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Intraneuronal �-Amyloid Expression Downregulates the Akt
Survival Pathway and Blunts the Stress Response
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Early events in Alzheimer’s disease (AD) pathogenesis implicate the accumulation of �-amyloid (A�) peptide inside neurons in vulner-
able brain regions. However, little is known about the consequences of intraneuronal A� on signaling mechanisms. Here, we demon-
strate, using an inducible viral vector system to drive intracellular expression of A�42 peptide in primary neuronal cultures, that this
accumulation results in the inhibition of the Akt survival signaling pathway. Induction of intraneuronal A�42 expression leads to a
sequential decrease in levels of phospho-Akt, increase in activation of glycogen synthase kinase-3�, and apoptosis. Downregulation of
Akt also paralleled intracellular A� accumulation in vivo in the Tg2576 AD mouse model. Overexpression of constitutively active Akt
reversed the toxic effects of A� through a mechanism involving the induction of heat shock proteins (Hsps). We used a small-interfering
RNA approach to explore the possibility of a link between Akt activity and Hsp70 expression and concluded that neuroprotection by Akt
could be mediated through downstream induction of Hsp70 expression. These results suggest that the early dysfunction associated with
intraneuronal A� accumulation in AD involve the associated impairments of Akt signaling and suppression of the stress response.

Key words: Alzheimer; intracellular; amyloid; Akt; Hsp; stress response

Introduction
Scientific efforts are increasingly directed to understand the ear-
liest events of neuronal dysfunction, synaptic and neuronal loss,
and dementia in Alzheimer’s disease (AD) (Wirths et al., 2004).
Although extracellular fibrillar �-amyloid (A�) is the major con-
stituent of amyloid plaques and can cause neurotoxicity both in
culture and in vivo (Yankner et al., 1990; Kowall et al., 1992; Pike
et al., 1993), intraneuronal A� accumulation precedes the depo-
sition of amyloid plaques and the appearance of neurofibrillary
tangles and correlates with the first indications of cognitive defi-
cits (Gouras et al., 2000; D’Andrea et al., 2001; Oddo et al., 2003;
Billings et al., 2005). During early stages of the disease, intracel-
lular accumulation of A� appears to compromise neuronal func-
tion, synaptic strength, and survival (Yang et al., 1998; Chui et al.,
2001; Oddo et al., 2003; Takahashi et al., 2004; Billings et al.,
2005). Consistent with clinical observations on the importance of
intracellular accumulation, we and others have reported on the
toxic effect of intraneuronal A� accumulation in model systems
(LaFerla et al., 1995; Zhang et al., 2002; Magrane et al., 2004).

The effect of intraneuronal A� expression on signaling path-

ways has not been thoroughly explored. Previous work using a
transgenic mouse model in which A�42 was expressed intraneu-
ronally showed that cell loss occurred through a p53-dependent
mechanism (LaFerla et al., 1996). This observation was con-
firmed when synthetic A� peptides microinjected into neurons
were shown to be cytotoxic through a p53-Bax pathway (Zhang et
al., 2002). Using an inducible adenoviral-based system, we stud-
ied the effects of intracellular A�42 expression and reported that
the cellular stress response was an important modulator of intra-
neuronal A� toxicity (Magrane et al., 2004). Changes in expres-
sion of �B-crystallin and heat shock protein 16 (Hsp16), among
others, in response to intracellular A�42 expression have also
been studied (Link et al., 1999, 2003).

The serine/threonine protein kinase B, also known as Akt, is
highly expressed in the brain and has an important role in neu-
ronal survival (Brunet et al., 2001; Brazil et al., 2002). The Akt
signaling pathway is altered in diverse neurological conditions,
including spinocerebellar ataxia type 1 (Chen et al., 2003;
Emamian et al., 2003), amyotrophic lateral sclerosis (Wagey et al.,
1998), Huntington’s disease (Humbert et al., 2002; Gines et al.,
2003), and schizophrenia (Emamian et al., 2004). Insulin resis-
tance in diabetes and the genetic variability in the insulin signal
transduction pathway critically impair Akt signaling and are as-
sociated with increased risk for AD (Liolitsa et al., 2002; Ho et al.,
2004). Several studies have shown that familial AD mutations
caused a downregulation of the phosphatidyl inositol 3-kinase
(PI3K)-Akt pathway; however, the role of intracellular A� was
not examined (Kashour et al., 2003; Ryder et al., 2004). In addi-
tion, presenilin mutations also sensitize neurons to undergo ap-
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optosis, a process that has been shown to include downregulation
of Akt (Weihl et al., 1999; Baki et al., 2004).

The elucidation of details in the signaling pathways affected by
intracellular A� accumulation is important not only to under-
stand the pathogenesis of AD but also instrumental to design
effective treatment and prevention. Here, we examine the effects
of A�42 on signal transduction pathways involved in neuron
survival. Our data suggest a role for the Akt pathway in intracel-
lular A� toxicity. In addition, we show that Akt activation is
required to induce the cellular stress response that protects neu-
rons against A�42 toxicity.

Materials and Methods
Antibodies. The following antibodies were used: anti-A� 6E10 (1:300;
Signet Laboratories, Dedham, MA) and anti-A�42 (1:150; Chemicon,
Temecula, CA); JHC Specific anti-phospho-Akt Ser473 (1:200), mono-
clonal anti-phospho-Akt Ser473 (587F11; 1:100), polyclonal anti-
phospho-Akt Ser473, anti-phospho-glycogen synthase kinase-3� (GSK-
3�) Ser9, anti-phospho-extracellular signal-regulated kinase 1/2 (ERK1/
2), and anti-phospho-c-Jun N-terminal protein kinase (JNK) (1:1000)
(all from Cell Signaling Technology, Beverly, MA); anti-Akt, anti-GSK-
3�, anti-ERK1/2, anti-JNK, anti-p53, and anti-Hsp90 (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA); anti-phospho-GSK-3�
(Tyr279)/� (Tyr216) (1:1000; Biosource International, Camarillo, CA);
anti-Hsp70 (1:100 –5000), anti-Hsp40 (1:10,000), anti-Hsp27 (1:1000),
and anti-Hsc70 (1:5000; Stressgen Biotechnologies, San Diego, CA);
anti-� isoform of tubulin (1:1000; Sigma, St. Louis, MO); anti-HA tag
(1:6000; Abcam, Cambridge, MA), anti-�-galactosidase (1:500; Pro-
mega, Madison, WI). Secondary antibodies were used as follows: fluo-
rescent cyanine 2 (Cy2)- and Cy3-conjugated (Jackson ImmunoRe-
search, West Grove, PA) and peroxidase-conjugated (Dako, High
Wycombe, UK).

Adenoviral vector construction. Recombinant, E1-deleted replication-
defective adenoviral constructs were produced by standard techniques
(Graham and Prevec, 1995). The AdTet-On, AdTRE-LacZ, AdTRE-
A�42, Ad-Hsp70, and Ad-APP751 viruses have been described previ-
ously (Magrane et al., 2004). Ad-myrAkt and Ad-dnAkt expressed an
active and inactive form of Akt, respectively, as described previously
(Fujio and Walsh, 1999). Ad-HSP-Luc vector expressed the transgene
luciferase under the control of the Hsp70B promoter (Smith et al., 2002).
All viruses were grown to high titer in human embryonic kidney 293 cells
and purified by cesium chloride density gradient ultracentrifugation.
Viral titer was determined by plaque assay.

Neuronal cultures. For rat primary cultures, cortices were dissected
from neonatal day 1 Sprague Dawley rat brains (Charles River Laborato-
ries, Wilmington, MA), and neurons were prepared as described previ-
ously (Magrane et al., 2004). Primary cortical cultures were infected 7 d
after plating at multiplicities of infection (m.o.i.) ranging from 50 to 100.
AdTet-On and AdTRE-LacZ or AdTRE-A�42 were added into culture
for 18 h at a 1:5 ratio, and transgene expression was induced by 1 �g/ml
doxycycline (Dox; Sigma) for 24 h. SH-SY5Y human neuroblastoma cells
were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine,
and antibiotics.

Tg2576 mouse brains. Tg2576 mice were described previously (Hsiao et
al., 1996). Littermate animals at 2, 6, 12, and 16 months of age (n � 3
each) were anesthetized and perfused with PBS. Brains were obtained
and cut in eight pieces (first longitudinally and then in four pieces each)
and immediately frozen in liquid nitrogen and kept at �80°C. The fron-
tal cortex (anterior pieces) and cerebellum were powdered in liquid ni-
trogen and lysed in radioimmunoprecipitation assay (RIPA) buffer con-
taining protease and phosphatase inhibitors. Brain extracts were
vigorously vortexed, ground with a plastic pestle, and rocked for 30 min
at 4°C. Tissue brain lysates were cleared by centrifugation at 10,000 � g.
For immunofluorescence studies of colocalization of A�42 and
phospho-Akt, perfused brain tissue from 9-month-old mice was cut (40
�m thick) on a vibrating microtome. The free-floating sections were
labeled with Chemicon A�42 and phospho-Akt Ser473 587F11 antibod-
ies and then incubated with secondary antibodies in 0.1 M Tris– 0.1 M

NaCl and 0.1% BSA. Images were collected using a Zeiss LSM510 laser
scanning confocal microscope (Zeiss Microimaging, Thornwood, NY).

Synthetic A� peptide preparation. Human A�42, A�25–35, and reverse
A�35–25 peptides were obtained from the Biopolymer Laboratory at
Harvard Medical School (Boston, MA). They were solubilized in 5%
DMSO and 25 mM Tris-HCl, pH 7.4, incubated for 3 d at 37°C, and then
applied to the cultures at a final concentration of 10 �M for 24 h.

Measurement of luciferase activity. Cells were infected with Ad-HSP-
Luc (10 m.o.i.) for 24 h and then infected with either Ad-LacZ control or
Ad-myrAkt (10 m.o.i.) and harvested 24 h later. Cell extracts were pre-
pared and luciferase activity was measured with the luciferase assay sys-
tem (Promega) according to the instructions of the manufacturer.

Small-interfering RNA design and RNA interference. For RNA interfer-
ence, 6 d in vitro cortical neurons and SH-SY5Y cells (10,000 cells per well
in an eight-well chamber) were transfected with duplex RNA by using
TransMessenger transfection reagent (Qiagen, Valencia, CA) according
to the instructions of the manufacturer. Briefly, small-interfering RNA
(siRNA) (2–3 �g per well in six-well plates) was condensed with En-
hancer R and mixed with TransMessenger reagent (1:5 siRNA to Trans-
Messenger ratio). The transfection complex was diluted in 900 �l of
medium without serum and added to the cells for 3 h. Cells were analyzed
72 h later. All siRNA duplexes were chemically synthesized by Xeragon-
Qiagen (Germantown, MD). Only sense sequences are provided. To in-
hibit Akt1 synthesis, we used 5�-UGCCCUUCUACAACCAGGA-3�
siRNA (Katome et al., 2003). siRNA against rat and human Hsp70
mRNA were designed as described previously (Elbashir et al., 2001).
Hsp70 was targeted with each of four different sequences: Hsp70.1 5�-
GCCCAAGGUGCAGGUGAAC-3�, Hsp70.2 5�-GGGCGAGAACCG-
GUCGUUC-3�, Hsp70.3 5�-CGUGCUGCGGAUCAUCAAC-3�, and
Hsp70.4 5�-GGUGGAGAUCAUCGCCAAC-3�. A rhodamine-labeled
(nonsilencing) siRNA was used for transfection condition optimization
and also as a negative control (Xeragon-Qiagen). Silencing of targeted
genes was confirmed in three independent experiments. When indicated,
cultures were infected with AdTet-On and AdTRE viral vectors 24 h after
siRNA transfection, and transgene expression was induced 18 h later with
Dox for 24 h. When described, cells were also infected at the time of
induction with 10 m.o.i. of Ad-APP751, Ad-myrAkt, or Ad-Hsp70 and
analyzed 24 h later.

Western blot analysis. Cells were washed once in PBS and harvested in
RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25%
Na-deoxycholate, 1% NP-40) containing protease inhibitor mixture
(Roche Biochemicals, Indianapolis, IN), 1 mM sodium vanadate, and 1
mM sodium fluoride. Lysis occurred on ice for 30 min, and the total
lysates were then cleared by centrifugation at 10,000 � g. Protein con-
centration was measured with the bicinchoninic acid protein assay re-
agent (Pierce, Rockford, IL) protocol and 40 �g of samples were electro-
phoresed in 7.5% SDS-PAGE gels under reducing conditions. Proteins
were transferred onto polyvinylidine difluoride membranes (Millipore,
Billerica, MA) and immunoblotted for the indicated proteins as de-
scribed previously (Magrane et al., 2004). The immunoreaction was vi-
sualized by a chemiluminescence system (Amersham Biosciences, Pisca-
taway, NJ). Band intensities were quantified by using the Fluor-S
MultiImager (Bio-Rad, Richmond, CA).

For immunoprecipitation studies, cells were harvested in STEN buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.2%
BSA) containing protease and phosphatase inhibitors, lysed, and cleared
by centrifugation. Soluble proteins (50 �g of protein) were incubated
with anti-Akt or anti-Hsp70 antibody overnight at 4°C followed by 2–3 h
of incubation with 40 �l of protein-G-Sepharose or protein-A-Sepharose
(Amersham Biosciences), respectively. The beads were washed three
times in STEN buffer, once in PBS, and then heated at 70°C for 10 min in
loading buffer.

Immunofluorescence. Cells were grown on coated coverslips, washed
once in PBS, and fixed in 4% paraformaldehyde in phosphate buffer as
described previously (Magrane et al., 2004). The percentage of terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick end label-
ing (TUNEL)-positive cells (in situ cell death detection kit; Roche Bio-
chemicals) and pyknotic nuclei (Hoechst 33342 staining) were obtained
as described previously (Magrane et al., 2004). To measure immunoflu-
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orescence intensity, cells were imaged using an
Olympus IX70 inverted microscope. Images
were taken using a 40� lens, with equal expo-
sure times for specific antibodies. MetaMorph
software (Universal Imaging, West Chester,
PA) was used for quantitative analysis. To
quantify phospho-Akt levels (phospho-Akt
Ser473 IHC Specific antibody), 5–10 neurons
were randomly picked from each of three inde-
pendent experiments, and integrated intensity
values were measured from cell bodies and their
processes (40 �m of neurite). Phospho-Akt in-
tensity was plotted against A�42 or
�-galactosidase control levels. To quantify A�
immunofluorescence (A� 6E10 antibody), av-
erage intensities were measured in selected ar-
eas. To assess the relative distribution of A�, the
intensities of processes were divided by the in-
tensities of cell bodies. The ratio was compared
between A�-positive neurons and A�-positive
neurons with green fluorescent protein (GFP)
or myrAkt coexpression. To measure Akt and
Hsp70 immunofluorescence, at least 20 ran-
dom fields each containing 8 –10 cells were an-
alyzed for every experiment performed, and in-
tegrated intensity values were similarly
quantified. The mean fluorescence value for
Ad-myrAkt or Ad-Hsp70-infected cultures was
calculated and compared with the mean fluo-
rescence value of noninfected cells.

Statistical analysis. All quantified results are
expressed as the mean � 1 SE. Statistical signif-
icance was determined by the Student’s two-
tailed, unpaired t test, and a p value �0.05 was
considered indicative of a significant difference.

Results
Intracellular, but not extracellular,
accumulation of A�42 decreases
Akt activation
We developed a doxycycline-inducible ad-
enoviral system and have shown that in-
traneuronal A�42 was cytotoxic in neuro-
nal cultures (Magrane et al., 2004). Here,
we investigate the effects of intracellular
A� accumulation on neuronal signaling
pathways. The serine/threonine protein
kinase B, also known as Akt, is an essential
mediator of neuronal survival (Brunet et
al., 2001). Because phosphorylation of
serine 473 is critical for full function, Akt
activation was assessed by immunoblot
analysis using an antibody specific for
Ser(P) 473-Akt. Total Akt levels were mea-
sured using a nonphosphorylation depen-
dent anti-Akt antibody. We infected rat
primary cortical neurons with 100 m.o.i.
of the adenoviral constructs AdTet-On and
AdTRE-transgene (1:5 ratio) and induced
transgene expression with 1 �g/ml Dox for
24 h. Phospho-Akt levels significantly de-
creased following induction of A�42 expression (�30% decline). In
contrast, expression of control �-galactosidase in parallel cultures
had no effect on phospho-Akt levels. Total Akt levels were similar for
all culture conditions (Fig. 1A).

We next tested whether the decrease in Akt activation was

associated with altered signaling downstream of Akt in neurons.
GSK-3� is an in vivo substrate of Akt (Cross et al., 1995) and has
been shown to promote apoptosis in a number of neurodegen-
erative conditions including AD, in which it is important for the
hyperphosphorylation of tau and loss of �-catenin stability (Lu-

Figure 1. Intracellularly expressed A�42 downregulates the Akt survival pathway. Primary rat cortical neurons were infected
with AdTet-On and either AdTRE-LacZ or AdTRE-A�42 as indicated, and transgene expression was induced by 1 �g/ml Dox for
24 h (�, top). A, Phospho-protein levels of Akt, GSK-3� (Ser9 and Tyr216), members of the MAPK pathway, and levels of p53 were
analyzed by Western blot. Corresponding total protein levels showed equivalent protein loading. Densitometric quantitation
expressed as the relative phospho-protein to total protein ratio (n � 3; *p � 0.005; **p � 0.05; n.s., nonsignificant). Error bars
represent 1 SE. B, Immunofluorescent images from primary neurons infected with AdTet-On and AdTRE-LacZ (top) or AdTRE-
A�42 (bottom). Cells were immunostained for transgene expression (red) and phospho-Akt levels (green); merged images are on
the right. C, Quantification of phospho-Akt fluorescence relative to transgene expression. Closed circles, Phospho-Akt intensity in
either A�42 or �-galactosidase (�-gal)-expressing neurons; open circles, phospho-Akt intensity in noninfected cells.

10962 • J. Neurosci., November 23, 2005 • 25(47):10960 –10969 Magrané et al. • The Protective Role of Akt against Intraneuronal �-Amyloid



cas et al., 2001). Because Akt negatively regulates GSK-3� activity
by phosphorylating serine 9, cell extracts were probed with anti-
bodies for Ser(P) 9-GSK3� and total GSK-3�. Consistent with a
loss of Akt activity, phospho-GSK-3� levels were also signifi-
cantly decreased by A�42 (�35% decline) but not in controls
(Fig. 1A). To further explore the specificity of GSK-3� activation
under A� conditions, we analyzed the phosphorylation of ty-
rosine residue 216, which proceeds from autophosphorylation or
other kinases distinct from Akt (Hartigan et al., 2001; Cole et al.,
2004). Phosphorylation at this site has been shown to activate
GSK-3� and to be increased during apoptosis (Bhat et al., 2000).
However, in our studies, levels of Tyr(P) 216-GSK3� remained
unchanged by the expression of A�42 (Fig. 1A), suggesting that
activation of GSK-3� is directly related to downregulation of the
Akt pathway. We also explored the effects of A�42 expression on
p53 levels and on mitogen-activated protein kinase (MAPK)

family members, including ERK1/2 and
JNK, which play important roles in signal-
ing responses to stress stimuli. Unlike Akt-
GSK-3�, phosphorylation of MAPK path-
way components was not altered by
intraneuronal A�42 expression (Fig. 1A).
The ratio of phosphorylated to total pro-
tein for JNK and ERK1/2 was not signifi-
cantly different between A�42-expressing
cells and controls, suggesting that the Akt
survival pathway was specifically affected
by intraneuronal A�42 expression. p53
levels also remained unchanged (Fig. 1A).
To further confirm the decrease in Akt ac-
tivation, cortical cultures were infected,
transgene expression was induced, and
Ser(P) 473-Akt levels were analyzed by im-
munofluorescence (Fig. 1B). In accor-
dance with the results obtained by West-
ern blot analysis, quantification of
fluorescence intensities by image morpho-
metric analysis showed a robust reduction
in Ser(P) 473-Akt levels in A�42-expressing
neurons, but not in �-galactosidase-
expressing controls, compared with non-
infected neurons (Fig. 1C).

To compare the effects of extracellular
A� peptide with intracellular A� expres-
sion, we applied synthetic A� peptides (10
�M) to neuronal cultures for 24 h. As ex-
pected, A�42 and A�25–35 peptides in-
creased TUNEL-positive neurons,
whereas the reverse-sequence A�35–25
control peptide had no effect (Fig. 2A).
However, A� synthetic peptides did not
appear to contribute to cell death through
downregulation of Akt. Immunoblot of
neuronal extracts for levels of activated
Akt showed no significant changes at 6 or
24 h time points using either A�42 or
A�25–35. Only a transient increase in Akt
phosphorylation was observed after 30
min of treatment. The above data indicate
different mechanisms of toxicity for intra-
cellular and extracellular A� peptides and
a specific effect of intraneuronal A� accu-

mulation on the Akt signaling pathway.
To confirm these effects in vivo and to further explore the

difference between intracellular or extracellular A�, we analyzed
phospho-Akt levels in the brains of the Tg2576 mouse model for
AD (Hsiao et al., 1996), which expresses an amyloid precursor
protein (APP) harboring the Swedish familial AD mutation that
leads to high A� levels in the brain. In this model, intraneuronal
A� accumulation is detectable at 6 months of age, well before any
extracellular plaque deposition is apparent (Takahashi et al.,
2002). We first compared levels of phospho-Akt in the cortex of
nontransgenic control mice and Tg2576, in which intraneuro-
nally accumulated A� can be observed by immunofluorescence.
A reduction in phospho-Akt immunoreactivity was observed in
Tg2576 brains compared with controls (Fig. 2B). We then ana-
lyzed the frontal cortex and cerebellum from Tg2576 and age-

Figure 2. Effects of extracellularly applied A� peptide in vitro and intraneuronal accumulation of A�42 in vivo. A, Extracellu-
larly applied A� peptides result in apoptosis through a mechanism independent of the Akt pathway. Different A� peptides were
added to the culture medium at a final concentration of 10 �M for 24 h. Quantification of TUNEL staining data from four indepen-
dent experiments is shown (comparison of treated cultures vs control; *p � 0.0005). Levels of phospho-Akt after A�42 peptide
treatment over time. Densitometric quantitation expressed as the relative phospho-Akt to total Akt ratio for A�42 or A�25–35
peptide-treated cultures. n.s., Nonsignificant compared with untreated controls. B, Cortical sections of nontransgenic (non-tg)
and Tg2576 mice were analyzed for intraneuronally accumulated A�42 and phospho-Akt by confocal microscopy. Scale bar, 20
�m. C, Phospho-Akt levels decreased with age in frontal cortex extracts from Tg2576 mice. Equal amounts of proteins were
loaded. Quantitative data on relative changes of phospho-Akt levels in the frontal cortex and cerebellum of nontransgenic
(non-tg) and Tg2576 mice (n � 3; *p � 0.05, relative to 2 months; †p � 0.05, relative to its companion age of nontransgenic).
Error bars represent 1 SE.
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matched controls at ages corresponding to
no A� deposition (2 months), intracellular
A� accumulation (pre-plaque stage; 6
months), and extracellular A� deposition
(postplaque stage, 12 and 16 months) (Fig.
2C). Ser(P) 473-Akt levels from the frontal
cortex of Tg2576 mice were already signif-
icantly reduced at 6 months. The reduc-
tion in phospho-Akt levels coincided with
the appearance of intracellular A� accu-
mulation (Takahashi et al., 2002). No
changes were observed in age-matched
controls or in the cerebellum (Fig. 2C).
These results confirm the reductions we
observed in vivo by immunofluorescence.

Constitutively active Akt protects
against intracellular
A�-induced toxicity
To address whether the impaired Akt
phosphorylation in response to A�42 ac-
cumulation could contribute to cell death,
we cotransduced neuronal cultures with
adenoviral vectors expressing a constitu-
tively active form of Akt (myrAkt) or a
dominant-negative form (dnAkt) (Fig.
3A). Primary cultures were infected with
100 m.o.i. of AdTet-On and AdTRE-A�42
(1:5 ratio) and induced with Dox and in-
fected with 10 m.o.i. of Ad-myrAkt, Ad-
dnAkt, or Ad-LacZ for 24 h. Strikingly,
overexpression of myrAkt protected
against the toxic effects of A�42 accumu-
lation, as shown by significant reductions
in the number of TUNEL-positive cells in
A�42-expressing cultures. Overexpression
of �-galactosidase had no such beneficial
effect on A�42 toxicity. As expected, over-
expression of dnAkt did not reverse A�42-
induced neurotoxicity, and cell death oc-
curred at levels similar to those produced
by A�42 alone (Fig. 3A). To ascertain
whether myrAkt neuroprotection resulted
in changes in the levels or distribution of
intraneuronal A�42, we examined A� lev-
els in those neurons coexpressing myrAkt
or GFP control (Fig. 3B). We used immu-
nofluorescence and image morphometric
analysis to quantify fluorescence intensi-
ties in both cell bodies and processes. As
expected, overexpression of myrAkt re-
sulted in no changes in the level or distri-
bution of intraneuronal A�, compared
with controls (Fig. 3C). We also analyzed the effects of GFP and
myrAkt overexpression on �-galactosidase-expressing cells and
observed no differences (data not shown). These data implicate
the Akt pathway as a target in A�-induced toxicity in neuronal
cultures.

Akt overexpression induces Hsp70
Akt is known to act on several anti- and pro-apoptotic molecules to
achieve its survival function (Brunet et al., 2001). We previously
described the cellular stress response as an important protective

modulator against intracellular A�42 toxicity in neurons (Magrane
et al., 2004). To explore whether the protective function of Akt is
mediated through the neuronal stress response, we analyzed the ef-
fect of Akt expression on Hsp promoter activity (Smith et al., 2002).
We infected neuroblastoma cells with 10 m.o.i. of Ad-Hsp-Luc, fol-
lowed by superinfection with 10 m.o.i. of Ad-myrAkt or Ad-LacZ as
a control, and performed a luciferase activity assay on cellular lysates
(Fig. 4A). We demonstrated that Akt overexpression, but not
�-galactosidase, induced a robust stress response (a fourfold in-
crease in luciferase activity).

Figure 3. Akt overexpression rescues A�42-induced toxicity without affecting levels of intraneuronal A�. A, Cortical neurons
were infected with AdTet-On and AdTRE-A�42. Transgene expression was induced by 1 �g/ml Dox for 24 h (�, bottom), and
cells were coinfected with Ad-LacZ, Ad-myrAkt (constitutively active Akt), or Ad-dnAkt (inactive Akt) as indicated. Ad-myrAkt fully
protected against A�42-induced neuronal death, as measured by TUNEL staining (*p � 0.005). Coinfection with Ad-dnAkt or
Ad-LacZ control did not affect A�42 toxicity. Values from three independent experiments are shown. Immunoblot analysis of Akt
overexpression in primary neurons (right). B, Immunofluorescent images from primary neurons infected with AdTet-On and
AdTRE-A�42. Cells were coinfected with Ad-GFP or Ad-myrAkt, as indicated. No apparent changes in levels or localization of A�
were observed. C, Quantification of A� immunofluorescence from neurons with or without coexpression of GFP control or myrAkt.
Ratio of A�42 intensity in processes divided by that in cell bodies was calculated, with the ratio standardized to 1.0 for cells
without GFP or myrAkt coexpression. Error bars represent 1 SE. Results from three independent experiments are shown. n.s.,
Nonsignificant.
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We next analyzed the stress response by infecting primary
neuronal cultures and neuroblastoma cells with vectors express-
ing putative regulatory proteins to study induction of specific
heat shock proteins. Control adenoviral infections with Ad-LacZ
and Ad-APP751 did not change activated Akt or steady-state lev-
els of any of the Hsps examined. However, Akt overexpression
(Ad-myrAkt) increased Hsp levels, including mainly Hsp70 but
also Hsp40 (Fig. 4B). In contrast, Hsp27, Hsc70, and Hsp90 levels
did not increase. Furthermore, in using a second approach, we
observed that more Hsp70 was immunoprecipitated when Akt
was overexpressed, whereas levels of immunoprecipitated Akt
only increased in lysates when Akt was overexpressed (Fig. 4C).
Conversely, Hsp70 overexpression (Ad-Hsp70) had no effect on
Akt levels, suggesting that its neuroprotective role is independent
of Akt activation (Fig. 4B,C).

To confirm the upregulation of Hsp70, we infected rat cortical

cultures and used immunofluorescence
and image morphometric analysis to
quantify fluorescence intensities. As de-
scribed above, Hsp70-expressing cells did
not show significant increases in Akt stain-
ing; however, Akt-positive cells exhibited a
fourfold increase in Hsp70 expression
compared with controls (Fig. 4D). These
findings suggest that Akt may serve to ac-
tivate the stress response and, by this
means, protect neurons against A�42-
induced toxicity.

Hsp70 protective effect acts downstream
of Akt activation
To further explore the link between Akt
activation and Hsp70 induction, we used
siRNA to deplete neurons of the targeted
proteins and examined the effects. siRNA
has been used previously to decrease the
expression of both endogenous and trans-
fected genes in cultured neurons (Krichev-
sky and Kosik, 2002). First, we transfected
primary neurons with rhodamine-labeled
control siRNA and determined the trans-
fection efficiency by fluorescence, obtain-
ing between 35 and 50% rhodamine-
positive cells (data not shown). We then
used siRNA to reduce Akt1 protein levels
in primary neurons and observed that
Akt1 levels decreased �20% at 72 h after
transfection (Fig. 5A). Neither rhodamine-
labeled control nor Hsp70 siRNA had any
effect on Akt protein levels. �-Tubulin
levels were similar under all conditions,
and this degree of depletion of total Akt1
did not alter the steady-state levels of JNK,
a proapoptotic MAPK family member
(Fig. 5A). Remarkably, Akt siRNA trans-
fected cultures showed a significant in-
crease in cell death compared with non-
transfected or rhodamine-labeled control
siRNA-treated cultures (Fig. 5B). Similar
results using TUNEL staining were ob-
tained with neuroblastoma cells treated
with Akt siRNA (data not shown).

We then analyzed the combined effects
of Akt1 depletion and A�42 expression on survival in both pri-
mary neurons and neuroblastoma cells. Primary neurons were
treated with rhodamine-control or Akt1 siRNA, infected with
AdTRE-LacZ or AdTRE-A�42 viruses, and transgene expres-
sion induced with Dox. Akt1-depleted cultures showed an
overall increase in cell death (compared with rhodamine-
control siRNA) under all conditions, whereas induction of
A�42 expression, but not �-galactosidase, increased toxicity
in Akt1 siRNA-treated cultures (Fig. 5C). Coinfection of Akt1-
depleted cultures with either Ad-myrAkt or Ad-Hsp70 fully
relieved the toxic effects in both primary neurons and neuro-
blastoma cells (Fig. 5D, bottom). These and the above findings
suggest that Hsp70 exerts its neuroprotective effects by acting
downstream of Akt signaling.

Because Hsp70 was neuroprotective against A�42-induced
toxicity even when Akt1 levels were reduced, we decided to ex-

Figure 4. Akt overexpression induces the neuronal stress response. A, Luciferase assay performed on neuroblastoma cells first
infected with Ad-HSP-Luc reporter and then with the indicated viruses (see Materials and Methods). MyrAkt overexpression, but
not controls, activated the Hsp70B promoter and induced luciferase activity. Values are presented as x-fold increase compared
with control (n � 5; p � 0.0005). B, Immunoblot of proteins extracted from primary neuronal cultures that were uninfected or
infected with different viral vectors, as indicated. Equal amounts of protein were loaded. Overexpression of Akt (HA-tagged), but
not of other transgenes, induced Hsp70 expression (left). Analysis of the induction of the stress response in neuroblastoma cells
(right). C, Neuroblastoma cells were infected with viruses (top), and cell extracts were immunoprecipitated with anti-Hsp70 or
anti-Akt antibodies and probed for the indicated proteins. Akt overexpression increased the amount of Hsp70 available for
immunoprecipitation from extracts (top, lane 4), but Hsp70 overexpression had no effect on Akt levels (middle, lane 5). Increased
recovery of Hsp70 did not occur in Akt-Hsp70 coimmunoprecipitations (bottom, lane 4). D, Immunofluorescent images
from primary neurons infected with no virus, Ad-Hsp70, or Ad-myrAkt and immunostained for total Akt (green) and Hsp70
(red). Akt overexpression in neurons correlated with increased Hsp70 immunostaining, whereas Hsp70 had no effects on
Akt levels. Quantification of fluorescence for Akt and Hsp70 expression from several independent experiments is shown.
Error bars represent 1 SE. n.s., Nonsignificant. *p � 0.01.
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plore the effects of depleting Hsp70 from cells. Cortical neurons
were transfected with each of four different Hsp70 siRNA, and
changes in Hsp70 protein levels were determined. Immunoblot
analysis showed 30 –70% reduction depending on the siRNA

used. Levels of the constitutive form of Hsp70, Hsc70, and Akt
did not change (Fig. 6A). Suppression of Hsp70 protein alone in
primary neurons resulted in increased cell death to levels compa-
rable with that produced by Akt siRNA (Figs. 6B, 5B). Next, we
infected Hsp70-depleted, TREA�42-infected cultures with either
Ad-myrAkt or Ad-Hsp70. Hsp70 overexpression reversed the
toxicity caused by A�42 expression; however, Akt overexpression
did not. These results suggest that Hsp70 acts downstream of the
Akt pathway and that the neuroprotective role of Akt in prevent-
ing A�42-induced cell death occurs through a mechanism in-
volving Hsp70 induction.

Discussion
A pathogenic role for intracellular A� has been suggested for AD,
Down’s syndrome, and the human muscle disorder inclusion
body myopathy (Tseng et al., 2004). Intraneuronal accumulation
of A�42 has been detected in AD brains and in transgenic mice
overexpressing familial AD mutations even before plaque depo-
sition occurs (Gouras et al., 2000; D’Andrea et al., 2001; Wirths et
al., 2001; Takahashi et al., 2002; Oddo et al., 2003; Casas et al.,
2004). A�42 accumulates in endosomes and multivesicular bod-
ies (Takahashi et al., 2002; Cataldo et al., 2004). This intracellular
pool of A� may contribute to neuronal dysfunction and
degeneration.

Observations made when using synthetic A� peptides applied
to cell cultures do not necessarily reflect what happens intracel-
lularly when A� accumulates. Our results and those obtained by
others suggest that intracellular and extracellular A� may have
independent effects (Zhang et al., 2003). Interestingly, we only
observed a reduction of phospho-Akt levels when A�42 was in-
tracellularly expressed but not when it was applied extracellularly
(Figs. 1, 2). These results are consistent with those of other studies
in which synthetic A� peptides were used to identify various roles
for MAPK family members (most notably JNK activation), but
not Akt, in transducing cell death after peptide application
(Dineley et al., 2001; Morishima et al., 2001; Troy et al., 2001; Wei
et al., 2002).

Several reports using transgenic animals (LaFerla et al., 1995;
Link, 1995; Iijima et al., 2004) or cultured cells (Johnstone et al.,
1996; Querfurth et al., 2001; Zhang et al., 2002; Suhara et al.,
2003) have provided direct observations on the effects of intra-
cellular A�42 expression or injection. However, our inducible
adenoviral vector system (Magrane et al., 2004) has allowed us to
test molecular mechanisms of intracellular A�42 toxicity follow-
ing controlled expression within cultured neurons and other pri-
mary cell types. Accumulation of intracellular A�42 may affect a
variety of signal transduction pathways, including Akt and
MAPK family members that have important roles in neuronal
function (Yuan and Yankner, 2000). Here, we report that in-
duced A�42 expression disrupts signaling through the Akt path-
way. Our in vivo observations using the Tg2576 mouse model for
AD further supports the correlation between intracellular A�
deposition and downregulation of Akt (Figs. 1, 2). The mecha-
nisms linking the effects of A�42 to disruption of Akt signaling
are not completely clear; however, we have shown previously that
A�42 may disrupt the interaction between Akt and its activator,
PDK-1 (phosphoinositide-dependent kinase-1) (Suhara et al.,
2003). Although we observe that A�42 interferes with the Akt
survival pathway, there is evidence that the MAPK pathway in-
volving ERK2 may also be affected in an in vivo model for intra-
cellular A� accumulation (Echeverria et al., 2004). However, in
our cell culture-based work, we did not find evidence for an effect
on ERK2 or JNK. It has also been reported that injected or trans-

Figure 5. Akt and Hsp70 overexpression can reverse A�42-induced cell death in Akt1-
depleted neurons. A, Primary neurons were treated for 72 h with rhodamine-control or Akt1
siRNA, and cell lysates were analyzed using the indicated antibodies. Total Akt1 levels were
reduced �20%, whereas JNK and �-tubulin levels were unaffected (representative blots are
shown). B, Suppression of endogenous Akt1 protein in primary neurons produced a threefold
increase in neuronal death under basal conditions, as measured by nuclear pyknosis (n � 3;
*p � 0.005). C, Primary neurons were treated with rhodamine-control or Akt1 siRNA and
infected with either AdTRE-LacZ or AdTRE-A�42 viruses. Induction of transgene expression
with Dox (�) increased cell death in A�42-expressing cells (n � 3; *p � 0.05, compared with
noninduced cultures) but not in �-galactosidase-expressing controls. Suppression of Akt1
caused an overall increase in neuronal death (**p � 0.05, compared with noninduced control
siRNA). D, Primary neurons and neuroblastoma cells (inset) were treated with Akt1 siRNA and
infected with AdTRE-A�42 viruses. Transgene expression was then induced with Dox (�), and
cells were infected with either Ad-myrAkt or Ad-Hsp70, as indicated (see Materials and Methods
for details). Apoptotic death increased in Akt1-depleted A�42-expressing cultures. Coinfection
with either Ad-myrAkt or Ad-Hsp70 reversed the observed toxic effects of A�42 expression in
both cell types (n � 3; *p � 0.05 and **p � 0.005, compared with Akt1-depleted A�42-
expressing cells). Error bars represent 1 SE.
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fected A�42 can promote p53-dependent cell death possibly
through p53 promoter activation (Zhang et al., 2002; Ohyagi et
al., 2005). However, we did not observe an increase in p53 levels.
Importantly, our A�42 construct was engineered with a signal
peptide sequence to express the transgene product in the secre-
tory pathway and, thus, mimic the in vivo sites of A� production
(Takahashi et al., 2002).

Akt is essential to neuronal cell survival (Dudek et al., 1997),
and we have shown that A�42 expression impacts the Akt-
GSK-3� axis in neurons (Fig. 1) and endothelial cells (Suhara et
al., 2003). Akt downregulation increases GSK-3� activity, which
in turn may favor conditions that promote neuronal death, tau
aggregation, and �-catenin destabilization (Hanger et al., 1992;
Aberle et al., 1997; Crowder and Freeman, 2000; Hetman et al.,
2000; Alvarez et al., 2004), all of them reported to be important
features in AD pathogenesis. GSK-3� also phosphorylates and
inactivates heat shock factor-1 (HSF-1), which regulates the cel-
lular stress response (Chu et al., 1996). In addition, FOXO3
(Forkhead box O transcription factor; FKHRL1), an Akt-
mediated transcription factor, has been shown to regulate Hsp70
in endothelial cells (Kim et al., 2005). Furthermore, deficient
insulin receptor signaling through deactivated PI3K-Akt in-
creases A� generation and retards its degradation in the brain
(Ho et al., 2004; Zhao et al., 2004). Inhibition of the PI3K-Akt
pathway may also affect synaptic plasticity and long-term poten-
tiation expression (Daw et al., 2002; Sanna et al., 2002; Wang et
al., 2003). Thus, alterations in signal transduction pathways re-
sulting from A� effects on Akt plausibly result in both neuronal
dysfunction and cell loss observed in AD.

Several studies have shown that Akt activation can be neuro-
protective in several neurodegenerative disease models. For in-
stance, activation of Akt kinase activity by insulin growth factor 1
(IGF-1) protected against mutant huntingtin-induced toxicity,
and Akt was altered in Huntington’s disease patients (Humbert et
al., 2002). Viral administration of IGF-1 or BDNF delayed disease
progression in an amyotrophic lateral sclerosis mouse model,
presumably by activating the Akt signaling pathway (Kaspar et
al., 2003). Our results demonstrating that constitutively active
Akt expression conferred protection against A�42-induced cell
death (Fig. 3) suggest that the activation of the Akt pathway could
have therapeutic value in AD and supports a model in which Akt
activation contributes to neuronal survival.

Several neurodegenerative diseases appear to have an im-

paired stress response, further compro-
mising both neuronal function and sur-
vival (Bruening et al., 1999; Kobayashi et
al., 2000; Auluck et al., 2002; Batulan et al.,
2003; Shimura et al., 2004). It is therefore
important to understand the intracellular
signaling mechanisms affected by the ac-
cumulation of toxic proteins in the context
of the cellular stress response. The heat
shock response is initiated by the activa-
tion of HSF-1, a transcription factor that
induces the expression of Hsp. GSK-3� is
an important component in the repression
of HSF-1 activity. GSK-3� phosphorylates
HSF-1 within an essential region of its
transcriptional regulatory domain,
thereby preventing induction of the heat
shock response (Chu et al., 1996). PI3K
activation inhibits its downstream target
GSK-3� and prevents the phosphorylation

of HSF-1 (Bijur and Jope, 2000). We previously reported that
intracellular A�42 accumulation in neurons also produced a
modest induction of the stress response but only to a degree still
insufficient to prevent cell death (Magrane et al., 2004). Overex-
pression of Hsp70 was used to boost the endogenous stress re-
sponse and reversed A� toxicity, as presented again in more detail
in Figure 5D. We now show that this deficiency of Hsp 70 induc-
tion is exacerbated or possibly caused by the A�-dependent
downregulation of the Akt pathway. The evidence in Figures 4 – 6
suggests that Akt plays a significant role in positively controlling
the gain of the induction in heat shock proteins to misfolded
proteins in neurons. Based on the combined data, we believe that
Akt downregulation compromises the corrective but ultimately
feeble, neuronal stress response against intracellular A� toxicity.
We believe this represents the first report to show functional
significance of the Akt pathway in the regulation of the stress
response in neurons.

Our results suggest that downregulation of the Akt pathway
may be an early event in the disease process, leading to both
suppression of the stress response and decreased neuronal sur-
vival. While acknowledging that intraneuronal A� may also acti-
vate proapoptotic pathways, our results demonstrate that inhibi-
tion of survival signaling is at least an equally critical event in the
progression of the disease. Modulation of the Akt pathway or the
neuronal stress response may provide a potential treatment for
AD and other neurodegenerative diseases characterized by mis-
folded amyloidogenic proteins.

References
Aberle H, Bauer A, Stappert J, Kispert A, Kemler R (1997) Beta-catenin is a

target for the ubiquitin-proteasome pathway. EMBO J 16:3797–3804.
Alvarez AR, Godoy JA, Mullendorff K, Olivares GH, Bronfman M, Inestrosa

NC (2004) Wnt-3a overcomes beta-amyloid toxicity in rat hippocampal
neurons. Exp Cell Res 297:186 –196.

Auluck PK, Chan HY, Trojanowski JQ, Lee VM, Bonini NM (2002) Chap-
erone suppression of alpha-synuclein toxicity in a Drosophila model for
Parkinson’s disease. Science 295:865– 868.

Baki L, Shioi J, Wen P, Shao Z, Schwarzman A, Gama-Sosa M, Neve R,
Robakis NK (2004) PS1 activates PI3K thus inhibiting GSK-3 activity
and tau overphosphorylation: effects of FAD mutations. EMBO J
23:2586 –2596.

Batulan Z, Shinder GA, Minotti S, He BP, Doroudchi MM, Nalbantoglu J,
Strong MJ, Durham HD (2003) High threshold for induction of the
stress response in motor neurons is associated with failure to activate
HSF1. J Neurosci 23:5789 –5798.

Figure 6. Hsp70 acts downstream of Akt. A, Immunoblot analysis of primary neuronal cultures treated with no siRNA (�),
rhodamine-control siRNA, or different Hsp70 siRNA (1– 4). Hsp70 protein levels were reduced 30 –70%; however, levels of
noninducible Hsc70, Akt, and �-tubulin were not affected. B, Depletion of endogenous Hsp70 (siRNA Hsp70.1 and Hsp70.2) from
cortical neurons induced cell death, as measured by nuclear pyknosis (n � 3; *p � 0.05). C, Neuroblastoma cells were treated
with Hsp70.2 siRNA, infected with AdTet-On and AdTRE-A�42 viruses, and transgene expression induced with Dox (�). Overex-
pression of Hsp70 was shown to reverse TUNEL labeling caused by Hsp70 depletion alone and in combination with A�42 accu-
mulation (*p � 0.0005, compared with A�42-expressing cultures; **p � 0.05, compared with noninduced cultures). Coinfec-
tion with Ad-myrAkt had a nonstatistically significant effect. Error bars represent 1 SE. Values from four independent experiments
are shown.
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