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Neural stem cell transplantation at critical period
improves learning and memory through restoring
synaptic impairment in Alzheimer’s disease mouse
model

JA Kim1, S Ha2, KY Shin1, S Kim2, KJ Lee3, YH Chong4, K-A Chang*,2 and Y-H Suh*,1,3

Alzheimer’s disease (AD) is characterized by neuronal loss in several regions of the brain. Recent studies have suggested that
stem cell transplantation could serve as a potential therapeutic strategy to halt or ameliorate the inexorable disease progression.
However, the optimal stage of the disease for stem cell transplantation to have a therapeutic effect has yet to be determined. Here,
we demonstrated that transplantation of neural stem cells into 12-month-old Tg2576 brains markedly improved both cognitive
impairments and neuropathological features by reducing β-amyloid processing and upregulating clearance of β-amyloid, secretion
of anti-inflammatory cytokines, endogenous neurogenesis, as well as synapse formation. In contrast, the stem cell transplantation
did not recover cognitive dysfunction and β-amyloid neuropathology in Tg2576 mice aged 15 months when the memory loss is
manifest. Overall, this study underscores that stem cell therapy at optimal time frame is crucial to obtain maximal therapeutic
effects that can restore functional deficits or stop the progression of AD.
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Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder, and is characterized by progressive cognitive
dysfunction and memory loss that are caused by the death of
nerve cells in several brain regions, including the cortex and
hippocampus. Pathologically, senile plaques, including amyloid
beta (Aβ) and carboxy-terminal fragments (CTFs) are derived via
amyloid precursor protein (APP) proteolysis, and neurofibrillary
tangles, including hyperphosphorylated tau, are two representa-
tive hallmarks of AD.1–3 Together with the accumulation of Aβ,
local inflammation, altered hippocampal neurogenesis and
synaptic loss have been correlated with cognitive deficits in AD
patients.4,5 However, no treatment has yet been developed that
can cure or prevent the progression of dementia.
Accumulating evidence indicates that the transplantation of

neural stem cells (NSCs) or bone marrow stem cells (BMSCs)
into the hippocampus improves cognitive functions in AD
animal models.6–12 The stem cell-induced functional recovery
seems to be mediated by either neurotrophic factors and/or
neuroprotective cytokines. For instance, genetically engi-
neered stem cells that secrete nerve growth factor

(NGF),11,12 the co-administration of stem cells with brain-
derived neurotrophic factor (BDNF) or grafting encapsulated
vascular endothelial growth factor (VEGF) secreting cells
substantially improved behavioral outcomes of AD animal
models.9,13 Thus, the functional effects of stem cell grafts
involve the increase of several neurotrophic factors, such as
BDNF, FGF2, insulin-like growth factor 1 (IGF1), NGF and
VEGF.10,14,15 In contrast, BMSCs or adipose-derived stem
cells (ASCs) transplantation induces microglial activation16–18

and the secretion of neuroprotective cytokines, leading to a
decline of Aβ deposits and the restoration of memory deficits in
AD mice.18,19 However, the optimal stage of the disease for
stem cell transplantation in AD models has yet to be
determined.
In this study, we have investigated whether the transplanta-

tion of NSCs at two distinguished stages in the disease
development could have different beneficial effects in AD
model mice, Tg2576mice.20 In this model, the over-production
of Aβ begins at 6–7 months of age, and neuritic plaques with
amyloid cores are formed from 9 to 12 months after birth
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followed by the onset of memory deficits at 12 months of
age.21–23 NSCs were bilaterally transplanted into the dentate
gyrus (DG) of the hippocampus and the third ventricle of 12-
month-old (early stage) or 15-month-old (advanced stage)
Tg2576 and age-matched wild-type (WT) mice. We deter-
mined whether the engrafted NSCs at two stages of the
disease rescued cognitive deficits and the neuropathology of
the mice.

Results

NSC transplantation at the advanced stages of the disease
failed to restore behavioral deficits and pathology. Initially,
we transplanted NSCs into 15-month-old Tg2576 mice, and
the animals were trained to locate a hidden platform in the
Morris water maze at 17 months of age (Figure 1a). To
examine if the spatial memory impairment in Tg2576 mice was
improved by NSC transplantation, we performed water maze
test. During the 6-day training period, both saline injected WT
mice (WT-sham) and NSCs transplanted WT mice (WT-NSC)

showed a progressive improvement of their performance to
find a hidden platform (Figure 1b). The NSCs transplanted
transgenic mice (Tg-NSC) group showed no significant
difference in their escape latency compared with the saline
injected transgenic mice (Tg-sham) group (Figure 1b). In the
probe test, the WT groups spent significantly longer time in the
target quadrant than the other three zones (zones 1–3)
(Figure 1c). However, no significant difference between the
times spent in each zone was observed in the Tg animals with
or without NSC transplantation (Figure 1c). These data
showed that intracerebral NSC transplantation did not improve
the spatial learning impairment in 17-month-old Tg2576 mice.
To investigate whether NSC transplantation at this

advanced stage affected the formation of toxic amyloid
plaques, we performed immunohistochemistry with 6E10
antibody recognizing human APP, β-CTF and Aβ in the brains
of 17.5-month-old mice. In both sham and NSC-transplanted
groups of the Tg2576 mice, amyloid plaques were detected in
almost all regions of the brain (Figure 1d). These data were
further confirmed with an independent amyloid plaque

NSC injection
(Sham/NSC)C)

Pathology test, etc.Behavior test

15 months 17.5 months17 months

0

10

20

30

40

50

60

70

80

1day 2day 3day 4day 5day 6day

E
sc

ap
e 

la
te

nc
y 

(s
ec

)

WT-Sham
WT-NSC
Tg-Sham
Tg-NSC

ZONE 1

ZONE 2 ZONE 3

ZONE 4

0

5

10

15

20

25

30

35

40

45

50

WT-Sham WT-NSC Tg-Sham Tg-NSC

D
ur

at
io

n 
(s

ec
)

zone1 zone2
zone3 zone4

***

***

***

Tg-g-Sham Tg-g-NSC

6E10
CX Hippocampus EC

FC EC PFC Hippocampus

Cortex

Tg
-g-
S

ha
m

Tg
-g-
N

S
C

0
10
20
30
40
50
60
70
80
90

cortex hippo

N
um

be
r o

f a
m

yl
oi

d 
pl

aq
ue

s Tg-shamTg-sham
Tg-NSC

0.5 month2 month

Figure 1 NSC transplanted at the advanced stage of AD in Tg2576 mice did not show the improvement in behavior and pathology. (a) We transplanted the NSC into 15-
month-old Tg2576 mice, and then performed learning and memory tests 2 month after NSC treatment. After then, mice brains were isolated and the brain slices were stained with
Congo red for the detection of amyloid plaques. (b) Mean latency in reaching the hidden platform on the spatial learning task. (c) The probe test represents that Tg-sham group
mice cannot remember the zone 4 where the platform located during the training period. Tg-NSC group mice were not improved in the memory. (d) Histological analysis was
carried out at the age of 17.5-month (2.5 months after the transplantation). In cortex and hippocampus, amyloid plaques were detected by immunohistochemistry using 6E10
antibody and Congo red staining. (e) The number of amyloid plaques was counted in brain slices containing hippocampal region of each group and calculated the average number
of plaques per brain slices. There were no significant differences of amyloid plaque numbers at the cortex and hippocampal area in Tg-NSC group compared with the Tg-sham
group. *Po0.05, **Po0.01, ***Po0.001 by one-way ANOVA. CX, cortex; EC, entorhinal cortex; FC, frontal cortex; PFC, piriform cortex
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staining, Congo red (Figure 1d). When the number of stained
plaques for each group was counted and quantified, no
difference was found between the sham and NSC group of
Tg2576 mice in both the cortex (sham: 75±16.25; NSC:
72.33±16.25; P40.05) and the hippocampus (sham:
15.66±2.90; NSC: 14±3.78; P40.05; Figure 1e).
Based on these findings, we concluded that NSC trans-

plantation in 15-month-old Tg2576 mice did not recover
pathological or behavioral deficits.

NSC transplantation at the early stages of the disease
improved the learning and memory ability and reduced
Aβ plaque load and tau hyperphosphorylation in Tg2576
mice. To find the optimal period for NSC transplantation, we
transplanted NSCs into 13-month-old Tg2576 and age-
matched WT mice, and performed the Morris water maze
training at 15 months of age (Figure 2a). During the training
period, the Tg-NSC group showed a significant reduction in
their escape latency compared with the Tg-sham group
(Figure 2b), indicating the NCS-mediated restoration in the
spatial learning capability of Tg2576 mice. We found no
differences between the WT-sham and WT-NSC groups
(Figure 2b). In the probe test, Tg-NSC mice stayed
significantly longer in zone 4 than in the other zones (zones
1–3), similar to the WT-sham or WT-NSC group (Figure 2c). In
contrast, the Tg-sham mice exhibited no significant difference
in the time spent in each zone (Figure 2c).
To assess their neuropathological features, we examined

amyloid plaque load in the brains of 15.5-month-old WT-sham,
WT-NSC, Tg-sham and Tg-NSC mice using Congo red
staining. Although the Tg2576 mice showed AD-like pathol-
ogieswith plaque formation in the brain, there were no plaques
observed in their age-matched WTanimals (Figure 2d). In the
Tg-NSC group, there was a significant amyloid plaque
reduction in the cortex (from 13.96± 1.09 to 3.61±1.30,
Po0.001) and the hippocampus (from 1.67±0.46 to
0.22±0.11, Po0.05) compared with the Tg-Sham group
(Figure 2e). In the cortex, congophilic plaques were signifi-
cantly decreased in the frontal, entorhinal and piriform cortex
areas (frontal cortex: 73.65%, Po0.001; entorhinal cortex:
78.53%, Po0.01; piriform cortex: 65.98%, Po0.05
decreased separately), compared with the Tg-sham group
(Supplementary Figure 2A). However, neither sham nor NSC-
transplanted WT mice had congophilic plaques.
Next, we investigated the level of phosphorylated tau

(p-tau), another representative pathological hallmark of AD.
In the cortex of the Tg-NSC group, the p-tau levels were
reduced by 55.4% (Po0.01), compared with the Tg-sham
group (Figures 2f and g).
These data showed that the NSC transplantation at the

early stages of the disease functionally recovered behavioral
and pathological deficits in Tg2576 mice.

NSC transplantation could reduce the Aβ level by altering
the processing of APP and degradation of Aβ. To identify
mechanisms underlying the reduction of Aβ depositions in
Tg-NSC mouse brains, the levels of Aβ, APP-CTFs and APP
were quantified by western blot analysis with a 6E10
antibody. The total APP levels showed no difference between
the Tg-sham and Tg-NSC groups, whereas the levels of Aβ

and APP-CTFs in the cortices of the Tg-NSC mice were
markedly decreased by 82.60% and 70.21%, respectively,
compared with the Tg-sham animals (Figures 3a and b). Aβ
levels were also reduced in the hippocampus of the Tg-NSC
group (decreased by 42.79%, Po0.05; Figures 3a and b).
Using Aβ ELISA, we measured the Aβ1-42 levels in all groups
(Figure 3c). Consistent with the Congo red staining and the
western blot results, the Aβ1-42 level in the Tg-NSC brain was
significantly decreased by 63.62% in the cortex (from
74.04±11.26 to 26.93±6.68, Po0.01) and 54.21% in the
hippocampus (from 40.98±6.83 to 18.76±3.85, Po0.05),
compared with the Tg-sham group (Figure 3c). These data
provide evidence that the Aβ and CTF protein levels in the
brain were reduced by the NSC transplantation.
To further understand how NSC transplantation reduced Aβ

levels in the Tg2576 brain, we next focused on the level of
neprilysin, one of the Aβ-degrading enzymes.24 In Tg-NSC
mice, we found a 1.6-fold increase in neprilysin compared with
the Tg-sham mice (Po0.05, Figure 3d), indicating the
enhanced degradation of Aβ by the induction of neprilysin. In
addition, we evaluated the β- and γ-secretase activity involved
in the APP processing. Enzymatic activity of β-secretase
(BACE) was significantly reduced in the Tg-NSC group
compared with the Tg-sham group (Figure 3e); however,
γ-secretase activity was distinguishable but not significantly
decreased (Supplementary Figure 2B).
These results suggest that intracerebrally transplanted

NSCs at the early stage of AD reduce the amyloid plaque
burden, aswell as the levels of Aβ andCTFs by decreasing the
production and increasing the clearance of Aβ.

NSC transplantation decreased inflammatory microglial
activation in the brain of Tg2576 mice. Microglial activa-
tion is a hallmark of AD models and is associated with the
distribution of Aβ plaques and neurofibrillary tangles, which
has been correlated to degeneration, dementia progression
and AD severity.25–27 Based on these reports, we aimed to
determine whether NSC treatment altered microglial char-
acteristics in Tg2576 mice. To examine the early stage of
transplantation, mice were killed 3 weeks after the NSC
transplantation. Brain sections were double-labeled using
anti-Iba-1 antibody for microglia and thioflavin S staining for
Aβ deposition. Confocal microscopy revealed the clustered
microglial cells were in the vicinity of Aβ deposition in the
brain of Tg2576 mice (Supplementary Figure 3). At
2.5 months after the NSC transplantation, inflammatory
microglial activation was decreased in the brain of Tg2576
mice (Figure 4a). In the Tg-NSC mouse brain, interleukin (IL)-
1β, a proinflammatory cytokine, was decreased (from
355.8±48.9 to 233.1±14.3 pg/ml, Po0.05) and IL-10, an
anti-inflammatory cytokine, was increased (from 25.36± 1.39
to 33.32±0.91 pg/ml, Po0.05) compared with the Tg-sham
group (Figures 4b and c).
These data indicated that NSC transplantation may change

the activated and inflammatory form of microglia to
a neuroprotective form, resulting in bidirectional regulation of
proinflammatory and anti-inflammatory cytokine levels.

NSC transplantation improved endogenous neurogenesis
and dendritic stability. Recent reports have suggested that
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proinflammatory cytokines have a negative effect on neurogen-
esis, whereas anti-inflammatory cytokines exert the opposite
effect.28,29 Therefore, we reasoned that NSC transplantation
would promote endogenous neurogenesis through neuropro-
tective factors such as anti-inflammatory cytokines. To prove
this idea, we labeled the brain sections with both anti-
doublecortin (DCX) and bromodeoxyuridine (BrdU) antibodies
recognizing newly born neurons and counted the DCX-positive
or BrdU-positive cells in the DG of the hippocampus.
Remarkably, Tg-NSC mice had significantly increased
number of DCX-positive neurons compared with the Tg-sham
animals at 2.5 months after NSC transplantation (Tg-NSC:
126.41±46.91; Tg-sham: 20.93±10.47, Po0.05) (Figure 5a).
We found more number of BrdU-positive neurons in DG of the
NSC-treated Tg mice brains (Supplementary Figure 4).
Quantitative analysis showed that the number of BrdU-
positive neurons was significantly increased in the NSC-
treated Tg mice (Supplementary Figure 4B).

To corroborate the effects of NSCon adult neurogenesis, we
also examined the level of polysialylated-neural cell adhesion
molecule (PSA-NCAM) that is highly expressed in the
population of newly generated granule cell precursors, and
are closely related with neurogenesis and brain plasticity.30,31

PSA-NCAM was increased in the brains of the Tg-NSC group
(1.4-fold increase in hippocampus; 2.3-fold increase in cortex,
Po0.05) compared with the Tg-sham group (Figures 5b and
c). Adult hippocampal neurogenesis was also induced by
neurotrophic or growth factors.32 In accordance with the
previous finding, VEGF was significantly increased by the
transplantation of NSC in Tg2576 mice (2.4-fold increase,
Po0.05; Figure 5c).
We next performed immunolabeling studies to explain the

functional recovery in the Tg-NSC group and focused on the
possible links between neurogenesis and synapse formation.
Postsynaptic density protein 95 (PSD-95) is an important
factor that contributes to synaptic formation, and has been
proposed to be a molecular scaffold for receptors and the
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cytoskeleton in synapses.33 Initially, we checked the PSD-95
levels in the cortex and hippocampus of the brains. In the
brains of NSC-transplanted Tg2576 mice, PSD-95 was
increased 2.1-fold (Po0.05) in cortical brain lysates

(Figure 6a) and increased 1.3-fold (Po0.05) in hippocampal
synaptosome fractions (Figure 6b) compared with the Tg-
sham group. Immunostained images showed the lower
intensity of PSD-95 in the hippocampus, especially DG, of

Thioflavin S  Iba I

Tg-NSC

Tg-Sham

C
or

te
x

H
ip

po
ca

m
pu

s

Tg-NSC

Tg-Sham

Figure 4 The microglial character was changed in Tg2576 mice brains. (a) Amyloid plaques and microglial cells in cortex and hippocampal regions were detected by the
double staining of thioflavin S and IbaI antibodies. Microglial cells were gathered around the plaques. (b and c) The level of IL-1β or IL-10 was detected in the tissue lysates of
cortical region of brain from each group by ELISA. IL-1β, representative inflammatory cytokine, was increased in Tg-sham group but reduced by NSC transplantation
(b). By contrast to IL-1β, IL-10, representative anti-inflammatory cytokine, was increased by NSC transplantation (c). *Po0.05, by one-way ANOVA
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Tg-sham mice brains compared with other group mice brains
(Supplementary Figure 5).
In addition, we compared the morphology of neuronal

dendrites by immunohistochemistry using the MAP2 anti-
body. MAP2-positive dendritic shafts were sparsely distrib-
uted and often fragmented in the brains of Tg2576 mice
(Figure 6c). Brain sectionswere also triple-labeled using anti-
Iba-1 antibody for microglia, thioflavin S staining for Aβ
deposition and MAP2 for neuronal dendrites. As shown in
Supplementary Figure 3, Aβ deposition surrounded with
microglia seems to interfere with the processing of neuronal
dendrites and induce the fragmentation of neuronal dendrites
in the brains of Tg2576 mice. The number and size of Aβ
deposition and microglial activation may affect the dendrite
stability. However, more straight and prominent dendrites

were densely distributed in the Tg-NSC group (Figure 6c),
possibly indicating dendritic hypertrophy induced by NSC
transplantation.

Together, these data suggest that NSC transplantation at
the early stage of AD may have potential benefits of restoring
both structural and functional deficits though enhanced
endogenous neurogenesis and improved synapto-dendritic
architecture (Supplementary Figure 6).

Discussion

AD is characterized by massive neuronal death and
synaptic disruption because of amyloid plaques and fibrillary
tangles in several brain regions. Therefore, extensive
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recovery is necessary for AD therapy. Recently, many
groups have suggested that stem cell transplantation could
have therapeutic potential for AD. In contrast to early studies
that mainly focused on the replacement of dead cells,
more recent studies focus on understanding the diverse
effects of stem cells. Some studies have shown that
BMSCs trigger immune/inflammation responses through the
activation of microglia in APP/presenilin 1 (PS1) double-
transgenic (Tg) mice.17,19 Other studies suggest that stem
cells can induce neurotrophic factors.10,14,15 Indeed, BDNF
was essential for the behavioral effects of NSC in triple Tg
mice (3xTg-AD).34

In this study, we found that the NSC transplantation at an
early stage of the disease reduced memory deficits, amyloid
plaque load and tau pathology in AD model mouse, Tg2576.

For these positive effects of stem cell transplantation, we
provided two possible mechanisms: modulation in the
processing of APP and the clearance of Aβ peptides, and
the promotion of neurogenesis and synapse formation.
Owing to the progressive and broadly affected character-

istics of AD, we examined the age of animals receiving
transplants. In Tg2576 mice, a rapid increase of Aβ started at
6 months, amyloid plaques were formed at 9–12 months and
memory deficits began from 12 months. In this study, we
bilaterally transplanted NSCs into the DG of the hippocampus
and the third ventricle of 12-month-old (early stage of AD) or
15-month-old (advanced stage of AD) Tg2576 mice, and age-
matched WT mice. In the 15-month-old Tg2576 mice, the
transplantation of NSCs did not exert a beneficial pathological
or behavioral effect. When we transplanted NSCs into
12-month-old Tg2576 and WT mice, learning and memory
were significantly improved. The number of amyloid plaques
and phosphorylated tau were decreased in the brains of the
Tg-NSC mice. These results indicated that the prevention of
the disease progression at the early stages is important in AD
therapy. Therefore, we suggest that it is essential to find a
suitable period for the application of stem cells to obtain the
best therapeutic effects of stem cell transplantation and some
mechanisms of stem cell effects.
Our data indicated that the transplantation of NSCs at an

early stage of the disease decreased the level of Aβ peptides
and the amyloid plaque density induced in Tg2576 mice.
In addition, we found an increase of the neprilysin levels and a
reduction of BACE activity. Some studies have shown that the
microglia secrete proteolytic enzymes, such as neprilysin,
insulin-degrading enzyme (IDE), matrix metalloproteinase
9 (MMP-9) and plasminogen.24,35,36 This microglial behavior
promotes Aβ clearance and may be helpful for inhibiting
neurodegeneration in an AD brain. In other studies, glial
activation induced by proinflammatory cytokines subse-
quently upregulated the expression level and enzyme activity
of β-secretase, which can be inhibited by anti-inflammatory
drugs.37,38 A recent report has shown that the microglia from
an aging AD model mouse reduced the expression of
Aβ-degrading enzymes; thus, these microglia become defec-
tive in their ability to degrade Aβ.39 However, our immuno-
histochemical data showed the presence of many microglias
in the brains of the Tg-sham or Tg-NSC groups, but Aβ
plaques were still present in the brains of the Tg-sham group,
which was in contrast to the in Tg-NSC group. This could be
explained with the changed characteristics of microglia in
aging AD model mice. In addition, secreted cytokine profiles
were changed after NSC transplantation; the proinflammatory
cytokine, IL-1β, was decreased and the anti-inflammatory
cytokine, IL-10, was increased. Therefore, it would be
plausible that the reduction of Aβ was because of the
phagocytic capacity of microglia; changes in the production
of cytokines affect the expression of neprilysin and
β-secretase activity. Therefore, we suggest that NSC trans-
plantation altered the microglial characteristics, leading to a
change in the cytokine production profiles in the brains, and
microgliamaymodulate the APP processing and Aβ clearance
capabilities through the induction of neprilysin and the
decrease of BACE activity. In the Aβ clearance by microglia,
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Figure 6 Synaptic density was increased in the NSC-transplanted Tg2576 mice.
(a and b) PSD-95 expression level was analyzed by western blot. The level of PSD-95
was increased in the cerebral cortical area of Tg-NSC mice brains at 2.5 months after
the transplantation compared with the Tg-sham group (a). In hippocampal
synaptosomal fractions, PSD-95 level of Tg-NSC mice brains was increased
compared with the Tg-sham mice brains (b). Quantitative data for PSD-95 are
expressed as mean ± S.E.M. *Po0.05, by one-way ANOVA. (c) At 2.5 months after
NSC transplantation, progressive reduction in MAP2 immunoreactivity was observed
in the cortex and CA1 area of Tg-sham group mice. However, dendritic spine
morphology was repaired and the density was increased by NSC treatment
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an important factor may be the characteristics of the microglia
rather than their number.
Our previous study showed that intravenous or intracerebral

transplantation of ASCs significantly improved learning and
memory and restored neuropathology including Aβ deposition
in Tg2576 mice in the same manner with NSC.18 In ASC-
transplanted Tg mice brains, IL-10 and VEGF were
upregulated.18

Although we showed the decline of amyloid plaques,
additional lines of evidence are required to determine the
stem cell transplantation-mediated cognitive improvements in
AD models. As age increases, the production of new neurons
was decreased, which is associated with memory
decline,40–42 suggesting a connection between the failure of
adult hippocampal neurogenesis and memory loss in AD. In
our study, we examined hippocampal neurogenesis using
immunostaining with anti-DCX antibody, and these DCX-
positive cells did not colocalize with the transplanted NSC
detected by anti-BrdU antibody or GFP-lentivirus; thus, DCX-
positive cells represent endogenous neurogenesis. Interest-
ingly, we also found an increased level of PSA-NCAM, which
provides additional molecular evidence for increasing the
endogenous neurogenesis.43

Some reports have shown that active microglia can be
beneficial by producing anti-inflammatory cytokines and
enhancing neurogenesis.44 In addition to the effect of
microglia, VEGF has also been reported to exert neuropro-
tective and neurogenic effects,45 which was similar to other
growth and neurotrophic factors. In this study, the levels of
anti-inflammatory cytokines and VEGF were increased in
NSC-engrafted mouse brains. Therefore, the increased
endogenous neurogenesis could be explained by the neuro-
protective microglia and VEGF.
In conjunction with the cognitive impairment, the significant

loss of synapses and the cytoskeletal alteration occur at the
early clinical stages of AD. Finally, we confirmed the recovery
of brain function by assessing synaptic proteins and dendritic
morphology. Experience-dependent synapse remodeling
underlies learning and memory. Therefore, the impairment of
synaptic plasticity is considered to cause cognitive deficits in
an ADmodel mice.21 Indeed, PSD-95 deficiency was reported
in Tg2576mouse brains.46,47 Alongwith PSD-95, MAP2 levels
were enhanced by NSC transplantation, suggesting an
increase of dendritic complexity. Tau is a microtubule-
associated protein (MAP) that functions to stabilize micro-
tubules. However, tau is highly phosphorylated in AD, leading
to the formation of neurofibrillary tangles. The phosphorylation
of tau tends to weaken the tau–microtubule interaction and
disrupt the neuronal networks. For this reason, short dendrites
more frequently may be observed in the brains of Tg2576
mice. However, after NSC transplantation, MAP2-stained
dendrites were much longer and densely located in the cortex
and hippocampal CA1 regions of Tg2576 mice. Together
with the reduction of phospho tau protein, microtubule
stabilization and synapse formation were promoted by NSC
transplantation.
Although transplanted NSCs were rarely observed at

3 months after transplantation, the effects of transplantation
were extensive. Following the alterations in cytokine produc-
tion, first, the Aβ burden was diminished by changing the APP

processing and inducing the degrading enzyme. Second,
endogenous neurogenesis and neurogenesis-related proteins
were increased. Third, the restorations in synapto-dendritic
architecture influenced the improvement of learning and
memory in Tg2576 mice.
These results clearly show that transplantation of NSCs at

the early stages of the disease in Tg2576 mice could block the
progress of AD pathology and memory loss in Tg2576 mice,
but transplantation at an advanced stage could not.

Materials and Methods
NSC culture. NSCs are derived from the fetal (13 days) cerebral cortex of 6- to
7-week-old pregnant C57BL/6 mice. NSCs were cultured in Dulbecco’s modified
Eagle’s medium/F-12 (1 : 1) (Gibco, Grand Island, NY, USA) medium supplemented
with 2 mmol/l L-glutamine (Gibco), 0.6% glucose, 5 μmol/l HEPES, 25 μg/ml insulin,
100 μg/ml apotransferrin, 30 nmol/l sodium selenite, 100 nmol/l putresine, and
20 nmol/l progesterone (all supplements purchased from Sigma, St. Louis, MO,
USA) with growth factors of 10 ng/ml recombinant basic fibroblast growth factor
(Roche, Mannheim, Germany) and 20 ng/ml epidermal growth factor (EGF;
BD Sciences, San Jose, CA, USA).

Transplantation. NSCs or media were transplanted to 12 or 15-month-
old Tg2576 and age-matched WT mice. In all, 2 μl of the cell suspension
(within 1.5 × 105 NSCs) were stereotaxically injected into DG of bilateral
hippocampus (AP, − 0.14 mm; ML, ± 0.13 mm; DV, − 0.19 mm) and the third
ventricle (AP, − 0.02 mm; DV, − 0.35 mm) using a Kopf stereotaxic frame (Kopf
Instruments, Tujunga, CA, USA) (Supplementary Figure 1). The injection rate was
0.4 μl/min for 5 min and retracted after 5 min. Implantation surgery was performed
under anesthesia with Rompun and Zoletil (1 μg/g, i.p.). After the surgery, each
mouse was kept in an individual cage.

Behavioral test. We performed the Morris water maze at 2 months after the
transplantation to measure spatial reference learning and memory based on the
previously described method.48 A training session consisted of a series of three
trials per day for 6 consecutive days and a single probe trial was conducted 48 h
after the final training session,

Histological examination
Immunohistochemistry: The mice were anesthetized with Rompun and Zoletil
(1 μg/g, i.p.) and transcardially perfused by cold saline with heparin after the
conduction of behavioral tests. All the hemispheres were fixed overnight in 4%
paraformaldehyde at 4 °C, antigen retrieved overnight in 0.01 M citric acid at 4 °C
and boiled within citric acid then dehydrated in 30% sucrose and stored at 4 °C.
In all, 25 μm coronal sections of fixed hemispheres were cut through the entire
hippocampus using a cryotome (Thermo Electron Corporation, Waltham, MA, USA)
and stored in cryopreserve solution (30% glycerin, 30% ethylene glycol in 0.2 M
PBS, pH7.4). Sections were stained by free-floating staining method. Sections were
first retrieved by 0.01 M citric acid (pH 6.0) and blocked with 0.5% triton X 100 and
2% normal serum in TBS, then incubated with primary antibody in blocking solution
overnight at 4 °C. For visualization under confocal microscopy, fluorescence-
conjugated secondary antibodies were incubated for 1 h at RT. After immunostain-
ing, specimens were examined on Zeiss LSM 510 confocal imaging system
(Zeiss, Heidelberg, Germany).

Congo red and hematoxylin staining: Hydrated sections were incubated in
hematoxylin (DakoCytomation, Glostrap, Denmark) for 10 min and destained by
dipping five times in 1% HCl in 80% ethyl alcohol. After washing with running tap
water, sections were stained with Congo red for 10 min at room temperature. And
then sections were rinsed through ascending grades of ethanol with a final three
changes of 100% reagent grade ethanol, cleared in xylene and cover slipped
Canadian balsam solution.

Synaptosome preparation. Synaptosomes were prepared from hippocampi
using a volume-adjusted protocol established for whole brains. Briefly, the tissue
was homogenized in 1 ml sucrose buffer (SB; 0.32 M sucrose, 1 mM NaHCO3,
1 mM MgCl2, 0.5 mM CaCl2) with homogenizer by 12 strokes at 700 r.p.m. on ice.
Cell debris and nuclei were pelleted twice by centrifugation at 1400 × g for 10 min at
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4 °C. The supernatants were cleared by centrifugation at 720 × g for 10 min at 4 °C,
and then centrifuged at 13 800 × g for 10 min at 4 °C. The pellet was resuspended in
300 ml SB, layered over 1 ml pre-cooled 5% Ficoll and centrifuged at 45 000 × g for
45 min at 4 °C. The pellet was resuspended in 100 ml pre-cooled 5% Ficoll, which
was then layered over 1 ml pre-cooled 13% Ficoll and centrifuged at 45 000 × g for
45 min at 4 °C. An interface containing synaptosomes was diluted with SB and
centrifuged at 45 000 × g for 45 min at 4 °C to pellet the synaptosomes, followed by
resuspension in 40 mM Tris-HCl (pH 6), 2% TritonX-100, 0.5 Mm CaCl2 containing
protease inhibitors, incubated for 15 min at 4 °C and then centrifuged at 40 000 × g
for 30 min at 4 °C. Pellet was washed with same buffer and then was resuspended
in 20 mM Tris-HCl (pH8), 100 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.5%
sodiumdeoxycholate, 0.1% SDS, 1% TritonX-100, containing protease inhibitors.
After incubation for 15 min at 4 °C, samples were centrifuged at 40 000 × g for
30 min at 4 °C. Pellet was resuspended in 5% SDS and cleared it by centrifugation
at 20 000 × g for 10 min at 4 °C.

Western blot. Total proteins were extracted from the half of brain by
homogenization in RIPA buffer with cocktail of protease inhibitors (Roche). Proteins
were separated by SDS-PAGE or Tris/Tricine gel and transferred to a PVDF
membrane. The PVDF membrane was blocked with 5% nonfat dry milk in Tris-
buffered saline. After 1-h blocking, the protein blot was confirmed with appropriate
antibodies and detected using horseradish peroxidase-conjugated secondary
antibody (Amersham Pharmacia, Piscataway, NJ, USA).

ELISA. ELISAs were performed using colorimetric sandwich ELISAs kits (Aβ42
ELISA: Invitrogen (Carlsbad, CA, USA), IL-1β: Biosource International (Camarilo,
CA, USA), IL-10: Invitrogen) for the quantitative determination of Aβ42, IL-1β and
IL-10 in brains. All assays were performed according to manufacturer’s specific
instructions. Levels of these proteins were calculated from a standard curve
developed with specific OD versus serial dilutions of known concentration.
Each standard and experimental sample was run in duplicate and the results were
averaged.

Secretase activity test. The fluorometric assay of secretase was conducted
using β- and γ-secretase activity kits (R&D Systems, Inc., Minneapolis, MN, USA) in
accordance with the protocol supplied by the manufacturer. As an enzyme source,
total cortical protein lysates were tested. Quantification of substrate cleavage was
assessed using a fluorometric reader (355 nm excitation, 510 nm emission).

Antibodies. Primary antibodies were used as follows: goat anti-DCX (1 : 100;
Santa Cruz, Dallas, TX, USA), mouse anti-MAP2 (1 : 100; Millipore, Billerica, MA,
USA), rabbit anti-Iba1 (1 : 2000; Wako, Richmond, VA, USA), mouse anti-6E10
(1 : 1000, Covance, San Diego, CA, USA), mouse anti-phospho tau (1 : 1000,
Pierce, Rockford, IL, USA), goat anti-tau (C17) (1 : 1000, Santa Cruz), rat anti-
neprilysin (1 : 500, R&D Systems, Inc.), mouse anti PSA-NCAM (1 : 2000, Millipore),
rabbit anti-VEGF (1 : 1000, Santa Cruz), mouse anti-PSD-95 (1 : 2000, Thermo
Scientific, Waltham, MA, USA), rabbit anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; 1 : 10000, Ab Frontier, Seoul, South Korea).

Statistical analysis. Data were expressed as mean ±S.E.M. value or as ration
of control value±S.E.M. Statistical analysis was performed by the one-way ANOVA:
Tukey's HSD Post Hoc test using PASW statistics (SPSS version 18, IBM, Armonk,
NY, USA). The difference was considered statistically significant for *P≤ 0.05,
**P≤ 0.01 and ***P≤ 0.001.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This research was supported by a grant of the Korea
Health Technology R&D Project through the Korea Health Industry Development
Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic of Korea
(grant number: HI14C1135) and the Gachon University research fund of 2014 (GCU
2014-5098).

1. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and problems
on the road to therapeutics. Science 2002; 297: 353–356.

2. Selkoe DJ. The molecular pathology of Alzheimer's disease. Neuron 1991; 6: 487–498.

3. Busciglio J, Lorenzo A, Yeh J, Yankner BA. Beta-amyloid fibrils induce tau phosphorylation
and loss of microtubule binding. Neuron 1995; 14: 879–888.

4. DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in Alzheimer's disease:
correlation with cognitive severity. Ann Neurol 1990; 27: 457–464.

5. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R et al. Physical basis of
cognitive alterations in Alzheimer's disease: synapse loss is the major correlate of cognitive
impairment. Ann Neurol 1991; 30: 572–580.

6. Wang Q, Matsumoto Y, Shindo T, Miyake K, Shindo A, Kawanishi M et al. Neural stem cells
transplantation in cortex in a mouse model of Alzheimer's disease. J Med Invest 2006; 53:
61–69.

7. Yamasaki TR, Blurton-Jones M, Morrissette DA, Kitazawa M, Oddo S, LaFerla FM. Neural
stem cells improve memory in an inducible mouse model of neuronal loss. J Neurosci 2007;
27: 11925–11933.

8. Tang J, Xu H, Fan X, Li D, Rancourt D, Zhou G et al. Embryonic stem cell-derived neural
precursor cells improve memory dysfunction in Abeta(1-40) injured rats. Neurosci Res 2008;
62: 86–96.

9. Xuan AG, Long DH, Gu HG, Yang DD, Hong LP, Leng SL. BDNF improves the effects of
neural stem cells on the rat model of Alzheimer's disease with unilateral lesion of fimbria-
fornix. Neurosci Lett 2008; 440: 331–335.

10. Blurton-Jones M, Kitazawa M, Martinez-Coria H, Castello NA, Muller FJ, Loring JF et al.
Neural stem cells improve cognition via BDNF in a transgenic model of Alzheimer disease.
Proc Natl Acad Sci USA 2009; 106: 13594–13599.

11. Moghadam FH, Alaie H, Karbalaie K, Tanhaei S, Nasr Esfahani MH, Baharvand H.
Transplantation of primed or unprimed mouse embryonic stem cell-derived neural precursor
cells improves cognitive function in Alzheimerian rats. Differentiation 2009; 78: 59–68.

12. Li LY, Li JT, Wu QY, Li J, Feng ZT, Liu S et al. Transplantation of NGF-gene-modified bone
marrow stromal cells into a rat model of Alzheimer' disease. J Mol Neurosci 2008; 34:
157–163.

13. Spuch C, Antequera D, Portero A, Orive G, Hernandez RM, Molina JA et al. The effect of
encapsulated VEGF-secreting cells on brain amyloid load and behavioral impairment in a
mouse model of Alzheimer's disease. Biomaterials 2010; 31: 5608–5618.

14. Munoz JR, Stoutenger BR, Robinson AP, Spees JL, Prockop DJ. Human stem/progenitor
cells from bone marrow promote neurogenesis of endogenous neural stem cells in the
hippocampus of mice. Proc Natl Acad Sci USA 2005; 102: 18171–18176.

15. Hattiangady B, Shuai B, Cai J, Coksaygan T, Rao MS, Shetty AK. Increased dentate
neurogenesis after grafting of glial restricted progenitors or neural stem cells in the aging
hippocampus. Stem Cells 2007; 25: 2104–2117.

16. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S. Bone marrow-derived microglia play a
critical role in restricting senile plaque formation in Alzheimer's disease. Neuron 2006; 49:
489–502.

17. Lee JK, Jin HK, Bae JS. Bone marrow-derived mesenchymal stem cells reduce brain
amyloid-beta deposition and accelerate the activation of microglia in an acutely induced
Alzheimer's disease mouse model. Neurosci Lett 2009; 450: 136–141.

18. Kim S, Chang KA, Kim J, Park HG, Ra JC, Kim HS et al. The preventive and therapeutic
effects of intravenous human adipose-derived stem cells in Alzheimer's disease mice. PLoS
One 2012; 7: e45757.

19. Lee JK, Jin HK, Endo S, Schuchman EH, Carter JE, Bae JS. Intracerebral transplantation of
bone marrow-derived mesenchymal stem cells reduces amyloid-beta deposition and
rescues memory deficits in Alzheimer's disease mice by modulation of immune responses.
Stem Cells 2010; 28: 329–343.

20. Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S et al. Correlative memory
deficits, Abeta elevation, and amyloid plaques in transgenic mice. Science 1996; 274:
99–102.

21. Chapman PF, White GL, Jones MW, Cooper-Blacketer D, Marshall VJ, Irizarry M et al.
Impaired synaptic plasticity and learning in aged amyloid precursor protein transgenic mice.
Nat Neurosci 1999; 2: 271–276.

22. Westerman MA, Cooper-Blacketer D, Mariash A, Kotilinek L, Kawarabayashi T, Younkin LH
et al. The relationship between Abeta and memory in the Tg2576 mouse model of
Alzheimer's disease. J Neurosci 2002; 22: 1858–1867.

23. Kawarabayashi T, Younkin LH, Saido TC, Shoji M, Ashe KH, Younkin SG. Age-dependent
changes in brain, CSF, and plasma amyloid (beta) protein in the Tg2576 transgenic mouse
model of Alzheimer's disease. J Neurosci 2001; 21: 372–381.

24. Leissring MA, Farris W, Chang AY, Walsh DM, Wu X, Sun X et al. Enhanced proteolysis of
beta-amyloid in APP transgenic mice prevents plaque formation, secondary pathology, and
premature death. Neuron 2003; 40: 1087–1093.

25. Mrak RE. Microglia in Alzheimer brain: a neuropathological perspective. Int J Alzheimers Dis
2012; 2012: 165021.

26. Thangavel R, Stolmeier D, Yang X, Anantharam P, Zaheer A. Expression of glia maturation
factor in neuropathological lesions of Alzheimer's disease. Neuropathol Appl Neurobiol 2012;
38: 572–581.

27. Furman JL, Sama DM, Gant JC, Beckett TL, Murphy MP, Bachstetter AD et al. Targeting
astrocytes ameliorates neurologic changes in a mouse model of Alzheimer's disease.
J Neurosci 2012; 32: 16129–16140.

28. Mathieu P, Battista D, Depino A, Roca V, Graciarena M, Pitossi F. The more you have, the
less you get: the functional role of inflammation on neuronal differentiation of endogenous
and transplanted neural stem cells in the adult brain. J Neurochem 2010; 112: 1368–1385.

Neural stem cells work in AD mouse model
JA Kim et al

10

Cell Death and Disease



29. Carpentier PA, Palmer TD. Immune influence on adult neural stem cell regulation and
function. Neuron 2009; 64: 79–92.

30. Seki T. Hippocampal adult neurogenesis occurs in a microenvironment provided by PSA-
NCAM-expressing immature neurons. J Neurosci Res 2002; 69: 772–783.

31. Seki T, Arai Y. Highly polysialylated neural cell adhesion molecule (NCAM-H) is expressed
by newly generated granule cells in the dentate gyrus of the adult rat. J Neurosci 1993; 13:
2351–2358.

32. Lee E, Son H. Adult hippocampal neurogenesis and related neurotrophic factors. BMB Rep
2009; 42: 239–244.

33. Cho KO, Hunt CA, Kennedy MB. The rat brain postsynaptic density fraction contains a
homolog of the Drosophila discs-large tumor suppressor protein. Neuron 1992; 9: 929–942.

34. Blurton-Jones M, Kitazawa M, Martinez-Coria H, Castello NA, Muller FJ, Loring JF et al.
Neural stem cells improve cognition via BDNF in a transgenic model of Alzheimer disease.
Proc Natl Acad Sci USA 2009; 106: 13594–13599.

35. Yan P, Hu X, Song H, Yin K, Bateman RJ, Cirrito JR et al. Matrix metalloproteinase-9
degrades amyloid-beta fibrils in vitro and compact plaques in situ. J Biol Chem 2006; 281:
24566–24574.

36. Shimizu E, Kawahara K, Kajizono M, Sawada M, Nakayama H. IL-4-induced selective
clearance of oligomeric beta-amyloid peptide(1-42) by rat primary type 2 microglia.
J Immunol 2008; 181: 6503–6513.

37. Sastre M, Dewachter I, Landreth GE, Willson TM, Klockgether T, van Leuven F et al.
Nonsteroidal anti-inflammatory drugs and peroxisome proliferator-activated receptor-gamma
agonists modulate immunostimulated processing of amyloid precursor protein through
regulation of beta-secretase. J Neurosci 2003; 23: 9796–9804.

38. Heneka MT, Sastre M, Dumitrescu-Ozimek L, Dewachter I, Walter J, Klockgether T et al.
Focal glial activation coincides with increased BACE1 activation and precedes amyloid
plaque deposition in APP[V717I] transgenic mice. J Neuroinflammation 2005; 2: 22.

39. Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective beta-amyloid
clearance pathways in aging Alzheimer's disease mice. J Neurosci 2008; 28: 8354–8360.

40. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate gyrus of the adult rat:
age-related decrease of neuronal progenitor proliferation. J Neurosci 1996; 16: 2027–2033.

41. Bernal GM, Peterson DA. Neural stem cells as therapeutic agents for age-related
brain repair. Aging Cell 2004; 3: 345–351.

42. Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P et al. Spatial relational memory
requires hippocampal adult neurogenesis. PLoS One 2008; 3: e1959.

43. Durbec P, Cremer H. Revisiting the function of PSA-NCAM in the nervous system.
Mol Neurobiol 2001; 24: 53–64.

44. Rogers J, Strohmeyer R, Kovelowski CJ, Li R. Microglia and inflammatory mechanisms in the
clearance of amyloid beta peptide. Glia 2002; 40: 260–269.

45. Ruiz de Almodovar C, Lambrechts D, Mazzone M, Carmeliet P. Role and therapeutic
potential of VEGF in the nervous system. Physiol Rev 2009; 89: 607–648.

46. Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, Snyder EM et al. Beta-
amyloid accumulation in APP mutant neurons reduces PSD-95 and GluR1 in synapses.
Neurobiol Dis 2005; 20: 187–198.

47. Johnson GV, Jope RS. The role of microtubule-associated protein 2 (MAP-2) in neuronal
growth, plasticity, and degeneration. J Neurosci Res 1992; 33: 505–512.

48. Ha TY, Chang KA, Kim J, Kim HS, Kim S, Chong YH et al. S100a9 knockdown decreases the
memory impairment and the neuropathology in Tg2576 mice, AD animal model. PLoS One
2010; 5: e8840.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Neural stem cells work in AD mouse model
JA Kim et al

11

Cell Death and Disease

http://creativecommons.org/licenses/by/4.0/

	Neural stem cell transplantation at critical period improves learning and memory through restoring synaptic impairment in Alzheimer’s disease mouse model
	Main
	Results
	NSC transplantation at the advanced stages of the disease failed to restore behavioral deficits and pathology
	NSC transplantation at the early stages of the disease improved the learning and memory ability and reduced Aβ plaque load and tau hyperphosphorylation in Tg2576 mice
	NSC transplantation could reduce the Aβ level by altering the processing of APP and degradation of Aβ
	NSC transplantation decreased inflammatory microglial activation in the brain of Tg2576 mice
	NSC transplantation improved endogenous neurogenesis and dendritic stability

	Discussion
	Materials and Methods
	NSC culture
	Transplantation
	Behavioral test
	Histological examination
	Immunohistochemistry
	Congo red and hematoxylin staining

	Synaptosome preparation
	Western blot
	ELISA
	Secretase activity test
	Antibodies
	Statistical analysis

	Acknowledgements
	Notes
	References




