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Abstract We have previously demonstrated that oligomeric
amyloid β peptide (oAβ) together with iron overload gener-
ates synaptic injury and activation of several signaling cas-
cades. In this work, we characterized hippocampal neuronal
response to oAβ. HT22 neurons exposed to 500 nM oAβ
showed neither increased lipid peroxidation nor altered mito-
chondrial function. In addition, biophysical studies showed
that oAβ did not perturb the lipid order of the membrane.
Interestingly, although no neuronal damage could be dem-
onstrated, oAβ was found to tr igger bifurcated
phosphoinositide-dependent signaling in the neuron, on
one hand, the phosphorylation of insulin receptor, the
phosphatidylinositol 3-kinase (PI3K)-dependent activation
of Akt, its translocation to the nucleus and the concomi-
tant phosphorylation, inactivation, and nuclear exclusion
of the transcription factor Forkhead Box O3a (FoxO3a), and
on the other, phosphoinositide-phospholipase C (PI-PLC)-de-
pendent extracellular signal-regulated kinase 1/2 (ERK1/2) ac-
tivation. Pharmacological manipulation of the signaling cas-
cades was used in order to better characterize the role of

oAβ-activated signals, and mitochondrial function was deter-
mined as a measure of neuronal viability. The inhibition of
PI3K, PI-PLC, and general phosphoinositide metabolism im-
paired neuronal mitochondrial function. Furthermore, in-
creased oAβ-induced cell death was observed in the presence
of phosphoinositide metabolism inhibition. Our results
allow us to conclude that oAβ triggers the activation of
phosphoinositide-dependent signaling, which results in the
subsequent activation of neuroprotective mechanisms that
could be involved in the determination of neuronal fate.
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IR Insulin receptor
LDH Lactate dehydrogenase
LilrB2 Leukocyte immunoglobulin-like receptor B2
MAPK Mitogen-activated protein kinase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide
oAβ Oligomeric amyloid β peptide
PBS Phosphate-buffered saline
PI Phosphoinositide
PI3K Phosphatidylinositol 3-kinase
PIP2 Phosphatidylinositol bis-phosphate
PI-PLC Phosphoinositide-phospholipase C
PrPC Cellular prion protein
TBA Thiobarbituric acid
TBARS Thiobarbituric acid-reactive substance
TCA Trichloroacetic acid
TMA-DPH 1-(4-trimethylammoniumphenyl)-6-phenyl-1,

3,5-hexatriene

Introduction

Memory impairment in Alzheimer’s disease (AD) is associated
with neuronal degeneration and, in the early stages, with syn-
aptic damage and loss. In vivo experiments using transgenic
animals demonstrate that amyloid β peptide (Aβ) is the main
factor responsible for neuronal deterioration and death.
Oligomeric Aβ (oAβ) in particular has been associated with
the down-regulation of synaptic plasticity and density [1].

Despite the considerable effort invested in understanding
the molecular mechanisms triggered by oAβ, there are still
many unanswered questions. Exogenously added Aβ has
been associated with diverse and non-homogeneous neuronal
effects including increased synaptic activity, synaptic depres-
sion and toxicity, and also neuronal excitation [2–6]. These
dissimilar effects have been attributed to the physical state of
Aβ aggregation and the time of incubation.

One of the most intriguing effects of Aβ oligomers is their
capacity to bind to several plasma membrane receptors [7].
Aβ oligomers act as partial agonists of β2 adrenergic receptor
and activate specific downstream signaling through the gen-
eration of receptor conformational changes [8]. In PC12 cells,
translocation to the cell membrane surface and activation of
α7 acetylcholine receptor have been associated with cellular
response to exogenous Aβ [9]. In this connection, it has been
demonstrated that the activation of α7 acetylcholine receptor
reverts the synaptic impairment triggered by Aβ oligomers
[10]. Amyloid beta precursor protein (APP) has also been
demonstrated to act as a receptor of Aβ-species which pro-
motes toxicity in hippocampal neurons through the activation
of intracellular pathways that involve Go protein [11]. The
modulation of the melatoninergic system and the inhibition
of melatonin synthesis in the pineal gland have been also

attributed to Aβ [12]. The receptor-gating properties of Aβ
have been associated with increased activity, neuronal hyper-
activity, and finally neuronal death [13]. These findings open a
new window in the search for therapeutic strategies and
engineered drugs that target membrane receptors able to bind
to and be activated by oAβ [7, 13, 14].

In previous work, using in vitro experiments, we reported
that oAβ alone or complexed with transition metals (Fe and
Cu) is able to induce synaptic injury and to trigger the activa-
tion of the phosphoinositide 3-kinase (PI3K)/Akt pathway
and also the extracellular signal-regulated kinases 1 and 2
(ERK1/2). Synaptic PI3K activation was observed in the pres-
ence of increased membrane permeability and mitochondrial
dysfunction [15]. PI3K was also activated by oxidative injury
elicited by iron overload in synaptic endings and hippocampal
neurons [15, 16]. The activation of PI3K under oxidative
stress conditions has a neuroprotective role through the regu-
lation of pleiotropic targets by inhibiting Forkhead Box O3a
(FoxO3a) transcriptional activity on the one hand and regulat-
ing phase II antioxidant defenses on the other. In line with this,
sustained PI3K activation has been associated with toxic
forms of Aβ and altered tau phosphorylation. The reduction
in PI3K activation by blocking insulin receptor and insulin-
like growth factor renders less toxic protein conformations
and also improves cognitive function [17].

Based on this mounting evidence, our aim in the present
study was to characterize phosphoinositide (PI)-dependent
signaling pathways in the neuronal response to oAβ exposure.
For this purpose, we worked with HT22 hippocampal neurons
exposed to nanomolar concentrations of oAβ for 24 h. As a
first step, cellular status was evaluated through biochemical,
cell biology, and biophysical studies, after which we deter-
mined the state of the above-mentioned pathways and their
role in the neuronal response to oAβ.

Materials and Methods

Materials

Rat amyloid β peptide 1–40 (Aβ1–40) was purchased from
Tocris (Ell isvil le , MO; catalog no. 2424). 2 ′ ,7 ′-
Dichlorofluorescein diacetate (DCDCDHF; catalog no.
D399), 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan;
catalog no. D-250), 1-(4-trimethylammoniumphenyl)-6-phe-
nyl-1,3,5-hexatriene (TMA-DPH; catalog no. T-204), and
SYTOX green dye (catalog no. S-7020) were obtained from
Molecular Probes (Eugene, OR, USA). Thiobarbituric acid
(TBA; catalog no. T5500), dimethyl sulfoxide (catalog no.
D2650), 2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-
one hydrochloride (LY294002; catalog no. L9908), 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
catalog no. M2128), 1-[6((17b-3-methoxyestra-1,3,5(10)-
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trien-17-yl)-amino)hexyl]-1H-pyrrole-2,5-dione (U73122;
catalog no. U6756), 2′-(4-ethoxyphenyl)-5-(4-methyl-1-
piperazinyl)-2,5′-bi-1H-benzimidazole trihydrochloride
(Hoechst; catalog no. 14533), neomycin (catalog no.
N1876), 1,6-diphenyl-1,3,5-hexatriene (DPH; catalog no.
D4380), caspase 3 substrate (Ac-DEVD-pNA; catalog no.
A2559), and Triton™ X-100 (catalog no. T9284) were pur-
chased from Sigma Aldrich Co. (St. Louis, MO, USA).
Bovine serum albumin (BSA) was purchased from Santa
Cruz Biotechnology. Edelfosine (ET-18-OCH3; catalog no.
341207) was purchased from Calbiochem. PD98059 (catalog
no. 10006726) was purchased from Cayman Chemical. The
kit (LDH-P UV AA) for measuring lactate dehydrogenase
(LDH) activity was generously supplied by the Wiener
Laboratory (Rosario, Santa Fe, Argentina; catalog no.
1521303). All other chemicals used in the present study were
of the highest purity available.

Antibodies mouse monoclonal anti-β-actin (catalog no.
47778), human NAP-related protein (hNRP; catalog no.
32301), polyclonal horse radish peroxidase (HRP)-conjugated
goat anti-mouse IgG (catalog no. 2005), and polyclonal HRP-
conjugated goat anti-rabbit IgG (catalog no. 2004) were pur-
chased from Santa Cruz Biotechnology; rabbit polyclonal
anti-phosphoSer473-Akt (catalog no. 9271), rabbit polyclonal
anti-Akt (catalog no. 9272), rabbit polyclonal anti-FoxO3a
(catalog no. 2497), rabbit polyclonal phosphoSer253-FoxO3a
(catalog no. 9466), rabbit polyclonal anti-phosphoThr202/
Tyr204-ERK1/2 (catalog no. 9101), rabbit polyclonal anti-
phosphoThr638/641-PKCα/βII (catalog no. 9375), rabbit
monoclonal anti-insulin receptor β (catalog no. 3025), and
monoclonal rabbit anti-phosphoTyr1361-insulin receptor β
(catalog no. 3023) were purchased from Cell Signaling
Technology; and polyclonal Alexa Fluor® 488-conjugated goat
anti-rabbit (catalog no. A-11034) and polyclonal Alexa Fluor®

488-conjugated goat anti-mouse (catalog no. A-11029) were
purchased from Life Technologies (Thermo Fisher Scientific).
OC and A11 antibodies were a kind gift from Dr. Charles
Glabe (Department of Molecular Biology and Biochemistry,
University of California, Irvine, USA).

Cell Culture

HT22 murine hippocampal neuronal cells were used for the
experiments. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific,
Argentina) supplemented with 10 % fetal bovine serum
(FBS; Natocor, Argentina), 100 U/ml penicillin, 100 μg/ml
streptomycin, and 0.25 μg/ml amphotericin B (Gibco,
Thermo Fisher Scientific, Argentina) at 37 °C in humidified
atmosphere containing 5 % CO2. For all the experiments, cells
were grown to 80–90% confluence. Before the treatments, the
medium was replaced by serum-free medium.

Experimental Treatments

Depending on the sensitivity of the different methodologies,
cells were plated in either 35×10-mm cell culture dishes or 24-
well cell culture plates and grown to 80–90% confluence. oAβ
treatments were carried out in serum-free medium for 24 h.

Pharmacological Manipulation of Signaling Cascades

Treatments with LY294002, U73122, U0126, PD98059,
edelfosine, and neomycin were performed as follows: medium
was removed and replaced by serum-free media; inhibitors
were then added to the desired final concentration (controls
received vehicle alone); and, after 30min, oAβwas added and
cells were incubated under these conditions for 24 h. Final
concentrations of the inhibitors in the medium were 10 μM
U73122, 10μMLY294002, 10 μMU0126, 10μMPD98059,
2.5 μM edelfosine, and 200 μM neomycin.

Aβ1–40 Peptide Preparation

Aβ1–40 was resuspended in dimethyl sulfoxide (DMSO) at a
concentration of 10 mg/ml (peptide stock solution) and imme-
diately stored in aliquots at -80 °C. Aβ oligomers were pre-
pared immediately prior to use (working solution) according
to previously published methods [15, 18, 19]. Briefly, aliquots
of peptide stock (10 μl) were added to 280 μl of phosphate-
buffered saline (PBS; pH 7.4) and stirred continuously
(300 rpm, at 37 °C) for 120 min and stored at 4 °C until use.

Electron Microscopy

Electron microscopy (EM) studies were carried out according
to previously published methods with slight modifications
[15, 18]. Briefly, 500 nM oAβ was incubated in PBS at
37 °C for 24 h. After incubation, 10 μl of media containing
the peptide was placed on a carbon-coated grid and incubated
for 60 s. Ten microliters of 0.5 % glutaraldehyde was added to
the grid followed by incubation for an additional 60 s. The
grid was then washed with drops of water and dried. Finally,
the grid was stained for 2 min with 2% uranyl acetate and then
air dried. The grid was subsequently examined under a Jeol
100 Cx II electron microscope.

Dot Blot

One microliter (lane 1), 4 μl (lane 2), or 10 μl of oAβ prep-
aration was loaded onto nitrocellulose membrane and probed
with the A11 and OC antibodies. These antibodies do not
recognize specific amino acid sequences, but conformational
epitopes: A11 antibodies are specific for prefibrillar oligomers
and OC antibodies recognize fibril-like oligomers [20].
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Cell Viability Assay

Cell viability was assessed using the MTT reduction assay.
MTT is a water-soluble tetrazolium salt that is reduced by
metabolically viable cells to a colored, water-insoluble
formazan salt [16]. After treatments, MTT (5 mg/ml, diluted
in PBS) was added to the cell culture medium at a final con-
centration of 0.5 mg/ml. After incubating the plates for 2 h at
37 °C in a 5%CO2 atmosphere, the assay was stopped and the
MTT-containing medium was replaced by solubilization buff-
er (20 % SDS, pH 4.7). The extent of MTT reduction was
measured spectrophotometrically at 570 nm.

Determination of Lipid Peroxidation

Lipid peroxidation was determined by the thiobarbituric acid
reactive substance (TBARS) assay, which involves derivati-
zation of malondialdehyde with TBA to produce a pink prod-
uct that is quantified in a UV–Vis spectrophotometer [16].
Briefly, after treatments, cells were scraped off into 200 μl
of ice-cold water and mixed with 0.5 ml of 30 % trichloroace-
tic acid (TCA). Fifty microliter of 5 N HCl and 0.5 ml of
0.75 % thiobarbituric acid were then added. Tubes were
capped, the mixtures were heated at 100 °C for 15 min in a
boiling water bath, and the samples were centrifuged at
1000×g for 10 min. TBARSs were measured spectrophoto-
metrically in the supernatant at 535 nm.

Determination of Cell Oxidant Levels

Cell oxidant levels were evaluated using the probe
DCDCDHF [16]. This probe can cross the membrane and
after oxidation, is converted into a fluorescent compound.
Following the corresponding treatments, the media were
discarded and complex medium containing 10 μM
DCDCDHF was added. After 30 min of incubation at 37 °C,
the medium was removed and cells were rinsed three times
with PBS and then lysed in a buffer containing PBS and 1 %
Nonidet P-40 (NP-40). Fluorescence in the lysates (λex=495,
λem=530 nm) was measured in a SLM model 4800 spectro-
fluorimeter (SLM Instruments, Urbana, IL).

Measurement of LDH Release

LDH leakage was determined as previously described [21, 22]
with slight modifications. After treatments, the incubation me-
dium was centrifuged at 1000×g for 10 min at 4 °C. The
resulting supernatant was used to determine LDH activity,
which was measured spectrophotometrically using an LDH-
P UV AA Kit, following the manufacturer’s instructions.
Briefly, the conversion rate of reduced nicotinamide adenine
dinucleotide to oxidized nicotinamide adenine dinucleotide
was followed at 340 nm.

Caspase 3 Activity

Caspase 3 activity was assessed according to Hanzel and
Verstraeten [23] with minor modifications. Briefly, after
treatments, cells from two 35-mm-diameter cell culture
dishes were collected by scraping in PBS and centrifuged
for 10 min at 1000×g at 4 °C. Pellets were suspended in a
50 mM HEPES buffer (pH 7.4) containing 0.1 % NP-40,
1 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetet-
raacetic acid (EDTA), and 150 mM NaCl and incubated
on ice for 5 min. Samples were centrifuged at 12,000×g
for 10 min at 4 °C. Protein content was measured in
supernatants [24]. Samples containing 150-200 μg pro-
tein were incubated in the presence of 10 % (v/v) glycerol
and 0.2 mM of caspase 3 substrate (Ac-DEVD-pNA)
overnight at 37 °C. The formation of p-nitroanilide was
registered at 405 nm.

Biophysical Studies

Fluorescence Measurements

After treatments, cells were washed with PBS and collected,
dissociated, and kept in a buffer containing PBS and 5 mM
EDTA (pH 7.4) at 37 °C during the whole experiment. The
optical density of the cell suspension was kept below 0.1 to
minimize light scattering. All fluorimetric measurements were
performed in an SLM model 4800 spectrofluorimeter (SLM
Instruments, Urbana, IL) using a vertically polarized light
beam from Hannovia 200-Wmercury/xenon arc obtained with
a Glan-Thompson polarizer (4-nm excitation and emission
slits) and 1-ml quartz cuvettes. The temperature was set at
37 °C with a thermostated circulating water bath (Haake,
Darmstadt, Germany).

Generalized Polarization Determination

Laurdan was added to the cell suspension (80–100 μg
protein/ml) of an ethanol solution to give a final probe
concentration of 0.3 μM. The amount of organic solvent
was kept below 0.1 %. The samples were incubated at
37 °C for 1 h in the dark to allow equilibration, and then,
the emission spectra were collected. Generalized polariza-
tion (GP) values were obtained from emission spectra
using an excitation wavelength of 360 nm and calculated
as follows:

GP ¼ I434 – I490ð Þ= I434 þ I490ð Þ
where I434 and I490 are the emission intensities at the
characteristic wavelength of the gel and liquid-crystalline
phases, respectively [25, 26].
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Anisotropy Measurements

The fluorescence probe DPH or TMA-DPH was added to the
cell suspension (80–100 μg protein/ml) to give a final concen-
tration of 0.3 μM. The samples were incubated at 37 °C for
30 min in the dark to allow equilibration before anisotropy (r)
measurements. The excitation and emission wavelengths were
364 and 426 nm, respectively. Fluorescence anisotropy mea-
surements were carried out in the T format with Schott KV418
filters in the emission channels and corrected for optical inac-
curacies and background signals. The anisotropy value, r, was
obtained according to the following equation:

r ¼ Iv
.
Ih

� �
v
– Iv

.
Ih

� �
h

� ��.
Iv
.
Ih

� �
v
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.
Ih
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where (Iv/Ih)v and (Iv/Ih)h are the ratios of the emitted vertical
or horizontally polarized light to the exciting, vertical or
horizontally polarized light, respectively. The r value can
range between −0.2 and 0.4, higher values denoting higher
structural lipid order [27].

Western Blot Analysis

For the preparation of total cell extracts, cells (10×106 cells)
were rinsed with PBS, scraped, and centrifuged. The pellet
was rinsed with PBS and resuspended in 200 μl of a buffer
containing 50 mM Tris, pH 7.5, 150 mM NaCl, 0.1 % Triton
X-100, 1 % NP-40, 2 mM EDTA, 2 mM EGTA, 50 mMNaF,
2 mM β-glycerophosphate, 1 mM Na3VO4, 10 μg/ml
leupeptin, 5 μg/ml aprotinin, 1 μg/ml pepstatin, 0.5 mM
PMSF, and 0.5 mMDTT. Samples were exposed to one cycle
of freezing and thawing, incubated at 4 °C for 30 min, and
centrifuged at 15,000×g for 30 min. The supernatant was
decanted and the protein concentration was measured [24].
Aliquots of the lysate containing 25–50 μg of protein were
separated by reducing 7–12.5 % polyacrylamide gel electro-
phoresis and electroblotted to polyvinylidene difluoride mem-
branes (Millipore). Molecular weight standards (Spectra™

Multicolor Broad Range Protein Ladder, Thermo Scientific)
were run simultaneously. Membranes were blocked with 5 %
non-fat dry milk or 2–5%BSA in TBS-T buffer (20mMTris–
HCl (pH 7.4), 100 mM NaCl, and 0.1 % (w/v) Tween 20) for
2 h at room temperature and then incubated with primary
antibodies overnight at 4 °C, washed three times with TBS-
T buffer, and then exposed to the appropriate HRP-conjugated
secondary antibody for 1 h at room temperature. Membranes
were again washed three times with TBS-T buffer, and immu-
noreactive bands were detected by enhanced chemilumines-
cence (ECL; GE Healthcare Bio-Sciences, Buenos Aires,
Argentina) using standard X-ray film (Hyperfilm ECL; GE
Healthcare Bio-Sciences). Immunoreactive bands were quan-
tified using image analysis software (ImageJ, a freely

available application in the public domain for image analysis
and processing, developed, and maintained by Wayne
Rasband at the Research Services Branch, National Institute
of Mental Health).

Cytoplasmic and Nuclear Fractionationwith Nonidet P-40
Detergent-Containing Buffer

Nuclear and cytosolic fractions were isolated as described
previously [16, 28, 29]. After treatments, the medium was
discarded and cells were rinsed with PBS and scraped.
After centrifugation at 800×g for 10 min, the pellet
(10 × 106 cells) was resuspended in 100 μl of buffer A
(10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl,
0.5 mM DTT, 0.1 % NP-40, 2 μg/μl leupeptin, 1 μg/μl
aprotinin, and 1 μg/μl pepstatin), incubated for 10 min at
4 °C, and centrifuged for 2 min at 12,000×g. The super-
natant (cytosolic fraction) was removed, and the nuclear
pellet was resuspended in 40 μl of buffer B (10 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 420 mM NaCl,
0.5 mM DTT, 0.2 mM EDTA, 25 % glycerol, 0.5 mM
PMSF, 2 μg/ml leupeptin, 1 μg/ml aprotinin, and
1 μg/ml pepstatin). Samples were incubated for 20 min
at 4 °C and centrifuged at 10,000×g for 15 min at 4 °C.
Protein concentration was determined by the method of
Bradford [24], and samples were stored at −20 °C until
used for Western blot analyses.

Immunofluorescence Microscopy

HT22 cells were grown onto glass coverslips, and the growing
medium was replaced by serum-free medium. After treatment
with 500 nM oAβ for 24 h, the cells were fixed with 4 %
paraformaldehyde for 15 min at room temperature, follow-
ed by three washes with PBS, three washes with 30 mM
glycine/PBS (pH 7.4), and three additional washes with
PBS. For the immunostaining, cells were permeabilized
and the non-specific sites were blocked with 5 % BSA/
0.3 % Triton X-100/PBS (pH 7.4) at room temperature for
1 h. Cells were incubated with the appropriate primary an-
tibody (1:50 in 1 % BSA/0.3 % Triton X-100/PBS; 1 h at
room temperature). After three washes with PBS, cells were
incubated with the appropriate Alexa Fluor® 488-
conjugated secondary antibody (1:200 in 1 % BSA/PBS;
1 h at room temperature) and Hoechst for nuclear staining.
After washing with PBS at room temperature for 10 min,
coverslips were mounted and slides were observed with a
Nikon Eclipse E-600 microscope (Nikon, Melville, NY,
USA), using a K2E Apogee CCD camera driven by
CCDOPS software (Santa Barbara Instrument Group,
Santa Barbara, CA, USA).
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SYTOX Green Fluorescent Nucleic Acid Stain

SYTOX is a green nucleic acid stain that is impermeable
to live cells, making it a useful indicator of dead cells
within a population. It easily penetrates cells with compro-
mised plasma membranes but will not cross the mem-
branes of live cells. Cells were grown onto glass cover-
slips as for immunocytochemistry studies, following which
they were treated with SYTOX green dye to a final con-
centration of 2 nM, and after a 10–20-min incubation,
washed three times in PBS, and fixed with 4 %
paraformalhehyde. Nuclei were counterstained with
Hoechst. Finally, coverslips were mounted and slides were
observed in a fluorescence microscope.

Statistical Analysis

Quantitative results were expressed as the mean ± standard
error of measurement. Table 1 and Figs. 2a, e, f and 4a, b
were analyzed by Student’s t test. Figures 3a–c, 4c–e,
5a–c, 6a, b, and 7a were analyzed by one-way analysis
of variance (ANOVA) to determine group differences,
followed by Tukey’s post hoc analysis to determine spe-
cific differences between conditions. Statistical significance
for all analyses was accepted at p < 0.05, and * (or #), **
(or ##), and *** (or ###) represent p < 0.05, p < 0.01, and
p < 0.001, respectively. Western blots, photomicrographs,
and immunocytochemistry images are representative of at
least three analyses performed on samples from at least
three separate experiments.

Results

Aggregation of Aβ

oAβ was prepared following a method previously pub-
lished by our group and others and stored at −80 °C

[15, 18, 19]. The quality of oligomer working solution
was examined both by EM (Fig. 1a) and dot blot anal-
ysis (Fig. 1b). EM photomicrographs show that Aβ
preparations included spheroidal structures individually
or in small groups (Fig. 1a). These ultrastructural forms
were compatible with a heterogeneous array of oligo-
mers discarding the presence of fibrils. Dot blot analysis
of Aβ solutions using A11 and OC antibodies indicate
that our Aβ preparations were positive for OC antibod-
ies. This indicates that Aβ preparations were mainly
composed of fibril-like oligomers also known as Aβ-
type 2 oligomers (Fig. 1b). Dopaminergic neurons over-
expressing α-synuclein were used to test A11 antibody
reactivity (data not shown).

Effects of oAβ Exposure on Neuronal Integrity

We have previously characterized the effect of oAβ ex-
posure on isolated synaptic endings [15]. In this report,
we exposed mouse hippocampal neurons (HT22) to
500 nM oAβ for 24 h and different biochemical and
biophysical approaches were used to determine neuronal
status. The control conditions were also assessed, re-
placing oAβ with an equal volume of the vehicle. As
seen in Fig. 1c, no morphological changes were detect-
ed in those neurons exposed to oAβ with respect to the
control. In addition, markers of neuronal function and
integrity such as MTT mitochondrial reduction, lipid
peroxidation levels, and LDH leakage were unchanged
in neurons exposed to oAβ when compared with control
cultures (Table 1). In order to determine whether oAβ
triggers membrane property perturbations, we studied
the membrane lipid order of cells under different exper-
imental conditions. To this end, DPH and TMA-DPH
anisotropy and Laurdan GP were evaluated. DPH, an
apolar molecule, inserts deep inside the hydrophobic
core of the membrane, whereas TMA-DPH, which has
a positively charged amino group, anchors near the sur-
face of the external hemilayer [30]. The third probe,
Laurdan, locates superficially in both hemilayers be-
cause of a rapid flip-flop between them. Thus, through
parallel spectroscopic experiments using these three
fluorescence probes, we could evaluate both the super-
ficial and deep membrane order. As seen in Table 1, no
alteration of the lipid order of the membrane was ob-
served. Additionally, caspase 3 activity was determined
as apoptotic marker and no changes were observed in
neurons exposed to oAβ. Based on these results, we
postulate that oAβ at the nanomolar range does not
provoke any noticeable damage in hippocampal HT22
neurons.

Table 1

Parameter Control (arbitrary units) Aβ (arbitrary units)

MTT reduction 0.632 ± 0.012 0.638 ± 0.020

TBARS 0.021 ± 0.003 0.025 ± 0.004

Cell oxidants 169.796 ± 17.003 160.716 ± 24.993

LDH leakage 0.062 ± 0.002 0.064 ± 0.002

Caspase 3 activity 0.181 ± 0.019 0.1659 ± 0.040

r (DPH) 0.222 ± 0.007 0.230 ± 0.001

r (TMA-DPH) 0.298 ± 0.001 0.293 ± 0.001

GP (Laurdan) 0.364 ± 0.015 0.372 ± 0.013
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Effect of oAβ Exposure on PI3K/Akt Signaling

We next investigated whether oAβwas able to trigger cellular
signaling pathways known to be associated with the determi-
nation of cellular fate. First of all, we detected an increased
tyrosine phosphorylation of the insulin receptor β subunit.
The extent of oAβ-triggered phosphorylation of insulin recep-
tor (200 % of the control) was coincident with that found in
the phosphorylation of Akt, a well-known downstream target
of PI3K (Fig. 2a).

Since we have previously demonstrated that the PI3K/Akt
pathway undergoes not only activation but also subcellular
redistribution under neuronal oxidative stress conditions, we
sought to determine whether the activation of insulin receptor
and the PI3K/Akt pathway were accompanied by differential
cellular compartmentalization or redistribution of its compo-
nents after oAβ treatment. Analyses of immunocytochemistry
studies clearly show that oAβ did not affect insulin receptor
subcellular distribution (Fig. 2b) but it did generate both PI3K
and Akt translocation from the cytosol to the nucleus com-
pared to the control condition (Fig. 2c, d, e). PI3K subcellular
redistribution was also studied using Aβ which was not sub-
jected to the process of oligomerization. Non-oligomerized
Aβ showed no effect on PI3K subcellular distribution
(Supplementary Fig. 1). Moreover, nuclear increases of
PI3K and Akt were also confirmed by Western blot studies
carried out in the nuclear fraction of both control and oAβ-
treated cells (Fig. 2f).

Consequences of oAβ Exposure on FoxO3a Transcription
Factor

We next investigated whether oAβ-triggered PI3K and Akt
nuclear translocation was dependent on PI3K activation. For
this purpose, we used LY294002, a known PI3K inhibitor, in
our experiments. Western blots shown in Fig. 3a demonstrate
that both PI3K and Akt subcellular redistributions were strict-
ly dependent on PI3K activation.

We have previously demonstrated that PI3K/Akt nuclear
localization as a neuronal response to oxidative stress deter-
mines the nuclear exclusion of the FoxO3a transcription factor
[16]. Based on these data and on the fact that PI3K/Akt was
shown to translocate to the nucleus in response to oAβ, we
next investigated whether oAβ exerted any PI3K-dependent
effects on FoxO3a. Immunocytochemistry experiments show
that in the absence of oAβ, FoxO3a was mainly located in the
nucleus, but that upon Aβ treatment, although still present in
the nucleus, it was more abundant in the cytosol (Fig. 3b).
This redistribution of FoxO3a was found to be dependent on
PI3K activity, since the presence of LY294002 abolished the
oAβ-induced movement of the transcription factor out of the
nucleus (Fig. 3b).

Since it is well known that FoxO3a phosphorylation is a
prerequisite for its exclusion from the nucleus, we assessed the
phosphorylation state of the transcription factor by Western
blot studies. As shown in Fig. 3c, FoxO3a phosphorylation
increased upon oAβ treatment in a PI3K-dependent manner.

Fig. 1 Characterization of oAβ
preparation. a High-power
(×140,000) electron photomicro-
graph showing oAβ preparation.
Aβ oligomers were prepared as
described in BMaterials and
Methods^ section. b Dot blot
showing oligomeric forms of Aβ
preparation. c Micrographs of
HT22 cells treated with 500 nM
oAβ or vehicle for 24 h. Scale bar
10 μm
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Effects of oAβ Treatment on ERK1/2 Signaling

Like PI3K/Akt, ERK1/2 kinases play crucial roles in the de-
termination of neuronal fate, and for this reason, we assessed
whether oAβ also triggers this signaling cascade.Western blot
studies show that neurons exposed to oAβ also displayed
increased levels of ERK1/2 phosphorylation (200 % of the
control; Fig. 4a).

We next investigated whether ERK1/2 activation was ac-
companied by cellular redistribution after oAβ treatment.
Analysis of immunocytochemistry studies clearly shows that

oAβ triggered ERK1/2 translocation from the cytosol to the
nucleus compared to the control condition (Fig. 4b).
Moreover, analysis of Western blot studies carried out in the
cytosolic and nuclear fractions of HT22 cells exposed to oAβ
showed ERK1/2 to have increased their nuclear localization in
a process dependent on PI3K activity, since the PI3K inhibitor
LY294002 diminished nuclear translocation of ERK1/2
(Fig. 4c).

Given that not only Akt but also ERK1/2 were found to
translocate from the cytosol to the nucleus in the presence of
oAβ, we also checked whether ERK1/2 were involved in Akt

Fig. 2 Effect of oAβ exposure on insulin receptor (IR) and PI3K/Akt
signaling. a Lysates from HT22 cells exposed to oAβ or its vehicle were
studied byWestern blot assays. IR andAkt phosphorylationwas assessed.
Each blot is representative of at least three different experiments. Bands of
proteins were quantified using scanning densitometry; the data in the
graph on the right represent the ratio between the phosphorylated protein
and β-tubulin, expressed as a percentage of the corresponding control
condition (mean ± SE of three different experiments). **p < 0.01,
***p< 0.001 for each condition with respect to the control; Student’s t
test. b–d Immunocytochemistry studies were performed using anti-IR
(b), anti-PI3K (c), and anti-Akt (d) antibodies in neurons treated with
Aβ or its vehicle. TO-PRO was used as nuclear marker. The pictures
shown are representative of at least three different experiments. Scale

bars 10 μm. e Fluorescence intensity quantification of experimental con-
ditions shown inb, c, andd. Fluorescence of approximately 100–150 cells
was quantified for each condition in each experiment. **p < 0.01,
***p< 0.001 for each condition with respect to the control; Student’s t
test. fNuclear fractions of HT22 cells exposed to oAβ or its vehicle were
analyzed by Western blot using antibodies against PI3K and Akt. hNRP
was used as nuclear marker. The blots shown are representative of at least
three different experiments. Bands of proteins were quantified using
scanning densitometry; the data in the graph on the right represent the
ratio between protein expression and hNRP, expressed as a percentage of
the corresponding control condition (mean ± SE of three different exper-
iments). ***p < 0.001 for each condition with respect to the control;
Student’s t test
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Fig. 3 PI3K/Akt/FoxO3a trafficking upon oAβ-exposure. HT22
neurons were incubated with 10 μM LY294002 or its vehicle for
30 min before exposure to oAβ and all along the 24-h treatment. a
Subcellular fractions obtained from treated cells were analyzed by
Western blot using antibodies against PI3K and Akt. hNRP was
used as nuclear marker and β-tubulin was used as loading control.
One representative blot of three different experiments is shown.
Bands of proteins were quantified using scanning densitometry; the
data in the graphs on the right represent the ratio between subcellular
protein expression and β-tubulin, expressed as a percentage of the
corresponding control condition. ***p < 0.001 for each condition
with respect to the control, ###p < 0.001 shown in the picture; one-
way ANOVA and Tukey’s post hoc test. b After treatments, cells
were processed for immunocytochemistry using antibody against
FoxO3a. TO-PRO was used as nuclear marker. Pictures shown are

representative of at least three different experiments. Scale bar
10 μm. Fluorescence of approximately 100–150 cells was quantified
for each condition in each experiment. Fluorescence intensity
quantification is shown on the right. ***p < 0.001 for each condition
with respect to the control, ###p < 0.001 shown in the picture; one-way
ANOVA and Tukey’s post hoc test. c Nuclear fractions of treated cells
were studied by Western blot. FoxO3a phosphorylation was assessed.
hNRP was used as nuclear marker. Each blot is representative of at
least three different experiments. Bands of proteins were quantified
using scanning densitometry; the data in the graph on the right
represent the ratio between phosphorylated FoxO3a and hNRP,
expressed as a percentage of the corresponding control condition
(mean ± SE of three different experiments). ***p < 0.001 for each
condition with respect to the control, ###p < 0.001 shown in the
picture; one-way ANOVA and Tukey’s post hoc test
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and FoxO3a subcellular redistribution. For this purpose, we
carried out the same experiment in the presence of U0126, a
well-known inhibitor of MEK1/2. As shown in Fig. 4d,
MEK1/2 inhibition (and thus the inhibition of ERK1/2) had
no effect on oAβ-induced nuclear translocation of Akt.
FoxO3a redistribution was also assessed in the presence of
two different MEK inhibitors (U0126 and PD98059). The
inhibition of ERK1/2 did not affect FoxO3a distribution pat-
tern triggered by oAβ (Fig. 4e). These results demonstrate that
oAβ-stimulated PI3K activity governs nuclear confinement of
Akt and FoxO3a export from the nucleus and that these mech-
anisms are independent of ERK1/2 activation.

Consequences of oAβ Exposure on PI Signaling

Since PI3K, a PI kinase, seemed to play a major (ERK1/2-
independent) role in the signaling against oligomeric Aβ, we
next investigated the involvement of PI signaling in ERK1/2
activation. For this purpose, we used neomycin (an inhibitor
of PI metabolism) and U73122 (a PI-PLC inhibitor) and then
evaluated the ERK1/2 phosphorylation status in the presence
of oAβ. Both experimental strategies demonstrated that oAβ-

induced ERK1/2 activation was strictly dependent on PI me-
tabolism (Fig. 5a, b). When investigating whether PI3K itself
(as part of PI metabolism) was involved in oAβ-induced
ERK1/2 activation, results showed that this lipid kinase does
have a role in ERK1/2 activation since PI3K inhibition caused
an even greater oAβ-induced phosphorylation (and activa-
tion) of ERK1/2 (Fig. 5c).

Role of PI Signaling in Neuronal Response to oAβ

Since our results clearly show that oAβ triggers neuronal PI
signaling and that FoxO3a response is dependent on PI3K
activity, we next sought to study whether PI-PLC activity
exerts any effect on the nuclear exclusion of FoxO3a. For this
purpose, we carried out the same experiment (with oAβ or its
vehicle) both in the presence and absence of two inhibitors of
PI-PLC, U73122 and edelfosine. Fluorescence microscopy
studies show that the inhibition of PI-PLC promoted more
oAβ-induced trafficking of FoxO3a out of the nucleus
(Fig. 6a, b). For reinforcing the fact that PI-PLC pathway is
activated by oAβ, the state of classical PKCs (α and β), well
known downstream effectors of PI-PLC, was assessed. oAβ
was able to trigger PKC priming process by phosphorylation,
and the inhibition of PI-PLC with U73122 was able to revert
this effect (Fig. 6c).

To further address the functional role of the aforementioned
signaling pathways (PI3K/Akt, MEK1/2/ERK1/2, and PI-
PLC) in hippocampal neuronal response to oAβ, cell viability
assays (MTT reduction) and nucleic acid stain (SYTOX) with
pharmacological manipulation of the signaling cascades were
carried out. As observed in Fig. 7a, the inhibition of PI3K/Akt,
MEK1/2/ERK1/2, and PI-PLC also caused an increase in cell
death. Additionally, studies carried out with SYTOX probe (a
cell death indicator) show that the inhibition of PI3K activity
(LY294002) as well as PI metabolism (neomycin) caused an
increase in the number of dead cells in the presence of Aβ
(Fig. 7b).

Discussion

Historically, Aβ has been associated with cell toxicity and
oxidative stress generation and for these reasons, has been
attributed responsibility for AD onset and progression
[31–33]. The mechanism proposed for Aβ-induced neurotox-
icity includes the assembly of Aβ into oligomers and plaques
[34]. In recent years, the possibility that Aβ oligomers, in
addition to plaques, play an important role in AD progression
[35] has gained weight. Although a great body of scientific
literature reports Aβ accumulation in the AD brain causing
neurodegeneration [36], no strong clinical correlation between
plaque deposition and cognitive impairment during AD has
been demonstrated [37]. Moreover, a negative correlation

Fig. 4 Effects of oAβ exposure on ERK1/2 pathway. a Lysates from
HT22 neurons exposed to oAβ or its vehicle were studied by Western
blot. ERK1/2 phosphorylation and the effect of U0126 on ERK1/2
phosphorylation were evaluated. One representative blot of three
different experiments is shown. Bands of proteins were quantified using
scanning densitometry; the data in the graph on the right represent the
ratio between phosphorylated ERK1/2 and β-tubulin, expressed as a
percentage of the corresponding control condition (mean ± SE of three
different experiments). *p < 0.05 with respect to the control; Student’s t
test. b Cells were grown onto coverslips, exposed to oAβ or its vehicle,
and processed for immunocytochemistry using anti-ERK1/2 antibody.
TO-PRO was used as nuclear marker. Pictures shown are representative
of at least three different experiments. Scale bars 10 μm. Fluorescence of
approximately 100–150 cells was quantified for each condition in each
experiment. Fluorescence intensity quantification is shown on the right.
*p < 0.05 with respect to the control; Student’s t test. c Subcellular
fractions of neurons incubated in the presence of 10 μM LY294002 (or
its vehicle) and then exposed to oAβ or its vehicle were studied by
Western blot using an antibody against ERK1/2. hNRP was used as
nuclear marker and β-tubulin was used as loading control. Each blot is
representative of at least three different experiments. Bands of proteins
were quantified using scanning densitometry; the data in the graph on the
right represent the ratio between ERK1/2 and β-tubulin in each
subcellular fraction, expressed as a percentage of the corresponding
control condition (mean ± SE of three different experiments).
***p<0.001 with respect to the control, ##p<0.01 shown in the picture;
one-way ANOVA and Tukey’s post hoc test. d, e HT22 cells
were incubated with 10 μMU0126 or 10 μMPD98059 (or their vehicles)
before the exposure to oAβ and all along the treatment.
Immunocytochemistry analysis was performed using anti-Akt (d) and an-
ti-FoxO3a (e) antibodies. TO-PRO was used as nuclear marker. The
pictures shown are representative of three different experiments.
Scale bars 10 μm. Fluorescence of approximately 100–150 cells was
quantified for each condition in each experiment. Fluorescence intensity
quantification is shown on the right. *p< 0.05, ***p< 0.001 with respect
to the control; one-way ANOVA and Tukey’s post hoc test
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between Aβ deposition and cerebral oxidative injury has been
shown byNunomura et al. [38]. On the basis of these findings,
Aβ deposition has been proposed to be a protective response
rather than the cause of the disease [39, 40], and the original
model is now under debate [33].

We have previously characterized the effects of oAβ both
alone and combined with iron and/or copper on synaptic via-
bility and signaling [15]. In particular, we demonstrated that
synaptic PI3K/Akt and ERK1/2 pathways are activated in re-
sponse to oAβ-induced injury. In the present study, we charac-
terized the effect of oAβ on hippocampal neurons, in order to
understand the unanswered questions surrounding oAβ-
triggered PI3K/Akt and ERK1/2 signaling. Exogenous oAβ
(nanomolar range) did not cause any noticeable damage to
HT22 hippocampal neurons compared to the control condition;
no morphological alterations (neither subtle nor gross), no de-
crease in neuronal viability, no increase in lipid peroxidation,
cellular oxidants or caspase 3 activity, and no membrane

damage (neither disruption of plasma membrane integrity nor
alteration of the lipid order of the membrane) were observed. In
agreement with our results, it has been shown that exogenous
Aβ induces cell death only in the micromolar range [9, 41–43].
Moreover, Aβ infusion in organotypic hippocampal slice cul-
tures showed no clear signs of cell death [44].

Interestingly, oAβ behavior in our study was similar to
that reported for neurotrophic factors (many of whose
main target is the PI3K/Akt pathway) in neurons. Of
note, oAβ has been shown to bind to different cell sur-
face receptors and compete with their ligands (for exam-
ple, BDNF), all of which results in brain dysfunction
associated with AD [43]. For instance, oAβ has been
demonstrated to bind to β2 adrenergic receptor, affecting
glutamatergic regulation of synaptic activities via PKA
signaling [8, 45, 46]. In addition, murine PirB (paired
immunoglobulin-like receptor B) and its human ortholog
LilrB2 (leukocyte immunoglobulin-like receptor B2)

Fig. 5 Involvement of PI
metabolism on oAβ-triggered
ERK1/2 activation. HT22
neurons were incubated in the
presence of 200 μM neomycin
(a), 10 μM U73122 (b), and
10 μM LY294002 (c) or their
vehicles for 30 min before the
exposure to oAβ and all along the
24-h treatment. Lysates were
studied by Western blot using
antibodies against
phospho-ERK1/2 and ERK1/2.
β-actin and β-tubulin were used
as loading control. One
representative blot of three
different experiments is shown.
Bands of proteins were quantified
using scanning densitometry; the
data in the graphs on the right
represent the ratio between
phospho-ERK1/2 and ERK1/2,
expressed as a percentage of the
corresponding control condition
(mean± SE of three different
experiments). *p< 0.05,
***p< 0.001 for each condition
with respect to the control;
###p< 0.001 shown in the picture;
one-way ANOVA and Tukey’s
post hoc test
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have been demonstrated to bind Aβ oligomers with af-
finity in the nanomolar range [47], and the cellular prion
protein (PrPC) has been demonstrated to be an oAβ re-
ceptor (in a mechanism coupled to mGluR5), with
nanomolar a ff in i ty for Aβ ol igomers [48–51] .

Moreover, oAβ has also been shown to bind to the nic-
otinic acetylcholine receptor [52–56].

Based on this body of evidence showing direct binding of
oAβ to cell surface receptors, and taking into account that (i)
PI3K is known to be activated, among other stimuli, by

Fig. 6 Role of PI-PLC in oAβ-induced FoxO3a trafficking. a Cells were
grown onto coverslips, incubated in the presence of 10 μMU73122 or its
vehicle for 30 min before the exposure to oAβ or its vehicle, and
processed for immunocytochemistry using anti-FoxO3a antibody. TO-
PRO was used as a nuclear marker. Pictures shown are representative of
at least three different experiments. Scale bars 10 μm. Fluorescence of
approximately 100–150 cells was quantified for each condition in each
experiment. The graph on the right represents the ratio between cytosolic

and nuclear fluorescence intensity, expressed as a percentage of the
corresponding control condition (mean ± SE of three different
experiments). ***p < 0.001 for each condition with respect to the
control; ###p < 0.001 shown in the picture; one-way ANOVA and
Tukey’s post hoc test. b Similar experiments were performed using
another PI-PLC inhibitor (edelfosine, 2.5 μM). c Western blots of
cellular lysates were used for testing PKC α/βII phosphorylation
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insulin; (ii) ERK1/2 has been reported to be involved in oAβ-
induced impairment of insulin signaling [57]; (iii) Aβ and
insulin are both amyloidogenic peptides with common do-
mains recognized by insulin receptor and insulin degrading
enzyme [58, 59]; and (iv) an impairment of glucose metabo-
lism has been found during the progression of AD [60], we
proceeded to investigate insulin receptor as a responsive path-
way to oAβ. In our assays, oAβ triggered the phosphorylation
(which represents the activation) of insulin receptor to the
same extent as it triggered the phosphorylation of Akt. In
contrast with our results, several reports have described an
impairment of insulin signaling in different biological models
exposed to Aβ [57, 59, 61]. A variety of factors could explain
the discrepancies with the results presented here, such as the
concentration and aggregation state of Aβ, the cellular model

used, and the time of exposure. Interestingly, and in agreement
with our results, Zhao et al. [61] show an increase in Aβ-
induced phosphorylation of insulin receptor in the absence
of the hormone. Our results on the activation of insulin recep-
tor are a further addition to the evidence showing that oAβ
triggers intracellular signaling by receptor-mediated
mechanisms.

We have previously found that mild neuronal damage in-
duced by oxidative stress is accompanied by the activation
and subcellular redistribution of PI3K/Akt pathway and
FoxO3a transcription factor, thus triggering a neuroprotective
mechanism [16]. Indeed, we found oAβ-induced FoxO3a
trafficking to be dependent on PI3K activity. Thus, the
PI3K-dependent inactivation of FoxO3a found in the presence
of oAβmay represent a neuroprotective mechanism operating

Fig. 7 Functional role of
phosphoinositides in cellular
response to oAβ. a MTT
reduction assay. HT22 cells were
treated with different inhibitors
(U73122, neomycin -Neo-, and
LY294002) or their vehicles for
30 min and then exposed to oAβ
(or its vehicle), and cell viability
was assessed as specified in
BMaterials and Methods^ section.
Results are expressed as a
percentage of the control and
represent mean ± SE (n= 3–5).
**p< 0.01, ***p< 0.001 for each
condition with respect to the
control; one-way ANOVA and
Tukey’s post hoc test. b SYTOX
green staining of neurons. Cells
were grown onto coverslips,
incubated with 200 μMneomycin
or 10 μM LY294002 for 30 min,
and then treated with oAβ or its
vehicle. Nuclei were double
stained. Hoechst was used as
nuclear marker and SYTOX as a
marker of death cells. Pictures
shown are representative of three
different experiments
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prior to the appearance of any clear sign of threat. In this
connection, other reports have attributed a protective role to
PI3K-mediated FoxO3a inactivation and subcellular redistri-
bution [16, 62–64].

oAβ also triggered ERK1/2 activation, which was found to
be dependent on PI-PLC activity or, in a broader sense, on PI
availability, since the inhibition of either PI-PLC or PI metab-
olism abolished oAβ-triggered ERK1/2 activation, whereas
PI3K inhibition potentiated it. Moreover, phosphorylation of
PKCα/βII was also found to increase in the presence of oAβ
(Fig. 6c). Since diacylglycerol (DAG) has been shown to acti-
vate ERK1/2 (usually by either PKC-mediated and/or RasGRP/
Ras/Raf-mediated mechanisms), our results are congruent with
ERK1/2 being activated by an oAβ-triggered DAG-generating
PI-PLC-dependent mechanism. Together, these data clearly
demonstrate a major role for phosphoinositide-dependent
signaling in neuronal response to oAβ.

However, the relationship between phosphoinositides,
nuclear exclusion of FoxO3a, and cell survival remains
unclear. FoxO3a trafficking out of the nuclear compart-
ment is known to be an Akt-dependent event associated
with cell survival [16, 62], so it is logical to assume that
the higher the level of Akt activity, the more FoxO3a is
trafficked from the nucleus as a pro-life signal. On the
other hand, our studies also showed PI-PLC to be a pro-
tective pathway; however, less nuclear and more cytosolic

FoxO3a content was observed when PI-PLC was inhibited
in oAβ-challenged neurons compared to neurons only
treated with oAβ. Intriguingly, PI-PLC inhibition
decreased neuronal survival. Our results shed light on
neuronal survival signaling in response to oAβ, demon-
strating that a strict balance between PI3K and PI-PLC
intracellular targets is necessary. In the light of our results,
we propose phosphatidylinositol bis-phosphate (PIP2) as
the key mediator of neuronal response to oAβ; inhibition
of PI3K makes more substrate available for PI-PLC activ-
ity and the consequent activation of ERK1/2, whereas on
the contrary, inhibition of PI-PLC makes more substrate
available for PI3K activity, Akt activation, and the con-
comitant trafficking of FoxO3a out of the nucleus (Fig. 8).

ERK1/2 has been shown to regulate both FoxO3a
nuclear exclusion and ubiquitin-proteasome mediated
degradation of FoxO3a through different mechanisms of
phosphorylation [65]. However, oAβ-induced PI-PLC-
dependent ERK1/2 activation is not related to FoxO3a
nuclear exclusion in our study, suggesting that the acti-
vation and cellular redistribution of ERK1/2 participate in
neuronal protective mechanisms that are not directly re-
lated to FoxO3a trafficking. However, it cannot be ruled
out that the oAβ-induced increase in cytosolic FoxO3a
content upon PI-PLC inhibition is indeed due to the in-
hibition of ERK1/2-dependent FoxO3a degradation.

Fig. 8 Graph depicting the
PI-dependent signaling pathways
triggered in the neuronal response
to oAβ
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Our results are the first evidence of a key role for
phosphoinositides in neuronal response to oAβ. It comes
to light that PIP2 is a convergence point of signaling pathways
(PI3K/Akt and PI-PLC/ERK1/2) crucial for determining cel-
lular fate and whose redundant triggering guarantees protec-
tive mechanisms to react against oAβ in the nanomolar range.
Our work is the starting point for a new hypothesis in the study
of neuronal effects of oAβ; could Aβ be a very early neuro-
protective moiety appearing ahead of ultimate AD collapse?
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