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Adipose-derived mesenchymal stem cell 
transplantation promotes adult neurogenesis in the 
brains of Alzheimer’s disease mice

1 State Key Laboratory of Biomembrane and Membrane Biotechnology, School of Life Sciences, Tsinghua University, Beijing, China
2 Institute of Neurological Disorders, Yuquan Hospital, Tsinghua University, Beijing, China

Corresponding author:
Yandao Gong, State Key Laboratory of 
Biomembrane and Membrane 
Biotechnology, School of Life Sciences, 
Tsinghua University, Beijing 100084, 
China, gongyd@tsinghua.edu.cn.

doi:10.4103/1673-5374.131596   

http://www.nrronline.org/

Accepted: 2014-03-24

Yufang Yan1, Tuo Ma1, Kai Gong1, Qiang Ao2, Xiufang Zhang1, Yandao Gong1

Introduction
Alzheimer’s disease, one of the most common dementias 
among the elderly, is pathologically characterized by extra-
cellular senile plaques (composed of amyloid-β peptide ag-
gregates), intracellular neurofibrillary tangles, synaptic dys-
function, and the loss of neurons in the brain[1-2]. Although 
the pathogenesis of Alzheimer’s disease remains unclear, 
mutations in amyloid precursor protein and presenilins, 
which underlie familial forms of Alzheimer’s disease, and tau 
hyperphosphorylation induce neuronal cell death[3-4]. The 
neuronal cell death leads to a reduction in size of the tempo-
ral and frontal lobes of the brain, which play critical roles in 
learning and memory processes and other mental functions, 
resulting in progressive memory and learning dysfunction 
and cognitive impairment in Alzheimer’s disease patients[5-6]. 
It was previously thought that the adult mammalian brain 
was devoid of stem cells that could regenerate after injury. 
However, recent studies have shown that neurogenesis occurs 
throughout the lifespan of adult mammals[7-8]. Indeed, studies 
in the adult rodent brain[2-4] have advanced the development 
of therapeutic strategies to replace the lost neurons[9-11].

It is widely accepted that neurogenesis primarily occurs 

within two restricted regions in the adult central nervous 
system: the subgranular zone of the dentate gyrus in the 
hippocampus and the subventricular zone adjacent to the 
lateral ventricles[12-13]. Newborn cells in the subventricular 
zone migrate along the rostral migratory stream and become 
periglomerular neurons in the olfactory bulb, and newly 
generated cells in the subgranular zone migrate and integrate 
into existing neural circuits in the granule cell layer of the 
dentate gyrus and function as mature granule neurons[14-15]. 
Accumulating evidence indicates that these newborn neu-
rons actively participate in cognitive functions involving ol-
faction- and hippocampus-dependent learning and memory 
processes[16-17]. Neurogenesis is thought to be impaired in the 
subgranular and subventricular zones in some animal mod-
els of Alzheimer’s disease[18-20].

Neurogenesis can be readily modulated by physiological 
and/or pathological factors at all stages, including the pro-
liferation of neural stem cells, the differentiation of these 
newborn cells, and their survival and maturation[21-23]. For 
example, physical exercise and enriched environment can 
increase the proliferation of neural stem cells in the dentate 
gyrus and lead to better cognitive performance[16, 24]. Con-
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versely, depression and stress can reduce neurogenesis[25-26]. 
Many other factors modulate neurogenesis in the brain. 
Recent studies have shown that neurogenic rates in the sub-
granular and subventricular zones decrease with age[27-28]. 
Under pathological conditions, such as neurodegenerative 
diseases and other central nervous system disorders, there 
are also significant declines in neurogenesis[29-30]. Accordingly, 
numerous recent studies have aimed at finding drugs, agents 
and factors with neurogenic activity that could increase the 
number of newborn neurons to replace the lost neural cells. 
For example, Tchantchou et al.[31] found that EGb 761, the 
standardized Ginkgo biloba extract, can enhance neurogen-
esis, reduce Aβ oligomers, and alleviate cognitive defects 
in transgenic Alzheimer’s disease model mice by restoring 
phosphorylation of the cAMP response element binding pro-
tein. A study by Garza and co-workers[32] showed that leptin, 
an adipose-derived hormone, could regulate neurogenesis 
in cultured adult neural stem cells as well as in the dentate 
gyrus of adult mice, and that the Akt and STAT3 signaling 
pathways are involved in mediating this neurogenic activity 
of leptin. Furthermore, Pérez-González et al.[33] demonstrat-
ed that chronic leptin treatment significantly increases the 
amount of newly generated cells in the subgranular zone in 
transgenic Alzheimer’s disease mice. In addition, reactive ox-
ygen species have been recently found to modulate the neu-
rogenic process[34-35]. Le Belle et al.[34] showed that a change in 
cellular reactive oxygen species levels affects the self-renewal 
capacity of neural stem cells. However, excessive production 
and accumulation of reactive oxygen species cause oxidative 
stress, leading to the death of newly generated cells via apop-
tosis or necrosis, attenuating neurogenesis[34, 36].

Recent studies suggest that the transplantation of mesen-
chymal stem cells can stimulate neurogenesis in the brains of 
adult rodents[37-38]. These cells can secrete growth factors and 
enhance the proliferation of endogenous neural stem cells in 
the subgranular zone of the dentate gyrus[37]. Moreover, mes-
enchymal stem cell transplantation also increases the prolif-
eration and neural differentiation of newly generated cells in 
the subventricular zone[38]. Transplantation of mesenchymal 
stem cells could facilitate functional recovery in animal mod-
els of neurological disorders by promoting neurogenesis. In 
a rat stroke model, Yoo et al.[39] showed that mesenchymal 
stem cell transplantation could promote neurogenesis in 
the subventricular zone by enhancing endogenous neural 
stem cell proliferation while suppressing the death of these 
newborn cells. In a similar animal model, Bao and co-work-
ers[39-40] demonstrated that the expression of brain-derived 
neurotrophic factor, vascular endothelial growth factor and 
neurotrophin-3 were dramatically higher in cell-transplant-
ed animals, and more neuroblasts were generated within the 
subventricular zone to form mature functional neurons.

Adipose-derived mesenchymal stem cells (ADSCs) have 
been demonstrated to promote neurogenesis in vitro. Kang 
et al.[41] showed that ADSCs can interact with cultured neu-
ral stem cells and significantly support their proliferation 
and survival, and that direct physical contact between these 
two cell types is necessary to induce neuronal differentia-
tion. However, the neurogenic potential and the therapeutic 
effects of ADSCs in the rodent Alzheimer’s disease model is 

unknown. The present study aimed to investigate whether 
intrahippocampal ADSC transplantation could exert ben-
eficial effects in APP/PS1 transgenic Alzheimer’s disease 
model mice, and whether neurogenesis is affected by ADSC 
transplantation.

Results
Quantitative analysis of experimental animals
A total of 10 APP/PS1 transgenic Alzheimer’s disease mod-
el mice were included in this study. Mice were equally and 
randomly divided into two groups: Hank’s balanced salt 
solution (HBSS) group and ADSC group. ADSCs were sus-
pended in HBSS and delivered into the hippocampi of APP/
PS1 transgenic Alzheimer’s disease model mice at 8 months, 
and HBSS-infused model mice were used as controls.

ADSC transplantation alleviated cognitive impairment in 
APP/PS1 transgenic mice
To examine whether ADSC transplantation can alleviate 
cognitive deficits in APP/PS1 transgenic mice, the novel ob-
ject recognition test was performed with ADSC-transplanted 
mice and HBSS-infused controls 4 weeks after transplanta-
tion. The APP/PS1 transgenic mice treated with HBSS failed 
to discriminate between the novel and the familiar objects, 
while ADSC-transplanted APP/PS1 transgenic mice signifi-
cantly interacted more with the novel object than with the 
familiar one (P < 0.05; Figure 1). This finding suggests that 
ADSC transplantation can alleviate cognitive impairment in 
APP/PS1 transgenic Alzheimer’s disease model mice.

ADSC transplantation reduced oxidative stress in the 
hippocampus of APP/PS1 transgenic mice
Oxidative stress has been observed in Alzheimer’s disease 
brains and is considered an important pathological feature 
of the disease[42]. Therefore, we next investigated whether the 
transplantation of ADSCs impacts oxidative stress levels in 
APP/PS1 transgenic mice. Dihydroethidium staining showed 
that oxidative stress in the hippocampus was dramatically 
lower in APP/PS1 transgenic mice transplanted with ADSCs 
than in HBSS-infused control animals (P < 0.01; Figure 2).

ADSC transplantation promoted neurogenesis in the 
subgranular zone of the hippocampus in APP/PS1 
transgenic mice
The cognitive decline in animal models of Alzheimer’s 
disease has been linked to synaptic dysfunction and neu-
ronal loss, particularly in the hippocampus. In addition, a 
strong interaction between oxidative status and neurogen-
esis was recently found[34-35]. Therefore, we next examined 
if neurogenesis is the underlying mechanism by which cell 
transplantation induces the generation of new neuronal 
cells that facilitate functional recovery. Immunofluores-
cence staining showed that the newly generated (BrdU+) 
cells were dispersed throughout the dentate gyrus in AD-
SC-transplanted Alzheimer’s disease mice, while they were 
restricted to the subgranular zone in HBSS-infused controls 
(Figure 3A). We found that the number of BrdU+ new-
born cells in the dentate gyrus was significantly higher in
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ADSC-transplanted APP/PS1 transgenic mice than in 
HBSS-treated controls (P < 0.01; Figure 3B).

Some newborn cells differentiate into neurons, mature 
and integrate into the existing neural network to carry out 
their functions. Although many more BrdU+ cells were 
found in the dentate gyrus of ADSC-implanted APP/PS1 
transgenic mice compared with HBSS-treated controls, we 
did not know how many would differentiate into neuronal 
cells. Co-labeling showed that the number of cells positive 
for both BrdU and DCX in the subgranular zone of the den-
tate gyrus was dramatically higher in the ADSC-transplanted 
APP/PS1 transgenic mice than in the HBSS-treated controls 
(P < 0.01; Figure 4). These results indicate that ADSC trans-
plantation enhances neurogenesis in the subgranular zone of 
APP/PS1 transgenic Alzheimer’s disease mice.

ADSC transplantation increased the number of neuroblasts 
in the subventricular zone of APP/PS1 transgenic mice
To further evaluate the neurogenesis-promoting effect of 
ADSC transplantation, we next examined another active 
neurogenic region, the subventricular zone (Figure 5A). 
Immunofluorescence analysis indicated that the number of

Figure 1 Adipose-derived mesenchymal stem cell (ADSC) 
transplantation alleviates cognitive impairment in APP/PS1 
transgenic mice.
The novel object recognition behavioral test was performed to assess 
cognitive function in APP/PS1 transgenic mice. The recognition index 
is the ratio TN/(TF + TN), where TN represents the time interacting with 
the novel object, and TF represents the time exploring the familiar ob-
ject. Data are expressed as mean ± SD. One-way analysis of variance 
with Bonferroni correction was performed for comparison between 
groups. aP < 0.05, vs. Hank’s balanced salt solution (HBSS) group. 

Figure 2 Oxidative stress levels in the hippocampus of APP/PS1 transgenic mice.
(A) Dihydroethidium (DHE) staining of the hippocampus in APP/PS1 transgenic mice infused with HBSS (left) or transplanted with ADSCs (right) 
(fluorescence microscope, × 100). DHE fluorescence intensity (red) was used as an index of oxidative stress. (B) Quantitative analysis of averaged 
DHE fluorescence intensity in the hippocampus of APP/PS1 transgenic mice. The higher DHE fluorescence intensity indicates an increase in oxi-
dative stress. Data are expressed as mean ± SD. One-way analysis of variance with Bonferroni correction was performed for comparison between 
groups. aP < 0.01, vs. HBSS group. HBSS: Hank’s balanced salt solution; ADSC: adipose-derived mesenchymal stem cell.

Figure 3 Newborn cells in the dentate gyrus of APP/PS1 transgenic mice.
(A) Immunofluorescence staining showing BrdU+ cells in the dentate gyrus of APP/PS1 transgenic mice treated with HBSS (left panel) or ADSCs 
(right panel) (laser scanning confocal microscope, × 100). TRITC-labeled BrdU+ cells are shown in red. DAPI (blue) staining indicates cell nuclei. (B) 
Statistical analysis of BrdU+ cells in the dentate gyrus of APP/PS1 transgenic mice. Data are expressed as mean ± SD. One-way analysis of variance 
with Bonferroni correction was performed for comparison between groups. aP < 0.01, vs. HBSS group. HBSS: Hank’s balanced salt solution; ADSC: 
adipose-derived mesenchymal stem cell.
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newly generated BrdU+ cells in the subventricular zone was 
significantly increased by ADSC transplantation (P < 0.01; 
Figure 5B), and an increase in the proportion of newborn 
neuroblasts (BrdU+/DCX+ cells) out of the total pool of pro-
liferating BrdU+ cells was also observed in ADSC-transplant-
ed APP/PS1 transgenic mice compared with HBSS-treated 
animals (P < 0.01; Figure 5C). These results provide clear 
evidence that ADSC transplantation significantly promotes 
neurogenesis in the brains of APP/PS1 transgenic Alzhei-
mer’s disease mice.

Discussion
In the present study, we evaluated the therapeutic potential 
of intrahippocampal transplantation of ADSCs in APP/PS1 
transgenic Alzheimer’s disease model mice. ADSC trans-
plantation significantly alleviated cognitive impairment, 

substantially reduced oxidative stress in the hippocampus, 
and enhanced neurogenesis in both the subgranular and 
subventricular zones in the brains of APP/PS1 transgenic 
mice. Given that oxidative stress can impair neurogenesis, 
and that reduced neurogenesis is an early pathological event 
in Alzheimer’s disease[36, 43], we propose that transplanted 
ADSCs alleviate cognitive impairment in Alzheimer’s disease 
mice by stimulating neurogenesis. Our findings provide clear 
evidence that ADSC transplantation may be a promising 
therapeutic strategy for Alzheimer’s disease.

Recent studies on mesenchymal stem cells have provided 
promising new avenues for tissue repair in central nervous 
system diseases[44-45]. Our results indicate that ADSC trans-
plantation dramatically restores cognitive decline in APP/PS1 
transgenic Alzheimer’s disease model mice, although the un-
derlying mechanisms are likely complex. This study focused 
on changes in the endogenous environment following ADSC 
transplantation. We first examined oxidative stress levels in 
the brain of these APP/PS1 transgenic mice. Dihydroethid-
ium staining was used to assess levels of the superoxide anion 
(•O2

-), a highly reactive oxygen species, in the hippocampus. 
In most cell types, mitochondria are the major source of re-
active oxygen species, which are generated mainly because of 
electron leakage from the mitochondrial electron transport 
chain located in the mitochondrial inner membrane[46-47]. 
Superoxide anions are generated by the interaction of oxygen 
with unpaired electrons, and can be converted into more 
reactive species, i.e., hydrogen peroxide (H2O2) and hydroxyl 
radical (•OH). Reactive oxygen species participate in cellular 
metabolism and signaling by oxidizing cellular components 
such as membrane lipids, proteins and nucleic acids[48-49]. A 
sophisticated defense system consisting of antioxidants, both 
enzymatic and nonenzymatic, exist within cells to achieve re-
dox balance[42, 50]. A disruption of this balance induces oxida-
tive stress, in which the generation of reactive oxygen species 
exceeds antioxidant defense capacity. Oxidative stress leads to 
cellular dysfunction and plays a significant role in numerous 
pathological processes, including neurodegenerative diseases 
such as Alzheimer’s disease[51-52].

In our previous study, we found increased basal levels of 

Figure 5 Neuronal progenitors in the subventricular zone of APP/PS1 transgenic mice.
(A) Immunofluorescence staining showing neuronal progenitors positive for both BrdU and DCX in the subventricular zone of APP/PS1 transgen-
ic mice treated with HBSS (left panel) or ADSCs (right panel) (laser scanning confocal microscope, × 600). TRITC-labeled BrdU+ cells are shown 
in red; FITC-labeled DCX+ cells are shown in green. DAPI (blue) staining indicates nuclei. (B, C) Statistical analysis of BrdU+ cells in the subven-
tricular zone and of BrdU+/DCX+ cells in the subgranular zone of APP/PS1 transgenic mice. Data are expressed as mean ± SD. One-way analysis of 
variance with Bonferroni correction was performed for comparison between groups. aP < 0.01, vs. HBSS group. HBSS: Hank’s balanced salt solu-
tion; ADSC: adipose-derived mesenchymal stem cell; LV: lateral ventricle.
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Figure 4 Newly generated neuronal cells in the subgranular zone of 
APP/PS1 transgenic mice.
(A) Immunofluorescence staining showing BrdU+/DCX+ cells in the 
dentate gyrus of APP/PS1 transgenic mice treated with ADSCs (laser 
scanning confocal microscope, × 1,200). Cells positive for both BrdU 
(red, TRITC fluorescent dye) and DCX (green, FITC fluorescent dye) 
are newly generated neuronal cells (arrows). DAPI (blue) staining in-
dicates nuclei. (B) Statistical analysis of BrdU+/DCX+ cells in the sub-
granular zone of APP/PS1 transgenic mice. Data are expressed as mean 
± SD. One-way analysis of variance with Bonferroni correction was 
performed for comparison between groups. aP < 0.01, vs. HBSS group. 
HBSS: Hank’s balanced salt solution; ADSC: adipose-derived mesenchy-
mal stem cell. 
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reactive oxygen species in a cellular model of Alzheimer’s 
disease. This oxidative stress, induced by elevated levels of 
Aβ peptide, resulted in impairment of mitochondrial func-
tion and cellular damage[42, 53]. These cellular insults accel-
erate the generation of reactive oxygen species in the mito-
chondria to form a deleterious feedback loop exacerbating 
the disease[54-55]. In the present study, ADSC transplantation 
significantly decreased oxidative stress levels in the hippo-
campus of APP/PS1 transgenic mice. This neuroprotective 
effect could result from a decrease in reactive oxygen species 
generation, the enhancement of reactive oxygen species 
scavenging capability, or an elevated capacity to repair ox-
idized molecules. Further study is required to clarify the 
mechanisms underlying the neuroprotective effect of ADSC 
transplantation. Given that oxidative stress is an early event 
in Alzheimer’s disease pathogenesis[56], the improvements in 
the tissue microenvironment produced by ADSC transplan-
tation could inhibit the pathological process and help allevi-
ate the deficit in neurogenesis.

Recent studies have suggested a modulatory role of reac-
tive oxygen species in neurogenesis[34-35, 57]. Le Belle et al.[34] 
demonstrated that reactive oxygen species level influences 
the self-renewal capacity of neural stem cells and neurogen-
esis through the NADPH oxidase and PI3K/Akt pathway. 
An appropriate reactive oxygen species level is necessary for 
neural stem cells to maintain their self-renewal capacity, but 
excessive levels of reactive oxygen species can result in toxici-
ty and cell death, implying that regulation of reactive oxygen 
species level is important for neural stem cell proliferation. 
Furthermore, antioxidants such as curcumin and EGCG 
have also been found to increase neurogenesis in the dentate 
gyrus in adult rodents[58-59], providing additional evidence 
that reactive oxygen species downregulate neurogenesis. 
Numerous studies have investigated the use of antioxidants 
for Alzheimer’s disease treatment, and some have focused 
on their effect on neurogenesis. In this study, we found that 
the reduced oxidative stress level was accompanied with en-
hanced neurogenesis in the subgranular and subventricular 
zones in APP/PS1 transgenic mice. Considering that oxida-
tive stress is closely linked with cell death and the neurogenic 
process, it is reasonable to propose that by reducing oxida-
tive stress, ADSC transplantation promotes the survival of 
newly generated cells, thereby promoting neurogenesis.

The neurogenic potential of mesenchymal stem cells has 
been demonstrated by several recent studies. Munoz et al.[37] 
found that the transplantation of bone marrow-derived 
mesenchymal stem cells promoted the proliferation of en-
dogenous neural stem cells and affected their differentiation 
in the hippocampus of adult mice, likely by secreting various 
cytokines. Furthermore, mesenchymal stem cell transplan-
tation has been reported to improve neurological function 
under pathological conditions. For example, studies by Yoo 
et al.[39] and Bao et al.[40] suggest that bone marrow-derived 
mesenchymal stem cell transplantation promotes endoge-
nous neurogenesis and behavioral recovery in animal mod-
els of cerebral ischemia. In addition, Tfilin and co-workers[60] 
found that bone marrow-derived mesenchymal stem cell 
transplantation enhances hippocampal neurogenesis and 
improves behavioral performance in animal models of de-

pressive-like behavior. Compared with bone marrow-derived 
mesenchymal stem cells, ADSCs are also capable of expan-
sion in vitro, and these cells are more plentiful and much 
easier to obtain. Therefore, ADSCs could serve as an attrac-
tive alternative source of stem cells for tissue repair. More-
over, ADSCs can modulate and interact with cultured neural 
stem cells, affecting their proliferation and increasing neural 
differentiation and migration[41]. In line with these findings, 
our results show that ADSCs can also effectively promote the 
proliferation and differentiation of neural stem cells in vivo 
in a model of Alzheimer’s disease. ADSC transplantation 
significantly decreased oxidative stress, which might result 
in a cellular microenvironment more suitable for neuro-
genesis. However, the mechanisms by which ADSCs reduce 
oxidative stress and promote neurogenesis remain unclear. 
The transdifferentiation and cellular fusion of implanted 
mesenchymal stem cells occur at very low frequency in vivo 
and can likely not contribute significantly to the alleviation 
of cognitive impairment. The cognitive improvement more 
likely results from the release of cytokines from these cells[37]. 
Accordingly, we hypothesize that the oxidative stress reduc-
ing and neurogenesis promoting activities of transplanted 
ADSCs might be mediated by their paracrine activities. 
Of course, further investigations are required to clarify the 
mechanisms underlying the therapeutic effects of ADSCs, 
particularly as these cells have been reported to exert mul-
tiple neurotrophic effects in several central nervous system 
disorders[39-40, 60-61].

The efficacy and feasibility of ADSC transplantation in 
APP/PS1 transgenic mice and the mechanisms mediating 
the neurogenic effects of these cells are the main focus of 
the present work. Other important issues, such as the fate 
of the transplanted ADSCs, are unresolved and require fur-
ther study. Recent studies indicate that the majority of im-
planted mesenchymal stem cells disappear within days after 
transplantation[37, 62-63]. Munoz et al.[37] found that although 
BMSC transplantation enhanced hippocampal neurogenesis 
in adult mice, the cells failed to proliferate in vivo, and only 
one-quarter of these cells remained 3 days after implanta-
tion. The researchers proposed that the neurogenic potential 
of bone marrow-derived mesenchymal stem cells might 
be conferred by their ability to secrete neurotrophins that 
enhance the proliferation of endogenous neural stem cells. 
Therefore, the beneficial effects of these mesenchymal stem 
cells are not necessarily dependent upon their persistence in 
the brain tissue.
 

Materials and Methods
Design
A controlled, comparative, in vivo experiment.

Time and setting
Experiments were performed in the School of Life Scienc-
es, Tsinghua University, China from October 2011 to April 
2012.

Materials
Sprague-Dawley rats, aged 6–8 weeks, weighing 280–300 g, 
were purchased from Vital River Corporation, Beijing, China 
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(license No. SCXK (Jing) 2007-0001). Transgenic APP/PS1 
mice expressing the human APPswe (K595N/M596L) and 
presenilin 1 (PS1ΔE9) mutants were purchased from Jackson 
Laboratories (Bar Harbor, ME, USA). These transgenic mice 
were maintained on their original genetic background until 
the age of 8 months, when they developed Aβ deposits and 
exhibited significant cognitive impairment[64]. The mice were 
raised at 22 ± 1°C, under a 12-hour light/dark cycle, with 
free access to standard food and water. All procedures were 
in strict accordance with the Guidance Suggestions for the 
Care and Use of Laboratory Animals, issued by the Ministry 
of Science and Technology of China[65].

Methods
Isolation and culture of ADSCs
Adipose tissue was obtained from the testicular fat pads of 
6–8-week-old healthy rats. ADSC isolation and culture were 
performed according to published protocols[66-67]. Briefly, the 
adipose tissue was mechanically dissociated with surgical scis-
sors, then bathed in ice-cold HBSS (KCl 2.7 mmol/L, NaCl 
138 mmol/L, KH2PO4 1.5 mmol/L, Na2HPO4 8.1 mmol/L, 
glucose 10 mmol/L, pH 7.2–7.4). After digestion with colla-
genase type I (Gibco, Grand Island, NY, USA) at 37°C for 45 
minutes, these tissues were gently dissociated with pipettes. 
The cell suspension was filtered with a cell strainer (70 μm; 
BD Biosciences, San Jose, CA, USA) and then subjected to 
centrifugation at 800 × g for 5 minutes, separating the stro-
mal vascular fraction from the floating adipocytes. Then, the 
resuspended stromal vascular fraction was plated onto cell 
culture dishes (approximately 105 cells/mL) with DMEM/
F12 medium (Invitrogen, Grand Island, NY, USA) contain-
ing penicillin/streptomycin (Sigma, St. Louis, MO, USA) and 
fetal bovine serum (Hyclone, Logan, UT, USA). Cell cultures 
were kept in a humidified incubator at 37°C, with 5% CO2. 
24 hours later, non-adherent cells were removed by changing 
the culture medium. The cells were expanded in vitro for 
serial passaging, and passages 3–5 were used for transplanta-
tion. These cells were positive for CD44 and CD90, and neg-
ative for CD11b, CD31 and CD45[66]. They were also capable 
of differentiating into multiple lineages, including osteocytes 
and adipocytes[67].

ADSC transplantation
After anesthetization with 5% chloral hydrate (8 mL/kg, i.p.), 
the mice were fixed on a stereotaxic apparatus (RWD Life 
Science, Shanghai, China). Approximately 105 cells suspend-
ed in 3 μL HBSS were injected into the bilateral hippocampi 
with an automated infusion pump (1 μL/min; PHD 2000, 
Harvard Apparatus, Holliston, MA, USA). The stereotaxic 
coordinates were as follows: 2 mm posterior to the bregma, 
2 mm bilateral from the midline, and 2 mm ventral to the 
skull surface[68]. In control groups, HBSS vehicle alone was 
injected into the hippocampi of Alzheimer’s disease model 
mice at the same time. After surgery, the mice were kept 
warm until recovery from anesthesia, and then returned to 
their home cages.

Novel object recognition test for cognitive function
Mice have greater curiosity towards novel objects than fa-

miliar ones. This intrinsic behavior has been widely used 
to study the learning/memory function of these animals[69]. 
The mouse was put into a 40 cm × 25 cm × 25 cm black box, 
with an open top. A black curtain was used to surround the 
open box with dim illumination to achieve an uniform envi-
ronment. For the training session, each mouse was allowed 
a 10-minute exposure to the box, with two identical objects 
placed symmetrically and equidistantly from the side walls 
and the corners. After the training session, the mouse was 
put back into the home cage for 30 minutes. Then, the test 
session started with the mouse lowered into the box where 
one of the familiar objects used in the training session was 
replaced with a novel one. The novel object had a similar 
texture and size to the familiar one, but with a different 
shape. The mouse was permitted to explore the objects for 
5 minutes. Exploration took place when the mouse touched 
or sniffed the objects with the forepaws and/or the nose. The 
times spent by the mouse exploring the novel and familiar 
objects were manually recorded. The recognition index was 
expressed by the ratio TN/(TF + TN), where TN represents the 
time interacting with the novel object, and TF represents the 
time exploring the familiar object. The box and objects were 
cleaned with 75% ethanol solution between tests.

Tissue preparation
When the novel object recognition test was completed, mice 
were anesthetized with 5% chloral hydrate (8 mL/kg, i.p.). 
They were perfused intracardially with PBS and then fixed 
with 4% paraformaldehyde. Then, the brain was removed 
from the cranium. After postfixation in the same medi-
um at 4 °C overnight, the brain was equilibrated in 30% 
PBS-buffered sucrose solution for another 48 hours. The 
brains were then cut into serial coronal sections with a 
freezing microtome (CM 1900, Leica, Nussloch, Germany) 
at a thickness of 40 μm. The sections were stored at 4°C un-
til further processing.

Detection of oxidative stress levels in the brain
Dihydroethidium (Beyotime Institute of Biotechnology, 
Haimen, Jiangsu Province, China) was used to measure su-
peroxide anion levels in the brain sections. Briefly, the sec-
tions were immersed in 10 μmol/L dihydroethidium (in PBS 
solution) in a humidified environment at room temperature 
for 30 minutes. Dihydroethidium is oxidized by superoxide 
to form ethidium, which binds to DNA in the nucleus and 
emits red fluorescence. After washing with PBS three times, 
the sections were cover-slipped and then visualized under a 
fluorescence microscope (BX41, Olympus, Tokyo, Japan).

Immunofluorescence staining for BrdU incorporation and 
DCX expression in the brains of APP/PS1 transgenic mice
BrdU, a thymidine analog, can incorporate into DNA during 
the S-phase when cells are undergoing division. Doublecor-
tin is a widely used marker for neuroblasts and often used to 
track migrating cells. To quantify newborn cells in the brains 
of these mice, they were given 5-bromo-2′-deoxyuridine 
(BrdU; 50 mg/kg; Sigma) daily via intraperitoneal injection 
in the last week before sacrifice. The mice were killed on the 
second day of the last BrdU administration. The brain sec-
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tions were immersed in PBS (pH 7.4) for 15 minutes, and 
then heated in citric acid buffer (0.01 mol/L, pH 6.0) for an-
other 15 minutes to denature DNA. The sections were then 
blocked with goat serum (5% goat serum in 0.1 mol/L PBS 
with 0.3% Triton X-100) in a humidified chamber at room 
temperature for 1 hour, and then incubated with mouse 
anti-BrdU antibody (1:100; Millipore, Billerica, MA, USA) 
in TBST [NaCl 0.15 mol/L, Tris-HCl 50 mmol/L, Tween 
20 0.05% (w/v), pH 7.6] overnight at 4°C. After washing, 
they were immersed in TRITC-conjugated goat anti-mouse 
antibody (1:100; Beijing Zhongshan Golden Bridge Biotech-
nology Co., Ltd., Beijing, China) at room temperature for 
2 hours. For double staining with BrdU and doublecortin, 
the mouse anti-BrdU antibody, together with rabbit an-
ti-doublecortin polyclonal antibody (1:200; Cell Signaling, 
Danvers, MA, USA), were used to incubate the sections 
overnight at 4°C. Then, the sections were incubated with 
TRITC-conjugated goat anti-mouse and FITC-conjugated 
goat anti-rabbit secondary antibodies (1:100; Beijing Zhong-
shan Golden Bridge Biotechnology Co., Ltd). DAPI (1:1,000; 
Dojindo, Kumamoto, Kyushu, Japan) was used to stain the 
nucleus. Sections were observed with a laser scanning confo-
cal microscope (Olympus).

Statistical analysis
Data were expressed as mean ± SD. Statistical analysis was 
conducted using Origin 7.0 software (OriginLab Corpo-
ration, Northampton, MA, USA), and one-way analysis 
of variance with Bonferroni correction was performed for 
comparison between groups. Values of P < 0.05 were consid-
ered statistically significant.
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