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Electroacupuncture attenuates depressive-like behaviors in
poststroke depression mice through promoting hippocampal
neurogenesis and inhibiting TLR4/NF-xB/NLRP3 signaling

pathway

Ming Li=*, Fang Yang®*, Xiaoling Zhangz, Hong Yangg, Xingjin Hez,

Zhongnan Mao® and Liya Mao?

The aim of this study was to investigate the

impact and underlying molecular mechanisms of
electroacupuncture on mice with poststroke depression
(PSD). Mice were randomly allocated into sham, PSD,

and electroacupuncture groups. Mice in the PSD and
electroacupuncture groups underwent middle cerebral
artery occlusion (MCAO) surgery following with sedentary
behavior. Electroacupuncture targeting Zusanli (ST36)
acupoint was performed 24 h after MCAO for 4 weeks in
electroacupuncture group. The sucrose preference test,
forced swimming test, open field test, tail suspension test,
elevated plus maze, Catwalk analysis, RNA sequencing,
Nissl staining, Golgi staining, TUNEL staining, Edu
labeling, and doublecortin staining were performed.
Lymphocyte subsets in peripheral blood and the levels

of IL-1p, IL-6, TNF-a, and expression of Iba1/CD86,
Iba1/NLRP3, TLR4/p38/NF-kB/NLRP3 pathways in

the hippocampus were detected. Electroacupuncture
effectively protected against the development of
depression-like symptoms. The number of granulosa cells
and doublecortin-positive cells in the dentate gyrus (DG)
were significantly decreased in PSD group, which were
significantly upregulated (P < 0.01) by electroacupuncture.
Electroacupuncture also significantly reduced (P < 0.05)
TUNEL-positive cells in the DG and CA1. RNA-seq
revealed that electroacupuncture may exert antidepressant
effect by regulating the inflammation mediated by
TLR4/NF-xB/NLRP3 pathway in hippocampus.

Introduction

Stroke remains the leading cause of death after cancer
and cardiac disease, often resulting in mood and cogni-
tive impairments [1]. Poststroke depression (PSD) affects
approximately 31% of stroke patients, posing a signifi-
cant burden on individuals, families, and society [2]. PSD
patients have delayed recovery of neurological function,
poor concentration, and decreased cognitive and exec-
utive ability, hindering rehabilitation effectiveness and
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Electroacupuncture remarkably elevated (P < 0.01) the
ratio of CD4+ to CD8+ T cells and percentage of CD3-
CD49b+ cells in CD45+CD49b+ cells in the peripheral
blood. Electroacupuncture significantly reduced

(P < 0.05) the high levels of IL-1p, IL-6, TNF-q, iba1, TLR4,
p-p38, p-NF-kB, and NLRP3 and sedentary behavior.
Electroacupuncture was observed to mitigate depression
symptoms and increase hippocampal neurogenesis in
mice with PSD, possibly by inhibiting TLR4/p38/NF-xB/
NLRP3 pathways and improving the microglia-mediated
inflammatory microenvironment in the hippocampus.
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elevating suicide and mortality rates compared to stroke
alone [3]. Selective serotonin reuptake inhibitors (SSRIs)
are common drugs for the first-line treatment of depres-
sion, but side effects like sleep disorders and cardiotoxic-
ity limit their efficacy [4].

Acupuncture holds promise as a non-pharmacological
alternative for reducing depression symptoms and
improving therapeutic outcomes, with low cost and mini-
mal side effects [5]. In the context of PSD, a meta-analysis
revealed that acupuncture exhibited a superior efficacy
over controls, leading to a reduction in PSD symptoms
[6]. The evidence of the curative effectiveness of acu-
puncture, and research into its related molecular mech-
anisms in animal experiments, however, are still lacking.
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Despite extensive use of animal depression models,
depression is multifaceted, involving diverse characteris-
tics and pathophysiological processes like neuroplasticity
and inflammation [7]. Depression-induced changes in syn-
aptic plasticity are associated with structural and functional
changes in the hippocampus. Reduced hippocampal vol-
umes may be a neural scar marker of depression and a vul-
nerability marker for future episodes [8]. In recent years,
an increasing amount of literatures have reported that
inflammation is linked with depression [9,10]. Previous
research revealed that chronic stress mediates the acti-
vation of toll-like receptor 4 ('LLR4) in the brain. The
sustained expression of TTL.R4 can induce neuroinflamma-
tion, which contributes to psychiatric disorders. Activation
of the TLR4 complex might underlie the pathophysiol-
ogy of stress-evoked depression [11]. Activated TT.R4 can
induce phosphorylation of the nuclear factor-kB (NF-xB)
through the myeloid differentiation primary response 88
(Myd88) adaptor, and enhances expression of inflamma-
tion cytokines, such as I1.-1f3, I1.-6, I1.-15, and 11.-27 [12].
Previous studies have indicated that acupuncture has the
potential to increase hippocampal and network neuroplas-
ticity and decrease brain inflammation. Whether acupunc-
ture can improve the symptoms of PSD by improving the
inflammatory environment in the hippocampus and thus
affecting its neuroplasticity, however, is unknown.

In this study, we evaluated the effect of electroacupunc-
ture treatment at Zusanli (ST36) in a rodent model of PSD
through multiple behavioral tests. Furthermore, we analyzed
hippocampal necuroplasticity and inflammatory immune
response as related mechanisms, measured by Nissl stain-
ing, Edu labeling, doublecortin staining, RNA sequencing
and bioinformatics analysis, flow cytometry, respectively.
Additionally, we verified the role of TLR4 signaling path-
way in the improvement of PSD by electroacupuncture.

Materials and methods

Animals

Healthy 8-week-old male C57BL./6] mice from Beijing
Vital River Laboratory Animal Technology Co., Ltd.,
China were acclimatized for 1 week in a setting at
22 +2°C, 50-60% humidity, and a 12-h light-dark cycle
(lights on 7 a.m. to 7 p.m.). All experimental procedures
were conducted in adherence to NIH guidelines and
local ethics. Mice (# = 65) were randomized into sham
(n=15), PSD (#=15), and electroacupuncture (elec-
troacupuncture, 7 = 15) groups presurgery. Both PSD and
electroacupuncture groups have undergone PSD mode-
ling. Overall, 20 mice were excluded based on the follow-
ing criteria: death, extreme physical weakness, or failed
surgery. The timeline diagram of experimental protocols
was showed in Fig. 1a.

Modeling of poststroke depression

The PSD model was established through middle cere-
bral artery occlusion (MCAO) surgery followed by post-
operative restraint activities. Briefly, the mice in the PSD

and electroacupuncture groups were deeply anesthetized
with 1% pentobarbital sodium (1 ml/100 g, i.p.) and then
to expose the left common carotid artery (CCA), external
carotid artery (ECA), and internal carotid artery (ICA).
The ECA was ligated, dissected, and inserted gently with
a round-tip nylon thread (Beijing Cinontech Co. Ltd,
China), and turned into ICA to block blood flow at the
middle cerebral artery (MCA). After 60 min, the thread
was removed, and successful modeling was confirmed
by cerebral blood flow monitoring (Fig. 1b). The sham
group mice, like the PSD and electroacupuncture group
mice, underwent anesthesia and neck incision surgery,
but without MCA occlusion. The purpose of setting up
a sham surgery group is to exclude the potential impact
of chronic inflammation caused by surgical trauma on
depressive-like behavior. Postsurgery, mice were sin-
gly housed in narrow and small plastic cages (cage size:
26 x 19 x 15 ¢cm) with food and water available ad libitum
to restrict movement. Evaluate depressive-like behavior
in mice through several behavioral experiments intro-
duced below.

Electroacupuncture intervention

Forelectroacupuncture intervention, we used a G6805-2A
electroacupuncture apparatus (Shanghai Huayi Co.,
China) targeting Zusanli (ST36) on the right affected
limb. Mice in electroacupuncture group were anesthe-
tized with isoflurane (induction with 3%; maintenance
with 1.2%) in oxygen-enriched air by face mask, and rec-
tal temperature was controlled at 37 + 0.5°C throughout
the experiment with heating lamps. A 0.3 mm diame-
ter acupuncture needle was gently inserted to 2-3 mm
depth. Disperse-dense waves of either 4 or 20 Hz were
employed, with an output voltage of 4 V. The intensity of
the stimulation was carefully regulated to remain slightly
below the threshold needed to induce visible muscle
contraction. Only electroacupuncture group mice under-
went electroacupuncture intervention 24 h after MCAO
surgery and lasting 30 min/day for 4 weeks until sacrifice.
The mice in the sham and PSD group underwent the
same anesthesia procedures as the electroacupuncture
group without the electroacupuncture.

Behavioral tests

Behavioral tests included the sucrose preference test
(SPT), forced swimming test (FST), tail suspension
test (T'ST), open field test (OFT), elevated plus maze
(EPM), and Catwalk analysis. These tests were per-
formed at 1 day, 2 weeks, and 4 weeks after MCAO sur-
gery, respectively.

Sucrose preference test

On the initial day, mice freely accessed two bottles con-
taining 1% sucrose solution. The next day, one sucrose
bottle was replaced with distilled water. On the third
day, the mice were deprived of food and water for 23 h.
Postdeprivation, the mice were given a preweighed bottle
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Fig. 1
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(a) The timeline diagram illustrates the experimental protocols. Before the MCAQ as well as the 4-week period of either sedentary behavior or electroac-
upuncture, all mice went through an acclimatization phase for a week. Following the MCAO and the subsequent treatment, behavioral assessments
were conducted. (b) The cerebral blood flow was constantly monitored by laser speckle flowmetry to set up the MCAO model. During the surgical
procedure, the blood flow in the ischemic cerebral region fell to less than 30% of that in the contralateral side. (c) Comparison of the sucrose prefer-
ence during SPT in each group (n = 10). Two-way ANOVA was used to analyze the data [F (2,81) = 18.86, P< 0.001]. (d) Comparison of the sucrose
preference during FST in each group (n=10). Two-way ANOVA was used to analyze the data [F (2,81) =44.70, P<0.001]. (€) Comparison of the
sucrose preference during TST in each group (n = 10). Two-way ANOVA was used to analyze the data [F (2,81) = 73.65, P<0.001]. (f-h) Comparison
of the duration in open arm [one-way ANOVA, F (2,12) =31.92, P<0.001] and immobility time [one-way ANOVA, F (2,12) = 23.96, P<0.001] during
EPM in each group (n="5). Electroacupuncture significantly increase duration in open arm and decreased immobility time. (i—k) Comparison of the
distance moved [one-way ANOVA, F (2,12) =24.32, P<0.001] and duration in center [one-way ANOVA, F (2,12) =40.83, P<0.001] during OFT
in each group (n = 5). Electroacupuncture significantly decrease distance moved and duration in center during OFT. (I-p) There were no significances
in stand time, swing time, step cycle, duty cycle during gait analysis between PSD and electroacupuncture group (n=>5). All values are presented as
means = SD. *P<0.05, *P<0.01, **P<0.001, ***P<0.0001.ANOVA, analysis of variance; EPM, elevated plus maze; FST, forced swimming test;
MCAO, middle cerebral artery occlusion; OFT, open field test; PSD, poststroke depression; SPT, sucrose preference test; TST, tail suspension test.
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of 1% sucrose solution and a bottle of distilled water.
After an hour, sucrose preference (%) was calculated as
sucrose consumption/(sucrose consumption + water con-
sumption) x 100%. A decrease in sucrose preference indi-
cated anhedonia and depression-like behavior.

Forced swimming test

Mice swam for 6 min in a transparent cylinder (37 cm
diameter x 60 cm height) filled with water at a depth
of 40 cm and immobility behavior during the last 5 min
was measured. Immobility was characterized as the least
amount of movement and struggle required for the mice
to keep its head above water. Increased immobility sug-
gested the presence of depression-like behavior.

Tail suspension test

The mouse tail was clamped in a clip and hung on a sus-
pension rack for 6 min. The body of the mouse is 15 cm
above the ground and should not come into contact with
the ground or other supports. Immobility time during the
last 4 min was recorded following a previously described
method [13].

Open field test

The mice were then placed individually in the center of
the arena and allowed to explore freely for 10 min. The
behavior of the animals was recorded using video cam-
eras mounted above the arena. Parameters such as total
distance traveled, time spent in the center were meas-
ured and compared between experimental groups.

Elevated plus maze

The EPM has an open arm and a closed arm with an arm
width of 5 cm, an arm length of 35 c¢m, a closed arm height
of 15 c¢cm, and a maze height of 50 cm above the ground.
T'he mice were placed on the center area of the maze fac-
ing one of the open arm and allowed to explore freely for
5 min. The behavior of the animals is recorded using video
cameras mounted above the arena. Parameters such as
time spent in open versus closed arms, immobile time are
measured and compared between experimental groups.

Catwalk analysis

Individual animals are placed at one end of the Catwalk
walkway and allowed to walk freely to the other end.
The high-speed camera captures the paw prints as the
animal moves. Parameters such as stance duration, swing
duration, step cycle are measured and compared between
experimental groups.

Nissl staining and Golgi staining

Mice in each group were anesthetized with 3% isoflurane,
transcardially perfused with 0.9% saline and 4.0% para-
formaldehyde in PBS. Coronal sections (5 pm) at the hip-
pocampus plane were permeabilized, and blocked with
0.3% 'Triton X-100 and 5% goat serum, respectively. Nissl

staining involved degreasing and hydration, followed by
staining in 0.1% toluidine blue solution for 20 min and
differentiation in 95% ethyl alcohol for 15 min. The den-
tate gyrus area of the ischemic hippocampus (approxi-
mately 2 mm from bregma) was selected for photography,
with four mice in each group. Quantitatively analyzed the
number of entire stratum granulosa cells containing intact
Nissl bodies in each single section from four mice in each
group using Fiji software (NIH, USA, Bethesda). For
Golgi staining, the tissue was then placed in a series of
solutions that gradually impregnate it with a heavy metal
salt, usually a silver compound. This process selectively
deposited silver particles in the neuronal cell bodies and
processes. The silver-impregnated neurons could then
be visualized under Olympus Fluorview-3000 confocal
microscope (Olympus Optical, Ltd., Japan, Tokyo). The
dentate gyrus area of the ischemic hippocampus (about
2 mm away from bregma) was selected for photography,
with four mice in each group. Fiji software (NIH) was
used to perform Sholl analysis on three complete neurons
in each single section from four mice in each group, and
then the average number of branches and minute length
of neurons were calculated.

5-Ethynyl-2’-deoxyuridine labeling, TUNEL staining, and
immunofluorescence staining

Edu (250 mg/kg; Beyotime, China, Shanghai) was intra-
peritoneally administered once daily for 7 days before
sacrifice to assess hippocampal cell proliferation. Edu
staining was performed with the Edu-488 cell prolifer-
ation detection kit (Beyotime) following the manufac-
turer’s instruction. The primary antibodies were used:
NeuN (1 : 400, Proteintech, Chicago, USA), doublecortin
(1 :400, Proteintech), Ibal (1 : 300, Wako, Japan, Tokyo),
CD86 (1 : 500, Proteintech), NLLRP3 (1 : 500, AdipoGen,
San Diego, USA), then with secondary antibodies conju-
gated to Alexa Fluor (Thermo Fisher Scientific, Waltham,
USA) for 1.5 h (1:300, Bioss, China, Beijing). Sections
were observed with Olympus Fluorview-3000 confocal
microscope (Olympus Optical, Litd.). The dentate gyrus
area of the ischemic hippocampus was selected for pho-
tography, and three slices were chosen at an equal dis-
tance (approximate equidistance of 666 pm) within the
range from the appearance of the hippocampus (approx-
imately 1 mm from bregma) to the disappearance of the
lateral ventricle (approximately 3 mm from bregma).
Quantitative analysis was conducted using Fiji software
(NIH) on the number of Edu-positive cells, TUNEL-
positive cells, the average fluorescence intensity of Ibal,
and the colocalization ratios of ibal/CD86 and ibal/
CD206 in three sections from four mice in each group.

RNA sequencing and bioinformatics analysis

Total RNA was isolated and purified using TRIzol rea-
gent (Invitrogen, Carlsbad, USA). RNA quantity and
purity were assessed with NanoDrop ND-1000. The
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RNA integrity was assessed by Bioanalyzer 2100 (Agilent,
Santa Clara, USA) with RNA integrity number > 7.0,
and confirmed by electrophoresis with denaturing aga-
rose gel. Poly (A) RNA was purified using Dynabeads
Oligo (d'T)25-61005 (Thermo Fisher, USA) and frag-
mented with Magnesium RNA Fragmentation Module
(NEB, Massachusetts, USA). Cleaved RNA fragments
were reverse-transcribed by SuperScript II Reverse
Transcriptase, vyielding U-labeled second-stranded
DNAs. An A-base is then added to the blunt ends of each
strand, preparing them for ligation to the indexed adapt-
ers. Adapters were ligated to the A-tailed DNA, and size
selection was performed with AMPureXP beads. After
U-labeled second-stranded DNA treatment with heat-
labile UDG enzyme, ligated products were PCR-
amplified. The average insert size for the final cDNA
library was 300 =50 bp. At last, we performed the
2 x 150 bp paired-end sequencing (PE150) on an illu-
mina Novaseq 6000 (Illumina, San Diego, USA).

Fastp software were used to remove the reads with adap-
tor contamination, low-quality, and undetermined bases.
HISAT?2 mapped reads to the reference genome of mus_
musculus (GRCm38). String'Tie assembled mapped reads
for each sample, and all transcriptomes were merged to
reconstruct a comprehensive transcriptome using gff-
compare. String T'ie was used to perform expression level
for mRNAs by calculating FPKM [FPKM = (total_exon_
fragments/mapped_reads(millions) x exon_length(kB))].
Differentially expressed mRNAs were selected with
fold change >1.5 or <0.5 and parametric F-test (P < 0.05)
using R package edgeR (AT&'T BelllLaboratories, Auck
land, New Zealand).

Flow cytometry

"To determine the percentage of total leukocytes and lym-
phocyte subsets, blood samples were stained with various
monoclonal antibodies and evaluated by flow cytom-
etry. Cells were analyzed on Beckton Dickinson FACS
Calibur flow cytometer using flowjo software (Beckton
Dickinson, New York, USA). The following antibodies
were used: anti-CD4-BV510 (100449, Biolegend), anti-
CD3-PE (100220, Biolegend), anti-CD8a-BV605(100744,
Biolegend), anti-CD45-APC (103116, Biolegend),
anti-CD19-FITC (115506, Biolegend), anti-CD49b-
APC (103516, Biolegend), anti-CD11b-PE (101208,
Biolegend), anti-F4/80-BV421 (123137, Biolegend, San
Diego, USA). CD49b-FMO, CD11b-FMO and F4/80-
FMO are required as FMO controls for setting gates.

ELISA

Protein levels of hippocampus were determined using
BCA protein assay reagents. Concentrations of TL.-14,
IL-6, and TNF-a were measured via ELISA Kkits from
FANKEW (Shanghai, China), following the manu-
facturer’s guidelines. The protein standards and sam-
ples were placed in 96-well plates and then combined

with biotinylated antibodies. A microplate reader from
Thermo Fisher Scientific was used to obtain the results.
The concentrations were calculated based on the linear
equation derived from the standard curve.

Western blotting

Hippocampal tissue from the ischemic side under-
went protein extraction using RIPA lysis buffer, along
with protease and phosphatase inhibitors (Beyotime).
Protein concentrations were determined by BCA method
(Beyotime). The extracted proteins were mixed with
SDS-loading buffer (Kangwei, Beijing, China) and boiled
for 10 min. Then proteins were separated by SDS-
PAGE and transferred to PVDF membranes (Millipore,
Boston, USA). Next, the membranes were blocked with
5% BSA for 1h and incubated with primary antibod-
ies against TLR4 (1:500, Novus, Saint Louis, USA),
NF-kB/p-NF-kB (1:1000, CST, Boston, USA), p38/
p-p38 (1: 1000, CST), NLRP3 (1: 1000, AdipoGen), and
GAPDH (1 : 1000, Bioss) at 4°C overnight. After incuba-
tion with corresponding secondary antibodies (1 : 5000,
Bioss), proteins on the membranes were detected using
the ECL substrate (Tanon, Beijing, China) and visual-
ized by UVP gel imaging system (UVP, Upland, USA).
The relative band intensity was quantitative analyzed by
Fiji software (NIH) and then normalized to the loading
control (GAPDH).

Statistical analysis

GraphPad Prism 9.0 software (San Diego, USA) and SPSS
14.0 software ( Chicago, USA) were used for statistical
analysis. The results of the experiments are presented as
the means with SD. The Shapiro-Wilk method is used to
perform a normal distribution test on quantitative data.
For data that conforms to a normal distribution, the data
were analyzed statistically by one-way or two-way anal-
ysis of variance (ANOVA) for multiple comparisons fol-
lowed by Tukey’s or Bonferroni’s post hoc test and the
difference was significant at P < 0.05. For data that does
not conform to a normal distribution, nonparametric rank
sum test is used.

Results

Effects of electroacupuncture on depression-like
behaviors in the sedentary mice after ischemic stroke
Our findings suggest that sedentary behavior poststroke
contributes to the development of depressive behav-
iors, demonstrated by various tests, including the SPT,
FST, TST, OPT, and EPM. Mice in the PSD group that
underwent ischemic stroke and engaged in 4 weeks of
sedentary behavior showed significantly reduced sucrose
preference (P < 0.0001), indicating anhedonia or dimin-
ished pleasure responsiveness. Furthermore, in both FST,
TST, EPM tests, sedentary mice poststroke in the PSD
group displayed increased immobility time (P < 0.0001),
and displayed significant decrease in exploration duration
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in open arms (P < 0.0001) of EPM, spent time in center
(P < 0.01) and distance moved (P < 0.01) of OPT’ These
results indicate that sedentary behavior can exacerbate
depressive symptoms following a stroke.

Besides, electroacupuncture is explored as a therapeutic
intervention, effectively mitigating depression-like behav-
iors induced by ischemic stroke with sedentary behavior.
Mice in the electroacupuncture group receiving electroacu-
puncture showed improved sucrose preference (P = 0.004),
exploration duration in open arms (£ =0.023), distance
moved (P = 0.046), and reduced immobility time in TST
(P <0.0001) and FST (P <0.0001). These findings high-
light the potential of electroacupuncture as a treatment
option for PSD, promoting overall well-being (Fig. 1c-k).

It is noteworthy that electroacupuncture did not improve
the motor ability of sedentary mice after ischemic stroke.
According to the results of gait analysis, there was no
statistical difference (P > 0.05) in the stance phase dura-
tion, swing phase duration, step cycle, and duty cycle
between the electroacupuncture group and the PSD
group (Fig. 11-p).

Effects of electroacupuncture on hippocampal
neuroprotection in the sedentary mice after ischemic
stroke

Nissl staining showed that neuronal cells in the hippocam-
pal dentate gyrus were loosely arranged, lightly stained,
or absence after ischemic stroke with sedentary behav-
ior. Therefore, PSD group showed a significant decrease
in granulosa cell count in dentate gyrus (P < 0.0001).
Electroacupuncture for 4 weeks led to a more orderly
arrangement of neuronal cells and increased granulosa
cell count in dentate gyrus compared to the PSD group
(P =0.010; Fig. 2a and b).

According to Golgi staining, the hippocampal neurons of
mice in the sham group retained intact axonal and den-
dritic structures, with a high density and a large number
of dendritic branches (P < 0.001) and mean branch length
(P =0.002) compared with PSD group. Most of the hip-
pocampal neurons in the PSD group mice were dead and
lacked complete cellular structures. While in the electroac-
upuncture intervention group, the hippocampal neurons
of mice retained partial axonal and dendritic structures,
and the number of dendritic branches (P =0.010) and
length of branches (P = 0.021) were significantly increased
compared with that in the PSD group (Fig. 2¢—f).

The results of TUNEL and NeuN co-staining revealed
that a significant number of neurons in the dentate gyrus
and CAL1 regions of the hippocampus in PSD group mice
displayed positive TUNEL signals, indicating ongoing
apoptosis. In comparison to the PSD group, however, the
TUNEL-positive signals in the dentate gyrus (P = 0.001)
and CA1 (P = 0.041) regions of the hippocampus in the
electroacupuncture intervention group were significantly

reduced. This finding suggests that electroacupuncture
intervention has the potential to attenuate neuronal
apoptosis in the hippocampus, thereby exerting a neuro-
protective effect (Fig. 2g—j).

Effects of electroacupuncture on hippocampal

neurogenesis in the sedentary mice after ischemic stroke
Neurogenesis plays an essential role in the recovery of
brain injuries. Edu/NeuN double-labeling indicated
neurogenesis in hippocampal dentate gyrus. Quantitative
analysis revealed a reduction in Edu-positive cells in the
PSD group compared to the sham group, while there
was no significant difference between groups (P > 0.05).
Conversely, 4-week electroacupuncture significantly
increased Edu-positive cell count in dentate gyrus
(P <0.0001; Fig. 3a and b). Overall, the results support
electroacupuncture’s potential to enhance hippocampal
neurogenesis in the sedentary mice after ischemic stroke.

The short-term fate of Edu-positive cells was to differ-
entiate into neuronal precursors marked by doublecortin,
which indicated immature neurons/neuronal precur-
sors’ recovery. Immunostaining of doublecortin and
quantitative analysis showed a significant reduction in
doublecortin-positive cells in the PSD group compared
to the sham group (P = 0.016). In contrast, 4-week elec-
troacupuncture significantly increased doublecortin-
positive cell count in dentate gyrus compared to the PSD
group (P =0.002; Fig. 3c and d).

Effects of electroacupuncture on differentially expression
genes in the sedentary mice after ischemic stroke

RNA sequencing unveiled 1673 differentially expressed
genes in the ischemic hemisphere’s hippocampus,
with 125 genes upregulated and 1548 downregulated.
GO annotation analysis showed that most biological-
process-related genes between PSD and electroacu-
puncture groups were ‘immune system process’, ‘innate
immune response’, ‘inflammatory response’, ‘regula-
tion of interleukin-6 production’, and ‘positive regula-
tion of I-kappa B kinase’. KEGG enrichment analysis
showed that the most significantly enriched pathways
were: ‘NOD-like receptor signaling pathway’, “Toll-like
receptor signaling pathway’, and ‘NF-kappa B signaling
pathway’ (Fig. 4). These findings suggest that electroac-
upuncture might induce antidepressant effects by mod-
ulating the inflammatory response via the TLLR4/NF-xB/
NLRP3 signaling pathway in the hippocampus.

Effect of electroacupuncture on lymphocyte subsets
and inflammatory cytokines in sedentary mice after
ischemic stroke

Flow cytometry analysis results showed that ischemic
stroke with sedentary behavior induced a significant
increase in CD8+ T cells (P = 0.010) and F4/80+CD11b+
cells (macrophages) (P =0.006) in the peripheral blood.
The percentage of CD4+ cells in CD45+CD3+ cells
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Effects of electroacupuncture on hippocampal neurogenesis in the sedentary mice after ischemic stroke. (a) Representative images of double-
labeling immunostaining of Edu/NeuN (Edu-green and NeuN-red) showed the neurogenesis in hippocampal dentate gyrus (Scale bar =60 um). (b)
Quantitative analysis of the number of Edu-positive cells in each group (n=4). One-way ANOVA was used to analyze the data [F (2,10) =50.09,
P <0.0001]. (c) Representative images of immunostaining of doublecortin in hippocampal dentate gyrus of ischemic side (Scale bar =40 ym). (d)
Quantitative analysis of the number of doublecortin-positive cells in dentate gyrus in each group (n=4). One-way ANOVA was used to analyze the
data [F (2,10) = 16.44, P=0.002]. All values are presented as means + SD. *P < 0.05 and **P < 0.01. ANOVA, analysis of variance.

(P =0.007), CD3-CD49b+ cells in CD45+CD49b+ cells,
and the ratio of CD4+ to CD8+ cells (P =0.001) signif-
icantly decreased in the PSD group compared with the
sham group. Electroacupuncture for 4 weeks, however,
remarkably elevated the ratio of CD4+ to CD8+ T cellsand
the percentage of CD3-CD49b+ cells in CD45+CD49b+
cells in the peripheral blood (P = 0.006; Fig. 5a—f).

In our present study, we observed a substantial increase
(P <0.01) in IL-1B, IL-6, and TNF-a concentrations in
the ischemic hippocampus following stroke with 4 weeks
of sedentary behavior. Nevertheless, electroacupunc-
ture treatment notably decreased (P < 0.01) the levels
of IL-1p, IL.-6, and TNF-a in the affected hippocampus
(Fig. 5g-1).
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Effects of electroacupuncture on differentially expression genes in the sedentary mice after ischemic stroke. (a) Gene expression in each sample. (b)
Pearson correlation between samples. (c) Volcano map of differentially expressed genes between PSD and electroacupuncture groups. There were
1673 differentially expression genes in the hippocampus of ischemic hemisphere with 125 genes upregulated and 1548 genes downregulated.
(d and e) GO term enrichment analysis of differentially expressed genes. (f) KEGG pathway analysis of differentially expressed genes. (g and h)
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pathway between PSD and electroacupuncture groups. PSD, poststroke depression.

Effects of electroacupuncture on microglia-mediated
neuroinflammation and TLR4/p38/NF-xB/NLRP3
signaling pathways

Glial cells, especially microglia, are widely recognized
as playing a pivotal role in initiating and guiding innate
immune responses in central nervous system (CNS) dis-
eases. [tis well known that the overactivation of microglia

can significantly impact local inflammatory responses,
leading to alterations in the neuronal microenvironment
and neuronal damage [14]. Through confocal images of
Ibal/CD86 (P < 0.0001) and Ibal/NLRP3 (P < 0.0001)
colocalization analysis, we observed a substantial acti-
vation of proinflammatory microglia in the hippocam-
pal region of the PSD group, which concomitantly
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expressed NLRP3 inflammasomes. In contrast, the
hippocampal region of mice in the electroacupuncture
group exhibited significantly reduced expression of
Ibal/CD86 (P <0.001) and Ibal/NLRP3 (P =0.001)
signals (Fig. 6a—e). This finding provides new insights
into our understanding of the immune response mecha-
nisms of glial cells in CNS diseases.

In previous studies, the TLR4 pathway has been
identified as playing a crucial role in depression [15].
Therefore, we investigated whether electroacupuncture
could regulate 'TLLR4 activity and its downstream sig-
nal in the ischemic hippocampus. Compared with the
sham group, western blotting demonstrated the levels of
TLR4 (P <0.01), p-p38 (P <0.01), p-NF-xB (P <0.01),
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and NLRP3 (P <0.01) in the ischemic hippocampus
significantly increased (P < 0.01) after ischemic stroke
with sedentary behavior. In contrast, electroacupuncture
for 4 weeks significantly decreased TLR4 (P <0.01),
p-p38 (P < 0.01), p-NF-xB (P < 0.01), and NLRP3 levels
(P <0.01) compared to the PSD group (Fig. 6f—g). This
evidence supports that electroacupuncture can inhibit
the TLR4/p38/NF-kB/NLRP3 inflammatory pathway
activated by PSD.

Discussion

In our present study, we investigated both the behavioral
and molecular impacts of electroacupuncture in a rodent
model of cerebral ischemia combined with sedentary
behavior. Our results suggest that early administration
of electroacupuncture poststroke can mitigate depres-
sive behaviors and facilitate hippocampal neurogenesis.
Additionally, this treatment fosters the persistence of
newly generated neurons in the hippocampal dentate
gyrus, possibly through the inhibition of TLR4/p38/
NF-«kB/NLRP3 signaling pathways and the improve-
ment of the microglia-mediated neuroinflammation
within the hippocampus.

Stroke poses a severe and often life-threatening threat
with substantial fatality and disability rates [16]. One
prevalent psychiatric aftermath of stroke is depression,
often characterized by a sustained and profound dip in
mood. The high morbidity rate of PSD, estimated at an
alarming 31%, significantly impacts the quality of life and
may lead to increased suicidal tendencies among stroke
survivors [2,17]. Moreover, various chronic physical con-
ditions such as diabetes, cancer, cardiovascular diseases,
chronic pain, and respiratory diseases are frequently
accompanied by depression and anxiety [18]. Depressed
individuals typically exhibit reduced physical activity and
persistent sedentary behavior. Recent findings suggest
that imposed sedentary behavior over a week could insti-
gate adverse mood swings, even depression, particularly
in young adults [19]. Additional research has identified
an elevated risk of sedentary tendencies in individuals
with depression, which may contribute to conditions like
cardiovascular disease and metabolic syndrome [20]. In
line with these findings, our study shows that sedentary
behavior poststroke can trigger depression-like behav-
ior, as observed in mice subjected to MCAO exhibiting
reduced sucrose preference and increased immobility
during FST, TST, EPM, and OF'T after 4 weeks of sed-
entary lifestyle. According to the results of gait analysis,
it is noteworthy that electroacupuncture did not improve
the motor ability of sedentary mice after ischemic stroke.
The above results indicate that electroacupuncture may
directly improve the depressive-like behavior of seden-
tary mice, rather than improving their motor behavior.

In recent years, notable advancements have been made
in depression diagnosis and treatment. The distressing

reality, however, is that one-third of depression patients
remain resistant to treatment and fewer than one-third
achieve remission with first-line antidepressants like
SSRIs. This underscores the urgent need for effective
therapeutic strategies. Emerging non-pharmacologic
approaches like electroconvulsive therapy or acupunc-
ture have demonstrated significant potential. These
alternative therapies, built on the principles of nervous
circuit modulation, may strengthen existing depression
treatment strategies.

Electroacupuncture had protective effects against
ischemic stroke and sedentary behavior induced depres-
sive symptoms, as indicated by significant increase in
sucrose preference during SPT, duration in open arm
during EPM, and decrease in immobility during FST,
T'ST, and OFT. Acupuncture may impact depression
through varied mechanisms, including stimulating bio-
chemical pathways and restoring neuronal structures.
Its positive mental health effects could be linked to the
ability to reduce inflammation. Previous studies estab-
lished that the anti-inflammatory effects of acupuncture
may be attributed to four main mechanisms: (i) cytokine
release alteration, (i) regulatory effect on excitotoxicity,
(i11) downregulation of toll-like receptors, and (iv) antia-
poptotic properties [5,21].

Inflammation is a crucial factor in the pathogenesis of
depression and anxiety, prompting the need to explore its
connection with mental health. There are two key ques-
tions: whether successful depression treatment correlates
with reduced inflammation, and if anti-inflammatory ther-
apy is an effective antidepressant, particularly for individ-
uals with an augmented inflammatory response. Existing
evidence supports affirmative answers to both questions.
For example, a recent meta-analysis reported that IL.-6
and C-reactive protein were most closely associated with
depression among inflammatory markers [22], and were
highly associated with pleasure deficiency and mental
retardation symptoms. Another meta-analysis including
3212 major depression disorder (MDD) patients and
2798 healthy controls showed that MDD patients had
higher levels of 1L.-6, TNE, IL-10, sIL.-2, CCL-2, 11.-13,
IL-18, IL.-12, IL.-1RA, sTNFR-2, and low level of IFN-y
[23]. While there are no approved immune-modulating
anti-depression treatments, there is evidence that tra-
ditional antidepressants have anti-inflammatory effects.
The antidepressant ketamine can reverse LPS induced
depression-like behavior in mice, which is related to
the overexpression of NLLRP3 and IL.-1f in hippocam-
pus [24]. Some studies have shown that TLLR4 is closely
related to the occurrence and development of depres-
sion [25]. In the present study, Our RNA-seq analysis
showed that the protection against PSD after electroac-
upuncture was highly associated with the regulation of
innate immune responses involving NOD-like receptor,
Toll-like receptor, and NF-kB signaling pathways. We
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also observed that the levels of I1L-1f, IL.-6, and TNF-a
in the ischemic hippocampus were markedly increased,
and the percentage of CD4+ cells in CD45+CD3+ cells,
ratio of CD4+ to CD8+ cells significantly decreased in
the peripheral blood after ischemic stroke with seden-
tary behavior. While electroacupuncture significantly
reduced IL-1pB, IL.-6, and TNF-a levels, increased the
ratio of CD4+ to CD8+ T cells and the percentage of
CD3-CD49b+ cells in CD45+CD49b+ cells, probably by
inhibiting the TLR4/p38/NF-kB/NLRP3 inflammatory
pathway in the hippocampus.

In vivo imaging studies have demonstrated reduced hip-
pocampal and prefrontal cortex volume in MDD patients
[26], these structural alterations may result from atrophy
and loss of neurons and glia. Mechanisms involve gluta-
mate excitotoxicity, decreased neurotrophic factors and
activation of apoptotic pathways [27]. Further evidence
support the role of cell loss in depression comes from
conditions related to tissue damage, such as stroke and
traumatic brain injury, which contribute to the develop-
ment of depression [28]. In addition to cell loss, dysreg-
ulated adult neurogenesis is implicated in depression
pathogenesis, and it has been hypothesized that therapies
aimed at enhancing neurogenesis may provide neuropro-
tection by inducing neuroplasticity [29]. Inflammation
can impact neurogenesis through various pathways. The
primary mechanism underlying the reduction in adult
hippocampal neurogenesis associated with inflammation
is linked to the release of proinflammatory cytokines
induced by microglia, such as TNF-a, IFN-a, IL-1f3, and
IL.-6 [30]. Studies have shown that chronic IL.-18 over-
expression impairs the neurite complexity of immature
newborn neurons in adult male rats [31], and IL-1p reg-
ulated the proliferation and differentiation of rat brain
neural precursor cells [32]. The process of neurogen-
esis or gliogenesis involves several steps, from the pro-
liferation of progenitor cells to the maturation of newly
generated cells, and the establishment of appropriate
synaptic connections, ultimately integrating into preex-
isting networks. In our study, the Edu labeling, double-
cortin immunofluorescence staining, and Nissl staining
were used to express the proliferation, differentiation,
and migration of neural progenitor cells and the survival
of newborn neurons, respectively. Using Golgi staining to
demonstrate the branching morphology and structure of
hippocampal neurons. In line with previous studies, elec-
troacupuncture significantly enhanced the neurogenesis
and prevented cell loss in the dentate gyrus. The contin-
uous generation of new neurons in dentate gyrus plays
a key role in shaping animal cognition and emotional
behavior [33].

Conclusion

In conclusion, this study provides compelling evidence
for the efficacy of electroacupuncture in treating PSD.
Its effectiveness is attributed to anti-inflammatory

properties and the promotion of hippocampal neuro-
genesis. Neuroinflammation and hippocampal neu-
rogenesis play pivotal roles in depression onset and
progression, mutually influencing each other. Long-term
electroacupuncture reverses depression-like behaviors,
promotes hippocampal neurogenesis, and fosters the
survival of newborn neurons in the dentate gyrus. This
process is likely achieved by inhibiting the TT.R4/p38/
NF-kB/NLRP3 signaling pathways and improving the
microglia-mediated neuroinflammation microenviron-
ment within this vital brain region. Future research should
explore whether different acupoints and durations of
electroacupuncture yield varying effects on inflammation
and hippocampal neurogenesis. This is crucial because it
may have different or opposite effects on the treatment
of PSD or other forms of disease-related depression.
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