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Electroacupuncture promotes neurogenesis

in the dentate gyrus and improves pattern
separation in an early Alzheimer’s disease
mouse model

Yanyi Ding’, Long Li', Sinuo Wang', Yajun Cao', Minguang Yang', Yaling Dai', Huawei Lin', Jianhong Li',
Yulu Liu?, Zhifu Wang>*, Weilin Liu" and Jing Tao?*¢"

Abstract

Background Impaired pattern separation occurs in the early stage of Alzheimer’s disease (AD), and hippocampal
dentate gyrus (DG) neurogenesis participates in pattern separation. Here, we investigated whether spatial memory
discrimination impairment can be improved by promoting the hippocampal DG granule cell neogenesis-mediated
pattern separation in the early stage of AD by electroacupuncture (EA).

Methods Five familial AD mutations (5x FAD) mice received EA treatment at Baihui and Shenting points for 4 weeks.
During EA, mice were intraperitoneally injected with BrdU (50 mg/kg) twice a day. rAAV containing Wnt5a shRNA
was injected into the bilateral DG region, and the viral efficiency was evaluated by detecting Wnt5a mRNA levels.
Cognitive behavior tests were conducted to assess the impact of EA treatment on cognitive function. The hip-
pocampal DG area A deposition level was detected by immunohistochemistry after the intervention; The number
of BrdU*/CaR" cells and the gene expression level of calretinin (CaR) and prospero homeobox 1(Prox1) in the DG

area of the hippocampus was detected to assess neurogenesis by immunofluorescence and western blotting

after the intervention; The gene expression levels of FZD2, Wnt5a, DVL2, p-DVL2, CaMKIl, and p-CaMKIl in the Wnt
signaling pathway were detected by Western blotting after the intervention.

Results Cognitive behavioral tests showed that 5x FAD mice had impaired pattern separation (P<0.001), which
could be improved by EA (P<0.01). Immunofluorescence and Western blot showed that the expression of Wnt5a

in the hippocampus was decreased (P<0.001), and the neurogenesis in the DG was impaired (P<0.001) in 5x FAD
mice. EA could increase the expression level of Wnt5a (P < 0.05) and promote the neurogenesis of immature granule
cells (P<0.05) and the development of neuronal dendritic spines (P < 0.05). Interference of Wnt5a expression aggra-
vated the damage of neurogenesis (P < 0.05), weakened the memory discrimination ability (P<0.05), and inhibited
the beneficial effect of EA (P<0.05) in AD mice. The expression level of Wnt pathway related proteins such as FZD2,
DVL2, p-DVL2, CAMKII, p-CAMKIl increased after EA, but the effect of EA was inhibited after Wnt5a was knocked down.
In addition, EA could reduce the deposition of AB plaques in the DG without any impact on Wnt5a.
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Conclusion EA can promote hippocampal DG immature granule cell neogenesis-mediated pattern separation
to improve spatial memory discrimination impairment by regulating Wnt5a in 5 X FAD mice.

Keywords Alzheimer’s disease, Electroacupuncture, Memory discrimination, Pattern separation, Immature granule

cells

Introduction

People with Alzheimer’s disease (AD) often have dif-
ficulty accurately identifying similar events [1], such as
where they parked today and where they parked yester-
day. This is because the two kinds of information have
overlapping components (the same car), which interfere
with each other in the process of memory. Normally,
our brains encode this information separately through
a process called pattern separation that refers to reduc-
ing overlap among similar inputs to avoid interference
[2]. Relevant research findings indicate that the decline
in pattern separation ability is associated with advanc-
ing age in physiological states, while pathological dam-
age further exacerbates this phenomenon [3, 4]. In spatial
discrimination tasks that rely on pattern separation, both
mild cognitive impairment (MCI) and AD patients
showed reduced pattern separation ability compared
with cognitively normal adults, and patients with AD had
the weakest ability [5-7].

The DG is considered as a “pattern separator” [8]. The
subgranular zone is one of the brain regions that retains
the capacity for neurogenesis throughout adulthood [9].
In human beings, about 700 newborn granule cells (GCs)
are produced every day and added to the neural circuit
to exert the plasticity of the hippocampus structure and
function [10]. Neurogenesis is believed to contribute to
pattern separation through two distinct pathways. Firstly,
immature GCs solely encode input information. The
immature GC is characterized by high excitability, syn-
aptic plasticity, and insensitivity to GABA neurotrans-
mitters, which allows it to respond to small changes in
input information through rate remapping. The second
is that mature GCs encode input information, while
immature GCs reduce redundant encoding by mature
GCs. When similar environmental stimuli are presented,
the activation of immature GCs precedes that of mature
GCs, and they subsequently inhibit the already encoded
information in mature GCs by recruiting local inhibitory
networks. This approach effectively minimizes represen-
tation overlap resulting from repetitive coding by mature
GCs [11-13]. In any case, the involvement of newborn
neurons is crucial, and it has been extensively established
that promoting neurogenesis enhances pattern separa-
tion [14-16].

The level of neurogenesis in AD can be influenced by
multiple factors, including the phosphorylation level of

Tau, activity of a secretase, metabolites of APP, and the
Wnt family, all of which are discussed in these reviews
[17-19]. The Wnt signaling pathway is a well-established
regulatory mechanism in AD neurogenesis, involving
various ligands such as Wntl1, Wnt3, Wnt3a, Wnt7a, and
Wnt8. These ligands have been proposed to enhance neu-
rogenesis and cell differentiation through the canonical
Wnt/p-cateinin signaling pathway. Additionally, non-
canonical pathways including the Wnt/Ca?>" or Wnt/
PCP pathways mediated by ligands like Wntl, Wnt5a
and Wntl1 ligands can influence neuronal morphological
development. Interestingly, recent studies have revealed
the involvement of Wnt5a in both canonical and non-
canonical Wnt signaling pathways. Expression of Wnt5a
was observed in postnatal day 10 rats, predominantly
within the DG and CA1 regions [20], with peak expres-
sion occurring during adulthood [21]. Both exogenous
Wntba ligand and Wnt7a exhibited a comparable effect
in augmenting neurogenesis within the DG region of rats
[22]. Inhibition of Wnt5a expression lead to a reduction
in the quantity and compromised morphological devel-
opment of newborn neurons [23]. Therefore, we demon-
strated a significant interest in investigating the potential
pivotal role of Wnt5a in pattern separation.

EA has been demonstrated to promote neurogenesis
in various disease models by regulating the Notch sign-
aling pathway and promoting endogenous neural stem
cells differentiation in rats with cerebral ischemia—rep-
erfusion [24]. EA was found to promote hippocampal
neurogenesis, enhance synaptic plasticity, and alleviate
spatial memory impairment by activating BDNF/Tr-kB/
ERK signaling in sleep-deprived rats [25]. The present
study has been demonstrated that EA exerts a neurogenic
effect in the subventricular zone, thereby ameliorating
motor dysfunction in rat with Parkinson’s disease. In
addition, EA was found to improve working memory by
inhibiting synaptic degeneration and neuroinflammation
in mouse models of AD [26]. However, it remains uncer-
tain whether EA could serve as a potential strategy for
promoting neurogenesis to enhance pattern separation in
early AD model mice.

In this study, we first evaluated memory discrimina-
tion and neurogenesis in the DG area in 3-month-old
5XFAD mice. Next, we examined whether Wnt5a plays
a role in pattern separation by injecting an adeno-associ-
ated virus that interferes with Wnt5a expression into the
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hippocampal DG region. We further examined the mem-
ory discrimination ability and neurogenesis after 4 weeks
of EA intervention to find out whether EA could improve
pattern separation by promoting neurogenesis and its
underlying mechanisms.

Materials and methods

Animals

Male 5XFAD mice (stock #34848, Qianbi Biotechnol-
ogy Co., Ltd., China) and female C57BL/6 wild-type mice
were bred, and the offspring genotyping was performed
by polymerase chain reaction analysis of tail DNA. The
primers used included APP (oIMR 3610: AGGACTGAC
CACTCGACCAG, oIMR 3611: CGGGGGTCTAGT
TCTGCAT), PS1(oIMR 1644: AATAGAGAACGGGCA
GGAGCA, oIMR 1645: GCCATGAGGGCACTAATC
AT). Both male and female mice were used in this study,
and they were housed in same-sex of 3—-5/cage under a
12 h light—dark cycle (lights on at 8:00 am) with access
to food and water at a consistent ambient temperature
(21+1 °C). All experimental protocols and animal han-
dling procedures were conducted according to the Guide
for the Care and Use of Laboratory Animals published
by the National Institutes of Health. This study was
approved by the Ethical Committee on Animal Experi-
mentation, Fujian University of Traditional Chinese
Medicine (FJTCMIACUC2019031).

Experimental design

This study was divided into two parts. 3-months-old
5XFAD female and male mice were randomly divided into
five groups (n=10/group):the 5XFAD group, 5XFAD+EA
group(5XFAD+EA), 5XFAD + Wnt5a interference
virus  group(5XFAD+shWntb5a), 5XFAD+EA+Wnt5a
interference virus group(5XFAD+EA+shWnt5a) and
5XFAD+EA+empty virus group(5XFAD+EA+shC) in
each part,. Moreover, age and sex-matched littermate W'T
mice were classified as the WT group. Mice were evalu-
ated for cognitive behavioral tests, including open field test
(OFT), Object Location Task (OLT), Touch Screen Unique
Nonmatching to Location (TUNL) task.

Virus injection

All viruses were obtained from BrainVTA Co., Ltd.
(Wuhan, China), and refer to the literature to determine
the program of interfering with virus sequence and injec-
tion [23]. The rAAV-U6-DIO-shRNA (Wnt5a)-CMV-
EGFP-SV40 polyA virus were injected into the DG area
of the bilateral hippocampus of 5X FAD + shWnt5a group
and 5XFAD +EA +shWnt5a group; the rAAV-U6-DIO-
shRNA (scramble)-CMV-EGFP-SV40 polyA virus were
injected into the same location of 5XFAD+EA+shC
group. Coordinates of hippocampal DG area: from
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Bregma AP: — 2.00 mm, ML:+1.3 mm, DV: — 2.3 mm.
The virus was delivered using a syringe pump at a rate of
20 nl/min for 10 min, for a total of 200 nl/infusion. The
syringe was then raised.2 mm, and remained in place
for 10 min after each injection to allow for virus diffu-
sion, and was then slowly retracted. Virus expression was
detected using a fluorescence microscope after 21 days of
virus injection.

EA intervention

According to a previous study [27], the needle
was inserted into the acupoints of Baihui (DU20)
and Shenting (DU24) of the 5XFAD+EA group,
5XFAD+EA +shWnt5a group, and 5XFAD+EA+shC
group for 2 mm. and the electrical stimulator (G6805;
SMIF, Shanghai, China) was connected, 2/20 Hz, 1 mA,
30 min/day, 5 times/week, 4 week. The WT group,
5XFAD group, and 5XFAD+shWnt5a group mice
were fixed under the same conditions but with no EA
treatment.

BrdU injection

All mice received a single dose of 50 mg/kg BrdU
(BOSTER Bio, ED1100) intraperitoneally on the Ist,
3rd, 5th ...28th day of electroacupuncture (twice a day).
100 mg of BRDU powder is dissolved into a 10 mg/ml
solution by physiological saline.

OFT

The experimental scheme was set according to the refer-
ence [28], OFT was carried out in a white plastic cham-
ber (40x40x50 cm) with a camera mounted on the
top to record the behavior and activity tracking of mice
(Supermaze, Softmaze, China). The chamber bottom area
is divided into 25 small cells by 3 equidistant horizon-
tal parallel lines and 3 equidistant vertical parallel lines,
with the middle 9 small cells defined as the central area.
The mouse was singly placed in the center and allowed to
move freely to habituate the arena for 5 min and the vari-
ables recorded were total Distance, central area distance,
and time spent in the central part.

OoLT

According to the reference [29], OLT consists of training
sessions (10 min) and test session (5 min), separated by
1 h intervals. During the training session, we placed mice
in an arena that contained two identical objects placed on
the same side (Al and A2). During the test session, object
A2 was moved to another top so that Al and A2 were
placed diagonally. The mouse was placed in the chamber
again and the time spent exploring two objects in 5 min
was recorded as TA1l and TA2. Exploration is defined
as the mouse sniffing or touching with its forepaws
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within 2 cm of the object. The test results are expressed
by the identification index: identification index=TA2/
(TA1+TA2) x 100%.

TUNL

The touchscreen experimental chamber consists of a
touchscreen display, an infrared detector, an indoor light-
ing lamp, a trough tray, and a liquid dispenser. Strawberry
milk was used as the liquid food reward for mice in this
study (Fig. 4A). The TUNL test can only be conducted
on mice after at least 3 weeks of pre-training. According
to the performance of mice, 5-6 days of training should
be conducted every week. With reference to the training
method of Kim [30], the whole training is divided into
two parts:

Pre-training stage: (1) Weight control: All mice needed
food restriction and began maintaining 85-90% of free-
feeding body weight throughout the experiments. (2)
Environmental habituation: each mouse will explore
freely for 40 min to habituate the environment. (3) Ini-
tial touch training: mice needed to complete 30 trials
that touching a bright white square on the screen would
result in more food rewards in 60 min. (4) Must touch
training: mice need to complete 30 trials that touching
will be rewarded only when white squares light up on
the screen in 60 min. (5) Must initial training: the mice
need to learn that the prompt light must be on at the end
of the delay, and close to the food trough can trigger the
random appearance of white squares. The mouse must
touch 30 white squares within 45 min to receive a reward.
(6) Correct touch training: The mouse must touch the
white square to get a reward. If not, it will be punished by
strong light. The mice completed 48 tests within 30 min
for two consecutive days, and the correct rate exceeded
80% (Fig. 4B).

TUNL task: TUNL task consists of a sampling stage
and a selection stage, as shown in (Fig. 4C, D). After
startup, a white square appears randomly in one of the
five positions on the screen. The activation was com-
pleted by blocking the infrared beam near the reward
trough. After the mouse touched the white square with
its nose, the stimulus was removed and began to delay.
Then block the infrared beam to start the selection phase.
In the selection phase, two white squares were presented,
one in the wrong position in the sampling phase (wrong)
and the other in the new position (correct). Touching the
right position will be rewarded. The start delay (15 s) was
triggered when the reward was eaten, and then the next
test started. Touching a square (wrong) stimulus causes
a timeout and a light penalty, after which there is a delay
period before the next test. Record the total test times
and the times of touching the correct position of each
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mouse in 45 min or the times of touching the correct
position in 36 tests.

Immunohistochemistry

Immunohistochemistry was performed with paraffin-
embedded slices and immunohistochemistry kit (MXB
biotechnologies, KIT-9720) to measure Ap. Primary anti-
body AP, 4, (Proteintech, 25524-1-AP, 1:100) was used,
and DAB chromogenic solution was added, counter-
stained with hematoxylin, and the slices were sealed with
neutral gum. The number of AP plaques in the DG area
of the hippocampus was counted by light microscopy.
Nine brain slices (three mice, three consecutive slices per
mouse) from each group were taken for counting the Ap
plaque number of DG area in a microscopic field of x 100.

Immunofluorescence

Immunofluorescence used paraffin-embedded sections
with a thickness of 4 um. And 0.3% Triton was added
to the brain slices to permeabilize the cell membrane
for 25 min. The DNA was denatured with hydrochloric
acid at 37 °C for 1 h, after which the tissue was covered
with 5% fetal bovine serum plus 5% goat serum blocking
solution and incubated at 37 °C for 1 h. Then, primary
antibodies, BrdU (Abcam, ab8955, 1:100) and CaR (Cell
Signaling Technology, CST92635, 1:100), were used over
at night 4 °C. Goat anti-Mouse 555 (Abcam, ab150114,
1:500), Goat anti-Rabbit 633 (Thermo Fisher, A21070,
1:500) were used as second antibodies, and nuclei were
visualized with DAPI. Cells expressing both BrdU and
CaR were defined as new immature GCs. The number of
BrdU"/CaR" cells in the hippocampal DG was counted
by laser scanning confocal microscopy.

Golgi staining

The Golgi staining was performed with the Golgi staining
kit (Fdneurotech, PK401A). The soaked brain tissue was
embedded in a frozen section embedding agent (100 um).
The slides were dried at room temperature in the dark for
at least 12 h. Subsequently, the slides were washed twice in
double steamed water for 4 min each time. After that, they
were successively dehydrated in 50%, 75%, and 90% ethanol
for 4 min each time. Each gradient of ethanol was dehy-
drated and then placed into absolute ethanol for further
dehydration, 4 times for 4 min each time. After completion
of dehydration, the cells were placed in xylene 3 times for
4 min each for transparency. The stained slides were sealed
and stored in the dark. Dendrites in the DG were photo-
graphed under a microscope at a magnification of X 630.
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Polymerase chain reaction

Total RNA was extracted from brain tissues using TRI-
zol reagent (Vazyme Biotech Co., Ltd) and converted
to cDNA using the HiScript® II RT SuperMix for qPCR
(+gDNA wiper) kit (Vazyme Biotech Co., Ltd. R223).
qPCR was performed with ChamQ Universal SYBR
qPCR Master Mix (Vazyme Biotech Co., Ltd. Q711). All
primers were purchased from SunYa biological company,
Wnt5a-F(GGAACGAATCCACGATAAGG), Wntba-
R(CAGACACTCCATGACACTTACAG). GAPDH-
F(TGGAAAGCTGTGGCGTGATG), GAPDH-R(TAC
TTGGCAGGTTTCTCCAGG). Relative mRNA levels
were calculated by normalization to the level of GAPDH.
Relative gene expression was analyzed based on the fold
change (the 2722t method).

Western blot

Taken the mouse hippocampus and adjusted the concen-
tration to 5 pg/pl after BCA quantification. Prepared 10%
SDS-PAGE gel, electrophoresis, membrane transfer, and
sealed 5—8% milk for 2 h. According to the instructions,
incubate PVDF membrane in the primary antibody solu-
tion (GAPDH, Proteintech, 60004—1-1g, 1:5000; CaR, Cell
Signaling Technology, CST92635, 1:1000; Prox1, Abcam,
ab199359, 1:1000; Wnt5a, Abcam, ab229200, 1:1000;
DVL2, 12037-1-AP, 1:500; p-DVL2, ybio, YB73041,1:500;
FZD2, Proteintech, 24272-1-AP, 1:1500; CaMKII,Abcam,
ab52476, 1:1000; p-CaMKII,Abcam, ab32678, 1:1000)
over at night 4 °C. secondary antibodies (goat anti-rabbit,
Proteintech, SA00001-2, 1:5000; Proteintech, goat anti-
mouse, SA00001-1, 1:5000) at room temperature for 1 h.
Use developer to cover PVDF film, develop in Bio-Rad
imager, use Image lab software to calculate protein inte-
grated density, and then put it into SPSS for statistical
analysis.

Statistical analysis

All test data in this study were analyzed in SPSS25.0
statistical software. If the measurement data conform
to the normal distribution, the experimental data shall
be expressed as meantstandard deviation. One-way
ANOVA was used for comparison between data groups.
The LSD method was used to compare the two groups

(See figure on next page.)
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when the variance was homogeneous. When the con-
flict is homogeneous, the Games Howells method com-
pares two groups. P<0.05 was considered statistically
significant.

Results

1. 3-month-old 5XFAD mice showed impaired pat-
tern separation, and EA may exert beneficial effects
through Wnt5a

After completion of gene identification (Fig. 1A), we
carried out the experiments according to the schematic
representation (Fig. 1B). Firstly, a series of behavioral
tests were conducted to identify cognitive impairment
at the early stage of AD. OFT results before interven-
tion showed no statistical difference in each group’s total
distance (Fig. 1C, D), central area distance (Fig. 1E), and
central area time of the OFT (Fig. 1F). This observation
suggests indicates that the exploration and exercise abil-
ity of mice in each group were consistent, indicating an
absence of anxiety-like behavior.

The OLT results before intervention revealed a signifi-
cant decrease in the discrimination index of the other five
groups of mice compared to the wild-type group (Fig. 1G,
H), indicating impaired memory discrimination in
3-month-old mice. The total exercise distance did not dif-
fer significantly among the groups (Fig. 1I), meaning that
the decline of the discrimination index was unrelated to
exercise ability.

To evaluate the role of the Wnt5a in EA promoting
cognitive, Wnt5a was knocked down by recombination
adeno-associated virus (rAAV)-mediated shRNA. In
these experiments rAAV vectors co-expressing mouse
Wnt5a-targeting shRNA (shWnt5a) or control shRNA
(shC) and enhanced EGFP were used in hippocampal
DG (Fig. 2A). Firstly, we examined the accuracy of rAAV
injection location and could clearly see EGFP expres-
sion in the DG region (Fig. 2B). Secondly, the efficiency
of Wntb5a silencing was examined using qPCR. A signifi-
cant reduction in Wnt5a mRNA levels was observed in
the DG region of mice injected with shWnt5a compared
to mice injected with shC (Fig. 2C).

Fig. 1 Experimental design and preintervention cognitive behavioral testing (A) Gene identification results. The maker brand from top to bottom
represent 100, 200, 300, 400, 500, 600, 700 bp. APP =377 bp, PS1=608 bp, GAPDH =324 bp. Mice numbered 2,6,7,8,11,14,15,17,18,and 19

in the figure represent AD positive. B experimental design. (C) OFT schematic. The middle nine squares were defined as the central region. The
results of OFT before EA intervention, there were no differences in total movement distance (D) and central area distance (E) or central area time
(F) among the groups, indicating that the overall exploration ability and emotional state of the mice were normal. G Schematic representation

of the OLT. After 10 min of free exploration, a 5-min test was performed one hour later. AT and A2 are two objects that look the same. The OLT
results before intervention showed decreased memory discrimination in AD mice compared with wild-type mice (H), indicating impaired pattern
separation. The motor ability of each mouse was consistent (I). Al data are presented as mean +SD; N=10 mice; ~ P<0.001 vs. WT group;
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Fig. 2 Knockdown of Wnt5a using rAAV and validation of knockdown efficiency (A) shwnt5a or shC injected into the DG bilaterally. Coordinates
of hippocampal DG area: from Bregma AP:—2.00 mm, ML:+ 1.3 mm, DV:—2.3 mm (B) Viral expression map of the DG. C Wnt5a mRNA levels were
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After 4 weeks of EA, we examined Wnt5a expres-
sion levels in the hippocampus of mice from each group
(Fig. 2D, E). We can see the expression of Wnt5a in the
5XFAD group was lower than in the WT group, which
suggests that under AD pathology, Wnt5a expression
levels are decreased. Compared with the 5XFAD group,
the expression of Wnt5a in the 5X FAD + shWnt5a group
decreased, which indicated that shWnt5a exerted the
effect of knocking down the expression level of Wntb5a.
Compared with the 5XFAD group, the expression of
Wntb5a in the 5X FAD+EA group increased. Compared
with the 5XFAD+EA group, the expression level of
Wntb5a in the 5XFAD+EA +shWnt5a group decreased,
and there was no difference in the 5XFAD +EA +shC
group (Fig. 2E). These results indicate that Wnt5a content
is reduced under pathological conditions and electroa-
cupuncture can promote Wnt5a expression. Further-
more, Frizzled2(FZD?2) is a strong binding receptor with
Wnt5a, and we examined FZD2 expression levels in the
hippocampus of mice from each group (Fig. 2F, G). This
result is consistent with the level of Wnt5a expression
and suggests that the level of Wnt5a expression can cause
changes in FZD2 compliance.

After 4 weeks of EA, cognitive behavioral tests were
executed again in each group. The OFT results showed
that there was no statistical difference in the total dis-
tance (Fig. 3A, B), central area distance (Fig. 3C), and
central area time of the OFT in each group (Fig. 3D),
which means that the exploration ability of mice in each
group was consistent after EA, and EA did not cause
anxiety in mice. The OLT results showed that the 5 X FAD
group’s discrimination index decreased compared with
the WT group (Fig. 3E, F). Compared with the 5XFAD
group, the discrimination index of the 5XFAD+EA
group increased, and the discrimination index of the
5XFAD +shWnt5a group decreased. Compared with
the 5XFAD+EA group, the discrimination index of
the 5XFAD+EA +shWnt5a group decreased, and the
5XFAD +EA +shC group had no difference. There is no
statistical difference in the total distance of each group
(Fig. 3G). It shows that EA can improve the memory dis-
crimination ability of AD mice, and Wnt5a participates in
the process of EA improving the memory discrimination
ability of AD mice.

Pattern separation mediates the discrimination of
similar memories. We used the TUNL task to detect
the pattern separation ability of mice in each group
after intervention (Fig. 4A-D). The results showed
that: Under the difficulty of high separation interval
(Fig. 4E), compared with the WT group, the correct
rate of the 5XFAD group decreased. The 5X FAD+EA
group had a higher accuracy rate than the 5XFAD
group, and the 5XFAD +shWnt5a group had a lower
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accuracy rate. Compared with the 5XFAD +EA group,
the correct rate in the 5XFAD +EA +shWnt5a group
was decreased, and there was no difference in the
5XFAD +EA+shC group. These results indicate that
EA can improve the ability of pattern separation in AD
mice, and Wnt5a is involved in this effect. Under low
separation difficulty (Fig. 4E), only the 5XFAD group
had a lower accuracy rate than the wild-type group, and
there was no difference in the accuracy rate of the other
groups, indicating that the effect of EA on improving
pattern separation was no longer obvious when the dif-
ficulty was increased.

2. EA decreased AP plaque deposition in the hippocam-
pus DG area of 5X FAD mice

To clarify the reasons for the decline of memory dis-
crimination ability, we measured the levels of AP, ,, in
the DG area. The results showed that there was no A
plaque deposition in the hippocampal DG area in the
wild-type group, but the number of AB plaques increased
in the 5XFAD group. Compared with the 5XFAD
group, the number of plaques in the 5XFAD+EA
group was reduced, and there was no difference in
the number of plaques in the 5XFAD+shWnt5a
group. Compared with the 5XFAD+EA group,
there was no significant difference in the number of
plaques in the 5XFAD+EA+shWnt5a group and the
5XFAD+EA+shC group. These results indicated that
EA inhibited AP deposition, and Wnt5a had no effect on
the formation of AP (Fig. 5A, B).

3. The neurogenesis of immature GCs can be promoted
by EA in the hippocampal DG area, and Wnt5a par-
ticipates in the process

A previous review article extensively discussed the role
of Prox1 in neuronal differentiation within the DG area
and its significance as a key factor for granule cell matu-
ration [31]. The findings of previous studies have dem-
onstrated that the overexpression of Prox1 facilitates the
differentiation process of neural stem cells into granule
cells, whereas inhibition of Proxl expression hampers
neuronal differentiation [32]. Therefore, we assess neural
differentiation levels in the DG region among different
groups by evaluating Prox1 expression levels. In addition,
BrdU, a reagent capable of substituting thymidine in the
DNA synthesis phase (S phase) and specifically react-
ing with Apollo fluorescent dye to detect cell prolifera-
tion, was intraperitoneally injected into mice during EA
to further elucidate the impact of EA on neurogenesis
in the DG region. To ascertain whether the proliferat-
ing cells were immature granule cells, double staining of
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Fig.3 OFT and OLT performance of mice in each group after EA intervention and virus injections. A Representative plots of OFT trajectories in each
group of mice after EA intervention and virus injections. There were no differences in total distance (B), the central area distance (C) and the central
area time (D) among each group, indicating that the overall exploration ability and emotional state of the mice were normal. E Representative plots
of OLT trajectories in each group of mice after virus injection and EA intervention. EA could improve the memory discrimination ability. Interference
of Wnt5a expression aggravated the impairment of memory discrimination in AD mice, and the effect of EA was reduced (F). The motor ability

of each mouse was consistent (G). All data are presented as mean=SD; N=10mice;  P<0.001 vs.WT group; P<0.05 vs. 5x FAD group; ¥P < 0.05 vs
EA group
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car, an immature granule cell marker [33], and Brdu was
conducted.

The results showed that the number of BrdUt/CaR™*
cells in the 5XFAD group decreased compared with
the WT group. Compared with the 5XFAD group,
the number of BrdU"/CaR" cells in the 5X FAD+EA
group increased, and the 5XFAD +shWnt5a group was
decreased. Compared with the 5XFAD+EA group,
the number of BrdU"/CaR* cells was decreased in
the 5XFAD+EA+shWnt5a interfering virus group,
and there was no difference in the 5XFAD+EA+shC

BrdU

5xFAD

5xFAD+EA

5xFAD+shWnt5a

5xFAD+EA+shWnt5a

5xFAD+EA+shC
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group(Figs. 6, 7A); It shows that the neurogenesis ability
of immature GCs in AD model mice decreased. EA can
promote the neurogenesis of immature GCs, and Wnt5a
is involved in the process.

In addition, Western blot showed that compared with
the WT, the expression of CaR and Prox1 in the 5XFAD
group decreased (Fig. 7B). Compared with the 5XFAD
group, the expression of CaR and Prox1 increased in the
5XFAD+EA group, while the expression of CaR and
Prox1l decreased in the 5XFAD+shWnt5a group. Com-
pared with the 5XFAD+EA group, the expression of CaR

Merge(200x%) Merge(400x)

Fig. 6 Representative 200X, 400X photomicrographs of immature GCs in the DG area Newborn neurons were labeled with BrdU, and GCs were
labeled with CaR protein. Neurons that also expressed BrdU and CaR were newly immature GCs
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Dendritic spine density ( number/pm )

and Prox1 decreased in the 5X FAD + EA 4+ shWnt5a group, 4. EA improves the density of dendritic spines in the

and there was no difference in the 5XFAD+EA+shC hippocampus DG
group (Fig. 7C); These results indicated that EA could pro-
mote the neurogenesis of immature GCs, and Wnt5a par- Synapses are formed between neurons through den-

ticipates in the process. dritic spines to complete information transmission. We
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assessed neuronal dendritic spine density in the hip-
pocampus of each group to indirectly reflect the level
of neurogenesis (Fig. 7D). Compared with the WT
group, the density of dendritic spines in the 5XFAD
group decreased. Compared with the 5X FAD group, the
density of dendritic spines in the 5XFAD+EA group
increased, and the density of dendritic spines in the
5XFAD +shWnt5a group decreased. Compared with
the 5XFAD+EA group, the density of dendritic spines
of the 5XFAD+EA+shWnt5a group decreased, and
there was no difference between the 5X FAD+EA +shC
group (Fig. 7E). The results indicate that the develop-
ment of neuronal dendritic spines is abnormal in 5X FAD
model mice, and EA can promote the formation of den-
dritic spines. The results suggest that the development of
neuronal dendritic spines is abnormal in 5X FAD model
mice, and EA can promote the formation of dendritic
spines.

5. EA can activate the Wnt signaling pathway by regu-
lating Wnt5a in the DG area of 5X FAD mice

To further reveal how EA promotes neurogenesis, we
examined an essential signaling pathway in neurogenesis,
the Wnt signaling pathway. DVL2 is one of the Wnt5a
receptors within the cell membrane. The expression of
p-DVL2 and total DVL2 in the 5XFAD group decreased
compared with the WT group. Compared with the
5XFAD group, the expression level of p-DVL2 and total
DVL2 in the 5XFAD+EA group increased, while that
in the 5XFAD+shWnt5a group decreased. Compared
with the 5XFAD+EA group, the expression level of
p-DVL2 and total DVL2 of the 5XFAD + EA +shWnt5a
decreased, and there was no difference in the
5XFAD +EA+shC group. But there was no significant
difference in the expression of p-DVI2 /DVL2 among
groups (p>0.05). (Fig. 8A, B). At the expression level of
p-CaMKII and p-CaMKII/CaMKII, compared with the
WT group, the expression of p-CaMKII and p-CaMKII/
CaMKII in the 5X FAD group decreased; Compared with
the 5XFAD group, the expression level of p-CaMKII and
p-CaMKII/CaMKII in the 5X FAD +EA group increased,
while that in the 5XFAD+shWnt5a group decreased;
Compared with the 5XFAD+EA group, the expression
level of p-CaMKII of 5 X FAD + EA + shWntb5a decreased,
and there was no difference in the 5XFAD +EA +shC
group. There was no significant difference in the expres-
sion of total CaMKII among groups. (Fig. 8C, D). The
results indicate that the activation of Wnt signaling path-
way is decreased in AD model mice, and EA can activate
Wnt signaling pathway.
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Discussion

Our results showed that 3-month-old 5XFAD mice
exhibited impaired spatial memory discrimination and
reduced neurogenesis in the hippocampal DG region,
with Wntb5a playing a crucial role in regulating neuro-
genesis and pattern separation ability in mice. EA can
effectively promote neurogenesis in the DG and enhance
pattern separation ability in early AD model mice, poten-
tially through modulation Wnt5a expression levels. The
overall experimental results are shown in the diagram
(Fig. SE).

1. Impairment of pattern separation leads to the decline
of AD memory discrimination

Cognitive decline, particularly memory, is a pivotal
clinical manifestation observed in patients with AD.
In the pattern separation task, compared with normal
adults, patients with MCI and AD showed a decline in
pattern separation ability, and patients with AD had the
weakest ability [5-7]. Previous studies have demonstrated
that 3-month-old 5XFAD mice exhibit impairments in
spatial location discrimination rather than object dis-
crimination [27]. The objects position discrimination test
was conducted in this study to assess the memory dis-
crimination ability of 3-month-old model mice. The find-
ings revealed spatial memory discrimination impairment
in mice at this age, which aligns with previous research
results.

The TUNL task is a behavioral method available in
rodents that can assess working memory and pattern
separation. This method provides an accurate assess-
ment of animals’ autonomous learning and discrimina-
tion capabilities while minimizing potential confounding
factors associated with human intervention [34—36]. In
the TUNL task, we set two test difficulties of high sepa-
ration and low separation. Our results showed that the
pattern separation ability of mice is inherently limited,
as evidenced by a decline in memory discrimination
accuracy with increasing difficulty. When the difficulty
exceeded the maximum limit of pattern separation abil-
ity, the disease did not affect the discrimination perfor-
mance. Lauren also observed this phenomenon in mice
with impaired neurogenesis and mice with damage to the
dorsal hippocampus. The difference is that they also per-
formed TUNL tests with more significant separation and
found no difference in memory discrimination between
wild-type mice and 5XFAD mice when the separation
interval was increased [30, 37].

The hippocampal DG region is among the brain areas
that retain the capacity for neurogenesis in adulthood. In
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animal studies, performance on the pattern separation
task has been found to correlate with the level of neuro-
genesis in the DG, and animals exhibiting impaired neu-
rogenesis in this region have demonstrated deficits on
the hippocampus-dependent recognition tasks [38—40].
Neurogenesis in the DG area gives rise to immature GCs
that can be integrated into the classic trisynaptic circuit
[41]. Previous studies have found that newborn immature
GCs are involved in pattern separation, whereas mature
GCs are responsible for pattern completion [42]. Shay
found that the number of immature GCs, LTP in the DG
region, and the ability to distinguish similar situations
were reduced by using X-rays to inhibit neurogenesis
in the DG region [16]. When using lentivirus to inhibit
the Wnt signaling pathway, Clelland found a significant
decline in the number of DCX™ cells in the hippocampal
DG region, along with a decrease in the accuracy of the
touchscreen pattern separation test [40]. According to
the studies of Kronenberg et al., the hallmark of the early
stages of adult nascent granulosa cell development is CaR
expression, which lasts for about 3 weeks and is subse-
quently converted to calcium-binding protein [1], so we
finally identified CaR as the marker proteins of imma-
ture GCs. Prospero homeobox 1 (Prox1), a transcription
factor expressed in the granule cell lineage, is expressed
in granule cells at all stages of DG development and in
adult-born granule cells. It is required for the maturation
of granule cells in the DG region during development and
for the maintenance of an intermediate progenitor state
during adult neurogenesis [43]. Therefore, our study aims
to assess neural differentiation levels in the DG region
among different groups by evaluating Prox1 expression
levels. And the quantification of immature granule cells
and the expression level of marker proteins were con-
ducted to assess neurogenesis in the DG region of the
hippocampus. Our findings demonstrate that 5XFAD
mice impaired neurogenesis, potentially contributing to
their deficits in memory discrimination.

2. Wntba is an essential protein involved in neurogen-
esis within the DG region and exerts an impact on
the capacity for pattern separation

In the central nervous system, the Wnt signaling
pathway controls key processes such as cell division,
differentiation, polarity, migration, and synaptogenesis
[44—48]. In the signaling process, Wnt proteins bind
to the Frizzled (FZD) and LRP5/6 receptor complex,
inducing a conformational change in the receptor com-
plex that subsequently activates downstream pathways
[49]. It was found that the expression levels of Wnt
signaling pathway genes in the medial temporal lobe of
AD patients changed, and the hyperphosphorylation of
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GSK-3p in the pathway co-occurred with tau aggrega-
tion in insoluble neurofibrillary tangles in the brain of
AD patients [50]. In addition, genetic variations in the
Wnt coreceptor LRP6 lead to reduced Wnt signaling
activation, which is associated with late-onset AD [51].
Wnt5a is a neurogenic factor that mediates neuronal
differentiation through Wnt/Ca*"/CaMKII signal-
ing and neuronal morphological development through
Wnt/Ca?* and Wnt/JNK cascades [23]. In the present
study, we observed a reduction in both Wnt5a and its
major receptor, FZD2, in the hippocampus of AD mice.
Studies have demonstrated a significant upregulation
in the expression of Wnt signaling inhibitor proteins
(such as DKK-1, SFRP-1, and SFRP-2) in postmortem
AD brain and transgenic AD mouse models [52, 53].
This upregulation effectively suppresses the Wnt signal-
ing pathway in Alzheimer’s disease (AD). Consequently,
there is a subsequent decrease observed in the expres-
sion levels of WnT-related proteins (e.g., wnt5a, wnt3a)
and various intracellular related proteins (e.g., FZD2,
DVL2, GSK3p). Notably, DKK-1 has been shown to
interact with LRP5/6 to mediate AB-induced inhibi-
tion of Wnt signaling [54]. Additionally, secreted friz-
zled-related protein (sFRP), possessing a cysteine-rich
domain (CRD) similar to frizzled-related receptors,
can directly bind to Wnt protein leading to a signifi-
cant reduction in Wnt5a binding with FZD2 receptors
on cell surfaces [55]. This may consequently result in an
adaptive reduction of FZD2 expression.

In adult hippocampal progenitor cells, Wnt5a expres-
sion is essential for the differentiation and the mor-
phological development of newborn neurons, which is
related to the activation of CaMKII, PKC, and JNK by
Wnt5a [23, 56]. Wnt5a, which is expressed both pre-
synaptic and post-synaptic, is an important protein that
constitutes synaptic connections between neurons and
affects synaptic plasticity. Knockout of Wnt5a leads to
impaired LTP and decreased recognition memory abil-
ity in mice [20]. In this study, we found that Wnt5a
expression was reduced in AD mice, so we speculated
that Wnt5a was involved in neurogenesis and affected
pattern separation performance. To further verify this
hypothesis, we used a virus to knock down Wnt5a
expression and found that the number of newly born
immature GCs was decreased in the DG region of the
hippocampus, as was the density of neuronal dendritic
spines, which was consistent with the results of previ-
ous studies [23]. At the same time, the discrimination
index of OLT and the accuracy of TUNL task decreased.
Therefore, we identified an important role for Wnt5a in
pattern separation. In addition, the Wnt signaling plays
a vital role in the ecological development of neurons
in addition to regulating neurogenesis in the DG area.
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We detected the density of dendritic spines of neurons
in the DG area, and found that knockdown of Wnt5a
expression reduced the density of dendritic spines of
neurons in the DG area of mice, and the density of den-
dritic spines increased after EA. However, due to the
lack of neuron specificity of Golgi staining, we cannot
determine whether the neurons with changes in den-
dritic spine density are newborn immature GCs, which
needs further study.

3. EA can promote immature GC regeneration and
improve pattern separation by regulating the expres-
sion of Wntba protein

Acupuncture can serve as a complementary therapy
for AD. Meta-analysis findings demonstrate acupunc-
ture exhibits the potential to ameliorate cognitive dys-
function in AD patients, as evidenced by improvements
observed in MMSE, ADL, and ADAS scores [57, 58].
Kim found that acupuncture could reduce the ADAS-cog
score of patients with MCI, and the efficacy of acupunc-
ture at 30 min was better than that at 20 min, and the
effect lasted up to 3 months [59]. Previous studies have
shown the effect of EA on improving cognitive dysfunc-
tion in AD mice [27, 60]. In this study, the same inter-
vention method was used, and the results showed that
acupuncture exhibited a certain degree of efficacy in
enhancing memory discrimination behavior among AD
mice. Still, for the difficult test, the improvement effect
of EA was not obvious. At the same time, we also carried
out OFT after EA, which showed that EA did not cause
emotional disturbance in mice, thus excluding the influ-
ence of emotional problems on memory discrimination
impairment in mice. The effect of EA on promoting neu-
rogenesis has been observed in other disease models [24,
25, 61, 62]. Combined with our experimental results, we
found that the number of newborn immature GCs in the
hippocampal DG region of AD mice treated with EA was
greater than that of non-EA mice, and the pattern separa-
tion ability of the mice was also improved. Therefore, we
believe that EA can be used as a complementary therapy
for early pattern separation disorders in AD.

Further, we tried to find the molecular mechanism by
which EA improves pattern separation. We observed that
EA increased Wnt5a expression in the hippocampus,
and since the role of Wnt5a in improving pattern sepa-
ration has been found, we hypothesized that EA might
act by regulating Wnt5a expression. After interfering
with wnt5a expression, we detected that the effect of EA
on promoting hippocampal DG neurogenesis weakened,
and the mice’s pattern separation behavior test decreased.
The results suggest that Wnt5a may be a target protein
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for EA to improve the ability of early pattern separation
in AD mice.

Conclusions

Our study has two main contributions. Firstly, we
elucidate the significant role of Wnt5a in promoting
improved pattern separation during neurogenesis. Sec-
ondly, our study further confirms and complements
a previous study that EA may improve cognitive
impairment by promoting neurogenesis [27]. Because
we provide a molecular mechanism underlying the
enhancement of memory discrimination ability in early
AD model mice by EA treatment: EA regulates Wnt5a
expression in the hippocampus of AD mice, which
subsequently promotes neurogenesis in the adult hip-
pocampal DG. The resulting generation of immature
GCs mediate the recovery of pattern separation disor-
der in AD mice, ultimately leading to an improvement
in their the memory discrimination ability. Further-
more, our study has certain limitations that warrant
further investigation. For instance, the precise mecha-
nism by which EA modulates the expression of Wnt5a
remains unknown and will be a focus of our future
research endeavors.

Abbreviations

5XFAD  Ive familial AD mutations
AD Alzheimer’s disease

GCs Granule cells
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AAV Adeno-associated virus
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