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Widespread structural and functional alterations have been reported in the two highly prevalent mild cognitive impairment (MCI)
subtypes, amnestic MCI (aMCI) and vascular MCI (VaMCI). However, the changing pattern in functional connectivity strength
(FCS) remains largely unclear. The aim of the present study is to detect the differences of FCS and to further explore the
detailed resting-state functional connectivity (FC) alterations among VaMCI subjects, aMCI subjects, and healthy controls (HC).
Twenty-six aMCI subjects, 31 VaMCI participants, and 36 HC participants underwent cognitive assessments and resting-state
functional MRI scans. At first, one-way ANCOVA and post hoc analysis indicated significant decreased FCS in the left middle
temporal gyrus (MTG) in aMCI and VaMCI groups compared to HC, especially in the VaMCI group. Then, we selected the left
MTG as a seed to further explore the detailed resting-state FC alterations among the three groups, and the results indicated that
FC between the left MTG and some frontal brain regions were significantly decreased mainly in VaMCI. Finally, partial
correlation analysis revealed that the FC values between the left MTG and left inferior frontal gyrus were positively correlated
with the cognitive performance episodic memory and negatively related to the living status. The present study demonstrated
that different FCS alterations existed in aMCI and VaMCI. These findings may provide a novel insight into the understanding of
pathophysiological mechanisms underlying different MCI subtypes.

1. Introduction

Mild cognitive impairment (MCI), associated with deficits in
multiple cognitive domains without notable affection on
daily activities, is regarded as a risk state for dementia [1].
The two highly prevalent subtypes, amnestic MCI (aMCI)
and vascular MCI (VaMCI), are considered the prodromal
stage of Alzheimer’s disease (AD) and vascular dementia
(VD), respectively [2, 3]. It has been a notion that VaMCI
subjects exhibit significant impairment in executive function
and semantic memory while aMCI subjects show predomi-
nant deficits in episodic memory [4].

Magnetic resonance imaging (MRI) is an important
imaging method for pathophysiological mechanism investi-
gation and differential diagnosis of MCI subtypes. Wide-

spread structural abnormalities and functional alterations
have been reported in both VaMCI and aMCI groups [5–
8]. Gray matter atrophies are mainly distributed in frontal
and temporal brain regions, posteromedial cortices, and sev-
eral subcortical brain sites, especially the medial temporal
lobe, including the hippocampus and entorhinal cortex [9].
Using diffusion MRI scanning, microstructural deteriora-
tions within the corpus callosum, capsule, periventricular
white matter, cingulum, and occipitofrontal fasciculi have
been reported [10–12]. Yu et al. reported significant differ-
ences in the relationship between fractional anisotropy (FA)
and the Auditory Verbal Learning Test (AVLT) between
the VaMCI and aMCI groups [13]. Functional connectivity
(FC) changes are predominantly found in the default mode
network and the medial temporal lobe [5, 6, 14]. Both
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decreased and increased brain activities related to the
severity of cognitive decline have been demonstrated.
Graph theory-based network analyses also reveal signifi-
cant dysregulation of the topological organization of func-
tional brain networks [15].

Recently, based on the graph theory, the human brain is
considered a complex, interconnected network with a set of
nodes linked by connections to support efficient information
processing and integration [16]. Converging evidences in
both structural [17] and functional network analyses [18]
have demonstrated that some specific nodes with a large
number of connections (or large degree) [19] play critical
roles in fast information integration and communication
with minimal energy cost [20]. Previous studies have investi-
gated the changing pattern of functional network centrality
by calculating functional connectivity strength (FCS) in some
diseases such as social anxiety disorder and provide a novel
insight into the understanding of underlying pathophysio-
logical mechanisms [21]. Although previous studies have
demonstrated altered FC in different MCI subtypes, the
changing pattern in FCS remains unclear.

In the present study, we detected the differences in FCS
among VaMCI subjects, aMCI subjects, and healthy control
(HC) participants. Then, seed-based connectivity analysis
were performed to further explore the detailed resting-state
FC alterations, using the clusters showing significant differ-
ences in FCS as the seeds. We assumed that these MCI sub-
types would show distinct FCS and FC changes within their
signature large-scale networks as compared to HC. Further,
we would explore how these changes relate to neuropsycho-
logical deficits in VaMCI and aMCI.

2. Materials and Methods

2.1. Participants. The study was conducted under a research
protocol approved by the Ethics Committee of Beijing
Xuanwu Hospital. Written informed consent was obtained
from all participants prior to the study.

Twenty-six aMCI subjects, 31 VaMCI subjects, and 36
HC participants were recruited from Xuanwu Hospital in
Beijing between 2017 and 2019. We followed the methods
of Li et al. [22]. All participants underwent detailed medical
history collection, physical examination, and neuropsycho-
logical evaluation by experienced neurologists that have been
trained to unify the evaluation criteria. Neuropsychological
assessments included Clinical Dementia Rating (CDR), Mini
Mental State Examination (MMSE), Montreal Cognitive
Assessment (MoCA), and activities of daily living (ADL).

The diagnosis of aMCI followed the criteria stipulated in
2011 by the National Institute on Aging and the Alzheimer’s
Association [3]. Other two conditions were satisfied as fol-
lows: (a) CDR score of 0.5 and a score of at least 0.5 on the
memory domain [23] and (b) medial temporal lobe or hippo-
campal atrophy on MRI [24, 25].

The criteria used for the selection for the HC were as fol-
lows: (a) no complaints of cognitive changes, (b) no current
or previous diagnosis of any neurological or psychiatric dis-
orders, (c) no neurological deficiencies in physical examina-

tions, (d) no abnormal neurological findings on brain MRI,
and (e) CDR score of 0.

The inclusion criteria for the VaMCI were based on the
Diagnostic and Statistical Manual of Mental Disorders
(DSM), fourth edition, for VaMCI [26] including the follow-
ing: (a) complaint of cognitive impairment, at least at one
cognitive domain; (b) objective evidence for cognitive
decline; (c) the clinical characteristics being consistent with
the vascular etiology; (d) history of cerebrovascular disease,
physical examination, and/or neuroimaging evidence for
cerebrovascular disease; (c) exclusion of other possible dis-
eases; and (d) ability to maintain independence in daily
activities.

Participants were excluded if they had a history of psychi-
atric disorder and neurological conditions affecting cogni-
tion, such as head injury, depression, alcohol use disorder,
epilepsy, and Parkinson’s disease. Additional exclusion cri-
teria included major medical illness, severe visual or hearing
loss, and contraindications for MRI.

2.2. Magnetic Resonance Imaging Procedures. The subjects
were scanned using a specific 3-Tesla GE scanner (General
Electric, MRI750W, America). All participants were asked
to remain still, stay awake, and keep their eyes closed. Head
motion and scanner noise were reduced using foam padding
and earplugs. All subjects underwent clinical standardized
axial T2, axial fluid-attenuated inversion recovery (FLAIR),
sagittal T1, and resting-state funcional MRI(fMRI)scans
using an echo-planar imaging (EPI) sequence. The following
parameters were used for fMRI images for aMCI and HC
participants: repetition time ðTRÞ = 2000ms, echo time ðTEÞ
= 30ms, flip angle ðFAÞ = 90°, field of view ðFOVÞ = 256 ×
256mm2, datamatrix = 64 × 64, 36 axial slices, slice
thickness/gap = 3/1mm, and number of repetitions = 180.
Meanwhile, the following parameters were used for fMRI
images for VaMCI subjects: TR = 2000ms, TE = 30ms, FA
= 90°, FOV = 220 × 220mm2, slice thickness/gap = 3:6/0:4
mm, 36 axial slices, datamatrix = 64 × 64, and number of
repetitions = 185. Parameters for axial T2 were as follows:
TR = 4581ms, TE = 82ms, FOV = 220 × 220mm2, slice
thickness/gap = 5:5/1:0mm, datamatrix = 416 × 416, and 20
axial slices. Parameters for sagittal T1 were as follows: TR =
1750ms, TE = 24ms, FOV = 240 × 216mm2, slice thickness/
gap = 5:5/1:0mm, datamatrix = 288 × 224, and 20 axial
slices. Parameters for axial FLAIR were as follows: TR =
7000ms, TE = 120ms, FOV = 220 × 220mm2, slice
thickness/gap = 5:5/1:0mm, datamatrix = 416 × 416, and 20
axial slices.

2.3. MRI Data Preprocessing. Functional image data were
preprocessed using the Data Processing Assistant for
Resting-State fMRI (DPARSF) software package v4.5 [27]
and Statistical Parametric Mapping 12 based on MATLAB
2013a. The first 5 images of each fMRI dataset were discarded
to reduce the initial fluctuation of MRI signals in aMCI and
HC, while the first 10 images of each fMRI dataset were dis-
carded in VaMCI. The numbers of remaining images were all
the same (175 images) in the three groups. Briefly, the fMRI
time series were first corrected for within-scan acquisition
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time differences between slices and realigned to correct for
head motion. The participants with head movement exceed-
ing 2.0mm of translation or 2.0° of rotation in any direction
were excluded. In addition, one-way analysis of variance
showed that there was no significant difference in the values
of the mean framewise displacement (FD) among the three
groups. All the realigned images were spatially normalized
to the Montreal Neurological Institute EPI template, and
each voxel was resampled to 3 × 3 × 3mm3. To avoid intro-
ducing artificial local spatial correlations, the images were
not smoothed [28]. Denoising steps included linear detrend-
ing and regression of the six motion parameters and their
first-order derivatives and regression of white matter and
cerebrospinal fluid (CSF) [29]. Then, the time series were
temporally band-pass filtered (0.01–0.08Hz) to reduce the
effects of high-frequency physiological noises.

2.4. Network Analysis. For each voxel, the time series was
extracted and Pearson’s correlation coefficients between the
time series of the voxel and all other voxels’ time series were
calculated within a gray matter mask (N voxels = 58,108).
Then, the correlation coefficients greater than 0.2 were aver-
aged over the gray matter mask, and a 3D FCS map for each
subject was obtained [30]. Finally, the FCS map was con-
verted to z scores and smoothed with a 6mm full width at
half-maximum Gaussian kernel.

3. Statistical Analyses

3.1. Demographic and Neuropsychological Variables. For gen-
der assessment, x2 tests were used. The age, education level,
and cognitive performance differences among the three
groups were estimated by one-way analysis of variance.
These analyses were implemented in SPSS 21.

3.2. Group Differences in Functional Connectivity Strength.
One-sample t-tests were performed to identify the patterns
of FCS within each group [21], and the significant threshold
was set at voxel-level p < 0:05 corrected for multiple compar-
isons using the family-wise error rate (FWE). To find the
altered FCS regions, one-way analysis of covariance
(ANCOVA) was then performed to compare the FCS maps
among the three groups, with age, gender, and education as
covariates. The significant threshold was set at cluster-level
p < 0:05, FWE corrected. The FCS values of the regions
showing significant group difference were extracted for post
hoc pairwise comparisons and partial correlations. Post hoc
pairwise comparisons were conducted by independent-
sample t-tests to compute the differences between any two
groups using SPSS 21.

3.3. Seed-Based Resting-State Functional Connectivity
Analysis. Seed-based connectivity analysis were performed
to further explore the detailed resting-state FC alterations,
using the clusters showing significant differences in FCS as
the seeds. One-way ANCOVA was performed on the FC
maps for each identified seed. The significant threshold was
set at voxel-level p < 0:05, FWE corrected, with age, gender,
and years of education as covariates. The FC values of the

regions showing significant group differences were extracted
for post hoc pairwise comparisons and partial correlations.

3.4. Relationships between Regional Connectivity Measures
and Cognitive Performance. Partial correlation analysis was
performed to explore the relationship between the connectiv-
ity measurements (i.e., FCS and seed-based FC) and clinical
variables in VaMCI and aMCI separately, with age, gender,
and years of education as covariates. Statistical significance
was set at p < 0:05.

4. Results

4.1. Demographics and Clinical Characteristics of the
Participants. The demographic and clinical data are shown
in Table 1. Significant differences were found in cognitive
assessments among the three groups while age, gender, and
education years were matched well. Both MCI subtype
groups showed lower scores inMMSE (p < 0:001) andMoCA
(p < 0:001) and higher CDR scores (p < 0:001), indicating
significant general cognitive decline as compared to HC.
Meanwhile, both MCI subtype groups showed higher ADL
scores (p < 0:001). In addition, the aMCI group showed
lower cognitive assessment scores and higher ADL scores
than VaMCI.

4.2. Within-Group FCS Analyses. The results derived from
one-sample t-tests for the three groups are separately shown
in Figures S1–S3. Functional nodes with a large number of
connections were found mainly in the temporal and
parietal brain regions, as well as several occipital and
frontal cortices.

4.3. Between-Group FCS Analyses. One-way ANCOVA indi-
cated significant FCS difference in the left middle temporal
gyrus (MTG) among the three groups (Table 2, Figure 1).

Post hoc analysis revealed that (1) as compared to HC,
subjects with aMCI showed significant decreased FCS in the
left MTG; (2) as compared to HC, subjects with VaMCI
showed significant decreased FCS in the left MTG; and (3)
as compared to aMCI, subjects with VaMCI showed signifi-
cant decreased FCS in the left MTG (Figure 1).

4.4. Alterations in Seed-Based Resting-State Functional
Connectivity. For further detailed analysis regarding the left
MTG FC pattern, the subsequent seed-based FC analysis
revealed that the left MTG network in HC was composed
of the medial frontal, temporal cortical, and parietal sites.
However, the frontal sites were excluded in both aMCI and
VaMCI (Figures S4–S6). One-way ANCOVA indicated
significant FC differences between the left MTG and the
right orbital frontal gyrus (OFG), the left inferior frontal
gyrus (IFG), and the right IFG among the three groups.
Post hoc analysis revealed that significant FC disruptions in
the right OFG and the left IFG were found only in VaMCI,
while significant reduced FC in the right IFG were found in
both aMCI and VaMCI with more serious disruption in the
VaMCI group (Table 2, Figure 2).
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4.5. Correlations between Cognitive Performances and
Connectivity Measures. Partial correlation analysis revealed
that the FC values between the left MTG and left IFG were
positively correlated with the cognitive performance episodic
memory measured by MoCA scores (r = 0:41, p = 0:03,
Figure 3(a)) and negatively correlated with ADL scores
(r = −0:44, p = 0:02, Figure 3(b)) in the VaMCI group.

5. Discussion

Based on resting-state fMRI and graph theory approaches,
the present study reported decreased FCS in the left MTG
in both VaMCI subjects and aMCI subjects, especially in
the VaMCI group. Furthermore, more frontal regions
showed disrupted resting-state FC to left MTG in the VaMCI
group than in the aMCI group. These aberrant brain connec-
tivities may be the neurobiological mechanism underlying
the cognitive deficits.

Based on the computational analysis of anatomic connec-
tivity, Sporns et al. formally defined the cortex nodes that
have disproportionately numerous connections as hubs
[31]. Network analysis studies using postmortem tracing
techniques in nonhuman primates [32], vivo tract-tracing
[33], and fMRI in humans [34] further confirmed the exis-
tence of hubs. An accurate reference map of prominent cor-
tical hubs consisting of posterior cingulate, lateral temporal,

lateral parietal, and medial/lateral prefrontal cortices had
been obtained, and the left MTG is one of the peak locations
of the largest 10 hubs [35].

MTG plays an important role in verbal short-term mem-
ory [36] and global cognitive function [37]. Previous studies
have shown that MTG is one of the most vulnerable brain
regions affected by cognition impairment-related pathologi-
cal changes. In voxel-based morphometric study, significant
gray matter volume reductions in MTG have been reported
in both patients with aMCI and VaMCI [38–40]. As for the
whole-brain function network, an altered FC pattern and
FC density in MTG have been reported by fMRI [5, 41, 42].

Table 1: Clinical characteristics of subjects with aMCI and VaMCI and HC.

Characteristics HC (n = 36) VaMCI (n = 31) aMCI (n = 26) Group p

Age (years) 64:22 ± 6:97 64:93 ± 10:11 66:04 ± 7:92 0.62

Gender, M/F 17/19 18/13 8/18 0.11

Education (years) 10:72 ± 5:41 9:00 ± 2:00 10:77 ± 4:65 0.08

CDR 0 0.5 0.5 <0.001
MMSR 28:13 ± 2:77 26:32 ± 2:05 23:73 ± 3:85 <0.001
MoCA 25:22 ± 2:89 23:32 ± 1:32 19:81 ± 4:71 <0.001
ADL 20:00 ± 0:00 20:87 ± 1:43 22:84 ± 2:78 <0.001
Values represent means ± SD; p values were derived from the one-way NOVA test comparing the three groups, except for “gender” where the p value was
obtained using the x2 test. MMSE: Mini Mental State Examination; MoCA: Montreal Cognitive Assessment; ADL: activities of daily living; VaMCI: vascular
mild cognitive impairment; aMCI: amnestic mild cognitive impairment; HC: healthy control.
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Figure 1: The result of one-way ANCOVA and post hoc analysis
indicated significant decreased FCS in the left MTG among the
VaMCI, aMCI, and HC. ∗ means p < 0:05 in the two-sample t-test
using SPSS21. L: left; R: right; MTG: middle temporal gyrus; FCS:
functional connectivity strength; VaMCI: vascular mild cognitive
impairment; aMCI: amnestic mild cognitive impairment; HC:
healthy control.

Table 2: FCS differences and left MTG FC differences among
subjects with aMCI and VaMCI and HC.

Brain regions Cluster size
MNI

F-score
x y z

FCS

Lt. MTG 189 -60 -3 -21 9.823

FC

Rt. OFG 26 33 48 -3 20.8862

Rt. IFG 50 57 33 6 27.3006

Lt. IFG 98 -45 18 18 27.7231

Lt.: left; Rt.: right; FC: functional connectivity; MTG: middle temporal gyrus;
OFG: orbital frontal gyrus; IFG: inferior frontal gyrus; VaMCI: vascular mild
cognitive impairment; aMCI: amnestic mild cognitive impairment; HC:
healthy control; MNI: Montreal Neurological Institute.
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Figure 2: The results of one-way ANCOVA and post hoc analysis indicated significant decreased FC between the left MTG and the right OFG
(a), the left IFG (b), and the right IFG (c) among the three groups. ∗means p < 0:05 in the two-sample t-test using SPSS21. L: left; R: right; FC:
functional connectivity; MTG: middle temporal gyrus; OFG: orbital frontal gyrus; IFG: inferior frontal gyrus; VaMCI: vascular mild cognitive
impairment; aMCI: amnestic mild cognitive impairment; HC: healthy control.
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In addition, significantly decreased amplitude of low-
frequency fluctuation (ALFF) in the left MTG had been
reported in VaMCI [43]. In the present study, the left MTG
was found to exhibit decreased FCS in the aMCI and VaMCI
groups. Furthermore, compared with aMCI, the VaMCI
group showed more serious FCS reduction in MTG. These
results suggested that, as a critical network node with rich
connections, the MTG was preferentially targeted in cogni-
tion impairment-related diseases, especially in the VaMCI
group.

Subsequently, we made the left MTG-based whole-
brain FC maps for further analysis. Notably, reduced FC
between the left MTG and some frontal brain regions,
including the right OFG and bilateral IFG, were mainly
reported in the VaMCI group. Previous studies indicated
that the small vessel disease-related cognitive impairments,
including the deterioration of psychomotor speed, execu-
tive control, and global cognitive function, may be related
to disruption and disconnection of the frontal-subcortical
pathways [44]. Both IFG and OFG were associated with
the executive function [45, 46]. This is consistent with
the notion that the dorsolateral prefrontal circuit is
involved mainly in executive function [47, 48]. Using
fMRI, decreased ALFF and FC in the frontal lobe have
been repeatedly reported in VaMCI [49–52]. In addition,
orbitofrontal syndromes, such as disinhibition and
decreased social behavior, are more frequent in VaMCI
than in aMCI. In the present study, disrupted FC between
the frontal lobe and MTG was found in the MCI group,
especially the VaMCI group. Furthermore, FC values
between the left MTG and left IFG were associated with
cognitive and living status, each reflected by the MoCA
and ADL scores in VaMCI patients, which may be related
to the executive dysfunction.

Several limitations need to be considered for this study.
First, the sample size of the study was relatively small, and
studies with a larger sample will be needed to replicate the
current findings. Second, there were some subtle differences
between the two MRI sequences. Unified MRI sequence
parameters should be used in the future study.

In conclusion, the present study demonstrated for the
first time that the MCI was associated with disrupted func-
tional brain networks and significantly decreased FCS in
the MTG. Furthermore, disrupted FC between the frontal
lobe and MTG was found in the VaMCI group, which may
be related to the executive dysfunction. These findings may
open a novel way to better understand the pathophysiological
mechanisms of MCI.
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The attached file of supplementary materials presents the
results derived from one-sample t-tests of within-group anal-
ysis for the three groups. Figures S1–S3 show the functional
nodes with a large number of connections in HC, aMCI,
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Figure 3: (a) The FC values between the left MTG and left IFG were positively correlated with the cognitive performance episodic memory
measured by MoCA scores. (b) The FC values between the left MTG and left IFG were negatively correlated with ADL scores. FC: functional
connectivity; MTG: middle temporal gyrus; IFG: inferior frontal gyrus; MoCA:Montreal Cognitive Assessment; ADL: activities of daily living;
VaMCI: vascular mild cognitive impairment.
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and VaMCI, separately. Figures S4–S6 show the whole-brain
FC of the left MTG in HC, aMCI, and VaMCI, separately.
(Supplementary Materials)
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It was reported that acupuncture could treat Alzheimer’s disease (AD) with the potential mechanisms remaining unclear. The aim
of the study is to explore the effect of the combination stimulus of Hegu (LI4) and Taichong (LR3) on the resting-state brain
networks in AD, beyond the default network (DMN). Twenty-eight subjects including 14 AD patients and 14 healthy controls
(HCs) matched by age, gender, and educational level were recruited in this study. After the baseline resting-state MRI scans, the
manual acupuncture stimulation was performed for 3 minutes, and then, another 10 minutes of resting-state fMRI scans was
acquired. In addition to the DMN, five other resting-state networks were identified by independent component analysis (ICA),
including left frontal parietal network (lFPN), right frontal parietal network (rFPN), visual network (VN), sensorimotor network
(SMN), and auditory network (AN). And the impaired connectivity in the lFPN, rFPN, SMN, and VN was found in AD
patients compared with those in HCs. After acupuncture, significantly decreased connectivity in the right middle frontal gyrus
(MFG) of rFPN (P = 0:007) was identified in AD patients. However, reduced connectivity in the right inferior frontal gyrus
(IFG) (P = 0:047) and left superior frontal gyrus (SFG) (P = 0:041) of lFPN and some regions of the SMN (the left inferior
parietal lobula (P = 0:004), left postcentral gyrus (PoCG) (P = 0:001), right PoCG (P = 0:032), and right MFG (P = 0:010)) and
the right MOG of VN (P = 0:003) was indicated in HCs. In addition, after controlling for the effect of acupuncture on HCs, the
functional connectivity of the right cerebellum crus I, left IFG, and left angular gyrus (AG) of lFPN showed to be decreased,
while the left MFG of IFPN and the right lingual gyrus of VN increased in AD patients. These findings might have some
reference values for the interpretation of the combination stimulus of Hegu (LI4) and Taichong (LR3) in AD patients, which
could deepen our understanding of the potential mechanisms of acupuncture on AD.

1. Introduction

Alzheimer’s disease (AD) is the most common type of
dementia and a progressive neurodegenerative disease, which
is characterized by two mainly pathological changes includ-

ing amyloid-beta plaques and neurofibrillary tangles, finally
resulting in neuronal degeneration and loss [1, 2]. The dis-
ease affected millions of elderly subjects worldwide causing
remarkable costs to the society. However, there is no effective
method for early diagnosis and treatment of AD in the world
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[3]. Acupuncture, an alternative and complementary treat-
ment of traditional Chinese medicine, to date, has been
widely used to ameliorate impairments in neuropsychiatric
symptoms in AD patients and rodent models [4]. However,
the potential mechanisms of acupuncture on AD remain
unclear.

Neuroplasticity is the ability of the brain’s response to
intrinsic or environmental demands and reorganizing its
structure and function, which is engaged in brain develop-
ment, learning, and self-healing of neural injuries [5]. Neuro-
genesis, dendritic remodeling and synapse turnover, and
modulation of the structure and function of neuronal net-
works were involved in this physiological process [5–7]. It
was reported that neural plasticity dysfunction may contrib-
ute to brain network disruption in AD [8]. Abnormal func-
tional connectivity was demonstrated to be a candidate
biomarker for AD, and its severity correlates with clinical dis-
ease severity in AD [9]. Previous studies have revealed abnor-
mal large-scale functional brain networks in AD patients,
which include the default mode network (DMN) [9], the
salience network (SN), frontal parietal network (FPN) [10],
visual network (VN) [11], sensorimotor network (SMN)
[12], and auditory network (AN) [13]. We previously found
that enhanced functional connectivity (FC) in some regions
of the DMN caused by the acupuncture stimulation of Hegu
(LI4) and Taichong (LR3) might be associated with improve-
ment of cognitive function in AD patients [14]. According to
traditional Chinese medicine, both Hegu (LI4) and Taichong
(LR3) are known as hubs for internal and external energy
gathering and transforming. And the combination stimulus
of Hegu (LI4) and Taichong (LR3) is defined as “the four
gates,” which is usually applied to promote the circulation
of “Qi” and blood throughout the whole body [14]. Besides
the DMN, the effect of acupuncture on other large-scale
resting-state networks remains unknown in AD.

Herein, we aim to explore the effect of combination stim-
ulus of Hegu (LI4) and Taichong (LR3) on other resting-state
networks including the salience network (SN), frontal parie-
tal network (FPN), visual network (VN), sensorimotor net-
work (SMN), and auditory network (AN) in the AD
patients. Our finding could enrich the understanding of
mechanisms of acupuncture on AD.

2. Materials and Methods

2.1. Subjects. This study was approved by Xuanwu Hospital
Medical Ethics Committee of Capital Medical University.
Fourteen patients diagnosed with AD were recruited from
Xuanwu Hospital of Capital Medical University and under-
went professional and complete physical and neurological
examinations, standard laboratory tests, and specific neuro-
psychological evaluations. The diagnosis of AD fulfilled the
Diagnostic and Statistical Manual of Mental Disorders
(Fourth Edition) criteria [15] for dementia and the National
Institute of Neurological and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders Associa-
tion (NINCDS-ADRDA) criteria [16] for clinically probable
AD. Subjects with AD have a global score of clinical dementia
rating scale (CDR) of 1 or 2 [17]. Fourteen healthy controls

(HCs) with normal cognitive function matched by age, gen-
der, and educational level were included as a healthy control
(HC) group for neuroimaging comparisons.

Individuals with psychosis, stroke, tumors, trauma,
severe hypertension, epilepsy, substance abuse, mental retar-
dation, or contraindications for MRI (cardiac defibrillators,
pacemakers, electromagnetic system implants, mechanical
heart valves or vascular clips, cochlear implants, or claustro-
phobia) were excluded. All participants provided their writ-
ten informed consent before being involved in the study.

2.2. Acupuncture Timeline. Cloud & Dragon brand (Cloud &
Dragon Medical Device Co., Ltd, Jiangsu, China) disposable
acupuncture needles (size 0:30 × 25mm) were used. After
baseline MRI scans, all participants received manual acu-
puncture at bilateral Hegu (LI4, located in the hand dorsum)
and Taichong (LR3, located in the dorsalis of the foot)
(Figure 1 for all point locations). After skin disinfection, acu-
puncture needles were inserted 10 to 15mm into the skin.
Following needle insertion, manual stimulations such as
small, equal manipulations of twirling, lifting, and thrusting
were performed on all needles to induce characteristic sensa-
tion “de qi” (a composite of sensations including soreness,
numbness, distention, heaviness, and other sensations),
which is assigned as an essential component for acupuncture
efficacy [18]. The process of acupuncture stimulation lasted
for three minutes, and then, all needles were withdrawn.

2.3. MRI Acquisition. The baseline resting-state MRI data
were acquired before the process of acupuncture stimulation.
Participants firstly had rest for three minutes and then
received manual acupuncture stimulation for three minutes.
After the needles were withdrawn, another 10 minutes of
resting-state fMRI scans was acquired (Figure 1).

MRI data acquisition was performed on a 3.0T MR
scanner (Siemens, Erlangen, Germany). Foam padding and
headphones were used to control head motion and scanner
noise. The data scan parameters of resting-state fMRI were
as follows: repetition time ðTRÞ = 2,000ms, echo time
ðTEÞ = 40ms, flip angle ðFAÞ = 90°, matrix = 64 × 64, field
of view ðFOVÞ = 240 × 240mm2, slice thickness = 3mm,
slice gap = 1mm, voxel size = 3:75 × 3:75 × 3mm3, and
bandwidth = 2232Hz/pixel. Rapid collection gradient echo
(MP-RAGE) sequence prepared by magnetization method
was used to acquire sagittal T1-weighted MR images
(TR/TE = 1, 900/2:2ms; FA = 9°; matrix = 256 × 256; inver-
sion time = 900ms; slice thickness = 1mm, no gap; 176
slices).

All image data were analyzed using the Data Processing
Assistant for Resting-State fMRI (DPARSFA) [19]. The first
10 volumes of each subject were removed, to make the signal
to reach equilibrium and participants’ adaptation to the scan-
ning noise. The remaining volumes were corrected for
within-scan acquisition time differences between slices, and
the images with head movement greater than 2mm in any
direction or head rotation greater than 2° were excluded. To
spatially normalize the fMRI data, the realigned volumes
were spatially standardized into the MNI space using the
EPI template. The functional images were resampled into a
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voxel size of 3 × 3 × 3mm3. Then, the functional images were
smoothed with a Gaussian kernel of 4 × 4 × 4mm3 full width
at half maximum (FWHM) to reduce the spatial noise.

2.4. Independent Component Analysis (ICA). The putative
resting-state networks analysis was conducted by the group
independent component analysis (ICA) of the GIFT software
(http://icatb.sourceforge.net, version 1.3i) [20], and the min-
imum component length (MDL) criterion was used to deter-
mine the number of independent components (ICs) [21].
The fMRI data of all participants were concatenated into
one group, the temporal dimension of the aggregate dataset
was reduced through principal component analysis (PCA),
and the separation of data was performed by the IC estima-
tion of the informax algorithm (with time course and spatial
maps) [22, 23]. We further compared the stability of IC esti-
mates of image data to account for spatial correlation at order
estimated by minimum description length (MDL) criterion,
based on the filtered and unfiltered data by using the software
package ICASSO. ICs and time courses of each participant
were back-reconstructed by GICA [24].

We identified the brain network by visual inspection,
which was previously described [25]. The individual-level
components were extracted from back-reconstruction and
were converted into z-scores, which reflect the degree of cor-
relation between the time series of a given voxel and the
mean time series of its components. For each network com-
ponent, the z-score of each voxel was defined as the
resting-state intranetwork FC.

2.5. Statistics Analysis. Continuous variables of demo-
graphics and neuropsychological scores were presented as
mean ± standard deviation (SD) and compared by Student’s
t-tests or Mann-Whitney U test based on distributional
properties. Categorical variables were described as percent-
ages and compared by chi-square tests. The statistical tests
were two-sided, and a P value < 0.05 was considered statisti-
cally significant. Analyses were conducted with SPSS version
25.0 (IBM Corp, Armonk, NY, USA).

The statistics analysis of images was performed using Sta-
tistical Parametric Mapping software (SPM12; http://www.fil
.ion.ucl.ac.uk/spm/software/spm12). First, one-sample t-test
was used to achieve the brain network z-statistic map for
each condition (HC_before, HC_after, AD_before, and
AD_after). We use a family-wise error (FWE) correction

with a threshold of P < 0:05 for multiple comparisons. Then,
the statistics mask was made by combining the 4 conditions
(i.e., HC_before, HC_after, AD_before, and AD_after),
which were applied to compare the between-group differ-
ences (HC_before vs AD_before) and the interaction effect
of acupuncture by group (½AD before > AD after� > ½HC
before > HC after�, ½AD after > AD before� > ½HC after >
HC before�). Second, two-sample t-test was used to indicate
the differences of the whole brain network (P< 0.05, FWE
correction) between-group difference in AD and HC groups
before acupuncture (NC_before vs. AD_before) controlling
for gender and age as covariates. Based on the group differ-
ences before acupuncture (HC_before vs. AD_before),
regions of interest (ROIs) were defined according to the acti-
vated clusters. To determine the effect of acupuncture on
modulating brain network connectivity, we extracted the z
values for the regions with different connections. Then, a
paired t-test was involved in comparing the effects of acu-
puncture on the HC and AD groups in each ROI. Finally, a
general linear model (GLM) [26] of covariance was used to
compare the interaction effect (P < 0:05, FWE correction)
of acupuncture (before vs. after) by group (AD vs. HC). In
addition, we calculated the respective simple main effects
(i.e., AD_before vs. AD_after and HC_before vs. HC_after).

Hegu (L14)

Resting-state fMRI scanAcupuncture stimulationResting-state fMRI scan

10 minutes
Step 3

3 minutes
Step 2

3 minutes
Step 1

Taichong (LR3)

Figure 1: Timeline of fMRI acquisition and acupuncture.

Table 1: Characteristics of the patients with AD and HCs.

AD (N = 12) HCs (N = 12) P value

Gender, female/male 7/5 7/5 1.00

Age (year)∗ 67:58 ± 9:05 64:83 ± 6:94 0.259

Education (year)∗ 9:17 ± 3:19 11:58 ± 4:60 0.178

Course (month)∗ 11:5 ± 5:16 — —

MoCA∗ 14:83 ± 3:41 27:75 ± 0:62 <0.01
CDR∗ 1:04 ± 0:33 0:00 ± 0:00 <0.01
AVLT (immediate)∗ 12:17 ± 3:61 25:50 ± 5:39 <0.01
AVLT (short time)∗ 2:58 ± 1:56 10:83 ± 3:01 <0.01
AVLT (long time)∗ 3:25 ± 1:82 12:92 ± 1:73 <0.01
∗Mean ± SD. AD: Alzheimer’s disease; HCs: healthy controls; MoCA:
Montreal Cognitive Assessment; CDR: clinical dementia rating scale;
AVLT: auditory verbal learning test; immediate: immediate recall of
learning verbal; delayed: delayed recall of learning verbal; recognition:
recognition of learning verbal; SD: standard deviation.
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3. Results

3.1. Clinical Data and Neuropsychological Test. In the study,
both two HCs and two AD patients were excluded from the
study due to the head motions (>2mm and 2°). Then, the
clinical information of 24 participants who underwent the
MRI scans is shown in Table 1. There was no significant dif-
ference of age and gender between the AD patients and HCs.
And lower scores of CDR, Montreal Cognitive Assessment
(MoCA), and auditory verbal learning test (AVLT) were
investigated in AD patients compared with those of HCs
(P < 0:01).

3.2. The Identification of Large-Scale Brain Networks in AD
Patients and HCs. Figure 2 showed some intrinsic network
maps for 4 conditions (HC_before, HC_after, AD_before,
and AD_after). Besides the DMN, five components of inter-
est including left frontal parietal network (lFPN), right fron-
tal parietal network (rFPN), auditory network (AN),
sensorimotor network (SMN), and visual network (VN) were
revealed by visual inspection [27].

3.3. Comparison of Functional Connectivity of the Large-Scale
Resting-State Networks between AD Patients and HCs before
Acupuncture. Before acupuncture, except the functional con-
nectivity in the AN without significant difference, the con-

nectivity of other identified networks including lFPN,
rFPN, SMN, and VN showed to be decreased in AD patients,
compared with those of HCs. Some clusters included the left
superior frontal gyrus (SFG), the left middle frontal gyrus
(MFG), left precuneus, the left inferior frontal gyrus (IFG),
and right MFG located in the lFPN; the right angular gyrus
(AG) and right MFG in the rFPN; the left IPL, bilateral post-
central gyrus (PoCG), and right MFG in the SMN; and the
right middle occipital gyrus (MOG) of VN and presented to
be significantly decreased in AD patients (Figure 3 and
Table 2).

3.4. The Effect of Acupuncture on These Networks Separately
in HCs and AD Patients. Then, we explored the associated
pattern of the acupuncture’s influence on these networks
above described, separately in HCs and AD patients. Eight
ROIs showed changes related to acupuncture, which
included the right IFG and left SFG of lFPN; the right MFG
of rFPN; the left IPL, left PoCG, right PoCG, and right
MFG of SMN; and the right MOG of VN. Among these ROIs,
significantly decreased activity in the right MFG of rFPN
(P = 0:007) was identified in AD patients, not in the HCs.
Significantly decreased FC in the right IFG (P = 0:047) and
left SFG (P = 0:041) of lFPN; the left IPL (P = 0:004), left
PoCG (P = 0:001), right PoCG (P = 0:032), and right MFG
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Figure 2: Within-condition anterior DMN (aDMN), posterior DMN (pDMN), left frontal parietal network (lFPN), right frontal parietal
network (rFPN), auditory network (AN), sensorimotor network (SMN), and visual network (VN) connectivity patterns identified by
independent component analysis (ICA), including patterns for the 2 conditions before acupuncture (i.e., HC_before and AD_before) and
2 conditions after acupuncture (i.e., HC_after and AD_after).
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(P = 0:010) of SMN; and the right MOG of VN (P = 0:003)
were identified in HCs, not in the AD patients. (Figure 4).

3.5. The Explorations of the Acupuncture Effect on Large-Scale
Resting-State Networks in AD. Figure 5 shows the interaction
effect of acupuncture by group, and details of related changes
in the FC are shown in Table 3. After controlling for the effect
of acupuncture on HCs, decreased FC in the right cerebellum
crus I, left IFG, and left AG of lFPN was identified, while the
increased FC in the left MFG of IFPN and the right lingual
gyrus of VN was found in AD patients.

4. Discussion

AD is a progressive and complicated neurodegenerative dis-
ease caused by neuronal degeneration and cell loss of the
whole brain [28]. And its symptoms included memory loss,
disorientation, mood and behavior changes, confusion,
unfounded suspicions, and eventually, difficulty speaking,
swallowing, and walking. In our study, we found decreased
FC in some identified large-scale networks including lFPN,
rFPN, SMN, and VN in AD patients, which suggested that
AD might be related to changes of FC in larger-scale func-
tional networks responsible for these abnormal behaviors
[13, 29–31]. Interestingly, we did not find the significant
effect of the combination stimulus of Hegu (LI4) and Tai-
chong (LR3) on all of the identified networks in AD patients.
After controlling for the effect of acupuncture on HCs, we
found the decreased FC in some regions of the lFPN, while
increased FC in some regions of IFPN and VN in AD

Table 2: Comparison of large-scale networks before acupuncture
between AD patients and HCs.

Networks Brain regions
MNI

coordinate BA Cluster size t score
x y z

lFPN

Left SFG -30 60 21 10 44 5.77

Left MFG -48 9 42 8 88 6.53

Left
precuneus

-36 -78 36 19 34 4.65

Right IFG 45 6 39 9 37 5.73

Right MFG 3 24 48 8 28 5.28

Left SFG -24 15 54 8 31 7.79

rFPN
Right AG 42 -60 54 40 63 6.1

Right MFG 30 9 60 6 38 5.19

SMN

Left IPL -42 -30 42 40 36 4.27

Left PoCG -36 -30 69 3 121 7.46

Right PoCG 48 -36 60 40 63 5.35

Right MFG 3 -27 63 6 57 4.94

VN Right MOG 21 -99 0 18 752 8.5

FC: functional connectivity; AD: Alzheimer’s disease; HCs: healthy controls;
BA: Brodmann area; MNI: Montreal Neurological Institute; x, y, and z:
coordinates of primary peak locations in the MNI space; lFPN: left frontal
parietal network; rFPN: right frontal parietal network; SMN: sensorimotor
network; VN: visual network; SFG: superior frontal gyrus; MFG: middle
frontal gyrus; IFG: inferior frontal gyrus; AG: angular gyrus; IPL: inferior
parietal lobule; PoCG: postcentral gyrus; MOG: middle occipital gyrus.
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L R

62

L

R

IFPN
–7.78 5.17

rFPN

SMN VN

L RL

–6.10 5.70

–7.46 4.32 –8.50 5.74

Figure 3: The large-scale resting state networks with different activities of FC between AD patients and HCs before acupuncture (the color
scale represents t values). FC: functional connectivity; AD: Alzheimer’s disease; HCs: healthy controls; lFPN: left frontal parietal network;
rFPN: right frontal parietal network; SMN:, sensorimotor network; VN:, visual network; L: left; R: right.
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Figure 4: Eight regions of large-scale networks with changes of FC after acupuncture. AD: Alzheimer’s disease; HCs: healthy controls; lFPN:
left frontal parietal network; rFPN: right frontal parietal network; SMN: sensorimotor network; VN: visual network; IFG: inferior frontal
gyrus; SFG: superior frontal gyrus; MFG: middle frontal gyrus; IPL: inferior parietal lobule; PoCG: postcentral gyrus; MOG: middle
occipital gyrus.
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Figure 5: Decreased or increased FC possibly related to acupuncture in some regions of lFPN and VN in AD patients (the color scale
represents t values). FC: functional connectivity; lFPN: left frontal parietal network; VN: visual network; L: left; R: right.

Table 3: Brain regions with decreased or increased FC possibly related to acupuncture in the AD patients.

Networks Brain regions
MNI coordinate

BA Cluster size t score
x y z

Decreased: AD before > AD afterð Þ > HC before > HC afterð Þ

lFPN

Right cerebellum crus I 36 -63 39 — 111 5.37

Left IFG -45 30 -15 47 48 5.81

Left AG -39 -63 33 39 90 6.42

Increased: AD after > AD beforeð Þ > HC after > HC beforeð Þ
lFPN Left MFG -24 18 51 8 30 5.68

VN Right LG 15 -72 -6 18 29 4.73

FC: functional connectivity; AD: Alzheimer’s disease; HCs: healthy controls; BA: Brodmann area; MNI: Montreal Neurological Institute; x, y, and z: coordinates
of primary peak locations in theMNI space; lFPN: left frontal parietal network; VN: visual network; IFG: inferior frontal gyrus; AG: angular gyrus; MFG: middle
frontal gyrus; LG: lingual gyrus.
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patients, which might suggest the effect of acupuncture on
some restricted regions of specific brain networks selectively
in AD. These results revealed the effect of the acupuncture
stimulation of Hegu (LI4) and Taichong (LR3) on some
large-scale brain networks of AD patients beyond DMN
and might suggest the potential mechanism of acupuncture’s
effect on AD.

The FPN was reported to play an important role in the
executive control function and language [32]. Many studies
indicated that the functional disconnection and compensa-
tion in the FPN might coexist in AD [33]. Zhao et al. found
that the superior parietal gyrus (SPG) regions and left para-
central lobule (PCL) of FPN presented increased FC, while
the left supramarginal gyrus (SMG) and left inferior parietal
(IPL.L) regions showed decreased FC in AD patients [34].
Although our results showed FC reduced within the FPN in
AD patients, we found both disrupted and excessive
enhanced FC of different regions in lFPN after combination
stimulus of Hegu (LI4) and Taichong (LR3). It is possible that
during acupuncture, the region was activated to preserve and
compensate for losses in function attributable to the degener-
ative effects of the disease; conversely, the region was reduced
to restrain the excessive enhance due to the disease. All these
findings might have coincided with the theory of dynamic
functional reorganization.

Usually, visual cortices are activated not only by visual
stimuli but also by visual mental imaginary and remembering
[35]. Previous studies suggested that acupuncture at Tai-
chong (LR3) could specifically perform the bidirectional reg-
ulation (excitation and inhibition) on vision-related brain
areas [36, 37], which might be a mechanism for treating
vision-related diseases. This observation confirmed reduced
FC of VN in the healthy olds and further verified that acu-
puncture stimulus of Taichong (LR3) might specifically reg-
ulate the VN. Moreover, complex visual disturbances are
observed in AD patients, including constructional and visuo-
perceptual disorientation, specifically difficulties in searching
for objects (figure–ground discrimination), finding their way
in familiar surroundings (environmental agnosia) [38, 39].
Many studies found that the reduced FC of ventral/dorsal
VN could play a crucial role in the visuospatial disorder of
patients with AD pathology [9, 40–42], which may associate
with amyloid-beta and neurofibrillary tangle (NFT) aggrega-
tion as well as neurodegeneration and axonal damage in
visual cortical regions in AD pathology [43]. We found that
combination stimulus of Hegu (LI4) and Taichong (LR3)
activated FC of some regions in the VN of AD patients,
which suggested acupuncture at Hegu (LI4) and Taichong
(LR3) might treat visual disturbances in AD.

Many evidences suggested that stimulation at Hegu (LI4)
and Taichong (LR3) induced distinct response patterns. For
example, it was reported that acupuncture at Hegu (LI4)
mainly specifically deactivated right frontal areas [37]. And
many researches showed that acupuncture at Taichong
(LR3) mainly specifically activated the brain functional net-
work that participates in visual function, associative function,
and emotion cognition [37, 44]. This observation identified
decreased FC of the rPFN in AD patients and significantly
reduced FC of the SMN, lFPN, and VN in the HCs after acu-

puncture at Hegu (LI4) and Taichong (LR3). These results
coincided with previous findings, which suggested that acu-
puncture at Hegu (LI4) and Taichong (LR3) may regulate
the neuroplasticity of specific brain networks to induce ther-
apeutic effects. But we only find acupuncture at Hegu (LI4)
and Taichong (LR3) effect in the VN and lFPN in AD
patients, after controlling for the effect of acupuncture on
HCs. This might be partly explained by pathology and char-
acteristics of AD; that is, the destruction of the SMN and
rFPN due to AD might be so severe that acupuncture failed
to preserve their integrality. Thus, FC in more regions were
significantly changed in HC than AD. Moreover, a relatively
small sample size might provide another explanation.

Previous studies have found that acupuncture could
modulate the synaptic plasticity in AD patients or animal
model [45], by enhancing long-term potentiation (LTP)
and long-term depression (LTD) of the hippocampus [46],
increasing the synapse number and postsynaptic density
thickness [47], and modulating regional spontaneous activity
[48, 49]. It is well known that neuroplasticity might contrib-
ute to preserve the integrality of brain networks. In this study,
the neurophysiology mechanism of this influence on the
lFPN and VN of AD patients remains unclear, which remains
to be established.

There are still some limitations in our study. First, we did
not demonstrate whether the enhancement or reduction was
associated with acupoint specificity due to the lack of the
sham acupuncture needle. Second, we did not find the corre-
lation between changes of functional connectivity of these
networks after acupuncture and behaviors in AD patients.
Third, a relatively small sample size was included in this
study. Furthermore, despite controlling the sequence of scan
and using the ICA method, the influence of the scan lengths
on the reliability and similarity of FC would be inescapable
[50, 51]. The changes in FC after a fewminutes of stimulation
may be merely a transient change in reactivity, which might
not completely equal to the effect of acupuncture on neuro-
plasticity. Given that the sustained effect of acupuncture on
the network is unclear, in the future, we will design a longitu-
dinal study to trace these patients at different time points and
explore the alteration of brain network in patients with AD
after acupuncture for a period time. Therefore, future longi-
tudinal studies with a much larger sample are warranted to
elucidate the progressive functional changes caused by acu-
puncture in AD patients and its relationship with the clinical
performances.

5. Conclusion

In conclusion, by using the ICA method, our study found
that the activity of large-scale brain networks in AD patients
could be mediated by the acupuncture stimulation on Hegu
(LI4) and Taichong (LR3). These findings have important
implications for the underlying neurobiology of AD and the
effect of acupuncture on the disease, which might have some
reference values for the interpretation of the therapeutic
effects of acupuncture at Hegu (LI4) and Taichong (LR3)
on AD in the future.
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Although pain is regarded as a global public health priority, analgesic therapy remains a significant challenge. Pain is a
hypersensitivity state caused by peripheral and central sensitization, with the latter considered the culprit for chronic pain. This
study summarizes the pathogenesis of central sensitization from the perspective of neuroglial crosstalk and synaptic plasticity
and underlines the related analgesic mechanisms of acupuncture. Central sensitization is modulated by the neurotransmitters
and neuropeptides involved in the ascending excitatory pathway and the descending pain modulatory system. Acupuncture
analgesia is associated with downregulating glutamate in the ascending excitatory pathway and upregulating opioids,
?-aminobutyric acid, norepinephrine, and 5-hydroxytryptamine in the descending pain modulatory system. Furthermore, it is
increasingly appreciated that neurotransmitters, cytokines, and chemokines are implicated in neuroglial crosstalk and associated
plasticity, thus contributing to central sensitization. Acupuncture produces its analgesic action by inhibiting cytokines, such as
interleukin-1β, interleukin-6, and tumor necrosis factor-α, and upregulating interleukin-10, as well as modulating chemokines
and their receptors such as CX3CL1/CX3CR1, CXCL12/CXCR4, CCL2/CCR2, and CXCL1/CXCR2. These factors are regulated
by acupuncture through the activation of multiple signaling pathways, including mitogen-activated protein kinase signaling
(e.g., the p38, extracellular signal-regulated kinases, and c-Jun-N-terminal kinase pathways), which contribute to the activation
of nociceptive neurons. However, the responses of chemokines to acupuncture vary among the types of pain models,
acupuncture methods, and stimulation parameters. Thus, the exact mechanisms require future clarification. Taken together,
inhibition of central sensitization modulated by neuroglial plasticity is central in acupuncture analgesia, providing a novel
insight for the clinical application of acupuncture analgesia.

1. Introduction

Pain is mediated by nociceptive nerve fibers and is a physio-
logical alarm response to protect the body by reducing tissue
damage from injury [1]. Thirty to fifty percent of patients with
pathological pain suffer from anxiety and depression long after
wound healing. Both the pain and unpleasant emotions affect

their quality of life and cause serious social and economic con-
sequences [2, 3]. However, the solution for chronic pain
remains a major challenge throughout the world. Oral drugs
are often the first choice, and their usage has expanded expo-
nentially in recent years [4]. Unfortunately, the extensive
application of analgesic drugs may result in organ damage
and abuse, together with causing serious social problems [5].
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For example, long-term overuse of opioids, the most common
class of prescribed painkillers, can lead to side effects such as
addiction, tolerance, and drowsiness, as well as impaired
memory, attention, and judgment. Opioid abuse can also
potentially cause respiratory depression [6, 7]. Therefore, a
natural analgesic that can also regulate pain-related moods
and cognitive disorders is necessary.

Acupuncture therapy is a well-known treatment that
originated in China and has been applied in 183 countries
and regions all over the world [8, 9]. Long-term clinical prac-
tice has proved that acupuncture is an effective treatment to
relieve pain. The World Health Organization has recom-
mended acupuncture for more than 30 types of pain condi-
tions, including lumbago, headache, sciatica, and
postoperative pain [10]. Referring to the National Guideline
Clearinghouse (http://www.guidelines.gov/), there are 49
specific medical recommendations for acupuncture, of which
37 (75.51%) are pain-related diseases [11]. At present, many
clinical randomized controlled trials (RCTs) have demon-
strated the analgesic effect of acupuncture [12]. As shown
in a 16-week RCT, compared with sham acupuncture treat-
ment and awaiting-treatment groups, acupuncture treatment
could significantly reduce the incidence of migraine without
premonitory migraine, an effect that lasted at least 24 weeks
[13]. A meta-analysis by Vickers et al. analyzed the individual
data of patients in RCTs with nonspecific musculoskeletal
pain, osteoarthritis, shoulder pain, and chronic headache,
concluding that acupuncture is effective for the treatment
of chronic pain and has long-lasting therapeutic effects
[12]. These studies have indicated that acupuncture analgesia
is effective and safe and can improve the quality of life of
patients suffering from pain.

Pain is caused by tissue damage or similar pathophysiolog-
ical causes. Pain sensitization plays a key role in pain occur-
rence and maintenance. Pain sensitization starts from the
sensitization of peripheral nerves and involves a series of neu-
roplastic changes in the spinal cord and brain [14, 15], namely,
central sensitization. Neurotransmitters, neurotrophic factors,
lipids, and cytokines/chemokines play important roles in the
communication between neurons and glial cells in both
peripheral and central sensitization [16, 17]. Interestingly,
increasing evidence suggests that acupuncture can alleviate
central sensitization induced by glial cell-mediated inflamma-
tion to achieve analgesia [18, 19]. Therefore, we have summa-
rized the analgesic mechanisms of acupuncture in terms of
neuroglial crosstalk and neuroplasticity-mediated central sen-
sitization, highlighting the central neuroimmunological regu-
lating mechanisms and providing novel evidence and
insights for the clinical application of acupuncture.

2. Methods

2.1. Search Strategy. We searched the PubMed database for
published studies, from January 2010 to April 2020. The key-
words included [“acupuncture” or “electroacupuncture” or
“manual acupuncture”] and [“pain” or “analgesia” or “anal-
gesic”]. The language was limited to English. The filter pro-
cess was done firstly by the website’s search engine which
initially identified 2888 articles.

2.2. Study Selection.Of these articles, we excluded 1264 articles
due to the absence of an abstract or unavailability of the full
text, leaving 1624 articles. Hand searching was performed by
screening the reference lists of articles that met our inclusion
criteria based on the titles and abstracts. Of these, we excluded
930 articles as not related to acupuncture and pain in the titles
and abstracts before full-text assessments resulting in 694 arti-
cles. These included 216 basic research articles, 319 clinical
research articles, and 159 review articles or meta-analyses.
The full texts of 216 basic research articles meeting the inclu-
sion criteria were obtained and read carefully. Of these, 155
articles were excluded from 216 basic researches due to not
be focused on central sensitivity mechanisms, resulting in 61
articles. A flowchart of the search process is shown in Figure 1.

2.3. Data Extraction. Of 61 basic researches on the central
mechanism, the information from 35 typical and recently
published studies are listed in Table 1 due to similarities in
some of the studies, to analyze the central sensitization-
related mechanisms of acupuncture analgesia. The study
design data were extracted and classified using a predefined
data extraction form that designated the pain model type,
the intervention (methods, acupoints, acupuncture parame-
ters), and the outcome measures (pain-related behavior,
mechanism indexes). The data were extracted mainly by
one author and were checked by the other authors.

3. Role of Neural-Immune Crosstalk in
Peripheral Sensitization

The basic process of pain generation occurs when nocicep-
tors located in the periphery of peptidergic and nonpeptider-
gic primary nociceptive neurons selectively respond to
thermal, mechanical nociception, and irritating chemicals.

PubMed database
2888 articles

1624 articles

Exclude 1264 articles
Not available to the full text

No abstract

Exclude 930 articles
Not related to acupuncture

and pain

694 articles

Exclude 478 articles
Clinical research: 319

Review/meta-analysis: 159

216 articles
Basic research

155 articles
Not be focused on central

sensitivity mechanisms

61 articles
Central sensitivity

Figure 1: Flow chart of the search processes.
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During this process, related neurons in the dorsal root ganglia
depolarize and generate receptor potentials, converting physical
or chemical information to electrical information. The electrical
information is transmitted along the sensory pathway to the
spinal cord and other primary centers. The integrated informa-
tion from the primary center can be transmitted to higher cen-
ters in the brain to form the pain sensation, or to the motor
neurons in the anterior horn to produce a reflex [20].

Pain sensitization is a remodeling mechanism of the
central and peripheral nociceptive receptors. Continuous
stimulation such as tissue and nerve injury remodels the
nociceptor to produce pain sensitization, specifically, periph-
eral sensitization, is indicative of primary hyperalgesia,
including peripheral nociceptive receptors and dorsal root
ganglion DRG [21]. Neuroimmune interactions are essential
for peripheral sensitization [22]. There are two types of
peripheral inflammation: tissue and neurogenic inflamma-
tion. Tissue damage can cause the local release of histamine,
vascular dilatation, increased blood flow, and vascular exuda-
tion, as well as the release of various cytokines/chemokines
and agglutination factors. The immune cells (including mac-
rophages, mast cells, neutrophils, and lymphocytes) release
inflammatory mediators to aggravate pain and, at the same
time, release endogenous opioid peptides to inhibit periph-
eral inflammatory pain [23]. In recent years, cytokines/che-
mokines have been found to be involved in regulating and
sensitizing the excitability of nociceptors. Inflammatory
cytokines (interleukin-1β (IL-1β), IL-6 and tumor necrosis
factor-α (TNF-α)) mediate allodynia (pain resulting from a
stimulus that would not normally provoke pain), hyperal-
gesia (increased response to noxious stimulation), and
increasing the expression levels of substance P (SP) and
prostaglandin E2 (PGE2) in neurons and glial cells in
the DRG. Structurally, chemokines are similar to cyto-
kines, and their receptors are expressed in the DRG. For
instance, monocyte chemoattractant protein-1 (CCL2)
and its receptor, C-C chemokine receptor type 2 (CCR2),
were both increased in the nerve injury model. Moreover,
CCL2 can promote the interaction between immune cells
and nociceptors, thus playing a key role in inflammatory
and neuropathic pain [20]. At the same time, the excitatory
effect of cytokines/chemokines on nociceptive neurons is
manifested by regulating the opening of ion channels; specif-
ically, the activation of chemokine receptors can regulate the
current in voltage-gated calcium channels (VGCCs) [20].

Neurogenic inflammation is caused by chemicals, such as
SP and calcitonin gene-related peptide (CGRP), that are
released from primary nociceptive neurons [24]. Upon
peripheral tissue injury, sustained nociceptive stimulation
or inflammation sensitizes the nociceptors. These discharges
activate ?-aminobutyric acid (GABA) neurons by acting on
N-methyl-D-aspartate (NMDA) or non-NMDA receptors in
the intermediate neurons of the spinal cord and cause depo-
larization by acting on adjacent primary afferent terminals.
The discharge also produces a dorsal root reflex by retrograde
conduction, leading to the resensitization of the injury
receptors mediated by neurogenic inflammation and finally
inducing paresthesia and allodynia [20]. In addition, the
sympathetic nervous system participates in strengthening

the neurogenic inflammatory process, and neuroimmune
crosstalk plays an important role in peripheral sensitivity.

4. Central Sensitization in Pain Transmission
and Modulation Pathways Is a Crucial
Target for Acupuncture Analgesia

Central sensitization, namely secondary hyperalgesia, includ-
ing the disbalance of the ascending excitatory pathway and
descending pain modulatory system, plays a vital role in the
development and maintenance of chronic pain [25]. In the
ascending excitatory pathway, amplification of neural signal-
ing within the central nervous system (CNS) produces a state
of neuronal hyperactivity and hyperexcitability in the spinal
cord and brain, leading to hyperalgesia [26]. This occurs
mainly in the lamina I and lamina V neurons of the spinal
cord, as well as in medullary reticular formation, thalamus,
hypothalamus, cerebellum, amygdala, basal ganglia, hippo-
campus, cortexes S1 and S2, insula, anterior cingulate cortex
(ACC), prefrontal cortex, and some related cortical areas in
the parietal and temporal lobes [27–30]. The descending pain
modulatory system arises from a number of supraspinal sites,
including the midbrain periaqueductal gray (PAG) that pro-
jects indirectly to the spinal cord via the rostral ventromedial
medulla (RVM), lateral and caudal dorsal reticular nucleus
(DRN), and ventrolateral medulla, of which the PAG-RVM
system has been most studied [31].

As shown in Table 1, the neuropathic pain models,
including pain generated by chronic constriction injury,
chemotherapy-induced pain, spinal nerve ligation, and spinal
cord injury, have been widely used in the study of central
sensitization-mediated acupuncture analgesia. Inflammatory
pain induced by the administration of complete Freund’s
adjuvant also causes central sensitization, including the dual
mechanisms of peripheral and central sensitization. Many of
these studies have used electroacupuncture (EA) rather than
manual acupuncture, and the acupressure points ST36 and
SP6 have been most used. Both low frequencies at 2-15Hz
and, alternatively, higher frequencies between 2Hz and
100Hz were effective in EA analgesia, providing useful infor-
mation for maximizing the effects of acupuncture analgesia
in clinical settings.

4.1. Acupuncture Inhibits the Ascending Excitatory Pathway.
As described in Section 1, nociceptive receptors are com-
posed of types Aδ and C sensory fibers which transduce nox-
ious stimuli from damaged peripheral tissues to the spinal
cord. Neuroplasticity in the dorsal horn of the spinal cord
assists and enhances pain perception by the nociceptive
neurons. Central sensitization includes three processes: acti-
vation, sensitization, and modification of the CNS [32].
These are characterized by increases in the excitatory post-
synaptic current (EPSC), including windup, long-term
potentiation (LTP), and disinhibition. Among these, LTP
caused by both high- and low-frequency electrical stimula-
tion, nerve damage, or tissue damage is a process in which
a transient synaptic activity can produce a long-lasting
increase in synaptic strength. LTP relies on NMDA receptors
(NMDARs) and voltage-dependent calcium channels, and
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results in calcium influx, thereby activating protein kinase A,
protein kinase C, and calcium/calmodulin-dependent pro-
tein kinase II (CaMKII) [33]. Protein synthesis is necessary
for late-phase LTP (L-LTP), and administration of brain-
derived neurotrophic factor (BDNF) in the spinal dorsal
horn and the hippocampus can induce L-LTP of C-fiber
potentials [34]. Disinhibition includes a reduction of
GABAergic and/or glycinergic inhibition and an enhance-
ment of Aβ and C fiber sensitivity. The loss of inhibitory
interneurons, impaired storage and/or release of inhibitory
neurotransmitters, and impaired postsynaptic receptor activ-
ity have been proposed as the mechanisms underlying disin-
hibition [35]. Finally, the integrated signals travel through
the spinal cord to the thalamus, where the location and inten-
sity of the pain is processed. The signal then travels to the
classic pain nerve circuit, the cerebral sensory cortex (S1,
S2), which distinguishes the location and duration of the pain
[36]. Apart from S1 and S2, neuronal activities in the ACC,
insular cortex, and amygdala also contribute to various
aspects of pain perception, including the experience of dis-
comfort [37].

In terms of the molecular mechanisms, primary nocicep-
tive neurons release glutamate, SP, CGRP, adenosine triphos-
phate (ATP), and neurokinin-1 (NK1) into the spinal cord.
These molecules interact with their receptors, including
NMDARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropio-
nic acid receptors (AMPAR), metabotropic glutamate recep-
tors (mGluR), SP receptors (NK1R), calcitonin receptor-like
receptors (CRLR), and purinergic receptors (P2X, P2Y) of
the spinal nociceptive projection neurons. This induces an
influx of Ca2+ into the pain neurons of the spinal cord [38],
activating calcium-dependent intracellular cascades, inducing
NMDAR phosphorylation [39], ultimately resulting in the
generation of nociceptive information throughout the spi-
nothalamic pain pathway [40, 41]. Thus, these mediators
released by nociceptive neurons cause neural hyperexcitability
and nociceptive transmission.

Glutamate is the most important and widely distributed
excitatory neurotransmitter in the CNS and plays a critical
role in the ascending excitatory pathway. Glutamate recep-
tors are broadly divided into two groups, metabotropic gluta-
mate receptors (mGluRs), and cation-permeable ionotropic
glutamate receptors (iGluRs), which are, in turn, subdivided
into NMDAR, Kainate-type iGluR, and AMPAR. Excitatory
glutamatergic transmission plays a crucial role in the onset
of chronic pain and is characterized by an increase in gluta-
mate concentrations and receptor stimulation, leading to the
transmission of pain messages [77, 78]. Somers et al. investi-
gated the effects and potential mechanisms of transcutaneous
electrical nerve stimulation (TENS) on neuropathic pain
caused by chronic constriction injury (CCI). The mechanical
allodynia was relieved by decreased concentrations of excit-
atory glutamate in the dorsal horn with a combination of
low- and high-frequency TENS [79]. Recent evidence has
shown that 2Hz EA bilateral stimulation on the Zusanli
(ST36) and Sanyinjiao (SP6) acupressure points produced
analgesic effects through the downregulation of the N-
methyl-D-aspartate receptor type 2B (NR2B, NMDAR sub-
unit), inhibiting the transmission of pain messages in a CCI

rat model [42]. AMPAR consists of four subunits (GluR1-
R4). EA has been demonstrated to prevent phosphorylation
of AMPAR, especially the GluR2 subunit, in a Complete
Freund’s Adjuvant (CFA) model [43, 44]. In addition, the
antinociceptive effect of EA is proposed to be related to the
recovery of glutamate transporter (GT) expression, which
can remove excess glutamate from the synaptic clefts. Both
the spinal glutamate-aspartate transporter and GT1, which
are mainly distributed in glial cells, were increased after EA
treatment in CFA-injected rats as a result of proteasome
downregulation [45]. A similar response has also been
observed in a neuropathic pain model of spared nerve injury
treated with EA [46]. Glutamatergic synaptic transmission is
coupled with excess Ca2+ entry into projection neurons and
results in the activation of the Ca2+-dependent enzyme Ca2+/-
calmodulin-dependent protein kinase II (CamKII) and phos-
phorylation of the NR2B subunit of NMDAR at postsynaptic
sites in the ACC, thus modulating visceral pain in a viscerally
hypersensitive model [80]. It was reported that EA at ST36
and Kunlun (BL60) could reverse the actions of the calcium
voltage-gated channel subunit and calcium voltage-gated
channel auxiliary subunit γ, thus reducing chronic inflamma-
tory pain (CIP) in the CFA rats [47].

4.2. Acupuncture Regulates the Descending Pain Modulatory
System. It is now clear that the descending pain modulatory
pathway can be both facilitatory and inhibitory, with a
dynamic balance between the two functions. When acute
pain turns to chronic pain, the descending facilitation func-
tion is dominant, leading to enhanced pain sensitization
and even “mirror pain,” in which the rostral RVM plays a
key role. Descending projections from the RVM, identified
as ON and OFF cells, facilitate and inhibit spinal nociceptive
transmission, respectively. For example, RVM lesions or
functional silencing can prevent pain sensitization induced
by nerve injury. Excitatory amino acids, AMPAR, NMDAR,
and the BDNF/TrkB signaling pathway are also involved
in the process of descending facilitation. Several neuro-
transmitters (e.g., opioid, GABA, norepinephrine, and 5-
hydroxytryptamine (5-HT)) are involved in these descend-
ing pathways [20]. It has been demonstrated that acupunc-
ture functions mainly through facilitating the descending
inhibitory system to ease pain, while the regulation of acu-
puncture on the descending facilitation system is poorly
understood. Limited results have suggested that EA relieves
inflammatory pain via inhibiting the activation of p38
mitogen-activated protein kinases (MAPK) in the central
descending facilitation system [48]. In addition, EA poten-
tiates the descending inhibitory control of 5-HT in the
medulla via cannabinoid receptors on GABAergic but not
glutamatergic neurons, thus inhibiting knee osteoarthritis
pain [49].

4.2.1. Regulation of Opioids and Their Receptors by
Acupuncture. Opioids and their receptors help reduce the
excitatory transmitter release in the midbrain descending
pathway, especially in the PAG-RVM system [81]. Kissiwaa
et al. found that opioid receptors, mainly the μ opioid recep-
tors (MORs), could inhibit glutamate release at synapses in
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the amygdala [82]. In addition, the analgesic capacity of
MORs in the PAG was negatively regulated by glutamate-
binding NMDAR NR1 subunits [83]. Until now, the activa-
tion of endogenous opioids (e.g., enkephalin, β-endorphin,
and dynorphin)/opioid receptor (e.g., μ and δ opioid recep-
tors) is the best-understood mechanism of acupuncture
analgesia [50, 84–87]. Although different frequencies of EA
can be reversed by the opioid antagonist naloxone, the types
of opioids that mediate EA effects vary according to the EA
frequency. For example, a single administration of 2Hz EA
at ST36 for 20 minutes can alleviate hyperalgesia during
ethanol withdrawal through the mediation of MORs in the
lateral habenula (LHb), an epithalamic structure rich in
MORs. Activation of MORs may inhibit the release of gluta-
mate in the LHb, which can block the descending nociceptive
signal from the LHb to the PAG, thus reducing pain [50].
Besides MORs, 10Hz EA at Huantiao (GB30) can signifi-
cantly relieve paclitaxel-induced mechanical allodynia and
hyperalgesia via the δ or κ opioid receptors [51].

4.2.2. Regulation of Nonopioid
Neurotransmitters by Acupuncture

(1) GABAergic Inhibitory Interneuron Network. GABA is an
important inhibitory neurotransmitter that is involved in
the reduction of pain sensation through presynaptic inhi-
bition [88]. The imbalance between excitatory glutamater-
gic and inhibitory GABAergic transmission, particularly
decreased inhibition of GABAergic synaptic transmission
in the spinal pain circuit, has been considered to underlie
the development of central sensitization [23, 27, 52, 89, 90].
It was also found that RVM GABAergic neurons could facil-
itate mechanical pain by inhibiting dorsal horn enkephali-
nergic/GABAergic interneurons [91]. EA may initiate
analgesia by increasing GABA expression on the descending
pain modulatory pathways in the PAG [52]. Furthermore,
the GABA receptor, a ligand-gated ionotropic receptor, is
located mainly in postsynaptic neurons and contributes to
the initiation of fast synaptic inhibition, thus being the major
target for producing sedation [92]. EA at the bilateral L4 and
L6 of Hua Tuo Jia Ji points (EX-B2) [53] or ST36 and Yan-
glingquan (GB34) points can significantly reduce neuro-
pathic pain by increasing the GABA receptors in the spinal
cord [54]. Moreover, EA can support the GABAergic system
by reducing the rate of GABA reuptake. GABA transporter-1
(GAT1), the dominant neuronal GABA transporter, controls
GABA concentrations, and EA was found to reduce GAT1
activity via activating the δ-opioid receptor in the PAG
[93]. Taken together, acupuncture can modulate the
GABAergic system by increasing GABA expression, activat-
ing the GABA receptor, and inhibiting GABA reuptake.

(2) Norepinephrine. Norepinephrine is released from
descending projection into the dorsal horn and helps to
evoke an antinociceptive effect. The depletion of spinal nor-
epinephrine caused mechanical hypersensitivity in a dose-
dependent manner in a chronic pain rat model [94]. Studies
have clearly shown that norepinephrine is involved in acu-
puncture analgesia. A previous report by Choi et al. demon-

strated that EA stimulation (2mA, 2Hz, 30min, once every
two days) at bilateral ST36 could significantly diminish
paclitaxel-induced neuropathic pain. Further studies have
shown that the antinociceptive effect of EA was mediated
by spinal descending adrenergic pathways through the
activation of the α2- and β-spinal adrenoceptors in mice
[55, 56]. Consistent with these results, studies have shown
that EA-induced analgesia in a rat model of an ankle sprain
is mediated mainly by suppressing dorsal horn neuron activ-
ity through α-adrenoceptors [57]. In addition, studies have
shown that the analgesic effect of 10-Hz-EA was regulated
by the spinal α2a-adrenoceptor, compared to the α2b-adre-
noceptor in a CFA-induced inflammatory pain model [58].
It has also been found that intrathecal injection of desipra-
mine, a selective noradrenaline uptake inhibitor, increased
the availability of spinal noradrenaline and prolonged the
antinociception effect of EA [59].

(3) 5-Hydroxytryptamine. 5-HT (also called serotonin) arises
largely from the RVM to the spinal cord and exerts biphasic
modulation in the descending facilitation and inhibitory
pathways. The facilitatory and inhibitory influence on the
spinal processing of nociceptive information were mediated
through recruitment of RVM ON or OFF cells, respectively,
and depended on acute or chronic pain states and the type
of receptor acted upon [60, 95]. A low dose of 5-HT produces
facilitation of fast EPSCs in the spinal cord, while a high dose
of 5-HT induces inhibition of AMPA/kainite-receptor-medi-
ated EPSCs [88, 96]. Numerous studies have shown the
involvement of the 5-HT and 5-HT receptors in acupuncture
analgesia effects [60, 97–99]. EA at 100Hz, but not 2, 50, or
2/100Hz, was effective in alleviating the pain-depression
dyad and upregulating 5-HT in the DRN of reserpine-
injected rats [60]. In a CFA-inflammatory pain model,
10Hz EA inhibited thermal hyperalgesia through the activa-
tion of spinal 5-hydroxytryptamine 1A receptors (5-HT1AR)
but not 5-HT2BR, 5-HT2CR, or 5-HT3R [58, 61]. Consistent
with these results, EA activated spinal 5-HT1AR to alleviate
both allodynia and hyperalgesia in CIP rats [62]. In an oste-
oarthritis model, the effectiveness and mechanisms of EA
were focused on the involvement of spinal 5-HT2A/2C
receptors [63]. Taken together, these data suggest that spinal
5-HT and its receptors are involved in acupuncture analgesia
but the effects differ according to both animal models and EA
frequencies.

4.3. Role of the Tripartite Synapse in Acupuncture Analgesia

4.3.1. Neuroglial Crosstalk Regulates the Neural Plasticity.
Vladimir Parpura first proposed the concept of the “tripartite
synapse” in 1994 [100]. This concept added glial cells
(astrocytes and microglia) to the original classic pre- and
postsynaptic neuronal cells, thus emphasizing the impor-
tant roles of glial cells in synaptic transmission and regula-
tion. It is noteworthy that recent studies have shown that
central sensitization driven by neuroinflammation in the
CNS is accompanied by glial activation, including the acti-
vation of astrocytes, microglia, and oligodendrocytes in the
spinal cord and brain [101]. Lau and coworkers found that
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L5 spinal nerve ligation (SNL) caused the upregulation of
cyclooxygenase-1 (COX-1) and COX-2 in spinal microglial
and neuronal cells; these enzymes are involved in the produc-
tion of prostaglandins (PGs) via arachidonic acid pathways
and, in turn, lead to the development of neuropathic pain
[102]. Functional imaging also showed elevated cerebral
levels of the translocator protein, a marker of glial activation,
in patients with chronic low back pain [103]. Therefore,
chronic pain may also be the result of “gliopathy” [104].

It is increasingly clear that neural plasticity is regulated by
neuroglial crosstalk. After peripheral tissue or nerve damage,
neurotransmitters such as glutamate, SP, and CGRP released
from nociceptive primary afferent fibers in the dorsal horn
not only cause intense high-frequency activation of the neu-
ral postsynaptic receptors and amplification of the postsyn-
aptic current but also interact with their corresponding
receptors on microglia and astrocytes [105–107], activating
the voltage-dependent calcium channel and inducing calcium
entry into the neuron. Glia-derived substances are termed
gliotransmitters and include cytokines (IL-1, IL-6, and TNF-
α), chemokines (CCL2 [108] and CXCL1 [109]), and inflam-
matory mediators (e.g., bradykinin, PGs, and nitric oxide).
These chemicals promote an inflammatory environment
[101] and act as chemical mediators to amplify neuroglial
reactivity in a paracrine manner, favoring the elevation of
these mediators in the dorsal horn of the spinal cord [110].
As an example, TNF-α acting at the TNF-α receptor 1
(TNFR1) functions in the development of pain by facilitating
excitatory synaptic signaling in the acute phases after nerve
injury in CCI mice compared with sham control mice [111].
TNF-α contributes to neural plasticity through mechanisms
involving the downregulation of GTs, upregulation of the
glutamate concentration in the synapse, and phosphoryla-
tion of NMDAR. TNF-α subsequently promotes the facilita-
tion of excitatory synaptic transmission and downregulates
the expression of GABA receptors, thus reducing the inhibi-
tion of excitatory transmission [112]. Chemokines can also
regulate the interactions of neurons and glial cells, e.g.,
CCL2 derived from astrocytes can “talk to” neurons by
regulating neuronal activity via c-Jun-N-terminal kinase
(JNK) MAPK [108]. These mediators produced by active
glial cells contribute to neural plasticity. During the process,
the activated glia can release prostaglandin, BDNF, nitric
oxide, and other neuroactive substances; reduce the inhibi-
tory effects of GABA; and upregulate the expression of
NMDARs, thereby increasing nerve excitability and main-
taining neuropathic pain [22, 113]. Moreover, modification
of glial cell numbers in the brain is likely correlated with the
emotional experience of pain, as well as mood disorders
such as depression and anxiety [114]. Once activated, the
glial cells in the spinal cord release cytokines that provide
positive feedback, further enhancing excitatory synaptic
transmission.

4.3.2. Inhibition of Glial Activity by Acupuncture. It has been
shown that in the neuropathic pain model induced by SNL,
the inhibition of spinal microglia and astrocytes mediates
the immediate and long-term EA analgesia, respectively
[64]. It has also been reported that the analgesic efficacy of

EA might be related to the modulation of microglial and
astrocyte activation [115–117]. Acupuncture has been
reported to suppress signal transduction pathways and key
molecules, including p38 MAPK, extracellular regulated
kinases (ERK), and JNK, in microglial and astrocyte activa-
tion in pain processing [65, 66, 118–120]. Previous results
observed that the acupuncture analgesic effect is related to
spinal cytokines and neurotrophic factors released by glial
cells [67, 121, 122]. Repeated EA treatment at the bilateral
ST36 and GB34 points once a day can relieve chronic pain
and suppress the elevated mRNA expression of TNFα and
IL-1β in the spinal cord of CCI rats [67]. EA (2/100Hz,
2mA) for five consecutive days can significantly increase
the mechanical threshold and thermal latency after CFA
injection. This could be partially associated with the suppres-
sion of proinflammatory cytokines (e.g., TNF-α and IL-1β)
and the stimulation of IL-10 in the spinal cord. IL-10, pro-
duced by the spinal cord, is the key anti-inflammatory cyto-
kine for relieving both inflammatory pain [68, 69] and
neuropathic pain [70]. Paclitaxel significantly activates both
microglia and astrocytes and increases the expression of
inflammatory cytokines (IL-1β and TNF-α) in the lumbar
spinal cord. EA treatment (10Hz, 1mA) at the bilateral
ST36 point in rats suppressed the expression of inflammatory
cytokines through the downregulation of the TLR4/NF-κB
pathway as well as suppressing activated microglia and astro-
cytes [71]. Besides TLR4, increased expression of TLR2 in the
spinal cord and thalamus was also reportedly suppressed by
EA in a CFA model [72]. Therefore, the downregulation of
gliotransmitters by acupuncture can prevent the activation
of neuroglial crosstalk, thus contributing to the easing of
chronic pain. However, the evidence on how acupuncture
modulates glial cells to inhibit excitatory synaptic transmis-
sion is still incomplete.

4.4. Role of Chemokines and Their Receptors in
Acupuncture Analgesia

4.4.1. Introduction to the Chemokine System. Chemokines, 8-
12 kDa secreted proteins, constitute the largest family of
cytokines. According to the number and spacing of cysteines,
chemokines consist of two major families, CC (CC1-28) and
CXC (CXC1-16) chemokines, as well as two minor families,
XC (XC1-2) and CX3C (CX3CL1) chemokines [123]. All
chemokines bind to the members of a family of seven
transmembrane-spanning heterotrimeric G protein-coupled
receptors (GPCRs). Chemokines are regarded as important
mediators of inflammation and help to control the position-
ing andmigratory patterns of immune cells. Immune cell res-
idence in primary (T cells, B cells), secondary (lymph nodes,
spleen, Peyer’s patches), and tertiary lymphoid organs are
under the fine control of this complex system of approxi-
mately 50 endogenous chemokines [123]. The development
of T cells in the thymus depends on the interaction of
epithelial-derived CCL21, CCL25, and CXCL12 with CCR7,
CCR9, and CXCR4, respectively, expressed on T cell progen-
itors [124]. In contrast to the thymus, the homeostasis and
development of immune cells in the bone marrow seems to
be governed by the opposing forces of interactions between
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CXCL12/CXCR4 and CCL2/CCR2 [123]. Chemokines, con-
sidered as regulators of peripheral immune cell transport, are
capable of inducing the migration of T, NK cells, dendritic
cells, and/or macrophages [125]. There has been growing
recognition that the chemokine system orchestrates immune
cell migration (e.g., macrophages [126] and lymphocytes
[127]) into the DRG and CNS. This plays a critical role in
the central sensitization in the early initiation of pain percep-
tion [128]. Besides, chemokines and their receptors expressed
by neurons and glial cells in the CNS have been shown to
mediate neuroglial communication and nociceptive signal
transmission at different anatomical locations, including
nerves, the DRG, spinal cord, and brain [129, 130].

4.4.2. Acupuncture Analgesia via Regulation Chemokine and
Their Receptors. Concomitant with the increasing use of acu-
puncture to alleviate pain, attention has been paid in recent
years to the mechanism of acupuncture analgesia from the
perspective of chemokines.

(1) CX3CL1/CX3CR1. CX3CL1 is specifically expressed in
neurons and binds to the CX3CR1 receptor on the microglial
cell membrane [125], activating the MAPK pathway. MAPKs
play important roles in information transmission between
neurons and glial cells as well as the genesis of pain hypersen-
sitivity induced by CX3CL1/CX3CR1 [131, 132]. Gao et al.
reported that peripheral injury to the primary afferent noci-
ceptive neurons caused the release of CX3CL1 into the spinal
cord, which activated the production of TNFα in a p38
MAPK-dependent mechanism in microglia. In turn, the acti-
vation of TNF-α regulates CCL2 expression in astrocytes in a
JNK MAPK-dependent manner. CCL2 subsequently acti-
vates central neurons through CCR2, eventually leading to
neuropathic pain [133]. Neutralizing antibodies to CX3CL1
or CX3CR1 could attenuate mechanical hyperalgesia in neu-
ropathic pain models [134, 135]. It has been demonstrated
that neuron-microglia interactions are mediated by puriner-
gic receptors, and, subsequently, by CX3CL1/CX3CR1. The
purinergic P2X7R/CX3CL1/CX3CR1 pathway, following
intracellular phosphorylation of microglial p38 MAPK
[136] which subsequently stimulates the release of IL-6 and
IL-1β [137], plays a key role in nociceptive signal transmis-
sion [138].

In a rat neck-incision pain model, Gao et al. found that
two sessions of EA at Futu (LI18), Hegu (LI4), Neiguan
(PC6), or ST36, GB34 could significantly relieve thermal
pain, followed by the downregulation of ATP/P2X7R/
CX3CL1/CX3CR1 signaling and suppression of its down-
stream p38 MAPK pathway in the upper cervical spinal cord
after three sessions. Thereby, EA suppressed ATP/P2X7R/
CX3CL1/CX3CR1/p38 MAPK-induced neuroglial crosstalk
in pain processing [73]. The results are consistent with the
reports by Li that 2Hz EA at ST36 for 30mins reduced the
overexpression of CX3CL1 other than CX3CR1 in the spinal
cord of the CFA model rats. EA inhibited the activation of
neuronal and microglial cells and decreased p38 MAPK
signaling and the downstream proinflammatory cytokines
IL-1, IL-6, and TNF-α. They also found that EA did not

inhibit the expression of p38 MAPK but inhibited its phos-
phorylation [74]. Slightly different from their results, the
report by Li et al. [75] demonstrated that mechanical allody-
nia and thermal pain induced hyperalgesia by paw incision
was significantly suppressed by acupuncture-combined anes-
thesia (ACA). However, the analgesic effect of ACA was not
apparent in CX3CR1 knockout mice and was also blocked
when a neutralizing antibody to CX3CR1 was intrathecally
injected 1 h before ACA in C57BL/6J mice, suggesting that
CX3CR1 in microglia is not only involved in postincision
pain, but also in ACA-induced analgesia.

(2) CXCL12/CXCR4. CXCL12 and CXCR4 are, respectively,
expressed in neurons and glial cells in the central nervous
system [139], and the CXCL12/CXCR4 activation leads to
increased pain sensitivity in the spinal cord. A study by Luo
et al. demonstrated that CXCL12 and CXCR4 are upregu-
lated in the spinal cord dorsal horn in chronic postischemic
pain (CPIP) mice. Intrathecal blocking of CXCR4 improved
mechanical allodynia, suggesting an important role of spinal
CXCL12/CXCR4 signaling in ameliorating the pain response
[140]. Hu et al. found that EA exerted an analgesic effect on
the same rat model of CPIP by suppressing the overexpres-
sion of CXCL12/CXCR4 in the spinal cord dorsal horn. Fur-
thermore, they found that EA can effectively inhibit excessive
activation of glial cells in the spinal cord and markedly
reduce downstream ERK pathway activation, thus reducing
the central sensitization and exerting an analgesic effect [76].

(3) CCL2/CCR2. CCL2 is expressed in spinal astrocytes and
induces neuronal activation via CCR2 to increase excitatory
synaptic transmission (astrocyte-to-neuron signaling), con-
tributing to central sensitization and neuropathic pain
development. It has been shown that CCL2/CCR2 was
upregulated in the spinal cord via the JNK pathway after
SNL [108]. CCL2 can also rapidly increase NMDA-induced
current and spontaneous EPSCs [108] or inhibit GABA-
induced currents [141] in dorsal horn neurons, all of which
are critically involved in the maintenance of pain. Further-
more, spinal administration of CCL2 induced thermal hyper-
algesia via activating the spinal transient receptor potentia1
vanilloid 1 (TRPV1) receptors [142]. Lee et al. demonstrated
acupuncture at Shuigou (GV26) and GB34 significantly alle-
viated both mechanical allodynia and thermal hyperalgesia
after spinal cord injury at L4-L5. It is noteworthy that acu-
puncture inhibited the astrocyte expression of CCL2, which
is known to be mediated through the JNK pathway and con-
tributes to excitatory synaptic transmission. Apart from the
findings on CCL2, Lee also showed that JNK-dependent
CCL4 and CCL20 expression was significantly decreased by
acupuncture treatment [66].

(4) CXCL1/CXCR2. CXCL1 and CXCR2 are expressed in
astrocytes and neurons, respectively, in the spinal cord, and
CXCL1/CXCR2 in the lumbar spinal cord has been demon-
strated to play key roles in pain processing. The application
of CXCL1 in the spinal cord acted on CXCR2, inducing the
expression of phosphorylated ERK and cAMP-response
element-binding protein, c-fos, and COX-2 in the spinal cord

10 Neural Plasticity



neurons and leading to the subsequent maintenance of
neuropathic pain [109]. Similarly, Cao and coworkers
showed that astrocytes were activated after inflammation
and released CXCL1 in the spinal cord, which could then
act on CXCR2 to induce ERK activation, synaptic transmis-
sion, and COX-2 expression in dorsal horn neurons, ulti-
mately contributing to the pathogenesis of CFA-induced
inflammatory pain [143]. In addition, Xu et al. found that
astrocyte-secreted CXCL1 activated spinal cord dorsal horn
neurons to express CXCR2 in cancer pain models [144].
Taken together, CXCL1/CXCR2 is involved in the develop-
ment of neuropathic, inflammatory, and cancer pain.

However, it has also been demonstrated that
CXCL1/CXCR2 is involved in pain relief. Previously, a study
by Cao et al. demonstrated intrathecal administration of
recombinant CXCL1 in wild-type mice significantly reduced

spinal nerve L5 transection- (L5Tx-) induced mechanical
hypersensitivity. Due to CXCL1’s chemotaxis, it is capable
of associating with the increased number of opioid peptides
produced by infiltrating neutrophils in the lumbar spinal
cord [145]. Similarly, Guo and his colleagues showed that
bone marrow stromal cell-induced monocytes secrete
CXCL1 which could cross the blood-brain barrier and con-
tribute to pain relief. The CXCL1/CXCR2 signaling triggers
opioid release by activation of central μ-opioid receptors in
the RVM [146]. Furthermore, we have observed a novel func-
tion of acupuncture-derived CXCL1 in the CFA rat model. In
our unpublished data, it was found that acupuncture at ST36
could induce high CXCL1 levels in CFA rat serum. CXCL1
neutralizing antibodies reduced the acupuncture analgesic
effect by 20%. Our results demonstrated that acupuncture-
derived CXCL1 can induce spinal cord CXCR2 desensitiza-
tion, blocking COX2 production in the spinal cord. These
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isoxazolepropionic acid receptor; NMDAR: N-methyl-D-aspartate receptor; mGluR: metabotropic glutamate receptors; CGRP: calcitonin
gene-related peptide; CRLR: calcitonin receptor-like receptor; ATP: adenosine triphosphate; P2X: P2X receptor; P2Y: P2Y receptor; NK1:
neurokinin-1; NK1 receptor: neurokinin-1 receptor; SP: substance P; SPR: substance P receptor; CX3CL1: C-X3-C motif chemokine ligand
1; CX3CR1: C-X3-C chemokine receptor 1; ERK: extracellular signal-regulated kinases; TNF-α: tumor necrosis factor-α; IL-6: interleukin-
6; IL-1β: interleukin-1β; GT: glutamate transporter; TLR4: toll-like receptor 4; JNK: c-Jun-N-terminal kinase; CCL2: C-C motif
chemokine ligand 2; CCL4: C-C motif chemokine ligand 4; CCL20: C-C motif chemokine ligand 20; CCR2: C-C chemokine receptor 2;
CXCL1: C-X-C motif chemokine ligand 1; CXCR2: C-X-C chemokine receptor 2; CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-
X-C chemokine receptor 4. Red, promoted by acupuncture; blue, inhibited by acupuncture.
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phenomena showed that the same chemokines involved in
pain sensitization may also be neuroprotective and promote
pain relief under certain conditions.

5. Conclusion

To conclude (as shown in Figure 2), it is well established that
pain is a hypersensitivity state caused by peripheral and
central sensitization. Central sensitization is modulated by
the ascending excitatory pathway and the descending pain
modulatory system. With the emergence of the “tripartite
synapse” concept, neuroglial cells are considered as active
partners of neurons at the synapse and can contribute to
central sensitization. It is increasingly appreciated that neu-
rotransmitters (e.g., glutamate, opioid, GABA, norepineph-
rine, and 5-HT), inflammatory cytokines, and chemokines
are implicated in this crosstalk. Acupuncture analgesia
involves the ascending excitatory pathway and the descend-
ing pain modulatory system through the downregulation of
glutamate and upregulation of opioids, GABA, norepineph-
rine, and 5-HT. Evidence indicates that the occurrence and
maintenance of pain are closely related to immune responses,
and the role of cytokines/chemokines in mediating neuroglial
communication has attracted much attention in recent years.
Acupuncture analgesia has also been demonstrated to
inhibit cytokines such as IL-1β, IL-6, and TNF-α and upreg-
ulate IL-10, as well as modulating chemokines and their
receptors such as CX3CL1/CX3CR1, CXCL12/CXCR4,
CCL2/CCR2, and CXCL1/CXCR2. Furthermore, acupunc-
ture has been found to regulate downstream neural MAPK
signaling (e.g., p38, ERK, and JNK pathways), which con-
tribute to the activation of nociceptive neurons. However,
the responses of chemokines to acupuncture differ between
pain model types, acupuncture methods, and parameters,
requiring future clarification of the exact mechanisms.
Taken together, the inhibition of neuroglial plasticity-
mediated central sensitization is one of the critical mecha-
nisms in acupuncture analgesia, contributing to the wider
application of acupuncture, alone or in combination with
pain medication, in the enhancement of treatment effective-
ness and the lowering of pain medication dosages and
decreasing the risk of debilitating adverse effects. The acu-
puncture parameters described in these studies, particularly
those of EA stimulation, also provide significant information
for maximizing the effect of acupuncture in the clinical
setting.
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Dementia affects millions of elderly worldwide causing remarkable costs to society, but effective treatment is still lacking.
Acupuncture is one of the complementary therapies that has been applied to cognitive deficits such as Alzheimer’s disease (AD)
and vascular cognitive impairment (VCI), while the underlying mechanisms of its therapeutic efficiency remain elusive.
Neuroplasticity is defined as the ability of the nervous system to adapt to internal and external environmental changes, which
may support some data to clarify mechanisms how acupuncture improves cognitive impairments. This review summarizes the
up-to-date and comprehensive information on the effectiveness of acupuncture treatment on neurogenesis and gliogenesis,
synaptic plasticity, related regulatory factors, and signaling pathways, as well as brain network connectivity, to lay ground for
fully elucidating the potential mechanism of acupuncture on the regulation of neuroplasticity and promoting its clinical
application as a complementary therapy for AD and VCI.

1. Introduction

As the population ages, the prevalence of dementia is increas-
ing worldwide with an annual incidence of nearly 10 million
[1], which leads to threats and challenges to global health and
wellbeing. Dementia is characterized as a syndrome with
myriad and complex causes, including primary neurologic,
neuropsychiatric, and medical conditions and genetic and
environmental factors [2, 3]. In the elderly, neurodegenera-
tive dementias are most common [2], among which Alzhei-
mer’s disease (AD) is believed to be the leading cause of
dementia, and vascular cognitive impairment (VCI) is the
second utmost cause [4, 5]. Unprecedented advancements
have been made in molecular neuroimaging, clinicopatho-

logic correlation, and the development of novel biomarkers
in recent decades. However, effective therapeutics remain
limited and even absent to date [4, 5]. Acupuncture, as one
of complementary therapies for AD and VCI, is gradually
applied to alleviate suffering, aggressively treating contribut-
ing symptoms and improving overall quality of life [6–10].
However, the underlying mechanisms remain elusive.

Neuroplasticity refers to the capacity of the nervous
system to adapt to internal and external environmental
changes by reorganizing its structure, function, and connec-
tions [11–14], which occurs at various levels of the nervous
system from tissue to cellular to molecular [13]. It is known
that dysregulated or disrupted neuroplasticity is implicated
as a pathological mechanism in AD [15] and VCI [16].
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Furthermore, some treatments that stimulate or modulate
neuroplasticity have been indicated as effective in improving
cognition [12, 17, 18], and might be potential therapy in
cognitive impairments such as AD and VCI.

Acupuncture signals are recognized as a potent form of
sensory stimulation that ascend mainly through the spinal
ventrolateral funiculus to the brain [19]. The mechanisms
of acupuncture-mediated neuroplasticity have recently
attracted increased interest. Accordingly, acupuncture mod-
ulation over several cognition- or aging-related gene expres-
sions [20], plasticity signaling pathways [21, 22], and brain
functional connectivities [23] has been studied. Herein, we
review the application of different protocols of acupuncture
in animal models and humans, and their effectiveness on
neuroplasticity in various sections: neurogenesis and gliogen-
esis, synaptic plasticity, related proteins and signaling path-
ways, and brain network connectivity. This review is aimed
at laying the ground for elucidating the potential mechanism
of acupuncture on AD and VCI to promote its clinical appli-
cation as a complementary treatment.

2. Neurogenesis and Gliogenesis

The proliferation and differentiation of neurons and glial
cells, also known as neurogenesis and gliogenesis, contribute
to some neurorepair and improve brain function [24, 25].
Many previous results demonstrated that cerebral amyloid-
osis in ADmouse models caused neuronal proliferation inhi-
bition and marked gliogenesis [26–28], and that stroke could
trigger striatal and cortical neurogenesis and gliogenesis in
murine models [29]. Mounting evidence indicates that adult
hippocampal neurogenesis is implicated in cognitive pro-
cesses, and that neurogenesis deficits may impair learning
and memory. In states of brain injury such as AD and VCI,
compensatory neurogenesis and gliogenesis mediate a bal-
ance between initial injury processes and endogenous repair
processes [24]. Regulation of neurogenesis and gliogenesis
is possibly associated with improving cognitive impairment
and, consequently, may be attractive therapeutic targets for
AD and VCI.

It is known that neurogenesis in the adult mammalian
brain mostly takes place in specific brain regions harboring
adult neuro stem and precursor cells, such as the subgranular
zone (SGZ) of the hippocampal dentate gyrus (DG) and the
ventricular/subventricular zone (VZ/SVZ) of the lateral ven-
tricles [25]. Cognitive impairment due to AD or ischemic
injury is recognized as partly related with neuron loss,
impairment of cell proliferation, and imbalance between
neuron loss and proliferation in the above regions [30]. Some
studies showed that both manual acupuncture (MA) and
electroacupuncture (EA) could ameliorate the learning and
memory deficits of AD mice models through inducing the
enhancement of neuron proliferation and migration in hip-
pocampal DG and VZ/SVZ [31–33]. And the effect of MA
and EA on improving cognitive dysfunction through the pro-
liferation and differentiation of hippocampal neuro stem cells
(NSCs) was also identified in murine models for vascular
dementia (VaD) [34–36]. In addition, neurogenesis could
take place in other brain areas in pathological conditions,

such as the cortex [37], where the promotion of neurogenesis
related to EA was also detected in the transgenic mice model
for AD [33].

VCI is recognized to be associated with pathological
changes in white matter degeneration and demyelination
[38]. Oligodendrocyte (OL), as one predominant cell type
in white matter, mediates myelination that is an essential
process for the appropriate propagation of action potentials
along axons [39]. Myelination participates in the restoration
of damaged white matter in the adult brain [40], which may
provide potential utility for the treatment of VCI. In a mouse
model of VaD, EA was indicated to enhance the differentia-
tion of oligodendrocyte precursor cells (OPCs) into mature
OLs and ameliorate white matter damage in the corpus callo-
sum (CC) [41]. Moreover, astrocytes also perform critical
impacts on promoting neovascularization, regulating neuro-
nal activity, and supporting synaptogenesis and neurogen-
esis, which may influence recovery following ischemic
lesion [39, 42]. Experimental studies have reported that acu-
puncture was able to influence the proliferation and differen-
tiation of astrocytes; however, the results were discrepant.
One study revealed that MAwas able to inhibit astrocyte acti-
vation and proliferation in VaD rat models [36]. Conversely,
Kim et al. found that EA stimulation could induce NSCs
differentiated into astrocytes in a VaD mouse model [35].
These results may be caused by differential acupoints or acu-
puncture methods. The differential influence of the acupunc-
ture method (i.e., MA vs. EA) on neurogenesis has been
demonstrated. And one study found that MA vs. EA stimula-
tion at the same acupoints might induce differential cell
proliferation and neuroblast differentiation in healthy rats
[43]. And further investigation of the compared impact of
differential acupuncture methods and acupoints on gliogen-
esis in AD and VCI models is required.

In addition to the direct effect on endogenous neurogen-
esis and gliogenesis, acupuncture was able to promote the
survival, proliferation, migration, and differentiation of exog-
enous NSCs in the hippocampal microenvironment by regu-
lating components of the cerebral microenvironment [44] or
the related cytokine levels [45] in an AD mice model. All
these findings demonstrated the influence of acupuncture
on endogenous and exogenous neurogenesis and gliogenesis
in AD and VCI, which deepen our understanding of acu-
puncture modulating neuroplasticity. There remain some
limitations and even discrepancies in these results possibly
caused by acupoints or models or observation times, or even
acupuncture methods (i.e., MA vs. EA). And the mechanisms
underlying the impact of acupuncture on neurogenesis and
gliogenesis in different states, especially molecular mecha-
nisms, need to be investigated.

3. Synaptic Plasticity

Synapses, the most sensitive and plastic structures, are
directly involved in the integration and transfer of informa-
tion within the neuro system. Previous studies demonstrated
that synapse loss and dysfunction was a key feature in AD
[46] and VCI [47] and positively correlates with cognitive
damage. Impaired dendritic structure, spine density, and
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synaptic ultrastructure of neurons have been identified in
brain tissue of AD patients and murine models, caused by
soluble amyloid beta (Aβ) in the hippocampus [48, 49].
And ischemia-induced synapse reduction was also recog-
nized to be the major pathological causes of VaD [50].
Synaptic plasticity, also defined as activity-dependent syn-
aptic modifications of the strength of synaptic connections,
is widely recognized to be fundamental to the formation
and maintenance of learning and memory [51]. Synaptic
plasticity in the neuro network, an important basis for
cortical plasticity, is associated with learning and memory
and sensorimotor dysfunction and recovery [51, 52]. Syn-
aptic plasticity mainly includes modulation of the morpho-
logical structure of synapses and the synaptic strength and
transmission, in which some synaptic protein markers,
neurotransmitters, and receptors participate. Recently,
modulation of synaptic plasticity is believed to be a prom-
ising approach for treating AD and VCI.

Synapse-structure parameters, such as synaptic curva-
tures, the width of the synaptic cleft, and the thickness of the
postsynaptic density, are proposed to be important indicators
that reflect synaptic morphological plasticity and greatly affect
synaptic transmission [53]. Many studies revealed that MA
and EA treatments had positive effects on the recovery of the
learning and memory abilities not only in AD rat models but
also in VCI, through increasing synaptic curvatures, decreas-
ing the width of synaptic clefts, and thickening the postsynap-
tic densities in the hippocampus [49, 54]. In addition, MAwas
able to reverse the learning and memory impairments in AD
mice models through enhancing the conjunction among the
synapses and promoting synaptic formation [20] and regener-
ation [55], reducing ultrastructural degradation of synapses
[56], and increasing the number and length of dendrites [57]
and neurite fibers [58].

Long-term potentiation (LTP) and long-term depression
(LTD) are considered as two indicators and forms of synaptic
transmission [59]. As a cellular model of synaptic plasticity,
LTP is the long-lasting enhancement in signal transmission
between two neurons after synchronous stimulation associ-
ated with memory formation and storage, reflecting an
increase of synaptic strength [60]. LTD is relevant to memory
integration, forgetting, and recovery of LTP production at
desaturation state [61]. And converging studies supported a
crucial role of LTD in some types of learning and memory
and in situations where cognitive demands require a flexible
response [59]. Many electrophysiological studies showed that
acupuncture could apparently improve the recovery from
cognitive deficits by promoting LTP and/or LTD [61–63]
and preventing or restoring the impaired LTP [64–69] in
AD or VCI rat models. In addition to LTP and LTD, EA
could also ameliorate the synaptic transmission by raising
the slope of excitatory postsynaptic potential (EPSP) and
the amplitude of population spikes (PS) in an AD mouse
model [70].

Synaptophysin (SYN) is a major integral membrane pro-
tein of the presynaptic vesicle, and postsynaptic density 95
(PSD-95) and growth-associated protein 43 (GAP-43) are
postsynaptic markers [71]. As important protein markers of
regeneration and remodeling, they are widely found in all

nerve terminals and used for quantifying the number of axon
terminals, reflecting the occurrence, density, and strength of
synapses [49, 72]. Many previous studies reported reduced
expression of SYN and PSD-95 in the hippocampus in AD
and VaD [73, 74]. It was demonstrated that acupuncture
was able to promote synapse-structure damage rehabilitation
by upregulating the expression of SYN [44, 54, 55], PSD-95
[56, 75, 76], and GAP-43 [77] to improve the learning and
memory abilities of AD and VCI murine models.

Furthermore, accumulated evidence indicates that the
effect of acupuncture on modulating synaptic structure and
function in AD and VCI is achieved by changing the releas-
ing of the presynaptic neurotransmitter or the function of
the postsynaptic receptor [67, 68, 78]. As one of the major
neurotransmitters, dopamine (D) plays an essential role in
modulating hippocampal LTP and memory processes [79,
80]. Ye et al. found that MA could activate D1/D5 receptors
to ameliorate cognitive function and LTP impairments in
VaD rats [67]. The central cholinergic pathway and the
norepinephrine- (NE) adrenergic receptor (AR) system are
known for their critical roles in learning acquisition and
synaptic plasticity in the mammalian limbic system. It was
demonstrated that MA not only could alleviate memory-
associated decreases in the levels of choline acetyltransferase
(ChAT) and restore the expression of choline transporter 1
(CHT1) as well as vesicular acetylcholine transporter
(AChT), resulting eventually in the recovery of the entire
cholinergic system circulation pathway [81], but also was
able to enhance norepinephrine (NE) levels and the
activation of β1-AR in the hippocampus [68]. In addition,
γ-aminobutyric acid (GABA) is one main inhibitory neuro-
transmitter in the central nervous system inhibiting the
excessive release of glutamate (Glu). And GABA receptor-
mediated inhibitory inputs modulate hippocampal LTP
[82]. EA could elevate the excitability of granule cells by
decreasing GABA from interneurons, which resulted in
increasing LTP [78].

Glutamate receptors (GluRs) are the main receptors of
the postsynaptic neurotransmitter area and modulate synap-
tic plasticity; they are divided into metabotropic GluRs and
ionotropic GluRs. Among the three types of ionotropic
GluRs, N-methyl-D-aspartate receptor (NMDAR) is the
most widely distributed regulator of synaptic plasticity,
which plays an important role in inducing and maintaining
LTP and LTD closely associated with learning and memory
[83]. NMDARs are comprised of NMDAR subtype 1
(NMDAR1) subunits plus at least one type of NMDAR2
subunit [84]. It was reported that EA could reduce the deficit
of LTP in VaD rat models via reversal of NMDAR1- and
transient receptor potential vanilloid subtype 1- (TRPV1-)
mediated neurotoxicity [62]. NMDAR2 seems to have com-
plex properties, and different NMDAR2 subunits confer
distinct electrophysiological and pharmacological properties
on the receptors and couple themselves with opposing signal-
ing pathways and influences on the direction of synaptic
plasticity [85]. Specifically, NMDAR2A activation is benefi-
cial for neuronal regeneration and neuroprotection, while
NMDAR2B induces neurotoxicity and neuronal apoptosis
[85]. One study found that EA could alleviate cognitive
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dysfunction caused by ischemic injury through downregula-
tion of NMDAR2B and upregulation of NMDAR2A [86].

The effect of EA on synaptic plasticity might be related
to the parameter of stimulation. One study has found that
high-frequency EA may yield a stronger protective effect
on hippocampal synaptic plasticity compared with low- or
medium-frequency EA in AD rat models [61]. Further
research focusing on ascertaining the optimum acupuncture
parameter is required. Moreover, besides these mechanisms
described above, many synaptic-related proteins or signaling
pathways were required in maintaining synaptic structural
plasticity and synaptic transmission. Investigations of synap-
tic plasticity-related regulatory factors and signaling mecha-
nisms have been performed in many studies, and these are
going to be described in Section 4.

4. Neuroplasticity-Related Regulatory Factors
and Signaling Pathways

Multiple crucial steps are involved in the process of neuroplas-
ticity, which include many layers of regulation, composed of
both intrinsic and extrinsic mechanisms. For example, there
are a number of coordinated cell-intrinsic programs and exter-
nal signals involved in distinct stages of adult neurogenesis,
including proliferation and lineage differentiation of NSCs,
migration of neuroblasts, and integration of newborn neurons
[87]. Given the important role of related factors and signaling
pathways in neuroplasticity, ascertaining acupuncture’s effect
on them may be vital to understanding the mechanisms of
its treatment for AD and VCI.

As one of the morphogens that are critical during embry-
onic development of the nervous system, Notch is highly
conserved and serves as niche signals to regulate the prolifer-
ation of adult NSCs [88]. The regeneration of neurons from
neural progenitors may be impaired due to the abnormal
elevated Notch signal pathway. EA treatment suppressed
neuronal apoptosis and improved cognitive impairment in
AD rat models possibly via the downregulation of an abnor-
mal elevated Notch signaling pathway [89]. Moreover, EA
also was able to enhance hippocampal NSC proliferation in
VaD rat models via the activation of the Notch signaling
pathway [34].

In addition to the neurotransmitters described above, the
survival and synaptic integration of newly born cells are
subject to regulation by neurotrophic factors. As a member
of the neurotrophic factor family, the BDNF protein is syn-
thesized as pre–pro-BDNF and cleaved intracellularly into a
pro-BDNF protein encompassing two domains: the prodo-
main and the mature BDNF domain [90]. BDNF is actually
secreted in the pro- and mature form [91], which had distinct
receptors and signaling cascades resulting in opposing bio-
logical functions [92–94]. The mature BDNF preferentially
binds to phosphorylated tropomyosin receptor kinase B
(Trk-B) receptors leading to cell survival and differentiation
as well as hippocampal LTP, whereas pro-BDNF preferen-
tially binds to p75 neurotrophin receptor (p75NTR) leading
to apoptosis and hippocampal LTD [95]. It was observed that
acupuncture could upregulate the expression of Trk-B recep-
tors and could decrease the expression level of p75NTR in

AD and VaD murine models, influence the modulation and
processing of the BDNF protein from pro-BDNF to mature
BDNF [33, 96, 97], and eventually enhance the mRNA
expression levels of mature BDNF [35, 45, 54, 81]. One clin-
ical trial showed that combined scalp acupuncture and cogni-
tive training could improve the cognitive function and BDNF
levels of peripheral blood in patients with stroke during the
recovery stage [98]. Other extrinsic factors such neurotro-
phin 3 (NT3), NT4, and NT5 also play an important role in
the regulation of neuronal integration [99]. EA treatment
has been reported to increase the expression of NT4/5 and
their receptor, tyrosine receptor Trk-B, and promote OL
regeneration in association with cognitive functional
improvements in a VaD mice model [41]. In addition, acu-
puncture also could regulate intrinsic factors associated with
neuronal integration. For instance, MA was demonstrated to
restore the expression of cAMP-response element-binding
protein (CREB) mRNA in the hippocampus of rats with
cognitive impairment [81].

The typical pathological hallmarks of AD include extra-
cellular Aβ plaques and intracellular neurofibrillary tangles
(NFTs) composed of hyperphosphorylated tau proteins, both
of which resulted in the loss and morphological changes of
dendritic spines, directly leading to the damage of neuronal
synaptic function and neuroplasticity [100]. Many studies
showed that acupuncture could regulate neuroplasticity by
directly reducing Aβ deposition [56, 101], and some related
proteins and signaling pathways participated in this process.
Glycogen synthase kinase 3 beta (GSK3β) is a serine/threo-
nine protein kinase that plays a crucial role in AD pathogen-
esis, and its hyperactivity or overexpression is increasingly
shown to be closely related to Aβ generation, tau hyperpho-
sphorylation, and synaptic plasticity [102]. Inhibition of
GSK3β has been indicated to increase the number of synap-
ses and postsynaptic density thickness, and rescue the reduc-
tion of spine density in the hippocampus of an AD model. It
has been revealed that EA could promote synapse-structure
damage rehabilitation by downregulating GSK3β to improve
the learning and memory abilities of AD rat models [49, 77].
As the downstream target of GSK3β, the reactivation of
mTOR restored the acidification of the autophagy lysosome,
further promoting the autophagy clearance of pathological
Aβ plaque load [103]. Yu et al. found that EA rescued struc-
tural and functional synaptic plasticity impairments and
memory deficits in AD rat models through the inactivation
of GSK3β/mTOR signaling [21]. Moreover, β-site amyloid
precursor protein cleaving enzyme 1 (BACE1) is the key pro-
tein involved in Aβ peptide generation. One study indicated
that EA could downregulate the expression of BACE1 in one
AD mouse model [64].

There are some regulated factors and signaling pathways
directly involved in the modulation of LTP. Protein kinase A
(PKA) is a predominantly positive modulator of LTP in the
hippocampus and has been demonstrated to indispensably
participate in the efficacy of hippocampus-based memory
[104]. Tang et al. found that EA could upregulate PKA acti-
vation, enhance synaptic plasticity, and improve memory in
an AD mice model [64]. The p70 ribosomal protein S6
(p70S6) kinase/ribosomal protein S6 signaling pathway has
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been shown to promote neuronal growth and LTP [105, 106].
One study showed reduced expression of p70S6 kinase and
ribosomal protein S6 in the hippocampus of VaD rats, which
suggested that the p70S6 kinase/ribosomal protein S6 path-
way was involved in the pathogenesis of VaD [63]. EA was
demonstrated to improve the learning and spatial memory
abilities of VaD rats and facilitate LTP in the hippocampus
by upregulating expression of p70S6 kinase and ribosomal
protein S6 [63]. The p70S6 kinase was phosphorylated by
activation of the mammalian target of rapamycin (mTOR)
signal pathway, which has been shown to promote neuronal
growth and LTP [107, 108]. Acupuncture stimulation has
been indicated to promote neuroplasticity by regulating the
mTOR signal pathway in AD or VaD rats [21, 109]. More-
over, it was reported that MA could reverse the learning
and memory impairments in an AD mouse model through
upregulating eukaryotic Y-box-binding protein (YB-1)
expression [20], which enhanced the conjunction among
the synapses and promoted synaptic formation indirectly
[110]. The eukaryotic elongation factor-2 kinase/eukaryotic
elongation factor-2 (eEF2K/eEF2) pathway is also associated
with synaptic plasticity and its inhibition prevents synaptic
failure in AD. One study showed that EA improved the syn-
aptic function in AD by inhibiting the AMPK/eEF2K/eEF2
pathway in an AD mouse model [76].

Besides the above-related factors and signaling pathways,
other mechanisms, such as oxidative stress, glucose metabo-
lism, and inflammatory responses, were considered to play a
key role in acupuncture treating AD or VCI and modulating
neuroplasticity (Table 1 and Figure 1). These molecular
mechanisms support acupuncture as a potentially promising
therapy for the treatment of cognitive dysfunction in patients
with VD or VCI.

5. Brain Network Connectivity

Some previous neuroimaging researches have revealed neu-
ropathological changes and/or structural-functional reorga-
nization in AD and VCI resulting in altered connectivity
patterns in brain networks [14, 111–113]. For example, some
rapidly and reversibly increased or decreased strengths of
brain network connections, also known as altered recruit-
ments of functional connections normally devoted to per-
forming a given task or the recruitment of additional
network connections that are not typically activated by
healthy people. And the alteration of network connectivity
is a form of neuroplasticity that could indicate compensatory
mechanisms engaged to maintain a normal level of cognitive
function or promote the recovery from cognitive dysfunction
due to the primary white matter lesions and neuronal loss
[14, 114, 115].

Many neuroimaging studies showed that acupuncture
could induce neuroplastic reorganization of brain functional
networks in AD or mild cognitive impairment (MCI), the
prophase state of AD [116] (Table 2 and Figure 2). There
were several regions showing increased or decreased activi-
ties in MCI and AD patients after short-term MA or EA
stimulation, including cognitive-related areas, visual-related
areas, sensorimotor-related areas, emotion-related areas, the
basal ganglia, and the cerebellum [23, 113, 117–123]. How-
ever, there remains a lack of correlation between the changes
in cognitive function and alteration in functional connectiv-
ity. In two other long-term studies, MCI patients exhibited
improvement of cognitive performance after MA, as well as
extensive activation and deactivation in brain networks
[123, 124]. And functional connectivity strength in some
regions was negatively correlated with the changes in
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Figure 1: The locations of acupoints in mice.
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memory scores [125], which offered evidence in support of
compensatory mechanisms triggered to overcome cognitive
deficits in MCI. These findings might provide a deep under-
standing of acupuncture’s therapeutic effect in AD.

Acupuncture’s influence on brain network connectivity
might be correlated to acupoints, depth of stimulation, and
frequency of EA stimulation in AD and MCI. The synergistic
effects of different single acupoints or combined acupoints
could activate different brain areas and impact the therapeu-
tic effects of acupuncture [116]. And deep stimulation at
appropriate acupoints could perform stronger or more
extensive effective connectivity related to the therapeutic
effect compared with superficial stimulation [119, 121, 126].
Furthermore, high-frequency EA may induce more specific
targeted brain response or strengthen the functional connec-
tivity of brain networks associated with memory and cogni-
tion. Thus, the impact of acupoint specificity, needling
depth specificity, and EA parameter specificity on brain net-
work connectivity in future neuroimaging studies also needs
to be elucidated. Since few fMRI imaging studies have been

reported regarding acupuncture in patients with VCI, the
effect of acupuncture on neuroplastic reorganization of brain
functional networks in VCI is still to be established.

6. Discussion

In addition to directly attenuating the deposition, neuroin-
flammatory response, and neurotoxicity of Aβ [127] and
increasing cerebral blood flow [128], acupuncture also could
improve cognitive abilities through regulation of neuroplasti-
city (Figure 3). The improvement of the cellular/molecular
microenvironment and recruitment of unaffected or addi-
tional brain networks might play important roles in this pro-
cess. For example, the modulation of the neurotransmitter
system involved in the improvement of the cellular/molecu-
lar microenvironment may be another candidate potential
mechanism through which acupuncture could regulate neu-
roplasticity [44]. Moreover, it has been demonstrated that
other methods in popular practice could increase cognitive
reserve and resilience by regulating neuroplasticity, e.g.,

GV24

GV29 GV20
Ex-HN1

ST36

ST40

LR3

GB20

PC6

HT7

Ll4

Kl3

Figure 2: The locations of acupoints in humans.
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physical exercises, stimulating psychosocial experiences,
meditation, mind games/puzzles, or dietary changes. It will
be interesting to investigate whether acupuncture could
increase cognitive reserve and resilience in the elderly. And
the results would greatly expand the clinical application of
acupuncture. Furthermore, identification of differential
impacts of manipulation on brain networks may contribute
to understanding the mechanisms of acupuncture in neuro-
plasticity. The comparison between acupuncture and sham/-
placebo acupuncture occurred in few clinical studies [124],
which indicated increased connections between cognition-
related regions by acupuncture not sham/placebo acupunc-
ture. In the further researches, diffusion tensor imaging
(DTI) of white matter microstructure adjacent to the primary
somatosensory cortex and magnetic resonance spectroscopy
(MRS) would be used to explore potential differential mech-
anisms of manipulation.

There are still some inevitable limitations in this review.
First of all, because of differences in the quality of included
animal studies, such as sample size calculations, experimental
animals and procedures, housing and husbandry conditions,
intervention, and assessment of experimental outcomes, the
heterogeneities cannot be totally avoided (Supplementary
Table 1). Second, it is well known that the efficacy of
acupuncture stimulation was partly defined by the
characteristic sensation “de qi” clinically (a composite of
sensations including soreness, numbness, distention,
heaviness, and other sensations) [129]. The efficacy of

interventions could not be estimated in animal studies.
Third, there are differential influences on neuroplasticity due
to acupuncture manipulation. For instance, experimental
outcomes may be differently attributed to intervention
performed by the acupuncture method (i.e., MA vs. EA)
and acupoints [35, 36]. Since the number of studies was
small, some pathways affected by the manipulation of
acupuncture were not discussed, for instance,
synaptophysin expression, modulation of neurotransmitter,
and neuroplastic reorganization of brain functional
networks (Supplementary Table 2).

7. Conclusion

A growing number of contemporary studies have gradually
validated acupuncture’s traditional uses in treating AD and
VCI. In view of acupuncture’s therapeutic efficiency and reg-
ulation of neuroplasticity, it may be beneficial to develop acu-
puncture as a potentially promising therapy for AD and VCI.
However, the exact mechanisms underlying acupuncture’s
influence on neuroplasticity is still unknown. In addition,
identification of differential impacts of acupoint specificity,
acupuncture method specificity, depth specificity, cognitive
state specificity, and EA parameter specificity on neuroplasti-
city may contribute to understanding the mechanisms of
acupuncture in AD and VCI. These may be important future
challenges in standardized clinical applications.
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Figure 3: Mechanisms involved in acupuncture regulating neuroplasticity to improve cognitive function.
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Neuroinflammation is considered as one of the crucial pathogenesis in promoting neurodegenerative progress of Alzheimer’s
disease (AD). As complementary and alternative therapy, electroacupuncture (EA) stimulation has been widely used in clinical
practice for anti-inflammation. However, whether EA promotes the cognitive deficits resulting from neuroinflammation in AD
remains unclear. In this study, the presenilin 1 and 2 conditional double knockout (PS cDKO) mice, exhibited a series of AD-
like pathology, robust neuroinflammatory responses, and memory deficits, were used to evaluate the potential neuroprotective
effect of EA at Baihui (GV 20) and Shenting (GV 24) by behavioral testing, electrophysiology recording, and molecular biology
analyzing. First, we observed that EA improved memory deficits and impaired synaptic plasticity. Moreover, EA possesses an
ability to suppress the hyperphosphorylated tau and robust elevated NLRP3, ASC, Caspase-1, IL-1β, and IL-18 in PS cDKO
mice. Importantly, MCC950, a potent and selective inhibitor of NLPR3 inflammasome, has similar effects on inhibiting the
hyperphosphorylated tau and the robust elevated NLRP3 components and neuroinflammatory responses of PS cDKO mice as
well as EA treatment. Furthermore, EA treatment is not able to further improve the AD-like phenotypes of PS cDKO mice in
combination with the MCC950 administration. Therefore, EA stimulation at GV 20 and GV 24 acupoints may be a potential
alternative therapy for deterring cognitive deficits in AD through suppression of NLRP3 inflammasome activation.

1. Introduction

Alzheimer’s disease (AD) is the most common type of
dementia in the elderly population [1], characterized by pro-
gressive decline in the cognitive and psychomotor function.
The extracellular deposition of amyloid-β plaques, hyper-
phosphorylation of tau-associated neurofibrillary tangles,
and neuroinflammation caused by the innate immune sys-

tem in the brain are considered as the major pathological
hallmarks of AD and have gained much attention [2–4]. Pre-
vious studies show that plagues, tangles, and neuronal debris
persistently activate primedmicroglia, which results in a con-
stant production of proinflammatory mediators, such as
interleukin-1 beta (IL-1β), tumor necrosis factor alpha
(TNF-α), nitric oxide, chemokines, and complements [5, 6]
These mediators maintain microglial activation and induce
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neuroinflammatory responses in early phase of AD, which
aggravate tau pathology, synaptic, and neuronal dysfunction.
With the continuity of neuroinflammation, the neurodegen-
erative progress of AD also accelerated [7]. Therefore, block-
age of neuroinflammation-mediated synaptic and neural
dysfunction may be potential therapeutic strategies for pre-
venting the occurrence of AD, delaying its process, or
improving its symptoms.

The inflammasome is a critical protein complex of the
innate immune system, which consists of pyrin domain-
containing protein 3 (NLRP3) receptor, the adaptor
apoptosis-associated speck-like protein (ASC), and the cyste-
ine protease caspase-1 [8]. Activation of NLPR3 inflamma-
some mediates the maturation of caspase-1 and the
secretion of proinflammatory cytokines IL-1β and IL-18
[9]. Previous research suggested that the role of NLRP3
inflammasome activation by amyloid-beta (Aβ) may be crit-
ical for IL-1β processing and subsequent inflammatory
responses [10, 11]. Recent studies provide evidence that the
NLRP3 inflammasome are essential for both the progression
of Aβ and tau pathology directly in AD [12, 13]. These find-
ings indicate that NLRP3 inflammasome may be a potential
therapeutic target for AD (or neurodegenerative disorders).

As the subunits of γ-secretase, the presenilin (PS)1/2 are
responsible for the proteolytic processing of amyloid precur-
sor proteins (APPs) and other proteins involved in apoptosis
and neuronal adhesion [14]. Previous reports indicated that
the mutations in the PS1 and PS2 were discovered in brain
of early-onset AD patients [15]. To investigate the therapeu-
tic effect and underlying mechanism in AD, we used the PS1
and PS2 conditional double knockout (PS cDKO) mice as an
animal model with deletion of PS1 in the forebrain and PS2
in the whole body [16, 17]. PS cDKO mice displayed obvious
AD-like phenotypes, including tau hyperphosphorylation,
synaptic and neuronal loss, brain atrophy, and memory
deficits, especially glia activation and neuroinflammatory
responses but no distinct change in deposition of Aβ pla-
ques [18–20]. Since PS cDKO mice exhibit robust inflam-
matory responses from young adults (3 months), they
have been chosen as a suitable animal model to mimic the
progress of AD and study the pharmacological mechanisms
of neuroinflammation-mediated neurodegenerative disorders.

As one of the most recognized alternative therapies, acu-
puncture has been widely used to treat cognitive impairment
and neurodegenerative disorders including AD [21, 22]. Both
Baihui (GV 20) and Shenting (GV 24) are located on the mid-
line of the head, which are most commonly used acupoints
for the treatment of neurological and psychiatric disorders
such as mania, epilepsy, depression, and dementia [23–25].
However, whether EA stimulus can attenuate the cognitive
impairment resulting from neuroinflammation in AD
remains unclear. Here, we applied EA at GV 20 and GV 24
acupoints to four months old PS cDKOmice for three weeks.
Specifically, we studied the effects of EA on behavioral
changes, synaptic plasticity, inflammation response, and
NLRP3 inflammasome component analyses. We found that
EA treatment ameliorated cognitive deficits, impaired long-
term potentiation (LTP) induction, and abnormal expression
of NMDA receptors of PS cDKO mice, which might be asso-

ciated with the antineuroinflammatory effects of EA through
blockage of the NLRP3 inflammasome signaling pathway in
hippocampus. This study suggested that EA at GV20 and
GV24 acupoints should be considered as an effective thera-
peutic strategy against neuroinflammation-mediated neuro-
degenerative disease.

2. Materials and Methods

2.1. Animals. The PS cDKO mice were generated and geno-
typed as previously described [18]. Briefly, the cDKO mice
were acquired by crossing the forebrain-specific PS1 hetero-
zygous knockout mice with conventional PS2 heterozygous
knockout mice based on the C57BL/6 J genetic background.
Mice with the transgene Cre, fPS1/fPS1, and PS2−/− served
as PS cDKO mice, and their littermates (Cre−, PS1+/+, and
PS2+/+) served as control wild-type (WT) mice. Mice were
group-housed (four per cage) at a temperature of 22 ± 2°C,
40–70% humidity on a 12-h light/dark cycle (the lights were
on from 7 a.m. to 7 p.m.), with ad libitum access to food and
water. PS cDKO mice and their littermate WT mice at 4
months were used in this study. All the experiments were
approved by the Institutional Animal Care and Use Commit-
tee at Guangzhou University of Chinese Medicine
(GZUCM).

2.2. Electroacupuncture and MCC950 Treatment. Four-
month-old PS cDKO mice and their littermates were ran-
domly divided into four groups: WT, WT+EA, PS cDKO
(cDKO), and cDKO+EA. Disposable acupuncture needles
(0:16 × 7mm) were purchased from Beijing Zhongyan Taihe
Medical Instrument Co., Ltd (Zhongyan Taihe, Beijing,
China). To avoid the side effects of anesthetic, EA stimulation
was applied to the mice in EA treatment groups in the awak-
ened state. The self-made fixing device is made of 50mL
epoxy tube and thin insulated iron wire. Enough holes were
left on the epoxy tube to make sure mice inside could not
move but breathe normally. There was a bigger hole on the
top of the mouse head to facilitate the EA stimulation. Mice
were fixed in the self-made fixing devices. The needles were
inserted to a depth of 4mm at the Baihui (GV 20) and
Shenting (GV 24) acupoints after the skin had been cleaned
with alcohol wipes. Then, the mice were connected to a
Master-8 Stimulator (Master-8, AMPI, Israel), and electrical
current (2Hz, 1mA) was given to the needles. As shown in
(Figure 1(a)), mice received EA stimulation for 15min at
10 : 00 a.m. each day for 5 consecutive days per week, and
the whole course of treatment lasted 3 consecutive weeks.
To avoid this and minimize the effect, all the mice were
put into self-made fixing devices for adaptation two weeks
before EA stimulation as described previously [26]. During
the three weeks for EA stimulation, mice in the WT group
and in the cDKO group were fixed in the same devices in
the awakened state and treated the same way without giving
EA stimulation.

MCC950 is a kind of NLRP3 inflammasome inhibitor
used for the interventional study, and it was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Four-month-old mice
and their littermates were randomly divided into five groups:
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Figure 1: Continued.
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wild-type (WT), PS cDKO (cDKO), cDKO + EA, cDKO +
MCC950, and cDKO + EA + MCC950. The mice in WT
and PS cDKO groups were fed normally, and the mice in
cDKO + EA and cDKO + EA + MCC950 groups were given
EA treatment for three consecutive weeks as describe above.
MCC950 was dissolved in sterile saline. After three weeks
of EA treatment, three times of intraperitoneal injection
(IP) of MCC950 (20mg/kg) with or without EA or vehicle
were given once every two days. Mice were killed in the next
day after the last intraperitoneal injection of MCC950. Hip-
pocampus was dissected on ice and stored at -80°C until
being processed to analyze the protein and gene expression.

2.3. Behavior Analysis

2.3.1. Novel Object Recognition (NOR) Task. The experiment
was performed as we previously described [27], and each
mouse was placed in a new object recognition box (40 cm ×
40 cm × 25 cm) for 3 days to adapt to the environment. Dur-
ing the training phase, two toys with the same color and
shape were placed in the experimental box, and each group
of mice was allowed to explore freely for 15min. In the tests
1 and 24 h after the training, the mice were put back in the
same experimental box, and one of the familiar toys was

replaced with a new one with different colors and shapes.
Mice were allowed to explore two objects freely for 15min.
Noldus software and tracking systems (Noldus, Wageningen,
Netherland) were used to record and analyze behavior. The
calculation of the preference index is used to evaluate recog-
nition memory: the ratio of the time spent exploring any
identical or novel object to the total time spent exploring
two objects.

2.3.2. Y-Maze. The Y-maze consists of three identical arms
(30 cm × 6 cm × 15 cm), which are arranged in 120° order.
In the training phase, a movable baffle is used to seal one
arm of the Y-maze as a closed arm, and the other two arms
are kept unblocked as a starting arm and an open arm,
respectively. First, the mice were placed face to the center of
the maze in the starting arm, so that the mice could explore
freely in the maze for 8min, and then the mice were taken
out. After 1 h, remove the movable baffle, open the closed
arm, place the mouse in the starting arm in the same way
again (keep the three arms clear), let the mouse explore freely
in the three arms for 8min, take out the mouse to clean the
fecal urine after the observation and record, wipe the maze
with 75% alcohol, clear the residual smell, and then continue
the record of the next mouse. The spatial memory ability of
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Figure 1: EA treatment ameliorates impaired memory in PS cDKO mice. (a) The experimental timeline of habituation, EA stimulation, and
behavioral tests. (b) Effects of EA treatment on recognition memory in PS cDKO mice by NOR task. (c, d) The duration spent and frequency
visited in the novel arm of the Y-maze. (e) The escape latency to the hidden platform in target quadrant during the first phase of 5 consecutive
training days of the MWM test. (f) Mice of four groups exhibited no differences in swimming speed in the MWM test. (g) Platform crossing
times in the second phase, probe trial on day 6 of the MWM test. (h, i) Percentage of distance swim and time spent in the target quadrant
during the probe trial of the MWM test. (j) Escape latency to the visible platform without differences among the four groups in the MWM
test. (n = 8 mice for each group). Data are the mean ± S:E:M:, ∗p < 0:05, ∗∗p < 0:01 vs WT mice. #p < 0:05,##p < 0:01 vs cDKO mice.
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mice was measured by observing and recording the time of
staying in each arm and the times of entering the closed arm.

2.3.3. Morris Water Maze (MWM). The MWM experiment
was used to measure the hippocampal-dependent spatial
memory in mice, and the protocol was as described before
[28]. The MWM experimental swimming pool has a diame-
ter of 120 cm, a height of 60 cm, and a temperature of 22 ±
1°C. We placed the round platform 10 cm in diameter in
the center of the target quadrant and set its height 2 cm below
the water surface to hide the platform position. In the train-
ing phase, the time of finding the hidden platform in 90 s
was recorded for 5 consecutive days, and the position of the
hidden platform in the target quadrant remained unchanged
during the recording period. On day 6, the space exploration
test was carried out, the platform was removed, and the mice
were allowed to swim freely in the pool for 90 s. Then, the
percentage of time spent in each quadrant and the swimming
distance, the frequency of crossing the original position of the
platform, and the swimming speed were recorded. The
escape latency within 90 s was recorded at the visual platform
stage on day 7 to evaluate whether the visual acuity of the
mice affected the experiment.

2.4. Electrophysiological Recording

2.4.1. Slice Preparation. The experimental scheme was as
described in the previous study [29]. In short, we anesthe-
tized the mice with ether then decapitated them. Cut the hip-
pocampus into 400μm slices and prepared with Vibroslice
(Leica VT1000s, Wetzlar, Germany) in ice-cold artificial
cerebrospinal fluid (ACSF). ACSF (in mM): 120 NaCl, 2.5
KCl, 2 CaCl2, 2 MgSO4, 1.2 NaH2PO4, 26 NaHCO3, and 10
D-glucose. After cutting, hippocampal slices were left inside
a holding chamber with ASCF at temperature (33 ± 1°C)
for recovery for 30min. Then, hippocampal slices main-
tained for 2-8 h at room temperature (25 ± 1°C). All the solu-
tions were saturated with 95% O2/5% CO2 (vol/vol).

2.4.2. Electrophysiology Recordings. The slices were trans-
ferred from the holding chamber to a recording chamber
with superfusion of ACSF (3mL/min) at constant 32–33°C.
The Schaffer collateral (SC) was stimulated with a two-
concentric bipolar stimulating electrode (FHC, Bowdoin-
ham, ME, USA) to evoke the field excitatory postsynaptic
potentials (fEPSPs). Monophasic pulse (0.1ms duration) of
the constant current was used to test the stimuli at a fre-
quency of 0.033Hz, the intensity of which was adjusted to
produce 30% of the maximum response. Axon MultiClamp
700B (Molecular Devices, Sunnyvale, CA, USA) amplifier
with ACSF filled glass pipettes (1–3MΩ) was put in the stra-
tum radiatum of CA1 to record stable fEPSPs at SC-CA1 syn-
apse for 20min. Next, high frequency stimulus (HFS, 100Hz,
1 s) was given to induce LTP, and evoked fEPSPs were
recorded for 60min with the same intensity of the test stim-
ulus. The strength of synaptic transmission could be deter-
mined by measuring the initial (10–60% rising phase) slope
of the fEPSPs. Clampex version 10.3 software (Axon, US)
was applied to get the data. LTP levels were based on the
slopes of fEPSPs at an average of 50–60min after tetanus

stimulation, which was normalized to the slopes of the last
10min fEPSPs before tetanus stimulation.

2.5. mRNA Analysis. Quantitative real-time PCR (qRT-PCR)
was performed as we described in the previously published
paper [30]. In short, after behavioral tests, mice were sacri-
ficed. The hippocampal tissue of mice was dissected and
removed and immediately froze in liquid nitrogen. Total
RNA of mice from the hippocampus was isolated by using
a E.Z.N.A® Total RNA Kit (Omega Bio-Tek, Inc., Norcross,
GA). To obtain cDNA, the reversed transcription of total
RNA was achieved by using a PrimeScriptTMRT reagent
Kit (Takara, Japan). Quantitative PCR with SYBR Green
Dye Gene Expression Assays was applied to determine the
gene expression by using the ABI7500 system (Applied Bio-
systems, Carlsbad, CA, USA). The required primers were
synthesized by Shanghai Sangon Biological Engineering
Technology Company (Shanghai, China). Required primers
sequences were as follows: TNF-α (forward: 5′-GAAC
TGGC AGAA GAGG CACT; reverse: 5′-AGGG TCTG
GGCC ATAG AACT), IL-1β (forward: 5′-CAGG CAGG
CAGT ATCA CTCA; reverse: 5′-AGCT CATA TGGG
TCCG ACAG), ASC (forward: 5′-TCCA ACCC CTAA
AACT GCGT; reverse: 5′-CACG AACT GCCT GGTA
CTGT), IL-18 (forward: 5′-CTGG CTGT GACC CTCT
CTGT; reverse: 5′-CTGG AACA CGTT TCTG AAAG),
caspase-1 (forward: 5′-TCTC ACCG CTTC GGAC AT;
reverse: 5′-ACAT CTGG GACT TCTT CG), NLRP3 (for-
ward: 5′-AGTG GATG GGTT TGCT GGGA; reverse: 5′
-GCGT GTAG CGAC TGTT GAGG), β-actin (forward: 5′
-AGCCCATGTACGTAGCCATCC; reverse: 5′-TCTCAG
CTGTGGTGGTGAAG). The cycle threshold was deter-
mined for each sample as the initial increase in fluorescence
above background. β-Actin was used as internal control for
normalization.

2.6. Western Blot Analysis. After behavioral tests, mice were
sacrificed. The hippocampal tissue of mice was dissected
and removed and immediately froze in liquid nitrogen.
Homogenized the frozen tissues with tissue lysate in ice-
cold RIPA buffer (composition: 50mM Tris-HCl
pH7.4,150mM NaCl, 1% Triton X-100, 1mM EDTA, 1%
sodium deoxycholate, 0.1% SDS, 1mM sodium fluoride,
2mM sodium orthovanadate) supplemented with 1mM phe-
nylmethane sulfonyl fluoride and inhibitors of protease and
phosphatase (aprotinin, leupeptin, and pepstatin A,
10μg/mL for each). Centrifugation at 15,000 rpm and 4°C
for 30min to obtained the lysates. Electrophoresed 40μg pro-
teins of tissue lysate on 10% SDS-PAGE gels, then the pro-
teins were transferred to nitrocellulose membrane
(Amersham Biosciences, Buckinghamshire, UK). The pro-
teins on the membrane were incubated with primary anti-
bodies at 4°C overnight. Washed the membranes three
times and then incubated them with HRP-conjugated sec-
ondary antibodies (1 : 3000, Cell Signaling Technology, Dan-
vers, MA, USA) at room temperature for 1 h. Then, a
SuperSignal West Femto Kit (ThermoFisher Scientific, Wal-
tham, MA, USA) was used to develop the membranes. Image
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Quant software (Tanon, Shanghai, China) and Image J were
applied to scan the films and quantified the intensities of pro-
tein bands. The relative protein levels were normalized to β-
actin. The following primary antibodies were used in the
Western blot analyses: rabbit anti-NR1 (1 : 1000, CST), rabbit
anti-NR2A (1 : 1000, CST), rabbit anti-NR2B (1 : 1000,
Abcam), mouse anti-p-tau (396) (1 : 1000, Santa Cruz, Bio-
technology, Dallas, Texas, USA), mouse anti-p-tau (404)
(1 : 1000, Santa Cruz), mouse anti-tau (1 : 1000, Santa Cruz),
rabbit anti-NLRP3 (1 : 1000, CST), mouse anti-ASC
(1 : 1000, Santa Cruz), mouse anti-caspase-1 (1 : 1000, Santa
Cruz), and anti-β-actin (1 : 1000, CST).

2.7. Statistical Analysis. All the data were presented as the
mean ± standard error of mean (S.E.M) and were analyzed
by using SPSS 21.0 (Chicago, IL, USA) and GraphPad Prism
version 5.0 (San Diego, CA, USA). One-way or two-way
ANOVA with post hoc Bonferroni’s multiple comparison
tests were used to analyze the results:p < 0:05 was considered
statistically significant. When carrying out data analyses, the
experimenters were blind to the grouping of mice.

3. Results

3.1. EA Treatment Ameliorates Memory Deficits in PS cDKO
Mice. According to previous studies, 5 months old PS cDKO
mice have exhibited severe impaired recognition and spatial
memory [18]. Thus, NOR, Y-maze, and MWM test were per-
formed to assess the effects of EA on impaired memory in PS
cDKO mice. The experimental timeline of behavioral tests is
shown in Figure 1(a). NOR is usually used to analyze the
hippocampus-dependent recognition memory function.
During the training session of NOR, the mice from four
groups showed no difference in their preference for two same
objects. After an hour, we found that PS cDKO mice spent
less time exploring new objects than the WT mice in the
retention test. However, EA treatment enhanced the prefer-
ence degree and recognitive index of new objects in the PS
cDKO mice (Figure 1(b)). Thus, our experimental results
indicated that EA treatment could improve the short-term
recognition memory deficits in PS cDKO mice.

The Y-maze is an effective way to measure the spatial
memory ability of animals by using the nature of mice to
explore new and different environments. As shown in
Figures 1(c) and 1(d), we observed that PS cDKO mice dis-
played lower preference for new arms compared with WT
mice. However, EA treatment significantly increased the
duration (Figure 1(c)) and frequency (Figure 1(d)) of enter-
ing the new arm in PS cDKO mice, suggesting that EA could
improve the spatial memory deficits in PS cDKO mice.

Subsequently, the MWM test were conducted to evaluate
the spatial reference memory of animals. During the first
phase (5 consecutive days) for training, the escape latency
of PS cDKO mice was longer compared with WT mice, indi-
cating that PS cDKO mice might spend more time finding
the hidden platform. However, EA treatment significantly
shortened their escape latency time in PS cDKO mice
(Figure 1(e)). In the second phase (day 6), the probe trial
was carried out to measure the memory retention of these

mice in the target quadrant. There were also no significant
differences in their swimming velocities among four groups
(Figure 1(f)). It was found that the WT group showed a
strong preference in the target quadrant, but the PS cDKO
group exhibited no discrimination in the distance and time
occupancies among the four quadrants, and they crossed
fewer times in the target quadrant comparing to other quad-
rants. Afterwards, PS cDKO mice with EA treatment spent
longer time, crossed more times, and swam further in target
quadrant. In the meantime, when comparing the duration
of stay in other quadrants, there were no differences among
the four groups (Figures 1(g)–1(i)). During the second phase,
day 7, mice in four groups exhibited no differences in the vis-
ible platform test (Figure 1(j)), indicating that EA treatment
can improve the spatial reference memory deficits of PS
cDKO mice, but has no impact on their sensorimotor abili-
ties. The above results suggest that EA treatment may have
positive therapeutic effect on ameliorating impaired recogni-
tion and spatial memory in the PS cDKO mice.

3.2. EA Treatment Improves Impaired Synaptic Plasticity in
the Hippocampus of PS cDKO Mice. Since synaptic plasticity
may be one of the basic underlying mechanisms for improv-
ing ability of learning and memory, we observed the effects of
EA treatment on alternation of LTP induction by determin-
ing fEPSPs at SC-CA1 synapses of PS cDKO mice. As shown
in Figure 2(a), their slopes under different stimulation inten-
sities were similar among four groups, suggesting that EA
treatment had no impact on basal synaptic transmission at
SC-CA1 synapse of PS cDKO mice. Likewise, the magnitude
of LTP induced by HFS in PS cDKO mice was also decreased
expressively in comparison with WT mice, in accordance
with our previous study [27]. Interestingly, the decreased
LTP magnitude induced by HFS was ameliorated by EA
treatment (Figures 2(b)–2(d)). Taken together, these results
manifest that EA treatment can moderate the impaired syn-
aptic plasticity in PS cDKO mice.

The role of NMDA receptors in the LTP induction at SC-
CA1 synapses in the hippocampus is well established. We
next determine whether EA treatment can recover their defi-
ciency, which are known as playing key roles in synaptic plas-
ticity and memory of PS cDKO mice in our previous study
[27]. Western blot analysis showed that expression levels of
NR1, NR2A, and NR2B in the hippocampus of PS cDKO
mice were decreased when compared to WT mice, while
EA treatment reversed those (Figures 2(e)–2(h)). The above
results suggest that EA treatment reverse the downregulation
in the expression of synaptic plasticity-associated proteins
involved in the neuropathology of PS cDKO mice.

3.3. Hyperphosphorylated Tau and Neuroinflammatory
Responses of PS cDKO Mice Are Reduced by EA Treatment.
Previous research has shown that tau hyperphosphorylation
and neuroinflammatory responses are linked with synaptic
plasticity and memory dysfunction in AD [31, 32]. Firstly,
we assessed the effect of EA treatment on the expression of
hyperphosphorylated tau in the hippocampus of PS cDKO
mice. The Western blot analysis showed that there was obvi-
ous elevation in the expression levels of phosphorylated tau

6 Neural Plasticity



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4
fE

PS
P 

Sl
op

e (
m

V
/m

s)

Stimulus intensity (mA)

WT
WT+EA

cDKO
cDKO+EA

(a)

–30 –20 –10 0 10 20 30 40 50 60
0

100

200

300

400

1

2

WT
WT+EA

cDKO
cDKO+EA

fE
PS

P 
Sl

op
e (

%
)

Time (min)

HFS

1

2

(b)

Prestimuli

WT WT+EA

cDKO

1

2

cDKO+EA

Prostimuli0.5 ms
0.2 mV

(c)

WT cDKO cDKO+EA
0

50

100

150

200

Po
te

nt
ia

tio
n 

(%
)

WT+EA

⁎⁎ ⁎⁎

(d)

NR1 120 kD

180 kD

190 kD

45 kD

NR2A

NR2B

WT cDKO cDKO+EAWT+EA

𝛽-Actin

(e)

0.0

0.5

1.0

1.5

WT cDKO cDKO+EAWT+EA

N
R1

/𝛽
-a

ct
in

(r
el

at
iv

e t
o 

W
T)

⁎⁎ ⁎⁎

(f)

0.0

0.5

1.0

1.5

N
R2

A
/𝛽

-a
ct

in
(r

el
at

iv
e t

o 
W

T)

WT cDKO cDKO+EAWT+EA

⁎⁎ ⁎⁎

(g)

0.0

0.5

1.0

1.5

WT cDKO cDKO+EAWT+EA

N
R2

B/
𝛽

-a
ct

in
(r

el
at

iv
e t

o 
W

T)

⁎⁎ ⁎⁎

(h)

Figure 2: EA treatment improves impaired LTP at SC-CA1 synapses and level of NMDA receptors in the hippocampus of PS cDKOmice. (a)
Quantitative data of I/O curves obtained at different stimulus intensities. (b) Normalized fEPSP slopes in SC-CA1 synapses from hippocampal
slices of indicated mice. (c) Representative fEPSP traces taken before (1, black lines) and 60min after tetanus stimulation (2, red lines) from
each group. Scale bar: 0.5mV, 10ms. (d) Quantitative data of potentiation at 60min after tetanus stimulation (n = 7 slices from 5 mice for
each group). (e) Representative Western blot of synapse-associated proteins in the hippocampus. (f)–(h) Quantification of Western blot of
the synapse-associated proteins in the hippocampus (n = 6 mice for each group). The levels of synapse-associated proteins were
standardized based on the respective level of β-actin. The values were expressed as relative changes to the respective WT mice, which was
set to 1. Data are the mean ± S:E:M:, ∗p < 0:05, ∗∗p < 0:01.
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(Ser396/Ser404) in the hippocampus of PS cDKO mice,
which could be reversed by EA treatment (Figures 3(a)–
3(c)). Moreover, we also determined the effects of EA treat-
ment on the mRNA levels of proinflammatory cytokines in
the hippocampus of PS cDKO mice, such as IL-1β, IL-18,
and TNF-α by qRT-PCR analyses. The results showed that
the mRNA levels of IL-1β, IL-18, and TNF-α were signifi-
cantly upregulated in the hippocampus of PS cDKO mice.
Notably, EA treatment could suppress the mRNA levels of
IL-1 β and IL-18 (Figures 3(d) and 3(e)), but no effect on
the TNF-α mRNA expression (Figure 3(f)). These results
above indicate that EA treatment has the ability to exert neu-
roprotective effects on synaptic plasticity and memory defi-
cits in PS cDKO mice by inhibiting hyperphosphorylated
tau and some proinflammatory cytokines in hippocampus.

3.4. EA Treatment Reverses the Robust Upregulated Levels of
NLRP3 Inflammasome in the Hippocampus of PS cDKO
Mice. Inflammatory corpuscles are innate immune system
sensors, which can regulate the activation of microglia to
induce inflammation according to risk signals. In this pro-
cess, NLRP3 inflammasome is activated by double stimula-
tions, which leads to the heterogenesis of ASC and the
activation of caspase-1 [8, 9]. Here, we analyzed the
mRNA expression of NLRP3, ASC, and caspase-1. The
results showed that EA treatment significantly inhibited
the mRNA level of these inflammasome-related proteins
in the hippocampus of PS cDKO mice (Figures 4(a)–
4(c)). Similarly, Western blot analysis showed that the
expression of NLRP3, ASC, and caspase-1 was significantly
increased in the hippocampus of PS cDKO mice, while EA
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Figure 3: EA treatment inhibits tau hyperphosphorylation and elevated inflammatory response in the hippocampus of PS cDKO mice. (a)
Representative Western blot of phosphor-tau (Ser396/Ser404) in the hippocampus. (b, c) Quantification of Western blot for p-tau in the
hippocampus (n = 6 mice for each group). The protein levels of p-tau were normalized with the levels of their respective total tau. The
values were expressed as relative changes to the respective WT mice, which was set to 1. (d)–(f) Quantitative mRNA levels of IL-1β, IL-
18, and TNF-α in the hippocampus by qRT-PCR (n = 5 mice for each group). The mRNA levels were standardized based on the
respective level of β-actin. Values were expressed as relative changes to WT mice, which was set to 1. Data are the mean ± S:E:M:, ∗p <
0:05, ∗∗p < 0:01.

8 Neural Plasticity



treatment significantly inhibited the expression of NLRP3
and ASC (Figures 4(d)–4(g)).

3.5. EA Treatment Inhibits the Neuroinflammatory Response
in the Hippocampus of PS cDKO Mice through Inhibiting
NLRP3 Inflammasome. In order to better understand the
molecular mechanism of cognitive and memory deficits in

PS cDKO mice, we thus studied the effect of EA treatment
on neuroinflammation, using MCC950, a NLRP3 inhibitor,
to inhibit the expression of NLRP3 in the hippocampus of
PS cDKO mice. Western blot analysis showed that the
protein expression of NLRP3, ASC, and caspase-1 in the
hippocampus could be significantly reduced by MCC950
treatment alone (Figures 5(a)–5(d)). Meanwhile, MCC950
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Figure 4: EA treatment reverses the robust upregulated levels of NLRP3 inflammasome in the hippocampus of PS cDKO mice. (a)–(c) Total
RNA was isolated and subjected to quantitate the mRNA levels of NLRP3, ASC, and caspase-1 in the hip by qRT-PCR (n = 5 mice for each
group). The mRNA levels were standardized based on the respective level of β-actin. Values were expressed as relative changes to WT mice,
which was set to 1. (d) Representative Western blot of NLRP3, ASC, and caspase-1 in the hippocampus. (e)–(g) Quantification of Western
blot for NLRP3, ASC, and caspase-1 in the hippocampus (n = 6 mice for each group). The protein levels of NLRP3, ASC, and caspase-1
were normalized with the levels of β-actin. The values were expressed as relative changes to the respective WT mice, which was set to 1.
Data are the mean ± S:E:M:, ∗p < 0:05, ∗∗p < 0:01.
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Figure 5: MCC950 does not further increase the effect of EA on inhibiting NLRP3 inflammasome and neuroinflammatory responses in the
hippocampus of PS cDKO mice. (a) Representative Western blot of NLRP3, ASC, and caspase-1 in the hippocampus. (b)–(d) Quantitative
analysis of NLRP3, ASC, and caspase-1 in the hippocampus were standardized based on the respective level of β-actin (n = 6 mice for
each group). (e, f) Total RNA was isolated and subjected to quantitate the mRNA levels of IL-1β and IL-18 in the hippocampus by qRT-
PCR (n = 5 mice for each group). The mRNA levels were standardized based on the respective level of β-actin. Values were expressed as
relative changes to WT mice, which was set to 1.0. Data are the mean ± S:E:M:, ∗p < 0:05, ∗∗p < 0:01 vs WT mice. #p < 0:05, ##p < 0:01 vs
cDKO mice.
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also significantly reduced the mRNA levels of IL-1β and IL-
18. Strikingly, we found that EA and MCC950 treatment
exhibited similar effects on the level of IL-1β, IL-18, NLRP3,
ASC, and caspase-1 (Figures 5(a)–5(f)). In order to deter-
mine whether they work in the same way, we combined EA
and MCC950 treatment for PS cDKO mice. The experimen-
tal results showed that the combined treatment did not fur-
ther reduce the expression of NLRP3 (Figures 5(a)–5(d))
and the mRNA levels of IL-1β and IL-18 (Figure 5(e) and
5(f)) in the hippocampus of PS cDKO mice. Together, these
findings provide further evidence that EA treatment may
inhibit neuroinflammatory responses by blocking the
NLRP3-ASC signaling pathway.

3.6. EA Treatment Ameliorates Tau Pathology and NMDA
Receptor Damage of PS cDKO Mice through Inhibiting
NLPR3 Inflammasome. To further investigate the correlation
between EA treatment, NLRP3 inflammation, and AD-like
phenotypes, Western blot was performed to evaluate the
effects of EA, MCC950, and combination of two treatments.
As shown in Figure 6, both EA treatment and MCC950 treat-
ment alone could significantly rescue synaptic proteins in the
hippocampus PS cDKO mice, including NR1, NR2A, and
NR2B. In addition, the increase of phosphorylated tau levels
of Ser396 and Ser404 was significantly inhibited by MCC950
or EA treatment alone. However, we found that the com-
bined therapy did not further improve the NMDA receptor
function damage in the hippocampus of PS cDKO mice
(Figures 6(b)–6(d)) or further reduce the phosphorylated
tau level of Ser396 and Ser404 (Figures 6(e) and 6(f)). These
results further indicate that EA has the neuroprotective effect
on PS cDKOmice through inhibiting NLRP3 inflammasome,
reducing hyperphosphorylated tau and improving the
expression of NMDA receptors.

4. Discussion

In this study, we found that 3 weeks EA stimulation at GV 20
and GV 24 acupoints could effectively ameliorate the mem-
ory deficits, improve the expression of NMDA receptors
and LTP induction, inhibit hyperphosphorylated tau, and
robust elevated neuroinflammatory responses in the PS
cDKO mice. Furthermore, EA treatment reversed the robust
upregulated levels of NLRP3 inflammasome in the hippo-
campus of PS cDKO mice, and the MCC950 administration
did not further increase the effects of EA treatment on inhi-
biting the upregulated levels of NLRP3 inflammasome in
the hippocampus of PS cDKO mice.

Our results showed that PS cDKO mice in 5 months old
exhibited significant memory deficits in NOR, Y-maze, and
MWM test, which was consistent with previous studies [28,
33]. Furthermore, EA stimulation at GV 20 and GV 24 acu-
points could effectively ameliorate the cognitive deficits of PS
cDKO mice (Figure 1). Consistent with our result, previous
study proved that EA treatment could improve learning-
memory ability of the AD mice model and ameliorate post-
stroke cognitive impairments via inhibition periinfarct astro-
glia and microglial/macrophage P2 purinoceptors-mediated
neuroinflammation [34–36]. In addition, PS cDKO mice

exhibited obvious deficits in LTP induction at SC-CA1 synap-
ses, and impaired magnitude of LTP in PS cDKO mice was
ameliorated by EA treatment (Figure 2). Similarly, our previ-
ous study proved the efficacy of EA at GV 20 and GV 24 on
promoting LTP induction and cognitive deficits in rat exposed
to maternal separation [37]. Other studies also proved that EA
stimulation could improve the spatial learning and memory of
AD animal models induced by ethanol or vessel occlusion
[38–40]. Clinically, EA or acupuncture therapy has been
widely used to treat cognitive impairment of neurodegenera-
tive disorders including AD and dementia [41, 42]. Both
results of AD animal models and clinical practice support
the efficacy of EA on treating cognitive deficits.

The ionotropic receptors of glutamate NMDA receptors
are spread in postsynaptic membranes of the hippocampus,
and NMDA receptor stimulation elicits the translocation of
CaMKII to postsynaptic sites, where CaMKII is activated by
NMDAR-triggered calcium influx and plays an important
role in LTP induction and memory formation [35, 43].
In our study, Western blot analysis showed that the expres-
sion levels of NR1, NR2A, and NR2B in the hippocampus
of PS cDKO mice were all increased after EA treatment
(Figure 3). Similarly, our previous study has proved that
these PS cDKO mice exhibited the impaired expression of
NMDA receptors and dramatic decrease in the NMDAR/-
AMPAR ratio in comparison with WT mice [27]. Consistent
with our results, one recent study indicated that EA at GV 20
and GV 24 acupoints improved increased intracellular cal-
cium concentrations regulated by the activation of NMDA
receptors [44]. Taken together, these results provide further
evidence that restoration of the NMDA receptors in PS
cDKO mice by EA at GV 20 and GV 24, which may relate
to the deficits of the cognitive function and synaptic plasticity
in PS cDKO mice.

Besides of significant age-related AD-like symptoms, pre-
vious studies showed that PS cDKOmice exhibited a series of
pathology, such as elevated hyperphosphorylated tau [18, 27,
33, 45]. Abnormal phosphorylation of tau, the major compo-
nent of the neurofibrillary tangle, has been associated with
synaptic plasticity and memory deficits in AD [32]. We
found that there was an obvious hyperphosphorylation of
tau at Ser396 and Ser404 in the hippocampus of PS cDKO
mice, and the hyperphosphorylated tau in the hippocampus
was reversed after the EA treatment (Figure 3). These results
above indicate that EA treatment can protect neurons in the
hippocampus of PS cDKO mice by lowering the hyperpho-
sphorylation of tau. Consistent with our results, recent evi-
dence suggested that EA could counteract diabetes-
associated tau hyperphosphorylation in adult rat and had a
possible beneficial effect on the brain cholinergic system in
diabetes [46]. These results agree with our observations in
this study, which suggests that EA stimulation at GV 20
and GV24 ameliorates learning and cognitive deficit in PS
cDKO mice via lowering the tau pathology.

Neuroinflammatory is also critical in progression of AD
[47]. Except for hyperphosphorylated tau and impaired syn-
aptic plasticity, PS cDKO mice showed the increased mRNA
levels of IL-1β and TNF-α (Figure 3), which are consistent
with our previous studies [27]. Strikingly, this study is the
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first to show that PS cDKO caused the robust to increase in
the expression of NLRP3, ASC, and caspase-1 at both the
protein and mRNA levels (Figure 3). Consistent with our
results, the levels of NLRP3 inflammasome are substantially

elevated both in brains from AD patients [10] and several
rodent AD models [10, 12, 13, 48], since previous studies
have shown that NLRP3 inflammasome activation induces
the cleavages of cytokine precursors to generate active IL-
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Figure 6: MCC950 does not further increase the effect of EA on ameliorated hyperphosphorylated tau and impaired NMDA receptors in the
hippocampus of PS cDKO mice. (a) Representative Western blot of NR1, NR2A, NR2B, p-tau (Ser396), and p-tau (Se404) in the
hippocampus. (b)–(f) Quantification of NR1, NR2A, NR2B, p-tau (Ser396), and p-tau (Ser404) in the hippocampus according to the
respective levels of β-actin or total tau (n = 6 mice for each group). The values were expressed as relative changes to the respective WT
mice, which was set to 1. Data are the mean ± S:E:M:, ∗p < 0:05, ∗∗p < 0:01 vs WT mice. #p < 0:05, ##p < 0:01 vs cDKO mice.
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1β and IL-18 [9]. In addition, NLRP3 inflammasome was
also been found to drive the tau pathology in a recent study
[13]. Therefore, it is likely that our study provides a strong
correlation between hyperphosphorylated tau, neuroinflam-
mation, and NLRP3 inflammation in PS cDKO mice, which
is in accordance with accumulated evidences that NLRP3
inflammasome has been implicated in the pathogenesis of
AD [49].

Meaningfully, our studies exhibited that EA treatment
significantly inhibited the robust elevated levels of compo-
nents and products of NLRP3 inflammasome components
in PS cDKO mice (Figures 4 and 5). Specially, we provide
further evidence that inhibiting NLRP3 inflammasome by
MCC950 reduces the robust elevated tau, IL-1β, and IL-
18 as well as NLRP3 components (Figures 5 and 6). Intrigu-
ingly, we found that EA at GV20 and GV24 acupoints has
similar effect on NLRP3 inflammation components and neu-
roinflammation responses as MCC950 administration
(Figures 5 and 6). In accordance with our results, other stud-
ies found that using both EA and manual acupuncture could
ameliorate the upregulation of NLRP3 inflammasome as well
as their synaptic and cognitive dysfunction in senescence-
accelerated (SAMP8) mice [50, 51]. Furthermore, our results
demonstrated that EA treatment fail to further enhance the
inhibiting effect of MCC950 on NLRP3 components and
products (Figures 5 and 6). Together, these results provide
further support to the idea that EA suppresses the IL-1β
and IL-18 via inhibiting the NLRP3 inflammasome. It is con-
ceivable that the findings of this study could shed light on the
mechanisms of EA therapy on the neuroinflammatory-
medicated cognitive impairment in AD.
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Autism spectrum disorder (ASD) is a developmental disorder characterized by social behavior deficit in childhood without
satisfactory medical intervention. Transcutaneous electrical acupoint stimulation (TEAS) is a noninvasive technique derived
from acupuncture and has been shown to have similar therapeutic effects in many diseases. Valproic acid- (VPA-) induced ASD
is a known model of ASD in rats. The therapeutic efficacy of TEAS was evaluated in the VPA model of ASD in the present
study. The offspring of a VPA-treated rat received TEAS in the early life stage followed by a series of examinations conducted in
their adolescence. The results show that following TEAS treatment in early life, the social and cognitive ability in adolescence of
the offspring of a VPA rat were significantly improved. In addition, the abnormal pain threshold was significantly corrected.
Additional studies demonstrated that the dendritic spine density of the primary sensory cortex was decreased with Golgi
staining. Results of the transcriptomic study showed that expression of some transcription factors such as the neurotrophic
factor were downregulated in the hypothalamus of the VPA model of ASD. The reduced gene expression was reversed following
TEAS. These results suggest that TEAS in the early life stage may mitigate disorders of social and recognition ability and
normalize the pain threshold of the ASD rat model. The mechanism involved may be related to improvement of synaptic plasticity.

1. Introduction

Autism spectrum disorder (ASD) is a developmental disor-
der. The core symptoms include social and communication
deficits and stereotypic behavior. Together with its core
symptoms, ASD patients also suffer from a lot of other cooc-
curring problems, especially hyperreactivity or hyporeactiv-

ity to sensory inputs and intellectual disability [1]. In the
past few decades, the prevalence of ASD has increased dra-
matically. It is higher in boys than in girls, with an estimated
ratio of 4 : 1 [2]. In DSM-V, the diagnostic criteria for percep-
tion appeared for the first time. As an earlier study reported,
90% of ASD children had an abnormal response to sensory
stimulation [3]. Several studies have strongly implicated that
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an abnormal response to perception was one of the most
obvious characteristics to distinguish ASD from other chil-
dren with developmental disabilities [4–6]. Unfortunately,
the etiology of ASD is still unclear, and the medical therapy
is often one used to treat some associated symptoms, such
as irritability and comorbidities [7]. Among the available
methods for the treatment of ASD, rehabilitation training is
most widely used for ASD intervention [7, 8]. But rehabilita-
tion training often puts a heavy economic burden on families
and society [9]. Besides, rehabilitation training has limita-
tions, especially for infants with ASD [10].

The hypothesis for ASD pathogenesis mainly focuses on
genetics and environment [11]. The molecular and cellular
mechanisms mainly involve structural and functional abnor-
malities of the brain and synaptic plasticity abnormalities.
Synapse generation and maturation is one of the key links
in the development of brain neural circuits. In the early life
stage, the number of dendritic spines increases rapidly. After
reaching a peak, the density of dendritic spines in the brain
stops increasing and gradually decreases, which is called
“spine pruning” [12–14]. Spine pruning is considered to be
related to neural circuit refinement which may be related to
the pathogenesis of ASD [15]. In previous studies, dendritic
spine density of ASD elder patients was significantly higher
than that of the control [15–17].

Some evidence indicates that there is a relationship
between the modulatory functions of the endocrine system
and social behavior [18, 19]. As a part of the endocrine sys-
tem, the hypothalamus can release a variety of neurotrans-
mitters, such as oxytocin (OXT) and arginine-vasopressin
(AVP). Because OXT and AVP were beneficial for regulating
socio-emotional responses, they have attracted great interest
for their critical implications for ASD [20–22]. Furthermore,
the hypothalamus can also improve the emotional behavior
by gut/axis and microbiota [23]. So, we pay more attention
to hypothalamus in our current etiology study for ASD.

Acupuncture appears to be effective for treating many
diseases and/or disorders by regulating the functions of the
autonomic nervous system. Some research suggests that acu-
puncture could help ASD children to relieve their symptoms
[24–26]. Moreover, meta-analysis results show that acupunc-
ture could help ASD children reduce their Childhood Autism
Rating Scale (CARS) and their Autism Behavior Checklist
(ABC) score [27]. Transcutaneous electrical acupoint (TEAS)
combines traditional acupuncture therapy with transcutane-
ous electrical nerve stimulation, which can produce effects
similar to acupuncture [28].

Because TEAS is noninvasive stimulation, it is easier for
children to accept. Consistent with our study, previous work
in our lab also showed that TEAS would reduce part of ASD
children’s CARS and ABC total score, thereby improving
their condition [29]. This previous study also demonstrated
that TEAS simultaneously improved plasma levels of oxyto-
cin and arginine-vasopressin [29]. Results in an animal study
also done in our lab were similar to our clinical studies, show-
ing that electro-acupuncture improved the social interaction
behavior of rats [30].

However, few investigations have focused on the effect
and mechanism of TEAS in early life. In this study, we use

an autistic rat model to study the behavioral effect of TEAS
in the early life stage and its influence on transcriptomics
and synapse plasticity.

2. Material and Method

Male and female Wistar rats (270 g-350 g) were obtained
from the Department of Experimental Animal Sciences,
Peking University Health Science Center. Animals were
housed individually with access to food and water. The
humidity was 50% ± 10%, and temperature was 23 ± 2°C.
The animals were maintained with a 12–12h light-dark cycle.
This study was carried out following USA National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
The protocol was approved by Peking University Animal
Care and Use Committee (ethics approval ID, LA2015204).

Female and male rats were placed in the same cage to
mate overnight. The day was considered embryonic day 0.5
(E0.5) in the presence of a vaginal plug. The pregnant rats
were randomly divided into two groups: VPA group and
control (NS-control) group. In the VPA group, pregnant rats
were intraperitoneally injected with VPA (Sigma: P4543,
diluted with normal saline to a concentration of 200mg/ml)
at a dose of 450mg/kg at embryonic day 12.5 (E12.5). The
pregnant rats in the control group received the same concen-
tration of normal saline at E12.5. After weaning at postnatal
day 21 (PND21), offspring of the same sex were housed
separately with 2-6 per cage.

On the postnatal day of 7th (PND7), the offspring of the
VPA group were randomly divided into two groups: sham
group (VPA-sham) and TEAS group (VPA-TEAS). The
VPA-TEAS group was given transcutaneous electrical acu-
point stimulation (JS-502-A manufactured at Wuxi HANS
Health Medical Technology Company, Wuxi), with 6mm
electrodes attached on the acupoint of Zusanli
(Figure 1(b)). TEAS duration was 7 days, from PND7 to
PND13. Each day treatment duration was 30 minutes
(Figure 1(a)). The current intensity of PND7 was 2mA,
PND8-10 was 3mA, and PND11-13 was 4mA. To be consis-
tent with our previous clinical study, we chose 2/15Hz as
frequency (pulse width: 0.6ms in 2Hz and 0.4ms in 15Hz,
each lasting for 3 s) [29].

The electrode was attached to the VPA-sham group on
the same acupoint but without electrical stimulation. During
stimulation, all of the offspring were placed in a clear plastic
chamber, and a 37°C heating pad was placed under the box to
maintain their body temperature.

2.1. Behavior Test

2.2. Developmental Milestone and Pup Separation-Induced
Ultrasonic Vocalization Test. The developmental milestones
of offspring were tested beginning from postnatal days 7 to
21(PND7-21). The parameters of physical developmental
milestones included body weight and eye-opening. A pup
separation-induced ultrasonic vocalization (USV) test was
performed on postnatal days 7 (PND7) and 13 (PND13). A
pup was randomly chosen and gently removed from the
home cage and then transported to a clear plastic chamber
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(39 cm × 25 cm × 20 cm) on a heating pad (37°C) in a sepa-
rate room. The USVs were recorded for 5min by a condenser
microphone (CM16/CMPA, Avisoft Bioacoustics, Germany)
which hung 25 cm above the cage floor (AUSG-116H,
Avisoft Bioacoustics, Germany). The sampling rate was set
at 250 kHz. The connected amplifier (AUSG-116H, Avisoft
Bioacoustics, Berlin, Germany) was set at a sampling rate of

250 kHz with a 125 kHz low-pass filter [31]. The USV data
were analyzed by Avisoft SASLab Pro (Version 4.52).

2.2.1. Three-Chamber Test. A three-chamber test was per-
formed on postnatal days 35-42 (PND35–42) during the dark
cycle [30]. The apparatus for testing was a rectangular
Plexiglas box, which was divided into three chambers
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Figure 1: TEAS on PND7-PND13 did not improve the development and USVs of VPA-induced offspring. (a) Experimental design of TEAS
intervention and behavior tests. (b) The photo is the offspring receiving TEAS. (c) The number of pups with eye-opened on certain days (two-
way ANOVA, NS-control n = 30, VPA-sham n = 24, VPA-TEAS n = 21). (d) Body weight of pups from PND2 to PND21 (one-way ANOVA,
NS-control n = 30, VPA-sham n = 24, VPA-TEAS n = 21). (e) Total USV numbers (PND7 vs. PND13: paired t-test, NS-control vs. VPA-
sham vs. VPA-TEAS: one-way ANOVA, NS-control n = 15, VPA-sham n = 14, VPA-TEAS n = 11). Data are presented as the mean ±
SEM. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001; NS-control vs. VPA-TEAS, #P < 0:05, ##P < 0:01.
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(40 cm × 34 cm × 24 cm), with the side chambers each
connected to the middle chamber by a corridor
(10 cm × 10 cm × 15 cm). The test included three stages:
adaptive stage, stage 1 (social preference), and stage 2 (social
novelty).

During the adaptive stage, the subject rat was allowed to
explore the entire apparatus freely for 5min. During stage
1, a weight and sex-matched unfamiliar model rat was
retained in a small cage as a social stimulus and then placed
in one of the side chambers. Then, an identical empty cage
was placed on the other side of the chamber. The subject
rat was allowed to explore the entire apparatus freely with
the corridors open to allow interaction with the model rat
and empty cage for 10min. The social preference index was
calculated as: ðtime in stranger side – time in empty cage side
Þ/ðtime in stranger side + time in empty cage sideÞ [32].

During stage 2, another weight and sex-matched unfa-
miliar model rat was placed in the empty cage as a novel
social stimulus. The subject rat was also allowed to explore
the entire apparatus and interact with the familiar and novel
model rats for 10min. The social novelty index was calcu-
lated as: ðtime in new stranger side – time in familiar stranger
sideÞ/ðtime in new stranger side + time in familiar stranger
sideÞ. The entire apparatus was cleaned with 75% ethanol
after each trial was completed to eliminate the impact of
residual rat odors.

2.2.2. Self-Grooming Test. The self-grooming test is a para-
digm which measures the level of stereotyped behavior of
rodents. During the dark period under dim red illumination,
the subject rat was placed into an empty cage
(39 cm × 25 cm × 20 cm), which was similar to the home
cage, and encouraged to explore it for 10min. In this study,
self-grooming behaviors included (1) wiping the nose, face,
head, and ears with forepaws and (2) licking the body, ano-
genital area, and tail [33]. The test consisted of a 10min
habituation and a following 10min test. The test stage was
videotaped, and the duration of self-grooming was analyzed.

2.2.3. Novel Object Recognition Test. Learning and memory
ability were evaluated by a novel object recognition test dur-
ing the dark period under dim red illumination. A subject rat
was placed in the test arena (60 cm × 40 cm × 40 cm) for
10min of habituation on the first and second day. The train-
ing stage was on the third day. During the training stage, the
rat was allowed to explore two identical objects in the arena
for 20min. 1 hour after training stage, the test stage started.
One of the two objects would be replaced by a new object
(with a similar size but with different colors and shapes).
The rat was placed into the arena again to allow the animal
to explore freely for 10min and videotaped. The sniffing time
for each of the two objects was determined by an observer
blinded to the treatment group. Object exploration behavior
was defined as the nose of the rat touching the object or being
oriented toward the object within 2 cm.

2.2.4. Hot Plate Test. The thermal nociception threshold was
examined by a hot plate test. A solid aluminum plate was
used for heating and maintaining a constant temperature. A

Perspex cylinder which was transparent and removable was
used. The temperature of the hot plate was set at 3 levels:
50°C, 53°C, and 56°C. After a rat was placed on the hot plate,
the latent period was recorded for any of the behaviors: lick-
ing or lifting paws or jumping off the hot plate at each tem-
perature. The paw withdrawal latency was intended to
reflect the nociception threshold. A cut-off time of 60 s was
set to avoid tissue damage. The subject rat was tested three
times with 15min intervals, and the mean of three recordings
was the final result.

2.3. Golgi Staining. After the behavior tests, Golgi staining
was used to evaluate neuron development of rats by the Hito
Golgi-Cox OptimStainTM kit (HTKNS1125, Hitobiotec).
Solution 1 and solution 2 of the kit were mixed in equal vol-
umes at room temperature in a dark place 24 h before the
experiment. The brain was removed and transferred into
the mixed solution and remained for 2 weeks at room tem-
perature in the dark. The brain tissue was transferred into
solution 3 at 4°C for 24–72h in the dark. After immersion
in solution 3, the brain was frozen at 60°C. Coronal sections
(150mm) were prepared with a freezing microtome (Leica-
1950, Germany). The sections were stained using solutions
4 and 5 after mounting the sections onto the slides with gel-
atin. Finally, the stained sections were imaged using a confo-
cal microscope (TCS-SP8 STED 3X, Leica, Germany)
equipped with a 40x oil immersion. Images were analyzed
using the Fiji/Image J. For each rat, nine different neurons
were quantified from three slides. The spine density from
the three neuron segments (70mm) was averaged to provide
a single value for each type of neuron.

2.4. Transcriptomics

2.4.1. Library Preparation for Transcriptome Sequencing.
After behavior tests, the hypothalamus of the rat was col-
lected for transcriptomics. A total amount of 1μg RNA per
sample was used as input material for the RNA sample prep-
arations. Sequencing libraries were generated using NEB-
Next® UltraTM RNA Library Prep Kit for Illumina® (NEB,
USA) following the manufacturer’s recommendations; index
codes were added to attribute sequences to each sample.
Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in
NEBNext First Strand Synthesis Reaction Buffer (5x). First
strand cDNA was synthesized using random hexamer primer
and M-MuLV Reverse Transcriptase (RNase H-). Second
strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. Remaining overhangs were
converted into blunt ends via exonuclease/polymerase activ-
ities. After adenylation of 3′ ends of DNA fragments, the
NEBNext Adaptor with hairpin loop structure was ligated
to prepare for hybridization. In order to select cDNA frag-
ments, preferentially of 250~300 bp in length, the library
fragments were purified with the AMPure XPsystem (Beck-
man Coulter, Beverly, USA). Then, 3μl USER Enzyme
(NEB, USA) was used with size-selected, adaptor-ligated
cDNA at 37°C for 15min followed by 5min at 95°C before
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PCR. Then, PCR was performed with Fusion High-Fidelity
DNA polymerase, Universal PCR primers, and Index (X)
Primer. At last, PCR products were purified (AMPure XP
system), and the quality was assessed on the Agilent
Bioanalyzer 2100 system.

2.4.2. Clustering and Sequencing. The clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia)
according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an
Illumina Nova seq platform, and 150 bp paired-end reads
were generated.

2.4.3. Differential Expression Analysis.Differential expression
analysis of two conditions/groups (two biological replicates
per condition) was performed using the DESeq2 R package
(1.16.1). The DESeq2 provided statistical routines for deter-
mining differential expression in digital gene expression data
using a model based on the negative binomial distribution.
The resulting P values were adjusted using the Benjamin
and Hochberg’s approach for controlling the false discovery
rate. Genes with P value < 0.05 found by DESeq2 were
assigned as deferentially expressed.

2.4.4. GO and KEGG Enrichment Analysis of Expressed
Genes. The Rattus norvegicus PPI network was downloaded
from the BioGRID database (https://thebiogrid.org/,
v3.5.184). Gene Ontology (GO) enrichment analysis of dif-
ferentially expressed genes and neighbor nodes were imple-
mented by python package NetworkX [34]. GO terms with
P value less than 0.05 were considered significantly enriched
by differentially expressed genes.

KEGG is a database resource for understanding high-
level functions and utilities of a biological system, such as
the cell, the organism, and the ecosystem. It is based on
molecular-level information, especially large-scale molecular
datasets generated by genome sequencing and other high-
throughput experimental technologies (https://www
.genome.jp/kegg/). We used DAVID v6.8 (https://david
.ncifcrf.gov/) to test the statistical enrichment of differential
expression genes in KEGG pathways [35, 36].

2.5. Statistics. IBM SPSS Statistics 19 (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism 5.0 (GraphPad Software Inc., San
Diego, CA, USA) were used for statistical analyses and gener-
ating graphs. For the comparisons, parametric tests including
t-tests and one-way analysis of variance (ANOVA) were used
if the data was normally distributed (distribution tested by
the Shapiro-Wilk normality test), and nonparametric
approaches, including the Wilcoxon test and Kruskal-
Wallis test, were used for data with a nonnormal distribution.
Pearson’s chi-squared test was used to assess rank variables.
For all data, the results were expressed as the mean ±
standard error of themean (SEM), and P < 0:05 (two-tailed)
was considered statistically significant.

3. Result

3.1. TEAS Effect on Development Milestone and USVs. To
evaluate the therapeutic effect, the TEAS treatment was
administered from PND7 to PND13. There were no
statistical differences in eye-opening time among the NS-
control group, VPA-sham group, and VPA-TEAS group
(two-way ANOVA, Figure 1(c)). The body weight of the
NS-control group was higher than the VPA group (one-
way ANOVA, P < 0:05, Figure 1(d)). The total number
of USVs was lower in the VPA-sham and the VPA-
TEAS group compared with that in the NS-control group
on PND7. And the USV number was significantly lower in
the NS-control group on PND13 compared with that on
PND7 (paired t-test, P < 0:05, Figure 1(e)). But there were
no differences between the VPA-sham and VPA-TEAS
group on PND7 or PND13 (Figure 1(e)). These results
showed that TEAS in early life did not improve the devel-
opment and communication ability of the VPA-induced
offspring.

3.2. Early TEAS Produced a Long-Term Behavioral Effect in
Adolescence. Sociability, self-grooming, and cognition ability
were evaluated during adolescence.

(1) Social preference: in stage 1 of the three-chamber
tests, the NS-control group and the VPA-TEAS
group spent more time on the stranger rat side
than on the empty cage side (paired t -test, P <
0:05, Figure 2(b)). On the contrary, there was no
difference between the stranger rat side and the
empty cage side of the VPA-sham group (paired
t-test, P = 0:95, Figure 2(b)). The sniffing time of
the stranger rat in the VPA-sham group was lower
than that in the NS-control group and the VPA-
TEAS group (one-way ANOVA, P < 0:001,
Figure 2(c)). The result in the social index was
consistent with sniffing time, which for the VPA-
sham group was lower than for the NS-control
group and the VPA-TEAS group (one-way
ANOVA, P < 0:05, Figure 2(d)). These results sug-
gested that offspring of the VPA-treated rat had
social preference deficits, and early TEAS interven-
tion would repair the social preference deficits in
this VPA-induced rat model of ASD

(2) Social novelty: in stage 2 of the three-chamber tests, all
of the three groups (NS-control group, VPA-sham
group, and VPA-TEAS group) showed a preference
for the new stranger rat (paired t-test, P < 0:05,
Figure 2(f)). No differences in sniffing time of the
new stranger rat or the social index of social memory
were observed among the three groups

(3) Repetitive behavior: repetitive behavior manifested as
self-grooming behavior was analyzed. The results
suggested that the VPA-sham and the VPA-TEAS
group had more repetitive behavior (one-way
ANOVA, P < 0:001, Figure 2(i))
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(4) Cognitive ability: cognitive ability was examined with
a novel object recognition test. During the test stage,
the NS-control and the VPA-TEAS group spent more
time sniffing the new object than the VPA-sham
group (paired t-test, P < 0:05, Figure 2(k)). This
result indicated that early TEAS would improve the
cognitive ability of the VPA rat in adolescence

(5) Hot plate: in the hot-plate experiment, the data
showed that paw withdrawal latency increased
significantly for the VPA-sham group compared with
the NS-control and VPA-TEAS group at 50°C (one-
way ANOVA, P < 0:001, Figure 2(l)). At 53°C and
56°C, there was no difference in the paw withdrawal
latency among the three groups. This result suggested
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that pain perception impaired in this VPA rat model
of ASD and TEAS intervention in the early stage
would mitigate the abnormal pain perception in
adolescence

3.3. Improvement by Early TEAS on Dendritic Spine Pruning
in S1. Dendritic spine density in medial prefrontal cortex
(mPFC), hippocampus CA1, and primary somatosensory
cortex (S1) were analyzed by Golgi staining after behavior
tests. In mPFC, spine density of the VPA-sham and VPA-
TEAS groups was lower than that of the NS-control group
(one-way ANOVA, P < 0:05, Figure 3(b)). In CA1, a ten-
dency towards a lower spine density was seen in the VPA-
sham and VPA-TEAS groups (one-way ANOVA, P = 0:09,
Figure 3(c)). Interestingly, the spine density was increased
in the VPA-sham group compared with the NS-control in
PND42. The increased spine density was partially reversed
in the VPA-TEAS group (one-way ANOVA, P < 0:001,
Figure 3(d)). This finding indicated that early TEAS would
be beneficial for facilitating spine pruning in certain brain
regions.

3.4. Transcriptome Analysis. The hypothalamus is located
under the cerebral cortex that can release a variety of neuro-

transmitters. Hypothalamic neurons have extensive synaptic
connections with nerve fibers from other parts. To detect the
synaptic changes produced by TEAS, we chose transcriptome
to analyze the hypothalamus changes.

3.4.1. Differential Gene Analysis. Transcriptome referred to
the total of all RNA transcribed by a specific tissue or cell at
a certain time or state. Differential gene analysis revealed that
compared with the NS-control group, the VPA-sham group
had 1158 genes with changed expression patterns, including
621 upregulated genes and 537 downregulated genes
(Figures 4(a), 4(b), and 4(d)). Furthermore, the VPA-TEAS
group had 801 genes changed in comparison with the
VPA-sham group, including 330 genes upregulated and 471
genes downregulated (Figures 4(a), 4(b), and 4(e)). As shown
in Figure 4(a), 251 changed genes were commonly found
among three groups.

3.4.2. GO Analysis. GO analysis included the biological pro-
cess (BP), cell component (CC), and molecular function
(MF). In BP terms (Figure 5(a)), the autism-related GO terms
were regulation of neuron apoptotic process (GO:0043523),
sensory perception of pain (GO:0019233), regulation of
neuronal synaptic plasticity (GO:0048168), and regulation of
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long-term neuronal synaptic plasticity (GO:0048169). In CC
terms (Figure 5(b)), autism-related GO terms were postsynap-
tic density (GO:0014069), axon (GO:0030424), dendritic spine
(GO:0043197), neuronal cell body (GO:0043025), postsynap-
tic membrane (GO:0045211), and excitatory synapse
(GO:0060076). In MF terms (Figure 5(c)), the autism-related
GO terms are neurotrophin receptor binding (GO:0005168)
and glutamate receptor binding (GO:0035254). These findings
suggested that the VPA-induced rat model would experience
autism-like behavior through synaptic dysfunction.

Between the VPA-TEAS and the VPA-sham group in BP
terms (Figure 5(d)), biological process terms which related to
autism were negative regulation of neuron apoptotic process
(GO:0043524), cerebral cortex development (GO:0021987),
and negative regulation of neuron death (GO:1901215). In
CC terms (Figure 5(e)), autism-related GO terms were neu-
ron projection (GO:0043005), axon (GO:0030424), and post-
synaptic density (GO:0014069). In MF terms (Figure 5(f)),
the autism-related GO term was neurotrophin receptor activ-
ity (GO:0005030). These results showed that early TEAS
would improve neuron development of the VPA rats.

3.4.3. KEGG.KEGG pathway analysis of the integrated differ-
entially expressed genes was performed using the DAVID
database, and the results of the analysis are shown in
Figure 6. Compared with the NS-control group, the down-
regulated differentially expressed genes were mainly enriched
in the oxytocin pathway, neurotrophic signaling pathway,
glutamatergic synapse, and dopaminergic synapse, which
were related to the ASD pathogen (Figure 6(a)). And then,
we found that the upregulated differentially expressed genes

of the VPA-TEAS group were mainly enriched in the neuro-
trophic signaling pathway (Figure 6(b)). Thus, the neuro-
trophic signaling pathway would be a potential target for
ASD intervention.

4. Discussion

Our findings showed that the VPA-induced rat model had
impaired social, cognition, and sensory functions. Moreover,
TEAS in early life could repair the above deficits in adoles-
cence. Finally, early TEAS would be beneficial to spine prun-
ing and neuron development of the VPA-induced rat model.

Epidemiology demonstrated that the offspring of
mothers taking VPA during pregnancy would be three times
more likely to suffer ASD than those not taking VPA [37]. So
VPA is commonly used in the autism-like animal model. In
our study, prenatal exposure to VPA was found to lead to
social, cognition, and sensory impairment of offspring, which
was consistent with previous research [38].

In the previous ASD animal studies, the time of acupunc-
ture intervention was usually selected after PND21 [39–41],
but in our study, we chose PND7 to PND13 as the TEAS
time. That was because PND7 to PND13 was about 1-2 years
old in humans. Firstly, we chose this period to be consistent
with our previous clinic study [29]. Secondly, TEAS had a
better effect in 3-6 years old ASD children than those above
7 [37]. More importantly, according to the Centers for Dis-
ease Control and Prevention (CDC) recommendation, early
intervention can significantly improve the development of
ASD children [7]. Treatment for ASD children should be
started as soon as possible, when ASD symptoms appear.
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The earliest appearance of ASD symptoms is at 18-24
months after birth [42]. This period met the CDC’s recom-
mendation for the early intervention stage of ASD.

In parameters selection, we used 2/15Hz as the fre-
quency, which is the same one used in our clinical study.
And 2/15Hz TEAS was also effective for treating the ASD
children according to our previous work [29]. In this study,
we observed that early TEAS would repair the deficits of
social, cognition, and abnormal heat sensation. As a noninva-
sive stimulus, TEAS would be more suitable for young ani-
mals than manual or electrical acupuncture.

Several lines of evidence from our study suggested that
the etiology of ASD was related to genetic and environ-
mental risk factors [1, 11] which would affect synaptic
function and neuron development. The density of den-
dritic spines changed dynamically, increasing in early life
and starting to decrease in adolescence. And this kind of
dendritic spine change has been called spine pruning,
which is related to precision functioning of the central
nervous system [38, 43]. The change of spine pruning
was roughly the same in different brain regions, but time
and extent were different [14, 44].
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Acupuncture has been practiced in China for over 2000
years to treat a variety of diseases [45]. The methods of acu-
puncture were integrated into electrical acupuncture and
TEAS. Physiological effects of TEAS are similar to manual
acupuncture in analgesia, etc. [46]. Cumulative evidences
have demonstrated that acupuncture could induce neural
plasticity in rodents [47]. And our Golgi staining results
showed that TEAS would decrease the spine density of the
VPA rat model in S1 at adolescence.

But we did not observe the same phenomenon in mPFC
and CA1. In the previous studies, acupuncture has been
found to play a positive role in improving the expression
levels of synaptophysin and PSD-95 [48, 49]. Most of the
brain area acupuncture research is concerned with the hippo-
campus and cortex [50–53]. For example, in the previous
study, it was found that acupuncture modulated the excitabil-
ity of the motor cortex, and the plasticity was time-
dependent [54]. Furthermore, it was suggested that the syn-
aptic effect may be due to the changes in the synaptic struc-
ture of the brain, the detection time, and the acupoint [47].
Our results may give a hint that TEAS may have brain region
specificity in the ASD animal model. Simultaneously, the
synaptic effect of TEAS, such as spine pruning, may be dis-
tinct in different life periods. Moreover, it is plausible that
TEAS in early life might repair the deficit of spine pruning
at adolescence in the VPA rat model, which would help the
ASD animal model to repair abnormal neural circuits. In
the future study, we will seek related molecular factors to
analyze the TEAS synaptic effect in different brain areas
and at different life times.

The synaptic function changes are accompanied by
molecular changes. Because of the difficulty of brain tissue
collection, there is limited data on transcriptomics of ASD
patients. The prior work has suggested that there was dysreg-
ulation of the AMPA receptor subunit expression in the cer-
ebellum of ASD patients [55]. Meanwhile, ASD patient brain
research found that the gene expression of the immune
response was upregulated, while that involved in the synaptic
function was downregulated [56]. In an ASD animal study,
many genes and proteins were found to be changed, such as
the autism-related susceptibility genes BDNF, Shank3, and
ERK1 [57]. In the study of the VPA mouse model, Neu2
and Mt2a had a significant decrease in the amygdala [58].
Besides, transcriptomics found that the impairment in the
VPA model in the brain area involved the orbital frontal lobe
and cerebellar vermis [59].

But there was little information about the hypothalamus
of ASD transcriptomics in previous studies. This study indi-
cated that some genes significantly changed in the VPA rat
model, like the genes postsynaptic density, the excitatory syn-
apse, and sensory perception of pain. Moreover, our present
KEGG study showed that the pathways related to ASD in the
VPA rat model included the oxytocin signaling pathway, the
neurotrophic signaling pathway, the glutamatergic synapse,
and the dopaminergic synapse. These pathways were related
to the synapse, indicating that VPA was associated with the
occurrence and development of synapses in offspring.

Transcriptomic studies provide only limited information
regarding medical treatment of ASD at this time. The possi-

ble targeted intervention goals from other previous studies
included synapse function, chromatin modification and tran-
scriptional regulation, neuron projection, and neurogenesis
[60, 61]. Our findings indicated that early TEAS will improve
the postsynaptic density, axon, and neuron projection of the
VPA rat model. These results were related to the pathogene-
sis of ASD and might provide potential targets for treatment.

Nerve growth factor is the earliest discovered neuro-
trophic factor and can provide nutrition for neurons and
induce neurite outgrowth [62]. It was reported that the neu-
rotrophic factor level of an ASD rat was lower than that of the
control [63, 64]. There was also a report that spine matura-
tion required the neurotrophic factor [65]. Previously, other
studies reported that acupuncture or electrical acupuncture
would increase the expression of the neurotrophic factor
[66–68]. In line with these results, we could infer that TEAS
would promote spine maturation by increasing the expres-
sion of neurotrophic factors.

A possible limitation of our study is the potential relation
between spine maturation and transcript factor which should
be explored more deeply. And our transcriptomic results
showed that early TEAS would not only improve the synapse
function but also other pathways, such as ribosome and
peroxisome. In the future, we hope to find more evidence
to support the therapeutic effect of TEAS on ASD.

5. Conclusions

The present study demonstrates that a VPA-induced rat will
have autistic like behavior deficits. The reason for the behav-
ior deficits is related to spine pruning and synaptic impair-
ment. Equally important, TEAS in early life can repair the
social, cognition, and heat insensitivity impairments and
have a long-term positive effect on the synapse function in
adolescence.
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Background. A growing body of evidence suggests that both auricular acupuncture and transcutaneous auricular vagus nerve
stimulation (taVNS) can induce antinociception and relieve symptoms of migraine. However, their instant effects and central
treatment mechanism remain unclear. Many studies proved that the amygdalae play a vital role not only in emotion modulation
but also in pain processing. In this study, we investigated the modulation effects of continuous taVNS at acupoints on the FC of
the bilateral amygdalae in MwoA. Methods. Thirty episodic migraineurs were recruited for the single-blind, crossover functional
magnetic resonance imaging (fMRI) study. Each participant attended two kinds of eight-minute stimulations, taVNS and sham-
taVNS (staVNS), separated by seven days in random order. Finally, 27 of them were included in the analysis of seed-to-voxel
FC with the left/right amygdala as seeds. Results. Compared with staVNS, the FC decreased during taVNS between the left
amygdala and left middle frontal gyrus (MFG), left dorsolateral superior frontal gyrus, right supplementary motor area (SMA),
bilateral paracentral lobules, bilateral postcingulum gyrus, and right frontal superior medial gyrus, so did the FC of the right
amygdala and left MFG. A significant positive correlation was observed between the FC of the left amygdala and right SMA and
the frequency/total time of migraine attacks during the preceding four weeks. Conclusion. Continuous taVNS at acupoints can
modulate the FC between the bilateral amygdalae and pain-related brain regions in MwoA, involving the limbic system, default
mode network, and pain matrix, with obvious differences between the left amygdala and the right amygdala. The taVNS may
produce treatment effects by modulating the abnormal FC of the amygdala and pain networks, possibly having the same central
mechanism as auricular acupuncture.

1. Introduction

Migraine without aura (MwoA), the most common type of
migraine, is the second-largest neurological disorder affect-
ing the global disability-adjusted lifespan year, causing a
severe burden on the health system and budgets [1]. How-
ever, its conventional medical treatments for migraines are
far from satisfactory [2]. It is essential to find more effective
and safe treatments.

A recent study [3] suggested that the occurrence of
migraine was related to the imbalance of the autonomic
nervous system, and increasing parasympathetic (mainly
including vagal) nerve activity could alleviate the symptoms
of migraine [4]. However, there are only a few indirect ways
to regulate the vagal nerve tension, such as breathing regula-
tion and yoga [5]. It is worth noting that noninvasive vagus
nerve stimulation (nVNS) can directly regulate vagal nerve
activity to treat migraines effectively [6, 7]. It has been
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approved for treating episodic migraines by the Food and
Drug Administration (FDA) of the USA in 2017, reducing
the severity and frequency of headache [8, 9], improving
the quality of life and reducing the cost of treatment [10],
and being well-tolerated [11]. Notably, transcutaneous auric-
ular vagus nerve stimulation (taVNS), a kind of simpler and
effective nVNS [12], may have the same treatment effect
and mechanism as auricular acupuncture [13]. A growing
body of evidence suggests that both auricular acupuncture
and taVNS can induce antinociception and relieve symptoms
of migraine. However, the instant effects and central mecha-
nism of electrical stimulation at auricular points innervated
by the vagal nerve in MwoA are still unclear.

Previous neuroimaging evidences [14–17] suggested that
migraine was associated with abnormal structure and func-
tion of brain regions involved in pain and emotional
processing, such as the prefrontal cortex (PFC), cingulate
gyrus, supplementary motor area (SMA), amygdala, hippo-
campus, insula, precuneus, periaqueductal gray matter
(PAG), thalamus, cerebellum, and et al. Among them, the
vital functions of the amygdalae in migraine have already
attracted many researchers’ attentions [18, 19]. Recent stud-
ies [20–22] demonstrated that the amygdalae were also
involved in pain processing and modulation. A neuroimag-
ing study found that the amygdala was activated during
the headache, and its decreased volume was related to the
frequency of headache attacks [23]. The FC of the left amyg-
dala and left middle cingulate gyrus increased in episodic
migraine compared with healthy controls, and there were
obvious differences between the left amygdala and the right
amygdala [24]. These results suggested that the dysfunction
of the amygdala might be a potential mechanism of MwoA.
However, little has known about the FC of the bilateral
amygdalae and other regions in MwoA patients before and
during taVNS so far.

Based on the above argument, we hypothesized that con-
tinuous taVNS at auricular points could modulate the abnor-
mal FC of the left/right amygdala in MwoA patients. Then,
the voxel-wise FC was analyzed during continuous stimula-
tion, using the left/right amygdala as seeds, respectively.

2. Materials and Methods

2.1. Participants. Thirty episodic migraineurs without aura
were recruited for the single-blind, crossover functional mag-
netic resonance imaging (fMRI) study from the neurology
clinic outpatient of the Second Affiliated Hospital of
Guangzhou University of Chinese Medicine from January
to December in 2018. Each participant attended two fMRI
scan sessions during the eight-minute continuous stimula-
tion at auricular points separated by seven days, one for
taVNS and another for sham-taVNS in random order.
Informed consent was obtained from all participants. This
study protocol was approved by the Institutional Review
Board of the Second Affiliated Hospital of Guangzhou
University of Chinese Medicine.

Similar to our previous study [25], the diagnosis of
migraine was based on the International Classification of
Headache Disorders 2nd Edition (ICHD-II) [21, 26], as diag-

nosed by a specialist working at the neurology outpatient
service.

The inclusion criteria were as follows: (1) aged 18-45
years old, (2) right-handed, (3) at least six months of
migraine duration, (4) having at least one attack per month,
(5) having no prophylactic headache medicine during the
past one month, and (6) having no psychoactive or vasoac-
tive drugs during the past three months.

The participants were excluded if any of the following cri-
teria were met: (1) was caused by other diseases or special
types of migraine, (2) attacked within 48 hours before and
during the scan, (3) had pregnancy or lactation, (4) had
severe head deformity or intracranial lesions, (5) had other
chronic pain diseases, and (6) had the standard score of
self-rating anxiety or depression scale greater than 50.

2.2. Intervention Program

2.2.1. Stimulator. Huatuo auricular vagus nerve stimulators
were from SDZ-II, Suzhou Medical Appliance Factory,
China.

2.2.2. Stimulation Parameters. The stimulation parameters are
as follows: constant voltage, continuous wave, 1Hz, 0.2ms,
and the current intensity below the pain threshold, lasting 8
minutes. taVNS points: CO11 and CO14, left cymba concha
(abundant in vagal afferent fibers). StaVNS points: SF2 and
SF4-5, left scapha (no vagal afferent fibers) (Figure 1) [25, 27].

2.3. Clinical Assessments. The demographic information and
clinical scale data of all patients were collected, including
Migraine Specific Quality-of-Life Questionnaire (MSQ),
Self-rating Depression Scale (SDS), Self-rating Anxiety Scale
(SAS), Visual Analog Scale (VAS), the frequency, and total
duration time of migraine attacks during the past four weeks
preceding the fMRI scans.

2.4. MRI Data Acquisition. All MRI scans were conducted on
a 3.0T Siemens MRI scanner (Siemens MAGNETOM Verio
3.0T, Erlangen, Germany) with a 24-channel phased-array
head coil. All subjects were told to stay awake and remained
motionless during the scan, keeping their eyes closed. Each
scan session lasted approximately 20 minutes. The orders of
MRI scans were as follows: a high-resolution anatomical
image (MPRAGE), an eight-minute resting-state functional
MRI, and an eight-minute continuous real or sham-taVNS
(fMRI was applied during this continuous stimulation period).

T1-weighted MPRAGE was applied with the following
parameters: TR = 1900ms, TE = 2:27ms, FOV = 256mm ×
256mm, flip angle = 9°, matrix = 256 × 256, thickness =
1:0mm, and 176 slices. The eight-minute resting state and
eight-minute continuous real or sham-taVNS fMRI scan
were acquired with the following parameters: TR = 2000ms,
TE = 30ms, FOV = 224mm × 224mm, flip angle = 90°,
matrix = 64 × 64, thickness = 3:5mm, 31 slices, and 240 time
points.

2.5. fMRI Data Analysis

2.5.1. fMRI Data Preprocessing. The fMRI data preprocessing
was performed using DPABI 3.0 and SPM 12.0 based on
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MATLAB (The MathWorks, Natick, MA, USA). After
removing the first ten volumes of each participant, the
functional images were corrected for the intravolume
acquisition time delay using slice timing and realignment.
One of the participants was excluded based on the criteria
of displacement > 2:5mm or angular rotation > 2:5° in any
direction. Then, all corrected functional data were normal-
ized to the Montreal Neurological Institute (MNI) space
and resampled to a 3mm isotropic resolution. The result-
ing images were further temporally band-pass filtered
(0.01–0.08Hz) to remove the effects of low-frequency drift
and high-frequency physiological noise. Finally, 24 head-
motion parameters, white matter signals, and cerebrospinal
fluid signals were regressed using a general linear model,
and linear trends were removed from the fMRI data. Spatial
smoothing was also performed before the functional connec-
tion analysis using a Gaussian filter (6mm full-width half
maximum; full width at half maximum [FWHM]).

2.5.2. Seed-to-Voxel FC Analysis. The seeds of the left amyg-
dala and right amygdala were defined separately, using the
AAL template (Figure 2) (same to the previous literature
[24]). Then, the amygdalae were resliced with the brain mask
template with 63 × 71 × 63 size. The FC calculation was per-
formed in DPABI (V3.0). The averaged time courses of the
left/right amygdala were extracted, respectively. Next,
Pearson correlation was used to calculate the FC between
the extracted time courses and the time courses of the whole
brain in a voxel-wise manner, respectively. The correlation
coefficient map was then converted into a Fisher-Z map by
Fisher’s r-to-z transformation to improve normality.

2.6. Statistical Analysis. The intergroup analysis (taVNS vs.
staVNS) of the FC was performed using a paired t-test, with
the mean head-motion value (mean FD Jenkinson) as covar-
iate variables. A threshold of voxel-wise p uncorrected and
cluster-level p corrected by familywise error corrected
(FWE) were applied for multiple comparison correction. If
voxel-wise p < 0:001 and cluster-level p < 0:05, the difference
was statistically significant.

taVNS:
C011, C014

(with vagal fibers)

staVNS:
SF2, SF4–5

(no vagal fibers)

Figure 1: The innervations of the auricular branch of the vagal nerve and the points stimulated at the ear. The vagal nerve branch is marked
by green color, the taVNS points by red, and the staVNS points by blue.

Figure 2: The left and right amygdalae were, respectively, generated
based on the AAL template as seeds. Red: the left amygdala; blue: the
right amygdala.
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Besides, in the baseline resting state and continuous stim-
ulation state, we, respectively, extracted the average z values
of significantly altered clusters of the left/right amygdala
(taVNS vs. staVNS). Then, the differences of the zFC values
were compared using a paired t-test between taVNS and
staVNS in the two states, and p < 0:05 was considered to be
statistically significant [28]. We also explored the association
between the initial clinical assessments and the altered zFC
values (taVNS minus staVNS) in continuous stimulation
state across all subjects after Bonferroni correction.

3. Results

3.1. Clinical Results. Twenty-seven patients completed the
study and were included in the data analysis, because the
two participants did not finish the fMRI scan, and one was
excluded for displacement > 2:5mm or angular rotation >
2:5° in any direction. The demographics are shown in Table 1.

3.2. fMRI Results

3.2.1. Left Amygdala as Seed. The brain regions with
decreased FC of the left amygdala mainly located in the left
middle frontal gyrus (MFG), left dorsolateral superior frontal
gyrus (SFG), right supplementary motor area (SMA), and
bilateral paracentral lobule during continuous stimulation
of taVNS compared with sham-taVNS (Table 2 and
Figure 3(a)). No significant increased FC was observed.

Since the postcingulum cortex (PCC) and frontal medial
gyrus are important nodes in the default mode network
(DMN) [29, 30] and endogenous pain-inhibitory circuits
[31, 32]. They play a very important role in the migraine
pathogenesis [29–32]. Similar to the previous study [33],
the small volume correction with a threshold of voxel-wise
p < 0:001 and cluster-level p < 0:05 was used in ROI analysis.
The direct intergroup comparison revealed more decreased
FC in taVNS compared with the sham, in the bilateral PCC
and the right frontal superior medial gyrus (small-volume
corrected at pFWE < 0:001) (Table 2 and Figure 3(b)).

During stimulation, there were statistical significances
for the FC in left MFG and SFG, right SMA and bilateral
paracentral lobule, PCC, and right medial superior frontal
gyrus (taVNS vs. staVNS) (t ½1, 26� = −6:149, p < 0:001,
Figure 4(a); t ½1, 26� = −4:143, p < 0:001, Figure 4(b); t ½1,
26� = −3:157, p < 0:001, Figure 4(c); t ½1, 26� = −4:734, p <
0:001, Figure 4(d)), while there was no significant difference
before stimulation (t ½1, 26� = −1:134, p = 0:267, Figure 4(a);
t ½1, 26� = −0:765, p = 0:451, Figure 4(b); t ½1, 26� = 0:271, p =
0:789, Figure 4(c); t ½1, 26� = −0:428, p = 0:672, Figure 4(d))
(Supplementary table 1). All the changing trend of these
FC were opposite between taVNS and staVNS.

The FC between the left amygdala and right SMA was
correlated with the frequency (p = 0:017 and r = 0:455) and
the total time (p = 0:011 and r = 0:482) of migraine attacks
during the preceding four weeks before treatment
(Supplementary table 2 and Figure 5), and there was no
significant association for other FCs.

3.2.2. Right Amygdala as Seed. Compared with the staVNS,
the FC significantly decreased between the right amygdala
and left MFG in continuous taVNS (Table 3 and Figure 6).
The value of the FC between the right amygdala and left
MFG does not correlate with the migraine attacks.

The FC of the right amygdala and the left middle frontal
gyrus had no significant difference before stimulation
(t ½1, 26� = −0:410 and p = 0:685), with significant difference
during stimulation (t ½1, 26� = −5:789 and p < 0:001) (taVNS
vs. staVNS) (Supplementary table 3 and Figure 7). The
changing trend of the FC was opposite between taVNS and
staVNS.

4. Discussion

In this trial, we explored the altered FC of the bilateral amyg-
dalae in MwoA during continuous taVNS and staVNS. To
summarize, we found that the FCs significantly decreased
during taVNS compared with staVNS between the amygdala
and DMN (bilateral PCC), prefrontal cortex (PFC: left dorso-
lateral SFG, left MFG, and right superior medial frontal
gyrus), pain matrix (right SMA), and sensorimotor network
(bilateral paracentral lobule), with different changes in the
FC between the left amygdala and the right amygdala. More-
over, the value of the FC between the left amygdala and right
SMA was positively correlated with the frequency and total
time of migraine attacks during the preceding four weeks
before treatment. Our research suggests that taVNS at auric-
ular points may modulate the function of the limbic system
and pain-related networks via adjusting abnormal FC of the
amygdalae to treat migraines. We were the first to report
the FC of the bilateral amygdalae during continuous taVNS
at acupoints and staVNS in MwoA.

The amygdala played a crucial role in the pathogenesis,
chronicity, and recurrence of migraines [24, 34], not only
in emotion modulation but also in pain processing. Firstly,
animal experiments have proved that the amygdala played
an essential role in the regulation of synaptic transmission
of neurons related to cortical spreading depression (CSD)
and the neuropathic pain in migraine [35]. Secondly,

Table 1: The demographic and clinical data during the past four
weeks (n = 27).

Characteristics (Frequency/mean ± SD)
Gender (male/female) 2/25

Age 29:85 ± 8:09

Disease duration in years 9:22 ± 7:26

Frequency per month 1:22 ± 0:51

Total time per month 18:93 ± 15:61

VAS 42:99 ± 17:01

MSQ 72:52 ± 9:41

SDS score 45:96 ± 9:69

SAS score 42:63 ± 9:87

VAS: Visual Analog Scale; MSQ: Migraine Specific Quality-of-Life
Questionnaire; SDS: Self-rating Depression Scale; SAS: Self-rating Anxiety
Scale. Frequency/total time per month: The frequency/the total time of
migraine attacks during the past four weeks.

4 Neural Plasticity



migraine patients are often accompanied by negative emo-
tions such as aversion, anxiety, fear, and avoiding pain
behavior, which are closely related to the function of the
amygdala [26, 28]. Finally, there are a large number of fibrous
connections and the FC between the amygdala and pain-
related brain regions [24] and networks [21]. Therefore,

modulating the dysfunctional FC of the amygdala might be
a potential treatment mechanism in MwoA. Meanwhile,
our recent study demonstrated that taVNS can modulate
the resting-state FC between the bilateral LC and left amyg-
dala and certain pain-related brain regions consistent with
the vagus nerve central projections [25]. So, exploring the

Table 2: The functional connectivity results using the left amygdala as a seed in 27 MwoA patients.

Contrast Cluster Brain region Peak T value Peak Z value
MNI coordinates

X Y Z

Real>sham No brain region above the threshold

Real<sham

178 Left middle frontal gyrus 6.10 4.73 -27 48 30

68 Left superior frontal gyrus 5.22 4.25 -21 60 6

18 Right supplementary motor area 5.37 4.34 3 -9 72

18 Bilateral paracentral lobule 5.00 4.12 -3 -21 75

17 Bilateral post cingulum gyrus∗ 4.47 3.80 3 -51 27

15 Right frontal superior medial gyrus∗ 4.59 3.87 3 63 0
∗Small-volume correction at pFWE < 0:001.

Figure 3: The functional connectivity (FC) of the left amygdala in MwoA during continuous stimulation (taVNS vs. staVNS). L: left; R: right;
P: posterior; A: anterior; SAG: sagittal; COR: coronal; TRA: transverse; PCC: postcingulum gyrus; SMA: supplementary motor area; FWE:
familywise error correction. Compared with sham-taVNS, the FC significantly decreased between the left amygdala and left frontal middle
gyrus, left frontal superior gyrus, right SMA, bilateral paracentral lobule ((a) FWE multiple comparison correction, voxel-level p < 0:001
and cluster-level p < 0:05), bilateral PCC, and right frontal superior medial gyrus ((b) small-volume correction, FWE p < 0:001) in taVNS.
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Figure 4: Continued.
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changed FC of the amygdala in the MwoA during continuous
stimulation helps us to understand the mechanism and inter-
vention effects of taVNS.

Antinociceptive effects of the taVNS were demonstrated
in numerous animal experiments [36, 37] and clinical studies
[38–40]. The taVNS may reduce nociception and pain
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Figure 4: The effects on the functional connectivity (FC) of the left amygdala between stimulations and time factors. SMA: supplementary
motor area. A paired t-test was used. If p < 0:05, the difference was statistically significant. Before stimulation, there was no statistical
significance for the FC of (a) the left amygdala and left MFG and SFG, (b) right SMA and paracentral lobule, (c) posterior cingulate
cortex, (d) and frontal superior medial gyrus (taVNS versus staVNS). During stimulation, their differences were significant. The intensity
of the FC decreased in taVNS and increased in staVNS (prestimulation vs. during stimulation). Therefore, the trend of the changed FC
was opposite between taVNS and staVNS.
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through multiple mechanisms [41, 42], such as adjusting the
autonomic nervous system, suppressing pain neurons, affect-
ing the behavioral pain response, and modulating the pain
networks. Reducing the sympathetic hyperactivity and
increasing the parasympathetic activity may help manage
pain via taVNS [43], with its anti-inflammatory effect
together [44]. In animal models, VNS could inhibite nocicep-
tive activation of trigeminal cervical neurons [45] and Fos
protein expression [46]. In addition, Pena found that the
VNS facilitated the extinction of conditioned fear responses
by promoting plasticity of the amygdala and infralimbic area

[47]. Furthermore, its effects on the pain networks will be dis-
cussed in detail below.

The most interesting finding was that taVNS is capable
of regulating the endogenous analgesia loop and descending
pain inhibitory system. The FCs decreased between the
amygdala and SFG, MFG, and superior medial frontal
gyrus during continuous taVNS. This is consistent with
the observation from our previous block-designed study
that taVNS produced widespread fMRI signal decreased in
the bilateral SFG, MFG, and medial prefrontal gyrus on
MwoA [29]. As we all know, the medial frontal gyrus
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Figure 5: Correlation analysis between migraine attacks and the functional connectivity (FC) of the left amygdala during taVNS. SMA:
supplementary motor area; rsFC: resting-state FC; supp: superior. The FC between the left amygdala and the right SMA was correlated
with the frequency (p = 0:017 and r = 0:455) and the total time (p = 0:011 and r = 0:482) of migraine attacks during the preceding four weeks.

Table 3: The functional connectivity results using the right amygdala as a seed in 27 MwoA patients.

Contrast Cluster Brain region Peak T value Peak Z value
MNI coordinates

X Y Z

Real>sham No brain region above the threshold

Real<sham 131 Left middle frontal gyrus 5.54 4.43 -38 45 21
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belongs to the medial prefrontal cortex, a key node of the
endogenous analgesia loop, and descending pain inhibitory
system [19]. Meanwhile, the SFG and MFG are parts of the
prefrontal cortex which is of great importance for pain per-
ception and response [28]. Both the amygdala and prefrontal
cortex were essential for the limbic system widely connected
with other nervous systems and participated in pain and
emotional regulation. Neuroimaging studies [24] have
reported that the FCs were damaged in migraine between
the limbic system and pain-related brain areas. Some
researchers [19] even put forward the neurological dysfunc-

tion model of the limbic pain network in migraine, highlight-
ing the importance of the limbic system in the pathological
mechanism of migraine. Notably, migraine patients have
abnormal increases in FC within and around the limbic
system. For example, Wei and colleagues [48] found that
the FC of the limbic system (bilateral amygdala and right
hippocampus) and left middle occipital gyrus (MOG) sig-
nificantly increased in MwoA patients compared with
healthy controls, and the FC between the left amygdala
and MOG was positively correlated with the duration of
migraine. Therefore, limbic system dysfunction plays an

Figure 6: The functional connectivity (FC) of the right amygdala in MwoA during continuous stimulation (taVNS vs. staVNS). SAG: sagittal;
COR: coronal; TRA: transverse; FWE: familywise error correction. Compared with staVNS, the FC of the right amygdala and left frontal
middle gyrus significantly decreased during taVNS (voxel-level p < 0:001 and cluster-level pFWE < 0:05).
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p < 0:05, the difference was statistically significant. Before stimulation, there was no statistical significance for the FC of the right amygdala
and left middle frontal gyrus (taVNS vs. staVNS), but the difference was significant during stimulation. The FC decreased in taVNS and
increased in staVNS (prestimulation vs. during stimulation). Therefore, the changing trend of the FC was opposite between taVNS and
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important role in the occurrence, development, and regu-
lation of migraines. Further study of acupuncture analgesia
[49] found that the amplitude of low-frequency fluctuation
(ALFF) in left insula decreased in patients with chronic
low back pain after acupuncture, and the decrease of aver-
age ALFF was positively related to the decrease of VAS
value, which confirms that regulating the function of lim-
bic system may be one of the mechanisms for endogenous
analgesia. The taVNS could regulate amygdala activity from a
recent study [50] and caused extensive negative activation in
the limbic system [30]. Therefore, we speculated that taVNS
may modulate the function of the limbic system through the
amygdalae, regulating the pain networks, and exerting an
analgesic effect.

Another important finding was that DMN is crucial to
migraine and can be affected by taVNS. The FC decreased
between the left amygdala and bilateral PCC after taVNS
compared with staVNS in our current trial. Similarly, we
found that taVNS decreased the fMRI signal in the bilateral
PCC on MwoA in our previous block-designed study [29].
It is noteworthy that PCC is one core area of DMN closely
related to pain perception response [31] and inhibition
[51]. Neuroimaging studies [52] have found that headache
was associated with a reduced volume of the mPFC. Husoy
et al. [24] also found the FC of the left amygdala and DMN
increased in MwoA, and the increased FC was associated
with the development of headaches. More and more studies
confirmed that abnormal FC between the limbic system
and DMN was related to pain, so regulating their FC could
alleviate pain, which is supported by the results of analgesic
treatment research. Zou [53] suggested acupuncture could
reduce the FC within DMN to a healthy control level in
chronic migraine patients, and the FC between DMN and
limbic system also decreased in chronic pain patients after
cognitive behavioral therapy [54]. Furthermore, Fang [55]
found that compared with staVNS, the FC decreased
between the DMN and limbic system after one-month
taVNS, suggesting that taVNS can regulate the FC between
the limbic system and DMN. Hence, taVNS is a valuable
choice for pain treatment.

Last but not least, taVNS can modulate the pain matrix.
Our result indicated that the FC between the left amygdala
and right SMA decreased after taVNS. It is generally accepted
that the SMA contributes to the pain matrix. Imaging studies
[56] found that there were functional connections between
the amygdala and SMA, indicating that the function of the
pain matrix was related to the amygdala. The pain matrix
and limbic system had high regional homogeneity (ReHo)
[57] in pain. Solstrand [58] indicated that the resting-state
FC (rsFC) of SMA and the amygdala increased in migraine
patients, and the increased rsFC was negatively correlated
with migraine frequency, which revealed that the pain matrix
and limbic system worked together in pain perception and
regulation, and their increased functional activities were
closely related to pain. Fortunately, the abnormally increased
functional activity of the amygdala and the pain matrix can
be reversed by interventions. For example, Shi [57] found
extensive negative activation of brain regions of the limbic
system and the pain matrix after acupuncture. It is worth

noting that the FC between the amygdala and pain matrix
decreased after taVNS in our study. Therefore, taVNS can
adjust the abnormal FC between the limbic system and the
pain matrix in MwoA patients.

However, there are some limitations in our research.
Firstly, we only studied the instant effects of taVNS; thus,
more studies are needed to evaluate the long-term impact
of taVNS. Secondly, although crossover-control design can
save the sample size and eliminate the influence of the differ-
ences between individuals, it increased the false-positive rate
of the experiment, and randomized controlled studies will be
considered. Thirdly, we just explored the altered FC using the
seed-to-voxel analysis (same to the published article [24])
during taVNS compared with sham-taVNS. It is a very good
idea and very important to explore the effects of taVNS on
the pain matrix using the ROI-to-ROI analysis in the
follow-up study. Finally, the outcome of this small sample
study maybe not enough to be extended to the public, so
larger samples are needed in the future.

5. Conclusions

From the above discussion, we can conclude that continuous
taVNS at auricular points can modulate the FC between the
bilateral amygdalae and pain-related regions in MwoA,
involving the limbic system, DMN, and pain matrix, with
obvious differences between the left amygdala and the right
amygdala. The taVNS may produce treatment effects by
modulating the abnormal FC of the amygdala and pain
networks, possibly having the same central mechanism as
auricular acupuncture.
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Background. Poststroke cognitive impairment (PSCI) is a common cause of disability among patients with stroke. Meanwhile,
acupuncture has increasingly been used to improve motor and cognitive function for stroke patients. The aim of the present
study was to summarize and evaluate the evidence on the effectiveness of acupuncture in treating PSCI. Methods. Eight
databases (PubMed, The Cochrane Library, CNKI, WanFang Data, VIP, CBM, Medline, Embase databases) were searched
from January 2010 to January 2020. Meta-analyses were conducted for the eligible randomized controlled trials (RCTs).
Assessments were performed using Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA),
Barthel Index (BI), or modified Barthel Index (MBI). Results. A total of 657 relevant RCTs were identified, and 22 RCTs
with 1856 patients were eventually included. Meta-analysis showed that acupuncture appeared to be effective for
improving cognitive function as assessed by MMSE (mean difference ðMDÞ = 1:73, 95% confidence interval (CI) (1.39,
2.06), P < 0:00001) and MoCA (MD= 2:32, 95% CI (1.92, 2.73), P < 0:00001). Furthermore, it also suggested that
acupuncture could improve the activities of daily life (ADL) for PSCI patients as assessed by BI or MBI (SMD = 0:97,
95% CI (0.57, 1.38), P < 0:00001). Conclusions. Compared with nonacupuncture group, acupuncture group showed better
effects in improving the scores of MMSE, MoCA, BI, and MBI. This meta-analysis provided positive evidence that
acupuncture may be effective in improving cognitive function and activities of daily life for PSCI patients. Meanwhile,
long retention time of acupuncture may improve cognitive function and activities of daily life, and twist technique may
be an important factor that could influence cognitive function. However, further studies using large samples and a
rigorous study design are needed to confirm the role of acupuncture in the treatment of PSCI.

1. Introduction

Stroke ranks only second to ischemic heart disease as the
leading cause of death and the third leading cause of
disability-adjusted life-years (DALYs) lost worldwide [1]. In
China, with over 2 million new cases annually, stroke has a
close relationship with the highest DALYs lost of any disease
[2]. Cognitive decline is a major cause of disability in stroke
survivors [3]. It is estimated that 11.8 million patients who
have had a stroke, 9.5 million of whom have had cognitive
impairments after their stroke [4].

Poststroke cognitive impairment (PSCI) contains two
different degrees of cognitive impairment, including post-
stroke cognitive impairment with no dementia (PSCIND)
and poststroke dementia (PSD) [5]. In the study [6] which
enrolled 620 patients in 12 hospitals with ischemic stroke,
of the 506 patients who were followed-up at 3 months after
stroke, 353 patients (69.8%) suffered cognitive impairment
as measured by the Korean Vascular Cognitive Impairment
Harmonization Standards neuropsychological protocol (K-
VCIHS-NP). In America, the study on 212 subjects from
the Framingham Study suggested that 19.3% of cases
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developed into dementia in 10 years after stroke [7]. PSCI is
strongly related to a higher risk of mortality [8], poor func-
tional outcome [9], and poor quality of life [10]. Identifying
patients at risk of cognitive impairment is, therefore, impor-
tant as well as targeting interventions to this group.

Unfortunately, treatment of PSCI has not been standard-
ized [11]. So far, there are many drugs to improve cognitive,
including acetylcholinesterase inhibitors, memantine [12],
and nicergoline [13]. But because of the unclear efficacy
and side effect, until now, there is a none drug that has been
approved by the Food and Drug Administration (FDA) to
treat vascular cognitive impairment [14].

In recent years, the spectrum of diseases suitable for acu-
puncture abroad has been significantly broader, like nervous
system, muscular tissue, skeletal system, connective tissue,
mental and behavioral disorders, digestive system, and respi-
ratory system [15]. The World Health Organization has also
recommended acupuncture as an alternative and comple-
mentary strategy for stroke treatment and improvement
[16]. In the treatment of apoplexy sequelae, acupuncture is
mainly used to treat dyspraxia [17], enhance life quality
[18], improve cognition [19], and deal with depression and
anxiety [20]. Animal experiments [21] showed that acupunc-
ture could improve cognitive function by stimulating cholin-
ergic enzyme activity and regulating brain-derived
neurotrophic factor (BDNF) and cAMP-response element-
binding protein (CREB) expression in the rats’ brain; Cai
et al. [22] demonstrated that electroacupuncture can improve
cognitive impairment in Alzheimer’s disease mice by inhibit-
ing synaptic degeneration and neuroinflammation.

After searching the database, we found that there were
few systematic reviews or meta-analysis focused on the effec-
tiveness of acupuncture in treating PSCI recently, although
the number of papers related to this area has an upward trend
in the last five years. For instance, the latest meta-analyses on
acupuncture treating PSCI were published in 2014 [23] and
2016 [24]. But due to the limitation of sample size and the
quality of trials included in the former one, the effectiveness
of acupuncture in treating PSCI has not been fully deter-
mined. Meanwhile, the later one which also lacked quality
randomized controlled trials (RCTs) was merely focused on
the effectiveness of scalp acupuncture. Therefore, the pur-
pose of this study is to evaluate the clinical efficacy of acu-
puncture in the treatment of PSCI by meta-analysis and
provide evidence for its rational clinical application.

2. Methods

2.1. Search Methods for Identification of Studies.We searched
CNKI, WanFang Data, VIP, CBM, PubMed, Medline,
Embase, and The Cochrane Library to collect randomized
controlled trials of acupuncture in the treatment of PSCI
published in both Chinese and English. The retrieval time
was from January 2010 to January 2020. Searching terms
included stroke, cerebral infarction, encephalorrhagia, cogni-
tive impairment and so on. For example, the searching strat-
egy we used on Pubmed is ((((cognitive[Title/Abstract]) OR
Cognition[Title/Abstract])) AND (((((((stroke[Title/Ab-
stract]) OR cerebral infarction[Title/Abstract]) OR apoplex-

y[Title/Abstract]) OR hematencephalon[Title/Abstract])
OR encephalorrhagia[Title/Abstract]) OR cerebral hemor-
rhage[Title/Abstract]) OR infarct of brain[Title/Abstract]))
AND acupuncture[Title/Abstract].

2.2. Inclusion/exclusion Criteria. Relevant clinical trials were
included if the following criteria were met: (1) they were ran-
domized controlled trials (RCTs); (2) they included patients
diagnosed with poststroke cognitive impairment; (3) they
use cognitive function as an outcome measure; (4) the differ-
ence of interventions between experimental and control
groups is whether they use acupuncture or not. To be more
precise, the intervention of experimental group is acupunc-
ture therapy plus another therapy or standard treatment;
the intervention of control group is standard treatment or
the therapy which also be used in the experimental group
except acupuncture therapy. If trials which met above criteria
contained more than two groups, the group receiving acu-
puncture was chosen as the experimental group, and the
nonacupuncture treatment group was chosen as the control
group.

Trials were excluded if they met any of the following cri-
teria: (1) acupuncture were used in the control group; (2) nei-
ther the Mini-Mental State Examination (MMSE) nor the
Montreal Cognitive Assessment (MoCA) was used as cogni-
tive function evaluation scale; (3) specific type of acupunc-
ture treatment was used in the experimental group, such as
electroacupuncture and laser needles for acupuncture.

2.3. Data Extraction. Two reviewers (L.W. and R.C.) inde-
pendently extracted the general information of the included
trials and reached consensus on all items. Extracted data
included authors, year of publication, sample size, source of
diagnosis, interventions, main outcomes, and information
about acupuncture treatment (including course, frequency,
and retention time).

Measures of the outcome evaluation that were reported
in the included studies were Mini-Mental State Examination
(MMSE), Montreal Cognitive Assessment (MoCA), Barthel
Index (BI), or modified Barthel Index (MBI). MMSE which
contains domains of orientation, memory, attention, lan-
guage, and visuospatial ability is the most common used
screening scale [25, 26]. MoCA, which is also a cognitive
screening and tracking tool, is more useful for the mild stages
of the cognitive impairment [27]. It is composed of several
cognitive domains such as memory, executive function,
attention, language, abstraction, naming, delayed recalls,
and orientation [28]. BI is one of the most widely used out-
come measures to assess functioning for the patients who
have neurological disorders [29, 30]. It consists of 10 others’
rated questions which are for the purpose of evaluating the
ability of daily life [31].

2.4. Quality Assessment. The methodological quality and the
risk of bias of the included studies were evaluated by the risk
of bias 2.0 (ROB 2.0) tool. One author assessed the risk of bias
of included studies by using ROB 2.0, and the other author
confirmed the judgment. The following items were catego-
rized as having high, low, or unclear risk of bias:
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randomization process, deviations from intended interven-
tions, missing outcome data, measurement of the outcome,
and selection of the reported result and overall.

2.5. Statistical Analysis. The Review Manager software (ver-
sion 5.3 Cochrane Collaboration, Oxford, United Kingdom)
was used to perform most of the statistical analysis. The
mean difference (MD) which was used as the effect analysis
statistics for continuous data was calculated with a 95% con-
fidence interval (CI).

The I2 statistic was used to analyze the heterogeneity
between the data of included trials. If the figure of I2 was
above 50%, which means significant heterogeneity, sensitivity
analysis would be performed to analysis the source of hetero-
geneity. Random-effects model was applied to calculate the
study results with significant heterogeneity, while a fixed
effect model is used if the statistical heterogeneity was inap-
parent. Publication bias was detected using a funnel plot.

3. Results

3.1. Study Description. Our search identified 657 articles after
removing duplicates. Among them, 22 RCTs met our inclusion
criteria and were included in this study (Figure 1). The articles
included in the analysis are summarized in Table 1. There are
2 in English [32, 33] and 20 articles in Chinese [34–53].

3.2. Study Quality. The risk of bias assessment of the included
RCTs is illustrated in Figure 2. With regard to randomization
process, 4 studies had a low ROB, and 18 studies had an
unclear ROB. With regard to deviations from intended inter-

ventions, all RCTs had a low ROB. With regard to missing
outcome data, 16 studies had a low ROB, and 6 studies had
a high ROB. With regard to measurement of the outcome,
2 studies had a low ROB, and 20 studies had an unclear
ROB. With regard to selection of the reported result, 1 study
had a low ROB, and 21 studies had an unclear ROB.

3.3. Descriptions of Acupuncture Treatment. The acupunc-
ture interventions of the included trials varied across the 22
trials. The majority of the studies [32, 35–39, 42–45] used
acupuncture with medicine, such as cholinesterase inhibitor
or lipid-lowering medication, as the intervention of the
experiment group. Eight studies [34, 41, 46–48, 50–52] used
acupuncture with cognitive training; two studies [33, 53]
used acupuncture alone; two studies [42, 49] used acupunc-
ture with rehabilitation training.

In terms of acupoint selecting, single area acupuncture
points were used in five studies [39, 40, 45, 49, 50], including
the eye, ear, and scalp acupuncture. Special acupuncture
therapy, Jin three-needle therapy, and tri-jiao therapy were
also used in three studies [46, 47, 53]. Apart from that, a total
of 33 acupoints were selected in other 14 studies. Acupoints
used for cognitive impairment in most trials were DU 20
(Bai Hui) and DU24 (Shen Ting) (Figure 3).

3.4. Effects of Acupuncture Treatment According to MMSE
Assessment Scales. A total of 17 studies reported MMSE
scores, including 1389 patients. Heterogeneity test results
showed high heterogeneity between groups (I2 = 95%, P <
0:00001). Sensitivity analysis was done by using the leave-
one-out approach; five studies [40, 46, 48, 51, 53] were found

Records identified through
database serching

(n = 657)

Additional records identified
through other sources

(n = 0)

Records a�er duplictes
remove

(n = 401)

Records screened
(n = 401)

Full-text articles assessed for
eligibility
(n = 91)

Full-text articles excluded, with
reasons
(n = 69)

Studies included in
quantitative synthesis

(meta-analysis)
(n = 22)

Records excluded
(n = 310)

Figure 1: Flow diagram of the systematic review.
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which could vary the direction of the combined estimates.
Three [40, 48, 51] of them were removed for incorrect using
of MMSE. The score of MMSE should be related to education
level when detecting cognitive impairment [54], but these
studies used same scoring criteria for people with different
educational levels in the inclusion criteria which could cause
that patients without cognitive impairment, but low educa-

tional level were included in the studies. In addition, another
two [46, 53] of them that we removed could significantly vary
the direction of the combined estimates (test for subgroup
differences: chi2 = 187:08, df = 1 (P < 0:00001), I2 = 99:5%)
(Figure 4). After studying the full articles carefully, we found
that the difference between these two and other article is that
they both used Jin 3-needle technique which has a unique
twist technique. This indicated that the source of heterogene-
ity might be related to the frequency and duration of twist
technique. It also illustrated that twist technique may influ-
ence the effect of improving cognitive function, as the studies
used Jin 3-needle technique (MD= 11:82, 95% CI (10.41,
13.23), P < 0:00001, I2 = 0%) had better outcomes than the
studies did not (MD= 1:73, 95% CI (1.39, 2.06), P <
0:00001, I2 = 50%). However, further research is still needed
due to the small number of included studies using Jin 3-
needle technique.

Finally, after sensitivity analysis, a total of 12 studies were
included for evaluating the effect of acupuncture treatment
according to MMSE. The fixed effect model was used for
analysis on the basis of heterogeneity test (I2 = 50%). The
results of meta-analysis showed that the MMSE score of the
acupuncture treatment group was higher than that of the
control group (MD= 1:73, 95% CI (1.39, 2.06), P < 0:00001).
According to subgroup analysis based on treatment duration,
meta-analysis results showed that MMSE score of the acu-
puncture treatment group was higher than that of the treat-
ment group in ≤7-week subgroup (MD= 1:63, 95% CI (1.28,
1.99), P < 0:00001, I2 = 60%). MMSE score in the >7-week
subgroup was higher than that in the treatment group
(MD= 2:36, 95% CI (1.43, 3.29), P < 0:00001, I2 = 0%)
(Figure 5). It illustrated that the duration of acupuncture treat-
ment was also a factor that could influence heterogeneity but
have few effect on the outcomes. We also conducted subgroup
analysis based on retention time and frequency of acupunc-
ture, but those did not have much influence on heterogeneity
or outcomes.

3.5. Effects of Acupuncture Treatment According to MoCA
Assessment Scales. There are nine [32, 33, 38, 41–44, 49, 52]
trials that used MoCA to compare the cognitive function
between acupuncture group and nonacupuncture group. A
high statistical heterogeneity was observed (I2 = 84% > 50%).
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After using sensitivity analysis of studies, we found one article
[49] that had relatively large impact on statistical heterogene-
ity. What distinguishes it from other studies is the retention

time of acupuncture, so we conducted subgroup analysis based
on retention time (Figure 6). It shows that the score of MoCA
in the acupuncture group was observed to be higher than that
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Figure 4: The forest plots of MMSE (subgroup: with or without Jin 3-needle technique).
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Figure 5: The forest plots of MMSE (subgroup: course ≤ 7weeks or course > 7weeks).
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in the nonacupuncture group (MD= 2:32, 95% CI (1.92,
2.73), P < 0:00001); the difference is statistically significant. It
also illustrated that retention timemay also influence the effect
of improving MoCA score, as the study with retention time of
6h (MD= 6:32, 95% CI (4.81, 7.83), P < 0:00001) had better
outcomes than the studies with retention time of 0.5h
(MD= 2:15, 95% CI (1.39, 2.91), P < 0:00001, I2 = 64%).
However, further research is still needed due to the small
number of included studies with long retention time.

3.6. Effects of Acupuncture Treatment According to Activities
of Daily Living. There are nine [35, 42–44, 46, 47, 49, 50,
52] trials that used Barthel Index or modified Barthel Index
to compare ADL between acupuncture group and nonacu-
puncture group. The other two trials [48, 53] also mentioned
they evaluated ADL but did not specified what kind of scale
they used; therefore, we did not include them in this analysis.
A high statistical heterogeneity was observed
(I2 = 83% > 50%). Therefore, random-effects model analysis
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was chosen to conduct meta-analysis. After using sensitivity
analysis of studies, we found one article [49] that had rela-
tively large impact on statistical heterogeneity. What distin-
guishes it from other studies was the retention time of
acupuncture, so we conducted subgroup analysis based on
retention time (Figure 7). Therefore, we divided the 9 articles
into 2 groups according to the acupuncture retention time. It
shows that the score in the acupuncture group was observed
to be higher than that in the nonacupuncture group
(SMD = 0:97, 95% CI (0.57, 1.38), P < 0:000 01); the differ-
ence is statistically significant. It also showed that longer acu-
puncture retention time may lead to better result in activities
of daily life (0.5 hours: SMD = 0:79, 95% CI (0.53, 1.05),
P < 0:000 01; 6 hours subgroup: SMD = 2:58, 95% CI
(1.97, 3.19), P < 0:000 01).

3.7. Safety. Safety of acupuncture therapy was reported in
nine [32, 33, 37, 39, 42–44, 48, 50] of the included articles.
Six [32, 33, 37, 39, 43, 48] of the articles reported no adverse
events related to acupuncture therapy happened during the
trials. One article [50] reported one case of adverse event
but did not mention the reason. One article [42] reported
one case of subcutaneous hematoma in the experiment group
and three cases of fainting in the control group. Another arti-
cle [44] reported one case of fainting during acupuncture and
two cases of subcutaneous hematoma.

3.8. Publication Bias. We used STATA V.15.1 to evaluate
publication bias. For MMSE, publication bias was assessed
using Begg’s test (Figures 8 and 9) and Egger’s test
(Figures 10 and 11), which did not show significant publica-
tion bias in the included studies. For MoCA and Barthel, the
publication bias could not be assessed as less than ten articles
were included.

4. Discussion

After searching PubMed, the Cochrane Library, CNKI, Wan-
Fang Data, VIP, CBM, Medline, and Embase databases, 657
relevant RCTs were found in this meta-analysis, and 22 RCTs
with 1856 patients were eventually included. According to
this study, more evidence was provided to prove that acu-
puncture treatment is beneficial to PSCI patients in terms
of cognitive function and ability of daily life. PSCI, which
has high prevalence rate, is a result of mixed damage mecha-
nisms [55]. Jeremy’s study [56] suggested that ongoing ische-
mic vascular processes were the main mechanism which also
emphasized the importance of management for vascular risk
factor. Apart from that, there is no established therapy for
prevention for PSCI so far. Hence, it is of vital importance
for us to explore an effective and highly compliant treatment
for PSCI patients.

There were a few relevant meta-analyses about acupunc-
ture treatment for cognitive impairment. Liu et al. [57]
searched RCTs that used acupuncture in the treatment of
PSCI before February 2012 and included 21 RCTs with a total
of 1421 patients. Due to the high risk of bias and lack of uni-
fied scale for evaluating cognitive function of the included
studies, it is hard to reach reliable conclusions on the effect
of acupuncture. Furthermore, it did not focus on analyzing
the effects of acupuncture alone but on the combined treat-
ment with acupuncture, which made it difficult to objectively
evaluate the effect of acupuncture treatment for PSCI. Kim
et al. [58] searched the RCTs on mild cognitive impairment
(MCI) patients from October 2007 to August 2017 and
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compared the effect of electroacupuncture (EA) to western
medication. Their study, which included 5 RCTs with 257
patients, showed that EA had a higher score on MMSE and
MoCA than western medications. But the weak methodolog-
ical quality of the studies and small sample size may affect the
reliability of the results.

This present review offered several significant perspec-
tives. Firstly, a common deficiency of previous RCTs and
reviews is the lack of attention to ADL. There were only 9
RCTs that we included used BI or MBI to evaluate ADL on
PSCI patients. ADL is one of the most important measures
to evaluate how serve PSCI is and an essential measure to dis-
tinguish PSCIND and PSD [12]. Moreover, PSD has a signif-
icant higher fatality rate than PSCIND [55]. Therefore, we
strongly recommend future studies to focus on the ability
of daily life for PSCI patients and explore if acupuncture
has the benefit of preventing PSCIND progressing to PSD
whenever possible. Secondly, it may cause false increase in
patients’ test results by using the same version of scale to
evaluate cognitive function before and after the treatment.
In order to ensure accuracy of MoCA test, we completed
MoCA’s official standardized training and certification pro-
gram online. We learned from the official website (https://
www.mocatest.org/training-certification/) that the delay
between administration should be sufficient to decrease the
risk of a possible learning effect when administering the
MoCA to the same subject; the alternative/equivalent ver-
sions of the MoCA should be used to decreased possible
learning effects when the MoCA is administered, respec-
tively. Therefore, we suggest using different versions of
MoCA, such as 7.1, 7.2, or 7.3 versions at different stages of

assessment. Thirdly, more attention should be paid to the
standardized use of the scale. For instance, in this review,
three articles were found incorrect using of MMSE. The
wrong use of the scale may lead to serious errors in screening
and evaluation of patients. Furthermore, most of the
included RCTs have unclear bias of randomization process,
measurement of the outcome, and selection of the reported
results, which have a significant impact on the evaluation of
the results. It is true that the nature of the acupuncture made
it difficult for investigators to blind participants and almost
impossible to blind the therapists; all the RCTs we included
likewise did not blind the participants or therapists. How-
ever, we should attach more importance to the blinding on
outcome assessors, especially the scale evaluators whose
judgement may have a large influence on the outcome. We
also advise that all the RCTs which study the effect of acu-
puncture should have a protocol with complete information
prior to the start of trials. The protocol should provide
detailed information according to the CONSORT statement
and STRICTA recommendations in order to minimize the
performance and assessment bias of RCTs.

This review also had certain limitations. Firstly, although
we searched the trials written in Chinese or English, all the
trials included were conducted in China. This is related to
the less application of using acupuncture treatment on PSCI
in countries other than China, and it may limit the universal-
ity of the results. Moreover, our study mainly focused on the
effect of acupuncture alone but neglected the synergistic
effect between acupuncture and other effective treatment,
such as medication or cognitive training. In addition, this
study did not consider the possible placebo effect of
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acupuncture as no sham/placebo-controlled trials were
included. Furthermore, significant heterogeneities were
observed in our study. Experimental design, various acupoint
selecting, and therapist skill difference can contribute to the
high heterogeneity. Problems about which acupoints are
most effective for PSCI and how long the treatment should
last need to be resolved in future studies.

5. Conclusions

Compared with the nonacupuncture group, the acupunc-
ture group showed better effects in improving the scores
of MMSE, MoCA, BI, and MBI. This meta-analysis pro-
vided positive evidence that acupuncture may be effective
in improving cognitive function and activities of daily life
for PSCI patients. Meanwhile, long retention time of acu-
puncture may improve cognitive function and activities of
daily life, and twist technique may be an important factor
that could influence cognitive function. However, further
studies using large samples and a rigorous study design
are needed to confirm the role of acupuncture in the treat-
ment of PSCI.
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Objective. To evaluate the clinical effectiveness and safety of acupuncture therapy in the treatment of diarrhea-predominant
irritable bowel syndrome (IBS-D) or functional diarrhea (FD) in adults. Method. Five electronic databases—PubMed, EMBASE,
CNKI, VIP, and Wanfang—were searched, respectively, until June 8, 2020. The literature of clinical randomized controlled trials
of acupuncture for the treatment of IBS-D or FD in adults were collected. Meta-analysis was conducted by Using Stata 16.0
software, the quality of the included studies was assessed by the RevMan ROB summary and graph, and the results were graded
by GRADE. Result. Thirty-one studies with 3234 patients were included. Most of the studies were evaluated as low risk of bias
related to selection bias, attrition bias, and reporting bias. Nevertheless, seven studies showed the high risk of bias due to
incomplete outcome data. GRADE’s assessments were either moderate certainty or low certainty. Compared with loperamide,
acupuncture showed more effectiveness in weekly defecation (SMD = −0:29, 95% CI [-0.49, -0.08]), but no significant
improvement in the result of the Bristol stool form (SMD = −0:28, 95% CI [-0.68, 0.12]). In terms of the drop-off rate, although
the acupuncture group was higher than the bacillus licheniformis plus beanxit group (RR = 2:57, 95% CI [0.24, 27.65]),
loperamide group (RR = 1:11, 95% CI [0.57, 2.15]), and trimebutine maleate group (RR = 1:19, 95% CI [0.31, 4.53]),
respectively, it was lower than the dicetel group (RR = 0:83, 95% CI [0.56, 1.23]) and affected the overall trend (RR = 0:93, 95%
CI [0.67, 1.29]). Besides, acupuncture produced more significant effect than dicetel related to the total symptom score
(SMD = −1:17, 95% CI [-1.42, -0.93]), IBS quality of life (SMD = 2:37, 95% CI [1.94, 2.80]), recurrence rate (RR = 0:43, 95% CI
[0.28, 0.66]), and IBS Symptom Severity Scale (SMD = −0:75, 95% CI [-1.04, -0.47]). Compared to dicetel (RR = 1:25, 95% CI
[1.18, 1.32]) and trimebutine maleate (RR = 1:35, 95% CI [1.13, 1.61]), acupuncture also showed more effective at total
efficiency. The more adverse effect occurred in the acupuncture group when comparing with the dicetel group (RR = 11:86, 95%
CI [1.58, 89.07]) and loperamide group (RR = 4:42, 95% CI [0.57, 33.97]), but most of the adverse reactions were mild
hypodermic hemorrhage. Conclusion. Acupuncture treatment can improve the clinical effectiveness of IBS-D or FD, with great
safety, but the above conclusions need to be further verified through the higher quality of evidence.

1. Introduction

Diarrhea-predominant irritable bowel syndrome (IBS-D) or
functional diarrhea (FD) is a disease with high incidence
rates, which affects the lives of people in China, America,

and even the world, often accompanied by mental illness
[1–3]. The main clinical manifestations of IBS-D and FD
are passing water samples three or more times daily, accom-
panied by abdominal pain and discomfort [4, 5]. It was con-
sidered to be a functional disease closely related to the
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physiological or mental status of patients, but a gradually in-
depth study of pathophysiological mechanisms can explain
these symptoms [6]. Calprotectin and fecal lactoferrin both
are markers of an inflammatory response in IBS-D or FD.
In particular, the psychological symptoms and visceral
hypersensitivity of IBS-D or FD patients have been shown
to be closely related to parasympathetic dysfunction, which
may affect the severity of the disease [7, 8].

At present, anticholinergic drugs, antispasmodic drugs,
antimotility, and antidiarrheal drugs are commonly used to
treat IBS-D and FD, but adverse effects include dizziness,
nausea, vomiting, and even respiratory inhibition. It is diffi-
cult to obtain the satisfactory effect of these drugs in IBS-D
and FD patients. Probiotics are effective and safe in IBS
patients, but studies on the detection of strains, dose, and
duration of treatment are inconsistent. [9] Therefore, it is
particularly important to find a treatment method that can
effectively reduce pain in patients with fewer side effects [10].

Acupuncture, as a special nondrug technology in tradi-
tional Chinese medicine, is used to treat diseases by insert-
ing fine needles or stimulating acupoints manually [11].
Previous studies have found that acupuncture treatment
is closely related to the central nervous system and the
intestinal nervous system; besides, acupuncture points
cover the main nerve bundles of the body [12]. Evidence
suggests that acupuncture can produce curative effects on
gastrointestinal motility through nerve and body fluid
channels [13–17]. This study explores the effectiveness
and safety of acupuncture in the treatment of IBS-D or
FD by systematic review and meta-analysis.

2. Methods

2.1. Search Strategy. This meta-analysis was conducted by
guidelines [18, 19] set out in the PRISMA statement (Supple-
mentary material 1: PRISMA Checklist) and was registered
with PROSPERO (CRD42015017574). We conducted a lit-
erature search (using PubMed), the Chinese Science and
Technology Periodical Database (Embase), the Chinese
National Knowledge Infrastructure Database (CNKI),
China Scientific Journal Database (VIP), and Wanfang
Database. The retrieval time was from the establishment
of the database to June 8, 2020. The search method combined
MeSH subject words and free search words as follows: “diar-
rhea OR irritable bowel syndrome OR functional diarrhea”
AND “acupuncture” AND “randomly” AND “controlled.”
Supplementary material 2 outlines the search strategy of the
PubMed database. This study protocol has been published
previously [Qin et al. 2018].

2.2. Inclusion and Exclusion Criteria. The literature included
in our study met the following requirements: (1) study type:
clinical randomized controlled trials of acupuncture treat-
ment for IBS-D or FD, blinded or nonblinded, written in
Chinese or English, and available online before June 8,
2020; (2) intervention measures: the treatment group was
treated with penetrating acupuncture, or combined with a
control group, and the control group was treated with con-
ventional medicine, sham acupuncture, or conventional acu-

puncture; (3) participants: patients aged 18 years and over,
with unlimited gender and case source, who were definitively
diagnosed with IBS-D or FD; and (4) outcome indicators:
weekly defecation rate, patient drop off rate, Bristol stool
form, total symptom score, IBS quality of life (IBS-QOL),
total efficiency, recurrence rate, IBS Symptom Severity Scale
(IBS-SSS) and adverse effect. The exclusion criteria were as
follows: (1) studies of non-IBS-D or FD cases; (2) the inter-
vention measures of the treatment group were nonpenetrat-
ing acupuncture, such as laser acupuncture, acupoint
pressing, percutaneous, or percutaneous electrical nerve
stimulation; (3) the control group and the experimental
group were used for different types of acupuncture (i.e., acu-
puncture and electroacupuncture); (4) conference papers; (5)
the literature on the effectiveness evaluation index did not
meet the inclusion requirements; (6) literature published
multiple times; and (7) literature with Western medicine or
other therapies as the main research objective.

2.3. Literature Quality Assessment. According to the
Cochrane criteria, we assessed the quality of the included
studies in six domains: (1) random treatment assignment;
(2) treatment assignment concealment; (3) treatment blind-
ing (including blinding for patients, study implementers,
and study outcome assessors); (4) data integrity of the study
results; (5) selective reporting in the study; and (6) other
biases. From the above domains, two researchers (J.G and
X.X) evaluated the risk of bias in the included literature
according to the three criteria of “low risk,” “high risk,” or
“unknown risk.” In case of disagreement during the evalua-
tion, the decision was made through consultation or discus-
sion with a third researcher (Z.Q). GRADE (grades of
recommendation, assessment, development, and evaluation)
was used to grade and evaluate weekly defecation, Bristol
stool form, total symptom score, IBS-QOL, and IBS-SSS
analysis results.

2.4. Data Extraction and Analyses. Data extraction included
(1) basic information of the study including the first author,
year of publication, study time, sample size, and patient
age; (2) treatment information of the study including treat-
ment methods, outcome indicators, and adverse events, of
the observation group, and the control group. If the data
included in the study were incomplete, we tried to contact
the original author for supplementation.

Stata 16.0 software was used for data analysis. A random-
effect model was used, as different acupuncture points or
intervention cycles in each study may affect the therapeutic
effect. Cohen’s d and 95% confidence interval (CI) were used
for continuous variables, and RR (relative risk) was used for
secondary variables. Q statistics and I2 were used to judge
the heterogeneity of the study (i.e., when the P value of Q
statistics < 0:1 or I2 > 50%, there is a large heterogeneity
between the studies). A L’Abbe’s chart was used to test the
heterogeneity of binary variables. A meta-regression method
and a bubble chart were used to evaluate the impact of related
factors on outcome indicators and determine the source of
heterogeneity. A funnel graph and an Egger test were used
to evaluate publication bias. Finally, if there was significant
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heterogeneity between studies, a sensitivity analysis was con-
ducted, and then meta-analysis was conducted by excluding
the studies that induced heterogeneity.

3. Result

3.1. Literature Selection. Altogether, 1293 documents were
retrieved, 870 of which were obtained after removing multi-
ples of the same publication or publications with the same
data, 78 of which were left after reading the title and abstract
to address the inclusion criteria. After reading the full text, 31
studies met the inclusion standards and were finally included,
all of which were published in journals. Figure 1 shows the
inclusion and exclusion flow chart.

3.2. Literature Characteristics. Among the 31 studies [20–50]
included, 5 studies [24, 28, 30, 38, 41] used the random allo-
cation method, which was evaluated as high risk or unknown
risk; 5 studies [20, 32, 34, 47, 50] used the allocation hidden
method, which was evaluated as low risk; 5 studies [22, 32,
34, 48, 50] used the blind method, which was evaluated as
low risk; 12 studies [30, 31, 33, 34, 37, 39–42, 45, 46, 48]
did not mention the completeness of the results, so were eval-
uated as high risk or unknown risk; 3 studies [25, 33, 37] did

not use the selective report and were evaluated as a high risk
or unknown risk; 3 studies [20, 32, 50] did not have any sig-
nificant other sources of bias. Table 1 presents the basic
information about the included studies. Figures 2 and 3 pres-
ent the risk of bias summary and graph related to the
included studies, respectively. 26 studies reported methods
of random sequence generation that were evaluated as low
risk of bias, but 3 studies used nonstandard random grouping
methods existed at the high risk of bias. As to allocation con-
cealment of selection bias, performance bias, and detection
bias, evaluations of numerous studies were regarded as
unclear risk of bias. 18 studies with complete outcome data
were evaluated as low risk of bias, but 7 studies existed at
the high risk of bias due to incomplete outcome data. 28 stud-
ies with rarely selective reporting were evaluated as low risk
of bias, and other biases in most of the included studies were
unclear. Table 2 presents the results of GRADE: weekly defe-
cation, Bristol stool form, total symptom score, IBS-QOL,
and IBS-SSS.

(1): weekly defecation; (2): patient drop-off rate; (3):
Bristol stool form; (4): total efficiency; (5): IBS-QOL; (6):
total symptom score; (7): recurrence rate; (8): IBS-SSS;
(9): adverse reactions; NR: not reported; T: treatment
group; C: control group

PubMed (n = 49), Embase (n = 148),
CNKI (n = 451), VIP (n = 73),

Wanfang (n = 571) 

Studies remaining after duplicateremoval
(n = 870)

Animal-related trials (n = 132)
Reviews or commentaries (n = 96)

Not IBS-D or FD (n = 204)
Not acupuncture (n = 62)

Studies remaining after title and
abstract screening (n = 78)

Studies finally included
(n = 31)

Studies that did not meet inclusion or
exclusion criteria (n = 16)

Excluded for other reasons (n = 31) 

Additional studies identified
through other sources (n = 1) 

Figure 1: Flow chart of literature search.
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RCTs: randomized controlled trials; LOW (low cer-
tainty): our confidence in the effect estimate is limited: the
true effect may be substantially different from the estimate
of the effect; MODERATE (moderate certainty): we are mod-
erately confident in the effect estimate: the true effect is likely
to be close to the estimate of the effect, but there is a possibil-
ity that it is substantially different.

4. Result of Meta-Analysis

4.1. Weekly Defecation. Four studies [32–34, 40] reported
participants’ number of defecations every week after treat-
ment. The intervention methods of the control group were
all loperamide. The results of the heterogeneity test demon-
strated that there was no statistical significance (P = 0:19)
between the studies and a significant heterogeneity existed
between the studies (Qð3Þ = 24:65, P ≤ 0:01, I2 = 96:03%).
Sensitivity analysis and meta-analysis removed studies [32,
33] that lead to this heterogeneity. One study [32] applied
the form of electroacupuncture as the intervention which
was different from comparative studies caused heterogeneity.
The other study [33] selected fewer acupoints than compara-
tive caused the heterogeneity. The updated forest plot is

shown in Figure 4, demonstrating no heterogeneity among
studies (Qð1Þ = 0:40, P = 0:53, I2 = 0:00%), while maintain-
ing a statistically significant difference between studies
(SMD = −0:29, 95% CI [-0.49, -0.08], P = 0:01).

4.2. Patient Drop-off Rate. Thirty-one studies [20–50]
reported the patient drop-off rate. Due to the different inter-
vention methods of the control groups, we compared and
analyzed some of the studies [21–41, 43–46, 48–50] through
the subgroup. The results of the heterogeneity test showed
that there was no significant difference in comparing the acu-
puncture group with the bacillus licheniformis plus deanxit
group (RR = 2:57, 95% CI [0.24, 27.65], P > 0:05), the acu-
puncture group with the dicetel group (RR = 0:83, 95% CI
[0.56, 1.23], P > 0:05), the acupuncture group with the loper-
amide group (RR = 1:11, 95% CI [0.57, 2.15], P > 0:05), the
acupuncture group with the trimebutine maleate group
(RR = 1:19, 95% CI [0.31, 4.53], P > 0:05), and no heteroge-
neity between these studies (Qð27Þ = 4:28, P = 1:00, I2 =
0:00%). Figure 5 presents this data in a forest plot. Combined
with shear complement analysis, Egger test results showed
that there is no published bias (β1 = 0:03, SE of β1 = 0:35,
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z = 0:10, P = 0:92). The L’Abbe plot of the heterogeneity test
and funnel plot are presented in Figure 6.

4.3. Bristol stool form. Four studies [32–34, 40] reported the
stool form using Bristol’s chart, and the intervention
methods of the control group were all loperamide. The result
showed that there was no statistical significance between
studies (P = 0:31), but an obvious heterogeneity between
the studies (Qð3Þ = 790:23, P ≤ 0:01, I2 = 99:91%). Sensitivity
analysis and then a meta-analysis were carried out by
removing studies [32, 34] that lead to this heterogeneity.
One study [32] caused the heterogeneity still from the dif-
ference in acupuncture and electroacupuncture, and the
other study [34] applied a different scoring method that
resulted in heterogeneity. Figure 7 presents a forest map
demonstrating no heterogeneity among studies (Qð1Þ = 0:00,
P = 0:17, I2 = 0:00%), and that there is no statistical signifi-

cance between studies (SMD = −0:28, 95% CI [-0.68, 0.12],
P = 0:17).

4.4. Total Symptom Score. Seven studies [20, 21, 26, 27, 29, 42,
45] reported the total symptom score. The meta-analysis was
completed by removing the studies [20, 42] which caused the
high heterogeneity. One study [20] applied acupuncture plus
dicetel as an intervention different from comparative studies,
which could cause the heterogeneity. The other study [42]
selected warm acupuncture as an intervention that could still
cause heterogeneity. Figure 8 presents a forest plot, which
demonstrates no heterogeneity (Qð4Þ = 2:92, P = 0:57, I2 =
0:00%) among the studies which used dicetel in control
groups, and that the differences among studies continue to
be significantly different (SMD = −1:17, 95% CI [-1.42,
-0.93], P ≤ 0:01). Across studies, the total score of symptoms
in the treatment group was lower than that in the control
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Figure 4: Forest plot of comparison of weekly defecation between the acupuncture group and loperamide group.

Table 2: GRADE summary of comparing the acupuncture group with different nonacupuncture groups.

Outcomes
Anticipated absolute effects∗ (95% CI)

Relative effect
(95% CI)

№ of participants
(studies)

Certainty of the
evidence (GRADE)

Assumed risk:
nonacupuncture

Corresponding risk:
acupuncture

Weekly defecation
The mean weekly

defecation in the control
groups was -5.2

The mean weekly defecation
in the intervention groups

was 0.29 lower (0.49
lower to 0.08 lower)

— 471 (2 RCTs) ⨁⨁⨁◯MODERATE

Bristol stool form
The mean Bristol

stool form in the control
groups was -4.16

The mean Bristol stool
form in the intervention
groups was 0.28 lower

(0.68 lower to 0.12 higher)

— 100 (2 RCTs) ⨁⨁◯◯ LOW

Total symptom score
The mean total

symptom score in the
control groups was -4.1

The mean total symptom
score in the intervention
groups was 1.17 lower

(1.42 lower to 0.93 lower)

— 303 (5 RCTs) ⨁⨁⨁◯MODERATE

IBS-QOL
The mean IBS-QOL in
the control groups

was 71.15

The mean IBS-QOL in the
intervention groups was
2.37 higher (1.94 higher

to 2.80 higher)

— 143 (2 RCTs) ⨁⨁◯◯ LOW

IBS-SSS
The mean IBS-SSS in
the control groups

was -95.7

The mean IBS-SSS in the
intervention groups was
0.75 lower (1.04 lower to

0.47 lower)

— 319 (5 RCTs) ⨁⨁⨁◯MODERATE
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group. Combined with the shear and complement analysis,
Egger test results demonstrate that there was no publication
bias (β1 = −0:16, SE of β1 = 4:37, z = −0:04, P = 0:97).

4.5. IBS-QOL. Four studies [21, 29, 46, 47] reported the
IBS-QOL and the intervention methods of the control
group were all dicetel. The results showed that there was
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a significant statistical difference among studies (P ≤ 0:01)
but obvious heterogeneity between studies (Qð3Þ = 32:75,
P ≤ 0:01, I2 = 90:95%). After meta-analysis and eliminating
studies [21, 29] which selected a different scoring method

leading to this heterogeneity, the forest plot presented in
Figure 9 demonstrates that there is no heterogeneity
(Qð1Þ = 0:15, P = 0:7, I2 = 0:00%) among studies, and the
differences between studies remain statistically significant

Funnel plot

St
an

da
rd

 er
ro

r

Lo
g 

ris
ks

 (t
re

at
m

en
t g

ro
up

) 0

.5

1

1.5

2
–4 –2 0

Log risk ratio
2 4

Pseudo 95% CI

Studies
Estimated 𝜃REML

L’Abbé plot–1

–1

–2.25

–2.25

–3.5

–3.5
Log risks (control group)

Weights: inverse variance

Studies

No effect
Estimated 𝜃IV

–4.75

–4.75
–6

–6

Figure 6: L’Abbe and funnel plots of the patient drop-off rate.

–1 –.5 0 .5

–0.28 [–0.68, 0.12]

–0.28 [–0.78, 0.23]
–0.28 [–0.92, 0.35] 39.03

60.97

WeightCohen’s d
Study

Li W 2015
Zhong F 2018

Overall

30
24

–1
–8.3 3.1

.7 30
16 –7.5

–.82 .6
2.4

N N

Treatment
Mean MeanSD SD

Control
with 95% CI (%)

Heterogeneity: T2 = 0.00, I2 = 0.00%, H2 = 1.00
Test of 𝜃i = 𝜃j: Q(1) = 0.00, P = 0.99
Test of 𝜃 = 0: z = –1.37, P = 0.17

Random-effects REML model

Figure 7: Forest plot of comparison of the Bristol stool form between the acupuncture group and loperamide group.

–2

–1.17 [–1.42, –0.93]

–1.04 [–1.52, –0.56]
–0.97 [–1.52, –0.42]
–1.56 [–2.10, –1.03]

–1.10 [–1.77, –0.44]
–1.20 [–1.75, –0.65]

26.06
19.83
20.86

13.48
19.78

–3

38

Overall

Sun J H 2011
Wu X L 2013

Li H 2013
Zhan D W 2013
Lu C X 2019 –6.5 1.3 38 –5.1 1.4

29 –5 1.8 28 –3.3 1.7
35 –6.5 1.7 35 –3.6 2

21 –6.2 1.3 19 –4.3 2.1
30 –6.6 1.5 30 –4.2 2.4

–1 0 1

WeightCohen’s d
with 95% CI (%)

Study
N N

Treatment
Mean MeanSD SD

Control

Heterogeneity: T2 = 0.00, I2 = 0.00%, H2 = 1.00

Test of 𝜃i = 𝜃j: Q(4) = 2.92, P = 0.57
Test of 𝜃 = 0: z = –9.41, P = 0.00

Random-effects REML model

Figure 8: Forest plot of comparison of the total symptom score between the acupuncture group and dicetel group.

9Neural Plasticity



(SMD = 2:37, 95% CI [1.94, 2.80], P ≤ 0:01). The quality of
life in the treatment group was better than that in the
control group.

4.6. Total Efficiency. Twenty-seven studies [20–30, 26–30, 33,
35–39, 41–49] reported the total effective treatment rate. We
can analyze 22 studies [21–30, 35–39, 41, 43–46, 48, 49]
through the subgroup because of different western medicine
in control groups. Sensitivity analysis removed two studies
[23, 30] which caused obvious heterogeneity in a subgroup.
One study applied electroacupuncture as an intervention,
and the other study applied warm acupuncture that could
cause heterogeneity. Updated subgroup analysis showed a
significant statistical difference in comparing the acupunc-
ture group with dicetel (RR = 1:25, 95% CI [1.18, 1.32],
P < 0:05), the acupuncture group with the trimebutine
maleate group (RR = 1:35, 95% CI [1.13, 1.61], P < 0:05),
the acupuncture group with the pinaverium bromide tablet
group (RR = 1:40, 95% CI [1.16, 1.69], P < 0:05), and no
heterogeneity among studies (Qð19Þ = 10:51, P = 0:94, I2

= 0:00%). Figure 10 presents the forest plot of the results.
The total effective rate of the treatment group was greater
than that of the control group. Combined with the shear
complement analysis, funnel plots demonstrated that 7
published studies were missing. The Egger test showed
that there were published biases (β1 = 1:98, SE of β1 =
0:90, z = 2:21, P = 0:03). The L’Abbe plot of the heteroge-
neity test and funnel plot both are shown in Figure 11.

4.7. Recurrence Rate. Four studies [22, 23, 27, 38] reported
the recurrence rate. Sensitivity analysis and then a meta-
analysis were carried out by removing the study [23] which
used a different oral medication that could cause the obvious
heterogeneity in the control group. Figure 12 presents the
forest plot, which demonstrates that there is no heterogeneity
(Q ð2Þ = 1:51, P = 0:47, I2 = 0:00%) among the studies which
used dicetel in control groups, and the differences between
the studies remain statistically significant (RR = 0:43, 95%
CI [0.28, 0.66], P ≤ 0:01). The recurrence rate of the treat-
ment group was lower than that of the control group. Com-
bined with the shear and complement analysis, there were
two missing published biases in the funnel plot. Egger test
results show that there is no published bias (β1 = −1:78, SE
of β1 = 1:46, z = −1:22, P = 0:22).

4.8. IBS-SSS. IBS-SSS was reported in 7 studies [35, 36, 39, 43,
44, 46, 49]. Subgroup analysis was completed after it removed
one study [49] which used a different oral medication in the
control group, but still the obvious heterogeneity among the
left studies (Qð5Þ = 107:80, P ≤ 0:01, I2 = 99:60%). Sensitivity
analysis and meta-analysis were conducted by removing the
study [44] lead to this heterogeneity, which applied a differ-
ent form of acupuncture that caused the result. The updated
forest plot of meta-analysis is shown in Figure 13 and dem-
onstrates that there is low heterogeneity among studies
(Qð4Þ = 6:19, P = 0:19, I2 = 31:60%) which used dicetel in
the control group, and the difference between the studies is
statistically significant (SMD = −0:75, 95% CI [-1.04, -0.47],
P ≤ 0:01). Combined with shear complement analysis, Egger
test results showed that there were no biased publications
(β1 = 3:91, SE of β1 = 3:81, z = 1:03, P = 0:30).

4.9. Adverse Effect. Adverse events were reported in 7 studies
[22, 28, 32, 34, 36, 43, 46]. Subgroup analysis completed with
these studies, but one subgroup showed an obvious heteroge-
neity (Qð4Þ = 9:79, P = 0:04, I2 = 61:60%). One study applied
a different form of acupuncture that caused the obvious het-
erogeneity. Sensitivity analysis and then a meta-analysis were
carried out after removing the study [22]. Figure 14 presents
the updated forest plot and demonstrates that there is no het-
erogeneity: acupuncture group versus dicetel group
(Qð3Þ = 5:68, P = 0:13, I2 = 46:12%) and acupuncture group
versus loperamide group (Qð1Þ = 0:32, P = 0:57, I2 = 0:00%).
There were more adverse events in the acupuncture group
than in the control group. The comparing acupuncture group
with dicetel group is no statistically significant (RR = 0:59,
95% CI [0.12, 2.90], P > 0:05), but comparing the acupuncture
group with the loperamide group is no statistically signifi-
cant (RR = 4:42, 95% CI [0.57, 33.97], P > 0:05). Combined
with shear complement analysis, Egger test results showed
no biased publications (β1 = 2:40, SE of β1 = 2:36, z = 1:02,
P = 0:31).

5. Discussion

In this systematic review and meta-analysis, the effectiveness
and safety of 31 acupuncture concerned studies for patients
with IBS-D or FD were evaluated. We found that acupunc-
ture can significantly reduce the number of stools per week
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in IBS-D or FD patients, improve patients’ overall symptoms,
improve the total effective rate, decrease the recurrence rate,
and reduce the pain level of patients. Based on the results, we
believe that acupuncture can improve the quality of life of
patients with IBS-D or FD. Although the number of adverse
events in the acupuncture group was similar to that in the
control group, the majority of adverse events in the acupunc-
ture group were subcutaneous hemorrhage. With such slight
adverse events, we have observed that acceptance among
patients has not been reduced. Moreover, the withdrawal rate
of patients in the acupuncture group was still slightly lower
than that in the control group. Previous studies ignored the
importance of the FD which should be related to chronic
diarrhea and lack of standard, high-quality clinical trials.
This study combined the IBS-D with the FD as the object
of research included one standard, high-quality clinical trial

[50] which improved the quality of evidence-based medicine.
Besides, the patient drop-off rate was reported in our results
which showed the comparison of patient receptivity. Unlike
previous methods, our study made an advanced analysis
through applied the Stata 16.0 software, and some results
were evaluated by GRADE that exhibited a more compelling
piece of evidence.

The quality of life of IBS-D or FD patients is generally not
high that has been demonstrated [51]. Also, the consistency
of stool in patients with IBS-D or FD is between type 5 and
type 7 on the Bristol stool scale [52]. Among them, abdomi-
nal pain is the main diagnostic standard of IBS-D, while FD is
mainly diagnosed by excluding the possibility of other dis-
eases [53]. The prevalence of FD and IBS-D in China is
1.72% and 1.54%, respectively [54]. Despite conventional
drugs that can temporarily alleviate symptoms, many
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patients still suffer from the IBS-D or FD, and the recurrence
rate was as high as 40% after 3 months. It has been reported
that approximately 60.1% of the drug treatment patients stop

taking drugs on their own due to the lack of obvious symp-
tom improvement [55, 56]. At present, the etiology and path-
ogenesis of IBS-D or FD are not clear, but there is growing
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evidence that pathogenic factors may be related to inflamma-
tion, central nervous system disorders, and brain-gut interac-
tion [57]. Serum vasoactive intestinal peptide (VIP) is a
neurotransmitter that inhibits gastrointestinal motility and
promotes the secretion of intestinal water and electrolytes
[58]. 5-hydroxytryptamine (5-HT) as a neurotransmitter also
widely exists in the central nervous system and gastroin-
testinal tract and can regulate gastrointestinal function
[59, 60]. Acupuncture, as an alternative therapy for a vari-
ety of diseases [61–63], may have achieved the effect of
treating IBS-D and FD by regulating nerve-related func-
tions [64]. From the studies included in this review, we
also found that acupuncture could improve clinical reports
of VIP and 5-HT levels [31].

According to the risk of bias summary and graph, the
overall quality of our study is still low. Many studies were
regarded as unclear risk of bias in terms of selection bias,
performance bias, detection bias, and other bias. Incom-
plete outcome data in some studies led to a high bias,
and we tried to contact authors but got no available
datum. The inconsistent diagnostic standards of some
studies may lead to the nonstandard diagnosis of FD and
IBS-D. Only six studies [22, 32, 34, 48, 50] describe ran-
domized methods and use blinding methods. The remain-
ing studies do not specifically describe randomized or
blind treatment methods, which could cause selection bias
under the subjective choice of subjects or researchers. And
most studies lacked the group of sham acupuncture, and
only one study selected the acupuncture plus dicetel com-
pared with sham acupuncture plus dicetel. So, the results
of this study were merely a comparison between acupunc-

ture and western medicine, and studies of sham acupunc-
ture groups are still needed. Sensitivity analysis revealed
the form of acupuncture, the method of scale scoring,
the difference of acupuncture points, and the difference
of oral medication in the control group that could be the
sources of heterogeneity. In this study, electroacupuncture,
warm acupuncture, and eye acupuncture were regarded as
the same intervention, even the difference of acupuncture
points was hard to keep consistent. Besides, in the clinic,
different forms of acupuncture may have different stimula-
tion and patient receptivity. So, potential biases could
affect the accuracy of some results. Although our results
avoided the high heterogeneity through removed some
studies, the reduction in the number of patients affected
the quality of the results.

The clinical effect of acupuncture on IBS-D or FD cannot
be ignored. It has great safety, can avoid adverse reactions
caused by western medicine, and has the advantages of sim-
ple operation and low cost [65]. This study objectively
explored the effectiveness and safety of acupuncture in the
treatment of IBS-D or FD and provided preliminary and reli-
able evidence-based medicine for clinical practice and deci-
sion-making.

6. Conclusion

Our systematic review and meta-analysis can prove the
effectiveness of acupuncture in the treatment of IBS-D or
FD, but it still needs to be verified by a clinical standard
large sample test.
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Peripheral nerve networks (PNNs) play a vital role in the neural recovery after spinal cord injury (SCI). Electroacupuncture (EA), as
an alternative medicine, has been widely used in SCI and was proven to be effective on neural functional recovery. In this study, the
interaction between PNNs and semaphrin3A (Sema3A) in the recovery of the motor function after SCI was observed, and the effect
of EA on them was evaluated. After the establishment of the SCI animal model, we found that motor neurons in the ventral horn of
the injured spinal cord segment decreased, Nissl bodies were blurry, and PNNs and Sema3A as well as its receptor neuropilin1
(NRP1) aggregated around the central tube of the gray matter of the spinal cord. When we knocked down the expression of
Sema3A at the damage site, NRP1 also downregulated, importantly, PNNs concentration decreased, and tenascin-R (TN-R) and
aggrecan were also reduced, while the Basso-Beattie-Bresnahan (BBB) motor function score dramatically increased. In addition,
when conducting EA stimulation on Jiaji (EX-B2) acupoints, the highly upregulated Sema3A and NRP1 were reversed post-SCI,
which can lessen the accumulation of PNNs around the central tube of the spinal cord gray matter, and simultaneously promote
the recovery of motor function in rats. These results suggest that EA may further affect the plasticity of PNNs by regulating the
Sema3A signal and promoting the recovery of the motor function post-SCI.

1. Introduction

Spinal cord injury (SCI) and its secondary complications have
become a significant social and economic burden on the
health care system and patient’s families, which mainly leads
to irreversible neurological impairment [1]. Although SCI
shows some spontaneous recovery of the motor and sensory
function, recovery in patients with complete SCI is quite lim-
ited and predictable [2]. As an alternative therapy, Electroacu-
puncture (EA) has been proven to be particularly effective in
the rehabilitation of spinal cord injury. According to Dorsher
[3], EA can significantly improve the long-term neurological

recovery of patients with SCI in the acute stage. Moreover, a
previousmeta-analysis [4] by our team showed that EA played
an active role in the recovery of the neurological function and
motor function post-SCI. Additionally, EA on Jiaji (EX-B2)
acupoints with the stimulation parameter from 2Hz/100Hz
has been shown as an antioxidant, anti-inflammation, and
antiapoptosis agent, thus promoting axonal regeneration,
nerve growth factor improvement, and some gene expres-
sions [5–8]. These effects of EA may have a positive effect
on functional recovery post-SCI and can be acknowledged
to reduce the risk of secondary spinal cord damage.

Spinal cord injury not only destroys the connectivity of
neural circuits but also causes a series of secondary
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pathological processes, such as inflammation and glial fiber
scar, which are chemical barriers to prevent axon regenera-
tion and limit nerve function repair. Nevertheless, the func-
tion of the adult spinal cord could be restored by promoting
the germination and regeneration of axons and rebuilding
the neural circuits [9, 10]. However, the adult central ner-
vous system (CNS) limits the ability of injured neurons to
germinate and regenerate [11]. Perineuronal nets (PNNs),
a highly structured portion of the extracellular matrix, mostly
surround the soma and dendrites of specific type of neurons
and play a critical role in protecting nerve growth and regulat-
ing neural plasticity [12]. After injury of the CNS, the abnor-
mal accumulation of PNNs can limit the neuroplasticity or
axonal regeneration by participating in the formation of glial
scar [13, 14]. Therefore, the intervention and regulation of
PNNs after SCI may be helpful to the recovery of nerve func-
tion and can mediate the spontaneous motor recovery.

Semaphorin3A (Sema3A), as an essential member of the
semaphore family, is mainly produced by neurons or astro-
cytes in the adult CNS, and its polypeptides and neuropep-
tide receptors are widespread [15]. Recent studies have
found that Sema3A is involved in the growth of axons and
the formation of new synaptic connections during embryonic
development, which is highly aggregated, and migrates to the
injured site after SCI [16, 17]. Sema3A can bind to PNNs by
chondroitin sulfate-E (CS-E) to prevent the synapses of neu-
rons from crossing the damaged area and prevent the forma-
tion of new neuronal connections [18]. Previous studies have
shown that EA can alleviate the expression of myelin growth
inhibitor and promote nerve regeneration after SCI, and the
changes in the connections between these neurons can effec-
tively promote the recovery of the nerve function. So far, our
understanding of whether EA can influence neuronal
connections and specific mechanisms by interfering with
PNN is still very limited.

In order to explore the changes of PNNs mediated by the
signaling of Sema3A after SCI, we observed the disintegra-
tion of PNNs after the degradation of the Sema3A signal by
microinjection of viral vector. Meanwhile, the therapeutic
effect of EA was consistent with it.

2. Materials and Methods

2.1. Reagent and Chemicals. The modified Allen device for a
model of spinal cord injury was the Model II-NYU/MASCIS
impactor device (W.M.Keck, USA) from the Key Laboratory
of Acupuncture and Neurology of Zhejiang Province. The
sterilized needles were 0:25mm × 25mm from Suzhou Med-
ical Co. Ltd. (JiangSu, China). Acupuncture point nerve
stimulator was the HANS-200A from Huawei Co. Ltd.
(Beijing, China). Nikon A1R laser scanning confocal micro-
scope was from Nikon Corporation (Nikon, Japan). Frozen
microtome was the Thermo NX50 from American Thermo
Corporation. The stereotaxic apparatus and isoflurane inha-
lation were from RWD Life Science Co., Ltd. (Shenzhen,
China). The mini-protean vertical electrophoresis and mem-
brane transfer systems were from the U.S. Bio-Rad com-
pany. The gel imaging system was Image Quant LAS4000

from the Germany GE Corporation. Microplate Reader
was Spectra Max M4 from MeiGu Molecular Co. Ltd.

Sodium chloride, paraformaldehyde, isopropanol, meth-
anol, sucrose, ethanol, penicillin, and Nissl staining solution
were from Hanpusi Biotechnology Co., Ltd. (Zhejiang,
China). Ponceau S Solution, SDS, Tris, glycine, and ECL
Western Blotting Substrate Kit were from Beyotime Science
& Technology Co., Ltd. Nembutal and N,N,N′,N′-tetra-
methyl ethylenediamine (TEMED) were obtained from
Sigma-Aldrich (Missouri, USA). The 20 protease inhibitor
cocktail tablets were from Roche Diagnostics GmbH (Mann-
heim, Germany). Pierce ™ BCA Protein Assay Kit was from
Thermo Fisher Scientific Inc. (NJ, USA). Difco ™ Skim milk
was from Becton, Dickinson, and Company (NJ, USA). The
PVDF membrane was from Merck Millipore Ltd. (Billerica,
USA). Antibodies to neuropilin1 (WB), HAPLN1, aggrecan,
β-actin, and Alexa Fluor 488-AffiniPure donkey anti-goat
were purchased from Abcam PLC; tenascin-R and neuropi-
lin1 (IF) were from R&D Technology Inc; semaphorin3A
was from Genetex Technology Inc; Wisteria floribunda lectin
was from Vectorlabs Technology Inc. Anti-rabbit IgG, HRP-
linked antibody was from CST, and anti-mouse IgG, HRP-
linked antibody was from Jackson. Streptavidin Alexa Fluor
Conjugate was from Invitrogen.

2.2. Animals. Healthy adult male SD rats (eight weeks old,
200–220 g body weight) were purchased from the Shanghai
Xipu Bikai experimental animal Company (animal license
No.: SCXK(Shanghai) 2018-0006) and housed in the Labora-
tory Animal Center of Zhejiang Chinese Medical University
accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC, animal license
No.: SYXK (Zhejiang) 2018-0012). Rats were maintained
under controlled conditions with access to food and water
ad libitum. All animal experiments were performed in com-
pliance with all relevant ethical regulations for animal testing
and research and in accordance with animal protocols
approved by the animal ethics committee of Zhejiang Chi-
nese Medical University (ZSLL, 2017-183). All the experi-
mental protocols strictly followed the guidelines of the
National Institutes of Health (NIH) on the use of laboratory
animals (NIH Publication No. 8023).

2.3. SCI Rat Model. To produce a contusive SCI model at
T10, rats were placed on their ventral surface in a U-shaped
stabilizer, then received a T10 contusion using the MASCIS
weight-drop device with a 5 × 10 g/cm gravitational potential
energy [19] after a T10 laminectomy. The severity and con-
sistency of the injury were verified by checking the bruise
on the spinal cord or tail-flick of rats after weight drop. Rats
in the sham group only underwent laminectomy. All animals
were injected penicillin (100U/d) intraperitoneally for 3
days. Then, the rats were returned to clean home cages that
were partially placed on a heating pad until they fully recov-
ered from the anesthesia. The manual bladder expression
was performed twice daily until the bladder emptying.

2.4. Acupuncture Treatment. Rats were submitted to EA
treatment at the T9-T11 Jiaji (EX-B2) acupoints [20] which
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located on the two sides of the spinous process of the dorsal
part. All sterilized disposable stainless steel acupuncture nee-
dles with a 0.25mm diameter were inserted as deep as 4-
5mm until the tip of the needle touches the vertebral lamina
and then connected with a pair of electrodes from acupunc-
ture point nerve stimulator. The parameters were set as fol-
lows: an alternating wave current output (2Hz/100Hz), with
the intensities remaining at 1mA that causing slight vibra-
tion of the muscles around the treatment areas, was started
from the first day after operation, 20min once daily, for 7
or 14 consecutive days. The rats of the sham group, model
group, and AAV group were only bound in the prone posi-
tion for 20 minutes when the EA group received treatment.

2.5. Behavioral Testing. The Basso-Beattie-Bresnahan (BBB)
test [21] is judged on a scale of 0-21 (0, complete hind limb
paralysis; 21, normal locomotion, Table 1), is based on hind
limb movements made in an open field including hind limb
joint movement, weight support, plantar stepping, coordina-
tion, paw position, and trunk and tail control, and is per-
formed to evaluate the overall basic locomotor performance.
Briefly, each rat was placed in an open field and evaluated
more than 3min by two experimenters who were blinded to
experimental groups, and one of them counts the total number
of scores. Additionally, all rats were assessed before modeling
to ensure that there were no baseline defects and averaged into
a final score per session.

2.6. Sema3A Targets Screening. In order to obtain the effec-
tive interference target for Sema3A, the six Sema3A targets
of wy2884-2889, the overexpression plasmid wy2890, and
the control plasmid wy1720 with the EGFP cDNAs were
cloned into plasmid pAAV-MCS. AAV 293cells were cultured
in Dulbecco’s modified Eagle medium and transport to collect
the fraction containing AAV. Then, the target sequences were
screened by fluorescence subtracting and Western blot.

2.7. AAV Viral Injections. To inhibit the ema3A expression,
0.5μl AAV2/9-U6-shRNA (Sema3A)-CAG-tdtomato or a
negative control AAV2/9-U6-shRNA(luciferase)-CAG-tdto-
mato virus was injected into the bilateral of the T9 spinal
cord using a 10μl Hamilton syringe, after rats anesthetized
with pentobarbital sodium (40mg/kg, i.p.). The depth of
the injection tip was 1.5mm and keeps in place for another
5 minutes to avoid virus leakage. Vessel and nerve were
avoided while injection was done, and virus ultimately titer
was 7:5E + 12 v:g:/ml.

2.8. Nissl Staining. For Nissl staining, 25-μm-thick frozen
section was subjected to stain with cresyl violet and dehy-
drated with different concentrations of ethanol. The number
of positive cells in the ventral horn at the epicenter of the
lesion 0.5mm to the injury epicenter was calculated and ana-
lyzed by ImageJ software which was averaged into a final
score per session.

2.9. Western Blotting. Spinal cord tissues of rats were homog-
enized with radioimmunoprecipitation assay (RIPA) buffer
containing proteinase inhibitors, and then the total protein
concentration of each sample was determined by using the

bicinchoninic acid (BCA) method according to the kit’s
instruction. Furthermore, equal amounts of protein from
each sample were divorced on 10% SDS-PAGE gels and
transferred to polyvinyl difluoride (PVDF) membranes. The
membranes were blocked with 5% nonfat milk in TBST
containing 0.1% Tween 20 at room temperature for 1h and
then incubated overnight at 4°C with primary antibody:
semaphorin3A (1 : 500), neuropilin1 (1 : 1000), HAPLN1
(1 : 1000), aggrecan (1 : 500), Tenascin R (1 : 200), and β-actin
(1 : 5000). The following day, the membrane was incubated
at room temperature for 2h with the 2 antibodies: anti-
rabbit IgG, HRP-linked antibody (1 : 2000) or anti-mouse
IgG, HRP-linked antibody (1 : 2000). Finally, the immunore-
activity was detected using enhanced chemiluminescence
and visualized with an Image Quant LAS 4000. The density
of each band was measured by ImageJ analysis software. The
relative expression of the target protein is the target protein
(absorbance value)/the internal reference factor of actin
(absorbance value), and the results were expressed as mean
± standard deviation.

2.10. Immunofluorescence Staining. Transverse spinal cord
sections (25μm) were cut on a frozen microtome, installed
on gelatin-coated glass slides as 8 sets of every 5th serial sec-
tion. Above 25-μm-thick frozen sections were incubated with
the following primary antibodies: semaphorin3A (1 : 200),
neuropilin1 (1 : 50), and Wisteria floribunda lectin (1 : 100).
Signal was detected with the corresponding second antibod-
ies conjugated to Streptavidin Alexa Fluor 555 Conjugate
(1 : 200) or Streptavidin, Alexa Fluor 488 conjugate (1 : 200)
or Alexa Fluor 488-AffiniPure Goat Anti-rabbit IgG (H+L)
(1 : 600) or Alexa Fluor 488-AffiniPure donkey anti-goat
IgG (H+L) (1 : 500) and viewed by Nikon A1R laser scanning
confocal microscope. In order to quantize the image and keep
the uniformmicroscope setting in the entire image acquisition
process, 3-5 images were randomly selected per rat tissue,
averaged, and analyzed by ImageJ software.

2.11. Statistical Analyses. The statistical significance of the
difference between control and experimental groups was
determined by one-way ANOVA followed by Tukey Kramer
tests which were performed with SPSS.20 (Statistic package
for social science) (SPSS Inc., Chicago, USA). Data is shown
asmean ± SEM and considered to indicate statistically signif-
icant if P < 0:05.

3. Results

3.1. Motor Dysfunction after SCI. Firstly, we established the
modified rat model of SCI via Allen’s method described pre-
viously. As shown in Figure 1(a), the BBB score was used to
observe the motor function of hind limbs on the 7th, 14th,
and 21st days after SCI in rats, and we found the hind limbs
of rats completely paralyzed following SCI, while its perfor-
mance was improved gradually from the second post-SCI
week. Specifically, the lower limb motor function was normal
with the score of 21 points in the sham group. Unfortunately,
the BBB score was among 0-2 points on the 7th day post-SCI
which had severe motor dysfunction, and the motor function
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of hind limbs began to gradually recover after 14 days
(Figure 2(c)). Therefore, it can be predicted that the motor
function of the hind limbs was obviously impaired after
SCI, whereas it can be slightly recovered on account of the
limited self-healing ability.

3.2. Morphological Changes of the Spinal Cord after SCI. We
carried out Nissl staining to evaluate the changes of neuron
morphology in the sham group and on the 7th, 14th, and
21st days after SCI. The results showed, compared with the
sham group, that Nissl-positive motor neuron number in
the ventral horn of the spinal cord after SCI was significantly
reduced, and Nissl bodies became fuzzy and gradually recov-
ered on the 21st day after SCI (Figures 2(a) and 2(b)).

3.3. The Expression of Sema3A and NRP1 after SCI. To quan-
tify the expression of the Sema3A signal in the injury site of
spinal cord, Sema3A and NRP1 immunotherapy were per-
formed. Subsequently, our immunofluorescence study
showed that the Sema3A signal around the central canal of

the spinal cord gray matter increased abnormally compared
with the sham group on the 7th day post-SCI, but there was
no significant differences on the 14th and 21st day after SCI.
NRP1 also significantly increased around the central canal
on the 7th day post-SCI, and it was downregulated on
the 14th day after SCI while still higher than that of the sham
group; however, no significant difference was observed on the
21st day after SCI compared with the 14st day in the post-SCI
group (Figures 3(a) and 3(b)). We further examined the
expression of Sema3A and NRP1 in the SCI rats by Western
blotting, and the results were consistent with that of immu-
nofluorescence (Figures 3(c) and 3(d)).

3.4. The Expression of PNNs after SCI. It has been demon-
strated that the aggregation of PNNs wrapping around soma
and dendrites after the CNS injury hinders the neuronal
axon regeneration and limits the nerve plasticity. We labeled
PNNs in the spinal cord by wisteria floribunda agglutinin
(WFA) which can be bind to N-acetylgalactosamine (Gal-
NAc) in most PNN polysaccharide chains. Importantly,

Table 1: Basso-Beattie-Bresnahan locomotor rating score.

Score The ability of the lower limb motor

0 There is no visible hindlimb (HL) movement

1 Light movement of one or both joints, usually hip and/or knee

2 Broad movement of one joint or joint and slight movement of the other

3 Extensive movement of the two joints

4 Light movement of three joints

5 Light movement of two joints and wide movement of the third

6 Broad movement of the two joints and light movement of the third

7 The extensive movement of all three joints of HL

8 The ball of the foot without weight support or without weight support

9
The soles of the feet occasionally bear the weight of the ground (for example, when stationary), frequent or consistent load-bearing

movements of the dorsal claw, without the soles of the feet supporting the movement

10 Paw surface occasionally moves with load bearing without FL-HL coordination

11 Paw surface has more load-bearing movement and no FL-HL coordination

12 More load-bearing movement and occasional FL-HL coordination on the paw surface

13 Common paw-bearing movement and frequent FL-HL coordination

14
Continuous palm-surface-bearing movement with consistent FL-HL coordination, or common palm-surface movement, continuous

fore-hind limb coordination, and occasionally dorsal claw movement

15
Continuous paw and palm-bearing movement and consistent FL-HL coordination, no or occasional ground grasping movement in

the forward motion of the forelimbs, and the position of the main claw parallel to the body at the initial contact

16
In the gait, the continuous paw landing and the coordinated movement of the front and rear limbs are common in the process of

grasping the ground; the main claw position is parallel to the body at initial contact and rotates after load transfer

17
In the gait, the continuous paw landing and the coordinated movement of the front and rear limbs are common in the process of

grasping the ground; the main claw position is parallel to the body at initial contact and load transfer

18
In the gait, the continuous paw touches the ground in a coordinated manner with the front and rear limbs. In the process of progress,

the continuous paw grasps the ground. The position of the main paw is parallel to the body at the initial contact

19
In the gait, the continuous paw touches the ground in a coordinated manner with the front and rear limbs. The continuous paw
grasps the ground in the process of advancing. The position of the main paw is parallel to the body at the initial contact and load

transfer

20
The position of the main claw is parallel to the body during initial contact and weight transfer. The trunk is unstable, and the tail kept

cocking up

21
The position of the main claw is parallel to the body at the initial contact and load transfer, and the trunk is stable and the tail kept

cocking up
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immunofluorescence results were similar to previously
reported which showed that WFA was upregulated around
the central canal of the spinal cord gray matter post-SCI
and reached the peak on the 14th day (Figures 4(a) and
4(b)). In addition, we examined the expression of the main
structural proteins in PNNs, including TN-R, HAPLN1,
and aggrecan by Western blotting. We found HAPLN1 was
not significantly changed after SCI, while TN-R and aggrecan
were significantly upregulated on the 14th day after SCI com-
pared to the sham group (Figures 4(c)–4(e)).

3.5. Sema3A Targets Screenings. To further verify the impact
of Sema3A post-SCI, we designed 6 sets of SNCA-shRNA
sequence plasmids with GFP fluorescent tags and integrated
them into an adeno-associated virus (AAV), then transfected
them into HEK293 cells to observe the degree of translated.
We utilized fluorescence attenuation detection cotransfect
293T cells in vitro with the interference group, the interfer-
ence control sample wy2884-2889, the interference control
sample WY1720, and the overexpressed sample WY2890. It
was found that the negative control WY1720 of the interfer-
ence target had no ability to knockdown, while the target
sequences of WY2886, WY2887, and WY2889 in the experi-
mental group had a strong knockdown ability (Figure 5(c)).
Western blotting was further used to check the efficiency of
each target, and the result displayed WY2887 had the least
amount of protein as well as the best interference effect
(Figure 5(b)). Therefore, we considered wy2887 is the most
suitable one among the six sequences of wy2884-2889

(Table 2). Hence, we chose wy2887 to package AAV2/9-
U6-shRNA (Sema3A)-CAG-tdtomato for the following
experiment. To verify the knockdown efficiency of Sema3A
shRNA in rats, AAV2/9-U6-shRNA(Sema3A)-CAG-tdto-
mato was injected into the T9 spinal cord by stereoscopic
microinjection for 21 days before modeling (Figure 6(a)
and 6(b)), AAV2/9-U6-shRNA(luciferase)-CAG-tdtomato
was used as a comparison, and samples were extracted on
the 7th day after SCI for Western blotting. It was displayed
that AAV2/9-U6-shRNA (Sema3A)-CAG-tdtomato could
significantly decrease the expression of Sema3A after SCI
(Figure 6(c)).

3.6. Inhibition of Sema3A Promotes Functional Recovery after
SCI by Reducing the Accumulation of PNNs at the Injury Site.
To clarify the role of Sema3A, we injected AAV2/9-U6-
shRNA (Sema3A)-CAG-tdtomato into T9 spinal cord rats
21 days or 14 days before modeling according to the experi-
mental plan to knock down the expression of Sema3A
(Figure 1(b)). AAV2/9-U6-shRNA(luciferase)-CAG-tdto-
mato was used as negative control, then observed the changes
of PNNs around the central canal of the spinal cord at the
injured area and the motor function of the hindlimbs of the
rats. Immunofluorescence and Western blotting both recov-
ered that knockdown Sema3A could significantly downregu-
late the expression of Sema3A and its receptor NRP1
(Figure 7). Indeed, WFA around the central canal was down-
regulated after knocking down Sema3A (Figures 8(a) and
8(b)), and the expressions of TN-R and aggrecan in the SCI
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Figure 1: (a, b) Timeline of the experimental protocol.
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area were also deregulated, but the control virus group had
no significant effect (Figures 8(d) and 8(e)).

Morphologically, the Nissl staining result was reminded
that the number of Nissl-positive motor neurons in the ven-
tral horn of the spinal cord about the group of knocking
down Sema3A was notably increased compared with the
SCI group (Figures 9(a) and 9(b)). Functionally, we found
that the BBB score was significantly higher than the SCI
group when we deliberately downregulated the expression
of Sema3A in the injured spinal cord, except for the control
virus group, which suggested that downregulation of
Sema3A could promote the recovery of the lower limb
motor function in the SCI rats (Figures 8(c) and 9(c)).

3.7. EA Treatment Promotes Functional Recovery after SCI,
Possibly by Regulating Sema3A to Reduce the Accumulation
of PNNs. To evaluate whether EA could meliorate the abnor-
mal aggregation of PNNs and Sema3A, we used immunoflu-
orescence and Western blotting to detect the influence of EA
treated on SCI. Excitingly, the changes of molecular biology
in the injured spinal cord of SCI rats after EA treatment were
similar to that of knockdown Sema3A. Immunofluorescence
showed that the aggregation of Nrp1, Sema3A, and WFA
around the central canal of the spinal cord gray matter in

the EA-treated group was lower than that in the SCI-
treated group (Figures 7(a)–7(c) and 8(a) and 8(b)). Further-
more, these results were verified by Western blotting which
wonderfully demonstrated that the protein expression of
Sema3A, Nrp1, TN-R, and aggrecan in the spinal cord of
the EA-treated group was evidently less than the SCI group
(Figures 7(d) and 7(e) and 8(d) and 8(e)).

In addition, damaged motor neurons in the ventral horn
of the injured spinal cord were properly repaired after EA
treatment. Specifically, as far as histomorphology is con-
cerned that the number of Nissl-positive motoneurons in
the ventral horn of the spinal cord, compared to the SCI
group, was significantly augmented by EA treatment
(Figures 9(a) and 9(b)). In terms of the motor function, EA
has the same effect as those who were knocked down the
expression of Sema3A in the injury spinal cord, which can
actively improve the motor function of hind limbs in rats
with SCI. Although the BBB score of the EA group was
slightly lower than the Sema3A knockdown group, it was still
visibly greater than the SCI group, especially after the 5th day
under intervened (Figures 8(c) and 9(c)).

3.8. Discussion. PNNs and Sema3A are widely known for
their capacity to limit nerve plasticity after CNS injury. In
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Figure 2: Establishment of the SCI model in rat. After SCI, the motor neurons in the ventral horn of the spinal cord decreased, the Nissl’s
body became fuzzy, and the motor function decreased. (a) The Nissl staining of the ventral horn of the spinal cord in the sham group and
the SCI group represents the figure. (b) The number of surviving motoneurons in the ventral horn of the spinal cord was quantified, n = 3.
(c) BBB function scores of rats in the sham group and the SCI group, n = 10, compared with the sham group, ∗P < 0:05, ∗∗P < 0:01. All data
are presented as the mean ± SEM.
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Figure 3: The expression of Sema3A and its receptor NRP1 were upregulated around the central gray matter of the spinal cord after SCI. (a)
The results of immunofluorescence showed the expression of Sema3A and its receptor NRP1 around the central canal of the spinal cord gray
matter in the sham group and the SCI group. (b, c) Quantification of immunofluorescence data in panel (a), n = 3. (d, e) Representative bands
and statistics of Sema3A and NRP1 in the spinal cord by Western blotting, n = 5, compared with the sham group, ∗P < 0:05, ∗∗P < 0:01. All
data are presented as the mean ± SEM.
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this study, we found that motor neurons in the ventral horn
of the injured spinal cord segment decreased, and PNNs
and Sema3A as well as its receptor NRP1 aggregated around
the central tube of the gray matter of the spinal cord. When
the expression of Sema3A at the damage site was knocked
down, NRP1’s expression was also downregulated, accompa-
nied by the PNNs concentration decreased. The expression
of TN-R and aggrecan was also reduced; meanwhile, the
BBB motor function score dramatically increased. In addi-
tion, Electroacupuncture can reverse the high upregulation

of Sema3A and NRP1 after spinal cord injury, reduce the
accumulation of PNNs around the central canal of gray mat-
ter, and promote the recovery of the motor function.

It is worth noting that PNNs, as the main external envi-
ronment of the central nervous system, are mainly composed
of hyaluronic acid (HA), proteoglycan 1 (hapln1), tenascin-r
(TN-R), and chondroitin sulfate proteoglycan (CSPG) [22].
They are activity dependent and form around the soma and
proximal neurites presenting at the closure of critical periods
during development and involve many homeostasis
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Figure 4: Expression changes of PNNs and their related proteins TN-R, HAPLN1, and aggrecan in the spinal cord after SCI. (a)
Immunofluorescence representative diagram of changes in expression levels of WFA around the central tube of the spinal cord in the SCI
group and sham group. (b) Quantification of the immunofluorescence data in panel (a), n = 3. (c) Representative bands and statistics of
TN-R, HAPLN1, and aggrecan in the spinal cord by Western blotting, compared with the sham group, ∗P < 0:05, ∗∗P < 0:01. All data are
presented as the mean ± SEM.
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functions, for example, neuroprotection. Biochemical analy-
sis suggests that PNNs are present in 30% of ventral horn
motor neurons in the spinal cord [23–25]. TN-R as a member
of the tenascin family in the CNS is closely related to the
development and plasticity of nervous and the migration of
nerve cells. Aggrecan is one type of CSPGs. It can be con-
nected with the lectin domain of CSPGs to form an organized
PNN backbone, which is crucial for the structure of PNNs
[26, 27]. Studies have shown [28, 29] that in SCI models,
the expression of CSPGs is upregulated and gradually
migrated to the injury site, interacting with astrocytes,
microglia, and macrophages to form a glial scar and inhibit
axonal regeneration. In addition, inhibition of the expression
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Figure 5: Sema3A in vitro target screening. (a) wy2884-2889 plasmid enzymatic digestion validation, using the enzymatic digestion site:
Smal, (a and s: 1Kb DNA ladder, the bands from bottom to top are 1Kb, 2Kb, 3Kb, 4Kb, 5Kb, 6Kb, 7Kb, 8Kb, 9Kb, and 10Kb; J: DL
2000 DNA marker, the bands from bottom to top are 100 bp, 250 bp, 500 bp, 750 bp, 1Kb, and 2Kb; b, d, f, h, k, m, o, q, t, and v were,
respectively, the bands after wy2884-2889 plasmid digestion,and a, c, e, g, i, l, n, p, r, u, and w were the control bands of wy2884-2889
plasmid without enzyme digestion, and the size of each band was in line with the expectation). (b) The interference group sample
wy2884-2889, the interference control samples WY1720, and the overexpressed samples WY2890 Western blotting bands. The Flag signal
was obvious, and the size was 124.5 kDa. As a whole, the wy2887 group had the least protein and the best interference effect. The WY2886
and WY2889 groups also had less protein. (c) Representative diagram of the interference group wy2884-2889, the interference control
sample WY1720 ,and the overexpressed sample WY2890 were cotransfected into 293 T cells in vitro of fluorescence attenuation detection.
The results showed that the negative control wy1720 of the interfering target had no knockdown ability. The target sequences of WY2886,
WY2887, and WY2889 in the experimental group wy2884-2889 had a strong knockout ability.(OV: wy2890: pAAV-CMV_bGI-Sema3A-
EGFP-3Flag-WPRE-hGHpA; OC: wx963: pAAV-CMV_bGI-EGFP-3Flag-WPRE-hGHpA).

Table 2: Sema3A target screening sequence.

No. Target sequence Plasmid

1 GGAAAGAACAATGTGCCAA WY2884

2 CCATCCAATTTGCACCTAT WY2885

3 CCTGAAGATGACAAAGTAT WY2886

4 GCTAGAATAGGTCAGATAT WY2887

5 GCAATGGAGCTTTCTACTA WY2888

6 GGATGAGTTCTGTGAACAA WY2889
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of TN-R and aggrecan is conducive to the reconstruction of
synapses between neurons and the repair of the spinal cord
function after SCI [30, 31].

Interestingly, PNNs constitute a physical barrier between
neurons and extracellular cells which impede nerve repair in
the model of SCI, while enzymatic removal of PNNs can pro-
mote functional recovery [32]. Massey and coworkers [33,
34] found that PNNs were obviously upregulated around
dorsal column nuclei neurons of rats following a mid-
cervical dorsal column tract lesion postinjury, while these
upregulated PNNs restricted the plasticity and allowed
sprouting into its denervated portions from the intact sen-
sory axons with their degrade via injection of ChABC which
can acutely remove CS-GAGs. So, changes in the PNN may
be beneficial to regulating the remodeling and plasticity that
occur in SCI for the animal to acquire some degree of loco-
motor functional recovery.

Recent finding [35] indicates that Sema3A, as an inhibi-
tor of axon connection, contains receptor neuropilin1
(NRP1) which is the extracellular receptor and expressed
on the dendrites and axons of neurons. It is rarely
expressed in normal conditions, but significantly increased
after SCI, leading to the collapse of nerve growth cone
and inhibiting the connection between neurons only under
the action of NRP1 [36, 37]. Studies on the relationship
between Sema3A and PNNs have shown that [38–40]
Sema3A may possible be a potentially part of PNNs in reg-
ulating neuronal plasticity after SCI, which plays a key role
in nerve remodeling by highly affinity binding to PNNs
through chondroitin sulfate E.

In this experiment, we first evaluated the changes of the
Sema3A signal and PNNs in SCI rats and further studied
the potential relationship between them and the effect of
EA. We found that the number of motor neurons decreased
and motor dysfunction after SCI, accompanied by signifi-

cantly increases in the expressions of PNNs, TN-R and aggre-
can, Sema3A, and NRP1, but no significant changes in
HAPLN1, compared to the sham group. Subsequently, in
order to further study the correlation between the Sema3A
signal and PNNs in the rat spinal cord tissue after SCI, as well
as the effect of EA intervention, we packaged the Sema3A tar-
get sequence selected in vitro and injected it into the injured
site to knock down the expression of Sema3A as a positive
control for the EA intervention. We found that when rats
passively reduce the expression of Sema3A around the cen-
tral canal of gray matter or receive EA at Jiaji points, the
Sema3A signal, WFA, TN-R, and aggrecan aggregation in
the spinal cord tissue are significantly reduced and with the
recovery of the motor function of both lower limbs.

EA as a complementary method to treat SCI has been
widely used and is known for its benefits in synapse forma-
tion, neural rehabilitation, and restoration, which may be
attributed to its enhancement of neurotrophic factor secre-
tion, antioxidation, anti-inflammation, and antiapoptosis
[8, 41, 42]. The frequency and wave type of EA are of great
importance for functional recovery of patients with SCI. EA
with loose-dense wave can significantly promote nerve
regeneration and repair of SCI rats, speed up the removal
of free radicals, enhance blood circulation, and reduce the
secondary injury of SCI to promote the recovery of the motor
function significantly [43]. Importantly, there is increasing
evidence that [44] 2Hz/100Hz loose-dense wave EA plays a
positive role in motor functional recovery of SCI which can
promote nerve regeneration and repair.

In the theory of traditional Chinese medicine, Jiaji points
are located between the governor vessel (GV) and the bladder
meridian of foot-taiyang (BL). In the human body, there are
34 acupoints belong to huatuo Jiaji points which locate on 0.5
inch lateral from the first thoracic vertebra to the fifth lumbar
vertebra. Therefore, needling insert into Jiaji points can not
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Figure 6: The expression of Sema3A around the central tube of the spinal cord is decreased after knockdown Sema3A. (a) Schematic diagram
of virus injection. (b) The microscopic representative diagram of the T10 expression at 4 weeks after virus injection. (c) The quantitative
diagram represents bands of Sema3A Western blotting in the T10 spinal cord at 4 weeks after virus injection, n = 3, compared with the
SCI group, ##P < 0:01. All data are presented as the mean ± SEM.
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Figure 7: EA and Sema3A knockdown downregulated the expression of Sema3A and its receptor NRP1 around the central canal of the spinal
cord. (a) A representative diagram of Sema3A and its receptor NRP1 expression around the central tube of gray matter in the spinal cord in
the sham group, M+EA group, M+AAV Sema3A group, and M+AAV NC group was shown by immunofluorescence. (b, c) Quantification
of the immunofluorescence data in panel (a), n = 3. (d, e) The representative band and statistic of Sema3A and NRP1 in the spinal cord, n = 5,
compared with the SCI group, ##P < 0:01. All data are presented as the mean ± SEM.
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only regulate the qi of the GV and the BL but also adjust the
balance of qi and blood in the zang-fu organs, so as to dredge
and smooth the passage of the meridian. From the anatomy
structure, EA on Jiaji points can stimulate the corresponding

posterior ramus of the spinal nerve arising from the lower
vertebrae. Our previous results also confirmed that
2Hz/100Hz EA stimulation of Jiaji points can reduce the
expression of myelin growth inhibitor and effectively
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Figure 8: The expressions of WFA and TN-R and aggrecan in the spinal cord were downregulated by EA and Sema3A knocking. (a) A
representative chart of the changes of the WFA expression around the central tube of the spinal cord in the sham group, 14 days after SCI,
M+EA group, M+AAV Sema3A group, and M+AAV NC group, was shown by immunofluorescence. (b) Quantification of the
immunofluorescence data in panel (a), n = 3. (c) The motor function score of each group at day 14. (d, e) The representative band and
statistics of aggrecan and TN-R in the spinal cord, n = 5, compared with the M group, #P < 0:05, ##P < 0:01. All data are presented as the
mean ± SEM.

12 Neural Plasticity



promote the regeneration of nerve and axon after SCI [45,
46]. Despite the fact that some previous studies have con-
firmed the role of EA in promoting functional recovery after
SCI, the mechanism of whether EA can promote neurological
recovery by interfering with PNN changes after SCI is still in
the exploratory stage.

In this study, we found the expression levels of aggrecan
and TNR protein in PNNs were dramatically reduced, as well
as Sema3A and NRP1, after 2Hz/100Hz alternating wave
acupuncture treatment, which was consistent with the trend
after the knocking down of Sema3A in the damaged site.
Taken together, the data of our study have showed that reg-
ulating the expression of Sema3A after SCI can affect the
plasticity of PNN and is beneficial to the repair of the motor
function, and Jiaji EA may regulate PNN plasticity through
Sema3A and improve the locomotor function of the para-
lyzed hind limbs finally.

4. Conclusions

In summary, the results showed that EA at Jiaji points could
improve the recovery of the motor function after SCI and has
a positive therapeutic effect on SCI. EA therapy for SCI may
affect the plasticity of PNNs by regulating the Sema3A signal
transduction. This study ultimately reveals a new sight for the
intervention effect of EA on spinal cord injury; however, the
precise mechanism of the negative correlation between PNNs

and motor function recovery post-SCI remains to be further
explored.
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Figure 9: EA or Sema3A knockdown can promote the functional recovery after SCI in rats. (a) The figure represents the Nissl staining of the
ventral horn of the spinal cord (b) The number of surviving motoneurons in the ventral horn of the spinal cord was quantified by Nissl
staining, compared with the SCI group, #P < 0:05, n = 3. (c) The motor function score of each group at day 7, compared with the SCI
group, #P < 0:05, n = 10. All data are presented as the mean ± SEM.
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Background. Recombinant tissue plasminogen activator (rtPA) is the only recommended pharmacological treatment for acute
ischemic stroke, but it has a restricted therapeutic time window. When administered at time points greater than 4.5 h after
stroke onset, rtPA disrupts the blood-brain barrier (BBB), which leads to serious brain edema and hemorrhagic transformation.
Electroacupuncture (EA) exerts a neuroprotective effect on cerebral ischemia; however, researchers have not clearly determined
whether EA increases the safety of thrombolysis and extends the therapeutic time window of rtPA administration following
ischemic stroke. Objective. The present study was conducted to test the hypothesis that EA extends the therapeutic time window
of rtPA for ischemic stroke in a male rat model of embolic stroke. Methods. SD rats were randomly divided into the sham
operation group, model group, rtPA group, EA+rtPA group, and rtPA+MEK1/2 inhibitor group. An injection of rtPA was
administered 6 h after ischemia. Rats were treated with EA at the Shuigou (GV26) and Neiguan (PC6) acupoints at 2 h after
ischemia. Neurological function, infarct volume, BBB permeability, brain edema, and hemorrhagic transformation were assessed
at 24 h after ischemia. Western blotting and immunofluorescence staining were performed to detect the levels of proteins
involved in the ERK1/2 signaling pathway (MEK1/2 and ERK1/2), tight junction proteins (Claudin5 and ZO-1), and MMP9 in
the ischemic penumbra at 24 h after stroke. Results. Delayed rtPA treatment aggravated hemorrhagic transformation and brain
edema. However, treatment with EA plus rtPA significantly improved neurological function and reduced the infarct volume,
hemorrhagic transformation, brain edema, and EB leakage in rats compared with rtPA alone. EA increased the levels of tight
junction proteins, inhibited the activation of the ERK1/2 signaling pathway, and reduced MMP9 overexpression induced by
delayed rtPA thrombolysis. Conclusions. EA potentially represents an effective adjunct method to increase the safety of
thrombolytic therapy and extend the therapeutic time window of rtPA administration following ischemic stroke. This
neuroprotective effect may bemediated by the inhibition of the ERK1/2-MMP9 pathway and alleviation of the destruction of the BBB.

1. Introduction

Stroke is a leading cause of mortality and disability world-
wide [1]; approximately 13.7 million new stroke cases, 5.5
million deaths, and 116.4 million disability-adjusted life-
years due to stroke were reported in 2016 [2]. Acute ischemic

stroke, the most common subtype, accounts for 87% of all
strokes [3] and primarily results from occlusion of the cere-
bral arteries by thrombosis or embolism [4]. Currently, intra-
venous thrombolysis with recombinant tissue plasminogen
activator (rtPA) has been proven to be the most effective
pharmacological treatment for acute ischemic stroke when
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administered within 3-4.5 h after ischemia onset [5]. Unfor-
tunately, the use of rtPA is restricted by its narrow thrombo-
lytic time window, because it may cause thrombolytic
complications, such as brain edema and hemorrhagic trans-
formation, particularly when delayed thrombolysis is initi-
ated after 4.5 h [6, 7]. Due to these limitations, only 3.8-8%
of patients with ischemic stroke benefit from rtPA-
mediated thrombolysis [8]. Therefore, any neuroprotective
strategy designed to reduce complications and extend the
thrombolytic time window will be very important.

Based on accumulating evidence from clinical and animal
studies, the disruption of the blood-brain barrier (BBB) is the
key event that leads to brain edema and hemorrhagic trans-
formation during thrombolysis for ischemic stroke [9–11].
The BBB is composed of endothelial cells, tight junctions
(TJs), pericytes, astrocytic endfeet, and extracellular matrix
(ECM) [12]. Matrix metalloproteinases (MMPs) are a family
of zinc-dependent endopeptidases that are best known for
their role in the degradation and remodeling of ECM compo-
nents [13]. The level of the matrix metalloproteinase 9
(MMP9) protein has consistently been shown to increase
after ischemic stroke, and it plays an important role in BBB
destruction by degrading ECM and TJ proteins [14–16].
More importantly, rtPA may cross the BBB, enter the brain
parenchyma, and thereby damage the neurovascular matrix
by promoting MMP9 production and activation [17, 18].
Consequently, selective inhibition of MMP9 reduces brain
injury, particularly the degradation of the BBB, after rtPA
thrombolysis for ischemic stroke [14, 19].

Extracellular signal-regulated kinase 1/2 (ERK1/2), a crit-
ical member of mitogen-activated protein kinase (MAPK)
cascades, is activated by dual phosphorylation catalyzed by
MAPK kinase (MAPKK, also known as MEK1/2). The
ERK1/2 signaling pathway is involved in the inflammatory
response and apoptosis and plays an important role in the
repair of the BBB after brain injury [20, 21]. MMP9 expres-
sion is induced by ERK1/2 signaling, and inhibition of
ERK1/2 signaling reduces the hemorrhagic transformation
and brain edema caused by overexpression of MMP9 follow-
ing cerebral ischemia [14, 22–24].

Electroacupuncture (EA), a type of acupuncture with
electronic stimulation, is a well-known complementary and
alternative medical treatment for ischemic stroke in China.
Based on both clinical and experimental studies, EA, a safe
and effective treatment, significantly reduces the infarct vol-
ume and neurological deficit score following cerebral ische-
mia [25–27]. EA stimulation exerts a neuroprotective effect
by increasing the expression of TJ proteins (Claudin5 and
ZO-1), reducing MMP9 expression and protecting the BBB
integrity in various animal models of ischemic stroke [28–
30]. In addition, EA alleviates cerebral ischemia and reperfu-
sion injury by modulating the ERK1/2 signaling pathway
[31]. However, researchers have not yet clearly determined
whether EA improves the safety of thrombolysis and extends
the therapeutic time window during rtPA thrombolysis for
ischemic stroke. Therefore, the present study was conducted
to test the hypothesis that EA represents an adjunct therapy
that will extend the therapeutic time window of rtPA for
ischemic stroke by alleviating BBB damage and reducing

the risk of complications induced by delayed rtPA thrombol-
ysis. Moreover, we further elucidated whether this neuropro-
tective effect was associated with the modulation of the
ERK1/2-MMP9 signaling pathway, as well as the underlying
mechanisms.

2. Materials and Methods

2.1. Animals. Adult male Sprague-Dawley (SD) rats weighing
320 ± 20 g were supplied by Shanghai Xipuer-Bikai Experi-
mental Animal Co., Ltd. (Shanghai, China; license no. SCXK
(Hu): 2018-0006). All rats were housed in a temperature- and
humidity-controlled room on a 12 h light/dark cycle at the
Experimental Animal Centre of Nanjing University of Chi-
nese Medicine. This study was approved by the Institutional
Animal Care and Use Committee of Nanjing University of
ChineseMedicine, and all procedures were strictly conducted
in accordance with the guidelines of the National Institutes of
Health Animal Care and Use Committee. The experiments
reported here were performed in accordance with the
ARRIVE guidelines.

2.2. Establishment of the Embolic Stroke Model. An embolic
stroke model was induced by placing a blood clot into the
middle cerebral artery (MCA) using the methods described
by Zhang et al. [32].

(a) Preparation of Embolus. The external carotid artery
(ECA) of the donor rat was catheterized; blood was
transferred into 20 cm long PE-50 tubing, allowed
to clot for 2 h at 37°C, and then stored at 4°C for
22 h. A 5 cm segment of clot-filled PE-50 tubing was
cut, and the clot was then drawn into a PE-10 tubing
connected to a saline-filled syringe via a 30G needle.
The clot was drawn into and flushed out of the PE-10
tubing repeatedly to remove the red blood cells. A
4 cm segment of clot was cut and transferred to a
modified PE-50 catheter (outer diameter of
0.35mm) connected to a 100μl syringe and the clot
was then injected into the MCA

(b) Embolic Stroke Model Establishment. Rats were anes-
thetized with isoflurane (5% for induction and 1.5-
2% for maintenance), and then, an embolic stroke
was induced. The rectal temperature (37 ± 0:5°C)
was maintained throughout surgery with an electric
blanket. The right common carotid artery (CCA),
internal carotid artery (ICA), and ECA were exposed
via a midline cervical incision. The distal end and
branches of the ECA were ligated, and the CCA and
the ICA were temporarily clamped with a microvas-
cular clip. Immediately thereafter, a partial arteriot-
omy on the ECA was performed, and the tip of a
modified PE-50 catheter containing the clot was
inserted into the ECA lumen and advanced 19-
22mm from the ECA into the lumen of the ICA until
it reached the origin of the MCA. Then, the catheter
was retracted 1-2mm, and the clot was slowly
injected with 5-10μl of saline at a rate of 10μl/min.
The catheter was withdrawn from the arteriotomy
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5min after the injection. The cerebral blood flow
(CBF) was monitored with laser Doppler flowmetry
(LDF, moorVMS-LDF1) by gently attaching an LDF
probe to the dura mater. The successful obstruction
of CBF by the thrombus was defined as a reduction
in perfusion greater than 70% of the baseline CBF
[33] (Supplementary Figure 1). The successful
establishment of the model was judged based on the
obstruction of CBF and neurological deficit score at
2 h after stroke. For sham-operated rats, the same
surgery was performed, except that 5-10μl saline
was injected into the MCA

2.3. Experimental Design and Groups. Two sets of experi-
ments were performed, and the animals were randomly
divided into various group.

In the first experiment, rats were randomly assigned to
the following groups: (1) sham, (2) model, (3) rtPA, and (4)
rtPA+EA. A tail vein injection of rtPA (Boehringer Ingel-
heim, Germany) was administered at 6 h after stroke induc-
tion, and the doses of rtPA (10mg/kg) were determined
based on previous studies [34, 35]. An equal volume of nor-
mal saline was injected intravenously at the corresponding
times in rats that did not receive rtPA. These animals were
used to measure the infarct volume, brain edema, neurologi-
cal deficit score, hemorrhagic transformation, BBB perme-
ability, and expression of ZO-1, Claudin5, ERK1/2, and
MMP9. In this experiment, we determined that EA attenu-
ated delayed rtPA-induced BBB disruption and hemorrhagic
transformation and improved neurological function by pre-
venting the activation of ERK1/2 and MMP9.

We conducted a second experiment to determine
whether ERK1/2 signaling affects the expression of MMP9
in rats with embolic stroke. The rats were randomly divided
into the sham group, rtPA group, and rtPA+MEK1/2 inhib-
itor (U0126). U0126 (5μl, 0.2μg/μl) [36] or vehicle (0.1M
PBS containing 0.4% DMSO) was administered intracerebro-
ventricularly (ICV) 30min prior to embolic stroke. The ICV
injection site was chosen at the following coordinates from
the bregma according to the rat brain in stereotaxic coordi-
nates: anteroposterior, 1.2mm; lateral, 2.0mm; and depth,
3.8mm.

At 24 h after stroke, all animals were euthanized, and
their brains were harvested for further experiments.

2.4. Electroacupuncture Treatment. Rats in the rtPA+EA
group received EA at the Shuigou (GV26) and left Neiguan
(PC6) acupoints at 2 h postembolic stroke. GV26 was located
at the junction of the upper 1/3 and middle 1/3 of the upper
lip. PC6 was located approximately 3mm proximal to the
palm crease above the median nerve. Stainless steel acupunc-
ture needles (outer diameter 0.3mm) were inserted 2-3mm
into GV26 and PC6. Then, the needles were connected to
an electrical stimulator (HANS-200, Nanjing Jisheng Medi-
cal Technology Company, China) with an intensity of 1mA
and frequency of 2/15Hz for 30min.

2.5. Measurement of Neurological Function. The neurological
deficit score was recorded at 2 h and 24 h after embolic stroke

and determined with a modified 6-point scoring system [37,
38] as follows: 0, no apparent deficits; 1, contralateral fore-
limb flexion; 2, decreased grip of the contralateral forelimb
while pulled by tail; 3, spontaneous movement in all direc-
tions, contralateral circling only if pulled by tail; 4, spontane-
ous contralateral circling; and 5, death. The successful
establishment of the embolic stroke model was confirmed
by the obstruction of CBF and a neurological deficit score
of no less than 2 points at 2 h after stroke.

2.6. Measurement of the Infarct Volume and Brain Edema.
TTC staining was performed 24h after ischemia onset to
determine the infarct volume. Rats were euthanized, and
the brains were rapidly removed and frozen at -30°C for
15min. Then, brain tissues were sectioned into 2-mm-thick
coronal slices and immersed in a 2% solution of TTC (Sigma)
at 37°C in the dark for 30min. Normal regions were stained
red, whereas infarct regions appeared white. Finally, the
stained slices were fixed with a 4% paraformaldehyde solu-
tion for 24 hours and scanned to measure the ratio of
infarct area to the whole brain using an image analysis
system (ImageJ software).

Brain edema was assessed at 24 h after ischemia onset by
measuring the brain water content using the wet-dry weight
technique. The cerebellum and olfactory bulb were removed.
Then, the injured right hemisphere was weighed to obtain its
wet weight and subsequently dried at 100°C for 24 hours to
obtain the dry weight. The percentage of the brain water con-
tent was calculated as ðwetweight − dry weightÞ/ðwet weightÞ
× 100%.

2.7. Evaluation of BBB Permeability. BBB permeability was
assessed by measuring the extravasation of Evans Blue
(EB, Sigma) dye in the rat brain at 24 h after embolic
stroke [39, 40]. Two hours before decapitation, 2% EB
was injected into rats via the tail vein at 4mL/kg (body
weight). The rats were deeply anesthetized and transcar-
dially perfused with normal saline through the left ventri-
cle until an outflow of clear perfusion fluid from the right
atrium was observed. After decapitation, the brain tissue
was removed, and the right hemisphere was weighed.
The brain tissue was homogenized in a formamide solu-
tion (1mL/100mg) and then incubated in a water bath
(60°C) for 24 h before being centrifuged at 1000 × g for
30min. Finally, the absorbance of EB in the supernatants
was measured at 620nm using a spectrophotometer. The
EB content was reported as micrograms per gram of brain
tissue and was calculated from a standard curve.

2.8. Measurement of Hemorrhagic Transformation. Hemor-
rhagic transformation was determined by detecting hemo-
globin levels on the ischemic side of the brain using a
method reported in a previous study [41]. At 24 h after
embolic stroke, rats were anesthetized and perfused transcar-
dially with 0.1M phosphate-buffered saline (PBS). The ische-
mic hemisphere was separated, homogenized in 0.1M PBS,
and then centrifuged for 30min (13000 rpm). Thereafter,
the supernatant was collected, and the hemoglobin level
was measured with a hemoglobin assay kit (QuantiChrom™
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Hemoglobin Assay Kit, Hayward, USA) according to the
manufacturer’s protocol. The optical density value of each
sample was measured at 400 nm using a microplate reader.

2.9. Western Blot Analysis. All rats were sacrificed at 24 h
poststroke, and the ischemic penumbra was separated based
on a previous study [42]. Total protein was extracted using
a protein extraction kit (Beyotime Biotech) according to the
manufacturer’s protocol. The protein content was deter-
mined using the quantitative BCA protein assay. Equal
amounts of protein (30μg) were separated by electrophoresis
on 10% SDS-PAGE gels and transferred to PVDF mem-
branes. The membranes were blocked with 5% BSA for 2 h
at room temperature, followed by an overnight incubation
at 4°C with the following specific primary antibodies:
ERK1/2 (1 : 1000, ab17942, Abcam), MEK1/2 (1 : 1000,
ab178876, Abcam), MMP9 (1 : 2000, ab76003, Abcam), p-
MEK1/2 (1 : 1000, CST9154, CST), p-ERK1/2 (1 : 2000,
CST4370, CST), Claudin5 (1 : 2000, ab131259, Abcam), and
ZO-1 (1 : 1000, 21773-1-AP, Proteintech). After washes with
TBST, the membranes were incubated with HRP-labeled
goat anti-rabbit IgG (1 : 1000, A0208, Beyotime Biotech) at
room temperature for one hour. The bands were detected
using an enhanced chemiluminescent substrate (ECL,
Thermo Scientific) and visualized using a Bioshine Che-
miQ4800 imaging system (Shanghai Bioshine Scientific
Instrument Co., Ltd). Finally, the gray level ratio of target
proteins was obtained using the ImageJ software, and β-
tubulin (1 : 2000, 30302ES20, Yeasen) was used as the inter-
nal control.

2.10. Immunofluorescence Staining. The animals were per-
fused transcardially with a 4% paraformaldehyde solution,
and the brains were dissected and fixed with paraformalde-
hyde for 24 h at 4°C. After dehydration with a 40% sucrose
solution and embedding in OTC, the brain tissues were cut
into 12-μm frozen sections for staining using a cryostat
(Leica CM1950, Germany). Next, tissue sections were
washed three times with PBS, permeabilized, and blocked
with PBS containing 0.1% Tween 20, 0.3% Triton X-100,
and 5% BSA. Then, the sections were incubated overnight
at 4°C with the following specific primary antibodies:
MMP9 (1 : 300, ab76003, Abcam), Claudin5 (1 : 500,
ab131259, Abcam), and ZO-1 (1 : 50, 21773-1-AP, Protein-
tech). Sections were then washed with PBS and incubated
for 1 h with secondary antibodies (Alexa Fluor 594,
ab150080, Abcam and Alexa Fluor 488, ab150077, Abcam)
at room temperature. Nuclear counterstaining was per-
formed using DAPI (C0065, Solarbio, China). Images of
ischemic penumbral sections were randomly captured using
an Olympus BX63 fluorescence microscope (Olympus,
Tokyo, Japan). Fluorescence intensity was quantified using
the ImageJ software, and the results are presented as average
optical density (AOD) values.

2.11. Statistical Analysis. All data were analyzed using the
SPSS 24 and GraphPad Prism 7 software, and the data are
reported as mean values ± standard deviations. Data with a
normal distribution and homogeneity of variance were ana-

lyzed using analysis of variance (ANOVA). The nonpara-
metric Mann–Whitney U test was used to analyze
nonnormally distributed data. Statistical significance was
defined as p < 0:05, and a high level of statistical signifi-
cance was defined as p < 0:01.

3. Results

3.1. EA Improved Brain Injury following Delayed rtPA
Thrombolysis for Ischemic Stroke. We evaluated neurological
deficits and the cerebral infarct volume at 24 hours after
stroke to determine the effects of EA on delayed rtPA throm-
bolysis for ischemic stroke. The neurological deficit score and
infarct volume in rats with rtPA thrombolysis did not differ
from the model group (p > 0:05, Figures 1(a) and 1(c)). How-
ever, the combination of EA and 6h rtPA resulted in signifi-
cant reductions in the neurological deficit score and infarct
volume compared to the model group and to the group
treated with 6 h rtPA alone (p < 0:05, p < 0:01, Figures 1(a)
and 1(c)). Based on the results, EA improved brain injury fol-
lowing delayed rtPA thrombolysis for ischemic stroke.

3.2. EA Decreased Hemorrhagic Transformation and Brain
Edema Induced by Delayed rtPA Thrombolysis for Ischemic
Stroke. We evaluated hemorrhagic transformation and brain
edema at 24 hours after stroke to examine the potential effect
of EA on delayed rtPA-induced complications. As depicted
in Figure 2, we did not detect any significant hemorrhagic
transformation in the model group compared to the sham
group (p > 0:05, Figure 2(a)). The rtPA treatment at 6 h after
stroke significantly increased the hemoglobin level compared
with the model group; however, the combination of EA and
6h rtPA significantly decreased the hemoglobin level com-
pared to the 6 h rtPA alone group (p < 0:01, Figure 2(a)). In
addition, the rtPA treatment at 6 h after stroke significantly
increased the brain water content compared with the model
group, but the combination of EA and 6h rtPA significantly
decreased the brain water content compared to the model
group and to the 6 h rtPA alone group (p < 0:01,
Figure 2(b)). Thus, rtPA thrombolysis beyond the time win-
dow after acute ischemic stroke aggravated the incidence and
severity of hemorrhagic transformation and brain edema, but
EA decreased hemorrhagic transformation and brain edema
induced by delayed rtPA thrombolysis.

3.3. EA Reduced BBB Permeability Induced by Delayed rtPA
Thrombolysis for Ischemic Stroke. We assessed BBB perme-
ability by measuring the amount of EB leakage in the ische-
mic hemisphere to investigate the effect of EA on the BBB
integrity in the postischemic brains subjected to delayed rtPA
thrombolysis. As depicted in Figure 3, rtPA thrombolysis at
6 h after ischemia significantly increased EB leakage com-
pared to the model group (p < 0:01, Figure 3). However, the
combination of EA and 6h rtPA significantly decreased EB
leakage compared to the model group and to the 6 h rtPA
alone group (p < 0:01, Figure 3). Based on these results, the
administration of rtPA thrombolysis beyond the time win-
dow after acute ischemic stroke increased BBB permeability,
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but EA preserved the BBB integrity and reduced BBB perme-
ability induced by delayed rtPA thrombolysis.

3.4. EA Attenuated the Loss of Tight Junction Proteins
Induced by Delayed rtPA Thrombolysis for Ischemic Stroke.
Because tight junctions play an important role in maintain-
ing BBB integrity, we examined whether EA increased the
levels of TJ proteins (Claudin5 and ZO-1) using immunoflu-
orescence staining and Western blot analysis. As depicted in
Figures 4 and 5, rtPA thrombolysis at 6 h after ischemia sig-
nificantly decreased the levels of the Claudin5 and ZO-1 pro-
teins compared to the model group. However, compared
with the model group and the 6 h rtPA alone group, the com-

bination of EA and 6 h rtPA significantly increased the levels
of the Claudin5 and ZO-1 proteins (p < 0:01, Figures 4(b),
4(d), 5(b), and 5(d)). Therefore, the administration of rtPA
beyond the time window after acute ischemic stroke substan-
tially disrupted the BBB, but EA increased the levels of TJ
proteins and alleviated the impairment of the BBB induced
by delayed rtPA thrombolysis.

3.5. EA Attenuated MMP9 Overexpression Induced by
Delayed rtPA Thrombolysis for Ischemic Stroke. MMP9 plays
a pivotal role in BBB disruption, leading to brain edema and
hemorrhagic transformation [43], and rtPA enhances the
activation of MMP9 [44]. Therefore, we investigated the
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Figure 1: The neurological deficit score (n = 10 rats) and infarct volume (n = 6 rats) in each group. (a) Neurological deficit score. (b)
Representative images of brain slices stained with TTC. (c) Brain infarct volume. ∗indicates p < 0:05; ∗∗indicates p < 0:01.
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effects of EA on MMP9 activation induced by delayed rtPA
thrombolysis for ischemic stroke. As depicted in Figure 6,
rtPA thrombolysis at 6 h after ischemia significantly
increased the levels of the MMP9 protein compared to the
model group (p < 0:01, Figure 6(b)). However, compared
with the model group and 6h rtPA alone group, the combi-
nation of EA and 6h rtPA significantly decreased the levels
of the MMP9 protein (p < 0:01, Figure 6(b); p < 0:05,
Figure 6(d)). Based on these results, the administration of
rtPA thrombolysis beyond the time window after acute ische-
mic stroke caused MMP9 overexpression, but EA reduced
the high levels of the MMP9 protein induced by delayed rtPA
thrombolysis.

3.6. EA Ameliorated BBB Disruption by Inhibiting the
ERK1/2-MMP9 Pathway following Delayed rtPA
Thrombolysis for Ischemic Stroke. The levels of phosphory-
lated MER1/2 (p-MER1/2) and phosphorylated ERK1/2 (p-
ERK1/2) were analyzed at 24h after stroke using Western
blot analyses to evaluate the potential relationship between
the protective effects of EA on the BBB integrity and
ERK1/2 signaling. As depicted in Figure 7(a), the levels of
p-MER1/2 and p-ERK1/2 in the model group were signifi-
cantly elevated compared with the sham group. In the 6 h
rtPA group, the levels of p-MER1/2 and p-ERK1/2 were fur-
ther elevated and did not differ from the levels in the model
group (p > 0:05, Figures 7(b) and 7(c)). However, compared
with the model group and the 6 h rtPA alone group, the com-
bination of EA and 6h rtPA significantly decreased the levels
of p-MER1/2 and p-ERK1/2 (p < 0:01, Figures 7(b) and 7(c)).
Therefore, ERK1/2 signaling was activated after acute ische-
mic stroke. Thrombolysis beyond the time window did not
decrease the level of phosphorylated ERK1/2. However, EA
inhibited the activation of the ERK1/2 signaling pathway
and reduced the high level of phosphorylated ERK1/2 follow-
ing delayed rtPA thrombolysis for ischemic stroke.

We randomly divided the rats into a sham group, a 6 h
rtPA group and a 6h rtPA+MEK1/2 inhibitor (U0126) to
determine whether ERK1/2 signaling modulates MMP9
expression in rats with embolic stroke. Levels of p-ERK1/2
and MMP9 were analyzed at 24 h after stroke using Western
blot analyses. As depicted in Figure 7(d), compared with the
sham operation, levels of p-ERK1/2 and MMP9 were signifi-
cantly increased in the 6 h rtPA group (p < 0:01, Figures 7(e)
and 7(f)); compared with the 6 h rtPA group, levels of p-
ERK1/2 and MMP9 were significantly decreased in the 6 h
rtPA+U0126 group (p < 0:01, Figures 7(e) and 7(f)). Thus,
MMP9 was the downstream target of the ERK1/2 signaling
pathway, and inhibition of ERK1/2 further reduced the level
of MMP9 in rats with embolic stroke. Based on these find-
ings, EA ameliorated BBB disruption by inhibiting the
ERK1/2-MMP9 pathway following delayed rtPA thromboly-
sis for ischemic stroke.
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Figure 2: Hemorrhagic transformation and brain edema in each group (n = 6 rats). (a) Hemoglobin level. (b) Brain water content. ∗indicates
p < 0:05; ∗∗indicates p < 0:01.
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4. Discussion

4.1. Overview of Findings. This study was the first to investi-
gate the important question of whether early EA extends the
thrombolytic time window of rtPA by alleviating the BBB
disruption and rtPA-associated complications after delayed
rtPA treatment in a male rat model of embolic stroke. EA sig-
nificantly improved neurological function and reduced the

infarct size, hemorrhagic transformation, brain edema, and
EB leakage in rats that received EA at 2 h and rtPA at 6 h after
ischemic stroke. Moreover, these protective effects were
probably related to the amelioration of BBB disruption by
attenuating the degradation of TJ proteins and inhibiting
the ERK1/2-MMP9 pathway. Our study described a poten-
tially effective adjunct therapy to increase the safety and
thrombolytic time window of rtPA following ischemic stroke.
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Figure 4: Western blot and immunofluorescence staining for ZO-1 in each group (n = 6 rats). (a) Representative immunoblot showing the
level of ZO-1 in the ischemic penumbra area. (b) Relative levels of the ZO-1 protein. (c) Representative images of ZO-1 staining in the
ischemic penumbra area. Bar = 50 μm. (d) Average optical density of ZO-1. ∗∗indicates p < 0:01.
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4.2. EA Application during rtPA Thrombolysis for Acute
Ischemic Stroke. Acupuncture is a traditional therapy derived
from ancient China that has been used for more than 3000
years. EA is derived from the combination of traditional acu-
puncture and modern electrical stimulation, which has been
recommended as a complementary therapy for ischemic
stroke in both Asian and Western countries [26]. Addition-
ally, EA is widely used in clinical practice and experimental
studies of ischemic stroke due to its repeatability and the
standardization of the frequency, intensity and duration.

According to the theory of traditional Chinese medicine,
the basic mechanism of ischemic stroke is an imbalance
between Ying and Yang, as well as an obstruction of Qi and
blood. Shuigou (GV26) is the acupoint of the governor
meridian, which collects Yang from peripheral regions and
transports it to the brain. Neiguan (PC6) is the acupoint of
the pericardium meridian, which exists in a close physiolog-
ical and pathological relationship with the brain and pro-
motes the circulation of Qi and blood. Consequently, the
GV26 and PC6 acupoints were chosen for EA stimulation.
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Figure 5: Western blot and immunofluorescence staining for Claudin5 in each group (n = 6 rats). (a) Representative immunoblot showing
Claudin5 levels in the ischemic penumbra area. (b) Relative levels of the Claudin5 protein. (c) Representative images of Claudin5 staining in
the ischemic penumbra area. Bar = 50 μm. (d) Average optical density of Claudin 5. ∗indicates p < 0:05; ∗∗indicates p < 0:01.
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In addition, many researchers have reported that EA at GV26
and PC6 facilitates the resuscitation of the brain, increases
cerebral blood flow, reduces the infarct volume, and alleviates
brain injury after ischemic stroke [45–47]. In our study, an
embolic stroke model was used to study thrombolytic ther-
apy, because it resembles the pathological condition of cere-

bral thrombosis in the clinic. Within 1 hour after clot
injection, spontaneous clot dissolution and vascular recanali-
zation are observed [48]. Maximum neurological deficit
scores were recorded for rats as early as 2 h after the induc-
tion of ischemia [49]. Therefore, the 2-hour occlusion of
the middle cerebral artery produces a large infarct volume
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Figure 6: Western blot and immunofluorescence staining for MMP9 in each group (n = 6 rats). (a) Representative immunoblot showing the
levels of MMP9 in the ischemic penumbra area. (b) Relative levels of the MMP9 protein. (c) Representative images of MMP9 staining in the
ischemic penumbra area. Bar = 50 μm. (d) Average optical density of MMP9. ∗indicates p < 0:05; ∗∗indicates p < 0:01.
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Figure 7: Western blots showing the effects of EA on the ERK1/2-MMP9 pathway in each group (n = 6 rats). (a) Representative immunoblots
showing the levels of t-MEK1/2, p-MEK1/2, t-ERK1/2, and p-ERK1/2 in the sham, model, 6 h rtPA, and EA+6 h rtPA groups. (b) Relative
levels of p-MEK1/2/t-MEK1/2. (c) Relative levels of p-ERK1/2/t-ERK1/2. (d) Representative immunoblots showing the levels of p-
ERK1/2 and MMP9 in the sham, 6 h rtPA, and 6 h rtPA+U0126 groups. (e) Relative levels of p-ERK1/2. (f) Relative levels of
MMP9. ∗∗indicates p < 0:01.
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that is reliable and stable during the first 24 h after cerebral
ischemia [50]. Moreover, this study aimed to observe the
effect of early EA on thrombolytic complications, and
another study confirmed that the application of EA at 2 h
after ischemic stroke reduced the cerebral infarct size
and neuronal damage in rats with cerebral ischemia-
reperfusion injury [51]. Therefore, we delivered EA at 2 h
after the onset of cerebral ischemia. However, no study
has examined the effect of EA on thrombolysis in subjects
with acute ischemic stroke, and the effect of EA on throm-
bolysis remains unclear. Therefore, our study investigated
whether early EA improved the safety of thrombolysis
and extended the thrombolytic time window during rtPA
thrombolysis for acute ischemic stroke.

4.3. MMP9 and rtPA-Associated Thrombolytic
Complications. Currently, the intravenous infusion of rtPA
within 3-4.5 h is the most efficient pharmacological therapy
for acute ischemic stroke [5]. However, based on accumulat-
ing data, rtPA also exerts deleterious effects on the ischemic
brain that potentially compromise the overall benefit of
thrombolysis during stroke [52]. In multiple animal studies,
rtPA has been reported to cause neurotoxicity and brain
damage after cerebral ischemia [52–54]. Moreover, delayed
treatment with rtPA beyond 4.5 h generates serious hemor-
rhagic transformation and brain edema due to the degrada-
tion of ECM components and increased BBB permeability
[6, 7]. As shown in the present study, rats treated with rtPA
at 6 h after the onset of embolic stroke presented severe neu-
rological deficits and large cerebral infarct volumes, similar to
rats with embolic stroke alone. However, delayed rtPA-
associated hemorrhagic transformation and brain edema
were significantly increased, consistent with previous studies
[55, 56]. Thus, rtPA thrombolysis for ischemic stroke at a
delayed time point did not improve neurological outcomes,
but increased the risk of thrombolytic complications. BBB
disruption is a critical pathological process that occurs
after cerebral ischemia-reperfusion and is thought to be a
prerequisite for hemorrhagic transformation, brain edema,
and poor treatment outcomes [10, 11, 44]. Therefore, the
maintenance of BBB integrity has been one of the major
targets for protecting the brain from ischemic stroke.
Claudin5 and ZO-1 are important TJ proteins that are
located in the tightly sealed monolayer of brain endothelial
cells comprising the BBB and are sensitive markers of BBB
disruption [57]. MMP9 is expressed in many cell types,
including vascular endothelial cells, and plays a vital role
in rtPA-mediated neurotoxicity after stroke thrombolytic
therapy [58]. Based on accumulating evidence, delayed
rtPA treatment activates MMP9 in ischemic brains, and
the activation of MMP9 subsequently degrades the ECM
and TJ proteins, leading to BBB opening, brain edema,
and hemorrhagic transformation [17, 19, 56, 59]. Consis-
tent with these studies, delayed rtPA treatment signifi-
cantly increased MMP9 levels and aggravated the loss of
TJ proteins (Claudin5 and ZO-1) in the ischemic penum-
bra of rats following cerebral ischemia compared to the
model group in the present study.

4.4. Role of ERK1/2 Signaling in rtPA Thrombolysis for Acute
Ischemic Stroke. ERK1/2 is widely expressed in the nervous
system and activated in the early stage after brain injury.
Activated ERK1/2 phosphorylates substrates in the cyto-
plasm or nucleus, thereby inducing the expression or activa-
tion of specific proteins, leading to cell proliferation,
differentiation, apoptosis, and other processes [60]. ERK1/2
is immediately activated in the ischemic region after the
occlusion of the middle cerebral artery, and the expression
of ERK1/2 in neural stem cells of rats with ischemic stroke
increases in a time-dependent manner [61]. The ERK1/2 sig-
naling pathway regulates the inflammatory response and
apoptosis and participates in the repair of BBB disruption
after cerebral ischemia [20]. The role of the ERK1/2 signaling
pathway in cerebral ischemic injury has become a hot topic in
recent years; however, two contradictory views have been
described. The ERK1/2 signaling pathway has been shown
to alleviate brain injury and exert neuroprotective effects
after cerebral ischemia [21, 61, 62]. Nevertheless, more stud-
ies have shown that activation of the ERK1/2 signaling path-
way promotes inflammation, aggravates nerve cell death, and
eventually leads to the deterioration of neurological function
following cerebral ischemia [36, 63–65]. Meanwhile, a sub-
stantial loss of TJ proteins is observed in the rat brain tissue,
and blocking the activation of ERK1/2 with the MEK inhibi-
tor U0126 protects the integrity of the BBB and mitigates
brain damage in rat models of ischemic stroke [66]. These
dual roles of the ERK1/2 signaling pathway may be attributed
to the use of different stimuli, cerebral ischemic models, and
periods of ischemic stroke. Therefore, we first clarified the
role of the ERK1/2 signaling pathway in ischemic brain
injury during thrombolytic therapy in a male rat model of
embolic stroke. ERK1/2 signaling was activated during
delayed rtPA thrombolysis for acute ischemic stroke in the
present study. Moreover, the decrease in ERK1/2 phosphor-
ylation improved neurological function and reduced the
infarct size following delayed rtPA thrombolysis.

4.5. Possible Mechanisms Underlying the Effects of EA on
Acute Ischemic Stroke. EA significantly reduced the infarct
size, hemorrhagic transformation, brain edema, and EB leak-
age and extended the therapeutic time window of rtPA in a
male rat model of embolic stroke. Moreover, we further
explored the potential molecular mechanism of EA treat-
ment. The activation of ERK1/2 is accompanied by MMP9
overexpression in ischemic brain tissue, which leads to BBB
destruction and brain edema in rats subjected to cerebral
ischemia-reperfusion; however, U0126 reverses these
changes and improves neurological function [14, 23].
U0126, a selective inhibitor of MEK1/2, was administered
to inhibit the activation of ERK1/2 signaling and to deter-
mine whether ERK1/2 signaling modulates MMP9 expres-
sion in rats with embolic stroke during delayed rtPA
thrombolysis. MMP9 was the downstream target of the
ERK1/2 signaling pathway. In addition, EA decreased rtPA-
induced MMP9 overexpression by inhibiting the ERK1/2
pathway and reduced thrombolytic complications of delayed
rtPA thrombolysis for ischemic stroke in rats.
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According to numerous experimental studies, the benefi-
cial effects of EA treatment for ischemic stroke have been
confirmed to be achieved by regulating a series of pathologi-
cal reactions. EA administered early after cerebral ischemia
protects cells against neuronal injury in cerebral ischemia-
reperfusion by ameliorating nitro/oxidative stress-induced
mitochondrial dysfunction and decreasing the accumulation
of damaged mitochondria via Pink1/Parkin-mediated mito-
phagy clearance [67]. An EA pretreatment regime has also
been shown to effectively reduce the cerebral infarct volume
and the level of neuronal apoptosis in the hippocampal
CA1 region after cerebral ischemia-reperfusion injury, and
its mechanism may be related to the inhibition of the
GluN2B/m-calpain/p38 MAPK proapoptotic pathway [68].
Another study found that EA reduced neurological deficit
scores, impeded oxidative stress injury, inhibited inflamma-
tory cytokine production, curbed P38 phosphorylation, and
suppressed TRPV-1 expression, indicating a neuroprotective
effect of the EA pretreatment on rats with cerebral
ischemia-reperfusion injury [69]. Moreover, EA stimula-
tion has been shown to reduce MMP9 expression, preserve
BBB integrity, and alleviate cerebral ischemic injury by
modulating the ERK1/2 signaling pathway in ischemic
stroke models [28–31]. Similar to the results from the
aforementioned studies, EA increased the levels of the
Claudin5 and ZO-1 proteins and alleviated the impairment
of the BBB induced by delayed rtPA thrombolysis in the
present study. Furthermore, EA inhibited the activation
of the ERK1/2 signaling pathway and reduced MMP9
overexpression induced by delayed rtPA thrombolysis.

4.6. Limitations and Implications. The present study has a
limitation in that we only examined the neurological func-
tion, infarct size, hemorrhagic transformation, brain
edema, and EB leakage at 24 h after ischemic stroke. The
acute neuroprotective effect appears to be good, but the
long-term effect remains unclear. For animal experiments
and clinical applications, further studies are needed to
determine whether the protective effect of EA on rtPA
thrombolysis for ischemic stroke in the acute phase would
be sustained for longer periods.

5. Conclusions

In conclusion, early administration of EA before the rtPA
infusion improved stroke outcomes and reduced hemor-
rhagic transformation and brain edema associated with
late thrombolysis. EA potentially represents an effective
adjunct method to enhance the safety of thrombolytic
therapy and extend the therapeutic time window of rtPA
to 6h in a male rat model of embolic stroke. This
neuroprotective effect may be mediated by the inhibition
of the ERK1/2-MMP9 pathway and alleviation of the
destruction of the BBB. The findings provide a reliable
theoretical basis for the clinical treatment of acute ische-
mic stroke with thrombolytic therapy within a broadened
therapeutic window.
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The electric shock has been proposed as one of the new needling sensations in recent years. In acupuncture sensation scales, the
electric shock is included by ASS and SNQS, but not SASS, MASS, and C-MMASS. Some scholars argue that the electric shock
is a normal needling sensation, but some researchers do not agree with this view. This problem has not been resolved due to a
lack of evidence from basic research. Literature and research point out that the electric shock is caused by inserting a needle into
the nerve directly. A question of considerable scientific and practical interest is whether the electric shock should be a normal
needling sensation. In this article, we review the historical documentation of the needling sensation and the process of
formulating and improving acupuncture sensation scales to suggest that the electric shock may not be a normal needling
sensation. Secondly, we collected and analyzed cases of nerve injury caused by acupuncture accompanied by the electric shock
and why acupuncture caused the electric shock without nerve injury. It suggests that there may be a correlation between the
electric shock and peripheral nerve injury, and acupuncture manipulation is an essential factor in adverse acupuncture events.
Finally, we put forward that the electric shock during acupuncture is a warning sign that the peripheral nerve may be injured,
rather than a normal needling sensation. In the future, we hope to have experimental studies on the mechanism of the electric
shock or observational studies on the correlation between the electric shock and peripheral nerve injury to verify.

1. Introduction

The needling sensation refers to the subjective feeling that the
recipient obtains in the acupoint after the acupuncturist
inserts a needle into the acupoint or other acupuncture
induction point and applies specific acupuncture techniques.
The needling sensation is closely related to acupuncture
treatment’s therapeutic effect in traditional Chinese medicine
[1–3]. Research has shown that the needling sensation may
be an essential variable in acupuncture treatment studies’
efficacy and mechanism [4]. The needling sensation can be
briefly summarized as sourness, numbness, heaviness, or dis-
tension. The electric shock has been proposed as one of the
new needling sensations in recent years. Shanghai and
Sichuan Research Institute of Acupuncture and Meridian

found in observational, experimental studies that acupunc-
ture on nerves can produce the electric shock and proposed
that the electric shock is a needling sensation [5, 6]. There
is a special acupuncture treatment method called nerve trunk
stimulation therapy in China, which uses the electric shock
generated during the acupuncture process as the standard
for Deqi. Some acupuncturists sum up their clinical acupunc-
ture experience repeatedly and hold the same view [7–11].

However, other researchers suggested that the needle be
stopped when the electric shock occurs during acupuncture
to avoid nerve injury [12–14]. Patients provide the electric
shock as a kind of needling sensation to the maker of acu-
puncture sensation scales. In the current representative acu-
puncture sensation scales, the electric shock is only
included by ASS and SNQS. Now, due to the lack of basic
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research on the generation mechanism of the electric shock,
we cannot answer positively whether the electric shock should
be classified as a normal needling sensation. However, we dis-
cussed the historical literature records of needling sensation,
the development process of acupuncture sensation scale, the
adverse acupuncture events related to the electric shock, and
nerve trunk stimulation therapy. And then, we put forward
the point that there may be a correlation between the acupunc-
ture and peripheral nerve injury. Acupuncture manipulation
is an important influencing factor. Whether the electric shock
is included in the scale needs more experimental evidence.

2. The Phenomenon of the Electric Shock

The electric shock appears on acupuncture sensation scales
or needling sensation research, while we failed to find a spe-
cific description of the electric shock. Due to cultural and lan-
guage background differences, there are other electric shock
expressions, such as radiation and shock [15]. Therefore,
based on relevant literature, we describe electric shock as an
intense stimulation. It is produced by acupuncture into the
human body at a certain depth or after lifting, twisting, and
twirling manipulations, which can be instantaneously trans-
mitted to the distal limbs. Within the stimulus conduction
range, the limbs may appear numbness, severe pain, and
other discomforts. Through summarizing the clinical litera-
ture on acupuncture, it is found that the electric shock only
occurs when the needle penetrates the acupoint and reaches
a certain depth [9, 10, 16].

Furthermore, according to the researcher’s report [7, 17,
18], the electric shock will be quickly transmitted to the distal
end of the limb, and its transmission range is consistent with
the innervation area of the nerve trunk or branch around
those acupoints. For instance, the researchers summarized
the needling sensation of acupuncture at Huantiao (GB30).
They pointed out that sciatic nerve trunks stabbed at differ-
ent angles and depths will produce the electric shock, which
can quickly be conducted to different innervation areas of
the lower extremities [19].

3. Records Related to the Electric Shock in
Acupuncture Ancient Literature

Acupuncture has a history of more than two thousand years
in China, and all generations of acupuncture scholars have
summarized the needling sensation. Since the ancients did
not know about electricity, we took the radiation (the feeling
of radiating to the far end in an instant) that must exist in the
electric shock as the literature search object. However, we did
not find any related records. On the contrary, in The Mirac-
ulous Pivot, the transmission phenomenon of needling sensa-
tion is described as “Under the acupuncture manipulation,
the feeling of Deqi will be transmitted to the affected area like
insects and ants crawling.” This conveys an important mes-
sage to us that the transmission of needling sensation is slow
and will not be transmitted to the far end instantly. The
Miraculous Pivot records process of Deqi as “The feeling of
Deqi during acupuncture is slow and comfortable.” In gen-
eral, the needling sensation is slowly produced and gradually

transmitted to the affected area under acupuncture manipu-
lation. As Plain Questions mentioned, “Deqi needs to be
obtained after correct acupuncture manipulation.” Besides,
The A-B Classic of Acupuncture and Moxibustion records,
“Febrile disease can be treated with acupuncture ST 43. Acu-
puncture ST 43 makes the feet feel cool through acupuncture
manipulation. After the cooling sensation is transmitted
from the foot to the knee joint, the needle is removed.” It is
showed that the needling sensation is conducted to the
affected area with acupoints as the center. This rule is also
summarized in Great Compendium of Acupuncture and
Moxibustion and Willful Intercept of Acupuncture.

On the contrary, the conduction direction of the electric
shock is fixed. The electric shock is conducted from the loca-
tion where the nerve is punctured to the distal limb. The elec-
tric shock does not conform to acupuncture scholars’
summary of the content of needling sensation in the past
dynasties. Ancient Chinese medical literature does not sup-
port that the electrical shock is a normal needling sensation.

4. Opinions of the Maker of Acupuncture
Sensation Scales

The makers of needle-sense scales are divided on whether the
needling sensation should include the electric shock. Under
the background of the international popularization of acu-
puncture, it is necessary to establish objective and unified
standards of the needling sensation to evaluate acupuncture
research and treatment more scientific. The researchers have
developed several representative acupuncture sensation
scales, including acupuncture sensation scale (ASS) [20],
the subjective acupuncture sensation scale (SASS) [21],
MGH acupuncture sensation scale (MASS) [22], Southamp-
ton needle sensation questionnaire (SNSQ) [23], visual ana-
log scales (VAS) [24], and the Modified MASS-Chinese
version (C-MMASS) [25] (Table 1). The content of needling
sensation comes from acupuncture experiments and nee-
dling sensation questionnaire research [26, 27].

ASS: acupuncture sensation scale; SASS: the subjective
acupuncture sensation scale; MASS: MGH acupuncture sen-
sation scale; SNSQ: Southampton needle sensation question-
naire; C-MMASS: the Modified MASS-Chinese version.

Vincent et al. [20] developed the ASS by providing a list
of adjectives describing pain in the McGill Pain Question-
naire (MPQ) [28] to acupuncturists and patients for selec-
tion. Kong et al. [21] developed SASS through acupuncture
experiments. The MASS was upgraded from the SASS and
perfected by referring to the ASS. White et al. [23] developed
the SNSQ after interviewing patients based on the existing
scales and acupuncture experts’ reviewing. Yu et al. [25]
developed an acupuncture sensation scale suitable for the
Chinese population through acupuncture experiments based
on MASS. Examining the process of formulating and gradu-
ally improving these scales, we found that the electric shock
was included in ASS and SNSQ but not in SASS, MASS,
and C-MMASS. Furthermore, the electric shock is a weak
factor in the ASS. SNSQ left the electric shock because some
patients have experienced acupuncture treatment, andWhite
et al. pointed out that the electric shock should be viewed as
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separate or individual items describing needle sensation in
the SNSQ. The electric shock of ASS and SNQS mainly
comes from experienced acupuncturists and patients’ subjec-
tive feelings on needling sensation, and the maker cannot be
sure whether the information obtained is correct. Based on
the current information, whether the electric shock should
be classified as a normal needling sensation requires basic
research evidence to prove it.

5. Case Reports of Peripheral Nerve Injury
Caused by Acupuncture with the
Electric Shock

Reviewing the literature [29–31], adverse events of acupunc-
ture mainly include internal organs, tissue, or nerve injury,
especially for pneumothorax and central nervous system

injury. We searched the following databases to find the case
reports published from 1990 to 2019: VIP science and tech-
nology periodical database (CQVIP), China National Knowl-
edge Infrastructure (CNKI), Wanfang Database (WF), and
PubMed. Search terms included “acupuncture, electro-
acupuncture” combined with “adverse event, adverse reac-
tion, and peripheral nerve injury.” We found 11 documents
related to peripheral nerve injury caused by acupuncture.
After excluding needle breakage and unrecorded needling
sensation, five documents are remaining related to the occur-
rence of the electric shock (or similar expression) during acu-
puncture. Those articles reported one case of median nerve
injury caused by acupuncture at Neiguan (PC6) [32], three
cases of common peroneal nerve injury caused by acupunc-
ture at Yanglingquan (GB34) [33–35], and one case of sciatic
nerve injury caused by acupuncture at Huantiao (GB30) [36].
We will briefly describe in Table 2.

Table 1: The contents of representative acupuncture sensation scales.

Group Scale Year Content about needling sensation

Vincent et al. [20] ASS 1989
Dull-heavy sensations, a general intensity dimension, spreading, stinging, hot, sharp, and

electric sensations

Kong et al. [21] SASS 2005 Heaviness, stabbing, tingling, throbbing, burning, fullness, numbness, soreness, and aching

Kong et al. [22] MASS 2007
Heaviness, deep pressure, soreness, aching, sharp pain, warmth, cold, fullness/distension, tingling,

numbness, dull pain, and throbbing

White et al. [23] SNSQ 2008
Heavy, pressure, spreading, stinging, tingling, deep ache, dull ache, warm, uncomfortable, bruised,

fading, numb, twinge, throbbing, pricking, and electric shock

Yu et al. [25] C-MMASS 2012
Soreness, aching, pressure, heaviness, fullness, tingling numbness, sharp pain, dull pain, warmth,

cold, and throbbing

Table 2: Peripheral nerve injury associated with acupuncture.

Case Acupoint
Patient sensation

during acupuncture

Patients sensation or
symptoms

after acupuncture
Result of examine

Damaged
nerve

(1) Wang [32]
Neiguan
(PC6)

Electric shock, burning
and radiated to

the hand

The thumb, index finger, and
middle finger could not
flex and had difficulty

in straightening

The affected limb has limited
movement, skin temperature,

thermesthesia, and pain
are weaker than the healthy side

Median
nerve

(2) Sobel et al. [33]
Yanglingquan

(GB34)
Pain and radiated to the

right lower limb
Burning, pain, unable to
move the right foot

The extensor hallucis longus,
extensor digitorum longus,

and peroneal muscles were all
graded as 2/5, and the anterior
tibialis muscle was graded as 4/5

Peroneal
nerve

(3) Sato et al. [34]
Yanglingquan

(GB34)
Pain and radiated to

the left leg

Pain, burning, numbness,
and weakness in the

left leg

EMG: compound muscle action
potentials of the peroneal nerve

in the left leg showed a
remarkable decrease in

amplitude distal to the level
of the fibular head

Peroneal
nerve

(4) Ruan et al. [35]
Yanglingquan

(GB34)

Electric shock, pain,
and radiated to the

left lower leg

Pain, burning in the
calf to the back of the
foot, weakness in the
lower extremities

EMG examination revealed
injury of the common

peroneal nerve

Peroneal
nerve

(5) Wang [36]
Huantiao
(GB30)

Electric shock, pain,
and radiated down to

the right foot

Numbness and
weakness in
the right leg

No record
Sciatic
nerve

EMG: electromyogram.
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In those adverse events, patients had different degrees of
electric shock and other discomforts during acupuncture.
The operator continued applying acupuncture while they
did not realize that the electric shock would cause adverse
consequences. In case one, case four, and case five, the oper-
ators believe that the electric shock is a strong reflection of
Deqi. When the patient has the electric shock during acu-
puncture, the operator strengthens the electric shock’s inten-
sity through acupuncture manipulation. In the above cases,
the conclusions from the neurological examination or elec-
tromyography examination suggested peripheral nerve
injury. Doctors pointed out that it was caused by the periph-
eral nerve being stabbed by the needle.

6. The Electric Shock and Nerve Trunk
Stimulation Therapy

In China, the direct acupuncture method, the nerve trunk to
treat diseases, is called nerve trunk stimulation therapy. This
therapy emerged in the 1970s and became popular in the
1980s to 1990s. It is a research result combining meridian
and neuroanatomy. Traditional acupoints are interpreted as
nerve trunk stimulation points [37, 38]. In the clinical appli-
cation of nerve trunk stimulation therapy, the operator uses a
needle to directly acupuncture the nerve trunk to cause the
patient to generate the electric shock. In order to cause the
patient to produce the electric shock, the operator will per-
form acupuncture manipulation for stimulating Qi of merid-
ians at the corresponding nerve trunk stimulation point.
Researchers using this therapy have given relevant points
for attention. In the process of acupuncture, when the patient
feels the electric shock, the needle should be slightly lifted to
make the needle tip away from the nerve trunk; immediately
afterward, other acupuncture operations were no longer
used. This kind of electric shock will be converted to other
needling sensation [39, 40]. The points for attention are also
reflected in the xingnao kaiqiao acupuncture therapy by Pro-
fessor Shi Xuemin to avoid nerve injury [12, 41–43].
Researchers of nerve trunk stimulation therapy and Professor
Shi Xuemin emphasize that the electric shock should not be
sought too much, as they think it may injure the nerves.
These two acupuncture therapies make the needle tip to leave
the nerve trunk after the electric shock is generated during
acupuncture, and the basic acupuncture operation of lifting,
twisting, and twirling is no longer applied to avoid repeated
puncture of the nerve.

Streitberger et al. [44, 45] conducted an observational,
experimental study of acupuncture. During the process of
acupuncture P6 (pericardium 6) and puncturing the median
nerve with the needle, it was found that the subject had
already Deqi before the needle touched the median nerve
(the recorded needling sensation did not contain the electric
shock). In the experiment, the median nerve was punctured
in 14 cases, abnormal sensations were reported in 10 cases,
radioactive needling sensation was reported in 8 cases, and
the needle was immediately removed due to intractable elec-
tric pain in 1 case. The experimental study results suggest no
connection between Deqi and acupuncture nerves, but it is
necessary to avoid puncturing nerves through relevant train-

ing. Although the electric shock occurred during the experi-
ment, a follow-up one week later showed no nerve injury in
the subjects whose nerves were punctured. A peripheral
nerve consists of 50% neurons, 50% fat, and connective tis-
sue. The experiment did not use acupuncture manipulation
to repeatedly puncture the nerve, reducing the possibility of
the needle puncturing the nerve tract. The possibility of nerve
injury is low in a single nerve puncture accompanied by the
electric shock, but the probability will increase if the nerve
is punctured multiple times.

7. The Possible Consequences of Repeated
Puncturing Nerves by
Acupuncture Manipulation

Repeatedly piercing the nerve in seeking the Electric Shock
by lifting, twisting, and twirling is crucial to nerve injury.
At present, there is no basic experimental study on punctur-
ing nerves with acupuncture needles. Therefore, we refer to

Epineurium Perineurium Endoneurium

Axon

Intraneural vascular system
Extraneural vascular system

External vascular system

Figure 1: Microvascular injury on peripheral nerves.

Epineurium Perineurium Endoneurium
Axon

Intraneural vascular system
Myelin sheath

External vascular system

Figure 2: Traumatic demyelination and axonotmesis about
peripheral nerve.
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the situation of nerve injury caused by injection needles to
explore the possible injury caused by acupuncture repeatedly
puncturing the nerve. The nerve is regarded as a unique
organ composed of nerve tissue, connective tissue, and
microvasculature. There is no significant difference in the
nerve’s local inflammation caused by needles of different
diameters [46, 47]. Both extraneural and intraneural vascular
systems are likely to be punctured when needles stab the
nerve. In particular, extraneural vascular has more opportu-
nities of being injured than intraneural vascular [48, 49]
(Figure 1). Acupuncture may also cause nerve fiber injury
during twirling, lifting, and thrusting (Figure 2).

During twirling, lifting, and thrusting, the extraneural
and intraneural vascular system nerve may be punctured.
Moreover, the hematoma can cause inflammation and
squeeze the surrounding nerve tissue.

During twirling, lifting, and thrusting, myelin sheath and
axon may be destroyed, and then, the injury triggers classic
inflammation and neuropathic inflammation.

8. Summary

By reviewing ancient Chinese medicine books, the formula-
tion process of acupuncture sensation scale, adverse events
of acupuncture, and the related literature of nerve stem stim-
ulation therapy, our view is that the electric shock in the acu-
puncture process is a warning sign to indicate that the
peripheral nerve may have been injured. Furthermore, acu-
puncture manipulation is an essential factor in causing nerve
injury. The reason is as follows: no record of the needling
sensation similar to the electric shock is found in ancient
Chinese medicine books; the electric shock is inconsistent
with the documented needling sensation in the conduction
speed and direction; the scale makers that included the elec-
tric shock into the acupuncture sensation scales have doubts
about whether the electric shock is a normal needling sensa-
tion; moreover, the electric shock is not derived from acu-
puncture experiments, but from the self-summary of
acupuncturists and patients. Analyzing the case of nerve
injury caused by acupuncture accompanied by the electric
shock and comparing it with the nerve stem stimulation ther-
apy in which the electric shock appears but there are no acu-
puncture accidents have been reported. We propose that
obtaining electrical shock through acupuncture manipula-
tion during acupuncture may cause nerve injury. However,
the current studies supporting that the sense of electric shock
belongs to normal needle sensation or that the sense of elec-
tric shock indicates nerve injury are limited to expert experi-
ence and adverse acupuncture case reports. In the future, it is
necessary to conduct clinical observational studies or experi-
mental studies on the correlation between the electric shock
and nerve injury.
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Depression and pain disorders share a high degree of comorbidity. Inflammatory mechanisms play an important role in the
pathogenesis of depression-chronic somatic pain comorbidity. In this study, we investigated the effects of acupuncture on blood
and brain regional tumor necrosis factor alpha (TNF-α) in rats with depression and chronic somatic pain comorbidity. Forty
Sprague-Dawley rats were randomly divided into the following 4 groups with 10 each: control, model, model treated with
transcutaneous auricular vagus nerve stimulation (taVNS), and model treated with electroacupuncture (EA). Chronic
unpredictable mild stress (CUMS) with chronic constriction injury of the sciatic nerve (CCI) was used to produce depression
and chronic somatic pain comorbidity in the latter 3 groups. The rats of the taVNS and EA groups received, respectively, taVNS
and EA at ST 36 for 28 days. Pain intensity was measured using a mechanical withdrawal threshold and thermal stimulation
latency once biweekly. Depressive behavior was examined using a sucrose preference test at baseline and the end of modeling
and intervention. The level of plasma TNF-α and the expression of TNF-α in the prefrontal cortex (PFC), hippocampus,
amygdala, and hypothalamus were measured. While CUMS plus CCI produced remarkable depression-like behavior and pain
disorders, EA and taVNS significantly improved depression and reduced pain intensity. CUMS plus CCI also resulted in a
significant increase in plasma TNF-α level and the expression in all brain regions examined compared to the intact controls.
Both EA and taVNS interventions, however, suppressed the elevated level of TNF-α. These results suggest that EA and taVNS
have antidepressant and analgesic effects. Such effects may be associated with the suppression of TNF-α-related
neuroinflammation.

1. Introduction

Depression is a common mental disorder and often accom-
panied with unexplained painful physical symptoms [1].
The prevalence of chronic pain is about 51.8% to 59.1%
among patients with depression [2]. Pain and depression
share a complex reciprocal relationship [3]. (1) More severe

depression is accompanied with greater pain. (2) Improve-
ment in pain correlates with improvement in depression
[4]. (3) Pain affects the prognosis and treatment of depres-
sion, and vice versa [2]. In short, when chronic pain and
depression occur concomitantly, the prognosis is worse than
in either case, leading to greater functional impairment,
longer duration, and less effective medication [5]. The
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comorbidity increases the socioeconomic cost, and the direct
medical costs of comorbid patients are more than twice as
high as those with a single disease [3]. Therefore, finding out
the underlying mechanisms in order to ensure appropriate
treatment and promote the development of new treatments
for depression and comorbid pain is urgently needed [6].

Many potential common pathways and neurotransmit-
ters have been proposed to underlie the comorbidity of pain
and depression. A growing body of evidences suggested that
pain and depression may work in the similar brain regions
that manage both mood and noxious sensory pathways of
body pains, including the PFC, insular cortex, anterior cingu-
late, thalamus, hippocampus, and amygdala, which form an
anatomical basis for the coexistence of pain and depression
[7, 8]. Increasingly, neuroimmune and neuroinflammatory
mechanisms are considered to play a key role in the associa-
tion between depression and pain. An experiment shows that
among 37 outpatients with major depression and 48 healthy
controls, increased pain sensitivity (by pressure pain thresh-
olds test) in depression may link to increased TNF-α concen-
tration [6]. Moreover, in animal models of depression, the
increased expression of proinflammatory cytokines in the
area of the brain which is responsible for the disposing of
emotion and pain is accompanied by inflammation or neuro-
pathic pain [3]. In brief, depression-pain comorbidity is asso-
ciated with an elevated level of proinflammatory cytokines,
including interleukin (IL)-1, IL-6, and TNF-α [9]. By affect-
ing chronic pain and depression-related pathophysiological
functional areas via the blood-brain barrier, the elevated level
of proinflammatory cytokines can result in changes in neuro-
transmitter metabolism, neuroendocrine function, and neu-
roplasticity, thus inducing the occurrence of the depression-
chronic somatic pain comorbidity [7].

The vagus nerve has been shown to reflexively limit the
innate immune response through the binding of its neuro-
transmitter acetylcholine (Ach) to the α7 nicotinic acetylcho-
line receptor (α7nAChR) present on immune cells [10].
Conchae is the only region on our body surface where the
vagus nerve innervates. The vagus afferent fibers can project
to other brain regions such as the hypothalamus and amyg-
dala via the nucleus tractus solitari (NTS). In consequence,
the auricular branch of the vagus nerve is a peripheral path-
way to the central nervous system (CNS) [11]. Electric stim-
uli might follow an inverse path from peripheral nerves
toward the brain stem and central structures [12]. Therefore,
taVNS can produce a similar effect to the classic vagus nerve
stimulation (VNS) on improving the inflammation. Based on
the above findings, we postulate an idea that taVNS can
improve depression combined with chronic somatic pain by
reducing the level of proinflammatory cytokines, such as
TNF-α. In addition, it was reported that EA at ST 36 can
effectively relieve chronic pain [13, 14] and improve
depression-like behaviors in rats [15]. Therefore, we select
the intervention of EA at ST 36 as the positive control.

2. Materials and Methods

2.1. Experimental Animals. 40 adult male Sprague-Dawley
rats (200 ± 20 g) were obtained from China Food and Drug

Testing and Research Institute (Beijing, China, Animal
License Key No. 2014-0013). They were fed ad libitum
and kept at a 23 ± 1°C temperature and 50% ± 10% humid-
ity with an alternating 12 h light/dark cycle. The rats were
randomly divided into four groups in conformity to the
random digital tables: control group, model group, taVNS
group, and EA group, with 10 rats in each group. The rats
in the latter 3 groups were single cage rearing. Before
modeling, all rats were kept adaptively for seven days.
The protocol of the experiment was approved by the Ani-
mal Care and Use Committee of the Institute of Acupunc-
ture and Moxibustion, China Academy of Chinese Medical
Sciences (D2017-07-31-1).

2.2. Instruments, Drugs, and Reagents. Instruments include
plantar analgesia meter (IITC Life Science, USA), von Frey
filaments (Ugo Basile, Italy), matrix animal anesthesia venti-
lator system (Midmark, USA), electronic scale (JJ test instru-
ment factory, Changshu, China), HANS instrument (HANS-
100A, Nanjing, China), high-speed refrigerated centrifuge
(Eppendorf, Germany), mini-protean 3 Dodeca (Bio-Rad,
USA), PowerPac HC Power Supply (Bio-Rad, USA), shaker
(Kylin-Bell, Haimen, China), homogenizer (IKA, Germany),
automatic ice machine (Grant, USA), Multiskan Microplate
reader (Thermo, USA), pH meter (Sartorius, Germany),
and electrothermal constant temperature incubator (Taisite,
Tianjin, China). Glycine, SDS, and Trizma base were pur-
chased from Sigma (Louis, USA). APS, TEMED, Tween-20,
Bromphenol Blue, DTT, Acrylamide, and Bis-Acrylamide
were obtained from AMRESCO (Washington, USA). Metha-
nol (dried) and NaCl were from Sinopharm (Beijing, China).
Goat antirabbit IgG (H+L), HRP, and goat antimouse IgG
(H+L), HRP, were obtained from Jackson (West Baltimore
Pike, West Grove, PA, USA). Protein lysis buffer was pur-
chased from Ukzybiotech (Beijing, China). BCA Protein
Assay Kit was obtained from Beijing Biosynthesis Biotech-
nology Co., LTD (Beijing, China). The protease inhibitor
cocktail was from Roche (Basel, Switzerland). Immobilon
ECL was from Millipore (Massachusetts, USA). Nonfat
milk was obtained from Dingguo Changsheng Biotechnol-
ogy (Beijing, China). Isoflurane was purchased from Jiupai
(Shijiazhuang, China). The rat TNF-α ELISA kit was from
Neobioscience (Shenzhen, China). The protein ladder was
from Biomed (Beijing, China).

2.3. Experimental Procedure. Four groups of rats were given a
week of adaptive rearing at -35 day. CUMS was conducted in
the latter 3 groups for 28 day. At 0 day, two rats with lower
sucrose preference in the control group and two rats with
higher sucrose preference in the model, taVNS, and EA
groups were, respectively, removed. Then, CCI was per-
formed in the latter 3 groups, with 8 rats in each group.
The success of the CUMS combined with CCI model was
evaluated by the sucrose preference test, mechanical with-
drawal threshold, and thermal stimulation latency. After
the modeling is completed, the intervention is carried out.
The taVNS and EA groups were intervened for 28 consecu-
tive days, respectively. Plasma and brain tissues in the PFC,
hippocampus, amygdala, and hypothalamus were collected
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in each group at 28 day. The sucrose preference test was per-
formed at -28 day, 0 day, and 28 day. The mechanical with-
drawal threshold, thermal stimulation latency, and weight
measurement were performed at -28 day, -14 day, 0 day, 14
day, and 28 day. The plasma was taken from the rats in the
taVNS and EA groups at 0min, 15min, and 30min to test
the immediate effects of the interventions at 24 day. The
interventions of taVNS and EA lasted 30 min; therefore,
0min, 15 min, and 30 min represent before the intervention,
during the intervention, and after the intervention, respec-
tively. Unfortunately, two rats from the control and EA
groups died accidentally while being taken blood from the
tail vein at 24 day (Figure 1).

2.4. Chronic Unpredictable Mild Stress Model. The CUMS
model is a widely recognized depression modeling method
at home and abroad, which can preferably simulate the path-
ogenesis of human depression. In this experiment, the rats in
the latter 3 groups received seven kinds of CUMS, including
upside-down day and night (12/12 h), hot plate test (52°C,
5min), swimming at 8°C–10°C (5min), in a wet cage (24 h),
tail pinch (3min), food deprivation (24 h), and water depri-
vation (24 h). The modeling time is 28 days. The different
stressors were randomly distributed, with an interval of seven
days between repetitions. All stressors were administered
four times within 28 days [16].

2.5. Chronic Constriction Injury of the Sciatic Nerve Model.
After 28 days of chronic unpredictable mild stress, chronic
constriction injury of the sciatic nerve model was made in
the latter 3 groups of rats. Before the operation, the rats were

anesthetized with isoflurane gas and placed on the operating
table of the animals in the prone position. Remove the hair in
the middle of the left thigh of rats, cut open the skin in the
outer margin of the thigh femur, blunt and separate the mus-
cles, and expose the sciatic nerve trunk. Wrap the 4-0 chrome
gut around the middle of the sciatic nerve stem and tie a knot.
Tighten the knot at a constant speed until it is just on either
side of the nerve stem, creating a slight compression. Tie the
second knot carefully to avoid any effect on the tightness of
the first knot. In this way, the sciatic nerve trunk is evenly
three knots with an interval of about 1mm [17]. The skin
wound was nailed with metal nails to prevent rats from
gnawing. Each operator is fixed to ensure that the ligation
force is comparable [18].

2.6. Intervention. After modeling, the taVNS and EA groups
were treated with an electrical stimulator for 28 consecutive
days. The intervention time was from 15:00 to 17:00 every
day, and each time the electrical stimulation lasted 30 min.
The intensity and frequency of electrical stimulation were
set at 2mA and 15Hz. The waveform was selected as a
disperse-dense wave. The intervention was operated under
anesthesia with isoflurane gas. The taVNS group was
connected with a positive and negative electrode self-
adsorption conductive magnet which was noninvasively
fixed in the bilateral cavity of the auricular concha of rats.
The auricle of rats was observed to maintain slight vibration.
If there was no vibration, a cotton swab was used to wipe the
auricular concha with normal saline to enhance the conduc-
tive effect. The EA was inserted perpendicularly into the skin
5mm apart at bilateral ST 36 in the EA group. ST 36 locates
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5mm below the humeral head [19]. The stimulation inten-
sity, frequency, and waveform were the same as those of the
taVNS group.

2.7. Sucrose Preference Test. All the rats were singly housed in
a cage when the sucrose preference test began. Two bottles of
1% sucrose solution were placed in each cage at the same
time for 24 h, and the animals were trained to adapt to drink
sucrose water. Replace one of the bottles with pure water for
the next 24 hours. After 23h of food and water deprivation,
each cage was given two bottles of water quantified in
advance: one bottle of 1% sucrose water and one bottle of
pure water. Sucrose and water bottles were placed in
randomly assigned sides of the cage. After 60 min, remove
two bottles and weigh them. The results of sucrose preference
test were calculated according to the following equation:
sucrose solution ðgÞ/ðsucrose solution ðgÞ + water ðgÞÞ × 100%.

2.8. Mechanical Withdrawal Threshold. The mechanical pain
threshold was measured by using the von Frey filaments. The
rat was placed in the plastic cages on a perforated metal plat-
form to habituate the environment for one hour the day
before the first test and no measurements were made. Allow
the rat to adapt to the environment for 15min before each
test. The stimulation force of von Frey filaments can provide
a range of 0.008 g to 300 g. The Von Frey filaments were used
to vertically stimulate the intermetatarsal bones of the 4th
and 5th posterior feet of the rats. Brisk withdraw or paw
flinching was considered as the effective stimulation which
was recorded. The bilateral hind paw mechanical withdrawal
threshold was tested three times, and the average values were
calculated.

2.9. Thermal Stimulation Latency. The thermal stimulation
latency was measured by using the Plantar Analgesia Meter.
Each rat was placed in the individual plexiglass enclosure
compartment on the glass surface to habituate the environ-
ment for one hour the day before the first test, and no mea-
surements were made. Allow the rat to adapt to the
environment for 5min before each test. The thermal stimulus
was emitted from a movable radiant heat source under the
glass surface and was focused on the plantar surface of the
hind paw. The source output temperature was set at 52°C.
The cutoff time was set at 25 s to prevent potential tissue
damage caused by continuous heating. Move the trigger with
both hands, so that the radiant heat source is focused on the
4th and 5th tibia of the hind paw of the rat. Press the trigger
button to heat the rat’s foot. When the rat is withdrawing the
paw, the instrument automatically records the latency time.
Bilateral hind paw thermal withdrawal latencies were tested
three times, and the average values were calculated.

2.10. ELISA Analysis. The plates were coated with the TNF-α
and SP antigen (100μl/well) and incubated overnight at 4°C.
The plates were washed with PBS-0.05% Tween20 (PBST)
and blocked with PBST-1% BSA (200μl/well) at 37°C for
one hour. The plates were washed, and the plasma samples
diluted to different multiples were added and incubated at
37°C for two hours. The plates were washed, and the rabbit
antirat IgG (H+L) was added and incubated at 37°C for one

hour. The plates were washed, and a chromogenic solution
was allowed to react for 20min. The optical density (OD)
value of each well was measured using a microplate reader
at wavelengths of 562 nm. The standard curve was prepared
according to the standard solution and corresponding OD
value, and thus, the concentrations of TNF-α and SP of each
sample could be calculated.

2.11. Western Blot Analysis. The total protein of brain sam-
ples was extracted using the extraction kit according to the
manufacturer’s instructions and analyzed with a bicinchoni-
nic acid (BCA) protein concentration assay kit. Proteins
(30μg/well) and protein ladder were separated by gel electro-
phoreses running on PowerPac HC Power Supply for
approximately 20min at 90V in running buffer (250mM
Tris base, 2.5M glycine, 1% SDS, pH8.3) and transferred to
polyvinylidene difluoride (PVDF) membranes at 300mA
for 90 min. The membranes were blocked with 5% nonfat
dry milk in TBST (TBS containing 20% Tween-20, pH7.5)
for 1 h at room temperature. The primary antibodies
(1 : 1000 dilution for TNF-α) were then incubated overnight
at 4°C in TBST with 5% nonfat dry milk. After three 10-
min washes in TBST, the secondary antibody was incubated
in a 1 : 10000 dilution in TBST with 5% nonfat dry milk for
40min at room temperature followed by three 10-min
washes in TBST. The membranes were exposed to clarity
enhanced chemiluminescence (ECL) reagent for 3min at
room temperature. The detection of immunoreactive bands
was performed by image scan using a Gel Image system
ver.4.00.

2.12. Statistical Analysis. The data were analyzed by using
SPSS version 22.0 (SPSS Inc., Chicago, IL, USA) and Graph-
Pad Prism 5.0 (GraphPad Software Inc., San Diego, CA,
USA). The data is expressed as mean ± standard deviation.
The paired t-test was used for the before-and-after compari-
son of data in the group. One-way analysis of variance was
used for comparison of data between the groups. A value of
P < 0:05 was considered statistically significant.

3. Results

3.1. The Weight in Each Group at Different Time Points.
There was no significant difference in the weight between
the four groups at -28 day (P > 0:05). Compared with the
control group, the weight decreased significantly in the
taVNS, EA, and model groups at -14 day and 0 day
(P < 0:01), indicating the weight of rats were affected by
CUMS. Compared with the model group, the weight
decreased significantly in the taVNS group at 28 day
(P < 0:05). The weight decreased in the taVNS group at 28
day compared with the EA group, but no statistical difference
was found between them (P > 0:05) (Table 1).

3.2. Sucrose Preference in Each Group at Different Time
Points. There was no significant difference in the sucrose
preference between the four groups at -28 day (P > 0:05).
Compared with the control group, the sucrose preference
decreased significantly in the taVNS, EA, and model groups
at 0 day (P < 0:05), suggesting that the CUMS model has
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been successfully built. Compared with the model group, the
sucrose preference increased significantly in the taVNS group
at 28 day (P < 0:05), the sucrose preference increased in the
EA group at 28 day, but no statistical difference was found
between them (P > 0:05). The difference in sucrose prefer-
ence between the taVNS and model groups was similar to
those between the EA and model groups (P > 0:05) (Table 2).

3.3. Mechanical Withdrawal Threshold in Each Group at
Different Time Points. There was no significant difference in
the mechanical withdrawal threshold between the four
groups at -28 day (P > 0:05). Compared with the control
group, the mechanical withdrawal threshold decreased sig-
nificantly in the taVNS, EA, and model groups at 0 day
(P < 0:001). Compared with the model group, the mechani-
cal withdrawal threshold increased in the EA and taVNS
groups at 28 day, but no statistical difference was found
between them (P > 0:05). Compared with the EA group, the
mechanical withdrawal threshold decreased in the taVNS
group at 28 day, but no statistical difference was found
between them (P > 0:05) (Table 3).

3.4. Thermal Stimulation Latency in Each Group at Different
Time Points. There was no significant difference in the ther-
mal stimulation latency between the four groups at -28 day
(P > 0:05). Compared with the control group, the thermal
stimulation latency decreased significantly in the taVNS,
EA, and model groups at 0 day (P < 0:05). Compared with
the model group, the thermal stimulation latency increased
significantly in the EA and taVNS groups at 28 day
(P < 0:05). Compared with the EA group, the thermal stimu-
lation latency decreased in the taVNS group at 28 day, but no
statistical difference was found between them (P>0.05)
(Table 4).

3.5. The Concentration of TNF-α and SP in Plasma for Each
Group. Compared with the control group, the plasma con-
centration of TNF-α increased significantly in the model
group at 28 day (P < 0:05). Compared with the model group,
the TNF-α level decreased significantly in the EA group at 28
day (P < 0:01), the concentration of TNF-α decreased in the
taVNS group at 28 day, but no statistical difference was found
between them (P > 0:05) (Table 5). Compared with that at
0min, the concentration of TNF-α in plasma decreased in
the taVNS and EA groups at 15 and 30 min, but no statistical
difference was found between them (P > 0:05). Compared
with that at 15min, the concentration of TNF-α decreased
continuously in the EA group at 30min, but no statistical dif-
ference was found between them (P > 0:05). There was a
large difference between 0min and 30 min in the EA group
than those in the taVNS group (Figure 2(a)).

Compared with the control group, the concentration of
SP in plasma decreased in the model group and taVNS group
at 28 day, but no statistical difference was found between
them (P > 0:05). The concentration of SP was higher in the
EA group compared with the other three groups at 28 day,
but no statistical difference was found between them
(P > 0:05) (Table 5). Compared with that at 0min, the con-
centration of SP decreased continuously in the taVNS group
at 15 and 30min, but no statistical difference was found
between them (P > 0:05). Compared with that at 0min, the
plasma concentration of SP in the EA group decreased at
15min and increased at 30min, but no statistical difference
was found between them (P > 0:05) (Figure 2(b)).

3.6. The Expression of TNF-α in the PFC, Hippocampus,
Amygdala, and Hypothalamus for Each Group at 28 Day.
Compared with the control group, the expression level of
TNF-α in the hippocampus, amygdala, and hypothalamus
increased significantly in the model group (P < 0:05). The
expression level of TNF-α in PFC increased in the model
group, but no statistical difference was found between them
(P = 0:058). Compared with the model group, the expression
level of TNF-α in the amygdala decreased significantly in the
EA group (P < 0:05), the expression level of TNF-α in the
hypothalamus and hippocampus decreased in the taVNS
group, but no statistical difference was found between them
(P = 0:054, 0:052). The expression level of TNF-α in the
PFC, hypothalamus, and hippocampus decreased in the EA
group, but no statistical difference was found between them
(P > 0:05). Compared with the EA group, the expression level
of TNF-α in the PFC and amygdala were higher in the taVNS

Table 1: Comparison of weight in each group at different time points (�x ± s).

Group
-28 day -14 day 0 day 14 day 28 day

n Weight (g) n Weight (g) n Weight (g) n Weight (g) n Weight (g)

Control 10 219:4 ± 15:9 10 341:3 ± 30:3 8 386:0 ± 40:5 8 450:4 ± 42:7 7 459:7 ± 47:4
Model 10 219:0 ± 11:8 10 279:9 ± 18:0∗∗∗ 8 338:6 ± 32:5∗∗ 8 431:7 ± 43:4 8 452:1 ± 46:7
taVNS 10 213:0 ± 11:4 10 271:5 ± 23:3∗∗∗ 8 319:6 ± 25:4∗∗∗ 8 396:5 ± 25:3∗ 8 406:5 ± 26:5∗#

EA 10 220:0 ± 13:2 10 285:5 ± 15:2∗∗∗ 8 340:1 ± 28:2∗∗ 8 409:5 ± 43:4∗ 7 434:1 ± 29:8
At 0 day, two rats were removed from each group. At 24 day, two rats from the control and EA groups died when experimenters took blood from the caudal
vein. ∗∗∗P < 0:001, vs. the control group; ∗∗P < 0:01, vs. the control group; ∗P < 0:05, vs. the control group; #P < 0:05, vs. the model group.

Table 2: Comparison of sucrose preference in each group at
different time points (�x ± s).

Group
-28 day 0 day 28 day

n SP (%) n SP (%) n SP (%)

Control 10 0:62 ± 0:19 8 0:76 ± 0:12 7 0:80 ± 0:12
Model 10 0:57 ± 0:22 8 0:59 ± 0:12∗ 8 0:63 ± 0:13
taVNS 10 0:71 ± 0:21 8 0:60 ± 0:15∗ 8 0:81 ± 0:16#

EA 10 0:62 ± 0:21 8 0:60 ± 0:16∗ 7 0:80 ± 0:25
SP: sucrose preference. ∗P < 0:05, vs. the control group; #P < 0:05, vs. the
model group.
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group (P > 0:05), the expression level of TNF-α in the hippo-
campus and hypothalamus was lower in the taVNS group,
but no statistical difference was found between them
(P > 0:05) (Figure 3).

4. Discussion

Our researches have shown that taVNS is a promising poten-
tial treatment that can improve the severity of major depres-
sion [20–22] and taVNS can relieve neuropathic pain in
Zucker Diabetes Fat rats by promoting melatonin secretion
[18]. Acupuncture is recognized worldwide as a treatment
with analgesic effect [23]. It is reported that EA at ST 36
can relieve the neuropathic pain induced by CCI [24]. More-
over, EA at DU 20 and ST 36 has a therapeutic effect on
depression [25].

Based on previous research, we choose taVNS and EA at
ST 36 as the intervention for comorbidity of depression and
pain in our experiment. Compared to the general drug treat-
ment, taVNS and EA have the advantages of obvious treat-
ment effect, low treatment cost, convenient operation, and
safety. In our experiment, we found that both taVNS and
EA at ST 36 can improve the depressive behavior and relieve
chronic pain in rats with depression-chronic pain comorbid-

ity after 28 consecutive days of intervention. In comparison,
taVNS is good at improving depression-like behavior, and
EA at ST 36 is good at relieving the pain symptoms. No
adverse reactions occurred in the taVNS and EA groups dur-
ing the intervention, indicating the treatments in the two
groups were safe.

In our experiment, we also found induction and allevia-
tion of depression-like behavior and chronic somatic pain
symptoms was closely associated with the change of TNF-α
level in the peripheral blood and brain regions, suggesting
the inflammatory and immune processes play an important
role in the biological mechanisms of depression-chronic
somatic pain comorbidity. In the inflammatory mechanism
of comorbidity of depression and pain, the peripheral proin-
flammatory cytokines can access the brain and activate local
CNS inflammatory networks to affect the function of neuro-
transmitters involved in the pathophysiology of depression
and pain [9]. To be specific, the peripheral production of
TNF-α, IL-1, and IL-6 by monocytes results in a subsequent
production of TNF-α and other mediators in the brain via
toll-like receptor 4 (TLR4) present on circumventricular
organs and peripheral vagal nerve afferents, leading to the
activation of microglia. Activated microglia are the main
source of TNF-α within the brain, while neuronal cells and
astrocytes can produce it at a lower level. Thus, the cross-
talk between peripheral immune cells and immune cells in
the CNS may induce a positive feedback loop that further
increases the production of TNF-α and other proinflamma-
tory cytokines [9, 26, 27]. In our experiment, we found that
TNF-α was increased in the PFC, hippocampus, amygdala,
hypothalamus, and plasma in rats with depression-chronic
pain comorbidity. The change of TNF-α in the brain was in
accordance with those in plasma, indicating the probable
existence of crosstalk between the peripheral immune cells
and immune cells in the CNS.

Table 3: Comparison of the mechanical withdrawal threshold in each group at different time points (�x ± s).

Group
-28 day -14 day 0 day 14 day 28 day

n MWT (g) n MWT (g) n MWT (g) n MWT (g) n MWT (g)

Control 10 8:0 ± 1:6 10 6:7 ± 3:9 8 6:8 ± 1:8 8 6:3 ± 2:3 7 7:4 ± 2:2
Model 10 7:7 ± 2:7 10 4:9 ± 2:3 8 2:3 ± 2:8∗∗∗ 8 3:6 ± 2:9∗ 8 4:6 ± 2:9∗

taVNS 10 7:8 ± 2:6 10 5:2 ± 2:5 8 1:2 ± 1:3∗∗∗ 8 3:4 ± 2:1∗ 8 5:3 ± 2:6
EA 10 8:4 ± 1:8 10 5:8 ± 2:4 8 1:2 ± 0:6∗∗∗ 8 4:0 ± 2:6 7 6:0 ± 2:3
MWT: mechanical withdrawal threshold. ∗∗∗P < 0:001, vs. the control group; ∗P < 0:05, vs. the control group.

Table 4: Comparison of thermal stimulation latency in each group at different time points (�x ± s).

Group
-28 day 14 day 0 day 14 day 28 day

n TSL (sec) n TSL (sec) n TSL (sec) n TSL (sec) n TSL (sec)

Control 10 12:03 ± 3:42 10 12:42 ± 1:41 8 11:82 ± 2:76 8 11:14 ± 2:25 7 12:12 ± 2:87
Model 10 11:30 ± 2:85 10 11:52 ± 2:46 8 7:57 ± 2:08∗∗ 8 9:56 ± 1:60 8 9:47 ± 1:27∗

taVNS 10 11:17 ± 2:72 10 11:26 ± 2:57 8 8:84 ± 2:26∗ 8 10:58 ± 2:20 8 11:88 ± 1:30#

EA 10 10:73 ± 2:98 10 9:94 ± 1:92∗ 8 8:76 ± 2:03∗ 8 10:07 ± 3:08 7 12:20 ± 1:60##

TSL: thermal stimulation latency. ∗∗P < 0:01, vs. the control group; ∗P < 0:05, vs. the control group; ##P < 0:01, vs. the model group; #P < 0:05, vs. the model
group.

Table 5: Comparison of plasma concentration of TNF-α and SP in
each group at 28 day (�x ± s).

Group n TNF-α (pg/ml) SP (pg/ml)

Control 7 29:94 ± 32:11 114:86 ± 58:77
Model 8 76:24 ± 39:74∗ 85:34 ± 44:63
taVNS 8 49:88 ± 29:70 84:34 ± 54:84
EA 7 25:16 ± 26:99## 124:08 ± 45:24
∗P < 0:05, vs. the control group; ##P < 0:01, vs. the model group.
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The cholinergic anti-inflammatory pathway (CAP) is a
physiological mechanism whereby the CNS regulates or
inhibits local or systemic inflammatory response with cho-
linergic nerves and their neurotransmitters [28]. It is an
endogenous anti-inflammatory pathway that links the ner-
vous system and the immune system via the vagus nerve.
The CAP can be activated by VNS or cholinergic agonists
[29]. Ach is a neurotransmitter mainly released by vagus
nerve endings. And α7nAChR is a key protein of signals
triggered by VNS to induce the endogenous CAP [28].
Ach activates α7nAChR on macrophages, lymphocytes,
and other inflammatory cells, regulating the synthesis and
release of inflammatory cytokines and relieving the sys-
temic inflammatory reaction [30]. The anti-inflammatory
effects of taVNS and EA at ST 36 are closely related to
the vagus-mediated cholinergic pathway. Previous studies
have shown that EA at ST 36 also can reduce the serum
TNF-α level in septic rats. Moreover, abdominal vagotomy
or α7nAChR inhibitor can reverse the suppressive role of
EA [31]. It proves that the anti-inflammatory role of EA
at ST 36 is likely to depend on an intact vagus nerve and
might exert its effects by the cholinergic α7nAChR [32].
EA at ST 36 activates the somatic fiber endings around
ST 36 points, which send the acupuncture signals to the
spinal cord via somatic sensory nerve fibers. In the spinal
cord, the nerve impulses are transmitted to the NTS. After
relayed and integrated by NTS, the nerve impulses activate
CAP via efferent vagus nerve [33, 34]. Auricular concha is
the only region on the surface of mammals where vagal
afferent fibers are distributed. Nerve impulses can be trans-
mitted to the NTS relay along the auricular branches of the
vagus nerve, and then exert cholinergic anti-inflammatory
effects via the efferent vagus nerve [33, 35]. Our experimen-
tal results showed that EA at ST 36 and taVNS have their
anti-inflammatory effect mainly by decreasing TNF-α in
plasma and brain regions. Among them, EA at ST 36 plays
a more significant role.

In addition to TNF-α, SP is also an indicator of our
study. SP is an eleven-amino acid long neuropeptide,
widely distributed in the CNS and peripheral nervous sys-
tem [36, 37]. It is a member of the tachykinin family and is
involved in many biological processes, including nocicep-
tion and neurogenic inflammation [38, 39]. In the aspect
of nociception, pain-sensing fibers (nociceptors) release
SP to increase pain sensitivity through its actions in the
dorsal horn of the spinal cord. SP transmits and integrates
nociceptive signals; accumulating studies found that SP
also has an antinociceptive effect [40, 41]. In the aspect
of inflammation, SP plays a critical role in its ability to
stimulate and/or modulate the production of various cyto-
kines by a wide range of immune cells [39]. We found SP
showed a tendency to decline before, during, and after
taVNS. However, the results of the SP content in the four
groups showed confusion at 28 day, which cannot be
explained for a reasonable reason. The only reason may
be that the plasma SP was stored in the refrigerator at
-80°C for too long before the detection, resulting in the
change of the content of SP during the storage process.
In the future, we need to strictly control each step of SP
detection to ensure the reliability of the experimental data.
What is more, the lack of pathological images in the experi-
ment is unable to provide the evidence of microglia activa-
tion in related brain regions. In the future, we need to use
morphological methods to observe the activation of immune
cells in peripheral plasma and related brain regions. Fortu-
nately, we have found the important role of TNF-α in the
inflammatory mechanism of depression-chronic somatic
pain comorbidity, which lays the foundation for TNF-α reg-
ulator as a new drug target for the treatment of the disease. At
the same time, we also found that EA at ST 36 and taVNS can
improve the depression and relieve chronic somatic pain in
model rats, which provides new and effective treatment
methods for the disease. In a word, we need a large sample
size, multi-indicators experiment to further research the
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Figure 2: Comparison of plasma concentration of TNF-α and SP in taVNS and EA groups before, during, and after intervention. (a)
Comparison of plasma concentration of TNF-α in taVNS and EA groups before, during, and after intervention. (b) Comparison of plasma
concentration of SP in the taVNS and EA groups before, during, and after intervention.
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anti-inflammatory mechanism of acupuncture in the comor-
bidity of depression and pain in the future.

5. Conclusion

CUMS combined CCI can induce depression-like behavior
and chronic somatic pain disorders under solitary care for
28 consecutive days. After 28 consecutive days of interven-
tion, both taVNS and EA at ST 36 can improve depression-
like behavior and relieve chronic somatic pain. Compared
with the control group, the levels of TNF-α in plasma, PFC,
hippocampus, hypothalamus, and amygdala increased in rats
with depression-chronic somatic pain comorbidity, and the
elevated expression of TNF-α can be downregulated by
taVNS and EA at ST 36.
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Electroacupuncture (EA) can effectively modulate pain perception and pain-related negative affect; however, we do not know
whether the effect of EA on sensation and affect is parallel, or dissociated, interactional. In this study, we observed the effects of
the anterior cingulate cortex (ACC) lesion and the primary somatosensory cortex (S1) activation on pain perception, pain-
related affection, and neural oscillation in S1. ACC lesions did not affect pain perception but relieved pain-paired aversion. S1
activation increased pain perception and anxious behavior. EA can mitigate pain perception regardless of whether there is an
ACC lesion. Chronic pain may increase the delta and theta band oscillatory activity in the S1 brain region and decrease the
oscillatory activity in the alpha, beta, and gamma bands. EA intervention may inhibit the oscillatory activity of the alpha and
beta bands. These results suggest that EA may mitigate chronic pain by relieving pain perception and reducing pain-related
affection through different mechanisms. This evidence builds upon findings from previous studies of chronic pain and EA
treatment.

1. Introduction

For a long time, it was generally believed that pain perception
was well understood, while the pain related affection was yet
unclear. Recently, the dissociation theory of pain sensation
and affection was put forward [1, 2]. Many studies have
indicated that chronic pain not only aggravates pain percep-
tion but also induces negative affective states (e.g., aversive-
ness, anxiety, depression, and anhedonia), sleep disorders,
abnormal decision-making, and even suicide [3–7]. Approx-
imately 20-30% of chronic pain patients have a negative
affect [8, 9]. Pain and related affection influence each other

and demonstrate reciprocal causation. Experimental studies
have indicated that emotional interventions, such as medita-
tion, not only alleviate pain perception and negative affection
but also have a beneficial protective effect on the brain’s gray
matter and pain regulation pathways [10, 11]. Mitigating
chronic pain by modulating negative affect is a new research
direction, and the mechanism of the interaction between
chronic pain and negative affect remains unclear.

Pain processing involves multiple cortices. In the imaging
studies of chronic pain in the human brain, researchers have
found that the most frequently activated brain regions
include the anterior cingulate cortex (ACC), the primary
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somatosensory cortex (S1), insula cortex, prefrontal cortex,
and thalamus, among others [12]. Most reports have made
it clear that the ACC plays a key role in pain-related emotion.
Some studies have shown that the ACC and amygdala are
involved in the direct representation of the bodily state. More-
over, S1 and the insula are also related to emotion processing
[13–16]. Researchers found that damage to the right S1 had
subtle effects on emotional tasks and experiences [17, 18].
Brain regions associated with pain may interact with each
other during the processing of pain information [19]. In
response to this view, some studies have found that the
integration of excitatory neurons in S1 originates from pain
information from the peripheral nerves and is transmitted to
other pain-related brain regions [20, 21]. Using the two-
photon calcium ion imaging technology, it has been found
that the spontaneous activity and sensory response in S1 and
stimulation of S1 can increase chronic pain [22]. Inhibition
of S1 activity can attenuate chronic pain. In addition, they
found that the electrical response of the ACC to peripheral
stimulation was consistent with the activity of S1 neurons.
The inhibition of ACC activity can reduce the mechanical
touch and pain, indicating that the excitatory neuronal activity
in S1 increases responses to pain behavior by promoting acti-
vation of the ACC. Early studies on pain affection focused on
psychological research; with the remarkable development of
human imaging research, we have a deeper insight into the
brain network which regulates pain and affection interaction.
Pain perception and affection interact with each other. S1
and ACC are the main brain regions regulating pain and affec-
tion, respectively, so S1 and ACC may be closely correlated.

Electroacupuncture (EA) is an important treatment
method developed based on improving traditional Chinese
medicine. It has good analgesic effects and is widely used
clinically [23, 24]. Related animal studies have shown that
EA can increase the pain threshold and can effectively
regulate pain-related emotion and cognitive behavior disor-
der [25, 26]. At the same time, in clinical research, EA not
only alleviates various kinds of acute and chronic pain [27]
but also significantly improves emotional symptoms [28].
However, whether the mechanism of the effect of EA on pain
perception and pain-related affect is similar is still unclear.

Therefore, in the present study, we examined chronic
inflammatory pain perception, pain-paired aversion, and
pain-related anxiety in rats with and without an ACC lesion
and S1 activated and synchronous neural oscillations in S1, to
explore whether pain perception and negative affection
influence each other based on ACC and/or S1, and if the
effect of EA on chronic pain is a result of the effect of EA
on negative affect.

2. Material and Methods

2.1. Animals and Groups. Seventy adult male Sprague-
Dawley rats (Animal Experiment Center, Zhejiang Chinese
Medical University, Zhejiang, China), weighing 250-280 g,
were group-housed, with 3-4 rats per cage, in an environ-
mentally controlled room (24-26°C, 40-50% humidity) and
kept on a 12h light-dark cycle with free access to rodent
chow and water. The whole experiment was performed under

the guidelines of the International Association for the Study
of Pain and the Institutional Animal Ethical Committee
(IAEC).

The 50 rats were randomly divided into a blank control
group (control group), complete Freund’s adjuvant- (CFA-)
induced chronic pain model group (model group), mode-
l+EA group, model+ACC lesion group (ACC lesion group),
and ACC lesion+EA group (ACC lesion+EA group). This
part was to explore whether pain perception and negative
affect influence each other based on ACC.

The other 20 rats were divided into the control-hM3D-
saline (C-hM3D-saline group) and the control-hM3D-cloza-
pine-N-oxide (C-hM3D-CNO group). This part was to
explore whether pain perception and negative affect influ-
ence each other based on S1.

2.2. Surgeries

2.2.1. ACC Lesion. The rats were anesthetized using urethane
(1.2 g/kg i.p., Sigma-Aldrich, St. Louis, MO, USA), fixed to a
stereotaxic apparatus (68025, RWD Life Science, China),
and maintained at a constant body temperature of 37°C with
real-time monitoring of temperature changes. After using
iodine to disinfect the head of the rats, we cut the scalp and
exposed the anterior fontanelle, posterior fontanelle, and
frontal bone of the skull. A dental drill was used to drill holes
in the surface of the rat skull, and one cranial nail was fixed
on each side with dental cement. According to The Rat Brain
in Stereotaxic Coordinates by Paxinos and Watson, the
electrodes were slowly inserted into the ACC using a stereo-
taxic apparatus (+2.7mm rostrocaudal, +1mm mediolateral,
and 2.0mm dorsoventral). The biaxial electrode in the ACC
was connected to the lesion-making device; 1mA direct
current was supplied for 60 s to create the lesion. After the
surgery, the rats were rested for a week.

2.2.2. S1 Electrode Implantation. To record the electrophysi-
ological signals, we implanted array electrodes in S1. The pre-
operative procedure was the same as that for an ACC lesion
surgery. The recording electrode array was positioned
according to the rat brain atlas (-1.32mm rostrocaudal,
+2.5mm mediolateral, and 2.35mm dorsoventral).

2.3. Electroacupuncture Treatment. The model+EA and
lesion+EA groups received EA intervention from the second
day to the fourteenth day after model induction using the
Master-9 electric pulse stimulator made in USA, seven times,
every other day. The fine needle was 0.25mm in diameter
and 13mm in length. The EA treatment was performed at
bilateral Housanli acupoints and the reference electrode
(1 cm inferior to the Housanli acupoint); the following
stimulation parameters were used: frequency, 2/100Hz; dura-
tion, 30min; and intensity range, 0.5-1.5mA (set at 0.5mA
initially and increased by 0.5mA every 10min). The other
groups were given constraints as EA but not EA treatment.

2.4. Behavioral Tests

2.4.1. Paw Withdrawal Thresholds. After the paw withdrawal
threshold (PWT) was stable, the baseline PWT before model
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induction and the mechanical pain threshold of rats at 26 h
and day 16 (16 d) after model induction were measured,
excluding those with an abnormal pain threshold before the
experiment (pain threshold < 10 g or >40 g). The measure-
ment method was using a dynamic plantar tactile instrument
(model 37450; Ugo Basile, Comerio, Italy) following a previ-
ously described method [29].

2.4.2. Conditioned Place Aversion Testing. The CFA-induced
pain-paired aversive behavior was tested using a modified
conditioned place aversion (CPA) paradigm. Rats in each
group were free to move and train in two equally sized
cabinets (A and B, each sized 35 cm × 28 cm × 45 cm), with
a removable and installable baffle between the two cabinets.
The walls of the two cabinets were composed of wallpaper
strips of varying widths (3 cm vs. 9 cm) and colors (black
vs. white). The bottom of the apparatus was hollowed out
and could be placed on a pain measuring rack. A camera
was installed above the apparatus and connected to the
animal video tracking system software to adjust the video
picture to facilitate subsequent tracking and recording. The
surrounding environment (temperature, 24-25°C; humidity,
40-60%; noise, <40dB) before the experiment was controlled
carefully, thus maintaining a quiet environment. The modi-
fied CPA paradigm was divided into three parts. First, on
the free behavior day, the baffle between two cabinets was
removed, and the rats were allowed to move freely in both
cabinets for 30min (a 1min preparatory period was given
and not included in the final data). The retention time of
the rats spent in cabinet A and cabinet B was recorded. The
conditional and nonconditional boxes of rats were randomly
determined. Second, on the preconditioning day, the baffle
was installed, and rats that had not undergone model
induction were placed in the previously determined noncon-
ditioned box for 30min. Third, on the conditional day, the
control group was injected with 50μl saline; the other four
groups were injected with 50μl CFA. Two and twenty-six
hours after model induction, the rats underwent mechanical
plantar stimulation with a dynamic plantar tactile instrument
(model 37450; Ugo Basile) as part of the conditioned training
for 30min. The rats were first placed in the conditioning
cabinet for 5min to adapt; the left foot of the rats was
subjected to mechanical PWT testing (the methods and
parameters were the same as the mechanical pain measure-
ment) for 6-10min. After PWT values were obtained, the
control group was subjected to mechanical foot stimulation
at ðPWT × 0:5Þ/5 s (i.e., maximum stimulation is half of the
PWT and is reached over 5 s). The number of times the rat
lifted its foot during the 5 s period was recorded. Stimulation
was performed once every min, and the number of foot lifts
within 20min was recorded. The mechanical pain threshold
was measured using ðPWT × 1:5Þ/5 s for the last 20min in
the other groups (i.e., the maximum stimulation was 1.5
times the PWT); the remaining procedures were performed
the same as those in the control group. Fourth, on the second,
ninth, and fifteenth postconditioning days after model induc-
tion, the rats were placed in open cabinets freely for 30min.
The activity time in each cabinet was recorded.

Aversive behavior was calculated using the CPA score,
which is the difference in time between the test day (2 d,
9 d, and 15d) and baseline for the pain-paired cabinet. The
formula was as follows: Tscore = Tpreconditioning −
Tpostconditioning.

At the beginning of the experiment, the rat was gently
lifted by the tail and placed in the center of the two cabinets.
After a 1min acclimation period, the activity of the rat in the
cabinets was monitored and observed using the Smart 3.0 soft-
ware (Panlab, USA), and data were collected for 30min. After
each experiment, the apparatus was thoroughly scrubbed with
10% alcohol to eliminate feces and prevent residual odor from
interfering with the activities of the next rat.

2.5. Local Field Potentials (LFPs). LFPs in S1 were recorded
during the free period before and 2h, 2 d, 9 d, and 15 d after
modeling, using the implanted array electrode with a Cerebus
neural signal processing system (Blackrock Microsystems,
Salt Lake City, UT, USA). Behavioral tasks and LFP signals
were linked using the ANY-maze interface system (Stoelting,
CO, USA) to synchronously record behavioral monitoring
and LFP signals. The extracellular LFPs in S1 were recorded
using the array microelectrode embedded in the rat S1 with
the Cerebus 128 multichannel in vivo recording system
(Blackrock Microsystems, Salt Lake City, UT, USA). The
LFP signal was amplified using a preamplifier (×300), band-
pass filtered at 0.3-250Hz, and sampled at 1 kHz. After the
signal acquisition, the LFP signal data collected from each
channel in the S1 brain region were band-pass filtered and
processed at 2-45Hz through the NeuroExplorer 5.021
(NEX, Plexon Inc., USA) and MATLAB analysis software
(MathWorks, Natick, MA, USA), and the average power
spectral densities (PSD) of each group and the PSD percent-
age of each frequency band were compared.

2.6. Open Field Testing. A black Plexiglas chamber
(100 cm × 100 cm × 50 cm) formed the apparatus, which
was divided evenly into 16 small squares (25 × 25 cm/each).
The four squares in the center were defined as the central
areas and the other twelve as the peripheral areas. Before test-
ing, the rats were put into the experimental environment for
an hour to adapt to it. Then, the rats were gently placed into
the central areas with their heads facing away from the exper-
imenter. The behavior was videotaped for 5min by the Smart
3.0 system (Panlab, USA). The whole apparatus was wiped
with 75% ethanol before each trail.

2.7. Chemical Genetic Method. The preoperative procedure
was the same as that for the S1 electrode implantation. Then,
viruses were injected into S1, rAAV-hSyn-hM3D(Gq)-
EGFP-WPRE-pA (virus titer: 2:79 × 1012 vg/ml, 60 nl/min,
350 nl/injection; BrainVTA, Wuhan, China). Thirty minutes
before the behavioral assessment, the designer drug CNO
(10mg/kg, i.p.; C0832, Sigma-Aldrich, St. Louis, MO, USA)
was administrated. The same volume of saline was adminis-
tered to the C-hM3D-saline group.

2.8. Data Analysis. The experimental data are presented as
the mean ± standard error of themean. One-way or two-
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way repeated measures analysis of variance (rm-ANOVA)
with the Bonferroni post hoc analysis was used when the
variances were equal. One-way ANOVA was used for multi-
group comparison, and the LSD test was used for two-to-two
comparisons between groups. In the case of an uneven
variance, Dunnett’s T3 test was used for two-to-two compar-
isons between groups. Results were considered statistically
significant at P < 0:05.

3. Results

3.1. Pain Perception. As shown in Figure 1, there was no
significant difference before CFA injection between the
control, model, model+EA, ACC lesion, and ACC lesion+EA
groups (two-way rm-ANOVA; P > 0:05). Compared with the
control group 26 h after CFA injection, the PWTs
significantly decreased in the other four groups (P < 0:05,
Bonferroni test). On 16 d, compared with that in the control
group, the PWTs in the model group and ACC lesion group
were significantly lower (P < 0:05, Bonferroni test).
Compared with that in the model group, the PWTs in the
model+EA group and ACC lesion+EA group were signifi-
cantly higher (P < 0:05, Bonferroni test) (Figure 1).

We also detected the lifted foot times of the rats’ left foot
after CFA injection. Compared with that in the control
group, the lifted foot times in the four groups was signifi-
cantly higher at 2 h, 26 h, and 16d (P < 0:05, Bonferroni test).
Compared with that in the model group at 16 d, the
shrinkage sufficient times in the model+EA group and ACC
lesion+EA group were significantly lower (P < 0:05, Bonfer-
roni test). The ACC lesion+EA group had a significantly
lower lifted foot times than the ACC lesion group (P < 0:01,
Bonferroni test) (Figure 2).

Then, we measured the PWTs in rats after the activation
of S1 by the chemical genetic method. Compared with the C-
hM3D-saline group, the PWTs in C-hM3D-CNO rats were
significantly decreased (P < 0:05, Bonferroni test) (Figure 3).

3.2. Pain-Related Emotional Behavior

3.2.1. Pain-Related Emotional Behavior after an ACC Lesion.
The experimental results showed that there was no
significant difference between the five groups of the rats in
the conditioning cabinet or nonconditioning cabinet before
the injection of CFA. On 2d, the CPA scores in the model
and model+EA groups were significantly higher than those
in the control group (P < 0:05, Bonferroni test). Compared
with the CPA score in the model group, the ACC lesion
group and ACC lesion+EA group had significantly lower
values (P < 0:05, Bonferroni test). Nine days after CFA
injection, compared with that in the control group, the
CPA score in the model and model+EA groups was signifi-
cantly higher (P < 0:05, Bonferroni test); compared with the
model group, the ACC lesion and ACC lesion+EA groups
had significantly lower scores (P < 0:05, Bonferroni test);
compared with the model+EA group, the ACC lesion+EA
group had significantly lower scores (P < 0:01). Fifteen days
after CFA injection, compared with the CPA score in the
control group, the model group had a significantly higher

score (P < 0:05, Bonferroni test), but the model+EA group
showed no significant difference. Compared with the model
group, the ACC lesion group had a significantly lower score
(P < 0:01, Bonferroni test). There was no significant differ-
ence in the score between the model+EA group and ACC
lesion+EA group (Figure 4).

3.2.2. Pain-Related Emotional Behavior after S1 Activation.
The results showed that the time in the center of the C-
hM3D-CNO rats was significantly increased in the open field
testing (OFT) (P < 0:05, Bonferroni test), compared with the
C-hM3D-saline group (Figure 5).
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3.3. LFP Signals in S1. Different frequency bands in the S1
brain activity of the model group changed at different time
points relative to those in the model group. Compared with
the baseline, the delta frequency PSD was significantly higher
at 2d, 9d, and 15d (one-way rm-ANOVA, P < 0:01).
Compared with the baseline value, the theta band PSD two days
after CFA injection was significantly higher (one-way rm-
ANOVA, P < 0:05); PSDs at 9d and 15d were significantly
lower than those at 2d (one-way rm-ANOVA, P < 0:05).
Compared with the values at baseline and 2d, the PSDs of the
alpha, beta, and gamma bands were significantly lower at 9d
and 15d (one-way rm-ANOVA, P < 0:05) (Figure 6).

In the model+EA group, the delta band in the S1 brain
region at different time points was significantly different.
Compared with that at the baseline, the delta band PSD was
significantly lower at 2 d (one-way rm-ANOVA, P < 0:05).
Compared with that at 2d, the PSD of the delta band was
significantly higher at 15d (one-way rm-ANOVA, P < 0:05).
For the theta band, compared with that at the baseline, the

PSD was significantly higher at 2d (one-way rm-ANOVA, P
< 0:05); the value at 15d was significantly lower than that at
2 d (one-way rm-ANOVA, P < 0:05). The gamma band PSD
was significantly lower at 9 d and 15d compared with that at
2 d (one-way rm-ANOVA, P < 0:05). In addition, the alpha
and beta bands were not significantly different at any of the
time points (Figure 7).

Furthermore, we analyzed the alpha and beta bands for
changes in the S1 brain region at different times. There was
no significant difference in the PSD of each band at the base-
line. Compared with that in the control group, the PSD of the
alpha band in the model+EA group was significantly lower at
2 d (one-way rm-ANOVA, P < 0:01), and the PSD of the
model group was significantly lower at 9 d and 15d after
CFA injection (one-way rm-ANOVA, P < 0:05). Compared
with that in the model group, the alpha band PSD in the
model+EA group was significantly higher at 9 d and 15d
(one-way rm-ANOVA, P < 0:05) (Figure 8(a)).

Compared with that in the control group, the PSD per-
centage of the beta band in the model group and model+EA
group was significantly lower at 2 d, 9 d, and 15 d after CFA
injection (one-way rm-ANOVA P < 0:01). Compared with
that in the model group, the PSD percentage of the beta band
in the model+EA group was significantly higher at 9 d and
15 d (one-way rm-ANOVA, P < 0:01) (Figure 8(b)).

4. Discussion

The results showed that ACC lesions have no effect on pain
perception, but they relieve pain-paired aversion. EA can
mitigate pain perception, regardless of the presence or
absence of an ACC lesion. However, ACC lesions and EA
have a similar effect on pain-related aversion. S1 activation
induced lower pain threshold and anxiety disorder. CFA-
induced chronic pain may increase the delta and theta band
oscillatory activity in S1 and decrease the oscillatory activity
of the alpha, beta, and gamma bands. EA intervention may
inhibit the oscillatory activity of the alpha and beta bands.
These results suggest that ACC is involved in the dissociation
of pain perception and pain-related affection, while S1 may
be related to the interaction of pain perception and pain-
related negative affection. EA may improve pain-related
aversion by influencing ACC activity and regulating theta
power in S1.

4.1. ACC Lesion Induced Changes in Pain-Related Aversion in
CFA Rats. ACC is a highly heterogeneous cortical region that
connects the lateral and medial pain pathways, providing a
physiological basis for the interaction between pain and affect
[30]. Studies have found that synaptic transmission and plas-
ticity in ACC play a vital role in pain, fear, learning, and
memory. Joshua et al. were the first to propose the use of con-
ditioned position aversion to study behavioral responses to
pain-related emotions and successfully established the
formalin-induced CPA (F-CPA) model, laying a foundation
for studying the mechanism of negative emotions caused by
pain [31]. Subsequently, Joshua et al. showed, for the first
time, that rostral ACC (rACC) damage can weaken CPA.
Researchers [32] further proved that the ACC was a brain
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region closely linked to pain-related emotions. It has been
found that the long-term enhancement of ACC activity
may be one of the mechanisms of persistent emotional
change in patients with chronic pain caused by nerve injury
or peripheral inflammation [33–36]. Our data showed that
the PWT of the model group was significantly lower than
that of the control group at 16 d. The group with the ACC
lesion did not differ from the control group at 16 d. However,
the pain-related aversion developed from 2d to 16 d, and
there was no manifestation of aversion after ACC lesioning.
This suggests that pain perception and pain-related aversion
are separate process in some specific brain areas, and ACC
plays a key role in pain-related aversion.

Notably, pain-related aversion could be triggered easily
and persisted for 16 days in this study. A prior study reported
that neural activity in the ACC correlated with noxious
intensities, and modulation of ACC neurons can regulate
the aversive response to acute pain [37]. The manifestation
of aversion enhances the progress of the primary disease

and chronicity. It is necessary to inhibit the earlier pain-
paired aversion behavior by controlling ACC activity.

4.2. After EA, ACC Lesion Induced Changes in Pain Aversion
in CFA Rats. Compared with that in the model group, the
PWT of the EA group and ACC lesion+EA group was signif-
icantly higher at 16 d; however, the ACC lesion showed no
significant difference. This means that EA can relieve pain
perception, and the effect is not the result of the ACC activity.
The aversive behavior was improved in the EA, ACC lesion,
and ACC lesion+EA groups relative to that in the model
group. It suggests that EA can improve pain-related aversion,
and the effect is similar in the presence of an ACC lesion.
Remarkably, the effect of EA on pain-paired aversion gradu-
ally increased from 9d to 16 d; thus, the cumulative effect of
EA on pain-paired aversion is pivotal. EA can effectively
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Figure 5: Anxiety disorders induced by the specific activation of S1 glutaminergic neurons in control rats. (a) Time in the center. (b) Total
distance. ∗P < 0:05 compared with C-hM3D-saline group. Abbreviations: C: control; CNO: clozapine-N-oxide.
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relieve the negative emotions associated with pain, in which
the ACC may be involved in the EA effect.

The effect in the ACC lesion group was different from
that in the ACC lesion+EA group at 9 d. This suggests that
EA may regulate pain-paired aversion through other mecha-
nisms barring the ACC activity. As a higher structure, the
ACC may integrate affective signals directly or indirectly
through the projection of other regions, such as S1, the amyg-
dala, insular cortex, medial prefrontal cortex, and hippocam-
pus, among others [38]. The ACC has strong connections to
multiple brain regions, which overlap with the regions that
regulate pain [39]. The extensive connections prove that an
interaction exists between pain perception and pain-related
aversion. Human clinical studies have found [40] that surgi-
cal removal of ACC not only alleviates various pain-related
feelings but also significantly alleviates depression, anxiety,
and other emotions caused by pain in patients. According
to our results, we did not find an influence of ACC lesions
on pain perception, which demonstrates that pain perception
and pain-paired aversion are separate processes.

4.3. Changes in S1 Neural Oscillations in Model Rats and after
EA Intervention. Pain is a perception that is affected by an
immense brain regional network, which involves multiple
brain regions. The coding of various information, such as
cognition, memory, and emotion, by the brain requires
transmission and processing in multiple brain regions, while
the neural oscillation produced by the brain can closely
associate the activity of neurons in each brain region, which
can strengthen interregional synergistic operations and
information processing efficiency. It has been discovered that
neural oscillation is associated with five frequency bands,
comprising delta (2-4Hz), theta (4-9Hz), alpha (9-15Hz),
beta (15-30Hz), and gamma (30-45Hz).

In this study, there was no significant difference in the
neural oscillation between various frequency bands in S1
before model induction between the groups. However, on
the second day after constructing the chronic pain model
using CFA injection, the PSD of the theta frequency band
was remarkably enhanced, while that of the beta and gamma
frequency bands was markedly reduced. On the ninth day
after model induction, the PSD of the delta frequency band
increased to a peak, while that of the alpha, beta, and gamma
frequency bands decreased. This finding suggests that the
delta frequency band might not be involved in the early
formation of pain perception but gradually increases during
the development of chronic pain. The PSD of the theta
frequency band was dramatically enhanced immediately
after the second day of model induction, which was gradually
reduced to the level before model induction at 9 d and 15d
after model induction, indicating that the theta frequency
band might participate in related information processing
during the early formation of pain perception; however, the
influence of the theta frequency band gradually reduced with
the development of chronic inflammatory pain. Moreover,
the PSD of the alpha, beta, and gamma frequency bands
showed an apparent decreasing trend after model induction,
demonstrating that the reduction in rhythmic oscillation
activity of these three frequency bands in S1 was closely
correlated with the formation of chronic pain.

It has been reported that reinforcement learning and
feedback locking reward motivation are related to specific
activity in the delta frequency band [41]. The theta frequency
band is generally regarded as the neural oscillation frequency
band that is related to pain perception, cognition, and
memory [40, 42, 43]. The alpha frequency band is related
to spontaneous and top-down visual-spatial allocation,
which is markedly enhanced when attention is completely
transferred but is gradually reduced when attention is
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Figure 8: The effect of EA on the PSD percentage of the alpha (a) and beta (b) bands in the S1 of CFA rats. ∗P < 0:05 compared with the
control group. △P < 0:05 compared with the model group. Abbreviations: PSD: power spectral density; EA: electroacupuncture; S1:
primary somatosensory cortex; CFA: complete Freund’s adjuvant.
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balanced across the field of view [44]. The beta frequency
band plays a distinct role during the perception process,
and a marked reduction in the beta frequency band energy
can be detected during the brain activity of perception
conversion [45]. The gamma frequency band is also closely
related to pain [46]. In our results, EA could reverse the
decrease of PSD in the alpha and beta bands. Some studies
have reported that the effect of EA on chronic pain is through
regulating pain perception and pain-paired aversion.

The effect of EA in treating various pain-related diseases
has been extensively recognized, and its analgesic effect can
last for a long time after treatment. Neuroimaging research
has indicated that the application of acupuncture or EA may
induce extensive [47, 48] that mainly participate in the
overlapping neural networks of pain transmission and
perception. Moreover, acupuncture can also directly affect
electroencephalographic activity in both healthy human
populations and animals [49, 50]. EA intervention can reduce
the amplitude of high-frequency band activity in rats with
postoperative pain (especially for that of the beta frequency
band) and reverse the increased strength of coupling of the
crossover frequency between the beta and low-frequency band
[51], demonstrating that EAmay exert analgesia by regulating
rhythmic intracerebral neural oscillation.

5. Conclusion

Our research reveals that ACC is involved in the dissociation
of pain perception and pain-related affection, while S1 may
be related to the interaction of pain perception and pain-
related negative affection. EA may improve pain-related
affection by influencing the ACC activity and regulating theta
power in S1. These results suggest that EA may mitigate
chronic pain by relieving pain perception and improving
pain-related affection through different mechanisms. This
evidence builds upon findings from previous studies of
chronic pain and EA treatment.
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Background. As one of the first steps in the pathology of cerebral ischemia, glutamate-induced excitotoxicity progresses too fast to
be the target of postischemic intervention. However, ischemic preconditioning including electroacupuncture (EA) might elicit
cerebral ischemic tolerance through ameliorating excitotoxicity. Objective. To investigate whether EA pretreatment based on
TCM theory could elicit cerebral tolerance against ischemia/reperfusion (I/R) injury, and explore its potential excitotoxicity
inhibition mechanism from regulating proapoptotic pathway of the NMDA subtype of glutamate receptor (GluN2B). Methods.
The experimental procedure included 5 consecutive days of pretreatment stage and the subsequent modeling stage for one day.
All rats were evenly randomized into three groups: sham MCAO/R, MCAO/R, and EA+MCAO/R. During pretreatment
procedure, only rats in the EA+MCAO/R group received EA intervention on GV20, SP6, and PC6 once a day for 5 days. Model
preparation for MCAO/R or sham MCAO/R started 2 hours after the last pretreatment. 24 hours after model preparation, the
Garcia neurobehavioral scoring criteria was used for the evaluation of neurological deficits, TTC for the measurement of infarct
volume, TUNEL staining for determination of neural cell apoptosis at hippocampal CA1 area, and WB and double
immunofluorescence staining for expression and the cellular localization of GluN2B and m-calpain and p38 MAPK. Results.
This EA pretreatment regime could improve neurofunction, decrease cerebral infarction volume, and reduce neuronal apoptosis
24 hours after cerebral I/R injury. And EA pretreatment might inhibit the excessive activation of GluN2B receptor, the GluN2B
downstream proapoptotic mediator m-calpain, and the phosphorylation of its transcription factor p38 MAPK in the
hippocampal neurons after cerebral I/R injury. Conclusion. The EA regime might induce tolerance against I/R injury partially
through the regulation of the proapoptotic GluN2B/m-calpain/p38 MAPK pathway of glutamate.

1. Introduction

Stroke is the second leading cause of death and the third lead-
ing cause of disability worldwide [1]. Stroke is estimated to
cause 12 million deaths per year by 2030 [2]. Ischemic stroke,
induced by occlusion of cerebral blood flow mainly in the

middle cerebral artery (MCA), accounts for about 87.9% of
all strokes and often leads to severe central nervous system
injury or even death [3]. Currently, recombinant tissue plas-
minogen activator (rt-PA) is the only FDA-approved agent
for the hyperacute phase of ischemic stroke [2]. However,
application of such therapy is limited by the narrow
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therapeutic time window (3-4.5 h) and strict indications [3].
Therefore, only 2-5% of patients attacked by acute ischemic
stroke have received rt-PA treatment [2]. Furthermore, rt-
PA-treated patients had an absolute risk of symptomatic
intracerebral hemorrhage at 2.3% per year over 10 years [4,
5]. Moreover, there was no significant reduction in mortality
at 3 to 6 months after intravenous thrombolysis compared
with the aspirin-control group (17.9% vs. 16.5%), and two-
thirds of survivors still suffer from certain disability [6].

Since current status of stroke management has always
been far below expectation, stroke neurobiologists have
advanced a considerable body of evidence supporting the
hypothesis that, with certain preconditioning, the mamma-
lian brain can adapt to injurious insults such as cerebral
ischemia to promote cell survival in the face of subsequent
injury [7]. Such neuroprotective effect triggered by certain
“preconditioning” stimuli has been referred as “cerebral
ischemic tolerance.”

The candidate stimuli should be a nonlethal stimulus
strong enough to initiate a response inducing tolerance
against subsequent lethal attacks but not so much as to cause
permanent tissue damage [8]. Various preconditioning para-
digms such as hypoxia, nonlethal ischemia, and pharmaco-
logical anesthetics have been explored for providing a
unique window into the brain’s endogenous protective
mechanisms [9]. Most of the pretreatment methods are dou-
ble-edged, producing nonlethal harmful stimuli to the body
for ischemic tolerance. Remote ischemic pretreatment might
be the only regime that has been studied in clinical research.
However, this multicenter clinical trial conducted in 2015
suggested that remote ischemic pretreatment did not
improve patient outcomes [10].

Even though acupuncture and moxibustion had been
applied for disease prevention since ancient time, the first
evidence supporting its role for inducing cerebral ischemic
tolerance in an animal model was provided by Xiong’s team
in 2003 [11]. The study confirmed that electroacupuncture
(EA) at GV20 before cerebral ischemia can reduce the degree
of postischemic neural deficit in an animal model [11]. Until
now, the mechanism of cerebral ischemic tolerance induced
by EA pretreatment has been explored from various aspects,
such as inhibition of inflammation, oxidative stress, endo-
plasmic reticulum stress, regulation of cannabinoid system,
autophagy, protection of blood-brain barrier, and antiapop-
tosis [12–14]. Nevertheless, superiority of precondition
should contribute to its rapid response to lethal injury.
Glutamate-induced excitotoxicity was identified as one of
the first steps in the pathology of cerebral ischemia [15].
Under the pathological conditions such as cerebral ischemia,
glutamate would be overreleased to the synaptic cleft and
then activated the NR2B-containing NMDA receptor
(GluN2B), followed by calcium overload in the cell. The
overloaded calcium would activate the m-calpain in the
cytoplasm and then induce the endonuclease reaction of
STEP61, which further inhibit the dephosphorylation of
p38 MAPKs and finally lead to cell apoptosis through sig-
nal transduction [16, 17]. The occurrence and progression
of such process is too fast to be the target of postischemic
intervention [18]. However, ischemic preconditioning was

found to ameliorate excitotoxicity by inhibiting glutamate
release [19, 20].

So, this study will focus on whether EA pretreatment
could decrease excitotoxicity by regulating downstream of
glutamate receptor in an animal model of cerebral ische-
mia/reperfusion (I/R) injury.

2. Material and Methods

2.1. Animals. Specific pathogen-free male Sprague-Dawley
rats (aged 6 weeks old and weighing 250 ± 20 g) were sup-
plied by Beijing Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China; license no. SCXK(Jing)2016-0006).
All rats were bred and housed in the SPF animal facility at
the Institute of Radiation Medicine, Chinese Academy of
Medical Sciences and Peking Union Medical College (Tian-
jin, China; license no. SYXK (Jin) 2019-0002) under con-
trolled conditions in a 12-hour light/dark cycle with a
ambient temperature of 20-25°C and a humidity at 40-70%
for at least 3 days before preconditioning. Rats were allowed
free access to a standard rodent diet and clean water. All pro-
cedures were approved by the Ethics Committee of Tianjin
University of Traditional Chinese Medicine (TCM-
LAEC2019018).

2.2. Experimental Protocol

2.2.1. Experiment I: Cerebral Protective Effect of EA
Pretreatment for Middle Cerebral Artery
Ischemia/Reperfusion Injury (MCAO/R). To determine the
neuroprotective effect of EA pretreatment for cerebral I/R,
rats were evenly randomized into three groups: sham
MCAO/R, MCAO/R, and EA+MCAO/R (Figure 1(a)). The
experimental procedure included 5 consecutive days of pre-
treatment stage and the subsequent modeling stage for one
day. During pretreatment procedure, all rats were con-
strained by handmade cloth and only rats in the EA
+MCAO/R group are receiving EA intervention. MCAO/R
or sham MCAO/R procedure started after 2 hours of the last
pretreatment. For all MCAO/R rats, blood flow of MCA was
monitored during the modeling procedure to illustrate the
validity of cerebral I/R. At 24-hour postsham-MCAO/R or
MCAO/R, an independent personnel blinded to group allo-
cation evaluates neurological deficits of all animal using the
Garcia neurobehavioral scoring criteria [21]. Afterwards, all
rats were sacrificed under anesthesia and the brain tissue
was collected for the measurement of infarct volume or neu-
ral cell apoptosis at hippocampal CA1 area using TTC and
TUNEL staining.

2.2.2. Experiment II: Effect of EA Pretreatment on GluN2B
and Its Downstream Pathway of MCAO/R. To determine
the effect of EA pretreatment on glutamate receptor GluN2B
and its downstream pathway postcerebral I/R, rats were
evenly randomized into three groups: sham MCAO/R,
MCAO/R, and EA+MCAO/R. All pretreatment procedures
and the subsequent modeling procedure coincide with
Experiment I. At 24-hour postsham-MCAO/R or MCAO/R,
all rats were sacrificed under anesthesia and the right hippo-
campi were taken to determine the expression of GluN2B, m-
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Figure 1: EA pretreatment and model preparation for rats in three groups. (a) The experimental procedure included 5 consecutive days of
pretreatment stage and the subsequent modeling stage for one day (I: ischemia, insertion of suture to block the blood flow; R: reperfusion,
withdrawal of the suture to restore blood flow at 90 minutes after ischemia). (b) EA stimulation. (c) Cerebral blood flow of the baseline (t1
) and postischemia (t2). (d) Blood flow after reperfusion (t3). (e) Comparison of cerebral blood flow at different time points (n = 8). The
unit of blood flow “AU” is the unit determined by the manufacturer. The blood flow at three time points was compared using one-way
ANOVA for repeated measurement. The results did not meet the sphericity test (Mauchly W = 0:252, P < 0:05), so the differences among
groups were examined using MANOVA (F = 470464:634, P < 0:001) followed by LSD for post hoc multiple comparisons. ∗P vs. sham; #P
vs. MCAO/R.
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calpain, and p38 MAPK byWestern blot (WB) and the cellu-
lar localization of GluN2B and m-calpain using double
immunofluorescence staining.

2.3. EA Pretreatment. During EA pretreatment, all rats were
constrained by handmade cloth and fixed at the desk using
adhesive tape (Figure 1(b)). Location of GV20, PC6, and
SP6 in rats was referred to “Experimental acupuncture sci-
ence” [22]. GV20 was selected at the midpoint between the
tips of the ears and punctured backward with depth of
2mm. Bilateral PC6 were selected 3mm above the wrist joint
on the medial side of the forelimb between the ulna and the
radius and were punctured vertically with depth of 1mm;
SP6 was selected 10mm above the tip of the medial malleolus
at the hind limbs and was punctured vertically with depth of
5mm. Five sites of acupoints were needled using sterile acu-
puncture needles of 0:25mm ∗ 25mm (Huatuo, Suzhou
Medical Supplies Factory, China). Then, all needles were
connected to the electrodes. Unilateral PC6 and SP6 were
connected to the positive and negative end of the same elec-
trode, and GV20 and the tip of the ear were connected to the
positive and negative end of the same electrode to form a cur-
rent circuit using EA therapeutic apparatus (HANS-100A,
Nanjing Jisheng Medical Technology, China). All acupoints
were stimulated with the parameters of 2/15Hz, 1mA for
20min/d for 5 consecutive days. Limbs and head would
slightly tremor during electrical stimulation which was con-
sidered as the sign of Deqi.

2.4. The Model of Cerebral I/R Was Prepared Using Suture
Method under the Monitoring of Laser Doppler Flowmeter.
Focal cerebral ischemia was induced by a transient right mid-
dle cerebral artery occlusion and subsequent blood reperfu-
sion 90 minutes later in a rat model. Before model
preparation, SD rats would be fasted yet drank water freely
for 12 hours. During anesthesia process, the rats were placed
in the anesthesia induction chamber of the small animal
anesthesia system, and the concentration of 3% isoflurane
(isoflurane, RWD Life Science Co., Ltd., China) was set to
induce anesthesia. After the basal reflex of the rats disap-
peared, the rats were fixed on the board with rubber bands
with a breathing mask connected to the anesthesia system,
and then, a midline incision was cut on the neck to ade-
quately expose the right common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery
(ICA). After the ligation of the right CCA and ECA, a suture
was inserted from the CCA into the ICA up to a depth of 18
to 20mm. After 90min of occlusion, the filament was with-
drawn for reperfusion.

The regional cerebral blood flow (rCBF) was monitored
using a Laser Doppler Flowmeter (DRT-4, Moor, UK). The
cerebral blood flow after the separation of the carotid artery
(t1) was set as the baseline value of blood flow. Blood flow
after ischemia (t2) and reperfusion (t3) was also recorded to
evaluate the effect of model preparation (Figures 1(c) and
1(d)). In each time point, when the blood flow was relatively
stable, the value would be recorded and preserved for 1min
without interruption. The model was successful when local
cerebral blood flow in the middle cerebral artery decreased

to 30% below the baseline blood flow after ischemia [23].
The modeling process in our study could produce a represen-
tative model of cerebral I/R since local cerebral blood flow
decreased to 23.65% of the baseline value after ischemia
and returned to 71.72% after suture withdrawal (Figure 1(e)).

2.5. Garcia Score. The neurobehavioral scoring was per-
formed according to the methods of Garcia et al. [21], which
includes six aspects: spontaneous activity (in cage for 5min,
0-3 scores), symmetry of movements (four limbs, 0-3 scores),
symmetry of forelimbs (outstretching while held by tail, 0-3
scores), climbing wall of wire cage (1-3 scores), reaction to
touch on either side of trunk (1-3 scores), and response to
vibrissae touch (1-3 scores). Total value of Garcia is 18, with
lower score for more impaired neurologic function.

2.6. TTC Staining. Animals were anesthetized and sacrificed to
extract brain tissue. After rinsing with ice brine, the brain tissue
was quickly frozen in -20°C refrigerator for 20min to harden
the brain tissue for cutting. Sections were made along the coro-
nal plane with a thickness of 2mm, and 5-6 slices were cut for
each brain. Put the brain slices into a petri dish wrapped with
tinfoil and containing 2% TTC (Solarbio, China) and then dye
them in a 37°C incubator for 30 minutes. During this period,
gently turn the brain slices so that they can be fully exposed to
the reaction. Take out the petri dish, suck out the TTC solution
with 1ml needle tube, inject 4% paraformaldehyde solution to
fix it for 5min, and then take out and place the slices in order
for pictures. Finally, the cerebral infarction volume ratio of each
brain slice was calculated by Image-Pro Plus image software. In
order to reduce the error caused by cerebral ischemic hemi-
spheric edema, the infarct volume was used to subtract the ipsi-
lateral normal tissue volume from the contralateral normal
tissue volume, and the result was expressed by the percentage
of infarct volume: infarct volume percentage = ðcontralateral
tissue volume‐ipsilateral normal tissue volumeÞ/contralateral
normal tissue volume ∗ 100%:

2.7. TUNEL Staining. After dewaxed by xylene and dehy-
drated with ethanol, paraffin sections were added with
20μg/ml protease K working solution (Solarbio, China) for
15min at room temperature. Then, 51μl of TUNEL detec-
tion solution (45μl equilibrium buffer : 5μl nucleotide mix-
ture : 1μl rTdT enzyme) was added to each sample and
incubated in the dark for 1 h. 2× SSC was incubated at room
temperature for 15min to terminate the reaction (Everbright
Inc., USA). Add DAPI containing antifluorescence quench to
incubate for 5min in the dark and then cover the coverslip.
200x images of hippocampal CA1 were obtained by a fluores-
cence microscope (Leica, Germany). The percentage of apo-
ptotic positive cells in different visual fields was calculated,
and the mean value was taken for statistical analysis. To rep-
resent the results of TUNEL staining, we calculated the
apoptosis rate using the following formula: apoptosis rate =
positive cells/total cells per field ∗ 100%:

2.8. Western Blot (WB). The total protein was lysed with his-
tiocyte lysate. The lysate buffer was prepared as follows: 1ml
RIPA buffer containing 10μl protease inhibitor (PMSF) and
10μl protein phosphatase inhibitor (Solarbio, Beijing,
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Figure 2: Continued.
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China). The hippocampal tissue of the affected side was incu-
bated in the buffer on ice for 30min and centrifuged at
12,000g for 10min. Then, BCA kit (Solarbio, Beijing, China)
was used tomeasure the protein concentration of the superna-
tant. Afterwards, protein samples were split by 8% (GluN2B
and m-calpain) or 15% (p38 MAPK and p-p38 MAPK)
SDS-PAGE, and the electrophoretic voltage was 80V to
120V. The protein is then transferred to the PVDFmembrane
by a 200mA current, and the action time was 70min (p38
MAPK and p-p38 MAPK), 90min (m-calpain), and 120min
(GluN2B), respectively. The following primary antibodies
were used: Rabbit anti-GluN2B (65783, 1 : 1000, Abcam,
USA); Rabbit anti-m-calpain (39165, 1 : 1000, Abcam, USA);
Mouse anti-p38 (31828, 1 : 1000, Abcam, USA); Rabbit anti-
p-p38 (4511, 1 : 1000, CST, USA); and Mouse anti-β-tubulin
(HC101-01, 1 : 5000, TransGen, China). Secondary HRP-
Conjugated Goat Anti-Rabbit or Goat Anti-Mouse antibody
(1 : 5000, TransGen, China) was used. The optical density of
the bands was determined by gel imaging system (Jena, Ger-
many) with chemiluminescence reagent (Millipore, USA) as
a developer solution. The intensity of chemiluminescence
was measured using Visionworks 8.0.

2.9. Double Immunofluorescence Staining. Paraffin sections
were dewaxed, rehydrated, antigen repaired (EDTA, Solar-
bio, C1034, China), and sealed with 5% goat serum (Solarbio,
SL038, China) at room temperature for 30min. The follow-

ing primary antibodies were used: Rabbit anti-GluN2B
(65783, 1 : 100, Abcam, USA); Rabbit anti-m-calpain
(39165, 1 : 100, Abcam, USA); and Mouse anti-NeuN
(104224, 1 : 100, Abcam, USA). The secondary antibody used
was PE-labeled Goat Anti-Rabbit IgG (1 : 200, TransGen,
China) and AF488-labeled Goat Anti-Mouse IgG (1 : 200,
TransGen, China). The nuclei were labeled after incubated
away from the light with DAPI for 2min. Finally, images of
sections were captured using a fluorescence microscope
(Leica, Germany).

2.10. Statistical Analysis. SPSS21.0 was used for data process-
ing and statistical analysis. The measurement data were
expressed as themean ± standard error. The measurement data
at different time points were compared using one-way ANOVA
for repeated measurement. The measurement data without
time sequence was compared using one-way ANOVA or the
Kruskal-Wallis test according to data distribution. P values of
0.05 were considered to indicate statistical significance.

3. Results

3.1. EA Pretreatment Induced Neuroprotection against
Cerebral I/R. This EA pretreatment regime proposed based
on TCM theory has never been explored for inducing cere-
bral ischemic tolerance. In order to evaluate the neuroprotec-
tive effect of this new EA pretreatment protocol on cerebral
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Figure 2: Effect of EA pretreatment on Garcia score, cerebral infarction volume, and the number of neuron apoptosis in the hippocampal
CA1 region of MCAO/R rats. After cerebral I/R injury for 24 h, the neural behavior of the rats was evaluated by the Garcia score (n = 8),
the infarct volume was detected by TTC staining of the brain slices (n = 4), and the cellular outcome was detected by TUNEL fluorescence
staining (n = 4). (a) Comparison of Garcia score. The results conformed to the normal distribution yet with heterogenous variance.
Differences among groups were examined using the Kruskal-Wallis test (H = 21:324, P < 0:001) followed by the Dunn test for post hoc
multiple comparisons. (b) Representative slice of TTC staining. (c) Comparison of infarct volume. The results conformed to the normal
distribution with homogeneous variance. Differences among groups were examined using AVONA (Fð2, 9Þ = 513:909, P < 0:001) followed
by LSD for post hoc multiple comparisons. (d) Representative immunofluorescence staining of TUNEL-positive cells (red) in brain
sections. Scale bars = 100μm. (e) Comparison of apoptotic cell. The results conformed to the normal distribution and homogeneous
variances. Differences among groups were examined using AVONA (Fð2, 7Þ = 517:694, P < 0:001) followed by LSD for post hoc multiple
comparisons. ∗P vs. sham; #P vs. MCAO/R.
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I/R, neurological behavior, infarct volume, and apoptosis in
the hippocampal CA1 area were measured using Garcia
score, TTC staining, and TUNEL fluorescence staining,
respectively. The results confirmed the beneficial effect of this
5-day EA pretreatment on cerebral I/R injury. Compared
with the sham group, rats of the MCAO/R model presented
impaired neurological dysfunction (8:25 ± 2:12, P < 0:001;
Figure 2(a)) and increased infarct volume (38:51 ± 2:21, P
< 0:001; Figures 2(b) and 2(c)), and cells with positive
TUNEL fluorescence suggested that apoptosis in the hippo-
campal CA1 area was also exacerbated in MCAO/R rats

(42:76 ± 1:20, P = 0:019 < 0:05; Figures 2(d) and 2(e)).
Meanwhile, pretreatment with EA might improve neurolog-
ical deficit (13:75 ± 1:04, P = 0:001 < 0:01; Figure 2(a)),
decrease infarct volume (14:57 ± 2:00, P < 0:001;
Figures 2(b) and 2(c)), and reduce TUNEL-positive apopto-
tic cells in hippocampal CA1 area (19:33 ± 1:40, P < 0:001;
Figures 2(d) and 2(e)).

3.2. EA Pretreatment Downregulated Neuronal Expression of
GluN2B in Hippocampal CA1 Region Postcerebral I/R
Injury. In order to test whether the glutamate proapoptotic
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Figure 3: Effect of EA pretreatment on GluN2B expression (n = 4). GluN2B protein expression and cell localization were detected at 24 h after
cerebral I/R by WB and double immunofluorescence staining. (a) Representative WB bands showing GluN2B expression in the rat
hippocampus of three groups. (b) Comparison of the GluN2B expression. The results conformed to the normal distribution with
heterogenous variance. Differences among groups were examined using the Kruskal-Wallis test (H = 18:598, P < 0:001) followed by the
Dunn test for post hoc multiple comparisons. (c) Representative double immunofluorescence staining (yellow) of GluN2B-positive cells
(red) and NeuN-positive cells (green) in brain sections. Scale bars = 100 μm. ∗P vs. sham; #P vs. MCAO/R.
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receptor GluN2Bmight mediate the ischemic tolerance of EA
pretreatment, overall expression of GluN2B in the hippo-
campus of the affected side was detected using WB, and the
expression of GluN2B in neurons at the CA1 region was fur-
ther observed using GluN2B and NeuN colabeling immuno-
fluorescence staining.

The overall expression of GluN2B in the hippocampus of
rats in the MCAO/R model group was significantly increased
(1:62 ± 0:70, P = 0:002 < 0:01; Figures 3(a) and 3(b)) com-
pared to sham rats, and EA pretreatment could reverse this
reaction (0:86 ± 0:41, P < 0:001; Figures 3(a) and 3(b)).
Moreover, when the labels of GluN2B and NeuN were
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Figure 4: Effect of EA pretreatment on m-calpain expressed in the rat hippocampal CA1 neurons (n = 4). The expression and cell localization
of m-calpain at 24 h after cerebral I/R were detected byWB and double-standard immunofluorescence staining. (a) Representative WB bands
showing m-calpain expression in rats among the three groups. (b) Comparison of the m-calpain expression. The result did not conform to the
normal distribution. Differences among groups were examined using the Kruskal-Wallis test (H = 21.421, P < 0:001) followed by the Dunn
test for post hoc multiple comparisons. (c) Representative double immunofluorescence staining (yellow) of m-calpain-positive cells (red)
and NeuN-positive cells (green) in brain sections. Scale bars = 100μm. ∗P vs. sham; #P vs. MCAO/R.
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merged, the number of colabeled cells in the EA+MCAO/R
group was significantly lower than that in the MCAO/R
group (Figure 3(c)). This suggested that EA pretreatment
might inhibit the excessive activation of GluN2B receptor
in neurons at the hippocampal CA1 region postcerebral I/R
injury.

3.3. EA Pretreatment Downregulated the Neuronal Expression
of m-Calpain in Hippocampal CA1 Region Postcerebral I/R
Injury. In order to test whether m-calpain might also contrib-
ute to be the ischemic tolerance of EA pretreatment, overall

expression of m-calpain in the hippocampus of the affected
side was detected using WB, and the expression of m-
calpain in the neurons at the CA1 region was further
observed using m-calpain and NeuN double immunofluores-
cence staining.

It was found that overall expression of m-calpain in the
hippocampus of rats in the MCAO/R group was significantly
increased compared with the sham rats (1:40 ± 0:31, P <
0:001; Figures 4(a) and 4(b)), and overall expression of m-
calpain was significantly decreased in the EA+MCAO/R
group compared with that in the MCAO/R group
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Figure 5: Effect of EA pretreatment on t-p38 and p-p38 expression in the hippocampal CA1 neurons (n = 4). The expression of p38 and p-
p38 in the hippocampal neurons was detected by WB at 24 h after cerebral I/R. (a) Representative WB bands showing p38 MAPK expression
in the rat hippocampus of three groups. (b, c) Comparison of total p38 (t-p38) and phophorylated p38 (p-p38) expression. The result of t-
p38/β-tubulin conformed to normal distribution with homogeneous variance. Differences among groups were examined using AVONA
(Fð2, 33Þ = 1:941, P = 0:160 > 0:05). The result of p-p38/β-tubulin conformed to normal distribution with homogeneous variance.
Differences among groups were examined using AVONA (Fð2, 33Þ = 10:380, P < 0:001). (d) Comparison of p-p38/t-p38 ratio. The result
of p-p38/t-p38 conformed to normal distribution with homogeneous variance. Differences among groups were examined using AVONA
(Fð2, 33Þ = 18:015, P < 0:001) followed by LSD for post hoc multiple comparisons. ∗P vs. sham; #P vs. MCAO/R.
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(0:99 ± 0:31, P = 0:001 < 0:01; Figures 4(a) and 4(b)). m-
Calpain and NeuN colabeled image showed the same inter-
group change pattern (Figure 4(c)). This indicated that EA
pretreatment might also inhibit the GluN2B downstream
proapoptotic mediator m-calpain in the hippocampal neu-
rons for rats’ postcerebral I/R injury.

3.4. EA Pretreatment Downregulated the Phosphorylation of
p38 MAPK in Hippocampal Region Postcerebral I/R Injury.
Mitogen-activated protein kinases (MAPKs) are downstream
targets of calpain the in neurons. After ischemic injury, acti-
vated m-calpain would activate p38 MAPK to initiate the cell
apoptosis signaling pathway [17]. It was also a key issue that
whether p38 MAPK activation might lead to ischemic toler-
ance of EA pretreatment. Therefore, the ratio of phosphate
p38 to total p38 was also calculated after quantitation test
using WB.

The expression of total p38 protein (t-p38) was stable
among all groups (Figures 5(a) and 5(b)), but the level of
phosphorylated p38 (p-p38) and the p-p38/t-p38 ratio were
significantly different between each group. The expression
and proportion of p-p38 in the hippocampal tissue of rats
in the MCAO/R group was significantly higher than that in
the sham group (1:59 ± 0:50, 1:49 ± 0:45, P < 0:001, P <
0:001; Figures 5(a), 5(c), and 5(d)), and the expression and
proportion of p-p38 in the EA+MCAO/R group was signifi-
cantly lower than that in the MCAO/R group (1:06 ± 0:37,
0:99 ± 0:34, P = 0:002 < 0:01, P = 0:001 < 0:01; Figures 5(a),
5(c), and 5(d)). This suggests that EA pretreatment may mit-
igate hippocampal cell apoptosis induced by excitatory neu-

rotoxicity postcerebral I/R through inhibiting the
phosphorylated activation of p38 MAPK.

4. Discussion

Proper preconditioning could protect against cerebral ische-
mia through activating several endogenous signaling path-
ways [8, 24]. It is applicable not only for people at high risk
of stroke or stroke recurrence but also for patients with antic-
ipated cerebral ischemia, such as invasive cerebral surgery.
The anticipation of such preconditioning lies in reducing
severity of ischemia injury, prolonging treatment window
for other postattack intervention such as rt-PA, and promot-
ing recovery capability [25]. Since the severity of neurological
deficit is independently associated with an increased risk of
symptomatic intracerebral hemorrhage post-t-PA, ischemic
tolerance might also affect the occurrence of postthromboly-
sis hemorrhage through decrease severity of neurological def-
icit [26]. EA is considered as the combination of traditional
Chinese medicine and modern electrical stimulation. Among
all regimes of preconditioning, EA should be valued for its
feasibility, practicability, and safety in clinical practice. Fur-
thermore, acupuncture has already been widely used for
poststroke management on motor, cognitive, and swallowing
function [27–29]. It is highly possible that acupuncture could
be recruited into the health delivery of systemic stroke man-
agement. Therefore, exploring the role and mechanism of EA
in inducing cerebral ischemia is of great importance.

The majority of previous studies only stimulate GV20 for
eliciting cerebral ischemic tolerance [11, 30, 31]. Our team
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proposed another acupuncture regime, i.e., stimulating
GV20, SP6, and PC6 at the same time based on theory of tra-
ditional Chinese medicine (TCM). Ischemic tolerance could
be induced with holistic adaptation through regulating spirit,
activating collaterals, harmonizing Qi and blood, and nour-
ishing the liver, spleen, and kidney. GV20, the most common
used acupoint, mainly regulate spirit and activate local collat-
erals for ischemic tolerance. The addition of SP6 and PC6
could improve the efficacy in complementary of GV20 to ful-
fill the goal of holistic adaptation. Therefore, the combined
EA protocol might present more stable and effective perfor-
mance. It turned out that in comparison with the rats in
MCAO/R, 5 days of repeated EA intervention on GV20,
SP6, and PC6 could decrease neurological dysfunction,
decrease infarct volume, and reduce apoptosis in hippocam-
pal CA1 area. Therefore, this part of experiment could pro-
vide an effective EA prescription based on theory of TCM
for further mechanism exploration and clinical efficacy vali-
dation. For the convenience of similar studies by other
researchers who might be interested in cerebral ischemic tol-
erance, we listed all details of EA pretreatment in Methods,
including acupoint location, electrical stimulation, and sign
of Qeqi.

When ischemic injury attacks, rapid release of glutamate
from presynaptic neuron would induce excitotoxicity and
finally leading to neuronal death [32], whereas neurotrans-
mitters including glutamate have been validated as the medi-
ators of acupuncture therapeutic effect in neurological
diseases [33] and the activators of EA pretreatment in stimu-
lating endogenous cerebral protection. Previous studies sug-
gested that EA pretreatment can reduce glutamate
concentration in the striatum [34] and hippocampus [35]
of rats, respectively, in animal mode of cerebral I/R injury
and vascular dementia. Reduction of extracellular glutamate
by EA pretreatment might achieve through reabsorption by
overexpression of glutamate transporter type 2 [36]. Neuro-
toxicity mainly depends on postsynaptic calcium overload.
The NMDA subtype of glutamate receptors has attracted
much attention in recent years due to its higher permeability
to Ca2+ compared with voltage-gated channels when induc-
ing calcium overload [1, 37]. Well-documented experimental
evidence from both in vitro and in vivo models of stroke
strongly supports that overactivation of the NMDA receptors
is the primary step leading to neuronal injury after insults of
stroke [38, 39]. As is shown in Figure 6, NR2A- and NR2B-
containing NMDA receptor subtypes (GluN2B and GluN2A)
have opposing roles in influencing the direction of synaptic
plasticity when mediating cell death and cell survival
in vivo rat model of ischemic stroke [39]. Namely, contrary
to the role of neuroprotective GluN2A, activation of synaptic
or extrasynaptic GluN2B receptor results in excitotoxicity,
increasing neuronal apoptosis. Inhibition of NMDA receptor
through intracranial [40] or intravenous [41] injection before
ischemia can also reduce the infarct volume and prevent neu-
ronal damage after cerebral ischemia. Furthermore, blocking
GluN2B-mediated cell death was effective in reducing infarct
volume only when the receptor antagonist was given before
the onset of stroke [39]. Therefore, GluN2B could be a key
to elicit cerebral ischemia tolerance. EA was found to

improve cognitive impairment in rats through inhibiting
GluN2B expression [42]. So, we tested the hypothesis that
EA pretreatment might elicit cerebral tolerance to ischemia
by regulating level of GluN2B using WB and double immu-
nofluorescence staining. In concordance with the previous
study [42], our results suggested that repeated EA before
ischemia can inhibit GluN2B expression in hippocampal
CA1 region. Therefore, glutamate proapoptotic receptor
GluN2B might contribute to the reduction of post-I/R neural
injury by mitigating excitotoxicity.

As is shown in Figure 6, apoptosis induced by GluN2B
receptor is mediated by enzyme digestion reaction of m-
calpain and the subsequent phosphorylation of the transcrip-
tion factor [43]. Calpain activation is the intracellular
calcium-dependent event with the greatest contribution to
excitotoxicity [44]. When triggered by overloaded intracellu-
lar Ca2+, the Ca2+-dependent proteases m-calpain can cause
degradation of cytoskeleton and structural proteins, and ulti-
mately initiate the pathway leading to neuronal death [45].
Many previous studies had shown that focal cerebral ische-
mia can activate m-calpain in the hippocampus, cortex, and
striatum through upregulating its protein expression at 1 h
after cerebral ischemia [46], and then trigger calpain-
mediated STEP (striatal-enriched protein tyrosine phospha-
tase) lysis and induce neurotoxicity [47]. Therefore, as the
key downstream mediator of GluN2B, m-calpain activation
is the most critical intracellular calcium-dependent event
that is contributing to neurotoxicity [48]. At present, the reg-
ulatory effect of acupuncture on m-calpain has never been
reported. Our study showed that m-calpain in the hippocam-
pus was activated at 24 h after cerebral I/R injury, and EA
pretreatment can decrease the expression of m-calpain in
the hippocampal CA1 region neurons. This suggested that
EA pretreatment might block the most important intracellu-
lar calcium activation pathway of excitotoxicity induced by
I/R injury.

NMDA receptor-mediated death signaling is
transcription-dependent [43]. The key transcription factor
of GluN2B-mediated proapoptotic pathway is p38 MAPK
[43]. A large number of studies had shown that the p38
MAPK signal transduction pathway is closely related to cere-
bral I/R injury and ischemia tolerance [49–51]. Level of phos-
phorylated p38 MAPK reached a peak at 24 hours after
cerebral ischemia [52]. Previous studies had found that EA
can reduce the relative density of phosphorylated p38 MAPK
in an animal model of cerebral ischemia [51]. Our results
showed that there was nomarked difference in the expression
level of the total p38 in each group at 24h after cerebral I/R,
but there was a significant difference in the ratio of phos-
phorylated p38 to total p38 in each group. The increased
ratio in the model group indicated that p38 MAPK protein
played a damaging role through phosphorylation activation
after cerebral ischemia, which was consistent with previous
studies. Our study also showed that EA pretreatment can
inhibit p38 MAPK phosphorylation in the hippocampus in
rats with cerebral I/R injury.

Some limitations also restrict interpretation of our study.
Firstly, we only focused on the GluN2B-mediated proapop-
totic pathway of excitotoxicity. However, the GluN2A-
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mediated prosurvival pathway also could contribute to the
regulation of excitotoxicity. Previous study showed that EA
pretreatment could also upregulate the expression of
GluN2A [42]. Therefore, the synergic action of the GluN2B
proapoptotic and GluN2A prosurvival pathways in excito-
toxicity could be further elucidated in future studies. Sec-
ondly, the process of neurotoxicity postcerebral ischemia
should be highly time-sensitive. So, further study should be
conducted to illustrate the time-variant property of EA pre-
treatment on postischemic excitotoxicity from the perspec-
tive of extracellular glutamate.

5. Conclusion

This study suggested that our EA pretreatment regime could
effectively increase the neurofunction and reduce the volume
of cerebral infarction and the level of neuronal apoptosis in
the hippocampal CA1 region for an animal model of cerebral
I/R injury, and its mechanism may be related to the inhibi-
tion of the GluN2B/m-calpain/p38 MAPK proapoptotic
pathway.
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The descending motor nerve conduction of voluntary swallowing is mainly launched by primary motor cortex (M1). M1 can
activate and regulate peripheral nerves (hypoglossal) to control the swallowing. Acupuncture at “Lianquan” acupoint (CV23)
has a positive effect against poststroke dysphagia (PSD). In previous work, we have demonstrated that electroacupuncture (EA)
could regulate swallowing-related motor neurons and promote swallowing activity in the essential part of central pattern
generator (CPG), containing nucleus ambiguus (NA), nucleus of the solitary tract (NTS), and ventrolateral medulla (VLM)
under the physiological condition. In the present work, we have investigated the effects of EA on the PSD mice in vivo and
sought evidence for PSD improvement by electrophysiology recording and laser speckle contrast imaging (LSCI). Four main
conclusions can be drawn from our study: (i) EA may enhance the local field potential in noninfarction area of M1, activate the
swallowing-related neurons (pyramidal cells), and increase the motor conduction of noninfarction area in voluntary swallowing;
(ii) EA may improve the blood flow in both M1 on the healthy side and deglutition muscles and relieve PSD symptoms; (iii) EA
could increase the motor conduction velocity (MCV) in hypoglossal nerve, enhance the EMG of mylohyoid muscle, alleviate the
paralysis of swallowing muscles, release the substance P, and restore the ability to drink water; and (iv) EA can boost the
functional compensation of M1 in the noninfarction side, strengthen the excitatory of hypoglossal nerve, and be involved in the
voluntary swallowing neural control to improve PSD. This research provides a timely and necessary experimental evidence of
the motor neural regulation in dysphagia after stroke by acupuncture in clinic.

1. Introduction

“Dysphagia” is defined as an obstacle to the flow of liquid-
s/pills from the mouth to the esophagus. Dysphagia is a seri-
ous problem in various neurologic diseases, and it is
associated with an increase in morbidity and mortality [1–
6]. Stroke is the most common neurologic cause of dyspha-
gia. Severe dysphagia is usually observed during the first 2–
4 weeks after stroke, and a prevalence of 29%–81% has been
documented. However, minor disorders of swallowing have
been reported at a prevalence of 91% in the stroke patients

[5, 7–9]. Dysphagia can result in significant complications,
such as malnutrition, aspiration pneumonia, and poor qual-
ity of life [10–12]. A large number of functional and struc-
tural abnormalities are present in dysphagia patients in
each of its phases, such as the oral cavity, pharynx, larynx,
or esophagus [13–15].

To initiate and regulate swallowing, a combination of
feedback and motor planning is required [16]. Most scholars
believe that the cortical swallowing center is concentrated
mainly in the primary sensorimotor cortex, anterior cingu-
late gyrus, and insula [17]. The characteristics of injury to
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the cortical swallowing center are multifocal and bilateral,
damage to which can affect the subthreshold excitability of
nucleus tractus solitarii and nucleus ambiguous in the central
pattern generator (CPG) for swallowing and reduce its reg-
ulation of swallowing function [18]. M1 can regulate the
processing and transmission of neural information in the
brain. Yuan and his colleagues found that the excitability
and area of the motor cortex associated with swallowing
were increased in the left hemisphere and alleviated the
swallowing dysfunction of patients if the right motor cortex
was injured [19]. That result showed that dysphagia
improvement required maintenance of bilateral pathways.
However, most studies mainly involved in healthy people
or a small sample of patients with dysphagia, while experi-
mental studies exploring the underlying mechanisms are so
limited. Therefore, further research is required to understand
how the motor cortex conducts through the descending
motor nerves, affects swallowing function, and how blood
flow changes in the brain and deglutition-muscle groups after
dysphagia occurring.

The life quality of the patients suffering from poststroke
dysphagia (PSD) can be affected severely if the PSD is caused
by cortical ischemic injury, but various early rehabilitation
programs can improve this situation [20]. Interventions for
patients with dysphagia include electromyographic biofeed-
back, Mendelsohn maneuver, repetitive transcranial mag-
netic stimulation, and surface neuromuscular electrical
stimulation. The mechanism underpinning neural regulation
of swallowing is poorly understood. Hence, the relevant
treatment and research methods are limited to only local
changes in neural regulation of swallowing function, and
the efficacy of some treatment methods has not been demon-
strated. However, as a conventional therapy for stroke reha-
bilitation in China, acupuncture has been used extensively
as a complementary or alternative therapy worldwide [21].
In PSD patients with cortical hemisphere injury, several stud-
ies have suggested that acupuncture may be helpful for
patients’ recovery [22, 23]. Animal experiments have shown
that electrical stimulation can induce continuous swallowing
[24]. In previous work, we have demonstrated that electro-
acupuncture (EA) could regulate swallowing-related motor
neurons and promote swallowing activity in the essential
part of central pattern generator (CPG), containing nucleus
ambiguus (NA), nucleus of the solitary tract (NTS), and
ventrolateral medulla (VLM) under the physiological con-
dition ([25]; You H et al., 2018; [26]). Some researchers
have also found that electrical stimulation can reorganize
the motor-cortex neurons involved in swallowing. Only
M1, thalamus, and insula are activated after transcutaneous
electrical stimulation in pharyngeal muscle; in addition,
cortical recombination mediated by electrical stimulation
improves swallowing function, which is closely correlated
to the occurrence and parameters of electrical stimulation
[27–29]. M1 has a crucial role in the neural pathway that
controls voluntary swallowing. Although its role in the vol-
untary oral phase of swallowing is undisputed [30], its pre-
cise role in motor control of the pharyngeal phase is not
clearly defined, and the descending neural regulation of
swallowing is also not clear.

In the present study, the mice suffering swallowing
dysfunction after stroke were treated by EA. We aimed
to observe the descending motor nerve regulation mecha-
nism and blood flow changes involved in voluntary swallow-
ing, so we could further illuminate how EA intervene the
motor neural control of voluntary swallowing to improve
PSD in mice.

2. Materials and Methods

2.1. Ethical Approval of the Study Protocol. This study was
carried out in accordance with the principles of the Basel
Declaration and recommendations of the guidelines of the
Guangzhou University of Chinese Medicine Committee for
Care and Use of Research Animals. The protocol was
approved by the Guangzhou University of Chinese Medicine
Committee for Care and Use of Research Animals.

2.2. Animals. Animals were provided by the Animal Labora-
tory Center of Guangzhou University of Chinese Medicine
(Guangzhou, China; experimental animal certificate number:
44005800008103; animal license number: SCXK (Yue) 2013-
0034).

Male C57BL/6J mice (8 months, specific pathogen-free,
25–33 g) were housed in individual cages under standard lab-
oratory conditions. Food and water were supplied ad libitum.

A total of 12 mice from 67 mice were randomly selected
as a normal group to test laser speckle contrast imaging
(LSCI), electroencephalogram (EEG), electromyography
(EMG), water intake, and substance P (SP) concentration.

The rest 55 mice were used to build a PSD model by pho-
tochemical method. EA and sham EA were applied on the
PSD model. For EA, the needle was retaining, and electric
stimulation lasted 15min, but for sham EA, no electric stim-
ulation was given. EA (acute) was only stimulated for one
day; EA (chronic) was stimulated continuously for three
days. 18 mice were randomly selected into three groups:
sham EA, EA (acute), and EA (chronic) to test LSCI and elec-
trophysiology recording, which were compared before and
after stimulation. 24 mice randomly selected four groups:
model, sham EA, EA (acute), and EA (chronic) to test elec-
tromyography (EMG), water intake, and SP concentration.
7 mice from 67 mice were excluded because the model was
not successful.

2.3. PSD Model. We referred to the modeling method of
Michael Schroeter [31]. Mice were fixed with a holder. Tail
veins were injected with Rose Bengal solution (1.5%;
Sigma–Aldrich, Saint Louis, MO, USA) at 10μL/g body
weight. After injection, anesthesia was induced with 4% iso-
flurane. Then, anesthesia was maintained with 2% isoflurane
using a mask.

Mice were fixed on stereotaxic apparatus (RWD Biotech-
nology, Shenzhen, China). The skull was exposed, and the
correct M1 coordinates were located (1mm lateral and
0.16mm posterior to the bregma; depth from the brain sur-
face, 1mm). A laser (wave length: 530 nm; power: 15mW)
was used to irradiate an area of ~2mm2. After 8min of irra-
diation, the scalp was sutured, and mice were placed back in
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their cages to recover from anesthesia. Swallowing-related
muscle function and water intake were evaluated in con-
scious mice (Figures 1(a) and 1(g)–1(i)).

2.4. EA Parameters. Anesthesia was induced using 4% iso-
flurane. Mice were laid supine and fixed. Anesthesia was
maintained with 2% isoflurane using a mask. First routinely
sterilized neck skin, then we located CV23. We inserted an
acupuncture needle to the upper margin of the midline of
the mandible. Another needle was inserted 2mm adjacent
to CV23. The needling depth of CV23 is 5mm. An EA appa-
ratus (continuous wave; current, 1mA; frequency, 2Hz; time,
15min per day; HANS-200A/100B; HANS, Beijing, China)
was attached to the acupuncture needle: acute EA treatment
for 1 day and chronic EA treatment for continuous 3 days
(Figure 2(a)).

2.5. Grip Strength Test. The grasping power of mice limbs was
measured by a grip tester (YLS-13Al; YiyanTechnology &
Development, Shandong, China). Mice of identical age were
employed in this experiment only if their toes were not
damaged.

Mice were placed carefully on a grip power board. Their
tails were held, and mice were pulled back gently in the hor-
izontal direction. The mice were pulled back with even
greater force after they grasped the plate, causing them to
loosen their claws. The instrument recorded the maximum
grip strength of mice limbs automatically. This experiment
was repeated twice for each mouse in each group, and the
average value was taken.

2.6. LSCI. Mice were anesthetized with 2% isoflurane and
then fixed on stereotaxic apparatus (RWD Biotechnology).

The skull was exposed. A laser was focused on the target area.
Recording was lasted for 5min. We observed changes in total
cerebral blood flow to selected infarction area and noninfarc-
tion area (area: 1.8mm2) of the motor cortex and compared
blood perfusion changes in each group.

Mice were laid supine and fixed. Fur near the mylohyoid
muscle was removed by using depilatory cream. The laser
was focused on the swallowing muscles (area: 20mm2).
Recording was lasted for 5min. We observed the blood per-
fusion changes around the swallowing muscles.

2.7. Recording of the Discharge of M1 Neurons In Vivo. Anes-
thesia was maintained with 2% isoflurane, and mice were
fixed on stereotaxic apparatus. The skull was exposed after
routine sterilization. The left M1 coordinates were located
(bregma: −0.16mm; LR: 1mm; H: 1mm). Then, 2 × 4 + 1
matrix electrodes were implanted in the target brain region
to observe spontaneous discharges through a multichannel
recording system (Plexon, Dallas, TX, USA). Spikes and
LFP were recorded for 5min in each group. An offline sorter
(Plexon) was used to filter signals. Processed signals were
analyzed statistically using NeuroExplorer™ (Nex Technolo-
gies, Lexington, MA, USA).

2.8. Recording of Hypoglossal Nerves In Vivo.Mice were fixed
supine. Anesthesia was maintained with 2% isoflurane. The
cervical hypoglossal nerve was isolated carefully and then
drawn out with a thin wire (Figure 3(e)). Bipolar platinum
recording electrodes were hooked up to the hypoglossal
nerve. A drop of paraffin oil was placed over the surface of
the nerve. The reference electrode was inserted into nearby
subcutaneous tissue. After waking from anesthesia, water
feeding was initiated with a 5mL microsyringe. Changes in
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Figure 1: Evaluation of some indexes between the poststroke dysphagia (PSD) model and normal mice. (a) The PSD model process and
cerebral infarcts position. (b) Laser speckle contrast imaging (LSCI): the brain and lower jaw in normal and the model group. (c) Grip
strength test: normal vs. model: ∗∗p < 0:01. (d) Motor cortex perfusion: time = 300 s, target 1 = noninfarction, target 2 = infarction, target
area = 1:8mm2, normal vs. model (target 1): ∗∗p < 0:01, target 2 vs. target 1 (model): ∗∗p < 0:01. (e) Electromyography (EMG) of
mylohyoid and real-time spectrum in normal vs. model group, time = 40 s, bin = 1 s. (f) Swallowing muscle perfusion: time = 300 s, target
area = 20mm2, normal vs. model: ∗∗p < 0:01. (g) Swallowing counts: time = 60 s, normal vs. model: ∗∗p < 0:01. (h) Drink water at
different times: time = 0 min, 15min, 30min, 45min, and 60min. Normal vs. model: ∗∗p < 0:01. (i) Total water consumption: normal vs.
model: ∗∗p < 0:01.
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activity of hypoglossal nerve was evoked and recorded by
Spike2 in mice swallowing (Fig. S4).

2.9. EMG Recording in the Mylohyoid Muscle In Vivo. Anes-
thesia was induced with 4% isoflurane. Mice were fixed
supine on stereotaxic apparatus at 45°. Pure water (4mL)
was extracted with a 5mL intragastric syringe and placed in
a microinjection pump (Stoelting, Wood Dale, IL, USA).
The angle of the lavage needle was adjusted for placement
under the tongue. A recording electrode was inserted into
the mylohyoid muscle. The reference electrode was inserted
into the masseter muscle. After waking up from anesthesia,
mice were given water (2μL/s, 5 s). The EMG activity of
the mylohyoid muscle was evoked and recorded by the
Spike2 software (CED, Cambridge, UK) when mice were
swallowing water.

2.10. MCV.Mice were placed under 2% isoflurane anesthesia
in the supine position. One side of the hypoglossal nerve was
separated, and the mylohyoid muscle was exposed. The
hook-shaped stimulation electrode was placed in the hypo-
glossal nerve trunk, the recording electrode was placed in
the mylohyoid muscle, and the reference electrode was
placed in the nearby tissue. Pulling the hook electrode of
hypoglossal nerve trunk for 1 second, the evoked EMG was
observed (threshold: 0.02mV, duration: 30ms). The time
from the stimulation point to the first evoked action potential
was the latency: t, the distance from the nerve trunk to the

mylohyoid muscle: s, and conduction velocity: v = s/t
(Figure 4(a)).

2.11. Water Intake. Five groups of mice (n = 6) were fed sep-
arately and were deprived of water for 1 day. On day 2, each
group was given drinking water ad libitum, and we recorded
the changes in water intake at 15, 30, 45, and 60min, as well
as the total water intake in 1 day.

2.12. SP Concentration in Serum. Blood was obtained from
the eyeballs of mice in each group after relevant experimental
recording was completed. The extracted blood was placed at
room temperature for 2 h and centrifuged at approximately
3500 × g for 15min (at 4°C or room temperature for pre-
chilled samples). After centrifugation, the supernatant was
collected. The SP concentration was measured using an
ELISA kit (ENZO Life Sciences, Farmingdale, NY, USA).
Changes in the serum SP concentration in each group were
compared.

2.13. Linear Correlation Analysis. Linear regression analysis
was carried out on swallowing counts, water intake, SP con-
centration, swallowing-related pyramidal cell spike counts,
and hypoglossal nerve spike counts.

2.14. Statistical Analyses. Statistical analyses were undertaken
using SPSS 23.0 (IBM, Armonk, NY, USA). The difference
between groups was analyzed by one-way ANOVA. The
homogeneity of the variance was tested before comparisons
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Target 2 vs. target 1: ∗∗p < 0:01 in others group except normal. Before EA vs. after EA (acute) (target 1): #p < 0:05; before EA vs. after EA
(chronic) (target 1): ##p < 0:01. Before EA vs. after EA (acute) (target 2): ∗∗p < 0:01, before EA vs. after EA (chronic) (target 2): ∗∗∗ p <
0:001. After EA (acute) vs. after EA (chronic) (target 2): ##p < 0:01. After EA (acute) vs. after EA (chronic) (target 2): △△p < 0:01. (d)
Swallowing muscle perfusion: time = 300 s, target area = 20mm2, compared with normal, ∗∗p < 0:01 in others group. Before EA vs. after
EA (acute): ##p < 0:01. Before EA vs. after EA (chronic): ###p < 0:001. After EA (acute) vs. after EA (chronic): △△p < 0:01.
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Figure 3: Electroacupuncture stimulation affects central and peripheral neurons activities. (a) Power spectral density in each group. Normal
vs. model, ∗∗p < 0:01; normal vs. EA, ∗∗p < 0:01; normal vs. sham EA, ∗p < 0:05. Model vs. EA, ###p < 0:001; model vs. sham EA, ##p < 0:01.
EA vs. sham EA, △△p < 0:01. (b) Spike counts in motor cortex: time = 300 s, compared with normal, ∗p < 0:05 in EA and ∗∗p < 0:01 in the
model and sham EA. Compared with the model, ###p < 0:001 in EA and ##p < 0:01 in sham EA. Compared with EA, &&p < 0:01 in sham EA.
(c) Pyramidal peak value in each group: compared with normal, ∗∗p < 0:01 in others group. Before sham EA vs. after sham EA: ##p < 0:01.
Before EA vs. after EA (acute): △△△p < 0:001, before EA vs. after EA (chronic): △△△p < 0:001. After EA (acute) vs. after EA (chronic):
&&p < 0:01. (d) Pyramidal spike counts in each group: before sham EA vs. after sham EA: ∗p < 0:05, before EA vs. after EA (acute):
###p < 0:001, before EA vs. after EA (chronic): ##p < 0:01, and after EA (acute) vs. after EA (chronic): △p < 0:05. (e) Photograph was shown
that hypoglossal nerve has been separated. (f) Hypoglossal nerve spike counts: compared with normal, ∗∗p < 0:01 in others group.
Compared with model, ∗p < 0:05 in sham EA (acute) and ∗∗p < 0:01 in EA (acute) and EA (chronic). Compared with sham EA (acute),
∗∗p < 0:01 in EA (acute). Compared with EA (acute), ∗p < 0:05 in EA (chronic).
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Figure 4: Motor conduction velocity of hypoglossal nerve. (a) Stimulation electrode: hypoglossal nerve trunk; recording electrode: mylohyoid
muscle; the distance between nerve trunk and muscle: s; the latency between stimulation point and the first EMG evoked by mylohyoid
muscle: t; MCV: v = s/t. (b–f) The latency between the stimulation point and the first induced EMG (marked with an asterisk) in each
group. Model: PSD; sham EA: acupuncture without electric; EA acute: EA for 1 day; EA chronic: EA for 3 days. MCV was detected after
treatment in each group. (g) Difference of latency in each group. Compared with the normal, the model increased significantly
(∗∗p < 0:01); compared with the model, EA (acute) and EA (chronic) have obviously decreased (##p < 0:01). (h) Difference of MNCV in
each group. Compared with the normal, the model increased significantly (##p < 0:01); compared with the model, EA (acute) and EA
(chronic) have obviously decreased (∗∗p < 0:01).
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between groups were made. The least-square difference test
was used for homogeneity of variance, and the Tamhane’s
T2 test for heterogeneity of variance. p < 0:05 was considered
as statistically significant.

M1 neurons were analyzed by Offline Sorter™ and Neu-
roExplorer. Analyze methods including Raster, PCA, auto-
correlation, and power spectral density were used.

The method of identifying neurons in M1 through auto-
correlation analysis [32] and the characteristics of pyramidal
cells were as follows: (1) low mean discharge frequency (0.5–
10Hz) and irregular discharge pattern; (2) the ISI histogram
showed that the short ISI (3–10ms) was dominant, and
exponential attenuation was present after 3–5ms ISI; and
(3) wide waveform (>300μs). The characteristics of interneu-
rons were as follows: (1) high mean discharge frequency
(>5Hz); (2) the ISI histogram presented delayed spikes and
slower attenuation; and (3) narrow waveform (<250μs).

3. Results

3.1. Impaired Blood Flow and Swallowing Function in PSD
Mice Model. To induce the PSD model, we used the photo-
chemical method to cause infarction area in right M1, then
to evaluate the model (Figure 1(a)). Compared with the con-
trol group, the grip power in the model decreased signifi-
cantly in the grip strength test (n = 6 mice/group, p < 0:01),
which suggested that symptoms of stroke caused by ischemia
in the motor cortex (Figure 1(c)). By observing the brain and
the lower jaw with laser speckle contrast imaging (LSCI), we
found the right of M1 showed an obvious focal ischemia, and
the blood perfusion of lower jaw was lower in the model
(Figure 1(b)). Compared the target 1 (infarction area) with
the target 2 (noninfarction area), the M1 perfusion was sig-
nificantly different (n = 6 mice/group, p < 0:01). Compared
with normal, the target 1 of the model was obviously
decreased (n = 6mice/group, p < 0:01), and swallowing mus-
cle perfusion was significantly decreased (n = 6 mice/group,
p < 0:01) (Figures 1(d) and 1(f)), which suggested that the
blood flow in the brain was changed in the PSD model.
Observing the EMG of mylohyoid in the model, we found
that the real-time power spectrum and swallowing counts
were reduced (n = 6 mice/group, p < 0:01) (Figures 1(e) and
1(g)), and water intake and total water consumption were
also decreased, compared with the control group (n = 6
mice/group, p < 0:01) (Figures 1(h) and 1(i)). These results
indicate swallowing and water intake dysfunction were
caused by the PSD model.

3.2. Effect of EA at CV23 on Cerebral Blood Flow and Lower
Jaw in PSD Mice. LSCI showed different cerebral blood flow
and lower jaw at before and after EA or sham EA change
(Figure 2(b)). The blood flow showed significant difference
between infarction (target 1) and noninfarction (target 2)
group (n = 6 mice/group, p < 0:01). After EA (acute), blood
perfusion was increased in the noninfarction area (n = 6
mice/group, p < 0:01), and after EA (chronic), it was signifi-
cantly increased, compared to before EA (p < 0:001) and after
EA (acute) group (p < 0:01). These results illustrate EA could
promote the blood perfusion of M1 in the noninfarction area.

The infarction area of M1 perfusion showed significant dif-
ference between each group (n = 6 mice/group, p < 0:01).
After EA (acute) was increased than before EA in the infarc-
tion area (n = 6 mice/group, p < 0:05); after EA (chronic)
was significantly increased than before EA (p < 0:01) and
after EA (acute) (p < 0:01) (Figure 2(c)). These results show
EA could supply blood perfusion in the infarction area and
alleviate the infarction area.

In the lower jaw, swallowing muscle perfusion showed
significant difference between each group (n = 6 mice/group,
p < 0:01). Compared with before EA, the blood perfusion of
after EA (acute) was increased (n = 6 mice/group, p < 0:01),
after EA (chronic) was dramatically increased (p < 0:001);
compared with after EA (acute), after EA (chronic) was
significantly increased (p < 0:01) (Figure 2(d)). These results
demonstrate EA could improve the blood flow of the
lower jaw.

3.3. The Neurons in Noninfarction Area of M1 Were
Activated by EA in PSD Mice. We implanted the multichan-
nel electrodes into the noninfarction area of M1, compared
spike counts in each group at before and after condition
(Fig. S3A, S3B). First, we observed the normal group (n = 6)
at before and after recording: in total 5 units, 2 units were
defined as interneurons, and 3units were defined as pyrami-
dal cells (Fig. S1A, S2A). Before vs. after, spike continuous
(SPKC) and local filed potential (LPF) showed no difference
(before: interneurons account for 70.35%, and pyramidal
cells account for 29.65%; after: interneurons account for
64.90%, and pyramidal cells account for 35.10% (Fig S3D)).
In addition, we stimulated the model group (n = 6) with
sham EA (lack of electric). In total recording 3 units, 2 units
were interneurons, and 1 unit was pyramidal cell (Fig. S1B ,
S1C; Fig.S2B, S2C). Before sham EA vs. after sham EA, SPKC
and LFP were obviously decreased (before sham EA: inter-
neurons account for 82.99%, and pyramidal cells account
for 17.01%; after sham EA: interneurons account for
81.75%, and pyramidal cells account for 18.25% (Fig. S3E)).
Third, we stimulated the model group (n = 6) with EA (acute:
1 day): recording 3 units, 2 units were interneurons, and 1
unit was pyramidal cell (Fig. S1D, S2D). Before EA vs. after
EA, SPKC and LFP were obviously increased. Before EA,
interneurons account for 84.27%, and pyramidal cells
account for 15.73%; after EA (acute), interneurons account
for 66.38%, and pyramidal cells account for 33.62% (Fig.
S3F). Finally, we sustained EA (chronic: 3 days) to stimulate
the model group: recording 3units, 2 units were interneurons,
and 1 unit was pyramidal cell (Fig. S1E, S2E). After EA (acute)
vs. after EA (chronic), SPKC and LFP were relatively stable.
After (chronic), interneurons account for 65.40%, and pyra-
midal cells account for 34.60% (Figure S3F). These results
indicate EA could evoke noninfarction neurons activities; the
effect of chronic EA was lasting and stable than acute EA.

In the power spectral density, compared with the model,
sham EA was different (p < 0:01); EA was significantly differ-
ent (p < 0:001); compared with sham EA, EA was different
(p < 0:01). The results show that EA increased the energy of
LFP (Figure 3(a)). At the same time, we found that the total
spike counts of each group in M1 (n = 6, time = 300 s) were
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also changed; model was obviously decreased than normal
(p < 0:01), but after EA, the spike counts were significantly
increased (p < 0:001); it shows that EA can promote popula-
tion neuronal activity of M1 in PSD mice (Figure 3(b)).

We identified the number of pyramidal cells in the motor
cortex and observed their peak value and spike counts. The
number of pyramidal cells in each group (n = 6) was
normal = 15, model = 2, shamEA = 4, EA ðacuteÞ = 8, and
EA ðchronicÞ = 10 (Table 1). Compared with peak value at
before and after in each group (0.5mV, 1ms, n = 6), each
group was significantly different, compared with normal
(p < 0:01); after sham EA of peak value and spike counts were
increased than before sham EA (p < 0:01 and p < 0:05, sepa-
rately); after EA (acute) and after EA (chronic) of peak value
and spike counts were obviously increased than before EA
(p < 0:001 and p < 0:01, separately); after EA (chronic) of
peak value and spike counts were decreased than after EA
(acute) (p < 0:01 and p < 0:05, separately). These demon-
strated that EA could promote the potential intensity of pyra-
midal cells, chronic EA flattens the potential intensity of
them (Figures 3(c) and 3(d)).

3.4. The Effects of EA on Hypoglossal Nerve in PSD Mice. To
observe spike counts of hypoglossal nerve, we found that
each group (n = 6) was significantly different than normal
(p < 0:01). Compared the model, spike counts of sham EA,
EA (acute), and EA (chronic) were increased (p < 0:05, p <
0:01, and p < 0:01, separately). Compared with sham EA,
EA (acute) and EA (chronic) were obvious increased
(p < 0:01). Compared with EA (acute), EA (chronic) was
decreased ðp < 0:05Þ (Figure 3(f)). These results show that
EA could excite the swallowing-related (hypoglossal) nerves,
and chronic EA may inhibit peripheral nerves overexcitation
and restore them to a nearly normal level.

3.5. The Effects of EA on MCV in PSD Mice. The hypoglossal
nerve is one of the peripheral nerves innervating the swallow-
ing of the mylohyoid muscle. We verified the effect of motor
cortex injury on peripheral nerve discharges by stimulating
the hypoglossal nerve trunk to induce the EMG of the mus-
cle. It was found that the latency of action potential induced
by dysphagia after stroke was significantly prolonged
(p < 0:01) (Figures 4(c) and 4(g)), indicating that the motor
conduction ability of hypoglossal nerve decreased signifi-
cantly due to the M1 injury (p < 0:01) (Figure 4(h)). How-
ever, both acute and chronic EA treatment could obviously
shorten the latency of the motor conduction (p < 0:01)
(Figures 4(e)–4(g)), gradually increase the MNCV (p < 0:01
) (Figure 4(h)), and recover the hypoglossal nerve function.

It is inferred that dysphagia after stroke can affect the
swallowing-related peripheral motor nerve, and EA could
improve the conduction disorder caused by M1 injury, thus
promoting the swallowing function recovery.

3.6. The Effects of EA on Swallowing Counts and EMG in PSD
Mice. Compared the EMG and real-time spectrum in each
group (0.02mV, time = 40 s), we found EMG, and power
spectrum in the model and sham EA were lower than EA
(acute) and EA (chronic). There was no little difference
between EA (acute) and EA (chronic) in EMG, but power
spectrum of EA (acute) was stronger than EA (chronic)
(Figure 5(a)). In swallowing counts (n = 6, time = 60 s), the
model was lower than any other groups (p < 0:05 and p <
0:01, separately). Compared with sham EA, EA (acute) was
significantly increased (p < 0:01); compared with EA (acute),
EA (chronic) was decreased (p < 0:05) (Figure 5(b)). These
results illustrated that EA could enhance the swallowing-
related muscle and increase the swallowing counts in
PSD mice.

3.7. The Effects of EA on Drink Water and SP Release in PSD
Mice. All of mice were deprived of water for 1 day. On day 2,
each group was given drinking water ad libitum (n = 6), and
we found the obvious changes in water intake at 15, 30, 45,
and 60min (Figure 5(d) and Table 2). In total water con-
sumption, the water intake of model was the lowest than
any other group (p < 0:001, p < 0:05, and p < 0:01, sepa-
rately). Compare with sham EA, EA (acute) was signifi-
cantly increased (p < 0:01); compared with EA (acute), EA
(chronic) was obviously increased (Figure 5(e)). The SP con-
centration of the model was decreased compared with nor-
mal (p < 0:01). After EA (acute) and EA (chronic), the SP
release was increased than the model (p < 0:05 and p < 0:01,
separately) (Figure 5(c)). The results were confirmed that
EA could promote the SP release and water intake and
improve the swallowing function of PSD mice.

3.8. Swallowing Counts andWater Intake Are Correlated with
Pyramidal Cell of M1 and Hypoglossal Nerve in PSD Mice.
We undertook linear correlation analysis of swallowing
counts, spike counts in pyramidal cell, hypoglossal nerve
spike counts, water intake, and SP in PSD mice by EA. First,
we found the swallowing counts were positively correlated
with water intake (p < 0:001, r = 0:6451) and SP (p < 0:001,
r = 0:6737) (Figures 6(a1) and 6(a2)); it shows that the more
swallowing counts, the more water intake and SP release in
PSD mice. In addition, we found the pyramidal cell spike
counts in M1 were positively correlated with swallowing
counts (p < 0:001, r = 0:6213), water intake (p < 0:001, r =
0:9105), and hypoglossal spike counts (p < 0:001, r = 0:6311
) (Figures 6(b1), 6(b2), and 6(c1)); it demonstrates that pyra-
midal cell in M1 affects hypoglossal nerve to increase the
swallowing counts, which could promote SP release and
recover the amount of water when the PSD mice swallowed.
At last, hypoglossal nerve spike counts were positively corre-
lated with swallowing counts (p < 0:0001, r = 0:8244) and
water intake (p < 0:0001, r = 0:6583) (Figures 6(c2) and
6(c3)); it shows that swallowing-related peripheral nerves

Table 1: The different number of response neurons in each group of
mice.

Groups
(n = 6) Model

Sham EA
(acute)

EA
(acute)

EA
(chronic)

Normal

Interneuron 8 9 10 13 14

Pyramidal 2 4 8 10 15

Total 10 13 18 23 29
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Figure 5: Continued.
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(hypoglossal) directly affect the swallowing counts and water
intake in PSD mice. Based on the above correlation results,
we conclude that EA could activate the swallowing-related
pyramidal cell of the noninfarction area in M1, then directly
affect hypoglossal nerve to neural regulate the swallowing
counts and promote SP release, ultimately improved swal-
lowing dysfunction in PSD mice.

4. Discussion

Stimulation the “Lianquan” acupoint (CV 23) by EA and
feeding water induce the excitability of voluntary swallowing,
in order to promote the motor cortex noninfarction neurons
excitement and compensation the motor cortex function on

the infarction side. The motor cortex on the noninfarction
side transmitted motion excited to NTS and NA of the cen-
tral pattern generator (CPG) that generate the swallowing
reflex. At the same time, EA effects were exciting peripheral
hypoglossal nerve, restoring the swallowing function of
mylohyoid muscle, thereby to improve the dysphagia in oro-
pharyngeal phase (Figure 7).

Dysphagia is characterized as being worse for liquids
than solids [33]. M1 has a substantial role in the neural con-
trol the voluntary swallowing. Deglutition initiation and
especially the oral phase of voluntary swallowing require
the integrity of the motor areas of the cerebral cortex. We
found that pyramidal cells were activated in noninfarction
area of M1 by EA and that this action was associated with
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Figure 5: Electroacupuncture stimulation improves swallowing counts, SP release, and water intake in mice. (a) The changes of EMG and
real-time spectrum in each group: EA (acute)>EA (chronic)> sham EA>model, time = 40 s, peak value = 0:02mV. (b) Swallowing counts
in each group: time = 60 s, compared with the model, ∗p < 0:05 in sham EA (acute) and ∗∗p < 0:01 in EA (acute) and EA (chronic).
Compared with sham EA (acute), ##p < 0:01 in EA (acute). Compared with EA (acute), △p < 0:05 in EA (chronic). (c) Substance P:
compared with normal, ∗p < 0:05 in EA (acute) and ∗∗p < 0:01 in the model, sham EA (acute), and EA (chronic). Compared with the
model, #p < 0:05 in EA (acute), ##p < 0:01 in EA (chronic). EA (acute) vs. EA (chronic): △△p < 0:01. (d) Mice drink water within 1 hour:
normal > EA (chronic)>EA (acute)> sham EA (acute)>model. (e) Total water consumption: compared with normal, ∗∗∗ p < 0:001 in
the model and ∗∗p < 0:01 in sham EA (acute) and EA (acute). Compared with model, ∗p < 0:05 in sham EA (acute), ∗∗p < 0:01 in EA
(acute), and ∗∗∗ p < 0:001 in EA (chronic). Compared with sham EA (acute), ∗∗p < 0:01 in EA (acute). Compared with EA (acute), ∗∗p <
0:01 in EA (chronic).

Table 2: Water intake changes at different time periods in each group of mice.

Groups (n = 6) Model Sham EA (acute) EA (acute) EA (chronic) Normal

0min 0 0 0 0 0

15min 0:2 ± 0:089∗∗ 0:993 ± 0:333∗∗/## 1:633 ± 0:383∗∗/##/ΔΔ 1:967 ± 0:327∗/##/ΔΔ 2:417 ± 0:491
30min 0:183 ± 0:098∗∗ 0:5 ± 0:179∗∗/# 0:667 ± 0:258∗∗/## 1:25 ± 0:274##/ΔΔ/▲▲ 1:167 ± 0:258
45min 0:133 ± 0:082∗ 0:083 ± 0:075∗ 0:5 ± 0:447 0:717 ± 0:449#/Δ 0:667 ± 0:516
60min 0:067 ± 0:052∗∗ 0:067 ± 0:052∗∗ 0:583 ± 0:376##/ΔΔ 0:633 ± 0:273##/ΔΔ 0:5 ± 0:316
Notes: ∗p < 0:05 and ∗∗p < 0:01 versus normal; #p < 0:05 and #p < 0:01 versus model; Δp < 0:05 and ΔΔp < 0:01 versus sham EA; ▲▲P < 0:01 versus EA (acute).
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swallowing. In addition, stimulation of conception vessel
(CV) 23 by EA could improve the blood flow in M1 and
around deglutition-muscle groups, promote blood supple-
mentation in tissue, and restore voluntary swallowing. Also,
EA may reactivate peripheral nervous of voluntary swallow-
ing, strengthen neural control of the hypoglossal nerve,
release relevant neurotransmitters, recover voluntary swal-

lowing gradually, and improve the PSD caused by unilateral
M1 injury.

During voluntary swallowing, the cortex and subcortical
areas play important roles in triggering and controlling the
sequence of swallowing movements, especially in the oral
phase [34]. Researchers have recognized the function of the
cerebral cortex in swallowing control by observing patients
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Figure 6: Linear correlation analysis of related-swallowing indicators in PSD mice. (a1) Swallowing counts were positively correlated with
water intake, ∗∗∗ p < 0:001, r = 0:6451. (a2) Swallowing counts were positively correlated with substance P, ∗∗∗ p < 0:001, r = 0:6737. (b1)
Spike counts in pyramidal cell were positively correlated with swallowing counts, ∗∗∗ p < 0:001, r = 0:6213. (b2) Spike counts in
pyramidal cell were positively correlated with water intake, ∗∗∗ p < 0:001, r = 0:9105. (c1) Spike counts in pyramidal cell were positively
correlated with hypoglossal nerve spike counts, ∗∗∗ p < 0:001, r = 0:6311. (c2) Swallowing counts were positively correlated with
hypoglossal nerve spike counts, ∗∗∗∗ p < 0:0001, r = 0:8244. (c3) Water intake was positively correlated with hypoglossal nerve spike
counts, ∗∗∗∗ p < 0:0001, r = 0:6583.
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with cortical dysphagia. However, the compensatory mecha-
nism and functional recombination of dysphagia are not
clear. Several experimental studies have suggested that the
cerebral cortex has obvious hemisphere lateralization in
response to swallowing. The locus of cortical control of swal-
lowing lies anterior caudal to M1. The motor cortex is a cru-
cial area for planning swallowing, and the oropharyngeal
motor area is the central area which initiates swallowing [1,
3, 19, 35–40]. Therefore, patients with PSD may experience
compensatory neurologic recombination in M1.

Consistent with this hypothesis, we found that the num-
ber and kind of neurons, spike counts in the noninfarction
side of M1 in PSD mice reduced significantly (Figure 3(b);
Table 1), so the compensatory mechanism could not be acti-
vated. After EA therapy immediately (acute) and EA for 3
days (chronic), pyramidal cells (which are the main projec-
tion neurons in the cerebral cortex) in the noninfarction side
were activated to compensate the role of M1 in the infarction
side (Figures 3(c) and 3(d)). Moreover, the activation of pyra-
midal cells promoted the increase in swallowing counts and
water intake in PSD mice (Figures 6(b1) and 6(b2)). These
data demonstrated that CV23 stimulation may activate the
swallowing-related neurons (pyramidal cells) of M1 in the
healthy side and improve voluntary swallowing.

The submental musculature offers the opportunity to
assess M1 excitability during the different motor components
of swallowing because it has a central role in the oral and
pharyngeal phases of swallowing [30]. We recorded and
compared the EMG of the mandibular swallowing muscles
when drinking water in each group. Both acute and chronic
EA treatment could stimulate the swallowing muscles in
PSD mice, promote an increase in swallowing counts, and

change water intake significantly (Figures 5(b), 5(d), and
5(e)). Simultaneously, stimulation of CV23 by EA could also
improve the local blood flow of swallowing muscles, and
blood perfusion in the noninfarction side in M1 was also
increased significantly (Figure 2). The pharyngeal muscula-
ture is thought to be represented bilaterally but asymmetri-
cally, suggesting hemispheric dominance in the motor
control of these muscles [41]. For a healthy person, when
swallowing water, the peak activation was occurred ≥12 s
after the onset of swallowing, but, in patients with cortical
dysphagia, peak activation occurs much later than 12 s [6].
We have observed this phenomenon in animal experiments.
Hamdy et al. showed that to induce changes in excitation of
the motor cortex with prolonged electrical stimulation of
the pharynx for ≤15min [3], the sensory input to the cortex
must be manipulated, and compensatory recombination of
the intact hemisphere must be undertaken to restore swal-
lowing function in the pharynx [3, 28]. Hence, we undertook
specific stimulation conduction of CV23 to strengthen PSD
treatment using EA for 15min.

Some studies have shown that acupuncture has a certain
effect in this respect. Acupuncture at the corresponding acu-
points can not only enhance nerve reflex but also promote
muscle coordination and flexibility and achieve the purpose
of improving swallowing [42–44]. “Lianquan” acupoint is
between hyoid bone and thyroid cartilage, and the branches
of swallowing nerve and hypoglossal nerve are located in its
deep part. Deep needling can directly stimulate the swallow-
ing muscle group and glossopharyngeal terminal nerve, and
the reflex enhances the excitability of medulla oblongata,
which is beneficial to the recovery of swallowing reflex arc.
“Lianquan” acupoint is located in the control area of motor
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Figure 7: The EA stimulation involves in the motor neural control of motor cortex and hypoglossal nerves to improve the voluntary
swallowing in poststroke dysphagia mice.
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fibers of hypoglossal and swallowing nerves. Therefore, we
choose “Lianquan” acupoint to observe the effect of post-
stroke dysphagia with theoretical basis.

The peripheral nervous receives signal from the central
motor nerves and plays an important role in the voluntary
swallowing. Pharyngeal phase starts by action of the pharyn-
geal plexus (which comprises the glossopharyngeal (IX),
vagus (X), and accessory (XI) nerves) and the hypoglossal
nerves on each side from the ansa cervicalis [45]. During
swallowing, the hypoglossal (XII) nerves are responsible for
the extrinsic and intrinsic muscles of the tongue. In addition,
fibers from the cervical plexus in association with the hypo-
glossal nerve forms the ansa cervicalis will innervate the gen-
iohyoid muscle [46, 47]. Jean suggested that the main motor
nuclei involved in swallowing motor activity are the hypo-
glossal nucleus, and the nucleus ambiguus, hypoglossal, glos-
sopharyngeal, and trigeminal nerves are the main motor
nerves [48]. A lesion of the hypoglossal nerve can cause dys-
arthria, dysphagia, and tongue paralysis [49]. Sundman et al.
suggested that the three mechanisms underlying dysphagia
were delayed initiation of the swallowing reflex, impaired
pharyngeal muscle function, and impaired coordination
[50]; these symptoms of dysphagia are attributed to the dam-
age of several central nuclei associated with swallowing [51,
52]. Related studies show that the loss of innervation of these
muscles which the hyoid and anterior digastric muscles help
to open the jaw and raise the hyoid during swallowing may be
one of the causes of dysphagia in rats [53]. Therefore, there
must be a certain relationship between the M1 responsible
for initiating the swallowing reflex and the hypoglossal nerve
innervating the digastric and lingual protrudor muscles in
the neural regulation of dysphagia after stroke.

In this experiment, we found that the hypoglossal nerve
activity has significantly decreased (p < 0:01, Figure 3(f));
the EMG of mylohyoid muscle was also inhibited (p < 0:01,
Figures 5(a) and 5(b)), and the latency of evoked EMG activ-
ity by stimulation the hypoglossal nerve trunk was obviously
prolonged (p < 0:01, Figures 4(c) and 4(g)) after the M1
injury, suggesting that the damage of motor cortex could
affect the muscles innervated by hypoglossal nerve. Electrical
stimulation of the hypoglossal nerve trunk cannot quickly
induce action potentials, indicating that the central nervous
regulation of swallowing is much greater than the peripheral
local innervation. Acute or chronic EA could activate this
nerve in PSD mice (p < 0:01, Figure 3(f)). The excitability
of hypoglossal nerves was related to the spike counts of pyra-
midal cells in M1 on the healthy side (Figure 6(c1)), illustrat-
ing that EA promotes the excitation of M1, especially
pyramidal cells, and then increases the discharge of hypo-
glossal nerve (p < 0:01), which has significantly shorten the
latency of mylohyoid muscle and increases the MCV
(p < 0:01); thus, the swallowing counts and water intake were
further improved in dysphagia mice (Figures 3(f), 4(e)–4(h),
5(b), and 5(e)). It is revealed that EA could enhance the MCV
of swallowing-related and help the body recover the swallow-
ing function.

SP is a neurotransmitter that promotes the swallowing
reflex in animals, and reduction of its secretion is related to
inhibition of the swallowing reflex [54]. We showed that

the SP concentration in serum was reduced dramatically
in PSD mice, but after EA, it increased significantly
(Figures 5(c) and 6(a2)). These data suggested that EA could
promote SP release to improve swallowing function. Scholars
have reported that SP can enhance swallow and cough reflexes
and may also have a role in the response of the pharyngeal
mucosa to local stimulation [55, 56]. Paul and colleagues
showed that 78.6% of patients treated successfully by pharyn-
geal electrical stimulation showed a poststimulation increase
in SP levels, whereas 88.9% of cases without clinical improve-
ment of dysphagia had stable or decreased SP levels [57]. We
postulate that pharyngeal electrical stimulation and EA stimu-
lation have a close relationship in terms of the increase in SP
levels. Thus, EA may trigger SP release, which results in
peripheral sensitization of sensory neurons. This action would
facilitate the motor swallowing response in the upstream swal-
lowing network and enhance the excitability of the noninfarc-
tion side in M1 to aid recovery from PSD.

This study only observed the role of motor conduction
and neural control of motor cortex-hypoglossal nerve by
EA in PSD mice, but the ascending sensory conduction of
EA stimulation is not involved. How EA involving sensory
nerve conduction regulates the swallowing disorders may
become the potential study in the future.
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Supplementary 1: PCA in each group, time = 300 s. (A) Nor-
mal: 5 units. (B) Model: 3 units. (C) Sham EA: 3 units. (D) EA
acute: 3 units. (E) EA chronic: 3 units. Supplementary 2:
autocorrelograms in each group, bin = 1ms. (A) Normal: 2
interneurons (unit a and unit b) and 3 pyramidal cells (unit
c, unit d, and unit e). (B) Model: 1 interneuron (unit a) and
2 pyramidal cells (unit b and unit c). (C) Sham EA: 1 inter-
neuron (unit a) and 2 pyramidal cells (unit b and unit c).
(D) EA acute: 1 interneuron (unit a) and 2 pyramidal cells
(unit b and unit c). (E) EA chronic: 1 interneuron (unit a)
and 2 pyramidal cells (unit b and unit c). Supplementary 3:
the motor cortex neuron changes of noninfarction area
were recorded by multichannel electrophysiology in vivo.
(A) Multichannel recording electrode: 2 × 4 + 1 matrix elec-
trode implantation. (B) Electrode recording site: bregma:
−0.16mm; left: 1mm; depth: 1mm. (C) Photograph showing
the site of the recording electrode: M1, bar = 500 μm. (D)
Normal: recording 5 units. Normal-before vs. normal-
after: time = 5 min in each phase, interval = stop recording
15min. Interneuron vs. pyramidal: before = 29:65% vs.
70.35%, after = 35:1% vs. 64.9%. (E)Model: recording 3 units.
Before sham EA vs. after sham EA: time = 5 min in each
phase, interval = lack of electric stimulation 15min. Interneu-
ron vs. pyramidal: before sham EA = 17:01% vs. 82.99%, after
sham EA = 18:25% vs. 81.75%. (F) Model: recording 3 units.
Before EA vs. after EA (acute) vs. after EA (chronic): time
= 5 min in each phase, interval 1 =EA stimulation 15min,
interval 2 =EA stimulation for 3 days interneuron vs. pyra-
midal: before EA = 15:73% vs. 84.27%, after EA ðacuteÞ =
33:62% vs. 66.38%, and after EA ðchronicÞ = 34:6% vs.
65.4%. Supplementary 4: the hypoglossal nerve was recorded
in vivo. (Supplementary Materials)
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Spinal cord injury (SCI) is a structural event with devastating consequences worldwide. Due to the limited intrinsic regenerative
capacity of the spinal cord in adults, the neural restoration after SCI is difficult. Acupuncture is effective for SCI-induced
neurologic deficits, and the potential mechanisms responsible for its effects involve neural protection by the inhibition of
inflammation, oxidation, and apoptosis. Moreover, acupuncture promotes neural regeneration and axon sprouting by activating
multiple cellular signal transduction pathways, such as the Wnt, Notch, and Rho/Rho kinase (ROCK) pathways. Several studies
have demonstrated that the efficacy of combining acupuncture with mesenchymal stem cells (MSCs) transplantation is superior
to either procedure alone. The advantage of the combined treatment is dependent on the ability of acupuncture to enhance the
survival of MSCs, promote their differentiation into neurons, and facilitate targeted migration of MSCs to the spinal cord.
Additionally, the differentiation of MSCs into neurons overcomes the problem of the shortage of endogenous neural stem cells
(NSCs) in the acupuncture-treated SCI patients. Therefore, the combination of acupuncture and MSCs transplantation could
become a novel and effective strategy for the treatment of SCI. Such a possibility needs to be verified by basic and clinical research.

1. Introduction

Spinal cord injury (SCI) is a structural event with devastating
consequences, such as permanent loss of motor, sensory, and
autonomic functions and, in severe cases, paraplegia or quad-
riplegia below the level of injury [1]. The incidence of SCI
tends to increase worldwide, with 17,000 new cases each year
[2]. The pathophysiology of SCI can be categorized as pri-
mary injury and secondary injury. The secondary injury
involves apoptosis and necrosis of damaged neurons, disloca-
tion and demyelination of axons resulting from the loss of

oligodendrocyte-derived myelin, local nerve inflammation
caused by tissue edema or ischemia, and formation of a
parenchymal cavity or glial scar in the spinal cord after hem-
orrhage [3, 4]. Currently, no effective treatment to reverse the
trauma of SCI is available. This limitation is mostly due to the
extremely limited capacity of the spinal cord to regenerate
and enable the recovery of neurologic deficits [5]. The main
strategies for the treatment of SCI include pharmacologic
interventions, surgery, stem cell transplantation, behavioral
therapy, physical stimulation, and supportive therapy.
Among them, the current first-line treatment is the
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administration of high-dose corticosteroids, such as methyl-
prednisolone sodium succinate, which can inhibit local
inflammation and oxidative stress, protect the blood-spinal
cord barrier, and prevent the death of neurons [6]. However,
since multiple potential risks and equivocal clinical results
have been reported, there is no consensus on the standard-
ized application of corticosteroids in SCI treatment. There-
fore, the development of safer and more effective therapies
promoting neural restoration and functional recovery after
SCI is of great clinical relevance.

Acupuncture is a procedure involving the insertion of a
fine needle into the skin or deeper tissues at specific locations
of the body (acupoints) to prevent and treat diseases [7]. Sev-
eral lines of neuroanatomical and neurological evidence have
demonstrated the abundant distribution of nerve endings in
human meridians and acupoints, and the involvement of
the nervous system is indispensable for the effects of acu-
puncture [8]. An increasing number of clinical studies have
shown that acupuncture can effectively improve the func-
tional recovery of neurons after various types of central ner-
vous system injuries (CNSIs), including SCI [9]. The
potential mechanisms mediating the effects of acupuncture
include the prevention of inflammatory and oxidant stress,
suppression of apoptosis, and stimulation of proliferation
and differentiation of endogenous NSCs [10, 11]. However,
there are still several obstacles to the application of acupunc-
ture for the promotion of neural regeneration, such as an
insufficient number of endogenous NSCs capable of differen-
tiating into functional neurons. Thus, further research is
needed to achieve progress in this field.

Mesenchymal stem cells (MSCs) are multipotential stem
cells derived from the mesoderm. They are capable of self-
renewal and multilineage differentiation and maintain these
biological characteristics after large-scale expansion in vitro.
MSCs have been regarded as pluripotent “seed cells” with
two main therapeutic effects. One effect is the migration of
cells to the damaged tissue and differentiation into tissue-
specific cell types, thus restoring the function of target tissues
and organs. The other effect is the inhibition of local inflam-
mation, apoptosis, and fibrosis; promotion of angiogenesis;
and stimulation of regeneration and differentiation of resi-
dent tissue progenitor cells by secreting soluble growth and
trophic factors [12, 13]. Moreover, MSCs have several advan-
tages, such as the ability to differentiate into multiple line-
ages, low immunogenicity, abundant sources, simplicity of
preparation, and low tumorigenicity [14]. Many clinical
and basic studies have documented that while MSC trans-
plantation is effective for SCI, it is associated with certain
problems, such as unpredictable cell viability, low efficiency
of differentiation into corresponding tissue cells, and insuffi-
cient ability to migrate to target organs [15–17]. In recent
years, studies in China and abroad have demonstrated that
the combination of acupuncture and MSC transplantation
provides a greater benefit in SCI patients than either proce-
dure alone. Therefore, the present analysis addresses the clin-
ical efficacy and potential mechanisms of acupuncture and
acupuncture combined with MSC transplantation in the
treatment of SCI, utilizing the data generated during the past
20 years. The objective of this work was to critically evaluate

the underlying evidence and provide novel insights for the
clinical application of acupuncture in SCI therapy.

2. The Effect of Acupuncture on Neural
Restoration in Spinal Cord Injury and
Its Mechanism

2.1. Clinical Efficacy of Acupuncture in Neurological
Rehabilitation of SCI Patients. Several randomized controlled
trials have demonstrated that different acupuncture methods
can improve the sensory and motor function of SCI patients
(Table 1). Pooled analyses in a meta-analysis showed that acu-
puncture had a beneficial effect on neurological recovery (rel-
ative risk: 1.28, 95% confidence interval (CI): 1.12-1.50),
motor function (weighted mean difference: 6.86, 95% CI:
0.41-13.31), and functional recovery (standardized mean dif-
ference: 0.88, 95% CI: 0.56-1.21). Moreover, acupuncture
improved the activity of daily living (ADL) in SCI patients,
particularly if applied at the back of the Governor Vessel
(GV) and bladder channel acupoints [9, 18]. Wong et al.
[19] performed an RCT evaluating the efficacy of acupuncture
in 100 patients with SCI and demonstrated that acupuncture
implemented early in acute SCI increased Functional Inde-
pendence Measure scores. Wang et al. [20] conducted a pro-
spective RCT with 48 SCI patients to compare the efficacy of
paraplegia-triple-needling method (GV and the Back-shu)
and the conventional acupuncture at GB30 (Huantiao),
ST36 (Zusanli), GB39 (Xuanzhong), and SP6 (Sanyinjiao).
The results indicated that both therapies improved the ADL
score and the comprehensive function in patients with trau-
matic SCI of the thoracic and lumbar vertebrae. The
paraplegia-triple-needling combined with the rehabilitation
training provided a better long-term improvement [20]. Also,
it has been reported that acupuncture can effectively amelio-
rate various complications of SCI, such as pain, neurogenic
bladder, pressure sores, spasm, and osteoporosis [2, 21–23].
However, the above-indicated meta-analysis identified several
limitations of the performed studies, such as the lack of high-
quality multicenter large-size trials, the lack of uniform acu-
puncture methods, the bias of clinical trials, and the incidence
of adverse events caused by acupuncture [18, 24]. Therefore,
the standardization of acupuncture procedures may facilitate
the evaluation of their efficacy and clinical outcomes.

2.2. Neuroprotective and Neurogenerative Mechanisms of
Acupuncture in SCI. The pathological processes after SCI
can be divided into three stages: acute, subacute, and chronic.
The first stage includes a local inflammatory response, which
mainly involves infiltration of immune cells such as macro-
phages, T lymphocytes, neutrophils, and microglia, and the
release of proinflammatory cytokines, such as tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6
(IL-6). At the mitochondrial level, insufficient reduction of
oxygen and nitrogen molecules generates high levels of reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS), respectively. ROS and RNS trigger neuronal DNA
damage and oxidative stress-induced cell death [25]. Addi-
tionally, the activation of astrocytes leads to the deposition
of a high amount of the extracellular matrix, inhibiting cell
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migration and axon growth and repair, and forms a large cys-
tic cavity in the injured region. Together, these mechanisms
contribute to the progressive damage of the primary injured
tissue, producing a “secondary injury”. The secondary injury
is followed by the subacute phase, which lasts for approxi-
mately 1 year after the initial event. During the subacute
phase, various factors lead to a further expansion of the
injured area and the development of the chronic stage [26].
In addition, these complex pathological changes engender
several complications, such as respiratory and cardiac dys-
function, abnormal temperature control, hypo- and hyper-
tension, neurogenic bladder, and sexual dysfunction [22].

In the past 20 years, the mechanism of the action of acu-
puncture on SCI has been extensively studied using stan-
dardized acupuncture methods, such as electroacupuncture
(EA) (Table 2). The most frequently used acupoints include
the GV and bladder channel acupoints, such as Ex-B05 (Jiaji
acupoints), GV14 (Dazhui), GV4 (Mingmen), and a few
other meridian acupoints, such as ST36. When acupuncture
is applied to the back acupoints, the needle is directed mostly
toward the dura mater, indicating that EAmay act directly on
the meningeal branches of the spinal cord at the correspond-
ing nerve segments, including the spinal dura mater, verte-
bra, dura mater, and ligaments [27]. The neural plasticity
defines the ability of the nervous system to repair itself, struc-
turally and functionally. Acupuncture provides a kind of
physical peripheral stimulation and central sensory feedback
to promote functional recovery, which could be essential for
the formation of new synapses after SCI [27]. The potential
mechanisms by which acupuncture modulates the neural
plasticity and promotes neural restoration and functional
recovery are summarized below.

2.2.1. Neuroprotective Effect of Acupuncture. SCI causes the
loss of a large number of neurons, oligodendrocytes, astro-
cytes, and microglia, leading to various functional disorders.
Therefore, a timely and effective prevention of nerve cell
death is critical for the treatment of SCI [28]. It has been
demonstrated that acupuncture provides neuroprotection

by inhibiting oxidative stress and inflammatory response
after SCI. Juarez Becerril et al. [29] reported that EA stimula-
tion of GV4 reduced the level of ROS by 15%, decreased the
extent of spinal cord tissue damage by 25%, and improved
the motor function of hindlimbs in paralyzed rats by 18.1%.
Jiang et al. [30] demonstrated that EA of GV26 (Shuigou)
and GV16 (Fengfu) reduced the synthesis and release of pro-
inflammatory factors such as TNF-α, IL-1, and IL-6 in the
damaged area of acute SCI in rats. Moreover, EA at GV6 (Jiz-
hong) and GV9 (Zhiyang) not only reduced the population of
M1 macrophages and the expression of their marker CD86
and associated cytokines TNF-α, IL-1β, and IL-6 but also
increased the proportion of M2 macrophages and upregu-
lated the expression of their marker CD206 and released
cytokine IL-10, indicating that EA could promote macro-
phage polarization from proinflammatory M1 phenotypes
to anti-inflammatory M2 phenotypes. Moreover, M2 macro-
phage polarization induced the synthesis and secretion of
neurotrophic factor-3 (NT-3) that has a neuroprotective
activity [31]. Choi et al. [32] showed that EA at GV26 and
GB34 (Yanglingquan) in rats with acute SCI inhibited the
apoptosis and demyelination of spinal cord neurons. The
mechanism of this effect involves the suppression of inflam-
mation induced by the activation of microglia through the
downregulation of p38 mitogen-activated protein kinase
(MAPK) phosphorylation. Apoptosis signaling involves
endogenous pathways mediated by mitochondria and exoge-
nous pathways mediated by death receptors. The endogenous
pathway is activated by the change in mitochondrial mem-
brane permeability, the release of proapoptotic molecules
such as cytochrome c into the cytoplasm, and the activation
of caspase-9 cascade. Conversely, the exogenous pathway is
initiated by the stimulation of caspase-8 after the apoptotic
signal activates death receptors FAS, TRAIL-Rs, and TNF
receptor 1 and the related death domain [33–35]. These
two pathways eventually converge at caspase-3, which exe-
cutes apoptosis by cleaving the cytoskeleton and activating
DNA-degrading enzymes. Du et al. [36] documented that
the penetrating acupuncture at BL54 (Zhibian) and ST28

Table 1: Effect of acupuncture on the repair of spinal cord injury.

Study
Number

of
patients

Randomized,
type of

clinical trial
Acupuncture intervention Control intervention Effect indicators

[19] 100 Yes, RCT EA (SI3 and B62; 75Hz, 10mV)
Usual SCI rehabilitation

care

Neurologic and
functional recovery↑,
ASIA and FIM scores↑

[20] 48 Yes, RCT
Acupuncture (GV and the Back-shu acupoints
according to the injury region)+electric pulsing

stimulation (0.1~1mA, 20 minutes)

Acupuncture (GB30,
ST36, GB39, and

SP6)+rehabilitation
training

Modified Barthel
index↑, function
comprehensive
assessment↑

[2] 1
No, a case
report

Scalp acupuncture (DU24, DU19, DU18, DU21) Not applicable
Motor function↑, neural

plasticity↑

[21] 10
No,

controlled
trial

EA (LI4 and LI11; 5Hz) Not applicable
Activated C6 and C2
cervical spinal cord

levels, functional MRI

Abbreviations: RCT: randomized controlled trial; SI3: Houxi; B62: Shenmai; ASIA: American Spinal Injury Association; GV: Dumai; GB30: Huantiao; ST36:
Zusanli; GB39: Xuanzhong; SP6: Sanyinjiao; Ex-B2: Jiaji; LI4: Hegu; LI11: Quchi; DU24: Shenting; DU19: Houding; DU18: Qiangjian; DU21: Qianding.
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Table 2: Mechanism of acupuncture on the repair of spinal cord injury.

Study Acupuncture intervention Control intervention Effect indicators Mechanism index

Neuroprotective effect of acupuncture

[29]
EA (GV4; 2-100Hz, 2.5mA, 30

minutes)
EA (GV26)

Motor function↑, Basso-
Beattie-Bresnahan (BBB)
locomotor rating scale

scores↑

Hydroxyl radical concentration↓,
lipid peroxidation↓

[30]

EA (DU26, DU16; 2Hz, 0.2mA, 30
minutes)

MA (DU26, DU16; 2 revolutions per
second for 10 s, every 10 minutes, 30

minutes)

No treatment

Neuronal function
recovery↑, antioxidation↑,

anti-inflammation↑,
antiapoptosis effects↑

IL-1β↓, IL-6↓, TNF-α↓

[31]
EA (GV6, GV9; 60Hz for 1.05 s and
2Hz for 2.85 s, ≤1mA, 20 minutes,
once every other day, 4 weeks)

No treatment BBB functional↑

M1 (TNF-α↓, IL-1β↓, IL-6↓), M2 (IL-
10↑, CD206↑), NT-3 expression↑, the

polarization of M2
microglia/macrophages↑

[32]
Acupuncture (GV26, GB34; two

spins/second, 30 s, 30 minutes, once a
day, 2 weeks)

Not received any
acupuncture
treatment

Functional recovery↑

Caspase-3↓, p38 MAPK↓, resident
microglia↓, TNF-α↓, IL-1β↓, IL-6↓,

nitric oxide synthase↓,
cycloxygenase-2↓, matrix

metalloprotease-9↓

[33]
Elongated needle (BL54, ST28, CV6,
CV3; 20-40 times/min, 1.5-3V, 15

minutes)

No acupuncture
stimulation

Decrease spinal injury↓, cell
apoptosis↓

p-Akt and p-ERK1/2↑, Cyt c and
caspase-3↓

[34]
EA (ST36, KI3; 60Hz for 1.05 s and
2Hz for 2.85 s, ≤2mA, 20 minutes)

No electrical
stimulation

Locomotor skills↑,
ultrastructural features of the

myelin sheath↑

Caspase-12↑, Cyt c↑, oligodendrocyte
proliferation↑, oligodendrocyte

death↓

[35] EA (GV6, GV9; 60Hz, 20 minutes)
No acupuncture
stimulation

Functional recovery↑, tissue
loss and neuronal apoptosis↓

Proapoptotic proteins (cleaved
caspase-3/9↓ and cleaved PARP↓),
antiapoptotic protein Bcl-2↑, miR-

214↑

[36]
Elongated needle (BL54, ST28; 20–
40beats/min, 1.5–3V, 15 minutes)

Control group Cell apoptosis↓ FAS→ caspase-3 cascade↓

[37]
Elongated needle therapy (BL54,
ST28; 2Hz, 1-3mA, 15 minutes)

Not received
acupuncture
treatment

BBB locomotor scale↑
PI3K/Akt and MAPK/ERK signaling
pathways↑, Bax protein↓, Bcl-2↑,
mitochondrial apoptosis pathway↓

[38]
EA (BL54, ST28, CV6, CV3;
20Hz/40Hz, 15 minutes)

Elongated needle EA Promote repair↑
PI3K/Akt↑, ERK1/2↑, Cyt c↓,

caspase-3↓

[29]
EA (GV4; 2.5mA, 2-100Hz, 30

minutes)
EA (GV26)

Motor function↑, BBB
locomotor scale↑

Hydroxyl radical concentration↓,
lipid peroxidation↓

Acupuncture modulates neural plasticity and promotes neural regeneration

Wnt signaling pathway

[39]
EA (GV14, GV4; 2Hz, 1mA, 20

minutes)
Not received EA

treatment

Hindlimb motor functions↑,
neuroprotective effects↑,

proliferation and
differentiation of neural stem

cells↑

Wnt/β-catenin signaling pathway↑,
proliferation and differentiation of

neural stem cells↑

[40]
Fire needle acupuncture (T7, T8, T11,

T12; 1/3 s, 3-5mm, once a day)
Not treated by fire
needle acupuncture

Lower limb locomotor
function↑

Wnt/β-catenin↑, ERK↓, nestin↑,
NSE↑, Gal-C↑, GFAP↓; Wnt-3a↑,
GSK3β↑, β-catenin↑, ngn1↑,
ERK1/2↓, cyclin D1 gene and

protein↓

Notch signaling pathway

[42]
EA (GV14, GV4; 2Hz, 2V, 30

minutes, once a day)
Without any
treatment

Morphological recovery↑
Notch signaling pathway↓,

promoting the proliferation of
endogenous neural stem cells↑

[43]
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Table 2: Continued.

Study Acupuncture intervention Control intervention Effect indicators Mechanism index

EA (GB30, Ex-B05; 100Hz/2 s and
2Hz/2 s, 3mA, 5mm)

Not received EA
treatment

Spontaneous regeneration↑,
remyelination↑, recovery of

function↑

BrdU(+)/NG2(+) cells↑, the
proliferation of endogenous neural
stem cells and oligodendrocytes↑

Rho/ROCK signaling

[46]
EA (DU14, DU4, SP6, GB30, ST36,
BL60; 4Hz, 30 minutes, once a day, 7

days)

No acupuncture
stimulation

Tissue repair and
neurological functional

recovery↑, BBB locomotor
scale and inclined plane test

scores↑

Neuronal apoptosis↓, decreases
RhoA↓, Nogo-A mRNA↓

[47]
EA (GV3, GV14, ST36, BL32; 100Hz

for 1.5ms and 2Hz for 1.5ms)
Blocking agent

Y27632

Spinal cord tissue
morphology↑, BBB score of

lower limb movement
function↑

Rho/ROCK signaling pathway↓,
axonal growth and inflammatory

reaction↓

[48]
EA (Ex-B2; 100Hz, 30 minutes, once

daily for 14 days and 28 days)
ROCK inhibitor

groups
Hindlimb locomotor

function↑
RhoA/ROCK signaling pathway↓

(RhoA↓, ROCK II↓, MLC proteins↓)

[49]
EA (GV3, GV14, ST36, BL32; 100Hz
for 1.5ms and 2Hz for 1.5ms, 2 V, 20

minutes,14 days)

Blocking agent
Y27632 EA+Y

Lower limb movement
function↑

Nogo/NgR and Rho/ROCK signaling
pathway↓ (mRNA and protein
expression of Nogo-A↓, NgR↓,

LINGO-1↓, RhoA and ROCK II↓)

[57]
EA (GV3, GV14, ST36, BL32; 2Hz,

2 V, 20 minutes, 14 days)
Monosialoganglioside

treatment
Hindlimb motor functions↑

Rho-A and Rho-associated kinase II
(ROCK II)↓, Rho/ROCK signaling

pathway↓

Neurotrophic factors

[58]

EA (ST36, GB39, ST32, SP6; 2Hz, 98
pulses per minute, 15 minutes, ST36
and GB39, first day, ST32 and SP6,
second day, each pair of acupoints
was stimulated on alternate days)

Not received EA
treatment

Sensory functional↑

CNTF↓, p75-like apoptosis-(death
domain protein↓, IGF-1↓,

transforming growth factor-beta 2↓,
FGF-4↓)

[53]

EA (ST36, GB39, ST32, SP6;
alternating stimulus, 98Hz, 30

minutes, the stimulating electrodes
were changed and their polarity

reversed after 15 minutes)

Not received EA
treatment

Hindlimb locomotor and
sensory functions↑

CNTF↑, FGF-2↑, TrkB mRNA↑;
NGF, PDGF↓, TGF-β1↓, IGF-1↓,

TrkA↓, TrkC mRNA↓

[50]
EA (GV1; 2Hz, 2mA, 20 minutes,

once a day)
Not received EA

treatment
BBB↑ NGF↑, BDNF↑

[59]
EA (ST36, GB39, ST32, SP6; 75

cycles/minute, 40-50μA, 30 minutes,
once a day)

No treatment
BBB locomotor rating scale
scores↑, motor neuron

function↑
AChE activity↑, GDNF↑

[51]
EA (GV14, GV4; 2Hz, 1mA, 20

minutes)
No treatment

Motor function↑, neuronal
function↑

NT-3↑

[52]

EA-2 group (GV20, GV16, GV14,
GV4; GV14 and GV4, 2Hz, 0.2mA,
30 minutes, once every 2 days, 6

weeks)

EA-1 group
BBB locomotor rating scale

scores↑, locomotor
function↑

BDNF↑, NT-3↑

[54]

EA (GV14, GV4, GV7, GV5;
alternating stimulus, 2Hz, 10

minutes, 6 days EA-1 day interval-6
days EA)

No treatment Movement function↑ BDNF↑, CREB↑

[38]
EA (BL54, ST28, CV6, CV3;

20Hz/40Hz)
Only performed a
laminectomy

Promote repair↑
PI3K/Akt↑, ERK1/2↑, cytochrome c↓,

caspase-3↓

[60]
EA (GV4, GV14; GV9, GV6; 2Hz, 20

minutes)
Not received EA

treatment
Hindlimb locomotor↑ and

sensory functions↑

IGF-1↓, FGF-2↓, CNTF↓, PDGF↓,
TGF-β1↓, TrkA↓, TrkB↓, TrkC↓,

NTFs↑

[55] EA (Ex-B2, 2Hz; 3, 7, and 14 days)
Not received EA

treatment

BBB locomotor scoring↑,
hindlimb locomotor

function↑

EGFR↓, GFAP↓, nerve axon
regeneration↑
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(Shuidao) inhibited exogenous death receptor-mediated apo-
ptosis of neurons in acute SCI and downregulated the local
expression of FAS and caspase-3. Shi et al. [37] showed that
the elongated needle therapy at BL54 and ST28 promoted
the recovery from SCI. This beneficial effect was associated
with the suppression of inflammation via the phosphoinosi-
tide 3-kinase/Akt (PI3K/Akt) and MAPK/extracellular
signal-regulated kinase (ERK) signaling pathways, which
resulted in the downregulation of the Bax protein, upregula-
tion of Bcl-2, and inhibition of the mitochondria-mediated
apoptosis. Therefore, acupuncture may promote the survival
of neurons after SCI by blocking both the endogenous and
exogenous apoptosis pathways, facilitating the activation of
SCI repair and functional recovery [38].

2.2.2. Acupuncture Modulates Neural Plasticity and Promotes
Neural Regeneration. A growing body of evidence indicates
the crucial role of intracellular signaling cascades, such as
the Wnt, Notch, and ROCK pathways, in neural plasticity
and regeneration after SCI. Thus, the development of thera-
peutic agents targeting these pathways is expected to contrib-
ute to the treatment of SCI.

The Wnt signaling pathway plays an important role in the
proliferation, differentiation, and axon orientation of NSCs.
Wnt-1, the key element in the Wnt pathway, and the critical
transcription factor β-catenin are highly expressed in the early
stage of SCI, which is consistent with the reactive proliferation
of endogenous NSCs of the spinal cord [39, 40]. Xu et al. [40]
demonstrated that a fire needle at the Ex-B05 points promoted
lower limb locomotor function in SCI rats. Moreover, they
documented that the potential mechanism underlying the
effect of acupuncture involves the stimulation of proliferation
and differentiation of NSCs into neurons by the activation of
the Wnt/β-catenin pathway (Wnt-3a, GSK3, β-catenin, and
ngn1) and inhibition of the overexpression of MAPK-ERK
kinase/extracellular signal-regulated protein kinases 1 and 2
(ERK1/2) and cyclin D1. Wang et al. [39] found that the
expression of Wnt-1, Wnt-3a, and β-catenin in the injured
area was increased at 1, 7, and 14 days after SCI, while the
expression of Wnt-1, Wnt-3a, and β-catenin was increased
by EA at GV14 and GV4. These results suggest that GV EA
may promote the regeneration of neurons by activating the
Wnt/β-catenin signaling pathway. The above studies only

mentioned that acupuncture improves locomotor function as
well as regulates these pathway proteins, where changes
expressed by NSCs need to be clarified, and additional sup-
porting data generated by the loss-of-function methodology
are needed to reach a definitive conclusion.

Notch signaling is a classical pathway controlling the
proliferation and differentiation of endogenous NSCs. There
are four types of Notch receptors, named Notch1 through
Notch4; their ligands are members of the Delta/Serrate/Lag2
protein family, such as Delta. The activation of Notch recep-
tors induces the transcription and expression of downstream
repressor genes, such as Hes 1 and Hes 5, which regulate cell
proliferation and differentiation [41]. After SCI, the Notch
signaling is activated, stimulating endogenous NSC prolifer-
ation and differentiation predominantly into astrocytes, hin-
dering SCI repair. Geng et al. [42] documented that EA at
GV14 and GV4 promoted the proliferation of endogenous
NSCs in the spinal cord and inhibited the local expression
of Notch1, Notch3, and Notch4, preventing endogenous
NSCs from differentiating into astrocytes. It has also been
shown that EA at GV and the bladder channel in SCI rats
inhibited Notch signaling and increased the number of
BrdU/neuron-glia antigen 2 (NG2) double-positive cells
around SCI. Additionally, this procedure promoted the pro-
liferation of endogenous NSCs and the differentiation of oli-
godendrocytes in the injured spinal cord [43].

Rho/ROCK signaling is mainly responsible for regulating
cytoskeleton organization, cell growth, cell migration, prolifer-
ation, and development [44]. The RhoA/ROCK pathwaymedi-
ates the effects of myelin-associated axon growth inhibitors
(Nogo), myelin-associated glycoprotein, oligodendrocyte-
myelin glycoprotein, and repulsive guidance molecule. Block-
ing RhoA/ROCK signaling reverses the inhibitory effects of
these molecules on axon outgrowth and promotes axonal
sprouting and functional recovery in CNSI models [45]. Wu
et al. [46] demonstrated that EA treatment at GV14, GV4,
SP6, GB30, ST36, and BL60 (Kunlun) for 7 days improved tis-
sue repair and neurological functional recovery, reduced neu-
ronal apoptosis, and suppressed the expression of RhoA and
Nogo-A at the SCI lesion. It has also been shown that EA
downregulated the expression of RhoA, ROCK II, myosin light
chain, Nogo-A, NgR, and LINGO-1 in the anterior horn of the
spinal cord, resulting in an improvement of the motor function

Table 2: Continued.

Study Acupuncture intervention Control intervention Effect indicators Mechanism index

[56]
EA (Ex-B2, 2/100Hz, 0.2mA, 15

minutes)
Not received EA

treatment
Locomotor function↑

L1↑, GFAP↑, (early phase)-(GFAP)↓,
(later stages), nestin↑

[58]

EA (ST36, GB39, ST32, SP6;
alternating stimulus, 2Hz, 98

pulses/minute, 15 minutes, after the
third day, stimulate every other day)

Not received EA
treatment

Sensory functional↑

CNTF↓, p75-like apoptosis-(death
domain protein↓, IGF-1↓,

transforming growth factor-beta 2↓,
FGF-4↓)

Abbreviation: GV4:Mingmen; GV26: Shuigou; BBB: Basso-Beattie-Bresnahan; DU16: Fengfu; IL-1β: interleukin-1β; IL-6: interleukin-6; TNF-α: tumor necrosis
factor-α; GV6: Jizhong; GV9: Zhiyang; NT-3: neurotrophin-3; GB34: Yanglingquan; MAPK: mitogen-activated protein kinase; BL54: Zhibian; ST28: Shuidao;
CV6: Qihai; CV3: Zhongji; Cyt c: cytochrome c; ST36: Zusanli; KI3: Taixi; GV4: Mingmen; GV14: Dazhui; SCI: spinal cord injury; ERK: extracellular signal-
regulated kinase; GSK3β: glycogen synthase kinase 3β; GB30: Huantiao; Ex-B05: Huatuojiaji; BL32: Ciliao; ST32: Futu; GV1: Changqiang; NGF: nerve
growth factor; BDNF: brain-derived neurotrophic factor; AChE: acetylcholinesterase; GDNF: glial cell line-derived neurotrophic factor; GV20: Baihui; GV7:
Zhongshu; GV5: Xuanshu; Ex-B2: Jiaji; CREB: cAMP response element-binding; NTFs: neurotrophic factors; EGFR: epidermal growth factor receptor;
GFAP: glial fibrillary acidic protein.
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of the hindlimb in SCI rats [47–49]. These data suggest that
acupuncture can improve SCI neural restoration by enhancing
the Rho/ROCK signaling. However, the specific mechanism
underlying the effects of acupuncture on axon growth and
regeneration mediated by the Rho/ROCK signaling has not
been fully elucidated. Whether the regulation of local inflam-
mation and cell migration by acupuncture involves this signal-
ing pathway remains to be determined.

Endogenous neurotrophic factors (NTFs), such as the
nerve growth factor (NGF) [50], brain-derived neurotrophic
factor (BDNF), and NT-3 [51, 52], act by binding to their
receptors, respectively, TrkA, TrkB, and TrkC [53]. These fac-
tors are essential to promote axon sprouting and neuronal
regeneration in the injured site. NGF/tropomyosin receptor
kinase A (TrkA) signaling can prevent apoptosis by the activa-
tion of the PI3K/Akt pathway. Acupuncture has been shown
to increase the expression of the BDNF receptor kinase B
(TrkB) [54] by activating tropomyosin through the PI3K/Akt
and ERK1/2 signaling. These processes lead to the phosphor-
ylation and activation of the cyclic AMP (cAMP) response
element-binding transcription factor, which upregulates the
transcription of the BDNF gene [54]. In addition to affecting
NTFs and their receptors, acupuncture can modulate neural
plasticity by inhibiting the expression of the epidermal growth
factor receptor [55] and glial fibrillary acidic protein (GFAP)
[56] in the spinal cord, thus promoting axon regeneration
and preventing the formation of the glial scar.

In summary, the current researches on the mechanism of
acupuncture in SCI are focused mostly on the level of single
molecules and/or signaling pathways. However, a wide range
of interactive communication exists between different signaling
pathways, and acupuncture may regulate a complex network of
multiple signaling molecules and pathways. This notion is con-
sistent with the holistic regulation characteristics of acupunc-
ture, involving multiple targets, links, approaches, and levels.
How acupuncture affects this complex network requires fur-
ther investigation. Moreover, due to the small number of
endogenous NSCs and the unfavorable microenvironment of
the injured region of SCI, the proliferation and differentiation
of endogenous NSCs may not be sufficient to replace the dam-
aged central nervous system. Thus, it is crucial to identify treat-
ments that could be combined with acupuncture to achieve a
better promotion of the restoration of neurons after SCI.

3. The Effects of Acupuncture Combined with
Mesenchymal Stem Cells on SCI and
Their Mechanism

3.1. Effects of Mesenchymal Stem Cells on Neural Restoration
after SCI and Their Mechanisms. MSCs are important mem-
bers of the stem cell family; they are derived from the early
developmental mesoderm and belong to pluripotent stem cells
[61]. Given their strong proliferation ability and multilineage
differentiation potential, MSCs can be induced to generate
neurons and glial cells [15, 62]. Clinical studies have con-
firmed that MSC transplantation is effective in the treatment
of post-SCI dysfunction [14]. In the first longitudinal study
of the effect of MSCs on the outcomes in SCI patients, autolo-

gous MSCs were isolated from each patient’s bone marrow,
amplified, and implanted by intramedullary or intradural
injection [63]. Within 6 months after implantation, motor
function was significantly improved in 7 of 10 patients. After
3 years of follow-up, motor function continued to improve,
and no other complications or signs of tumor formation were
present [64]. Similarly, a recent clinical trial showed that in 10
of 14 SCI patients, the treatment with MSCs ameliorated the
sensory impairment, as documented by the improvement in
the American Spinal Injury Association (ASIA) motor and
sensory scores [65]. Recently, clinical trials of MSC transplan-
tation for the treatment of acute and subacute SCI patients
have been systematically reviewed, and the conclusion was
reached that this therapy can safely and effectively improve
SCI-related symptoms such as dyskinesia [66, 67]. A retro-
spective study of acute SCI showed that 19 (70%) of the com-
pleted (n = 18) and ongoing (n = 9) clinical trials were focused
on the intrathecal injection of MSCs for the treatment of SCI
[66]. However, the exploration of other transplantation
methods was also underway and will provide a clinical basis
for the optimal route ofMSC transplantation for the treatment
of SCI. Moreover, it is generally considered that to improve
the survival rate of MSCs, the best time window for transplan-
tation is within 1-2 weeks after the injury [68]. Also, implanta-
tion of MSCs results in a short-term improvement of
autonomic nerve function and relieves from sweat gland secre-
tion disorder and orthostatic hypotension, i.e., goals that could
not be achieved by the traditional treatment.

The mechanisms underlying the effects of MSC transplan-
tation in the treatment of SCI include the activation of multiple
paracrine or autocrine NGFs, neuron regeneration, nerve loop
reconstruction, integration of transplanted cells and host cells,
and prevention or reduction of glial scar formation at the site
of injury [66]. After migrating to the lesion, implanted MSCs
can differentiate into functional neurons, which can form syn-
apses with host neurons [68]. They also can improve axonal
regeneration, inhibit demyelination while promoting myelin
regeneration [16, 69–72], and reconstruct functional neural net-
works [15]. It has been proposed that the therapeutic action of
implanted MSC in SCI is based on the secretion of a variety of
factors, such as NGF, NT-3, and BDNF [73, 74]. Furthermore,
paracrine immunomodulatory mediators secreted by MSCs
can reduce harmful inflammation by inhibiting the differentia-
tion of macrophages and microglia into neurotoxic, proinflam-
matory M1 subsets and promoting the generation of
immunomodulatory M2 subsets which contribute to axonal
growth andmyelin regeneration [75]. The paracrine factors also
help to promote the differentiation of MSCs, creating an envi-
ronment facilitating the survival of transplanted MSCs, axonal
regeneration, and integration of implanted cells with host cells.

In summary, MSC transplantation appears to represent an
effective treatment for SCI patients, but large-scale phase III clin-
ical trials are needed. The mechanism of the beneficial effects of
MSCs involves neuroprotection, immune regulation, neuron
regeneration, and the restoration of nerve conduction. Together,
these processes contribute to structural repair and functional
recovery of the injured spinal cord. However, some studies have
shown that MSCs located in the lesion cannot differentiate into
neurons due to an unfavorable microenvironment in the injured
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spinal cord and their low survival rate. Therefore, an improve-
ment in the survival and directional differentiation of MSCs is
essential to achieve progress in clinical applications of these cells
in SCI treatment.

3.2. Effects and Mechanisms of the Combined
Acupuncture/MSC Therapy for SCI. In recent years, extensive
research has been performed, and some progress has been
achieved, on the efficacy and mechanisms of acupuncture com-
bined with MSC transplantation in the treatment of acute
CNSIs such as SCI, traumatic brain injury, stroke, and cerebral
palsy [76]. The combination of acupuncture and MSC trans-
plantation resulted in an improvement of the SCI comprehen-
sive functional score and the BBB motor score. Importantly,
the curative effect of the combination therapy was better than
that of either acupuncture orMSC implantation alone (Table 3).

The mechanism responsible for the effect of the combined
therapy appears to depend on the promotion of the survival
and differentiation of MSCs. Ding et al. [77] documented that

10 weeks of combination therapy increased the formation of
descending corticospinal tract projections into the lesion and
showed improved Basso-Beattie-Bresnahan (BBB) scores and
enhanced motor-evoked potentials in rats with spinal cord
transection. Sun et al. [78] have shown that the combination
therapy increased the expression of neuron- and glial-
specific markers (neuron-specific enolase (NSE) and GFAP,
respectively) more than MSC transplantation alone, suggest-
ing that acupuncture promotes the differentiation of MSCs
into neurons and glial cells. The structural and functional
recovery after the combination treatment may also be due to
the downregulation of expression of GFAP and chondroitin
sulfate proteoglycans (CSPGs), which could prevent axonal
degeneration and improve axonal regeneration.

The neurotrophic factor NT-3 has an important function
in the development, differentiation, and survival of neurons
and in signal transduction. NT-3 also induces the growth of
axons from the intact corticospinal tract across the midline
to the innervated side [79, 80]. Liu et al. [81] documented that

Table 3: Effects of the combination of acupuncture and MSC implantation on spinal cord injury and their mechanisms.

Study
Intervention & acupuncture

parameters
Control

intervention
Effect indicators Comparison of effects between groups

Mechanism
index

[78]

MSCs (1 × 106 viable
cells/mL), EA (Ex-B2; H1 =

2Hz, H2 = 50Hz, 20
minutes, 14 days), MSCs+EA

PBS group
Combined
behavioral
score↑

BMSC+acupuncture> acupuncture>BMSC>PBS

Differentiation
of BMSC into
neuronal

cells↑, NSE↑,
GFAP↑

[77]

MSCs (1 × 105 viable
cells/mL)+EA (GV1, GV2,
GV6, GV9; 60Hz for 1.05 s
and 2Hz for 2.85 s, ≤1mA,
20 minutes), MSCs+EA

Sham-
control

Op-control

BBB locomotion
test↑,

differentiation of
MSCs↑,

regeneration of
nerve fibers↑

MSCs+EA>EA>MSCs> control GFAP↓,
CSPGs↓

[81]

MSCs (5 × 105 cells/mL)+EA
(T9, T11; 39A/h, 20Hz, 15

minutes, twice a day),
MSCs+EA

Normal
group

Functional
deficits↑, axonal
regeneration↑

MSCs+EA>MSCs>EA> normal

GFAP↓,
CSPGs↓, G-

CSF↑, BDNF↑,
VEGF↑, IL-6↑

[83]

MSCs (1 × 105 cells/μL,
5 μL)+EA (GV1, GV2, GV6,
GV9; 60Hz for 1.05 s and
2Hz for 2.85 s, once every

other day, 7 weeks),
MSCs+EA

Op-control

Axonal
regeneration↑,

partial
locomotor
functional↑

MSCs+EA>MSCs>EA>Op-control
NT-3↑, cAMP
level↑, 5-HT↑,
CGRP-positive
nerve fibers↑

[85]

TrkC-MSCs (1 × 105
cells/μL, 5μL)+EA (GV6,
GV9; 60Hz for 1.05 s and
2Hz for 2.85 s, ≤1mA, 20

minutes), MSCs+EA

PBS group
Remyelination↑,
functional↑

TrkC-MSCs+EA>MSCs+EA>TrkC-
MSCs>MSCs

NT-3↑

[84]

MSCs (1 × 105 cells/mL,
5mL)+EA (GV9, GV6, GV2,
GV1; 60Hz for 1.05 s and
2Hz for 2.85 s, 1mA, 20
minutes); MSCs+EA

Normal
group

BBB locomotion
test↑

MSCs+EA>EA>MSCs>Op-control
Endogenous
NT-3↑, 5-HT-
positive nerve

fibers↑

Abbreviations: BMSCs: bonemarrow stromal cells; PBS group: PBS injection in the injured area; Ex-B2: Jiaji; PBS: phosphate-buffered saline; GV1:Changqiang;
GV2: Yaoshu; GV6: Jizhong; GV9: Zhiyang; MSCs: mesenchymal stem cells; Sham-control: received a laminectomy without spinal cord transection; Op-control:
operated control received a spinal cord transection only without any treatments; GFAP: glial fibrillary acidic protein; BBB: Basso-Beattie-Bresnahan; CSPGs:
chondroitin sulfate proteoglycans; normal group: normal rats; G-CSF: granulocyte colony-stimulating factor; BDNF: brain-derived neurotrophic factor;
VEGF: vascular endothelial growth factor; IL-6: interleukin-6; NT-3: neurotrophin-3.
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the combination treatment increased the number of surviving
MSCs, an effect that may be related to the acupuncture-
induced increase in the cAMP level in the SCI area. cAMP,
in turn, can increase the expression of endogenous NT-3, pro-
moting the differentiation of MSCs into neuron-like cells and
oligodendrocytes; these cells replace the injured tissue and fill
the cystic area [82–84]. Ding et al. [85] grafted TrkC (NT-3
receptor)-modified MSCs (TrkC-MSCs) into the demyeli-

nated spinal cord and applied EA. In this experiment, EA
increased NT-3 expression, promoting the differentiation of
TrkC-MSCs into oligodendrocyte-like cells, remyelination,
and functional improvement of the demyelinated spinal cord.
Additional effects of acupuncture involve the inhibition of
GFAP secretion, promotion of the synthesis of laminin, and
regeneration of calcitonin gene-related peptide-positive and
serotonin-positive nerve fibers and corticospinal tract nerve

Acu

Immune cell  infiltration

ROS

Pro-inflammatory
mediators

ROS

Astrogliosis

Microgliosis

Tissue loss Tissue recovery

Functional recovery

M1
TNF-𝛼  , IL-1𝛽  , IL-6

M2
Immunomodulatory
molecules
Neurotrophic factors

Anti-apoptosis
Neurogenesis
Synaptogenesis

Astrogliosis (GFAP)

Neuronal and
synaptic

degeneration,
apoptosis

Functional deficit

Tissue recovery

Functional recovery

Immunomodulatory
molecules
Neurotrophic factors
NT-3 ,NGF BDNF

Neuron survival
Neurogenesis
Angiogenesis
Synaptogenesis

MSCs differentiating into
neurons and glial cells

MSCs

Degenerative pathway
Regenerative pathway

Acu+MSCs
SCI

,

Figure 1: Effects of the combination of acupuncture and MSC transplantation on neural recovery after spinal cord injury (SCI) and the
underlying mechanisms. ROS: reactive oxygen species; TNF-α: tumor necrosis factor-α; IL-1β: interleukin-1β; IL-6: interleukin-6; MSCs:
mesenchymal stem cells; GFAP: glial fibrillary acidic protein; NT-3: neurotrophic factor-3; NGF: nerve growth factor; BDNF: brain-
derived neurotrophic factor.
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fibers. Also, acupuncture reduces the size of the nerve cavity to
prevent further expansion of the nerve scar and creates a
favorable microenvironment for nerve fiber regeneration and
penetration into the injured area. Ultimately, these effects
can lead to an improvement in motor function. Moreover,
acupuncture can enhance the migration of MSCs by increas-
ing the phosphorylation of Akt and ERK. Finally, unpublished
data obtained in our laboratory showed that the expression of
chemokines (such as CXCL1) and their receptors (such as
CXCR2) in target organs increased significantly after acu-
puncture. We have raised the possibility that the chemotactic
effect of acupuncture may enhance the homing ability of
MSCs, which is critical for the targetedmigration of these cells.

In summary, we advance a hypothesis that the biological
mechanism underlying the beneficial impact of acupuncture
combined with MSCs transplantation involves the improve-
ment in the local microenvironment at the site of injury
through the neuroprotective and immunomodulatory effects
of acupuncture. The combination therapy can improve the
survival rate and direct the differentiation ofMSCs, promoting
the differentiation of exogenous MSCs into oligodendrocyte-
like or neuron-like cells. Secondly, the combined treatment
promotes targeted migration of MSCs to the spinal cord.
Thirdly, transplantedMSCs can release a large amount of neu-
rotrophic and immunomodulatory factors that, through para-
crine mechanisms, can enhance acupuncture neuroprotection,
nutrition, and axonal budding, counteracting problems such
as the small number of host endogenous NSCs and the limited
ability of acupuncture to promote their differentiation.

4. Conclusion

In conclusion, the recovery of patients after SCI is difficult
due to the complex pathological sequelae of the injury and
limited regenerative capacity of neurons (Figure 1). Acu-
puncture is effective for SCI-induced neurologic deficits.
The potential mechanisms of acupuncture actions involve
the protection of neurons against inflammation, oxidation,
and apoptosis and the improvement of the local microenvi-
ronment. Additionally, acupuncture can promote neural
regeneration and axon sprouting via multiple cellular signal
transduction pathways, such as ROCK, Wnt, and Notch.
Although MSC transplantation alleviates neural deficits and
related complications, low survival and differentiation rates
of MSCs limit the effects of their use in SCI. Several studies
have documented that the combination of acupuncture and
MSC transplantation is superior to each procedure alone.
The combination therapy can enhance the survival of MSCs,
promote their differentiation into neurons, and facilitate
their targeted migration to the spinal cord by stimulating
the secretion of neurotrophic factors such as NT-3. Ulti-
mately, these processes lead to the improvement of the
microenvironment and generation of a functional neural net-
work. Additionally, the differentiation of MSCs into neurons
can overcome the shortage of endogenous NSCs in SCI
patients. Therefore, acupuncture combined with MSC trans-
plantation could become a novel and effective strategy for the
treatment of SCI. This possibility needs to be verified by basic
and clinical research.
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As the global population ages, the incidence of neurodegenerative diseases has risen. Furthermore, it has been suggested that
depression, especially in elderly people, may also be an indication of latent neurodegeneration. Stroke, Alzheimer’s disease (AD),
and Parkinson’s disease (PD) are usually accompanied by depression. The urgent challenge is further enforced by psychiatric
comorbid conditions, particularly the feeling of despair in these patients. Fortunately, as our understanding of the
neurobiological substrates of maladies affecting the central nervous system (CNS) has increased, more therapeutic options and
novel potential biological mechanisms have been presented: (1) Neurodegenerative diseases share some similarities in their
pathological characteristics, including changes in neuron structure or function and neuronal plasticity. (2) MicroRNAs
(miRNAs) are small noncoding RNAs that contribute to the pathogenesis of diverse neurological disease. (3) One ubiquitous
neurotrophin, brain-derived neurotrophic factor (BDNF), is crucial for the development of the nervous system. Accumulating
data have indicated that miRNAs not only are related to BDNF regulation but also can directly bind with the 3′-UTR of BDNF
to regulate BDNF and participate in neuroplasticity. In this short review, we present evidence of shared biological substrates
among stroke, AD, PD, and depression and summarize the possible influencing mechanisms of acupuncture on the
neuroplasticity of these diseases. We discuss neuroplasticity underscored by the roles of miRNAs and BDNF, which might
further reveal the potential biological mechanism of neurodegenerative diseases and depression by acupuncture.

1. Introduction

Neurodegenerative diseases, including stroke, Alzheimer’s
disease (AD), and Parkinson’s disease (PD), are chronic pro-
gressive diseases caused by the apoptosis, loss, and degenera-
tion of neurons in the central nervous system (CNS) and alter
neuroplasticity [1]. Moreover, major depressive disorder has
strong relationships with neurodegenerative diseases and the
natural processes of ageing: they have not only overlapping
clinical features, such as mood disorder [2], but also neuro-
plasticity mediated by neurotrophic factors that also orches-
trate adaptive defensive behaviours [3]. Hence, the links

among brain plasticity, neurodegenerative diseases, and
depression are of interest to researchers [4].

Neuroplasticity is the ability of the brain’s neural network
system to adapt to changes in internal and external environ-
ments and to alter the structure and function of neurons
accordingly. In other words, neuroplasticity can be defined
as “the ability of the nervous system to respond to intrinsic
or extrinsic stimuli by reorganizing its structure, connec-
tions, and function” [5]. Neuroplasticity includes structural
plasticity and functional plasticity of the nervous system,
which makes up the physiological basis for repair when the
nervous system is damaged [6]. Brain structural plasticity is
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an extraordinary tool that allows the mature brain to adapt to
environmental changes and repair itself after lesions or
disease and slow ageing. Its function involves behavioural
performance, learning and memory, mental activity, and
other neurobiological processes.

Brain-derived neurotrophic factor (BDNF) stands out
due to its high level of expression in the brain and its potent
effects on synapses [7]. BDNF regulates the structural plas-
ticity of nerves not only by promoting the growth, recon-
struction, and synaptic formation of axons and dendrites
but also by changing synaptic transmission and affecting
the functional plasticity of nerves through presynaptic and
postsynaptic mechanisms. BDNF also regulates activity-
dependent forms of synaptic plasticity, such as long-term
potentiation (LTP), which is thought to underlie learning
and memory [8]. Simultaneously, converging evidence
strongly suggests that deficits in BDNF signalling or
decreased BDNF leads to the pathogenesis of several major
diseases and disorders, such as AD and PD [7, 9]. BDNF
has emerged as a key facilitator of neuroplasticity involved
in motor learning and rehabilitation after stroke [10]. In
addition, BDNF has been shown to be critically involved
in the regulation of synaptic plasticity and the pathophysi-
ology of mood disorders [11, 12]. Remarkably, according to
the published literature, AD, stroke, and PD are usually
accompanied by depression, and these neurodegenerative
diseases and depression are related to BDNF. If a common
way to regulate BDNF was determined, it could be used to
regulate neuroplasticity to delay the progression of diseases.

Fortunately, emerging studies have shown that micro-
RNAs (miRNAs) not only contribute to the pathogenesis of
neurological disease but also play important roles in neuro-
genesis, neurodevelopment, and neural plasticity [13, 14].
miRNAs can posttranscriptionally degrade mRNA or inhibit
the translation of mRNA by binding the 3′-UTR section of
mRNAs, further influencing the expression of target genes
[15]. In a limited number of studies published thus far, we
searched electronic bibliographic databases and found that
some miRNAs not only are related to BDNF regulation but
also can directly bind with the 3′-UTR of BDNF to regulate
BDNF and participate in neuroplasticity [16]. Hence, miR-
NA/BDNF regulatory networks may be closely related to
neural plasticity. Numerous previous studies have shown
that acupuncture has positive clinical effects on stroke, AD,
PD, and depression. We reviewed recent publications related
to acupuncture on related miRNAs and BDNF in neurode-
generative diseases and depression. The aim of this study
was to explore the biological mechanisms underlying the
comorbidity of these diseases and the effect of acupuncture
on regulating neural plasticity.

2. Main Text

2.1. Stroke

2.1.1. BDNF Plays Important Roles in Stroke. A previous
study identified that several therapeutic interventions, such
as exercise and rehabilitation, enhance functional recovery
after stroke. The beneficial effects of these therapies include

improved learning and memory, improved motor function,
and increased expression of proteins involved in brain
plasticity, such as BDNF [17]. A clinical study showed an
increased number of BDNF-producing Treg cells after stroke,
suggesting the possibility that Treg cells may be able to sup-
ply BDNF to the site of injury to confer neuroprotection after
stroke [18]. Similarly, in middle cerebral artery occlusion
(MCAO) model rats, strategies that widely increase BDNF
within the nervous system were found to enhance neuroplas-
ticity processes involved in motor relearning during stroke
rehabilitation, whereas attenuating BDNF levels in the brain
completely negated the recovery of skilled motor movements
[19]. Hence, capitalizing on the beneficial effects of BDNF in
the CNS may be effective for facilitating recovery after stroke.

2.1.2. miRNAs Play Important Roles in Stroke. miRNAs are
increasingly believed to play important roles in neuroprotec-
tion and synaptic plasticity during and after ischaemia. For
instance, miR-124 is highly specific to neurons in cerebral
ischaemic injury and may play a dual role in regulating apo-
ptosis and exerting detrimental effects on synaptic plasticity
and axonal growth [20]. Upregulation of miR-191a-5p exac-
erbated neuronal injury in ischaemic stroke. Conversely,
downregulation of miR-191a-5p expression in the cortex
partly reversed this injury [21]. Similarly, miR-195 downreg-
ulated Kruppel-like factor 5 (KLF5) and blocked the JNK
signalling pathway, ultimately inhibiting neuronal apoptosis
in rats with ischaemic stroke [22]. Additionally, miR-133b
can regulate gene expression, promote neurite remodelling,
and improve functional recovery in rats subjected to MCAO
[23]. Intracerebroventricular injection of miR-494 agomir
reduced neuronal apoptosis and infarct volume during the
acute stage of MCAO and promoted axonal plasticity and
long-term outcomes during the recovery stage [24]. Simi-
larly, miR-181a can regulate synaptic function in stroke
recovery, and the dendrites of miR-181a-overexpressing neu-
rons have fewer and smaller spines [25]. Consistent with
these general observations, miR-134 was enriched in the neu-
ronal dendrites of a rat model of stroke hippocampal CA1
and negatively controlled the size of dendritic spines; thus,
regulating synaptic-dendritic plasticity may ameliorate cog-
nitive impairment in rats withMCAO-induced cognitive def-
icits [26]. According to the above results, miRNAs could
potentially predict stroke outcomes as novel biomarkers.

2.1.3. miRNAs May Regulate Stroke via Influencing BDNF.
The miRNA-related BDNF signalling pathway plays a signif-
icant role in the pathogenesis of stroke and seems to be a
promising therapeutic target, as summarized in Table 1. In
acute ischaemic stroke patients, miR-124 was targeted by
the 3′-UTR of BDNF mRNA [27]. Additionally, a dual-
luciferase reporter assay identified BDNF as the direct target
of miR-210, which is a crucial ischaemic stroke-associated
miRNA and a potential target for stroke therapy [28]. Inter-
estingly, the SNP rs7124442 in the 3′-UTR of BDNF might
also act as a protective factor in patients with ischaemic
stroke by affecting the regulatory role of miR-922 in BDNF
expression [29]. Similarly, in MCAO brain tissues, bioinfor-
matic analysis showed that miR-10b-5p could bind directly
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to the 3′-UTR sites of BDNF and negatively regulate its
expression [30]. In a recent study, miR-155 targeted BDNF,
and downregulation of miR-155-targeted BDNF transcripts
protected against ischaemic brain injury [31]. Another study
reported a similar conclusion: miR-155, miR-1, miR-10b,
and miR-191 directly repressed BDNF by binding to their
predicted sites in the 3′-UTR of BDNF [32]. Although we
found that miR-9 regulates axon extension and branching
by targeting Map 1b (not BDNF) in mouse cortical neurons,
the associations are intriguing (short stimulation with BDNF
decreases miR-9 expression, whereas prolonged stimulation
with a high concentration of BDNF increases miR-9 expres-
sion in the axon) [33]. The potential regulatory signalling
pathway between miRNA and BDNF acts in a biphasic man-
ner and is worthy of being analysed and studied further.

2.1.4. Acupuncture Plays a Therapeutic Role in Stroke by
Regulating the Expression of BDNF and miRNAs. Previous
studies have shown that the number of BDNF-positive
neurons or neurons with localized BDNF expression was

downregulated in the peri-infarct cortex, the striatum, the
subventricular zone, and the hippocampus of ischaemia
and reperfusion- (I/R-) injured rats [34, 35]. However, Jiang
reported that electroacupuncture (EA) can increase the
synthesis and release of BDNF after ischaemia [36]. As sum-
marized in Table 1, Min et al. reported that EA at GV20
increased the expression of BDNF associated with motor
recovery [37]. Zhou further explored a possible compensa-
tory part of the functional mechanism of EA that involves
regulation of the contralateral cerebral cortex. It was revealed
that EA can improve the symptoms of neurological deficits
and motor function recovery in rats [38]. In addition, Teng
showed the mechanism of acupuncture at the GV20-GB7
scalp cave on intracerebral haemorrhage. According to their
results, acupuncture can play a role in protecting the brain
[39]. Similarly, nape cluster acupuncture exerts protective
and reparative effects on the brain tissue in rats with post-
ischaemic stroke sequelae [40]. EA was administered at acu-
points LI11 and ST36 to promote the repair of ischaemic
injured neurons and reduce their apoptosis [41]. The above

Table 1: Deregulated miRNAs and target genes of stroke and summary of related acupuncture literatures.

Study Species/tissue miRNA Result/target genes

Wang et al. [27] Stroke patient miR-124 BDNF

Zeng et al. [28] Striatum miR-210 BDNF

Liu et al. [29] Stroke patient miR-922 The SNP rs7124442 in BDNF 3′-UTR, through affecting the regulatory role
of miR-922 in BDNF expression

Lu et al. [31] Hippocampus miR-10b-5p BDNF

Varendi et al. [32] Cellular model miR-155 BDNF

Summary of related acupuncture literatures

Study Species/tissue Method/acupoint Stimulation parameter Result

Tao et al. [34] Cortex and striatum EA at LI11, ST36 1Hz/20Hz, 30min BDNF ↑

Kim et al. [35]
Striatum and
hippocampus

EA at GV20,
GV14

2Hz, 1mA, 20min BDNF ↑

Jiang [36] Whole brain
EA at GV20,

GV16
2Hz/30Hz, 30min, 2V BDNF ↑

Kim et al. [37] Whole brain EA at GV20, GB7 3Hz, 5min BDNF ↑

Zhou [38] Cortex EA at PC6, ST36 2Hz/30Hz, 30min, 5mA BDNF ↑

Teng. [39] Whole brain
MA at GV20-
GB7 scalp cave

Needles were turned at a rate of three revolutions per
second, twirled 3 times for 5min, and retained for 30min

BDNF ↑

Zhang et al. [40] Hippocampus
MA at nape

cluster acupoints
15min/day BDNF ↑

Ye et al. [41] Cortex EA at LI11, ST36 1Hz/20Hz, 30min, 6V BDNF ↑

Liu [42] Hippocampus
EA at GV20,

GV24
2Hz/20Hz, 30min, 6V miR-219a ↓

Zhou et al. [21] Neurons and cortexes EA at GV20 1mA, 30min miR-191a-5p ↓

Zhao et al. [43] Ischaemic penumbra EA at GV20 2Hz/10Hz, 1-2mA, 30min miR-132 ↑

Liu et al. [26] Peri-infarct cortex
EA at GV20,

GV24
1Hz/20Hz, 0.2mA, 6V, 30min miR-134 ↓

Liu et al. [44] Peri-infarct cortex EA at LI11, ST36 1Hz/20Hz, 4 V, 30min miR-9 ↑

Zheng et al. [45] Cortex EA at GV26, PC6 2Hz, 3mA, 1min
miR-494 ↓,
miR-206 ↑

Deng et al. [46] Ischaemic penumbra EA at GV20 2Hz/10Hz, 1-2mA, 30min miR-181b ↑

MA: manual acupuncture; EA: electroacupuncture.
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studies all showed that after administration of acupuncture,
neurological deficits and cerebral infarcts were also
improved, and the mechanism of action of EA may involve
effective upregulation of rat brain tissue BDNF protein
expression.

Many studies have reported how acupuncture can regu-
late the expression of miRNAs in stroke. Liu published a
study in which a bioinformatic analysis of 48 miRNAs in
the ischaemic hippocampus CA1 was used to test the under-
lying mechanism of EA in ischaemic stroke. According to the
results, miR-132, miR-134, miR-125b, miR-181a, etc. were
downregulated, which was related to learning memory. In
addition, miR-219a, which is closely related to synaptic plas-
ticity, was also downregulated by EA treatment at the GV20
and GV24 acupoints [42]. However, upregulation of miR-
191a-5p exacerbated neuronal injury and partly reversed
the neuroprotective effect of EA treatment after I/R injury
[21]. Zhao et al. aimed to identify whether upregulation of
miR-132 by EA improved the damaged nerves after stroke.
After administration of EA, upregulated miR-132 suppressed
SOX2 in primary neurons after oxygen-glucose deprivation,
which promoted neurite outgrowth [43]. Liu et al. found that
the density of dendritic spines and the number of synapses in
hippocampal CA1 pyramidal cells were obviously reduced in
stroke model rats. In this study, EA decreased the expression
of miR-134, thereby negatively regulating LIMK1 to enhance
synaptic-dendritic plasticity [26]. Intriguingly, Liu et al. also
investigated the neuroprotective mechanism of miR-9-
mediated activation of the nuclear factor-κB signalling
pathway by EA at acupoints LI11 and ST36. Compared
with pre-EA treatment conditions, the expression of miR-
9 in the peri-infarct cortex was increased; conversely,
miR-9 inhibitors suppressed the cerebral protective efficacy
of EA treatment [44]. Zheng et al. evaluated changes in the
cerebral cortical miRNA profile, cerebral blood flow, and
neurological function induced by EA in a rat model of
stroke. In that study, miR-494 was downregulated, and
miR-206 was upregulated in the penumbra. Simultaneously,
EA increased cerebral blood flow and alleviated neurologi-
cal impairment in rats [45]. Similarly, Deng et al. treated
acupoint GV20 after ischaemic stroke. EA increased miR-
181b levels in the penumbras and improved neurobeha-
vioural function [46].

In summary, the above studies indicated that acupunc-
ture may play an important role in the neural plasticity of
stroke by regulating the expression levels of miRNAs and
BDNF. These studies also suggest that epigenetic regulation
is critical for synaptic plasticity and warrants specific investi-
gations in the setting of stroke recovery.

2.2. PD

2.2.1. BDNF Plays Important Roles in PD. PD is a disabling
neurodegenerative disease that may be associated with non-
motor symptoms, such as cognitive deficits, and is often
accompanied by altered BDNF production [47]. Neurons
expressing particularly low levels of BDNF may be at greatest
risk of injury in PD and possibly a trigger for degeneration
itself [48]. BDNF was positively correlated with a longer time

span of disease, the severity of PD symptoms, and more
advanced stages of disease [49]. These findings suggest
that BDNF may be implicated in the pathogenic mecha-
nisms of PD. Excitingly, in recent years, clinical studies
have demonstrated that treatment with antiparkinsonian
drugs may increase BDNF levels [50]. Similarly, exercise
therapy can trigger several plasticity-related events in the
human PD brain, including corticomotor excitation and
changes in BDNF levels [51]. In general, BDNF may be
a potential biomarker for evaluating cognitive changes in
PD and other neurological syndromes associated with cog-
nitive decline [47].

2.2.2. miRNAs Play Important Roles in PD. Over the past
decade, many studies have reported dysregulation of miRNA
expression in PD [52]. Specific miRNAs of interest that have
been implicated in PD pathogenesis include miR-29, miR-26,
miR-485, miR-30, and let-7 [53]. For instance, miR-29 has
been shown to regulate various processes that are important
in PD development, such as apoptosis, neuronal survival, and
epigenetic modulation [54]. Similarly, miR-26 can modulate
processes such as DNA repair and LTP maintenance [55].
One study further identified a developmentally and activity-
regulated miR-485 that controls dendritic spine number
and synapse formation in an activity-dependent homeostatic
manner [56]. Furthermore, miR-132 widely participates in
axon growth, neural migration, and plasticity. However, dys-
regulation of miR-132 results in the occurrence and exacer-
bation of neural developmental degenerative diseases, such
as AD and PD. Regulating miR-132 expression relieves
symptoms, alleviates severity, and finally affects a cure [57].
Hence, it is important to identify and validate these miRNAs
in the ageing PD brain.

2.2.3. miRNAs May Regulate PD via Influencing BDNF. The
analysis of miRNA expression in biopsy specimens from
the PD brains combined with target mRNA identification
might provide new therapeutic options. As summarized in
Table 2, previous studies have shown that miR-494-3p plays
a role in promoting the development of PD [58], and the
online starBase database predicted the existence of comple-
mentary sequences between miR-494-3p and BDNF,
indicating that BDNF might be a target of miR-494-3p.
According to their results, abnormally expressed miR-494-
3p and BDNF might be associated with the development
of PD [59]. On the other hand, it has been reported that
miR-30a-5p is a potential biomarker for PD [60], targeting
and suppressing BDNF expression in the prefrontal cortex
[61], and a lower BDNF level is associated with greater cog-
nitive impairments in PD patients [9]. In addition, a recent
study reported that miR-7 was upregulated in the brain
tissue of rats with atrazine-induced PD. The study also
identified that miR-7 regulated the expression of BDNF
through an autoregulatory mechanism [62]. Similarly, it
has been reported that miR-210-3p targets BDNF mRNA.
Therefore, according to the study conclusion, interfering
with miRNA expression could be a strategy for BDNF reg-
ulation in PD pathogenesis [63].
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2.2.4. Acupuncture Plays a Therapeutic Role in PD by
Regulating the Expression of BDNF and miRNAs. Accumu-
lating clinical evidence has shown that using EA as a com-
plementary therapy ameliorates motor and nonmotor
symptoms of PD and improves the plasticity of synaptic
activity [64]. Acupuncture can cause changes in the neuro-
plasticity of PD, manifested by increasing BDNF expression
levels and promoting nerve regeneration [65], as summa-
rized in Table 2. On the one hand, BDNF may change the
mechanism of synaptic plasticity, which is critical for cogni-
tion and memory. EA responsiveness to PD was studied by
Huang et al., whereby EA was administered to acupoints
LR3 and GV16 in a PD rat model. After EA treatment, learn-
ing and memory abilities were significantly improved, and
BDNF was increased compared with the model group [66].
On the other hand, PD is characterized by dopaminergic
neuron loss in the substantia nigra. EA therapy may attenu-
ate this loss by promoting the expression of endogenous
BDNF [67]. For instance, in a rat model of PD, EA treatment
ameliorated motor impairments and dopaminergic neuron
loss, and these changes were accompanied by significantly
upregulated BDNF expression in both the substantia nigra
and the striatum [68]. Furthermore, acupuncture, especially
combined therapy with medoba, at the control area of
dancing tremors in PD mice improved the absence of dopa-
minergic neurons in the substantia nigra by enhancing the
expression of BDNF in the brain [69]. In addition, 6-
hydroxydopamine (6-OHDA) lesion rat models of PD were
used by Zhang, who reported that EA induced an increase in
BDNF mRNA expression in PD model rats [70]. Moreover,
Wang tested the effects of different amounts of electricity on
the positive cell count of black striatum BDNF in PD model

rats which were compared, and the related mechanism was
discussed. According to their results, one of the therapeutic
mechanisms of music and pulse EA in PD model rats was
achieved by regulating the number of black striatum
BDNF-positive cells [71]. Interestingly, Sun et al. and Liang
et al. compared the effects of different frequencies of chronic
EA stimulation in a rat model of PD. The results indicated
that 4 weeks of EA treatment at 100Hz reversed the 6-
OHDA-induced abnormal expression of BDNF on the
lesioned side in the ventral midbrain and the hippocampus
[72]. Similarly, compared with pre-EA treatment conditions,
the levels of BDNF mRNA in the SN and the ventral teg-
mental area of the lesioned side were significantly increased
in the 100Hz EA group but unchanged in the 0 and 2Hz
groups. The authors also suggested that activation of
endogenous BDNF by long-term high-frequency EA may
be involved in the regeneration of injured dopaminergic
neurons, which may underlie the effectiveness of EA in
the treatment of PD [73].

Previous studies have shown that miR-124 is closely
related to PD [74], and the overexpression of miR-124
diminished the production of CDK5 by inhibiting the cal-
pain1/p25/CDK5 pathway. Furthermore, CDK5 silencing
could give rise to upregulated BDNF and relieve synaptic fail-
ure in PD [20]. Liu further studied whether acupuncture
could regulate the expression of miR-124 in the striatum of
transgenic mice with PD. Acupuncture was performed on
acupoints GB34 and LR3. Compared with preacupuncture
treatment conditions, the expression of miR-124 and BDNF
protein was upregulated. The author also suggested that the
miR-124/BDNF signalling pathway may be involved in the
pathogenesis of PD [75].

Table 2: Deregulated miRNAs and target genes of Parkinson and summary of related acupuncture literatures.

Study Species/tissue miRNA Result/target genes

Deng et al. [59] Cellular model miR-494-3p BDNF

Mellios et al. [61] Prefrontal cortex miR-30a-5p BDNF

Li et al. [62] Whole brain miR-7 BDNF

Zhang et al. [63] Cellular model miR-210-3p BDNF

Summary of related acupuncture literatures

Study Species/tissue Method/acupoint Stimulation parameter Result

Huang et al. [66] Nigra EA at LR3, GV16 100Hz, 0.5mA, 30min BDNF ↑

Yang et al. [67] Nigra EA at GV20, GV16 100Hz, 1mA, 30min BDNF ↑

Pak et al. [68] Nigra and striatum EA at GV20, GV14 2Hz, 1mA, 20min BDNF ↑

Feng et al. [69] Whole brain
MA at chorea-tremble controlled

zone
20min/day BDNF ↑

Zhang [70] Nigra EA at GV20, GV21 2Hz/100Hz, 1V, 20min BDNF mRNA ↑

Wang [71] Nigra and striatum
EA at EX-HN1, EX-HN5, CV12,

ST25, LR3, HT7, SP6
20Hz, 1mA, 20min BDNF ↑

Sun et al. [72]
Midbrain and
hippocampus

EA at GV20, GV14
0Hz/100Hz, 1mA, 10min→2mA,

10min→3mA, 10min
BDNF ↑

Liang et al. [73]
Nigra and ventral
tegmental area

EA at GV20, GV14
2Hz/100Hz, 30min

1mA, 10min→2mA, 10min→3mA,
10min

BDNF mRNA ↑,
BDNF ↑

Liu [75] Striatum MA at GB34, LR3 2Hz, 1mA, 20min miR-124 ↑

MA: manual acupuncture; EA: electroacupuncture.
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To summarize, acupuncture treatment appears to be a
promising approach for the management of PD. Acupunc-
ture regulated miRNA levels and promoted BDNF expres-
sion, which seem to play important roles in the
development of PD.

2.3. AD

2.3.1. BDNF Plays Important Roles in AD.AD is a progressive
neurodegenerative disorder resulting in memory loss and
eventually dementia [76]. BDNF is required for learning
and memory, and this crucial protein is significantly reduced
in the brains of AD patients, leading to reduced plasticity and
neuronal death [77]. Accumulating data have also indicated
that there is a general reduction in BDNFmRNA and protein
in AD animal models [76]. These findings have contributed
to the development of BDNF treatment regimens for AD.

2.3.2. miRNAs Play Important Roles in AD. There is now con-
siderable evidence that the dysregulation of miRNAs corre-
lates with the progression and severity of AD [78]. The
differential expression of miRNAs has been reported in many
brain regions [79]. miRNAs can also regulate synaptic trans-
mission and plasticity in the hippocampus and neocortex
and regulate memory formation [80]. It has been reported
that miR-132 exerts neuroprotective function as it has been
shown to regulate both neuron morphogenesis and plasticity,
and it is the most significantly reduced miRNA in the brains
of AD patients. Research has further confirmed that genetic
deletion of miR-132 in mice promotes Aβ deposition, leading
to impaired memory and enhanced Tau pathology [81].
However, the upregulation of miR-142-5p and miR-134-5p
expression contributes to the pathogenesis of AD by trigger-
ing synaptic dysfunction associated with Aβ-mediated path-
ophysiology [79, 82]. In learning memory aspects, miR-124
and miR-181a, which are two miRNAs that are upregulated
in the hippocampus, are directly associated with deficits in
synaptic plasticity [83, 84]. Similarly, overexpression of
miR-338-5p and miR-181 functionally prevented impair-
ments in synaptic plasticity, learning ability, and memory
retention in an animal model of AD [85, 86]. Furthermore,
overexpression of miR-153 has provided new insight into
the molecular mechanism of presynaptic plasticity impair-
ment at the miRNA level and suggests that chronic brain
hypoperfusion obstructs presynaptic vesicle fusion with the
presynaptic membrane via miR-153-mediated downregula-
tion of multiple synaptic vesicle-related proteins [87]. Previ-
ously, miR-34a and miR-34c were confirmed to be involved
in synaptic deficits in AD pathological development, to influ-
ence synaptic plasticity and to play key roles in AD pathogen-
esis [88, 89]. Evidence from a recent study indicated that the
miR-34a gene and miR-34a-mediated concurrent repression
of its target genes in neural networks may result in dysfunc-
tion of synaptic plasticity, energy metabolism, and resting
state network activity [90]. In addition, the dysregulation of
certain miRNAs is also strongly correlated with the presence
of AD-type neuropathological changes. There are notable
miRNAs that are regulated in AD. For example, in postmor-
tem AD brains, three miRNAs were upregulated—miR-30a-

5p, miR-206, and miR-92b-3p [61, 91]—and four miRNAs
were downregulated—miR-132/212 cluster, miR-9, miR-
129, and miR-136 [78, 92]. In summary, our results provide
insights into polygenetic AD mechanisms and reveal that
miRNAs may be involved in neural plasticity as potential
therapeutic targets for AD.

2.3.3. miRNAs May Regulate AD via Influencing BDNF. The
miRNA-related BDNF signalling pathway seems to be both
profitable and promising for AD treatment, as summarized
in Table 3. Two previous studies confirmed that BDNF exerts
its beneficial effects on CNS neurons via upregulation of
miR-132 [93, 94]. A later study pointed out that both AD
patients and AD models have high levels of miR-206 in the
brain, which contributes to memory impairments by sup-
pressing the expression of BDNF [95, 96]. Similarly, recent
evidence suggests that the miR-134-5p-mediated posttran-
scriptional regulation of CREB-1 and BDNF is an important
molecular mechanism underlying plasticity deficits in AD
[79]. Luciferase assays confirmed that miR-30a-5p, miR-
195, and miR-613 can target specific sequences surrounding
the proximal polyadenylation site within the BDNF 3′
-untranslated region [61, 97]. Neuronal overexpression of
miR-30a-5p resulted in downregulation of BDNF protein
[61]. Another dual-luciferase reporter gene assay demon-
strated that miR-10a targeted BDNF, and the authors indi-
cated that miR-10a restrains synapse remodelling and
neuronal cell proliferation while promoting apoptosis in
AD rats by inhibiting the BDNF-TrkB signalling pathway
[98]. Furthermore, miR-322 is significantly increased with
the decrease in BDNF in the AD mouse brain, and a lucifer-
ase reporter assay identified that miR-322 can directly conju-
gate to the 3′-UTR of BDNF [16]. As such, there is a novel
miRNA-dependent mechanism of BDNF degradation in
AD pathogenesis, which may drive miRNA- or BDNF-
based therapeutic strategies against AD.

2.3.4. Acupuncture Plays a Therapeutic Role in AD by
Regulating the Expression of BDNF. Previous studies have
shown that electrotherapy can repair the synaptic form and
inhibit synaptic degeneration of hippocampal neurons in
AD rats [99]. More importantly, the efficacy of EA was
demonstrated by regulating the expression of BDNF, as sum-
marized in Table 3. Both studies showed that EA can upreg-
ulate the expression of hippocampal BDNF, maintain
hippocampal LTP to a certain extent [100], and enhance neu-
rogenesis to improve learning and memory in AD rats [101].
Similarly, Li et al. also showed that repeated EA stimulation
may improve cognitive function, upregulate the expression
of BDNF, and promote neurogenesis in AD [102]. Moreover,
Lin et al. showed that EA at acupoint GV20 can significantly
increase the expression levels of mature BDNF and a precur-
sor protein, proBDNF, in APP/PS1 mice. EA may serve as a
promising treatment strategy for AD, which may exert neu-
roprotective effects by adjusting the expression and process-
ing of BDNF [103].

Intriguingly, Keifer et al. published a study aimed at
exploring the interrelationship of the miRNA-BDNF signal-
ling loop in the AD brain. According to their results, the
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reduction in BDNF that occurs in the AD brain is the result
of two independent mechanisms: (1) a failure in the proteo-
lytic conversion of BDNF precursor protein to its functional
mature form and (2) posttranscriptional inhibition of target
BDNF gene expression by miRNAs [76]. Hence, the role of
miRNAs in BDNF regulation should be considered when
developing BDNF-based therapeutic acupuncture treatments
for AD.

2.4. Depression

2.4.1. BDNF Plays Important Roles in Depression. Depression
affects a growing number of patients both physically and
mentally. Depression can result in cognitive impairment in
addition to mood changes. Severe depression not only results
in impaired learning and memory but also compromises the
structural and functional integrity of the brain and exhibits
maladaptive synaptic plasticity and degenerative changes in
the hippocampus and amygdala [104]. Many studies have
shown that BDNF is closely related to depression and that
BDNF mediates neurogenesis and synaptic plasticity [105].
In animal models of stress, BDNF levels are reduced in both
the cortex and the hippocampus [106, 107]. Similarly, the
expression of BDNF was significantly decreased in postmor-
tem brain samples of depressed patients [108, 109], whereas
the expression of BDNF in the hippocampus of subjects
who took antidepressants was higher than that of subjects
who did not take antidepressants. Further study revealed that
antidepressant-dependent BDNF levels may prevent or min-
imize hippocampal changes in human samples [110]. Hence,
the BDNF imbalance expression in the brain may help to
clarify the relationship between neuroplasticity and the path-
ophysiology of depression.

2.4.2. miRNAs Play Important Roles in Depression. By analys-
ing the above literature, we found that miR-132 and miR-124

participate in neural plasticity. miR-132 dysregulation in
major depressive disorder is associated with multiple facets
of brain function and structure in the frontolimbic network
(the key network for emotional regulation and memory)
[111]. Additionally, miR-124 contributes to chronic ultra-
mild stress- (CUMS-) induced dendritic hypotrophy and
reduced spine density of dentate gyrus granule neurons,
which controls resilience/susceptibility to chronic stress-
induced depression-like behaviours [112]. Further research
has revealed that miR-124-3p-mediated stress is also related
to synaptic plasticity [113]. Similarly, the combined effect of
miR-92a and miR-485 on transcription factors, along with
histone-modifying enzymes, may have functional relevance
by producing changes in gene regulatory networks that mod-
ify the neuroplastic capacity of the adult dorsal hippocampus
under stress [114]. In the depression model, miR-137 loss-of-
function results in altered synaptic transmission and plastic-
ity and anxiety and depression-like behaviour in mice [115].
Moreover, amelioration of depression-like behaviour also
involves modulation of the synapse-associated factor miR-
134 within the basolateral amygdala [116]. The literature also
suggests that late-life depressive symptoms are associated
with downregulation of prefrontal cortex miR-484, which is
related to synaptic transmission [117]. In addition, miR-99a
may be involved in the regulation of hypothalamic synaptic
plasticity and might be a potential therapeutic target for
peri/postmenopausal depression [118].

2.4.3. miRNAs May Regulate Depression via Influencing
BDNF. In in vivo or in vitro rat experiments, miR-206 has
been proven to be an important regulator and participator
in depression via its direct target gene BDNF [119]. Addi-
tionally, inhibition of miR-124 may be a strategy for treating
depression by activating the BDNF-TrkB signalling pathway
in the hippocampus [120]. Intriguingly, a previous study
demonstrated that miR-16 mediates the action of the

Table 3: Deregulated miRNAs and target genes of Alzheimer’s disease and summary of related electroacupuncture literatures.

Study Species/tissue miRNA Result/target genes

Vo et al. [93] Cortical neurons miR-132
BDNF triggered the rapid induction and
persistent expression of mature miR-132

Numakawa et al. [94] Cortical neurons miR-132
BDNF increased levels of synaptic

proteins via upregulation of miR-132

Tian et al. [96] Hippocampus miR-206 BDNF

Mellios et al. [61] Prefrontal cortex
miR-30a-5p
miR-195

Both miR-30a-5p and miR-195 targeted
BDNF

Li et al. [97] AD patients and mouse model miR-613 BDNF

Wu et al. [98] Neuronal cells miR-10a BDNF

Zhang et al. [16] Mouse brain miR-322 BDNF

Summary of related electroacupuncture literatures

Study Species/tissue Method/acupoint Stimulation parameter Result

Wang et al. [100] Hippocampus EA at BL23, GV14, PC6 2Hz, 1mA, 20min BDNF ↑

Zhang et al. [101] Hippocampus and cortex EA at GV20, GV16 150Hz, 15min BDNF ↑

Li et al. [102] Hippocampus and cortex EA at GV20 2Hz/15Hz, 1mA, 30min BDNF ↑

Lin et al. [103] Hippocampus EA at GV20 1Hz/20Hz, 30min BDNF ↑

EA: electroacupuncture.
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antidepressant fluoxetine by acting as a micromanager of
hippocampal neurogenesis [121]. The 3′-UTR of BDNF
was found to be targeted by miR-16 using miRNA analysis
software [122]. Hence, the miR-16/BDNF signalling pathway
is involved in depressive disorder and seems to be promising
[121]. One study that employed in silico approaches, reporter
systems, and analysis of endogenous BDNF showed that
miR-1, miR-10b, miR-155, and miR-191 directly repress
BDNF expression by binding to their predicted sites in the
BDNF 3′-UTR [32]. Simultaneously, evidence revealed that
BDNF performs antidepressant functions and can be regu-
lated by miR-155 [123]. Thus, miR-155 may affect the
depressant status of patients via BDNF, as summarized in
Table 4.

2.4.4. Acupuncture Plays a Therapeutic Role in Depression by
Regulating the Expression of BDNF and miRNAs. Acupunc-
ture therapy has been shown not only to be an effective treat-
ment modality for depression but also to improve
depression-like behaviours and reverse the impairment of
LTP [124]. The neuroprotective effects include upregulating
the gene and protein expression of BDNF in the hippocam-
pus [125]. Acupuncture markedly increased BDNF protein
levels, which provided further evidence supporting its posi-
tive effects [126]. As summarized in Table 4, Luo et al. per-
formed EA at acupoints GV20 and GV29 in animals with
depression induced by CUMS. Compared with preacupunc-
ture treatment conditions, depression-like behaviours were
ameliorated and induced an increase in BDNF expression
in the hippocampus after treatment [127]. Acupuncture
may exert neuroprotective effects in several nervous system
diseases through the modulation of BDNF. Duan et al. fur-
ther investigated the antidepressant mechanism of EA at
GV20 and GV29. According to their results, EA increased

BDNF levels by regulating multiple targets in the cyclic aden-
osine monophosphate response element-binding protein sig-
nalling pathway, thereby promoting nerve regeneration
[128]. Similarly, Jiang et al. published a study suggesting that
the antidepressant effect of acupuncture might be mediated
by regulating the DNA methylation and histone modifica-
tions of BDNF [129]. Interestingly, Yang et al. revealed that
2Hz EA plus 5mg/kg citalopram produced a remarkably
increased expression of BDNF in the hippocampus [130].
In addition, in maternally separated depression rat pups, acu-
puncture stimulation at HT7 significantly increased the
BDNF level of the prefrontal cortex [131].

Interestingly, based on previous studies, miR-16 is closely
related to depression, and the 3′-UTR of BDNF was found to
be targeted by miR-16 [122]. Zhao et al. evaluated the under-
lying epigenetic mechanism of EA in depression. The CUMS
rat model was used, and EA was administered at acupoints
GV20 and GV29. After the administration of EA,
depression-like behaviours were improved, and high expres-
sion of miR-16 in the hippocampus was inhibited as well
[132]. Regrettably, this study did not directly explore the rela-
tionship between EA regulation of BDNF and neural plastic-
ity. In summary, acupuncture-promoted plasticity protein
BDNF expression seems to play an important role in the
development of depression. However, further studies are
required to investigate the effects of acupuncture on miRNA
expression in depression, as acupuncture could target BDNF
and related plasticity mechanisms.

3. Discussion

We reviewed various studies that have shown neuroplasti-
city effects caused by regulation of BDNF and miRNAs in
different neurodegenerative diseases. The results of the

Table 4: Deregulated miRNAs and target genes of depression and summary of related acupuncture literatures.

Study Species/tissue miRNA Result/target genes

Yang et al. [119] Hippocampus miR-206 BDNF

Wang et al. [120] Hippocampus miR-124
miR-124 produced antidepressant-like effects by activating the BDNF-

TrkB signalling pathway

Sun et al. [122]
Cellular
model

miR-16 BDNF

Varendi et al. [32]
Cellular
model

miR-155 BDNF

Summary of related acupuncture literatures

Study Species/tissue Method/acupoint Stimulation parameter Result

Zhang et al. [126] Hippocampus MA at GV20, GV29 Needles were twirled for 1min and retained for 10min BDNF ↑

Luo et al. [127] Hippocampus EA at GV20, GV29 2Hz, 2mA, 20min
BDNF mRNA
↑, BDNF ↑

Duan et al. [128] Hippocampus EA at GV20, GV29 2Hz, 0.6mA, 30min BDNF ↑

Jiang et al. [129] Hippocampus MA at GV20, GV29 20min/day BDNF ↑

Yang et al. [130] Hippocampus
EA at GV20 and GV29

combined with citalopram
2Hz/100Hz BDNF ↑

Park et al. [131]
Prefrontal
cortex

MA at HT7
Needles were turned at two revolutions per second for

15 s and removed immediately afterward
BDNF ↑

Zhao et al. [132] Hippocampus EA at GV20 and GV29 2Hz, 1mA, 20min miR-16 ↓

MA: manual acupuncture; EA: electroacupuncture.
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abovementioned studies suggest that the expression levels
of BDNF and various miRNAs, which are thought to play
significant roles in various diseases, are changed by acu-
puncture treatment.

Analysing the literature on stroke suggested that miR-
219a and miR-134, which are closely related to synaptic plas-
ticity, were downregulated by EA treatment [26, 42]. Simi-
larly, EA increased miR-181b levels in the penumbra and
improved neurobehavioural function [46]. miR-494 was
downregulated and miR-206 was upregulated in the penum-
bra [45]. EA increased cerebral blood flow and alleviated
neurological impairment in rats. Moreover, upregulated
miR-132 suppressed SOX2 in primary neurons after
oxygen-glucose deprivation, which promoted neurite out-
growth [43]. Intriguingly, miR-9 responds locally to BDNF.
The expression level of miR-9 in the peri-infarct cortex was
increased by EA in stroke rat models [44]. However, upregu-
lation of miR-191a-5p exacerbated neuronal injury and
partly reversed the neuroprotective effect of EA treatment
after ischaemia/repercussion injury [21]. Other miRNAs are
also potentially associated with stroke. For instance, miR-
124, miR-210, miR-10b-5p, and miR-155 were shown to
directly target BDNF [27, 28, 30, 31]. Numerous studies have
reported that the expression levels of BDNF in rat brain
tissue surrounding the haematoma, the cerebral cortex,
the peri-infract cortex, the subventricular zone, the stria-
tum, the hippocampus, etc. are significantly increased after
acupuncture [34–41]. Simultaneously, acupuncture has
protective and reparative effects on brain tissue, which
can improve the symptoms of cerebral infarct, neurological
deficits, and motor function in rats. Its mechanism may be
related to the upregulation of BDNF and the promotion of
nerve cell growth. These changes and distinct roles of
many miRNAs may provide an intriguing connection
between the effect of acupuncture on stroke and BDNF.

Remarkably, one of the characteristics of PD is the loss of
dopaminergic neurons in the substantia nigra. EA therapy
may attenuate this loss by promoting the expression of
endogenous BDNF [67]. Similarly, the learning and memory
abilities of PD rats were significantly improved compared
with those of the model group after EA, accompanied by
increased BDNF expression levels [66–73], which may
underlie the effectiveness of EA in the treatment of PD.
Another study investigated whether acupuncture could regu-
late the expression of miR-124 in the striatum of transgenic
mice with PD. According to the study conclusions, the
expression levels of miR-124 and BDNF protein were upreg-
ulated after treatment [75]. More significantly, many studies
have shown that there are complementary sequences among
miR-494-3p, miR-30a-5p, miR-7, and miR-210-3p and
BDNF [59, 61–63], suggesting that interfering with the
expression of these miRNAs could be a strategy for BDNF
regulation in PD pathogenesis. Therefore, miRNAs that can
directly target BDNF genes might be associated with the
potential acupuncture treatment mechanism in PD.

With regard to AD and its link with miRNAs and BDNF,
the expression level of miR-132 was increased via BDNF reg-
ulation [93, 94]. Furthermore, miR-322, miR-30a-5p, miR-
206, miR-195, miR-10a, and miR-163 were identified to tar-

get BDNF [16, 61, 96–98]. Interestingly, EA improved learn-
ing and memory in AD rats, promoted neurogenesis in AD,
and maintained hippocampal LTP to a certain extent. Almost
all studies have suggested that EA can increase BDNF expres-
sion levels in the brains of AD model animals [100–103].
Hence, the role of miRNAs in BDNF regulation should be
considered when developing BDNF-based acupuncture
treatment for AD.

Other miRNAs are also potentially associated with
depression. For instance, miR-132, miR-124, miR-124-3p,
and miR-137 loss-of-function resulted in altered synaptic
transmission and plasticity [113, 115]. Similarly, miR-134,
miR-92a, and miR-485 are involved in depression brain
neuroplastic capacity [114, 116]. Interestingly, miR-206 and
miR-155 were shown to directly regulate BDNF in depres-
sion studies [32, 119]. The 3′-UTR of BDNF was also tar-
geted by miR-16, which mediates the action of the
antidepressant fluoxetine by acting as a micromanager of
hippocampal neurogenesis [122]. Most interestingly, numer-
ous studies have shown that EA can not only inhibit the
expression of miR-16 in the hippocampus [132] but also
increase the levels of BDNF in the brains of depression model
rats [126–130]. Therefore, acupuncture promoted synaptic
plasticity via BDNF protein expression and regulated a few
miRNAs that were found to target BDNF, which seem to play
important roles in the development of depression.

Based on the current analysis of the published literature,
we summarize that acupuncture treatment seemingly
restores the level of BDNF, which is thought to play signifi-
cant roles in depression and neurodegenerative diseases such
as AD, stroke, and PD. Although it should be critically con-
sidered that there are methodological and conclusion differ-
ences among the studies, the associations are intriguing and
worthy of further analysis and study, especially with respect
to neuroplasticity.

Major depressive disorder is a highly prevalent psychiat-
ric disorder that is commonly associated with neurodegener-
ative diseases. In the actual clinical situation, poststroke
depression is one of the most common and well-studied phe-
nomena in poststroke patients. Depression worsens the
course of poststroke neurological disorders, with poorer
functional recovery [133]. Similarly, psychiatric and mood
disturbances are common comorbidities with AD and PD.
Depressive symptoms increase the overall burden of illness,
mainly due to the negative impact on the quality of life of
patients (increased disability and morbidity) [134]. In addi-
tion, stroke patients also exhibit an increased risk of depres-
sion and dementia [135]. A high comorbidity between
stroke, AD, PD, and depression suggests there might be sim-
ilar mechanisms underlying the course of these diseases, and
their shared comorbidity mechanism is worth exploring.

Although the structural and functional changes impli-
cated in the relationship between depression and neurode-
generation seem to be highly complex, excitingly, several
studies have shown altered BDNF production and secretion
in a variety of neurodegenerative diseases as well as in
depression [136]. Overall, BDNF is one of the key molecules
modulating and linking brain plasticity, and the neuroplasti-
city hypothesis postulates that the loss of BDNF plays a major
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role in the pathophysiology of poststroke depression and
depression with AD [137, 138]. Similarly, in a short review,
while providing evidence of shared biological substrates
between PD and depression, neuroplasticity was underscored
by the roles of BDNF [139]. Hence, it is possible that depres-
sion and neurodegenerative diseases could be improved by a
common neuroplasticity mechanism by regulating BDNF
expression.

In addition to the coestablished roles of BDNF in modu-
lating neuroplasticity in neurodegenerative diseases and
depression, a few other fundamental factors that may have
a profound effect in such diseases are currently being
explored, such as miRNAs, a class of small noncoding RNAs
that can typically bind to the 3′-UTRs of mRNAs to induce
repression or degradation. Evidence indicates that the 3′
-UTR of BDNF is a significant target of miRNAs, and an in
silico analysis suggested that it may have 17 binding sites
potentially recognized by as many as 26 miRNAs [61]. In this
study, we identified that the expression of BDNF in AD brain
neurons is controlled by miR-132, miR-206, miR-30a-5p,
miR-195, miR-10a, miR-322, and miR-613; in stroke, the
expression of BDNF in brain neurons is controlled by miR-
124, miR-210, miR-922, miR-9, miR-10b-5p, and miR-155;
in PD brain neurons, the expression of BDNF is controlled
by miR-494-3p, miR-30a-5p, miR-7, and miR-210-3p; and
in depression brain neurons, it is controlled by miR-206,
miR-124, and miR-155. Intriguingly, miR-206 has been
proven to be a coregulator in AD and depression. Simulta-
neously, miR-124 and miR-155 have been shown to be
coparticipants in stroke and depression. It is therefore
intriguing to speculate that miRNAs might participate in a
molecular network involving multiple diseases as the miR-

NAs that are abundantly expressed seem to overlap between
neurodegenerative diseases and depression brain states. We
further speculate that BDNF is referred as a “master regula-
tor” because BDNF can be regulated by various miRNAs;
thus, the gene expression networks can exert a substantial
effect on BDNF. Based on the above multiple regulatory
mechanisms, miRNAs build a complex point-to-surface reg-
ulatory network, which can not only relate to numerous neu-
rodegenerative diseases and depression states by regulating
individual miRNAs but also finely regulate the expression
of BDNF by combining several miRNAs. The characteristics
of miRNA-BDNF network regulation are highly consistent
with the characteristics of multichannel, multitarget, multi-
level regulation of acupuncture (Figure 1).
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Figure 1: Model illustrating the biological mechanism by which acupuncture regulates the miRNA-BDNF network.
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Acupuncture has been practiced in China for over
2000 years to regain the dynamic balance of the organism
based on the “meridian theory” as described in the Yellow
Emperor’s Classic of Internal Medicine. Two types of acu-
puncture treatment, MA and EA, are distinguished by its
treatment method. By manual manipulation or stimulation
using a low current and frequency, acupuncture has been
shown to modulate neurogenesis and synaptogenesis
[140]. According to studies investigating the diseases, the
most frequently applied acupoints are GV20, GV29, and
GV14 (Figure 2), which are localized on the Governor

Vessel (GV). GV runs along the middle of the back and
connects with the brain; thus, GV acupoints have always
been used for brain and nervous system disorders.
Although GV acupoints are frequently used, there are
few studies comparing the overlapped molecular outcomes
of them with each other or other acupoints among differ-
ent diseases. In our study, we identified that GV20 elicited
the best effects on plasticity (Figure 3), which may con-
tribute to understanding the mechanisms of acupuncture.
Overall, the associations are intriguing and worthy of
being analysed and studied further.

GV29,
HT7

GV20Stroke

Depression

PD

AD
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Figure 3: Venn diagram showing acupoints that were differentially administered across the stroke, Alzheimer’s disease (AD), Parkinson’s
disease (PD), and depression relevant studies.
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Figure 4: Venn diagram showing brain areas that were differentially selected across the stroke, Alzheimer’s disease (AD), Parkinson’s disease
(PD), and depression relevant studies.
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In summary, we propose that it should be critically con-
sidered that there are methodological and hypothetical differ-
ences between the studies: (1) the regulatory impact of
miRNAs on BDNF expression in the brain needs to be
strongly considered in the development of therapeutic treat-
ments for neurodegenerative diseases and depression. (2)
Although we briefly reviewed the evidence for a positive
action of BDNF on miRNA expression and a negative action
of miRNAs on BDNF, the miRNA-BDNF pathway may not
be a closed loop system, and many other regulatory elements
are at play that control specificity of miRNA expression.
Hence, this manuscript highlighted the effect of acupuncture
and in what way miRNAs have taken part in elucidating
mechanism of acupuncture and neuroplasticity. (3) Based
on the analysis of the published literature, we summarized
that acupuncture treatment seemingly has a bidirectional
regulatory ability to restore levels of diverse miRNAs and
BDNF to their normal states (Figure 1). (4) Intriguingly,
when the same acupoint was used in all four diseases, the
underlying effects on the hippocampus may show similar
and overlapping molecular outcome among different diseases
(Figures 3 and 4). New findings could lead to the discovery of
the biological mechanism by which acupuncture regulates
the miRNA-BDNF network and could identify the underly-
ing neurodegenerative disease-depression comorbidity
mechanism of acupuncture treatment in the near future.
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Autophagy is confirmed to be involved in the onset and development of depression, and some antidepressants took effect by
influencing the autophagic process. Electroacupuncture (EA), as a common complementary treatment for depression, may share
the mechanism of influencing autophagy in the hippocampus like antidepressants. To investigate that, sixty Sprague-Dawley rats
firstly went through chronic unpredictable mild stress (CUMS) model establishment, and 15 rats were assigned to a control group.
After modeling, 45 successfully CUMS-induced rats were randomly divided to 3 groups: CUMS, selective serotonin reuptake
inhibitor (SSRI), and EA groups (15 rats per group), to accept different interventions for 2 weeks. A sucrose preference test (SPT),
weighing, and open field test (OFT) were measurement for depressive behaviors of rats. Transmission electron microscope (TEM),
immunohistochemistry (IHC), and western blot analysis were used to evaluate the autophagic changes. After that, depression-like
behaviors were successfully induced in CUMS models and reversed by SSRI and EA treatments (both p < 0:05), but these two
therapies had nonsignificant difference between each other (p > 0:05). Autolysosomes observed through TEM in the CUMS group
were more than that in the control group. Their number and size in the SSRI and EA groups also decreased significantly. From
IHC, the CUMS group showed enhanced positive expression of both Beclin1 and LC3 in CA1 after modeling (p < 0:05), and the
LC3 level declined after EA treatments, which was verified by decreased LC3-II/LC3-I in western blot analysis. We speculated
that CUMS-induced depression-like behavior was interacted with an autophagy process in the hippocampus, and EA
demonstrated antidepressant effects by partly inhibiting autophagy with a decreased number of autolysosomes and level of LC3
along with LC3-II/LC3-I.

1. Introduction

Depression is a common mental disorder that severely limits
psychosocial functioning and diminishes quality of life [1],
affecting over 300 million people worldwide [2]. It contrib-
utes the most global all years lived with disability ranked by
the WHO as well as the main reason blamed for suicide [2].
Many molecular mechanisms are involved in the etiology of
the disorder, among which autophagy has been put forward
as one of them [3].

Autophagy is a widely existed protein degradation
method in eukaryotic cells, which is usually induced and
upregulated by external stimuli. Three forms of autophagy
are mainly described: macroautophagy, microautophagy,

and chaperone-mediated autophagy, among which the
macroautophagy is the most common type. In macroauto-
phagy, expendable cytoplasmic constituents are targeted
and isolated from the rest of the cell in the form of autopha-
gosomes. After that, autolysosomes fused with available
lysosomes and autophagosomes are degraded and recycled.

A variety of proteins are involved in the regulation of
autophagy, among which the Beclin1 and LC3 are the
typical ones. Beclin1, a homologous of yeast ATG6, is a
regulatory gene of autophagy. Besides, the modification
process of LC3, microtubule-associated protein 1 light
chain 3, is very important for the formation of autopha-
gosomes. The precursor of LC3 was processed into LC3-I
by cysteine protease Atg4B. After the catalyzing of Atg7,
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intracytoplasmic LC3-I transformed into a form of mem-
brane bound, namely, LC3-II [4]. The number of autopha-
gosomes is associated with the ratio of LC3-II/LC3-I.
Therefore, Beclin1 and LC3 are important markers when
autophagy occurs.

Autophagy is in fact a conserved lysosomal degradation
pathway essential for the central nervous system. It plays an
important role in neuronal development and synaptic plas-
ticity. The dysfunction of autophagic degradation leading to
accumulation of abnormal protein inside the neuronal cells
is the common basis of neurodegenerative diseases, such as
Parkinson’s disease, Alzheimer’s disease, and Huntington’s
disease [5]. There is increasing evidence showing that
stressors can induce autophagy [6]. Exposure to various
kinds of environmental stressors is a convincing cause to
depression, by which a depression animal model, chronic
unpredictable mild stress (CUMS) model, has been estab-
lished and widely used [7]. Some recent researches showed
autophagy alteration in CUMS animals with the reversal of
behavioral effect [8, 9].

Autophagy has been frequently discussed in the
researches of depression about human and animal. A small
sample-size study found higher expression of autophagy
genes in blood mononuclear cells from depression patients
than that from healthy controls [10], and another study
presented the positive correlation between the expression of
Beclin1 in these cells and clinical treatment success [11].
Since the hippocampus is one of the key brain areas where
depression develops, autophagy is often discovered in this
location. Liu et al. observed the autophagy activation of the
hippocampus in the depression model of rats, such as
increased autophagosomes, LC3-II/LC3-I ratio, and Beclin1
level in neurons and the atrophied brain area [12]. Hence,
autophagy was inhibited in the hippocampus of OBX rats
(a depression animal model) and upregulated by fluoxetine
(a widely used antidepressant belonging to selective seroto-
nin reuptake inhibitors (SSRIs)) with reversal of depressive-
like behavior and enhanced expression of LC3-II, Beclin1,
etc. [13]. Other studies also presented decreased autophagic
markers [14, 15].

Acupuncture and electroacupuncture (EA) are effective
complementary therapies for depression based on antide-
pressant treatment [16]. The effect on autophagy of acupunc-
ture or electroacupuncture (EA) has been proven in several
diseases. Tian et al. found that acupuncture could clear
α-synuclein in the substantia nigra par compacta of the
brain in a PD mouse model [17]. With decreased levels
of LC3 and Beclin1, EA may alleviate the cerebral ischemia/
reperfusion by inhibiting neurons’ excessive autophagy
[18]. Meanwhile, autophagy may be beneficial that the LC3
expression of autophagy had positive correlation with neuro-
logic function in a hemorrhagic stroke rat model [19].

However, although the investigation of autophagy in
depression is comparatively thorough and a certain number
of studies about acupuncture and autophagy have published,
the comprehensive research discussing the acupuncture
impact on autophagy in depression is still limited. Therefore,
this experiment was designed to investigate the autophagy
phenomenon in hippocampus neurons of CUMS rats and

attempt to find out the antidepression mechanism of EA
underneath.

2. Materials and Methods

2.1. Animals. Seventy-five male Sprague-Dawley rats weigh-
ing 180-220 g, provided by Southern Medical University
Experimental Animal Center (Guangdong, China; license
No. SYXK (Yue) 2016-0167), were housed individually in
the SPF facility (temperature 24 ± 2°C, humidity 50-60%) at
Southern Medical University, China. After 3-day adaption,
CUMS models began to be established in all rats except for
15 rats in the control group. The study protocol was
approved by Southern Medical University Experimental
Animal Ethics Committee (NO. L2017178) and followed
the United States National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publication
No. 85-23, revised 1986).

2.2. Chronic Unpredictable Mild Stress (CUMS) Model
Establishment. The CUMS model was established referring
to previous studies [20–23] that evaluate biological effects
of antidepressants. Except for the control group, the remain-
ing 60 rats underwent a 21-day CUMS procedure modified
on Zhang et al. [24], during which the rats were exposed
to different stressors including water deprivation (24 h),
food deprivation (24 h), immobilization (2 h), level shaking
(5min), and tail clamping (3min; 3 cm from the end of
the tail). These stressors were processed randomly as one
stressor per day on rats, and the same stressor was not
applied consecutively over two days to avoid animals’ predic-
tion of the occurrence of stimulation (Table 1). According to
our former experiment, about 75~80% CUMS rats could be
successfully induced, which was similar to the literature
[25], and these CUMS-induced rats were then randomly
and equally assigned to the CUMS, SSRI, and groups,
followed by respective interventions. Besides, the control
group received normal breeding.

2.3. Intervention. The whole intervention lasted for 14 days
after CUMS modeling [24]. After CUMS modeling, rats in
the EA group underwent EA at GV20 (at the midpoint
between the auricular apices) and GV29 (at the midpoint
between the medial ends of the two eyebrows) [26]. Dispos-
able acupuncture needles (0:30mm × 25mm, Hwato Appli-
ance Factory) were inserted in both acupoints horizontally
to 5mm depth. Following the insertions, the needles were
connected to electrodes for electrical simulation with sparse
waves (1mA in electric current, 2Hz in frequency, and 5V

Table 1: The stressors of the 21-day CUMS procedure.

Stressor Duration

Water deprivation 24 h

Food deprivation 24 h

Immobilization 6 h

Level shaking 5min

Tail clamping 3min
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in voltage). The stimulus intensity was preferable when the
rat’s head slightly trembled. The whole EA treatment was
implemented for 30min each time, once per day. Rats in
the SSRI group were given paroxetine (1.8mg/kg/d, i.g.)
[27] after 30-minute gentle immobilization. The same vol-
ume of saline (per kg as paroxetine) was also applied on the
EA group. For the control and CUMS groups, only gentle
immobilization and saline administration were used once
per day during the same period.

2.4. Behavioral Analysis. Three parameters including sucrose
preference test (SPT), weighing, and open field test (OFT)
were examined at the end of intervention to evaluate the
depression-like behavior of rats. The rats were scheduled
for euthanasia the day after OFT.

2.4.1. Sucrose Preference Test (SPT) and Weighing. The
procedure of SPT was performed as described previously
[20, 28]. Firstly, rats were trained to adapt 1% sucrose solu-
tion (weight in volume (w/v)) in their home cages with two
bottles of 1% sucrose solution placed in each cage. Twenty-
four hours later, 1% sucrose in one bottle was replaced with
tap water and continued adapting for 24 h. After adaptation,
rats were deprived of water and food for 24h, followed by rats
weighing. During the 1 h SPT, rats were housed in individual
cages and had free access to two bottles containing 200ml of
sucrose solution (1% w/v) and 200ml of water, respectively.
Each bottle was weighed before and after the test, and two
bottles were changed randomly to prevent place preference.
The sucrose preference was calculated as the percentage of
the consumed 1% sucrose solution relative to the total
amount of liquid intake. At the end of the test, all animals
were returned to their home group housing with normal
breeding.

2.4.2. Open Field Test (OFT). The OFT is often employed to
evaluate the effects of antidepressant treatment in animals
[29]. In this study, it was used to measure exploratory behav-
ior and general activity in rats, performed as previous
research [20]. The apparatus was a 100 cm × 100 cm ×
38 cm black wooden box which was kept in an isolated
room with normal lighting and temperature. The floor
of the arena was divided into 25 cm × 10 cm × 10 cm squares.
A video recording system was stationed above the apparatus
to capture the movement of rats within the box. Subse-
quently, each rat was placed in the center of the open field
without any agitation, and their explorative movement was
measured for 5min using the video recorder. After one test
of a rat, the apparatus was cleaned to abolish the odor of
the former tested rat. A neutral observer stayed away from
the apparatus during the test. When OFT was finished, the
video was analyzed using SMART 3.0, and the time in the
center area and total distance traveled were assessed.

2.5. Transmission Electron Microscope (TEM). Eight rats
from each group were anesthetized with 10% chloral hydrate
anesthesia (3ml/kg, intraperitoneal injection), followed by
perfusion with a mixture of 2.5% glutaraldehyde and 2.5%
paraformaldehyde. Then, the left CA1 of each hippocampal
tissue was separated immediately, and immersion fixation

was completed at around 1mm3 size. Samples were rinsed
in cold phosphate-buffered saline (PBS, 4x for 15min) and
placed in 2.5% glutaraldehyde until the operation of TEM.
First, they were immersed in 1% osmium for 1 hour and
rinsed in PBS (3x for 15min). Next, they were immersed
in ascending concentrations of acetone (50, 70, and 90%,
each for 15min; 100%, 3x for 15min). After being
immersed in mixed liquor of acetone and Spurr’s resin
(acetone : Spurr’s resin = 1 : 1 for 1 h; acetone : Spurr’s
resin = 1 : 2 for 2 h), they were quickly immersed in
Spurr’s resin at room temperature overnight and then
embedded in coffin molds in Spurr’s resin, curing for 8 h at
70°C in an oven (Shanghai Yiheng, DHG-9053A). 60-nm-
thick ultrathin sections were cut (Leica, UC7) and counter-
stained with saturated aqueous uranyl acetate and Reynolds’
lead citrate (3x for 5min). Sections were photographed
with TEM (Hitachi, H-7500) at 10,000x and 40,000x
magnifications.

2.6. Immunohistochemistry (IHC). For IHC, the left CA1
region of random 24 rats from each group was fixed with
4% paraformaldehyde, embedded in paraffin, and sectioned.
After being rehydrated, the samples were immersed with
3% H2O2 at room temperature for 10min to block endoge-
nous horseradish peroxidase (HRP) activity, and antigen
retrieval was performed by microwave for 8min in citrate
buffer. Each section was incubated with normal goat serum
in PBS for 30min at room temperature and then incubated
with primary antibody (1 : 100; anti-Beclin1 antibody,
Abcam; anti-LC3 antibody, Abcam) at 4°C overnight. After
phosphate-buffered saline (PBS) washing, the slides were
then incubated with a corresponding second antibody
(Abcam) at room temperature for 30min and stained with
diaminobenzidine (DAB; ChemMate TM DAKO Envision
TM Detection Kit, DAKO). The slides were then counter-
stained with hematoxylin, dehydrated, and mounted. The
degree of staining was controlled by microscopic observation
(Olympus) with 200x magnification. The IHC scores were
calculated by the software ImageJ which showed percent
contribution of different grades of positive.

2.7. Western Blot Analysis. The left CA1 tissues of random 16
rats from each group were homogenized in lysis buffer, and
the lysis process was continued for 30min at 4°C. After being
centrifuged at 12000 rpm for 15min, the protein contents
were determined by bicinchoninic acid protein assay (Beyo-
time Institute of Biotechnology, Shanghai, China). 20μg of
proteins of each sample was loaded into wells of 12% SDS-
PAGE gel, electrophoretically separated, and transferred on
to PVDF membrane. After being blocked in 5% skim
milk/TBST at room temperature for 3 h, the membranes were
incubated with specific primary antibodies including anti-
Beclin1 (1 : 1000; Abcam), anti-LC3 (1 : 2000; Abcam), and
anti-GAPDH (1 : 2000; Proteintech) in incubation boxes at
4°C for 16 h. The membranes were washed with TBST for 3
times with 5min each before and after the incubation of sec-
ondary antibody [1 : 2000; HRP-conjugated Affinipure Goat
Anti-Rabbit IgG (H+L)]. Finally, images were acquired using
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darkroom development techniques for chemiluminescence
(ProteinSimple, FluorChem E, USA).

2.8. Statistical Analysis.All data were presented as mean± SD
both complied with normal distribution. One-way ANOVA
followed by LSD post hoc tests was used to evaluate differ-
ences for behavioral analysis, IHC, and TEM results among
groups. A p value < 0.05 was considered to be statistically sig-
nificant. All calculations were made using SPSS 22.0 and
GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego,
CA, USA).

3. Results

3.1. Behavior Analysis. Firstly, excluding the modeling fail-
ure, there were 45 remaining rats presented CUMS-induced
depressive behaviors according to evaluation of SPT, weight,
and OFT, with a successful modeling rate of about 75%. They
were then immediately divided into the CUMS, SSRI, and EA
groups (15 per group) and accepted different treatments.
CUMS models were stable in the course of treatment with
significantly different behavioral results compared with the
control group (p < 0:05). No rats died during the model
establishment or intervention period. Secondly, the SSRI
and EA groups also showed positive results compared with
the CUMS group, which indicated the improvement of
depression-like behavior of rats after both treatments
(p < 0:05), but they were nonsignificantly different between
each other (p > 0:05) (Table 2 and Figure 1).

Difference among groups was analyzed with one-way
ANOVA as normal distribution complied, and LSD was used
for a post hoc test with homogeneity of variance satisfied.
∗p < 0:05 vs. the control group; #p < 0:05 vs. the CUMS group.

3.2. TEM. Autolysosomes (vacuum-like bilayer structures
enveloping the cell contents) of five rats from each group
were observed through TEM and highlighted by yellow
arrows in Figure 2. The size and number both increased in
the CUMS group than those in the control group, which
proved the activation of autophagy after modeling. Com-
pared with those in the CUMS group, the number and size
of autolysosomes in the SSRI and EA groups decreased
significantly, but it was hard to distinguish the difference
among them from Figure 2.

3.3. IHC. With ImageJ, we chose the sum of percent contri-
bution of positive to compare the expression intensity of

two targets in CA1. The difference of Beclin1 and LC3
among groups was significant (p < 0:05). During the post
hoc test, the CUMS group showed significant higher positive
expression of Beclin1 and LC3 than the control group, indi-
cating the activation of autophagy in CA1 after modeling
(p < 0:05). The Beclin1 level in the SSRI or EA group was
higher compared with that in the control group, respectively
(p < 0:05), but there was no significant difference between
these two groups (p > 0:05). Moreover, the LC3 level
declined after SSRI and EA treatments, and the effect of

Table 2: Comparison of SPT, weight, and OFT among 4 groups (mean ± SD).

Group SPT-sucrose preference (%) Weight (g) OFT-time in the center area (s) OFT-total distance traveled (cm)

Control (n = 15) 80:87 ± 8:53 441:02 ± 38:19 18:72 ± 16:43 4124:67 ± 941:30
CUMS (n = 15) 54:05 ± 22:35∗ 363:18 ± 28:32∗ 0:04 ± 0:10∗ 2925:52 ± 1197:65∗

SSRI (n = 15) 77:15 ± 7:94# 394:44 ± 24:40∗,# 12:87 ± 13:80# 6267:50 ± 2387:70∗,#

EA (n = 15) 79:54 ± 9:08# 388:99 ± 31:24∗,# 12:17 ± 17:61# 6287:90 ± 755:56∗,#

F 16.455 4.795 19.310 13.400

p <0.05 0.05 <0.05 <0.05
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Figure 1: Comparison of SPT, weight, and OFT among 4 groups
(mean ± SEM) (the OFT-time in the center area of the CUMS
group was too much shorter than those of the other groups to
show in the bar graph, but the specific number is listed in Table 2)
(n = 15).
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EA in regulating LC3 expression was greater than that of
SSRI (p < 0:05) (Table 3 and Figure 3).

Difference among groups was analyzed with one-way
ANOVA as normal distribution complied, and LSD was used
for the post hoc test with homogeneity of variance satisfied.
∗p < 0:05 vs. the control group; #p < 0:05 vs. the CUMS
group; △p < 0:05 vs. the SSRI group.

3.4. Western Blot Analysis. The difference of relative normal-
ized Beclin1 and LC3-II/LC3-I expression among groups was
significant (p < 0:05). During the post hoc test, Beclin1 level
trend was in accordance with IHC results. The CUMS, SSRI,
and EA groups all showed significant higher positive expres-
sion of Beclin1 than the control group (p < 0:05), but they did
not significantly distinguish with each two of them (p > 0:05).
As for LC3-II/LC3-I, this ratio was significantly higher in the
CUMS, SSRI, and EA groups compared with the control
group, respectively. LC3-II/LC3-I also declined after EA
treatments (p < 0:05), which agreed with IHC results. More-
over, the difference between the SSRI and CUMS or EA
groups did not reach statistical significance (p > 0:05)
(Figure 4).

4. Discussion

As a widely applied animal model for depression, the CUMS
model presents depressive behaviors like anhedonia and
decreased locomotor activity. Anhedonia is the core symp-
tom of depression with the characteristic as lacking enjoy-
ment of food in human or animal models. Loss of weight
may then result from the reduced food intake. SPT is recog-
nized as a common method to evaluate the anhedonia in
animals, and the reduced preference for sucrose in the test
is a key indicator of depression in rodents [28]. Besides, the
OFT measured locomotor activity, with reduced locomotor
activity indicating anxiety-like behaviors associated with
depression [30]. Hence, we used SPT, weighing, and OFT
in the evaluation of depressive behaviors of CUMS rats in this
study. After modeling, the CUMS rats displayed conspicuous
depressive-like symptoms such as anhedonia, decline in
spontaneous locomotor functions, and weight loss. The
results were consistent with findings in previous reports
[31], supporting the success of the modeling.

From the results of TEM in our experiment, autolyso-
somes in the hippocampus neurons observed in CUMS rats

were more than those in the control ones. What is more,
EA or SSRI also reduced the number and size of autolyso-
somes compared with the CUMS group. Considering all the
results above, SSRI and EA may improve depressive behav-
iors through impacting the autophagy level of hippocampus
neurons. Although there are limited depression researches
learning the relationship between autophagy and EA, the
correlation of autophagy in the hippocampus and depression
has attracted growing attention. Autophagosomes, the form
before autolysosomes, were reported to increase in the hippo-
campus of chronic restraint stress-exposed rats, another
widely used depression animal model [32]. Notably, autop-
hagosomes could also exert a protective effect in alleviating
hippocampus neuronal apoptosis along with amelioration
of depressive-like behaviors [33]. So, the specific mechanism
of autolysosomes changes induced by EA in the hippocam-
pus of CUMS rats still waits for further investigation.

Autophagy is essential for basal homeostasis. Beclin1 is a
key regulator of autophagy in mammalian cells [34], and LC3
is a reliable marker of autophagosomes [35]. Both expression
levels can reflect the autophagy activity of cells. To firstly pro-
vide the direct evidence linking the interaction between EA
and autophagy to depression, we assessed the expression of
autophagic biomarkers, including Beclin1 and LC3, in the
CA1 of rats’ hippocampus following CUMS.

Given by our study, CUMS rats presented depressive
behaviors and enhanced expression of Beclin1 and LC3
according to IHC. When Beclin1 is activated, a lot of mem-
brane sources (the production center of autophagosomes)
are formed in the cytoplasm. In the process from phagophore
to autolysosomes, LC3-I transferred from the cytoplasm to
LC3-II on the membrane of autophagosomes. LC3 functions
in autophagy substrate selection and autophagosome biogen-
esis [36]. Its membrane-located form LC3-II has a positive
correlation with the amount of autophagosomes [37], and it
is degraded by lysosomal enzyme after autophagosomes
fusing with lysosomes into autolysosomes [38]. The higher
expression of Beclin1 and LC3 in the CUMS group suggested
the activation of autophagy in this depression animal model.
In addition, the ratio of LC3-II/LC3-I that closely related to
the number of autophagosomes could be tested as additional
research to verify the changes of LC3 [39]. In the western blot
analysis, the ratio decreased in the EA group after treatment
but not in the SSRI group. Hence, both positive results from
IHC and western blot analysis supported the effect of EA on
LC3 expression in CUMS models.

Control

10
,0

00
x

40
,0

00
x

CUMS SSRI EA

Figure 2: Number and size of autolysosomes in hippocampus
CA1 neurons in each group (yellow arrows, autolysosomes; red
arrows, autophagosomes; magnification, 10,000× (2μm) and 40,000×
(500 nm)) (n = 2).

Table 3: Positive expression of Beclin1 and LC3 (mean ± SD,
percent).

Group Beclin1 LC3

Control (n = 6) 37:04 ± 12:87 1:02 ± 0:46
CUMS (n = 6) 73:92 ± 7:63∗ 5:61 ± 1:63∗

SSRI (n = 6) 73:27 ± 1:27∗ 2:33 ± 0:90∗,#

EA (n = 6) 66:40 ± 11:71∗ 1:05 ± 0:61#,△

F 20.081 27.757

p <0.05 <0.05
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Actually, CUMS can either activate the pathway
involving Beclin1 and LC3 in hippocampus [40] or inhibit
it [14, 15, 41]. In addition, these two markers can also be
differently influenced in other models or types of depres-
sion. For example, Beclin1 and LC3 were upregulated in
electroconvulsive shock-induced depressive rats [42] and
downregulated in pain- or LPS-induced depression rats as
well as maternal separation rats which were accompanied
with depressive behaviors [43–45]. The function of autoph-
agy in the nervous system is still controversial. In the cir-
cumstances, the effect of autophagy on depression may be
bilateral. For example, hydrogen sulfide, an antidepressant-

like compound for diabetic rats, could improve the
depression-like behavior of rats by enhancing hippocampal
autophagy through BDNF-TrkB pathway [46], but the sim-
ilar improvement was explained by opposite mechanism in
another research, in which the upregulating BDNF-TrkB
pathway was along with the decreasing autophagy in hippo-
campus [47]. Maybe the effect of autophagy on depression
varies from different types or treatments.

One of the major brain areas where EA ameliorates
depressive behaviors of animals is the hippocampus, in
which several mechanisms have been confirmed, such as
synaptic plasticity, neuroinflammation, and neurotransmitter
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Figure 3: Expression of Beclin1 and LC3 in hippocampus CA1 of each group (IHC, 200x magnification; mean ± SEM; n = 6).
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upregulation [48–50]. However, whether and how autophagy
participates in the regulation of EA on depression are unclear
yet. Furthermore, apoptosis is closely relevant to autophagy as
they, respectively, constitute distinct mechanisms for the
turnover or destruction of cytoplasmic structures within cells
and of cells within organisms. An apoptosis-related research
discovered that acupuncture could improve depressive behav-
iors of psychological stress-induced depression rats by sup-
pressing oxidative stress-mitochondrial apoptotic pathway in
the hippocampus [51]. It is likely that EA could affect autoph-
agy in the hippocampus of depression models.

Treatments that rescued behavioral deficits of CUMS
animals by autophagy were mostly based on the Belin1
and/or LC3 pathway in the hippocampus, accompanied with
the changes of autophagosomes or autolysosomes. Animal
studies have showed the activation of Beclin1 and LC3-II
following fluoxetine treatment in the hippocampus, and
this alteration could be observed in microglia [40, 52].
Additionally, some other brain regions were involved in
the regulation of autophagy in CUMS animal models, such
as the prefrontal cortex, in which andrographolide may
produce antidepressant-like effects in CUMS-induced mice
by upregulating autophagy [53]. Collecting the evidence
above, these mentioned therapies may reverse inhibited
autophagy in the hippocampus or other brain areas under
CUMS-induced depression state.

EA has been proven to interact with critical autophagic
markers or autolysosomes. Although the influence of
autophagy in depression is waiting to be verified, EA has
shown neural protection against or with autophagy in other
neural degenerated diseases. The regulation of acupuncture
or EA on autophagy has been mainly discussed in cerebral
ischemia reperfusion (CIR). Autophagy is a crucial part in
the impairment of CIR and could be improved or suppressed
by EA dependent on time in CIR animal models [18, 54, 55],
indicating that EA may play a dual role in CIR autophagy.
Besides, in central poststroke pain rat models, EA could
relieve symptoms by inhibiting autophagy in the hippocam-
pus [56], which could enlighten the study of EA on autoph-
agy in depression.

In this present study, SSRI and EA did not yet influence
Beclin1 increase triggered by CUMS, but reduced the level
of LC3 in the hippocampus after modeling where EA showed
advantage over SSRI. As mentioned above, LC3 is closely rel-
ative to the number of autolysosomes; thus, the autolysosome
decline from TEM was connected with the lower LC3 level of
the EA group than the SSRI or CUMS group. The results of
TEM and IHC suggested that EA probably participated in
the formation of autolysosomes related with LC3. Further-
more, both Beclin1 and LC3 are involved in the regulation
of autophagy intensity and duration [18]. Collecting the
different variations of Beclin1 and LC3, we considered that
EA took effect on relieving depressive behaviors through
inhibition of LC3-involved autolysosomes formation, but
not Beclin1.

Although this article is a preliminary observation about
EA’s influence on the autophagy process in the hippocampus
of CUMS rats, many remarkable characteristics of acupunc-
ture therapy have been explained from the perspective of

autophagy mechanism. For example, acupuncture induces
an increase in autophagy in the brain by inserting needles
into the legs and avoids the difficulty of crossing the blood-
brain barrier for conventional drugs [55], which provides a
new idea for green medicine.

There are still some limitations in the study. Based on the
inconsistent autophagic changes in the hippocampus of
CUMS animal models and the close relationship with
apoptosis, the neural apoptosis could be added to verify the
effect of autophagy. This is a primary research about EA’s
effect on autophagy in depression models; hence, research
about investigation of apoptosis and the specificity of EA
with sham-acupoint control is considerable in the future.

5. Conclusion

Although the interrelationship among EA, autophagy, and
depression is interesting and blank, our data preliminarily
provided the evidence that the occurrence of CUMS-
induced depression-like behavior may be concerned with
autophagy, and EA demonstrated antidepressant effects by
partly inhibiting autophagy with the decreased level of LC3
and number of autolysosomes. This study raised the possibil-
ity that EA ameliorated depressive behaviors in CUMS rats
by suppressing the autophagic level in the hippocampus.
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Poststroke cognitive impairment (PSCI) is a severe sequela of stroke. There are no effective therapeutic options for it. In this study,
we evaluated whether electroacupuncture (EA) on the trigeminal nerve-innervated acupoints could alleviate PSCI and identified
the mechanisms in an animal model. The male Sprague-Dawley rat middle cerebral artery occlusion (MCAO) model was used
in our study. EA was conducted on the two scalp acupoints, EX-HN3 (Yintang) and GV20 (Baihui), innervated by the
trigeminal nerve, for 14 sessions, daily. Morris water maze and novel object recognition were used to evaluate the animal’s
cognitive performance. Neuroprotection and synaptic plasticity biomarkers were analyzed in brain tissues. Ischemia-reperfusion
(I/R) injury significantly impaired spatial and cognition memory, while EA obviously reversed cognitive deterioration to the
control level in the two cognitive paradigms. Moreover, EA reversed the I/R injury-induced decrease of brain-derived
neurotrophic factor, tyrosine kinase B, N-methyl-D-aspartic acid receptor 1, α-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor, γ-aminobutyric acid type A receptors, Ca2+/calmodulin-dependent protein kinase II, neuronal nuclei,
and postsynaptic density protein 95 expression in the prefrontal cortex and hippocampus. These results suggest that EA on the
trigeminal nerve-innervated acupoints is an effective therapy for PSCI, in association with mediating neuroprotection and
synaptic plasticity in related brain regions in the MCAO rat model.

1. Introduction

Stroke is the second leading cause of disability-related death
worldwide [1]. Increasing numbers of stroke patients suffer
from poststroke cognitive impairment (PSCI), characterized
by poor performance on abstract thinking, memory, orienta-
tion, and similar functions. However, the mechanism of PSCI
has not been fully elucidated. Thus, the therapeutic options
for it are limited. Some commonly used drugs in Alzheimer’s
disease (AD) have shown positive effects in PSCI patients,
such as cholinesterase inhibitors in which one of them is
donepezil [2]. But the benefits in global and daily cognitive

function are inconsistent, making it difficult to assess the effi-
cacy [3].

In cerebral ischemia, multiple pathophysiological
changes can be observed, including brain edema, neuronal
loss, and changes in synaptic plasticity [4]. Most synapses
are found in the dendrites, which are the primary determi-
nants of neuronal integration and information processing
[5]. The primary activities of the neurotrophic factor are
improving synaptic transfer, promoting synaptic plasticity,
developing synaptogenesis, and neuroprotection, which
could ameliorate synaptic dysfunction [6]. Synaptic plasticity
can also be altered by changing the quantity of synaptic
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neurotransmitter receptors [7], such as N-methyl-D-aspar-
tate receptor (NMDAR), α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor (AMPAR), and γ-amino-
butyric acid type A receptor (GABAAR) which are associated
with neuronal development, synaptic plasticity, learning, and
memory [8, 9]. Note that NMDAR is activated by Ca2+ influx
[10]. Therefore, the intracellular Ca2+/calmodulin-depen-
dent protein kinase II (CaMKII) is also a critical molecular
determinant of neuroprotection and cognitive function [11].

The hippocampus, one of the most intensely studied
areas of the brain, is assumed to be involved in spatial mem-
ory [12]. In addition to spatial memory, nonspatial recogni-
tion memory is the ability to distinguish whether
something is familiar or not. Evidence from human neuroim-
aging has indicated that the prefrontal cortex (PFC) contrib-
utes to recognition memory [13, 14]. Both the hippocampus
and PFC have a strong association with cognitive function in
different kinds of memories, which have been chosen to be
the related brain regions in our study.

In the past decades, complementary medicine has
become popular in clinical services and one of them is acu-
puncture. Acupuncture is gradually gaining popularity for
the treatment of neurological diseases, including vascular
dementia [15], vascular cognitive impairment no dementia
[16], PSCI [17], and stroke [18]. However, more evidence is
needed to evaluate its clinical effects. We have explored a
novel acupuncture regimen named electroacupuncture tri-
geminal nerve stimulation (EA/TNS) [19]. Recently, we have
published one directly related clinical trials of EA/TNS on
PSCI patients, suggesting that EA on forehead acupoints
could reduce cognitive deterioration of stroke patients [20].
We want to explore the mechanism of it through this study.

Therefore, we hypothesize that acupuncture could
reverse PSCI in animal models by neuroprotection and regu-
lating synaptic plasticity in the hippocampus and PFC. One
classical PSCI animal model (middle cerebral artery occlu-
sion (MCAO)) was used in our study. Corresponding behav-
ior tests were conducted to evaluate cognitive performance.
Biomarkers for neuroprotective activity and synaptic
plasticity-related proteins were tested.

2. Materials and Methods

2.1. Animals and Experimental Procedure. The experiment
protocol was approved by the Committee on the Use of Live
Animals in Teaching and Research (CULATR: 4840-18) of
LKS Faculty of Medicine of the University of Hong Kong.
The male Sprague-Dawley rats weighing 270 ± 20 g were
housed three to four per cage and maintained on a 12 h
light/dark cycle at 23°C with water and food available ad libi-
tum. Animals that were dying before the experimental end-
point were replaced to ensure n = 10 each group for
quantification according to some previous studies [21, 22].
Body weight was monitored during the whole experiment.
The whole experimental procedure was conducted in the
lab animal unit (LAU) of the University of Hong Kong, and
the animals were monitored by a veterinarian every day to
assess their welfare. The whole experimental timeline is
shown in Figure 1.

2.2. MCAO Procedure. The MCAO operation was established
according to the previous protocol [23]. Briefly, rats were
anaesthetized with 4% isoflurane (Abbott, IL, USA) and main-
tained at 2% isoflurane via inhalation. Rats were then placed
on a warm pat to maintain body temperature. Under an oper-
ating microscope, after creating a 2 cm width incision in the
neck, the common carotid artery (CCA) was located under
the muscles. The CCA, internal carotid artery (ICA), and
external carotid artery (ECA) were separated and ligated with
a 6/0 nylon thread (Ningbo Medical Needle Co. Ltd., Ningbo,
China) under an operating microscope. A nylon thread with a
diameter of 0.36mm with a silicone tip (L3600, Jialing Co.
Ltd., Guangzhou, China) was inserted into the ICA from a
stump on the ECA. The thread bolt was set into the bifurcation
point of the left middle cerebral artery (MCA), inducing the
blockage of blood flow. The CCA was transiently ligated dur-
ing these processes. After 2 hours of occlusion, the bolt was
taken out such that the CCA was unobstructed to allow blood
reperfusion to the ischemic area. The muscle layer was sutured
with a 5/0 polyglactin suture, and the layers were incised with
a 3/0 nylon suture. Sham-operated rats were subjected to the
same procedure as above without suture insertion into the
MCA. All rats were kept on the warm pad until they awoke
when they were returned to their cages. Liquid food was pro-
vided if needed. Intraoperative monitoring (IOM) forms were
required during the operation.

2.3. Treatment. After 24h recovery from the operation, in the
EA group, acupuncture needles (0:25 × 15mm, MOCM,
China) were inserted tangentially to the skin into the acu-
points, EX-HN3 (Yintang) and GV20 (Baihui) to a depth of
10mm. Electroacupuncture on these two acupoints is themost
commonly used regimen in the acupuncture treatment of var-
ious psychiatric disorders [24]. The needle handles were taped
onto the surface at the two acupoints. The rats could move
freely in the box during the treatment (Supplementary File
1). The needles were connected to the output terminals of
the electroacupuncture instrument (ITO Physiotherapy &
Rehabilitation Co., Tokyo, Japan) with continuous-wave stim-
ulation at a frequency of 2Hz, intensity of 1mA, pulse width
of 100μs for 10min, for 14 days. The determination of the
low frequency is used because it could exert broader modula-
tory effects on central neurochemical systems compared to
that of the high frequency and has been widely used in clinical
practice and animal studies [25]. The same wire stabilization
without acupuncture needle procedure was used during the
treatment, to minimize potential confounders in the model
and sham-operated groups. As such, all three groups of ani-
mals experienced similar handling-induced stress. All EA
treatment was conducted in the morning.

2.4. Behavioral Test. The Morris water maze and novel object
recognition tests were performed to evaluate rats’ spatial
learning and memory and cognition memory abilities,
respectively. The open field test was used in this research to
evaluate the anxiety level and locomotor level. All testing
was conducted in the morning, videotaped, and analyzed
with video tracking software (EthoVision, Noldus,
Netherlands).
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2.4.1. Morris Water Maze Test. The water maze test was con-
ducted in a circular diameter of a 150 cm tank with a height of
50 cm water. Four different markers, equally spaced along the
circumference of the tank, were pasted on the tank to divide it
into 4 quadrants. Subsequently, water at 24 ± 2°C was poured
into the water maze. The tank was positioned in a well-lit test-
ing room. The test was conducted for six consecutive days
within two parts, training and probe testing. On the first day,
a transparent cylinder platform was above the water level so
that the rat could find that there exist a platform in the tank
and posited in one quadrant. The rat in each group facing
the wall was lowered gently into the water for free swimming
for 60 seconds twice, respectively, and randomly selected from
the other three quadrants. On the second to the fifth day, the
platform was submerged and hidden from the rat’s view but
still in the same quadrant as the first day. The similar layout
and training method would be employed. If the rat could find
and rest on the platform within 60 seconds, the time would be
recorded. If the rat could not find the platform within 60 sec-
onds, it would be guided to the platform for 10 seconds, and
the time would be recorded as 60 seconds. The average time
was recorded in these two training.

The probe test was carried out one day after the last train-
ing trial. The platform was removed, and the rat would be
placed in a new start position for freely swimming 60 sec-
onds. The duration spent in the targeted quadrant in which
the arena platform was located and the frequency into the
targeted quadrant was recorded.

After each day swimming test, the rats would be dried
and put under an infrared lamp to keep them warm.

2.4.2. Novel Object Recognition Test. The apparatus is a 100
× 100 × 60 cm Plexiglas arena with black walls and floor.
During the training phase, the rat has encountered two equal
sample objects (cube with water, made of plastic) in opposite
corners for 10min. 24 hours later, the rat was returned to the
same apparatus and presented with a familiar object and a
novel object (cylinder with water, made of plastic) for 10min.
Exploration is defined as exploring the object at a distance ≤
2 cm or touching with its nose. The total exploring time for
objects was calculated, and the discrimination index was calcu-
lated and analyzed through the following formula [26]:

Index =
Time spent exploring novel object − time spent exploring unchanged objectð Þ
Time spent exploring novel object + time spent exploring unchanged objectð Þ :

ð1Þ

2.4.3. Open Field Test. The open field apparatus is a 100 × 100
× 60 cm Plexiglas arena with black walls and floor with a 30
× 30 cm central zone. Testing followed in a dim-light condi-
tion without the presence of experimenters. The total duration
time between the central and surrounding zones was recorded
in a 10min test period. The apparatus was cleaned with 75%
alcohol between tests.

2.5. Tissue Preparation and Sections. The rats were transcra-
nially perfused with PBS under anesthesia to collect brain tis-
sue for further examination after the above behavior tests.
The hippocampus and PFC were extracted with radioimmu-
noprecipitation assay (RIPA) buffer (Sigma-Aldrich, USA)
supplemented with 1% protein inhibitor phenylmethanesul-
fonylfluoride (PMSF, Sigma-Aldrich, USA). After centrifuga-
tion, the supernatants were collected for Western blot.

2.6. Western Blot Analysis. The mentioned supernatants were
analyzed according to the standard Western blot protocol.
Equal amounts of proteins were separated by 10% SDS-
PAGE gel, transferred onto polyvinylidene difluoride mem-
branes (PVDF, 0.22μM, Bio-Rad Laboratories, Inc.), and
blocked with 5% BSA blocking buffer. Immunodetection
was performed with primary antibodies against PSD-95
(1 : 2000, Abcam), NeuN, AMPAR (1 : 2000, Cell Signaling
Technology), β-actin (1 : 5000, Cell Signaling Technology),
CaMKII, BDNF, GABAAR, NMDAR1, and TrkB (1 : 2000,
Santa Cruz Biotechnology, Inc.) at 4°C overnight. This was
followed by coincubation with related secondary antibodies
for 2 h at 4°C. Bands were detected by enhanced chemilumi-
nescence staining (GE Healthcare, IL, USA). The images
were captured by Gel-Doc System (Bio-Rad, Laboratories,
Inc.). The intensity of protein bands was quantified by scan-
ning densitometry with Image Lab 5.1 software (Bio-Rad,
Laboratories, Inc.).

2.7. Immunofluorescence. After phosphate-buffered saline
perfusion under anesthesia, the rat was continuously per-
fused with 4% paraformaldehyde (PFA), and the whole brain
was removed and fixed in 4% PFA for at least one week.
Then, the brains were immersed with 30% sucrose solution
for dehydration until the tissue reached the bottom of the
tube totally at 4°C. The fixed and dehydrated brain was
mounted with OCT compound (Leica, Germany), and coro-
nal brain sections (30μm thick) were cut using a microtome
cryostat (Leica, Germany) at −20°C. The cerebral slices were
blocked for 1 hour and incubated at 4°C overnight in the

Days

Acclimation MCAO
MWM test

EA treatment

MCAO: middle cerebral artery occlusion
EA: electroacupuncture
MWM: morris water maze
NOR: novel object recognition
OF: open field

OF test NOR test

-1 0-7 71 148

Figure 1: The experimental timeline.
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following primary antibodies: mouse anti-NeuN (1 : 200,
Millipore) and rabbit anti-PSD-95 (1 : 200, Cell signaling
technology). The slices were then incubated with
fluorescent-dye-conjugated secondary antibodies (DyLight
594-conjugated goat anti-mouse, 1 : 200, Abcam; DyLight
488-conjugated goat anti-rabbit, 1 : 200, Invitrogen) for 1 h
at room temperature. The slides were stained with 4′,6-dia-
midino-2-phenylindole (DAPI) for 15min. Images were cap-
tured using a Zeiss confocal microscope (Zeiss, LSM 780,
Germany).

2.8. Statistical Analysis. Values were expressed as the mean
± standard error of themean and subjected to one-way anal-
ysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test for multiple comparisons to detect a
between-group statistical difference in behavioral variables
(duration in the water maze test, novel object recognition
test, and open field test), using Western blot analysis. Two-
way ANOVA was used for the body weight during the 5-
day training latency data of water maze. The group, time
point, and the interaction between the group and time point
were treated as fixed effects. GraphPad Prism 7.0 software
was used for the statistical analysis. Statistical significance
was defined as p < 0:05 with a two-sided test.

3. Results

3.1. Body Weight Change during the Experiment. Firstly, we
investigated the effect of EA on the recovery of I/R injury rats,
especially on the body weight. The MCAO operation induced
body weight loss (Figure 2). During the whole treatment
period, a significant between-group difference
(F2,378 = 258:7, p < 0:0001), not only to the time effect
(F13,378 = 7.54, p < 0:0001) but also to the interaction effect
between group and time, is detected (F26,378 = 2:534, p <
0:0001), while the body weight increased significantly in the
EA group compared to the model group during most of the
treatment days.

3.2. Cognitive Performance in the Water Maze. Then, we
explored one of the main effect indicators, spatial learning
and memory ability, of rat by the Morris water maze test.
During the 5-day training latency data of the water maze,
two-way ANOVA revealed that there is a significant
between-group difference (F2,135 = 19:07,p < 0:0001), in
either time effect (F4,135 = 13:89, p < 0:0001). From training
day 2 to day 4, a significant difference between the model
and control group has been found (pday2 = 0:0175, pday3 =
0:0171, and pday4 = 0:0003), but no difference between the
model and EA treatment group (pday2 = 0:8896, pday3 =
0:9579, and pday4 = 0:059). At day 5, multiple comparisons
further showed that significantly longer latency was found
in the comparison between the model group and the control
group (p = 0:0068) and the EA treatment group (p = 0:025).
No interaction effect between group and time is detected
(F8,135 = 1:18, p = 0:3157). Significant effects were revealed
on the duration spent in the targeted quadrant among these
groups after one-way ANOVA (F2,27 = 11:69, p = 0:0002).

Dunnett’s multiple comparisons indicated that operation
decreased the time in the quadrant compared to the control
group (p = 0:0001), while EA could apparently increase it
compared to the MCAO group. But there is no significant
difference in frequency in the targeted quadrant
(F2,27 = 0:8151, p = 0:4532) and velocity (F2,27 = 3:195, p =
0:0568) in the probe test (p = 0:0087) (Figure 3). The results
above indicate that there is a decline in the spatial learning
and memory in the MCAO group and could be reversed by
EA treatment.

3.3. Cognitive Performance in Novel Object Recognition.
Unlike orientation in the Morris water maze test, the novel
object recognition test uses the innate animal preference for
novelty, if they could recognize the novel object compared
to the familiar objects [26]. This function is dominated by
the PFC rather than by the hippocampus in the water maze
test [27]. In the novel object recognition test, one-way
ANOVA indicated significant effects in the discrimination
index (F2,27 = 4:388, p = 0:0224). The discrimination index
of the MCAO group was negative, which means the rats in
this group preferred to explore the familiar object than the
control (p = 0:0332), and EA could increase this index com-
pared to the MCAO group (p = 0:0273). These results indi-
cate that the recognition function is affected in the MCAO
group, and EA could ameliorate this dysfunction. However,
there is no difference in the total exploring time
(F2,27 = 1:218, p = 0:3115) (Figure 4), indicating that there
is no neophobia among these groups.

3.4. Anxiety Level in the Open Field Test. It has been indicated
that anxiety could disrupt cognitive function [28]. Therefore,
we determined whether these operations, including the
MCAO surgical operation and EA treatment, would influ-
ence the rats’ anxiety. The open field test is a well-known
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behavioral test to assess rodents’ anxiety [29]. Typically,
rodents prefer to stay near the walls rather than the central
region while exploring the box, a behavior called thigmotaxis.
Spending less time in the periphery is a sign of anxiolysis
[30]. Results showed that no significant differences were
found in the time spent (F2,27 = 1:578, p = 0:2248) and fre-
quency in the central zone (F2,27 = 0:8632, p = 0:4331) and
total distance travelled (F2,27 = 0:09577, p = 0:9090) in the
open field test (Figure 5), indicating that the surgery and

EA treatment affect neither anxiety level nor locomotor
function.

3.5. The Expression of Biomarkers for Neuroprotective
Activity and Functional Neuroplasticity in Brain Tissues.
Summarizing the above behavioral test results, EA treatment
could ameliorate the cognitive function. Molecular mecha-
nism would be explored to understand the underlying mech-
anisms. There are 6 related biomarker expressions detected
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in the hippocampus and PFC with Western blot. These bio-
markers were the proteins on the BDNF/TrkB signaling
pathway as well as neurotransmitter receptors and its down-
stream protein.

One-way ANOVA revealed marked effects on the
BDNF/TrkB signaling pathway in the hippocampus

(F2,21 ≥ 4:134, p ≤ 0:0306) and in the PFC (F2,15 ≥ 5:901, p
≤ 0:0129) (Figure 6). The MCAO surgery significantly
downregulated the expression of these two proteins in both
brain regions than the control group (p < 0:0421). However,
the EA treatment could reverse these biomarker levels almost
back to the control group level (p < 0:0461).
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Meanwhile, significant effects could be found on the
expression of functional neuroplasticity biomarkers,
NMDAR1, AMPAR, GABAAR, and CaMKII, in the hippo-
campus (F2,12 ≥ 4:138, p ≤ 0:0387) and PFC (F2,12 ≥ 10:53, p
≤ 0:038) (Figure 7). The MCAO operation markedly
decreased the expression of these proteins in the brain
regions (p < 0:0478). Furthermore, EA significantly reversed
these expressions to the control level (p < 0:0483). These
results show that stroke could downregulate the neurotro-
phin signaling pathway as well as the expression of neuro-
transmitter receptors. However, EA could reverse these
biomarkers.

3.6. The Expression of the Structural Synaptic Plasticity-
Related Protein in Brain Tissues. Apart from functional neu-
roplasticity biomarkers, some structural neuroplasticity bio-
markers were also investigated. One-way ANOVA revealed
a significant difference among the expression of the bio-
marker for neurons, NeuN, (F2,12 ≥ 4:283, p ≤ 0:0338), and
synaptic plasticity-related protein PSD-95, in the hippocam-

pus and PFC (F2,12 ≥ 6:567, p ≤ 0:0118) (Figure 8). The
results above suggest that suppressions of the neuronal
nuclear biomarker and structural synaptic protein could be
found in the operation group and EA could restore these.

3.7. Immunofluorescence of the Synaptic Plasticity-Related
Protein in the Hippocampus. In parallel to Western blotting,
PSD-95 spatial information was measured in the hippocam-
pus by immunofluorescence (Figure 9(a)). Significant treat-
ment effects were present on the PSD-95 in the
hippocampus (F2,6 = 26:98, p = 0:001). EA could restore the
PSD-95 expression after the MCAO operation. The results
are consistent with the above Western blotting results.

4. Discussion

In China, the prevalence of PSCI is 41.8% in ischemic stroke
survivors aged ≥40 [31]. It has an adverse influence on their
daily life and a growing economic burden on their family
[32]. However, most current therapies, such as
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pharmacological treatment and cognitive training, lack of
sufficient evidence [33]. Systematic reviews have proposed
that acupuncture may be effective on cognitive function after
stroke [34, 35]. This novel EA/TNS has applied into different
kinds of cognitive impairment in clinical studies [20, 36].

In our study, the body weight of the animal was decreased
after the MCAO operation, which was similar to some other
studies [23, 37]. The EA treatment promoted the recovery of
body weight in the I/R injury rats. This result could be mainly
attributed to the multiple effects of acupuncture. In fact, sim-
ilar multiple effects were observed in our clinical study [20].
EA could reduce not only cognitive deterioration of stroke
patients but also some other sequelae of stroke, such as post-
stroke depression and functional disability [20].

According to previous studies [38–40], MCAO can
induce cognitive impairment in animal behavior tests. In
the current study, the rats in the MCAO group required
much longer time to find the platform during the training
phase and spent less time in the targeted quadrant in the
probe phase, compared with the sham-operated rats. In the
novel object recognition test, the MCAO group spent less
time on the novel object than the control group. However,
EA/TNS reversed the above phenomena in both tests. These
results indicate that the MCAO group rats had not only
impaired spatial learning and memory but also recognition
decline, while the EA/TNS treatment could ameliorate these
dysfunctions in both cognitive tests. This could provide addi-
tional animal behavior evidence to support the findings in
our clinical study [20].

However, in the open field test, we found no intergroup
differences in the time spent or the frequency of entry into
the central zone. There was also no difference between these
groups in the velocity of movement or the frequency of entry
into the targeted quadrant in the water maze test, as well as
the total exploration time in the novel object recognition test.
These results suggest that neither the MCAO operation nor
the EA treatment affected the anxiety levels or locomotor

function in these three groups, which implied that the longer
latency and shorter duration in the water maze test were the
consequences of cognitive dysfunction, rather than of loco-
motor abnormality. Furthermore, these dysfunctions were
the direct impact of stroke rather than anxiety.

BDNF, as a member of the neurotrophin family, is a crit-
ical molecular determinant of cell proliferation, differentia-
tion, and synaptic modulation [41]. BDNF exerts its
neuroprotective functions via binding to the TrkB receptor
[42]. It can affect cognitive function via long-term potentia-
tion (LTP), which is a powerful regulator of plasticity-
related processes in long-term memory [43]. In one clinical
study, BDNF levels in the serum were discovered to be much
lower in patients with a history of acute ischemic stroke than
in healthy individuals [44]. Likewise, in this study, we found
that the BDNF level in the MCAO group was lower than that
in the control group. This is also consistent with some other
animal experiments [45, 46]. Meanwhile, at the downstream
of the BDNF/TrkB signaling pathway, the changes in the
TrkB level reflected those of BDNF in both our study and
others [47, 48]. EA/TNS was found to reverse these changes
in our study, suggesting that it restores cognitive function
by enhancing the BDNF/TrkB pathway to contribute to
neuroprotection.

Apart from its neuroprotective effects, acupuncture was
also found to alter the quantity of neurotransmitter recep-
tors; then, it might improve synaptic plasticity in this study
[7]. However, overactive NMDAR [49] and AMPAR [50]
can bring about excitotoxicity and neurotoxicity. Excitotoxi-
city appeared in the early stage of reperfusion. One study
indicated that the numbers of NMDAR and AMPAR were
suppressed for up to 3 days after reperfusion [51]. Neverthe-
less, in the long term, these receptors play decisive roles in
synaptic plasticity. Our results revealed that theMCAO oper-
ation downregulated the expression of NMDAR, AMPAR,
GABAAR, and CaMKII, suggesting that stroke promotes
cognitive deterioration. Cotreatment with EA prevented

CTR

NeuN

PSD-95

PAPI

Merge

MCAO MCAO+EA

(a)

⁎⁎
#

PS
D

-9
5/

D
A

PI
 ra

tio

2.5

2.0

1.5

1.0

0.5

0.0
CTR MCAO MCAO+EA

(b)

Figure 9: Effects of MCAO and EA on the fluorescence intensity ratio of PSD-95/DAPI in the hippocampus. The fluorescence intensity ratio
of PSD-95/DAPI (b) was analyzed. Data are expressed as mean ± SEM, where ∗∗p < 0:01 compared to the control group and #p < 0:05
compared to the MCAO group (n = 3 each group). CTR: control; MCAO: middle cerebral artery occlusion; EA: electroacupuncture.

9Neural Plasticity



these adverse effects of MCAO but did not induce overex-
pression of NMDAR or AMPAR.We could find some similar
results that acupuncture had a treatment effect for neuropsy-
chiatric disorders via modulating glutamate receptors and
preventing neuronal excitotoxicity and hyperexcitability
[52, 53]. Therefore, EA/TNS could restore the quantity of
neurotransmitter receptors, but not overexpression.

Associated with these receptors, especially NMDAR,
PSD-95 is a cytoskeletal component found at the synapses.
PSD-95 enhances presynaptic neuron maturation, the quan-
tity of postsynaptic glutamate receptors, and the quantity and
size of dendritic spines [54]. It plays an essential role in syn-
aptic plasticity and stabilization of synaptic alteration during
LTP [55] and can be considered a biomarker for synaptic
plasticity. In this study, the MCAO suppressed the expres-
sion of PSD-95, while EA increased it in both the PFC and
hippocampus. Since spatial information cannot be ascer-
tained from Western blotting, we used immunofluorescence
to localize the PSD-95, and these two results were consistent.

EA on the trigeminal nerve-innervated acupoints is often
used in the treatment of various psychiatric disorders, such as
depression and obsessive-compulsive disorders, to name a
few [56, 57]. These acupoints are innervated by the ophthal-
mic branch of the trigeminal nerve, from which the sensory
information is sent to the trigeminal nucleus in the brainstem
[19]. The nucleus is closely related to the dorsal raphe
nucleus (DRN) containing serotonin- (5-HT-) producing
neurons [58], and the locus coeruleus (LC) containing nor-
epinephrine- (NE-) producing neurons [59], forming the
brainstem reticular formation. It has additionally been pro-
posed that DRN plays a crucial role in the brain’s neural plas-
ticity [60], neurogenesis [61], and synaptogenesis [62].
Previous studies have suggested that 5-HT could regulate
BDNF expression in some stress animal models [63, 64].

The LC–NE system assumes an essential role in determining
cognitive function, and NE can protect neurons from damage
[65]. An in vitro study has supported that NE may be an
essential modulator in BDNF expression in hippocampal
neurons [66]. Our results showed that EA/TNS could
enhance the BDNF/TrkB signaling pathway; this might be
related to the trigeminal sensory pathway, dorsal raphe
nucleus, and locus coeruleus.

In addition to neuroprotection, BDNF could both
enhance spine density in hippocampal slices in long-term
stimulation [67] and promote LTP induction in short-term
stimulation [68]. Apart from the structural spine plasticity,
the BDNF pathway has also been shown to directly increase
PSD-95 at synapses, which are mediated by the phos-
phatidylinositol 3-kinase signaling pathway downstream of
TrkB after NNDAR activation [69]. Furthermore, BDNF is
considered to play a fundamental role on neurotransmitter
release [70], NMDAR transmission [71], AMPAR expression
alterations [72], and GABAAR transcription [73]. Our
results also revealed that EA/TNS could improve the neuro-
transmitter receptor quantity and synaptic plasticity-related
protein; this may be related to the increased BDNF secretion.
Taking the above together, we suggest that EA/TNS could
induce 5-HT and NE expression in the brainstem, then
enhance BDNF secretion, subsequently modulate neuro-
transmitter receptors and PSD-95 expression, and ultimately
regulate synaptic plasticity (Figure 10).

However, some limitations of this study should be noted.
First, according to a study by Yang [51], the expression of
NMDAR and AMPAR may change dynamically during
pathological processes. However, we only investigated the
long-term (2 weeks) treatment effect. Second, we were unable
to analyze the infarct volumes because the ischemic areas had
severe edema, or even liquefaction, after 14 days. Third, we
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Figure 10: Schematic chart of the possible pathway for EA at GV20 and EX-HN3 against poststroke cognitive impairment in a rat model.
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focused on a single protein in the postsynapses. Although
this protein is related to synaptic plasticity, the evidence
gathered here may be insufficient to draw definitive conclu-
sions. Finally, the upstream of this pathway for mediation
of cognitive function in the hippocampus and the PFC could
be further explored and verified, especially in the brainstem.

5. Conclusions

To sum up, EA at EX-HN3 (Yintang) and GV20 (Baihui)
could alleviate PSCI in the MCAO rat model. The mecha-
nism of action appears to enhance neuroprotection and reg-
ulate synaptic plasticity in the hippocampus and PFC.

Data Availability

The key data have been present in the context. The datasets
used in this study can be obtained from the corresponding
author upon reasonable request.

Ethical Approval

All experimental protocols have been approved by the Com-
mittee on the Use of Live Animals in Teaching and Research
of LKS Faculty of Medicine of the University of Hong Kong.

Conflicts of Interest

The authors declare that they have no competing interest.

Authors’ Contributions

ZJZ and JGS contributed to the conception and design of the
study, YZ performed the animal experiment and ZSQ the sta-
tistical analysis, YZ prepared the manuscript, and YZ, ZSQ,
and BT revised the manuscript.

Acknowledgments

We appreciate the staffs in the Faculty Core Facility, Li Ka
Shing Faculty of Medicine, and lab animal unit in the Univer-
sity of Hong Kong, for their kind help during the experiment.
This study was supported by the National Key R&D Program
of China (2018YFC1705801) and General Research Fund
(GRF) of Research Grant Council of HKSAR (17115017 for
Z.J.Z.).

Supplementary Materials

1 This file shows that the rat could move freely in the box
during the electroacupuncture treatment. (Supplementary
Materials)

References

[1] V. L. Feigin, M. H. Forouzanfar, R. Krishnamurthi et al.,
“Global and regional burden of stroke during 1990-2010: find-
ings from the Global Burden of Disease Study 2010,” Lancet,
vol. 383, no. 9913, pp. 245–255, 2014.

[2] K. Blennow, M. J. de Leon, and H. Zetterberg, “Alzheimer's
disease,” Lancet, vol. 368, no. 9533, pp. 387–403, 2006.

[3] P. B. Gorelick, A. Scuteri, S. E. Black et al., “Vascular contribu-
tions to cognitive impairment and dementia: a statement for
healthcare professionals from the American Heart Associatio-
n/American Stroke Association,” Stroke, vol. 42, no. 9,
pp. 2672–2713, 2011.

[4] N. G. M. V. Bazan and K. Cole-Edwards, “Brain response to
injury and neurodegeneration: endogenous neuroprotective
signaling,” Annals of the New York Academy of Sciences,
vol. 1053, no. 1, pp. 137–147, 2005.

[5] P. W. Hickmott and I. M. Ethell, “Dendritic plasticity in the
adult neocortex,” Neuroscientist. Neuroscientist, vol. 12, no. 1,
pp. 16–28, 2016.

[6] B. Lu, G. Nagappan, X. Guan, P. J. Nathan, and P. Wren,
“BDNF-based synaptic repair as a disease-modifying strategy
for neurodegenerative diseases,” Nature Reviews. Neurosci-
ence, vol. 14, no. 6, pp. 401–416, 2013.

[7] K. Gerrow and A. Triller, “Synaptic stability and plasticity in a
floating world,” Current Opinion in Neurobiology, vol. 20,
no. 5, pp. 631–639, 2010.

[8] G. Adelmann, P. Jonas, and H. Monyer, Ionotropic Glutamate
Receptors in the CNS, Springer Verlag, 1999.

[9] T. C. Jacob, “Neurobiology and therapeutic potential of α5-
GABA type A receptors,” Frontiers in Molecular Neuroscience,
vol. 12, p. 179, 2019.

[10] G. K. M. Lynch, S. Halpain, and M. Baudry, “Biochemical
effects of high-frequency synaptic activity studied with
in vitro slices,” Federation Proceedings, vol. 42, no. 12,
pp. 2886–2890, 1983.

[11] R. M. Sachser, J. Haubrich, P. S. Lunardi, and L. de Oliveira
Alvares, “Forgetting of what was once learned: exploring the
role of postsynaptic ionotropic glutamate receptors on mem-
ory formation, maintenance, and decay,” Neuropharmacology,
vol. 112, no. Part A, pp. 94–103, 2017.

[12] S. D. Healy and C. Jozet-Alves, “Spatial memory,” in Encyclo-
pedia of Animal Behavior, M. D. Breed and J. Moore, Eds.,
pp. 304–307, Oxford: Academic Press, 2010.

[13] I. Kahn, L. Davachi, and A. D. Wagner, “Functional-neuroan-
atomic correlates of recollection: implications for models of
recognition memory,” Journal of Neuroscience, vol. 24,
no. 17, pp. 4172–4180, 2004.

[14] C. Ranganath and R. T. Knight, “Prefrontal cortex and epi-
sodic memory: integrating findings from neuropsychology
and functional brain imaging,” The cognitive neuroscience of
memory: Encoding and retrieval, vol. 1, p. 83, 2002.

[15] S. Wang, H. Yang, J. Zhang et al., “Efficacy and safety assess-
ment of acupuncture and nimodipine to treat mild cognitive
impairment after cerebral infarction: a randomized controlled
trial,” BMC Complementary and Alternative Medicine, vol. 16,
no. 1, 2016.

[16] D. Min and W. Xu-Feng, “An updated meta-analysis of the
efficacy and safety of acupuncture treatment for vascular cog-
nitive impairment without dementia,” Current Neurovascular
Research, vol. 13, no. 3, pp. 230–238, 2016.

[17] L. Chen, J. Fang, R. Ma et al., “Additional effects of acupunc-
ture on early comprehensive rehabilitation in patients with
mild to moderate acute ischemic stroke: a multicenter ran-
domized controlled trial,” BMC Complementary and Alterna-
tive Medicine, vol. 16, no. 1, 2016.

[18] S. Zhang, B. Wu, M. Liu et al., “Acupuncture efficacy on ische-
mic stroke recovery: multicenter randomized controlled trial
in China,” Stroke, vol. 46, no. 5, pp. 1301–1306, 2015.

11Neural Plasticity

http://downloads.hindawi.com/journals/np/2020/8818328.f1.mp4
http://downloads.hindawi.com/journals/np/2020/8818328.f1.mp4


[19] Z.-J. Zhang, X.-M. Wang, and G. M. McAlonan, “Neural acu-
puncture unit: a new concept for interpreting effects and
mechanisms of acupuncture,” Evidence-based Complementary
and Alternative Medicine, vol. 2012, Article ID 429412, 23
pages, 2012.

[20] Z.‐. J. Zhang, H. Zhao, G.‐. X. Jin et al., “Assessor-and partici-
pant-blinded, randomized controlled trial of dense cranial
electroacupuncture stimulation plus body acupuncture for
neuropsychiatric sequelae of stroke,” Psychiatry and Clinical
Neurosciences, vol. 74, no. 3, pp. 183–190, 2020.

[21] X. Su, Z. Wu, F. Mai et al., “'Governor vessel-unblocking and
mind-regulating' acupuncture therapy ameliorates cognitive
dysfunction in a rat model of middle cerebral artery occlu-
sion,” International Journal of Molecular Medicine, vol. 43,
no. 1, pp. 221–232, 2019.

[22] J. Jittiwat, “Baihui point laser acupuncture ameliorates cogni-
tive impairment, motor deficit, and neuronal loss partly via
antioxidant and anti-inflammatory effects in an animal model
of focal ischemic stroke,” Evidence-based Complementary and
Alternative Medicine, vol. 2019, Article ID 1204709, 9 pages,
2019.

[23] B. Tsoi, X. Chen, C. Gao et al., “Neuroprotective effects and
hepatorenal toxicity of Angong Niuhuang Wan against
ischemia-reperfusion brain injury in rats,” Frontiers in Phar-
macology, vol. 10, pp. 593–593, 2019.

[24] Z. Zhongfa, W. Junfeng, and D. Guiping, “Application of elec-
troacupuncture at Baihui and Yintang points in Department of
Mental Diseases,” Chinese Acuponcture & Moxibustion,
vol. 41, 2001.

[25] F.-Y. Zhao, Q.-Q. Fu, Z. Zheng, L.-X. Lao, H.-L. Song, and
Z. Shi, “Verum- versus Sham-Acupuncture on Alzheimer’s
Disease (AD) in Animal Models: A Preclinical Systematic
Review and Meta-Analysis,” BioMed Research International,
vol. 2020, 21 pages, 2020.

[26] M. Antunes and G. Biala, “The novel object recognition mem-
ory: neurobiology, test procedure, and its modifications,” Cog-
nitive Processing, vol. 13, no. 2, pp. 93–110, 2012.

[27] C. Warburton andM.W. Brown, “Findings from animals con-
cerning when interactions between perirhinal cortex, hippo-
campus and medial prefrontal cortex are necessary for
recognition memory,” Neuropsychologia, vol. 48, no. 8,
pp. 2262–2272, 2010.

[28] E. A. Maloney, J. R. Sattizahn, and S. L. Beilock, “Anxiety and
cognition,” Wiley Interdisciplinary Reviews: Cognitive Science,
vol. 5, no. 4, pp. 403–411, 2014.

[29] H. Kuniishi, S. Ichisaka, M. Yamamoto et al., “Early depriva-
tion increases high-leaning behavior, a novel anxiety-like
behavior, in the open field test in rats,” Neuroscience Research,
vol. 123, pp. 27–35, 2017.

[30] L. Prut and C. Belzung, “The open field as a paradigm to mea-
sure the effects of drugs on anxiety-like behaviors: a review,”
European Journal of Pharmacology, vol. 463, no. 1-3, pp. 3–
33, 2003.

[31] Q. Tu, X. Yang, B. Ding, H. Jin, Z. Lei, and S. Bai, “Epidemio-
logical investigation of vascular cognitive impairment post
ischemic stroke,” Chinese Journal of Gerontology, vol. 31,
pp. 3576–3579, 2011.

[32] L. Claesson, T. Lindén, I. Skoog, and C. Blomstrand, “Cogni-
tive impairment after stroke–impact on activities of daily liv-
ing and costs of care for elderly people,” Cerebrovascular
Diseases, vol. 19, no. 2, pp. 102–109, 2005.

[33] G. H. Taylor and N. M. Broomfield, “Cognitive assessment and
rehabilitation pathway for stroke (CARPS),” Topics in Stroke
Rehabilitation, vol. 20, no. 3, pp. 270–282, 2015.

[34] F. Liu, Z.-M. Li, Y.-J. Jiang, and L.-D. Chen, “A meta-analysis
of acupuncture use in the treatment of cognitive impairment
after stroke,” The Journal of Alternative and Complementary
Medicine, vol. 20, no. 7, pp. 535–544, 2014.

[35] P.Wu, E. Mills, D. Moher, and D. Seely, “Acupuncture in post-
stroke rehabilitation: a systematic review and meta-analysis of
randomized trials,” Stroke, vol. 41, no. 4, pp. e171–e179, 2010.

[36] Z.-J. Zhang, S.-C. Man, L.-L. Yam et al., “Electroacupuncture
trigeminal nerve stimulation plus body acupuncture for
chemotherapy-induced cognitive impairment in breast cancer
patients: an assessor-participant blinded, randomized con-
trolled trial,” Brain, Behavior, and Immunity, vol. 88, pp. 88–
96, 2020.

[37] B. Tsoi, S. Wang, C. Gao et al., “Realgar and cinnabar are
essential components contributing to neuroprotection of
Angong Niuhuang Wan with no hepatorenal toxicity in tran-
sient ischemic brain injury,” Toxicology and Applied Pharma-
cology, vol. 377, p. 114613, 2019.

[38] J. W. Yang, X. R. Wang, S. M. Ma, N. N. Yang, Q. Q. Li, and
C. Z. Liu, “Acupuncture attenuates cognitive impairment, oxi-
dative stress and NF-κB activation in cerebral multi-infarct
rats,” Acupuncture in Medicine, vol. 37, no. 5, pp. 283–291,
2019.

[39] G. Wu, D. W. McBride, and J. H. Zhang, “Axl activation atten-
uates neuroinflammation by inhibiting the TLR/TRAF/NF-κB
pathway after MCAO in rats,” Neurobiology of Disease,
vol. 110, pp. 59–67, 2018.

[40] Y. S. Koo, H. Kim, J. H. Park et al., “Indoleamine 2,3-dioxygen-
ase-dependent neurotoxic kynurenine metabolism contributes
to poststroke depression induced in mice by ischemic stroke
along with spatial restraint stress,” Oxidative Medicine and
Cellular Longevity, vol. 2018, Article ID 2413841, 15 pages,
2018.

[41] W.-J. Tu, X. Dong, S.-J. Zhao, D.-G. Yang, and H. Chen,
“Prognostic value of plasma neuroendocrine biomarkers in
patients with acute ischaemic stroke,” Journal of Neuroendo-
crinology, vol. 25, no. 9, pp. 771–778, 2013.

[42] D. Fan, J. Li, B. Zheng, L. Hua, and Z. Zuo, “Enriched environ-
ment attenuates surgery-induced impairment of learning,
memory, and neurogenesis possibly by preserving BDNF
expression,” Molecular Neurobiology, vol. 53, no. 1, pp. 344–
354, 2016.

[43] C. Cunha, R. Brambilla, and K. L. Thomas, “A simple role for
BDNF in learning and memory?,” Frontiers in Molecular Neu-
roscience, vol. 3, 2010.

[44] J. Wang, L. Gao, Y.-L. Yang et al., “Low serum levels of brain-
derived neurotrophic factor were associated with poor short-
term functional outcome and mortality in acute ischemic
stroke,” Molecular Neurobiology, vol. 54, no. 9, pp. 7335–
7342, 2017.

[45] L. Luo, C. Li, X. Du et al., “Effect of aerobic exercise on
BDNF/proBDNF expression in the ischemic hippocampus
and depression recovery of rats after stroke,” Behavioural
Brain Research, vol. 362, pp. 323–331, 2019.

[46] Y. Wang, J. Yang, H. Du, H. Zhang, H. Wan, and Y. He, “Yan-
gyin Tongnao granules enhance neurogenesis in the peri-
infarct area and upregulate brain-derived neurotrophic factor
and vascular endothelial growth factor after focal cerebral

12 Neural Plasticity



ischemic infarction in rats,”Molecular Biology Reports, vol. 46,
no. 4, pp. 3817–3826, 2019.

[47] Y. Liu, C. Li, J. Wang et al., “Nafamostat Mesilate improves
neurological outcome and axonal regeneration after stroke in
rats,” Molecular Neurobiology, vol. 54, no. 6, pp. 4217–4231,
2017.

[48] X. Shi, Y. Ohta, J. Shang et al., “Neuroprotective effects of
SMTP-44D in mice stroke model in relation to neurovascular
unit and trophic coupling,” Journal of Neuroscience Research,
vol. 96, no. 12, pp. 1887–1899, 2018.

[49] A. Jespersen, N. Tajima, G. Fernandez-Cuervo, E. C. Garnier-
Amblard, and H. Furukawa, “Structural insights into compet-
itive antagonism in NMDA receptors,” Neuron, vol. 81, no. 2,
pp. 366–378, 2014.

[50] M. C. Rivera-Cervantes, R. Castañeda-Arellano, R. D. Castro-
Torres et al., “P38MAPK inhibition protects against glutamate
neurotoxicity and modifies NMDA and AMPA receptor sub-
unit expression,” Journal of Molecular Neuroscience, vol. 55,
no. 3, pp. 596–608, 2015.

[51] Z. Yang, The research of acupuncture intervening in cerebral
ischemia model rats by regulating MAPK/ERK pathway,
Guangzhou University of Chinese Medicine, Guangzhou,
2009.

[52] C.-H. Tu, I. MacDonald, and Y.-H. Chen, “The effects of acu-
puncture on glutamatergic neurotransmission in depression,
anxiety, schizophrenia, and Alzheimer's disease: a review of
the literature,” Frontiers in Psychiatry, vol. 10, pp. 14–14, 2019.

[53] Q.-Y. Chang, Y.-W. Lin, and C.-L. Hsieh, “Acupuncture and
neuroregeneration in ischemic stroke,” Neural Regeneration
Research, vol. 13, no. 4, pp. 573–583, 2018.

[54] A. E. S. E. El-Husseini, D. M. Chetkovich, R. A. Nicoll, and
D. S. Bredt, “PSD-95 involvement in maturation of excitatory
synapses,” Science, vol. 290, no. 5495, pp. 1364–1368, 2000.

[55] D. Meyer, T. Bonhoeffer, and V. Scheuss, “Balance and stabil-
ity of synaptic structures during synaptic plasticity,” Neuron,
vol. 82, no. 2, pp. 430–443, 2014.

[56] Z.-J. Zhang, R. Ng, S. C. Man et al., “Dense cranial electroacu-
puncture stimulation for major depressive disorder—a single-
blind, randomized, controlled study,” PLoS One, vol. 7, no. 1,
p. e29651, 2012.

[57] Z.-J. Zhang, X.-Y. Wang, Q.-R. Tan, G.-X. Jin, and S.-M. Yao,
“Electroacupuncture for refractory obsessive-compulsive dis-
order: a pilot waitlist-controlled trial,” The Journal of Nervous
and Mental Disease, vol. 197, no. 8, pp. 619–622, 2009.

[58] K. Kubota, N. Narita, K. Ohkubo et al., “Central projection of
proprioceptive afferents arising from maxillo-facial regions in
some animals studied by HRP-labeling technique,” Anato-
mischer Anzeiger, vol. 165, no. 2-3, pp. 229–251, 1988.

[59] T. Takahashi, M. Shirasu, M. Shirasu et al., “The locus coeru-
leus projects to the mesencephalic trigeminal nucleus in rats,”
Neuroscience Research, vol. 68, no. 2, pp. 103–106, 2010.

[60] E. C. Azmitia, “Serotonin neurons, neuroplasticity, and
homeostasis of neural tissue,” Neuropsychopharmacology,
vol. 21, pp. S33–S45, 1999.

[61] J. Brezun and A. Daszuta, “Serotonergic reinnervation reverses
lesion-induced decreases in PSA-NCAM labeling and prolifer-
ation of hippocampal cells in adult rats,”Hippocampus, vol. 10,
no. 1, pp. 37–46, 2000.

[62] E. C. Azmitia, V. J. Rubinstein, J. A. Strafaci, J. C. Rios, and
P. M. Whitaker-Azmitia, “5-HT1A agonist and dexametha-
sone reversal of para-chloroamphetamine induced loss of

MAP-2 and synaptophysin immunoreactivity in adult rat
brain,” Brain Research, vol. 677, no. 2, pp. 181–192, 1995.

[63] D.-G. Jiang, S.-L. Jin, G.-Y. Li et al., “Serotonin regulates brain-
derived neurotrophic factor expression in select brain regions
during acute psychological stress,” Neural Regeneration
Research, vol. 11, no. 9, pp. 1471–1479, 2016.

[64] R. B. Foltran and S. L. Diaz, “BDNF isoforms: a round trip
ticket between neurogenesis and serotonin?,” Journal of Neu-
rochemistry, vol. 138, no. 2, pp. 204–221, 2016.

[65] M. Mather and C. W. Harley, “The locus coeruleus: essential
for maintaining cognitive function and the aging brain,”
Trends in Cognitive Sciences, vol. 20, no. 3, pp. 214–226, 2016.

[66] M. J. Chen, T. V. Nguyen, C. J. Pike, and A. A. Russo-Neustadt,
“Norepinephrine induces BDNF and activates the PI-3K and
MAPK cascades in embryonic hippocampal neurons,” Cellular
Signalling, vol. 19, no. 1, pp. 114–128, 2007.

[67] W. J. Tyler and L. D. Pozzo-Miller, “BDNF enhances quantal
neurotransmitter release and increases the number of docked
vesicles at the active zones of hippocampal excitatory synap-
ses,” Journal of Neuroscience, vol. 21, no. 12, pp. 4249–4258,
2001.

[68] C. S. Rex, C.-Y. Lin, E. A. Kramár, L. Y. Chen, C. M. Gall, and
G. Lynch, “Brain-derived neurotrophic factor promotes long-
term potentiation-related cytoskeletal changes in adult hippo-
campus,” Journal of Neuroscience, vol. 27, no. 11, pp. 3017–
3029, 2007.

[69] A. Yoshii and M. Constantine-Paton, “BDNF induces trans-
port of PSD-95 to dendrites through PI3K-AKT signaling after
NMDA receptor activation,” Nature Neuroscience, vol. 10,
no. 6, pp. 702–711, 2007.

[70] J. N. Jovanovic, A. J. Czernik, A. A. Fienberg, P. Greengard,
and T. S. Sihra, “Synapsins as mediators of BDNF-enhanced
neurotransmitter release,” Nature Neuroscience, vol. 3, no. 4,
pp. 323–329, 2000.

[71] I. Ninan, K. G. Bath, K. Dagar et al., “The BDNF Val66Met
polymorphism impairs NMDA receptor-dependent synaptic
plasticity in the hippocampus,” Journal of Neuroscience,
vol. 30, no. 26, pp. 8866–8870, 2010.

[72] J. M. Reimers, J. A. Loweth, and M. E. Wolf, “BDNF contrib-
utes to both rapid and homeostatic alterations in AMPA
receptor surface expression in nucleus accumbens medium
spiny neurons,” European Journal of Neuroscience, vol. 39,
no. 7, pp. 1159–1169, 2014.

[73] I. V. Lund, Y. Hu, Y. H. Raol et al., “BDNF selectively regulates
GABAA receptor transcription by activation of the JAK/STAT
pathway,” Science Signaling, vol. 1, no. 41, p. ra9, 2008.

13Neural Plasticity



Research Article
Microglia TREM2: A Potential Role in the Mechanism of Action of
Electroacupuncture in an Alzheimer’s Disease Animal Model

Yujie Li, Jing Jiang , Qisheng Tang , Huiling Tian , Shun Wang, Zidong Wang, Hao Liu,
Jiayi Yang, and Jingyu Ren

Beijing University of Chinese Medicine, Beijing, China 100029

Correspondence should be addressed to Jing Jiang; yingxi7847@126.com and Qisheng Tang; tangqisheng@263.com

Received 9 June 2020; Revised 29 July 2020; Accepted 18 August 2020; Published 4 September 2020

Academic Editor: Yongjun Chen

Copyright © 2020 Yujie Li et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Alzheimer’s disease (AD) is one of the most serious public health concerns facing the world. Its characteristic feature is
neuroinflammation due to microglial activation. Electroacupuncture is one of the therapies employed to improve the condition
of patients with AD, although its mechanism of action is still to be determined. Triggering receptor expressed on myeloid cells 2
(TREM2) is a microglia-specific receptor that is involved in regulating neuroinflammation in AD. In this study, we applied
senescence-accelerated mouse-prone 8 mice as the AD animal model, used the Morris water maze, and applied hematoxylin and
eosin staining, immunofluorescence double staining, and Western blotting, to explore the effects and potential mechanisms of
action of electroacupuncture. In summary, this study suggested that electroacupuncture treatment could improve the learning
and memory abilities (p < 0:05) and protect neurons. These effects result from acupuncture could upregulate TREM2 expression
in the hippocampus (p < 0:01), which was essential for the anti-inflammatory effects in the AD animal model. However, further
studies are needed to conclusively demonstrate the mechanism of action of electroacupuncture in AD.

1. Introduction

As the commonest cause of dementia, Alzheimer’s disease
(AD) is a growing global health concern with huge implica-
tions for individuals and society [1]. This neurodegenerative
disease is characterized classically by two hallmark patholo-
gies: β-amyloid plaque deposition and neurofibrillary tangles
of hyperphosphorylated tau [2]. In recent years, there is
increasing evidence for researchers to consider brain neuro-
inflammation as a new feature of AD [3], which is associated
with microglial activation [4]. Microglia, as the resident
immune cells of the central nervous system, play an impor-
tant role in maintaining tissue homeostasis and contribute
towards brain development under normal conditions [5].
However, when there is neuronal injury or other insults,
depending on the type and magnitude of stimuli, microglia
will be activated to secrete either proinflammatory factors
that enhance cytotoxicity or anti-inflammatory neuroprotec-
tive factors that assist in wound healing and tissue repair [6].
Excessive microglial activation damages the surrounding

healthy neural tissue, and the factors secreted by the dead
or dying neurons in turn exacerbate the chronic activation
of microglia, causing progressive loss of neurons [7]. There-
fore, more researchers direct their energies into determining
the mechanism of regulating microglial activation in AD.

Triggering receptor expressed on myeloid cells 2
(TREM2), as a new target in regulating microglial activation,
is highly and exclusively expressed on microglia [8]. As a
microglial surface receptor, TREM2 interacts with adaptor
protein DAP12 (TYRO protein tyrosine kinase-binding pro-
tein (TYROBP), also known as DAP12) to initiate signal
transduction pathways that promote microglial cell activa-
tion, phagocytosis, and microglial survival [9].

In order to improve the quality of life of patients with AD
and delay the progression of the disease, acupuncture thera-
pies are widely applied especially in China [10, 11]. Conse-
quently, the mechanism of action of acupuncture in AD is
to be elucidated to validate the observed therapeutic effects.
Although some studies focused on the expression of TREM2
during the process of AD, there was little evidence to explain
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the mechanism of acupuncture modality from regulating the
expression of TREM2 [7, 12]. In addition, in our previous
studies [13, 14], we had found that acupuncture therapy
could inhibit the expression of proinflammatory factors in
the brain of AD animal models, such as IL-1 beta and NTF-
alpha. Because of TREM2 in the microglia taking part in
the regulation of these proinflammatory factors, we want to
focus on the upstream of this process, to investigate whether
acupuncture could regulate the expression of TREM2. Over-
all, these aspects of studies could provide a novel angle to
demonstrate the acupuncture mechanism and scientific evi-
dence to apply this modality in AD patients.

In this study, we investigated whether acupuncture ther-
apy improved AD by regulating the expression of TREM2 on
microglia using a recognized AD animal model.

2. Materials and Methods

2.1. Ethics Statement. The experimental protocol applied in
this study was approved by the Ethics Committee for Animal
Experimentation of Beijing University of Chinese Medicine
(ID: BUCM-4-2018111701-4045). All procedures complied
with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and were performed according to the
guidelines of the National Institutes for Animal Research.
All researchers in this study were certified by the Animal
Experimentation Center of Beijing University of Chinese
Medicine.

2.2. Animals. Eight-month-old senescence-accelerated
mouse-prone 8 (SAMP8) mice [15] and senescence-
accelerated mouse-resistant 1 (SAMR1) mice weighing 30:0
± 2:0 g were purchased from the Experimental Animal Cen-
ter of the First Teaching Hospital of Tianjin University of
Traditional Chinese Medicine (Animal Lot: SCXK (Jing)
2014-0003). The animals were housed in the Animal Experi-
mentation Center of Beijing University of Chinese Medicine
at controlled temperature (24 ± 2°C) and under a 12 h dark/-
light cycle, with sterile drinking water and a standard pellet
diet available ad libitum. All mice were acclimatized to the
environment for five days prior to experimentation.

2.3. Grouping and Intervention. Ten SAMR1 male mice were
placed in the control group, and 30 SAMP8 male mice were
randomly divided into three experimental groups of 10 mice
each: the AD model control group (AD group), drug group,
and electroacupuncture group (EA group). In the drug
group, donepezil hydrochloride tablets (Eisai China Inc.,
H20050978) were dissolved in distilled water and delivered
to the mice by oral gavage at a dose of 0.65 μg/g. In the
EA group, mice were immobilized in mouse bags. Baihui
(GV20) and Yintang (GV29) were chosen for electroacu-
puncture for 15 min per day, with transverse puncturing
at a depth of 4–5 mm using disposable sterile acupuncture
needles (0:25mm × 13mm) (Beijing Zhongyan Taihe Medi-
cine Company). The needles were taped and connected to
the HANS-LH202 electroacupuncture device (Peking Uni-
versity Institute of Science Nerve and Beijing HuaWei Indus-
trial Development Company, Beijing, China), with the sparse

wave at 2 Hz, 2 V, and 0.1 mA. The mice in the control
group, AD group, and drug group received the same 15-
minute restriction as those in the EA group.

2.4. Morris Water Maze Test. After the 15-day intervention,
mice from each group were evaluated in the Morris water
maze [16]. The Morris water maze consisted of a circular
tank (diameter, 120 cm; height, 50 cm) filled with opaque
water, rendered with milk powder to a depth of 30 cm. A
video camera (TOTA-450d, Japan) fixed to the ceiling and
connected to a video recorder with an automated tracking
system (China Daheng Group, China) was used to collect
data. A removable platform (diameter, 9.5 cm; height,
30 cm) was placed inside the pool (at quadrant III). The pool
area was conceptually divided into four quadrants (I, II, III,
and IV) of equal size. Visual cues of different shapes were
placed on the tank wall of each quadrant in plain sight of
the mice.

2.4.1. Hidden Platform Trial. This trial was applied for testing
the spatial learning ability of the mice. All surviving mice
were trained in the standard Morris water maze with a hid-
den platform. Quadrants I and II were selected as entry
points. Each mouse was released from the two points and
had 60 s to search for the hidden platform. Two trials per
day for 5 consecutive days were performed, with the visual
cues kept constant.

2.4.2. Probe Trial. This trial was used for testing the spatial
memory ability of the mice. The platform was removed the
day after the hidden platform trial. Each mouse was placed
in the pool once for 60 s, starting from the same initial loca-
tion used in the hidden platform trial. The crossing times of
the platform were recorded during the test.

2.5. Hematoxylin and Eosin (HE) Staining. To observe the
neurons in the dentate gyrus of the hippocampus in each
group, three mice were randomly chosen from each group
after the Morris water maze tests, anesthetized, and had their
brains removed and subjected to HE staining. Tissues were
dehydrated, paraffin-embedded, and sliced (thickness,
10mm/slice), followed by dewaxing three times in xylene
for 5min each, and then placed in anhydrous ethanol for
5min, followed by 90% ethanol, 70% ethanol, and distilled
water, each for 2min, and thenmade to undergo HE staining.
Thereafter, sections were dehydrated through increasing
concentrations of ethanol and xylene. The dentate gyrus of
the hippocampus in each specimen was viewed under a
microscope (Olympus, BX53; magnification, ×40).

2.6. Immunofluorescence Double Staining. Immunofluores-
cence double staining was used to detect the coexpression
of microglia and TREM2 expression in the dentate gyrus of
the hippocampus. Sections were dewaxed and hydrated,
placed in Triton X-100 (mass fraction 0.5%) for 10min,
blocked with bovine serum albumin (mass fraction 2%),
and rested for 1 h at room temperature. Antibody TREM2
(Proteintech, USA; 1 : 150) was mixed with antibody Iba-1
(Proteintech, USA; 1 : 150) and incubated on sections over-
night at 4°C and rinsed with phosphate-buffered saline
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(PBS) three times. The FITC fluorescent-labeled secondary
antibody (1 : 200) was mixed with the TRITC fluorescent-
labeled secondary antibody (1 : 200), incubated on the slices
at room temperature for 2 h, and then rinsed with PBS. The
slices were scanned and imaged by the digital pathological
slice scanner (NanoZoomer S210, Hamamatsu, C13239-01)
after drying and then analyzed.

2.7. Western Blotting. To test for the expression of TREM2
protein in the hippocampus, seven mice in each group were
sacrificed under anesthesia to harvest their hippocampi.
After protein extraction, SDS- polyacrylamide gel electro-
phoresis was performed using a 10% separating gel and a
5% stacking gel. Proteins were then transferred to a
0.45 μm polyvinylidene fluoride membrane. Membrane
blocking was performed using 5% nonfat milk in Tris-
buffered saline supplemented with 0.1% Tween 20. Mem-
branes were incubated in the primary antibody (Proteintech,
USA; TREM2, mouse, 1 : 1000) at 4°C overnight. The second-
ary antibody (1 : 2000) was added before shaking and incu-
bating at room temperature for 1 h. The HRP-ECL
luminous liquid was added, and X-ray film exposure was
completed in a dark room following development and fixing.
After calibrating the control markers, the scanning and anal-
yses were performed by The Discovery Series Quantity One,
version 4.6, and the relative and standardized levels of
caspase-3 and tau expression were compared in each group.

2.8. Statistical Analyses. Statistical analyses were performed
using the SPSS software, version 25.0 (SPSS, Inc., Chicago,
IL, USA), and data was expressed as the mean ± standard
deviation. Multivariate analysis of variance (ANOVA)
with repeated measures was used for the general linear
model using the SPSS software, and pairwise comparison
was used for the different groups and different measure-
ment times. First, Mauchly’s test of sphericity was used
to assess whether there were relations among the repeat-
edly measured data. For results with p ≤ 0:05, multivariate
ANOVA or Greenhouse-Geisser correction was performed.
The effect of treatment was evaluated by estimating the
between-subject variance. Repeated measurement effect or
its interactive effect with the treated group was evaluated
by estimating the within-subject variance. The Bonferroni
test was used to perform pairwise comparisons of the
repeatedly measured data in different measurement times
in each treated group. Multivariate ANOVA was used for
pairwise comparison of data in different groups for each
measurement time. One-way ANOVA was used after the
normal distribution and homogeneity of variance were
confirmed for the other dates.

3. Results

3.1. EA Could Improve Learning and Memory Abilities in the
AD Animal Model. The results of the Morris water maze
tests are presented in Figure 1. From Figure 1(a), we
observed that the escape time of each group shortened
according to the training days accumulated. Interestingly,
on the fourth day of the hidden platform test, the escape

times of the EA group mice were longer than those of
the third day, and on the fifth day (last day of the train-
ing), this data significantly decreased, even shorter than
the third day. After the fourth day of the hidden platform
trial, we reexamined the device, discovered the fault, and
applied corrective measures. Thereafter, we evaluated the
mice of the EA group and considered whether 3 consecu-
tive days of training had caused excessive fatigue, prevent-
ing them from finding the platform. Therefore, on the fifth
day of the hidden platform trial, we rested the EA group
mice, only testing them after the mice from the three
experimental groups had been tested. From the obtained
results, our hypothesis proved to be correct.

From Figure 1(b), we observed that the escape times of
the AD group mice were significantly longer than those of
the control group mice for each day (p = 0:001 < 0:01), which
meant that the spatial learning ability of SAMP8 mice was
significantly lower. However, on the third and fifth days,
the escape times of the EA group mice were significantly
shortened (third day, p = 0:029 < 0:05; fifth day, p = 0:011 <
0:05), even shorter than those of the drug group on the last
day (p = 0:019 < 0:05). These results illustrated that electroa-
cupuncture treatment may improve the spatial ability of
SAMP8 mice.

Figure 1(c) shows the platform quadrant crossing times
for each group. There was a significant difference between
the control group mice and the mice from the three experi-
mental groups (p = 0:001 < 0:01). Moreover, the EA group
mice were more than the AD group mice in this data
(p = 0:012 < 0:05), which implied that spatial memory ability
was also improved by electroacupuncture treatment.

3.2. EA Could Be Neuroprotective in the Hippocampus of the
AD Animal Model. Figure 2 shows the HE staining results
of the dentate gyri of the hippocampi. The control group
mice demonstrated clear-dyed neurons aligned in neat
rows, with round nuclei and distinct kernels in the dentate
gyri. Conversely, neurons tended to be scattered and irreg-
ular, with indistinct kernels and nuclear pyknosis in the
dentate gyri of the AD group mice. Subjectively, neurons
of the mice in the drug and EA groups were more neatly
arranged in rows and clearer in structure with less nuclear
condensation, as compared to those of the AD group
mice. Moreover, tissue samples from the EA group mice
appeared to be most similar to those from the control
group. These demonstrated that electroacupuncture may
be neuroprotective to some extent.

3.3. EA Could Upregulate the Expression of TREM2 on
Microglia. To investigate the potential neuroprotective effect
of electroacupuncture in the AD animal model from the
viewpoint of microglia regulating neuroinflammation and
test the expression of TREM2 protein, we applied immuno-
fluorescence double staining and Western blotting.

Red light was used to label TREM2 and green light to
label microglia (Iba-1) (Figure 3). It was observed that
TREM2 proteins were mainly expressed on the membranes
of microglia and in the dentate gyri of the hippocampi; the
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Figure 1: Continued.
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expression of TREM2 in the control group mice was higher
than that of the AD group mice.

Figure 4 shows the concentration of TREM2 proteins in
the hippocampi by Western blot. The concentration of
TREM2 in the hippocampi of the control group mice was
found to be higher than that of the AD group mice

(p = 0:001 < 0:01). Moreover, the concentrations of TREM2
in the hippocampi of the EA group and drug group mice
were also higher than that of the AD group mice
(p = 0:001 < 0:01, respectively). There were only numerical
advantages and no significant differences in the concentra-
tions of TREM2 in the EA group and drug group mice.
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Figure 1: Results of the Morris water maze tests (10 mice of each group). (a, b) Results of the hidden platform trial, showing the spatial
learning abilities of the mice in each group, the EA group performing better than the AD group on the third day and fifth day (third day,
p = 0:029 < 0:05; fifth day, p = 0:011 < 0:05) and better than the drug group on the fifth day (p = 0:019 < 0:05). (c) Results of the probe
trial, showing the spatial memory abilities of the mice in each group, the EA group performing better than the AD group (p = 0:012 < 0:05).

Figure 2: Results of HE staining in each group (3 samples of each group). In this study, we focused on the dentate gyrus zone in the
hippocampus, the zone that was most related with learning and memory abilities. The red arrows point at the most neurons that lost their
function in the AD group; compared with the AD group, the EA group observed less neuron apoptosis in the hippocampus.
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4. Discussion

Although research into the clinical and pathological features
of AD spans nearly 120 years, there are still no effective treat-
ment modalities to modify or reverse this disease [17]. There-
fore, management of the risk factors associated with the
disease and improving cognitive impairment or slowing the
progression of the disease are the current strategies [18].

Acupuncture therapy, a treatment modality of Chinese
medicine, is widely recognized and used in many countries
and regions in the world. At present, acupuncture therapy
is applied for improving a variety of central nervous system

diseases: dementia [19, 20], stroke [21, 22], Parkinson’s dis-
ease [23–26], spinal cord injury [27, 28], and so on [29, 30].
Clinical research in AD found this therapy to be safe, well tol-
erated, and effective in improving cognitive function [10].

In this study, it was demonstrated that electroacupuncture
may improve spatial learning andmemory abilities and be neuro-
protective in the hippocampus. These results were consistent
with our previous research [31, 32]. Although the escape time
of the EA group mice during the hidden platform trial in the
Morris water maze on the fourth day was significantly higher
than that on the day before, they performed the best among the
three experimental SAMP8 mouse groups on the fifth day.

TREM2

Control
group

Drug
group

AD group

EA group

Iba-1 DAPI Merge (50 𝜇m)

Figure 3: Results of immunofluorescence double staining in each group (magnification, ×400; 3 samples of each group). Red light revealing
the expression of TREM2 on microglia, green light showing the expression of Iba-1 on microglia, and blue light showing the DNA of the
nucleus in the brain. The merge showed the coexpression of TREM2 and Iba-1. The yellow arrows of each group pointed the expression
of TREM2 and Iba-1 and the coexpression of TREM2 and Iba-1. We found that both TREM2 and Iba-1 were expressed on the
membranes of microglia.
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Figure 4: Results of the Western blotting test (in the hippocampus; 7 samples of each group). The relative expression of TREM2 for each
mouse group revealing that electroacupuncture may significantly increase the expression of TREM2 in the hippocampus (p = 0:001 < 0:01).
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The aim of this study was not only to determine the
effects of electroacupuncture but also to investigate its poten-
tial mechanism of action. According to recent studies and
available evidence, we considered that neuroinflammation
activated by brain microglia may be “the third pathological
feature” of AD [33, 34]. The magnitude of microglial activa-
tion depends on extrinsic and intrinsic conditions, for exam-
ple, the type of insult, potency of the stimulus, distance from
the stimulus, and immediate microenvironment [35]. Studies
have implicated that the amyloid β-protein in the pathogen-
esis of AD was associated with the endogenous ligand of
TREM2 [36, 37]. Moreover, current studies utilizing AD
mouse models as well as human tissue have found that loss
of TREM2 prevented microglia from accumulating around
amyloid plaques, causing deficits in the barrier that limited
neuronal injury [9]. Therefore, the expression of TREM2
on microglia could proliferate the progression of AD and
be used as a target protein to demonstrate the mechanism
of action of acupuncture. Another study attempting to eluci-
date the mechanism of action of acupuncture therapy in
improving cerebral ischemia showed that TREM2 could be
a potential target in EA treatment for attenuating inflamma-
tory injury following cerebral ischemia/reperfusion [38].
However, since there were few studies evaluating the role of
TREM2 expression in the mechanism of action of acupunc-
ture therapy in AD, this study attempted to investigate the
presence of any association.

In our study, immunofluorescence double staining and
Western blotting were applied to illustrate the changes in
the expression of TREM2 on microglia in the hippocam-
pus of the AD animal model after electroacupuncture
treatment. The results demonstrated that electroacupunc-
ture might be neuroprotective in the hippocampus by
upregulating the expression of TREM2 on microglia. In
this study, we only focused on the expression of the core
protein TREM2 in the hippocampus. Based on our per-
formed studies, we found that the upregulation of TREM2
might induce the downregulation of some proinflamma-
tory factors, such as IL-1β and TNF-α. However, as we
all know, the neuroinflammation reaction activated by
microglia is a complex process, which is associated with
many kinds of proteins, cytokines, and proinflammatory
factors [39]. Therefore, there must be some other proteins
taking part in the process, which we could not examine in
this study. So, in further studies, we should not only try to
explore the regulation of TREM2 but also try to consider
the other relative proteins, especially the downstream pro-
tein of TREM2.

5. Conclusion

In summary, this study suggested that electroacupuncture
treatment could upregulate TREM2 expression, which is
essential for the anti-inflammatory effects to protect the neu-
rons and improvement in the learning and memory abilities
in the AD animal model. However, more studies are needed
to clearly elucidate the mechanism of action of electroacu-
puncture in AD.
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Microglia are the primary cells that exert immune function in the central nervous system, and accumulating evidence suggests that
microglia act as critical players in the initiation of neurodegenerative disorders, such as Alzheimer’s disease (AD). Microglia
seemingly demonstrate two contradictory phenotypes in response to different microenvironmental cues, the M1 phenotype and
the M2 phenotype, which are detrimental and beneficial to pathogenesis, respectively. Inhibiting the M1 phenotype with
simultaneous promoting the M2 phenotype has been suggested as a potential therapeutic approach for cure AD. In this study,
we demonstrated that electroacupuncture at the Shenting and Baihui acupoints for 16 weeks could improve learning and
memory in the Morris water maze test and reduce amyloid β-protein in the parietal association cortex and entorhinal cortex in
mice with mild and moderate AD. Besides, electroacupuncture at the Shenting and Baihui acupoints not only suppressed M1
marker (iNOS/IL-1β) expression but also increased the M2 marker (CD206/Arg1) expression in those regions. We propose that
electroacupuncture at the Shenting and Baihui acupoints could regulate microglial polarization and decrease Aβ plaques to
improve learning and memory in mild AD mice.

1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenera-
tive disease that has become the fourth leading cause of
death worldwide [1]. More than 50 million people are
affected by dementia, and the total estimated cost of demen-
tia is 818 billion dollars [2]. With the increasing aging pop-
ulation, AD has become an urgent problem to be solved for
all humankind.

Over the past two decades, there has been a global cumu-
lative investment of 600 hundred billion dollars to find a cure

for AD, and more than 95% of drugs have failed in clinical
trials [3]. A progressive cognitive decline clinically charac-
terizes AD, but pathological changes in the brain precede
clinical symptoms for several years. Given the previous fail-
ures, the Food and Drug Administration drafted a guideline
for the development of drugs for early-stage AD [4, 5], and
current paradigms of drug design must shift from a single-
target approach to developing drugs targeted at multiple
disease aspects. Acupuncture is a potential therapeutic pro-
cedure that has shown evidence for clinical efficacy and
safety in the treatment of chronic pain [6] and a variety of
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symptoms and conditions associated with cancer [7]. Elec-
troacupuncture (EA) has been widely used to treat neurode-
generative diseases, including dementia [8, 9]. EA could
improve the Mini-Mental State Examination scores in
patients with AD [10] and ameliorate cognitive deficits in
animal models of AD [11, 12]. However, how EA improves
cognitive function is still unknown.

Neuroinflammation has an essential impact on neurode-
generative diseases. EA is a nerve stimulation therapy that
uses immunomodulation and controls inflammation to rees-
tablish physiological homeostasis during illness. A previous
study found that EA might play a neuroprotective role [13]
by enhancing anti-inflammatory activity to suppress aber-
rant glial activation and prevent the loss of neurons in neuro-
degenerative disorders [14]. Microglia, the resident immune
cells of the mammalian CNS, play a pivotal role in neuroin-
flammation. In a healthy brain, microglia are involved in
modulating higher cognitive functions such as learning and
memory [15, 16]. However, the function of microglia may
be dynamic because of the different pathological stages of
AD. Microglia are classified as ramified (quiescent/resting),
activated, or ameboid (phagocytotic). There is a model that
describes the mechanism of two opposite polarization states
of macrophage activation: the classically activated proinflam-
matory M1 macrophages and the alternatively activated anti-
inflammatory M2macrophages. The macrophage nomencla-
ture was adopted to describe the different functional states of
microglia [17]. Microglia have complex roles that are detri-
mental and beneficial to AD pathogenesis: M1 phenotypes
are characterized by the production of inducible nitric oxide
synthase (iNOS) and inflammatory cytokines (such as IL-1β)
and damage healthy cells, such as neurons, leading to Aβ
accumulation; M2 phenotypes express mannose receptor
(CD206) and arginase 1 (Arg1) and downregulate neuroin-
flammation and remove Aβ plaques.

In early-stage AD, Aβ oligomers, the hydrolysis product
of amyloid precursor protein by β- and γ-proteinase, lead
to the M2 phenotype activation and introduce cell factors
to prevent the overproduction of Aβ and further pathological
damage. However, the chronic Aβ deposition stimulates
microglia persistently [18] and causes the M1 phenotype
activation to increase. In 18-month-old mice, the microglial
activation is expanded into hippocampal areas free of pla-
ques, showing that classic M1 phenotypes produce cytotoxic
effects on neurons [19]. The ablation of iNOS in APP/PS1
mice can protect mice from the plaque formation and prema-
ture mortality [20]. These contradictory functions of microg-
lia reflect their acquisition of distinct M1/M2 phenotypes in
response to different microenvironmental cues [21, 22]. A
study found that naringenin promotes the microglial M2
polarization and Aβ degradation enzyme expression in AD
[23], and the suppressor of cytokine signaling 3 suppresses
the microglial polarization to the M1 phenotype by blocking
the IL-6 production in vitro [24]. Therefore, with microglia,
as essential members of the CNS, the conversion of pheno-
type and functions may lead to a novel therapeutic strategy
to cure AD.

Our previous studies have demonstrated that learning
and memory impairment in AD model mice could be

improved by EA [25, 26] EA could repress the activation of
microglia in various pathological models [27, 28]. Recently,
research showed that the transformation of microglia into
an engulfing state could reduce Aβ, but overactivated
microglia would accelerate the Aβ deposition in AD [29].
Therefore, we wondered whether EA could regulate the
microglial polarization in different pathological stages. In
the present study, we chose 4- and 12-month-old APP/PS1
mice to simulate mild AD and moderate AD, respectively,
aiming to investigate whether EA could regulate the micro-
glial polarization to modulate learning and memory at differ-
ent stages of Alzheimer’s disease.

2. Methods and Materials

2.1. Animals.Male APPSwe/PS1B6C3-Tg [B6C3-Tg (APPswe,
PSEN1dE9) 85Dbo/MmJNju] mice and female wild-type mice
(C57/BL6) were purchased from the Model Animal Research
Center of Nanjing University (SYXK2013-009) for breeding.
Animals were housed 3-4 per cage in temperature (21–25°C)
and light (12-h light/dark cycle) controlled rooms, with free
access to food and water until the end of the experiment.
All studies performed on mice were performed following
the guidelines of the Fujian University of Traditional Chinese
Medicine Animal Care and Use Committee, which approved
all protocols used in this study.

2.2. Experimental Design. Data presented in this study were
obtained in animals aged 4 months (mild AD) and 12
months (moderate AD). For mild AD mice, the intervention
began at 4 months old and ended at 8 months old. For mod-
erate AD mice, the intervention began at 12-month-old and
ended at 16-month-old. The treatment lasted for 16 weeks.
The Morris water maze (MWM) test was carried out twice
before and after the intervention immediately. When trials
were carried out, mice were sacrificed.

A total of 48 male APP/PS1 transgenic mice and 16 male
wild-type mice were used in this study. According to age,
mice were divided into mild AD and moderate AD. APP/PS1
mice were identified by polymerase chain reaction (PCR).
According to the results of PCR, transgenic APP/PS1 mice
were randomly divided into the AD group, the EA group,
and the nonacupoint (NA) group.Wild-type (WT) littermate
mice matched for age represented the WT group. There were
8 mice in each group.

2.3. Morris Water Maze Test. The MWM is a classical learn-
ing and memory behaviour test for rodents. The MWM
device is a circular pool that is divided into four quadrants
by a computer identification system to better record the per-
formance of animals. In the place navigation test, mice were
put into water to find a hidden platform within 90 seconds,
which is located in the centre of the target quadrant. The
mice were trained four times every day on four consecutive
days. The platform was fixed for each mouse, but the swim-
start position was randomized every day and alternated
clockwise. The time each mouse took to find the platform
within 90 seconds was recorded (escape latency). If the
platform was not found within 90 seconds, the investigator
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guided it to the platform and kept it on the platform for 15
seconds, and the escape latency was recorded as 90 seconds.
After the place navigation test, the space exploration test
was conducted on the fifth day. The platform was removed,
and the mouse was placed into the water from the contralat-
eral quadrant. The number of crossings over the original
platform within 90 seconds was counted to assess the learn-
ing and memory of mice.

2.4. Electroacupuncture Stimulation. After the baseline
measurement of the MWM test, electrical stimulation was
performed. Mice in the EA group received electrical stimula-
tion at the Shenting (DU24) and Baihui (DU20) acupuncture
according to our previous study [30]. DU24 was connected
with the positive pole, and DU20 was connected with the
negative pole. Mice in the NA group received electrical stim-
ulation at both side nonacupoints (the area below costal
region, 2 cm superior to the posterior superior iliac spine,
and ~3 cm lateral to the spine). The left side was connected
with the positive pole, and the right side is connected with
the negative pole. Acupuncture needles (φ 0:3 × 13mm,
Hwato) were connected to the EA apparatus (model G6805;
Suzhou Medical Appliance Factory, Shanghai, China), with
a disperse-dense wave. The frequency was 1/20Hz, and the
intensity of current was 1mA. Mice were stimulated for 16
weeks, once every other day, 3 times a week, and the treat-
ment lasted for 30min each time. Mice in the AD group
and theWT group were fed and grasped under the same con-
ditions without any treatment.

2.5. Immunofluorescence. Mice were sacrificed after anesthe-
sia via 4% paraformaldehyde perfusion. The brain was cut
into 5μm thick slices after paraffin embedding. After dewax-
ing and tissue antigen repair, sections were incubated in 5%
goat serum for 1 hour at room temperature and in primary
antibody overnight at 4°C. The next day, sections were incu-
bated with fluorescein secondary antibody for 2 hours. The
primary antibodies and concentrations used in this experi-
ment included anti-Iba1 (1 : 500; ab5076, Abcam), anti-
iNOS (1 : 300, ab49999, Abcam), anti-IL-1β (1 : 100, ab9722,
Abcam), anti-Arg1 (1 : 100, 16001-1-AP, Proteintech), anti-
CD206 (1 : 200, ab8918, Abcam), and anti-6E10 (1 : 1000,
803001, Biolegend). The secondary antibodies used were as
follows: donkey anti-goat-Alexa 594 (1 : 1000; ab150132,
Abcam), donkey anti-mouse-Alexa 488 (1 : 1000; ab150105,
Abcam), donkey anti-rabbit-Alexa 488 (1 : 1000; ab150061,
Abcam), and donkey anti-mouse-Alexa 594 (1 : 1000;
ab150108, Abcam). After referencing The Mouse Brain in
Stereotaxic Coordinates [31], we chose the parietal associa-
tion cortex (PtA, coordinates: -1.82mm to -2.06mm from
bregma, coronal serial sections, taking every other section
for analysis) and entorhinal cortex (Ent, coordinates:
-2.92mm to -4.24mm from bregma, coronal serial sections,
taking one out of every five sections for analysis) as the
regions of interest (ROIs). Four views of each piece were
randomly selected for capture. An inverted laser scanning
confocal microscope (LSM780, Zeiss) was used for immuno-
fluorescence colabeling imaging, and the numbers of positive
cells were manually counted. A fluorescence microscope

(DM4000 B, Leica) was used for Aβ plaque imaging, and
the number of plaques and plaque area fractions in the obser-
vation field were calculated by the ImageJ software. All pic-
tures and quantifications were performed by investigators
who were blinded to the experimental grouping.

2.6. Quantitative Real-Time Polymerase Chain Reaction.
Mice were decapitated after anesthesia, and the brain tissue
was separated. In detail, total RNA was isolated from tissues
with RNAiso plus and reverse transcribed into cDNA using
the HiScriptIIQRT SuperMix reagent kit (R223-01, Vazyme).
Finally, the cDNA was quantified by qPCR using a SYBR
qPCR Master Mix (Q311-02, Vazyme). The mRNA expres-
sion levels were calculated by the 2-ΔΔCt method after the
normalization to the expression of M1 markers (iNOS/IL-
1β), M2 markers (CD206/Arg1), or GAPDH. All experiments
were performed in triplicate and repeated at least three times.
Four mice in each group were used for statistical analysis.

2.7. Statistical Analysis. The SPSS 21.0 software was used to
perform the data analysis. The experimental data are
expressed as the mean ± SEM. Mauchly’s test of sphericity
was used to assess the correlation of repeated-measures data.
Repeated-measures analysis of variance was performed for
the place navigation test. One-way analysis of variance was
applied for other data when assumptions of normality and
equal variance (F test) were met; otherwise, the equivalent
nonparametric test will be used. A value of P < 0:05 was con-
sidered statistically significant.

3. Results

3.1. Electroacupuncture Improved Learning and Memory in
APP/PS1 Transgenic Mice. First, we determined whether
the EA stimulation could delay/reverse learning and memory
impairment in APP/PS1 transgenic mice. In mild AD, the
escape latency was decreased (P < 0:01, Figure 1(a)), and
the number of platform crossings was increased (P < 0:05,
Figure 1(b)) in the WT group compared with the AD group
in the MWM test. There was no significant difference
between the AD group, the EA group, and the NA group at
baseline. After 16 weeks of intervention, the escape latency
of the EA group was decreased comparing with the AD group
(P < 0:01, Figure 1(c)), and there was a significant difference
between the EA group and the NA group (P < 0:05). In the
space exploration test, mice in the EA group performed more
platform crossings than mice in the AD group (P < 0:01,
Figure 1(d)). There was a significant difference between the
EA group and the NA group (P < 0:05).

In moderate AD, we also found that the WT group mice
had a lower escape latency (P < 0:01, Figure 2(a)) and more
platform crossing times (P < 0:001, Figure 2(b)) than the AD
group. There was no significant difference between the AD
group, the EA group, and the NA group at baseline. After
treatment, mice in the EA group spent less time finding the
platform than those in the AD group (P < 0:01, Figure 2(c)),
and there was a significant difference between the EA group
and the NA group (P < 0:01). Mice in the EA group showed
more platform crossing times than mice in the AD group
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Figure 1: The Morris water maze test in mild ADmice. (a) Escape latency and (b) the number of platform crossings before treatment. Escape
latency (c) and the number of platform crossings (d) after treatment. N = 8/group, WT group vs AD group, ∗P < 0:05, ∗∗P < 0:01. AD group
vs EA group, #P < 0:05, ##P < 0:01. EA group vs NA group, ▲P < 0:05, n.s. means no significant difference.
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Figure 2: The Morris water maze test in moderate AD mice. Escape latency (a) and the number of platform crossings (b) before treatment.
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(P < 0:05, Figure 2(d)). There was a significant difference
between the EA group and the NA group (P < 0:05).

These data indicated that APP/PS1 mice showed learning
and memory deficits at an early age that worsened with
increasing age. EA at DU24 and DU20 delayed learning and
memory impairment in mice with mild and moderate AD.

3.2. Electroacupuncture Reduced Aβ Plaques in APP/PS1
Transgenic Mice. Given that the EA stimulation could
improve learning and memory in APP/PS1 mice, we next
assessed its effects on Aβ plaques and performed immuno-
fluorescence with 6E10. The localization map of PtA and
Ent was shown as 3a and 3b. For mild AD mice, the repre-
sentative pictures of Aβ-positive plaques were shown in
Figure 3(c). APP/PS1 mice with EA showed a lower number
and area fraction of Aβ-positive plaques in the PtA than AD
mice (P < 0:05, Figures 3(d) and 3(e)). There was no signif-
icant difference in Aβ plaque number or area fraction in
the Ent between the AD group and the EA group. For mod-
erate AD mice, the representative pictures of Aβ-positive
plaques were shown in Figure 3(f). We found that the EA
group showed a reduced Aβ-positive plaque number in the
PtA and Ent compared with the AD group (P < 0:01 and
P < 0:05, respectively, Figure 3(g)). However, there was
no significant difference in the plaque area fraction between
the AD group and EA group in the PtA and Ent (Figure 3(h)).

Collectively, these results demonstrated that EA at
DU24 and DU20 could reduce the amyloid load in PtA of
mild AD mice.

3.3. Electroacupuncture Transformed the Microglial
Polarization State in APP/PS1 Transgenic Mice. Having
shown that the EA stimulation reduced Aβ plaques, we next
aimed to investigate whether the EA stimulation could
regulate the microglial polarization state and induce the
expression of different phenotypes. Microglia were labeled
with Iba-1, and we examined the morphological features of
microglia (M1 microglia produce iNOS/IL-1β, and M2
microglia express CD206/Arg1) in response to the EA inter-
vention. In mild AD, the representative pictures of the iNOS
and IL-1β colocalization with microglia in the PtA and Ent
were shown in Figures 4(a)–4(d). We observed that iNOS-
Iba1 (P < 0:01 in the Ent, Figure 4(f)) and IL-1β-Iba1
(P < 0:01 in the PtA, P < 0:05 in the Ent, Figures 4(g) and
4(h)) colocalizations in AD mice were significantly increased
compared with those in their age-matched WT counterparts.
The EA group showed a 63.96% and 64.22% decline in the
iNOS-Iba1 and IL-1β-Iba1 colocalizations, respectively, in
the Ent (P < 0:01, Figure 4(f) and p < 0:05, Figure 4(h),
respectively). The representative pictures of the CD206 and
Arg1 colocalization with microglia in the PtA and Ent were
shown in Figures 5(a)–5(d). In the AD group mice, the
CD206-Iba1 colocalization (P < 0:05 in the Ent, Figure 5(f))
and Arg1-Iba1 colocalization (P < 0:01 in the PtA and Ent,
Figures 5(g) and 5(h)) were significantly reduced compared
with those in the WT group. The CD206-Iba1 colocalization
increased 55.56% in the Ent (P < 0:05, Figure 5(f)), and the
Arg1-Iba1 colocalization increased 55.55% and 42.14% in the
PtA and Ent, respectively (P < 0:01, Figures 5(g) and 5(h)).

In moderate AD, the representative pictures of the iNOS
and IL-1β colocalization with microglia in the PtA and Ent
were shown in Figures 6(a)–6(d). We found that the iNOS-
Iba1 colocalization and IL-1β-Iba1 colocalization in AD
mice were decreased compared with those in the WT group
(P < 0:01 in the PtA, Figures 6(e) and 6(g) and p < 0:05 in
the Ent, Figures 6(f) and 6(h)). EA at DU24 and DU20
reduced the iNOS-Iba1 colocalization in all areas (55.36%
in the PtA, P < 0:01, Figure 6(e); 32.94% in the Ent, P <
0:05, Figure 6(f)) and the IL-β-Iba1 colocalization in the
Ent (45.62%, P < 0:05, Figure 6(h)) compared with AD mice.
The representative pictures of the CD206 and Arg1 colocali-
zation with microglia in the PtA and Ent are shown in
Figures 7(a)–7(d). The CD206-Iba1 coexpression and
Arg1-Iba1 coexpression were decreased in the PtA and Ent
in the AD group compared with the WT group (P < 0:01
or P < 0:05, Figures 7(e)–7(h)). There was no significant
difference in CD206-Iba1 in the PtA and Ent between the
EA group and the AD group (Figures 7(e) and 7(f)). EA at
DU20 and DU24 increased the Arg1-Iba1 colocalization in
the Ent compared with the AD group (P < 0:01, Figure 7(h)).

These results demonstrated that EA at DU24 and DU20
could regulate the microglial polarization state, promoting
microglia to the M1 phenotype and inhibiting microglia to
theM2 phenotype. Moreover, these effects were more evident
in mild AD mice.

3.4. Electroacupuncture Regulated M1/M2 mRNA Levels in
APP/PS1 Transgenic Mice. We measured the M1 (iNOS/IL-
1β) and M2 (CD206/Arg1) mRNA levels by qPCR. In mild
AD, we found that IL-1β mRNA levels were increased (5,
Figures 8(a) and 8(b)), and CD206 and Arg1 mRNA levels
were reduced (P < 0:01, Figures 8(c) and 8(d)) in the AD
group compared with the WT group. After the intervention,
the mRNA levels of iNOS and IL-1β were reduced in the PtA
and Ent (P < 0:01), and the mRNA levels of CD206 and Arg1
were increased in the PtA and Ent (P < 0:05 or P < 0:01) of
the EA group.

In moderate AD, iNOS and IL-1β mRNA levels were
increased while CD206 and Arg1 mRNA levels were
reduced in both the PtA and Ent in the AD group compared
with the WT group (P < 0:01, Figures 9(a)–9(d)). There was
no significant difference in iNOS, IL-1β, CD206, and Arg1
mRNA levels in the PtA between the AD group and the
EA group. In the EA group, IL-1β mRNA levels were down-
regulated, and CD206 mRNA levels were upregulated in the
Ent (P < 0:01) compared with the AD group.

Overall, our results showed that EA at DU24 and DU20
could regulate M1 and M2 marker mRNA levels in mild
AD mice.

4. Discussion

In this study, we demonstrated that EA at DU24 and DU20
could improve learning and memory, drive the attenuation
of Aβ, and regulate the microglial M1/M2 polarization in
mild AD and moderate AD.

A progressive loss of memory and cognitive impairment
is principal clinical presentations of AD, and the MWM test
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is a traditional methodology to measure learning and mem-
ory in animals. Research has suggested that a gradual decline
in cognition could be detected in most 6- to 18-month-old
APP/PS1 mice, and young (less than or equal to 5 months
old) APP/SP1 mice showed little difference in the declining

trend of escape latency after repeated training when com-
pared with WT mice [32]. A study indicated that there
was no significant difference in escape latency between WT
and APP/PS1 mice at 3 months of age, while the escape
latency was significantly longer in 5-month-old APP/PS1
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mice than in their counterparts in the MWM test [33].
Therefore, we chose the 4-month-old APP/PS1 mice to sim-
ulate the mild AD stage. On the other hand, Aβ plaques were
observed in APP/PS1 mice as young as 3 months of age, with
linear increases with months of age, but slow growth was

observed after 12 months of age [33]. Therefore, we chose
the 12-month-old APP/PS1 mice to simulate the moderate
AD stage.

DU24 and DU20 are located along the governor vessel,
and their stimulation is widely reported to improve cognition
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Figure 5: The colocalization of M2 markers and microglia in mild AD mice. Representative images of CD206-Iba1 (ab) and Arg1-Iba1 (cd)
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[34–37]. Our previous studies proved that EA at DU24 and
DU20 improved cognitive deficits [34] and mediated synap-
tic plasticity in the periinfarct hippocampal CA1 region of

rats following ischaemic stroke [38]. Furthermore, the EA
stimulation of DU24 and DU20 might reactivate cognition-
related brain regions [37]. The Ent is the critical structure
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relaying memory-related information between the neocortex
and the hippocampus, which is first affected in AD [39, 40].
The PtA is often considered to be the brain region with obvi-
ous pathological changes in neuroimaging [41]. Evidence

from [18F]flortaucipir PET and T1-weighted magnetic reso-
nance imaging showed that the lateral and medial PtA and
lateral temporal cortex were most relevant to cognitive
decline in AD [42].
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Aβ, reactive gliosis, and neuroinflammation are hallmarks
of AD [43]. Long considered to be secondary events to neuro-
degeneration, microglia-related pathways have been identified
as central to AD risk and pathogenesis [44, 45].We proved the
bidirectional regulation of the DU24 and DU20 stimulation
on the microglial polarization: it downregulated the M1 phe-
notype microglia and upregulated theM2 phenotype microg-
lia in mild AD. EA inhibited iNOS and IL-1β and promoted
CD206 and Arg1 in 8 months old APP/PS1 mice. However,
EA could not upregulate the M2 phenotype microglia in
moderate AD. We found that the iNOS and IL-1β colocaliza-
tion decreased, but CD206 and Arg1 had no difference in
immunofluorescence and mRNA level in 16 months old
APP/PS1 mice. It could expound that the effect of EA on
AD mice at different stages is different. Therefore, EA was
more effective in mild AD mice than in moderate AD mice.
EA suppressed not only the microglial polarization to the
M1 phenotype but also promoted the microglial polarization
to the M2 phenotype in mild AD mice.

Microglia can be neuroprotective by degrading Aβ plaques
similar to action against the Aβ accumulation [46]. However,
an age-dependent increase in both the number and the size of
Aβ plaques in ADmight reflect a diminution in the microglial
phagocytic capability [47]. In the present study, we found that
EA at DU24 and DU20 reduced Aβ-positive plaques in the
PtA, rather than Ent in mild AD mice. It may be related to
the targeting brain region under different acupoints. Research
had proved that EA at DU20 and right Qubin (GB7, acu-
puncture) could increase glucose metabolism in the parietal
lobe [48]. However, we found changes only in the number
of Aβ-positive plaques, not in the area fraction in moderate
AD mice. It may indicate that the effect of EA is limited,
which could not eliminate the accumulation of Aβ in 16
months old APP/PS1 mice. Moreover, it needs further study.

5. Conclusion

EA at DU24 and DU20 reduced Aβ plaques to improve learn-
ing and memory in mild AD mice. This finding is mainly
related to the microglial M1/M2 polarization inducing by EA.
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The effects of acupuncture facilitating neural plasticity for treating diseases have been identified by clinical and experimental
studies. In the last two decades, the application of neuroimaging techniques in acupuncture research provided visualized
evidence for acupuncture promoting neuroplasticity. Recently, the integration of machine learning (ML) and neuroimaging
techniques becomes a focus in neuroscience and brings a new and promising approach to understand the facilitation of
acupuncture on neuroplasticity at the individual level. This review is aimed at providing an overview of this rapidly growing
field by introducing the commonly used ML algorithms in neuroimaging studies briefly and analyzing the characteristics of the
acupuncture studies based on ML and neuroimaging, so as to provide references for future research.

1. Introduction

Neuroplasticity usually refers to brain plasticity, which
means the ability of the brain to modify its organization to
the altered demands and environments [1, 2]. The cumula-
tive evidence from both animal and human studies demon-
strated that the adult mammalian brain was plastic and
could be remodeled by the environmental input continuously
[3–5]. The long-term noxious stimulus, such as pain and
depression, as well as regular exogenous interventions can
reorganize the structure and function of the brain [6–9]. As
the most widely used complementary therapy, acupuncture
is considered to treat diseases via facilitating neural plasticity
from multiple pathways, such as promoting endogenous
neurogenesis, modulating synaptic plasticity, and regulating
the secretion of neurotrophins and neurotransmitters, so
as to affect the structural and functional plasticity of the
brain [10–13].

In the past two decades, studies on acupuncture pro-
moting brain plasticity were greatly enhanced with the
development of neuroimaging techniques. Several studies
focused on investigating acupuncture-induced brain struc-
tural and functional plasticity by magnetic resonance imag-
ing (MRI), positron emission tomography (PET), and other
neuroimaging methods [14, 15]. People found that acu-
puncture could modulate the brain functional activities,
shape the gray matter structure, and remodel the white
matter fiber connection [16–18] and that the modulation
of acupuncture on neuroplasticity varied with the different
acupuncture modalities and different acupoint stimulations
[19, 20]. For instance, our previous study [21] found that
acupuncture could positively modulate the functional activ-
ity of the rostral ventromedial medulla in patients with
migraine and that the neural plasticity elicited by punctur-
ing at real acupoints was more pronounced than sham
acupoints.
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Currently, most neuroimaging findings of acupuncture
facilitating neuroplasticity were obtained by the standard
univariate analysis. It means the results were only significant
at the group level, which limited their clinical translation to a
certain extent. So, it is of great value to investigate how
acupuncture promotes neuroplasticity and how the specific
neuroplasticity affects the responses to acupuncture from
the individual level. The application of multivariate pattern
analysis (MVPA) and machine learning (ML) in neuroimag-
ing studies provides an attractive method to this issue [22].
Since 2010, over 2200 studies focusing on ML in neuroimag-
ing have been published in PubMed (pubmed. ncbi.nlm.nih.-
gov), and the number of these studies is increasing by 37%
per year (Figure 1). With the ML algorithms and the neuro-
imaging features, researchers established the diagnostic and
prognostic models of diseases. The interpretation of these
models complemented the deficiencies of univariate analysis.
They can not only assist in diagnosing diseases and in pre-
dicting individuals’ responses to intervention but also pro-
vide novel insights for understanding brain plasticity. For
example, Min et al. [23] found that schizophrenics who were
sensitive to electroconvulsive therapy (ECT responders) had
significantly higher whole-brain transfer entropy than the
ECT nonresponders and that the value of whole-brain trans-
fer entropy could be used as a reliable and plausible neuroim-
aging biomarker for random forest (RF) classifier to identify
the ECT responders from the nonresponders. In another
study, applying the baseline gray matter volume (GMV) of
the subgenual cingulate cortex as a feature, Redlich and col-
leagues [24] successfully predicted the continued improve-
ment of depression symptoms in patients with major
depressive disorder following ECT. Simultaneously, integrat-
ing ML and neuroimaging technologies to investigate the
facilitation of acupuncture on brain plasticity and using spe-
cific brain plasticity to predict acupuncture efficacy which
can promote precision treatment have been a new focus in
acupuncture research.

Therefore, we conducted this review by introducing the
most widely used ML algorithms in neuroimaging studies
briefly and analyzing these applications in the fieldof acu-
puncture promoting neural plasticity, aiming to provide an
overview of this rapidly growing field and new approaches
in future research.

2. Overview of Machine
Learning in Neuroimaging

ML is a subfield of artificial intelligence which is aimed at
investigating how computers can improve decisions and pre-
dictions based on data and ongoing experience [25, 26].
According to the criteria whether the training data is given
a label or not, ML is divided into supervised learning, unsu-
pervised learning, and semisupervised learning [27]. The
unsupervised learning and semisupervised learning are gen-
erally applied for data reduction and feature selection [28],
whereas the supervised learning is mainly used to construct
the classification or regression models, which can learn the
mappings between the input features and labels, to make
individual-level estimations for the previously unseen data.
The supervised learning includes many types, of which the
most commonly used in neuroimaging research include sup-
port vector machine (SVM), decision tree (DT), RF, and arti-
ficial neural network (ANN) [29].

2.1. Support Vector Machine. The SVM is so far the most
popular supervised learning algorithm in neuroimaging
studies and is widely utilized in classification and prediction
[30–33]. The principle of SVM is constructing a separating
hyperplane that classifies all inputs, and the goal is searching
for the optimal separating hyperplane that maximizes the
margin between the hyperplane and the support vectors
[34]. With different kernel functions, the distinct separating
hyperplanes in different dimensions were constructed to per-
form the classification or prediction analysis. Among the dif-
ferent kinds of kernel functions in SVM models, the linear
kernel and Gaussian kernel are most frequently used in neu-
roimaging studies [35–37]. The linear SVM is designed to
solve the linear separating problems, while the RBF SVM is
used primarily to seek nonlinear separating boundaries in
the high-dimensional space.

2.2. Decision Tree and Random Forest. DT is the rooted
directed tree that predicts the output based on a sequence
of splits in the input feature space. The nodes split at each
step by optimizing a metric, which indicates the consistency
between the estimates and truth values. When the node has
no subordinate to split, the traversal of this tree generates
the target outcome prediction. As a typical classification
algorithm with high interpretability, DT is applied predomi-
nantly for classification and disease diagnosis in neuroimag-
ing studies [38, 39].

RF is generally the ensembles of DTs [40]. The principle
of RF is consolidating multiple and diverse DTs together, and
the final prediction outcome of RF is determined by the votes
of each DT in the forest. As an integrated algorithm, RF can
potentially yield much better prediction performance than
learning with a single DT [41].

2.3. Artificial Neural Network. The concept of ANN is
derived from the biological neural network. Similar to the
synaptic connection in the brain, an ANN is composed of
several layers of interconnected artificial neurons that make
up the input layer, hidden layer, and output layer. As an
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Figure 1: Numbers of publication on neuroimaging and machine
learning in the last decade (from January 1, 2010, to June 1, 2020).
The data was obtained by searching at the PubMed database with
the items (Neuroimaging) AND (Machine Learning).
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ultracomplex ML algorithm, ANN establishes the computa-
tional units of multiple layers by simulating signal transmis-
sion and learning the architecture of synapse [42]. Due to the
flexibility of its structure, ANN has the ability to fit arbitrarily
complex functions given sufficient annotated data [27]. Tra-
ditionally, the utilization of ANN is extremely limited in neu-
roimaging for the small training samples, while in recent
years, with benefit from the open-access of the large-scale
neuroimaging data repositories, the application of ANN is
accelerating and has great potential to become one of the
most efficient algorithms in neuroimaging studies [43, 44].

The diagrams of the above algorithms are summarized in
Figure 2.

3. Application of Neuroimaging and Machine
Learning in Acupuncture
Promoting Neuroplasticity

In this review, we focused on the application of neuroimag-
ing and ML in acupuncture promoting neuroplasticity. For
a comprehensive summary of the field, we systematically
searched papers in PubMed (pubmed.ncbi.nlm.nih.gov),
Web of Science (https://www.webofknowledge.com), EBSCO
(search.ebscohost.com), and CNKI (https://www.cnki.net)
databases. According to the established inclusion and exclu-
sion criteria, a total of ten studies were finally included

[45–54]. The details of data acquisition and literature selec-
tion process can be found in the supplementary materials
(available here).

These ten studies were published from 2008 to 2020.
Generally, for participant selection, these studies were per-
formed on healthy subjects [45–47, 49, 54], patients with
migraine [48, 50, 51], patients with chronic low back pain
[53], and patients with functional dyspepsia [52], respec-
tively. The sample size of these studies ranged from 12 to
94, and the average sample size of healthy subjects was 28.
Except for one study that enrolled participants with a wide
age span [54], these studies mainly included participants
aged 20-45 years. For acupuncture intervention, nine studies
[45–53] applied manual acupuncture, and one study [54]
selected the electroacupuncture as the intervention method.
For scan design, six studies [45–49, 54] applied the on-off
block design to detect the real-time effects of acupuncture
on functional brain plasticity. For imaging parameters, seven
studies [45–47, 50–53] employed MRI to acquire neuroimag-
ing data and applied the blood oxygenation level-dependent
(BOLD) signal [45–47], functional connectivity [52, 53],
GMV [51], and diffusion measures of white matter fibers
[50] to reflect the structural and functional patterns of
the brain. For machine learning parameters, eight studies
[45–52] were aimed at solving the problems of pattern clas-
sification, and the other two studies [53, 54] were designed
to predict pain relief following acupuncture treatment.
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Figure 2: Diagrams of the commonly used machine learning algorithms in neuroimaging studies. SVM: support vector machine; DT:
decision tree; RF: random forest; ANN: artificial neural network.
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SVM, especially the linear SVM, was the most used ML algo-
rithm in classification [45–52], whereas support vector
regression [53] and fuzzy neural network [54] were applied
in predictions. Three studies [49, 53, 54] exploited a
hypothesis-based approach and selected the features of inter-
est as inputs, and the other three studies [45, 50, 51] inte-
grated multiple methods to find the optimal inputted
features. Cross-validation, particularly the leave-one-out-
cross-validation, was the popular validation strategy [45,
47–53], and only one study used independent samples as
the validation set in these ten studies [54].

The detailed characteristics of these included studies were
displayed in Table 1.

3.1. Concerns of Studies on Acupuncture Promoting
Neuroplasticity. According to aims and design, these studies
can be divided into three types. Among them, three studies
[45–47] focused on the acupoint specificity, two studies [48,
49] were concerned with the differences and similarities of
different acupuncture manipulations, and five studies [50–
54] paid their attention to the prediction of acupuncture
efficacy.

3.1.1. The Acupoint Specificity. Acupoint specificity refers
that acupoints have different therapeutic effects and biophys-
ical characteristics compared to sham acupoints and that dif-
ferent acupoints have relatively different therapeutic effects
and biophysical characteristics [55]. In this review, three
studies [45–47] focused on the acupoint specificity. One
study was aimed at exploring the differences in real-time
brain functional plasticity elicited by a verum acupoint and
a sham acupoint. The other two studies compared the differ-
ences between different acupoints (GB40 vs. KI3 [46] and
HT7 vs. PC6 [47]). These three studies had similar experi-
mental designs, including focusing on the different points
in the same nerve segments, using the multiple on-off block
design, choosing the BOLD signal as features, and adopting
the linear SVM algorithm to build models. For example, Li
et al. [45] applied MVPA and searchlight method to decode
spatial discrimination of acupuncture stimulation at GB37
and a nearby sham acupoint. The results indicated that the
occipital cortex, limbic-cerebellar areas, and somatosensory
cortex were the main regions with higher classification accu-
racy in the discrimination of the verum and sham acupoint
stimulation. These studies indicated that acupuncture stimu-
lation at different points induced distinct real-time brain
functional plasticity in different regions and that MVPA
could be used to investigate the real-time neuroplasticity
from the individual level. Interestingly, these three studies
utilized the general linear model (GLM) analysis to verify
the findings obtained in MVPA, while every GLM analysis
showed that the different points caused similar BOLD signal
changes. It suggested that the conventional univariate analy-
sis might not be sensitive enough to detect the neural plastic-
ity evoked by different acupoint stimulation. This is
consistent with the opinion that multivariate analysis was
more sensitive than univariate analysis in neuroimaging
studies [56].

Acupoint specificity is not only the core of acupuncture
theory and the base of clinical practice but also the focus of
acupuncture-neuroimaging research [57–59]. Our previous
review [15] indicated that more than 1/3 acupuncture-
neuroimaging studies focused on acupoint specificity and
these studies mainly concentrated on the differences of
verum acupoints and sham acupoints. From 1995 to 2016,
79 original neuroimaging articles on acupoint specificity
were published in PubMed, and 53 articles focused on the
difference between the verum acupoints and the sham acu-
points [19]. Given the importance of acupoint specificity in
acupuncture theory and clinical practice and the extensive-
ness in neuroimaging research, we hold that acupoint speci-
ficity is bound to become a hot spot in future ML and
neuroimaging studies.

3.1.2. Acupuncture Manipulation. Two [48, 49] of the ten
studies centered on the differences in brain functional plas-
ticity caused by the different acupuncture manipulations. In
one study [48], linear SVM was applied to classify the base-
line and post acupuncture blood perfusion patterns in both
verum and sham acupuncture groups. The results illustrated
that the SVM classifier performed better when the training
data was extracted from the verum acupuncture group.
Moreover, the temporal lobe and cerebellum contributed
important information for the discrimination in the verum
acupuncture group. Another study [49] proposed a classifica-
tion framework based on multiple ML algorithms for the two
traditional acupuncture manipulations: the twirling-rotating
manipulation and lifting-thrusting manipulation. The results
demonstrated that with all the six graph theory properties as
inputs, the SVM classifier got the highest accuracy of 92.14%.
Moreover, the post hoc analysis also found the significant
between-group differences of these six graph theory mea-
sures between two manipulations.

Acupuncture manipulation is the key in acupuncture
clinical practice and significantly affects acupuncture efficacy
[60]. In more than 2000 years of development, acupuncture
has formed a rich variety of modalities and manipulation
skills. The differences between acupuncture and moxibus-
tion, electroacupuncture and manual acupuncture, acupunc-
ture with deqi and acupuncture without deqi, and the
reinforcing manipulation and reducing manipulation are
always the key of clinical and experimental research in the
acupuncture field and could be the research direction in
future MVPA studies.

3.1.3. Prediction of Acupuncture Efficacy. The integration of
ML and neuroimaging features has been extensively
employed in predicting the clinical efficacy of drugs or other
interventions [33, 61]. In this review, five studies focused on
acupuncture efficacy prediction [50–54]. Among them, three
studies [50–52] adopted the classification algorithms to pre-
dict patients’ responses to acupuncture treatment. For exam-
ple, Liu et al. [50] utilized the diffusion measures of the
medial prefrontal cortex- (mPFC-) amygdala fiber as inputs
and established a linear SVM classifier to predict the
response of migraine patients to the 8-week sham acupunc-
ture treatment. The result showed that when using each
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single diffusion measure as input, the accuracy of the classifier
is lackluster, whereas when multiple measures were applied
the classifier could accurately discriminate responders from
nonresponders with an accuracy of 84.0%.Moreover, the most
discriminative white matter plasticity features that contributed
to the classification were located in the external capsule, ante-
rior cingulate gyrus, and mPFC. The other two studies [53, 54]
constructed the regression models to predict the continuous
improvement in symptoms after acupuncture treatment.
For example, Tu et al. [53] used the features of interest as
inputs to predict pain relief in patients with cLBP following
8-week verum or sham acupuncture treatment. The results
showed that multiple functional connections involving
mPFC could provide vital information for predicting the
improvement of symptoms after both verum and sham acu-
puncture treatment.

These five studies on acupuncture efficacy prediction
demonstrated that the specific neuroplasticity features
including morphology of gray matter and white matter and
cerebral functional activity patterns contained vital informa-
tion for predicting the response of patients to acupuncture
stimulation. The integration of ML and neuroimaging pro-
vides a new and promising approach for investigating mech-
anisms of acupuncture efficacy at the individual level, which
has great potential for clinical translation and will be the
important growth pole in acupuncture research.

In addition to the three aspects described above, there are
still some other concerns that should be focused in future
neuroimaging-based ML studies, for example, investigating
the influences of acupuncture with different acupoint combi-
nation or different stimulation intensity on neural plasticity
and predicting clinical efficacy of acupuncture with the neu-
roimaging features acquired under acupuncture stimulation.

3.2. Design of Machine Learning in Studies on Acupuncture
Promoting Neuroplasticity. The application of neuroimaging
techniques in acupuncture mechanism has produced
remarkable advance[57, 62, 63] and developed a series of
proven execution specifications [14, 19, 64]. In contrast, the
integration of ML and neuroimaging in acupuncture
research is still in its early stage, which inevitably brings
many challenges but also the future directions.

3.2.1. Sample Size. Due to difficulties in data acquisition,
the sample size of neuroimaging study is generally small
[65, 66]. By reviewing the studies which integrated ML
and neuroimaging technologies to investigate neuropsychiat-
ric disorders, Sakai and Yamada [29] found that 45.6% of the
studies from 2014 to 2018 had a sample size of fewer than 100
cases. In our review, the sample size of the included studies
ranged from 12 to 94 and six studies had a sample size of
fewer than 50 cases. A small sample size exacerbates the pos-
sibility of adaptive models to learn noise, which leads to the
high variability of estimates and overvaluation of prediction
accuracy [67]. Simulation experiments showed that even
when the sample size in the neuroimaging study reached
100 cases, the error bars were still around 10% [68]. Only
when the samples of the training set exceeded 200 cases did
the prediction model’s performance begin to plateau [69].

Therefore, when conducting an ML study to predict the
efficacy of acupuncture based on the neuroimaging proper-
ties, a sample size of 200 or more cases should be guaranteed
whenever possible.

3.2.2. The Appropriateness of Feature Selection. Considering
that there are generally more features than samples in neuro-
imaging data, it is beneficial to take appropriate manners to
eliminate the redundant features and reduce the dimension
of data. The ten studies included in this review indicated that
when using a single feature as input, the accuracy of the clas-
sifier is lackluster, whereas when multiple neuroimaging fea-
tures applied, the accuracy of the model was significantly
improved [49, 50]. This finding suggested that the properties
of neuroplasticity that influenced the efficacy of acupuncture
were multidimensional and complex. Moreover, another
interesting finding was that both GMV and diffusion mea-
sures of white matter fiber could accurately discriminate
between acupuncture-sensitive and acupuncture-insensitive
migraine patients [50, 51]. Does it mean that the prediction
model achieves better performance to discriminate the acu-
puncture responders and acupuncture nonresponders if both
gray matter and white matter features are applied as inputs?
In fact, the previous studies have illustrated that using multi-
modal rather than single-modal neuroimaging features as
inputs can induce higher classification accuracy and better
prediction performance [70, 71]. Therefore, future studies
could attempt to use multimodal neuroimaging features as
inputs to further explore the multidimensional features that
predict the efficacy of acupuncture accurately.

3.2.3. The Representativeness of Training Data. The current
ML studies generally favor seeking homogeneous subjects
to establish classification and prediction models [72–74]. It
reduces the underfitting of the model caused by data hetero-
geneity, but severely limits the generalizability of the model
to the real-world data [75]. The requirements for the repre-
sentativeness of training data depend on the purpose of the
study. For example, when a study is aimed at investigating
the effects of different acupuncture manipulations on brain
plasticity, the participants should be the homogeneous indi-
viduals from the same site. However, if the study is aimed
at creating a generalizable model to predict the clinical effi-
cacy of acupuncture, the participants should be enrolled from
multiple centers to represent the heterogeneous population
in real life.

3.2.4. The Validity of Labels. The goal of ML is establishing
mappings between training data and labels and then use the
mappings as benchmarks for predicting the labels of the
unseen data. Similar to other ML studies [76–78], the major-
ity of current studies on acupuncture efficacy prediction use
the subjective symptoms as the labels. These labels obtained
with self-evaluated symptoms are subject to individual cogni-
tive bias and have a high degree of variability. The heteroge-
neity yielded by subjective labels may hamper ML algorithms
to discover optimal neuroimaging biomarkers and establish
accurate mappings between data and labels. Therefore,
applying objective biological markers as labels to establish
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an objective-to-objective mapping between features and
labels should be taken into consideration in future studies
to reduce the influence of subjective factors on model
reliability.

4. Conclusion

In summary, we provided an overview of the literature on the
application of ML and neuroimaging in acupuncture pro-
moting neural plasticity. Studies published so far have pre-
liminarily demonstrated at the individual level that different
acupoint stimulation and different acupuncture manipula-
tions had significantly different real-time modulatory effects
on functional brain plasticity and that the specific structural
and functional neuroplasticity features at baseline could
accurately predict the improvement of symptoms following
acupuncture treatment. Although this research field is cur-
rently in its early stage and faces many challenges, we still
believe that integrating ML and neuroimaging techniques
will be a promising approach to understand the facilitation
of acupuncture on neuroplasticity in the future.
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Background. Stroke can lead to disruption of the whole-brain network in patients. Acupuncture can modulate the functional
network on a large-scale level in healthy individuals. However, whether and how acupuncture can make a potential impact on
the disrupted whole-brain network after ischemic stroke remains elusive. Methods. 26 stroke patients with a right hemispheric
subcortical infarct were recruited. We gathered the functional magnetic resonance imaging (fMRI) from patients with stroke
and healthy controls in the resting state and after acupuncture intervention, to investigate the instant alterations of the large-
scale functional networks. The graph theory analysis was applied using the GRETNA and SPM12 software to construct the
whole-brain network and yield the small-world parameters and network efficiency. Results. Compared with the healthy subjects,
the stroke patients had a decreased normalized small-worldness (σ), global efficiency (Eg), and the mean local efficiency (Eloc) of
the whole-brain network in the resting state. There was a correlation between the duration after stroke onset and Eloc.
Acupuncture improved the patients’ clustering coefficient (Cp) and Eloc but did not make a significant impact on the σ and Eg.
The postacupuncture variables of the whole-brain network had no association with the time of onset. Conclusion. The
poststroke whole-brain network tended to a random network with reduced network efficiency. Acupuncture was able to
modulate the disrupted patterns of the whole-brain network following the subcortical ischemic stroke. Our findings shed light
on the potential mechanisms of the functional reorganization on poststroke brain networks involving acupuncture intervention
from a large-scale perspective.

1. Introduction

Following a stroke, focal ischemic lesions can result in
extensive functional changes in structurally intact brain
areas far beyond the infarct, which is referred to as “dia-
schisis” [1–3]. The cataclysmic changes in the whole-brain

network are attributable to the widespread disturbance
following a focal injured site [4, 5]. These large-scale inter-
actions between brain regions account for the behavioral
deficits in patients with stroke [6]. The normalization of
an abnormal connectome has been found to mirror the
recovery from stroke [7, 8]. Graph theory-based network
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analysis is widely used to characterize the features of the
large-scale brain connectome [9–11]. The small-world
model is well suited for the evaluation of complex brain
networks since it reflects the integrative and segregated
information processes [12, 13]. The focal lesions may dis-
turb the spatial and temporal organization and break the
optimal balance of integration and segregation [14].

Based on graph theoretical approaches, previous studies
emphasized that the small-worldness was significantly lower
in stroke patients than healthy controls, and it increased
toward the level of controls during recovery [8]. The reduc-
tions in interhemispheric integration and intrahemispheric
segregation strongly relate to the behavioral impairments of
stroke [15]. In subcortical stroke patients, the reorganized
network deviated away from the optimal architecture toward
a more randommode during the first months after the stroke
onset [16]. However, the reorganization of the entire brain
pattern during stroke recovery is still disputable and elusive
for now.

Acupuncture is a well-known therapeutic strategy in
China for over two millennia of practice, which is also
widely accepted in modern Western countries [17, 18].
Increasingly, empirical and clinical evidence suggests that
acupuncture is effective and safe for subacute stroke reha-
bilitation [19, 20]. According to the theory of Chinese
medicine, acupuncture can dynamically harmonize the
inherent imbalances that result from diseases. Besides, acu-
puncture is more inclined to modulate the homeostasis of
brain activity at a large scale [21].

The previous study identified that acupuncture altered
the architecture of the functional whole-brain network in
healthy subjects and the alterations displayed acupoint spec-
ificity [22–24]. Acupuncture stimulation at acupoint ST36
increased the local efficiency of healthy individuals [25]. Fur-
thermore, another study applied the long-duration transcu-
taneous electric acupoint stimulation and indicated that
small-world properties were modulated with lower local effi-
ciency and nonsignificant change in global efficiency for
healthy subjects [26]. But the therapeutic effects of acupunc-
ture may depend on different conditions of clinical diseases
[23, 25]. Feng et al. studied the acupuncture effects on the
functional network of the whole brain in mild cognitive
impairment patients [27]. They found that acupuncture had
a relatively less effect on healthy controls than patients. With
the help of graph theory analysis, it revealed some previously
unreported features of the neural mechanism after acupunc-
ture on patients.

The architecture of brain after subcortical infarction
remains poorly understood. Moreover, little is known about
the alternations in response to acupuncture on the large-
scale perspective after stroke onset. The current study, there-

fore, employed the graph theoretical approaches to investi-
gate how acupuncture affected the whole-brain functional
network following a subcortical insult. We hypothesized that
acupuncture was able to modulate the deviant organization
of the poststroke whole-brain network.

2. Materials and Methods

2.1. Subjects. 26 ischemic stroke patients were recruited at
Dongzhimen Hospital affiliated to Beijing University of Chi-
nese Medicine. 21 healthy subjects were rolled as control with
no history of neurological or psychiatric disorders. The
demographic and clinical features are shown in Table 1.
The inclusion criteria were as follows: aged 35-75 years;
first-ever ischemic stroke; within 3 months after the onset;
subcortical lesion restricted to the right hemispheric internal
capsule, basal ganglia, corona radiate, and its neighboring
regions; and without psychiatric disorders. The exclusion cri-
teria were as follows: any brain abnormalities except infarc-
tion; any other physical or psychiatric conditions that may
influence participation; and any MRI contraindications. All
of the subjects were with right-hand dominance. The study
was approved by the Ethics Committee of the Beijing Univer-
sity of Chinese Medicine and conducted in accordance with
the Declaration of Helsinki. After being given a complete
explanation of the experiment procedure, all subjects signed
the informed consent.

2.2. Clinical Assessments. The National Institute of Health
Stroke Scale (NIHSS) was performed for stroke-related neu-
rologic deficits [28] and the Fugl-Meyer Assessment (FMA)
was adopted for a quantitative measure of motor disability
[29]. All patients underwent these clinical assessments
(shown in Table 1).

2.3. Experimental Paradigm. The nonrepeated event-related
fMRI design was adopted to investigate the prolonged effects
of acupuncture administration [30]. Firstly, a resting-state
scan was conducted for 8min 10 sec without any stimulation
as a baseline control. Then, after a DTI session, we employed
an experimental functional run under acupuncture stimula-
tion. The acupuncture stimulation was delivered using a ster-
ile disposable silver acupuncture needle 0.3mm in diameter
and 40mm in length. The needle was vertically inserted to
a depth of 20-30mm at the acupoint GB34 (Yanglingquan)
on the right side. The GB34 situates on the fibular aspect of
the leg, in the depression anterior and distal to the head of
the fibula. It is commonly used in the clinical treatment for
stroke [19, 31, 32]. The acupuncture administration was
delivered by a balanced “tonifying and reducing” manipula-
tion (rotating the needle clockwise and counterclockwise at

Table 1: The group demographic and relevant clinical measures.

Subject Sex Age (yrs.) Time of onset (d) NHISS FMA

Patient 19M/7F 56:42 ± 7:23 41:04 ± 29:71 3:46 ± 2:58 78:20 ± 23:46
Control 12M/9F 54:52 ± 5:11 n/a n/a n/a

F: female; FMA: Fugl-Meyer Assessment; M: male; NIHSS: National Institute of Health Stroke Scale.
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1Hz for 60 sec) and followed by an 8min 10 sec consecutive
scan without manipulation. The procedure was performed
by the same licensed and experienced acupuncturist. All sub-
jects reported their experience (“Deqi”) of acupuncture stim-
ulation immediately after the experiment. “Deqi” included
the sensations of soreness, heaviness, fullness, pressure, and
numbness [33]. The subject who experienced sharp pain
would be excluded from further analysis as the sharp pain
was considered an inadvertent noxious stimulation [34].
None of the subjects reported an experience of sharp pain.
In this study, none of the subjects ever received thrombolytic
therapy. All of the patients received conventional standard
medical treatment, such as antiplatelet therapy, which com-
plied with the Guidelines for the diagnosis and treatment of
acute ischemic stroke in China 2014 [35].

2.4. Image Acquisitions. The fMRI data were obtained using a
3.0 Tesla MRI scanner (Siemens, Sonata Germany) at the
department of radiology of Dongzhimen Hospital, Beijing,
China. During the scanning, all subjects were requested to
keep their eyes closed and remain relaxed without engaging
in any mental tasks. Earplugs were worn to attenuate scanner
noise, and foam head holders were immobilized to minimize
head movements.

Before the functional scanning, high-resolution structural
information for anatomical localization was acquired using
3D MRI sequences. A single-shot, gradient-recalled echo-
planar imaging sequence was used to collect the resting-state
fMRI data with the following parameters: repetition time =
2000ms, echo time = 30ms, flip angle = 90°, matrix = 64 ×
64, field of view = 225 × 225mm2, slice thickness = 3:5mm,
gap = 1mm, 32 interleaved axial slices, and 241 volumes. The
same parameters were applied in the acupuncture-evoked
fMRI with the exception that 271 volumes were acquired.

2.5. Data Preprocessing. The fMRI data were preprocessed
with the Graph Theoretical Network Analysis (GRETNA)
(http://www.nitrc.org/projects/gretna) and SPM12 (http://
www.fil.ion.ucl.ac.uk/spm) toolbox based on Matlab2013b
[36]. The first ten volumes were discarded to allow the
adaption of the subjects and the stabilization of the magne-
tization. The remaining volumes were slice-timing corrected
for different acquisition in slice times and realigned to the
first volume for head-motion correction. Based on the head
motion data, the subjects were excluded according to the
criteria of maximum translation as 3mm and rotational
parameters as 3 degrees in any direction. Next, the individ-
ual functional images were normalized to the standard
Montreal Neurological Institute space with 3mm isotropic
resolution by applying the transformation matrix which
was derived from registering the final template file gener-
ated by DARTEL. Then, the images were smoothed with a
4mm full-width at the half-maximum Gaussian kernel
and further linearly detrended. Subsequently, several nui-
sance signals were regressed out, including the white matter
signal, the cerebrospinal fluid signal, and 24-parameter head
motion profiles [37, 38]. The global signal was not regressed
out according to previous studies [39]. Then, the data were

temporally band-pass filtered (0.01-0.08Hz) to reduce the
low-frequency drift and high-frequency physiological noise.

2.6. Network Construction. The graph theoretical network
analysis toolbox GRETNA was applied to construct the
large-scale brain networks [36]. For the network nodes defi-
nition, the entire cerebral cortex was parceled into 90 (45 in
each hemisphere) anatomically defined regions according to
Automated Anatomical Labeling for each subject [40]. The
mean time series for each of the 90 areas were extracted from
the preprocessed datasets by averaging the voxel time series
within each region. The edges of functional brain networks
were constructed with the functional connectivity between
nodes. Pearson’s correlation coefficients between the mean
time series of all node pairs were calculated, resulting in a
90 × 90 correlation matrix for each subject. Fisher’s r-to-z
transformation was further performed to improve the nor-
mality, and this resulted in a z-value matrix for each subject.
The matrices were binary, and both positive and negative
connections were used to achieve the whole-brain network.

2.7. Networks Analysis.We employed a wide range of sparsity
thresholds (0:05 ≤ sparsity ≤ 0:5, interval = 0:01) to address a
variable number of edges in different individual subjects. The
sparsity is defined as the existing number of edges divided by
the maximum possible number of edges in the graph [41, 42].
The global metrics contained the small-world parameters
and network efficiency to depict the entire brain functional
connectomes. The main small-world parameters included
the clustering coefficient (Cp), characteristic path length (Lp
), and small-worldness (σ). The network efficiency included
global efficiency (Eg) and the mean local efficiency (Eloc).
The mean local efficiency was defined as the average effi-
ciency of the local subgraphs. A detailed explanation of these
network parameters can be found in the previous study [43].
The area under the curve (AUC) was also calculated for each
network metric to provide a summarized scalar. The AUC
was independent of a single threshold selection and has been
proved to be highly sensitive to topological alterations in
brain disorders [44, 45].

2.8. Statistical Analysis.The demographics and clinical profiles
were analyzed by two-sample t-test for continuous variables
and Chi-square test for categorical variables using the SPSS
software version 19.0 (http://www.spss.com; Chicago, IL).
The statistical comparisons of measures (Cp, Lp, σ, Eg, and
Eloc) and their AUC were performed using independent two-
sample t-test between stroke patients and healthy controls
with age and gender as unconcerned covariates. We applied
the paired t-test to determine the pre- and proacupuncture
alterations of these large-scale network matrices. We also per-
formed a two-tailed Spearman’s rank correlation between the
AUC of parameters and the clinical measures in the stroke
patients. p < 0:05 was considered to be statistically significant.

3. Result

3.1. Demographic and Clinical Characteristics. In the present
study, the subcortical ischemic lesions were restricted to the
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motor pathways of the right hemisphere. The time of stroke
onset was 41:04 ± 29:71 days. There were no statistical differ-
ences in age (p = 0:315) or sex (p = 0:355) between the
patients and healthy controls. The average score of National
Institute of Health Stroke Scale (NHISS) was 3:46 ± 2:58,
and Fugl-Meyer Assessment (FMA) was 78:20 ± 23:46.
Table 1 summarizes the demographic and clinical character-
istics of all the subjects.

3.2. Small-World Parameters at Resting State. The matrices
were constructed with a wide range of sparsity (0:05 ≤ Sp
≤ 0:5, in 0.01 increments) in all subjects. We calculated the
small-world parameters and compared them between the
stroke and healthy subjects. Although both groups met the
criteria of the small-worldness (σ > 1), the σ of the stroke
patients had a significant reduction relative to healthy sub-
jects (0:33 ≤ Sp ≤ 0:50, shown in Figure 1(a)). At the same
time, the values of Lp increased at several separated sparsity
in stroke 4individuals (shown in Figure 1(c)), but the Cp
did not have statistic discrepancy (shown in Figure 1(b)).
To further investigate the potential causes of the decline in
σ, we analyzed the normalized clustering coefficient
(γ = Cp/Cp random) and the normalized characteristic path
length (λ = Lp/Lp random), by calculating which would get
the small-worldness (σ = γ/λ). The stroke patients displayed
a distinct decrease on the parameter γ in contrast with the
healthy controls (0:33 ≤ Sp ≤ 0:50, shown in Figure 2(a)),
while they did not show the difference on the λ (shown in
Figure 2(b)). The AUC of the small-world parameters had
no significant difference between stroke patients and healthy
controls (shown in Figure 3).

3.3. Acupuncture Altered Small-World Parameters. We ana-
lyzed the alterations of matrices before and after acupuncture
intervention in patients with stroke and the healthy controls.
The σ value did not show a statistical improvement after nee-
dling. However, there was a trend of increased σ in postacu-
puncture stroke patients (shown in Figure 1(a)). The
acupuncture significantly increased the Cp on the sparsity
threshold of 0.16-0.21 (shown in Figure 1(b)). Also, the
AUC of Cp was also conspicuously increased after acupunc-
ture intervention relative to the resting state in the stroke
patients (p = 0:041, shown in Figure 3). There were no signif-
icant changes in the parameter Lp after acupuncture inter-
vention (shown in Figure 1(c)).

3.4. Network Efficiency. The between-group comparison
revealed that the stroke patients exhibited notably lower Eg
and Eloc than the healthy controls on certain sparsity thresh-
olds (shown in Figures 4(a) and 4(b)). The AUC of network
efficiency also testified a significant diminishment on the Eg
(p = 0:045) and Eloc (p = 0:008) in the stroke patients (shown
in Figure 5). The acupuncture intervention had no noticeable
impact on the Eg, but markedly enhanced the Eloc at certain
sparsity (shown in Figure 4) and the AUC of Eloc (p = 0:032
, shown in Figure 5) in the patients with stroke.

3.5. Correlations between Graph Theory Metrics and Clinical
Measures. We further analyzed the associations between the
AUC of graph theory metrics and the clinical scores in the
stroke patients. A significant negative correlation between
the AUC of Eloc and the time of stroke onset was found
(p = 0:029, shown in Figure 6

4. Discussion

In this study, we applied the graph-based theoretical
approaches to analyze the properties of the entire brain.
The functional whole-brain network of the stroke patients
and healthy controls before and after acupuncture interven-
tion were constructed separately. Our results revealed that
the large-scale functional patterns in both groups of subjects
exhibited the small-world features; however, the patients
with stroke displayed a declined on the normalized clustering
coefficient (γ), small-worldness (σ), global efficiency (Eg),
and the mean local efficiency (Eloc) at resting state in con-
trast with the healthy individuals. The reduced local effi-
ciency was correlated with the duration after stroke onset.
Acupuncture significantly improved the clustering coeffi-
cient and the mean local efficiency of the stroke individuals
but did not make a statistic impact on the small-worldness
or global efficiency. This study primarily demonstrated the
modulation of acupuncture on the poststroke functional
whole-brain network.

In the current study, the small-worldness was conspicu-
ously declined in the stroke patients contrasted to the healthy
subjects. To further study it, we analyzed the parameters γ
and λ. In general, the usual small-world networks have rela-
tively high γ and low λ, which combine the topological prop-
erties of both random and regular networks to maintain
simultaneously high ability in segregating and integrating
information. The integration and segregation are two major
principles of the human brain functional organization. We
found that the parameter γ was notably decreased in the
stroke patients in the same range of sparsity, which implied
that the γ was supposed to be responsible for the decline of
the small-worldness. The γ was the normalized version of
clustering coefficient and reflected the ability in segregating
information. These changes of the large-scale patterns result
from ischemic infarction which were in line with a previous
study [8]. Siegel et al. showed that the small-worldness
decreased after stroke onset, and they also inferred that the
poststroke changes of small-worldness were a result of
changes in the clustering coefficient, but not the average path
length. Our findings indicated that the stroke attack altered
the architecture of the functional whole-brain network. The
breakdown of human brain function in stroke might be
mainly involved in the segregation instead of the integration,
which shifted the poststroke whole-brain network toward a
random graph. Zhu et al. also reported similar results. They
indicated a tendency of randomization in acute ischemic
stroke patients’ functional brain networks [46].

The network efficiency is an assessment of how efficiently
a network exchanges information [47]. At the global level,
efficiency quantifies the effectiveness of integration of distrib-
uted information across the whole-brain network where
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Figure 1: Comparison of small-world parameters (σ, Cp, and Lp) at a sparsity range of 0.05-0.50. (a) The small-worldness (σ) was compared
between the stroke patients and the healthy controls, as well as the resting-state and postacupuncture intervention. In the resting state, the
patients with stroke exhibited significantly lower σ values relative to the healthy controls on a sparsity threshold from 0.33 to 0.50.
However, after acupuncture intervention, the enhanced σ values were not statistically different from the resting state. (b) On the sparsity
threshold of 0.16-0.21, the clustering coefficient of patients was notably improved by acupuncture. (c) At several separated sparsities
(Sp = 0:08, 0:10, 0:19, 0:20, 0:27, 0:28), there were statistical differences in the characteristic path length between the two groups of subjects
in the resting state. #p < 0:05 (stroke patients vs. healthy controls, in the resting state); ∗p < 0:05, ∗∗p < 0:01 (resting state vs.
postacupuncture intervention, in the stroke patients).
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information is concurrently exchanged [48]. It reflects the
capacity for network-wide communication [41]. The local
efficiency relies on the connectivity properties in the neigh-
borhood of a node and indicates how efficient is the commu-
nication between a region and its neighboring areas [49]. The

local efficiency is the metric that reflects the fault tolerant
[47]. In the present study, not only the global efficiency
but also the mean local efficiency was significantly lower
in the stroke patients relative to the healthy subjects, which
were in agreement with the findings of small-worldness
alterations. These results revealed that the focal ischemic
insult not only disrupted the ability to exchange informa-
tion through the entire network but also minified the over-
all level of the communication within the neighborhoods.
An optimal brain achieves a dynamic balance between
global integration and local specialization with both rela-
tively high global and local efficiency [50]. Some previous
findings also unveiled that the brain regions of the post-
stroke networks communicated less efficiently both on the
global and local range [15].

Our study for the first time manifested that acupuncture
was able to make an instant improvement on the poststroke
clustering coefficient (Cp), and the reduced local efficiency
was also escalated. However, neither the small-worldness
nor the global efficiency had significant modifications under
the acupuncture intervention. It hinted that acupuncture
enhanced the connection within the neighborhood regions
and modulated the local information flow, which could par-
ticipate in the reorganization of the poststroke brain network
and the process of neural plasticity. We supposed that the
acupuncture might mainly work on the recovery of the segre-
gation function in the whole-brain network after a stroke
attack. Acupuncture might be able to promote the organiza-
tion of poststroke network toward a regular one. In addition,
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Figure 2: Comparison of the normalized small-world parameters (γ, λ). (a) The values of normalized clustering coefficient (γ) decreased in
the stroke patients relative to healthy controls on the sparsity threshold of 0.33-0.50. (b) There was no significant difference in the normalized
characteristic path length (λ) between two groups of subjects. #p < 0:05.

1

Control rest
Control acupuncture Patient acupuncture

Patient rest

0.9

0.8

0.7

0.6

0.5

0.4
⁎

0.3

0.2

0.1

0
Cp Lp 𝜎

Figure 3: Mean area under the curve (AUC) values of the small-
world parameters. The stroke patients displayed no marked
discrepancy in contrast with the healthy controls on the AUC.
Acupuncture intervention made a distinct improvement on the
AUC of Cp values in the stroke patients. ∗p < 0:05.

6 Neural Plasticity



the above-mentioned alterations were not observed within
the healthy subjects. It implied that acupuncture could medi-
ate the poststroke whole-brain networks, and this specific
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Figure 4: Comparison of the global (Eg) and local (Eloc) efficiency at a sparsity range of 0.05-0.50. (a) The stroke patients showed a decline in
the global efficiency relative to the healthy controls at certain sparsity (Sp = 0:07 − 0:11, 0:17 − 0:21, 0:23, 0:25 − 0:28). (b) The patients
exhibited a conspicuous damage on the local efficiency than the healthy controls (Sp = 0:12 − 0:29, 0:31 − 0:36), while acupuncture
intervention showed distinct alteration on the local efficiency of the stroke patients (Sp = 0:19, 0:20, 0:31 − 0:37). #p < 0:05, ##p < 0:01
(stroke patients vs. healthy controls, in the resting state); ∗p < 0:05 (resting state vs. postacupuncture intervention, in the stroke patients).
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having no distinct impact on the global efficiency. ∗p < 0:05 (stroke
patients vs. healthy controls, resting state). #p < 0:05, ##p < 0:01
(stroke patients vs. healthy controls, in the resting state); ∗p < 0:05
(resting state vs. postacupuncture intervention, in the stroke patients).
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modulation arose under the condition of stroke. Neverthe-
less, in the present study, we focused on the instant effect of
acupuncture instead of the sustained effect after a period of
acupuncture treatments and just intervened on a single acu-
point instead of a group of acupoints. This strategy might result
in that the acupuncture intervention was not enormous enough
to make statistically significant alterations on the small-
worldness or the global efficiency. It is still not sure whether
acupuncture can also make an influence on the small-
worldness and global efficiency if we adopted a longitudinal
acupuncture intervention with multiple acupoints involved. In
the future, we would progress to the long-term acupuncture
efficacy with various acupoints combination. It might be able
to uncover more impact of acupuncture treatment on the
whole-brain network. In addition, this study focused on the
functional alterations on the large scale. Further investigation
could combine the function and structure data of the whole-
brain network to have a better understanding of the strategy
of the brain responding to stroke and acupuncture.

The correlations analysis showed a significant negative
association between the duration after stroke onset and the
AUC of the mean local efficiency. We speculated that for
the stroke patients within 3 months of onset, the local effi-
ciency might gradually decrease over time, which might be
due to the pathological dynamics after a stroke attack, such
as theWallerian degeneration. It might indicate that the appli-
cation of acupuncture in the early stage of stroke can make
more benefits for stroke patients, which needs to be further
confirmed. The NIHSS and FMA scores showed no correla-
tion with the AUC of the small-worldness or the network
efficiency. Additionally, the parameters of the postacupunc-
ture network matrices in the stroke patients did not associate
with the clinical measures in our study. However, as this
study included ischemic stroke patients within 3months after
the stroke onset, the dynamic patterns in a longer term still
need further study. In future research, the stroke phase,
combining the time of onset and the degree of the neurolog-
ical deficits, can be taken as an important factor to uncover
the different characteristics within stroke patients.

5. Conclusion

The present work pointed to the functional disruption of the
whole-brain network in the stroke patients and the acupuncture
modulation. In short, we illustrated that the stroke attack was
able to reduce the small-worldness and the global and the mean
local efficiency; at the same time, acupuncture can instantly
increase the clustering coefficient and the mean local efficiency
of the whole-brain network but not make statistically significant
alterations on the small-worldness or the global efficiency. This
study highlighted that acupuncture could help reorganize the
disrupted poststroke whole-brain network. Our study provided
an elucidation for the mechanisms of acupuncture treatment
after stroke from the large-scale perspective.
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Somatosensory stimulation can effectively induce plasticity in the motor cortex representation of the stimulated body part. Specific
interactions have been reported between different representations within the primary motor cortex. However, studies evaluating
somatosensory stimulation-induced plasticity between different representations within the primary motor cortex are sparse. The
purpose of this study was to investigate the effect of somatosensory stimulation on the modulation of plasticity between different
representations within the primary motor cortex. Twelve healthy volunteers received both electroacupuncture (EA) and sham
EA at the TE5 acupoint (located on the forearm). Plasticity changes in different representations, including the map volume, map
area, and centre of gravity (COG) were evaluated by transcranial magnetic stimulation (TMS) before and after the intervention.
EA significantly increased the map volume of the forearm and hand representations compared to those of sham EA and
significantly reduced the map volume of the face representation compared to that before EA. No significant change was found
in the map volume of the upper arm and leg representations after EA, and likewise, no significant changes in map area and
COG were observed. These results suggest that EA functions as a form of somatosensory stimulation to effectively induce
plasticity between different representations within the primary motor cortex, which may be related to the extensive horizontal
intrinsic connectivity between different representations. The cortical plasticity induced by somatosensory stimulation might be
purposefully used to modulate human cortical function.

1. Introduction

In the mid-20th century, Penfield and colleagues described a
somatotopic map of the human primary motor cortex, which
revealed the rough distribution of body part representations
in the human cortex [1]. The cortical representations of adja-
cent body parts have been shown to extensively overlap [2],
and furthermore, the motor cortex reportedly contains a net-
work of intracortical fibres that interconnect various cortical
motor representations [3]. This network is dynamic and con-
tains an anatomical substrate for topographic plasticity.

Somatosensory stimulation has been proved to modulate
plasticity in the primary motor cortex [4], which is mainly
defined as a change in the excitability and area of a cortical
representation. In healthy subjects, short-term electrical
stimulation over a peripheral nerve or a muscle motor point
can increase the motor cortical excitability of the stimulated
body parts [5]. Alternatively, the application of long-term

daily transcutaneous nerve electrical stimulation (TENS) to
a hand muscle has been shown to result in an enlargement
in the cortical representation of the stimulated muscle [6].
Acupuncture, a safe, painless, and easily performed method
of somatosensory stimulation, can also modulate plasticity
in the primary motor cortex [7]. This has been demonstrated,
for example, by several functional magnetic resonance imag-
ing (fMRI) studies showing that acupuncture at the GB34
acupoint of the leg activates the motor cortex in healthy sub-
jects [8] and in patients with Parkinson’s disease [9]. More-
over, a transcranial magnetic stimulation (TMS) study
showed that acupuncture at LI4 of the hand significantly
changes the motor evoked potentials (MEP) amplitude of
hand muscle in healthy subjects [10].

However, much less is known about somatosensory
stimulation-induced plasticity between different representa-
tions within the motor cortex. There is evidence that nonin-
vasive brain stimulation of motor cortex might induce

Hindawi
Neural Plasticity
Volume 2020, Article ID 8856868, 8 pages
https://doi.org/10.1155/2020/8856868

https://orcid.org/0000-0002-1222-8382
https://orcid.org/0000-0003-2866-2658
https://orcid.org/0000-0003-4111-6993
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8856868


across-representation plasticity in the primary motor cortex.
Repetitive transcranial magnetic stimulation (rTMS) of the
face or hand representations leads to an inhibition activity
of the adjacent arm representation during transient ischemic
nerve block in healthy subjects [11]. Additionally, a number
of studies have shown that plasticity occurs between different
representations in motor cortex in cases of peripheral nerve
lesion [12, 13], brain injury [14], motor practice [15], and
motor learning [16]. More importantly, modulation of the
plasticity between different representations has been pro-
posed to play a key role in functional recovery in animals
with lesions [17, 18] and in patients with neurological disor-
ders [19–21]. To date, although somatosensory stimulation
treatments, including electroacupuncture (EA), have been
widely used for the rehabilitation of neurological function
[22–24], their mechanisms of action are still unknown.

The present study used EA to apply somatosensory
stimulation to the forearm and investigated the changes
in the cortical representations of the forearm, hand, upper
arm, face, and leg in healthy volunteers. Changes in motor
cortex representations were evaluated using a TMS proto-
col to test differences in the excitability and size of the
cortical representation [25]. Based on previous findings
that central stimulation induces plasticity within the pri-
mary motor cortex [11], we hypothesized that EA of the
forearm would induce a global effect on different represen-
tations, which might provide a new approach for the treat-
ment of neurological diseases.

2. Materials and Methods

2.1. Subjects and Experimental Design. Twelve healthy, right-
handed adults (aged 26–35 years; 1 male) participated in the
study. The subjects had not undergone acupuncture in the
month before beginning the study and none had neurologi-
cal, psychiatric, or any other medical problems or had
reported any contraindications to TMS [26]. All participants
were informed about the potential benefits and risks of the
study and provided written consent to participate. The pres-
ent study was approved by the Ethics Committee of the
Guangdong Provincial Hospital of Traditional Chinese Med-
icine (approval no.BF2019-040-01).

The study timeline is depicted in Figure 1(c). Each subject
received real and sham EA in separate sessions, with a wash-
out period of at least 2 weeks. The order of interventions
(real–sham or sham–real) was chosen randomly for each par-
ticipant. The study is registered in the Chinese Clinical Trial
Registry (no. ChiCTR-1900026290).

2.2. Intervention. The subjects sat comfortably on an arm-
chair and were instructed to stay relaxed during the interven-
tion. Acupuncture was performed by the same experienced
acupuncturist under aseptic conditions using disposable acu-
puncture needles (diameter, 0.25mm; length, 25mm; Hwato,
Suzhou Medical Appliance Factory, Suzhou, China).

This study used the “Waiguan” (TE5) acupoint, located
on the posterior aspect of the forearm, at the midpoint of
the interosseous space between the radius and the ulna, 2
B-cun proximal to the dorsal wrist crease [27] (Figure 1(a)).

In each EA session, acupuncture was performed at TE5 on
the right forearm with a depth of real acupuncture insertion
of about 10–15mm. Upon the subject reporting a De Qi sen-
sation during acupuncture, a nerve stimulator (HANS-200A,
Jisheng Medical Technology Limited Company, Nanjing,
China) was used to perform EA (2Hz) at a comfortable
intensity depending on the tolerance of the individual. In
the sham EA sessions, a noninvasive blunt needle (diameter,
0.25mm; length, 25mm) supported by a sponge cushion
served as the sham acupuncture setup [28]. The EA and sham
EA interventions each lasted for 30min.

2.3. Electromyography (EMG). EMG records were obtained
from the following muscles ipsilateral to the acupuncture
sites in the EA sessions: first dorsal interosseous (FDI); exten-
sor indicis proprius (EIP); deltoid muscle (DM); orbicularis
oculi (OO); and tibialis anterior (TA). However, only the
EIP and FDI were recorded in the sham EA sessions.

Surface electromyography as recorded from the target
muscles using 9-mm-diameter Ag/AgCl surface electrodes
on a belly–tendon montage. Responses were input into an
amplifier through filters with a bandpass of 20–2,000 kHz,
then digitized and stored on a computer for later offline anal-
yses. Since corticospinal excitability depends on limb posture
[29], all participants maintained a specific limb position, as
described below, while being seated comfortably on a chair.

For FDI and EIP recordings, the subjects maintained a
static wrist extension and relaxed their fingers with the fore-
arm resting on an armrest. For OO recordings, the subjects
were asked to blink slightly to moderately activate the OO
muscle. For DM recordings, to activate the middle deltoid
muscle in subjects, the middle portions of the deltoids were
abducted from the shoulders at a 30° angle, drawing them
away from the trunk. For TA recordings, the subjects were
constrained by a flexible weight placed over the dorsum of
the right foot allowing for 10% of the maximum voluntary
isometric contraction.

2.4. TMS Protocol. Based on the methods described by Nico-
lini et al. [25], TMS was applied to the motor cortex in the left
hemisphere before and after the intervention (EA/sham EA)
with a Magstim Super Rapid magnetic stimulator (Magstim
Company, Dyfed, UK) equipped with a figure-of-eight coil
(external wing diameter, 70mm). The coil was orientated at
45°oblique to the sagittal plane so that the induced current
flowed in a posterior–anterior direction (Figure 1(c)). All
subjects wore a tight-fitting cap with a coordinate (grid, 1 ×
1 cm). The resting motor threshold (RMT) was defined as
the minimum stimulus intensity that elicited >50μV peak-
to-peak amplitude in 50% of the trials with the muscles
(FDI and EIP) at rest (no muscle contraction). In addition,
the active motor threshold (AMT) was defined as the mini-
mum stimulus intensity that elicited >100μV peak-to-peak
amplitude in 50% of the trials with muscle contraction
(OO, DM, and TA). The motor “hotspot” for each muscle
was determined by delivering a single TMS pulse at the
motor threshold to each grid point and subsequently identi-
fying the location in the grid with the largest peak-to-peak
MEPs. The TMS intensity for mapping was set at 120% of
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the motor threshold (RMT or AMT). Six successive pulses
separated by intervals of 4–5 seconds were delivered to each
point of the grid. A grid point was considered responsive if
at least three MEPs were elicited. For each muscle, the
peak-to-peak MEP amplitudes of three TMS stimuli at each
grid point were averaged to determine the maximum average
MEP amplitude. Only grid points that elicited an average
MEP amplitude ≥20% of the maximum average MEP ampli-
tude were considered active sites and included in the map.
The nonactive sites delimited the mapping boundaries.

2.5. TMS Outcomes. The extracted TMS variables included
the following: (1) map volume, (2) map area, and (3) centre
of gravity (COG). The map volume was calculated as the
sum of the mean amplitudes at all active sites. A standardized
grid (1 × 1 cm) was used across subjects, with the number of
active sites accurately representing the map area (cm2). The
COG was computed using Equations (1) and (2), where M
EPi represents the mean amplitude of the MEPs produced
at one active site [30].

COGx = Σxi ×MEPið Þ/ΣMEPi, ð1Þ

COGy = Σyi ×MEPið Þ/ΣMEPi: ð2Þ
2.6. Statistical Analysis. The data were analysed using IBM
SPSS Statistics for Windows, version 20.0. The data were

tested for normality using Shapiro–Wilk normality tests; as
some data sets did not meet the normality criteria, nonpara-
metric statistics were used to statistically analyse them. All
data are presented as the mean ± standard deviation (SD).
Wilcoxon signed-rank tests were used to compare data
before (pre-) and after (post-) intervention. Mann–Whitney
U-tests were used to compare data between groups. P <
0:05 was considered statistically significant.

3. Results and Discussion

Twelve participants completed the study procedures without
reporting side effects. RawMEP data from one representative
subject is shown in Figure 2.

3.1. Effect of EA on Map Volume. The effects of EA on map
volume are shown in Figure 3. No significant differences
between EA and sham EA groups were observed at baseline
for the representations of the forearm (EIP; pre-EA, 6:1 ± 4:3
mV vs. presham EA, 6:8 ± 3:6mV; P = 0:603, Z = −0:520,
Mann–Whitney U-tests) and hand (FDI; pre-EA, 11:6 ± 7:0
mV vs. presham EA, 12:0 ± 6:8mV; P = 0:795, Z = −0:260,
Mann–Whitney U-tests). For both of these representations,
significant increases were observed in the EA group following
the intervention (EIP: pre-EA, 6:1 ± 4:3mV vs. post-EA,
8:2 ± 5:9mV, P = 0:028, Z = −2:197; FDI: pre-EA, 11:6 ±
7:0mV vs. post-EA, 11:6 ± 7:0mV, P = 0:008, Z = −2:667;

OO

DM

1. EIP
2. TE5

FDI

TA

(a)

Medial Lateral

Face

Forearm Hand

Upper arm
Leg

(b)

Map volume
Map area

COG

Map volume 
Map area 

COG

EA (30 min)

Sham EA (30 min)

Pre- Intervention Post-

Map volume EA (30 min)

(c)

Figure 1: (a) Schematic drawings of a subject, showing the location of acupoint TE5 (Waiguan) and the target muscles. (b) Penfield and
Rasmussen’s homunculus, in which representations of the leg, upper arm, forearm, hand, and face muscles are roughly arranged in a
medial-to-lateral direction. (c) Experimental paradigm. All subjects participated in EA and sham EA groups. Abbreviations: COG: centre
of gravity; DM: deltoid muscle; EA: electroacupuncture; EIP: extensor indicis proprius; FDI: first dorsal interosseous; OO: orbicularis
oculi; TA: tibialis anterior; TE5: Waiguan acupoint.
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Wilcoxon signed-rank tests), while no significant change was
observed in the sham EA group (EIP: presham EA, 6:8 ± 3:6
mV vs. postsham EA, 6:5 ± 3:6mV, P = 1:000, Z = 0:000;
FDI: presham EA, 12:0 ± 6:8mV vs. postsham EA, 12:3 ±
7:8mV, P = 0:937, Z = −0:078; Wilcoxon signed-rank tests).
Furthermore, significant between-group effects of EA on
the forearm and hand representations were observed (EIP:
EA, 2:1 ± 2:4mV vs. sham EA, 0:3 ± 1:4mV, P = 0:010, Z =
−2:573; FDI: EA, 3:1 ± 3:3mV vs. sham EA, 0:3 ± 2:4mV,
P = 0:012, Z = −2:513; Mann–Whitney U-tests). However, a
significant reduction was observed after EA in the represen-
tation of the face (OO: pre-EA, 6:4 ± 4:5mV vs. post-EA,
5:5 ± 4:0mV, P = 0:034, Z = −2:119). No significant changes
were observed in the upper arm and leg representations (DM:
pre-EA, 8:4 ± 3:7mV vs. post-EA, 9:1 ± 4:8mV, P = 0:330,
Z = −0:975; TA: pre-EA, 4:2 ± 2:1mV vs. post-EA, 4:4 ± 2:2
mV, P = 0:455, Z = −0:747; Wilcoxon signed-rank tests).

3.2. Effect of EA on COG. The COGs of the representations
mapped in the present study included the medial-to-lateral
leg, upper arm, forearm, hand, and face representations.
The COGs of the forearm (EIP: pre-EA, x = 6:0 ± 0:7, y =
7:8 ± 2:3) and hand (FDI: pre-EA, x = 6:0 ± 0:8, y = 7:6 ±
2:3) representations were in close proximity. We observed
no significant changes in the COG of any representation after
the intervention (all muscles: P > 0:05, Wilcoxon signed-
rank tests) (Table 1).

3.3. Effect of EA on Map Area. We observed no significant
change in map area for any representation following the
intervention (all muscles: P > 0:05, Wilcoxon signed-rank
tests) (Table 1).

3.4. Within-Representation Plasticity. EA at TE5 on the fore-
arm increased the map volume of the forearm muscle (EIP),
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Figure 2: Raw MEP data (single trace) from a representative subject before (black line) and after (red line) each intervention. Abbreviations:
DM: deltoid muscle; EA: electroacupuncture; EIP: extensor indicis proprius; FDI: first dorsal interosseous; MEP: motor evoked potential; OO:
orbicularis oculi; TA: tibialis anterior.
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Figure 3: (a, b) Mean (±SD) changes in the map volumes of target muscles plotted with the individual data from each subject before and after
the intervention. ∗P < 0:05, Wilcoxon signed-rank tests. Abbreviations: DM: deltoid muscle; EIP: extensor indicis proprius; FDI: first dorsal
interosseous; OO: orbicularis oculi; SD: standard deviation; TA: tibialis anterior.
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indicating increased excitability in the forearm representa-
tion (Figure 3(a)). Early studies reported that changes in
MEP amplitude induced by somatosensory stimulation were
supraspinal [31–33] and were affected by γ-aminobutyric
acid (GABA)-ergic mechanisms [34]. Thus, the increase in
map volume induced by EA was not the result of facilitation
in the spinal circuits, but rather facilitation in the motor cor-
tex. EA at TE5 on the forearm resulted in considerable
increases in the map volume of the cortical motor represen-
tation in the absence of changes in the area and COG of the
motor map. This indicates that EA led to a change in cortical
excitability rather than in the distribution of the representa-
tion. Changes in map area and COG may occur as a result
of long-term somatosensory stimulation or long-term depri-
vation of somatosensory input after amputation. In healthy
subjects, long-term daily TENS of muscle in the hand [6] or
daily training of a coordinated movement [15] results in an
enlargement in cortical representations of the target muscles.
In amputees, the representations of proximal limb have been
shown to expand into the deafferented cortex (representing
the hand) and cortical stimulation of the hand representation
has been demonstrated to evoke contraction of the ampu-
tated stump [35, 36]. Thus, the absence of changes in the area
and COG may be due to the short-term stimulation applied
in the present study.

3.5. Plasticity between Forearm and Hand Representations.
Forearm stimulation increased the map volume of the fore-
arm (EIP) representation and had a simultaneous analogous
effect in the hand (FDI) representation (Figure 3(a)), suggest-
ing EA-induced coactivation of the forearm and hand repre-
sentations. The results obtained in this study are similar to
those reported in previous studies. One study found that after
the removal of the needle on LI11 and TE5 (both located on
the forearm), the MEP amplitude of FDI was significantly
increased compared to baseline [37]. Moreover, peripheral
nerve stimulation at the wrist was shown to simultaneously
induce marked changes in the cortical excitability of multiple
hand muscles [5]. This plasticity may be closely related to the

extensive horizontal intrinsic connectivity between these rep-
resentations in the motor cortex [3, 38]. The internal organi-
zation of these representations within the motor cortex is
best described as a network having a broadly distributed
overlap. Intracortical microstimulation in one position
within forelimb representation was shown to simultaneously
induce movement in the digits and wrist [39, 40]. Moreover,
the COGs of the hand and forearm representations were
found to be in close proximity in present study (Table 1),
indicating high levels of overlap between these two areas.
Many studies have reported overlapping activation between
the forearm and hand representations in the human motor
cortex. For example, one fMRI study observed that these
areas exhibited shared activation following hand and forearm
movement [2]. Additionally, a TMS multiple-muscle map-
ping study reported a >70% overlap between hand and fore-
arm muscles [41]. However, previous studies have shown a
reciprocal inhibitory effect between the forearm and hand
representations in the motor cortex. An extension and lat-
eral shift of the stump muscle representation was reported
in patients with long-standing upper limb amputation
[42]. Additionally, an animal study reported an expanded
hand representation and a contracted forearm representa-
tion in monkey motor cortex after long-term hand training,
while the reverse was observed after long-term forearm
training [43].

Taken together, the above studies indicate the existence
of a specific activity pattern between forearm and hand rep-
resentations, with both coactivation and reciprocal inhibition
due to horizontal intrinsic connectivity.

3.6. Plasticity between Forearm and Face Representations.
Stimulation of the forearm not only increased the map vol-
ume of the forearm (EIP) and hand (FDI) representations
but also reduced the map volume of the face (OO) represen-
tation (Figure 3(b)). This indicates an inhibitory influence of
EA on face representation, expressed as decreased motor cor-
tical excitability. Both animal and human data on cortical
plasticity indicate that changes in somatosensory input can

Table 1: Mean (±SD) map area and mean (±SD) COG pre- and postintervention for the EA and sham EA groups.

Measures Muscle
EA Sham EA

Pre Post Pre Post

Area (cm2)

EIP 15:9 ± 4:2 16:2 ± 4:2 14:5 ± 2:5 13:3 ± 2:9
FDI 13:8 ± 3:3 14:9 ± 4:7 13:5 ± 2:7 14 ± 3:3
OO 22:2 ± 9:8 20:0 ± 8:1
DM 19:6 ± 4:7 18:6 ± 4:6
TA 14:6 ± 4:6 15:3 ± 4:5

COG (x, y)

EIP 6:0 ± 0:7, 7:8 ± 2:3ð Þ 6:1 ± 0:8, 7:8 ± 2:3ð Þ 4:7 ± 0:8, 7:4 ± 1:3ð Þ 4:7 ± 0:7, 7:4 ± 1:2ð Þ
FDI 6:0 ± 0:8, 7:6 ± 2:3ð Þ 6:2 ± 1:1,7:7 ± 2:3ð Þ 5:3 ± 1:0, 7:7 ± 1:5ð Þ 5:2 ± 0:9, 7:8 ± 1:3ð Þ
OO 7:2 ± 1:5, 6:2 ± 1:3ð Þ 7:1 ± 1:7, 6:1 ± 1:3ð Þ
DM 4:5 ± 1:0, 8:7 ± 1:4ð Þ 4:6 ± 1:2, 8:7 ± 1:6ð Þ
TA 1:2 ± 0:6, 8:7 ± 1:5ð Þ 1:0 ± 0:6, 8:7 ± 1:5ð Þ

Abbreviations: COG: centre of gravity; DM: deltoid muscle; EA: electroacupuncture; EIP: extensor indicis proprius; FDI: first dorsal interosseous; OO:
orbicularis oculi; SD: standard deviation; TA: tibialis anterior.
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induce plasticity [44, 45]. There is an inhibitory effect
between the forearm and face representations of the motor
cortex; for example, patients with traumatic forearm amputa-
tion show a medial shift of their face representation toward
the forearm representation [46, 47]. Following facial nerve
transection in the rat, forelimb movement can be evoked
from some sites where only vibrissal movement could be
elicited before nerve transection, suggesting an expanded
region of forelimb representation within the previous face
representation in the motor cortex [48]. The hand represen-
tation of patients with facial palsy expands toward the face
representation in the motor cortex contralateral to the
affected side [49]. Conversely, the reduced size of the hand
representation contralateral to the affected side is reversed
following the application of botulinum toxin in patients
with hemifacial spasm [50].

In the present study, enhanced somatosensory input fol-
lowing EA effectively induced an inhibitory effect between
the forearm and face representations under physiological
conditions. Previous research has also reported an inhibitory
effect between pharynx and oesophagus representations after
somatosensory stimulation of the pharynx [51]; however, the
mechanisms of this inhibitory effect are unclear. Latent intra-
cortical connections have been demonstrated to be responsi-
ble for rapid reorganization between vibrissae and forelimb
representations in the motor cortex following rat facial nerve
transection [48].

3.7. Interactions between Forearm and Upper Arm
Representations. In the present study, stimulation of the fore-
arm did not significantly affect the map volume of the upper
arm representation (Table 1), which differs from the EA-
induced plasticity between the forearm and hand/face repre-
sentations. In human somatotopography, the forearm and
upper limb representations are adjacent to one another
[52]. An overlap between the forearm and upper arm repre-
sentations has also been demonstrated in fMRI studies of
the human motor cortex [2]. Patients with phantom limb
pain after upper arm amputation have increased cortical
excitability and a larger territory of upper arm representation
on the amputated side compared to those of the intact side,
indicating reorganization between the upper arm and fore-
arm representations [53]. Nevertheless, a TMS multiple-
muscle mapping study observed a high overlap for fore-
arm–hand muscles and a low overlap for upper arm–forearm
muscles, which may explain why the upper arm representa-
tion was not facilitated by forearm stimulation in the present
study [41]. Stimulation parameters, such as the intensity, fre-
quency, and time course, have a crucial influence on the
somatosensory stimulation-induced plasticity [54]. In con-
trast to our findings, a previous study reported no significant
changes in motor cortical excitability after 90s of manual
acupuncture in healthy subjects [55]. Thus, the EA stimula-
tion parameters used in this study may not have been suffi-
cient to induce plasticity between the forearm and upper
arm representations.

3.8. Interactions between Forearm and Leg Representations.
The results of this study show that EA stimulation of the

forearm did not affect the map volume of the leg representa-
tion, suggesting a lack of somatosensory-induced plasticity
between the forearm and leg representations. This may be
due to the great anatomical distance between the forearm
and the leg. Our results show that the COGs of the forearm
and leg representations are poles apart. Moreover, the leg
and forearm representations are separated by the arm and
trunk representations, with no horizontal intrinsic connec-
tivity between the representations of the leg and forearm.

4. Conclusions

The findings of the present study highlight the potential of
somatosensory stimulation as a useful complementary ther-
apy for neurological or facial diseases. We have shown that
the (facilitatory or inhibitory) plasticity changes in cortical
excitability induced by somatosensory stimulation were not
restricted to the stimulated area but also extended to other
areas. This may relate to the extensive horizontal intrinsic
connectivity between different representations in the primary
motor cortex.
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