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ER Stress Is Involved in Ab-Induced
GSK-3b Activation and Tau
Phosphorylation
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Intracellular neuroﬁbrillary tangles, one of the characteristic hallmarks of Alzheimer’s disease (AD), are mainly
composed of hyperphosphorylated tau. The abnormal
tau phosphorylation seems to be related to altered activity of kinases such as glycogen synthase kinase-3b
(GSK-3b). Tau pathology is thought to be a later event
during the progression of the disease, and it seems to
occur as a consequence of amyloid-beta (Ab) peptide
accumulation. The aim of this work was to investigate
whether soluble Ab1–42, particularly oligomers that correspond to the neurotoxic species involved early in the
development of AD, triggers tau phosphorylation by a
mechanism involving activation of tau-kinase GSK-3b.
Several studies suggest that GSK-3b plays a central role
in signaling the downstream effects of endoplasmic
reticulum (ER) stress. Therefore, the involvement of ER
Ca21 release in GSK-3b activation and tau phosphorylation induced by Ab1–42 oligomers was evaluated using
dantrolene, an inhibitor of Ca21 release through channels associated with ER ryanodine receptors. We
observed that Ab1–42 oligomers increase tau phosphorylation and compromises cell survival through a mechanism mediated by GSK-3b activation. We also demonstrated that oligomeric Ab1–42 induces ER stress and
that ER Ca21 release is involved in oligomer-induced
GSK-3b activation and tau phosphorylation. This work
suggests that GSK-3b can be a promising target for
therapeutic intervention in AD. VC 2008 Wiley-Liss, Inc.
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The presence of intracellular neuroﬁbrillary tangles
(NFTs) composed of paired helical ﬁlaments of hyperphosphorylated tau is one of the hallmarks of Alzheimer’s
disease (AD; Price et al., 1998; Avila, 2006). Tau is a
microtubule-associated protein whose main function is to
bind and stabilize microtubules, allowing neurite extension and stabilization (Avila, 2006). Hyperphosphorylation
of tau, associated with its detachment from microtubules
(Alonso et al., 1994), perturbs axonal transport of synaptic
vesicles and mitochondria, leading to neurodegeneration
(Ebneth et al., 1998; Stamer et al., 2002; Mandelkow
' 2008 Wiley-Liss, Inc.

et al., 2004). Microtubule-dependent transport is impaired
in AD (Terry, 1996). Tau protein can be phosphorylated
through proline-directed kinases, namely, glycogen synthase kinase 3b (GSK-3b) and cyclin-dependent kinase-5
(cdk5) and non-proline-directed kinases such as protein
kinase A and protein kinase C (Avila, 2006). Several in
vitro (Ishiguro et al., 1992, 1993; Lovestone et al., 1994)
and in vivo (Plattner et al., 2006) studies have demonstrated that GSK-3b phosphorylates tau. Overactivation of
GSK-3b correlates with hyperphosphorylation of tau and
the appearance of paired helical ﬁlaments (Liu et al.,
2003), which are abolished by lithium chloride (LiCl), a
selective inhibitor of GSK-3b. GSK-3b is found in the
neuroﬁbrillary tangles (NFTs) present in the brains of AD
patients (Yamaguchi et al., 1996; Pei et al., 1999) and
in transgenic mice overexpressing mutant human tau
(Ishizawa et al., 2003). These studies support the idea that
tau is a substrate for GSK-3b, which is a downstream element of the phosphoinositol-3 kinase (PI3K)/Akt cell survival pathway. PI3K is known to stimulate Akt, which in
turn phosphorylates GSK-3b at the Ser9 residue, leading
to enzyme inactivation (Grimes and Jope, 2001).
Several reports have demonstrated that amyloid-beta
(Ab) peptide leads to tau hyperphosphorylation (Ma et al.,
2006; De Felice et al., 2007). Rapoport and colleagues
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(2002) showed that tau-depleted neurons do not degenerate
in the presence of Ab, providing direct evidence of a role
for tau in the mechanisms leading to Ab-induced neurodegeneration. Accumulation of Ab is one of the earliest events
in AD, with tau pathology a later event in the development
of the disease. Recent studies suggest that soluble oligomeric Ab might be the main neurotoxic species early
involved in AD (Deshpande et al., 2006, Lesné et al., 2006).
In a triple transgenic mouse model (PS1M146V, APPSwe, and
tauP301L), it was shown that the injection of the antioligomer antibody A11 leads to reduction of the tau and Ab
pathologies, suggesting a link between Ab oligomers and
tau pathology (Oddo et al., 2006). Further, intraneuronal
Ab1–42 accumulation leads to down-regulation of Akt
consistent with activation of GSK-3b and apoptosis
(Magrané et al., 2005). Taken together, this evidence supports that GSK-3b has a key role in tau pathology induced
by soluble Ab oligomers. We have recently demonstrated
that Ca21 released from endoplasmic reticulum (ER)
through ryanodine receptor (RyR) contributes to the early
increase in intracellular Ca21 levels on exposure of cortical
neurons to Ab oligomers and to the activation of apoptosis
(Resende et al., unpublished results). The present work was
aimed to investigate whether soluble oligomeric Ab1–42
triggers tau phosphorylation and to evaluate the involvement of GSK-3b in this process. Because several studies
suggest that GSK-3b plays a central role in signaling pathways downstream of ER stress (Song et al., 2002; Brewster
et al., 2006), the involvement of Ab oligomers-induced ER
Ca21 release was also evaluated. We observed that Ab1–42
oligomers increase tau phosphorylation, decreasing cell survival, through a mechanism involving GSK-3b activation.
We also demonstrated that Ab1–42 oligomers increase
GRP78 levels and activate caspase-12, two ER stress
markers. In the presence of dantrolene, an inhibitor of
RyR-mediated ER Ca21 release, oligomer-induced GSK3b activation and tau phosphorylation were decreased,
demonstrating that ER Ca21 release is involved in Ab
oligomer-induced GSK-3b-mediated tau phosphorylation
and subsequent neuronal cell death.
MATERIALS AND METHODS
Materials
Neurobasal medium and B27 supplement were purchased from GIBCO BRL (Life Technologies, Paisley, UK).
Trypsin, trypsin inhibitor type II–soybean, deoxyribonuclease I
(DNase I), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and the protease inhibitors phenylmethylsulfonyl ﬂuoride (PMSF), bovine serum albumin (BSA),
1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFIP), and thioﬂavin T
were obtained from Sigma Chemical Co. (St. Louis, MO).
GSK3b inhibitor I was from Calbiochem (San Diego, CA).
Alexa Fluor 488 goat antimouse IgG conjugate was purchased
from Molecular Probes (Leiden, Netherlands). The synthetic
Ab1–42 peptide was from Bachem (Bubendorf, Switzerland).
Phenol red-free Ham’s F-12 medium was purchased from
Cambrex Bio Science (Walkersville). The reagents and apparatus used in immunoblotting assays were obtained from Bio-

Rad (Hercules, CA), whereas poly(vinylidene diﬂuoride)
(PVDF) membrane, goat alkaline phosphatase–linked antimouse
secondary antibody, and enhanced chemiﬂuorescence (ECF) reagent were from Amersham Pharmacia Biotech (Buckinghamshire, UK). Antihuman PHF-tau (clone AT8) and antitau
monoclonal antibodies were obtained from Pierce Endogen
(Rockford, IL). Anti-GSK-3b, anti-GRP78, and anti-pro–caspase 12 antibodies were purchased from BD Biosciences (San
Jose, CA), whereas Phospho-GSK-3b (Ser9) was from Cell
Signalling (Danvers, MA). The Glycergel Mounting Medium
was purchased from DakoCytomation Inc. (Carpinteria, CA).
All others chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO) or from Merck kgaA (Damstadt, Germany).
Primary Rat Embryo Cortical Neuronal Cultures
Cortical neurons were isolated from E15-E16 Wistar rat
embryos according to the method described by Hertz and collaborators (1989) as slightly modiﬁed (Resende et al., 2007).
Brieﬂy, removed cortices were aseptically dissected and
washed in Ca21- and Mg21-free Krebs buffer [120 mM NaCl,
4.8 mM KCl, 1.2 mM KH2PO4, 13 mM glucose, 10 mM
Hepes (pH 7.4)] and then incubated in Krebs solution supplemented with BSA (0.3 g/L) containing trypsin (0.5 g/L) and
DNase I (0.04 g/L) for 10 min at 378C. Tissue digestion was
stopped by the addition of trypsin inhibitor (type II-S; 0.75
g/L) in Krebs buffer containing DNase I (0.04 g/L), followed
by a centrifugation at 140g for 5 min. After washing the pellet
once with Krebs buffer, the cells were dissociated mechanically and resuspended in fresh Neurobasal medium with
2 mM glutamine, 2% B27 supplement, penicillin (100,000 U/
L), and streptomycin (100 mg/L).
The cells were seeded on poly-L-lysine (0.1 g/L)–coated
dishes at a density of 0.125 3 106 cells/cm2 for the MTT
assay or at 0.33 3 106 cells/cm2 for Western blotting. For ﬂuorescence studies, neurons were mounted on poly-L-lysinecoated glass coverslips at a density of 0.1 3 106 cells/cm2.
The cultures were maintained in serum-free Neurobasal medium supplemented with B27 at 378C in a humidiﬁed atmosphere of 5% CO2/95% air for 5–7 days before treatment in
order to allow neuronal differentiation. Under these conditions, glial growth is less than 10% (Ferreiro et al., 2006).
Preparation of Amyloid-b Peptide Solutions
and Treatment Protocols
Enriched oligomeric and ﬁbrillar Ab1–42 preparations. The synthetic peptide Ab1–42, corresponding to
neurotoxic amino acid residues of the human amyloid-beta
protein (Ab), was dissolved in sterile water or in a diluted ammonia solution in order to facilitate peptide solubilization at a
concentration of 1 g/L (221.5 lM). Ab1–42 aliquots were
then stored at 2208C until use (enriched oligomeric Ab1–42
preparation) or were incubated for 7 days at 378C (enriched
ﬁbrillar Ab1–42 preparation).
To study the effect of the aggregation state of Ab1–42
peptide on GSK-3b activation and tau phosphorylation,
enriched oligomeric or ﬁbrillar Ab1–42 (5 lmol/L) was added
to the culture medium of cortical neuronal cells for 6–24 hr.
Journal of Neuroscience Research
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Ab oligomers. Synthetic Ab1–42 peptide was dissolved in 1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFIP) to 1 mM.
The HFIP was then removed in a Speed Vac (I_ lshin Lab. Co.,
Ltd., Ede, The Netherlands), and the dried HFIP ﬁlm was
stored at 2208C. The peptide ﬁlm was resuspended to make
a 5 mM solution in anhydrous dimethyl sulfoxide (Dahlgren
et al., 2002). Ab1–42 oligomers were prepared by diluting the
solution in phenol red–free Ham’s F-12 medium without glutamine to a ﬁnal concentration of 100 lM and incubated
overnight at 48C (Lambert et al., 1998). The preparation was
centrifuged at 15,000g for 10 min at 48C to remove insoluble
aggregates, and the supernatant containing soluble oligomers
was transferred to clean tubes and stored at 48C. Protein concentrations of Ab oligomers and ﬁbrils were determined using
the Bio-Rad protein dye assay reagent.
To study the effect of Ab1–42 oligomers on GSK-3b
activation and tau phosphorylation, 0.5 lmol/L of isolated
oligomers was added to the culture medium of cortical neuronal cells for 1–24 hr.
Aggregation State Analysis of Ab Peptide
The ultrastructural characteristics of Ab1–42 in enriched
oligomeric and ﬁbrillar preparations and of the oligomers, prepared as described above, were examined as follows. Each
Ab1–42 sample was placed on Formvar-carbon-coated 400mesh copper grids for 1 min, blotted with ﬁlter paper, and
then negatively stained with 7.5 g/L uranyl acetate for 1 min.
The specimens were examined on a Zeiss 902A electron
microscope at an accelerating voltage of 50 kV.
The presence of b-sheet ﬁbrils has also been assessed by
thioﬂavin S (ThS) staining in cortical neuronal cultures treated
for 24 hr with enriched oligomeric or ﬁbrillar Ab1–42 peptide preparations (0.5 lmol/L).
Western Blotting Analysis
Cortical neurons were scrapped in culture medium, and
the recovered pellets were resuspended in ice-cold lysis buffer
composed of 25 mM Hepes-Na, 2 mM MgCl2, 1 mM
EDTA, and 1 mM EGTA and supplemented with 2 mM 1,4dithiotreitol (DTT), 100 lM PMSF, 2 mM ortovanadate, 50
mM sodium ﬂuoride, and a protease inhibitor cocktail containing leupeptin, pepstatin A, chymostatin, and aprotinin (1
mg/mL). The cellular extract was then rapidly frozen and
thawed three times. Protein content in the samples was measured using the Bio-Rad protein dye assay reagent. Whole cellular extracts containing 30 lg of protein were separated by
electrophoresis on 10% SDS–polyacrylamide gel (SDS-PAGE)
after denaturation at 1008C for 5 min in a 6 3 concentrated
sample buffer composed of 100 mM Tris, 100 mM DTT, 4%
SDS, 0.2% bromophenol blue, and 20% glycerol. To facilitate
the identiﬁcation of proteins, a prestained precision protein
standard (Bio-Rad) was used. Proteins were then transferred
to PVDF membranes, which were further blocked for 1 hr at
room temperature (RT) with 5% BSA in Tris-buffered saline
(150 mM NaCl, 50 mM Tris, pH 7.6) with 0.1% Tween 20
(TBS-T). The membranes were next incubated overnight at
48C with mouse PHF-tau (clone AT8; 1:250), antitau (1:400),
rabbit anti-GSK-3b phosphorylated at Ser9 residue (1:1,000),
Journal of Neuroscience Research
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mouse anti-GSK-3b (1:2,500), polyclonal rabbit anti-caspase12 (1:1,000) , or mouse monoclonal anti-GRP78 (1:250) antibodies. After washing in TBS-T, membranes were incubated
for 1 hr at RT with an alkaline phosphatase–conjugated antirabbit or antimouse secondary antibody (1:20,000 dilution in
TBS-T). Bands of immunoreactive proteins were visualized
after membrane incubation with ECF reagent for 5 min on a
VersaDoc Imaging System, and the density of protein bands
was calculated using the Quantity One Program (Bio-Rad).
MTT Assay
After treatment of cortical neurons with different concentrations of Ab peptides, metabolic activity was evaluated
by the MTT assay (Mosmann, 1983), which measures the
ability of metabolic active cells to form formazan through
cleavage of the tetrazolium ring of MTT. Neurons were
washed in sodium medium [132 mM NaCl, 4 mM KCl,
1.2 mM NaH2PO4, 1.4 mM MgCl2, 6 mM glucose, 10 mM
Hepes, and 1 mM CaCl2 (pH 7.4)] and incubated with MTT
(0.5 g/L) for 2 hr at 378C. The blue formazan crystals formed
were dissolved in an equal volume of 0.04 M HCl in isopropanol and quantiﬁed spectrophotometrically by measuring the
absorbance at 570 nm using a microplate reader (Spectra Max
Plus 384, Molecular Devices).
Immunocytochemistry
Cortical neurons grown in glass coverslips in the presence or the absence of Ab1–42 were washed with PBS buffer
(pH 7.4) and were ﬁxed with 4% paraformaldehyde for
15 min at RT. Then the cells were permeabilized for 2 min
with 0.2% Triton X-100 in PBS buffer (pH 7.4) and blocked
for 1 hr and 30 min in PBS containing 3% BSA. The cells
were incubated for 1 hr with mouse PHF-tau monoclonal antibody (1:30 dilution in 3% BSA/PBS) at RT and then washed
and incubated with Alexa Fluor 488 goat antimouse IgG antibody conjugate (1:200 dilution in 3% BSA/PBS) for 1 hr.
Finally, the cells were treated with mounting solution on a
microscope slide, and neurons were visualized in an inverted
ﬂuorescence microscope Axiovert 200 (Zeiss, Germany).
Statistical Analysis
Data are expressed as means 6 SEMs of the indicated
number of experiments. Statistical signiﬁcance was determined
using one-way ANOVA followed by Tukey’s post hoc test.
Differences were considered signiﬁcant at P < 0.05.

RESULTS
Characterization of Enriched Oligomeric
and Fibrillar Ab1–42 Preparations
It is still controversial whether the ﬁbrillar or the
oligomeric Ab peptide is the neurotoxic species in AD.
In this work we have used different assemblies of synthetic Ab1–42, namely, the oligomeric and ﬁbrillar peptide samples that are enriched in oligomers and ﬁbrils,
respectively (Fig. 1). As evaluated by negative-stain electron microscopy (Fig. 1), the presence and the length of
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Fig. 1. Analysis of the aggregation state of Ab1–42 peptide preparations (negative-stain electron microscopy). Representative images
show increased number and length of ﬁbrils in the sample incubated
at 378C for 1 week (b). The Ab1–42 samples were placed on Formvar-carbon-coated 400-mesh copper grids, then negatively stained
with 7.5 g/L uranyl acetate, and examined in an electronic microscope at an accelerating voltage of 50 kV; magniﬁcation 330,000.

amyloid ﬁbrils dramatically increased in enriched ﬁbrillar
Ab1–42 (Fig. 1b) compared with those in enriched oligomeric Ab1–42 (Fig. 1a).
When Ab1–42 from stock solutions was added to
cortical cultures, the absence or the presence of b-sheetenriched ﬁbrils was analyzed using ThS (Fig. 2). After
24 hr incubation with oligomer-enriched Ab1–42
(0.5 lmol/L), amyloid ﬁbrils were not detected (Fig. 2b),
with the ThS staining similar to that observed in the
control cells (Fig. 2a), which were not incubated with
the Ab peptide. On the other hand, after exposure to a
similar concentration of enriched ﬁbrillar Ab1–42 for
24 hr, b-sheet-enriched structures were observed (Fig. 2c),
demonstrating that preformed ﬁbrils are still present
when the peptide is diluted in culture medium. Similar
results were obtained after 48 hr of incubation with both
Ab1–42 preparations (data not shown).

Ab1–42 Induces Tau Phosphorylation and
Decreases Cell Survival through Glycogen
Synthase Kinase (GSK3b)
To investigate whether different assemblies of
Ab1–42 lead to tau phosphorylation, the level of phosphorylated tau at Ser202 residue was quantiﬁed by Western blotting in cortical neurons treated with 5 lM
enriched oligomeric or ﬁbrillar Ab1–42. The oligomeric
peptide signiﬁcantly increased tau phosphorylation after
6 hr of treatment (P < 0.05), which persisted after 24 hr
(P < 0.01), whereas the peptide mainly composed of
ﬁbrils had signiﬁcantly increased tau phosphorylation
only after 24 hr (P < 0.05; Fig. 3A). The increased tau
phosphorylation observed on treatment with the
oligomer-enriched Ab1–42 sample (5 lM) after 24 hr
was conﬁrmed by immunocytochemistry (Fig. 3B). The
level of GSK-3b phosphorylated at Ser9 residue, the
inactive form of GSK-3b, signiﬁcantly decreased in
the presence of oligomeric (P < 0.01) and ﬁbrillar (P <

Fig. 2. Detection of b-sheet-enriched ﬁbrils in primary cortical neuronal cultures exposed to different Ab1–42 preparations. On incubation of cortical neurons for 24 hr with enriched oligomeric (b) or
ﬁbrillar Ab1–42 preparations (c), the presence of b-sheet ﬁbrils was
analyzed by ThS staining and compared with control conditions in
the absence of Ab treatment (a). Cells were stained with ThS for
20 min in the dark and were subsequently washed with PBS buffer
(pH 7.4), a 70% (vol/vol) ethanol solution, and ﬁnally with PBS. At
the end, ThS-positive ﬁbrils were visualized in a ﬂuorescence microscope; magniﬁcation 3400. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

0.05) Ab1–42 peptide, suggesting that both Ab preparations induce GSK-3b activation (Fig. 4A). Because oligomeric Ab1–42 induced an early increase in tau phosphorylation (Fig. 3A) and a more signiﬁcant effect on
Journal of Neuroscience Research
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Fig. 3. Enriched oligomeric and ﬁbrillar Ab1–42 peptide induced
tau phosphorylation. A: Cortical neurons were treated with enriched
oligomeric or ﬁbrillar samples of Ab1–42 (5 lM) for 6 or 24 hr, and
the levels of phosphorylated tau were quantiﬁed by Western blotting.
Thirty mirograms of cell lysate protein was separated by SDS-PAGE
and immunoblotted with PHF-tau or antitau antibodies. The ratio of
P-tau/total tau was determined by densitometry analysis from three
independent experiments (*P < 0.05, **P < 0.01, signiﬁcantly different from control). B: Neurons were treated with enriched oligomeric Ab1–42 peptide (5lM) for 24 hr, ﬁxed with 4% paraformaldehyde, and immunostained with a mouse PHF-tau antibody. Representative images of control and Ab1–42-treated neurons were
obtained from three independent experiments; magniﬁcation 3400.
[Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

GSK-3b activity (Fig. 4A), subsequent studies were performed in cortical neurons exposed to the peptide sample enriched in oligomeric species. In the presence of a
GSK-3b inhibitor, GSK-3b inhibitor I (0.1 lM), a
decrease (P < 0.001) in enriched oligomeric Ab-induced
tau phosphorylation was observed (Fig. 4B), demonstrating the involvement of this kinase in tau modiﬁcation
by soluble Ab1–42. Similar results were obtained in the
presence of 10 mM LiCl (data not shown).
In cortical neurons treated for 24 hr with 5 lM
enriched oligomeric Ab1–42, a signiﬁcant decrease (P <
0.001) in cell survival was observed (Fig. 5), which was
partially prevented (P < 0.05) in the presence of 0.1 lM
GSK-3b inhibitor I, demonstrating that in addition to
tau phosphorylation, GSK-3b is involved in soluble Abinduced toxicity.
Journal of Neuroscience Research

2095

Fig. 4. GSK-3b inhibition decreased Ab-induced tau phosphorylation. Cortical neurons were treated with 5 lM oligomer-enriched
Ab1–42 peptide alone or in combination with 0.1 lM GSK-3b inhibitor I (GSK3bI) for 24 hr, and the levels of GSK-3b phosphorylated on Ser9 residue (A) and phosphorylated tau (B) were quantiﬁed
by Western blotting. Thirty micrograms of cell lysate protein were
separated by SDS-PAGE and immunoblotted with PHF-tau, antitau,
anti-phospho-GSK-3b (Ser9), or anti-GSK-3b antibodies. The ratio
of P-protein/total protein was determined by densitometry analysis
from three independent experiments. Statistical signiﬁcance was
determined using one-way ANOVA followed by Tukey’s post hoc
test (*P < 0.05, **P < 0.01, signiﬁcantly different from control;
###
P < 0.001, signiﬁcantly different from the results obtained in
control cortical neurons in the absence of GSK-3b inhibitor).

Fig. 5. Effect of GSK3b inhibition on Ab1–42-induced toxicity.
Cultured cortical neurons were treated for 6 hr with 5 lM enriched
oligomeric Ab1–42 preparation in the presence or in the absence of
0.1 lM GSK-3b inhibitor I. After that, metabolic activity was evaluated by measuring the capacity of the cells to reduce MTT. The
results are presented as the percentage of absorbance determined for
control conditions and represent the means 6 SEMs of at least three
independent experiments performed in duplicate (***P < 0.001, signiﬁcantly different from control; #P < 0.01, signiﬁcantly different
from MTT reduction determined in cortical cultures exposed to oligomeric Ab peptide).

Ab1–42 Oligomers Induce ER Stress
Because the enriched oligomeric peptide, mainly
composed of low-n oligomers (14 kDa; Resende et al.,
unpublished results), was shown to induce GSK-3b activation, which is known to occur under ER stress condi-
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Fig. 6. Preparation of Ab oligomers (negative-stain electron microscopy). Ab1–42 oligomers (AbO) were placed on Formvar-carboncoated 400-mesh copper grids, then negatively stained with 7.5 g/L
uranyl acetate and examined at an accelerating voltage of 50 kV.
Magniﬁcation 330,000.

tions (Song et al., 2002; Brewster et al., 2006), we
decided to isolate Ab1–42 oligomers (AbO; Fig. 6) and
investigate whether they induce ER stress. For this purpose, we analyzed two known ER stress markers,
namely, the ER chaperone GRP78 and the ER-resident
caspase-12 (Nakagawa and Yuan, 2000; Rao et al.,
2002), determining the levels of GRP78 and pro–caspase
12 by Western blotting. In cortical neurons treated with
0.5 lM Ab1–42 oligomers for 1 or 24 hr, a signiﬁcant
increase (P < 0.05) in GRP78 levels was observed (Fig. 7A).
Moreover, the level of pro–caspase 12 signiﬁcantly
decreased (P < 0.001) in treated neurons (Fig. 7B), suggesting that Ab oligomers induce caspase 12 activation.
These results demonstrate that Ab1–42 oligomers induce
ER stress in cortical neurons in culture.

ER Ca21 release Is Involved in Ab1–42
Oligomers-Induced Tau Phosphorylation
Tau phosphorylation that occurs in cortical neurons
treated for 6 or 24 hr with Ab1–42 oligomers (0.5 lM)
was prevented (P < 0.05) in the presence of 10 lM
dantrolene, an inhibitor of ER Ca21 release through
channels associated with RyRs (Fig. 8A). Ab oligomerinduced GSK-3b activation, observed after 24 hr (P <
0.01), was also prevented (P < 0.01) in cells preincubated with dantrolene (Fig. 8B). On incubation of cortical neurons with Ab1–42 oligomers for 6 hr, GSK-3b
activity was not signiﬁcantly affected (data not shown),
suggesting the involvement of other mechanisms in tau
phosphorylation after 6 hr of incubation. Together, these
results suggest the involvement of ER Ca21 release in
Ab1–42 oligomer–induced GSK-3b activation and subsequent tau phosphorylation.

Fig. 7. Ab1–42 oligomers induce caspase-12 activation and increase
GRP78 levels. Cortical neurons were treated with 0.5 lM Ab1–42
oligomers for 1 or 24 hr, and the levels of pro-caspase 12 (A) and
GRP78 (B) were quantiﬁed by Western blotting. Thirty micrograms
of cell lysate protein were separated by SDS-PAGE and immunoblotted with polyclonal rabbit anti-caspase-12 or with mouse monoclonal anti-GRP78 antibodies. Protein levels were determined by
densitometry analysis from three independent experiments (*P <
0.05, ***P < 0.001, signiﬁcantly different from control).

DISCUSSION
Tau pathology has been described to be a later
event in Alzheimer’s disease (AD) development (LaFerla
and Oddo, 2005). The abnormal tau phosphorylation
that occurs in AD seems to be related to the altered activity of kinases such as glycogen synthase kinase-3b
(GSK-3b). It has been previously demonstrated that
amyloid-beta (Ab) increases the activity of GSK-3b and
the phosphorylation of tau (Takashima et al., 1993,
1996; Tomidokoro et al., 2001; De Felice et al., 2007;
Koh et al., 2008). In addition, immunization with antiAb antibodies reduces oligomer-induced activation of
GSK-3b and tau pathology (Oddo et al., 2006; Ma
et al., 2006), suggesting that Ab peptides, in oligomeric
form may lead to the hyperphosphorylation of tau
through a mechanism involving GSK-3b activation. In
the present study, using different assemblies of Ab1–42
peptide, it was shown that Ab oligomers activate GSK3b and induce tau phosphorylation under conditions
associated with ER stress. Moreover, it was demonstrated that the perturbation of ER Ca21 homeostasis
because of Ca21 release through RyRs is involved in
the activation of GSK-3b and the subsequent phosphorylation of the tau protein observed in cortical neurons
on the addition of oligomeric Ab1–42. We used two
preparations of the synthetic Ab1–42 peptide, oligomeric
and ﬁbrillar preparations, which are enriched in low-n
oligomeric forms and ﬁbrils, respectively. Even though
both peptide samples induced tau phosphorylation, an
earlier and more signiﬁcant effect was observed in neurons incubated with the oligomeric peptide. In addition,
an increase in the activity of GSK-3b was observed on
treatment of cortical neuronal cultures with both oligomeric and ﬁbrillar peptide. However, the soluble Ab
form was more effective than the ﬁbril-enriched peptide.
Taking these results into account and those we have preJournal of Neuroscience Research
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Fig. 8. Dantrolene prevents Ab1–42-oligomer-induced GSK3b activation and tau phosphorylation. Cultured cortical neurons were
treated for 6 or 24 hr with 0.5 lM Ab1–42 oligomers (AbO) alone
or in combination with 10 lM dantrolene (DT). Levels of phosphorylated tau (A) and GSK-3b phosphorylated on Ser9 residue (B)
were quantiﬁed by Western blotting. Thirty micrograms of cell lysate
protein was separated by SDS-PAGE and immunoblotted with PHFtau, antitau, anti-phospho-GSK-3b (Ser9), or anti-GSK3b antibodies.
The ratio of P-tau/total tau and P-GSK-3b/total GSK3b was determined by densitometry analysis from three independent experiments
(*P < 0.05, **P < 0.01, signiﬁcantly different from control; #P <
0.05, ##P < 0.01, signiﬁcantly different from neurons treated with
AbO alone).

viously obtained demonstrating that oligomeric Ab is
more toxic than ﬁbrillar Ab (Resende et al., unpublished
data), we decided to use the oligomeric peptide and isolated Ab1–42 oligomers in most of the experiments. We
have previously demonstrated that Ab oligomers impair
ER Ca21 homeostasis, leading to early ER Ca21 release,
which is involved in Ab-induced apoptotic neuronal
death. Many studies have demonstrated that Ab induces
tau hyperphosphorylation (De Felice et al., 2007; Ma
et al., 2006), and studies have also demonstrated that
GSK-3b is involved (Ma et al., 2006; Koh et al., 2008).
It has also been suggested that GSK-3b plays a central
role in ER stress (Song et al., 2002; Brewster et al.,
2006); however, there have been no reports stating that
ER stress is involved in GSK-3b activation and tau
phosphorylation induced by Ab1–42 oligomers. In the
present study, we have ﬁrst established a link between
Journal of Neuroscience Research
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oligomeric Ab, GSK-3b activation, and tau phosphorylation. The involvement of ER Ca21 release in GSK-3bmediated tau phosphorylation on exposure to Ab
oligomers is another major ﬁnding of this work.
Several studies have demonstrated that tau is a
GSK-3b substrate (Ishiguro et al., 1993; Lovestone
et al., 1994; Plattner et al., 2006). However, tau can be
phosphorylated by other kinases such as cyclin-dependent kinase-5 (cdk5), protein kinase A (PKA), or protein
kinase C (PKC; Avila, 2006). The decrease in the inactive form of the enzyme, GSK-3b phosphorylated at the
Ser9 residue, can be a result of down-regulation of the
Akt/PI3K survival pathway, as was suggested by other
authors (Magrané et al., 2005). There is also evidence
that PKC inhibition causes a decline in GSK-3b levels
(Liu et al., 2003). Using GSK-3b inhibitor I, we demonstrated that Ab1–42 oligomer–induced tau phosphorylation is mediated by GSK-3b. Because tau phosphorylation occurred before GSK-3b activation, we cannot
exclude the hypothesis that other kinases or other pathways may also be involved. It has been recently
described that phosphorylation of tau by more than one
kinase is required to convert it into the AD P-tau-like
protein. Sequential phosphorylation of tau by PKA,
CaMKii, and GSK-3b or by cdk5 and GSK-3b, converts normal tau into pathological tau, which self-assembles into paired helical ﬁlaments and tangles, leading to
the inhibition of microtubule assembly (Wang et al.,
2007). A recent work by Tseng and colleagues (2007)
suggests that Ab oligomers impair proteasome activity,
contributing to the age-related pathological accumulation
of Ab and tau.
We have recently demonstrated that ER Ca21
release through RyRs contributes to the early Ab
oligomer–induced increase in intracellular Ca21 levels
and to the activation of apoptotic neuronal death
(Resende et al., unpublished results). In the present
study, we demonstrated that Ab oligomer–induced ER
stress and Ca21 release lead to GSK-3b activation and
tau phosphorylation, which corroborates the hypothesis
that GSK-3b is a downstream event of ER stress (Song
et al., 2002; Brewster et al., 2006). Dantrolene is an inhibitor of RyRs, which has been shown to prevent Abinduced neurotoxicity (Ferreiro et al., 2006) and to
decrease GRP78 level (Yoshida et al., 2006).
Thapsigargin, a well-known ER stress inducer
because of the perturbation of ER Ca21 homeostasis,
has also been shown to activate GSK-3b (Song et al.,
2002; Takadera et al., 2006; Takadera and Ohyashiki,
2007). There are also evidences in the literature demonstrating that A23187 ionophore induces GSK-3b activation (Jing et al., 2008) and tau phosphorylation (Shea
et al., 1997).
Several studies have demonstrated increased GSK3b levels in AD brains. However, there is no evidence
that the enzyme activity is also increased, and the in
vivo role of GSK-3b in AD brains is still a controversial
issue (Balaraman et al., 2006). Some therapeutic treatments currently used in AD, such as acetylcholinesterase
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inhibitors and N-methyl-D-aspartate receptors, have been
proved to increase levels of the inactive form of GSK3b (De Sarno et al., 2006). GSK-3b plays a major role
in many signaling pathways involved in brain function
and development (Grimes and Jope, 2001), and deletion
or inhibition of GSK-3b can be detrimental (Balaraman
et al., 2006). Despite its interaction with proteins associated with AD, namely, tau and APP, GSK-3b also regulates metabolic and mitochondrial enzymes and transcription factors. Thus, the inhibition of GSK-3b can affect
many physiological functions. The inhibition of GSK-3b
by lithium can be a result of its competition with magnesium or occur through activation of the PI3K/Akt
pathway (Balaraman et al., 2006). There are some evidence that lithium can be protective in the Ab-related
pathological changes observed in AD (Balaraman et al.,
2006), but a very recent study revealed an increased risk
of dementia in AD patients treated with lithium (Dunn
et al., 2005). Caccamo and colleagues (2007) described
that despite the reduction in phospho-tau, lithium treatment did not improve deﬁcits in working memory.
Other GSK-3b inhibitors have also been shown to be
neuroprotective and could have more potential than lithium. In the present work, we used GSK-3b inhibitor I,
which prevented Ab-induced tau phosphorylation and
toxicity.
In conclusion, our results suggest that Ab oligomers are involved in the GSK3b-mediated tau phosphorylation and neuronal degeneration that occurs in AD by
a mechanism involving early ER Ca21 release. Pathological changes in AD are very complex and include
numerous mechanisms such as amyloid plaque formation, NFTs, apoptosis, and oxidative stress, which means
that an ideal therapy should target different processes.
This work supports the idea that GSK-3b can be a primary target and that its inhibitors can be promising as a
therapy for AD.
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