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Hyperphosphorylated tau is the major protein subunit of neurofibril-
lary tangles in Alzheimer’s disease (AD) and related tauopathies. It is
not understood, however, why the neurofibrillary tangle-containing
neurons seen in the AD brains do not die of apoptosis but rather
degeneration even though they are constantly awash in a proapo-
ptotic environment. Here, we show that cells overexpressing tau
exhibit marked resistance to apoptosis induced by various apoptotic
stimuli, which also causes correlated tau hyperphosphorylation and
glycogen synthase kinase 3 (GSK-3) activation. GSK-3 overexpression
did not potentiate apoptotic stimulus-induced cell apoptosis in the
presence of high levels of tau. The resistance of neuronal cells bearing
hyperphosphorylated tau to apoptosis was also evident by the
inverse staining pattern of PHF-1-positive tau and activated caspase-3
or fragmented nuclei in cells and the brains of rats or tau-transgenic
mice. Tau hyperphosphorylation was accompanied by decreases in
�-catenin phosphorylation and increases in nuclear translocation of
�-catenin. Reduced levels of �-catenin antagonized the antiapoptotic
effect of tau, whereas overexpressing �-catenin conferred resistance
to apoptosis. These results reveal an antiapoptotic function of tau
hyperphosphorylation, which likely inhibits competitively phosphor-
ylation of �-catenin by GSK-3� and hence facilitates the function of
�-catenin. Our findings suggest that tau phosphorylation may lead
the neurons to escape from an acute apoptotic death, implying the
essence of neurodegeneration seen in the AD brains and related
tauopathies.

Alzheimer’s disease � tau hyperphosphorylation � glycogen
synthase kinase-3

Chronic neurodegeneration characterized by accumulation of
hyperphosphorylated tau and formation of neurofibrillary tan-

gles (NFTs) is a hallmark lesion in Alzheimer’s disease (AD) and
related tauopathies (1–4). Although the mechanism underlying
neurodegeneration remains elusive, the idea that neurons undergo
apoptosis in the course of neurodegeneration is supported by
studies showing that AD-related toxic stimuli, such as �-amyloid,
cause cell death as manifested by up-regulation of apoptotic mark-
ers (5, 6). However, apoptosis accounts for only a minor proportion
of neurons lost in AD brains (7); most NFT-bearing neurons
undergo chronic degeneration (8–13) rather than apoptosis, even
though they are constantly exposed to apoptotic stimuli, suggesting
that mechanism(s) exist enabling neurons to escape apoptosis.

Studies on postmortem AD brains have demonstrated that
abnormally hyperphosphorylated tau is the major protein subunit
of NFT (1–4), which suggests that hyperphosphorylation of tau may
play a role in leading the neuronal cells to desert apoptosis. Tau is
a microtubule-associated protein. The major function of tau is to
promote microtubule assembly and maintain the stability of the
microtubules. The roles of tau hyperphosphorylation and accumu-
lation in the development of neurofibrillary degeneration seen in
the AD brains (1–4) and related tauopathies (14) have been studied
extensively for the last two decades. Most recently, it has been

demonstrated in tau-transgenic mice that suppression of a mutant
tau expression improved memory function (15, 16). However,
formation of tau filaments seems neuroprotective (17, 18). Until
now, the direct evidence for the role of tau phosphorylation in
determining the neurons committing chronic degeneration versus
acute apoptosis is still lacking.

Tau phosphorylation is regulated by protein kinases and protein
phosphatases. Glycogen synthase kinase-3� (GSK-3�) is one of the
most implicated tau kinases involved in Alzheimer-like tau hyper-
phosphorylation (19–21). GSK-3� phosphorylates not only tau but
also �-catenin; the latter is a phosphoprotein involved in Wnt
signaling (22, 23). In Wnt pathway, phosphorylation of �-catenin by
GSK-3� facilitates its proteolysis, whereas the unphosphorylated
�-catenin is stable and thus can be translocated into nuclei to
promote cell survival. The relationship between tau and �-catenin
phosphorylation is currently unknown.

In this work, we found that tau hyperphosphorylation rendered
neurons antiapoptotic through stabilizing �-catenin in two different
cell lines and in rat and tau-transgenic mouse models. These results
provide an explanation for why tangle-bearing neurons in the brains
of subjects with AD and related tauopathies do not die of apoptosis.

Results
Cells Overexpressing Tau Are More Resistant to Apoptotic Stimuli-
Induced Apoptosis. To study the role of tau in cell viability, we stably
expressed the longest form of human tau (tau441) in mouse
neuroblastoma N2a (N2a/tau) and human HEK293 (HEK293/tau)
cells, the last of which did not express endogenous tau (Fig. 1A).
The pcDNA (vector) was stably expressed as control. Then, we
treated the cells with apoptotic inducers. Compared with the
untransfected N2a or HEK293 cells, the apoptosis was much less
severe in cells expressing high levels of tau protein after various
durations of staurosporine treatment, as demonstrated by Annexin
V–propidium iodide (PI) staining (Fig. 1B) followed by flow
cytometric quantification of the apoptotic rate (Fig. 1 C and D).
Cells expressing high levels of tau also showed significant resistance
to apoptosis induced by camptothecin and H2O2 (Fig. 1 E–H), along
with significantly increased cell viability as measured by 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
[supporting information (SI) Fig. 6 A–F] and lactate dehydrogenase
assays (SI Fig. 6 G–L). To eliminate the possibility that the
apoptosis resistance of the cell was induced by selecting for the
stable cell lines but not by tau, we transiently transfected tau into
N2a cells for 48 h and treated the cells with staurosporine for 6 h,
and then we measured the apoptotic rate by flow cytometry. We
observed that transient transfection of tau also made the cells more
resistant to apoptosis (SI Fig. 7). These results suggest that tau may
play an antiapoptotic role in the cells.

Hyperphosphorylation of Tau by GSK-3� Rescues Apoptotic Stimuli-
Induced and GSK-3�-Potentiated Apoptosis. To explore the involve-
ment of tau phosphorylation in the aforementioned antiapoptosis,
we measured the phosphorylation status of tau and the activity of
GSK-3. In N2a cells, apoptotic stimuli induced activation of GSK-3
(Fig. 2A) and concomitant increases in tau hyperphosphorylation at
Ser396–Ser404 recognized by antibody PHF-1 in the presence of tau
overexpression (Fig. 2B), suggesting that the antiapoptotic effect of

tau involves tau phosphorylation and GSK-3. Of the two GSK-3
isoforms, GSK-3� and GSK-3�, GSK-3� is the major tau kinase
functioning in AD pathology (19). To determine further the role of
GSK-3� and tau phosphorylation in the antiapoptosis, we tran-
siently transfected GSK-3�-HA into N2a cells with or without
stable expression of tau441. The expression of GSK-3�-HA (Fig.
2C) along with significantly increased GSK-3 activity (Fig. 2D) and
strong PHF-1 tau positivity (Fig. 2E) were confirmed by an in vitro
32P labeling kinase assay and Western blotting. Overexpression of
GSK-3� in the absence of tau promoted staurosporine-induced
apoptosis in both N2a (Fig. 2F) and HEK293 (Fig. 2G) cells.
However, in the presence of high levels of exogenous tau, the
apoptotic-promoting effect of GSK-3� was completely abolished,
and cells were more resistant than control cells to staurosporine-
induced apoptosis (Fig. 2 F and G). These data suggest that tau
phosphorylation may rescue staurosporine-induced and GSK-3�-
potentiated cell apoptosis.

We next mutated tau amino acid residue Ser396, a critical target
of GSK-3� phosphorylation, to Ala (S396A) and observed de-
creased ability of tau protein to protect cells from apoptosis (Fig.
2H), suggesting an important role for phosphorylation at this site
in the antiapoptotic activity of tau. No obvious change was observed
by a similar mutation at tau Ser404 (S404A), another GSK-3� site
(Fig. 2H).

Fig. 1. Cells overexpressing tau are more resistant to apoptotic stimuli-induced
apoptosis. (A) Human tau441 (tau) or pcDNA (Vector) were stably expressed in
mouse neuroblastoma N2a and human embryonic kidney HEK293 cells. Total tau
was detected by Western blotting with antibody R134d. Actin serves as a loading
control. (B)Cellsuntransfected(Wt)ortransfectedwithpcDNA(Vector)orhuman
tau441 (tau) were treated with 1 �M staurosporine for 0–24 h as indicated, and
the number of apoptotic cells was determined by using Annexin V–PI staining.
(Scale bar, 20 �m.) (C, E, and G) N2a cells were treated with 1 �M staurosporine
or 1 �M camptothecin or 250 �M H2O2 for 0–24 h as indicated, and then the
apoptotic rate was measured by flow cytometry for quantification. (D, F, and H)
HEK293 cells were treated with 1 �M staurosporine or 1 �M camptothecin or 250
�M H2O2 for 0–24 h as indicated, and then the apoptotic rate was measured by
flow cytometry to quantify. *, P � 0.05; **, P � 0.01 treated versus untreated
controls; ##, P � 0.01, tau441-transfected versus vector or wild type at the same
time points.

Fig. 2. Hyperphosphorylation of tau inhibits apoptotic stimuli-induced
apoptosis. (A) GSK-3 activity was measured by a 32P-labeling assay using
phospho-GS-peptide 2 as substrate (42) and expressed as relative level in N2a
cells treated with 1 �M staurosporine for 0–24 h. *, P � 0.05; **, P � 0.01,
versus vector at 0 h (mean � SD, n � 5). (B) Tau was analyzed by Western
blotting with R134d (to total tau) and PHF-1 (to Ser396–Ser404-hyperphospho-
rylated tau). (C) Exogenous GSK-3�-HA or its pcDNA was transfected into N2a
with or without expression of exogenous tau, and the expression of GSK-3�

was detected by using anti-GSK-3� antibody at 48 h after transfection. (D)
GSK-3 activity measured by a 32P-labeling assay after its expression. **, P � 0.01
versus vector (mean � SD, n � 5). (E) Tau phosphorylation at the PHF-1 epitope
in N2a cells was measured at 48 h after GSK-3� expression. (F) The apoptotic
rate in N2a cells transfected with GSK-3�-HA or pcDNA for 48 h and treated
with 1 �M staurosporine for 6 h measured by flow cytometry. (G) Observations
similar to F were shown in HEK293 cell, which does not express endogenous
tau. (H) Wild-type tau or a tau construct bearing a Ser to Ala substitution at
amino acid 396 (S396A) or 404 (S404A) was transfected simultaneously with
GSK-3� into naı̈ve N2a cells for 48 h, and cells were treated with staurosporine
for 6 h. The apoptotic rate was determined by flow cytometry. *, P � 0.05; **,
P � 0.01 as marked in F–H (mean � SD, n � 3).
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An antiapoptotic function of tau phosphorylation was supported
further by mutually exclusive immunostaining of the hyperphos-
phorylated tau (green) and two major apoptotic markers, activated
caspase-3 (red) and fragmented nuclei (blue), in N2a/tau cells
transiently transfected with GSK-3� and treated with staurosporine
(Fig. 3A). Furthermore, the idea that tau phosphorylation renders
cells resistant to apoptosis was supported in vivo by two sets of
experiments. First, we injected staurosporine into the rat hippocam-
pus and observed the mutually exclusive distribution of PHF-1-
positive tau and activated caspase-3 (Fig. 3B). We made similar
observations in transgenic mouse lines overexpressing wild-type
human tau (WTTau-Tg) or the FDTP mutant R406W tau
(RWTau-Tg) (24); the latter is more readily phosphorylated (25)
and in littermate controls (Non-Tg). Nonoverlapping PHF-1 and
activated caspase-3 positivities were apparent in brains of 3-month-
old mice after staurosporine treatment, and the phosphorylation of
tau at PHF-1 epitope was most dramatic in RWTau-Tg mice (Fig.
3C). Overall, our data strongly suggest that tau phosphorylation
mediated by GSK-3� blocks cells from responding to exogenous
proapoptotic stimuli.

Hyperphosphorylation of Tau Stabilizes �-Catenin. To determine the
mechanism underlying the antiapoptotic effect of tau phosphory-
lation, we asked whether tau phosphorylation alters the level and
localization of �-catenin, a well recognized cell survival factor and
GSK-3� substrate. Expression of GSK-3� in N2a/vector cells
resulted in a significant decrease in the total level of �-catenin (Fig.
4 A Left and B). However, when GSK-3� was expressed in N2a/tau
cells, total levels of �-catenin significantly increased, but levels of
the phosphorylated �-catenin (P-�-catenin) markedly decreased
accompanied by concomitantly high levels of PHF-1-positive tau
(Fig. 4 A Left and B and C). These data suggest that tau phosphor-
ylation antagonizes phosphorylation of �-catenin by GSK-3� and
maintains high levels of �-catenin. Because the survival-promoting
function of �-catenin requires its nuclear translocation (26), we
examined �-catenin levels in cytoplasmic and nuclear fractions.

Compared with cells with negligible tau expression, levels of total
�-catenin were elevated significantly in both cytoplasmic and
nuclear fractions, whereas P-�-catenin was reduced in cytoplasmic
fractions in cells expressing tau (Fig. 4 A Center and Right and B and
C). Tau overexpression potentiates translocation of �-catenin into
the nuclear fraction (Fig. 4 A Right and B), a result confirmed by
immunofluorescence, indicating a clear nuclear �-catenin signal
when tau was overexpressed (Fig. 4D, arrowheads).

�-Catenin Mediates the Antiapoptotic Function of Tau Phosphoryla-
tion. To explore the direct role of �-catenin in mediating the
antiapoptotic effects of tau phosphorylation, we used siRNA to
knock down �-catenin. Reduction of �-catenin (�70%) by siRNA
abolished the antiapoptotic effect of tau (Fig. 5 A and B). To
confirm the antiapoptotic function of �-catenin, we overexpressed
�-catenin in naı̈ve N2a cells (Fig. 5C). After staurosporine treat-
ment, both the number of apoptotic cells (Fig. 5 D and E) and the
rate of apoptosis (Fig. 5F) were reduced significantly in �-catenin-

Fig. 3. Segregation of hyperphosphorylated tau from apoptotic markers. (A)
N2a/tau cells transfected with GSK-3� for 48 h were treated with 1 �M
staurosporine for 6 h and triple-labeled with Hoechst stain, activated
caspase-3 antibody, and PHF-1. (B) Staurosporine (500 �M, 3 �l) was injected
into the rat hippocampus for 24 h, and brain sections were immunostained for
activated caspase-3 and PHF-1 tau. (C) Staurosporine (500 �M, 1 �l) was
injected into the hippocampus of nontransgenic littermates (Non-Tg), wild-
type tau transgenic (WTTau-Tg), and R406W tau transgenic (RWTau-Tg) mice
(24) for 24 h, and brain sections were immunostained for activated caspase-3
and PHF-1 tau. (Lower) Higher magnification. Merged images show mutually
exclusive immunostaining pattern of Hoechst (blue) or/and activated
caspase-3 (red) with PHF-1 tau (green). (Scale bar, 20 �m.)

Fig. 4. Hyperphosphorylation of tau by GSK-3� stabilizes �-catenin and
promotes nuclear translocation of �-catenin. (A) Exogenous GSK-3�-HA or its
pcDNA was transfected into N2a with or without expression of exogenous tau
for 48 h, and cells were treated with 1 �M staurosporine for 6 h. Cytoplasmic
and nuclear fractions were obtained, and immunoblots for �-catenin and
phosphorylated �-catenin (P-�-catenin) were measured. DM1A and PCNA
were used for loading controls and markers for cytoplasmic and nuclear
fractions, respectively. (B and C) Quantitative analysis of A. *, P � 0.05; **, P �
0.01 versus vector; ##, P � 0.01, GSK-3�/tau group versus GSK-3� group
(mean � SD, n � 3). (D) Naı̈ve N2a cells were cotransfected transiently with
GFP-labeled tau or pcDNA and GSK-3� (1:3) (50) for 48 h and then treated with
1 �M staurosporine for 6 h. �-Catenin immunostaining was carried out by
using rhodamine red X-coupled second antibody (red) with Hoechst staining
for cell nuclei (blue); translocation of �-catenin from the cytosol to the nucleus
in tau-expressing cells (arrowhead) is shown. (Scale bar, 20 �m.)
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transfected cells. These results strongly suggest that �-catenin
up-regulation, likely resulting from a competitive phosphorylation
between tau and �-catenin by GSK-3�, antagonizes apoptosis.

Discussion
Neurodegeneration characterized by intracellular accumulation of
hyperphosphorylated tau and formation of neurofibrillary tangles
is a hallmark lesion in AD and related tauopathies (1–4). However,
it is still not understood why the neurons bearing hyperphospho-
rylated tau and tangles choose to undergo chronic degeneration
rather than acute apoptosis even though they are often exposed to
a proapoptotic environment, especially during the development of
AD or related tauopathies. In the present study, we have found that
tau hyperphosphorylation enables cells to escape apoptosis, a
phenomenon that may explain why most NFT-bearing neurons
survive proapoptotic insults and die chronically of degeneration.
The involvement of tau in cell viability was also observed in
cerebellar granule neurons (27), and it was further supported by
recent histological analyses of neurons in transgenic mouse models
expressing mutant and nonmutant forms of human tau (17, 28, 29).
In both cases, the presence of tau filaments did not correlate directly
with the death of individual neurons. We also observed that
dephosphorylated tau at the Tau-1 epitope was colabeled with
apoptotic markers (data not shown), which supports a previous

report that dephosphorylation of tau renders the cells more vul-
nerable to apoptosis (30). Although a proapoptotic effect of tau
pseudophosphorylation was also reported (31), we conceive that
the antiapoptotic function of tau requires its phosphorylation.
Because neurons in adults are rarely replenished, it is likely that
neurons have evolved mechanisms to survive apoptotic assaults to
maintain an optimal brain structure. We believe that one of these
mechanisms is tau phosphorylation-induced abortive apoptosis as
demonstrated in our study, which could allow neurons to survive
apoptotic attack and wait for chances of self-repair.

Tau is a phosphoprotein containing normally 2–3 mol of phos-
phate per mol of tau protein. The levels of total tau in the AD brains
were 4- to 5-fold higher than in the control cases, and the increases
were in the form of abnormally phosphorylated tau (32). Phos-
phorylation of tau is catalyzed by a group of protein kinases; and
among them, GSK-3� is one of the most prominent tau kinases
(20). A previous study in SH-SY5Y cells, which express little tau
protein, demonstrated that GSK-3� facilitated exogenously in-
duced apoptosis (33). In the present study, we also observed that
overexpression of GSK-3� alone potentiated staurosporine-
induced apoptosis. However, simultaneous overexpression of tau
eliminated the GSK-3�-potentiated apoptosis, suggesting that tau
phosphorylation rescues GSK-3�-mediated cell death. In addition
to tau, GSK-3� also phosphorylates �-catenin and thus regulates
the proteolysis and cellular translocation of the protein (26). As a
component of ‘‘Wnt/GSK-3/�-catenin,’’ a well characterized sur-
vival pathway in cancer, �-catenin is being more appreciated in the
nervous system. Our results demonstrated that up-regulation of
�-catenin during tau hyperphosphorylation plays a role in prevent-
ing the cells from apoptosis. Because both tau and �-catenin are
favored substrates of GSK-3, we speculate that tau phosphorylation
may alter phosphorylation/activity of �-catenin through a compet-
itive mechanism. Indeed, overexpressing of �-catenin blocks nitric
oxide-induced apoptosis in colonic cancer cells (34), whereas
destabilization or down-regulation of �-catenin potentiates apo-
ptosis (35, 36). These findings point to �-catenin as a key mediator
in neuronal survival in AD and support the view that a loss of
function of the Wnt signaling pathway may play a role in the
progression of AD (37). Tau may also exert its antiapoptotic
function through stabilizing microtubules. However, it is well
known that hyperphosphorylated tau detaches from microtubules,
which leads to disruption of microtubules. Because the tau in our
study is hyperphosphorylated, this possibility can be ruled out.

Because hyperphosphorylated tau is the major protein subunit of
NFTs in the degenerated neurons in AD brains, studies have been
focusing on the detrimental effects of tau hyperphosphorylation;
for instance, hyperphosphorylated tau is no longer competent in
promoting the assembly of microtubules (38), and it sequesters
normal tau and thus disrupts microtubules (39). In addition,
neurons exhibiting tau hyperphosphorylation cannot maintain ax-
onal transport, a sign of neurodegeneration (40). In the present
work, we demonstrate an antiapoptotic function of tau phosphor-
ylation. The protective effect of tau phosphorylation on oxidative
stress has also been proposed recently (41). It seems that hyper-
phosphorylation of tau may prevent the brain from rapid loss of a
majority of neurons by leading the neurons to escape apoptosis, but
the neurons with tau hyperphosphorylation are ‘‘sick’’ and no
longer competent for normal physiological functions, such as
promoting microtubule assembly and maintaining normal axonal
transport. Additionally, extended survival time of these sick neu-
rons makes them less resistant to environmental/metabolic insults
and also allows NFT to evolve from the hyperphosphorylated tau.
These incompetent, sick neurons may be the origin of neurode-
generation. Thus, the formation of NFTs in AD brains may result
from the ability of neurons to abort acute apoptotic cell death and
enter pathways culminating chronic neurodegeneration. We pro-
pose that selection of this chronic death pathway in cells with tau
hyperphosphorylation is under the tight regulation of multiple

Fig. 5. Knockdown of �-catenin eliminates the antiapoptotic effect of tau, and
overexpression of �-catenin inhibits staurosporine-induced apoptosis. (A) N2a/
tau cells were transfected with �-catenin siRNA or scrambled siRNA control for
48 h after prior transfection with GSK-3�-HA for 6 h. The level of �-catenin was
measured by Western blotting, and it was calculated by defining the control level
as 1 arbitrary unit. (B) Cells expressing GSK-3�-HA and different siRNAs described
in A were further treated with 1 �M staurosporine for 6 h, and the apoptotic rate
was quantified by flow cytometry. **, P � 0.01 versus control (mean � SD, n � 3).
(C) GFP-�-catenin or a GFP-containing vector was transiently expressed in naı̈ve
N2a cells, and �-catenin was measured by Western blotting at 48 h after the
transfection. (D) Cells expressing GFP-�-catenin or GFP-vector described in C were
treated with 1 �M staurosporine for 6 h and stained with antiactivated caspase-3
(red) and Hoechst (blue). The number of apoptotic cells (yellow) was significantly
lower in �-catenin-positive cells than in vector control cells. (Scale bar, 20 �m.) (E)
Quantitative analysis from three separate experiments in D. (F). The apoptotic
rate was quantified by flow cytometry. **, P � 0.01 (mean � SD, n � 3).
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factors, which warrants further investigation. Taken together, the
findings in this work and previous ones suggest that modulation of
tau phosphorylation in different stages of AD and related tauopa-
thies offers promising opportunities to rescue the cells from acute
apoptotic death and to prevent degeneration.

Materials and Methods
Antibodies, Rats, and Transgenic Mice. The detailed information for
the antibodies used in this work is listed in Table 1. Male Sprague–
Dawley rats (3 months old) were supplied by the Experimental
Animal Central of Tongji Medical College. Transgenic mouse lines
(3 months old) overexpressing wild-type and the FDTP tau mutant
R406W [driven by the calcium/calmodulin-dependent kinase II
(CaMKII)-TA promoter] and the littermate controls (24) were kind
gifts of A Takashima (Institute of Physical and Chemical Research
of Japan). All animal experiments were performed according to the
‘‘Policies on the Use of Animals and Humans in Neuroscience
Research’’ revised and approved by the Society for Neuroscience in
1995, and the animal study was approved by the academic review
board of our college.

Establishment of Cell Lines Stably Expressing Tau or Its Vector. The
longest human tau construct (tau441) or pcDNA (vector) was
transfected into murine neuroblastoma N2a or HEK293 cells with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions, and the single clone was selected to establish cell lines
stably overexpressing tau441 (namely, N2a/tau and HEK293/tau)
or pcDNA (namely, N2a/vector and HEK293/vector). Cells were
cultured in 50% DMEM/50% Opti-MEM supplemented with 5%
FBS and 200 �g/ml G418. The culture medium was changed every
3 days.

Brain Injection in Rats and Transgenic Mice. Brain injection was
performed by using a stereotaxic instrument (SR-6N; Narishige
Scientific Instrument Laboratory, Tokyo, Japan) (42). Staurospor-
ine (3 �l of 500 �M) was injected into the rat’s hippocampus at
coordinates from bregma and dura of AP �4.0, L/R �2.0 and V

�3.0 (in mm). After 24 h, the brain slices were prepared for
immunofluorescence analysis. Transgenic mouse lines were in-
jected in the hippocampal region with staurosporine (1 �l of 500
�M) at coordinates 1.9 mm/�1.0 mm/1.9 mm.

Induction of Apoptosis. Before administration of apoptotic inducers,
the cells were cultured in serum-free medium for 12 h to induce
differentiation. To induce apoptosis, cells were treated with 1 �M
camptothecin (43), 1 �M staurosporine (44), or 250 �M H2O2 (45)
for 3, 6, 12, and 24 h in serum-free medium. Apoptosis was assayed
by using an Annexin V–PI staining kit by following the manufac-
turer’s procedure (Bender Medsystems, San Bruno, CA) (46), and
the apoptotic rate was automatically quantified by flow cytometry
with the standardized program of the instrument (FACSCalibur,
BD Biosciences, San Jose, CA). Cell viability was also measured by
MTT (47) and lactate dehydrogenase assays (48).

Assay of GSK-3 Activity. The activity of GSK-3 in hippocampal
extracts of the rats was determined by using phospho-GS peptide 2
(42). Briefly, 7.5 �g of protein was incubated for 30 min at 30°C with
250 �mol/liter peptide substrate and 200 �mol/liter [�-32P]ATP
(1,500 cpm/pmol ATP) in 30 mmol/liter Tris, pH 7.4/10 mmol/liter
MgCl2/10 mmol/liter NaF/1 mmol/liter Na3VO4/2 mmol/liter
EGTA/10 mmol/liter 2-mercaptoethanol in a total volume of 25 �l.
The reaction was stopped with 25 �l of 300 mmol/liter o-phosphoric
acid. The reaction mixture of 25 �l was applied in triplicate to
phosphocellulose units. The filters were washed three times with 75
mmol/liter o-phosphoric acid, dried, and counted with a liquid
scintillation counter. The relative kinase activity was expressed
based on controls.

Double- or Triple-Labeling Immunofluorescence. The rats or mice
were killed by an overdose of chloral hydrate (1 g/kg) or CO2 and
fixed in situ for 20 min by perfusion of 4% paraformaldehyde in 24
mM NaH2PO4/126 mM Na2HPO4, pH 7.2 at 4°C. Coronal brain
sections of hippocampal tissue were cut at 35 �m with a freezing
microtome (CM1900, Leica Microsystems, Wetzlar, Germany).

Table 1. Antibodies employed in the study

Antibody Specific Type WB IF Source

R134d Total tau pAb 1:30,000 K. Iqbal
PHF-1 Phosphorylated tau at Ser396–Ser404 mAb 1:500 1:300 P. Davies
Anti-tau-1 Nonphosphorylated tau at

Ser198–Ser199–Ser202

mAb 1:20,000 1:200 Chemicon

HA tag (6E2) HA tag mAb 1:1,000 Cell Signaling
Cleaved caspase-3 (Asp175) antibody Large fragment(17/19 kDa) of activated

caspase-3 resulting from cleavage
adjacent to Asp175

pAb 1:1,000 1:100 Cell Signaling

GSK-3� Total GSK-3� mAb 1:1,000 1:50 Cell Signaling
Mouse anti-�-catenin �-Catenin mAb 1:500 1:100 Zymed
DM1A �-Tubulin mAb 1:1,000 Sigma
Anti-phospho-�-catenin (pSer33/pSer37) �-Catenin phosphorylated at Ser33 and

Ser37

mAb 1:400 Sigma

Proliferating cell nuclear antigen
(PCNA)

PCNA mAb 1:400 eBioscience

�-actin �-Actin mAb 1:1,000 Abcam
Goat anti-mouse peroxidase 1:5,000 Pierce Chemical Co.
Goat anti-rabbit peroxidase 1:5,000 Pierce Chemical Co.
Oregon green 488 goat anti-mouse IgG

(H � L)
1:1,000 Molecular Probes

Rhodamine red X 1:1,000 Molecular Probes
goat anti-mouse IgG (H � L)
Rhodamine red X 1:1,000 Molecular Probes
goat anti-rabbit IgG (H � L)

WB, Western blotting; IF, immunofluorescence; pAb, rabbit polyclonal antibody.
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Sections were then incubated overnight at 4°C with primary anti-
bodies as indicated in each figure, and the immunoreactivity was
probed with rhodamine red X- or Oregon green 488-conjugated
secondary antibodies (see Table 1). For the triple-labeling studies,
1 �g/ml Hoechst 33258 (Sigma, St. Louis, MO) was used for the
nuclear staining. For each primary antibody, three to five consec-
utive sections from each brain were used. The images were ob-
served with a laser confocal microscope (FV500; Olympus, Tokyo,
Japan) or a fluorescence microscopy (System Microscopy BX60;
Olympus). For cell studies, cells were cultured on coverslips and
fixed with 4% paraformaldehyde for 1.5 h at 4°C and then incubated
for 12�36 h at 4°C with primary antibodies overnight. The rest
processes were the same as described above.

Western Blotting. Western blotting was performed according to
methods established in our laboratory (42). Briefly, the cell
homogenates or brain extracts were mixed with sample buffer
containing 50 mmol/liter Tris�HCl (pH 7.6), 2% SDS, 10%
glycerol, 10 mmol/liter DTT, and 0.2% bromophenol blue and
boiled for 5 min. The proteins were separated by 10% SDS/
PAGE and transferred to PVDF membrane. Immunostaining
was visualized with a chemiluminescent substrate kit and CL-
XPosure Film and quantitatively analyzed by digital science 1D
software (Eastman Kodak, Rochester, NY). Band intensity was
measured as the sum optical density and expressed is as a level
relative to each control. Tau phosphorylation levels were nor-
malized relative to the total tau. Data were analyzed by using
SAS 8.01 statistical software and expressed as mean � SD.
Differences among multiple groups and serial studies were tested
by repeated-measures ANOVA. Mutant tau expression con-
structs containing the S396A or S404A mutations were gifts of
F. Liu (New York State Institute for Basic Research, Staten
Island, NY).

Subcellular Fractionation and Analysis of �-Catenin. Subcellular frac-
tionation was carried out according to the established methods (49).

Roughly 2 � 106 cells were washed with 1� PBS and suspended in
100 �l of buffer A (10 mM Tris�HCl, pH 7.4/10 mM NaCl/3 mM
MgCl2/0.03% Nonidet P-40) containing a mixture of protease
inhibitors, i.e., 10 �g/ml each aprotinin and leupeptin and 100 �g/ml
PMSF. The samples were incubated on ice until �95% of the cells
could be stained by trypan blue. Samples were then centrifuged at
1,000 rpm (rotor Nr. 12154-H; Sigma) at 4°C for 5 min. The
supernatant (cytoplasmic fraction) was collected and the pellet was
washed with buffer B (50 mM NaCl, 10 mM Hepes, pH 8.0/25%
glycerol/0.1 mM EDTA/0.5 mM spermidine/0.15 mM spermine),
then resuspended in 100 �l of buffer C [350 mM NaCl/10 mM
Hepes, pH 8.0/25% (vol/vol) glycerol/0.1 mM EDTA/0.5 mM
spermidine/0.15 mM spermine] and rocked in 4°C for 30 min.
Samples were centrifuged at 14,000 � g for 10 min. The resulting
supernatant contains the nucleoplasm fractions.

To knock down �-catenin, we used N2a/tau cells transiently
transfected with GSK-3� for 6 h. The �-catenin siRNA or control
siRNA (20 nM) (Santa Cruz Biotechnology, Santa Cruz, CA) was
then transfected by using siPORT Amine transfection agent (Am-
bion, Austin, TX) according to the manufacturer’s instructions.
After 48 h, the cells were either used for the measurement of
�-catenin level by quantitative Western blotting or further treated
with 1 �M staurosporine for 6 h for the apoptosis assay by flow
cytometry.
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