/� was measured by Western
blots, using phospho-GSK-3�/� antibody (detects GSK-3� containing
phosphorylated Ser 21 and GSK-3� containing Ser 9).

Deprivation from trophic support. It was established that BDNF can
protect neurons from cell death induced by serum deprivation (Hetman
et al., 1999). Our cultures were maintained in the B27 serum-free me-
dium that contains a great number of trophic ingredients providing com-
parable support for neuron survival as serum does but that prevents the
proliferation of glial cells. We observed that deprivation from B27, like
that from serum, compromised neuronal survival, thus permitting the
testing of the effect of BDNF and A�1– 42 on the survival of the deprived
cells. In these studies the B27-containing medium was removed from the
cultures at 4 – 6 DIV. Cells were washed twice with DMEM and then
incubated in DMEM for 36 hr in the absence or presence of 10 ng/ml
BDNF � 5 �M A�1– 42. Control cells were treated the same way but were
incubated in B27-containing DMEM.

Camptothecin treatment. At 4 – 6 DIV the cortical neurons were treated
with 5 �M camptothecin for 24 hr, after a 1 hr pretreatment with 10 ng/ml
BDNF or vehicle in the presence or absence of 5 �M A�1– 42. Neuronal
survival was determined by trypan blue exclusion.

Results
In a previous study, we observed that A�1– 42 at sublethal concen-
trations inhibits neuronal activity-dependent phosphorylation of
CREB and CREB-mediated gene expression, as exemplified by
the suppression of the transcription of the CREB target BDNF
gene (Tong et al., 2001). BDNF, a member of neurotrophin fam-
ily, is an important factor for both the developing and mature
neurons and has a pleiotropic influence on nerve cells, including
effects on synaptic transmission and neuronal plasticity, in addi-
tion to regulating the survival, differentiation, and maintenance
of specific neuronal populations (for review, see Thoenen, 2000;
Huang and Reichardt, 2001). Mice deficient in either BDNF or its
receptor TrkB exhibit impaired dendritic and axonal arboriza-
tion, synaptic activity, and neuronal plasticity, including impair-
ment in long-term potentiation (LTP) and learning and memory
processes (Korte et al., 1995; Patterson et al., 1996; Causing et al.,
1997; Martinez et al., 1998; Minichiello et al., 1999). In the cur-
rent study we examined whether A�1– 42, which at sublethal levels
interferes with BDNF production, has an influence on BDNF-
induced signal transduction, including CREB activation.

A�1– 42 at the concentration range of 1–10 �M did not com-
promise cell survival assessed by the technique of either trypan
blue exclusion (Fig. 1) or MTT reduction (data not shown). Un-
der our experimental conditions the toxic effect is manifested
after exposure to �20 �M of A�1– 42 for 24 hr (Ivins et al., 1999).
Although neurons remained viable in the presence of 1–10 �M

A�1– 42 during the experimental period that was studied, these
sublethal concentrations may have triggered early apoptotic pro-
cesses. Probing for such early changes, we demonstrated previ-
ously that activation of caspases, which play an important role in
A�1– 42-induced apoptosis, is not involved in the sublethal A�1–

42-induced suppression of the neuronal activity-evoked increase
in phosphorylated CREB levels (Tong et al., 2001). As an early

marker of apoptosis, here we examined the externalization of
phosphatidyl serine (PS) to the outer leaflet of the plasma mem-
brane, using annexin IV binding for detection (Martin et al.,
1995). We estimated this early marker of apoptosis after a 4 hr
exposure to 1–10 �M A�1– 42, which is longer than the 2 hr A�
treatment that was the routine in most of the current experi-
ments, and we observed no indication of PS externalization (data
not shown).

BDNF-induced activation of CREB is suppressed by sublethal
concentrations of A�1– 42

We confirmed previous observations [Iida et al. (2001) and ref-
erences therein] and found that BDNF elicited a marked increase
in cultured cortical neurons in the level of CREB phosphorylated
at the critical Ser 133 (P-CREB) (Fig. 2). Pretreatment with A�1– 42

in the subtoxic range for 2 hr resulted in a concentration-
dependent decrease in the effect of BDNF on P-CREB levels with-
out affecting the total amount of CREB (T-CREB) (Fig. 2A,B).
The effect was specific, because A�1– 42 with random sequence of
amino acid residues [A�(R)] failed to influence BDNF-induced
activation of CREB (Fig. 2C). Furthermore, 2 hr exposure to
A�1– 42 alone had no significant effect on basal P-CREB levels
(Fig. 2E). We also examined the effect of A�1– 42 treatment on
BDNF-induced CREB activation via immunocytochemistry (Fig.
2D). BDNF elicited a pronounced increase in P-CREB immuno-
reactivity in almost all neurons, and this effect was attenuated
markedly by exposure to 5 �M A�1– 42.

To examine the consequences of the suppression of A� at
sublethal concentrations on BDNF-mediated CREB activation,
we analyzed the effect of the peptide on transcriptional activity of
a promoter construct containing CRE sequences. Effects were
monitored by a transient transcription activity assay with lucif-
erase as a reporter gene. BDNF increased the CRE transcription
activity, and pretreatment with A�1– 42 reduced by �50% the
induction by BDNF (Fig. 2F).

Figure 1. Viability of cortical neurons after A�1– 42 treatment. Cortical neuronal cultures at
5 DIV were treated with A�1– 42 at the indicated concentrations and length of time. Viability
was determined by the trypan blue exclusion assay. Data shown are the mean � SE (n � 4). In
three separate experiments cell viability was measured with the MTT assay, which showed no
significant reduction after exposure to 10 �M A�1– 42 for 24 hr.
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Effect of sublethal concentrations of
A�1– 42 on MAPK activation
Various pathways can mediate CREB acti-
vation. In our previous study CREB phos-
phorylation was evoked by the stimulation
of neurons with NMDA (10 �M) or ele-
vated K� (30 mM), and under these con-
ditions pathways other than the Ras/
MAPK pathway are involved primarily in
CREB activation (Iida et al., 2001). In the
present work the neurons were exposed to
BDNF, when the activation of the Ras–
MAPK pathway plays a dominant role in
CREB phosphorylation (Iida et al., 2001).

MAPKs are highly expressed in neu-
rons, and it has been shown that the ERK
isoforms, in particular, are important reg-
ulators of synaptic plasticity (Sweatt,
2001) in addition to their more general
critical role in cell proliferation and
differentiation (Marshall, 1994). Because
BDNF-induced CREB activation was
compromised by the A�1– 42 treatment
and the MAPK/ERK pathway seems to
play a dominant role in BDNF signaling to
CREB, we examined the influence of sub-
lethal level of A�1– 42 on the BDNF-in-
duced activation of MAPK (Fig. 3A,B).

Under our experimental conditions,
which included transmission blockade via
TTX and the inhibition of NMDA receptors,
the basal level of dual-phosphorylated
MAPK/ERK was very low (Chandler et al.,
2001). Exposure to BDNF (50 ng/ml) for
10 min caused a robust increase in the
amount of both the phosphorylated p42
and p44 isoforms of MAPK. Pretreatment
with sublethal concentrations of A�1– 42

for 2 hr had no significant effect on the
basal level of phosphorylated MAPK (data
not shown) but resulted in a decrease in
the BDNF-elicited activation of both
MAPK isoforms (Fig. 3A,B).

Diffusible A�1– 42 oligomers decrease
with high-potency BDNF-induced
signal transduction
There is evidence that diffusible A� oli-
gomers are more potent than the conventional fibrillar A� prep-
arations in compromising neuronal function and survival (Lam-
bert et al., 1998; Walsh et al., 2002). We also observed previously
that, in comparison with our conventional A�1– 42 preparation,
the diffusible oligomeric form of A�1– 42 (see Materials and Meth-
ods) is more potent both in inducing neurotoxicity and at suble-
thal concentrations interfering with high K�-induced CREB
phosphorylation (Tong et al., 2001). Here we examined the effect
of this A�1– 42 oligomer preparation on the BDNF-induced acti-
vation of the CREB. We confirmed our earlier observation that
the A�1– 42 oligomers are neurotoxic at concentrations �1 �M

(data not shown). At the sublethal concentration of 200 nM the
A�1– 42 oligomers suppressed the BDNF-induced increase in the
amount of the phosphorylated CREB (Fig. 4A,B).

We also examined the effect of a sublethal concentration of the

A�1– 42 oligomer preparation on the BDNF-induced activation of
the MAPK. Pretreatment with 200 nM A�1– 42 oligomers de-
creased significantly the BDNF-induced increase in the amount
of the phosphorylated p42 and p44 isoforms of MAPK (Fig.
4C,D).

Effect of sublethal concentrations of A�1– 42 on the activation
of Elk-1, a transcription factor downstream of MAPK/ERK
ERK activated as a result of BDNF-induced signal transduction
can translocate to the nucleus and phosphorylate transcription
factors, including Elk-1. Elk-1 is a member of the ternary com-
plex factor (TCF) family (Wasylyk et al., 1998) and functions as a
nuclear transcriptional activator via its association with serum
response factor (SRF) in a ternary complex on the SRE sequence
that is present in the promoter of many genes, including imme-
diate early genes (Wasylyk et al., 1998). Exposing cortical neurons

Figure 2. Pretreatment with sublethal concentrations of A�1– 42 (5 or 10 �M) for 2 hr decreased the elevation of phosphory-
lated CREB levels induced by BDNF (50 ng/ml, 10 min). A, Western blot analysis of CREB phosphorylated at Ser 133 (P-CREB) and
total CREB (T-CREB). A�1– 42 treatment resulted in a concentration-dependent decrease in the level of P-CREB but, considering all
experiments (n � 3), had no significant effect on T-CREB levels. B, Quantification of the effect of pretreatment with 1, 5, or 10 �M

A�1– 42 (A1, A5, A10; A, here and in all other figures, stands for A�1– 42). Estimates are the mean � SEM (n � 3) expressed in
terms of P-CREB levels obtained in the BDNF-exposed cultures (B, here and in all other figures, stands for BDNF). The effect of
A�1– 42 was significant (*p � 0.05, unpaired Student’s t test). C, Pretreatment with 10 �M A�1– 42 with random amino acid
sequence [A�(R)] had no significant influence on the BDNF-induced increase of P-CREB levels. D, Immunohistochemical analysis
of P-CREB. P-CREB immunoreactivity increased in BDNF-stimulated cultures ( b) compared with unstimulated control ( a). BDNF-
induced increase in P-CREB immunoreactivity was suppressed by A�1– 42 (5 �M) treatment ( c). E, Exposure of the cultures to
A�1– 42 for 2 hr had no effect on P-CREB levels. In three experiments P-CREB levels in the presence of 5 and 10 �M A�1– 42,
respectively, were 104 � 2 and 105 � 6% of basal. F, Analysis of CRE-mediated transcriptional activity. Cortical neurons at 3 DIV
were transfected with plasmid pCRE-Luc containing CRE sequences and a luciferase reporter gene (see Materials and Methods).
Cells transfected with a CMV-luciferase control plasmid served to normalize CRE activity. After 40 hr the cultures were switched to
fresh medium and incubated for 1 hr in the presence or the absence of 5 �M A�1– 42. Transfected cortical cultures were incubated
for an additional 9 hr either with or without the addition of 50 ng/ml BDNF, and transcriptional activity was measured by the
luciferase assay. A�1– 42 treatment decreased the BDNF-induced transcriptional activity of CRE. Estimates are the mean � SEM
(n � 3) expressed in terms of BDNF-induced transcriptional activity. The effect of A�1– 42 was significant (*p � 0.05, unpaired
Student’s t test).
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to BDNF increased the level of phosphorylated Elk-1 (P-Elk-1)
(Fig. 5A). Pretreatment with 5 or 10 �M A�1– 42 caused a marked
decrease in the amount of P-Elk-1 in the BDNF-treated cultures
(Fig. 5A,B).

To evaluate the consequences of the ac-
tion of sublethal concentrations of A� on
Elk-1 mediated gene expression, we ana-
lyzed the effect of the peptide on transcrip-
tional activity of promoter constructs con-
taining SRE sequences. The effects were
monitored with a transient transcription
activity assay with luciferase as a reporter
gene. BDNF increased the SRE transcrip-
tion activity, and pretreatment with
A�1– 42 reduced the induction by BDNF by
�50% (Fig. 5C).

Sublethal concentrations of A�1– 42

suppressed BDNF-induced signal
transduction upstream of MAPK
Next we examined whether the interfer-
ence by A�1– 42 with the BDNF-induced
activation of MAPK/ERK is attributable to
effects at steps in the signaling cascade up-
stream of MAPK. MAPK is activated by
MEK (MAPK kinase or MAPKK) that is, in
turn, phosphorylated by activated c-Raf

(Marshall, 1994). The levels of phosphorylated Raf-1 (P-Raf-1) and
phosphorylated MEK (P-MEK1/2) in cortical neurons were exam-
ined by Western blotting with antibodies specific to P-Raf-1 and
phosphorylated MEK1/2, respectively. BDNF exposure elicited an
increase in the levels of both the P-Raf (Fig. 6A,B) and P-MEK1/2
(Fig. 6C,D). Pretreatment with 5 �M A�1–42 for 2 hr resulted in a
significant suppression of the BDNF-induced increase in activated
Raf-1 and MEK1/2 content without influencing the total amount of
Raf-1 (T-Raf-1) and MEK1/2 (T-MEK1/2).

Sublethal levels of A�1– 42 and the BDNF-induced activation
of the PI3-K pathway
BDNF activates, in addition to the Ras–MAPK pathway, signaling
via PI3-K (Huang and Reichardt, 2001). PI3-K generates 3�-
phosphorylated phosphoinositides that act via multiple mechanisms
to regulate the downstream effectors of PI3-K, including protein
kinase B or Akt (Datta et al., 1999). The increase in 3�-
phosphorylated phosphoinositides results in the translocation of
Akt from cytoplasm to the inner surface of plasma membrane. A
conformational change after lipid binding permits the activation of
Akt via phosphorylation of Thr308 and Ser473 by a protein kinase
complex containing 3�-phospholipid-dependent protein kinases
(PDK). Activated Akt is a major factor mediating the cell survival-
promoting effect of neurotrophins (Bonni et al., 1999), including the
effect of BDNF in preventing cell death induced by serum depriva-
tion (Hetman et al., 1999). To investigate the effect of A�1–42 on the
activation of the PI3-K/Akt pathway, we examined the level of Akt
phosphorylated at the critical Ser473 residue, using a specific anti-
body in Western blotting. Exposure of cortical neurons to BDNF
resulted in a marked increase in the level of activated Akt (Fig. 7).
Pretreatment with A�1–42 suppressed this response in a
concentration-dependent manner (Fig. 7A,B). We also examined
the effect of A�1–42 on Akt activity, which was determined by esti-
mating the phosphorylation of an Akt substrate, GSK-3�/�, using
immunoprecipitates obtained from cell lysates treated with Akt-
specific antibodies. BDNF induced a massive �10-fold increase in
Akt kinase activity (Fig. 7C). A�1–42 alone failed to affect the basal
level of activated CREB (Fig. 2E) or MAPK/ERK (data not shown)
but elicited a slight increase (50 � 13% above basal level) in Akt
activity that was similar to the effect of the peptide on PC12 and

Figure 3. Pretreatment with sublethal A�1– 42 (5 or 10 �M) decreased the BDNF-induced increase in the level of phosphory-
lated p42- and p44-MAPK/ERK elicited by stimulation with BDNF (50 ng/ml, 10 min). A, Western blot analysis showed that
A�1– 42 exposure resulted in a concentration-dependent decrease in the level of phosphorylated p42- and p44-MAPK (p42- and
p44-P-MAPK). B, Quantification of the effects of pretreatment with 5 or 10 �M A�1– 42. Estimates are the mean � SEM (n � 3)
expressed in terms of p42- and p44-P-MAPK levels obtained in the BDNF-exposed cultures. Effects of 5 and 10 �M A�1– 42 (A5,
A10) were significant (*p � 0.05, unpaired Student’s t test).

Figure 4. A preparation comprising diffusible A�1– 42 oligomers interferes with high po-
tency with BDNF-induced signaling. A, Western blots showing that pretreatment (1 hr) with an
A�1– 42 oligomer preparation at the sublethal concentration of 200 nM compromised the in-
crease in P-CREB levels induced by BDNF (50 ng/ml, 10 min). B, Quantification of the effect of
200 nM A�1– 42 oligomers. Estimates are the mean�SEM (n�3) expressed in terms of P-CREB
levels obtained in BDNF-treated cultures. The effect of 200 nM A�1– 42 oligomers was significant
(*p � 0.05, unpaired Student’s t test). C, Western blot analysis of P-MAPK. Pretreatment with
200 nM A�1– 42 oligomers for 1 hr attenuated the increase in P-MAPK levels by exposure to 50
ng/ml BDNF for 10 min. D, Quantification of the effect of pretreatment with 200 nM A�1– 42

oligomers for 1 hr. Estimates are expressed in terms of P-MAPK levels obtained in the BDNF-
treated cultures; they are the mean � SEM from three independent experiments. The effect of
A�1– 42 oligomers was significant (*p � 0.05, unpaired Student’s t test).
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SH-SY5Y neuroblastoma cells (Martin et al.,
2001; Wei et al., 2002). The effect of A�1–42

pretreatment on the robust increase in the
BDNF-evoked Akt activity was, however, a
suppression by �50% (Fig. 7C,D).

Effect of A�1– 42 on BDNF-induced
activation of PLC�
In addition to the Ras–MAPK and PI3-K/
Akt signaling cascades, BDNF also acti-
vates another major signal transduction
pathway involving PLC� (Huang and
Reichardt, 2001). To assess the influence
of sublethal levels of A�1– 42 on the activa-
tion of this pathway by BDNF, we deter-
mined the amount of Tyr-phosphorylated
PLC� by Western blot analysis, probing
with an anti-PLC�-specific antibody the im-
munoprecipitate obtained from cell lysates
by an anti-phosphotyrosine antibody (Fig.
8 A). BDNF caused a pronounced in-
crease in Tyr-phosphorylated PLC�,
which was not influenced significantly
by A�1– 42 pretreatment.

A�1– 42 does not interfere with the BDNF-induced
phosphorylation of TrkB receptors
In contrast to Ras and PI3-K, PLC� binds to and is phosphory-
lated directly by the activated TrkB receptor (Huang and
Reichardt, 2001). Because A�1– 42 interfered with BDNF activa-
tion of the Ras–MAPK and the PI3-K/Akt pathways, which are
activated indirectly by TrkB but did not influence the phosphor-
ylation of PLC� that is activated directly by the receptor, we
hypothesized that A�1– 42 might not have compromised the
BDNF-induced activation of the TrkB receptor. Autophosphor-
ylation of TrkB was assessed by Western blotting, using an anti-
body specific to the phosphorylated Tyr 490 residue. BDNF re-
sulted in pronounced autophosphorylation of the TrkB receptor,
which was not compromised by pretreatment with A�1– 42 (Fig.
8B). Thus, the peptide interferes with BDNF-induced signaling at
steps downstream of the BDNF receptor.

A�1– 42 at sublethal concentrations interferes with the
phosphorylation of docking proteins that mediate the effects
of BDNF on intracellular signaling pathways
Our findings showed, therefore, that treatment with sublethal
concentrations of A�1– 42 interferes selectively with BDNF signal-
ing via the MAPK/ERK and PI3-K pathways, but the initial step,
the activation of the receptor, is unaffected, whereas the phos-
phorylation of intermediate members of the relevant PK cas-
cades, such as Raf, MEK, and Akt, is compromised. The activa-
tion of the signaling pathways that were affected by A�1– 42, the
PI3-K and Ras–MAPK/ERK pathways, requires interactions of
the activated BDNF receptor with docking proteins that, after
phosphorylation, mediate the stimulation of the TrkB receptor to
the protein kinase cascades. In contrast, the activated TrkB recep-
tor directly binds and phosphorylates PLC�, and A�1– 42 did not
affect this process (see above). It is possible, therefore, that
A�1– 42 interferes with signal transduction at the level of the dock-
ing proteins. We examined the state of Tyr phosphorylation of
IRS-1 that activates both PI3-K and, via Grb2/SOS, the Ras–
MAPK/ERK pathway as well the phosphorylation of Shc that
mediates signaling via Grb2/SOS to Ras. Figure 9 shows that

A�1– 42 caused an �50% reduction in the level of the activated
IRS-1 and suppressed the tyrosine phosphorylation of the differ-
ent Shc isoforms.

A�1– 42 at sublethal concentrations interferes with the
protection by BDNF against neuronal apoptosis induced by
either DNA damage or deprivation from trophic support
The observations described so far showed that A�1– 42 at sublethal
concentrations interferes selectively with some BDNF-induced

Figure 5. Pretreatment with A�1– 42 at sublethal concentrations decreased the level of BDNF-activated transcription factor
Elk-1 (P-Elk-1) and the transcriptional activity of a serum response element-containing (SRE) construct. A, The phosphorylation of
Elk-1 was examined by the use of an antibody against phosphorylated Elk-1 (P-Elk). Pretreatment with 5 or 10 �M A�1– 42 for 2
hr attenuated the BDNF-induced increase in P-Elk-1 but had no significant effect on the total amount of Elk-1 (T-Elk). B, Quanti-
fication of the effects of pretreatment with 5 or 10 �M A�1– 42 (B � A5 or B � A10). Estimates are the mean � SEM (n � 3)
expressed in terms of P-Elk-1 levels induced by BDNF (B). Effects of 5 and 10 �M A�1– 42 (A5, A10) were significant (*p � 0.05,
unpaired Student’s t test). C, Analysis of SRE-mediated transcriptional activity. Cortical neurons at 3 DIV were transfected
with plasmid pSRE-Luc containing SRE sequences and a luciferase reporter gene (see Materials and Methods). Cells
transfected with a CMV-luciferase plasmid served to normalize SRE activity. After 40 hr the cultures were switched to fresh
medium and incubated for 1 hr in the presence or the absence of 5 �M A�1– 42. Transfected cortical cultures were
incubated for an additional 9 hr either with or without the addition of 50 ng/ml BDNF, and transcriptional activity was
measured by the luciferase assay. A�1– 42 treatment decreased the BDNF-induced transcriptional activity of SRE. Esti-
mates are the mean � SEM (n � 3) expressed in terms of BDNF-induced transcriptional activity. The effect of A�1– 42 was
significant (*p � 0.05, unpaired Student’s t test).

Figure 6. Sublethal A�1– 42 treatment decreased the phosphorylated levels of protein ki-
nases in the MAPK cascade (P-Raf and P-MEK). A, The phosphorylation of Raf was examined by
the use of an antibody against phosphorylated Raf-1 (P-Raf). Pretreatment with 5 �M A�1– 42

for 2 hr attenuated the BDNF-induced increase in P-Raf. B, Quantification of the effects of
pretreatment with 5 �M A�1– 42. Estimates are the mean � SEM (n � 3) expressed in terms of
P-Raf levels induced by BDNF (represented by B). Effects of 5 �M A�1– 42 (B � A) were signif-
icant (*p � 0.05, unpaired Student’s t test). C, Pretreatment with 5 �M A�1– 42 decreased the
BDNF-induced elevation in the level of phosphorylated MEK1/2 (P-MEK1/2). D, Quantifi-
cation of the effects of pretreatment with 5 �M A�1– 42 on BDNF-induced MEK1/2 phos-
phorylation. Estimates are the mean � SEM (n � 3) expressed in terms of P-MEK1/2
levels induced by BDNF. Effects of 5 �M A�1– 42 (B � A) were significant (*p � 0.05,
unpaired Student’s t test).
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signal transduction pathways in cortical neurons. Next we
wanted to explore the effect of the A�1– 42 treatment on one of the
important functions of BDNF, namely the selective protection of
neurons against certain types of insults. BDNF can protect corti-
cal neurons from apoptosis induced by camptothecin, an inhib-

itor of DNA topoisomerase-1 that causes
DNA damage (Morris and Geller, 1996). It
has been reported that the protective effect
of BDNF involves the activation of the
MAPK signaling pathway (Hetman et al.,
1999). Because sublethal concentrations of
A�1– 42 suppressed BDNF-induced activa-
tion of this pathway, we hypothesized that
the peptide might interfere with BDNF
protection from camptothecin-evoked cell
death. Cortical neurons were exposed to 5
�M camptothecin for 24 hr after 1 hr of
pretreatment with BDNF or vehicle in the
presence or absence of 5 �M A�1– 42. Figure
10A shows that camptothecin treatment
caused massive cell loss that was reduced
markedly by BDNF treatment and that 5
�M A�1– 42 abolished BDNF protection.

Hetman et al. (1999) also have ob-
served that the BDNF neuroprotection
against serum deprivation-induced apo-
ptosis is mediated by the PI3-K/Akt path-
way. We tested the protective effect of
BDNF on cultures that were deprived from
the trophic support provided by the B27
medium. Removal of this medium re-
sulted in significant cell loss by 36 hr,
which was prevented completely by BDNF
treatment (Fig. 10). The positive effect of
BDNF again was compromised severely by
sublethal concentrations of A�1– 42.

Discussion
We currently are testing the hypothesis
that A� peptides interfere with neuronal
functions that play important roles in cog-

nition before massive A� deposition and overt neurodegenera-
tive changes occur in the brain in AD. To this end we have chosen
to examine the effect of A� on signal transduction mechanisms
that play critical roles in neuronal plasticity. In an earlier study
(Tong et al., 2001) we showed that A�1– 42 at concentrations at
which the viability and the morphology of the cortical neurons
are not affected suppressed high K�- or NMDA-induced activa-
tion of the transcription factor CREB that is known to play a
major role in neuronal plastic changes underlying certain cogni-
tive functions (Tully, 1997; Abel and Kandel, 1998). The effect of
sublethal A�1–42 on Glu receptor activation-induced elevation of
P-CREB levels recently has been confirmed by Vitolo et al. (2002),
who also found that the suppression involves protein kinase A inac-
tivation and can be overcome by the activation of the enzyme, which
is consistent with the fact that CREB can be phosphorylated by many
protein kinases.

The suppression by A�1– 42 of the neuronal activity-induced
P-CREB levels also results in a decrease in the transcription of
CREB target genes, as demonstrated by the reduction of BDNF ex-
pression (Tong et al., 2001), and BDNF has been shown to partici-
pate in certain forms of LTP and learning and memory (Thoenen,
2000; Huang and Reichardt, 2001). In the present study we exam-
ined the effect of sublethal levels of A�1–42 on signal transduction
evoked by BDNF, which under our experimental conditions in-
volves the dominant activation of pathways different from those
mediating the effects of membrane depolarization and NMDA re-
ceptor activation used in our previous study for neuronal stimula-

Figure 7. A�1– 42 treatment decreased BDNF-induced Akt activation. A, Phosphorylated Akt (P-Akt) levels were determined
with an antibody specific to P-Akt. Exposure to BDNF (50 ng/ml) for 10 min increased the amount of P-Akt. Pretreatment with 5 or
10 �M A�1– 42 suppressed the effect of BDNF. A�1– 42 had no effect on total Akt (T-Akt) levels. B, Quantification of the effect of
pretreatment with 5 or 10 �M A�1– 42. Estimates are the mean � SEM (n � 3) expressed in terms of P-Akt levels obtained in the
BDNF-exposed cultures. The effect of A�1– 42 at 10 �M was significant (*p � 0.05, unpaired Student’s t test). C, Pretreatment
with 10 �M A�1– 42 decreased BDNF-induced Akt activity, measured by the phosphorylation of glycogen synthase kinase-3�/�
(GSK-3�/�), a substrate of Akt, using immunoprecipitated Akt from cell lysates as described in Materials and Methods. D,
Quantification of the effects of pretreatment with 10 �M A�1– 42. Estimates are the mean � SEM (n � 3) expressed in terms of
phosphorylated GSK-3�/� levels obtained in the BDNF-exposed cultures. The effect of A�1– 42 was significant (*p � 0.05,
unpaired Student’s t test).

Figure 8. A�1– 42 at sublethal concentrations does not interfere with the activation of TrkB
and PLC�. A, BDNF-induced phosphorylation of PLC� at tyrosine residues. Cortical neurons
were stimulated with 50 ng/ml BDNF for 10 min. Cell lysates were immunoprecipitated by
agarose-linked anti-phosphotyrosine antibodies, and proteins of the washed immunoprecipi-
tates were resolved by SDS-PAGE and subjected to Western blot analysis with a specific anti-
PLC� antibody (P-PLC�). BDNF-induced PLC� phosphorylation was not influenced signifi-
cantly by A�1– 42 pretreatment; in terms of phosphorylated PLC� levels obtained in the BDNF-
exposed cultures, the estimate in the A�1– 42-treated cultures was 92 � 7.1% (5 �M) and
97 � 7.2% (10 �M) (n � 3). B, Phosphorylation of TrkB was examined via Western blotting
with an antibody against TrkB phosphorylated at Tyr 490 (P-TrkB). Pretreatment with 10 �M

A�1– 42 had no significant influence on the BDNF-induced P-TrkB content; in terms of P-TrkB
levels obtained in the BDNF-exposed culture, the estimate in the A�1– 42-pretreated cells was
94 � 4.1% (n � 3).
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tion (Tong et al., 2001). A�1–42 treatment
resulted in a suppression of the BDNF-
induced activation of critical transcription
factors, such as CREB and Elk-1, and of
CRE- as well as SRE-mediated transcrip-
tional activity, suggesting that A� at suble-
thal levels initiates a vicious cycle in which
the effect of the decrease in neuronal
stimulation-induced trophic factor produc-
tion is amplified by the suppression of the
trophic factor-elicited signaling and may
lead to severe interference with neuronal
activity-dependent gene expression.

Under our experimental conditions
A�1– 42 did not compromise cell survival;
nevertheless, the concentrations (5–10
�M) were relatively high. However, in the
AD brain and in culture after A� exposure
the peptide accumulates on/in the neuro-
nal plasma membrane, where the concen-
tration is unknown, and in the AD brain
A� realizes even higher concentrations in
senile plaques and diffuse deposits. There
also are marked differences in sensitivity in
vitro, depending on the preparation and
the function studied. For example, similar
to us, Vitolo et al. (2002) observed that a
sublethal concentration of 5 �M A�1– 42 is
required to suppress glutamate-stimulated
P-CREB levels in dissociated hippocampal
cultures, whereas 200 nM A�1– 42 severely
impairs LTP in hippocampal slices. Fi-
nally, we observed that an oligomer A�1– 42

preparation interfered with neuronal
activity- or BDNF-induced CREB activa-
tion at lower concentrations (100 –200
nM) compared with the routine A� prepa-
ration used in our studies (Tong et al.,
2001; this work).

The dominant pathways leading to CREB activation after brief
stimulation of neurons with BDNF or high K�/NMDA are dif-
ferent and involve primarily the activation of the Ras–MAPK
pathway (Iida et al., 2001) or Ca 2� and calmodulin (CaM)-
mediated reactions (Deisseroth et al., 1998; Shieh et al., 1998; Tao
et al., 1998). CREB phosphorylation at Ser 133 also may involve
activated Akt (Du and Montminy, 1998), and we observed that
A�1–42 treatment also interfered with BDNF activation of Akt. Thus,
at sublethal concentrations A�1–42 interferes with signal transduc-
tion at multiple sites. Nevertheless, it seems that the effect of A�1–42

is not nonspecific. Not all major signaling pathways were compro-
mised, because the BDNF-induced phosphorylation of PLC� was
not affected significantly by the A�1–42 treatment.

This is an important observation, because PLC� is activated
via direct binding to the autophosphorylated Trk receptors
(Huang and Reichardt, 2001), and we observed that A�1– 42 does
not interfere with the BDNF-induced activation of TrkB. In con-
trast, BDNF activation of the MAPK and PI3-K pathways re-
quires adapter complexes for connection to the activated recep-
tor. We hypothesized, therefore, that A�1– 42 interferes with
BDNF signaling at the level of these docking proteins. This was
verified by the observation that A�1– 42 treatment robustly sup-
presses the BDNF-stimulated level of Tyr-phosphorylated dock-
ing proteins IRS-1 and Shc, which after binding to and being

phosphorylated by the activated TrkB receptor bind to and acti-
vate PI3-K and, via Grb2/SOS, Ras.

In contrast to the present finding of A�-induced suppression
of the BDNF-elicited activation of the Ras–MAPK pathway, it has
been reported that under certain conditions A� alone can induce
an increase in the basal level of phosphorylated MAPK. Thus, in
hippocampal slices A�1– 42 activates MAPK via coupling to �7
nicotinic acetylcholine receptors (nAChRs) (Dineley et al., 2001).
In our cultures no increase in the basal level of phosphorylated
ERK or CREB could be detected after exposure to sublethal
A�1– 42 concentrations (Abe and Saito, 2000). Differences in ex-
perimental conditions may account for the discrepancy. In the
experiments of Dineley et al. (2001) the A�-induced increase in
the level of phosphorylated MAPK was transient, peaking at 5
min; by 2 hr, which was the A� preincubation time used in our
studies, the level of phosphorylated MAPK was restored to that in
the untreated preparations. Furthermore, in PC12 and SH-SY5Y
neuroblastoma cells, A� results in a modest activation of Akt
probably via oxygen-derived free radicals (Martin et al., 2001;
Wei et al., 2002). We observed a similar weak effect of the peptide
on Akt activity. Nevertheless, the BDNF-induced massive in-
crease in Akt activity was suppressed severely by the A� pretreat-
ment, indicating that the mechanisms underlying the effect of A�

Figure 9. A�1– 42 treatment decreased the level of BDNF-activated IRS-1 and Shc. A, Pretreatment with 10 �M A�1– 42 for 2
hr resulted in a significant reduction in the BDNF-induced increase in Tyr-phosphorylated IRS-1. IRS-1 was immunoprecipitated
with an anti-IRS-1 antibody. The immunoprecipitates were analyzed by Western blotting with anti-phosphotyrosine antibody
(top panel) and with anti-IRS-1 antibody (bottom panel). B, Quantification of the effects of pretreatment with 10 �M A�1– 42.
Estimates are the mean � SEM (n � 3) expressed in terms of Tyr-phosphorylated IRS-1 levels obtained in the BDNF-exposed
cultures (*p � 0.05, unpaired Student’s t test). C, Pretreatment with 10 �M A�1– 42 for 2 hr resulted in a significant reduction in
BDNF-induced increase in Tyr-phosphorylated Shc isoforms as analyzed by immunoprecipitation with an Shc antibody, followed
by Western blotting with anti-phosphotyrosine antibody (anti-pY; top panel) and with anti-Shc antibody (bottom panel). The
isoforms are indicated as a, b, and c (approximate molecular weights, 66, 52, and 46 kDa, respectively). D, Quantification of the
effects of pretreatment with 10 �M A�1– 42. Estimates are the mean � SEM (n � 3) expressed in terms of phosphorylated P-Shc
isoform levels obtained in the BDNF-exposed cultures (*p � 0.05, unpaired Student’s t test).
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causing a weak stimulation of Akt and interfering robustly with
the massive BDNF activation of Akt are different.

MAPK/ERK activation is involved critically in mechanisms un-
derlying synaptic plasticity, including long-term memory formation
via the stimulation of activity-dependent gene expression (Martin et
al., 1997; Atkins et al., 1998; Davis et al., 2000). MAPK phosphory-
lation results in the activation of two parallel signaling routes re-
quired for synaptic plasticity-associated transcriptional regulation,
namely signaling via MAPK–Rsk2–CREB and MAPK–Elk-1, which
target CRE and SRE, respectively, in the promoter regions of the
relevant genes (Bonni et al., 1999; Davis et al., 2000). In certain sys-
tems PI3-K activation also is required for synaptic plasticity and
memory consolidation (Kelly and Lynch, 2000; Lin et al., 2001), and
Akt also can activate CREB (Du and Montminy, 1998), which plays
an evolutionarily conserved, important role in learning and memory
processes (Tully, 1997; Abel and Kandel, 1998). These observations,
together with the finding that A�1–42 interferes with BDNF-induced
transcriptional activity involving the CRE and SRE promoters, are,
therefore, consistent with the view that prolonged exposure to sub-
lethal A�1–42 concentrations could contribute significantly to the
cognitive decline observed in AD via the suppression of MAPK and
PI3-K signaling.

In AD the neurons degenerate as the disease progresses by mech-
anisms possibly also involving apoptosis-related processes (Cotman
et al., 1999). Activated caspases and accumulation of caspase cleav-
age products as well as DNA fragmentation have been detected in
postmortem AD brains. These data suggest that, once the AD brain
accumulates insults beyond a critical threshold, an apoptotic patho-
logical cascade is initiated (Cotman et al., 1999). The present study
shows the potential functional importance of A�1–42 at concentra-
tions at which it does not yet cause degenerative changes, by dem-
onstrating the deleterious effect of the peptide on neuronal vulner-
ability. Hetman et al. (1999) have established that BDNF is able to
prevent cell death triggered by both camptothecin-induced DNA
damage via a mechanism involving the activated MAPK pathway
and by deprivation from trophic support via a PI3-K-mediated

mechanism. We confirmed these observations
and found that cell death induced by both
camptothecin exposure and deprivation from
trophic support is ameliorated by BDNF treat-
ment. However, exposure to sublethal con-
centrations of A�, which interferes with the
activation of both the MAPK/ERK and the
PI3-K pathways, abrogated the effect of
BDNF. The increased neuronal vulnerability
in the presence of sublethal concentrations of
A� may be compounded by the progressive
accumulation of other risk factors, including
reduced BDNF expression (Phillips et al.,
1991; Connor et al., 1997; Ferrer et al., 1999;
Tong et al., 2001) and increased DNA damage
(Mullaart et al., 1990; Su et al., 1997). There-
fore, both reduced BDNF levels and reduced
BDNF signaling caused by sublethal A� could
result, in addition to suppression of synaptic
plasticity, in enhanced vulnerability, lead-
ing to neuronal dysfunction and, over
time, degeneration via apoptosis and other
pathways in AD.

In summary, we show that sublethal
A�1–42 interferes with BDNF signaling by sup-
pressing selectively the activation of the Ras–
MAPK/ERK and PI3-K/Akt pathways and the

activation of critical transcription factors, such as CREB and Elk-1
and transcription mediated by these factors, and that sublethal
A�1–42 increases neuronal vulnerability. These observations, to-
gether with our earlier findings, are consistent with the view that
sublethal A� may play important roles in AD pathogenesis before
the overt manifestation of the disease by interfering with neuronal
functions critical for neuronal maintenance and plasticity.
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