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Abstract
Xanthoceraside, a novel triterpenoid saponin, has been found to attenuate learning and memory impairments in AD animal 
models. However, whether xanthoceraside has a positive effect on synaptic morphology remains unclear. Herein, we evaluated 
the effects of xanthoceraside on learning and memory impairments and the abnormalities of synaptic structure in APP/PS1 
transgenic mice. The behavioral experiments demonstrated that xanthoceraside attenuated the imaginal memory and spatial 
learning impairments, and improved social interaction. Transmission electron microscopy and Golgi staining showed that 
xanthoceraside ameliorated synapse morphology abnormalities and dendritic spine density deficits, respectively. Western-blot 
analysis identified that xanthoceraside increased the expression of SYP and PSD95, activated BDNF/TrkB/MAPK/ERK and 
PI3K/Akt signaling pathways, meanwhile decreased the expression of RhoA, ROCK and Snk, increased the levels of SPAR, 
and activated the BDNF/TrkB/cofilin signaling pathway. Taken together, our study indicated that xanthoceraside improved 
cognitive function and protected both synaptic morphology and dendritic spine in APP/PS1 transgenic mice, which might 
be related in part to its activation in the BDNF/TrkB pathway.
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Introduction

Alzheimer’s disease (AD) is an age-related progressive 
neurodegenerative disease. Amyloid-β peptide (Aβ) dep-
osition induced senile plaque, intracellular neurofibril-
lary tangles (NFTs), and loss of neurons and synapses 
in the brain are the primary pathological changes of AD 
[1]. Synapse formation plays a vital role in the process 
of brain development, and synaptic abnormalities, which 
lead to dysfunction in brain neural circuitry. Dystrophic 
neurites, found around senile plaque, are impaired neu-
rons that contain the abnormal cytoskeletal elements and 
accumulated proteins, the same as found in neurofibril-
lary tangles [2–4]. In typical AD impairment, progres-
sive cognitive and emotional disturbances are the result 
of synaptic structural and functional abnormalities and 
neuronal death in the hippocampus and cerebral cortex 
[5–7]. The literature has reported that soluble Aβ oligom-
ers damage synaptic plasma membranes and that accu-
mulated tau induces significant synaptic degeneration [8, 
9]. These studies indicate that soluble, oligomeric Aβ and 
tau are two major factors of synaptotoxicities [10, 11]. 
Additionally, several studies found that dendrites and den-
dritic spines near amyloid plaques suffer severer damage in 
APP/PS1 transgenic mice, revealing the spatial correlation 
between Aβ, plaques, and synaptic abnormalities [12, 13]. 
Therefore, synaptic plasticity impairment could be related 
to AD progression.

Brain-derived neurotrophic factor (BDNF) binds to its 
receptor, tropomyosin receptor kinase B (TrkB), to further 
trigger many signaling molecules, including mitogen-acti-
vated protein kinases (MAPK)/extracellular-signal related 
kinase (ERK), and the phosphatidylinositol 3 kinase 
(PI3K)/Akt pathways [14]. Besides BDNF, some growth 
factors, such as VEGF [15, 16] and bFGF [17, 18], also 
regulate the ERK and Akt pathways. BDNF contributes to 
synapse development, activity, and stability, and facilitates 
the formation of hippocampus-dependent memory [19]. 
BDNF deficiency leads to synapse injury, neuron apopto-
sis, and cholinergic neurotransmission dysfunction [20].

Ras homolog gene A (RhoA) and Rho-associated 
coiled-coil forming protein kinase 2 (ROCK2) are two 
important mediators to block central nervous cell regen-
eration. Genetic mutations in Rho-GTPase-dependent 
pathways result in severe cognitive deficits [21]. A recent 
study showed that RhoA is converted into its active state 
from an inactive state in response to extracellular sig-
nals, which passes to the downstream of ROCK. Then, 
ROCK acts on actin-myosin, leading to cytoskeleton col-
lapse and neurite growth inhibition [22]. Serum induc-
ible kinase (Snk) phosphorylates spine-associated Rap-
specific GTPase-activating protein (SPAR) and leads to 

its degradation. Depletion of SPAR from dendritic spines 
leads to spine shrinkage and loss [23]. BDNF/TrkB recep-
tors are expressed on the membranes to control the actin 
cytoskeleton in dendritic spines, as well as to regulate the 
formation and regression of dendritic spines [24]. Cofilin 
is an essential protein that enhances the rapid disassembly 
of actin, which regulates neuronal structure. BDNF acts 
on the TrkB receptor to activate Ras-related C3 botulinum 
toxin substrate 1 (Rac1) and enhance the downstream tar-
get of Rac1-Rho kinase/p21-activated kinase (PAK), and 
finally inhibit cofilin upon depolymerization of F-actin to 
maintain the structure of dendritic spines [25]. A study 
shows that the treatment with BDNF on hippocampal 
slices from rodents facilitates the long-term potentiation 
and synaptic growth, increases the dendrite spine density 
in the hippocampus CA1 region, and the expression of 
synaptic proteins [26]. The levels of BDNF mRNA and 
protein are decreased in several cognition-associated brain 
areas (like hippocampus and parietal cortex) of AD ani-
mal models and AD patients, which correlated with clini-
cal neuropsychological scores [27]. BDNF could protect 
the Aβ-induced neurotoxicity in vivo and in vitro [28]. 
Therefore, the function of BDNF might be related to the 
formation of synapse and memory.

Xanthoceras sorbifolia Bunge is a solo-type Xanthoceras 
belonging to the Sapindaceae family, which is distributed 
widely in northern China and Mongolia. It has been used 
to treat inflammation, enuresis, and rheumatism in Chinese 
and Mongolian traditional medicine. Xanthoceraside [29], 
a triterpenoid saponin, is extracted from the husk of Xan-
thoceras sorbifolia Bunge. Our previous studies show that 
xanthoceraside prevented Aβ25–35 and Aβ1–42-induced cogni-
tive disorders in rodents [30]. Xanthoceraside also inhibits 
tau hyper-phosphorylation in the hippocampus of ICV-strep-
tozotocin-induced AD rats, and regulates microglial activa-
tion in primary cultured rat microglia and N9 microglia cell 
lines [31, 32]. However, whether xanthoceraside prevents 
synapse dysfunction remains unclear. In this study, we firstly 
evaluated the effect of xanthoceraside on cognitive deficits 
in APP/PS1 transgenic mice. We also assessed the protec-
tive effect of xanthoceraside on synaptic morphology in the 
hippocampus of APP/PS1 transgenic mice and its potential 
mechanism.

Materials and methods

Drugs

Xanthoceraside was provided by the Department of Natural 
Products Chemistry, Shenyang Pharmaceutical University 
(Shenyang, China) and dissolved in double-distilled water 
(0.1% DMSO). The structure of Xanthoceraside is shown 
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in Fig. 1. Donepezil hydrochloride was procured from Eisai 
(Japan).

Animals and drug administration

Male APPswe/PS1ΔE9 (APP/PS1) transgenic mice with a 
C57BL/6 background were both procured from the HuaFu-
Kang (HFK) Bioscience Co. Ltd. The animals were kept in 
a polyacrylic cage (34 × 22 × 15 cm) and maintained under 
standard housing conditions (room temperature 22.5 ± 1 °C 
and humidity 50 ± 2%) with a 12-h light/dark cycle. Food 
and water were available ad libitum. Mice were randomly 
divided into model, donepezil, and xanthoceraside treat-
ment groups. Xanthoceraside (0.02, 0.08, or 0.32 mg/kg) or 
donepezil (1.3 mg/kg) were administered orally by gavage, 
whereas model group mice and C57BL/6J mice were treated 
with a vehicle. APP/PS1 transgenic mice at 7 months of age 
were orally treated with xanthoceradide for 3 months. Male 
C57BL/6J mice at the same age were treated with a vehicle 
as negative controls. The mice were treated once daily or 1 h 
before the behavioral tests.

Novel object recognition test

The novel object recognition test was performed per our 
previous report [30]. Briefly, after 3 months of drug admin-
istration, each mouse was placed into a square box (50 × 50 
× 15 cm, length × width × height) for 5 min a day for 2 days 
to adapt to the environment. On the third day, two identi-
cal objects, A1 and A2 (made of wooden material), were 
placed in two adjacent corners of the arena approximately 
10 cm from the edges. Mice were placed singly in the box 

and allowed to explore two objects for 5 min. Exploration 
was defined as the mouse positioning its nose toward the 
object at a distance of less than 2 cm or touching the object. 
The mouse was returned to the home cage with 1-h inter-trial 
interval. The objects and the box were cleaned with ethanol 
(10%) after each individual trial to avoid interference. Then, 
one object was replaced to a novel object B (made of the 
same material and color, only differing in shape). The mouse 
was returned to the box and allowed to explore the object 
for 5 min in the test phase. The exploration time (s) for each 
object in the test trials was recorded. A representation of the 
test is shown in Fig. 2.

The preferential index (PI) was calculated as [time spent 
exploring novel object/total exploration time].

Morris water maze test (working memory)

The Morris water maze (MWM) test was performed to 
measure spatial working memory ability. The water maze 
consisted of a circular black pool (100 cm in diameter and 
50 cm in height) that was filled with water (23 ± 1 °C and 
30 cm in depth). A platform (10 cm in diameter) was placed 
1 cm below the water surface. In the Morris water maze, we 
have the train phase before testing working memory. Dur-
ing the train phase, the mice were allowed to search for the 
submerged platform for no more than 60 s in quadrant IV 
for 5 days. Then, we started to test the working memory. 
The mice were trained five times for 60 s a day for three 
consecutive days to find the platform, which was placed in 
the pool at a different location (during the phase of testing 
working memory, day 1, quadrant I; day 2, quadrant II; day 
3, quadrant III). The escape latency (time required for each 

Fig. 1  Chemical structure of 
xanthoceraside
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mouse to find the platform) and swimming distance were 
recorded as an index of working memory.

Social interaction test

The social interaction test was conducted as we reported 
previously with minor modifications [33]. A mouse was 
housed alone in a home cage (34 × 22 × 15 cm) for 2 days 
before the test. Then, a novel mouse was placed into the cage 
together and allowed to explore freely for 5 min per trial. We 
recorded the time mice spent in social interactions, such as 

close following, inspection, face sniffing, anogenital sniffing, 
crawl-under/over behaviors and other social body contact.

Transmission electron microscopy (TEM)

Transmission electron microscopy was used to examine the 
ultrastructure of synapses in hippocampal slices [33]. Mice 
were anesthetized with 3% pentobarbital sodium (30 mg/
kg i.p.) and fixed with 2.5% glutaraldehyde and 4% para-
formaldehyde in 0.1 M phosphate-buffered saline (tempera-
ture 4 °C, pH 7.4). Hippocampal tissues of CA1 area were 

Fig. 2  Effects of xanthoceraside on learning and memory deficits and 
social behavior deficits in APP/PS1 transgenic mice. a Preferential 
index at 1 h in the retention session of the novel object recognition 
test. b Total exploration time (1  h) in the novel object recognition 
test. c, d Escape latency and swimming distance of working memory 

in the Morris water maze test. e Duration of interaction in the social 
interaction test. Values are expressed as the mean ± SEM (n = 9–10). 
##p < 0.01 and ###p < 0.001 versus the control group; *p < 0.05, 
**p < 0.01, and ***p < 0.001 versus the model group
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dissected as samples (n = 2 per group; two pictures for each 
tissue). The samples were divided into 1 mm3 pieces and 
post-fixed by incubation for 1 h in 2.5% glutaraldehyde at 
4 °C. Hippocampal ultrastructures, especially the synapse, 
were examined, and images were taken under a transmis-
sion electron microscope [Japan Electron Optical Laboratory 
(JEOL), Japan]. Synaptic impairment was identified by the 
decreasing presence of synaptic vesicles and the damage of 
synaptic structure.

Golgi staining

Golgi staining was performed as described previously [34] 
and the Golgi-Cox fixative solution included concentrations 
of mercury chloride, potassium chromate, potassium dichro-
mate at 1%. Briefly, the mice (n = 4 per group; 30 dendrites 
per group) were deeply anesthetized with 3% pentobarbital 
sodium (30 mg/kg i.p.), then transcardially perfused with 
30 ml of phosphate buffer saline. Brains were immersed in 
the fixative solution at 37 °C for 24 h in darkness. The brain 
was sagittally sectioned using a vibrating microtome at a 
thickness of 200 μm into PBS. The remained procedures 
were performed as described [35]. For measurement of 
spine density, only spines that emerged perpendicular to the 
dendritic shaft were counted in hippocampal CA1 region. 
We calculated the spine density as the number of spines 
per 10 μm.

Western‑blot analysis

The protein concentrations were determined using a Bicin-
choninic Acid Protein Assay Kit (CoWin Biosciences, 
China). The following procedure was described previously 
[36]. Briefly, the proteins (40 μg of protein per lane) were 
run on 10% SDS gel and then electrophoretically transferred 
to polyvinyl difluoride (PVDF) membranes (Millipore, Bed-
ford, MA, USA). After blocking with 5% skim milk for 2 h 
at room temperature, the membranes were incubated with 
primary antibodies, rabbit anti-PSD95 (1:1000, Abcam, 
ab76115, USA), rabbit anti-SYP (1:1000, Abcam, ab32127, 
USA), rabbit anti-BDNF (1:1000, Abcam, ab108319, 
USA), rabbit anti-p-TrkB/anti-TrkB (1:500, Cell Signaling, 
4621/4606, USA), rabbit anti-p-Akt/anti-Akt (1:500, Cell 
Signaling, 4060/4685, USA), rabbit anti-p-PI3K/anti-PI3K 
(1:800, Cell Signaling, 4228/4257, USA), mouse anti-p-
ERK/anti-ERK (1:400, Santa Cruz, sc-81492/sc-514302, 
USA), rabbit anti-Rac1 (1:800, Cell Signaling, 2465, USA), 
rabbit anti-RhoA (1:1000, Cell Signaling, 2117, USA), rab-
bit anti-ROCK2 (1:800, Cell Signaling, 8236, USA), mouse 
anti-Snk (1:300, Santa Cruz, sc-374643, USA), goat anti-
SPAR (1:300, Santa Cruz, sc-31615, USA), rabbit anti-
Cofilin (1:1000, Cell Signaling, 5175, USA) and mouse 
anti-β-actin (1:300, Santa Cruz, sc-47778, USA) at 4 °C 

overnight. The secondary antibodies including anti-mouse 
IgG, anti-rabbit IgG and anti-goat IgG (1:20,000, Thermo 
Fisher, USA). Protein bands were visualized with an ECL 
Western blotting kit (CoWin Biosciences, China).

Statistical analysis

Statistical analysis was performed using SPSS 17.0 soft-
ware. Data were expressed as the mean ± SEM. Differences 
between the two groups were analyzed by Student’s t test. 
Statistical significance more than 2 groups were determined 
by one-way or two-way ANOVA followed by Fisher’s least 
significant difference (LSD) multiple comparisons test. 
P < 0.05 was considered to indicate statistical significance.

Results

Effect of xanthoceraside on the impairments 
of imaginal memory, working memory, and social 
capability in APP/PS1 transgenic mice

The effects of xanthoceraside on imaginal memory were 
evaluated using the novel object recognition test in APP/
PS1 transgenic mice. We observed that the level of explora-
tory preference for the novel objects (PI was calculated) 
in APP/PS1 transgenic mice was significantly decreased 
compared to the wild-type mice (F5,54 = 31.09, p < 0.001, 
post hoc, p < 0.001; Fig. 2a). Compared with the model 
group, xanthoceraside (0.08 and 0.32 mg/kg) treated mice 
spent more time exploring the novel object B (F5,54 = 31.09, 
p < 0.001, post hoc, p < 0.001; Fig. 2a). In addition, the total 
exploration time had no significant difference in each group 
(F5,54 = 0.139, p = 0.983; Fig. 2b). These results indicated 
that xanthoceraside improved imaginal memory in APP/PS1 
transgenic mice.

Next, we used the Morris water maze test to evaluate the 
effect of xanthoceraside on working memory in APP/PS1 
transgenic mice. Compared with the control group, APP/
PS1 group mice spent longer time and distance to locate the 
platform (Fig. 2c, d). Compared with the APP/PS1 group, 
xanthoceraside treatment at 0.08 mg/kg and 0.32 mg/kg sig-
nificantly decreased the escape latency (day 1: F5,52 = 3.943, 
p < 0.01, day 2: F5,52 = 5.746, p < 0.001, day 3: F5,52 = 4.435, 
p < 0.01, post hoc, p < 0.05; Fig. 2c) and the swimming dis-
tance (day 1: F5,54 = 12.113, p < 0.001, day 2: F5,52 = 13.393, 
p < 0.001, day 3: F5,52 = 9.522, p < 0.001, post hoc, p < 0.05; 
Fig. 2d) from day 1 to 3. The effect of xanthoceraside was 
comparable to donepezil which was used as a positive con-
trol. These data showed that xanthoceraside prevented the 
impairments of spatial and working memory in APP/PS1 
transgenic mice.
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In the social interaction test, compared with the control 
group, APP/PS1 group mice spent less time on active con-
tacts with the peers. While, xanthoceraside at 0.08 mg/kg 
and 0.32 mg/kg significantly increased the duration of active 
contacts compared with the model group (F5,54 = 8.721, 
p < 0.001, post hoc, p < 0.05; Fig. 2e). Our results indicated 
that xanthoceraside treatment not only restored the memory 
deficits but also increased the ability of social interaction in 
APP/PS1 transgenic mice.

Effect of xanthoceraside on synapse ultrastructure 
and the expression of SYP and PSD95 
in the hippocampal of APP/PS1 transgenic mice

Next, we used transmission electron microscopy to examine 
the ultrastructure of the hippocampus CA1 region. We found 
that the APP/PS1 group mice clearly showed the ambigu-
ous synaptic structure (indicated by arrows) in the neurons 
of hippocampus (Fig. 3a). In contrast, the xanthoceraside 
treatment groups ameliorated the abnormal changes of 

synaptic structure in APP/PS1 transgenic mice (Fig. 3a). 
Next, we used Western-blot analysis to evaluate the effect 
of xanthoceraside on the expression of synaptic-associated 
proteins. Our results showed that the expression of SYP 
(F4,15 = 3.504, p < 0.05, post hoc, p < 0.05; Fig. 3b) and 
PSD95 (F4,15 = 3.107, p < 0.05, post hoc, p < 0.05; Fig. 3c) 
were significantly reduced in the model group mice com-
pared to the control group mice, indicating synaptic degen-
eration and reduction in the hippocampus of APP/PS1 
transgenic mice. Xanthoceraside (0.32 mg/kg) significantly 
increased the expression of SYP and PSD95 (Fig. 3b, c).

Effect of xanthoceraside on the expression 
of synapse‑structure‑associated signaling pathway 
in the hippocampal of APP/PS1 transgenic mice

BDNF contributes to neuron and synapse development and 
the formation of hippocampus-dependent memory. There-
fore, we investigated the effect of xanthoceraside on BDNF 
and its receptor TrkB in the hippocampus of APP/PS1 

Fig. 3  Effects of xanthoceraside 
on synaptic deterioration and 
synapse-associated proteins in 
the hippocampus of APP/PS1 
transgenic mice. a Repre-
sentative transmission electron 
microscopic images of synaptic 
structures. A1: control group; 
B1: model group; C1: Xan-
thoceraside 0.02 mg/kg group; 
D1: Xanthoceraside 0.08 mg/
kg group; E1: Xanthoceraside 
0.32 mg/kg group; F1: Done-
pezil 1.3 mg/kg group (n = 2, 
×40,000). b, c Western blots 
and quantification analysis of 
SYP and PSD95 expression in 
the hippocampus of APP/PS1 
transgenic mice. Values are 
expressed as the mean ± SEM 
(n = 4). ##p < 0.01 versus the 
control group; *p < 0.05 and 
**p < 0.01 versus the model 
group
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transgenic mice. Western-blot analysis showed that, com-
pared with the control group mice, the expression of BDNF 
(F4,15 = 4.263, p < 0.05, post hoc, p < 0.05; Fig. 4a) and the 
phosphorylation level of TrkB (F4,15 = 3.517, p < 0.05, post 
hoc, p < 0.05; Fig. 4b) were significantly decreased in the 
model group. Xanthoceraside (0.08 and 0.32 mg/kg) sig-
nificantly increased the expression of BDNF and the levels 
of phosphorylated TrkB (Fig. 4a, b).

MAPK/ERK and PI3K/Akt are two major downstream 
targets of BNDF. Therefore, we investigated the effect of 
xanthoceraside on MAPK/ERK and PI3K/Akt signal-
ing pathways in the hippocampus of APP/PS1 transgenic 
mice. Western-blot analysis showed that, compared with the 
control group mice, the phosphorylation levels of p-ERK 
(F4,15 = 7.176, p < 0.01, post hoc, p < 0.05; Fig. 4c), p-PI3K 
(F4,15 = 28.963, p < 0.001, post hoc, p < 0.001; Fig. 4d) and 

p-Akt (F4,15 = 8.258, p < 0.001, post hoc, p < 0.01; Fig. 4e) 
were significantly decreased in the model group. Xanthocer-
aside (0.08 mg/kg and 0.32 mg/kg) significantly increased 
the expression of phosphorylated ERK, PI3K, and Akt 
(Fig. 4c–e).

Effect of xanthoceraside on dendritic spine 
density and associated protein expression 
in the hippocampus of APP/PS1 transgenic mice

Dendritic spine is important to maintain synaptic plastic-
ity. Next, we assessed the effect of xanthoceraside on den-
dritic spine density using the Golgi staining (Fig. 5a). Our 
results showed that dendritic spine density was decreased 
in the model group (F3,116 = 11.844, p < 0.001, post hoc, 
p < 0.01; Fig. 5b). Xanthoceraside increased the dendritic 

Fig. 4  Effects of xantho-
ceraside on the expression of 
synapse-structure-associated 
signaling pathway proteins 
in the hippocampus of APP/
PS1 transgenic mice. a–e 
Representative Western blots 
and quantification analysis of 
BDNF, TrkB, p-ERK, p-PI3K 
and p-Akt in the hippocampus 
of APP/PS1 transgenic mice. 
Values are expressed as the 
mean ± SEM (n = 4). ##p < 0.01 
and ###p < 0.001 versus the con-
trol group; *p < 0.05, **p < 0.01 
and ***p < 0.001 versus the 
model group
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spine density significantly compared to the model 
group in the hippocampus of APP/PS1 transgenic mice 
(F3,116 = 11.844, p < 0.001, post hoc, p < 0.01; Fig. 5b). We 
next investigated the expression of proteins are associated 
with dendritic spine formation. We observed that treatment 
with xanthoceraside significantly decreased the expres-
sion of RhoA (F3,12 = 3.762, p < 0.05, post hoc, p < 0.05; 
Fig.  5c), ROCK2 (F3,12 = 17.047, p < 0.001, post hoc, 
p < 0.01; Fig. 5d) and Snk (F3,12 = 5.900, p < 0.05, post 
hoc, p < 0.05; Fig. 5e), but increased SPAR (F3,12 = 3.622, 
p < 0.05, post hoc, p < 0.05; Fig. 5f) in APP/PS1 transgenic 
mice.

Effect of xanthoceraside on BDNF/TrkB/
cofilin‑associated signaling pathway proteins 
in the hippocampus of APP/PS1 transgenic mice

In our study, we had identified that the expression of BDNF 
and the phosphorylation of TrkB were significantly increased 
in APP/PS1 transgenic mice treatment with xanthoceraside 
(Fig. 4a, b). BDNF/TrkB, as well as the downstream proteins 
of Rac1 and cofilin, played an important role in regulating 
the stability of synapses [25]. Next, we detected the proteins 
expression of Rac1 and cofilin. The results showed that Rac1 
was significantly decreased (F3,12 = 4.934, p < 0.05, post hoc, 

Fig. 5  Effects of xanthoceraside 
on dendritic spine density and 
expression of RhoA, ROCK2, 
Snk, and SPAR proteins in 
the hippocampus of APP/PS1 
transgenic mice. a Representa-
tive pictures of Golgi staining 
(×1000). b Quantification 
analysis of dendritic spine 
density (n = 4, 30 dendrites 
per group). c–f Western blots 
and quantification analysis of 
RhoA, ROCK2, Snk, and SPAR 
in APP/PS1 transgenic mice. 
Values are expressed as the 
mean ± SEM (n = 4). #p < 0.05, 
##p < 0.01, and ###p < 0.001 ver-
sus the control group, *p < 0.05, 
**p < 0.01, and ***p < 0.001 
versus the model group
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p < 0.05; Fig. 6a), while cofilin was increased (F3,12 = 7.591, 
p < 0.01, post hoc, p < 0.05; Fig. 6b) in APP/PS1 transgenic 
mice. However, xanthoceraside treatment could significantly 
reverse the abnormal expression of these proteins in APP/
PS1 transgenic mice (Fig. 6a, b).

Discussion

Our previous study reported that xanthoceraside treatment 
significantly improved cognitive impairments, prevented 
the loss of cholinergic neurons, inhibited tau hyper-phos-
phorylation and NF-κB signaling pathway, as well as acti-
vated MAPK and Ras-ERK signaling pathways in several 
AD animal models [29, 32, 37]. In the clinic, the symptoms 
of AD patients are not only cognitive impairment but also 
anxiety and obstacles to social activities [38–40]. Herein, 
we firstly found that xanthoceraside treatment also attenu-
ated the spatial memory impairment in 10-month-old APP/
PS1 transgenic mice in the Morris water maze test. Previ-
ous study shows the protective effect of xanthoceraside on 
big difference of novel object in novel recognition test [41, 
42]. In this study, we detected the small different object in 
novel object recognition test, further to discuss the protective 
role in imaginal memory. Results found that treatment with 
xanthoceraside significantly improved the imaginal memory 
impairment in novel object recognition test. Meanwhile, we 
provided the first evidence that xanthoceraside treatment 
attenuated the deficits of social activities in the social inter-
action test. Donepezil, one of the acetylcholinesterase inhibi-
tors, is used for the treatment of AD patients [43] and usually 
used as a positive drug for basic research [44]. Xanthocera-
side (0.32 mg/kg) had better results in behavioral tests than 
donepezil (1.3 mg/kg).

Synapse damage and loss strongly correlate with cogni-
tive decline in the progress of AD [45]. Down-regulation 
of synaptophysin (SYP) and post-synaptic density protein 
(PSD95) in the brains of AD animal models contribute 
to synaptic dysfunction and behavioral impairment [46]. 

Synaptic vesicle associated protein SYP has been consid-
ered the marker of synaptic plasticity in neural networks 
[47]. To some extent, the decreased expression of synaptic 
vesicle-associated protein SYP reflects synaptic impairment. 
Some literature has reported that Aβ is toxic to synapses 
[48]. In AD patients and animal models, there is a significant 
reduction in both the dendritic spine density and the number 
of SYP-positive synapses near senile plaques [49, 50]. In 
our study, we found that synaptic structure was ambiguous; 
the expression of major synaptic markers SYP and PSD95 
were significantly reduced in the hippocampus of APP/PS1 
transgenic mice, but were ameliorated after xanthoceraside 
treatment. Our previous research indicated that xanthocera-
side decreased the aggregation of Aβ by reducing the pro-
duction of APP [41]. This paper further suggested that the 
anti-synaptotoxicitic effects of xanthoceraside also might 
be one of the reasons to ameliorate learning and memory 
impairments in AD animal models.

BDNF is one of the important factors in maintaining 
the survival and regeneration of synapses, and it is also 
required for neuronal survival and appropriated function 
of hippocampus, parietal cortex, basal forebrain, and some 
other areas associated with AD [51]. BDNF and the phos-
phorylation of its receptor, TrkB, as one of the factors in 
activating several signaling pathways, such as MAPK/ERK, 
PI3K/Akt, and Rac1/cofilin ameliorate synaptic impair-
ment [25, 52]. PI3K/Akt plays a central role in neuronal 
protein synthesis, neuronal survival, and synaptic plasticity, 
through it inhibits the expression of pro-apoptotic proteins 
and regulates the function of some transcription factors [53]. 
Activation of PI3K/Akt triggers many downstream targets, 
including GSK-3β, mTOR, p70S6K1, Bad, eNOS, and Fork-
head, which are implicated in cognitive decline, neuronal 
cell death, oxidative stress, angiogenesis, and tau hyper-
phosphorylation [54–56]. Studies reported that Aβ inhib-
ited the BDNF/TrkB pathway and TrkB phosphorylation 
[34], and reduced the expression of its downstream target 
MAPK/ERK and PI3K/Akt in brain of APP/PS1 transgenic 
mice [57]. In our study, we mainly investigated the effect 

Fig. 6  Effects of xanthoceraside 
on the expression of BDNF/
TrkB/cofilin in the hippocampus 
of APP/PS1 transgenic mice. a, 
b Representative Western blots 
and quantification analysis of 
Rac1 and cofilin in APP/PS1 
transgenic mice. Values are 
expressed as the mean ± SEM 
(n = 4). ##p < 0.01 and 
###p < 0.001 versus the control 
group, *p < 0.05 and **p < 0.01 
versus the model group
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of xanthoceraside on BDNF/TrkB, as well as its down-
stream pathways. A study showed that the level of BDNF 
was significantly decreased in the hippocampus of APP/PS1 
transgenic mice but attenuated by xanthoceraside treatment. 
Xanthoceraside also alleviated the inhibition of TrkB phos-
phorylation and increased phosphorylated ERK expression 
in APP/PS1 transgenic mice. Moreover, the down-regulation 
of phosphorylated PI3K/Akt was significantly attenuated by 
xanthoceraside treatment. These results suggested that xan-
thoceraside protected the function of neurons and synapses 
through the BDNF/TrkB/ERK and PI3K/Akt cascade.

Dendritic regression occurs in several brain regions of 
AD patients, which has been found to be associated with the 
cognitive dysfunction of AD patients and model mice [58, 
59]. To further investigate the protective effects of xantho-
ceraside on synaptic structural abnormalities, we detected 
the morphology change of dendritic spines. Our data showed 
that dendritic spine density was decreased in AD mice, while 
treatment with xanthoceraside significantly increased the 
density of dendritic spine. Other reports showed that RhoA 
increased in AD mice and played an important role in AD 
pathogenesis via ROCK activation, which induced the limi-
tation of tubulin assembly in neuritis, and disorders of the 
neuronal morphology, thus led to cognitive impairment [49, 
60]. In our study, we also found that expressions of RhoA 
and ROCK were increased in AD mice and xanthoceraside 
significantly reversed these abnormal expressions. SPAR, a 
large multimodular scaffold protein in the PSD, combines 
with a complex of PSD-95 to regulate spine morphogenesis 
[61]. Snk induces the degradation of SPAR, further leading 
to spine shrinkage and loss. Our results showed that xantho-
ceraside significantly inhibited Snk expression and increased 
SPAR to protect the dendritic spine loss in APP/PS1 trans-
genic mice. Cofilin is an important member of the actin 
depolymerization factors, which cleaves and depolymerizes 
fibroactin, causing dendritic spines to atrophy and degener-
ate. The decreased BDNF/TrkB protein expression could 
reduce the expression of Rac1 [25], and lead to the abnor-
mal increase of cofilin in AD mice [62]. Consistent with the 
papers, we found that the expression of BDNF, p-TrkB, and 
Rac1 was decreased, while cofilin was increased in APP/PS1 
transgenic mice. Xanthoceraside significantly increased the 
expression of BDNF, p-TrkB, and Rac1, and inhibited the 
expression of cofilin in APP/PS1 transgenic mice.

In conclusion, our results indicated the potential benefits 
of xanthoceraside against cognitive deficits and synapse dis-
orders in APP/PS1 transgenic mice. The possible mechanism 
could be related to the regulation of the BDNF/TrkB signal-
ing pathway and the enriched dendritic spine density.
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