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Interruption of �-Catenin Signaling Reduces Neurogenesis
in Alzheimer’s Disease
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The neuronal loss associated with Alzheimer’s disease (AD) affects areas of the brain that are vital to cognition. Although recent studies
have shown that new neurons can be generated from progenitor cells in the neocortices of healthy adults, the neurogenic potential of the
stem/progenitor cells of AD patients is not known. To answer this question, we compared the properties of glial progenitor cells (GPCs)
from the cortices of healthy control (HC) and AD subjects. The GPCs from AD brain samples displayed reduced renewal capability and
reduced neurogenesis compared with GPCs from HC brains. To investigate the mechanisms underlying this difference, we compared
�-catenin signaling proteins in GPCs from AD versus HC subjects and studied the effect of amyloid � peptide (A�, a hallmark of AD
pathology) on GPCs. Interestingly, GPCs from AD patients exhibited elevated levels of glycogen synthase kinase 3� (GSK-3�, an enzyme
known to phosphorylate �-catenin), accompanied by an increase in phosphorylated �-catenin and a decrease in nonphosphorylated
�-catenin compared with HC counterparts. Furthermore. we found that A� treatment impaired the ability of GPCs from HC subjects to
generate new neurons and caused changes in �-catenin signaling proteins similar to those observed in GPCs from AD patients. Similar
results were observed in GPCs isolated from AD transgenic mice. These results suggest that A�-induced interruption of �-catenin
signaling may contribute to the impairment of neurogenesis in AD progenitor cells.

Introduction
Studies have shown that large pools of glial progenitor cells
(GPCs) are located in the human neocortex (Gogate et al., 1994;
Pincus et al., 1997; Roy et al., 1999; Chang et al., 2000; Arsenijevic
et al., 2001; Palmer et al., 2001; Windrem et al., 2002; Nunes et al.,
2003; Goldman and Sim, 2005). These cells are classified by their
antigen phenotypes, such as A2B5-positive cells (Kondo and Raff,
2000; Nunes et al., 2003) and NG2-expressing cells (Belachew et
al., 2003; Aguirre and Gallo, 2004; Aguirre et al., 2004; Chittajallu
et al., 2004; Rivers et al., 2008). NG2-positive (NG2�) cells are
the predominant type of GPC in injured brains (Chang et al.,
2000; Horky et al., 2006). Although GPCs’ ability to generate new
neurons in local brain regions remains controversial (Spalding et
al., 2005; Bhardwaj et al., 2006), stem/progenitor cells from non-
neurogenic regions have been shown to possess self-renewal and
neurogenic capabilities after exposure to environmental stressors
(Armstrong et al., 1992; Gogate et al., 1994; Pincus et al., 1997;
Scolding et al., 1998; Wolswijk, 1998; Roy et al., 1999; Arsenijevic
et al., 2001; Palmer et al., 2001; Nunes et al., 2003). Additionally,
recent studies have shown that NG2� GPCs isolated from post-

natal rodents are able to form neurospheres and to generate new
neurons and glia (Belachew et al., 2003; Aguirre and Gallo, 2004;
Aguirre et al., 2004; Chittajallu et al., 2004).

Alzheimer’s disease (AD) is a neurodegenerative disease char-
acterized by amyloid plaque deposits and neurofibrillary tangles
(Selkoe, 2003; Tanzi and Bertram, 2005). While the progressive
neuronal loss that occurs in AD has not been found to induce
neurogenesis (Regeur et al., 1994; Bundgaard et al., 2001), signif-
icant gliogenesis was observed in the degenerative cortex (Otero
et al., 2004). The mechanism that underlies the fate of GPCs
remains unclear; however, several signal transduction pathway
cascades have been shown to control progenitor cell fate (Ander-
ton et al., 2000). Wnt/�-catenin signaling, for example, has been
shown to be involved in progenitor cell lineage decisions (Zhang
et al., 1998; He et al., 2004; Hirabayashi et al., 2004) in develop-
mental stages (Wright et al., 1997; Lee et al., 2004; Logan and
Nusse, 2004; Otero et al., 2004) as well as in adult brains (Lie et al.,
2005). Reduced Wnt/�-catenin signaling has been reported in
AD brains (Gavrieli et al., 1992; Zhou et al., 2008), and decreased
expression of �-catenin was also found in AD patients carrying
presenilin-1-inherited mutations (Anderton et al., 2000; Hiraba-
yashi and Gotoh, 2005; Lie et al., 2005).

In this study, we found that the levels of neurogenesis by GPCs
from AD brains were significantly reduced compared with those
from HC brains. This reduction in neurogenesis was also accom-
panied by disrupted �-catenin signaling in AD versus HC GPCs
and their progeny. We found that the treatment of HC GPCs with
exogenous A� induced changes in neurogenesis, �-catenin sig-
naling, and proneural gene expression that were similar to those
exhibited by AD GPCs and their progeny. Furthermore. we found
that the overexpression of �-catenin partially restored neurogen-
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esis from AD GPCs, while the reduction of �-catenin using
�-catenin siRNA decreased neurogenesis from HC GPCs. These
results suggest that elevated A� levels in AD brains may impair
neuron induction from GPCs by interfering with the �-catenin
signaling pathway.

Materials and Methods
Collection of human cortical tissue. Brain tissues were obtained from rap-
idly autopsied geriatric patients (n � 14 HC, n � 14 AD) enrolled in the
Brain Donation Program at Sun Health Research Institute. The average
postmortem interval (PMI) was �3 h. The average ages of the HC and
AD subjects were 84.3 and 83.7 years, respectively. The tissues were isolated
and experimental manipulations were performed with sex-matched HC and
AD (supplemental Table 1, available at www.jneurosci.org as supplemental
material). To avoid deep formations, the superficial gray matter of the supe-
rior temporal cortex was harvested.

Collection of mouse cortical tissue. Cortical tissues were harvested from
wild-type (WT) and AD-like transgenic (APP23) mice of 12 and 24
months of age (n � 20 for each group). The mice were from a C57BL/6
background. The transgenic APP23 mice were provided by Novartis In-
stitute for Biomedical Research; these mice express mutant human �APP
(Swedish double mutation, KM670/671NL) under the control of a brain-
and neuron-specific murine Thy-1 promoter element.

Isolation of cortical NG2� GPCs by immunomagnetic selection. The cor-
tical tissue was cut into 200 �m slices, digested with 20 U of papain/
DNase I (Worthington), and overlaid onto a discontinuous density gra-
dient of Optiprep (Nycomed). After gradient centrifugation for 60 min,
cells were incubated with a polyclonal antibody that binds to cell-surface
chondroitin sulfate proteoglycan (NG2, Millipore Bioscience Research
Reagents) as described previously (Wright et al., 1997; Konishi et al.,
2002; Othman et al., 2005). GPCs were further separated by the addition
of Dynabeads (Dynal) that had previously been coated with recombinant
streptavidin via DNA linker (Dynal) and conjugated to a biotinylated
goat anti-rabbit IgG (Jackson ImmunoResearch). The binding cells were
selected with a Dynal magnetic particle concentrator and were removed
from the beads with DNase I.

Cell culture. Single NG2-expressing cells from human or mouse brains
were cultured in flasks that were precoated with 10 mg/ml poly(2-
hydroxyethyl methacrylate) (Sigma, catalog: P3932) to avoid cell adhe-
sion (Zhang et al., 2001). Primary neurospheres were generated by sus-
pending the NG2-expressing cells in Neurobasal A medium containing 5
ng/ml bFGF, 10 ng/ml EGF, and 20 ng/ml PDGF-AA (growth medium)
for 14 d. Secondary neurospheres were generated by dissociating the
primary neurospheres with papain and resuspending the cells in identical
growth medium for another 14 d. Before analyses, cells from neuro-
spheres were dissociated and seeded on chamber slides or plates that were
precoated with 100 �g/ml poly-L-lysine hydrobromide (PLL, Sigma, cat-
alog: P9155). For differentiation induction, Neurobasal A was supple-
mented with 2% B27, 1% N-2 supplement, and 10 ng/ml BDNF (for
maintaining cell survival). The medium was deprived of mitogenic
growth factors, PDGF-AA, bFGF, and EGF. The neurotrophic factors
and culture supplements used in the differentiation medium were ob-
tained from Invitrogen, except for the other supplies mentioned above.

A�1– 42 treatment. Before treating the cultures, A�1– 42 (PP69, EMD
Biosciences) was preaggregated at 37°C overnight (Haughey et al.,
2002b). Dissociated GPCs were grown in differentiation medium and
were exposed to various concentrations of A�1– 42 (0, 0.1, 1.0, or 5.0 �M)
3 h after plating (Haughey et al., 2002b) for 2 d. The medium was re-
placed with differentiation medium that lacked A�1– 42 on the day 3 and
at various time points for analyses.

A� ELISA. Human GPCs, their progeny cells, and the incubation me-
dium were collected. Neocortical tissues from APP23 and WT mice (n �
3 per group) were harvested at 12 and 24 months of age. The cells were
sonicated, and the brain tissue was homogenized in homogenization
buffer. The A� ELISA was performed as described previously (He et al.,
2007). In brief, protein concentrations were measured by protein assays
(Bio-Rad). For total A� ELISA, the capture antibody was monoclonal
anti-A� antibody 4G8 (Millipore Bioscience Research Reagents), and the

detection antibody was biotinylated monoclonal antibody anti-A� 6E10
(Serotec). A�40 and A�42 were measured with A�40 and A�42 ELISA kits
(KHB3481 and KHB3544, Biosource). The ELISA system has been exten-
sively tested and no cross-reactivity between A�40 and A�42 was observed
(data not shown). Four technical replicates were performed for each A�
determination.

RT-PCR. For RT-PCR, the sequences of primers for Ngn1 were 5�-
AGTGACCTATCCGGCTTCCT and 5�-AGCGTCTGATTTTGGTGAG,
and the primers for Ngn2 were 5�-GCTGGGTCTGGRACACGTT and 5�-
AACACTGCCTCGGAGAAGAG. RT-PCR was performed using the One-
Step RT-PCR kit (Invitrogen) according to the manufacturer’s instructions.

�-Catenin recombinant retrovirus preparation. The �-catenin full
cDNA clone was purchased from OpenBiosystems. The open reading
frame was subcloned to a pLXRN retrovirus vector from Clontech. A
FLAG tag peptide sequence was inserted into the C-terminal of �-catenin
open reading open reading frame before the stop codon. Retrovirus was
produced by cotransfecting a GP2–293 packaging cell line with the
pLXRN vector (containing the �-catenin open reading frame) and a
VSV-G expression vector via calcium phosphate transfection (Clontech).
The recombinant virus was collected and stored at �80°C.

�-Catenin transfection. Suspended NG2 � cells from 4 AD patient
brains were cultured in the growth medium for 14 d. The spheres were
dissociated into single cells. Cells were put into the growth medium
containing �1 � 10 6 �-catenin recombinant retrovirus particles for 5 h.
The medium was changed every 3 d, and the culture was extended for
14 d. The �-catenin-transfected neurosphere was harvested and dissoci-
ated into single cells. Eighty percent of the cells were plated in a 6-well
plate for Western blot analysis, and 20% of the cells in an 8-well plate for
immunochemistry after 4 d culture.

siRNA introduction. �-Catenin small interference RNA (siRNA) (sc-
29210) (Zeng et al., 2007), GSK-3� siRNA (sc-35525) (Zhou et al., 2008),
and control nonspecific siRNA (sc-37007) were purchased from Santa
Cruz Biotechnology. Passage GPCs from WT or APP23 mouse brains
were dissociated and plated on 24-well plates in differentiation medium
and were transiently transfected with siRNAs using Lipofectamine 2000
(Invitrogen). The cells were collected for Western blot assay at 3 d after
transfection.

Immunofluorescence. Cells were fixed on 8-well chamber slides (�1 �
10 5 cells/ml) with 4% paraformaldehyde in 4°C for 15 min and were
sequentially treated with 0.15% Triton X-100 (for cell permeability) for
10 min and 10% goat serum (for blockage of nonspecific binding) for 30
min. The cells were immunostained with specific antibodies at 2, 7, or
14 d in vitro. Primary antibodies were applied as follows: rabbit anti-
doublecortin (DCX, Abcam, ab18723, 1:400), mouse anti-PSA-NCAM
(Millipore Bioscience Research Reagents, MAB5324, 1:500, IgM), mouse
anti-�III tubulin (Covance, 1:500), rabbit anti-MAP-2 (Millipore Bio-
science Research Reagents, MAB3418, 1:400), rabbit anti-GFAP (DAKO,
1:3000), mouse anti-GFAP (Covance, SMI-22R, 1: 10,000), mouse anti-
preoligodendroglial antigen O1 (R&D, 1:2000, IgM), rabbit anti-�-
catenin (Millipore Bioscience Research Reagents, AB19022, 1: 1000),
rabbit anti-�-catenin (Sigma, C2206, 1:2000), and rabbit anti-FLAG
(Sigma, F7425, 1:10,000). Fluorescent-labeling Alexa Fluor 488- or 568-
conjugated secondary antibodies against rabbit IgG, mouse IgG or IgM
were used for detection (Invitrogen, 1:1000).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (Gavrieli et al., 1992). The cells were fixed with 4% parafor-
maldehyde at 4°C, permeabilized with 0.5% Triton X-100 in PBS, and
blocked with 3% BSA for 30 min. The cells were then incubated with the
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) reaction mixture from the Boehringer Mannheim
kit according to the manufacturer’s procedures (Boehringer Mann-
heim). Negative controls were treated with Label Solution (without ter-
minal transferase) instead of the TUNEL reaction mixture. Positive con-
trols were incubated with DNase I to induce DNA strand breaks and were
labeled with the TUNEL reaction mixture. Incubation was performed in
a humidified atmosphere for 60 min at 37°C in the dark. Samples were
analyzed using a fluorescent microscope. Normal nuclei, which con-
tained only insignificant amounts of DNA 3�-OH ends, did not stain with
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this technique; however, cells with apoptotic morphology exhibited con-
densed nuclei labeling.

Nuclear extraction. Cell nuclei were extracted based on the protocol of
Nuclear Extraction Kit by IMAGENEX Corporation (catalog: 10081K).
In brief, cells were collected and resuspended in 300 �l of 1� Hypotonic
Buffer. The suspension was added to 15 �l of the 10% Detergent Solu-
tion. The whole cell lysate was centrifuged at 14,000 rpm for 20 min,
thereby isolating the cytoplasmic fraction in the supernatant. The nu-
clear fraction was obtained by resuspending the pellet in 30 �l of Nuclear
Lysis Buffer and centrifuging the suspension, thereby isolating the nu-
clear fraction in the supernatant.

Western blot. GPC neurosphere cells or their daughter cells were lysed
using cell lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 10% glycerol, 0.1 M Na3VO4, 0.5% Triton X-100).
Twenty-five micrograms of protein were separated on an 8% SDS-PAGE

gel and transferred to a PVDF membrane. Pro-
teins were probed with the following polyclonal
rabbit antibodies: nestin (Santa Cruz, 1:100),
Dlx2 (Millipore Bioscience Research Reagents,
Ab5726, 1:5000), Wnt3 (Zymed, catalog: 38 –
2700, 1:2000), frizzled (Santa Cruz, sc-9169,
1:5000, H-300), Neurogenin 2 (Ngn2, Abcam,
ab38550, 1:1000), ASH1 (MASH1, Millipore
Bioscience Research Reagents, AB15582,
1:4000), �-catenin (Millipore Bioscience Re-
search Reagents, AB19022, 1:10,000), PARP
(Santa Cruz, sc-7150, 1:1000), and �-catenin
[phosphoserines 33 and 37] (Zymed, catalog:
486000, 1:2000). Monoclonal mouse antibodies
were applied against GSK-3� (Zymed, catalog:
39 –9500, 1:5000), NeuN (Millipore Bioscience
Research Reagents, MAB377, 1:500), and
�-actin (Sigma, 1:20,000). Similar procedures
were applied for neocortical samples from
mice. Western blot measurements were re-
peated 3 times independently.

Quantification of immunoreactive structures.
Digitized images were obtained with a DEI-470
digital camera (Optronics) on a Leica fluores-
cence microscope (Leica). Immunopositive
cells were counted in four 40� microscope
fields per sample. Blue nuclei (DAPI positive)
were counted as the total cell number. Results
were analyzed with Image-pro Plus Analysis by
an investigator who was blinded to the experi-
mental subjects and treatment.

Statistical analyses. Results were expressed as
mean � SD. All analyses were performed using
a software program (SPSS version 11.5.1;
SPSS). Differences between two groups were as-
sessed using Student’s t tests. Differences be-
tween three or more groups were evaluated by
one-way ANOVAs. The level of significance was
p � 0.05.

Results
A� is increased and neurogenesis is
decreased in GPC cultures from
AD patients
Neurons in AD brains have been shown to
produce increased levels of A�, especially
A�40 and A�42, compared with neurons in
healthy brains (Selkoe, 2003; Tanzi and
Bertram, 2005). To investigate whether A�
production is also promoted in GPCs in
AD brains, A�40 and A�42 levels in GPCs
from AD and HC brains were measured
via ELISA. We found a twofold increase in
both A�40 and A�42 levels in AD GPCs

compared with their HC counterparts (Fig. 1a). AD GPCs’ prog-
eny also exhibited increased A�40 and A�42 compared with their
HC counterparts (Fig. 1a). Because A� is generated in a vesicular
pathway, it has little effect on the extra-vesicular components of
the cell. Therefore, we tested A� levels in the medium, and nor-
malized both A�40 and A�42 to the total protein levels of the
corresponding cell lysates. As expected, both A�40 and A�42 levels
increased in the medium of AD GPCs, with a prominent increase of
A�42 levels in the medium containing AD daughter cells (Fig. 1b).

To compare the cell fate decisions of AD versus HC GPCs as
they relate to neurogenesis, we observed the differentiation of
second passage GPC progeny toward neurons after 2 d of being
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Figure 1. A� production, neurogenesis, and proneural gene products in AD versus HC progenitor cells. Second passage GPCs
from AD and HC subjects (n � 3 per group) were cultured in differentiation medium for 2 d. a, A� ELISA revealed increased levels
of A�40 and A�42 in AD GPCs and in their daughter cells compared with their HC counterparts (n � 3 per group, Student’s t test,
*p � 0.05, **p � 0.01). b, Increased levels of A�40 and A�42 were also observed in the medium surrounding AD GPCs and their
daughter cells compared with the medium surrounding HC cells (n � 3 per group, Student’s t test, **p � 0.01). c, The levels of
neurogenesis among the AD and HC GPC progeny were visualized by immunostaining new neurons with an anti-DCX antibody and
labeling all cell nuclei with DAPI. Scale bar, 50 �m. d, A representative Western blot showed significantly decreased levels of
neuroblast markers PSA-NCAM and DCX in AD progeny cells compared with their HC counterparts. e, Proneural gene expressions
of Ngn2, Mash1, and NeuroD1 were also decreased in AD progeny cells compared with their HC counterparts.
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cultured in differentiation medium by immunolabeling the cells
with DAPI for nuclei detection and with doublecortin (DCX) for
detection of immature neurons (Fig. 1c). We compared the pro-
portions of GPC progeny that developed into neurons in HC
versus AD subjects by counting the DAPI-positive and DCX-
positive cells in random fields. In the HC progeny, there were 82
DCX-positive cells out of 1526 DAPI-labeled nuclei, and, in the

AD progeny cells, there were 26 DCX-positive cells out of 1438
DAPI-labeled nuclei. Statistical analysis revealed that a signifi-
cantly smaller portion of AD GPC progeny developed into im-
mature neurons compared with HC GPC progeny (1.8 � 0.4% in
AD vs 5.4 � 1.9% in HC, n � 3 per group, Student’s t test, p �
0.05). To confirm the immunostaining results, we compared the
levels of DCX and polysialic acid-neural cell adhesion molecule
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Figure 2. Cell fate decisions of AD and HC GPCs and the apoptotic effect of A� treatment on newly generated cells. Second passage GPCs from AD and HC subjects (n � 3 per group) were cultured
in either A�-treated or nontreated differentiation medium for 2 d followed by another 5 d in A�-free differentiation medium. a, The cell fate decisions of nontreated AD and HC GPC progeny were
visualized by immunostaining the astrocytes (red) with an anti-GFAP antibody, the oligodendrocytes (blue) with an anti-O1 antibody, and the mature neurons (green) with an anti-�III tubulin
antibody. There were fewer neurons (green) among the AD GPC progeny than among the HC progeny. b, A representative Western blot demonstrated reduced �III tubulin levels in the AD progeny
compared with the HC progeny (both nontreated), while no significant differences in GFAP expression were observed. c, Differentiated progeny from HC GPCs treated with 5 �M A�1– 42 were
visualized by immunostaining for PSA-NCAM (a neuroblast marker), GFAP (an astrocyte marker), O1 (an oligodendrocyte marker), and DAPI (a cell nucleus marker). d, A representative micrograph
with TUNEL staining showed an increased number of apoptotic cells in progeny from A�-treated versus nontreated HC GPCs. e, Quantification of immunoreactive structures revealed a significant
increase in the number of apoptotic nuclei among the progeny of HC GPCs treated with �1 �M A� compared with their nontreated counterparts (n � 3 for each group, ANOVA, *p � 0.01). f,
Quantification also revealed an increase in the number of apoptosis-like PSA-NCAM � and O1 � cells among the progeny of HC GPCs exposed to �1 �M A� (n � 3 per group, ANOVA, *p � 0.01).
g, Nearly all of the PSA-NCAM � cells and most of the O1 � cells were apoptosis-like in the AD GPC progeny treated with 5 �M A� (n � 3 per group, ANOVA, *p � 0.01). Experiments were repeated
three times per condition. Scale bars: a, 25 �m; c, d, 10 �m.
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(PSA-NCAM), another marker of imma-
ture neurons, in AD versus HC GPC prog-
eny after 2 d in differentiation medium
(Fig. 1d). The results indicate a decline in
the production of new neurons from AD
GPCs compared with HC GPCs.

To determine whether the decline in
neurogenesis from AD GPCs is due to
changes in proneural gene expression, we
measured the expression levels of neuro-
genin 2 (Ngn2), mammalian achaete-
scute homolog 1 (Mash1), and neurogenic
differentiation factor 1 (NeuroD1) by
Western blot. AD GPC progeny exhib-
ited reduced expression of Ngn2, Mash1,
and NeuroD1 compared with HC prog-
eny after 2 d in differentiation medium
(Fig. 1e), suggesting that the decline of
neurogenic gene expression may be asso-
ciated with the reduction of differentia-
tion toward neurons in AD versus HC
GPC progeny.

A� promotes apoptosis in newly
generated neurons
To ensure that the observed decline in vis-
ible new neurons in AD GPC progeny is
not due to insufficient time for differenti-
ation, we extended our observation time
point to the seventh day of culture. We
detected various differentiated cell types
by triple immunostaining for �III tubulin
(a neuron-selective protein), GFAP (an as-
trocyte protein), and O1 (an oligodendro-
cyte marker) (Fig. 2a). Fewer AD GPC
progeny differentiated into neurons than
did HC progeny. To compare GPC differ-
entiation in a more robust manner, the
GPC progeny were costained with DAPI
and one cell type-specific marker, and the
number of type-specific cells out of the to-
tal number of cells in four randomly se-
lected 40� microscope fields was deter-
mined. One hundred sixteen out of 1367
HC progeny cells differentiated into neu-
rons (indicated by �III tubulin labeling),
whereas only 8 out of 1496 AD progeny
cells differentiated into neurons. Statistical
analysis indicated a significant decline in
the percentage of neurons in AD versus
HC GPC progeny (0.5 � 0.3% vs 8.5 �
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Figure 3. �-Catenin signaling and proneural gene transcription in AD versus HC GPCs and their progeny. a, Western blot
showed a reduction of nonphosphorylated �-catenin levels and an increase in both phosphorylated �-catenin and GSK-3� levels
in AD GPCs and their progeny compared with their HC counterparts, without significant differences in either Wnt3 or frizzled
expression. b, Immunostaining for �III-tubulin (mature neurons), �-catenin, and DAPI (all nuclei) showed a decrease in
�-catenin expression in AD differentiating cells compared with HC cells. c, Western blot showed a decrease in nonphosphorylated
�-catenin expression in the nuclear fractions of AD GPC progeny compared with HC progeny with no detectable GSK-3� or
phosphorylated �-catenin expression in AD or HC progeny. The nonphosphorylated �-catenin levels also decreased in the

4

cytoplasmic fraction of AD progeny compared with HC prog-
eny; however, this change was accompanied with increased
levels of GSK-3� and phosphorylated �-catenin. d, RT-PCR
revealed that mRNA levels of Ngn1 and Ngn2 were reduced in
AD GPC progeny compared with HC progeny. e, Spot densito-
metric analysis by FluorChem 8900 software was used to
quantify the RT-PCR relative expression levels of Ngn1 and
Ngn2 mRNA in the AD and HC GPC progeny. The expression
levels were normalized to the respective �-actin levels (Stu-
dent’s t test, *p � 0.05, n � 3 per group).
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1.3%, respectively, n � 3 per group, Stu-
dent’s t test, p � 0.01). In the same man-
ner, we analyzed the proportions of astro-
cytes (indicated by GFAP� labeling) and
oligodendrocytes (indicated by O1� label-
ing) in HC and AD GPC progeny. For HC
progeny, 94.6 � 5.2% differentiated into
astrocytes and 2.4 � 1.1% differentiated
into oligodendrocytes, and, for AD prog-
eny, 94.7 � 6.8% differentiated into astro-
cytes and 5.1 � 1.6% differentiated into
oligodendrocytes.

To confirm the immunostaining re-
sults, the �-III tubulin and GFAP levels in
AD and HC GPC progeny after 7 d in dif-
ferentiation medium were analyzed by
Western blot (Fig. 2b). The �III tubulin
levels were significantly lower than the
GFAP levels in both the HC and AD prog-
eny, confirming that the GPCs are more
likely to differentiate into astrocytes than
neurons. Additionally, the �III tubulin
levels in the AD progeny were reduced
compared with the HC progeny, confirm-
ing that mature neuron formation by
GPCs is impaired in AD.

To determine whether A�-induced,
premature neuronal death contributes to
the lack of mature neurons in AD GPC
progeny cells, we observed cell death in
HC and AD GPC progeny after exposure
to various doses of preaggregated A�1– 42

(0, 0.1, 1, 5 �M) for 2 d followed by 5 d in
A�-free differentiation medium. The cells
with condensed or fragmented nuclei were
considered apoptotic using DAPI staining.
The neuronal-restricted progenitors were
verified with an antibody against PSA-
NCAM, astrocytes with an antibody
against GFAP, and preoligodendroglial
cells with an antibody against surface anti-
gen O1 (Fig. 2c). Apoptotic cells were also
visualized using TUNEL staining, which
revealed that HC progeny that were
treated with 5 �M A�1– 42 exhibited more
apoptotic cells than did nontreated HC
progeny (Fig. 2d). The proportion of dif-
ferentiated GPC progeny that were apo-
ptotic was determined by costaining with
DAPI and a cell type-specific marker (ei-
ther PSA-NCAM for neuronal progeni-
tors, GFAP for astrocytes, or O1 for oligo-
dendrocytes) and determining the
proportion of differentiated cells (indi-
cated by a specific marker) whose nuclei
(indicated by DAPI) were condensed or fragmented out of the
total number of differentiated cells of that cell type. When the
different cell types (neuronal progenitors, oligodendrocytes, and
astrocytes) in the HC progeny were grouped together, treatment
with �1 �M A� increased the overall proportion of apoptotic
cells (Fig. 2e). For both HC and AD progeny cells, treatment with
�1 �M A� significantly and dramatically increased the propor-
tion of neuronal progenitors and oligodendrocytes that were ap-

optotic, so that, with 5 �M A� treatment, �90% of neuronal
progenitors and �70% of oligodendrocytes were apoptotic (Fig.
2f,g). A� treatment did not significantly alter the percentage of
astrocytes that were apoptotic (Fig. 2f,g), suggesting that
neuronal- and oligodendroglial-restricted progenitors were
more susceptible to A� toxicity than were newly generated astro-
cytes. These data demonstrate that A� may induce apoptosis in
newly generated neurons in a dose-dependent manner.
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Figure 4. Effect of �-catenin transfection on neurogenesis in AD GPC progeny. Single passage NG2 � cells from AD brains were
virally transfected with either �-catenin cDNA or a control vector for 5 h, and the culture was extended to 14 d. The transfected AD,
control AD, and control HC neurospheres were dissociated into single cells and were cultured in differentiation medium for another
4 d. a, Western blot revealed that the expression level of �-catenin in the transfected AD GPC progeny was significantly greater
than in the control AD progeny but less than in the control HC progeny. b, The success of the �-catenin transfection was confirmed
by immunostaining the transfected and control AD GPC progeny with an anti-FLAG-tag antibody. Approximately 40% of the
DAPI-labeled cells in the transfected AD GPC progeny were FLAG �, while no control AD progeny were FLAG �. c, Among the
control HC, control AD, and �-catenin-transfected AD GPC progeny, the neurons were visualized by �III tubulin staining (green),
and the nuclei were counterstained with DAPI (blue) (n � 2 per group). d, Immunoreactive quantification among the control HC,
control AD, and transfected AD progeny revealed that the percentage of mature neurons among the �-catenin-transfected AD
GPC progeny was significantly restored (n � 3 per group, ANOVA, *p � 0.05). e, The �-catenin-transfected AD GPCs produced
more new neurons (�III-tubulin �) than did the control AD GPCs. Among the transfected AD GPC progeny, �70% of the new
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Scale bars: c, 50 �m; b, e, 30 �m.
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�-Catenin decreases in AD glial progenitor cells and their
daughter cells
To determine whether the Wnt/�-catenin signaling pathway
contributes to the observed differences in cell fate decision of AD
and HC GPCs and their progeny, we used Western blot analysis
to determine the levels of various molecules involved in the path-
way. We found no significant differences in the expression levels
of Wnt3 or frizzled (a Wnt3 receptor) between AD and HC GPCs
or between their progeny cells (Fig. 3a). However, nonphospho-
rylated �-catenin, which is the downstream effector of Wnt3 sig-
naling, was significantly decreased in AD GPCs and their progeny

cells compared with the HC counterparts, whereas phosphory-
lated �-catenin and GSK-3� (an enzyme that phosphorylates
�-catenin) were increased (Fig. 3a). We also examined the ex-
pression and subcellular localization of �-catenin in the HC and
AD GPC progeny by immunohistochemistry and found that the
expression of �-catenin in the nuclei of AD progeny was de-
creased compared with the HC progeny (Fig. 3b).

The subcellular expression levels of phosphorylated and non-
phosphorylated �-catenin as well as the levels of GSK-3� in HC
and AD GPC progeny were examined further by Western blot.
For both HC and AD progeny, phosphorylated �-catenin and
GSK-3� were found mostly in the cytoplasm, whereas nonphos-
phorylated �-catenin was found in both the nucleus and the cy-
toplasm. The levels of nonphosphorylated �-catenin throughout
the AD progeny cells were significantly reduced compared with
HC progeny. This was accompanied by increased levels of phos-
phorylated �-catenin and GSK-3� in the cytoplasm of the AD
progeny (Fig. 3c).

To determine the whether the observed reduction of
�-catenin levels in AD GPCs and their daughter cells is accom-
panied by decreased transcription of proneuronal genes, we per-
formed RT-PCR to examine the mRNA levels of the proneural
genes Ngn1 and Ngn2 in AD versus HC GPC daughter cells. The
results showed that both Ngn1 and Ngn2 mRNA levels were de-
creased in AD daughter cells, suggesting that decreased �-catenin
may be related to decreased proneural gene expression and less
differentiation toward neurons in AD GPCs and their progeny
(Fig. 3d,e).

�-Catenin transfection restores the neuronal induction of
AD GPCs
To determine whether �-catenin levels affect neurogenesis in AD
GPCs, we exposed the AD GPCs to retroviruses containing the
�-catenin open reading frame for 5 h and extended the culture for
14 d to see whether the overexpression of �-catenin would in-
crease neuronal production from AD neurospheres. The trans-
fected neurospheres were dissociated into single cells and cul-
tured in the differentiating medium for 4 d. The controls were
nontransfected GPCs from HC and AD brains. To verify the suc-
cessful transfection of the AD GPC progeny, we used immuno-
staining to visualize cells that were successfully transfected (la-
beled with an anti-FLAG-tag antibody) out of the total number of
cells (labeled with DAPI) (Fig. 4b). We found that 39.32 �
13.23% (n � 3) of the AD GPC progeny that were exposed to the
retrovirus were successfully transfected (FLAG�), while none of
the control group AD GPC progeny were FLAG�. Western blot
revealed that the expression level of �-catenin in the transfected
AD GPC progeny was greater than in the nontransfected AD
progeny but lower than the �-catenin level in the nontransfected
HC progeny (Fig. 4a).

To determine whether the partially restored �-catenin levels
in the transfected AD progeny can restore neuron production, we
used immunostaining to visualize the number of mature neurons
(labeled with an anti-�III tubulin antibody) out of the total num-
ber of cells (labeled with DAPI) in the transfected AD versus the
nontransfected AD and HC GPC progeny (Fig. 4c). The percent-
age of mature neurons in transfected AD GPC progeny was sig-
nificantly greater than in the nontransfected AD GPC progeny
and did not differ significantly from the percentage in the non-
transfected HC progeny (Fig. 4d), suggesting that �-catenin
transfection in AD GPCs may increase the levels of neurogenesis.
To test the notion that �-catenin transfection increases the like-
lihood of AD GPC differentiation into mature neurons, we used
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�-catenin siRNA decreased the expression of �-catenin without significantly changing the
expression of GSK-3� (a) and also decreased the expression of Ngn2 (b) compared with control
WT GPCs. Alternately, the transfection of APP23 GPCs with GSK-3� siRNA reduced GSK-3�
expression and promoted the expression of �-catenin (c), while also enhancing Ngn2 protein
expression (d) compared with control APP23 GPCs.
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immunostaining to label the cells that were
transfected with viral vector (FLAG�), the
mature neurons (�III-tubulin�), and all
the cell nuclei (DAPI�) in the transfected
and nontransfected AD GPC progeny (Fig.
4e). A greater percentage of neurons oc-
curred among the �-catenin-transfected
progeny compared with the nontrans-
fected progeny, with 72.65 � 11.81% (n �
3) of the neurons among the transfected
group arising from successfully trans-
fected cells (FLAG�, �-III tubulin� cells
rather than FLAG�, �-III tubulin� cells).
Together, these data suggest that the re-
duced �-catenin levels exhibited by AD
GPCs compared with HC GPCs can be re-
stored and that this restoration of
�-catenin has the ability to rescue the lev-
els of neurogenesis in AD GPCs.

�-Catenin and GSK-3� siRNA
transfection alters the expression of a
proneural gene
To examine the relationship between the
�-catenin signaling pathway and potential
downstream proneural target genes, we
suppressed the expression of �-catenin in
GPCs from 12-month-old WT mice via
the introduction of �-catenin siRNA. The
Western blot showed that siRNA treat-
ment caused a significant reduction in
�-catenin levels but no significant changes
in GSK-3� levels (Fig. 5a). We tested the
expression of Ngn 2, which is coded for by
a proneuronal gene, via Western blot and
found a significant decrease in Ngn 2 ex-
pression in the �-catenin siRNA treated
cells compared with the control cells (Fig.
5b), suggesting that reduced �-catenin
may lead to decreased neurogenesis. Our
earlier data revealed that both the GSK-3�
levels and the relative levels of phosphory-
lated versus nonphosphorylated �-catenin
were altered in GPCs from AD versus HC
human subjects (Fig. 3a–c), suggesting that
GSK-3� may be involved in the regulation of
�-catenin. To confirm the role of GSK-3� in
the regulation of �-catenin, we transfected
GSK-3� siRNA into GPCs from 12-month-
old APP23 mice. The results of the Western
blot demonstrated that treatment with
GSK-3� siRNA decreased the GSK-3� ex-
pression levels and increased the �-catenin
levels in the GPCs from APP23 mice (Fig.
5c). We also found that the introduction of
GSK-3� siRNA significantly increased the
expression of Ngn2 (Fig. 5d).

Neuron induction and �-catenin
signaling are reduced in GPCs from aged APP23 mice
To confirm the effect of chronic A� accumulation in vivo on
�-catenin signaling and cell fate decisions of GPCs toward neu-
rons, we used APP23 transgenic mice, which overproduce A�

and exhibit AD-like pathology but lack tau-related pathology
(Garrido et al., 2002; De Ferrari et al., 2003; Salins et al., 2007), as
a model. NG2� GPCs from the neocortices of 12- and 24-month-
old APP23 and wild-type (WT) mice were isolated and cultured
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staining showed a reduced number of newborn neurons (DCX �) among the progeny of GPCs (labeled with DAPI) from APP23 mice at 12
and 24 months of age compared with age-matched WT mice. e, Quantification of the immunoreactive structures revealed a significant
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in the same manner as were the GPCs from the human subjects.
We compared the cell growth and self-renewal rates of the human
and mouse GPCs and found them to be similar (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

We performed A� ELISA to compare the amounts of A� in
the neocortices of the WT and APP23 mice and found that the
levels of A�40, A�42, and total A� in the 12- and 14-month-old
WT mice were nondetectable compared with the levels in the
age-matched APP23 mice (Fig. 6a– c). The amount of total A� in
the neocortices of the APP23 mice was 121 � 32 ng/mg protein

(n � 3) at 12 months of age, and, at 24
months of age, the total A� level increased
more than fourfold to 693 � 28 ng/mg
protein (Fig. 6a). Similar trends were also
found for A�40 and A�42 levels (Fig. 6b,c).

To compare the levels of differentiation
toward neurons in second passage WT
versus APP23 GPCs after 2 d in differenti-
ation medium, we immunostained the
cells with DCX (to label the neuroblasts)
and DAPI (to label the nuclei of all the
cells) (Fig. 6d). We found that the percent-
ages of neuroblasts among the GPC prog-
eny were significantly reduced in the GPCs
from 12- and 24-month-old APP23 mice
compared with those from age-matched
WT mice (Fig. 6e).

To investigate whether the decreased
production of new neurons in APP23 mice
is associated with the decreased expression
of proteins coded for by neurogenesis-
associated genes, we measured the levels of
Ngn2, Mash1, and NeuroD1 (coded for by
neurogenesis-associated genes) by West-
ern blot. The levels of Ngn2, Mash1, and
NeuroD1 were significantly reduced in the
progeny of GPCs from 12- and 24-month-
old APP23 mice compared with those
from age-matched WT mice (Fig. 6f).

We also examined the expression levels
of Wnt3/�-catenin signal molecules by
Western blot, and found that neither
Wnt3 nor frizzled expression levels were
affected by age or by genotype. However,
nonphosphorylated �-catenin levels were
significantly decreased while both phos-
phorylated �-catenin and GSK-3� levels
were significantly increased in the progeny
cells from APP23 GPCs compared with
their WT counterparts (Fig. 6g), which is
consistent with our results in human
samples.

A� impairs neuronal induction by
reducing �-catenin levels
To determine whether A� impairs the
ability of NG2� GPCs to generate new
neurons in humans, HC GPC neuro-
spheres were treated with different con-
centrations of A�1– 42 peptide for 2 d.
Then, the A� was removed, and the cul-
tures were tested after either 7 or 14 d in
differentiation medium. To compare the

levels of neuronal induction following the various A� treatments,
HC GPC progeny were immunolabeled to detect the number of
mature neurons (�III tubulin�) out of the total number of cells
(DAPI�) (Fig. 7a). Exposure to �1 �M A�1– 42 was found to
decrease the percentage of new neurons among the progeny in a
dose-dependent manner (Fig. 7b).

To determine whether the A� treatment-induced impairment
of neurogenesis by HC GPCs is partially due to changes in expres-
sion of proneural genes, HC progeny cells were exposed to 5 �M

A�1– 42 for 2 d, and the culture was kept for 14 d after the removal
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blot did not show any significant change in the levels of nonphosphorylated or phosphorylated �-catenin between the A�-
treated and control progeny; however, the A�-treated AD GPC progeny did exhibit a significant increase in GSK-3� expression
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of A�. The results of the Western blot
demonstrated reduced expressions of the
neurogenic genes Ngn2, Mash1, and Neu-
roD1 in the A�-treated cells compared
with the control cells (Fig. 7c), suggesting
that transient treatment with A�1– 42 has a
long lasting effect on the cell fate decisions
of GPCs.

To determine whether the mechanism
by which A� alters proneural gene expres-
sion and impairs neuron induction in HC
GPCs involves the same signal pathway
that is disrupted in AD GPCs, we used
Western blot analysis to detect the levels of
the Wnt3/�-catenin signaling molecules
in the progeny of A�-treated versus non-
treated HC and AD GPCs. Similar to the
results we found in the AD versus HC GPC
progeny, the levels of Wnt3 and frizzled
were not significantly altered in the A�-
treated HC progeny compared with the
nontreated HC progeny (Fig. 7d). How-
ever, the level of nonphosphorylated
�-catenin was significantly decreased
while the levels of phosphorylated
�-catenin and GSK-3� were significantly
increased in the A�-treated versus the
nontreated HC progeny(Fig. 7d). Mean-
while, A� treatment further promoted
GSK-3� expression in AD GPC progeny
cells, whose nontreated levels of GSK-3�
are already elevated compared with HC
cells. However, significant changes in the
expression of either phosphorylated or
nonphosphorylated �-catenin in the A�-
treated versus the nontreated AD progeny did not occur (Fig. 7d).

Discussion
Recently, the statement “neurons do not regenerate during adult-
hood” has been challenged, and increasing evidence shows that
mature brains are capable of regenerating neurons (Sugaya,
2005). Certain “neurogenic” regions of the dentate gyrus and the
olfactory bulbs display enhanced adult neurogenesis in response
to neuronal damage (Gould and Tanapat, 1997; Parent, 2003;
Koketsu et al., 2006; Gould, 2007). Recent studies have also dem-
onstrated that increased neurogenesis occurs in the hippocampus
and ependyma of patients with chronic neurodegenerative disor-
ders such as AD (Jin et al., 2004) and Huntington’s disease (Cur-
tis et al., 2003).

Under normal conditions, little or no neurogenesis occurs in
the “non-neurogenic” regions of the brain, such as the neocortex,
after birth (Spalding et al., 2005; Bhardwaj et al., 2006) even
though many glial progenitor cells are present in these regions
(Gogate et al., 1994; Pincus et al., 1997; Roy et al., 1999; Chang et
al., 2000; Arsenijevic et al., 2001; Palmer et al., 2001; Windrem et
al., 2002; Nunes et al., 2003; Goldman and Sim, 2005). Recent
investigations have found new neuron production in situ after
targeted ablation of neurons in the rodent neocortex (Magavi et
al., 2000; Chen et al., 2004), as well as ischemic lesion (Jiang et al.,
2001), indicating that multipotential recovery (or reprogram-
ming) of the progenitor cells in the parenchyma is possible after
lesion stimulation. However, the neocortices of AD patients,
which undergo progressive neuron loss due to damage by toxic

A� deposits (Probst et al., 1991; Selkoe, 1999) have not been
found to exhibit damage-induced neurogenesis (Regeur et al.,
1994; Bundgaard et al., 2001) even though significant gliogenesis
was observed (Bondolfi et al., 2002). Related to these discoveries,
Sugaya found that only glial differentiation took place following
the transplantation of stem cells into the brains of Alzheimer’s
transgenic mice (Sugaya et al., 2006), even though neurogenesis
occurred following the xenograft of human progenitor cells into
healthy rat brains (Nunes et al., 2003).

To investigate the fate of the progenitor cells derived from AD
versus HC subjects, we isolated NG2� progenitor cells from the
human neocortex and found that, even at advanced ages (	80
years old), the progenitor cells still have the competence to renew
themselves and to generate new neurons. However, in the pro-
genitor cells derived from AD patients’ brains, the self-renewal
capability was diminished compared with the rate of renewal in
progenitor cells from the healthy brain samples. The amount of
neurogenesis was also significantly reduced in progenitor cells
from AD patients compared with those from HC subjects.

We also found that the treatment of HC progenitor cells with
A� caused a significant dose-related reduction in the amount of
neurogenesis. Together, the results of our in vitro experiments
suggest that elevated levels of A� in the AD progenitor cells and in
the A�-treated HC progenitor cells inhibit neuronal induction by
interfering with the �-catenin signaling pathway and thereby de-
creasing the expression of proneural genes.

Previous studies have reported that A� promotes neuronal
apoptosis in AD by (1) causing ectopic cell cycle reentry (Busser
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et al., 1998; Wu et al., 2000; Yang et al., 2001; Herrup and Arendt,
2002; Yang et al., 2003; Herrup et al., 2004; Cicero and Herrup,
2005; Yang et al., 2006; Yang and Herrup, 2007; Zhang et al.,
2008) and (2) activating GSK-3� (Pei et al., 1999; Moon et al.,
2004), thereby leading to the degradation of �-catenin and the
inactivation of Wnt signaling (Salins et al., 2007). The activation
of Wnt signaling has been shown to reverse �-amyloid fibril-
induced neurodegeneration and behavioral impairments (De
Ferrari et al., 2003; Alvarez et al., 2004). Similarly, a study found
that the PKC-mediated inhibition of GSK-3� activity protected
rat hippocampal neurons from A� toxicity by leading to the ac-
cumulation of cytoplasmic �-catenin and the transcriptional ac-
tivation of Wnt target genes via the formation of the �-catenin/
T-cell factor/lymphoid enhancer factor-1 (TCF/LEF-1) complex
(Garrido et al., 2002).

The formation of the �-catenin/TCF/LEF-1 complex is key to
the transcriptional regulation of target genes by the Wnt/�-
catenin signaling pathway. LEF-1 and �-catenin form a ternary
complex with DNA that displays an altered DNA bend (Behrens
et al., 1996). Additionally, bipartite transcription factor �-cate-
nin/TCF is a key effector of the canonical Wnt/�-catenin signal-
ing pathway (He et al., 1998). In the absence of Wnt/�-catenin
signaling, TCF forms a complex with transcriptional corepres-
sors, including Groucho (Cavallo et al., 1998) and C-terminal-
binding protein 1 (Valenta et al., 2003), and downregulates the
transcription of the Wnt target genes (Chen et al., 1999). In the
presence of Wnt/�-catenin signaling, however, �-catenin con-
verts TCF into a transcriptional activator for the same panel of
genes that are repressed by TCF in the absence of �-catenin
(Nusse, 1999; Brantjes et al., 2001). A dominant-negative form of
TCF inhibits the ability of constitutively active �-catenin in the
stimulation of TCF-dependent transcription (Kolligs et al.,
1999).

Wnt/�-catenin signaling pathway has been known to pro-
mote self-renewal in a variety of tissue stem cells (Dravid et al.,
2005), including neural stem cells (Chenn and Walsh, 2002;
Zechner et al., 2003) and hematopoietic stem cells (Reya et al.,
2003; Willert et al., 2003). In addition to affecting the self-renewal
of stem cells, activation of the Wnt/�-catenin pathway has been
shown to promote the differentiation of neural precursor cells,
while inhibition of the pathway has been shown to prevent the
differentiation of the precursor cells (Lie et al., 2005; Teo et al.,
2005). In this study, we found that even a transient toxic dose of
A� can cause permanent damage to GPCs by increasing the levels
of GSK-3�, which in turn cause �-catenin levels to decrease lead-
ing to the downregulation proneural gene transcription and an
impairment of neuron induction. These results are consistent
with the results of previous studies and suggest that the toxic
effects of A� on neurons and progenitor cells involve similar
changes to the Wnt/�-catenin signaling pathway (Haughey et al.,
2002a,b; Millet et al., 2005; Eucher et al., 2007). If this mechanism
is correct, then A�-induced neuronal damage could be treated
with reagents like PKC agonists or Lovastatin, a reagent that may
affect cholesterol synthesis and reduce A� production (Garrido
et al., 2002; Salins et al., 2007). Whether these reagents could be
used to restore the levels of neuron induction from AD GPCs is
an area for future research.

In conclusion, the A� toxicity may diminish the multipoten-
tial capability of GPCs and other neural precursor cells by dis-
rupting the �-catenin signaling such that GSK-3� levels increase,
causing the phosphorylation and degradation �-catenin, which
leads to reduced proneural gene expression (Fig. 8). Therefore,
even though GPCs still exist inside the brains of AD patients, the

GPCs are unable to generate adequate numbers of new neurons
to compensate for the neuronal loss caused by A� aggregation.
The development of therapeutic approaches to inhibit GSK-3�
and/or elevate �-catenin in GPCs or other neural progenitor cells
may allow us to mitigate the toxic effects of A� and to promote
neurogenesis in AD patients (Stambolic et al., 1996; De Ferrari
and Inestrosa, 2000; Inestrosa et al., 2002; Castelo-Branco et al.,
2004).
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Aebischer P (2001) Isolation of multipotent neural precursors residing
in the cortex of the adult human brain. Exp Neurol 170:48 – 62.
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