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Abstract Neuronal loss is reported to be an important

pathological process in Alzheimer’s disease (AD). Neuro-

genesis is a process of generation of new neurons to fill the

neuronal loss. Xanthoceraside has been shown to attenuate

the cognitive deficits in several AD animal models. How-

ever, little is known about the effect of xanthoceraside on

neurogenesis in APP/PS1 transgenic mice. Thus, in this

study, we investigated whether xanthoceraside can ame-

liorate learning and memory impairment by promoting

NSCs proliferation and neuronal differentiation. The

results suggested that xanthoceraside significantly amelio-

rated the cognitive impairment and induced NSCs prolif-

eration and neuronal differentiation in APP/PS1 transgenic

mice. Meanwhile, in vitro study revealed that xantho-

ceraside increased the size of NSCs and induced NSCs

differentiation into neurons compared with amyloid beta-

peptide (25–35) (Ab25–35) treatment. Furthermore, we

found that xanthoceraside significantly increased the

expression of Wnt3a and p-GSK3b, decreased the

expression of p-b-catenin, and induced nuclear transloca-

tion of b-catenin in APP/PS1 transgenic mice. Further-

more, in vitro study found that the effect of xanthoceraside

on inducing NSCs proliferation and neuronal differentia-

tion were inhibited by Wnt pathway inhibitor Dickkopf-1

(Dkk-1). Our data demonstrated that xanthoceraside may

promote the proliferation and differentiation of NSCs into

neurons by up-regulating the Wnt/b-catenin pathway to fill

the neuronal loss, thereby improving learning and memory

impairment in APP/PS1 transgenic mice.
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BrdU 5-Bromo-20-deoxyuridine

DG Dentate gyrus

Dickkopf-1 Dkk-1

NSCs Neural stem cells

SVZ Subventricular zone

Introduction

Alzheimer’s disease (AD), as the most common form of

senile dementia, affects more than 30 million people

worldwide [1]. Growing evidence supports that amyloid-

beta (Ab), which is derived from b-amyloid precursor

protein (APP), plays a crucial role in triggering a complex

pathological cascade that leads to the neurodegenerative

conditions, loss of neurons, and cognitive impairment

observed in AD mice [2]. As reported, in APP/PS1 trans-

genic mice, spatial memory impairment appears at

3 months of age [3] and amyloid deposition visibly at

5 months of age [4]. The APP/PS1 transgenic mouse model

of AD shows significant inhibition of neurogenesis at 7 and

10 months of age [5, 6]. Neurogenesis generates newly

born cells to help brain repair in neurological diseases [7].

The human brain generates most of its newly born cells

during the embryonic and post-natal periods of develop-

ment. However, recent research has shown that the brain is

capable of regenerating neurons throughout the adult

lifespan in two main neurogenic regions of the brain

including the subventricular zone (SVZ), which lines the

lateral ventricles, and the dentate gyrus (DG) of the hip-

pocampal formation [8]. The hippocampus is considered to

be an important area for the functions of learning and

memory, demonstrated by one of the reasons for the

increasing survival of newborn neurons in learning and

memory tasks [9]. It is known that adult hippocampal cells

proliferate and differentiate into neurons, which play an

important role in learning and memory processes [10].

There is increasing interest in the relationship between AD

and hippocampal NSCs.

Neurogenesis during the adult lifespan is modulated by

many variables, such as positive factors (including exercise

[11], learning [12], and an enriched environment [13]), and

negative factors (including aging [14], stress [15], sleep

deprivation [16], and inflammation [17]). It is reported that

Wnt/b-catenin signaling is mainly involved in neurogene-

sis in the hippocampal DG and SVZ during several

extrinsic and intrinsic cellular programs [18] and regulates

neurodevelopmental processes [19, 20]. The Wnt/b-catenin

pathway, which mainly includes the proteins of wnt3a,

secreted frizzled-related protein 3, glycogen synthase

kinase-3b (GSK3b) and b-catenin. The Wnt/b-catenin

pathway stimulated by Wnt ligands can elicit the inacti-

vation of phosphorylation of GSK-3b at Ser9 (pSer9-

GSK3b), leading to decreased levels of p-b-catenin, which

can restrain b-catenin degradation through proteasomal

degradation and induce the translocation of b-catenin into

the nucleus to promote neurogenesis [21]. Defects in the

Wnt/b-catenin signaling pathway have been considered to

contribute to the pathogenesis of AD [22].

Xanthoceraside (Fig. 1a), a triterpenoid saponin mono-

mer compound extracted from the husks of Xanthoceras

sorbifolia Bunge, is used as a traditional treatment of

rheumatism in Chinese folk medicine. Xanthoceraside

exhibits protective effects on impairments of spatial

memory, oxidative stress, and inflammatory reactions

induced by the intracerebroventricular injection of the

aggregated Ab1–42 in mice [23]. Moreover, xanthoceraside

might be associated with decreasing Ab deposition [24] to

protect cognitive functioning in AD animals. However,

there is little known about the effect of xanthoceraside on

neurogenesis. Thus, in this study, we investigated whether

xanthoceraside can promote NSCs proliferation and neu-

ronal differentiation to ameliorate learning and memory

impairment in APP/PS1 transgenic mice; we also examined

the potential related signaling pathways.

Materials and methods

Materials

The xanthoceraside provided by the Shenyang Institute of

Applied Ecology, Chinese Academy of Sciences (She-

nyang, China) was dissolved in double-distilled water

(0.1% DMSO). Amyloid beta-peptide (25–35) (Ab25–35)

and 5-bromo-20-deoxyuridine (BrdU) obtained from

Sigma-Aldrich (St. Louis, MO, USA) were dissolved in

double-distilled water (0.1% DMSO) and 0.9% NaCl,

respectively. Dickkopf-1 (Dkk-1) obtained from Peprotech

(USA) was dissolved in double-distilled water.

Animals and experimental design

Male APPswe/PS1 deltaE9 double transgenic mice (APP/

PS1) on a C57BL/6J background (3 months of age;

n = 59) expressing an identical mouse/human APP

Swedish mutations (K595N/M596L) and the exon-9-

deleted variant of human presenilin 1 (PS1-deltaE9) were

purchased from the Beijing HFK Bioscience Co. Ltd in

these experiments.

APP/PS1 transgenic mice were randomly divided into

model and xanthoceraside (0.02, 0.08, or 0.32 mg/kg)

treatment groups. C57BL/6J mice were used as wild-type

controls. Mice were orally administered xanthoceraside or

vehicle once daily at 3 months of age until the mice were

sacrificed at 8 months of age (n = 11–12 for each group).
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Open field test, Y-maze test, and novel object recognition

test were started at the age of 7 months. The animals were

handled daily for 1 week prior to initiating the experiment.

Every test was conducted during the light cycle.

Animals were maintained on a 12/12 light–dark cycle in

a SPF level laboratory under standard housing conditions

(room temperature 22.5 �C ± 1 and humidity 50 ± 5%).

Food and water were administered ad libitum. All surgery

was performed under 0.6% pentobarbital sodium and all

efforts were made to minimize suffering.

Open-field test

All animals were tested for spontaneous locomotor using

an open-field test [25]. Mice were individually placed in

the center area of an open-field apparatus

(25 9 25 9 50 cm) with white walls. All movements were

traced and the data were collected by video for 5 min

without any disturbance.

Y-maze test

To evaluate spatial working memory performance, a

Y-maze was used to record the spontaneous alternation

behavior [26]. A custom-made Y-maze made of wood with

three identical arms (40 9 10 9 12 cm, 120� apart) was

used. This behavioral test was performed under dim

lighting conditions, and each mouse was placed at the end

of one fixed arm facing the center and allowed to move

freely through the maze for 5 min. The total number of arm

entries (N) and the sequence of entries were recorded.

Successful alternation was defined as consecutive entry

into all three arms. Percent alternation was calculated as

the number of successful alternations/(N-2) 9 100%.

Novel object recognition test

The novel object recognition test as a cognitive behavioral

assay is based on the trait of the animals to spontaneously

explore the environment, which is mainly dependent on the

activity of their hippocampus [27]. Two days prior to the

experiments, the mice received a habituation of 5 min,

twice per day, in an empty open-field area

(45 9 45 9 15 cm) with wood walls. For the duration of

the training phase, two identical objects, A1 and A2, were

placed parallel to and approximately 15 cm away from the

back wall. The mice were placed alone in the open field to

explore both objects freely for 5 min. During the testing

phase 1 h later, a different object (object B), instead of A2,

was used as a novel object, and the amount of time mice

spent exploring each object was recorded, with the

assumption that they will spend more time exploring a

novel object than a familiar one [28]. After a 24-h retention

interval, the mice were placed again in the same box with

another novel object (C), replacing B, and allowed to

explore freely for 5 min.

Object exploration was operationally defined as the

duration of time that mice spent physically contacting the

Fig. 1 Effects of xanthoceraside on learning and memory impair-

ment in APP/PS1 transgenic mice. a Chemical structure of xantho-

ceraside. b The pathway traveled by the mice during the open field

test. c, d Total number of arm entries and spontaneous alternation

behavior (%) in the Y-maze test. e, f Total exploration time and

preferential index at 1 and 24 h during the testing phase. Values are

expressed as the mean ± SEM (n = 11–12). ##p\ 0.01 and
###p\ 0.001 vs. control; **p\ 0.01 and ***p\ 0.001 vs. model
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object with their nose at a distance of less than 2 cm or

touching the object (e.g., sniffing or scratching). The

time(s) spent exploring each object in the test phase was

recorded and calculated as a preferential index (PI): [time

spent investigating novel object/total exploration

time 9 100].

During all behavioral tests, the experiment equipment

was cleaned with 10% ethyl alcohol to remove the odors

left behind after each individual animal.

Tissue preparations and immunohistochemistry

staining

After anesthesia with 0.6% pentobarbital sodium, brain

tissues were removed from the animals and post-fixed in

4% paraformaldehyde overnight at 4 �C. After being suc-

cessively dehydrated in 0.1 M phosphate buffer containing

20 and 30% sucrose separately until they had sunk, the

tissues were cut into coronal sections of 15 lm thicknesses.

The level of generation of new cells was determined by a

single intraperitoneal injection of BrdU at a concentration

of 100 mg/kg/day for three consecutive days and is

incorporated during the S-phase into the cell and thus

labels the proliferating cells. The mice were sacrificed 24 h

after the last injection of BrdU.

The immunohistochemistry test of the hippocampus was

prepared as previously described [29] with few modifica-

tions. For BrdU immunohistochemistry staining, brain tis-

sue sections were incubated in HCl (2 N) for 30 min at

37 �C to break open the DNA structure of the labeled cells

and rinsed in borate buffer (0.1 M) for 10 min. The sec-

tions were placed in blocking solution at 37 �C for 30 min.

Then, incubation with rat-anti-BrdU (OBT0030, Accurate

Chemical and Scientific) diluted in PBS was overnight at

4 �C. After incubation with the primary antibody, these

sections were treated with goat anti-rat IgG-R secondary

antibody (sc-2093, Santa Cruz) at 37 �C for 1 h. For NeuN

and DCX staining, sections were blocked and treated with

rabbit-anti-NeuN (ab177487, Abcam) and rabbit-anti-

Doublecortin (ab18723, Abcam) overnight at 4 �C. After

washing in PBS, the sections were then incubated in goat

anti-rabbit IgG-FITC secondary antibodies (sc-2012, Santa

Cruz). Cells were further counter-stained using DAPI

(10236276001, Roche) for nuclei staining.

Isolation and culture of hippocampal NSCs

A hippocampus-derived NSCs culture was performed as

previously described [30]. In brief, the brains of rats born

within 24 h were dissected to remove the hippocampal

zone, which contains a pool of NSCs and readily forms

neurospheres in culture. The hippocampal zone was cut

into small pieces and mechanically triturated to a single

cell suspension, then plated at an initial concentration of

5 9 105 cells/ml using neurobasal medium containing

20 ng/ml bFGF (400-29, Peprotech), 20 ng/ml EGF (400-

25, Peprotech), and 2% B-27 (17504-044, Gibco) supple-

ment. Neurosphere formation begins after 5–6 days of

culture, and all experiments were performed during the

second passage.

Neurosphere proliferation assay

To investigate the effect of xanthoceraside on NSCs pro-

liferation and neurosphere formation, we detected neuro-

sphere proliferation as previously described [31].

Hippocampus-derived signal cell suspension was plated in

a 12-well plate at a density of 5 9 104 cells/well. The

xanthoceraside (0.1 lM) was treated with NSCs 24 h after

incubating with aggregated Ab25–35 (20 lM) for 3 h. The

number and size of neurospheres was analyzed.

Immunofluorescence staining

To differentiate NSCs cultures, cells were transferred into

complete proliferation or differentiation medium with the

drugs [32]. The cells were divided into five groups,

including xanthoceraside (0.1 lM), Ab25–35 (20 lM),

Ab25–35 (20 lM) ? xanthoceraside (0.1 lM), Ab25–35

(20 lM) ? xanthoceraside (0.1 lM) ? Dkk-1 (100 ng/

ml), and Dkk-1 (100 ng/ml) groups. In brief, cells were

incubated with blocking solution for 2 h at room temper-

ature, followed by incubation in primary antibodies of rat

anti-BrdU (OBT0030, Accurate Chemical and Scientific),

mouse anti-GFAP (60190-1, Proteintech), and rabbit anti-

MAP-2 (sc-20172, Santa Cruz) for 12 h at 4 �C.

Western blot

To determine the levels of total proteins and nuclear pro-

teins involved in neurogenesis, separation and extraction of

proteins were performed using kits from Beyotime as

previously described [33]. Protein (30 lg) was separated

on a 10% gradient SDS-PAGE gel. After blocking with 5%

skim milk for 2 h at room temperature, the membranes

were incubated overnight at 4 �C with primary antibodies

specific for rabbit anti-wnt3a (WL0199a, Wanleibio), rab-

bit anti-GSK3b (12456, CST), rabbit anti-p-GSK3b (5558,

CST), rabbit anti-b-catenin (WL01160, Wanleibio), rabbit

anti-p-b-catenin (9561, CST), rabbit anti-NeuN (ab177487,

Abcam) and mouse anti-b-actin (sc-47778, Santa Cruz).

After washing, the membranes were incubated with the

secondary antibodies anti-mouse IgG and anti-rabbit IgG

for 2 h at room temperature and washed again. Protein

bands were finally visualized with an ECL Western blot-

ting kit (Kangwei Biotechnology, China).
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Statistical analysis

For all experiments, GraphPad Prism version 5.0 (San

Diego, CA, USA) was used to analyze the data. All

quantitative data were analyzed using a one-way analysis

of variance (ANOVA) with SPSS software (Chicago, IL,

USA) followed by LSD test. Confocal images were taken

using a Nikon C2 Plus confocal microscope. Data were

expressed as the mean ± SEM. A value of p\ 0.05 was

considered to be statistically significant.

Results

Xanthoceraside ameliorated the impairment

of learning and memory in APP/PS1 transgenic mice

We first detected the spontaneous locomotion of animals

using an open-field box that consisted of a square white

box. Spontaneous trails of each group were shown in

Fig. 1b and no significant differences were found among

the groups in the total distances traveled, average velocity

spent, or activity time (data not shown). Next, we tested the

effect of xanthoceraside on spatial working memory deficit

in the Y-maze test. Spontaneous alternations and total arm

entries were calculated. There was no significant change in

total arm entries, suggesting that treatment had no effect on

general motor activity (F4, 54 = 0.900, p = 0.470;

Fig. 1c). Compared with the control group, APP/PS1

transgenic mice exhibited a reduced spontaneous alterna-

tion behavior (F4, 54 = 8.794, p\ 0.001, post hoc,

p\ 0.001), and xanthoceraside (0.08 and 0.32 mg/kg)

dose-dependently attenuated the impairment of sponta-

neous alternation behavior in the Y-maze (0.08 mg/kg:

p\ 0.01; 0.32 mg/kg: p\ 0.001; Fig. 1d). Novel object

recognition test was used to evaluate the efficacy of xan-

thoceraside on reversing the impairment of visual recog-

nition. The total exploring time had no significant

difference in either group at 1 or 24 h (1 h: F4, 54 = 1.583,

p = 0.192; 24 h: F4, 54 = 0.158, p = 0.959; Fig. 1e). The

level of exploratory preferences for the novel objects B

(1 h) and C (24 h) (both the PI and DI were calculated, DI

not shown) in the model group was significantly decreased

compared with the control group (1 h: F4, 54 = 6.770,

p\ 0.001, post hoc, p\ 0.01 24 h: F4, 54 = 12.355,

p\ 0.001, post hoc, p\ 0.001; Fig. 1f). The xantho-

ceraside (0.08 and 0.32 mg/kg)-treated mice showed more

interest in the novel object, and spent more time exploring

the novel object than the previously studied object com-

pared with APP/PS1 transgenic mice at 1 and 24 h

(0.08 mg/kg: 1 h: p\ 0.01, 24 h: p\ 0.001; 0.32 mg/kg:

p\ 0.001 for both 1 and 24 h; Fig. 1f).

Xanthoceraside rescued neuronal loss

in the hippocampal DG and CA1 of APP/PS1

transgenic mice

To evaluate the effects of xanthoceraside on neuronal

density in hippocampal CA1 and DG regions, we per-

formed immunohistochemistry staining against NeuN, a

specific neuronal marker [34]. Xanthoceraside treatment

increased conspicuous neurons compared with the model

group in hippocampal DG and CA1 regions (Fig. 2a). The

result was confirmed by the quantitative analysis of the

area and number of neurons per field in the hippocampal

DG and CA1 regions (DG: F4, 25 = 5.080, p\ 0.01, post

hoc, p\ 0.05; CA1: F4, 25 = 3.499, p\ 0.05, post hoc,

p\ 0.05; Fig. 2b). Moreover, we found that xantho-

ceraside significantly increased the protein level of NeuN

in hippocampus compared with the model group

(F4, 24 = 11.324, p\ 0.001; Fig. 2c).

Xanthoceraside enhanced the proliferation

and neuronal differentiation in the hippocampal DG

and SVZ regions of APP/PS1 transgenic mice

Neurogenesis is the generation of new neurons from NSCs,

which includes proliferation, differentiation, cell maturation

and survival, and integration of newborn cells into functional

neuronal circuits [35]. To assess the effect of xanthoceraside

(0.02, 0.08, and 0.32 mg/kg) on the proliferation and via-

bility of NSCs in the hippocampal DG and SVZ, we per-

formed BrdU immunohistochemistry staining (Fig. 3a). It

showed that compared with the control group, the number of

BrdU-positive cells both in DG (F4, 25 = 4.162, p\ 0.05,

post hoc, p\ 0.01; Fig. 3b) and SVZ (F4, 25 = 3.032,

p\ 0.05, post hoc, p\ 0.05; Fig. 3c) decreased signifi-

cantly in APP/PS1 transgenic mice. Xanthoceraside at a dose

of 0.32 mg/kg significantly increased the BrdU-positive

cells in DG (p\ 0.05; Fig. 3b) and SVZ (p\ 0.05; Fig. 3c)

of APP/PS1 transgenic mice. Next, in order to investigate

whether xanthoceraside can induce an increase of the num-

ber of immature neurons, we used DCX-immunohisto-

chemistry staining (DCX: a marker of newly generated

immature neurons) in the hippocampal DG of APP/PS1

transgenic mice (Fig. 3d). Results revealed that the number

of DCX-positive cells was also significantly higher in the

xanthoceraside-treated group (0.32 mg/kg) than that in APP/

PS1 transgenic mice (F4, 25 = 7.225, p\ 0.001, post hoc,

p\ 0.01; Fig. 3e).
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Xanthoceraside induced proliferation

and differentiation of NSCs in hippocampus-derived

neurospheres in vitro

To assess the effect of xanthoceraside on the hippocampal

multipotent NSCs, we identified the NSCs by nestin

immunofluorescence (Fig. 4a). We found that Ab25–35 dam-

aged the gross morphology (Fig. 4b), size, and number of

neurospheres (size: F2, 6 = 17.714, p\ 0.01, post hoc,

p\ 0.01; number: F2, 6 = 11.774, p\ 0.01, post hoc,

p\ 0.01; Fig. 4c). Xanthoceraside significantly increased the

size of neurospheres compared with the Ab25–35 group

(p\ 0.05; Fig. 4c), but the number of neurospheres had no

significant difference between the xanthoceraside group and

the model group (p = 0.773; Fig. 4c). These results suggested

that xanthoceraside treatment induced NSCs proliferation

against Ab25–35. New proliferating cells of NSCs in the hip-

pocampus may have different fates, where they undergo

neuronal or glial differentiation. To investigate the effect of

xanthoceraside treatment on NSCs differentiation, we detec-

ted the neuronal and glial differentiation of NSCs in hip-

pocampus-derived neurospheres treated with xanthoceraside

in vitro using double immuno-co-labeling with MAP-2 and

GFAP (Fig. 4d). We found that xanthoceraside significantly

increased the number of neurons, but had no effect on astro-

cytes (MAP-2: F2, 96 = 11.174, p\ 0.001, post hoc,

p\ 0.001; GFAP: F2, 96 = 0.990, p = 0.375; Fig. 4e).

Xanthoceraside regulated Wnt/b-catenin signaling

pathway in the hippocampus of APP/PS1 transgenic

mice

Wnt/b-catenin signaling is believed to be the key factor in

regulating the proliferation and differentiation of adult NSCs.

Therefore, we examined the effects of xanthoceraside on the

expression of the Wnt3a, GSK3b, and b-catenin in the hip-

pocampus (Fig. 5a). The results showed that treatment with

xanthoceraside (0.32 mg/kg) significantly increased the

expression of Wnt3a (F4, 24 = 6.648, p\ 0.001, post hoc,

p\ 0.05; Fig. 5b) and p-GSK3b (F4, 24 = 4.622, p\ 0.01,

post hoc, p\ 0.01; Fig. 5c) and decreased the expression of

p-b-catenin (F4, 24 = 22.681, p\ 0.001, post hoc,p\ 0.001;

Fig. 5d) in APP/PS1 transgenic mice. Meanwhile, we found

that xanthoceraside significantly induced nuclear

Fig. 2 Effects of xanthoceraside on neurons in hippocampal DG and

CA1 of APP/PS1 transgenic mice. a Immunostaining against the

NeuN in hippocampal DG and CA1 regions. b Quantitative analysis

of neurons in hippocampal DG and CA1 regions. Values are

expressed as the mean ± SEM (n = 6). c Western blots showing

the protein level of NeuN in the hippocampus. Scale bar = 20 lm.

Values are expressed as the mean ± SEM (n = 5–6). #p\ 0.05,
##p\ 0.01 and ###p\ 0.001 vs. control; *p\ 0.05 and **p\ 0.01

vs. model
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translocation of b-catenin to activate neurogenesis in APP/

PS1 transgenic mice (F4, 24 = 15.014, p\ 0.001, post hoc,

p\ 0.05; Fig. 5e). In order to investigate whether xantho-

ceraside affects NSCs proliferation and neuronal differentia-

tion via the Wnt/b-catenin pathway, hippocampus-derived

NSCs were treated with Wnt/b-catenin pathway inhibitor

Dkk-1 (inhibits interaction of Wnt with LRP-5/6) before

xanthoceraside treatment (Fig. 6a, c). We found that treat-

ment with xanthoceraside increased proliferation

(F4, 10 = 53.503, p\ 0.001, post hoc, p\ 0.05; Fig. 6b) and

neuronal differentiation (F4, 10 = 14.155, p\ 0.001, post

hoc, p\ 0.05; Fig. 6d) of NSC compared with Ab25–35 group

in culture, while the effect of xanthoceraside on inducing NSC

proliferation and neuronal differentiation were significantly

blocked by Dkk-1 treatment (p\ 0.05; Fig. 6b, d). These

findings indicated that the Wnt/b-catenin pathway activation

is involved in xanthoceraside-mediated increase of prolifer-

ation and neuronal differentiation of NSCs.

Discussion

AD is a progressive neurodegenerative disorder charac-

terized by Ab deposits, neurofibrillary tangles, and neu-

ronal death, leading to learning and memory impairment

[36]. Decreasing neurons in the hippocampus is tied to the

loss of memory performance in both aged rats [36] and AD

mice [37]. Herein, we found that APP/PS1 transgenic mice

treated with xanthoceraside from 3 to 8 months of age

could significantly enhance the working memory and

visual recognition memory in the Y-maze and novel object

recognition test compared with the model group, respec-

tively, while open-field test results showed that the activity

of mice between each group did not have a significant

difference. This suggested that xanthoceraside improved

the learning and memory ability without affecting cortical

excitability and athletic ability. Moreover, xanthoceraside

increased neurons in the hippocampal DG and CA1 regions

of APP/PS1 transgenic mice. These results revealed that

xanthoceraside alleviated learning and memory impairment

might be through rescuing of neuronal loss.

Adult neurogenesis plays an essential role in learning

and memory function [38]. New neurons continuously

regenerated from NSCs throughout the life can fill the

neuronal loss in hippocampus [35, 38]. Some studies have

reported that cell proliferation in the SVZ and DG is

increased in AD and cerebral ischemia patients [39, 40],

which may be a compensatory mechanism for its impair-

ment. However, more extensive studies have suggested that

animal models of AD-like pathology [41, 42] and human

Fig. 3 Effects of xanthoceraside on proliferation and differentiation

of NSCs in hippocampal DG and SVZ regions. a Confocal photomi-

crographs showing BrdU? cells in hippocampal DG and SVZ regions.

b, c Bar diagram showing the quantitative analysis of BrdU? cells in

hippocampus DG and SVZ regions. Scale bar = 100 lm. d, e Images

and quantitative analysis of DCX? cells in hippocampal DG region.

Scale bar = 20 lm. Values are expressed as the mean ± SEM

(n = 6). #p\ 0.05, ##p\ 0.01 and ###p\ 0.001 vs. control;

*p\ 0.05 and **p\ 0.01 vs. model
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Fig. 4 Effects of xanthoceraside on proliferation and differentiation

of the hippocampus-derived NSCs in vitro. a Identification of

neurospheres that were fixed and stained with NSCs marker nestin

(red) and then counterstained with DAPI (blue) as the nuclear marker.

b Neurosphere growth kinetics in the control, Ab25–35 (20 lM), and

Ab25–35 (20 lM) combined with the xanthoceraside (0.1 lM)-treated

group were studied by phase-contrast photomicrograph. c Bar

diagram showing the number and volume of NSCs-derived neuro-

spheres (neurospheres with a diameter C30 lm were used for

calculating). d Images showing the effect of xanthoceraside on the

differentiation potential of NSCs, as assessed by immuno-labeling

with a neuronal marker (MAP-2, green) and an astrocyte marker

(GFAP, red) and then counterstained with DAPI (blue). e A number

of MAP-2-labeled and GFAP-labeled cells were calculated. Scale

bar = 20 lm. Values are expressed as the mean ± SEM (n = 3).
##p\ 0.01 and ###p\ 0.001 vs. control; *p\ 0.05 and **p\ 0.01

vs. Ab25–35 group

Fig. 5 Effects of xanthoceraside on the Wnt/b-catenin signaling

pathway in the hippocampus of APP/PS1 transgenic mice. a Repre-

sentative image of immunoblots for Wnt3a, GSK3b, p-GSK3b, b-

catenin, and p-b-catenin in the hippocampus. b–d Quantitative

analysis of Wnt3a, p-GSK3b, and p-b-catenin protein expression by

Western blot. e Quantitative analysis of nuclear translocation of b-

catenin by Western blot. Values are expressed as the mean ± SEM

(n = 5–6). ##p\ 0.01 and ###p\ 0.001 vs. control; *p\ 0.05,

**p\ 0.01 and ***p\ 0.001 vs. model
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brains with AD [43] are consistently identified with an

exacerbating decline of hippocampal neurogenesis. APP/

PS1 transgenic mice showed significantly decreased BrdU-

and DCX-positive cells, suggesting that NSCs proliferation

and neuronal differentiation were inhibited compared with

non-transgenic mice aged 9 months [44]. It is suggested

that inducing neurogenesis may be one of the main

strategies for the treatment of AD. We found that APP/PS1

transgenic mice used in this study showed excessive

impairment of NSCs proliferation and neuronal differenti-

ation. Previous studies in our lab have shown that xan-

thoceraside could significantly increase the expression of

growth-associated protein 43 (GAP43) in both the hip-

pocampus and the cortex of AD model animals. GAP43 is

an activity-dependent phosphoprotein neurogenesis marker

that mediates neurite outgrowth in developing neurons

[45]. Therefore, we detected the effect of xanthoceraside

on neurogenesis. We found that xanthoceraside signifi-

cantly increased the number of BrdU- and DCX-positive

cells in the hippocampal DG and SVZ regions compared

with the model group of APP/PS1 transgenic mice, which

suggests that xanthoceraside can promote NSCs prolifera-

tion and neuronal differentiation.

To further confirm the effect of xanthoceraside on

neurogenesis, NSCs were primary cultured and Ab25–35

was used as a model drug. Ab25–35, as a convenient alter-

native in AD investigations, being with the smaller

11-amino acid fragment of the full-length peptide, such as

Ab1–42 and Ab1–40, can retain most of the toxicological

properties of Ab1–42 and Ab1–40 [46]. Previous studies

reported that Ab25–35 oligomer can inhibit the proliferation

of NSCs in vitro and inhibit neurogenesis in hippocampal

DG in vivo [47, 48]. Herein, we found that xanthoceraside

treatment for 24 h significantly increased the size of NSCs

and induced NSCs differentiation into neurons compared

with Ab25–35 group. These results suggested that xantho-

ceraside rescued neuronal loss possibly through inducing

NSCs proliferation and neuronal differentiation. In addi-

tion, previous studies showed that xanthoceraside could

reduce Ab deposition, inhibit neuron apoptosis, and inhibit

the release of the inflammatory factors to protect neurons

against death [24, 49, 50]. These effects may also be

related to the increase in the number of hippocampal

neurons with treatment of xanthoceraside.

Wnt/b-catenin signaling mediates cell survival, the

proliferation of NSCs, and differentiation into neurons in

the hippocampus and SVZ [51, 52]. Wnt3a, a key ligand of

the canonical Wnt/b-catenin pathway, induces nuclear

transcription of b-catenin to activate neurogenesis [53]. It

is well known that over-expression of wnt3a can enhance

neurogenesis [54], whereas wnt3a-deficient mice exhibit a

degenerated hippocampus [55]. Herein, we also found that

treatment with xanthoceraside caused upregulation of

wnt3a protein levels significantly in APP/PS1 transgenic

mice. Wnt3a can regulate downstream protein expression

of pSer9-GSK-3b, further inhibit b-catenin degradation,

and activate the Wnt/b-catenin pathway. In this study, we

found that xanthoceraside could upregulate the ratio of

pSer9-GSK-3b/GSK-3b, reduce the ratio of p-b-catenin/b-

catenin, and induce nuclear transcription of b-catenin to

Fig. 6 Inhibition of the Wnt pathway affects xanthoceraside-medi-

ated stimulatory effects on NSCs proliferation and neuronal differ-

entiation in culture. a, c Representative immunofluorescent images

showed that NSCs culture was treated with xanthoceraside in the

presence and absence of the Wnt pathway inhibitor Dkk-1 in order to

understand the effects on proliferation and differentiation. Scale

bar = 20 lm. b, d Quantitative analysis of the proliferation and

differentiation of NSCs. Scale bar = 50 lm. Values are expressed as

the mean ± SEM (n = 3). ###p\ 0.001 vs. control; *p\ 0.05 and

**p\ 0.01 vs. Ab25–35; $$p\ 0.01 and $$$p\ 0.001 vs.

Ab25–35 ? xanthoceraside
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activate neurogenesis in APP/PS1 transgenic mice. Wnt/b-

catenin pathway inhibitor Dkk-1 was used to investigate

the relationship between proliferation and neuronal differ-

entiation of NSCs induced by xanthoceraside and the Wnt/

b-catenin pathway. It showed that xanthoceraside-mediated

increase of proliferation and differentiation of NSCs was

blocked by Dkk-1 treatment. These results suggest that

chronic oral treatment with xanthoceraside from 3 to

8 months of age promoted NSCs proliferation and neuronal

differentiation and rescued neuronal loss in the hip-

pocampus, which might be through the upregulation of the

Wnt/b-catenin pathway in APP/PS1 transgenic mice.

In summary, we firstly demonstrated that xanthoceraside

rescued neuronal loss to ameliorate learning and memory

deficits, which might be related to the enhancement of

neurogenesis through upregulating the Wnt/b-catenin

pathway in APP/PS1 transgenic mice.
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