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Real-Time fMRI Neurofeedback
Training Changes Brain Degree
Centrality and Improves Sleep in
Chronic Insomnia Disorder: A
Resting-State fMRI Study
Xiaodong Li1†, Zhonglin Li1†, Zhi Zou1†, Xiaolin Wu2†, Hui Gao3, Caiyun Wang1,
Jing Zhou4, Fei Qi1, Miao Zhang1, Junya He1, Xin Qi1, Fengshan Yan1, Shewei Dou1,
Hongju Zhang5, Li Tong3* and Yongli Li4*

1 Department of Radiology, Henan Provincial People’s Hospital, People’s Hospital of Zhengzhou University, Zhengzhou,
China, 2 Department of Nuclear Medicine, Henan Provincial People’s Hospital, People’s Hospital of Zhengzhou University,
Zhengzhou, China, 3 Henan Key Laboratory of Imaging and Intelligent Processing, PLA Strategic Support Force Information
Engineering University, Zhengzhou, China, 4 Health Management Center, Henan Provincial People’s Hospital, People’s
Hospital of Zhengzhou University, Zhengzhou, China, 5 Department of Neurology, Henan Provincial People’s Hospital,
People’s Hospital of Zhengzhou University, Zhengzhou, China

Background: Chronic insomnia disorder (CID) is considered a major public health
problem worldwide. Therefore, innovative and effective technical methods for studying
the pathogenesis and clinical comprehensive treatment of CID are urgently needed.

Methods: Real-time fMRI neurofeedback (rtfMRI-NF), a new intervention, was used
to train 28 patients with CID to regulate their amygdala activity for three sessions
in 6 weeks. Resting-state fMRI data were collected before and after training. Then,
voxel-based degree centrality (DC) method was used to explore the effect of rtfMRI-
NF training. For regions with altered DC, we determined the specific connections to
other regions that most strongly contributed to altered functional networks based on
DC. Furthermore, the relationships between the DC value of the altered regions and
changes in clinical variables were determined.

Results: Patients with CID showed increased DC in the right postcentral gyrus,
Rolandic operculum, insula, and superior parietal gyrus and decreased DC in the
right supramarginal gyrus, inferior parietal gyrus, angular gyrus, middle occipital gyrus,
and middle temporal gyrus. Seed-based functional connectivity analyses based on the
altered DC regions showed more details about the altered functional networks. Clinical
scores in Pittsburgh sleep quality index, insomnia severity index (ISI), Beck depression
inventory, and Hamilton anxiety scale decreased. Furthermore, a remarkable positive
correlation was found between the changed ISI score and DC values of the right insula.

Conclusions: This study confirmed that amygdala-based rtfMRI-NF training altered the
intrinsic functional hubs, which reshaped the abnormal functional connections caused
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by insomnia and improved the sleep of patients with CID. These findings contribute to
our understanding of the neurobiological mechanism of rtfMRI-NF in insomnia treatment.
However, additional double-blinded controlled clinical trials with larger sample sizes
need to be conducted to confirm the effect of rtfMRI-NF from this initial study.

Keywords: insomnia disorder, real-time fMRI, neurofeedback, degree centrality, functional connectivity

INTRODUCTION

Chronic insomnia disorder (CID) is considered a major public
health problem worldwide and is characterized by difficulty in
falling asleep at bedtime, frequent awakening in the middle of the
night, and waking up early in the morning (Buysse et al., 2017).
These symptoms, which persist over at least 3 months, reduce
the quality of daily life, affect work efficiency, and cause mental
symptoms, such as depression and anxiety, which might become
life threatening (Spiegelhalde et al., 2015; Buysse et al., 2017).
However, the pathogenesis of insomnia is still unclear, causing
challenges to its treatment (Kay and Buysse, 2017). Therefore,
innovative therapies and pathogenesis of CID need to be studied.

The current treatment for CID includes drug and non-drug
therapies (Buysse et al., 2017; Sateia et al., 2017). Long-term
clinical drug treatment has limitations, causing a series of side
effects and drug dependence (Buysse et al., 2017; Zhao et al.,
2020). The “American College of Physicians Guidelines for the
Clinical Diagnosis and Treatment of Insomnia in Adults” and
the “Guidelines for the Diagnosis and Treatment of Insomnia in
Adults in China” recommend non-pharmacological treatments
as first-line treatments for CID (Qaseem et al., 2016; Buysse
et al., 2017). The main clinical non-drug adjuvant treatments
for insomnia are cognitive behavioral therapy (CBT) and
neurofeedback (Buysse et al., 2017; Zhao et al., 2020). CBT
improves sleep through interviews, psychological counseling, and
changes in sleep habits. However, this method has a certain
degree of blindness. Moreover, it cannot observe changes in brain
activity in real time and clarify changes in brain neurobiology and
its effective neurobiological mechanisms (Zhao et al., 2020). The
neurofeedback method based on electroencephalogram (EEG)
signals can overcome the shortcomings of CBT, but the spatial
resolution is low; it cannot record EEG signals from the deep
brain areas (Weiskopf, 2012; Samantha et al., 2020; Zhao et al.,
2020). Hence, innovative and effective technical methods for
studying the pathogenesis and clinical comprehensive treatment
of CID need to be developed urgently.

Real-time fMRI neurofeedback (rtfMRI-NF) is a new
intervention with great application value that trains subjects to
adjust brain neural activity autonomously to improve cognition
or cure diseases (Weiskopf, 2012; Watanabe et al., 2017;
Samantha et al., 2020). In comparison with other neurofeedback
techniques, such as EEG and non-invasive physical stimulation
techniques (e.g., transcranial magnetic stimulation, TMS),
rtfMRI-NF has higher spatial resolution and localization accuracy
and better access to deep relevant brain structures (Weiskopf,
2012; Watanabe et al., 2017; Samantha et al., 2020). This
technology enables subjects to regulate brain activity and improve
the clinical symptoms of major depressive disorder (MDD),

anxiety, schizophrenia, and other diseases (Morgenroth et al.,
2020; Tursic et al., 2020; Tsuchiyagaito et al., 2021). rtfMRI-NF
may be an efficient method for the treatment of patients with CID
(Spiegelhalde et al., 2015). However, this technology has not been
applied in CID treatment.

Dysfunctional emotional responses might mediate the
interaction between cognitive and autonomic hyperarousal,
thus maintaining insomnia (Baglioni et al., 2010). Moreover,
dysfunctions in sleep–wake-regulating neural circuitries can
reinforce emotional disturbances (Baglioni et al., 2010).
The use of fMRI technology in exploring the deep neural
functional changes in CID has revealed multiple local and
overall dysfunctions in the brain, which are concentrated in
the amygdala and other emotion- and cognition-related brain
areas (Huang et al., 2012; Baglioni et al., 2014; Spiegelhalde
et al., 2015). Baglioni et al. (2014) found that CID is associated
with increased amygdala responsiveness to negative stimuli, and
insomnia treatment may benefit from strategies that modulate
its association with emotion. By using resting-state fMRI, Huang
et al. (2012) found that the amygdala has decreased functional
connectivity (FC) with the insula, striatum, and thalamus and
increased FC with the premotor and sensorimotor cortex. The
amygdala is located in the center of the limbic system, and it
plays a key role in the generation and expression of emotions
and the perception of negative emotions; thus, the amygdala
may be involved in the pathogenesis of CID (Pessoa, 2010).
Many researchers have successfully used rtfMRI-NF training to
help patients regulate the activity of the left amygdala through
positive autobiographical memory to change brain function
and clinical symptoms (Watanabe et al., 2017; Samantha et al.,
2020; Tursic et al., 2020). Therefore, the selection of amygdala
activity as the target of rtfMRI-NF regulation may improve sleep
in CID and provide a new breakthrough point for studying
neural mechanism.

Recently, resting-state fMRI has been increasingly used to
address changes in brain FC following effective treatments
(Dichter et al., 2015). Resting-state FC is a highly effective and
sensitive method for mapping complex neural circuits that may
reflect the underlying neurobiological mechanism (Wang et al.,
2012; Fasiello et al., 2021). Altered FC could be calculated by
comparing resting-state FC during different stages (e.g., before
and after training) and may indicate the effect of rtfMRI-NF
training. Voxel-wise degree centrality (DC) is a data-driven
method used to measure the FC number of a given voxel
with all other voxels within the entire brain, thus enabling the
identification of FC hubs in the human brain (Yan et al., 2018,
2020). Unlike seed-based or independent component analysis
(ICA) approaches, voxel-wise DC was developed to reveal regions
with consistent global connections even when the individual
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connections vary across regions for different subjects or patients
(Yan et al., 2018, 2020). Voxel-based DC has high sensitivity,
specificity, and test–retest reliability and has been widely used to
investigate diseases such as CID, MDD, Alzheimer’s disease, and
Parkinson’s disease (Zuo and Xing, 2014; Yan et al., 2018, 2020).
Thus, voxel-wise DC analysis could be used to gain insight into
the neural mechanisms underlying rtfMRI-NF training.

Taken together, we hypothesized that amygdala-based rtfMRI-
NF training could change DC and improve the sleep of patients
with CID. rtfMRI-NF was used to train patients with CID to
regulate their amygdala activity for three sessions in 3 weeks to
test our hypothesis. Resting-state fMRI data were collected before
and after training. Then, voxel-based DC method was used to
explore the effect of training. For regions with altered DC, we
determined the specific connections to other regions that most
strongly contributed to altered functional hubs based on DC.
We also investigated the relationships between the DC value of
altered regions and changes in clinical variables.

MATERIALS AND METHODS

Participants
This study was approved by the Ethics Committee of Henan
Provincial People’s Hospital. All patients with CID were
outpatients from the neurology department of the hospital or
recruited via advertising. These patients were recruited from
January 2018 to December 2021. All participants provided
written informed consent to participate in the study and received
equal financial compensation. The subjects underwent complete
physical and neurological examination, standard laboratory tests,
and certain psychological assessments, such as Pittsburgh sleep
quality index (PSQI), insomnia severity index (ISI), Hamilton
depression scale (HAMD), Beck depression inventory (BDI),
and Hamilton anxiety scale (HAMA). Moreover, the participants
should meet the criteria for CID in the fifth edition of Diagnostic
and Statistical Manual of Mental Disorders and should not have
taken medication that would influence brain function 2 weeks
before the experiment. The inclusion criteria are as follows: (1)
duration of insomnia symptoms, such as fatigue, testiness, or
cognitive decline, of no less than 3 months, (2) PSQI score ≥ 8,
(3) no neurological or psychiatric disorders, such as stroke, (4) no
other sleep disorders such as sleep-related movement disorders,
hypersomnia, or parasomnia, (5) right-hand dominance and
native Chinese speaker, (6) 18–70 years old, (7) no medication
or substance abuse, such as excessive intake of caffeine, nicotine,
or alcohol, and (8) no abnormal signal found by T2-weighted
dark-fluid and T1-weighted MR images. Furthermore, overnight
polysomnography (PSG) was performed using an ambulatory
recording system (Compumedics Siesta, Australia) to exclude
participants with occult sleep disorders other than insomnia. PSG
characteristics, including total sleep time, sleep efficiency, sleep
onset latency, and the number of awakenings, were collected.
Finally, 33 subjects participated and completed all the procedures
of our experiment. However, four subjects were excluded because
of large head motion during the resting-state scan. One subject
dropped out because of a pause in training.

Procedure
The experimental procedure is shown in Figure 1. Participants
were required to visit the hospital six times to complete
the experiment. During visit 1, we collected the general
demographic characteristics of the participants. The participants
also completed PSQI, ISI, HAMD, BDI, and HAMA. During visit
2, all subjects underwent MRI scans and were familiar with the
MRI scanning environment. Routine axial T2-weighted dark-
fluid and T1-weighted MR images were acquired to exclude brain
structure abnormality. High-resolution T1-weighted structural
images were acquired to register the template of the amygdala
from the standard space to the subject space for real-time
processing data during training. Afterward, overnight PSG was
performed. During visit 3, 4, and 5, the participants completed
the same clinical and self-report measures as visit 1 and their
three rtfMRI-NF training sessions. The following section details
the rtfMRI-NF training process. During visit 6, the participants
completed resting-state fMRI scan, overnight PSG, the same
clinical, and self-report measures similar to visit 3. An interval
of approximately 1 week from the previous visit was set.
Throughout the training period, the subjects were required not to
take drugs that help sleep. The subjects were informed that they
can withdraw from the training at any time.

Real-Time fMRI Neurofeedback Training
Paradigm
Before rtfMRI-NF training, we asked the subjects to write
down three or more specific autobiographical memories
about themselves and explained the specific tasks under the
experimental stimulation. They received information on brain
activity signals from the left amygdala region, as defined from
the Talairach space with a radius of 7 mm and the coordinates
(−21, −5, −16) (Young et al., 2017). Amygdala activity was
displayed as temperature bars and updated once per retention
time (TR, 2 s). Real-time online data-processing was performed
using OpenNFT system (Koush et al., 2017). The detailed steps
and parameters are provided in the paper published by Koush
et al. (2017). Each training session has seven runs, including
pre-rest, practice training, three NF training, transfer training,
and post-rest, which lasted for approximately 50 min. Pre-
rest and post-rest were carried out for 7 min. All the five
other runs were carried out for 6 min and 50 s. Resting-
state fMRI data were collected in the pre-rest and post-rest
runs. During the resting-state fMRI data acquisition, all subjects
were instructed to fix their vision on the green cross, keep
awake, and think of nothing in particular. The practice and
transfer training runs shared the same paradigms with NF
training but without a feedback signal. The practice training
run was designed to familiarize the subjects with the training
procedures. The transfer training run was designed to test
whether the subjects had mastered the regulation strategy. Each
NF training run consisted of alternating 30 s of rest and
30 s of happy blocks with seven rest blocks and six happy
blocks. During rest blocks, the subjects were asked to stare
at the green cross on the screen to calm their mind. During
happy blocks, the subjects were instructed to increase the
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FIGURE 1 | Procedure of rtfMRI-NF training experiment. The experimental protocol consisted of six visits lasting for approximately 35 days. Each rtfMRI-NF training
session included seven runs lasting for approximately 50 min. The pre- and post-rest runs were carried out for 7 min. The five remaining runs were carried out for
6 min and 50 s. rtfMRI-NF, real-time fMRI neurofeedback.

height of the thermometer on the screen by recalling a positive
autobiographical memory.

Data Acquisition
All fMRI data were acquired using a MAGNETOM Prisma 3T
MR scanner (Siemens Healthcare, Erlangen, Germany) with a
64-channel head–neck coil at the Medical Imaging Center of
our hospital. Foam pads were used to minimize the subjects’
head motions and diminish scanner noise. Medical tape was
attached to their foreheads for them to feel their head movements
and prevent out-of-range movements. Routine axial T2-weighted
dark-fluid and T1-weighted MR images were acquired. fMRI
data were acquired using an echo-planar imaging sequence
with the following parameters: TR = 2,000 ms, echo time
(TE) = 30 ms, field of vision (FOV) = 224 mm × 224 mm,
matrix size = 112 × 112, slices = 27, slice thickness = 4 mm, flip
angle = 90◦. In total, 210 volumes lasting for 420 s were collected.
High-resolution T1-weighted structural images were acquired
with the following parameters: TR = 2,300 ms, TE = 2.27 ms,
FOV = 250 mm × 250 mm, matrix size = 256 × 256, slices = 192,
slice thickness = 1 mm, flip angle = 8◦.

Data Processing
The resting-state fMRI data collected in visit 6 and the pre-
rest run of visit 3 were used for analysis in the present study.
Image pre-processing was performed using Data Processing and
Analysis of Brain Imaging (DPABI, version 4.3) toolbox (Yan
et al., 2016). First, the removal of the first 10 volumes, slice
timing, and head motion correction were done by preprocessing
functional data. Data with a maximum displacement in head
rotation of larger than 2◦ or any directions larger than 2 mm
were excluded from further analysis. For the precise spatial
normalization of the fMRI data, individual high-resolution T1-
anatomic images were registered to the mean fMRI data, and
the resulting aligned T1-weighted images were segmented and
transformed into standard Montreal Neurological Institute space
by using the DARTEL toolbox. Furthermore, white matter and

cerebrospinal fluid signals and 24 head realignment parameters
were regressed out as covariates. Subsequently, the regressed
functional images were normalized to the group template by
using the transfer parameter estimated by DARTEL segmentation
and resampled to 3 × 3 × 3 mm3 voxels. Finally, linear trend and
temporal band-pass filtering (0.01–0.1 Hz) was applied.

Degree Centrality Calculation
Degree centrality maps were generated via voxel-based whole-
brain correlation analysis on the preprocessed resting-state
fMRI data as previously described (Yan et al., 2018, 2020).
The Pearson’s correlation coefficient (r) between each pair of
brain gray matter voxels was computed. A binary undirected
correlation matrix was obtained by thresholding each correlation

TABLE 1 | Clinical characteristics of pre-training and post-training.

Variables Pre-training Post-training T/Z value p value

PSQI (score) 13.86 ± 3.35 11.25 ± 3.31 4.87 0.000

ISI (score) 17.82 ± 4.83 14.18 ± 6.14 3.463 0.002

HAMD (score) 19.11 ± 8.01 16.86 ± 7.47 1.759 0.090

BDI (score) 19.29 ± 10.70 15.89 ± 9.25 2.878 0.008

HAMA (score) 19.82 ± 9.45 16 ± 12.15 2.653 0.013

Total sleep time
(min)

380.11 ± 101.70 404.27 ± 81.22 1.176 0.250

Sleep efficiency
(%)

78.75 (66.25–84.78) 78.6 (71.33–89.98) −0.615 0.539

Sleep onset
latency (min)

20.5 (7.25–58.13) 12 (6.63–27.13) −1.946 0.052

Number of
awakenings

20.5 (10.25–26.75) 15 (8–26.5) −1.488 0.137

Normal distribution data is presented as mean ± SD and p values were obtained
by two-tailed paired t-test. Nor-normal distribution data is presented as median
and inter-quartile range and p values were obtained by Wilcoxon signed-rank test.
PSQI, Pittsburgh sleep quality index; ISI, insomnia severity index; HAMD, Hamilton
Depression Rating Scale; BDI, Beck depression inventory; HAMA, Hamilton
Anxiety Rating Scale.
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at r > 0.25 to remove the weak correlations caused by noises.
DC maps were also calculated for the thresholds at r = 0.15,
0.20, 0.30, 0.35 to assess the robustness of the chosen threshold
(Zuo and Xing, 2014; Yan et al., 2018, 2020). Only positive
correlations were considered in the DC calculations. Then, the
DC maps of individuals were converted into z-score maps via
Fisher-Z transformation. Finally, the DC maps were spatially
smoothed with a smooth kernel of 6 mm. A group template
of 90% was generated for fMRI processing and statistics. The
weighted version of DC was also computed. The whole-brain
DC differences between post- and pre-training conditions were
compared using paired t-test to assess the effect of rtfMRI-
NF on the brain of patients with CID. Based on previous
studies that used the DC method on CID, Gaussian random
field (GRF) theory correction procedure was used for multiple
comparisons (Huang et al., 2017; Liu et al., 2018; Yan et al.,
2018).

Seed-Based Functional Connectivity
Calculation
Seed-based interregional correlation analysis was performed
using the DPABI software package to explore more details
about resting-state FC alterations. The seed regions were defined
based on altered DC regions (post-training vs. pre-training)
by drawing a 6 mm-radius sphere region of interest (ROI)
around the activated center of mass coordinates (Gao et al.,
2021). By using the DPABI toolbox, we calculated the FC maps
by correlating the mean time series of all voxels within the
ROI to the time courses of all brain voxels in the gray matter
mask. Afterward, Fisher-Z transform analysis was applied to
the FC maps to obtain an approximately normal distribution.
Finally, a spatially smooth step was added to the z-score FC
maps by using a 6 mm kernel. Paired t-test was used to
compare the differences of FC maps between post- and pre-
training conditions.

Statistical Analysis
Demographic and Clinical Data Analysis
Statistical analysis of demographic and clinical data was
performed using SPSS version 22.0 (Chicago, IL, United States).
The threshold for statistical significance was set at p < 0.05,
and all hypothesis tests were two-tailed. The distribution of
clinical data and DC values were tested using Kolmogorov–
Smirnov method. Continuous variables with normal distribution
were analyzed using independent paired t-test and expressed
as mean ± standard deviation. Otherwise, Wilcoxon signed-
rank test was used to analyze the data with non-normal
distribution, and the results are expressed as median and
interquartile range.

Brain–Behavior Correlation Analysis
The averaged DC values of altered brain regions in post-training
were extracted to calculate the Partial (normally distributed
data) or Spearman (non-normally distributed data) correlation
between DC values and changes in clinical scores and PSG
indexes, including PSQI, ISI, HAMD, HAMA, BDI, total sleep
time, sleep efficiency, sleep onset latency, and number of

awakenings, with age, gender, and education as covariates.
Statistical significance was considered at p < 0.05.

RESULTS

Demographic and Clinical Data
Finally, the data of 28 patients with CID were analyzed
in this paper (7 males; age: 45.7 ± 13.2 years; education:
13.1 ± 3.3 years). The clinical characteristics (PSQI, ISI, HAMD,
HAMA, BDI, and total sleep time) and DC values of the altered
regions were normally distributed. Sleep efficiency, sleep onset
latency, and the number of awakenings had a non-normal
distribution. In comparison with pre-training, patients with CID
showed significant differences in PSQI, ISI, BDI, and HAMA in
post-training (p < 0.05; Table 1). However, HAMD, total sleep
time, sleep efficiency, sleep onset latency, and the number of
awakenings showed no remarkable differences.

Degree Centrality Analysis
The results of altered binary DC maps are shown in Figure 2.
Detailed information on activation centers are provided in
Table 2 and Supplementary Table 1. All results were set at
voxel-level (p < 0.01), cluster-level (p < 0.05), and t = 2.77
(GRF-corrected). The results clearly showed a highly similar
altered binary DC in several thresholds at r = 0.15, 0.20, 0.25,
0.30, 0.35. Besides, the weighted version of DC, which assures
the robustness of the findings with nearly identical results, is
shown in Supplementary Figure 1. The present study reports the
results of DC at the correlation threshold of 0.25 as previously
described (Yan et al., 2018, 2020). After rtfMRI-NF training,
DC increased in the right postcentral gyrus (PoCG), Rolandic
operculum (ROL), insula, and superior parietal gyrus (SPG)
and decreased in the right supramarginal gyrus (SMG), inferior

TABLE 2 | Brain regions exhibited altered DC at r = 0.25 (post-training
vs. pre-training).

Brain regions Whole cluster
size

Cluster
size

MNI coordinates t score

x y z

R Postcentral gyrus 405 76 39 −30 42 3.961

R Rolandic operculum 71 48 −21 21 5.865

R Insula 56 33 −6 12 5.388

R Superior parietal
gyrus

20 24 −51 60 3.821

R Supramarginal gyrus 524 157 60 −42 36 −7.105

R Inferior parietal gyrus 99 51 −42 45 −4.831

R Angular gyrus 86 33 −54 42 −4.883

R Middle occipital gyrus 60 33 −75 30 −3.688

R Middle temporal
gyrus

46 48 −69 21 −3.527

Results were set at voxel-level: p < 0.01, cluster-level: p < 0.05, t = 2.77
(Gaussian random field corrected). DC, degree centrality; R, right; MNI, Montreal
Neurological Institute.
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FIGURE 2 | Brain areas that exhibited altered binary DC induced by real-time fMRI neurofeedback training using different cut off thresholds (r = 0.15, 0.20, 0.25,
0.30, 0.35). Results were set at voxel-level p < 0.01, cluster-level p < 0.05, and t = 2.77 (Gaussian random field corrected). Warm colors indicate regions in which
DC remarkably increased, whereas cool colors indicate regions in which DC remarkably decreased. The color bar indicates the t value. DC, degree centrality; L, left;
R, right.

parietal gyrus (IPG), angular gyrus (ANG), middle occipital gyrus
(MOG), and middle temporal gyrus (MTG).

Seed-Based Functional Connectivity
Analysis
We examined the FC of altered DC regions with whole-
brain regions to backtrack the connectivity patterns. Results
were set at voxel-level (p < 0.01), cluster-level (p < 0.05),
and t = 2.77 (GRF-corrected). The detailed information of
the activated brain regions is specified in Figures 3, 4 and
Supplementary Tables 2, 3. Our results indicate increased or
decreased FC with regions of altered DC across the whole brain.
Increased FC was observed within the prefrontal cortex, frontal
cortex, parietal cortex, occipital cortex, temporal cortex, and
subcortex. Decreased FC was observed within the prefrontal
cortex, parietal cortex, occipital cortex, temporal cortex, and
subcortex. However, no cluster survived at voxel-level p < 0.01
in the seeds of MOG and MTG.

Brain–Behavior Correlation Analysis
As shown in Figure 5, significant positive correlation was found
between the changed ISI score (post-training minus pre-training)
and DC values of the right insula after rtfMRI-NF training
(r = 0.425, p = 0.034). The other changed clinical scores and
indexes of PSG had no remarkable correlations with the DC
values of altered brain regions.

DISCUSSION

By using resting-state fMRI technology combined with voxel-
vise DC approach, we explored whether the functional hubs in
patients with CID could be regulated by rtfMRI-NF training
with improved clinical symptoms. The results validated our
prior hypothesis that patients with CID showed altered DC and
decreased clinical scores after rtfMRI-NF training. DC increased
in the right PoCG, ROL, insula, and SPG and decreased in the
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FIGURE 3 | Holistic view of the differences in seed-based (increased DC regions) FC between pre- and post-training in patients with chronic insomnia disorder.
Results were set at voxel level p < 0.01, cluster-level p < 0.05, and t = 2.77 (Gaussian random field corrected). The seed regions are represented by yellow nodes,
including the right postcentral gyrus (A), Rolandic operculum (B), insula (C), and superior parietal gyrus (D). The red lines represent increased FC strength. The
abbreviations for brain regions are listed in Supplementary Table 2. DC, degree centrality; FC, functional connectivity; L, left; R, right.

right SMG, IPG, ANG, MOG, and MTG. The seed-based FC
analyses based on the altered DC regions showed more details
about the altered functional networks. Clinical scores, including
PSQI, ISI, BDI, and HAMA scores, decreased. Furthermore, a
remarkable positive correlation was found between the changed
ISI score and DC values of the right insula after rtfMRI-NF
training. These results support our hypothesis that rtfMRI-
NF training could change brain DC and improve the sleep of
patients with CID.

The insula of the salience network plays key roles in saliency
detection, decision-making, motor/sensory processes, emotion
and attention regulation, and cognition (Uddin, 2015). Patients
with CID exhibit insula abnormalities in task and rest (Martin
et al., 2015; Liu et al., 2016; Lu et al., 2017). During an immediate
and impulsive monetary decision task, patients with CID show
smaller activations in the bilateral insula than HCs (Martin et al.,
2015). Liu et al. (2016) found a decreased fractional amplitude
of low-frequency fluctuation (ALFF) in the left anterior insula

and bilateral posterior insula. In comparison with the non-early
improvement group, the early improvement group following
treatment with antidepressants had stronger FC between the right
anterior insula and left dorsolateral prefrontal cortex (Yuan et al.,
2020). Therefore, the resting-state FC between the insula and
other regions may represent an early symptom improvement in
self-perceptual anxiety and insomnia. By using the insula as the
target of rtfMRI-NF training, Yao et al. (2016) discovered an
increase in the FC of the insula with the superior temporal gyrus,
IPG, posterior cingulate cortex, insula, and cuneus after training.
The enhanced FC network in our study is consistent with the
above study (Figure 3C and Supplementary Table 2). By using
the same method of voxel-wise DC, Huang et al. (2017) and Liu
et al. (2018) both found decreased FC in the bilateral insula of
patients with CID and a positive linear correlation between the
strength of FC pairs between the right and left insula and the
HAMA score. Notably, the DC of the right insula decreased, and
a significant positive correlation (r = 0.425, p = 0.034, Figure 5)

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 February 2022 | Volume 15 | Article 82528610

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-825286 February 17, 2022 Time: 16:41 # 8

Li et al. Neurofeedback Training Changes Degree Centrality

FIGURE 4 | Holistic view of the differences in seed-based (decreased DC
regions) FC between pre- and post-training in patients with chronic insomnia
disorder. Results were set at voxel level p < 0.01, cluster-level p < 0.05, and
t = 2.77 (Gaussian random field corrected). The seed regions are represented
by yellow nodes, including the right supramarginal gyrus (A), inferior parietal
gyrus (B), and angular gyrus (C). The blue lines represent decreased FC
strength. The abbreviations for brain regions are listed in Supplementary
Table 3. DC, degree centrality; FC, functional connectivity; L, left; R, right.

was found between the changed ISI score and DC values of the
right insula after rtfMRI-NF training. In summary, rtfMRI-NF
training may enhance the FC of the insula in patients with CID

within these networks, and this phenomenon is associated with
a broad range of emotional processing and emotion regulation
ability to improve sleep. Moreover, the insula may be a target
for rtfMRI-NF training. However, more studies are needed to
confirm these findings.

In the present study, we discovered that patients with CID
showed increased DC in the parietal cortex, including PoCG
and SPG. The PoCG is the main receptive region for external
stimuli as the location of the primary somatosensory cortex (Joo
et al., 2013). Gray matter volume (GMV) in the right PoCG is
reduced in patients with CID (Joo et al., 2013; Chou et al., 2021).
Moreover, sleep latency and quality are negatively correlated with
GMV in the right PoCG (Joo et al., 2013; Chou et al., 2021).
Relative to HCs, regions with decreased integrity of structural
covariance were observed in the bilateral PoCG (Chou et al.,
2021). Therefore, the PoCG structure network of the patient
with CID was disrupted. By using the bilateral PoCG as seed,
Dai et al. (2020) reported decreased FC with cuneus (positively
correlated with CID duration) and with superior frontal gyrus
(SFG). A recent meta-analysis also found reduced frontal–
parietal activation following sleep deprivation (Ma et al., 2015).
Based on seed-based FC analysis, our study found that the right
PoCG showed increased FC with the cuneus and dorsolateral SFG
(Figure 3A and Supplementary Table 2). Therefore, rtfMRI-
NF training could reshape the disrupted FC of PoCG. Thus, the
increased DC of the PoCG suggests that rtfMRI-NF training may
enhance the patient’s ability to process external information.

The SPG is critically important for the manipulation of
information in spatial working memory (Koenigs et al., 2009).
The SPG of patients with CID showed lower activation during
a spatial memory task (Li Y. et al., 2016). Based on seed-based
FC analysis, patients with CID had weaker connectivity between
the right SFG and bilateral SPG (Li et al., 2014). Li et al. (2018)
reported reduced FC in the regions of the right fronto-parietal
network, including SFG and SPG, in patients with CID compared
with HC. Patients with CID have deficits in working memory
tasks and several attentional processes (Koenigs et al., 2009; Li
et al., 2014, 2018; Li Y. et al., 2016). After rtfMRI-NF training, we
found that the SPG had enhanced interaction with regions in the
default mode network (DMN), including the dorsolateral SFG,
IPG, and precuneus (Figure 3D and Supplementary Table 2).
Kay et al. (2016) found that the SPG with abnormal metabolism
might be a meaningful target for cognitive training, mindfulness
meditation, or repetitive TMS. Therefore, the increased DC of the
SPG might enhance the working memory and attention process
capacity of patients with CID.

The ROL plays a recognized role in various neurologic and
psychiatric conditions (Mălîia et al., 2018; Sutoko et al., 2020). Its
complex functions include sensory, motor, autonomic, cognitive,
and emotion processing. These functions are implemented by
highly specialized neuronal populations and their widespread
connections (Mălîia et al., 2018). Sutoko et al. (2020) found
that the high severity level in other psychological domains (e.g.,
apathy, depression, and anxiety) is associated with the high
lesion degree at the right ROL. Janse et al. (2019) reported that
compared with neutral images, the ROL has reduced neural
response to emotional images in alcohol-dependent patients
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FIGURE 5 | Correlation between the changed ISI scores and DC values of the right insula in post-training. ISI, Insomnia Severity Index; DC, degree centrality.

versus HCs. In comparison with HCs, Huang et al. (2017) found
decreased FC between left insula and left ROL in patients with
CID. Moreover, simultaneous enhancement and reduction of
connections were observed with the right ROL (Fasiello et al.,
2021). In the present study, increased FC between right ROL
and right insula was found after rtfMRI-NF training (Figure 3B
and Supplementary Table 2). Hence, rtfMRI-NF training may
enhance the CID emotion processing ability by enhancing the
ROL’s connections with other related brain regions.

The MTG, IPG, ANG, and SMG are important hubs of DMN
(Raichle et al., 2001; Fox and Raichle, 2007; Nie et al., 2015) that
showed decreased DC after rtfMRI-NF training. The DMN plays
a central role in the modulation of consciousness and is associated
with self-referential mental activity, emotional and episodic
memory processing, or mind wandering when individuals are not
focused on the external environment (Raichle et al., 2001; Nie
et al., 2015). CID may be conceptualized as a disorder associated
with the overactivity of certain brain areas of the DMN (Buysse
et al., 2011; Marques et al., 2015). The widespread hyperarousal of
several systems (e.g., cognitive, physiological, emotional) occurs
during insomnia, thus preventing relaxation (Marques et al.,
2015). The MTG is related to declarative memory, information
retrieval, and cognitive processes (Squire et al., 2004; Wang et al.,
2017). Patients with CID showed high regional homogeneity and
ALFF values in the MTG (Dai et al., 2014; Li C. et al., 2016; Zhou
et al., 2017). During an eye-closed resting-state condition, a high-
density EEG study reported that patients with CID have higher
beta activity than HCs in the right temporal lobe (Colombo et al.,
2016). In comparison with HCs, patients with CID showed an
increased response in the DMN (including right MTG) upon
exposure to self-related words (Marques et al., 2018). Zhou et al.
(2020) discovered increased short DC in the MTG compared with

HCs. By using the ICA method, Marques et al. (2017) found
that patients with CID exhibited increased activation in the right
MTG and IPG compared with HCs. The IPG is a multimodal
complex that receives somatosensory, visual, and auditory inputs
and consists of the ANG and SMG (Leichnetz, 2011; Lee et al.,
2018). Zhou et al. (2017) discovered that the ALFF of the right
IPG increased, and this phenomenon is related to lower sleep
quality and higher anxiety.

The ANG belongs to the posterior heteromodal association
cortex and is involved in various cognitive functions, including
attention, memory retrieval, conflict resolution, and theory of
mind (Wei et al., 2019). Wei et al. (2019) reported that the
right ANG is a hub of enhanced structural connectivity in
CID. Hyperconnectivity within the identified subnetwork may
contribute to increased reactivity to stimuli and may signify
vulnerability to CID (Wei et al., 2019). The SMG and ANG
share a similar role in somatosensory functions (Bjoertomt et al.,
2009). Sleep diary-assessed sleep efficiency is inversely related
to relative glucose metabolism in the right SMG (Kay et al.,
2016). In comparison with the HCs, the CID group showed
increased locus coeruleus noradrenergic FC in the left SMG and
left MOG (Gong et al., 2021). The MOG is involved in visual and
spatial information processing (Renier et al., 2010). These results
support the hyperarousal hypothesis, in which patients with CID
often show hyperperfusion in the sensory perception of tactile,
visual, and auditory stimuli (Kay and Buysse, 2017; Gong et al.,
2021). After rtfMRI-NF training, the FC of the SMG decreased
with brain regions located in the prefrontal and subcortical
regions, including the middle frontal gyrus, inferior frontal gyrus,
and insula (Figure 4C and Supplementary Table 3). The FC
of IPG with SMG and ANG also decreased (Figure 4B and
Supplementary Table 3). The reduced DC of the right IFG,
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MTG, ANG, and SMG indicate a decreased interaction with other
regions across the whole brain, and this condition may inhibit the
processing of sensory information to avoid excessive activation,
indicating the potential neurobiological mechanism in which
rtfMRI-NF training improves the sleep of patients with CID.

After the intervention by amygdala-based rtfMRI-NF, the BDI,
HAMA, ISI, and PSQI decreased, suggesting the improvement
of mood state and sleep. During training, the subjects tried
to increase the activity of amygdala by recalling positive
autobiographical memory, which may enhance the affective or
attentional significance of these memories. The amygdala is a
critical region of the neural circuitry for emotion and is part of
the salience network (Pessoa, 2010; Young et al., 2017). After
training, we discovered increased DC region (insula) in the
salience network, and altered DC regions outside it. These results
indicated that positive autobiographical memory may promote
the activity of amygdala and emotion regulation related brain
circuits. The synergy between amygdala activity and positive
autobiographical memory may drive the clinical improvements
of mood state and sleep. The CID has a close relationship with
depression and anxiety (Alvaro et al., 2013). Therefore, in the
future treatment of CID, the patient’s anxiety and depression
should be considered at the same time.

CONCLUSION

In summary, our findings support our hypothesis that amygdala-
based rtfMRI-NF training altered the intrinsic functional hubs
and improved the sleep of patients with CID. Based on voxel-
wise and seed-based FC, we discovered that rtfMRI-NF training
reshaped the abnormal FC caused by insomnia. These findings
improved our understanding of the neurobiological mechanism
of rtfMRI-NF in the treatment of insomnia. However, additional
double-blinded controlled clinical trials with larger sample
sizes are necessary to confirm the effect of rtfMRI-NF from
this initial study.

LIMITATIONS AND STRENGTHS

Several limitations should be considered in our study. First, a
sham control group was not used, thus possibly decreasing the
credibility of the conclusion. Patients with CID participating in
experiment hope to improve sleep, thereby reducing the suffering
of insomnia. Their compliance is greatly reduced; if they find the
effect as not significant, they may realize that they are in the sham
feedback group. Therefore, only an amygdala-based feedback
group was included to ensure the training effect of patients with
CID in this initial study. Accordingly, we intend to add three
sham feedback sessions before three real feedback sessions in the
future study. Second, the sample size of this study was small.
Larger sample sizes are necessary to confirm the credibility of
our results in this initial study. Third, this paper used a relatively
loose threshold. Considering the lack of HC, the threshold was set
at voxel-level p < 0.01 for comparing our results with previous
studies (Huang et al., 2017; Liu et al., 2018; Yan et al., 2018),

which may result in a high risk of false positives. However,
when the threshold was set at voxel-level p < 0.001 (cluster-
level p < 0.05, t = 3.29, GRF-corrected), the main altered brain
regions remained, including ROL, insula, SMG, and IPG, except
for PoCG, SPG, ANG, MOG, and MTG. Detail information
is listed in Supplementary Table 4. Hence, the results should
be carefully interpreted with regard to the brain regions which
did not survive at voxel-level p < 0.001. In addition, although
the participants were carefully instructed before the experiment
and asked about their states during post-experiment scans, we
could not ensure the sleep–wake state of the subjects during the
resting-state scan without fMRI-compatible EEG. Thus, future
studies have to adopt certain measures to monitor the state
of the subjects.
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Migraine is a common primary headache disorder. Transcutaneous auricular vagus nerve
stimulation (taVNS) has been verified to be effective in patients with migraine without
aura (MWoA). However, there are large interindividual differences in patients’ responses
to taVNS. This study aimed to explore whether pretreatment fractional amplitude of low
frequency fluctuation (fALFF) features could predict clinical outcomes in MWoA patients
after 4-week taVNS. Sixty MWoA patients and sixty well-matched healthy controls
(HCs) were recruited, and migraineurs received 4-week taVNS treatment. Resting-state
functional magnetic resonance imaging (rs-fMRI) data were collected, and the significant
differences of fALFF were detected between MWoA patients and HCs using two-sample
t-test. A mask of these significant regions was generated and used for subsequent
analysis. The abnormal fALFF in the mask was used to predict taVNS efficacy for MWoA
using a support vector regression (SVR) model combining with feature select of weight
based on the LIBSVM toolbox. We found that (1) compared with HCs, MWoA patients
exhibited increased fALFF in the left thalamus, left inferior parietal gyrus (IPG), bilateral
precentral gyrus (PreCG), right postcentral gyrus (PoCG), and bilateral supplementary
motor areas (SMAs), but decreased in the bilateral precuneus and left superior frontal
gyrus (SFG)/medial prefrontal cortex (mPFC); (2) after 4-week taVNS treatment, the
fALFF values significantly decreased in these brain regions based on the pretreatment
comparison. Importantly, the decreased fALFF in the bilateral precuneus was positively
associated with the reduction in the attack times (r = 0.357, p = 0.005, Bonferroni
correction, 0.05/5), whereas the reduced fALFF in the right PoCG was negatively
associated with reduced visual analog scale (VAS) scores (r = −0.267, p = 0.039,
uncorrected); (3) the SVR model exhibited a good performance for prediction (r = 0.411,
p < 0.001),which suggests that these extracted fALFF features could be used as
reliable biomarkers to predict the treatment response of taVNS for MWoA patients. This
study demonstrated that the baseline fALFF features have good potential for predicting
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individualized treatment response of taVNS in MWoA patients, and those weight brain
areas are mainly involved in the thalamocortical (TC) circuits, default mode network
(DMN), and descending pain modulation system (DPMS). This will contribute to well
understanding the mechanism of taVNS in treating MWoA patients and may help to
screen ideal patients who respond well to taVNS treatment.

Keywords: migraine without aura (MWoA), transcutaneous auricular vagus nerve stimulation (taVNS), fractional
amplitude of low frequency fluctuation (fALFF), functional magnetic resonance imaging (fMRI), support vector
regression (SVR)

INTRODUCTION

Migraine, a common chronic neurological disorder, is
characterized by recurrent headache and typically accompanied
by nausea, photophobia, and sensitivities to light–sound–smell
(Steiner et al., 2013). Migraine without aura (MWoA) subtype
is the most prevalent type, which accounts for nearly 70% of
the total (Rasmussen and Olesen, 1992). Currently, medication
therapy for MWoA could provide pain control at 45 min to
48 h and easily lead to addiction and other adverse effects
(Diener et al., 2012; Lanteri-Minet, 2014; Westergaard et al.,
2014; Abu Bakar et al., 2016; Buse et al., 2016). Transcutaneous
auricular vagus nerve stimulation (taVNS), one kind of non-
invasive neuromodulation technique, has been verified to relieve
headache intensity and reduce the frequency of migraine attacks
for MWoA patients in several clinical trials (Luo W. et al., 2020;
Zhang et al., 2021). Notably, despite the effectiveness of taVNS
for MWoA, the efficacy varies considerably across different
subjects. Therefore, identifying a valid and objective biomarker
for treatment response will be of great importance as it could
help screen ideal migraineurs to improve the clinical efficacy and
avoid the waste of medical resources.

Resting-state functional magnetic resonance imaging (rs-
fMRI) is an emerging non-invasive imaging technique, which
could be used to identify brain areas of the aberrant functional
activities through measuring the spontaneous brain activity
by low-frequency fluctuations in blood oxygen level-dependent
(BOLD) signals (Biswal et al., 1995; Guo et al., 2011;
Liu et al., 2012). Currently, the common analysis methods
of fMRI data include the fractional amplitude of low-
frequency fluctuation (fALFF), regional homogeneity (ReHo),
and functional connectivity (FC). However, ReHo is easily
affected by some parameters such as the magnitude of spatial
smoothing (Zang et al., 2004) and is insensitive to shape
differences (Cole et al., 2010). As for FC, it focuses on the whole
functional activity of the brain but is dependent on the user-
defined region of interests (ROIs) based on the prior knowledge
(Cole et al., 2010; Smitha et al., 2017). As known, fALFF is an
index reflecting the intensity of spontaneous neuronal activity
in local brain regions, and more neuroimaging studies applied
fALFF to explore the underlying pathophysiology mechanism of
different diseases, including in MWoA (Xue et al., 2013; Wang
et al., 2016; Li et al., 2017; Hu et al., 2019). Researchers have
demonstrated that taVNS could regulate the disrupted brain
functional activities in MWoA patients (Zhang et al., 2019a;
Luo W. et al., 2020), which provides a new perspective to reveal

the neural mechanism of treatment. In addition, fALFF has been
proved to be more objective and sensitive in prediction studies
(Sui et al., 2018; Li et al., 2020). To sum up, we used the fALFF
to perform the analysis of brain function in this study. However,
currently, conventional fMRI studies were mainly based on
univariate and group-level statistical methods, few is known
about whether the altered fALFF could be used in the prediction
of an individual patient with MWoA.

Under the limited translational applicability of standard
mass-univariate analytical methods that are typically used
in neuroimaging, a great hope is given to a data-driven
multivariate machine learning technique—multivariate pattern
analysis (MVPA), which is sensitive to the fine-grained spatial
discriminative patterns and exploration of inherent multivariate
nature from high-dimensional neuroimaging data. Previous
studies have widely applied MVPA in the classification or
prediction of individual treatment response (Redlich et al., 2016;
Cash et al., 2019; Tu et al., 2019; Messina and Filippi, 2020;
Yin et al., 2020; Yu et al., 2020). For example, one recent
study applied MVPA to identify the useful biomarkers of the
FC between the medial prefrontal cortex (mPFC) and specific
subcortical regions, which could significantly predict the changes
in symptoms in patients with chronic low back pain receiving
4-week acupuncture treatment (Tu et al., 2019). Similarly, Hou
et al. (2016) employed multivariate analysis to construct a model
for the prediction of Parkinson’s disease (PD) severity ratings
from the baseline individual fMRI data. In addition, several
researchers selected meaningful categorical features between
migraine patients and healthy controls (HCs) as a region of
interest (ROI) to predict the efficacy of acupuncture using a
support vector regression (SVR) model (Tu et al., 2020).

Even though MVPA has been proved to be a promising
approach in the application of predicting neurological disorders,
to date, no literature has been published on the individual
prediction of taVNS treatment for MWoA. In this study, we will
explore the differences in resting-state brain activities between
MWoA patients and well-matched HCs and further test the
predictive ability of those baseline fALFFs as the biomarkers for
the clinical outcomes of taVNS treatment in MWoA patients
using SVR. Therefore, we proposed three hypotheses: (1) MWoA
patients would be associated with altered activities in specific
brain regions compared with HCs. We compared the fALFF
differences between MWoA patients and HCs, and a mask of
these significant abnormal regions was generated and used for the
subsequent analysis. (2) We hypothesized that taVNS could treat
the MWoA through modulating the abnormal fALFF of these
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regions. Then, we explored how the taVNS could modulate those
abnormal fALFFs in patients with MWoA, through comparing
the fALFF differences between pre- and posttreatment in the
mask. (3)We further supposed that the abnormal fALFF of these
regions in the mask at baseline could serve as a reliable biomarker
to predict the taVNS treatment outcomes for MWoA patients
using a SVR model combined with feature select of weight based
on the LIBSVM toolbox. We hope that our study could provide a
quantitative benchmark for selecting suitable MWoA patients for
taVNS treatment.

MATERIALS AND METHODS

Participants
In our previous published article (Zhang et al., 2021), the
taVNS has been confirmed as an effective treatment for MWoA
relieving acute pain [especially in reducing visual analog scale
(VAS) scores] in migraine patients, and This study was an
advanced exploration to predict the efficacy of taVNS based
on the SVR algorithm. Sixty right-handed MWoA patients who
received 4-week taVNS treatment and sixty age-, gender-, and
education-level-matched healthy controls were recruited. The
Research Ethics Committee of the Second Affiliated Hospital of
Guangzhou University of Chinese Medicine approved the study.
This study protocol was registered on the Chinese Clinical Trial
Registry (ChiCTR-INR-17010559). Written informed consent
was obtained from all participants.

Episodic migraineurs without aura were diagnosed by
licensed neurologists according to the 2nd Edition International
Classification of Headache Disorders for Migraine Without
Aura (Headache Classification Subcommittee of the International
Headache Society, 2004). The detailed inclusion criteria for the
MWoA patients are as follows: (1) aged 18–45 years old, (2) right-
handed, (3) have at least 6 months of migraine duration, (4) have
at least two headache attacks per month, (5) have not taken any
prophylactic headache medications during the past 1 month, and
(6) have not taken any psychoactive or vasoactive drugs during
the past 3 months. Excluded criteria include the following: (1)
headache induced by other diseases, (2) headache attack within
48 h prior to the experiment or during the experiment, (3)
pregnancy or lactation, (4) any other chronic pain conditions,
(5) severe head deformity or intracranial lesions, (6) score on
the Self-Rating Anxiety Scale (SAS) or the Self-Rating Depression
Scale (SDS) > 50.

Interventions
For the patients with MWoA, we applied auricular vagus nerve
electrical stimulation at the left cymba concha (Figure 1). The
stimulation was applied with the MRI compatible electronic
acupuncture treatment instrument (SDZII, Huatuo, Suzhou,
China) by trained physicians. Similar to a previous taVNS study
on migraine (Straube et al., 2015), we have chosen the frequency
of 1 Hz with the duration of 0.2 ms. The stimulation was
continuously applied for 30 min during each treatment session.
Stimulation intensity was adjusted to approximately 1.5–5 mA,
the strongest sensation that patients could tolerate without pain.

FIGURE 1 | taVNS stimulation site on the left ear. Red dots indicate regions of
taVNS (ABVN, green color). ABVN, auricular branch of the vagus nerve;
taVNS, transcutaneous auricular vagus nerve stimulation.

All MWoA patients who were included in the final analysis
completed a total of 12 treatment sessions during the 4-week
treatment period.

Clinical Outcome Measures
The treatment effect of tVNS for migraines has been confirmed
in many literatures (Silberstein et al., 2016; Tassorelli et al.,
2018; Diener et al., 2019). In our previous published article
(Zhang et al., 2021), the taVNS also has been confirmed as
an effective treatment for MWoA, and this study was an
advanced exploration to predict the efficacy of taVNS based on
the SVR algorithm. According to the results of Kinfe Thomas
M study (Kinfe et al., 2015) and our previous study (Zhang
et al., 2021), which suggest that tVNS can relieve acute pain
(especially in reducing VAS scores) in migraine patients. So, we
selected the improvement in VAS scores (post–pretreatment)
as the primary outcome and the secondary outcome included
attack times, total duration, Migraine-Specific Quality-of-Life
Questionnaire (MSQ), Zung SDS, and Zung SAS in this study.
In addition, according to the guidelines (Zheng, 2002), we take
25% reducing VAS scores as the judging criterion of the taVNS
effective treatment.

The study lasted for 8 weeks: 4 weeks before the treatment
(the baseline) and 4 weeks during the treatment. Patients were
instructed to complete headache diary records after enrollment
until this study finished. The diaries, MSQ, Zung SDS, and
Zung SAS were collected at week four and week eight. The
headache diary documented the onset time, duration, pain
intensity (measured by VAS score), accompanying symptoms,
and rescue medication use (ibuprofen suspension). To avoid
prophylactic medication, we just selected occasional migraine
patients, who tended to have a relatively low migraine attack
frequency. Before the trial, ibuprofen suspension (H19991011,
Shanghai Johnson and Johnson Pharmaceuticals, Ltd., 10 ml each
time) was uniformly administered to MWoA patients according
to the guidelines for diagnosis and treatment of migraine (Li
et al., 2011). Patients were instructed not to use the medicine
unless it is necessary. If the patient took the medication, the time,
frequency, and dosage of each medication use would be recorded
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in the headache diary. In addition, patients were advised to forbid
barbiturates, opiates, and prophylactic medication.

Magnetic Resonance Imaging Data
Acquisition
All rs-fMRI scanning was conducted on a 3.0T Siemens MRI
scanner (Siemens MAGNETOM Verio 3.0T, Erlangen, Germany)
with a 24-channel phased-array head coil. Subjects were told
to stay awake, remain motionless, and keep their eyes closed
during the scan. Tight, but comfortable, foam padding was
used to minimize head motion, and earplugs were used to
reduce scanner noise.

All patients participated in identical fMRI scanning sessions
before and after 4 weeks of treatment. The scanning sessions
include the 8-min resting-state fMRI scan and T1-weighted high-
resolution structural images. rs-fMRI encompassing the whole
brain was acquired in 8 min with a gradient-recalled echo-planar
imaging pulse sequence and imaging parameters were as follows:
repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms, field
of view (FOV) = 224 mm × 224 mm, matrix = 64 × 64, flip
angle = 90◦, slice thickness = 3.5 mm, interslice gap = 0.7 mm,
31 axial slices paralleled, and 240 time points. T1-weighted high-
resolution structural images were applied with the following
parameters: TR = 1,900 ms, TE = 2.27 ms, flip angle = 9◦,
FOV = 256 mm × 256 mm, matrix = 256 × 256, and slice
thickness = 1.0 mm.

Resting-State Functional Magnetic
Resonance Imaging Data Processing
rs-fMRI data were preprocessed and analyzed using the SPM121

and DPABI 3.0. The main steps included the following:
(1) discarding the first 10 time points; (2) slice-timing
correction, realignment, and discarding subjects with a mean
framewise displacement value exceeding 0.5 mm or a maximum
displacement greater than one voxel size (Power et al., 2012;
Luo N. et al., 2020); (3) reorienting functional and T1 images
with six rigid-body parameters; (4) coregistering T1 images to
functional space, segmentation, and normalizing the functional
images to Montreal Neurological Institute (MNI) space; (5)
correcting head motion with Friston 24-parameter model
(Friston et al., 1996; Yan et al., 2013), removing linear trend, and
regressing out the white matter and cerebrospinal fluid signals;
(6) resampling the functional images to 3 mm × 3 mm × 3 mm
cubic voxels and smoothing functional images with a 6-mm
Gaussian kernel of full width at half maximum; (7) temporally
filtering (0.01–0.08 Hz) (Sun et al., 2021) to generate the ALFF
value, and then, the fALFF map was obtained by dividing the
total ALFF values from 0.01 to 0.025 Hz; and (8) transforming the
fALFF map to the z-fALFF map with normal z transformation.

Statistical Analysis
Statistical Analysis of Clinical Outcomes
Statistical analyses were performed with SPSS v20.0, and the
significance threshold was set to p < 0.05 (two-tailed). Baseline

1http://www.fil.ion.ucl.ac.uk/spm

demographic and clinical data were compared between MWoA
patients and HCs using the chi-square test for categorical
variables and the Student’s t-test for continuous ones (if
normally distributed), and Mann–Whitney test (if not normally
distributed). In addition, paired t-tests were employed to
determine whether the alterations in clinical outcomes were
significant after taVNS treatment for patients with MWoA, if
characteristics were normally distributed and Wilcoxon signed
rank test if not normally distributed.

Statistical Analysis of Functional Magnetic
Resonance Imaging Data
The intergroup analysis (MWoA patients vs. HCs) of fALFF at
baseline was applied using a two-sample t-test, with the age,
sex, education level, and mean FD as covariates. A threshold
of voxel-wise p < 0.005 uncorrected and a cluster-level
p < 0.05 corrected by false discovery rate (FDR) were used
for multiple comparison corrections between MWoA patients
and HCs. The intragroup comparison of fALFF (pretreatment
vs. posttreatment migraineurs) was performed using a paired
t-test with the voxel-wise p < 0.001 uncorrected and cluster-
level p < 0.05 family-wise error (FWE) corrected, and the
mean FD and medication use dosage (ibuprofen suspension)
were used as covariates. Moreover, to assess the association of
neuroimaging findings with clinical outcomes, we performed
a partial correlation analysis between pre- and posttreatment
fALFF alterations and corresponding changed clinical variables
(VAS score and attack times) after taVNS treatment for
patients with MWoA, and Bonferroni correction was used for
multiple comparisons.

Multivariate Pattern Analysis
This study applied MVPA method to explore whether the
fALFF indicator was able to predict the treatment response of
taVNS for patients with MWoA. We selected the abnormal
regions, which indicate significant changes between migraine
patients and HCs as our mask and proposed that these fALFF
values at baseline would be used for predicting the taVNS
treatment efficacy.

Here, MVPA based on linear SVR (implemented by LIBSVM2)
was employed to verify our hypothesis. We set the changes in pain
severity (VAS change) as the dependent variable and abnormal
fALFF in the mask as independent variables (predictors) in all
MWoA patients. A feature selection based on weight was used
to reduce the data dimensions. The fixed 10-fold crossvalidation
(CV) method was the compromising choice for bias and training
sample size to avoid the risk of overfitting, with training sample
and testing sample 9 and 1 part, respectively. We calculated
the correlation coefficient of prediction-outcome correlation (r),
which was defined as the correlation between the actual and
predicted value, to evaluate the predictive ability of SVR model.
To further assess the performance of the model and evaluate the
significance of r, we ran permutation testing. In each test, we
randomly permuted the labels of the data prior to training. Ten-
fold CV was then performed on the permuted datasets, and the

2https://www.csie.ntu.edu.tw/~cjlin/libsvm/index.html
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FIGURE 2 | Flowchart of prediction analysis. MWoA, migraine without aura; fALFF, fractional amplitude of low-frequency fluctuation; VAS, visual analog scale; CV,
crossvalidation; SVR, support vector regression; taVNS, transcutaneous auricular vagus nerve stimulation.

procedure was repeated 1,000 times to determine whether the
performance occurred by chance, and p < 0.001 was considered
to be statistically significant.

The flowchart of the prediction analyses is shown in Figure 2.

RESULTS

Demographic Characteristics and
Clinical Outcomes
In this study, a total of 60 right-handed MWoA patients (13 men
and 47 women, age of 31.72 ± 6.65 years, 54 higher education
and 6 lower than higher education) and also 60 gender-, age-,
and education-level-matched HCs (15 men and 45 women, age of
29.25 ± 7.26 years, 53 higher education and 7 lower than higher
education) finished this study.

Baseline demographic characteristics between MWoA
patients and HCs were compared as follows. The age, as a
continuous variable, was tested to be normally distributed.
Additionally, the two-sample t-test result showed that compared
with HCs, there was no significant difference (p > 0.05) in age
in MWoA patients. We divided the education level into two
subgroups, higher education and lower than higher education
similar to Jasilionis’s study (Jasilionis and Shkolnikov, 2016).
The chi-square test was used to compare the gender and
education-level difference, and results indicated that the gender
and education level of MWoA patients were not significantly

different (p > 0.05), compared with HCs. The details are
presented in Table 1.

Clinical outcomes between pre- and posttreatment MWoA
patients were compared as follows. The continuous variables
(VAS scores, attack times, total duration, MSQ, SDS, and SAS)
were tested to be normally distributed, and the paired t-test
results showed significant improvement in clinical outcomes
(p < 0.05), which include VAS scores, attack times, total duration,
MSQ, SAS, and SDS after 4 weeks taVNS treatment (Table 1).
The using dosage of the ibuprofen suspension was not normally
distributed, so the Wilcoxon signed rank test was used, and the
results indicated that there was no significant post- (median 0 ml,
p25–p75 range 0–0 ml) and pretreatment (median 0 ml, p25–p75
range 0–10 ml) difference (p > 0.05) in the dosage of ibuprofen
suspension for migraine patients (see Supplementary Table 1).

Intergroup and Intragroup Comparison
of Fractional Amplitude of Low
Frequency Fluctuation
To explore the underlying mechanism of pathophysiology of
MWoA, we compared patients with MWoA to HCs using a
two-sample t-test to detect significant abnormal regions which
was used as a mask for subsequent analysis, with the age, sex,
education level, and mean FD as covariates. A threshold of voxel-
wise p < 0.005 uncorrected and a cluster-level p < 0.05 corrected
by FDR was used for multiple comparison corrections. The
results indicated that, compared with HCs, pretreatment MWoA
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TABLE 1 | Demographic characteristics and clinical outcomes of MWoA and HCs.

Item HCs (n = 60) MWoA (n = 60) P

Pretreatment Posttreatment Post–pre[95% CI]

Gender Male 15 13 13 0.666

Female 45 47 47

Education level Lower than higher education 7 6 6 0.769

Higher education 53 54 54

Age (Years) 29.25 ± 7.26 31.72 ± 6.65 31.72 ± 6.65 0.060

VAS scores 49.1 ± 16.6 32.1 ± 20.5 17.0 [11.40; 22.50] < 0.001

Attack times 3.4 ± 2.2 2.5 ± 1.9 0.90 [0.30; 1.50] 0.005

Total duration 61.5 ± 69.2 29.1 ± 39.4 32.4 [14.50; 50.30] 0.001

MSQ 58.6 ± 10.6 71.6 ± 9.3 −13.0 [−16.10; −9.97] < 0.001

SDS 46.6 ± 8.6 43.3 ± 8.8 3.30 [1.60; 5.10] < 0.001

SAS 45.3 ± 9.56 41.6 ± 8.03 3.66 [1.69; 5.64] < 0.001

VAS, visual analog scale; MSQ, Migraine-Specific Quality-of-Life Questionnaire; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Anxiety Scale; CI ( confidence interval.
The p-values were obtained by paired or two-sample t-test or chi-square test.

TABLE 2 | Brain regions showing differences in fALFF for migraineurs
compared to HCs.

Condition Brain region MNI coordinates Peak T-value Cluster

X Y Z

MWoA > HC Left thalamus −18 −15 12 4.25 57

Right postcentral
gyrus

45 −18 33 4.17 52

Right precentral
gyrus

54 9 30 4.42 60

Bilateral
supplementary
motor areas

6 −9 57 4.62 138

Left inferior parietal
gyrus

−39 −57 39 6.71 60

Left precentral
gyrus

−29 −11 58 4.93 48

MWoA < HC Bilateral precuneus 0 −66 54 −4.19 54

Left superior frontal
gyrus/mPFC

−12 51 42 −4.54 55

A threshold of voxel-wise p < 0.005 uncorrected and cluster-level p < 0.05 FDR
corrected was applied for second-level analyses. mPFC, medial prefrontal cortex.

patients exhibited increased fALFF in the left thalamus, left
inferior parietal gyrus (IPG), bilateral precentral gyrus (PreCG),
right postcentral gyrus (PoCG), and bilateral supplementary
motor areas (SMAs), but decreased in the bilateral precuneus
and left superior frontal gyrus (SFG)/medial prefrontal cortex
(mPFC) (Table 2 and Figures 3, 4).

Paired t-tests were performed to compare post- and
pretreatment fALFF differences for migraines with the voxel-wise
p < 0.001 uncorrected and cluster-level p < 0.05 FWE corrected,
and the mean FD and medication use dosage (ibuprofen
suspension) were used as covariates. We observed the significant
decreased fALFF in the thalamocortical (TC) circuits and default
mode network after 4-week taVNS treatment. These regions were
located in the left thalamus, bilateral PreCG, right PoCG, bilateral

SMA, left IPG, bilateral precuneus, and left SFG/mPFC (Table 3
and Figures 4, 5).

Relationship Between Fractional
Amplitude of Low Frequency Fluctuation
Measures and Clinical Variables
We performed the correlation analysis between altered regions
showing significant fALFF changes in the intragroup comparison
and corresponding clinical outcomes, with Bonferroni correction
applied for multiple comparisons. Correlation analysis indicated
that the pre- and posttreatment fALFF changes in the right
PoCG after taVNS treatment were negatively associated with
corresponding reduction of VAS scores in MWoA patients
(r = −0.267, p = 0.039, uncorrected), and the decreased fALFF
in the bilateral precuneus was positively associated with the
reduction in the attack times (r = 0.357, p = 0.005) across
all subjects after Bonferroni correction (0.05/5). The detailed
correlation analysis results are shown in Figure 6.

Subject-Level Prediction of
Transcutaneous Auricular Vagus Nerve
Stimulation Efficacy
We selected the regions indicating significant changes between
pretreatment MWoA patients and HCs as our mask to predict
treatment responses of taVNS (reduction of VAS scores) based
on a SVR model for MWoA patients. As shown in Figure 7A, the
prediction results showed that the baseline fALFF features could
effectively predict the VAS score changes after 4-week taVNS
treatment with a relatively high prediction-outcome correlation
of 0.411. In addition, the permutation tests showed that the
results could not be obtained by chance (p < 0.001) (Figure 7B).

Those weight brain areas with strong predictive power were
located in the left thalamus, bilateral SMA, right PoCG, left
IPG, bilateral precuneus, and left SFG/mPFC (see Figure 8 and
Table 4).

In addition, we predicted the treatment effect without using
the difference which compared migraines with HCs as the
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FIGURE 3 | Group comparison of fALFF between the MWoA patients and HCs. Compared with HCs, pretreatment MWoA patients exhibited increased fALFF in the
left thalamus, left IPG, bilateral PreCG, right PoCG, and bilateral SMA, but decreased in the bilateral precuneus and left SFG/mPFC. Red colors indicate regions with
increased fALFF; blue colors indicate regions with decreased fALFF. Bi, bilateral; R, right; L, left; PoCG, postcentral gyrus; PreCG, precentral gyrus; SPG, superior
parietal gyrus; SMAs, supplementary motor areas; SFG, superior frontal gyrus; mPFC, medial prefrontal cortex; IPG, inferior parietal gyrus.

FIGURE 4 | Intergroup and intragroup comparison of fALFF differences. Compared with HCs, pretreatment MWoA patients exhibited increased fALFF in the left
thalamus, left IPG, bilateral PreCG, right PoCG, and bilateral SMA, but decreased in the bilateral precuneus and left SFG/mPFC; compared with pretreatment MWoA
patients, migraineurs receiving 4-week taVNS treatment showed decreased fALFF in the left thalamus, bilateral PreCG, right PoCG, bilateral SMA, left IPG, bilateral
precuneus, and left SFG/mPFC, but no significantly increased brain regions. White color represents healthy control; red color represents pretreatment migraine
patients; green color represents posttreatment migraine patients. Bi, bilateral; R, right; L, left; PoCG, postcentral gyrus; PreCG, precentral gyrus; SMA,
supplementary motor areas; SFG, superior frontal gyrus; mPFC, medial prefrontal cortex; IPG, inferior parietal gyrus. The ∗∗represents that the difference is
statistically significant.

preliminary feature selection and we also got similar results (see
in Supplementary Figure 1 for details).

DISCUSSION

This study was an advanced exploration based on our previously
published article which taVNS has been confirmed as an effective
treatment for MWoA relieving acute pain (especially in reducing
VAS scores) in migraine patients (Zhang et al., 2021). The current
design enlarges the taVNS sample to predict the efficacy of taVNS
before treatment at a subject level based on the SVR algorithm
and rs-fMRI indicators.

To the best of our knowledge, this is the first study to
predict the efficacy of taVNS treatment for patients with MWoA
based on the mask of significant abnormal regions between the

pretreatment MWoA and HCs using a SVR model combined
with feature select of weight. Our results showed that the SVR
model works well at predicting the treatment response of taVNS
for MWoA patients at baseline (r = 0.411), and those weight
brain areas are located in the left thalamus, bilateral SMA, right
PoCG, left IPG, the bilateral precuneus, and left SFG/mPFC,
mainly involved in the TC circuits, default mode network
(DMN), and descending pain modulation system (DPMS).
These findings suggested that the baseline fALFF values could
serve as the potential biomarkers to predict taVNS treatment
efficacy for MWoA.

As well known, the TC circuits have been documented
involving in processing spatial and intensity aspects of noxious
stimuli and also mediating the perception of pain (Magon et al.,
2015; Amin et al., 2018; Martucci and Mackey, 2018; Ellingson
et al., 2019). Specifically, first, as one key node of TC circuits, the
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TABLE 3 | Brain regions showing differences in fALFF for patients between pre-
and posttreatment.

Condition Brain region MNI coordinates Peak T-value Cluster

X Y Z

Post < Pre Left thalamus −9 −15 9 −8.38 12

Right postcentral
gyrus

57 0 33 −8.27 31

Bilateral precentral
gyrus

51 9 39 −12.94 41

Bilateral
supplementary
motor areas

3 −9 66 −8.13 43

Left inferior parietal
gyrus

−33 −60 51 −11.31 38

Left precentral
gyrus

−24 −11 56 −11.59 62

Bilateral precuneus 6 −60 66 −8.16 52

Left superior frontal
gyrus/mPFC

−18 36 45 −9.68 48

Post > Pre No regions survive
the threshold

A threshold of voxel-wise p < 0.001 uncorrected and cluster-level p < 0.05 FWE
corrected was applied for second-level analyses. mPFC, medial prefrontal cortex.

thalamus holds an important position in our understanding of
allodynia, central sensitization, and photophobia in migraineurs
(Younis et al., 2019). Investigators have found alteration of
thalamic FC in brain regions associated with pain modulating
and pain encoding networks during migraine attacks (Amin
et al., 2018). Second, another significant component in TC
circuits, the sensorimotor network (SMN), including the PreCG,
PoCG, and SMA, is thought to be activated by various sensory
information from the somatosensory and motor cortices to
modulate corresponding behaviors. For example, Zhang et al.
(2017) have observed decreased spontaneous activity in the
SMN and less FC between primary sensory areas and superior
and inferior parietal lobes and also anterior cingulate cortex in
MWoA patients compared with HCs. Additionally, as known,

functional alterations in the TC circuits are involved in the
development and maintenance of migraines (Magon et al., 2015;
Amin et al., 2018; Martucci and Mackey, 2018). Increased fALFF
in the TC circuit has been detected during interictal phase
of migraine, and this increased fALFF in the thalamus was
selectively associated with headache frequency (Hodkinson et al.,
2016). In accordance with previous studies, our study showed
that patients with MWoA exhibited increased fALFF in the
left thalamus, bilateral PreCG, right PoCG, and bilateral SMA,
compared with HCs. These findings emphasized and extended
the predominant role of TC circuits in the neuropathological
mechanism of MWoA.

Furthermore, this study also indicated the possibility of this
circuit serving as a potential therapeutic target for patients with
MWoA. In our study, we found that the aberrant fALFF in the
right PoCG within TC circuits in MWoA patients was close to
the normal level of HCs after 4-week treatment, and the altered
fALFF in the right PoCG was negatively associated with the
reduction of VAS scores (r = −0.267, uncorrected), which suggest
that TC circuits could be identified as the useful biomarkers
for taVNS response in patients with MWoA. This is in line
with our previous study, in which decreased FC between the
thalamic subregions and bilateral PoCG was observed with a
significantly negative correlation to the reduction of the migraine
days following taVNS treatment (Zhang et al., 2021).

More importantly, the predictive ability of TC circuits as
candidate biomarkers for treatment response remained stable
when we used a SVR model (r = 0.411). These findings revealed
the utility of this machine learning approach for elucidating
neural markers of treatment response based on TC pathways
and allowed the personal differences to be rationalized. But
interestingly, different from our results that the weight brain
regions were mainly located in the bilateral SMA and right
PoCG involving in the TC circuits, a recent study using SVR
as algorithm reported that the zALFF of the bilateral middle
occipital gyrus could effectively predict the relief of symptoms
for migraine and hence performed a strong predictive power
(Yin et al., 2020). The most possible explanation for this
discrepancy might lie in the sample differences. For example, the

FIGURE 5 | Intragroup comparison of fALFF in patients with MWoA after 4-week treatment. Compared with pretreatment MWoA patients, migraineurs receiving
4-week taVNS treatment showed decreased fALFF in the left thalamus, bilateral PreCG, right PoCG, bilateral SMA, left IPG, bilateral precuneus, and left SFG/mPFC,
but no significantly increased brain regions. Blue colors indicate regions with decreased fALFF. Bi, bilateral; R, right; L, left; PoCG, postcentral gyrus; PreCG,
precentral gyrus; SMA, supplementary motor areas; SFG, superior frontal gyrus; mPFC, medial prefrontal cortex; IPG, inferior parietal gyrus.
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FIGURE 6 | Significant correlation between the altered intragroup fALFF and clinical outcomes. (A) Correlation between the altered fALFF in the right PoCG
(pre–posttreatment) and the reduction of VAS scores. The decreased fALFF in the right PoCG after 4-week taVNS treatment was negatively associated with
corresponding reduction of VAS scores in MWoA patients (r = –0.267, p = 0.039, uncorrected). (B) Correlation between the altered fALFF in the bilateral precuneus
(pre–posttreatment) and the reduction of migraine attack times. The decreased fALFF in bilateral precuneus after 4-week taVNS treatment was positively associated
with the reduction of attack times (r = 0.357, p = 0.005, Bonferroni correction, 0.05/5). Bi, bilateral; L, left; PoCG, postcentral gyrus.

participants in this study have relative lighter visual symptoms
such as photophobia; another likely reason is due to the different
intervention methods (acupuncture intervention vs. taVNS)
which might produce diverse effect on brain activities. A large
sample size and well-designed study should be implemented to
investigate the more specific role of the TC circuits in MWoA
patients after taVNS intervention.

In addition to the TC circuits, the DMN was also shown to
be as the indicators of pathophysiology and treatment response
for MWoA patients. Converging findings have suggested that
DMN is involved in the core processes of brain function (such as
internal mentation, attention, and monitoring of the surrounding
environment) (Broyd et al., 2009). Disruption of the DMN has
been detected in some neuropsychological disorders (Wang et al.,
2013; Yin et al., 2016) and also migraine (Xue et al., 2012;

Tessitore et al., 2013; Zhao et al., 2013). Consistently, in this
study, we observed altered brain activities within DMN including
decreased fALFF in the bilateral precuneus, left SFG/mPFC and
increased fALFF in the left IPG in MWoA patients compared
with HCs. What is more, as an important network closely
associated with the pathophysiology of migraine, DMN is also
proposed to be linked with the treatment responsiveness. As
shown in our results, the increased fALFF in the left IPG in
MWoA patients was normalized after effective taVNS treatment.
Additionally, we found that the altered fALFF in the bilateral
precuneus was positively correlated with the reduced attack
times (r = 0.357, Bonferroni correction, 0.05/5) in MWoA
patients. Coincidently, a recent acupuncture study demonstrated
that the reduced FC in the left superior prefrontal cortex and
precuneus in migraine patients returned to the normal level of
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FIGURE 7 | Prediction performance for taVNS treatment. (A) The feature selection curve reflected the changing prediction-outcome correlation following the
increased number of features, and the highest correlation coefficient is 0.411. (B) The histogram showed the result of permutation test with highest correlation
coefficient, reflecting the stability of the SVR model (p < 0.001).

FIGURE 8 | Regions with the most predictive features. Positive weight brain areas with strong predictive power are located in the left thalamus, bilateral SMA, and
left SFG/mPFC; negative weight brain areas with strong predictive power are located in the right PoCG, left IPG, and bilateral precuneus. Red colors indicate regions
with positive weight; blue colors indicate regions with negative weight. Bi, bilateral; R, right; L, left; PoCG, postcentral gyrus; SMA, supplementary motor areas; SFG,
superior frontal gyrus; mPFC, medial prefrontal cortex; IPG, inferior parietal gyrus.

TABLE 4 | The regions’ weight in predicting the treatment effect of taVNS in
patients with MWoA.

Weight Brain region MNI coordinatesPeak T-valueCluster

X Y Z

Positive
weight

Left thalamus −12−6 6 1.71 5

Bilateral supplementary
motor areas

9 −6 63 2.14 24

Left superior frontal
gyrus/mPFC

−1239 51 3.37 29

Negative
weight

Right postcentral gyrus 48 −9 30 −2.4 15

Left inferior parietal gyrus −39−36 36 −1.42 20

Bilateral precuneus 0 −63 60 −1.47 17

mPFC, medial prefrontal cortex.

HCs, and this alteration was associated with the alleviation of
headache intensity after treatment (Zou et al., 2019). Thus, we
speculated that the DMN could be used as imaging biomarkers
for understanding the therapeutic mechanisms and further
predicting treatment outcomes for MWoA.

Consistent with such assumption, the SVR model in this
study showed that the DMN contributed much to predict the
efficacy of taVNS. Interestingly, Tu et al. (2020) employed a

MVPA approach together with abnormal FC within the DMN as
the features to test the predictive capacity of DMN for MWoA
patients, and the results demonstrated the potential role of this
network for the prediction of treatment response. Similarly,
another important application of machine learning showed that
the FC between mPFC and subcortical regions could significantly
predict therapeutic outcomes following 4-week acupuncture
treatment for patients with chronic low back (Tu et al., 2019).
To some extent, these findings may hint that the DMN could
be used as a robust biomarker for treatment outcomes. Further
investigations using different interventions are needed to validate
the strong performance of DMN in patients with MWoA.

Notably, mPFC, which is not only a crucial component of
DMN, but also involved in the DPMS (Ong et al., 2019), possessed
high predictive weight in treatment responsiveness of taVNS in
our study. As well known, the DPMS played an essential role
in pain modulation and the physiopathology of chronic pain
(Fields, 2004; Borsook and Burstein, 2012; Ossipov et al., 2014).
Neuroimaging researches have demonstrated that chronic pain
may be associated with alterations in multiple brain networks,
such as the DMN, SMN, and DPMS (Kucyi and Davis, 2015,
2017). These particular networks, involved in the cognitive,
sensorimotor, and affective aspects of pain, have been implicated
in the core symptomatology of chronic pain and treatment
response (Shi et al., 2015; Wu et al., 2016; Low et al., 2017;
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Lee et al., 2019; Zhang et al., 2019b). For instance, migraine
patients exhibited reduced FC between the mPFC/rACC and
periaqueductal gray (PAG), another key region in the DPMS
compared with HCs (Li et al., 2016). More importantly, impaired
brain function within the DPMS could be normalized after
effective acupuncture treatment, and these changes of FCs were
associated with alleviation of headache intensity. Similarly, in
our study, we found decreased fALFF in the mPFC after 4-
week taVNS treatment for MWoA patients, and in the following
MPVA, we also revealed mPFC as an important brain region to
predict the treatment responses before clinical intervention. Our
findings provide potential evidence suggesting that taVNS may
relieve MWoA symptoms through the mPFC-related DMN and
DPMS, further which could be taken as a promising biomarker
for taVNS treatment.

Limitations
Limitations of this study should be noted. First, the sample size
was relatively small. Although we did not perform the sample
size estimation, we determined it according to the previously
published similar article (Yin et al., 2020). Further larger scale
study will be conducted to enhance the data reliability. Second,
we did not take into account gender difference in our MVPA
study. Considering there are less male migraines in our data,
we have not further analyzed the sex difference. It is a very
good idea to explore the effect of gender in migraine patients,
and we will further explore it in the follow-up study. Third,
patients were imaged during the interictal phase of migraine
(not within 48 h before and after migraine attack or headache
attack during the experiment). Larger sample size with MWoA
patients at different phases such as ictal and interictal period
should be designed to enhance the data integrity and reliance in
the future study. Fourth, our patients were all from one single
center, and the model was not externally validated. Independent
and multicenter imaging datasets will be necessary to confirm
our results. Finally, in the current MVPA study, only fALFF
features were performed to achieve the prediction. Future studies
should utilize multiple imaging modalities including structural
and functional MRI analysis to validate our findings.

CONCLUSION

In summary, this study preliminarily demonstrated that
fALFF features at baseline have good potential for predicting
individualized treatment response of taVNS for MWoA patients,
and those weight brain areas are mainly involved in the
TC circuits, DMN, and DPMS. This will contribute to well
understanding the mechanism of taVNS in MWoA and may help
to screen ideal patients who respond well to taVNS treatment.
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The reward of pain relief caused by acupuncture has been found to be clinically
significant. However, the molecular mechanisms underlying acupuncture-induced
reward of pain relief in chronic pain remain unclear and have not been analyzed in
suitable preclinical models. Here, we investigated whether acupuncture could potentially
induce the reward of pain relief and orexin neuronal signaling in the lateral hypothalamus
(LH) and exhibit a possible role in electroacupuncture (EA)-induced reward in spared
nerve injury (SNI) rats. Therefore, by using conditioned place preference (CPP) paradigm,
we noticed that EA induced the preference for cues associated with EA-induced pain
relief in the early, but not late, phase of chronic pain. These observations were different
from the immediate antihyperalgesic effects of EA. c-Fos/orexin double labeling revealed
that EA stimulation on 14 days but not on 28 days after SNI modeling activated greater
numbers of c-Fos positive orexin neurons in the LH after the CPP test. Moreover, the
administration of an orexin-A antagonist in the LH significantly blocked the reward effects
of pain relief induced by EA. Furthermore, by using cholera toxin b subunit combined
with c-Fos detection, we found that the orexin circuit from the LH to the nucleus
accumbens (NAc) shell was significantly activated after EA induced CPP. Microinjection
of the orexin antagonist into the NAc shell substantially attenuated the CPP induced by
EA. Intravenous injection of low-dose orexin-A together with EA resulted in significantly
greater antihyperalgesia effects and CPP scores. Together, these findings clearly
demonstrated that LH orexin signaling could potentially play a critical role in the reward
effects of pain relief induced by acupuncture. The observations of the present study
extended our understanding of orexin signaling in the LH and its role in EA-induced
reward, providing new insights into the mechanisms of acupuncture analgesia.

Keywords: acupuncture, reward, pain relief, orexin, lateral hypothalamus

INTRODUCTION

It is well established that the current conceptualizations of pain in humans are predominantly
multidimensional, mainly including the perception of the noxious stimulus and the affective
features of pain. Moreover, both onset of pain and pain relief have been reported to be
motivationally salient events, which can lead to generating avoidance (withdrawal) and approach
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behavior (Porreca and Navratilova, 2017). It is generally accepted
that the relief of pain can give rise to negative reinforcement,
which has been appropriately described as a reward (Navratilova
and Porreca, 2014). The reward effects of pain relief could
facilitate learning and memory associated with relief, and drive
motivation and behavior to seek a cue (context) associated with
pain relief that can significantly accelerate recovery. Mounting
evidence also suggest that extensive brain areas [such as anterior
cingulated cortex, hypothalamus, ventral tegmental area, and
nucleus accumbens (NAc)] and neurochemicals (dopamine
and opioids) can possibly overlap between pain and reward
pathways (Watanabe and Narita, 2018; Serafini et al., 2020).
For instance, reduced analgesic efficacy has been found to be
related to maladaptation of the neural circuits involved in reward
induced by pain relief (Serafini et al., 2020). In laboratory
animals, the conditioned place preference (CPP) paradigm has
been widely used to evaluate the reward effects of pain relief
(Truini et al., 2013) and the efficacy of various analgesics,
especially in alleviating the aversive aspects of pain (King et al.,
2009; Navratilova and Porreca, 2014; Navratilova et al., 2015).
Furthermore, investigations using the CPP paradigm in rats have
been found to be consistent with psychological studies in humans
that can conceptualize relief of pain as a reward (Leknes et al.,
2008; King et al., 2009).

Accumulating evidence has demonstrated the effectiveness
of acupuncture in the clinical treatment of both acute and
chronic pain (Vickers and Linde, 2014; Vickers et al., 2018).
Acupuncture or electroacupuncture (EA) can not only alleviate
the sensory of the noxious stimulus, but can also markedly
inhibit pain affect (Zhang et al., 2012; Duanmu et al.,
2017). However, the reward effect of pain relief induced by
acupuncture has not been well studied in preclinical models.
In fact, various lines of evidence suggest that acupuncture-
induced reward of pain relief can be clinically significant. First,
many patients with different types of pain feel pleasure after
receiving acupuncture treatment and an expectation of pain
relief can produce markedly greater acupuncture analgesia in
patients with pain (Kong et al., 2009). Second, it has been
shown that the cognitive and emotional control of pain is
modulated effectively by different reward/motivational circuits
(Elman and Borsook, 2016). Interestingly, fMRI studies have
demonstrated specific functional responses in the brain reward
systems associated with acupuncture analgesia (Wang Z. et al.,
2017; Yu et al., 2020b). Third, altered neuronal processing in
the reward/motivational systems may also be involved in the
regulation of pain sensitivity and tolerance (DosSantos et al.,
2017; Yu et al., 2020a). This raises an important issue that should
be addressed in preclinical models, namely, whether the pain
relief produced by acupuncture can possibly induce a reward and
drive pain relief-related approach behaviors that can potentially
accelerate the recovery. Such findings may greatly help to extend
our understanding of the mechanisms underlying acupuncture
analgesia. Given that chronic pain can induce long-term plasticity
in the brain, and neuroplasticity can adversely affect pain
behaviors ranging from symptomology to the treatment response
in different stages of pain (Latremoliere and Woolf, 2009),
we aimed to assess the CPP induced by acupuncture during

different durations of chronic pain by using a spared nerve
injury (SNI) model.

Orexin (also known as hypocretin) specifically located in the
hypothalamus is produced from a prepro orexin molecule orexin
neurons. Several lines of evidence have suggested that the orexin
neurons in the lateral hypothalamus (LH) may play a pivotal
role in reward effects, including drug, food, and alcohol rewards
(Harris et al., 2005; Harris and Aston-Jones, 2006). LH orexin
neurons have been found to be related to behavioral preference
with c-Fos activation during both the food and drugs reward
processing (Harris et al., 2005; Marchant et al., 2009). Notably, the
orexin system has also been shown to be involved in analgesia and
has been implicated in the descending pain inhibition (Ossipov
et al., 2010). Activation of orexin neurons can give rise to
analgesic effects in both neuropathic and inflammatory pain
conditions and can effectively suppress the aversive response
to various noxious stimuli (Zhou et al., 2018). Interestingly,
several studies have suggested that acupuncture analgesia might
involve the orexin neuronal system. For instance, Feng et al.
(2012) found that EA could significantly alleviate postlaparotomy
pain through the spinal orexin-A receptor. Recent work has
also shown that the median nerve electrical stimulation (EA at
SP6) can induce the activation of hypothalamic orexin neurons
via the activation of cannabinoid receptor 1, and can thereby
mediate the disinhibition of the periaqueductal gray (PAG),
which can effectively contribute to EA analgesia (Chen et al.,
2018). In addition, there is extensive innervation of the NAc by
LH orexin neurons, and orexin receptors have also been found to
be highly expressed in these areas (Patyal et al., 2012; Burdakov,
2020; Khosrowabadi et al., 2020). The NAc can integrate the
rewarding valence of the stimuli and exhibit plastic adaptations
in pain processing (Massaly et al., 2019; Makary et al., 2020).
We hypothesized that LH orexin neurons and their potential
neural circuit to the NAc represent an important mechanism for
regulating acupuncture-induced reward of pain relief.

MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (230–300 g; Slack) were
purchased from the Laboratory Animal Center of Shanghai
University of TCM. The rats were allowed to acclimatize for
7 days. The rats were housed in a clean animal environment
(temperature of 24 C ± 2 C, 12/12-h light/dark schedule). The
animal experiments were approved by the Shanghai University
of TCM Animal Ethics Committee (SZY 201710008). The animal
license was No. PZSHUTCM210709001. The experiments were
conducted in accordance with NIH standard guidelines for the
use and care of experimental animals.

Drugs
Orexin-A (purchased from Tocris Bioscience, Minneapolis, MN,
United States) was dissolved in 0.9% sterile saline. The orexin-
A receptor antagonist SB-334867 (SB; obtained from MedChem
Express, Monmouth Junction, NJ, United States) was dissolved
in a vehicle [50% dimethyl sulfoxide (DMSO), 50% saline]
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to prepare a stock solution of 3.0 nmol/0.3 µl for use. The
dose was selected according to a previous study (Narita et al.,
2006). Cholera toxin b subunit [CTb; Sigma, St Louis, MO,
United States, 0.5% dissolved in 0.1 M phosphate buffer (PB)] was
used for retrograde neuronal tracing.

Spared Nerve Injury Animal Model
As described in the previous studies (Decosterd and Woolf, 2000;
Shields et al., 2003), the rats were anesthetized with isoflurane
(5%). To separate the biceps femoris and to expose the sciatic
nerve and its associated branches, an incision proximal to the
lateral side of the right knee was made and thereafter the biceps
femoris was separated. The sciatic nerve and its branches were
exposed. A silk suture was then used to ligate the common
peroneal and tibial nerve branches. We removed about 1 mm of
the nerve and kept the sural nerve intact. In the Sham SNI group,
the operation was performed by following the same procedure,
but we did not cut-off or ligate the sciatic nerve, peroneal nerve,
and tibial nerve branches.

Electroacupuncture Treatment
We first restrained the rats gently. Thereafter, the rats were
subjected to EA with two stainless steel needles (0.3 mm
diameter) inserted bilaterally into ST36 and SP6 at a depth of
5 mm (Figure 2A), as previously described (Wang X. et al., 2017).
Acupuncture point ST36 is located between the muscle anterior
tibialis and muscle extensor digitorum longus near the knee joint.
In contrast, SP6 is located at 3 mm proximal to the superior
border of the medial malleolus. A constant current square wave
electric stimulation produced by using a stimulator (Model G-
6805-2, China) was continuously transferred via the needles. We
set a 2-Hz stimulation frequency with increasing stimulation
intensity (from 0.5, 1.5 to 2 mA, 10 min each step). In the Sham
EA, the needles were inserted into acupoints, but without any
electric stimulation.

Behavioral Testing
Paw Withdrawal Latency
We measured paw withdrawal latency (PWL) in the rats by using
an IITC Model 390 Paw Stimulator Analgesia Meter (IITC/Life
Science Instruments, United States). We placed the rats in an
inverted plastic cage. After the rats were accommodated for
30 min, a radiant heat was used to warm the hind paw of rats
until they lifted their paw. We adjusted the radiant heat intensity
to induce the response around 12–13 s in a normal rat. Thereafter,
the PWL scores were analyzed by calculating the time from onset
of radiant heat application to the paw withdrawal. The test was
repeated three times independently in each rat to calculate the
mean values of the PWL scores.

Conditional Place Preference
The CPP paradigm is shown in Figure 2B. A standard two-
chamber balanced design was used to test the reward effects
of pain relief induced by EA. On the preconditioning day, the
rats were allowed to travel the chambers freely for 15 min,
and the amount of time spent in each chamber was recorded.
Next, two conditioning sessions (for EA and gentle handling)
were performed for three consecutive days. Rats were treated

with either EA or gentle handling for 30 min each in the
morning and afternoon. We immediately placed the rats into
the pairing chamber and confined them to the chamber for
30 min after administration of 30 min EA or gentle handling. For
every conditioned animal, EA and gentle handling were carried
out alternatively in the morning and afternoon sessions. The
morning and afternoon EA/gentle handling were conducted at
least 4 h apart. A preference test was conducted 3 days after
the conditioning. The rats were allowed to freely access the
apparatus for 15 min. The preference scores were analyzed by
calculating the amount of time the animals spent in the EA-
reward paired chamber minus the time they spent in the gentle
handling chamber. The rats in the SNI group were conditioned
in each chamber without any specific treatment, while the Sham
EA group was conditioned with Sham EA treatment.

Protocols for Behavioral Experiment
Chronic pain differs fundamentally from acute pain in that it
can potentially induce long-term plasticity in the central nervous
system during the course of the disease, leading to an association
of various modulatory factors to induce distinct changes in
perception and behavior. Acupuncture has shown significant
analgesic effects in various animal models of chronic pain (Koo
et al., 2002; Zhang et al., 2014; Li et al., 2019). However, only a few
studies have previously investigated the immediate effect of EA
on pain at the different phases of chronic pain. Here, we tested the
immediate antihyperalgesic effects of EA on the different stages of
chronic pain using an SNI animal model. We randomly divided
the rats into eight different groups (eight rats per group): Sham
SNI, SNI, EA+ 7 days SNI, EA+ 14 days SNI, EA+ 21 days SNI,
EA+ 28 days SNI, EA+ 45 days SNI, and Sham EA groups. The
control group did not undergo any substantial SNI modeling. The
rats received EA treatment for 30 min on day 7 (EA+ 7 days SNI
group), day 14 (EA + 14 days SNI group), day 21 (EA + 21 days
SNI group), day 28 (EA + 28 days SNI group), and day 45
(EA + 45 days SNI) after the establishment of the SNI model.
Sham EA rats were subjected to the same treatment regimen but
were not given any electrical stimulation. Thermal hyperalgesia
was thereafter determined for 90 min after the end of the EA
treatment using the PWL test. The CPP procedure induced by
4-day EA stimulation was performed on the day following the
PWL test. Five Sham SNI rats subjected to the same EA regimen
were as controls.

Cannula Surgeries and Microinjections
Cannula Surgeries
We implanted cannulae in the LH and the NAc shell similar
to those described in our previous publications (Hou et al.,
2021). The rats were first anesthetized with pentobarbital sodium
(50 mg/kg, i.p.) and were then mounted on a stereotaxic
frame. During the surgery, the rats received isoflurane through
a nosecone (1.5–2%). We then implanted guide cannulae (26
gauge, Plastics One) in the LH (−2.7 mm AP; ±1.7 mm ML;
−8.6 mm DV) or the NAc (+1.8 mm AP;±2.1 mm ML;−7.3 mm
DV; 10◦ from Bregma). The cannula was then fixed to the skull
with dental cement, and three steel screws and obturators were
inserted into the cannula immediately following the surgery, with
the tips extending into the intended site of injection. The rats
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were given systemic antiseptic solution (benzylpenicillin sodium,
60,000 units) to avoid contamination and were allowed to recover
5–7 days after the surgery.

Microinfusion
The rats received a bilateral injection of SB (3.0 nmol/0.3 µl)
or vehicle (DMSO) in each LH or NAc shell 5 min before the
CPP test. For microinjections, the obturators were first removed
from the guide cannulae and 33-gauge injector needles were
inserted so that the tips extended 2 mm beyond the end of
the guide cannula. The drug or DMSO solutions were then
infused bilaterally and delivered over a 60-s period while the
rat moved freely in a plastic housing cage. An injector cannula
was kept in place for 60 s after the end of the drug infusion to
facilitate the diffusion into the surrounding tissues. We verified
all cannula placements by microinfusion at the injection site,
removing the brains under deep anesthesia, slicing them into
40 µm sections, and staining the tissues with Nissl stain for
microscopic inspection. Two rats were excluded from the CPP
task because of cannula misplacements. The cannula placements
are shown in the behavior-associated figures.

Anterograde Tracing
The rats were anesthetized by administering pentobarbital
sodium (50 mg/kg, i.p.) and a small hole was drilled through
the skull above the LH to remove the dura. A 30-gauge needle
was lowered into the right LH (−2.7 mm AP; +1.7 mm ML;
−8.6 mm DV). A total of 30 nl of CTb was delivered via the
pressure injection. Thereafter, the injection was performed over
1 min. After the injection, the needle was left in place for 15 min.
CTb injections that diffused outside LH were not included in this
study. The rats were allowed to recover for 7 days after the surgery
before CPP conditioning and testing. To confirm the potential
CTb sites in the LH, tissue sections were reacted with rabbit anti-
CTb antibodies (1:500, Sigma) and then incubated for 2 h in
Alexa Fluor 488 anti-rabbit (1:500, Sigma).

Immunohistochemistry
The rats were anesthetized with 100 mg/kg pentobarbital sodium
(i.p.) 90 min after CPP test. Next, rats were transcardially
perfused with 200 ml saline and 250 ml of 4% paraformaldehyde
in 0.1 mol/L PB. The brains were then removed and placed in
a fresh fixative for an additional 4 h at 4◦C. The brains were
thereafter stored in 30% sucrose at 4◦C for 3–5 days. The coronal
sections (40 µm) of the different brain areas were cut using a
cryostat at −25◦C. All the sections were collected in 0.01 M
phosphate-buffered saline (PBS).

c-Fos/Orexin Double Labeling
The sections were stained for c-Fos and orexin using procedures
previously described by us (Hou et al., 2021). We incubated
free-floating sections in 1% bovine serum albumin for 2 h at
4◦C. Thereafter, the sections were sequentially incubated at 4◦C
with two different primary antibodies, including anti-mouse
c-Fos primary antibody (1:500; ab208942, Abcam, Cambridge,
United Kingdom) and orexin polyclonal antibody (1:1,000,
produced by recombinant technology for high batch-to-batch

consistency; ab255294, Abcam) for 48 h. Thereafter, the sections
were incubated in the goat anti-mouse IgG (1:500; ab150115,
Abcam) and the goat polyclonal secondary antibody to rabbit
IgG (1:500; ab150077, Abcam) for 2 h at room temperature and
washed again. Finally, the brain sections were placed on clean and
antifluorescence quenching slides.

Cholera Toxin b/c-Fos Double Labeling
We performed the CTb/c-Fos double label
immunohistochemistry using the same procedure as described
for c-Fos/orexin double labeling. We used rabbit c-Fos primary
antibody (1:500, SAB2100833, Sigma) and goat anti-CTb primary
antibody (1:500, C730, Sigma) as the two primary antibodies.
The donkey anti-goat Alexa Fluor 488 (1:500, SAB4600387,
Sigma) and goat anti-rabbit Alexa Fluor 647 (1:500, AF647,
Sigma) antibodies were used as secondary antibodies.

Neuronal Counting
We used a Leica Laser Confocal Microscope (Leica, Germany)
to analyze the various stained sections. The stereotaxic plane
sections of the LH and NAc shell were identified as per the
instructions in Paxinos and Watson’s atlas (George and Charles,
1986), with the numbers of positive cells per section being
assessed (20×). An automatically generated 200 µm × 500 µm
rectangle was placed in a fixed area of the NAc shell, LH,
perifornical area (PFA), and DMN. The analysis software (Image
Pro, China) was used to count the number of positive neurons
per section. The numbers of the positive neurons per section
for analysis were determined. A blinded observer counted the
number of positive neurons on the saved image. The dorsal and
ventral subregions of the NAc shell were analyzed separately.
Given that there were no significant differences found in either
c-Fos, CTb, or CTb/c-Fos counts between the dorsal and
ventral NAc shells, the results were combined after analysis.
For c-Fos/orexin labeling, % of orexin neurons that were c-Fos
positive in the hypothalamus were calculated.

Statistical Analysis
The experimental data were presented as mean ± SEM.
The preference scores and immunohistochemistry data among
the groups were compared via one-way analysis of variance
(ANOVA). We analyzed the PWL scores using repeated measures
ANOVA (time as a within-subject factor and group as a between-
subject factor). When significance was found using ANOVA
procedures, post hoc analysis was carried out using Fisher’s LSD
test. p < 0.05 was the threshold of significance for these analyses.

RESULTS

The Immediate Antihyperalgesic Effect
of Electroacupuncture During the
Different Stages of Chronic Pain
As shown in Figure 1A, the PWL scores were found to
be significantly reduced immediately after SNI modeling in
comparison with the Sham SNI group and were maintained
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for at least 45 days after SNI. The immediate antihyperalgesic
effect of EA was assessed on days 7, 14, 21, 28, and 45
after SNI. It was observed that compared with the PWL
scores before EA stimulation, the scores were significantly
increased 0 and 30 min after EA in EA + 7 days SNI group,
EA + 14 days SNI, EA + 21 days SNI, EA + 28 days SNI, and
EA+ 45 days SNI groups (Figure 1B). No significant differences
were observed in the PWL scores before and after Sham EA
(p > 0.05). This indicated that EA produced a significant
immediate antihyperalgesic effect at different stages of chronic
pain (Figure 1B). The PWL scores were observed to be increased
immediately after EA stimulation, reaching maximal levels within
30 min and declining to a minimum at 90 min after EA
stimulation in all groups except the Sham EA group (Figure 1B).

Electroacupuncture Induced
Conditioned Place Preference at the
Early Phase of Chronic Pain but Not
During the Late Phase
In the CPP analyses, we found significant differences in the
CPP scores among the seven different groups [F(7,47) = 3.84,
p < 0.01]. As shown in Figure 2, the EA + 7 days SNI,
EA + 14 days SNI, and EA + 21 days SNI rats exhibited
marked preferences for the EA-paired chamber compared with
the SNI group (p < 0.05). However, no significant differences
were found in the CPP scores among the SNI, EA + 28 days
SNI, EA + 45 days SNI, and Sham EA groups (p > 0.05). It
was observed that EA did not induce CPP in the Sham-operated
animals compared with the SNI group (p > 0.05), indicating that
EA did not induce a reward in the absence of pain. These findings
clearly indicated that EA induced the reward effects of pain relief
at the early phase of chronic pain but not at the late phase.

Conditioned Place Preference Induced
by Electroacupuncture Activated
c-Fos-Positive Orexin Neurons in the
Lateral Hypothalamus
For this experiment, 1.5 h after the CPP test, 4 or 5 rats per
group selected randomly from the control, SNI, and EA+ 14 days
SNI groups as well as the EA + 28 days SNI group and were
deeply anesthetized for immunohistochemistry. We thereafter
measured the total number of orexin neurons in the LH, PFA,
and dorsomedial hypothalamus (DMH) expressing c-Fos protein
by using double immunofluorescent labeling of c-Fos protein
and orexin-A. As shown in Figure 3, significant differences in
the percentages of orexin neurons that were c-Fos positive in
the LH were detected among the four groups [F(3,32) = 4.61;
p = 0.009]. EA stimulation on day 14 after SNI modeling
increased the numbers of c-Fos-positive orexin neurons in the
LH compared with the control group, the SNI group, and the
EA + 28 days SNI group (p < 0.01). We did not notice any
significant differences in the percentages of orexin neurons that
were c-Fos positive in the LH among the control group, the SNI
group, and the EA + 28 days SNI group (p > 0.05), indicating
that EA on day 28 after SNI surgery did not activate LH orexin

neurons. In addition, no significant differences were observed in
c-Fos-positive orexin neurons among the different groups in the
PFA [F(3,32) = 0.81, p > 0.05] and the DMH [F(3,32) = 1.14,
p > 0.05].

Microinjection of Orexin Antagonist
SB334867 Into the Lateral Hypothalamus
Can Significantly Ablate
Electroacupuncture Induced
Conditioned Place Preference in Spared
Nerve Injury Rats
To further decipher the potential effects of LH orexin neurons
on the reward of pain relief induced by EA in SNI model
rats, microinjection of orexin antagonist SB334867 into the LH
was carried out 18 days after the establishment of the SNI
model (Figure 4A). We detected significant differences in the
preference scores among the different groups [F(3,18) = 13.77;
p < 0.01, Figure 4]. It was found that the SNI + EA group
exhibited a preference for the EA-paired chamber compared
with the SB + SNI group and SB + EA group (p < 0.01).
Moreover, LH microinjection of SB334867 (SB + SNI + EA
group) significantly reduced the preference scores relative to
rats in the SNI + EA group (55.8 ± 30.4s vs. 299.3 ± 49.1 s;
p < 0.01). These observations indicated that administration of
the orexin antagonist into the LH ablated EA-induced seeking
behavior in SNI rats.

The Orexinergic Neural Pathway From
the Lateral Hypothalamus to the Nucleus
Accumbens Could Be Activated by
Electroacupuncture-Induced Reward of
Pain Relief
The NAc shell is an important target of orexin neuronal
projections that has been found to be involved in orexin effects
involving pain and reward. It has been suggested that the NAc
shell and its interactions with LH orexin neurons might be
involved in drug-, food-, and alcohol-seeking behaviors (Millan
et al., 2010; Marchant et al., 2012). We next tested whether EA-
induced CPP activated the afferents from the LH to NAc shell
using CTb/c-Fos double-label immunohistochemistry. There
were significant differences found among the different groups in
the preference scores [F(3,18) = 13.77; p < 0.001, Figures 5, 6].
Moreover, the EA-treated rats still displayed higher preference
scores for the EA-paired chamber compared with the SNI group
(p < 0.05). The distribution of CTb neurons after microinjection
into the LH was observed to be similar to the previous studies,
including the NAc shell, the prefrontal cortex, the raphe, the
locus ceruleus, and the ventral tegmental area (Hamlin et al.,
2008; Petrovich et al., 2012). We primarily focused on NAc
shell in the present study. Figure 6B shows a representative
photomicrograph of CTb microinjection in the LH. There was
significant difference found among the various groups in c-Fos
expression and double-labeled CTb/Fos neurons in the NAc shell
[F(2,9) = 6.06, p < 0.05; F(2,9) = 4.87, p < 0.05; respectively].
The EA groups also showed marked increases in c-Fos-positive
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FIGURE 1 | Immediate antihyperalgesic effects of EA at the different stages of spare nerve injury (SNI). (A) Thermal hyperalgesia during 45 days after the SNI
operation. ∗p < 0.01. (B) Immediate effects of single EA on thermal hyperalgesia during the different stages of SNI. #p < 0.05; ##p < 0.01 vs. PWL scores before EA
stimulation. There were no significant differences in PWL scores before and after Sham EA (p > 0.05).

orexin neurons in the NAc shell compared with the control and
the SNI groups (Fisher’s LSD test; p < 0.05; Figure 6C). No
significant difference was observed among the different groups
in CTb neurons in the NAc shell [F(2,9) = 0.66, p > 0.05].

Microinjection of SB334867 Into the
Nucleus Accumbens Shell Ablates
Electroacupuncture-Induced
Conditioned Place Preference in Spared
Nerve Injury Rats
Next, we further characterized NAc shell as a critical site of
orexin actions during the reward effects of pain relief induced

by EA. The rats were implanted with cannulae in the NAc
shell as described in the experimental techniques. The rats
were given one week of recovery time after the surgery before
CPP conditioning and testing. Thereafter, the rats were given
an injection of SB or vehicle (DMSO) in each NAc shell
30 min prior to being placed in the CPP test (Figure 7A).
Significant differences were found among the various groups
in the preference scores [F(3,18) = 3.83; p = 0.03, Figure 7].
The SNI + EA group displayed a significant preference for the
EA-paired chamber compared with the SNI group (p < 0.01).
NAc shell microinjection of SB334867 significantly reduced the
preference scores relative to the rats in the SNI + EA group
(p < 0.05).
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FIGURE 2 | Electroacupuncture induced CPP at the early phase of chronic pain but not at the late phase. (A) Placement of EA stimulation. EA was performed at the
acupuncture points ST36 and SP6 (solid circle). (B) A standard two-chamber for CPP conditioning and test. (C) The preference scores among the various groups.
*p < 0.01 vs. SNI group.

Effects of Combined Electroacupuncture
and Low-Dose Orexin-A Treatment on
the Thermal Hyperalgesia and
Conditioned Place Preference Scores
We next investigated the immediate effect of EA and low-dose
orexin-A on thermal hyperalgesia and the CPP scores. According
to Bingham et al.’s (2001) study, orexin-A significantly increased
the latency to response in a dose-dependent manner (1, 3, 10,
and 30 mg/kg) when given intravenously 5 min pretest in rats.
We, therefore, selected 1 mg/kg orexin-A (ORXA, i.v. injection)
for the present study. The rats were divided into the following
groups (n = 6–8 per group): (a) SNI, (b) EA + ORXA, (c)
EA + saline, (d) Sham EA + ORXA. The ANOVA analysis
showed significant differences in the PWL scores among the
different groups [F(3,38) = 8.03; p < 0.001, Figure 8]. The
EA + ORXA, EA + saline, and Sham EA + ORXA groups
displayed increased PWL scores compared with the SNI group
(p < 0.01). However, the combination of EA and orexin-A
(EA + ORXA group) showed markedly higher PWL scores

than those of the EA + saline and Sham EA + ORXA
groups (p < 0.05). We also found significant differences among
the various groups in the preference scores [F(3,18) = 13.77,
p < 0.001; Figure 8B]. Additionally, compared with the SNI
and Sham EA + ORXA animals, EA + ORXA and EA + saline
rats exhibited a preference for the EA-paired chamber compared
with the SNI and Sham EA + ORXA animals (p < 0.05). The
combination of EA and orexin-A (EA+ORXA group) was found
to induce higher CPP scores compared with EA + saline group
(p < 0.05).

DISCUSSION

The aim of the present study was to determine whether
acupuncture induces rewards of pain relief, together with
investigating whether the orexin neurons in the LH are involved
in this process. Using the CPP paradigm, we found that EA
was indeed able to induce the reward effects of pain relief at
an early phase of chronic pain but not at a late phase, which
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FIGURE 3 | The reward effects of pain relief induced by EA-induced activation of the c-Fos-positive orexin neurons in the LH. (A) The percentages of orexin neurons
that were observed to be c-Fos positive in the LH, PFA and DMH. *p < 0.01 vs. SNI group, control group, and EA + 28 days SNI. (B) Schematic coronal section
through the hypothalamic subregions where stained nuclei were counted. (C) Double-labeled orexin (green) + c-Fos-positive (red) neurons (×40) in the LH.
(D) Representative photomicrograph showing orexin/c-Fos immunoreactivity in the LH. Scale bar, 75 µm.

was different from the antihyperalgesic effect of EA observed
during the different stages. The EA-induced reward effects of
pain relief activated the c-Fos-positive orexin neurons in the
LH. Thereafter, by using CTb combined with Fos detection, we
found that LH-projecting orexin neurons in the NAc shell were
substantially activated during CPP induced by EA. Moreover,
microinjection of the orexin-A antagonist in the LH and NAc
shell blocked EA reward induction. A combination of both EA
and low-dose orexin-A produced a greater antihyperalgesia effect
and higher CPP scores. Taken together, these findings clearly

demonstrate that orexin signaling in the LH can play a pivotal
role in EA-induced reward effects of pain relief.

Pain relief can produce substantial negative reinforcement
and is thus considered to be a potential reward. Similar
to observations in humans, reward from pain relief can be
demonstrated by the measurement of motivated behavior in
different animals using various classically established models
(for example, the CPP paradigm; Navratilova et al., 2012, 2015;
Porreca and Navratilova, 2017). Our results showed that EA
induced a significant preference for the EA paired chamber in
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FIGURE 4 | Microinjection of orexin antagonist SB334867 into the LH can significantly attenuate EA-induced CPP in SNI rats. (A) A timeline of SNI modeling,
EA-induced CPP, SB microinjection, and CPP test. (B) The preference scores after CPP testing among the different groups. **p < 0.01 vs. SB + SNI group,
SB + SNI + EA group, and SB + EA group. (C) Microinfusion cannula placements. The numbers indicate distance from Bregma in millimeters. Real-time movement
traces among the groups during CPP test: (D) SB + SNI group; (E) SB + SNI + EA group; (F) SB + EA group; and (G) SNI + EA group.

the CPP test, thereby clearly indicating the reward of pain relief
by EA in chronic pain. This finding is consistent with our clinical
observations that the expectation and pleasure of pain relief could
be induced by acupuncture and EA in many patients with chronic
pain (data not shown here). Several previous studies related
to acupuncture analgesia have largely focused on nociception
(Vickers et al., 2018). However, given that acupuncture-induced
reward of pain relief is clinically significant, targeting the reward
mechanisms of pain relief induced by EA might offer a new

prospect for a better understanding of the effects of acupuncture
analgesia. Furthermore, analgesic agents can also significantly
reverse evoked tactile allodynia and concomitantly produce CPP
(King et al., 2009). Therefore, our data also provided conclusive
evidence that EA can produce significant therapeutic effects in
the treatment of chronic pain.

Chronic pain can last for weeks, months, or even years.
Moreover, consistent with previous studies (Decosterd and
Woolf, 2000; Boccella et al., 2018), we found that the SNI group
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FIGURE 5 | The orexinergic neural pathway from the LH to the NAc shell was activated by EA-induced CPP. (A) A timeline of SNI modeling, CTb microinjection, EA
induced CPP conditioning and testing. (B–D) The number of the c-Fos positive neurons, CTb stained neurons, and double-labeled CTb/Fos neurons in the NAc
shell. *p < 0.01 vs. SNI group and control group.

FIGURE 6 | Activated afferents from the LH to the NAc shell using CTb/c-Fos double immunohistochemistry after EA induced CPP. (A) The maximum extent of
CTb-IR (indicated gray area) in the LH. (B) Fluorescent photomicrographs of representative injection sites of 30 nL of CTb in the LH. (C) Representative
immunofluorescence images for CTb/c-Fos in the NAc shell. Scale bar, 100 µm.

developed thermal hyperalgesia from days 1 to 7 after surgery
that lasted for at least 45 days. EA showed significant immediate
antihyperalgesic effects at the different stages of chronic pain.

Notably, the EA-treated rats exhibited marked preferences for
the EA-paired chamber on days 7, 14, and 21 after SNI surgery
(early stage). However, EA did not significantly increase the
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FIGURE 7 | Microinjection of orexin antagonist SB334867 into the NAc can markedly ablate EA induced CPP in SNI rats. (A) A timeline of SNI modeling, EA-induced
CPP, SB microinjection and CPP test. (B) The preference scores after CPP testing among the various groups. **p < 0.01 vs. SB + SNI group, SB + SNI + EA group
and SB + EA group. (C) Microinfusion cannula placements. The numbers indicate distance from Bregma in millimeters. Real-time movement traces among the
different groups during CPP test: (D) SB + SNI group; (E) SB + SNI + EA group; (F) SB + EA group; (G) SNI + EA group.

CPP scores on days 28 and 45 after SNI surgery (late stage).
These findings suggested that there were at least two distinct
stages (early stage and late stage), which might be involved in

two different mechanisms mediating the reward effects of pain
relief induced by EA. The reward effect of EA was found to
be directly correlated with the time window of chronic pain.
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FIGURE 8 | The potential effects of combinations of EA and low-dose orexin-A on the thermal hyperalgesia and CPP scores. (A) Immediate effects of EA and
low-dose orexin-A on the thermal hyperalgesia among the various groups. ###p < 0.05 vs. SNI group, EA + Saline, and Sham EA + ORXA group. (B) The preference
scores after CPP testing among the different groups. #p < 0.01 vs. the SNI group; *p < 0.05 vs. the EA + saline group. Real-time movement traces during CPP test:
(C) SNI group; (D) Sham EA + ORXA group; (E) EA + ORXA group; and (F) EA + saline group.

Earlier studies have shown that chronic pain can induce long-
term plasticity, substantially alter brain structural features, and
also affect brain functional activity (Baliki et al., 2012; Hashmi
et al., 2013). It has been suggested that long-term plasticity in
the brain may induce the distinct reward effects of EA during
the different stages of chronic pain. In addition, the combination
of EA and low-dose orexin-A on the thermal hyperalgesia and
CPP scores in the present study focused only on the single

and immediate antihyperalgesic effects, which might provide a
novel therapeutic option for the clinical use of an EA/orexin-
A combination for pain relief in patients with chronic pain.
Of course, further repeated combination treatments need to be
tested in future studies.

A great deal of data has indicated the potential role of
hypothalamic orexin neurons in pain modulation and the
reward process. Orexin-A microinjection into the posterior
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FIGURE 9 | The possible mechanism involved in orexin signals in the lateral
hypothalamus for acupuncture analgesia. Acupuncture signals at various
acupuncture points can travel through the spinal cord to the hypothalamus.
The LH orexin system is a central hub that can integrate outputs to various
brain areas that can actively participate in acupuncture or EA analgesia. The
projections to orexin signals in the spinal cord and PAG (descending circuits)
were involved in EA-induced pain inhibition. The orexin signals in the NAc shell
were found to be involved in EA-induced reward effects and inhibition of the
affective component of pain.

hypothalamus can effectively decrease the response of facial
A- and C-fibers to heat and electrical stimulation (Bartsch
et al., 2004). Moreover, Zhou et al. (2018) found that the
orexin system facilitated both anesthesia emergence and pain
control (Watanabe et al., 2005; Fakhoury et al., 2020). Significant
hyperalgesia was observed in prepro-orexin knockout mice
(Watanabe et al., 2005). Interestingly, the orexin system has also
been reported to be involved in EA-induced analgesia (Chen
et al., 2020). Acupuncture at PC6 acupuncture points significantly
enhanced hypothalamic c-Fos–positive orexin neuronal numbers
and induced higher orexin-A in the ventrolateral PAG in chronic
constriction nerve injury and acute thermal nociception animal
models (Chen et al., 2018). In the present study, we provide
the first evidence that orexin system function can functionally
extend beyond acupuncture analgesia to the reward effects of pain
relief induced by EA. Hypothalamic neuropeptides can be mainly
divided into two distinct types, namely, orexin-A and orexin-
B. The selective orexin-A antagonist SB-334867 and orexin-A
were used in the present study. A significant body of literature
has indicated that the administration of orexin-A receptor
antagonists, either systemically or locally into reward regions,
attenuates a broad range of drug-seeking behaviors (Harris et al.,
2005; Bentzley and Aston-Jones, 2015; Fragale et al., 2019; James
et al., 2019). Similar to above results, our data clearly indicated
the involvement of the orexin system in reward induced by EA
analgesia. Orexin neurons can elicit their effects via affecting
the orexin-A and orexin-B receptors (Sakurai et al., 1998;

Harris and Aston-Jones, 2006). It is generally accepted that the
orexin-A receptor is primarily involved in motivation and reward
and the orexin-B receptor in the modulation of sleep/wake cycle
and energy homeostasis (Tsujino and Sakurai, 2009; Jupp et al.,
2011; Perrey and Zhang, 2020). Given that SB334867 is an orexin-
A receptor antagonist, our findings suggested that the orexin-A
receptor may be involved in the rewards of pain relief induced
by EA. Our results also provided evidence that the LH orexin
system is an essential part of the circuitry that can effectively
integrate cues with EA-induced reward of pain relief. This view
is consistent with the observed roles of orexin neurons in drug
and food rewards (Harris et al., 2005; Moorman and Aston-
Jones, 2009; Sartor and Aston-Jones, 2012). Whether orexin-B
might also be involved in EA-induced rewards requires further
clarification. Notably, acupuncture activates orexin neurons in
several specific hypothalamus subregions, including the LH and
the PFA (Chen et al., 2018). We found that EA induced a
significant increase in c-Fos-positive orexin neurons only in
the LH subregion, but not in the PFA and the DMH after the
EA-induced preference test. This discrepancy might be possibly
explained by functionally dichotomous orexin neurons present
in the different hypothalamic subregions. As reviewed by Harris
and Aston-Jones (2006) previously, orexins are functionally
dichotomous, and orexin neurons in the LH are primarily
involved in reward processing, whereas those in the PeF and
DMH can effectively mediate the arousal and stress functions
previously found to be associated with these peptides (Harris
et al., 2005; Harris and Aston-Jones, 2006; Gao and Hermes,
2015). Orexin neurons in the LH, but not in the PeF and DMH,
were noted to be stimulated by drug-conditioned contextual
stimuli on the drug-free CPP test day (Harris et al., 2005). Our
results are also consistent with these observations and support
the view that the rewards induced by EA stimulation might be
primarily associated with LH orexin cells.

Orexin neurons in the LH can innervate broadly in the various
brain areas. Some studies have suggested that orexin might be
involved in mediating the analgesic effect of EA at the spinal
cord and supraspinal cord levels (Chen et al., 2020). For instance,
one study showed that EA could significantly alleviate pain
through modulating spinal orexin-A and its receptor interactions
independent of the opioid system (Feng et al., 2012). Chen et al.
(2018) focused on the PAG region and found that EA at PC6
can stimulate the release of orexin from the hypothalamus to
markedly inhibiting pain responses through an endocannabinoid
receptor that can reduce the inhibitory control in the PAG.
We found in the present study that orexinergic neural pathway
from the LH to the NAc shell could be activated by EA-
induced rewards of pain relief. LH orexin neurons can heavily
innervate the NAc, and the orexin-A receptor is highly expressed
in this area (Trivedi et al., 1998; Marcus et al., 2001). Orexin
microinjection in the NAc shell has been reported to activate
NAc GABAergic and dopaminergic cells (Vittoz and Berridge,
2006; Morales-Mulia et al., 2020). In addition, orexin-A infusions
into the NAc can also activate morphine-induced preferences
and the injection of orexin-A antagonist into the NAc reduced
the CPP for morphine (Harris et al., 2005). These results clearly
indicated that orexin release in the NAc was necessary for
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reward effects (Taslimi et al., 2012; Sadeghzadeh et al., 2016;
Assar et al., 2019). Notably, the LH-NAc pathway also plays
an important role in pain modulation (Azhdari-Zarmehri et al.,
2013; Yazdi et al., 2016). Chronic pain is often associated with
various structural and functional abnormalities in the NAc. The
offset of acute thermal stimulus can functionally increase NAc
activity in healthy subjects (Baliki et al., 2010). It has been found
that administration of SB334867 into the NAc dose-dependently
decreased antinociception (Jahangirvand et al., 2016). A previous
study has also demonstrated that the NAc appears to encode
the affective value and saliency of the stimulus (Schultz, 2013;
Navratilova and Porreca, 2014). In addition, fMRI studies have
demonstrated that significant functional responses in the NAc
were associated with acupuncture analgesia (Wang Z. et al.,
2017; Yu et al., 2020b). Hence, we have suggested that the
various acupuncture signals at acupuncture points can travel
through the spinal cord to the hypothalamus. The LH orexin
system is a central hub that can integrate outputs to several
other brain areas participating in acupuncture or EA analgesia.
Moreover, various projections to orexin signals in the spinal cord
and PAG (descending circuits) are involved in EA-induced pain
inhibition. Orexin signals in the NAc shell are also involved
in EA-induced reward effects and the potential inhibition of
the affective component of pain (Figure 9). The present study
extends our understanding of LH orexin signaling on EA-
induced rewards and provides new insights into mechanisms of
acupuncture analgesia.

Clinical Implications
Chronic pain has the potential to induce long-term plasticity
in the central nervous system during the course of a disease,
which can link various modulatory factors to cause a change in
both perception and behavior. The findings that EA induced the
preference for cues associated with EA-induced pain relief at an
early phase of chronic pain but not at the late phase could help to
provide novel therapeutic options in the management of patients
with chronic pain. The therapeutic effects of EA may be directly
correlated with the time window of chronic pain. In addition, the
combination of EA and low-dose orexin-A treatments produced

significantly greater antihyperalgesia effects and CPP scores.
Thus, it might provide a novel therapeutic strategy for the clinical
application of the EA/orexin-A combination for pain relief in
patients with chronic pain.
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Background: Acupuncture is an effective adjunctive therapy for chronic stable angina
pectoris (CSAP), while the underlying mechanism is unclear. This study aimed to
investigate the central pathophysiology of CSAP and explore the mechanism of different
acupoint prescriptions for CSAP from the perspective of brain-heart interaction.

Methods: Thirty-seven CSAP patients and sixty-five healthy subjects (HS) were
enrolled, and thirty CSAP patients were divided into two acupoint prescriptions groups
(Group A: acupoints on the meridian directly related to the Heart; Group B: acupoints
on the meridian indirectly related to the Heart). The Magnetic Resonance Imaging data
and clinical data were collected at baseline and after treatment. The comparisons of
brain spontaneous activity patterns were performed between CSAP patients and HS,
as well as between baseline and after treatment in CSAP patients. Then, the changes in
resting-state functional connectivity before and after treatment were compared between
the two acupoint prescriptions.

Results: Chronic stable angina pectoris patients manifested higher spontaneous activity
on the bilateral calcarine, left middle occipital gyrus, right superior temporal gyrus,
and right postcentral gyrus. After acupuncture treatment, the spontaneous activity
of the left calcarine, left cuneus, and right orbitofrontal gyrus was decreased. The
left calcarine was identified as region-of-interest for functional connectivity analysis.
Compared with group B, CSAP patients in group A had significantly increased functional
connectivity between left calcarine and the left inferior temporal gyrus/cerebellum crus
1, left hippocampus, left thalamus, and left middle cingulate cortex after treatment.
Thresholds for all comparisons were p < 0.05, Gaussian Random Field corrected.
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Conclusion: Regulating the aberrant spontaneous activity of the calcarine might be
an underlying mechanism of acupuncture for CSAP. The multi-threaded modulation of
functional connectivity between calcarine and multiple pain-related brain regions might
be a potential mechanism for better efficacy of acupuncture at points on the meridian
directly related to the Heart.

Keywords: coronary artery disease, angina, brain-heart interaction, fractional amplitude of low-frequency
fluctuations, functional connectivity, acupuncture

INTRODUCTION

Chronic stable angina pectoris (CSAP) is a clinical syndrome
characterized by constricting discomfort in the chest, jaw,
shoulder, or back, typically aggravated by exertion or emotional
stress (Piccolo et al., 2015). As the most common manifestation
of coronary artery disease (CAD; Benjamin et al., 2017), CSAP
has been identified as a predominant risk of major cardiovascular
events and sudden cardiac death, and brings a significant
impact on functional capacity and quality of life of patients
(Chaitman and Laddu, 2011). Therefore, searching for the
effective management of CSAP to reduce the frequency of angina
attacks is of great value. Acupuncture is a widely used traditional
practice for the prevention and treatment of angina and has been
identified as a safe and effective adjunctive therapy for CSAP in
several high-quality clinical trials (Zhao et al., 2019, 2021; Huang
et al., 2021). It was reported that acupuncture could effectively
alleviate symptoms, reduce the frequency of angina attacks, and
decrease nitroglycerin use in CSAP patients (Shen et al., 2021).
However, the underlying mechanism of acupuncture for CSAP
was still unclear.

Recently, the proposal of brain-heart interaction theory
(Silvani et al., 2016) provides a new perspective to explore
the pathogenesis of cardiovascular diseases and explain the
mechanism of intervention. For example, evidence from
functional Magnetic Resonance Imaging (fMRI) demonstrated
that the dysfunction of autonomic-limbic integration might be
the important pathophysiology of takotsubo syndrome (Templin
et al., 2019), and the hyperactivity of the temporal gyrus,
parahippocampus, fusiform gyrus, and cerebellum played a
critical role in pain perception response in CAD patients
(Wittbrodt et al., 2020). Furthermore, during the dobutamine-
induced angina task, patients with angina manifested increased
regional cerebral blood flow in the thalamus, periaqueductal gray,
prefrontal cortex, and anterior cingulate cortex (Rosen et al.,
1994). These regions overlapped highly with the findings of
previous neuroimaging studies about pain (Davis et al., 2017;
Mouraux and Iannetti, 2018), which suggested that angina pain,
a typical kind of visceral nociception, might share the similarity
in pain processing with somatalgia. As an increasing number
of studies have detected that acupuncture could modulate
the activities of pain processing-related regions, including the
thalamus (Chu et al., 2012), hippocampus (Ma et al., 2020),
medulla oblongata-brainstem (Chang et al., 2021), middle
temporal gyrus (Yu et al., 2019), and occipital gyrus (Ma et al.,
2020) in patients with chronic pain, it was necessary and feasible

to explore the mechanism of acupuncture for treating CSAP by
functional neuroimaging techniques.

Therefore, this resting-state fMRI study was conducted,
with the following three aims: (1) comparing the brain
spontaneous activity patterns between CSAP patients and
healthy subjects (HS), and (2) investigating how acupuncture
modulates the abnormal activity pattern of CSAP patients, and
(3) exploring the differences of two acupoint prescriptions on
regulating resting-state functional connectivity (rsFC) of CSAP
patients. We hypothesized that CSAP patients had aberrant
functional activity in these brain regions closely associated with
pain processing, which could be significantly modulated by
acupuncture treatment, and that different acupoint prescriptions
had different regulating effects on rsFC of CSAP patients.

MATERIALS AND METHODS

Study Design
This trial consisted of a 2-week baseline phase and a 2-week
treatment phase. CSAP patients underwent clinical evaluation
and MRI scans at the baseline and end of the treatment phase.
HS underwent evaluation and MRI scans at the baseline. The
flowchart of the study is shown in Figure 1.

Ethical Approval and Trial Registration
This study was approved by the Sichuan Traditional Chinese
Medicine Regional Ethics Committee (No. 2013KL-14) and was
registered on ChiCTR (No. ChiCTR-TRC-13003265). The study
was conducted in accordance with the Declaration of Helsinki.
All the participants provided written informed consent.

Participants
A total of 37 CSAP patients and 65 healthy subjects (HS) were
enrolled in this study. The patients were recruited from the Third
Teaching Hospital of Chengdu University of Traditional Chinese
Medicine and Sichuan Second Hospital of Traditional Chinese
Medicine. HS came from the nearby communities.

The diagnostic criteria of CSAP followed the guidelines for
the management of patients with chronic stable angina of the
American College of Cardiology/American Heart Association
(Fraker et al., 2007) and the Chinese Society of Cardiology
(Chinese Society of Cardiology, Chinese Medical Association,
and Editorial Board of Chinese Journal of Cardiology, 2007).
Patients were included if they fulfilled all of the following
items: (1) aged from 45 to 80 years old; (2) right-handedness;
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FIGURE 1 | The flowchart of the study. CSAP, chronic stable angina pectoris; MRI, Magnetic Resonance Imaging; fALFF, fractional Amplitude of Low-Frequency
Fluctuation; FC, functional connectivity.

(3) met the diagnostic criteria; (4) graded as level 1 or 2 of
angina based on the angina grading system of the Canadian
Cardiovascular Society (Smith, 2002); (5) coronary artery stenosis
≥50% on coronary angiography; (6) the duration of disease
was longer than 3 months; (7) the frequency of angina attacks
was more than twice a week. The patients were excluded
if they matched one of the following items: (1) had an
acute coronary syndrome, malignant arrhythmia, or myocardial
infarction within the last 3 months; (2) suffered from other
severe psychiatric, neurological, cardiovascular, respiratory, or
renal disorders; (3) had a diagnosis of diabetes or impaired
glucose tolerance; (4) suffered from other chronic pain disorders
or having a history of head trauma; (5) had any contraindication

to MRI scanning, such as claustrophobia; (6) the Zung Self-
Rating Anxiety Scale (SAS) or Self-Rating Depression Scale (SDS)
≥50; (7) participated in other clinical trials within 3 months; (8)
received acupuncture treatment in the past 3 months.

Healthy subjects should meet the following criteria for
inclusion: (1) aged from 45 to 80 years old; (2) right-handedness;
(3) had no CSAP or other physical or psychological diseases.
The exclusion criteria of HS were as follows: (1) had any
contraindication to MRI scanning, such as claustrophobia; (2)
participated in other clinical trials within 3 months; (3) received
acupuncture treatment in the past 3 months.

All participants underwent clinical assessment, physical
examination, and laboratory tests after recruitment. The
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cardiologists from Chengdu University of Traditional Chinese
Medicine determined whether a participant could be included
based on the inclusion criteria and physical examination results.

Intervention
Patients willing to receive acupuncture treatment were assigned
into two groups randomly using a random number table. The
acupoint prescriptions were as follows: Group A (acupoints on
the meridian directly related to the Heart): bilateral Neiguan
(PC6) and bilateral Tongli (HT5); Group B (acupoints on
the meridian indirectly related to the Heart): bilateral Yangxi
(LI5) and bilateral Pianli (LI6). The location of these acupoints
is provided in Supplementary Figure 1. All acupoints were
stimulated with the 1.5 cun (diameter 0.25 mm, length 40 mm)
filiform acupuncture needles. One licensed acupuncturist with
more than 5 years of clinical experience administered all the
acupuncture manipulation. First, the needles were inserted into
the acupoints 5–15 mm perpendicularly. Then the acupuncturist
lifted and thrusted the needles with an amplitude of 3–5 mm,
twirled the needles in 90–180◦ to achieve deqi sensation. The
needles were retained in the acupoints for 30 min, during which
the needles were manipulated every 10 min for 2 times, with each
time taking 10–15 s.

The treatment sessions lasted for 2 weeks, with five
consecutive days per week followed by 2 days off for a total of
10 acupuncture treatments. During the treatment, the regular use
of aspirin, clopidogrel, beta-adrenergic blocking agents, statins,
angiotensin-converting enzyme inhibitors were allowed as basic
management for all CSAP patients (Fraker et al., 2007). HS
received no acupuncture treatment.

Outcome Measurements
The primary outcome was the frequency of angina attacks for
2 weeks, and the secondary outcomes included the McGill
pain score, SAS, and SDS. The McGill Pain Questionnaire is a
personalized measurement tool for pain experience (Melzack,
1975), which could be used to monitor the pain intensity and
affectivity, and to determine the effectiveness of interventions.
The SAS and SDS are self-reported scales for evaluating patients’
anxiety and depression status.

Statistical Analysis
All the clinical data were analyzed with SPSS 20 software (IBM,
Armonk, NY, United States). Shapiro–Wilk test was used to
evaluate the normality of the data. The comparisons between the
demographic characteristics of CSAP patients and HS, as well
as between symptom improvements of Group A and Group B
were performed with the two-sample t-tests or Chi-square tests.
The comparisons of clinical outcomes within the pre- and post-
treatment were conducted with the paired t-test. All the statistical
thresholds were set at p < 0.05, two-tailed.

Magnetic Resonance Imaging Scans
Magnetic resonance imaging data were collected using a 3.0T
MRI scanner (Siemens, Munich, Germany) with an eight-channel
phased-array head coil at the West China Hospital of Sichuan
University. Each scanning session included a T1-weighted

imaging scan and a resting-state blood oxygen level-dependent
(BOLD) imaging scan.

Participants were required to stay awake and keep their heads
still during the scan, with their eyes closed and ears plugged. The
T1 image were obtained using a fast spoiled gradient recalled
sequence (slice thickness = 1 mm, repetition time = 2700 ms,
echo time = 3.39 ms, field of view = 256 mm, flip angle = 7◦,
matrix = 256 × 256). The BOLD image was obtained using the
echo-planar imaging (slice number= 30, total volumes: 180, slice
thickness= 5 mm, repetition time= 2000 ms, echo time= 30 ms,
field of view= 240 mm, flip angle= 90◦, matrix= 64× 64).

Magnetic Resonance Imaging Data
Processing
Data Preprocessing
Magnetic resonance imaging data were preprocessed with the
DPABI toolbox (Yan et al., 2016)1. The data preprocessing
included the following steps: (1) discarding of the first ten time
points; (2) slice timing correction; (3) realignment and head
motion correction; (4) excluding participants with excessive head
motion [mean framewise displacement (Jenkinson et al., 2002)
>0.2]; (5) spatial normalization into Montreal Neurological
Institute space through Diffeomorphic Anatomical Registration
Through Exponentiated Lie Algebra (Ashburner, 2007); (6)
spatial smoothing with 4 mm full width half maximum
Gaussian; (7) regression of confounding factors (white matter,
cerebrospinal fluid, and linear and quadratic trends); (8)
temporal filtering (0.01–0.1 Hz) of the time series was performed
after the fractional Amplitude of Low-Frequency Fluctuation
(fALFF) analysis.

Fractional Amplitude of Low-Frequency Fluctuation
Analysis
After checking the quality of images, the whole-brain fALFF
was calculated for every participant. In the first part of analysis,
a two-sample t-test was performed to compare the between-
group difference of the baseline fALFF in CSAP patients and HS,
with the age, gender, education level, Body Mass Index (BMI),
and mean framewise displacement as covariances. In the second
part of analysis, a paired t-test was conducted between the pre-
and post-treatment fALFF of all CSAP patients to investigate
the modulating effects of acupuncture. The threshold of these
comparisons was set to p < 0.05 (two-tailed) at both voxel
level and cluster level, corrected with the Gaussian Random
Field (GRF) method.

Subsequently, the results of the first and second part of analysis
were overlapped, to extract the key region that participates
both in the neuropathology and acupuncture treatment effects
of CSAP. Then, the partial correlation analyses between the
baseline fALFF of the overlapping region and the baseline clinical
symptoms, as well as between the fALFF change of this region
and the clinical measures improvements after treatment were
performed in CSAP patients, with age, gender, education level,
BMI, and head motion as covariates. The statistical threshold for
correlation analyses was set at p < 0.05.

1http://rfmri.org/dpabi
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Resting-State Functional Connectivity Analysis
The overlapping region identified above was set as region-of-
interest (ROI), and the ROI-to-voxel rsFC maps were calculated
for all patients. To investigate the specific effects of different
acupoint prescriptions for the rsFC of CSAP patients, the within-
group comparisons between the pre- and post-treatment rsFC
maps in Group A and Group B, as well as the between-
group comparison of the rsFC maps change between Group
A and B were performed. The within-group comparisons were
conducted with the paired t-test. The between-group comparison
was performed with the two-sample t-test, using age, gender,
education level, and BMI as covariates. The threshold of these
comparisons was set to voxel-level p < 0.05 and cluster-
level p-GRF < 0.05, two-tailed. Furthermore, the Spearman
correlation analyses between rsFC change and clinical measures
improvements after acupuncture treatment in Group A, Group
B, and all the patients were also performed for the non-normal
distribution of clinical data in both group A and B. The statistical
threshold for correlation analyses was set at p < 0.05.

RESULTS

Demographic and Clinical
Characteristics of Chronic Stable Angina
Pectoris Patients and Healthy Subjects
In total, 37 CSAP patients and 65 HS were included. The
age of CSAP patients was higher than HS. There was no
statistical difference in gender, BMI, and education level between
CSAP patients and HS (Table 1). No statistical difference
in mean framewise displacement was found between CSAP
patients (0.12 ± 0.06) and HS (0.10 ± 0.05). And there
were no significant pharmacological intervention differences or
baseline characteristic differences between Group A and Group
B (Table 2).

Baseline Comparison of the Fractional
Amplitude of Low-Frequency Fluctuation
Between Chronic Stable Angina Pectoris
Patients and Healthy Subjects
Chronic stable angina pectoris patients had significantly higher
fALFF in the bilateral calcarine, left middle occipital gyrus
(MOG), right superior temporal gyrus, and right postcentral
gyrus, while no region with lower fALFF than HS (voxel-
level p < 0.05, cluster-level p-GRF < 0.05) (Figure 2A and
Supplementary Table 1).

Acupuncture Effects on the Clinical
Symptoms of Chronic Stable Angina
Pectoris Patients
Seven CSAP patients were unwilling to receive acupuncture
treatment and quit at the baseline. One CSAP patient was
excluded due to the excessive head motion in the second scan.
Therefore, 29 CSAP patients (15 patients in group A and 14

patients in group B) with eligible clinical and imaging data were
retained for the following analysis.

The within-group analysis among these 29 patients
demonstrated that acupuncture treatment could significantly
improve the McGill pain score (p < 0.001) and SAS score
(p < 0.05). Patients in Group A had significant improvements
in the frequency of angina attacks (p < 0.05), McGill pain
scale (p < 0.01), and SAS score (p < 0.05), while patients in
Group B only had a significant improvement in McGill pain
scale (p < 0.001) after acupuncture treatment. There was no
significant between-group difference in these 4 metrics in Group
A and Group B (p > 0.05) (Table 3).

Acupuncture Effects on the Fractional
Amplitude of Low-Frequency Fluctuation
of Chronic Stable Angina Pectoris
Patients
After acupuncture treatment, CSAP patients manifested
significantly increased fALFF in the brain stem, hippocampus,
and parahippocampus, as well as decreased fALFF in the left
calcarine, left cuneus, right middle orbitofrontal gyrus, and right
median orbitofrontal gyrus (voxel-level p < 0.05, cluster-level
p-GRF < 0.05) (Figure 2B and Supplementary Table 2). In
addition, Supplementary Figure 2 and Supplementary Table 3
displayed the between-group differences of fALFF changes in
these two groups.

Regulation of Acupuncture on the
Aberrant Fractional Amplitude of
Low-Frequency Fluctuation in Chronic
Stable Angina Pectoris Patients
This study further performed an overlapping analysis between
regions that survived in the baseline comparison and regions
that changed after treatment in CSAP patients, finding that
the overlapping region was located at the left calcarine (cluster
size = 41) (Figure 3A). There were significant differences in
fALFF of this region between CSAP patients and HS, as well
as between the baseline and after treatment in CSAP patients
(Figure 3B). In addition, the baseline fALFF of this region was
significantly correlated with the baseline McGill pain score of
CSAP patients (r = −0.446, p = 0.010) (Figure 3C). The change
in fALFF of this region was significantly correlated with the
improvement of McGill pain score (r = 0.464, p = 0.011), SAS
score (r= 0.563, p= 0.001), and SDS score (r= 0.439, p= 0.017)
in CSAP patients (Figures 3D–F).

Variation of Different Prescriptions on
the Modulation of Resting-State
Functional Connectivity in Chronic
Stable Angina Pectoris Patients
The overlapping region (the left calcarine) was set as the ROI
for the ROI-voxel rsFC analysis. Patients in Group A manifested
increased rsFC between ROI and the left cerebellum crus 1,
left fusiform gyrus, and right supramarginal gyrus, while no
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TABLE 1 | The demographic and clinical characteristics of CSAP patients and HS.

CSAP (n = 37) (mean ± SD) HS (n = 65) (mean ± SD) Statistic value p value

Age (Years) 65.05 ± 7.23 56.71 ± 5.49 t = 6.092 <0.001***

Gender (M/F) 20/17 26/39 x2
= 0.342 0.559

BMI (Kg/m2) 24.42 ± 2.67 23.35 ± 2.72 t = 1.911 0.059

Education level (primary/middle school/college) 6/22/9 8/40/17 x2
= 0.310 0.856

Duration (Month) 57.92 ± 56.78 / / /

Frequency of angina attacks 5.89 ± 4.38 / / /

McGill pain scale 10.46 ± 3.82 / / /

SAS score 32.97 ± 4.51 / / /

SDS score 30.95 ± 4.70 / / /

CSAP, chronic stable angina pectoris; HS, healthy subjects; M/F, male/female; BMI, Body Mass Index; SAS, self-rating anxiety scale; SDS, self-rating depression scale.
***p < 0.001.

TABLE 2 | The between-group comparison of demographic characteristics and baseline conditions of CSAP patients in these two acupuncture groups.

Group A (n = 15) (mean ± SD) Group B (n = 14) (mean ± SD) Statistic value p value

Age (Years) 65.20 ± 5.967 65.86 ± 7.675 t = −0.258 0.189

Gender (M/F) 6/9 8/6 x2
= 0.852 0.356

BMI (Kg/m2) 25.05 ± 2.94 24.56 ± 2.56 t = 0.478 0.593

Education level (primary/middle school/college) 3/10/2 2/8/4 x2
= 1.056 0.590

Duration (Month) 62.33 ± 52.64 59.79 ± 71.46 t = 0.110 0.913

Frequency of angina attacks 5.53 ± 3.60 5.43 ± 4.85 t = 0.689 0.414

McGill pain score 10.73 ± 4.76 9.57 ± 2.64 t = 0.363 0.552

SAS score 33.58 ± 3.83 32.68 ± 5.32 t = 0.024 0.877

SDS score 31.93 ± 5.02 30.36 ± 5.08 t = 0.211 0.650

Drug use

Antiplatelet drugs (Y/N) 10/5 8/6 x2
= 0.279 0.597

ACEI/ARB (Y/N) 4/11 3/11 x2
= 0.109 0.742

Beta-adrenergic blocking agents (Y/N) 5/10 6/8 x2
= 0.279 0.597

Statins 11/4 9/5 x2
= 0.277 0.599

M/F, male/female; BMI, Body Mass Index; SAS, self-rating anxiety scale; SDS, self-rating depression scale; Y/N, Yes/No; ACEI, angiotensin-converting enzyme inhibitors;
ARB, angiotensin receptor Blocker.

FIGURE 2 | The baseline and the change of fALFF after treatment in CSAP patients. (A) Illustrates the baseline comparison of fALFF between CSAP patients and
HS. The warm tone indicates CSAP patients >HS. (B) Illustrates acupuncture effects on the fALFF of CSAP patients. The warm tone indicates increased fALFF after
treatment while the cool tone indicates decreased fALFF after treatment. Threshold: voxel-level p < 0.05, cluster-level p-GRF < 0.05. MOG, middle occipital gyrus;
PosCG, postcentral gyrus; STG, superior temporal gyrus; MOFG, middle orbitofrontal gyrus; MeOFG, median orbitofrontal gyrus; ParaHipp, parahippocampus;
Hipp, hippocampus; L, left; R, right.
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TABLE 3 | The clinical effects of acupuncture in CSAP patients.

Between-group comparison

Pre (mean ± SD) Pos (mean ± SD) Within-group comparison [(Apos − Apre) vs. (Bpos – Bpre)]

t value p value t value p value

Frequency of angina attacks

All patients 5.48 ± 4.17 4.45 ± 3.73 1.240 0.225

Group A (n = 15) 5.53 ± 3.60 3.93 ± 3.26 1.964 0.049* 0.689 0.414

Group B (n = 14) 5.43 ± 4.85 5.00 ± 4.22 0.528 0.598

McGill pain score

All patients 10.17 ± 3.86 6.36 ± 2.95 6.101 <0.001***

Group A (n = 15) 10.73 ± 4.76 6.87 ± 2.61 3.665 0.003** 0.363 0.552

Group B (n = 14) 9.57 ± 2.64 5.82 ± 3.28 5.557 <0.001***

SAS score

All patients 33.15 ± 4.55 31.19 ± 4.55 2.328 0.027*

Group A (n = 15) 33.58 ± 3.83 31.29 ± 4.64 2.427 0.029* 0.024 0.877

Group B (n = 14) 32.68 ± 5.32 31.07 ± 4.62 1.104 0.290

SDS score

All patients 31.17 ± 5.02 30.52 ± 5.13 0.674 0.506

Group A (n = 15) 31.93 ± 5.02 30.50 ± 5.51 1.264 0.227 0.211 0.650

Group B (n = 14) 30.36 ± 5.08 30.54 ± 4.90 −0.110 0.914

Pre, Pre-treatment; Pos, Pos-treatment; SD, standard deviation; SAS, self-rating anxiety scale; SDS, self-rating depression scale.
*p < 0.05; **p < 0.01; ***p < 0.001.

significant rsFC change was found in Group B after treatment
(Figure 4A and Supplementary Table 4).

Compared to group B, CSAP patients in group A
had significantly increased rsFC between ROI and the
left inferior temporal gyrus (ITG)/cerebellum crus 1, left
hippocampus/thalamus, and left middle cingulate cortex (MCC)
after acupuncture treatment (voxel-level p < 0.05, cluster-level
p-GRF < 0.05) (Figures 4B,C and Supplementary Table 5).

The rsFC change between the ROI and left ITG/cerebellum
crus 1 was significantly correlated with McGill pain score
improvement (r= 0.561, p= 0.030) and SDS score improvement
in Group A (r = 0.650, p = 0.009) (Figure 4D), while no
significant correlation in group B or in all 29 patients.

DISCUSSION

To the best of our knowledge, this was the first study to investigate
the aberrant brain spontaneous activity patterns of CSAP patients
and explore the modulating effects of acupuncture for functional
brain activity as well as rsFC in CSAP patients. The findings
demonstrated that acupuncture could significantly decrease the
elevated spontaneous activity of the left calcarine in CSAP
patients. Compared with the acupoints on the meridian indirectly
related to theHeart, acupuncturing at the points on the meridians
directly related to the Heart had a remarkable effect on the
regulation of rsFC between the calcarine and the ITG, cerebellum
crus 1, hippocampus, thalamus, and MCC.

Brain-heart interaction plays an important role in the
pathophysiology and treatment of cardiovascular diseases
(Silvani et al., 2016). On the one hand, the heart receives
signals from the brain via the sympathetic and parasympathetic

nerves which are controlled by the central autonomic network
(Benarroch, 1993). On the other hand, the noxious pain
stimulus of angina is mediated by coronary chemoreceptors and
transmitted to the brain via vagal afferent nerves, and finally
integrated and processed in the cerebral cortex. The current study
demonstrated that CSAP patients manifested higher spontaneous
activity on the calcarine, MOG, and postcentral gyrus, and that
the abnormally elevated functional activity of the calcarine was
positively correlated with the McGill pain score in patients.
The postcentral gyrus is the cortex center of somatic sensation
perception and the crucial part of the pain neural matrix, which
is responsible for the adjustment of pain perception, including
the positioning and recognition of pain intensity (Mouraux and
Iannetti, 2018). Calcarine and MOG are important components
of the primary visual cortex and are traditionally thought to be
primarily involved in visual processing (Thiebaut de Schotten
et al., 2014). However, there is growing evidence in recent years
found that several components of the visual cortex, including
the calcarine and MOG, were also involved in the processing of
pain signals. Results of several fMRI studies have indicated that
patients with chronic pain, such as migraine (Wei et al., 2019),
low back pain (Bush et al., 2021), and persistent somatoform
pain disorder (Liu et al., 2019), exhibited atypical functional
activity patterns in the occipital gyrus. For example, (Wei
et al., 2019) demonstrated that migraine patients had aberrant
spontaneous activity and regional homogeneity in calcarine, as
well as atypical rsFC between calcarine and the thalamus, the
relay station of sensory signaling. Moreover, these abnormalities
of calcarine activity and connectivity patterns were significantly
correlated with the pain intensity and affective condition of
patients (Wei et al., 2019, 2021). This evidence indicated that
calcarine was involved in the processing of pain perception
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FIGURE 3 | The overlapping region and its correlation with clinical symptoms. (A) Is the location of the overlapping region. (B) Is the comparison of fALFF of the
overlapping region among HS and the baseline and after treatment of CSAP patients. (C) Illustrates the correlation between the baseline fALFF of the overlapping
region and the baseline McGill pain score in CSAP patients. (D–F) Illustrate the correlations between the fALFF change of the overlapping region and improvements
of clinical symptoms after treatment. HS, healthy subjects; pre, pre-treatment; pos, post-treatment; fALFF, fractional Amplitude of Low-Frequency Fluctuation; SAS,
self-rating anxiety scale; SDS, self-rating depression scale. *p < 0.05; **p < 0.01; ***p < 0.001.

and pain affectivity (Schwedt et al., 2015). In addition to the
somatalgia, patients with chronic visceral pain (e.g., irritable
bowel syndrome) also exhibited higher spontaneous activity and
regional homogeneity in calcarine at resting-state (Chen et al.,
2021), and increased activity in the visual cortex during the
expectation of rectal pain. These findings suggested that the
calcarine was not only associated with pain perception and
pain affectivity but was also involved in hypervigilance to pain
anticipation (Lee et al., 2012). The typical symptom of CSAP
is prolonged, episodic chest dullness and crushing pain. This
noxious pain stimulation as well as alertness and excessive fear
of angina attacks lead to the hypersensitization of calcarine,
manifested as symptoms-associated hyperactivity of the calcarine
in CSAP patients.

After acupuncture treatment, the pain experience and anxiety
condition were significantly improved, the abnormally elevated
functional activity of the calcarine was significantly normalized
in CSAP patients, and there were positive correlations between
fALFF change in calcarine and improvements of McGill pain,
SAS, and SDS score in patients. These findings reverified that
acupuncture was an effective adjunctive therapy for CSAP,
which was consisted with the previous multicenter randomized
controlled trial (Zhao et al., 2019), and suggested that the effects
of acupuncture in improving the pain experience of CSAP
patients were closely related to the modulation of calcarine

activity. In addition, this study also found that acupuncture
treatment could significantly regulate the spontaneous activity
of the brainstem, hippocampus, parahippocampus, and
orbitofrontal cortex in CSAP patients, which were closely related
to the transmission, perception, attention, and cognition of pain
(Bushnell et al., 2013). These findings indicated that acupuncture
for analgesia was not single-targeted. The improvements of
symptoms in CSAP patients induced by acupuncture were
associated with its multi-targeted modulations of the pain
process. These similar results have also been observed in
acupuncture treatment of other visceral pains and somatalgia
(Ma et al., 2020, 2021; Wen et al., 2021).

Another important finding of this study was the difference
in clinical efficacy and modulation of rsFC patterns between
acupuncture at points on the meridian indirectly and directly
related to the Heart. These results supported the classic
acupuncture theory “selecting acupoints along the meridian”
(Xing et al., 2013) and explained the potential mechanism of
better effects of acupoints on the meridian directly related
to the Heart for CSAP from the perspective of brain-heart
interaction. This study compared the differences of ROI-voxel
rsFC change between these two acupoint prescriptions, finding
that acupuncturing at points on the meridian directly related
to the Heart could significantly increase the rsFC between
the calcarine and the thalamus, hippocampus, MCC, and
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FIGURE 4 | The ROI-based rsFC change after treatment and its correlations with clinical symptoms improvements. (A) Displays the ROI-based rsFC change after
treatment in group A. Threshold: voxel-level p < 0.05, cluster-level p-GRF < 0.05. (B) Displays the between-group difference of ROI-based rsFC change after
treatment in groups A and B. Threshold: voxel-level p < 0.05, cluster-level p-GRF < 0.05. (C) Illustrates the comparisons of ROI-based rsFC values of the survival
regions at pre- and post-treatment in those two groups. (D) Illustrates the correlations between ROI-based rsFC change of the survival regions and clinical
symptoms improvements in group A. L, left; R, right; FuG, fusiform gyrus; SMG, supramarginal gyrus; ITG, inferior temporal gyrus; MCC, middle cingulate cortex;
Hipp, hippocampus; ROI, region-of-interest; rsFC, resting-state functional connectivity; SDS, self-rating depression scale; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. The
black arrow indicates the location of the left hippocampus.

ITG/Cerebellum crus 1 than acupoints on the meridian indirectly
related to the Heart. Pain is a multidimensional and complex
experience involving sensory, cognitive, and affective aspects
(Fitzcharles et al., 2021). The thalamus is a pivotal node for
pain transmission and mediation, the hippocampus and cingulate
cortex are responsible for the processing and encoding of pain
cognition and affectivity, while the cerebellum and ITG play
an important role in pain visual perception and multimodal
sensory integration (Saab, 2012; Bushnell et al., 2013; Finnerup
et al., 2021). Therefore, the current findings, while confirming
the specificity of the acupoint effects, also suggested that better
improvement of CSAP symptoms by acupuncturing at points on
the meridian directly related to the Heart might be correlated
with their multi-threaded modulations to the pain network.

Several limitations should be concerned in this study. First,
the sample size was smaller in each acupuncture treatment
group. Second, the intervention phase was short. These two
factors may account for the non-significant difference in clinical
efficacy between two acupoint prescriptions. Third, to be

consistent with clinical practice, patients in this study are
allowed to receive recommended pharmacological interventions.
Therefore, the effects of drugs on functional brain activity are
difficult to exclude.

CONCLUSION

The current study provided neuroimaging evidence for
understanding the central pathophysiology of CSAP patients
and the mechanism of acupuncture for CSAP. These findings
suggested that the elevated spontaneous activity of the calcarine
was an important central pathological characteristic of CSAP, and
regulation of the aberrant spontaneous activity of the calcarine
might be an underlying mechanism of acupuncture treatment for
CSAP patients. The multi-threaded modulation of rsFC between
calcarine and multiple pain-related brain regions might be a
potential mechanism for better efficacy of acupuncture at points
on the meridian directly related to the Heart.
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Environmental enrichment (EE) is a promising therapeutic strategy in improving metabolic

and neuronal responses, especially due to its non-invasive nature. However, the exact

mechanism underlying the sex-differential effects remains unclear. The aim of the

current study was to investigate the effects of EE on metabolism, body composition,

and behavioral phenotype based on sex. Long-term exposure to EE for 8 weeks

induced metabolic changes and fat reduction. In response to the change in metabolism,

the level of βHB were influenced by sex and EE possibly in accordance to the

phases of estrogen cycle. The expression of β-hydroxybutyrate (βHB)-related genes

and proteins such as monocarboxylate transporters, histone deacetylases (HDAC), and

brain-derived neurotrophic factor (BDNF) were significantly regulated. In cerebral cortex

and hippocampus, EE resulted in a significant increase in the level of βHB and a significant

reduction in HDAC, consequently enhancing BDNF expression. Moreover, EE exerted

significant effects on motor and cognitive behaviors, indicating a significant functional

improvement in female mice under the condition that asserts the influence of estrogen

cycle. Using an ovariectomized mice model, the effects of EE and estrogen treatment

proved the hypothesis that EE upregulates β-hydroxybutyrate and BDNF underlying

functional improvement in female mice. The above findings demonstrate that long-term

exposure to EE can possibly alter metabolism by increasing the level of βHB, regulate

the expression of βHB-related proteins, and improve behavioral function as reflected by

motor and cognitive presentation following the changes in estrogen level. This finding

may lead to a marked improvement in metabolism and neuroplasticity by EE and

estrogen level.

Keywords: environmental enrichment (EE), sex, beta-hydroxybutyrate (β-HB), estrogen, female, functional

improvement, brain derived neurotrophic factor (BDNF), neuroplasticity
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INTRODUCTION

Sex differences in metabolic responses to exercise have been
presented in many previous studies (Davis et al., 2000; Kang
et al., 2006; Vislocky et al., 2008; Hagobian et al., 2009; Isacco
and Miles-Chan, 2018). During a prolonged exercise, females
oxidize more lipids and fewer carbohydrate than males oxidize,
resulting in greater lipolysis (Tarnopolsky, 2008; Henderson,
2014; Maunder et al., 2018; Allman et al., 2019). These differences
are partially due to the higher circulating concentrations of
estrogen in females (Gavin et al., 2013; Brockman and Yardley,
2018). Estrogen controls lipolysis in various tissues, and its
beneficial effect on whole-body fat reduction has been reported
(Pedersen et al., 2004; D’eon et al., 2005; Gavin et al., 2013). At
a rate proportional to fat oxidation, ketogenesis occurs mainly
in the mitochondria of liver cells (Lopes-Cardozo et al., 1975).
It is caused by nutrient-deficient conditions such as caloric
restriction (Lin et al., 2015), fasting (Balasse and Fery, 1989;
Higashino-Matsui et al., 2012), and prolonged exercise (Phinney,
2004; Hargreaves and Spriet, 2020), which breaks down free
fatty acids to produce ketone bodies such as acetoacetate and
β-hydroxybutyrate (βHB; Dhillon and Gupta, 2020).

Environmental enrichment (EE) is a method of raising
rodents in a huge cage, with novel objects and running wheels,
and allowing numerous social interactions (Nithianantharajah
and Hannan, 2006). Previous studies have demonstrated that
exposure to EE can elicit energetic stress with diverse cellular
responses to maintain energy homeostasis (Goodpaster and
Sparks, 2017; De Souza et al., 2019; Queen et al., 2020) and
modulate systemic metabolism, increase the rate of metabolic
processes, and modulate levels of various metabolites (Fery and
Balasse, 1983; Mika et al., 2019; Thyfault and Bergouignan, 2020).
EE exerts beneficial effects on behaviors and emotions in various
rodent models (Matsumori et al., 2006; Nithianantharajah and
Hannan, 2006; Madronal et al., 2010) via improvement of
brain metabolism (Takimoto and Hamada, 2014; Matsui et al.,
2017; Puchalska and Crawford, 2017). Moreover, these beneficial
effects of EE are highly influenced by biological sex (Davis
et al., 2000; Lin et al., 2011; Kiss et al., 2013; Chamizo et al.,
2016).

Under nutritional stress after starvation or exercise,
the synthesis and utilization of ketone bodies in hepatic
mitochondria through free fatty acid metabolism can produce
necessary nutrients to extrahepatic tissues such as the brain
(Evans et al., 2017; Puchalska and Crawford, 2017). Endogenous
βHB can easily cross the blood-brain barrier (Hasselbalch et al.,
1995). However, the permeability of βHB in neuronal cells is
dependent on the expression of monocarboxylate transporters
(MCTs; Pierre and Pellerin, 2005; Vijay and Morris, 2014), and
the permeated βHB is further catalyzed by 3-hydroxybutyrate
dehydrogenase as the first stage of βHB oxidation (Evans et al.,
2017). Among the endogenous ketone bodies, βHB can act
as an epigenetic regulator through the inhibition of histone
deacetylases (HDACs) in the brain, which in turn increases the
acetylation of histones occupying loci related to brain-derived
neurotrophic factor (BDNF). Previous studies have presented
similar results that βHB can act as an epigenetic regulator in

various cell types (Dabek et al., 2020; Zhang et al., 2020; Ruppert
et al., 2021). More specifically, βHB can modulate the expression
of BDNF with histone modifications on several locations (Xie
et al., 2016; Hu et al., 2020; Mierziak et al., 2021). Mounting
evidence suggests that changes in the level of βHB following EE
and estrogen may regulate BDNF level in an epigenetic manner.

Although several studies have examined the metabolic and
neuronal responses to EE, less attention has been paid to the
mechanism underlying the effects of EE on metabolism and its
brain function under the influence of estrogen cycle. Therefore,
the purpose of this study is to determine whether EE exerts effects
on metabolism under the influence of estrogen.

MATERIALS AND METHODS

Ethics Statement and Experimental
Animals
All procedures were reviewed and approved by the Association
for Assessment and Accreditation of Laboratory Animal Care
and the Institutional Animal Care and Use Committee of the
Yonsei University Health System (permit number: 2018-0110,
2019-0336, and 2020-0054). All procedures were in accordance
with the guidelines of the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals. These regulations,
notifications, and guidelines originated and were modified from
the Animal Protection Law (2008), Laboratory Animal Act
(2008), and Eighth Edition of the Guide for the Care and Use
of Laboratory Animals (NRC 2011). Mice were provided food
and water ad libitum under a 12-h light/dark cycle, according to
animal protection regulations. They were sacrificed at 8 weeks
after the special housing conditions under anesthesia induced by
intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg) anesthesia by intraperitoneal injection. All efforts
were made to minimize animal suffering.

Experimental Procedures and Cage
Condition
At 6 weeks of age, a total of 104 (52 male and 52 female) ICR/CD-
1 mice were randomly housed in either standard conditions (SC,
n= 26 per sex) or an enriched environment (EE, n= 26 per sex).
Additionally, a total of 70 mice underwent ovariectomy [OVX
group, n = 24; OVX + Estradiol (E2) group, n = 15; OVX + EE
group, n = 14; and OVX + E2/EE, n = 17]. The subcutaneous
injection of E2 treatment (5 µg E2/corn oil) was administered
every 3–4 days. The treatments (E2 and/or EE) for each group
lasted until 14 weeks of age, as previously described (Seo et al.,
2018). All mice were fed a normal chow diet, and vaginal cytology
was conducted for all female mice immediately before sacrifice, as
previously described (Byers et al., 2012).

Dual Energy X-Ray Absorptiometry
Dual Energy X-Ray Absorptiometry (DXA) is a method to assess
in vivo body composition in humans and animals, and can
differentiate between fat and non-fat tissues. DXAwas performed
at 14 weeks of age to determine the whole-body composition of
each group of mice. Each mouse was anesthetized with a mixture
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of xylazine and ketamine, transferred, and correctly positioned in
the DXA chamber, and bone mineral content, fat, and lean body
mass were measured.

Blood Biochemical Testing
All mice went through fasting process for 5–6 h before blood
collection. Blood was drawn into BD Microtainer R© blood
collection tubes (USA). Blood samples were centrifuged for
10min at 300 g, and serum supernatants were collected and
transferred to other tubes. Total protein, total cholesterol, high-
density lipoprotein, triglyceride, and lactate dehydrogenase levels
were measured using DRI-CHEM 4000i (Fuji).

Indirect Calorimetry
To investigate the effect of EE on metabolism and physiology
under the influence of estrogen, a total of 12 mice (n = 3
per group) for the normal model and a total of 22 OVX mice
(OVX group, n = 6, OVX + E2 group, n = 6; OVX + EE
group, n = 5, OVX + E2/EE, n = 5) were housed in metabolic
automatic cages (Phenomaster, TSE systems) at 14 weeks of age.
After 2 days of acclimation, measurements of energy expenditure,
respiratory exchange ratio, and core temperature were taken at
9-min intervals for a total of 5 days.

βHB Assay
βHB levels were measured in the blood serum and brain tissue
extracts using the βHB assay kit from Sigma-Aldrich (MAK041-
1KT) following the manufacturer’s instructions. The values were
obtained at 1:40 dilution and expressed as pmol/well, unless
noted otherwise; each well contained a total volume of 200 µL.

Quantitative Real-Time PCR
Total RNA was prepared in the interested brain tissue lysates
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions. A
nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to confirm the quality and
quantity of extracted RNA. Differentially expressed genes of
interest from cerebral cortex and hippocampus were selected to
validate by Quantitative Real-Time PCR (qRT-PCR). ReverTra
Ace R© qPCR RT Master Mix with gDNA Remover (Toyobo,
Osaka, Japan) was used to synthesize cDNA with total RNA.
Then, 2 µl of cDNA in a total volume of 20 µl was used in the
following reaction. The qRT-PCR was performed in triplicate
on a Light Cycler 480 (Roche Applied Science, Mannheim,
Germany) using the Light Cycler 480 SYBR Green master mix
(Roche), with thermocycler conditions as follows: amplifications
were performed starting with a 300 s template preincubation
step at 95◦C, followed by 45 cycles at 95◦C for 10 s, 60◦C for 10 s,
and 72◦C for 10 s. The melting curve analysis began at 95◦C for
5 s, followed by 1min at 60◦C. The specificity of the produced
amplification product was confirmed by the examination of
a melting curve analysis and showed a distinct single sharp
peak with the expected Tm for all samples. A distinct single
peak indicates that a single DNA sequence was amplified
during qRT-PCR. The detail sequence of the primers is listed in
Supplementary Table 1. Primers were designed using the NCBI
primer blast with the parameters set to a product of 150–200

bp within the region surrounding the identified translocation.
The expression of each gene of interest was obtained using the
2−11CT method. The expression level of each gene of interest
was obtained using the 2−11CT method. Target-gene expression
was normalized relative to the expression of GAPDH and
represented as fold change relative to the male control group.

Western Blot
Brain lysates were isolated from cerebral cortex and
hippocampus. To assess the protein expression of MCT1,
MCT2, MCT4, HDAC1, HDAC2, HDAC3, BDNF in cerebral
cortex and hippocampus, total protein was extracted from all
mice and dissolved in sample buffer (60mM Tris–HCl, pH
6.8, 14.4mM b-mercaptoethanol, 25% glycerol, 2% SDS, and
0.1% bromophenol blue; Invitrogen), incubated for 10min at
70◦C, and separated on a 10% SDS reducing polyacrylamide
gel (Invitrogen). Twenty microgram of Protein samples
were separated with SDS-polyacrylamide gel electrophoresis
(PAGE) on a 4–12% gradient Bis-Tris gel and Tris-Acetate gel
(Invitrogen, Carlsbad, CA, USA). The separated proteins were
further transferred onto a 0.45µm InvitrolonTM polyvinylidene
difluoride (PVDF) filter paper sandwich using a XCell IITM

Blot Module (Invitrogen, Life Technologies, Carlsbad, CA,
USA). The membranes were blocked for 1 h in Tris-buffered
saline (TBS) (10mM Tris-HCl, pH 7.5, 150mM NaCl) plus
0.05% Tween 20 (TBST) containing 5% non-fat dry milk
(Bio-Rad, Hercules, CA, USA) at room temperature, washed
three times with TBST, and incubated at 4◦C overnight with
the following primary antibodies; anti-MCT1 (1:500, Abcam),
anti-MCT2 (1:200, Santa Cruz), anti-MCT4 (1:200, Santa Cruz),
anti-HDAC1 (1:500, Santa Cruz), anti-HDAC2 (1:200, Santa
Cruz), anti-HDAC3 (1:1,000, Santa Cruz), anti-BDNF (1:1,000,
Abcam), and anti-β-Actin (1:5,000, Abcam). After washing
the blots three times with TBST, the blots were incubated
for 1 h with horseradish peroxidase-conjugated secondary
antibodies (1:5,000; Santa Cruz, CA, USA) at room temperature.
The proteins were further washed three times with TBST and
visualized with an enhanced chemiluminescence (ECL) detection
system (Amersham Pharmacia Biotech, Little Chalfont, UK).
Using ImageQuantTM LAS 4000 software (GE Healthcare Life
Science, Chicago, IL, USA), western blot results were saved into
TIFF image files, and then the images and the density of the band
were analyzed and expressed as the ratio relative to the control
band density using Multi-Gauge (Fuji Photo Film, version 3.0,
Tokyo, Japan). To normalize the values of all samples to account
for band intensity, the average band intensity for each mouse
group was first calculated. The samples were normalized to the
group average of controls, and target protein expressions were
normalized relative to the internal expression of β-Actin. The
value of the male control group was set to 1 and was divided by
the value of each individual mouse.

Immunohistochemistry
The brain tissues were frozen in Surgipath FSC 22 clear frozen
section compound (Leica Microsystems) using dry ice and
isopentane. The harvested brain tissues were cryosectioned
into 16-µm-thick sections along the coronal plane, and
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immunohistochemical staining was performed as previously
described. Eight weeks after EE, to confirm the endogenous
expression of MAP2 (1:400, Abcam), GFAP (1:400, Neuromics),
MCT2 (1:400, Santa Cruz), and MCT4 (1:400, Santa Cruz), the
brain sections of the cerebral cortex and hippocampus were
immunostained. The sections were incubated with Alexa Fluor R©

488 goat anti-rabbit (1:400, Invitrogen) and Alexa Fluor R© 594
goat anti-mouse (1:400, Invitrogen) secondary antibodies, and
then covered with Vectashield R© mounting medium with 4C,
6-diamidino-2-phenylindole (Vector, Burlingame, CA, USA).
The stained sections were analyzed using an LSM 700 confocal
microscope (Zeiss, Gottingen, Germany). The z-stack confocal
analysis was used to measure the colocalization of MAP2
with MCT2 and GFAP with MCT4 and to create Maximum
Intensity Projection (MIP) and Ortho (2.5D) images for further
colocalization clarification.

Behavioral Assessments
Rotarod Test
A rotarod test was used to assess motor coordination and
locomotor function. All animals received a pretreatment
performance evaluation at 6 weeks of age. For this assessment,
mice were placed on a rotarod treadmill [Ugo Basile, Gemonio
(VA), Italy], and the latency to fall, which is the length of time that
the animals remained on the rolling rod, was measured. Rotarod
tests were then performed at a 2-week interval until 14 weeks of
age after the commencement of the treatment at an accelerating
speed (4–80 rpm) and a constant speed (32, 64 rpm). The latency
period was measured twice for each test, and individual tests were
terminated at a maximum latency of 300 s.

Y-Maze Test
Y-maze test is to evaluate cognition and short-term spatial
memory (Wahl et al., 1992). This test was carried out in an
enclosed “Y” shaped maze (Jeung Do B&P). Normal mice
tend to visit the arms of the maze one after the other. This
behavior is called spontaneous alternation and used to assess
short-term spatial memory in a new environment (Wahl et al.,
1992). The number of each arm entries, spontaneous alternation,
and percent alternation were recorded for 8min. The percent
alternation was calculated as follows: [Number of spontaneous
alternation/(Number of total arm entries – 2)] × 100. At the
end of each trial the maze was cleaned of urine and feces with
70% ethanol.

Hanging Wire Test
Hanging wire test is designed to assess both limb strength and
balance (Manwani et al., 2011). Mice were tested for their ability
to hang from a thick metallic wire, which was secured to two
vertical stands. To avoid any vibration, the wire was tightly
attached to the plastic frame. The wire was secured 35 cm above
the bedding cage to prevent falling injury. Each mouse was put
on three trials. Latency to fall from the wire was recorded, and
the maximum latency period was 300 s.

Open Field Test
Open field test is generally used to evaluate locomotor activity
and anxiety behaviors in a novel environment (Kraeuter et al.,
2019). Activity monitoring was conducted on a premise of square
area measuring 30 × 30.5 × 31 cm3. The dimension of the
premise was divided into 16 sectors. The 4 inner sectors were
marked as the center, while the 12 outer sectors were defined as
the periphery. Total spent time in the periphery was recorded
as an index of anxiety. Mice were placed individually into the
periphery of the area and could explore freely for 25min while
being monitored with a video camera. The data were analyzed
using the video tracking system Smart Vision 2.5.21 (Panlab,
Barcelona, Spain).

Statistical Analysis
Statistical analyses were performed using the Statistical
Package for Social Sciences software (version 25.0; IBM
Corporation, Armonk, NY, USA). Levene’s test was applied for
the homogeneity of variance of the data. A two-way analysis
of variance (ANOVA) test was used to examine the primary
effects (Sex or Period or Housing) and interaction effects (Sex
× Housing or Period × Housing), followed by Tukey’s post-hoc
test for comparisons within sex or period and between housing
conditions under significant interaction. A two-way repeated
measure ANOVA test was used to examine the primary and
interaction effects within and between groups (5 × 4 factorial
design) for the rotarod test. Post-hoc analysis was used to find
where the significant differences were, and was identified at p
< 0.01 using a Bonferroni adjustment as a multiple pairwise
comparison. For the comparison of the OVX groups, a one-way
ANOVA followed by Tukey’s multiple comparison test was used.
The data are expressed as the mean ± standard error of the
mean (SEM), and all graphical artworks were produced using
GraphPad Prism version 9.

RESULTS

EE Induces Metabolic Changes and Fat
Reduction
For 8 weeks from 6 weeks of age, normal mice were exposed
to either control cages or EE cages (Supplementary Figure 1A);
the experimental scheme for normal models is shown in
Figures 1A,C,D, and body weight change is noted in Figure 1B.
Representative DXA images from each group are shown in
Figure 1E. In DXA images, red dots indicate fat tissues, blue
dots indicate non-fat tissues, and white dots indicate bone
tissues. Significant housing effect was observed, indicating that
fat reduction occurred after exposure to EE regardless of sex
(Figure 1F). In blood biochemical analysis, significant gender
effect and housing effect were noted in serum triglyceride (TG),
indicating that EE mice have lower TG level than control mice
regardless of sex, while female mice showed a higher TG level
than male mice regardless of housing condition (Figure 1G). A
significant housing effect in serum total cholesterol (TCHO) was
also observed, indicating that exposure to EE can decrease TCHO
level regardless of sex (Figure 1H). Metabolic cage analysis
showed a significant housing effect in the respiratory exchange

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 May 2022 | Volume 15 | Article 86979959

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Pyo et al. Environmental Enrichment Upregulates Beta-Hydroxybutyrate

FIGURE 1 | Differential metabolic change by sex sensitivity and exposure to EE in normal models. (A) The experimental scheme for normal models. (B) Body weight

change at 2-week interval (n = 26 per group). The representative figures of (C) EE cage and (D) control cage. (E) The representative DXA image of each group. (F)

Percentage fat in male and female mice exposed to control (CON) or enriched (EE) cages (n = 5 per group). After exposure to EE or control cage, blood biochemical

analysis (n = 7 per group) and indirect calorimetry (n = 3 per group) were conducted. (G) Serum triglyceride. (H) Serum total cholesterol. (I) Respiratory exchange

ratio. (J) Heat. Two-way ANOVA with Tukey multiple comparison test. Significant sex effect, significant housing effect, and the significant interaction between sex and

housing were noted with p-value. Data are means ± SEM.

ratio, indicating that EE mice have higher RER ratio than
control mice regardless of sex (Figure 1I) and significant sex
effect on heat, indicating that female mice have higher heat
than male mice regardless of housing condition (Figure 1J).
Collectively, these data imply that female mice have different

body composition compared to male mice, and long-term

exposure to EE can induce fat reduction and change body

composition, with resultant metabolic changes in both sexes

of mice.

The Level of βHB Were Influenced by Sex
and EE in Normal Mice
βHB enzyme-linked immunosorbent assay (ELISA) analysis
indicated significant housing and sex effects on serum βHB
levels (Figure 2A), indicating that female mice have higher
βHB level than male mice regardless of housing, and EE
mice have higher βHB level than control mice regardless of
sex. Further analysis based on the estrus cycle indicated a
trend on the interaction between housing and period (P =
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FIGURE 2 | Differential βHB level by sex and exposure to EE in normal models.

βHB enzyme-linked immunosorbent assay (ELISA) was conducted in serum (n

= 10 per group), cerebral cortex (n = 6 per group), and hippocampus (n = 6

per group). (A) Serum βHB levels. (B) Further female subgroup analysis based

on estrus cycle in serum βHB. (C) Cerebral cortex βHB and (D) Hippocampus

βHB. Two-way ANOVA with Tukey multiple comparison test. Significant sex

effect, significant housing effect, and the significant interaction between sex

and housing were noted with p-value. Data are means ± SEM.

0.0570). Significant housing effect and period effect on serum
βHB levels in female mice were observed, indicating that
serum βHB levels in proestrus and estrus (P/E) stage were
higher than in metestrus and diestrus (M/D) stage regardless
of housing, and EE mice have higher serum βHB levels than
control mice regardless of period (Figure 2B). The stage of
the estrus cycle was determined through vaginal cytology
(Supplementary Figure 1B). Moreover, significant housing and
sex effects were also indicated on βHB levels in the cerebral cortex
and hippocampus, respectively (Figures 2C,D). This indicates
that female mice have higher βHB levels than male mice
regardless of housing, and EE mice have higher βHB levels
than control mice regardless of sex. These data demonstrate that
the baseline level of βHB is different between sexes, and EE
can induce metabolic changes and alter body composition. The
changes in female mice are due to the influence of the estrus cycle
in response to the increased rate of lipolysis.

The Expression of βHB-Related Genes and
Proteins Were Influenced by Sex and EE
To examine the expression of βHB-related genes, qRT-
PCR was conducted in the cerebral cortex (Figures 3A1–G1)
and hippocampus (Figures 3A2–G2). There was a significant
interaction between housing and gender in MCT2 [F(1,44) =

36.18, P = 0.0001], HDAC3 [F(1,44) = 10.96, P = 0.0019],

and BDNF [F(1,44) = 20.85, P = 0.0001] in cerebral cortex.
Moreover, there was a significant interaction between housing
and gender in MCT2 [F(1,44) = 11.38, P = 0.0016], MCT4
[F(1,44) = 8.822, P = 0.0048], HDAC1 [F(1,44) = 42.80, P =

0.0001], HDAC2 [F(1,44) = 5.344, P = 0.0255], and BDNF
[F(1,44) = 29.65, P = 0.0001] in hippocampus. Significant
housing effects and sex effects are noted in the figures. Western
blotting was conducted to examine the expression of βHB-related
proteins in cerebral cortex (Figures 4A1–H1) and hippocampus
(Figures 4A2–H2), and representative images are shown in
Figures 4A1,A2, respectively. Significant housing or sex effect
was noted in βHB-related proteins. Collectively, these data
indicate that the expression of βHB-related genes and proteins
was significantly regulated by EE and sex. In cerebral cortex and
hippocampus, EE led to a significant increase in the level of
βHB and a significant reduction in the level of HDAC, which
consequently enhanced BDNF expression under the influence
of sex.

EE Induces Higher βHB Uptake of the Brain
by Both Astrocytes and Neurons
To examine the uptake of βHB in cerebral cortex and
hippocampus, histological assessments with GFAP, MCT4,
MAP-2, and MCT2 were conducted. The representative
images of GFAP and MCT4 in the cerebral cortex and
hippocampus are shown in Figures 5A1,A2, respectively.
The representative images of MAP-2 and MCT2 in the cerebral
cortex and hippocampus are shown in Figures 5B1,B2,
respectively. Significant sex and housing effect were noted both
in the colocalization of GFAP and MCT4 in cerebral cortex
(Figure 5C1) and the colocalization of MAP2 and MCT2
in hippocampus (Figure 5D1), indicating that female mice
have the higher colocalization than male mice regardless of
housing, and EE mice have the higher colocalization than control
mice regardless of sex. Significant housing effect was noted
in the colocalization of GFAP and MCT4 in cerebral cortex
(Figure 5C2) and in the colocalization of MAP2 and MCT2 in
hippocampus (Figure 5D2), implying that EE mice have higher
colocalization than control mice regardless of sex. Raw intensity
of GFAP and MAP2 for cerebral cortex and hippocampus are
shown in Figures 5E1,F1,E2,F2. Significant housing effect was
observed in raw MAP2 expression, demonstrating that EE
mice showed a higher expression of MAP2 than control mice
regardless of sex in cerebral cortex and hippocampus. Significant
gender effect was observed in raw GFAP expression, indicating
that female mice showed higher expression of GFAP than male
mice regardless of housing in hippocampus. These combined
data indicate that long-term exposure to EE can induce the
higher βHB uptake as indicated by the higher colocalization rate
in cerebral cortex and hippocampus by astrocytes and neurons.

EE Improves the Motor and Cognitive
Functions in Normal Mice
To examine motor and cognitive function of normal mice,
rotarod test and Y-maze test were conducted. In rotarod test,
female EE mice significantly outperformed the other groups of
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FIGURE 3 | Effects of EE on the expression of βHB-related genes under the influence of estrogen by qRT-PCR. (A1–G1) Cerebral cortex and (A2–G2) hippocampus

mRNA levels for βHB-related genes measured using qRT-PCR (n = 4 per group). All samples were run in triplicate. Two-way ANOVA with Tukey multiple comparison

test. Significant sex effect, significant housing effect, and the significant interaction between sex and housing were noted with p-value. Data are means ± SEM. *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

mice at accelerating speed 4–80 rpm (Figure 6A), constant 48
rpm (Figure 6B), and constant 64 rpm (Figure 6C). Specifically,
rotarod performance was significantly improved in EEmice from

2 to 8 weeks after EE treatment. In Y-maze test, significant
housing effect was observed in the number of alterative
behaviors (Figure 6D) and the number of entries (Figure 6E),
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FIGURE 4 | Effects of EE on the expression of βHB-related proteins under the influence of estrogen by western blot. (A1–H1) Cerebral cortex and (A2–H2)

hippocampus protein levels for βHB-related proteins measured using western blot (n = 4 per group). Two-way ANOVA with Tukey multiple comparison test. Significant

sex effect, significant housing effect, and the significant interaction between sex and housing were noted with p-value. Data represented are means ± SEM.

demonstrating that the raw number of alternation and total

entries were significantly decreased in EE mice compared to
control mice regardless of gender. Significant housing effect
was observed in the percentage of alternation, indicating that

EE mice have higher percentage of alternation than control
mice regardless of gender (Figure 6F). These data indicated that

exposure to EE improves cognitive function. These combined
data indicate that long-term exposure to EE improves motor and
cognitive function.

EE and Estrogen Treatment Can Induce
Lipolysis and Metabolic Changes in OVX
Mice
To produce an estrogen-deficient model, OVX was conducted
at 6 weeks of age (Supplementary Figure 1C), and the
experimental scheme for OVX models is shown in Figure 7A.
Body weight measurement for OVX group, OVX + E2 group,
OVX + EE group, and OVX + E2/EE group is noted in
Figure 7B, and the body weight was significantly decreased by
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FIGURE 5 | Effects of EE on the uptake of βHB in cerebral cortex and hippocampus under the influence of estrogen. Representative IHC images of (A1,A2)

GFAP+MCT4+ in cerebral cortex and hippocampus and (B1,B2) MAP2+MCT2+ in the cerebral cortex and hippocampus (n = 4 per group). (C1–F1) Quantification of

GFAP+MCT4+ and MAP2+MCT2+ in the cerebral cortex and hippocampus. (C2–F2) Raw intensity of GFAP and MAP2 in cerebral cortex and hippocampus.

Two-way ANOVA with Tukey multiple comparison test. Significant sex effect, significant housing effect, and the significant interaction between sex and housing were

noted with p-value. Data are means ± SEM.

exposure to EE and the synergistic effect of EE and E2. The
level of 17β-estradiol was significantly increased by estrogen
treatment and exposure to EE (Figure 7C). The representative
DEXA images from each group are shown in Figure 7D,
and significant fat reduction following estrogen treatment
and exposure to EE was observed (Figure 7E). Moreover, in
blood biochemical analysis, the synergistic effect of estrogen
and exposure to EE was observed in serum TG (Figure 7F),

decreasing the level of TG compared to OVX group but
not in serum TCHO (Figure 7G). In indirect calorimetry,
exposure to EE and estrogen treatment significantly increase
RER (Figure 7H) and heat (Figure 7I) in OVX mice, indicating
that both treatments can change body composition and induce
metabolic changes. Collectively, exposure to EE and estrogen
treatment can synergistically increase lipolysis, alter body
composition, and metabolic changes in OVX mice.
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FIGURE 6 | Effects of EE on functional improvement in normal models. Behavioral test assessments conducted for the normal groups. (A) Rotarod accelerating from

4 to 80 rpm. (B) Rotarod at constant 48 rpm. (C) Rotarod at constant 64 rpm (n = 26 per group). *F-EE vs. M-EE, #F-EE vs. F-CON, $F-EE vs. M-CON, %M-EE vs.

M-CON, and &M-EE vs. F-CON. (D) Number of alternative behaviors, (E) number of entries, and (F) percent alternation of Y-maze test (n = 10 per group). Two-way

ANOVA with Tukey multiple comparison test. Significant sex effect, significant housing effect, and the significant interaction between sex and housing were noted with

p-value. Data represented are means ± SEM. *p < 0.01, #p < 0.01, $p < 0.01, %p < 0.01, and &p < 0.01.

EE and Estrogen Treatment Can Reduce
Abnormal Lipid Accumulation in Liver and
Various Brain Regions in OVX Mice
To examine lipid accumulation in the liver and various
brain regions of OVX mice, Oil Red O (ORO) staining,
and H&E staining were conducted. The representative
images of ORO-stained livers for each group are shown
in Figure 8A, and the abnormal lipid accumulation was
significantly decreased by the synergistic effect of EE and
estrogen treatment (P = 0.0194, Figure 8B). Moreover,
hepatic steatosis was observed in the OVX group and was
diminished by exposure to EE and/or estrogen treatment
(Figure 8C). The representative images of ORO-stained
cerebral cortex, pia-mater, and subventricular zone (SVZ) are
shown in Figures 8D–F, respectively. The quantification of
ORO-stained cerebral cortex, pia-mater, and SVZ are shown
in Figures 8G–I. Exposure to EE and estrogen treatment
significantly reduced the abnormal accumulation of lipid
droplets in cerebral cortex and SVZ. These data indicate that
exposure to EE and estrogen treatment can induce lipolysis and
reduce abnormal lipid accumulation in the liver and various
brain regions.

EE and Estrogen Treatment Can Increase
the Level of βHB in OVX Mice
βHB ELISA analysis indicated a significant increase in serum
βHB after estrogen treatment and exposure to EE (Figure 9A).
The synergistic effect of estrogen and EE was observed
on the βHB level in the cerebral cortex and hippocampus
(Figures 9B,C). In response to the increased rate of lipolysis,
the level of βHB was significantly increased by EE and estrogen
treatment in serum and the brain regions. Particularly, in female
mice with EE and estrogen treatment, the level of βHB in cerebral
cortex was significantly increased compared with OVX mice (P
= 0.0319, Figure 9B), and the level of hippocampal βHB was
significantly increased compared with OVX mice (P = 0.0014,
Figure 9C).

EE and Estrogen Treatment Exerts
Synergistic Effects on the Expression of
βHB-Related Genes and Proteins in OVX
Mice
To examine the expression of βHB-related genes, qRT-PCR
was conducted in the cerebral cortex (Figures 10A1–G1) and
hippocampus (Figures 10A2–G2). The significantly synergistic
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FIGURE 7 | Differential metabolic change following estrogen treatment and exposure to EE in OVX models. (A) Experimental scheme for OVX models. (B) Body

weight of OVX groups after the treatments (E2 and/or EE) (n = 10–18 per group). (C) Measurement of serum 17β-estradiol (n = 10–18 per group). (D) Representative

DXA image from each group. (E) Percentage body fat (n = 6–8 per group). (F) Serum triglyceride (n = 7–9 per group). (G) Serum total cholesterol (n = 7–9 per group).

(H) Respiratory exchange ratio (n = 5–6 per group). (I) Heat (n = 5–6 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means

± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

effect of EE and estrogen treatment was noted in MCT2,
MCT4, HDAC1, HDAC2, HDAC3, and BDNF in both cerebral
cortex and hippocampus. To examine the expression of
βHB-related proteins, western blotting was conducted. The
representative western blot images of βHB-related proteins in
cerebral cortex and hippocampus are shown in Figures 11A1,A2,
respectively. The significantly synergistic effect of EE and
estrogen treatment was noted in MCT2, MCT4, HDAC2,

HDAC3, and BDNF in cerebral cortex (Figures 11B1–H1).
Moreover, the significantly synergistic effect of EE and estrogen
treatment was noted in MCT2, MCT4, HDAC1, HDAC2,
HDAC3, and BDNF in hippocampus (Figures 11B2–H2).
Collectively, these data indicate that the expression of βHB-
related genes and proteins was significantly regulated by exposure
to EE and estrogen treatment. Particularly, the expressions
of BDNF genes and proteins were significantly enhanced in
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FIGURE 8 | Abnormal lipid accumulation was alleviated by exposure to EE and estrogen treatment in OVX mice. (A) The representative images of ORO-stained liver of

the OVX groups, and (B) quantification thereof. (C) The representative images of H&E-stained liver of the OVX groups. The representative images of ORO-stained (D)

cerebral cortex, (E) pia-mater, and (F) SVZ, and (G–I) quantification thereof, respectively (n = 4 per group). One-way ANOVA with Tukey multiple comparison test.

Data represented are means ± SEM. *p < 0.05 and **p < 0.01. White bars = 50 µm.

the cerebral cortex (P = 0.0004, Figure 10G1; P = 0.0342,
Figure 11H1) and hippocampus (P < 0.0001, Figure 10G2; P =

0.0025, Figure 11H2) of the female mice.

EE and Estrogen Treatment Exerts
Synergistic Effects on βHB Uptake of the
Brain by Both Astrocytes and Neurons in
OVX Mice
To examine the uptake of βHB in cerebral cortex and
hippocampus, histological assessments with GFAP, MCT4, MAP-
2, and MCT2 were conducted. The representative images of
GFAP and MCT4 in the cerebral cortex and hippocampus
are shown in Figures 12A1,A2, respectively. The representative
images of MAP-2 and MCT2 in the cerebral cortex and

hippocampus are shown in Figures 12B1,B2, respectively. The
colocalization percent of GFAP with MCT4 (P < 0.0001,
Figure 12C1) and MAP2 with MCT2 (P < 0.0001, Figure 12D1)
in the cerebral cortex was significantly increased in OVX+E2/EE
group compared to OVX group. In similar fashion, the
colocalization percent of GFAP with MCT4 (P = 0.0012,
Figure 12C2) and MAP2 with MCT2 (P < 0.0001, Figure 12D2)
in the hippocampus was significantly increased in OVX +

E2/EE group compared to OVX group (Figures 12C2,D2).
Raw intensity of GFAP and MAP2 for cerebral cortex and
hippocampus are shown in Figures 12E1,F1,E2,F2. These
combined data indicate that long-term exposure to EE and
estrogen treatment can synergistically induce the higher βHB
uptake in cerebral cortex and hippocampus by astrocytes and
neurons in OVX mice.
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FIGURE 9 | Exposure to EE and estrogen treatment can increase the level of βHB in OVX mice. (A) Serum βHB (n = 6–9 per group). (B) Cerebral cortex βHB (n = 6

per group). (C) Hippocampus βHB (n = 6 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p <

0.01, and ***p < 0.001.

EE and Estrogen Treatment Synergistically
Improve Motor, Emotional, and Cognitive
Functions in OVX Mice
To examine motor, emotional, and cognitive function of OVX
mice, hanging wire test, open-field test, and Y-maze test were
conducted. Significant improvement in motor function following
estrogen treatment and exposure to EE was observed in the
hanging wire test (P < 0.0001, Figure 13A). Moreover, a
significant reduction in anxiety level (P = 0.0036, Figure 13B)
and cognitive improvement (P = 0.0001, Figure 13E) were
observed in OVX mice after treatment with estrogen and EE.
Raw number of alternative behaviors and number of entries
in Y-maze are shown in Figures 13C,D, respectively. Using an
OVX model, these data indicate that EE and estrogen treatment
synergistically regulate the expression of βHB-related genes and
proteins, thereby improving motor, cognitive, and emotional
functions in female mice.

DISCUSSION

EE intervention is a non-invasive strategy for improving
metabolic and brain function (Briones et al., 2013; Seo et al., 2018;
De Souza et al., 2019; Queen et al., 2020). However, despite its
therapeutic potential, many previous studies have reported that
a large amount of variation exists in the effects of EE by sex, sex-
related differences are observed in metabolic pathways, especially
lipid metabolism, under nutrient stress (Mittendorfer et al., 2001;
Soeters et al., 2007). Since females generally have more body
fat than males do, females have a propensity for the increased
oxidation of adiposity, and have more enzymes responsible for
β-oxidation (Blaak, 2001; Maher et al., 2010). Since estrogen and
exposure to EE are two of the most significant lipolysis factors
that influence body composition and metabolism, it is important
to consider the interrelated interactions of these factors.

In this study, we investigated metabolic responses after the
long-term exposure to EE based on sex. DXA and blood
biochemical analyses of fat content indicated that fat reduction
occurred after the long-term exposure to EE regardless of sex.
Analyses of indirect calorimetry indicated that exposure to EE
and estrogen levels can change body composition, consistent
with previous studies demonstrating young females have overall
higher core temperature than males, which is also influenced by
estrogen levels (Heled et al., 2001; Kaciuba-Uscilko and Grucza,
2001; Sanchez-Alavez et al., 2011). Previous results also showed
that long-term exposure to EE or prolonged exercise can reduce
the fat content in the whole body (Cao et al., 2011; Swift
et al., 2014). Although the exact mechanism of EE-induced fat
reduction is not clear, enhanced fat oxidation and improved
glucose tolerance are responsible for the underlying mechanism
(Goodpaster et al., 2003; Solomon et al., 2008). In the estrogen-
deficient model, abnormal fat accumulation was observed in
liver and brain regions (Supplementary Figures 2A,B). This
accumulation was significantly alleviated by estrogen and
EE exposure.

In response to the fat reduction in both models, the level of
βHB was significantly upregulated in both the serum and brain
regions by estrogen and EE exposure in this study. Moreover, the
expression of βHB-related genes and proteins was significantly
modulated by estrogen levels and exposure to EE. This alteration
may induce behavioral improvements in motor, cognitive, and
emotional functions.

It is important to note that young females utilize larger
amounts of fatty acids to produce ketone bodies than their
male counterparts under nutritional stress (Marinou et al.,
2011; Ballestri et al., 2017). Moreover, in rodent model studies,
there were sex-specific and strain-specific effects of calorie
restriction on circulating βHB (Mitchell et al., 2016). Our
result indicated that circulating βHB concentrations were
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FIGURE 10 | Synergistic effects of estrogen and EE on the expression of ketone-related genes by qRT-PCR. (A1–G1) Cerebral cortex and (A2–G2) hippocampus

mRNA levels for βHB-related genes measured using qRT-PCR (n = 4 per group). All samples were run in triplicate. One-way ANOVA with Tukey multiple comparison

test. Data represented are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

higher in females than in males, regardless of the housing
conditions. Interestingly, further subgroup analysis based on
estrus cycle in the female group indicated that significantly

higher circulating βHB levels following EE exposure at the
D/M stage was observed compared to that in female control
mice at the D/M stage. Previous studies have shown that
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FIGURE 11 | Synergistic effects of estrogen and EE on the expression of ketone-related proteins by western blot. (A1–H1) Cerebral cortex and (A2–H2)

hippocampus protein levels for βHB-related proteins measured using western blot (n = 4 per group). One-way ANOVA with Tukey multiple comparison test. Data

represented are means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.

estrogen levels are closely associated with mitochondrial β-
oxidation of fatty acids (Oliveira et al., 2018), and estrogen
regulates the level of histone acetylation associated with
memory consolidation and increases BDNF promoter acetylation
(Fortress et al., 2014). These combined results may suggest
the synergistic effect of estrogen and exposure to EE on the
utilization of βHB and BDNF, contributing to the effects of
EE on metabolism and brain function under the influence
of estrogen.

MCTs are solute carrier transporters of alternative
metabolites, such as lactate, pyruvate, and ketone bodies
(Vijay and Morris, 2014). MCTs are responsible for brain
energy metabolism, and three MCT isoforms have been
identified in the brain: MCT1, MCT2, and MCT4. MCT1,
MCT2 and MCT4 show prominent expression in brain
endothelial cells, neurons, and astrocytes, respectively (Pierre
and Pellerin, 2005). The expression of these transporters is
detectable in varying amounts in the cerebral cortex and
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FIGURE 12 | Synergistic effects of estrogen and EE on the uptake of βHB in cerebral cortex and hippocampus. Representative IHC images of (A1,A2) GFAP+MCT4+

in cerebral cortex and hippocampus and (B1,B2) MAP2+MCT2+ in the cerebral cortex and hippocampus (n = 4 per group). (C1–F1) Quantification of GFAP+MCT4+

and MAP2+MCT2+ in the cerebral cortex and hippocampus. (C2–F2) Raw intensity of GFAP and MAP2 in cerebral cortex and hippocampus. One-way ANOVA with

Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A white bar = 50µm.
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FIGURE 13 | Synergistic effects of estrogen and EE on functional improvement in OVX models. Behavioral test assessments conducted in the OVX groups. (A)

Hanging wire test, hippocampus (n = 8–15 per group). (B) Open field test (n = 6–12 per group). (C) Number of alternative behaviors, (D) number of entries, and (E)

percent alternation of Y-maze test (8–15 per group). One-way ANOVA with Tukey multiple comparison test. Data represented are means ± SEM. *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001.

hippocampus (Halestrap, 2012; Halestrap and Wilson, 2012).
In this study, the higher colocalization of MCT2+MAP2+ and
MCT4+GFAP+ was observed with exposure to EE and estrogen,
and the higher magnification of these images is presented in
Supplementary Figure 2B. Previous studies have shown a close
interrelationship among the levels of βHB, MCTs, HDACs, and
BDNF (Robinet and Pellerin, 2011; Halestrap and Wilson, 2012;
Takimoto and Hamada, 2014; Sleiman et al., 2016; Achanta and
Rae, 2017; Puchalska and Crawford, 2017; Li et al., 2020). Our
qRT-PCR and western blotting analyses indicated the synergistic
effects of estrogen and EE on the expression ofMCT2 andMCT4.
Similarly, the expression of HDAC1, 2, and 3 was significantly
lower, and the expression of BDNF was significantly higher. The
physiological significance of MCT2 and MCT4 on brain energy
metabolism and neuroplasticity has been noted in the murine
model (Pierre et al., 2002; Pellerin et al., 2005). The inhibition of
MCT2 can impair long-term memory, and MCT4 knockout can
kill various cancer cells (Newman et al., 2011; Benjamin et al.,
2018; Fang et al., 2022).

An estrogen deficient model can be created using ovariectomy
(Yokose et al., 1996). Estrogen-deficiency can induce spatial

memory impairment, anxious, and depressive behaviors
(Lagunas et al., 2010; Djiogue et al., 2018). Short-term estrogen
treatment can address these physical and psychological stress-
induced cognitive impairments (Khayum et al., 2020; Khaleghi
et al., 2021), and prolonged regular (involuntary) exercise can
improve estrogen levels in various brain regions and motor
coordination performance (Rauf et al., 2015). Exercise also
exerts the similar effects of estrogen in terms of lipid oxidation,
fat reduction, and inflammation regulation in OVX mice
(Jackson et al., 2011; Pighon et al., 2011; Gorres-Martens et al.,
2018; Fuller et al., 2021). Moreover, functional locomotor
improvement following estrogen treatment was observed in
OVX mice. Cognitive deficits induced by decreased BDNF levels
can be alleviated by voluntary exercise and estrogen therapy,
which regulate the expression of histone deacetylases (Pedram
et al., 2013; Rashidy-Pour et al., 2019). These data indicate
that estrogen and exercise can improve behavioral functions
by enhancing the metabolic phenotype. Using an OVX model
in this study, the effect of EE and estrogen treatment proved
the hypothesis that EE upregulates βHB and BDNF underlying
functional improvement in female mice.
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This study has several limitations that some inconsistencies
exist in the normal model due to a small size sample, and
complexity in defining an absolute EE, which contains complex
inanimate and social stimulations. Many components within
a complex definition of EE make it difficult to discern which
stimulation contributes most to the improvements. Since this
study only focused on the effect of EE and estrogen on
metabolism, further studies with orchidectomized mice should
be conducted to see the holistic sex-specific effect.

In conclusion, this EE exerts an effect on both males and
females. However, females have shown significantly differential
results in MCT2, HDAC2, and BDNF in cerebral cortex and
MCT2, MCT4, HDAC1, HDAC2, BDNF in hippocampus. The
level of MCTs, HDACs, and BDNF in the cerebral cortex and
hippocampus were regulated by exposure to EE and influenced
by the estrogen level. In response to the changed level of
βHB, the behavioral improvements in motor and cognition
were observed in normal and OVX mice. These combined
events showed that EE induces metabolic, molecular, and
behavioral changes under the influence of sex, partially by the
estrogen level. These findings may be applied to the sex-specific
modification of EE and neuroplasticity in female mice from the
EE treatment.
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Guo-Ping Zhou 1,2*†
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Cell pyroptosis is one of the main forms of neuronal injury after cerebral

ischemia–reperfusion. It is accompanied by an inflammatory reaction and regulated by

the caspase gene family. Electroacupuncture (EA) can reduce neuronal injury caused

by cerebral ischemia–reperfusion, and we speculated that EA can prevent neuronal

pyroptosis after cerebral ischemia–reperfusion by regulating the nucleotide-binding

oligomerization domain-like receptor protein 3 (NLRP3)/caspase-1 pathway. The cerebral

ischemia–reperfusion injury model of C57 and caspase-1 gene knockout (Cas-1 ko) mice

was established by Longa’s method. EA was conducted at acupoints Chize (LU5), Hegu

(LI4), Sanyinjiao (SP6), and Zusanli (ST36) for 1.5 h after cerebral ischemia–reperfusion

injury for 20min, and observation was carried out after 24 h. Neurological deficit

scores evaluated the neurological function, cerebral infarction volume was observed

by triphenyl tetrazolium chloride (TTC) staining, hematoxylin and eosin (H&E) staining,

TUNEL and caspase-1 double-labeled fluorescence staining, and NLRP3 and caspase-1

double-labeled immunofluorescence staining that were used to observe the morphology

of neurons in hippocampus, and the protein expression of NLRP3, pro-caspase-1,

cleaved caspase-1 p20, pro-interleukin-1β (IL-1β), cleaved IL-1β, and GSDMD was

detected by Western blot assay. Results showed that EA could reduce the score of

neurological deficit, reduce the volume of cerebral infarction and improve the degree of

nerve cell injury, and inhibit NLRP3, pro-caspase-1, cleaved caspase-1 p20, pro-IL-1β,

cleaved IL-1β, and GSDMD protein expression. In summary, EA plays a neuroprotective

role by reducing the pyroptotic neurons that were caspase 1-mediated and inflammatory

response after cerebral ischemia–reperfusion.

Keywords: nerve regeneration, cerebral ischemia/reperfusion injury, NLRP3, caspase-1, cell pyroptosis,

electroacupuncture
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BACKGROUND

Ischemic stroke is one of the most severe diseases that affect
human health and death in the world. It has the characteristics
of high morbidity, high disability rate, high mortality, and
high recurrence rate (Dabrowska-Bender et al., 2017; Zhou
et al., 2019). After a certain period of cerebral ischemia,
blood flow is recanalized. However, a large amount of blood
oxygen supply can further cause more severe nerve damage
and accelerate the death of nerve cells. This phenomenon is
called cerebral ischemia/reperfusion injury (Lv et al., 2020). The
pathophysiological mechanism of cerebral ischemia/reperfusion
injury is a series of complex nerve injury cascade reactions, and
the death of nerve cells runs through the whole injury process.
Pyroptosis is a programmed cell death with inflammatory
response, which has been found and confirmed in recent
years. Its classical pathway depends on the activation of
caspase-1, and endogenous and exogenous stimulation signals
act on inflammatory bodies through different pathways to
activate caspase-1. It mediates the swelling and rupture of cell
permeability and causes the release of intracellular substances
and pro-inflammatory factors, such as interleukin-1β (IL-1β) and
IL-18, amplifies local and systemic inflammatory responses, and
induces cell pyroptosis (Bergsbaken and Fink, 2009; Doitsh et al.,
2014; Jorgensen, 2015).

The activation of inflammatory bodies is a classical pathway
for the regulation of cell pyroptosis. Nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3) recruits
caspase-1 through adaptor proteins, such as apoptosis-associated
speck-like protein containing CARD (ASC), and induces its
precursor protease (pro-caspase-1) to produce autohydration
reaction. Activated caspase-1 can effectively trigger downstream
components to cause cell pyroptosis (Jin, 2010; Wellington
et al., 2014; Rathinam, 2016). NLRP3, as the initiating factor of
aseptic inflammatory response of the central nervous system after
cerebral ischemia, induces cell pyroptosis, resulting in nerve cell
injury, and plays a key role in the inflammatory cascade effect
after cerebral ischemia/reperfusion (Fann et al., 2013; Walsh and
Muruve, 2014).

Inducing inflammatory response is a major feature of cell
pyroptosis different from apoptosis. It is found that the classical
caspase-1 signaling pathway mediating pyroptosis is activated
in stroke and aggravates brain injury, while inhibiting caspase-
1 activation can reduce stroke injury and play a protective role
(Kawaguchi et al., 2011; He et al., 2017). Electroacupuncture (EA)
is beneficial to improve the symptoms of neurological deficit and
restore limb motor function after cerebral ischemia/reperfusion
injury. “Chize (LU5), Hegu (LI4)” and “Sanyinjiao (SP6), and
Zusanli (ST36)” served as common acupoints in the clinical
treatment of stroke and could improve the symptoms of
neurological deficit (Zhang et al., 2012; Yang et al., 2015; Wang
et al., 2016; Zhu et al., 2017). Our previous studies have found
that EA can reduce apoptosis and improve neurological injury
after cerebral I/R, but its mechanism needs further investigation
(Wu et al., 2015, 2018; Lan et al., 2017).

In this study, the cerebral I/R injury models of C57 and
caspase-1 gene knockout (Cas-1 ko) mice were established,

and the neurological deficit scores, cerebral infarction area,
pyroptosis index, and the expression of NLRP3/caspase-1/IL-1β
were analyzed to explore the mechanism of EA on nerve cell
protection after cerebral ischemia/reperfusion.

METHODS

Animals
A total of 48 healthy C57BL/6 mice (half male and half
female), weighing 20–25 g, and a total of 48 Casp-1 ko mice
(half male and half female), weighing 20–25 g, were purchased
from Cyagen Biosciences Co. Ltd. (Guangzhou, China; license
number: SCXK (Su) 2018-0003). The experimental procedure
followed the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 8023,
revised 1986). The mice were fed standard rodent chow and
allowed free access to water. It was approved by the Animal
Ethics and Welfare Committee of Southern Medical University
of China (approval no. 2021-005). The temperature of the animal
house was maintained at a room temperature between 20 and
22◦C and a relative humidity of 65–70%. The C57 mice and
the caspase knockout mice were randomized into Sham (Sham
control) group, I/R (model) group, and EA (I/R + EA) group
(n= 16 per group).

Establishing Cerebral I/R Injury Mouse
Model
The middle cerebral artery of the mice was blocked according
to the modified Zea-Longa’s method to induce cerebral I/R
model (Longa et al., 1989). After anesthetizing the mice with 1%
pentobarbital sodium (45mg/kg) by intraperitoneal injection, the
left common carotid artery, left internal carotid artery, external
carotid artery, and vagus nerve were carefully exposed through
the midline incision under the surgical microscope. A nylon wire
of about 11 ± 0.5mm was introduced into the internal carotid
artery to occlude the middle cerebral artery until slight resistance
was observed during insertion. After 30min of occlusion, the
blood supply of the ischemic area was restored by slowly drawing
the thread, and the reperfusion was achieved. Mice in the Sham
group underwent the same procedures, as described previously,
but without arterial occlusion. The model evaluation criteria
refer to Zea-Longa’s 5-point evaluation method (0, no obvious
defect; 1, failure to fully extend the contralateral forepaw; 2,
circling to the opposite side; 3, falling to the opposite side;
4, loss of walking or consciousness) (Longa et al., 1989). The
behavioral evaluation of mice for 2 h after operation, and the
score of neurological deficit was 1–3, was included in the follow-
up experiment; those that did not meet the above scoring criteria
were unconscious and found subarachnoid hemorrhage during
brain removal, considering that the model was failed and was not
included in the experiment and supplemented randomly.

Electroacupuncture Intervention
The mice in the EA group underwent EA stimulation for 1.5 h
after I/R injury. Stainless steel acupuncture needles (diameter:
0.16× 13 mm2; Suzhou Universal Acupuncture Medical Devices
Co., Ltd., Suzhou, China) were inserted 2–3mm into LU5, LI4,
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ST36, and SP6 acupoints of the paralyzed limb. The selection
of acupoints and EA stimulation were made according to
“experimental acupuncture” edited by Li (2007). The location
of the selected acupoints was as follows: as for LU5, in the
depression of the outer end of the transverse cubital crease, an
acupuncture needle was inserted perpendicularly to a depth of
3mm. As for LI4, located between first metacarpal bone and
second metacarpal bone, an acupuncture needle was inserted
perpendicularly to a depth of 1mm; as for ST36, located at
5mm below fibular head at outer lateral posterior knee and
puncture, an acupuncture needle was inserted perpendicularly
to a depth of 7mm; as for SP6, located at the tip of the inner
ankle of the posterior limb, a needle was inserted upward 10mm
and perpendicularly to a depth of 5mm. The acupoints were
stimulated for 20min with a dilatational wave of frequency
5/10Hz and intensity 2mA using an EA instrument (model
KWD-808I, Suzhou Universal Acupuncture Medical Devices
Co., Ltd).

Neurological Deficit Scores
At 24 h after the operation (before tissue sampling), the
neurological deficit score of mice was evaluated by the Zea-
Longa’s 5-point evaluation method (Longa et al., 1989). The
neurological deficit scores were defined as follows: score 0, no
obvious defect; score 1, failure to fully extend the right forepaw;
score 2, circling to the contralateral side; score 3, falling to the
opposite side; and score 4, not spontaneously walking or loss
of consciousness.

Tissue Sampling
The samples were collected for 24 h after I/R injury. After
excessive anesthesia (1% pentobarbital sodium, 45 mg/kg),
rapid perfusion with 0.9% normal saline (NaCl) and 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 3–
5min eliminated the influence of blood factors. Then, the whole
brain was dissected out of the cranial cavity immediately. In
each group, 4 fresh brain tissues were taken for triphenyl
tetrazolium chloride (TTC) staining, 8 tissues were placed in
4% paraformaldehyde solution for hematoxylin and eosin (H&E)
and TUNEL staining, and 4 tissues were stored at −80◦C in
refrigerator for Western blot analysis.

TTC Staining
Fresh brain tissue was stored at −20◦C for 20min and then
sectioned every 2mm in the coronal plane. The slices were placed
in 2% TTC phosphate buffer and incubated in a 37◦C water bath
for 30min in the dark. Slices were turned evenly every 10min to
make the slices even in contact with the TTC staining solution.
After staining, the infarct was stained white, and the normal
brain tissue was stained red. The AlphaEaseFC analyzer software
(AlphaInnotech, San Leandro, CA, USA) was used to measure
the infarct size, and the brain infarct volume percentage (BIVP)
was calculated.

Hematoxylin and Eosin Staining
Brain tissue sections were dewaxed with xylene and absolute
ethanol two times each and were hydrated. After cleaning, they
were stained using hematoxylin (Yuanmu Biotechnology Co.,

Ltd., Shanghai, China) for 10min. 1% hydrochloric acid ethanol
is used for differentiation, and 1/400 ammonia is used for bluing.
After cleaning, they were stained with eosin (Huihong Reagent
Co., Ltd., Hunan, China) for 5min. Ethanol was gradually
dehydrated. Xylene was transparent twice and sealed with neutral
resin. The morphology of nerve cells in hippocampus under
a microscope (Jiangnan Optical Instrument Group, Nanjing,
China) was observed to judge the degree of nerve cell injury.

Immunofluorescence Staining
Frozen sections were boiled in ethylenediaminetetraacetic acid
(EDTA) antigen repair solution (pH 8.0) (Servicebio, Wuhan,
CNH) for antigen retrieval and blocked with 3% bovine serum
albumin for 30min at room temperature. Then, the sections
were incubated at 4◦C overnight with primary antibodies against
caspase-1 (1:50, Servicebio,Wuhan, CNH, GB11383) andNLRP3
(1:100, Servicebio, Wuhan, CNH, GB11300). Then, the sections
were incubated with the corresponding secondary antibody at
room temperature for 90min. The sections were washed in
PBS 3 times (5 min/time), and 4’,6-diamidino-2-phenylindole
(DAPI) (Servicebio, Wuhan, CNH, GB1012) was used for
staining the dried section for 10min. Apoptosis was detected
by a fluorescein (FITC) TUNEL cell apoptosis detection kit
(Servicebio, Wuhan, CNH, G1501-50T). Morphological changes
in the cerebral tissues were observed under a microscope
(Jiangnan Optical Instrument Group, Nanjing, China), and the
images were collected for analysis (AlphaEaseFC). Two 90×
fields of view in the hippocampal CA1 area were randomly
selected for photography. The number of positive cells was
calculated according to the following formula: double-stained
cells/total cells× 100%.

Western Blot Assay
Hippocampus tissues were homogenized in Radio
Immunoprecipitation Assay (RIPA) lysis buffer, centrifuged at
12,000×g for 5min, and then determined protein concentration
in supernatants. Protein lysates were separated by 10% SDS-
PAGE gels and then electrophoretically transferred onto
polyvinylidene fluoride membranes (Millipore, Boston, USA).
The membranes were blocked with 5% nonfat dry milk for
1 h and incubated with primary antibodies, namely, caspase-1
(1:1,000; Servicebio, Wuhan, CNH; GB11383), NLRP3 (1:1,000;
Affinity, Wuhan, CNH; DF7438), and IL-1β (1:1,000; Affinity,
Wuhan, CNH; AF5103) overnight at 4◦C. The membranes were
incubated with a corresponding secondary antibody (1:3,000;
goat anti-rabbit/mouse IgG; Servicebio,Wuhan, CNH; GB23303)
in tris-buffered saline and tween 20 (TBST) for 30min. The blots
were developed using enhanced chemiluminescence, and the
intensity of the bands was measured using the AlphaEaseFC
analyzer software (AlphaInnotech, San Leandro, CA, USA).
The optical density value ratio of the target band to the internal
reference served as the relative expression of the target protein.

Statistical Analysis
The SPSS 20.0 software (IBM, Armonk, NY, USA) was used
for statistical analysis. Quantitative data are expressed as the
mean ± SD. For data conforming to normal distribution and
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homogeneity of variance, two-way analysis of variance (ANOVA)
is used; during the pairwise comparison between groups, the
least significant difference (LSD) is calculated using the post-hoc
test. If the data do not meet the normal distribution, the Mann–
Whitney nonparametric test is used for pairwise comparison,
and the Kruskal–Wallis test is used for multiple comparisons. A
p-value less than 0.05 was considered statistically significant.

RESULTS

Effect of Electroacupuncture on the
Neurological Function After I/R Injury
The neurological deficits of mice in each group were evaluated.
There was no nerve injury in the Sham group, but there was
an obvious nerve function defect in the I/R and EA groups (F
= 100.942, p = 0.026); in the I/R group, the neurological deficit
score of Cas-1 ko mice was lower than that of C57 mice, but there
was no significant difference between them in the EA group (p <

0.05). The neurological deficit score of the same genotype mice in
the EA group was significantly lower than that in the I/R group
(p < 0.05) (Figure 1).

Effect of Electroacupuncture on Cerebral
Infarction Volume Ratio After I/R Injury
The TTC staining showed that the brain tissue sections in the
Sham group were bright red, and there was no pale infarct; pale
infarcts of different sizes were observed in brain tissue sections
of the I/R and EA groups (F = 194.386, p < 0.001). The volume
of cerebral infarction in the I/R and EA groups was significantly
higher than that in the Sham group, and that in the EA group
was lower than that in the I/R group (p < 0.05). The cerebral
infarction volume of Cas-1 ko mice in the I/R group was lower
than that of C57 mice (p < 0.05), but there was no significant
difference in cerebral infarction volume of different genotypes in
the EA group (P > 0.05) (Figure 2).

Morphological Observation of
Electroacupuncture on Neuronal Injury in
Hippocampus After I/R Injury
The EA intervention has a cytoprotective effect on neurons in
hippocampus after I/R injury. H&E staining showed that after
I/R injury, the number of neurons decreased, the arrangement
was loose, and vacuole-like changes and irregular nuclear
morphology could be observed in the hippocampus. After
EA intervention, the pathological changes of neurons in
hippocampus were reduced, and less degeneration or necrosis
of neurons was observed (Figure 3A). TUNEL staining could
label the broken DNA fragments in apoptotic or pyroptotic cells
(Figures 3B,D). In the I/R group, a large number of TUNEL
and caspase-1 double-staining neurons were observed in C57
mice. After EA intervention, the positive rates in C57 mice
decreased significantly (p < 0.05, Figures 3B,D). In addition,
double-labeled immunofluorescence showed that the expression
of caspase-1 and NLRP3 co-localization in neurons in the
hippocampus of C57 mice was obvious and evident (p <

0.05, Figures 3C,E). EA intervention could effectively reduce

the number of co-expressed neurons in C57 mice (p < 0.05,
Figures 3C,E). There were no neurons co-expressing caspase-1
and NLRP3 in Cas-1 ko mice of different groups.

Effect of Electroacupuncture on the
Expression of Pyroptosis-Related Proteins
in Mice After I/R Injury
To explore the effect of EA on neuronal pyroptosis after
I/R injury, brain protein was extracted, and the expression
of NLRP3, pro-Casp-1, Casp-1 p20, IL-1β, cleaved IL-1β, and
GSDMD was evaluated by Western blot. After I/R injury, the
expression of NLRP3, pro-Casp-1, Casp-1 p20, IL-1β, cleaved IL-
1β, and GSDMD in C57 mice increased significantly, while EA
intervention inhibited the expression of those proteins (p < 0.05,
Figures 4A,B). The expression of pro-Casp-1 and Casp-1 p20 of
Cas-1 ko mice was absent in different treatment groups, but the
trend of other proteins’ expression in different treatment groups
was similar to those in C57 mice. Furthermore, in the expression
of casp-11 protein in Cas-1 komice, the results showed that Cas-1
ko mice could express casp-11 (Figure 4C).

DISCUSSION

A large number of clinical studies have confirmed that EA
stimulation of acupoints can promote the recovery of stroke
symptoms and paralyzed limb function, and can significantly
improve the cognitive level and motor function of patients with
ischemic stroke (Jittiwat, 2019; Nierhaus et al., 2019). Animal
experiments showed that after cerebral ischemia, nerve function
injury and cell death reached the peak on the first day, and
then gradually decreased and stabilized (Kim et al., 2013a).
EA intervention in the early stage after cerebral ischemia can
increase cerebral blood flow, reduce the degree of cerebral
ischemia/reperfusion injury, and expand the treatment time
window (Ren et al., 2010; Kim et al., 2013b). This suggests that the
best time for acupuncture treatment is within 3 h after ischemia.
Therefore, we choose EA for 1.5 h after cerebral ischemia injury
and 1 day after cerebral ischemia as the observation time. The
neurological deficit score can effectively evaluate the behavioral
changes after brain I/R injury, and it is also an important
index to judge the recovery of tissue neurological function.
Previous studies have shown that EA can improve limb motor
function and has a certain neuroprotective effect on cerebral
ischemia/reperfusion injury (Xue et al., 2014; Wu et al., 2017).
The results of this study show that EA can significantly improve
the neurological deficit symptoms after brain I/R injury. In the
I/R group, caspase-1 genemice obtain a lower neurological deficit
score than C57 mice, which may be achieved by inhibiting cell
death. After EA intervention, there was no difference between
C57 mice and caspase-1 gene mice, suggesting that EA may play
a neuroprotective role by inhibiting caspase-1. TTC staining of
brain sections showed similar results. After brain I/R injury, C57
mice had larger cerebral infarction than Cas-1 ko mice. After
EA intervention, the cerebral infarction volume of the two mice
was significantly lower than that of the I/R group, and there
was no significant difference between the two groups. Relevant
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FIGURE 1 | Neurological deficit scores. Comparison within the same genotype: *p < 0.05 vs. Sham group; #p < 0.05 vs. I/R group. Comparison within the I/R

group: Np < 0.05 vs. C57 mice. Data are representative of 12 independent experiments (mean ± SD are representative of values from 12 independent experiments).

studies have shown that inhibiting the expression of caspase-
1 can reduce the neuronal injury in the brain after cerebral
ischemia/reperfusion and reduce the cerebral infarct area after
cerebral ischemia/reperfusion, such as knocking out the caspase-
1 gene inmice or using the caspase-1 inhibitor Ac-YVAD=CMK
(Liu et al., 2018; Liang et al., 2021). EA may play a similar role.

Under the light microscope, we detected the morphology
of nerve cells in hippocampal CA1 area of mice brain
by H&E staining, TUNEL+caspase-1 double-labeled staining,
and NLRP3+caspase-1 immunofluorescence double staining.
Pyroptosis is a form of cell death characterized by both apoptosis
and necrosis in morphology and pathophysiology. Its most
obvious feature is the rapid formation of plasma membrane
pores, cell swelling and osmotic necrosis, and the release of a large
number of cell contents and pro-inflammatorymediators to form
excessive inflammatory response (Fink and Cookson, 2005). In
the I/R group, H&E staining showed the typical characteristics
of cell death, loose brain tissue structure, interstitial edema,
disordered and swollen nerve cells, pyknosis, and fragmentation
of nuclei, and the number of nerve cells decreased significantly.
However, in the EA group, the occurrence of this phenomenon
was reduced, and only a small amount of nerve cell degeneration
and necrosis were observed in the peripheral area of ischemic
focus. In TUNEL fluorescence staining, diaminobenzidine (DAB)
was used as a marker to detect the active site of peroxidase
in cells. Green or brownish-yellow granular precipitates could
be formed in apoptotic and focal nuclei, while there was no

broken DNA fragment in normal cells and would not react
with the marker, so the normal nucleus was blue (Mirzayans
and Murray, 2020). In addition, we added caspase-1 staining
on the basis of TUNEL in order to identify the pyroptotic
neurons which were caspase 1-mediated. In the I/R group,
the positive rate of TUNEL and caspase-1 double-stained
neurons in C57 mice significantly increased, which suggested
that pyroptosis was involved in cerebral ischemia/reperfusion
injury. After EA intervention, the positive rate in C57 mice
significantly decreased, indicating that EA could reduce the
pyroptosis of neurons in hippocampal CA1 area after brain I/R
injury, which may be achieved by inhibiting the expression of
caspase-1. Previous studies have also shown that acupuncture
can inhibit neuronal apoptosis in hippocampus of rats with
cerebral ischemia and can promote the recovery of neural cells
after cerebral ischemia/reperfusion injury (Wang et al., 2008).
Furthermore, double-labeled immunofluorescence showed that
NLRP3 and caspase-1 were significantly co-expressed in neurons
of C57 mice in the I/R group, which was similar to other studies
(Sun et al., 2019; Liu et al., 2021). The number of co-expressed
neurons in C57 mice in the EA group was reduced, which
suggests that EA intervention may inhibit pyroptosis.

During cerebral ischemia/reperfusion injury, pyroptosis-
related inflammatory bodies, such as nlrp1 and NLRP3,
are highly expressed in glial cells and neurons. These
activated inflammatory bodies activate caspase-1 and induce
pyroptosis, which aggravates cerebral ischemia/reperfusion
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FIGURE 2 | Brain tissue with TTC staining. (A,B) TTC staining results of different treatment groups and quantitative analysis of volume ratio. Comparison within the

same genotype: *p < 0.05 vs. Sham group; #p < 0.05 vs. I/R group. Comparison within the I/R group: Np < 0.05 vs. C57 mice. Comparison within the EA group:

1p < 0.05 vs. C57 mice. Data are representative of four independent experiments [(A,B) mean ± SD are representative of values from four independent experiments

in (B)].
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FIGURE 3 | Morphological observation of neuronal injury in hippocampus after

I/R injury. (A) Pathological HandE staining of neurons in hippocampus. (B,D)

TUNEL (green)/caspase-1 (red) double-labeled staining of neurons in

(Continued)

FIGURE 3 | hippocampus and quantitative analysis of double-labeled cells.

(C,E) Double immunofluorescent labeling with caspase-1 (green)/NLRP3 (red)

and quantitative analysis of colocalization percentage. Comparison within the

same genotype: *p < 0.05 vs. Sham group; #p < 0.05 vs. I/R group.

Comparison within the I/R group: Np < 0.05 vs. C57 mice. Comparison within

the EA group: 1p < 0.05 vs. C57 mice. Data are representative of four

independent experiments [(A–E) mean ± SD are representative of values from

four independent experiments in (D,E)].

injury (Chavarría-Smith and Vance, 2015). The results of our
Western blot verified this conclusion. In the I/R group, the
NLRP3 level of C57 and Cas-1 ko mice was highly expressed,
which was significantly different from that of the Sham group.
Knockout of caspase-1 gene had no effect on the expression
of NLRP3. Cas-1 ko mice expressed NLRP3 at the same
level as C57 mice in the I/R group. Studies have shown that
activated caspase-1 cleaves gsdmd protein and activates IL-18
and IL-1β precursors at the same time. The cleaved gsdmd
protein binds to the inner lobules of the plasma membrane
and oligomerizes, resulting in the formation of 10–20 nm pores
in the cell membrane, and the release of mature IL-18, IL-1β,
and other cell contents outside the cell, thus activating a strong
inflammatory cascade (He et al., 2015; Wang et al., 2018). In
this study, the expression of pro-caspase-1, cleaved caspase-1
p20, pro-IL-1β, cleaved IL-1β, and GSDMD in C57 mice after
cerebral ischemia/reperfusion was significantly higher than
those in Cas-1 ko mice in the same treatment group, suggesting
that blocking the activation of caspase-1 can effectively inhibit
the inflammatory response after cerebral ischemia/reperfusion.
After EA intervention, the expression of NLRP3, pro-caspase-1,
cleaved caspase-1 p20, pro-IL-1β, cleaved IL-1β, and GSDMD
in C57 mice decreased significantly, and the expressions of
NLRP3 in Cas-1 ko mice decreased significantly, indicating
that EA could inhibit the expression of NLRP3, pro-caspase-1,
cleaved caspase-1 p20, pro-IL-1β, cleaved IL-1β, and GSDMD
in hippocampus after cerebral ischemia/reperfusion. IL-1β
plays an important role in promoting inflammation. Under the
pathological conditions of ischemia and hypoxia, it becomes
active IL-1β after being cut by caspase-1, induces the activation
and adhesion of inflammatory cells, leads to microvascular

obstruction, and intensifies the inflammatory response (Davis
et al., 2011; Man and Kanneganti, 2015). Therefore, the above

results suggest that the neuroprotective effect of EA on cerebral

ischemia/reperfusion injury reduces the pyroptosis of nerve cells
by inhibiting the expression of NLRP3 and caspase-1, thereby

reducing the release of inflammatory factors, such as IL-1β, so as
to reduce the inflammatory response.

Studies by Man et al. (2017) described that having a deletion

of caspase-1 leads to deletion of caspase-11. Cas-1 ko mice used
in this study are C57BL/6N background. Theoretically, caspase-

11 is normally expressed and the results of Western blot also

confirmed the same. In addition, we also noticed that in the
results of cerebral infarction volume measurement and TUNEL

staining, there were differences between C57 mice and Cas-1
ko mice in the EA group, and the only factor causing these
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FIGURE 4 | Protein expression of pyroptosis-related proteins. (A,B) Western blotting analysis of NLRP3, pro-Casp-1, Casp-1 p20, IL-1β, cleaved IL-1β, and GSDMD

in different treatment groups and quantitative analysis of bands. (C) Western blotting analysis of casp-11 in Cas-1 ko mice. Comparison within the same genotype: *p

< 0.05 vs. Sham group; #p < 0.05 vs. I/R group. Comparison within the I/R group: Np < 0.05 vs. C57 mice. Comparison within the EA group: 1p < 0.05 vs. C57

mice. Data are representative of two (C) or four independent experiments [(A,B) mean ± SD are representative of values from four independent experiments in (B)].
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differences was caspase-1 knockout. Combined with the protein
electrophoresis data of C57 mice, EA can inhibit the expression
of caspase-1, but it cannot completely block the gene as Cas-
1 ko mice. Interestingly, there was no significant difference
between the neurological function score and the staining results
of different genotypes in the EA group. We speculated that EA
could not only inhibit the occurrence of pyroptosis, but also
play a neuroprotective role in other ways. Our previous studies
have confirmed that EA can upregulate the p-ERK protective
pathway and inhibit p38MAPK apoptosis pathway after cerebral
ischemia–reperfusion in mice (Wu et al., 2015, 2018; Lan et al.,
2017). Thesemechanisms can be used as an evidence of our above
hypothesis, that is, EA can resist cerebral ischemia–reperfusion
injury in a variety of ways.

In conclusion, EA at points “LU5,” “LI4,” “ST36,” and “SP6”
can significantly improve the symptoms of nerve injury and
morphological changes of brain cells in mice with cerebral
ischemia/reperfusion injury, reduce the infarct area, and protect
brain tissue from ischemic injury. This treatment reduced the
expression of NLRP3, caspase-1, and IL-1β, and the occurrence
of cell pyroptosis and inflammatory response, suggesting that the
protective effect of EA on cerebral ischemia/reperfusion injury
may be played by inhibiting the pyroptosis pathway dependent
on caspase-1.
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Background: Mild Cognitive Impairment (MCI), as a high risk of Alzheimer’s disease
(AD), represents a state of cognitive function between normal aging and dementia.
Moxibustion may effectively delay the progression of AD, while there is a lack of studies
on the treatments in MCI. This study aimed to evaluate the effect of moxibustion
treatment revealed by the amplitude of low-frequency fluctuation (ALFF) in MCI.

Method: We enrolled 30 MCI patients and 30 matched healthy controls (HCs) in this
study. We used ALFF to compare the difference between MCI and HCs at baseline
and the regulation of spontaneous neural activity in MCI patients by moxibustion. The
Mini-Mental State Examination and Montreal Cognitive Assessment scores were used to
evaluate cognitive function.

Results: Compared with HCs, the ALFF values significantly decreased in the right
temporal poles: middle temporal gyrus (TPOmid), right inferior temporal gyrus, left middle
cingulate gyrus, and increased in the left hippocampus, left middle temporal gyrus,
right lingual gyrus, and right middle occipital gyrus in MCI patients. After moxibustion
treatment, the ALFF values notably increased in the left precuneus, left thalamus, right
temporal poles: middle temporal gyrus, right middle frontal gyrus, right inferior temporal
gyrus, right putamen, right hippocampus, and right fusiform gyrus, while decreased
in the bilateral lingual gyrus in MCI patients. The Mini-Mental State Examination and
Montreal Cognitive Assessment scores increased after moxibustion treatment, and the
increase in Mini-Mental State Examination score was positively correlated with the
increase of ALFF value in the right TPOmid, the right insula, and the left superior temporal
gyrus.

Conclusion: Moxibustion treatment might improve the cognitive function of MCI patients
by modulating the brain activities within the default mode network, visual network, and
subcortical network with a trend of increased ALFF values and functional asymmetry of
the hippocampus. These results indicate that moxibustion holds great potential in the
treatment of MCI.

Keywords: mild cognitive impairment, dementia, functional magnetic resonance imaging, neurological function,
amplitude of low frequency fluctuation
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INTRODUCTION

Mild Cognitive Impairment (MCI) has evolved over the past
two decades to represent a pathological state between normal
cognitive aging and dementia (Petersen, 2016). It increases the
risk of developing Alzheimer’s disease (AD) or other dementia
(Alzheimer’s Disease International M. U., 2021). The prevalence
of amyloid pathology, which serves as an essential biomarker of
AD, increased from 27% to 71% among MCI patients (Jansen
et al., 2015), and the annual incidence rate of individuals with
MCI progressing to AD is about 10%–12% (Langa and Levine,
2014). Early and timely effective treatment for individuals in this
state may prevent or delay the progression to AD, even revert to
normal cognitive function. Unfortunately, there are no approved
treatment approaches for MCI.

Moxibustion is a treatment that uses the heat generated
by burning moxa sticks to stimulate acupoints, producing a
central nervous system regulation similar to acupuncture (Bao
et al., 2016). It is a commonly accepted treatment approach
for cognitive impairment in East Asia (Aum et al., 2021), with
the advantages of painlessness, ease of operation, and fewer
adverse events. A systematic review showed that moxibustion
could participate in inhibiting oxidative stress and cell apoptosis,
adjusting inflammation and Aβ genesis activation of vascular
endothelial growth factor, and regulating the metabolic products
in the tricarboxylic acid cycle and fatty acid metabolism (Aum
et al., 2021). In addition, moxibustion could alleviate the
depression-like behavior and adjust tryptophan transport and
5-HT generation (Li et al., 2019). Ha et al. (2020) found that
the effect of moxibustion on the cognition of aging mice is
associated with the genes and proteins involved in the APP
metabolic pathway. Through these mechanisms, moxibustion
has good potential in treating cognitive impairment diseases,
especially in restraining AD-related Aβ genesis. Recently a review
provided credible support for moxibustion in the treatment of
AD (A et al., 2021). In the study of vascular dementia rats, it
has also been confirmed that moxibustion improves cognitive
function, and its mechanism may be related to the inhibition of
hippocampal neuronal apoptosis (Yang et al., 2021). The effect of
moxibustion on the central nervous system is mainly reflected
in the brain function regulation of the default mode network
(DMN) including the medial prefrontal cortex and posterior
cingulate cortex (Bao et al., 2016). DMN is involved in the process
of advanced cognition and is the most susceptible brain network
in AD patients (Krajcovicova et al., 2014). Some studies showed
that moxibustion could regulate symptoms of MCI (Liu et al.,
2020; Zhang et al., 2020), but the efficacy has not been fully
validated, and the mechanism remains unclear.

Rest-state functional magnetic resonance imaging (rs-fMRI)
has good sensitivity for detecting neuronal activity and functional
abnormalities in neurodegenerative diseases. The amplitude
of the cerebral blood oxygen level-dependent (BOLD) signals
detected by rs-fMRI reflects the energy expenditure and intensity
of neuronal activity (Tomasi et al., 2013). The amplitude of
low-frequency fluctuation (ALFF) is a data-driven rs-fMRI
analysis method that measures the total power of the BOLD
signals in the low-frequency range of 0.01 Hz to 0.1 Hz, reflecting

abnormal spontaneous neural activity in the brain region (Fox
and Raichle, 2007; Zang et al., 2007; Zou et al., 2008). ALFF
was able to reflect trends in altered neural activity in AD
spectrum disorders and identify differences in healthy people,
MCI, and AD (Yang et al., 2018). It was observed to characterize
the spontaneous brain activity in MCI or AD patients reliably
(Cha et al., 2015). Therefore, we chose ALFF to analyze the
abnormal brain function in MCI patients and explore the central
mechanism of moxibustion on MCI.

MATERIALS AND METHODS

Participants
A total of 30 MCI patients were recruited through posting
advertisements in the local elderly activity center and
communities, and 30 normal subjects were recruited as healthy
controls (HCs).

The inclusion criteria for MCI patients: (1) between 55 and
75 years old; (2) no dementia; (3) memory impairment was the
chief complaint and confirmed by the informant; (4) the ability
of daily living was not affected; (5) general cognitive function is
basically normal or slightly impaired; (6) without diseases that
can lead to the decline of brain function; (7) the clinical dementia
rating score: 0.5 points, and the Global deterioration Scale score:
2–3 points.

The exclusion criteria for MCI patients: (1) history of
mental illness, such as major depressive disorder; (2) history of
neurological diseases that could cause cognitive abnormalities,
including encephalitis, brain tumors, and epilepsy; (3) history of
other systemic diseases that could cause cognitive abnormalities,
including thyroid dysfunction, severe anemia, and syphilis;
(4) communication and language impairments, including severe
hearing or vision disorders; (5) history of vascular diseases,
such as cerebral infarction; (6) taking drugs that could induce
cognitive changes or vital organs failure, such as brain, kidneys,
and heart; (7) contraindications to MRI; (8) left-handed or
two-handed people, or old people with no hands.

Moxibustion Treatment
According to previous studies on the treatment of cognitive
disorders with moxibustion (Aum et al., 2021), we selected
six acupoints including Guanyuan, Baihui, bilateral Xuanzhong,
and bilateral Zusanli in the MCI group. All MCI patients were
treated with moxibustion by the same acupuncturist. Because
scarring moxibustion may cause suppuration and leave a scar,
our research used non-scarring moxibustion which was similar
to other researchers and more acceptable (Pacific WHOROftW,
2007; Bao et al., 2016). When treated with moxibustion, vaseline
was applied on the acupoints to protect the subjects’ skin and
facilitate the fixing of the moxa-cones. A moxa-cone had a
diameter of 1.5 cm, height of 3 cm, and a weight of 5 g. Each
acupoint was placed with a moxa-cone, and each moxa-cone was
burned for about 3–4 min. The moxa-cone was replaced when
the length of the burning moxa-cone was close to the patient’s
skin and the patient felt the burning and uncomfortable. Three
moxa-cones were used each time in one acupoint. At the end
of each duration, the acupuncture points were gently massaged
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with cotton swabs. The MCI group was treated every other day,
with a total of two courses of treatment, 15 times as a course of
treatment, and a 3-day rest interval between the two courses.

Clinical Measurements
The main desired therapeutic effect in the present study is
the improvement of cognitive function, which needs to be
measured by practical evaluation tools. Currently recognized
tools for evaluating cognitive function include the Mini-Mental
State Examination (MMSE) and Montreal Cognitive Assessment
(MoCA). The higher the MMSE and MoCA scores, the better
cognitive function. In our study, MCI patients and HCs were
evaluated at baseline, respectively, and then MCI patients were
re-evaluated after two months of moxibustion treatment.

MRI Data Acquisition
All MRI data were collected by a 3.0 T Siemens Magnetom Verio
MRI System (Siemens Medical, Erlangen, Germany). A 6-min
rs-MRI data was collected at HCs without any intervention.
However, MCI patients need to collect MRI data twice totally
in without intervention and after a moxibustion treatment.
To reduce movement, each subject’s head was immobilized by
foam pads in a standard head coil. The 6-min rs-fMRI data
were acquired with a single-shot gradient-recalled echo-planar
imaging (EPI) sequence with the following parameters: repetition
time (TR) = 2,000 ms; echo time (TE) = 30 ms; flip angle
(FA) = 90◦; field of view (FOV) = 240 mm × 240 mm;
matrix size: 64 × 64; slice thickness = 5 mm (no-gap);
31 slices and 180 volumes. High resolution T1-weighted
images were then obtained with a magnetization-prepared
rapid acquisition gradient-echo sequences (3D MPRAGE) with
the following parameters: TR = 1,900 ms; TE = 2.22 ms;
FOV = 250 mm × 250 mm; matrix size: 256 × 256; FA = 9◦;
slice thickness = 1 mm and 176 slices.

Data Preprocessing
The rs-fMRI data were analyzed by the Data Processing and
Analysis for Brain Imaging (DPABI1) with Statistical Parametric
Mapping, version 12 (SPM122) running under MATLAB
platform. The preprocessing steps are as follows: the first
five-time points were removed; slice timing correction; head
motion correction; normalizing the corrected images spatial to
the Montreal Neurological Institute (MNI) space (EPI template
with 3 × 3 × 3 mm3 voxel size); nuisance signal removal
(including head motion parameters, global signal, white matter,
cerebrospinal fluid as covariates); linear detrended removal and
temporal bandpass filtering (0.01–0.1 Hz). If the translation
or rotation of head movement was >2.5 mm or >2.5◦ in any
direction, we excluded subjects’ data from further analysis.

ALFF Analysis
Each subject used the DPABI program described above for ALFF
analysis. The ALFF reflects the intensity of regional spontaneous
neural activity and is more sensitive to distinguishing the

1http://rfmri.org/dpabi
2http://www.fil.ion.ucl.ac.uk/spm

differences between groups (Fox and Raichle, 2007; Zang et al.,
2007; Zou et al., 2008). Fast Fourier transform (FFT) was used
to convert the filtered time series to the frequency domain and
calculated the square root of the power at each frequency to
obtain the amplitude value. ALFF was computed as the sum
of the amplitudes of the low low-frequency power range from
0.01 to 0.1 Hz. In order to reduce the overall effect of variability
among different participants, each subject used the mean value
of within-brain ALFF to standardize ALFF. In addition, the
calculation of ALFF was spatially smoothed using a Gaussian
kernel with a full width at half maximum of 6 × 6 × 6 mm3.

Statistical Analysis
Demographic and neuropsychological data of the MCI and HCs
groups were calculated by SPSS software (version 22.0; IBM,
Armonk, New York). Normal distribution continuous variables
were tested by two independent samples t-test, and non-normally
distributed variables were tested by Mann-Whitney U-test.
Pearson’s Chi-square test compared categorical variables. In all
comparisons, the statistical significance threshold was set at
p < 0.05.

We used a two-sample t-test to investigate the differences
in the normalized ALFF values between MCI patients and HCs
(gender, age, and educational level were considered insignificant
covariates). Using paired t-tests to quantitatively compare the
differences of ALFF values between pre- and post-moxibustion
treatment within a gray matter mask using statistical parametric
mapping. All statistical graphs are calibrated using the false
discovery rate (FDR) correction method, and the significance of
the voxel level was set at a p < 0.05.

To investigate relationships between changed ALFF of the
whole brain and changed clinical symptoms (after treatment −

before treatment), and to avoid any unintentional bias induced
by region-specific prior hypotheses, a regression analysis was
conducted to evaluate the relationships of ALFF values with
MMSE in MCI patients. The significance level was set at p < 0.05
(FDR correction).

RESULTS

Demographic and Clinical
Neuropsychological Data
This study included 60 subjects, including 30 MCI patients and
matched HCs. There were no statistically significant differences
between the two groups regarding age, gender ratio, and
educational level. Compared with HCs, the MoCA and MMSE
scores were significantly lower (p < 0.0001) in MCI patients.
Their demographic data and cognitive scores are summarized in
Table 1. After moxibustion treatment, the MoCA and the MMSE
scores significantly increased in MCI patients (p < 0.0001;
Table 2).

ALFF Contrasts
We first compared MCI patients and HCs to find the regions
showing altered ALFF values in MCI patients (Figure 1;
Table 3). Compared withHCs,MCI patients showed significantly
decreased ALFF values in the right temporal poles: middle
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TABLE 1 | Demographic data and cognitive scores in MCI patients and HCs.

Characteristic MCI (n = 30) HCs (n = 30) p value
(mean±SD) (mean±SD)

Age (years) 64.30 ± 6.05 66.07 ± 5.91 0.257a

Gender (M/F) 10/20 13/17 0.425b

Education (years) 11 (11–14)d 14 (8–15)d 0.129c

Pre-MMSE 26 (25–27)d 29 (28–30)d 0.000c

Pre-MoCA 21.83 ± 2.60 25.57 ± 2.06 0.000a

ap-values were calculated with a two-sample t-test. bp-values were calculated with
a chi-square test. cp-values were calculated with Mann-Whitney U-test. dMedian
(interquartile range).

TABLE 2 | Cognitive scores of MCI patients pre- and post-moxibustion
treatment.

Characteristic MCI_POST (n = 30) MCI_PRE (n = 30) p value

MMSE change 29.5 (28–30)d 26 (25–27)d 0.000e

MoCA change 27 (25–28.25)d 21 (20.75–23.25)d 0.000e

MoCA change: post-treatment MoCA score minus pre-treatment MoCA score. MMSE
change: post-treatment MMSE score minus pre-treatment MMSE score. dMedian
(interquartile range). eP-values were calculated with Wilcoxon Signed Ranks Test.

temporal gyrus (TPOmid), right inferior temporal gyrus (ITG),
left middle cingulate gyrus (MCC). As well, the ALFF values in
the left hippocampus (HIPP), left middle temporal gyrus (MTG),
right lingual gyrus (LING), and right middle occipital gyrus
(MOG) increased.

Then, we performed comparisons in pre- and
post-moxibustion treatment to explore the effects of moxibustion
in MCI (Figure 2; Table 4). After moxibustion treatment, the
ALFF values in the left precuneus (PCUN), left thalamus (THA),
right TPOmid, right middle frontal gyrus (MFG), right ITG,
right putamen (PUT), right HIPP, and right fusiform gyrus
(FFG) significantly increased. However, the ALFF values in the
bilateral LING decreased.

The Association Between ALFF Values and
Clinical Changes
After moxibustion treatment, the increase of MMSE score was
significantly positively correlated with the increase of ALFF value
in the right TPOmid, the right insula, and the left superior
temporal gyrus (Figure 3). There was no significant negative
correlation between any ALFF value in brain regions in brain
regions and MMSE scores in MCI patients.

DISCUSSION

Our study applied the ALFF approach to fMRI data to investigate
the alterations of spontaneous neural activity and the central
mechanism of moxibustion in MCI patients. We found that MCI
patients showed altered ALFF in a set of brain regions, mainly
including the DMN and visual network (VIN). Moxibustion
improved the cognitive function by regulating the spontaneous

FIGURE 1 | Brain regions with significantly different ALFF values of MCI patients compared with HCs (p < 0.05, FDR correction). Warm color represents an increase
and cool color represents a decrease respectively. ALFF, amplitude of low-frequency fluctuation; FDR, false discovery rate; MTG, middle temporal gyrus; LING,
lingual gyrus; MOG, middle occipital gyrus; HIPP, hippocampus; TPOmid, temporal poles: middle temporal gyrus; MCC, middle cingulate gyrus; ITG, inferior
temporal gyrus; MCI, mild cognitive impairment; HCs, healthy controls.
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TABLE 3 | Brain regions with different ALFF values between MCI patients and HCs in the resting state.

Brain regions Brodmann area Peak MNI coordinates Cluster size T-value

x y z

decreased in MCI R_TPOmid 36 27 5 −36 78 −4.49
R_ITG 20 60 −45 −12 107 −3.68
L_MCC 0 −12 −36 45 102 −3.21

increased in MCI L_HIPP 37 −24 −39 3 84 3.06
L_MTG 22 −54 −45 12 86 3.22
R_LING 18 9 −69 −3 96 3.32
R_MOG 19 27 −72 24 88 3.02

FIGURE 2 | ALFF analysis of MCI patients after moxibustion treatment (p < 0.05, FDR correction). Warm color represents an increase and cool color represents a
decrease respectively. ALFF, amplitude of low-frequency fluctuation; FDR, false discovery rate; ITG, inferior temporal gyrus; PCUN, precuneus; THA, thalamus;
TPOmid, temporal poles: middle temporal gyrus; FFG, fusiform gyrus; MFG, middle frontal gyrus; PUT, putamen; HIPP, hippocampus; LING, lingual gyrus; MCI, mild
cognitive impairment; HCs, healthy controls.

TABLE 4 | Brain regions demonstrating altered ALFF values of MCI patients after moxibustion.

Brain regions Brodmann area Peak MNI coordinates Cluster size T-value

x y z

increased after moxibustion L_PCUN 27 −15 −42 6 105 3.03
L_THA 0 −21 −18 0 108 3.93
R_TPOmid 36 36 3 −36 86 5.08
R_MFG 9 33 24 48 75 3.38
R_ITG 36 36 3 −39 88 4.8
R_PUT 48 30 −18 6 108 4.16
R_HIPP 37 24 −33 0 55 5.26
R_FFG 36 36 −3 −36 80 6.55

decreased after moxibustion L_LING 18 −12 −72 −6 88 −5.13
R_LING 18 9 −84 −6 100 −4.62

neuronal activity in the DMN, VIN, and subcortical network
(SCN) with an increasing trend of the ALFF values. The increase
in MMSE score was positively correlated with the increase of
ALFF value in the right TPOmid, the right insula, and the left
superior temporal gyrus.

Altered Spontaneous Brain Activity
Occurred in MCI Patients
Compared with HCs, the altered ALFF values of MCI patients
mainly included in the DMN (the left HIPP, left MTG, and right
TPOmid) and the VIN (the right LING, right MOG, right ITG,
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FIGURE 3 | The increase of MMSE score was positively correlated with the increase of ALFF value in brain regions (p < 0.05, FDR correction). ALFF, amplitude of
low-frequency fluctuation; MMSE, Mini-Mental State Examination; TPOmid, temporal poles: middle temporal gyrus; STG, superior temporal gyrus.

and left MCC), which were consistent with the results of the
previous meta-analysis revealing altered ALFF values in brain
regions mainly involving DMN, salience network and VIN (Li
et al., 2015; Pan et al., 2017).

The DMN, as the most extensively studied brain network
among AD patients and high-risk subjects, is related to advanced
cognitive functions (Krajcovicova et al., 2014). This network is
believed to involve self-referencing processes, intuitive thinking,
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memory processes, and perhaps information integration and
preservation (Beason-Held et al., 2017). The cortical regions
of DMN distribution widely overlapped with areas of early
Aβ plaque deposition (Hoenig et al., 2018; Zott et al., 2018).
Huijbers et al. (2015) mentioned that amyloid-β positive patients
with MCI showed increased hippocampal activation and Clinical
Dementia Rating score. Yang et al. (2018) observed increased
ALFF value in the left HIPP, and spontaneous activity of
neurons in this region enhanced to maintain cognitive ability.
Some of the increased connectivity of DMN can compensate
for interruptions in other areas of the network (Beason-Held
et al., 2017). It suggests that the brain region with a reduced
ALFF value represents an impaired function, while the increased
regionmay represent a functional impairment or a compensatory
mechanism. In other words, we could call it the perturbed
activity pattern of the DMN. The abnormality of DMN may
be an important feature of the neuroimaging model of MCI
patients, which can provide an auxiliaryMRI basis for the clinical
diagnosis of MCI.

In addition to the DMN, the brain regions of Tau pathological
accumulation and the VIN distribution also have a high overlap
(Hoenig et al., 2018). The occipital gyrus and LING are steady in
the visual system network (Yang et al., 2015). Metabolomics and
transcriptomics studies confirmed that the metabolite changes
of ITG are related to the severity of AD pathology (Mahajan
et al., 2020). Visual processing difficulties are often present in
AD and MCI (Krajcovicova et al., 2017). In the Parkinson’s
study, the stability of the VIN and DMN are associated with
the severity of visual hallucinations symptoms (Dujardin et al.,
2020). It may be inferred that visual hallucinations also occur
in MCI patients with the same altered VIN spontaneous neural
activity. Meanwhile, inefficient VIN activation might interfere
with higher cognitive processing in AD patients (Li et al.,
2015). Consistent with the previous conclusions, we conclude
that VIN also has a functional impairment and a compensation
mechanism. Furthermore, there may be some correlation in
terms of vision between VIN and DMN wait for verification.

Moxibustion Modulates the Brain Region
of MCI Patients
Our study found extensive changes in ALFF values in the
brain region mainly involving the DMN, VIN, and SCN after
moxibustion in MCI patients, and the ALFF values primarily
increased. Meanwhile, the MMSE and MoCA scores increased
after moxibustion, indicating the improvement of cognitive
function. The perturbed activity pattern of DMN is a crucial
feature of abnormal central nervous activity inMCI and AD. Our
study revealed that the target brain regions of moxibustion are
mainly located in DMN, VIN, and SCN. Moreover, the ALFF
value in the right TPOmid of MCI patients was decreased but
increased after moxibustion and was positively correlated with
the MMSE score. Our results indicate that DMN is a vital target
region of moxibustion’s central nervous regulation mechanism,
consistent with the previous study (Bao et al., 2016). In particular,
the changed ALFF values in the right ITG, right TPOmid, and the
right LING were reversed, from decreasing to increasing, and the
abnormalities of the HIPP happened on the contralateral side.

These results provide evidence that moxibustion can regulate
central nervous spontaneous activity and improve cognitive
function in MCI patients.

The role of DMN and VIN in AD-related diseases has
been discussed earlier in this article. In addition, this study
also increased ALFF values in SCN, including THA and PUT.
They are part of the corticobasal ganglia–thalamic circuits that
are critical for a variety of cognitive functions, like working
memory and perceptual decision-making (Wei and Wang,
2016). In comparison between dementia-related processes and
aging, authors found that HIPP and amygdala demonstrated
high disease-related effects, while the THA, PUT and white
matter revealed weakly related to cognitive decline but a strong
association with aging (Wachinger et al., 2016). Functional
neuroimaging and pathological studies found that the THA
and PUT activated in the process of reading and speaking
(Seghier and Price, 2010). The THA is associated with the
transmission and integration of cognitive information; its medial
part includes the Papez circuit, which is involved in memory
and learning processes (Beh et al., 2013). A previous study
presented that with cognitive decline in AD, the integrity of
thalamic connections is gradually compromised (Zhu et al.,
2015). The PUT is traditionally associated with reinforcement
learning and motor control, including speech articulation
(Viñas-Guasch and Wu, 2017). The ALFF values in the right
PUT were significantly related to the memory decline over time
and more severe AD pathology (Ren et al., 2016), and the
hypoactivation of PUT was found in task-based fMRI studies
in MCI (Li et al., 2015). In the present study, altered ALFF
values in the THA and PUT were only found after treatment,
and we speculate that they may be related to normal aging
and affected by the abnormal activities of other brain regions
before treatment.

HIPP is a crucial part of DMN and plays a vital role in
the brain’s ability for memory storage and retrieval (particularly
episodic memories in humans; Knierim, 2015) and social
behavior adaptation (Montagrin et al., 2018). Hippocampal
atrophy is one of the most readily available and effective
biomarkers of AD (de Flores et al., 2015), and the structural
asymmetry of HIPP, amygdala, caudate, and cortex may be
a sensitive biomarker to predict the progression from MCI
to AD (Wachinger et al., 2016). Furthermore, the functional
asymmetry of the HIPP is critical for cognitive processes, and
it is found to increase in dementia (Muntsant and Giménez-
Llort, 2020). The study of neurofunctional topography of the
humanHIPP segmented the left HIPP into emotional processing,
cognitive operations, and post perceptual cluster, while the
segmentation of the right HIPP required further confirmation
(Robinson et al., 2015). Neurodegeneration associated with aging
and disease may preferentially affect the left hemisphere, which
innervates speech and movement (Minkova et al., 2017). In
AD spectrum disease, the asymmetric pattern of HIPP was
found a gradual trend of HC-SCD-MCI. A meta-analysis showed
increased ALFFs in the left HIPP in amnestic MCI (Pan et al.,
2017). Our results of increased ALFF values in the left HIPP
in MCI compared with HCs were in line with the literature.
After moxibustion, the spontaneous brain functional activity
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in right HIPP increased compared with baseline status. In
the research of spatial navigation and episodic memory, the
activation of the right HIPP prompts the heterocentric spatial
model (Iglói et al., 2010). Disruption of the right hippocampal
structure has been found in the subcortical vascular MCI
(Lyu et al., 2019), and the increased susceptibility of iron
deposition in the right HIPP of subcortical vascular MCI
patients is related to memory and language functional tests
scores (Sun et al., 2017). More importantly, abnormalities in
the right HIPP are associated with MMSE and MoCA scores
in SCD which is proposed as a high-risk state of AD (Yue
et al., 2018). Although the ALFF value of the right HIPP
was not statistically correlated with the cognitive scores of the
patients, the cognitive scores and function of MCI patients
significantly improved after moxibustion. Thus, moxibustion
might improve cognitive function by modulating the functional
activity of the right HIPP. Previous studies have also shown that
moxibustion improves cognitive function, and its mechanism
may be related to the inhibition of hippocampal neuron
apoptosis and Aβ deposition which might be the mechanism
of inducing AD (Aum et al., 2021; Yang et al., 2021). It is
concluded that moxibustion might be of great potential in the
treatment of MCI.

It is worth noting that the present study showed a gender
imbalance in the random sample of MCI among women
as twice compared to men, which is consistent with the
recent comprehensive study on the prevalence, risk factors,
and management of dementia and MCI in China (Jia et al.,
2020). Although gender differences in the incidence of AD are
controversial across studies, most results also support a higher
prevalence in women (Mielke et al., 2014; Fiest et al., 2016; Nebel
et al., 2018). The possible mechanisms of gender differences in
MCI and AD mainly include differences in genes, sex hormones,
brain structure, glial cells, and immunity (Fisher et al., 2018;
Honarpisheh and McCullough, 2019), while MRI has confirmed
gender differences in brain structure. Studies using longitudinal
MRI data from AD to MCI also confirmed different patterns of
gray matter atrophy in different genders, especially in bilateral
anterior cuneus nucleus, caudate nucleus, THA, and MTG (Skup
et al., 2011). In addition, women with MCI lose more volume in
theHIPP thanmen (Sundermann et al., 2017). Current studies on
precision medicine suggest the need to pay attention to gender
in the clinical manifestations, pathophysiological mechanisms,
and treatment of patients with MCI or AD (Nebel et al.,
2018). It may be of interest to have a sex-disaggregated study
of brain fMRI in MCI patients in the future with a large
sample size.

In conclusion, there existed changes in ALFF values of brain
regions related to cognition inMCI, mainly involved in the DMN
and VIN. Moxibustion might improve the cognitive function
of MCI patients by modulating the brain activities in regions
involving the cognitive processes with a trend of increased ALFF
values, as well as the functional asymmetry of the HIPP. In
particular, DMN is a vital target region of moxibustion’s central
nervous regulation mechanism.

This study used the ALFFmethod to study the abnormal brain
activity of MCI patients and the regulation of moxibustion on

the brain activity of MCI patients, but this study had limitations.
First of all, our samples used a cross-sectional design, and a
longitudinal study needs further exploration. Second, we only
used ALFF as the analytical method instead of more research
methods to verify together, such as regional homogeneity
and functional connectivity. The role of moxibustion in the
regulation of MCI patients needs the exploration of multimodal
brain imaging technology. Third, physiological noise during
scanning, such as breathing movement, might affect the stability
of fMRI signals. Much spurious information might be arisen due
to the low-frequency spontaneous fluctuation of BOLD signals
and the physiological noise such as cardiac and respiratory cycles
(Li et al., 2014). Fourth, our study’s relatively small sample size
may have influenced the results, and future studies with a larger
sample size will help provide the credibility of our results. Finally,
as the entire course of moxibustion lasted for two months,
challenges were presented for healthy controls. Therefore, we did
not use moxibustion to intervene HCs.
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As a technique that can guide brain plasticity, non-invasive brain stimulation (NIBS)
has the potential to improve the treatment of chronic pain (CP) because it can
interfere with ongoing brain neural activity to regulate specific neural networks related to
pain management. Treatments of CP with various forms of NIBS, such as repetitive
transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation
(tDCS), using new parameters of stimulation have achieved encouraging results.
Evidence of moderate quality indicates that high-frequency rTMS of the primary motor
cortex has a clear effect on neuropathic pain (NP) and fibromyalgia. However, evidence
on its effectiveness regarding pain relief in other CP conditions is conflicting. Concerning
tDCS, evidence of low quality supports its benefit for CP treatment. However, evidence
suggesting that it exerts a small treatment effect on NP and headaches is also
conflicting. In this paper, we describe the underlying principles behind these commonly
used stimulation techniques; and summarize the results of randomized controlled trials,
systematic reviews, and meta-analyses. Future research should focus on a better
evaluation of the short-term and long-term effectiveness of all NIBS techniques and
whether they decrease healthcare use, as well as on the refinement of selection criteria.

Keywords: non-invasive brain stimulation, chronic pain, neuromodulation, tDCS, rTMS

INTRODUCTION

Conceptually, chronic pain (CP) is a process of neuroplasticity disorder caused by excitatory and
inhibitory imbalances in pain processing pathways (Peyron and Fauchon, 2019). According to the
United States Centers for Disease Control and Prevention, the prevalence of CP in the general
population in 2018 is between 11 and 40%, and it costs the economy between $560 billion and $635
billion annually in the United States alone (Steglitz et al., 2012; Dahlhamer et al., 2018). A systematic
review of 19 studies conducted in the United Kingdom showed that the mean prevalence of
CP is 43.5% (Fayaz et al., 2016). Approximately 40% of patients with CP report difficulty in
pain control, and over 60% reveal inadequate pain relief from medications (Breivik et al., 2006).
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CP is the dynamic result of a range of biological, psychological,
and social factors, and the most common medications no longer
provide sufficient analgesia for most patients. Therefore, specific,
predictable, and effective modalities of CP management must be
explored and developed.

USING BASIC SCIENTIFIC KNOWLEDGE
TO DEVELOP AN EFFECTIVE, NEURAL
CIRCUIT-BASED TREATMENT FOR
CHRONIC PAIN

Non-invasive brain stimulation (NIBS) has the potential to
improve the treatment of CP because it can regulate specific
neural networks related to pain processing in the brain, such
as the anterior cingulate cortex (ACC) and the thalamus, and
promote a downward pain suppression mechanism to relieve
pain (Peyron et al., 2007; Figure 1). Imaging studies in humans
have suggested that CP is the result of changes in neural
networks and central pain mechanisms, including perception,
sensitization, and pain regulation pathways (Perocheau et al.,
2014). Moreover, pain is a personal experience that requires
different brain circuits to process. Therefore, NIBS technique may
be effective in relieving pain by exciting or inhibiting specific
neural networks associated with pain processing.

As an alternative intervention to invasive brain stimulation,
NIBS can remarkably reduce the incidence of invasive
stimulation. Over the past 20 years, the number of studies
that used NIBS techniques for pain treatment has exponentially
grown, a trend that possibly reflects the importance of this
field (Figure 2 and Table 1). Thus far, NIBS has been applied
to manage various CP conditions, including fibromyalgia
(Forogh et al., 2021), neuropathic pain (NP) (Galhardoni
et al., 2019), and migraine (Schading et al., 2021). Although
the neural mechanisms underlying the analgesic effects of
NIBS are not yet fully understood, the mechanisms behind
the functional effects of each NIBS technique are different
(Leocani et al., 2019). Moreover, the analgesic effects of
NIBS seem to be highly correlated with the stimulated brain
regions. Therefore, we hypothesize that patients with different
types of CP may benefit from stimulation of different target
brain regions through different NIBS techniques. At the
cellular level, stimulation can change the electrical state of
individual neurons; at the neurohumoral signal level, stimulation
can cause neurotransmitter activity; at the network level,
stimulation can change neuronal circuits; at the behavioral
level, stimulation can cause changes in pain and function
(Knotkova et al., 2021).

Given that most NIBS techniques modulate neural activity in a
frequency- or polar-dependent manner, most applications of CP
research have involved excitatory NIBS, such as high-frequency
transcranial magnetic stimulation (TMS) or anodal transcranial
direct current stimulation (tDCS) (Figure 3). In this review, we
outline the possibilities and limitations of the NIBS approach
in CP research, with particular emphasis on best practices and
selected developments.

REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION

Underlying Neurophysiological
Mechanisms of Repetitive Transcranial
Magnetic Stimulation in Chronic Pain
Treatment
Transcranial magnetic stimulation uses dynamic magnetic fields
to generate induced currents to regulate individual neurons and
neuron groups in the cortex and the neural networks connected
to them (Young et al., 2014). Strong effects can sufficiently
depolarize neurons to trigger action potentials (Young et al.,
2014). If TMS pulse stimulation is repeatedly given, it is called
repetitive TMS (rTMS).

Regulating the Excitability of the Pain Loop
In general, the stimulatory effect of rTMS depends on
the frequency: high-frequency stimulation (≥5 Hz) increases
cortical excitability, whereas low-frequency stimulation (≤1 Hz)
decreases it (Hoogendam et al., 2010). The excitability induced
by high-frequency rTMS (HF-rTMS) may be the result of
the weakened intracortical inhibition mediated by the gamma-
aminobutyric acid (GABA) rather than directly caused by
increased excitability (Ziemann, 2004). By contrast, low-
frequency rTMS (LF-rTMS) may enhance GABA-mediated
intracortical inhibition, thereby reducing cortical excitability.

The rationale for applying rTMS to treat pain is that it
can modulate neural activity in cortical and subcortical brain
structures associated with pain processing, such as the thalamus,
in both local and remote brain regions. Compared with electrical
stimulation, magnetic stimulation allows the study of local
nerve tissue activation, where the signal is not hindered by
other tissues and is minimally invasive to humans. In turn,
the activation of the cortical structure transmits the action
potential to neural circuits related to pain processing, such
as the cingulate cortex and the thalamus, regardless if it is
forward or reverse (Strafella et al., 2001; Perocheau et al., 2014).
Previous studies have confirmed that rTMS can also directly
excite the thalamus through the cortical–thalamic projection
system, thereby inhibiting the transmission of injury information
through the spinothalamic pathway (Bestmann et al., 2004;
Martin et al., 2013). In other words, when HF-rTMS is used,
the pain information transmitted through the spinothalamic
tract and the ipsilateral thalamic nucleus may be suppressed.
By contrast, when LF-rTMS is utilized, pain transmission may
be unsuppressed.

Synaptic Plasticity
Another mechanism by which TMS alleviates pain is by changing
the plasticity of the nervous system, whereas long-term changes
in neuron excitability are associated with long-term changes
in synaptic effects, especially long-term potentiation (LTP)
and long-term depression (LTD). Similar to basic synaptic
physiology, enhancing the synaptic strength is often referred to
as LTP, whereas reducing the synaptic strength is referred to as
LTD (Figure 4).
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FIGURE 1 | Neural networks related to pain. The primary cortical pain matrix
(thalamus, S1, S2, posterior insula, and parietal operculum) contributes to
pain perception and location. The secondary (ACC, INS, AMY, and
hippocampus) represent common structures identified in the affective
motivational pain pathway, such as empathy for pain. The third (PFC, MCC,
and PCC) represents one component of the cognitive evaluative pain system.
The arrows represent multiple cortical connections between regions and
systems indicating the complex interconnectedness of brain regions involved
with pain. ACC, anterior cingulate cortex; PFC, prefrontal cortex; AMY,
amygdala; PAG, periaqueductal gray; RVM, rostroventral medulla; DH, dorsal
horn; INS, insula; S1, primary somatosensory cortex; S2, secondary
somatosensory cortex; MCC, medial cingulate cortex; PCC, posterior
cingulate cortex; PB, parabrachial nucleus.

Repetitive transcranial magnetic stimulation exerts an
accumulation effect through repeated, continuous, and regular
stimulation that can excite more neurons. More importantly,

rTMS can affect the brain functions of local and remote areas and
realize the reconstruction of cortical functions (Moisset et al.,
2016). Pridmore et al. (2005) reported that a single session of
LF-rTMS reduced the excitability of the primary motor cortex
(M1) region for about 15–30 min. However, after multiple and
continuous sessions of LF-rTMS, the excitability of the M1
region decreased, which lasted for 30 min on the first day and
extended to 2 h on the second day. Therefore, rTMS can probably
cause cumulative plasticity changes in brain neural tissues. A few
words should be added regarding the mechanisms of analgesic
action of rTMS delivered to M1. A previous study highlighted a
significant release of endogenous opioids within a bihemispheric
brain network involved in the perception and modulation of
pain, which was produced by a single session of 10 Hz rTMS of
M1 in a positron emission tomography (PET) study based on 10
healthy subjects (Lamusuo et al., 2017). This was consistent with
previous observations made in CP patients treated with invasive
epidural motor cortex stimulation (Maarrawi et al., 2007, 2013).
However, the mechanisms of action of M1 stimulation in pain
are surely more complex and multiple, involving various pain
modulatory systems concerned with emotion, attention, and/or
sensory discrimination processing, related to various neural
pathways connecting different brain regions, thalamic nuclei,
and/or the spine, and with various neurotransmitter systems
beyond endogenous opioids, such as glutamate, GABA, and/or
dopamine for example (Nguyen et al., 2011; Lefaucheur, 2016;
Moisset and Lefaucheur, 2019). All of these factors can contribute
to the development of long-term synaptic plasticity that provides
significant pain relief beyond the time of stimulation.

Optimizing Neurotransmitter Levels
Many studies have proved that the analgesic mechanism of rTMS
is not only due to the induction of LTP or LTD in the process
of neuron depolarization and hyperpolarization, either of which
leads to changes in nerve excitability and synaptic connections,
but also due to secondary changes in neurotransmitter secretion
related to pain. Studies have reported that the release of
endogenous opioids in the ACC and periaqueductal gray (PAG)
matter is related to the noxious effects of rTMS (de Andrade
et al., 2011). rTMS can optimize neurotransmitter levels, promote

FIGURE 2 | The number of annual publications and annual citations on TMS, tDCS, tACS, tRNS, tFUS, and pain. https://www.webofscience.com/wos/alldb/
basic-search; search dates from 2000 to 2021.
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TABLE 1 | Systematic and evidence-based reviews of non-invasive brain stimulation techniques for chronic pain.

Sample size Disease Intervention Duration of the
trial period

Follow-up Primary
outcomes

Main results AMSTAR-2
rating

rTMS

Zhang et al.,
2021

29 studies (24
for rTMS)
826 participants
(736 for rTMS)

Neuropathic
pain

Intervention: rTMS
Control: sham
stimulation

1 session
(minimum)–15
sessions
(maximum)

NA Pain level (VAS and
NRS)

rTMS successfully relieved the pain symptoms of
715 (97.1%) NP patients. The stimulation
parameters of rTMS that best induce an
analgesic effect are a target cortex of M1, a
stimulation frequency of 10–20 Hz, 1000–2000
pulses, and 5–10 sessions.

Low

Jin et al., 2015 32 studies
589 participants

Neuropathic
pain

Intervention: HF-rTMS
(>1 Hz) over the M1
Control: sham
stimulation,
parallel-group, and
crossover designs

1 session–10
sessions

1 month
(minimum)–
2 months
(maximum)

Pain level (VAS and
NRS)

All 3 HF-rTMS treatments (5, 10, and 20 Hz)
produced pain reduction, while there were no
differences between them, with the maximal pain
reduction found after 1 and 5 sessions of rTMS.
This significant analgesic effect remained for
1 month after 5 sessions of rTMS treatment.

Moderate

Saltychev and
Laimi, 2017

7 RCTs
210 participants

Fibromyalgia Intervention: rTMS
Control: sham
stimulation, other
treatment, or no control
treatment

8 sessions–24
sessions

1 week–
3 months

Pain level (VAS and
NRS)

Both pooled results of pain severity (−1.2 for
NRS and −0.7 for VAS) were below the minimal
clinically important difference of 1.5 points. There
is moderate evidence that rTMS is not more
effective than sham in reducing the severity of
pain in fibromyalgia patients.

Moderate

Knijnik et al.,
2016

5 RCTs
143 participants

Fibromyalgia Intervention: rTMS
Control: sham
stimulation

10 sessions–14
sessions

NA Pain intensity (VAS
and BPI)
Depression (HDRS
and BDI)
QoL (FIQ)

In comparison with sham stimulation, rTMS
demonstrated a superior effect on the QoL of
patients with FM 1 month after starting therapy.
rTMS showed a trend toward reducing pain
intensity but did not change depressive
symptoms.

Moderate

Stilling et al.,
2019

34 studies (6 for
TMS, 16 for
rTMS)
631 participants

Headache
(19/22 studies
for migraine)

Intervention: TMS and
rTMS
Control: sham
stimulation or
alternative standard of
care (i.e., botulinum
toxin, headache drug)

1 session–23
sessions

4 weeks–
20 weeks

Headache
frequency, duration,
intensity, use of
abortive
medications,
depression, anxiety,
and QoL.

There is moderate evidence for rTMS contributes
to reductions in headache frequency, duration,
intensity, abortive medication use, depression,
and functional impairment. However, only a few
studies reported changes greater than sham
treatment.

Low

Lan et al., 2017 5 RCTs
313 participants

Migraine Intervention: rTMS
Control: sham
stimulation

1 session–23
sessions

NA Pain intensity Single-pulse transcranial magnetic stimulation is
effective for the acute treatment of migraine with
aura after the first attack (p = 0.02). The efficacy
of TMS on chronic migraine was not significant
(p = 0.14).

High
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TABLE 1 | (Continued)

Sample size Disease Intervention Duration of the
trial period

Follow-up Primary
outcomes

Main results AMSTAR-2
rating

tDCS

Zhang et al.,
2021

29 studies (5 for
tDCS)
826 participants
(95 for tDCS)

Neuropathic
pain

Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

Five studies involving 95 NP patients (76.0%)
showed that tDCS successfully relieved NP. The
most effective parameters of tDCS are a current
intensity of 2 mA, a session duration of
20–30 min, and 5–10 sessions.

Low

David et al.,
2018

8 studies
127 participants

Neuropathic
pain

Intervention: tDCS
Control: sham stimulation

1 session–20
sessions

90 min–
6 months

Pain level (VAS
and NRS)

All of the studies showed significant effects of
tDCS on NP (spinal cord injury, stroke, and
amputation) when compared to the control
group, except for one with SCI and another
related to radiculopathy. Positive effects in the
follow-up studies lasted up to 7 days.

Low

Mehta et al.,
2015

5 studies
83 participants

Neuropathic
pain after spinal
cord injury

Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

The pooled analysis found a significant effect of
tDCS on reducing neuropathic pain after SCI
post-treatment (p = 0.012); however, this effect
was not maintained at follow-up (p = 0.194).

Moderate

Lloyd et al.,
2020

14 studies
452 participants

Fibromyalgia Intervention: tDCS
Control: sham stimulation

1 session–10
sessions

NA Pain level (VAS
and NRS)

Meta-analysis of data from 8 controlled trials
provides tentative evidence of pain reduction
when active tDCS is delivered compared to sham.

Zhu et al., 2017 6 studies
192 participants

Fibromyalgia Intervention: tDCS
Control: sham stimulation
alone or sham
stimulation combined
with other interventions
for fibromyalgia

1 session–10
sessions

NA Pain level (VAS
and NRS)

Significant improvement in pain and general
fibromyalgia related function was seen with
anodal transcranial direct current stimulation over
the primary motor cortex (p < 0.05). However, the
pressure pain threshold did not improve
(p > 0.05).

High

Stilling et al.,
2019

34 studies (12
for tDCS)
413 participants

Headache
(8/12 studies
for migraine)

Intervention: tDCS
Control: sham stimulation
or alternative standard of
care (i.e., botulinum
toxin, headache drug)

5 session–20
sessions

NA Headache
frequency,
duration, intensity,
use of abortive
medications,
depression,
anxiety, and QoL.

There is moderate evidence for tDCS in the
treatment of headaches concerning reduction in
headache frequency, intensity, abortive
medication use, depression, and anxiety.

Low

Feng et al.,
2019

9 studies (4 for
tDCS)
276 participants
(115 for tDCS)

Migraine Intervention: tDCS
Control: sham stimulation
or no control treatment

10 session–20
sessions

1 month–
12 weeks

Pain level (VAS
and NRS)

tDCS over the M1 or the DLPFC showed
significant effects on reducing headache intensity
in patients with migraine.

Moderate

Alwardat et al.,
2020

9 studies
411 participants

Chronic low
back pain

Intervention: tDCS
Control: sham stimulation

1 session–15
sessions

3 weeks–
6 months

Pain level (VAS
and NRS)

The meta-analysis showed non-significant effect
of multiple sessions of tDCS over M1 on pain
reduction (p = 0.249) and disability (p = 0.434)
post-treatment, respectively.

Low

Reviews selected to avoid redundancy with text and other reviews. AMSTAR-2 ratings represent a grading system for systematic reviews, with confidence in findings rated as high, moderate, low, or critically low based
on 16 items (13 for reviews without meta-analyses). AMSTAR, A Measurement Tool to Assess Systematic Reviews; NIBS, non-invasive brain stimulation; RCTs, randomized controlled trials; TMS, transcranial magnetic
stimulation; sTMS, single-pulse TMS; dTMS, deep transcranial magnetic stimulation; rTMS, repetitive transcranial magnetic stimulation; HF-rTMS, high frequency transcranial magnetic stimulation; tDCS, transcranial
direct current stimulation; VAS, Visual Analog Scale; QoL, quality of life; NP, neuropathic pain; SCI, spinal cord injury; RMT, resting motor threshold; BPI, brief pain inventory; HDRS, Hamilton Depression Rating Scale;
BDI, beck depression inventory; NRS, Numeric Rating Scale; MPQ, McGill Pain Questionnaire.
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the release of endogenous opioids and the secretion of brain-
derived neurotrophic factors, and increase the concentration
of GABA, thereby improving pain (Dall’Agnol et al., 2014).
Lefaucheur et al. (2006) found that HF-rTMS of M1 can
reduce pain and enhance cortical inhibition, and the degree
of pain reduction is positively correlated with intracortical
inhibition. They speculated that rTMS may regulate the balance
between inhibitory neurotransmitters and excitatory glutamate
neurotransmitters in the cerebral cortex, thus achieving an
analgesic effect.

Improving Regional Cerebral Blood Flow and
Metabolism in the Brain
Notably, changes in regional cerebral blood flow (rCBF) and
metabolism after rTMS treatment may be correlated with the
decrease in pain score. Tamura et al. (2004) found that after
LF-rTMS treatment, the rCBF of the medial prefrontal cortex
was remarkably reduced, and the rCBF of the tail of the ACC
and the contralateral premotor area was considerably increased.
Meanwhile, the subjects’ pain was substantially reduced. In
addition, the degree of pain relief was positively correlated with
the decrease in rCBF in the medial prefrontal cortex, suggesting
that the analgesic effect caused by rTMS is related to changes in
rCBF (Tamura et al., 2004).

Repetitive Transcranial Magnetic
Stimulation for Neuropathic Pain
The pathophysiological mechanism of NP may be related to
changes in the structural or functional plasticity of the central
nervous system (Leung et al., 2009). The maintenance of NP
mainly depends on central sensitization. Central sensitization
refers to the abnormal increase in excitability or synaptic
transmission of central pain-related neurons, including the
increase in spontaneous discharge activity of neurons, the
expansion of sensory domains, and the reduction of the threshold
value to external stimuli, thus amplifying the transmission of
pain signals (Nickel et al., 2012). rTMS acts on the cerebral
cortex and adjacent structures under the cortex through high-
level regulation of the central nervous system, and it exerts
various effects on the pain process, thereby exerting an analgesic
effect. Yang et al. (2018) suggested that HF-rTMS may reduce
central sensitization and relieve NP by downregulating the
overexpression of neuronal nitric oxide synthase in ipsilateral
dorsal root ganglions and inhibiting the activity and proliferation
of astrocytes in the L4–L6 spinal dorsal horns ipsilateral to NP.

A meta-analysis of 25 studies (589 long-term follow-up
patients) evaluated the efficacy of HF-rTMS for the treatment of
NP (Jin et al., 2015). Pooled analgesic results showed a statistically
significant effect size of −0.86 (p < 0.05), indicating that rTMS
can effectively reduce the pain intensity of NP from different
sources. The result indicated that a single rTMS treatment can
remarkably reduce the pain intensity of patients with NP. When
the number of sessions was increased from 2 to 10, the subjects
also produced considerable pain relief, especially among patients
with pain after suffering from central stroke. After 1–2 months
of follow-up (161 participants), the analgesic effects of multiple
rTMS treatments (≥5 sessions) were observed to last at least

1 month but not more than 2 months, indicating that the different
analgesic effects of rTMS may depend on the neuroanatomical
source of the pathophysia of NP, that is, the more effective source
of the therapeutic effects of rTMS on NP is the “top” (supraspinal,
cranial, or spinal) rather than the “bottom” (nerve roots or
peripheral nerves). Similarly, Zhang et al. (2021) systematically
reviewed 29 studies (24 for rTMS, 736 participants), and found
that rTMS successfully improved the pain symptoms of 97.1%
of patients with NP (715 participants). The analgesic effect of
rTMS was maintained for 2 weeks after the last session, but
this beneficial effect usually lasted for less than 1 month. In
addition, the M1 region was targeted in almost all patients (82.5%,
607 participants).

As recent reviews have concluded, the application of HF-
rTMS of M1 may alleviate various types of NP. Some of the
NP conditions with the greatest response to rTMS include
post-stroke central pain and trigeminal neuralgia, whereas NP
conditions with more peripheral anatomical origins, such as post-
traumatic peripheral NP, are less reactive to rTMS (Lefaucheur,
2016; Leung et al., 2020). Although a few studies suggest this
conclusion, we think it is premature to present this type of
assertion which is not based on published data on large series. It
is unclear whether any particular type of NP would be considered
a better indication for rTMS treatment.

Repetitive Transcranial Magnetic
Stimulation for Fibromyalgia
Fibromyalgia is usually insensitive to conventional treatment.
Previous studies indicated that rTMS may work by modulating
pain pathways (Bestmann et al., 2004; Yoo et al., 2008), such as
the descending inhibitory pathway, and by modulating social–
affective areas of the brain, such as the right temporal lobe
(Boyer et al., 2014). A meta-analysis (7 studies, 210 patients)
evaluated the efficacy of HF-rTMS of M1 in the treatment of
fibromyalgia (Saltychev and Laimi, 2017). Based on the patients’
scores on a 0–10 numerical rating scale, their pain intensity
before and after the last rTMS session decreased by 1.2 points.
Moreover, the pain intensity before the last stimulation and
1 week to 1 month after the last stimulation decreased by 0.7
points. Both pooled results were statistically significant but below
the cut-off point of a minimum clinically significant difference
of 1.5 points. In a narrative review that analyzed 12 studies
on fibromyalgia, 9 studies concluded that rTMS of M1 was
effective in relieving pain in patients with this condition (Yang
and Chang, 2020). By contrast, the remaining three randomized
controlled trials (RCTs) denied that patients with fibromyalgia
benefited from rTMS.

Although the results of some studies were negative, the fact
that fibromyalgia is difficult to manage suggests that rTMS is a
potential analgesic method for managing fibromyalgia.

Repetitive Transcranial Magnetic
Stimulation for Migraine
Recent studies suggested that the mechanism of migraine
may be linked to neurological causes, such as cerebral
cell hyperexcitability and altered cortical excitability
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FIGURE 3 | Different forms of non-invasive brain stimulation techniques and chronic pain conditions most amenable to treatment.

(Cosentino et al., 2014; Lan et al., 2017). On the one hand,
rTMS can regulate the excitability of cortical structures
involved in pain control, such as inhibiting cortical spreading
depression (Chervyakov et al., 2015). Therefore, rTMS may
contribute to the prevention and relief of headache symptoms
during migraine attacks. On the other hand, rTMS can
promote the release of endogenous analgesic substances,
such as dopamine and endogenous opioid peptides, thereby
relieving headaches.

Currently, in the United States, acute migraine with aura is the
only FDA-approved indication for single-pulse TMS45. A meta-
analysis also reported that single-pulse TMS was effective in the
acute treatment of aura migraine after the first attack (p = 0.02),
but not in chronic migraine (p = 0.14) (Lan et al., 2017).

However, another systematic review found that TMS and rTMS
contributed to reductions in headache frequency, duration,
intensity, abortive medication use, depression, and dysfunction
in both chronic primary and secondary headaches (Stilling et al.,
2019). In addition, consistent with the findings of Lan et al.
(2017), only a few studies reported greater changes than sham
stimulation (Stilling et al., 2019). Similarly, another systematic
review found that, compared with sham stimulation, the outcome
indicators of patients suffering from migraine who received
HF-rTMS treatment substantially improved, including headache
frequency, pain intensity, headache duration, and dosage (Yang
and Chang, 2020). However, two studies showed that the results
after rTMS were not superior to those after sham stimulation,
and both showed a strong placebo response. Despite conflicting
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FIGURE 4 | Schematic diagram demonstrating the underlying neurophysiological mechanism of rTMS involved in pain management. LTP, long-term potentiation;
LTD, long-term depression.

evidence on its efficacy, rTMS may still be a potential option for
patients with migraine.

Repetitive Transcranial Magnetic
Stimulation for Chronic Low Back Pain
Previous studies have demonstrated that abnormal postural
control of trunk muscles may lead to the occurrence of chronic
low back pain (CLBP) (Deliagina et al., 2006). Furthermore,
the M1 region is believed to play a key role in postural
control regulation (Ambriz-Tututi et al., 2016). Ambriz-Tututi
et al. (2016) evaluated the long-term effects of rTMS on CLBP
and compared them with those of physical therapy and sham
stimulation. Results showed that the patients who received HF-
rTMS of M1 had a remarkable decrease in pain intensity after
1 week of treatment. After 3 weeks of continuous treatment,
their pain intensity was reduced by nearly 80% compared with
the baseline and was substantially lower than that of the group
that received sham stimulation or physical therapy. In addition,
a previous study reported that, compared with sham stimulation,
1 session of HF-rTMS can significantly lessen the pain intensity
felt by patients with CLBP (p < 0.001) (Johnson et al., 2006).

Compared with those on fibromyalgia and headache, there is less
evidence to suggest the efficacy of rTMS on CLBP.

Summary of Repetitive Transcranial
Magnetic Stimulation
In Canada, Australia, Japan, the European Union, and Israel,
TMS devices have been approved for depression, schizophrenia,
and NP (Marangell et al., 2007). However, in the United States,
the application of TMS to pain management is only considered
investigational.

Thus far, most high-quality RCTs and systematic reviews
have shown that rTMS applied to the dorsolateral prefrontal
cortex (DLPFC), the supplementary motor area (SMA), or the
primary somatosensory cortex (S1) lacks analgesic effects, while
stimulation of M1 provides pain relief (Marangell et al., 2007;
Lefaucheur et al., 2020). In 2020, the guidelines for the use
of rTMS developed by an expert panel in Europe stated that
HF-rTMS of M1 has a clear effect on NP and fibromyalgia
(level A evidence) (Lefaucheur et al., 2020). The selection of
stimulation targets and stimulation parameters is the most basic
and important issue that determines the analgesic effect of
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FIGURE 5 | Mechanisms and targets of transcranial direct current stimulation in pain management. DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex;
INS, Insula; Th, thalamus.

rTMS. Some of the current issues in stimulating targets are as
follows: (1) whether different types of CP conditions require
specific stimulation targets; (2) whether combined treatment
with different stimulation targets will enhance their analgesic
effect; (3) lack of evidence from studies that compared the
analgesic effects of different stimulation targets; and (4) few
use image-guided navigation to improve the accuracy and
repeatability of targeting. Another potential concern with rTMS
is the duration effect. The number of sessions in most TMS
studies ranged from 1 to 10 sessions. Some studies have reported
that the analgesic effects of rTMS are cumulative and require
multiple sessions to achieve clinically significant effects (Brighina
et al., 2009). A single rTMS session may not be sufficient to
induce changes in cortical excitability, and multiple sessions
are required to induce changes in neuroplasticity. However,
prolonged use of rTMS to increase stimulation intensity may
also lead to a reduction or even reversal of the stimulatory
effect of motor cortical excitability, making the treatment

counterproductive. Therefore, the number of sessions with rTMS
should be investigated to provide best practice for the analgesic
effects of rTMS.

TRANSCRANIAL DIRECT CURRENT
STIMULATION

Underlying Neurophysiological
Mechanisms by Which Transcranial
Direct Current Stimulation Relieves
Chronic Pain
Transcranial direct current stimulation works by using two or
more electrodes to apply a low-amplitude direct current (typically
from 0.5 to 2 mA) to specific brain regions to modulate their
excitability, thereby relieving pain (Nitsche and Paulus, 2000).
Traditional tDCS usually uses two sponge electrodes, one as
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the anode and the other as the cathode. HD tDCS utilizes
a set of smaller electrodes, such as 4 × 1, to provide more
focused stimulation.

Selective Excitability of Neurons
Unlike TMS, tDCS employs a weak current and generally
does not cause an action potential but only changes the
resting membrane potential of nerve cells, thereby regulating
the excitability of nerve cells (Nitsche et al., 2008). The
change in membrane potential is the physiological basis of
the immediate regulatory effect of tDCS. The effect of tDCS
on cortical excitability depends on polarity: anodal stimulation
leads to depolarization of the nerve membrane, thereby
increasing excitability, whereas cathodal stimulation results
in hyperpolarization of the nerve membrane, which in turn
inhibits excitability (Lefaucheur et al., 2017; Lefaucheur and
Wendling, 2019; Figure 5). However, changes in cell membrane
potential do not explain the subsequent effects of cessation of
tDCS, such as the persistence of analgesic effects several weeks
after stimulation.

Notably, the cortical excitation effect of tDCS is related to
the direction and intensity of the current, but it is not a linear
relationship, that is, the greater the current intensity, the better
the stimulus effect (Utz et al., 2010). Sometimes this effect
will be reversed with the increase in current intensity. The
immediate to long-term effects of tDCS vary depending on the
selected stimulation parameters (Shekhawat et al., 2016). Studies
have reported that the analgesic effect of tDCS is cumulative,
requiring multiple sessions to achieve clinically significant results
(Lefaucheur et al., 2017). In general, a stimulation lasting for at
least 5 min is needed to produce biological effects. Changes in
neural activity occur not only during tDCS but also several hours
after stimulation has ended.

Network Effect
Aside from regulating local activity at the stimulus site, tDCS
also exerts network effects that alter structural and functional
connections between different brain regions (Cummiford et al.,
2016; Lin et al., 2017). A PET study of patients with CP showed
that motor cortex stimulation acts as a “gate” that triggers the
activity in the stimulated and distant brain tissues, including the
thalamus, anterior insula, and PAG (Garcia-Larrea and Peyron,
2007). Specifically, anodal stimulation of the M1 region alleviates
pain by activating various neural circuits in the precentral gyrus,
which may be afferent or efferent to structures connected to
the sensory or emotional components of pain processing, such
as the thalamus or ACC (Lefaucheur, 2006; Nguyen et al.,
2011). Cummiford et al. (2016) found that, compared with
sham stimulation, applying 20 min of anodal tDCS over left
M1 five times can reduce functional connectivity among the
left ventrolateral thalamus and the medial prefrontal lobe, and
the left auxiliary motor area, as well as functional connectivity
among the right ventrolateral thalamus and the cerebellum and
the left auxiliary motor area in patients with fibromyalgia. These
brain regions are the components of the pain matrix involved in
the processing and regulation of pain, especially the emotional
components of pain (Figure 1).

Synapse Remodeling
Aside from changing the polarity of membrane potential, tDCS
also regulates the synaptic microenvironment and modulates
neuronal function at the synaptic level. tDCS interacts with
several neurotransmitters, including serotonin, dopamine, and
acetylcholine, and affects various neuronal membrane channels,
such as sodium and calcium ions (Lefaucheur et al., 2017). In
general, direct current stimulates cortical neurons to regulate
the expression of NMDA receptors and the release of GABA,
resulting in LTP or LTD, both of which cause synaptic
remodeling (Stagg and Nitsche, 2011). Previous studies have
argued that calcium-dependent synaptic plasticity in glutamate
neurons plays a key role in the mechanism of long-lasting
neuroplasticity in tDCS because blocking NMDA receptors
attenuates the after-effects of tDCS. In addition, tDCS can
alleviate pain by modulating the thalamic inhibitory network
and interfering with the cortex–cortical and cortex–subcortical
synaptic connections related to pain formation (Liebetanz et al.,
2002; Batsikadze et al., 2013).

Non-synaptic Effect
Although tDCS regulates resting membrane potentials at the
synaptic level, it more commonly regulates resting membrane
potentials along the entire axon, which may lead to non-
synaptic effects (Ardolino et al., 2005). These non-synaptic
mechanisms of tDCS are probably due to conformational and
functional changes in various axon molecules. When exposed
to a direct current electric field, various phenomena, such as
transmembrane ion conductance, membrane structure changes,
cytoskeleton changes, or axon transmission, will occur around
axons (Jefferys, 1995). In addition, Zheng et al. (2011) found
that the effect of tDCS is related to changes in cerebral blood
flow. After they administered cathodal tDCS, the blood flow
substantially decreased and lasted for a period of time. This
condition may also be the key mechanism underlying the
analgesic effect of tDCS.

Transcranial Direct Current Stimulation
for Neuropathic Pain
In addition to network effects and changes in central nervous
excitability, tDCS may also alleviate NP by regulating the central
nervous immune system and inhibiting glial cell activation.
Cioato et al. (2016) investigated the effects of tDCS on nociceptive
responses and measured IL-1 β, IL-10, and TNF-α levels in the
central nervous system structure of NP rats. After tDCS, the levels
of IL-1β and TNF-α decreased, whereas those of IL-10 increased,
suggesting that tDCS may modulate the immune system to
alleviate NP. Recent studies have established that microglia and
astrocytes in the nervous system play key roles in the initiation
and maintenance of NP, respectively (Gritsch et al., 2016). As a
common method for regulating cortical excitability in superficial
pain-related areas, tDCS can inhibit neuronal sensitivity after
peripheral nerve injury and downregulate the expression of the
P2 × 4 receptor, thereby inhibiting microglia activity, ultimately
leading to NP remission (Zhang et al., 2020).

A systematic review (8 studies, 127 participants) suggested
that, compared with sham stimulation, tDCS could notably
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reduce pain intensity in patients with NP associated with spinal
cord injury (SCI), stroke, and amputation, and its analgesic effect
lasted for 1 week after the end of the intervention (David et al.,
2018). However, no significant differences between the groups
were observed in patients with radiculopathy. Similarly, a meta-
analysis reported a moderate effect of tDCS in reducing NP
in patients with SCI; however, the effect was not maintained
at follow-up (Mehta et al., 2015). A mean pooled decrease of
1.33 units on a 10-item scale was found post treatment. In
another systematic review (6 studies, 125 patients with NP),
5 studies found that, compared with sham stimulation, anodal
tDCS remarkably alleviated NP (Zhang et al., 2021). Overall,
many studies have confirmed that tDCS has a moderate effect on
pain relief among individuals with chronic NP, but this effect is
not maintained during follow-up.

Transcranial Direct Current Stimulation
for Fibromyalgia
The pathogenesis of fibromyalgia may be related to the
dysfunction of the central nervous system (Cook et al., 2007;
Brown et al., 2014). As a neuromodulation technique that
targets the central nervous system, tDCS may theoretically help
relieve pain. A meta-analysis of 6 studies (192 patients with
fibromyalgia) reported that, compared with sham stimulation,
anodal tDCS of M1 was more likely to relieve pain and improve
fibromyalgia-related function, whereas cathodal tDCS of M1 and
anodal tDCS of left DLPFC did not produce notable analgesic
effects (Zhu et al., 2017). Although this meta-analysis was
unable to calculate the overall effect of tDCS on fibromyalgia
during the follow-up period, some of the studies it included
concluded that 10 sessions of anodal tDCS over M1 was
more likely to control pain than 5 sessions, and this effect
might last up to 2 months. Similarly, Lloyd et al. (2020) also
reported that active tDCS applied at an intensity of 2 mA
to left M1 for 20 min/days for 10 sessions appears to be
able to lower pain intensity in fibromyalgia. Hou et al. (2016)
reviewed 16 studies (5 for tDCS, 11 for rTMS; 572 patients
with fibromyalgia), found that aside from improving cognitive
function, both tDCS and rTMS had similar positive effects on
pain symptoms, sleep disturbances, and tender spots. However,
rTMS produced a greater analgesic effect than tDCS. Therefore,
excitatory rTMS/tDCS should be considered in the treatment
of patients with fibromyalgia, especially for those with painful
symptoms that are not responding to other therapies or for
whom the continuation of such therapies is not possible due to
their adverse side effects (as is commonly the case with FDA-
approved drugs).

Transcranial Direct Current Stimulation
for Migraine
A systematic review of 12 studies on chronic headache (8 for
migraine, 413 participants) found that, compared with baseline,
tDCS substantially reduced headache frequency in 7 studies
(Stilling et al., 2019). However, only one study showed that,
compared with sham stimulation, tDCS considerably decreased
headache frequency. Six studies reported that tDCS shortened

headache duration, but only one study was statistically different
from the control group. Seven studies found that tDCS reduced
pain intensity, but only two studies showed significant differences
between groups. Similarly, Feng et al. (2019) reviewed 9 studies (4
for tDCS, 115 participants), and found that anodal tDCS of M1
markedly reduced the frequency and intensity of headaches in
patients suffering from migraine. Moreover, tDCS over DLPFC
substantially reduced pain intensity in these patients, but it had
no notable effect on attack frequency. In addition, compared
with sham stimulation, cathodal tDCS applied to the vertex
or visual cortex did not remarkably change the frequency and
intensity of headaches in these patients. Compared with those on
fibromyalgia and NP, there is less evidence to suggest the efficacy
of tDCS on migraine.

Transcranial Direct Current Stimulation
for Chronic Low Back Pain
Unlike acute low back pain, non-specific CLBP usually has
no peripheral cause (Latremoliere and Woolf, 2009). Central
mechanisms have been hypothesized to explain the development
and maintenance of pain. Great functional connectivity between
the dorsal medial PFC–amygdala–accumbens circuit in patients
with subacute low back pain contributes to the risk of
CP (Vachon-Presseau et al., 2016). Therefore, brain network
disturbance is considered one of the possible causes of CLBP.
A recent systematic analysis (eight studies) revealed that,
compared with sham stimulation, 1 session of tDCS treatment
resulted in substantial pain relief (Patricio et al., 2021). By
contrast, multiple sessions of tDCS treatment did not improve
short-term and medium-term pain. In 2019, based on two studies
on tDCS, an expert panel proposed a level A recommendation
against the use of tDCS of M1 for the treatment of CLBP
(Baptista et al., 2019).

Recent systematic analyses did not support the use of tDCS for
CLBP treatment, and evidence of low quality suggests that tDCS
negatively affects CLBP. A possible explanation for these negative
findings is that the pathogenesis of CLBP is affected by multiple
factors. Therefore, the participants enrolled in these reviews
might have had other mechanical diseases or complications, such
as cervical spondylosis or small joint disorders. In addition,
visceral pain involving the lower back can be a misleading
condition, leading doctors to misdiagnose or miss a diagnosis.

Summary of Transcranial Direct Current
Stimulation
In the United States, tDCS has not been approved for any
clinical indications but is only used as a research technique for
pain management. The guidelines for neurostimulation therapy
of CP issued by the European Academy of Neurology gave
“weak recommendations” for the use of tDCS for the treatment
of peripheral NP and “uncertain recommendations” for the
treatment of fibromyalgia (Cruccu et al., 2016; Knotkova et al.,
2021). In the United States, tDCS has not been approved for
any clinical indications but is only used as a research technique
for pain management. The effectiveness of tDCS in relieving
CP may vary according to pain subtype, including spontaneous,
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paroxysmal, and persistent pain (Soler et al., 2010). Thus far,
many high-quality RCTs and systematic reviews have shown that
the application of tDCS to DLPFC, SMA, or S1 lacks analgesic
effects, whereas stimulation of the M1 region provides pain relief
(Lefaucheur et al., 2017). It is worth noting that tDCS is non-local
with a network effect, and cortices adjacent to the stimulation
target may also be affected. As a result, it is essential to combine
tDCS with neuroimaging and functional connectivity analysis so
that we can attribute specific efficacy to neuromodulation of M1
only, but unfortunately, the majority of tDCS studies lack the
corresponding neuroimaging evaluation. In addition, the current
level of evidence supporting the positive effect of the application
of tDCS over M1 on pain relief is considerably lower than that of
rTMS. Compared with that of rTMS, the after-effect of tDCS is
also less obvious (Ngernyam et al., 2013).

TRANSCRANIAL ALTERNATING
CURRENT STIMULATION

Transcranial alternating current stimulation (tACS) changes the
nerve oscillation signal by applying a sinusoidal alternating
current stimulation with a fixed amplitude and frequency to the
brain, thereby regulating pain intensity (Antal and Herrmann,
2016; Tavakoli and Yun, 2017; Arendsen et al., 2018). Previous
studies have confirmed that the neural oscillation signals in the
alpha and gamma bands before pain stimulation can regulate the
individual’s perception of pain stimulation (Tu et al., 2016). Given
that the neural synchronization effect is related to endogenous
neural oscillation signals, the stimulation frequency selected in
analgesia studies is the frequency corresponding to the neural
oscillation signals closely related to pain processing, such as the
alpha and gamma neural oscillation signals (Tu et al., 2016). After
the pain stimulation, the neural oscillation signals in the alpha
band are weakened, whereas the nerve oscillation signals in the
gamma band are strengthened. The neural oscillation signal in
the gamma band is not affected by the saliency of the stimulus but
reflects the individual’s perception of pain intensity, and it can
encode intra- and interindividual pain sensitivity (Zhang et al.,
2012; Hu and Iannetti, 2019). Thus, the use of tACS in regulating
pain perception has a theoretical basis.

So far, only one study has investigated the analgesic effect of
tACS on fibromyalgia. An RCT of 15 patients with fibromyalgia
found that tACS combined with physical therapy administered
5 days per week for 2 weeks effectively reduced pain Visual
Analog Scale (VAS) scores immediately after the intervention
(Bernardi et al., 2021). However, this positive analgesic effect
was no longer present 4 weeks after the end of the intervention.
Similarly, only one study has investigated the effectiveness of
tACS for CLBP treatment. Ahn et al. (2019) found that applying
tACS with an amplitude of 1 mA and a frequency of 10 Hz
to the F3 and F4 electrodes of EEG electrode caps for 40 min
can reduce the pain intensity of patients with CLBP. Moreover,
tACS enhances the alpha oscillation signal intensity of the
electrode near the somatosensory area, and this increase in the
alpha oscillation signal is also strongly related to the decrease
in pain intensity.

Despite its appeal, tACS seems to be rarely used in the field of
CP research. Apart from somatosensory areas, few studies have
evaluated the analgesic effect of tACS on CP in other brain areas
(Ahn et al., 2019; Bernardi et al., 2021). Although previous studies
have demonstrated that the application of alpha tACS over S1 can
enhance alpha oscillations and thus induce pain relief, the quality
of evidence is extremely low.

TRANSCRANIAL RANDOM NOISE
STIMULATION

As an innovative form of electrical stimulation, transcranial
random noise stimulation (tRNS) is based on the principle
of stochastic resonance that uses alternating current with a
frequency randomly varying between 0 and 640 Hz to increase
the excitability of the cortex regardless of the orientation of
the current (Paulus, 2011). Studies have shown that weak tRNS
of M1 led to enhanced motor cortical excitability, where high-
frequency subdivision of the whole tRNS spectrum between 100
and 640 Hz was functionally responsible for inducing excitability
enhancement (Terney et al., 2008; Paulus, 2011; Moret et al.,
2019). In addition, 10 min of tRNS stimulation was reported to
induce a consistent excitability increase lasting over 1 h after
stimulation (Terney et al., 2008). This effect could be attributed
to the repeated opening of sodium channels or to the increased
sensitivity of neuronal networks to field modulation (Terney
et al., 2008; Paulus, 2011). These evidence raise the possibility
that tRNS may prove as an effective and reliable means to relieve
pain perception.

Curatolo et al. (2017) applied 10 sessions of tRNS of M1
to 20 women with fibromyalgia. The results showed that,
compared with placebo, active tRNS remarkably reduced pain
and fibromyalgia impact questionnaire scores. By contrast,
Palm et al. (2016) reported that, immediately after tRNS, no
notable intergroup differences in mean pain VAS score, attention
performance, and mood scale were observed between the tRNS
and placebo groups.

Evidence supporting the effects of tRNS as a single
intervention for CP treatment is limited. Moreover, drawing
conclusions on whether tRNS is useful in this situation is difficult.
Therefore, large multicenter RCTs are warranted to evaluate the
better potential of tRNS for pain management.

TRANSCRANIAL FOCUSED
ULTRASOUND

As a NIBS method that can focus on deep brain structures,
transcranial focused ultrasound (tFUS) can stimulate deep
brain targets with a high level of spatial resolution and
generate superimposed ultrasonic pulses deep in the brain
by using transducers containing piezoelectric elements (Aubry
and Tanter, 2016; Folloni et al., 2019). Through this feature,
tFUS can target almost any part of the peripheral or central
nervous system (Xiao and Zhang, 2018). Previous studies
have demonstrated that adjusting ultrasound parameters can
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produce different physiological effects on the nervous system,
ranging from reversible activation or suppression of neural
activity (low intensity, low-frequency ultrasound) to irreversible
tissue ablation (high intensity focused ultrasound) (di Biase
et al., 2019). tFUS can produce an analgesic effect through
various mechanisms, such as by increasing blood–brain barrier
permeability, improving the concentration of central acting
analgesics in the central nervous system, or modulating gene
expression in pain perception (di Biase et al., 2019). If the
neuromodulation of tFUS can act on specific neural networks
related to pain processing, it may be developed for pain
management. Currently, tFUS has been approved only for
thalamotomy in chronic NP and for ablation of specific tumors
(di Biase et al., 2021).

In a cross-controlled study of 19 healthy adults, Badran
et al. (2020) found that tFUS targeting the right anterior
thalamus could modulate the antinociceptive effects of the pain
processing network. Compared with sham stimulation, a 20-min
tFUS treatment significantly increased the heat pain threshold;
but tFUS did not remarkably alter the heat pain tolerance
threshold. Their findings suggested that tFUS could modulate
pain sensitivity through its interaction with the thalamus and by
affecting the afferent sensory-discriminative component of pain.
Compared with other NIBS techniques focusing on CP, there is
less evidence to suggest the efficacy of tFUS on CP.

FUTURE DIRECTIONS

New insights into the neuromodulation mechanisms underlying
CP have opened new perspectives on new treatments. Over the
past 20 years, NIBS techniques have emerged as one of the
most promising tools for treating pain. NIBS may be an effective
treatment for alleviating CP as indicated by many Cochrane
meta-analyses of CP syndromes. However, in most cases, the
corresponding analgesic effects are weak and variable. Except for

rTMS, which has been proved effective in the treatment of major
depression, no NIBS protocol has been certified as a routinely
used CP management tool.

Given that the brain is an advanced center for pain control,
CP treatment based on neural network systems may be the
future trend of transcranial modulation of brain activities. On
the one hand, researchers must value multi-site approaches to
target various networks or sites of networks. On the other hand,
researchers must study further the functions of pain-related
nuclei in the brain and control CP through precise regulation
of pain-related nuclei in the brain. Progress in NIBS research
requires a deeper understanding of the relationship between the
underlying neurophysiological effects and functional outcomes of
pain, as well as better identification of clinical and non-clinical
factors that influence pain reactivity.
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Min-feng Zhou5, Jin-xiao Li5, Zhao-min Yu6, Rui Chen5* and
Feng-xia Liang1*
1Department of Acupuncture and Moxibustion, Hubei University of Traditional Chinese Medicine,
Wuhan, China, 2Department of Respiratory, Wuhan No. 1 Hospital, Wuhan, China, 3Department
of Pathology, Wuhan No. 1 Hospital, Wuhan, China, 4Department of Oncology, Integrated
Traditional Chinese and Western Medicine, The Central Hospital of Wuhan, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China, 5Department of Integrated
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Acupuncture is a common complementary and alternative therapy around

the world, but its mechanism remains still unclear. In the past decade, some

studies indicated that transient receptor potential vanilloid (TRPV) channels

play a great role in the response of acupuncture stimulation. In this article,

we discussed the relationship between acupuncture and TRPV channels.

Different from inhibitors and agonists, the regulation of acupuncture on TRPV

channels is multi-targeted and biphasic control. Acupuncture stimulation

shows significant modulation on TRPV1 and TRPV4 at the autonomic nervous

system (ANS) including central and peripheral nervous systems. On the

contrary, the abundant expression and functional participation of TRPV1

and TRPV4 were specific to acupuncture stimulation at acupoints. The

enhancement or inhibition of TRPV channels at different anatomical levels

will affect the therapeutic effect of acupuncture. In conclusion, TRPV channels

help to understand the principle of acupuncture stimulation, and acupuncture

also provides a potential approach to TRPV-related trials.

KEYWORDS

acupuncture, TRPV channels, autonomic nervous system, central nervous system,
peripheral sensory nervous

Abbreviations: TRPV, transient receptor potential vanilloid; ANS, autonomic nervous system;
CNS, central nervous system; PNS, peripheral nervous system; MA, manual acupuncture;
EA, electroacupuncture; MCAO, middle cerebral artery occlusion; DRG, dorsal root ganglion;
SCDH, spinal cord dorsal horn; ATP, adenosine triphosphate; DRG, dorsal root ganglion; Perk,
phosphoactivation of extracellular signal-regulated kinase; pPKA, phosphorylated protein kinase A;
pCREB, cAMP-response-element-binding protein; NTS, nucleus tractus solitarius; nNOS, neuronal
nitric oxide synthase; TLR4, toll-like receptor 4; MyD88, myeloid differentiation primary response 88.
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Introduction

Acupuncture originated in China over 3,000 years ago. In
acupuncture theory, stimulation at certain areas, also known
as acupoints, with needles could dynamically harmonize Yin-
Yang and Qi to cure diseases (Kaptchuk, 2002). Nowadays,
acupuncture is confined as an important complementary
and alternative therapy all over the world (Rubin, 2019;
Slomski, 2019). Some systematic reviews and meta-analysis have
confirmed that acupuncture has encouraging effects on pain (He
et al., 2020) and obesity (Kim et al., 2018).

Neurobiological mechanisms underlying acupuncture’s
effectiveness have been widely discussed in modern research.
Acupuncture is effective on the endocannabinoid system
(Hu et al., 2017), purinergic signaling (Tang et al., 2016),
and neuro-immune microenvironment (Gong et al., 2020).
Current studies have shown that acupuncture plays a great
role in the autonomic nervous system (ANS) (Shu et al., 2016).
Liu et al. (2021) performed studies on acupuncture relieving
inflammation, which showed that both vagal-adrenal axis and
NPY-expressing sympathetic pathway (Liu et al., 2020) could
be regulated by acupuncture stimulation at certain acupoints
through specific autonomic pathways. It is worth mentioning
that either anti-inflammatory or pro-inflammatory effects
of acupuncture depend on the state of diseases. Although
several biological correlates in ANS may explain the principle
of acupuncture (Lim et al., 2016), the biological basis of
stimulation at acupoints affecting physiology and pathology of
internal organs remains unknown.

Since transient receptor potential vanilloid (TRPV) 1, which
is sensitive to both heat and capsaicin, was first found in
neurons in 1997 (Caterina et al., 1997), other five TRPV family
members including TRPV2-6 have been identified in the next
few years (Smith et al., 2002; Patapoutian et al., 2003; van de
Graaf et al., 2003). Recent studies showed that TRPV channels
are widely expressed in various excitable and non-excitable cell
types in the human body. TRPV channels not only respond to
thermosensation (Paricio-Montesinos et al., 2020) but also play
a great role in the physiological or pathological processes of
pain, inflammation, immunity, diabetes, and obesity (Jordt and
Ehrlich, 2007; Samanta et al., 2018).

Physical stimulation such as pressure, vibration, pain, and
temperature can be felt by sensory receptors at the peripheral
nervous system, and the signal will be further passed to the
central nervous system (CNS) through dorsal root ganglia
(DRG). The operation of acupuncture produces pain, pressure,
and vibration at the acupoints for neurobiological regulations.
Hence, it is reasonable to assume that there is a specific
relationship between acupuncture and TRPV channels. To
the best of our knowledge, some studies have shown that
acupuncture is closely associated with TRPV1 and TRPV4,
which is elaborated in this review.

Transient receptor potential
vanilloid channels

As sensory receptors, TRPV channels are sensitive to various
tissue-damaging signals and have a strong link with signaling
pathways such as phosphorylation of protein kinase A (PKA)
and protein kinase C (PKC) (Por et al., 2013). Hence, TRPV
channels are also considered as nociceptors (Satheesh et al.,
2016). TRPV channels in the CNS play a great role not only in
pain but also in neuropsychiatric disorders, such as depression,
stress, and anxiety (Singh et al., 2019). It was found that all
kinds of tissues and organs with TRPV channels expression
contribute to a plethora of physiological or pathophysiological
effects (Seebohm and Schreiber, 2021).

TRPV1 has been the most widely studied TRPV channel in
the past decade. TRPV1 expresses in both neuronal cells, such as
peripheral sensory neurons (C- and Aδ-fibers), DRG, trigeminal
ganglia, and vagal ganglia (Cao et al., 2013), and non-neuronal
cells, such as skin and muscles (Cavanaugh et al., 2011). After
TRPV1 was knocked out, mice exhibited no vanilloid-evoked
pain behavior and impaired nociception shown in inflammation
pain mice models (Caterina et al., 2000). But it should be
noted that TRPV1 agonists are also effective on neuropathic
pain. Agonists could over-activate TRPV1 channels and lead
to internalization and subsequent desensitization of afferent
nerve endings or degeneration of neurons by Ca2+-induced
neurotoxicity (Fischer et al., 2020).

Capsaicin, an important component in spiciness with a
spicy sensation, could selectively block pain signals at primary
afferent neurons targeting TRPV1 (Szolcsanyi, 2008). Besides
capsaicin, TRPV1 could be activated by many physical and
chemical stimuli, and activation pathways exist for specific
stimuli (Yang and Zheng, 2017). The extracellular pore domain
and transmembrane domains of TRPV1 could respond to
different stimulation from physical and chemical inputs (Zheng,
2013). Many small molecules as potential analgesics aimed to
inhibit TRPV1, but most of them failed in clinical trials due to
severe side effects (Carnevale and Rohacs, 2016). Until now, only
8% capsaicin patch was approved by the European Union and
the US Food and Drug Administration (FDA) for the treatment
of postherpetic neuralgia, namely, peripheral neuropathic pain
(Basith et al., 2016).

Similar to TRPV1, TRPV4 channels are broadly expressed
in organs and tissues to participate in many physiological and
pathophysiological processes. The therapeutic effect of TRPV4
antagonism on pain, gastrointestinal disorders, and respiratory
diseases has been suggested through animal studies (Grace et al.,
2017). GSK2798745, a potent and selective TRPV4 inhibitor, has
been investigated in early phase clinical trials for heart failure
(Brooks et al., 2019). To date, TRPV4 agonists could lead to
unpredictable toxicity during systemic activation of TRPV4 and
only suggested local delivery (Lawhorn et al., 2020).
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TABLE 1 Acupuncture affects TRPV channels.

Models Acupuncture
delivery

Acupoints Target organs Main results References

Mice, Inflammatory pain
models

MA ST36 Muscle at ST36 TRPV1 and TRPV4 channels
were abundantly expressed

Wu et al., 2014

epimysium at ST36

Subcutaneous loose connective tissue at
ST36

Neural tissue at ST36

Mice, Inflammatory pain
models

EA, 2 Hz 1 mA ST36 DRG TRPV1 channel
overexpression was decreased

Liao et al., 2017

SCDH

Mice, Inflammatory pain
models

EA, 2 Hz 1 mA ST36 DRG TRPV1 channel
overexpression was decreased

Yang et al., 2017

Spinal cord

Mice, Inflammatory pain
models

EA, 2 Hz 1 mA LI4 Prefrontal cortex TRPV1 channel
overexpression was decreased

Yen et al., 2019

Hypothalamus

Periaqueductal gray TRPV1 channel suppression
was reversed

Mice, Inflammatory pain
models

EA, 2 Hz 1 mA ST36 Cerebellum lobules V, VIa and VII TRPV1 channel
overexpression was decreased

Inprasit and Lin, 2020

Mice, Chronic pain and
depression models

EA, 2 Hz 1 mA ST36 Cerebellum lobules VI, VII, VIII TRPV1 channel inhibition
was revised

Lottering and Lin, 2021

Rats, Inflammatory pain
models

EA, 2 Hz,
100 Hz,
2/100 Hz
0.5-1.0-1.5 mA

ST36 L4-6 DRG neurons TRPV1 channel
overexpression was decreased
high-frequency EA was more
effective

Fang et al., 2018

Mice, Fibromyalgia models EA, 2 Hz 1 mA ST36 DRG neurons TRPV1 channel
overexpression was decreased

Lin et al., 2015

Spinal cord

TRPV4 channel
overexpression was decreased

Mice, Fibromyalgia models EA, 2 Hz 1 mA ST35 Thalamus TRPV1 channel
overexpression was decreased

Hsu et al., 2020

Amygdala

Somatosensory cortex

Rats, carcinoma cell
inoculation to cancer pain
models

EA, 2 Hz 1 mA ST36 DRG neurons TRPV1 channel
overexpression was decreased

Zhang Z. et al., 2012

Mice, cold stress-induced
nociception and depression
models

EA, 2 Hz 1 mA ST36 Medial prefrontal cortex TRPV1 channel suppression
was reversed

Lin et al., 2020

Hippocampus TRPV1 channel
overexpression was decreased

Periaqueductal gray

Amygdala

Rats, high fat diet-induced
obese models

EA, 10 Hz 1 mA ST36 Medulla regions TRPV1 channel suppression
was reversed

Ji et al., 2013

Skin at ST36

Rats, paclitaxel-induced
peripheral neuropathy
models

EA, 2 Hz
0.5–1.5 mA

ST36 and
BL60

L4-6 DRG neurons TRPV1 channel
overexpression was decreased

Li et al., 2019

Rats, MCAo models EA, 2 Hz 2 mA GV20 Hippocampal CA1 areas TRPV1 channel
overexpression was decreased

Lin and Hsieh, 2010

(Continued)
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TABLE 1 (Continued)

Models Acupuncture
delivery

Acupoints Target organs Main results References

Rats, MCAo models EA, 2/100 Hz
2 mA

GV20, BL23
and, SP6

Hippocampal TRPV1 channel
overexpression was decreased

Long et al., 2019

Mice EA, 2 Hz 1 mA ST36 DRG neurons TRPV1 channel was
upregulated

Choowanthanapakorn
et al., 2015

Spinal cord

Mice, motion sickness
models

EA, 2 Hz 1 mA PC6 Thalamus TRPV1 channel
overexpression was decreased

Inprasit et al., 2018

Hypothalamic

Brain stem

Rats EA, 1 mA BL40 Subepidermal nerve fibers at BL40 TRPV1 channel was
upregulated

Abraham et al., 2011

Mice MA ST36 Peripheral DRG neurons Components of the
TRPV1-related signaling
pathway was upregulated

Chen et al., 2018

EA 2, 15, 50 Hz
and 1 mA

Somatosensory cortex

Rats EA 2, 15 Hz and
1 mA

ST36 Splenic CD4 + T cells TRPV1 channel was
upregulated

Chen et al., 2017

Rats, gastric distension to
cardiovascular reflexes
models

MA P5 and P6 C7-8 DRG neurons TRPV1 channel was
upregulated

Guo et al., 2018

EA, 2 Hz
0.3–0.5 mA

MA, manual acupuncture; EA, electroacupuncture; MCAo, middle cerebral artery occlusion; DRG, dorsal root ganglion; SCDH, spinal cord dorsal horn.

FIGURE 1

Acupoints in murine. Acupuncture delivery is through the insertion of needles into the muscle at acupoints with 1–3 mm depth and triggering of
a local reaction by means of manual manipulation or electrical stimulation. Sham acupuncture is usually performed in the tissue adjacent to the
targeted acupoint without manual operation or electrode connection.

Acupuncture stimulation

Acupuncture is a treatment that involves inserting
needles at specific acupoints in the body. In traditional
Chinese medicine theory, the key to the curative effect
of acupuncture treatment lies in the human body’s

response to acupuncture stimulation, including heaviness,
numbness, soreness, and distension, which is also called
“De Qi” (Mao et al., 2007). It is believed that acupuncture
stimulation could activate mechanically sensitive pain fibers
and various types of lesser-known deep tissue receptors
(Zhao, 2008).
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The analgesic effect of acupuncture has been studied
for a long time. Brain imaging shows that acupuncture
could alter activation patterns in brain areas against pain
processing (Huang et al., 2012). Endorphins (Han, 2004),
serotonin (Zhang Y. et al., 2012), and various neuromodulators
and neurotransmitters in CNS and/or peripheral nervous
system (PNS) can be regulated by acupuncture stimulation.
A systematic review based on quantitative sensory testing
(QST) has found that acupuncture significantly changed the
sensory threshold and activated neuromodulation (Baeumler
et al., 2014). A large number of preclinical trials have shown
that the analgesic effect of electroacupuncture is optimistic,
and the peripheral, spinal, and supraspinal mechanisms related
to the activation of a variety of bioactive chemicals show
more difference in health than that in pain conditions
(Zhang et al., 2014).

Acupuncture affects transient
receptor potential vanilloid
channels

A total of 24 animal studies were included in this article, and
acupuncture/electroacupuncture showed significantly beneficial
effects. The regulation of acupuncture/electroacupuncture to
TRPV channels differs in models (Table 1). To help readers
understand the implementation methods of acupuncture, we
listed the acupoints of the animal related to this article in
Figure 1 (Jin et al., 2018).

The relationship between acupuncture and TRPV channels
involves the whole PNS, including sensory receptors and
afferent nerves. Acupuncture could significantly increase the
subepidermal nerve fibers with high expression of TRPV1
(Abraham et al., 2011). DRG neurons are believed to act as the
bridge for acupuncture stimulation projecting to CNS. However,
the effect of acupuncture on TRPV channels at DRG may be
completely opposite in different models. In studies focused on
diseases related to pain, the overexpression of TRPV1 channel in
DRG neurons by drugs or surgery, which causes pain, would be
reversed by acupuncture (Zhang Z. et al., 2012; Lin et al., 2015;
Liao et al., 2017; Yang et al., 2017). But in other studies based
on normal animals or obese models, acupuncture enhanced
the expression of TRPV1 channels in DRG neurons (Ji et al.,
2013; Choowanthanapakorn et al., 2015; Chen et al., 2018).
Acupuncture at different acupoints would lead to TRPV channel
changes in different DRG neurons. Stimulation at ST36 and
BL40 is likely passed to L4-6 DRG neurons (Li et al., 2019),
while acupuncture at P5 and P6 targets at C7-8 DRG neurons
(Guo et al., 2018). Meanwhile, the effect of electroacupuncture
on regulating TRPV channels is positively correlated with
frequency (Fang et al., 2018).

It is noticed that acupuncture stimulation could modulate
TRPV channels in the brain and spinal cord (Liao et al.,

2017; Yang et al., 2017; Inprasit et al., 2018). Similar to PNS,
the regulation of acupuncture on CNS is also bidirectional.
Acupuncture significantly inhibits the trend of TRPV channels’
overexpression in pain-related models but promotes TRPV
channels’ expression in obesity (Ji et al., 2013) or normal
condition (Choowanthanapakorn et al., 2015). Meanwhile,
stimulation at acupoints could lead to a multi-targeted effect
on the central nervous system. For example, after stimulation
at ST36, the changes of TRPV channels in the spinal cord
(Yang et al., 2017); cerebellum lobules V, VIa, VI, VII, and VIII
(Inprasit and Lin, 2020; Lottering and Lin, 2021); hippocampus;
periaqueductal gray; and medial prefrontal cortex (Lin et al.,
2020) could be observed.

In addition to nerves, acupuncture stimulation could also
directly regulate the expression of TRPV1 and TRPV4 channels
in different anatomical layers of skin at acupoints including
muscles, epimysium, and subcutaneous loose connective
tissue (Ji et al., 2013; Wu et al., 2014). It is noticed that
electroacupuncture at ST36 enhances immune cytokines by
promoting the TRPV1 channels in splenic CD4+ T cells
(Chen et al., 2017). Mast cells could also be activated by
acupuncture through TRPV2 channels to release histamine
(Huang et al., 2018).

Transient receptor potential
vanilloid channels influence the
effect of acupuncture

The use of TRPV gene knockout, agonist, and antagonism
provides us with an opportunity to understand the relationship
between acupuncture and TRPV from another perspective
(Table 2). When acupuncture enhances TRPV expression in
wild models, the effect of acupuncture could be significantly
inhibited after TRPV gene knockout (Yu et al., 2016; Huang
et al., 2018). If TRPV over-expression is related to the progress
of disease such as hyperpathia, the TRPV gene knockout mimics
the analgesic effect of acupuncture (Liao et al., 2017; Yang et al.,
2017). Delivery of TRPV agonist or antagonist on different
areas of PNS could lead to different effects of acupuncture.
The injection of TRPV1 antagonist into ST36 could mimic
the acupuncture-like analgesic effect, but it was not replicated
through the injection of TRPV4 agonist (Wu et al., 2014). The
injection of TRPV1 antagonist into P5 and P6 could inhibit
the modulation of sympathoexcitatory responses in manual
acupuncture but not in electroacupuncture (Guo et al., 2018).
A study performed by Fang et al. (2018) found that the injection
of capsaicin into the dorsum of the foot could exhibit an
analgesic effect similar to acupuncture. But Li et al. (2019)
found that the injection of capsaicin into the dorsum of the
foot reversed the effect of acupuncture and TRPV1 antagonist
showed a contrary result.
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TABLE 2 TRPV channels could influence the effect of acupuncture.

Models Intervention on
TRPV

Methods Main results References

Mice inflammatory pain
models

TRPV1 agonist Capsaicin injected into ST36 Replicated the acupuncture-like analgesic effect Wu et al., 2014

TRPV4 agonist GSK1016790A injected into ST36 Did not induce an analgesic effect

Mice inflammatory pain
models

TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like analgesic effect Liao et al., 2017

Mice inflammatory pain
models

TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like analgesic effect Yang et al., 2017

Mice inflammatory pain
models

TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like analgesic effect Yen et al., 2019

Mice, chronic pain and
depression models

TRPV1 antagonist TRPV1 gene knockout There is no significant difference with the model
group

Lottering and Lin, 2021

Mice inflammatory pain
models

TRPV1 agonist Capsaicin injected into the
dorsum of the foot

Replicated the acupuncture-like analgesic effect Fang et al., 2018

Mice, fibromyalgia models TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like analgesic effect Lin et al., 2015

Mice, cold stress-induced
nociception and depression
models

TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like analgesic effect Lin et al., 2020

Rats, paclitaxel-induced
peripheral neuropathy
models

TRPV1 agonist Capsaicin injected into dorsal
part of the ipsilateral hind paw

Inhibited the analgesic effect of acupuncture Li et al., 2019

TRPV1 antagonist AMG9810 injected into dorsal
part of the ipsilateral hind paw

Replicated the analgesic effect of acupuncture

Rats, MCAo models TRPV1 agonist Capsaicin, subcutaneous injection Inhibited the analgesic effect of acupuncture Long et al., 2019

TRPV1 antagonist AMG-517, intraperitoneal
injection

Replicated the analgesic effect of acupuncture

Mice TRPV1 antagonist TRPV1 gene knockout Inhibited the weight-loss effect of acupuncture Choowanthanapakorn
et al., 2015

Mice, motion sickness
models

TRPV1 antagonist TRPV1 gene knockout Replicated the acupuncture-like relieving motion
sickness symptoms effect

Inprasit et al., 2018

Mice TRPV1 antagonist TRPV1 gene knockout Inhibited the phosphorylated effect of acupuncture Chen et al., 2018

Rats TRPV1 antagonist TRPV1 gene knockout Inhibited the CD4 + T cells active effect of
acupuncture

Chen et al., 2017

Rats, gastric distension to
cardiovascular reflexes
models

TRPV1 antagonist SiRNA, injected into C7-8 DRG
neurons

Inhibited the inhibition of reflex increases in blood
pressure by MA but not in EA

Guo et al., 2018

Iodoresiniferatoxin, injected into
P5 and P6

Inhibited the modulation of sympathoexcitatory
responses by MA but not in EA

Mice TRPV1 antagonist TRPV1 gene knockout Inhibited the analgesic effect of EA and significant
in higher intensity

Xin et al., 2016

Rats, acute adjuvant arthritis
models

TRPV2 antagonist TRPV2 gene knockout Inhibited the acupuncture activation effect of mast
cells and analgesic effect

Huang et al., 2018

Rats TRPV1 antagonist TRPV1 gene knockout Inhibited the effect of acupuncture in suppressing
the motor activity of the jejunum in an
intensity-dependent manner

Yu et al., 2016

Acupuncture and transient
receptor potential vanilloid
channels participate in complex
molecular networks

No matter how acupuncture regulates TRPV channels or
how TRPV channels influence the effect of acupuncture as

described above, TRPV channels mediate the communication
between acupuncture and body tissues (Table 3). Through
TRPV channels, acupuncture could regulate complex
molecular networks, including adenosine triphosphate (ATP),
extracellular signal-regulated kinase (ERK), toll-like receptor
4 (TLR4), and others. Phosphorylation of downstream
molecules was widely found after acupuncture-regulated TRPV
channels (Inprasit et al., 2018). Inprasit and Lin (2020) and

Frontiers in Molecular Neuroscience frontiersin.org

118

https://doi.org/10.3389/fnmol.2022.817738
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-817738 October 28, 2022 Time: 15:22 # 7

Luo et al. 10.3389/fnmol.2022.817738

TABLE 3 Acupuncture and TRPV channels play a great role in related molecules and pathways.

Models Acupuncture
delivery

Acupoints TRPV Targets Related molecules or
pathways

References

Mice inflammatory pain
models

MA ST36 TRPV1 and
TRPV4

Cell membrane at muscle,
epimysium, and neuron

Promote ATP signaling Wu et al., 2014

Mice inflammatory pain
models

EA, 2 Hz 1 mA ST36 TRPV1 DRG and SCDH Inhibit PI3K, AKT, CREB, NF-κB,
Nav1.7, and Nav1.8

Liao et al., 2017

Mice inflammatory pain
models

EA, 2 Hz 1 mA ST36 TRPV1 DRG and Spinal cord Inhibit pPKA, pPI3K, pPKC,
pERK, pp38, pJNK, pCREB,
pNF-κB, Nav1.7, Nav1.8, GFAP,
S100B, and RAGE

Yang et al., 2017

Mice inflammatory pain
models

EA, 2 Hz 1 mA LI4 TRPV1 Brain Inhibit pPKA, pPI3K, pPKC,
pERK, pp38, pJNK, pCREB,
pNF-κB, Nav1.7, Nav1.8

Yen et al., 2019

Mice inflammatory pain
models

EA, 2 Hz 1 mA ST36 TRPV1 Cerebellum lobules V, VIa
and VII

Inhibit pPI3K, pmTOR, pAkT,
pERK, pPKCε, pPKAIIα, pNFkB,
pCREB, and S100B

Inprasit and Lin, 2020

Mice, chronic pain and
depression models

EA, 2 Hz 1 mA ST36 TRPV1 Cerebellum lobules VI, VII,
VIII

Promote pmTOR, pPI3K,
NMDAR1, pPKCε, pAkt, TrkB,
pNFκB, GABAAα1, pPKAIIα,
pCREB, and Perk

Lottering and Lin, 2021

Mice fibromyalgia
models

EA, 2 Hz 1 mA ST36 TRPV1 and
TRPV4

L5 DRG neurons Inhibit pERK signaling Lin et al., 2015

Mice fibromyalgia
models

EA, 2 Hz 1 mA ST35 TRPV1 Brain inhibit pERK signaling Hsu et al., 2020

Mice, cold stress-induced
nociception and
depression models

EA, 2 Hz 1 mA ST36 TRPV1 Medial prefrontal cortex,
hippocampus and
periaqueductal gray

Promote pPKA, pPI3K, pPKC,
pAKT, pmTOR, pERK, pp38,
pJNK, pCREB, and pNFκB

Lin et al., 2020

Rats, high fat
diet-induced obese
models

EA, 10 Hz 1 mA ST36 TRPV1 Nucleus tractus
solitarius/gracile nucleus
regions

Promote nNOS Ji et al., 2013

Skin at ST36

Rats, paclitaxel-induced
peripheral neuropathy
models

EA, 2 Hz 0.5 to
1.5 mA

ST36 and
BL60

TRPV1 L4-6 DRG neurons Inhibit TLR4 and MyD88
signaling

Li et al., 2019

Rats, MCAo models EA, 2/100 Hz
2 mA

GV20, BL23
and, SP6

TRPV1 Hippocampal Inhibit pp38 Long et al., 2019

Mice EA, 2 Hz 1 mA ST36 TRPV1 DRG and spinal cord Promote pPKA, pPKC, and pERK
signaling

Choowanthanapakorn
et al., 2015

Mice, motion sickness
models

EA, 2 Hz 1 mA PC6 TRPV1 Thalamus Inhibit pPI3K, pAKT, pmTOR,
pERK, pp38, npJNK, pCREB, and
pNFκB

Inprasit et al., 2018

Rats EA, 1 mA BL40 TRPV1 Subepidermal nerve fibers,
C-fibers and A-δ fibers

Promote nNOS Abraham et al., 2011

Mice MA and EA 2,
15, 50 Hz and
1 mA

ST36 TRPV1 DRG and somatosensory
cortex

Promote ppPKA, pPI3K,
pPKC-pERK, pAKT and
pNR1-pCaMKII pathway,

Chen et al., 2018

Rats EA 2, 15 Hz and
1 mA

ST36 TRPV1 Splenic CD4 + T cells Promote Ca2 + signaling Chen et al., 2017

Rats, gastric distension to
cardiovascular reflexes
models

MA P5 and P6 TRPV1 C7-8 DRG neurons Promote pERK signaling Guo et al., 2018

EA, 2 Hz
0.3-0.5 mA

Group III and IV bimodal
sensory afferent nerves

Rats acute adjuvant
arthritis models

MA ST36 TRPV2 Mast cells Active histamine H1 and
adenosine A1 receptor

Huang et al., 2018

Rats EA, 2 to 15 Hz ST25 TRPV1 - Promote sympathetic pathway Yu et al., 2016

ATP, adenosine triphosphate; DRG, dorsal root ganglion; pERK, phosphoactivation of extracellular signal-regulated kinase; pPKA, phosphorylated protein kinase A; pCREB,
cAMP-response-element-binding protein; NTS, nucleus tractus solitarius; nNOS, neuronal nitric oxide synthase; TLR4, toll-like receptor 4; MyD88, myeloid differentiation
primary response 88.
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FIGURE 2

Relationship between acupuncture and TRPV channels. Noxious stimulus could lead to the imbalance of TRPV channel in multiple tissues. In
many studies, it has been found that the therapeutic effect of acupuncture may be related to the agitation or antagonism of TRPV1 and TRPV4.
The role of acupuncture in achieving systemic conditions through stimulation of specific acupoints may be closely dependent on the autonomic
nervous system. Phosphorylation is an important mechanism in which acupuncture regulates downstream cytokines through TRPV channels.

Lottering and Lin (2021) performed a series of studies to
clarify the role of acupuncture and TRPV in the cerebellum
lobules. Both complete Freund’s adjuvant (CFA) and acid
saline (AS) could lead to chronic pain, but the expression
of TRPV1 in the cerebellum lobules is completely opposite.
Although it is observed that the analgesic effect of acupuncture
at ST36 is obvious in both studies, the regulation of TRPV1
and phosphorylation of molecules in MAPK pathways by
acupuncture are quite different. Behavioral results indicate that
the mechanism of TRPV1 and related inflammatory factors
in pain is not single and decisive in different models. The AS
model restores the general concept of hyperalgesia caused by
the pathological overexpression of TRPV and inflammation,
and the influence of TRPV1 and inflammatory factors on pain
sensation was not significant in the CFA model. In addition, the
low expression of TRPV1 and inflammatory factors also leads to
the formation of depression in mice after the injection of CFA.

Conclusion and future directions

Current studies have identified that there is a special
relationship between acupuncture and TRPV channels
including TRPV1 and TRPV4. First, stimulation at local
acupoints can lead to systemic changes in TRPV channels,
and the regulation of acupuncture to TRPV varies in
different diseases or noxious stimuli. Second, the abundant
expression and functional participation of TRPV1 and
TRPV4 were specific to acupoints, and the enhancement

or inhibition of TRPV channels at different anatomical
levels will affect the therapeutic effect of acupuncture.
Third, acupuncture and TRPV channels participate in
complex molecular networks and that may explain the
mechanism of acupuncture. All of the concepts are presented in
Figure 2.

The regulation of acupuncture to TRPV channels is
significantly different from that of TRPV agonist or antagonist.
Similar to the balance of Yin and Yang pursued in acupuncture
theory, acupuncture exhibits a bidirectional regulation to
TRPV channels in multiple targets and contributes to an
overall improvement of clinical symptoms and physiological
functions in different diseases or stages of illness. In the past
decades, TRPV1-targeted drugs have been long studied for
human pain conditions (Iftinca et al., 2021). Many drugs
attempting to block TRPV1 may lead to mixed results (Basso
and Altier, 2017). Only the efficacy of topical use of TRPV
agonists such as capsaicin patches has been recognized, but
the systemic administration was not suggested because of the
adverse effects on blood pressure, breathing, and other reflex
pathways (Lu et al., 2020). The regulation of acupuncture
to the p38 signaling pathway via TRPV in several nervous
system diseases has been discussed by Wei and Hsieh (2020).
Similar to this article, the role of acupuncture to p38 signal
pathways is bidirectional, but it can improve the symptoms of
a disease.

TRPV channels may also help us understand the principle
of acupuncture. TRPV channels tend to be highly expressed at
acupoints after acupuncture stimulation. Compared with sham
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acupuncture, only acupuncture stimulation at acupoints could
cause TRPV response. The expression of TRPV and the effect
of using TRPV agonist or antagonist were also different from
various acupuncture methods. For example, TRPV is sensitive
to the intensity and duration of electroacupuncture, which
suggests that there might be a more precise adjustment between
acupuncture and TRPV channels.

There are still some limitations. All studies in this review
were based on animal models. Therefore, the results in
humans are inconclusive. In a single study, the regulatory
relationship between acupuncture and TRPV was clear, but
these effects became complex after consideration of similar
studies. This prevents us from simply defining acupuncture
as an agonist or inhibitor, as capsaicin does. At the same
time, only a few articles compared the changes of acupuncture
efficacy after local use of TRPV-related drugs, making it
difficult to evaluate acupuncture and existing TRPV agonists
or antagonist. As described earlier, activation of TRPV is
structurally specific and selective. However, there are no
studies on the changes of TRPV structure after acupuncture
intervention. With the cryo-EM resolution revolution, the
structural insights into the gating mechanisms of TRPV
channels developed rapidly (Pumroy et al., 2020), and
the role of TRPV channels in the endoplasmic reticulum
has also been noticed (Haustrate et al., 2020). Compared
with the current TRPV-related drugs, the effectiveness and
safety of acupuncture in pain have been widely discussed
(Cherkin et al., 2003; Manheimer et al., 2005). In conclusion,
acupuncture has a strong relationship with TPPV1 and
TRPV4. Acupuncture may provide a viable intervention
target to TRPV channels. TRPV channels also help us
understand how acupuncture works, especially for pain-
related diseases. But the mechanism is unclear between
acupuncture and TRPV channels, and further study is
still needed.
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Ischemic stroke is common in the elderly, and is one of the main causes of

long-term disability worldwide. After ischemic stroke, spontaneous recovery

and functional reconstruction take place. These processes are possible

thanks to neuroplasticity, which involves neurogenesis, synaptogenesis, and

angiogenesis. However, the repair of ischemic damage is not complete, and

neurological deficits develop eventually. The WHO recommends acupuncture

as an alternative and complementary method for the treatment of stroke.

Moreover, clinical and experimental evidence has documented the potential

of acupuncture to ameliorate ischemic stroke-induced neurological deficits,

particularly sequelae such as dyskinesia, spasticity, cognitive impairment, and

dysphagia. These effects are related to the ability of acupuncture to promote

spontaneous neuroplasticity after ischemic stroke. Specifically, acupuncture

can stimulate neurogenesis, activate axonal regeneration and sprouting, and

improve the structure and function of synapses. These processes modify

the neural network and function of the damaged brain area, producing the

improvement of various skills and adaptability. Astrocytes and microglia may

be involved in the regulation of neuroplasticity by acupuncture, such as by the

production and release of a variety of neurotrophic factors, including brain-

derived neurotrophic factor (BDNF) and nerve growth factor (NGF). Moreover,

the evidence presented indicates that acupuncture promotes neuroplasticity

by modulating the functional reconstruction of the whole brain after ischemia.

Therefore, the promotion of neuroplasticity is expected to become a new

target for acupuncture in the treatment of neurological deficits after ischemic

stroke, and research into the mechanisms responsible for these actions will

be of significant clinical value.

KEYWORDS

acupuncture, ischemic stroke, neuroplasticity, neurogenesis, axon regeneration,
synapse, neurotrophic factors, glia
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Introduction

Ischemic stroke is common in the elderly, and its incidence
increases with age. It is one of the leading causes of
long-term disability worldwide (Go et al., 2014). The primary
cause of ischemic stroke is the interruption of blood flow
by cerebral vascular occlusion. Acutely and sub-acutely lack
of blood supply produces metabolic acidosis, excitotoxicity,
inflammation, oxidative stress, and cytotoxic edema, resulting
in necrosis or apoptosis of neurons. However, spontaneous
recovery appears in the brain damaged by an ischemic stroke.
For instance, in the subacute stage of stroke, neurotrophic
factors (NTFs) and associated signaling pathways, such as
protein-serine-threonine kinase (Akt) pathway, trigger the
neuroprotective effect. In the chronic phase, neurogenesis,
angiogenesis, and synaptogenesis are the main processes of
spontaneous neuroplasticity, but the repair is often incomplete
due to the limited regenerative capacity of neurons (Chavez
et al., 2017). Therefore, understanding the mechanisms
of promoting spontaneous and therapeutic neuroplasticity-
mediated structural reconstruction and functional recovery is of
great significance for the treatment and prognosis of ischemic
stroke (Cassidy and Cramer, 2017).

Brain neuroplasticity refers to the ability of the brain to
modify its morphological structure and functional activity in
response to internal or external stimuli (Carey et al., 2019).
It occurs throughout the entire lifespan, and the structural
and functional plasticity may be enhanced after brain injury.
Brain neuroplasticity can be observed at different levels, such
as changes in the structure and function of synapses, cells, and
regions, subsequent modifications in the communication and
networks among cells and regions, and, ultimately, changes in
neurologic behavior and function, such as sensory perception,
motor behavior, and cognition (Murphy and Corbett, 2009;
Pekna et al., 2012). Since the brain has a remarkable capacity for
plasticity and reorganization, it would be useful to exploit these
properties to improve the clinical efficacy of ischemic stroke
therapy.

Acupuncture, a process of inserting fine needles into the
skin or deep tissues of specific parts (acupoints) of the body,
is an essential component of Traditional Chinese Medicine.
Acupuncture can be applied by hand, electric stimulation, or
heating (Li and Wang, 2013), and is characterized by a safe,
efficient, economical, and simple operation. Lines of clinical
and experimental evidence have demonstrated that acupuncture
can improve ischemic stroke-induced neurological deficits,
especially for the sequelae of stroke (World Health Organization,
2002; Li et al., 2021; Shao et al., 2021). The effect of acupuncture
starts from the stimulation of the acupoints, i.e., excitable
complexes of muscle and skin nerves with a high density of
nerve endings (Li et al., 2004). After converting physical or
chemical information to electrical activity in acupoints, the
signal is sent along afferent fibers to the spinal cord and brain

(Zhao, 2008). There is evidence that acupuncture can modulate
neuroplasticity in central nervous system (CNS) by modifying
neural structure and function (Chavez et al., 2017). However,
the detailed mechanisms of the effect of acupuncture on brain
neuroplasticity in ischemic stroke have not been systematically
reviewed.

This review analyzes neuroplasticity as the basis for
the discussion of the effects of acupuncture on ischemic
stroke and their potential mechanisms. The understanding
of how acupuncture promotes and modulates neurogenesis,
axonal regeneration and sprouting, synaptic plasticity, neuroglial
crosstalk, and functional reconstruction reviewed in this work
provides novel insights into the therapeutic mechanism of this
procedure on ischemic stroke. It is hoped that the information
provided will promote the clinical application of acupuncture for
the functional recovery of ischemic stroke worldwide.

Methods

Search strategy

We searched the PubMed database for studies published
between January 2010 and April 2021 using the MeSH terms
“Acupuncture,” “Ischemic Stroke” and relevant entry terms. The
search identified 211 relevant articles.

Study selection

We developed the following study inclusion criteria to
study the treatment of ischemic stroke by acupoint stimulation
via regulating neuroplasticity: stimulation methods included
manual acupuncture, electroacupuncture, and moxibustion, and
the research topics were related to neuroplasticity, specifically,
neurogenesis, axon sprouting, axon regeneration, synaptic
plasticity, and functional reorganization of the brain regions.
Following the identification of 211 articles by the search engine,
we performed a manual search of the reference lists of articles to
identify further relevant articles that met the inclusion criteria
based on the titles and abstracts. We excluded 62 articles due
to duplication, the lack of an abstract or lack of relevance to
ischemic stroke before conducting full-text assessments. This
left 149 articles, including 66 basic research articles, 54 clinical
research articles, and 29 review articles or meta-analyses. The
full texts of the 66 basic research and 54 clinical research articles
were obtained and evaluated carefully. Of the 66 basic research
articles, 35 were selected and 31 were excluded as they did
not focus on neuroplasticity. Of the 54 clinical studies, 12 were
selected and 42 were excluded as they described single case
reports, editorials, incomplete or uncontrolled trials, or were
irrelevant to neuroplasticity. Thus, a total of 47 articles were
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FIGURE 1

A flowchart of this search process.

included in our review. A flowchart of this search process is
illustrated in Figure 1.

Data extraction

Two authors independently evaluated the titles and abstracts
of the retrieved articles and assessed the full texts of the articles.
All of the 47 articles were finally included in the review, from
which the data were extracted and listed according to the
prespecified criteria, to analyze the mechanisms of acupuncture
in regulating neuroplasticity in the treatment of ischemic stroke.
Any disagreement was resolved by discussion between the
authors.

Clinical effect of acupuncture on
ischemic stroke

Neurological deficits after ischemic stroke can be
self-repaired to varying degrees, which may be due to the
plasticity of the remaining brain tissue. Despite this, damage to
the functional areas of the brain may persist in areas responsible
for motion, cognition, sensation, vision, and language (Rathore
et al., 2002). Therefore, a wide range of rehabilitation treatments
for stroke recovery has been developed, including the use of
drugs, stem cells, behavioral therapy, robotics, and acupuncture
(Cramer, 2008). Of these types of therapy, many systematic
reviews have indicated that acupuncture can improve the
neurological function of patients with ischemic stroke (Liu
et al., 2015; Yang et al., 2016; Hung et al., 2019). A Cochrane
review included 31 trials with a total of 2,257 participants
in the subacute or chronic stages of stroke, and found that
compared with no acupuncture, acupuncture was beneficial for
the improvement of dependency, global neurological deficiency,
and specific neurological impairments including motor,
cognitive, and swallowing functions, as well as depression
and pain (Yang et al., 2016). Four trials in this systematic
review and other randomized controlled trials (RCTs) used the

Fugl-Meyer Assessment scale (FMI) to evaluate the impact of
acupuncture therapy after an ischemic stroke on the motor
function of the upper and lower limbs. The results showed
greater improvement in motor function in the acupuncture
group compared with the non-acupuncture group (Li et al.,
2015; Yang et al., 2016; Wu J. et al., 2017). The results of
11 trials in this review and other following RCTs found that
the dependence measured by continuous scales [Barthel Index
(BI), Modified Barthel Index and Activity of Daily Living
Scale] in the acupuncture group was significantly improved
compared with the control group (Yang et al., 2016; Wu J.
et al., 2017; Wu et al., 2018). Furthermore, in this review,
13 trials were conducted to evaluate the improvement of
cognitive function by acupuncture, using the Mini-Mental
State Examination, Montreal Cognitive Assessment Scale,
and Revised Hasegawa Dementia Scale. The results showed
that acupuncture was superior to non-acupuncture in the
improvement of cognitive function in convalescent stroke
patients. The authors also concluded that acupuncture is most
beneficial in the first 3 months with reduced benefit after
6 months. However, in terms of long-term follow-up, including
mortality and quality of life, there is a lack of data from RCTs
on the clinical outcomes of acupuncture in the treatment
of stroke (Yang et al., 2016). The analysis of the recurrence
of ischemic stroke treated with or without acupuncture
has shown that patients treated with both medications and
acupuncture had a lower rate of recurrence than patients treated
only pharmaceutically (Shih et al., 2015). However, we still
need more reliable evidence of major outcomes from more
stringent RCTs, including the setting of grouping concealment,
to draw conclusions about the efficacy of acupuncture on
stroke.

RCTs focused on the use of acupuncture for the treatment
of stroke have shown satisfactory results when acupuncture
is applied at acupoints to treat various stroke sequelae,
such as hemiplegia, dysphagia, and cognitive impairment.
For hemiplegia, the most commonly used acupoints include
Baihui (GV20), Yintang (EX-HN3), and the anterior oblique
line of vertex-temporal of the head, Jianyu (LI15), Quchi
(LI11), Shousanli (LI10), Waiguan (TB5), Hegu (LI4) of upper
limbs, Liangqiu (ST34), Zusanli (ST36), Yanglingquan (GB34),
Sanyinjiao (SP6), Fenglong (ST40), Jiexi (ST41), and Taichong
(LR3) of lower limbs. These acupoints are important to inhibit
muscle spasm, restore the coordination function of extensors
and flexors, and inhibit their synergic movement, improving in
this manner the limb function in hemiplegia (Chen J. et al., 2014;
Wang et al., 2017). For aphasia, No. 1, 2, and 3 language sections
of the head are selected according to the type of aphasia, in which
language section No. 1 is for motor aphasia, No. 2 is for anomic
aphasia, No. 3 is for sensory aphasia, and No. 1 combined with
No. 2 is for mixed aphasia. In addition, Fengchi (GB20), Yamen
(GV15), Jinjin (EX-HN12), Yuye (EX-HN13), Tongli (HT5), and
Lianquan (CV23) acupoints are used, which are located near

Frontiers in Cellular Neuroscience frontiersin.org

126

https://doi.org/10.3389/fncel.2022.817732
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org


Qin et al. 10.3389/fncel.2022.817732

the tongue and above the Heart Meridian of Hand-shaoyin
associated with the tongue (Sun et al., 2012). For a mild cognitive
impairment, GV20, Shenting (GV24), Benshen (GB13), Taiyang
(EX-HN5), Touwei (ST8), Sishencong (EX-HN1) are employed.
Among them, EX-HN5, ST8, and EX-HN1 acupoints are located
in the anterior and medial sides of the temporal lobe and
adjacent areas, which control memory function and mental
activity (Chen J. et al., 2014; Kalaria et al., 2016). Although
acupuncture protocols differ according to the different impaired
functions, they all conform to the principle of the of integral-
local combined selection, i.e., matching the acupoints of brain
functional areas with those of specific lesion areas.

Acupuncture modulates
neuroplasticity

Recovery of lost functions after ischemic stroke is thought
to depend on neuroplasticity, that is, the ability of the brain
to restructure and reconstruct in response to endogenous and
exogenous stress and injuries (Murphy, 2015; Da̧browski et al.,
2019). Neuroplasticity manifests in short-term functional
changes and long-term structural changes. Short-term
functional changes consist of modifications of synaptic
efficiency, while the long-term structural changes reflect
adaptations of neural connections. The core components
of neuroplasticity are neurogenesis, axon sprouting, axon
regeneration, and synaptic plasticity (Hickmott and Ethell, 2006;
Lillard and Erisir, 2011). These processes and the potential
mechanisms by which acupuncture can affect them are reviewed
below and summarized in Table 1.

Acupuncture promotes endogenous
neurogenesis

The neurogenesis of the adult mammalian brain continues
throughout the lifespan of an organism. The main neurogenic
niches are located in the subventricular zone (SVZ) of the lateral
ventricle and the subgranular zone (SGZ) of the dentate gyrus in
the hippocampus. Neural stem cells (NSCs) and neural precursor
cells (NPCs) from SVZ migrate to the olfactory bulb through the
rostral migratory stream and are thought to be responsible for
the maintenance and reorganization of the interneuron system
within the olfactory bulb. The cells from the SGZ migrate to the
granule cell layer and differentiate into granulosa cells that form
synapses with existing neurons and have an important function
in neuroplasticity (Merson and Bourne, 2014; Xiao et al., 2018).
Increasing evidence suggests that adult neurogenesis also occurs
in several other regions of the CNS, including the spinal cord,
striatum, neocortex, cerebellum, substantia nigra, amygdala, and
hypothalamus, particularly following a CNS injury (Martino
et al., 2011; Sandvig et al., 2018).

Cell death occurs immediately in the ischemic core of
the cerebral infarction, followed by the spread of injury to
the ischemic penumbra. Therefore, enhancing the survival,
proliferation, and migration of endogenous NSCs to the injured
region by upregulating local secretion of NTFs facilitates the
formation of new synapses and circuits and the restoration of
the structure and function of the brain. NSCs can differentiate
into neurons, astrocytes, oligodendrocytes, and other neural
cells, which gradually migrate to target areas (Yamashita et al.,
2006; Brouns and De Deyn, 2009). Since the number of
endogenous NSCs and NPCs is too small to sustain the
recovery of neurologic functions after ischemic stroke, strategies
aiming at the promotion of their proliferation and directional
differentiation into neurons with normal functions are the focus
of intense research. At the same time, the transformation of
astrocytes into neurons to assume neuronal functions after brain
injury is also a new research hotspot (Magnusson et al., 2014).

Many studies have suggested that acupuncture can promote
the proliferation, migration, and differentiation of NSCs,
protecting the brain from ischemic damage and improving
neurological deficits. For instance, the study conducted by
Luo et al. (2014) demonstrated that middle cerebral artery
occlusion (MCAO) in rats produced a large number of cells
positive for nestin (a specific marker of NSCs), 5-bromo-2’-
dexoyuridine (BrdU, a marker of cell proliferation), and cells
double-positive for both markers in the brain, while cells positive
for these markers were absent in control non-MCAO mice, and
acupuncture at Shuigou (GV26) further increased the number of
nestin/BrdU positive regenerative cells in MCAO mice. These
results indicated that a certain extent of “self-healing” takes
place after brain damage induced by focal cerebral ischemia, and
acupuncture treatment promotes the proliferation of NSCs. This
study also demonstrated that the expression of nestin mRNA
in the cortex in the acupuncture group was much higher than
in the non-MCAO and non-acupuncture groups. Moreover,
with acupuncture, nestin expression increased slightly in the
hippocampus and decreased in the striatum, indicating that
acupuncture at GV26 promoted more extensive proliferation
and/or migration of new neurons to the cortex than to the
hippocampus and striatum (Luo et al., 2014). In another study,
electroacupuncture (EA) was applied to the acupoints ST36 and
LI11 at 1/20 Hz to treat MCAO rats. At 7 and 14 days after
the induction of ischemia, the number of BrdU/glial fibrillary
acidic protein (GFAP, a marker of astrocyte activation) double-
positive cells in SVZ and BrdU/NeuN (a marker of mature
neurons) and double-positive cells in the striatum was higher in
EA-treated rats (Tao et al., 2010). Liao et al. (2017) also obtained
similar results by applying 2 Hz EA in ST36 and ST37 for
cerebral infarction rats with ischemia reperfusion injury. These
results suggest that EA therapy can induce cell proliferation and
differentiation into astrocytes and mature neurons.

Acupuncture mediates the upregulation of neurogenesis-
related factors and the activation of related cell signaling
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TABLE 1 The mechanisms of acupuncture on regulating neuroplasticity in the treatment of ischemic stroke.

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Luo et al. (2014) MCAO rats MA GV26 Non-MA Thrust/lifted at
3 times per second,
1 min, 3 days after
MCAO immediately

Zausinger’ 6-point scale
neural deficit scores↑;
cerebral blood flow↑

Cortex and hippocampus: BrdU+ cells↑,
nestin+ cells↑, BrdU+ /nestin+ cells↑, nestin
mRNA↑; Cortex, hippocampus, and ST:
GSK-3β↑, PP2A↓, GSK-3β/PP2A↑

Tao et al. (2010) MCAO rats EA ST36, LI11 Non-EA 1/20 Hz, 20 min,
4/7/14/21 days from
24 h after MCAO

Neurological deficit scores↓ SVZ: BrdU+ cells↑, BrdU+ /GFAP+ cells↑,
BrdU+ /NeuN+ cells↑

Liao et al. (2017) MCAO rats EA ST36, ST37 Non-EA EA1: 2 Hz

EA2: 15 Hz

mNSS↓; rotarod test: latency
time↑; I/H ratio (EA1)↑

Penumbra area: Ki67+ cells (EA1)↑,
GFAP+ cells (EA1)↑, nestin+ cells↑; ischemic
core area: nestin+ cells↑

Tan et al. (2018) MCAO rats EA GV14, GV20 Non-EA 5/20 Hz, 2-4 mA,
30 min

mNSS↓ CA1 region: viable neuron percentage↑; DG
zone: BrdU+ /nestin+ cells↑,
BrdU+ /DCX+ cells↑; brain: PRG5↑, RhoA↓,
LPA↓, NogoA↓

Kim et al. (2014) MCAO mice EA GV14, GV20 Non-EA 2 Hz, 20 min, 10 days
from 5 d after
MCAO

Rotarod test: latency time↑;
MWM test: mean time to find
platform↓

Ipsilateral and contralateral hemisphere:
BrdU+ cells↑; whole brain:
BrdU+ /DCX+ cells↑, BrdU+ /NeuN+ cells↑;
ipsilateral hippocampus, SVZ and cortex:
BrdU+ cells↑; ipsilateral hippocampus and
SVZ: BrdU+ /DCX+ cells↑,
BrdU+ /NeuN+ ↑, BrdU+ /GFAP+ cells↑;
ipsilateral hemisphere: BDNF and VEGF
mRNA↑; ipsilateral hippocampus: mBDNF↑;
ipsilateral hippocampus and cortex: VEGF↑;
ipsilateral hippocampus and SVZ:
mBDNF+ cells↑; hippocampus and ipsilateral
SVZ: VEGF+ cells↑; ipsilateral and
contralateral hippocampus, SVZ and cortex:
pPI3K+ /BrdU+ cells↑

EA GV14, GV20 Non-EA 2 Hz, 20 min, 12 days
from 5 d after
MCAO

Corner test: number of
turns↓; cylinder test: held on
cylinder wall with both
paws↓; passive avoidance
test: entry latency↑

ST: atrophic changes↑; ST and SVZ:
BrdU+ cells↑, Ki67+ /Sox2+ cells↑,
mBDNF+ /NeuN+ cells↑, pTrkB↑, pCREB↑;
ST, SVZ and hippocampus: Ki67+ cells↑; ST,
SVZ and hippocampus: mBDNF↑;
hippocampus: NT4↑, NT4+ /NeuN+ cells↑

Kim et al. (2018) MCAO mice EA+mBMSC GV14, GV20 mBMSC 2 Hz, 20 min, 12 days
from 5 d after
MCAO

Corner test: number of
turns↓; cylinder test: held on
cylinder wall with both
paws↑; passive avoidance
test: entry latency↑

ST and SVZ: BrdU+ cells↑,
BrdU+ /DCX+ cells↑,
Ki67+ /PSA-NCAM+ cells↑,
NT4+ /NeuN+ cells↑, pCREB↑,
pCREB+ /DCX+ cells↑; ST, SVZ and
hippocampus: Ki67+ cells↑,
Ki67+ /Sox2+ cells↑, mBDNF↑, NT4↑;
hippocampus: mBDNF+ /NeuN+ cells↑
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TABLE 1 (Continued)

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Chen et al. (2015) MCAO-induced
focal I/R injury rats

EA ST36, LI11 Non-EA 1/20 Hz, 30 min,
3 days from 24 h
after MCAO

Neurological deficits scores↓;
infarct volume↓

Cortical peri-infarct area: GFAP+ reactive
astrocytes↑, nestin+ cells↑,
nestin+ /GFAP+ cells↑, Wnt1 and β-catenin↑,
transcription of GSK3↓

Zhao et al. (2013) MCAO rats EA GV20, GV26 Non-EA 4/20 Hz, 1-2 mA,
15 min,
3/7/14/21 days from
3 d after MCAO

Total mNSS↓, movement
score of mNSS↓; MWM test:
escape latency↓

DG zone: BrdU+ /GFAP+ cells↑,
BrdU+ /NeuN+ cells↑, Notch1 and Hes1↑

Hong et al. (2013) tMCAO rats EA ST36, LI11 Non-EA 5/20 Hz, 2-4 mA,
20 min, 4 weeks

Infarct volume↓; time spent
walking, rearing and
grooming↑; time spent
feeding↓

Raldh1 and Raldh2 mRNA↑

EA TE5, ST36 Non-EA 20 Hz, 1 mA, 30 min,
7 days from 24 h
after MCAO

mNSS↓; infarct volume↓ Ischemic cortical region: histological
changes↓; SVZ and hippocampal: apoptotic
cells↓, miR-223↑, PTEN mRNA↓, nestin
mRNA↑, Notch1 protein and the
NOTCH1 gene↑

Sha et al. (2019) MCAO-induced
focal I/R injury rats

EA+AntagomiR-
223-3p

TE5, ST36 EA 20 Hz, 1 mA, 30 min,
7 days from 24 h
after MCAO

mNSS↑ Ischemic cortical region: histological
changes↑; SVZ and hippocampal: apoptotic
cells↑, miR-223↓, PTEN mRNA↑, nestin
mRNA↓

Zhang et al. (2020) MCAO rats EA ST36, LI11 Non-EA 1/20 Hz, 1 mA,
30 min, 21 days

mNSS↓ Peri-ischemic ST: CD81 and TSG101↑,
exosomal miR-146b↑, miR-146b↑;
peri-ischemic ST and SVZ of the ischemic
hemisphere: NeuN+ /Brdu+ cells↑; SVZ of the
ischemic hemisphere: NeuroD1↑,
NeuroD1+ /DCX+ cells↑

EA+miR-146b
inhibitors

ST36, LI11 EA 1/20 Hz, 1 mA,
30 min, 21 days

- Peri-ischemic ST and SVZ of the ischemic
hemisphere: NeuN+ /Brdu+ cells↓; SVZ of the
ischemic hemisphere: NeuroD1↓,
NeuroD1+ /DCX+ cells↓

Zhou et al. (2011) MCAO rats EA ST36, PC6 Non-EA 4/20 Hz, 0.5 mA,
20 min, 1/7/14 days
from 12 h after
MCAO

Bederson neurologic deficits
scores↓

ST and cortical peri-infarct area:
GAP-43+ cells↑

Xu et al. (2017) Heat-coagulation
MCAO rats

MA+RT GV26, PC6 Non-MA+non-RT GV26: thrust/lifted
like sparrow pecking
for 10 times, PC6:
thrust/lifted and
turned, 1 min. 7/
14/21 days from 3 d
after MCAO

Zea-Longa 5-point
assessment: neurological
deficits scores↓; balance
beam test scores↓; rotarod
test scores↓

Cortical peri-infarct area: GAP-43+ cells↑

Qing et al. (2016) MCAO rats Group1: bilateral
EA+RT, group2:
unilateral EA+RT

ST36, GV20, LI11 Non-EA+non-RT 5/10 Hz, 2 mA,
30 min, 6 days/week,
2 weeks from 24 h
after MCAO

Neurological deficits scores↓ Ischemic frontal cortex: the arrangement of
nerve cells in slightly disordered, some nuclei
were pyknotic, the damage of cells↓;
hippocampal CA3 region: GAP-43↑, SYP↑

(Continued)

Fro
n

tie
rs

in
C

e
llu

lar
N

e
u

ro
scie

n
ce

fro
n

tie
rsin

.o
rg

129

https://doi.org/10.3389/fncel.2022.817732
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://www.frontiersin.org


Q
in

e
t

al.
10

.3
3

8
9

/fn
ce

l.2
0

2
2

.8
1773

2

TABLE 1 (Continued)

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Chen S. Q. et al.
(2020)

MCAO-induced
transient cerebral I/R
injury model

EA GV20 Non-EA 2 Hz, 1 mA, 30 min,
7 days after
reperfusion

Infarct size↓; Garcia JH
neurological score↑

Ischemic penumbra cortex: OMgp↓, NogoA↓,
NgR↓, NgR mRNA↓, ROCK2↓, MYPT1↓,
MLC1↓, RhoA↓, ROCK mRNA↓, MLC
mRNA↓, GAP43↑, BDNF↑, GAP43 mRNA↑,
BDNF mRNA↑

EA GV20 Non-EA 2/10 Hz, 1-2mA,
30 min, 5 days from
24 h after MCAO

Infarct volumes↓; Garcia JH
neurological score↑; time on
rotarod↑; limb placement test
scores↑; left/total body swing
numbers↓; unsuccessful
contralateral forelimb
placing↓

Ischemic penumbra: miR-132↑, SOX2↓

Zhao et al. (2018) MCAO-induced
focal I/R injury rats

EA+miR-
132 inhibitor

GV20 EA 2/10 Hz, 1-2 mA,
30 min, 5 days from
24 h after MCAO

Infarct volumes↑; Garcia JH
neurological score↓; time on
rotarod↓; limb placement test
scores↓; left/total body swing
numbers↑; unsuccessful
contralateral forelimb
placing↑

Ischemic penumbra: SOX2↑, miR-132↓

EA GV20 Non-EA 2/10 Hz, 1-2 mA,
30 min, 5 days/week,
4 weeks

mNSS↓; time on rotarod↑;
grip strength test: newtons↑

Middle and left sides of the spinal cord gray
matter (C3-5): BDA+ CST axons amounts↑;
injection ipsilateral site: fiber numbers↑;
ischemic penumbra: NF-200↑, RhoA↓,
GAP43 protein↑, pirb mRNA↓, PirB protein↓,
PirB+ neurons↓, miR-181b↑

Deng et al. (2016) MCAO rats EA+miR-181b
inhibitor

GV20 EA 2/10 Hz, 1-2 mA,
30 min, 5 days/week,
4 weeks

mNSS↑; time on rotarod↓;
grip strength test: newtons↓

Ischemic penumbra: pirb mRNA↓, PirB
protein↓

Yi et al. (2006) Heat-coagulation
MCAO rats

EA1: 2 weeks after
ischemia, EA2:
5 weeks after
ischemia

GV14, GV20 Non-EA EA1: 5/10 Hz,
30 min, 2 weeks EA2:
5/10 Hz, 30 min,
5 weeks

- Ischemic cortex: Nv↓, Sv↑, Vv↓, the curvature
of synaptic interface (EA2)↓, PSD (EA2)↑,
synaptic cleft width↑; cortical periâĂŚinfarct
area: COD of P38 (EA2)↑, COD of GAP-43↑,
NGF+ cells↑, BDNF+ cells↑

Xia et al. (2017) MCAO rats MA KI3, LR3 Non-EA Perpendicularly
needled 2–3 mm in
depth, 30 min,
7 days/course,
2 courses

mNSS↓; MWM test: escape
latency↓

Hippocampal regions: BDNF, SYN, PSD and
synaptic curvatures↑, synapse cleft width↓

Xie et al. (2019) MCAO-induced I/R
injury rats

EA GV20, GV24 Non-EA 1/20 Hz, 0.2 mA,
30 min, 14 days from
24 h after MCAO/R

Zea-Longa 5-point
assessment: neurological
deficits scores↓; step-down
passive avoidance test: the
step-down latency time↑

Hippocampal CA1 region: PSD-95+ and
SYN+ cells↑, synapses numbers↑, fusion of
synaptic space↓, loss of synaptic vesicles↓,
incomplete synaptic structure↓, swelling of the
presynaptic terminal↓, p-JAK2 and p-STAT3↓

Lin et al. (2016) MCAO-induced I/R
injury rats

EA GV20, GV24 Non-EA 1-20 Hz, 30 min,
6 days from 24 h
after reperfusion

Infarct volumes↓; MWM test:
escape latency↓, swim
distance↓, frequency of
crossing the platform↑

Hippocampus: density of dendritic spines↑;
hippocampus of the left brain: Cdc42,
Rac1 and F-actin↑, RhoA protein↓
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TABLE 1 (Continued)

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Liu et al. (2017) MCAO-induced
cognitive deficit
model

EA GV20, GV24 Non-EA 1-20 Hz, 0.2 mA,
30 min, 14 days from
24 h after MCAO

MWM test: escape latency↓,
probe time↑, time spent in
target quadrant↑

Left cortex, hippocampus, corpus ST, and
thalamus: lesions volumes↓; hippocampal
CA1: density of dendritic spines↑, number
synapses↑, total LIMK1 level and p-LIMK1↑,
miR-134 expression↓

Yang et al. (2017) Stroke patients
(n = 10)

MA LI11, LI10, TB5, LI4,
ST36, GB34, SP6,
EX-UE9

Self-control Thrust/lifted at
120 times per min,
rotated at
180 degrees,
120 circle per min,
conducted until Deqi

- Left FDI: MEPs↓; right FDI: MEPs↑; the
percentage of MEP amplitudes from TS at CS
intensity 100%, 130% and 150%↑; inhibition
from the right M1 (contralateral to
acupuncture side) to the left M1 (ipsilateral to
acupuncture side)↓

He et al. (2019) Stroke patients
(n = 18)

MA LI11, TB5 Sham acupuncture Thrust/lifted until
Deqi

- Contralateral hemisphere of the acupuncture
sites: the cortex excitability (when 12–20min
with the needle in situ)↓, the MEP amplitudes
(when 8–10 min with the needle removed)↑;
ipsilateral hemisphere of the acupuncture sites:
the MEP amplitudes (when 4–10 min with the
needle in situ)↑, the cortex excitability (when
1–5 min with the needle removed)↑;
contralateral cortical of the acupuncture sites:
MEP amplitudes induced by acupoint
needling↓, MEP amplitudes after needle
removal↑; ipsilateral cortical of the
acupuncture sites: MEP amplitudes induced by
acupoint needling↓, MEP amplitudes after
needle removal↑

MA+PAS LI11, TB5 Self-control Thrust/lifted until
Deqi

- Contralateral cortical of the acupuncture sites:
MEP amplitudes after PAS intervention and
needle removal↑, MEP amplitudes induced by
needle in situ↓; ipsilateral cortical of the
acupuncture sites: MEP amplitudes after PAS
intervention with the needle in situ and
removal↑

MA+MP LI11, TB5 Self-control Thrust/lifted until
Deqi

- Contralateral cortical of the acupuncture sites:
MEP amplitude after MP and pretreatment
with acupuncture↓, MEP amplitudes after the
combined treatment with acupuncture and
MP↓, MEP amplitudes after needle removal↑,
FDI muscle MEP amplitude after acupuncture
and acupuncture+MP↑

Lin and Hsieh (2010) MCAO rats EA GV20 Non-EA 2 Hz, 2 mA, 20 min,
10 min after MCAO

Neurological scores↓ Hippocampal CA1: LTP↑, NR1↓, TRPV1↓

(Continued)
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TABLE 1 (Continued)

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Ye et al. (2017) 2VO-induced
Vascular dementia
rats

MA Group1: ST36,
GV20; Group2:
GV20, GV24;
Group3: ST36, SP10

- Twirling reinforcing
manipulation, 6 days
a week, 2 weeks from
3 days after 2VO

MWM test: escape latency↑,
swimming distance↑, time in
the target quadrant↑
(group1 was superior over
other groups)

-

MA ST36, GV20 Non-MA Twirling reinforcing
manipulation, 6 days
a week, 2 weeks from
3 days after 2VO

- Hippocampus: LTP at the PP-DG synapse↑,
Dopamine, HVA and epinephrine↑;
hippocampal DG region: D1R and D5R↑

MA+D1/D5Rs
Antagonists
SCH23390

ST36, GV20 MA Twirling reinforcing
manipulation, 6 days
a week, 2 weeks from
3 days after 2VO

MWM test: escape latency↓,
swimming distance↓, time in
the target quadrant↓

PP-DG synapse: LTP↓

Notes:↑, upregulated by acupuncture;↓, downregulated by acupuncture. Abbreviation: MCAO, middle cerebral artery occlusion; MA, manual acupuncture; GV26, Shuigou; GSK-3β, glycogen synthase kinase 3Îš; PP2A, Protein phosphatase
2A; EA, electroacupuncture; ST36, Zusanli; LI11, Quchi; GFAP, glial fibrillary acidic protein; SVZ, subventricular zone; ST37, Shangjuxu; mNSS, modified Neurological Severity Score; I/H ratio, ratio of the ischemic area to the ipsilateral
hemisphere area; GV14, Dazhui; GV20, Baihui; DCX, doublecortin; DG, dentate gyrus; PRG5, plasticity-related gene 5; RhoA, Ras homolog family member A; LPA, Lysophosphatidic acid; NogoA, neurite outgrowth inhibitor protein A;
BDNF, brain-derived neurotrophic factor; VEGF, vascular endothelial growth factor; mBDNF, mature BDNF; ST, striatum; pPI3K, phosphorylated phosphatidylinositol 3-kinase; pTrkB, phosphorylated tyrosine receptor kinase B; pCREB,
phosphorylated cyclic adenylate monophosphate response element-binding protein; MSCs, mesenchymal stem cells; PSA-NCAM, polysialylated form of the neural cell adhesion molecule; NT4, Neurotrophin 4; I/R, ischemia/reperfusion;
tMCAO, transient middle cerebral artery occlusion; Raldh1, retinaldehyde hydroxylase 1; Raldh2, retinaldehyde dehydrogenase 2; TE5, Waiguan; PC6, Neiguan; GAP-43, growth-associated protein 43; RT, rehabilitation training; SYP,
synaptophysin; OMgp, oligodendrocyte-myelin glycoprotein; NgR, Nogo receptor; MYPT1, myosin phosphatase target subunit-1; BDA, biotionylated dextran amine; CST, corticospinal tract; PirB, Paired immunoglobulin-like receptor
B; Nv, numerical density; Sv, surface density; Vv, volume density; COD, corneal optical density; P38, synaptophysin; KI3, Taixi; LR3, Taichong; SYN, synaptophysin; PSD, post-synaptic density; GV24, Shenting; Cdc42, cell division
cycle 42; Rac1, Ras-related C3 botulinum toxin substrate 1; LIMK1, LIM domain kinase; MEPs, motor-evoked potentials; FDI, first dorsal interosseous; TS, testing stimulus; CS, conditioning stimulus; M1, primary motor cortex; PAS,
paired-associative stimulation; MP, motor practice; LTP, long-term potentiation; NR1, N-methyl-d-aspartate receptor subtype 1; TRPV1, transient receptor potential vanilloid subtype 1; 2VO, permanent bilateral common carotid artery
occlusion; SP10, Xuehai; PP, perforant pathway; HVA, homovanillic acid; D1R, dopamine D1 receptor; D5R, dopamine D5 receptor.
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pathways that promote the proliferation, migration, and
differentiation of NSCs. Tan et al. (2018) found that stimulation
at GV20 and Dazhui (GV14) by 5/20 Hz EA induced
the proliferation and differentiation of endogenous NSCs in
MCAO rats, together with upregulating the expression of
plasticity-related gene 5 (PRG5, a key factor of neurogenesis)
and downregulating the expression of three neurogenesis
inhibitors, including the neurite outgrowth inhibitor NogoA,
lysophosphatidic acid, and Ras homolog family member A
(RhoA), indicating that EA may promote the proliferation and
differentiation of endogenous NSCs by regulating PRG5/RhoA
signaling. Stimulation with 2 Hz EA at the same acupoints led to
the promotion of NSC proliferation and differentiation by brain-
derived neurotrophic factor (BDNF), together with vascular
endothelial growth factor (VEGF)-mediated angiogenesis of
downstream phosphatidylinositol 3-kinase (PI3K) signaling.
Specifically, EA increased both proliferation and differentiation
in the hippocampus and SVZ and the mRNA and protein
levels of BDNF and VEGF in the ipsilateral hippocampus
and SVZ, as well as enhancing the levels of phosphorylated
PI3K in the newly formed neuroblasts. In addition, the
levels of various neurogenesis-related factors were up-regulated,
including forkhead box protein G1 (FOXG1), nuclear receptor
subfamily 4, group A, member 3 (NR4R3) protein, and zinc
finger protein 423 (ZNF423; Wang et al., 2012; Kim et al., 2014).
Kim et al. (2018) transplanted bone marrow mesenchymal stem
cells (MSCs) into the striata of MCAO mice and stimulated
them with 2 Hz EA at GV20 and GV14. The treatment reduced
the atrophy of the striatum and promoted the proliferation
of NPCs in the SVZ and peristriatal area. Increased numbers
of BDNF and neurotrophin-4 (NT-4)-positive neurons were
detected in the peristriatal area and the hippocampus. These
results indicated that the combined treatment of MSCs and
EA could promote neurogenesis in the ischemic brain by
upregulating the expression of neurotrophic factors such as
BDNF and NT-4, thus improving the motor function of MCAO
mice (Kim et al., 2018). Another study in MCAO rats showed
that after 1/20 Hz EA at ST36 and LI11 in the affected limb,
the number of nestin/GFAP-positive cells was increased in the
cortex, as well as the gene and protein levels of Wnt1 and β-
catenin, while the transcription of glycogen synthase kinase 3
(GSK3) was inhibited, which suggested that EA may promote
the proliferation of nerve stem/progenitor cells in the area
around the cortical infarction after stroke through the Wnt/β-
catenin pathway, thereby reducing the infarct volume and
improving the neurological impairment (Chen et al., 2015). It
was also observed that EA significantly enhanced the activity
of the neurogenic locus notch homolog protein 1 (Notch1)
signaling pathway and its downstream transcription target
Hes1, leading to increased NSC proliferation and differentiation
(Zhao et al., 2015). Studies have shown that Retinoic Acid
(RA) is a key factor in regulating the proliferation of adult
hippocampal nerve stem/progenitor cells (Mishra et al., 2018).

Hong et al. (2013) found that 5/20 Hz EA at ST36 and
LI11 may reduce the infarct volume and promote the recovery
of neurological function by regulating the RA pathway in the
ischemic brain.

MicroRNAs (miRNAs, miRs) are involved in the
post-transcriptional modification of gene expression. In
cerebral ischemia/reperfusion injury, acupuncture can
promote the regeneration and repair of damaged nerves by
regulating miRNAs. Sha et al. found that in rats with cerebral
ischemia/reperfusion injury, stimulation with 20 Hz EA at
Waiguan (TE5) and ST36 on the affected limb increased
the expression of miR-223 and reduced the expression of
phosphatase and tensin homolog deleted on chromosome
ten (PTEN) in the SVZ and hippocampus by activating the
Notch1 signaling pathway, thereby increasing the numbers of
NSCs (Sha et al., 2019). Another study, in vivo and in vitro,
revealed that EA regulated endogenous neurogenesis through
the action of exosomal miRNAs. Specifically, 1/20 Hz EA at
ST36 and LI11 on the affected limb induced the differentiation
of endogenous NSCs into neurons in the ischemic striatum and
SVZ by promoting the release of exosomes containing miR-146b
in the ischemic striatum, thereby improving neurological
impairment in MCAO rats (Zhang et al., 2020).

Therefore, acupuncture can indeed activate endogenous
neurogenesis by stimulating proliferation and differentiation
of NSCs in the SVZ and SGZ through activation of related
cell-signaling pathways and upregulation of neurogenesis-
related factors. It is also worth exploring which acupoints
and stimulation parameters are optimal for the induction of
neurogenesis. Furthermore, the number of endogenous NSCs
is limited and not adequate to generate a sufficient number of
differentiated functional neurons, and resolving this obstacle
needs further innovative research.

Acupuncture promotes axonal
regeneration and sprouting

Ischemic stroke is characterized acutely by a massive
and rapid loss of axons, and recovery depends on axonal
regeneration and sprouting, which constitute the compensatory
mechanism to establish the new functional connections and
strengthen the communication between neurons (Hinman,
2014). Axonal regeneration involves the regrowth of injured
axons that is initiated by the formation of the growth cone
at the broken ends, while axonal sprouting is the process of
collateral sprouting and elongation of uninjured axons (Darian-
Smith, 2009). Therefore, promoting axonal regeneration and the
development of sprouting in the right direction contributes to
the recovery of ischemic stroke patients.

Growth-associated protein-43 (GAP-43) is a growth
cone-associated protein that promotes neurite outgrowth
by regulating cytoskeletal organization via protein kinase C
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signaling. The expression of GAP-43 decreases with nerve
development, but when the brain is damaged, the neurons
adjacent to the injured area compensate for the loss of cells by
collateral sprouting and reactive axon regeneration. Under these
conditions, the local expression of GAP-43 is again upregulated.
Therefore, GAP-43 is considered to represent a molecular
marker of axonal growth and plasticity (Felling and Song, 2015).
It has been documented that EA at ST36 and Neiguan (PC6),
performed daily for 20 min, can improve the neurological
function in rats with cerebral infarction. The mechanism
may be related to the statistically significant upregulation of
GAP-43 in the ischemic region, from the 7th day after the
injury (Zhou et al., 2011). A similar effect was also obtained
by applying acupuncture on both sides of PC6 and GV26 for
7 days (Xu et al., 2017). A study performed in rats showed that
bilateral EA at LI11 and ST36 (5 Hz/10 Hz, 2 mA) improved
the neurobehavioral score after ischemic stroke more than a
unilateral EA, and the expression level of GAP-43 was increased
in the CA3 of the hippocampus by EA (Qing et al., 2016). These
findings may be explained by the structural organization of
the innervation of the limbs. The cerebral cortex innervates
the activity of bilateral limbs because 80% of the nerve fibers
from the anterior central gyrus innervate the movement of the
contralateral limbs, and a small fraction of them, which are
not crossed, descend directly to form the anterior corticospinal
tract and innervate the movement of the ipsilateral limbs. The
secondary fibers of some posterior root fibers are combined with
the ascending fibers of the ipsilateral spinothalamic tract, and
the bilateral projection effect of the upper and lower fibers of the
brain stem network determine the effect of acupuncture signals
on the bilateral cerebral cortex. Thus, the cerebral cortex acts as
the master center that dominates the movement and sensation
of the bilateral limbs (Qing et al., 2016). In addition, another
study revealed that 2 Hz EA stimulation of GV20 can not only
promote nerve regeneration by upregulating GAP-43 and BDNF
after cerebral ischemia but can also reduce inhibition of axon
regeneration by downregulation of myelin-associated inhibitors
and the RhoA/Rho-associated coiled-coil-containing protein
kinase (ROCK) signaling pathway after cerebral ischemia, thus
reducing the size of the cerebral infarction and improving
neuronal function and hippocampal ultrastructural damage
(Chen S. Q. et al., 2020).

MiRNAs are also involved in acupuncture-promoted
axonal regeneration. Zhao et al. (2018) have shown that the
expression of miR-132 was downregulated after MCAO, and
that EA inhibited the transcription of SRY-box transcription
factor 2 (SOX2) by upregulating miR-132. These changes
resulted in the promotion of axonal sprouting and alleviation
of neurological deficits, suggesting that neurobehavioral
functional recovery after ischemic injury depends on axonal
sprouting enabled by the inhibition of SOX2 translation
via miR-132 (Zhao et al., 2018). Moreover, it was found
that within 28 days after reperfusion in MCAO rats, after

2/10 Hz EA stimulation of GV20, the expressions of paired
immunoglobulin-like receptor B (PirB), RhoA, and GAP-43
were regulated by modulating miR-181b directly targeting Pirb
mRNA in the penumbra, promoting axon regeneration and
new projections of corticospinal tracts after oxygen-glucose
deprivation injury, which improved the neurological deficits
(Deng et al., 2016).

Acupuncture modulates synaptic
plasticity

Synapse is not only the specific site of intercellular
information transmission but also a sensitive site of
neuroplasticity. Synaptic plasticity mostly refers to
morphological and functional modifications of synaptic
connections, including long-term changes in synaptic structure
and number, as well as the short-term changes in the strength
and efficiency of neurotransmission (Neves et al., 2008).

Plasticity of synaptic structure

The plasticity of the synapsis depends on the modification
of its ultrastructure, which includes the following aspects:
(1) contact area (total number of synapses, number density
of synapses, area density of synapses, average area of single
synapse; Mundy et al., 2008); (2) content of active substances,
such as synaptophysin (SYN), in synaptic contact area (Kwon
and Chapman, 2011); (3) synapse-related subcellular structure,
such as the postsynaptic density (PSD)-95 (Xie et al.,
2019); and (4) synaptic gap width and interface curvature
(Xiao et al., 2018).

Acupuncture has been demonstrated to modify the synaptic
structure and promote the synaptic plasticity in rodent models
of stroke by upregulating SYN and increasing PSD (Xia
et al., 2017; Xiao et al., 2018). After 5 weeks of EA with a
5/10 Hz wave at GV20 and GV14, the thickness of synaptic
PSD, and the number and surface densities of synapses were
increased in MCAO rats, without significant changes in other
indices of synaptic ultrastructure, such as volume density and
synaptic curvature. These modifications were accompanied by
the upregulation of P38, GAP-43, nerve growth factor (NGF),
and BDNF in the ischemic cerebral cortex, indicating that EA
could protect synaptic ultrastructure by increasing the level
of these proteins (Yi et al., 2006). However, another study
found that after 2 weeks of acupuncture in Taixi (KI3) and
LR3, motor and cognitive deficits were noticeably improved
compared with the untreated group at the 7th and 14th day after
ischemic stroke. The improvement was accompanied by an
increase in BDNF, SYN, PSD, and synaptic curvatures, and a
smaller width of the synapse cleft. These results suggested the
possibility that the inconsistency in the modifications of the
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synaptic structure might be caused by differences in acupoints,
parameters, target brain areas, and observation points (Xia et al.,
2017). Xie et al. (2019) demonstrated that the MCAO injury
reduced the number of PSD-95/SYN double-positive cells in
the hippocampal CA1 area, and 14 days of EA stimulation
of GV20 and GV24 points reversed this trend, thus affecting
synaptic plasticity. Activation of the Janus-activated kinase
2 (JAK2)/signal transducer and activator of transcription 3
(STAT3) signaling has been proved to induce spatial learning
and memory impairment by inhibiting synaptic plasticity in the
hippocampal CA1 region. EA treatment decreased the levels of
phosphorylation of JAK2 and STAT3 in the CA1, indicating
that the intervention at GV20 and GV24 improved synaptic
plasticity by inhibiting the JAK2/STAT3 signaling pathway (Xie
et al., 2019). In addition, after 1/20 Hz EA at the same
acupoints, it was found that the density of dendritic spines
was increased and the cognitive function of MCAO rats was
improved. It was suggested that the mechanism may be related
to the upregulation of Cdc42, RAS-related C3 botulinus toxin
substrate 1 (Rac1), and Filamentous actin (F-actin) in the
hippocampus, as well as down-regulation of RhoA expression
(Lin et al., 2016).

Plasticity of synaptic function

It has been proposed that the plasticity of synaptic function
is dependent on its structural plasticity. Functional plasticity is
mostly related to the strength of synaptic transmission efficiency
in the form of long-term potentiation (LTP) and long-term
depression (LTD), which are prevalent paradigms of micro-
neuroplasticity (Matsuzaki et al., 2004). LTP facilitates synaptic
transmission, amplifies presynaptic signals, and enhances the
persistence of postsynaptic potentials, thereby appearing more
relevant to synaptic remodeling than LTD (Kim E. et al.,
2012; Stewart and Dringenberg, 2016). Cognitive impairment
often occurs after ischemic stroke and leads to difficulties in
memory, learning, analysis, organization, interpretation, and
concentration, decreasing the quality of life (Liu F. et al., 2014),
which is the main cause of persistent sequelae of ischemic stroke.
In these processes, LTP can enhance long-term memory through
acquisition, consolidation, and storage of information, while
LTD can verify the memory content and regulate LTP (Neves
et al., 2008; Xiao et al., 2018).

Dendritic spines contribute to the spread of information via
deformation and control synaptic efficacy by modulating LTP
and LTD that are related to learning and memory (Schacher
and Hu, 2014; Park et al., 2015). It has been reported that
LIM domain kinase 1 (LIMK1) regulates LTP and long-term
memory by activating cyclic adenylate monophosphate response
element-binding protein (CREB), and LIMK1 knockout mice
suffer from the severe damage of dendritic spines and LTP in the
hippocampus. MiRNAs, which play important roles in learning

and memory formation, can regulate LIMK1 expression to
induce synaptic-dendritic plasticity. Therefore, the modulation
of miRNA-LIMK1 represents a potential target for the treatment
of cognitive deficit. Liu et al. (2017) demonstrated by
T2-weighted imaging that EA at GV20 and GV24 alleviated
cognitive impairment and reduced the volume of multiple brain
lesions. Importantly, synaptic-dendritic loss in hippocampal
CA1 pyramidal cells could be rescued by EA. This effect was
associated with the suppression of the increase in the expression
of miR-134 and LIMK1, indicating that these molecules might
mediate the induction of hippocampal synaptic plasticity by EA,
which contributed to the improvement of learning and memory
during the recovery from ischemic stroke (Liu et al., 2017). In
addition, acupuncture could lead to lasting changes in cortical
excitability by affecting the activity of neurosynapses (Yang et al.,
2017). For instance, a study in which 18 healthy subjects were
subjected to acupuncture at the LI11 and TB5 acupoints showed
an increased muscle excitability that lasted for 20 min after the
needle was pulled out, proving the existence of a time-dependent
effect of acupuncture on the excitability of bilateral primary
motor cortex, which can induce LTP-like plasticity and increase
motor learning (He et al., 2019).

Numerous studies have demonstrated that acupuncture
enhances LTP in rats subjected to MCAO. For example, EA at
GV20 for 6 days can reverse the MCAO-induced impairment
of memory and decrease in hippocampal LTP, and inhibit
the overexpression of N-methyl-d-aspartate receptor subtype
1 (NR1) and transient receptor potential vanilloid subtype
1 (TRPV1) receptors in the CA1 area of the hippocampus,
indicating that NR1 and TRPV1 may mediate the effect of EA
on MCAO-induced behavioral defects and LTP damage (Lin and
Hsieh, 2010). Ye et al. (2017) have documented that acupuncture
at GV20 and ST36 restored cognitive dysfunction in the rat
two-vessel occlusion (2VO) model. The primary mechanism
underlying this acupuncture effect was the improvement of
decreased LTP by promoting the release of dopamine and
its main metabolites and reversing the decline in dopamine
D1/D5 receptors (Ye et al., 2017).

This section summarized the evidence that acupuncture
regulates structural plasticity after stroke, that is, acupuncture
can stimulate neurogenesis, axonal regeneration and sprouting,
improve the structure and function of the synapse, to provide a
theoretical basis for the improvement of the neurological deficits
of ischemic stroke by acupuncture.

Glial cells play a key role in the
regulation of neuroplasticity by
acupuncture

Glial cells, including astrocytes, oligodendrocytes, and
microglia, play a key role in acupuncture’s regulation of
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neuroplasticity. By interacting with neurons, they regulate the
formation and remodeling of synapses and neural circuits,
thus contributing to the reconstruction of the functional
brain (Stogsdill and Eroglu, 2017). Acupuncture can regulate
neuroplasticity through glial cells, and the evidence is shown in
Table 2.

Glial cells regulate neuroplasticity by
secreting NTFs

It is well documented that NTFs are required for
neurogenesis, axonal regeneration, synaptic activity and
plasticity, and other neuroplasticity processes in CNS
diseases, and can improve neurological deficits. NGF, BDNF,
neurotrophin-3, and NT-4 are four members of the mammalian
neurotrophin family (Gibon and Barker, 2017).

BDNF

The role of BDNF in neuroplasticity makes it an excellent
candidate for stroke treatment (Mang et al., 2013). Additionally,
BDNF acts on NSCs, promoting their survival, proliferation,
and differentiation by interacting with TrkB and initiating
downstream pathways, such as mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) and
PI3K/Akt cascades. MAPK/ERK and PI3K/Akt signaling can
reduce neuronal death induced by excitotoxicity in the ischemic
penumbra (Tejeda et al., 2019). BDNF can also increase
the formation of dendrite branches and connections between
dendrites and promote the development and maturation of
the CNS (Song et al., 2017). BDNF is directly involved in
angiotensin-1 receptor blocker-mediated functional recovery,
angiogenesis, and synaptic formation (Fouda et al., 2017).
Finally, BDNF can provide local anti-inflammatory effect by
downregulating the expression of tumor necrosis factor alpha
(TNF-α) and upregulating the expression of interleukin-10 (IL-
10), to promote nerve repair. BDNF increases the number
of activated and phagocytic microglia via the increase in
intracellular Ca2+. Once activated, microglia can further secrete
BDNF and other NTFs, generating a positive feedback loop
(Jiang et al., 2010).

In animal models of MCAO, acupuncture utilizing different
parameters, such as acupoints, frequency, and intervention
time, produces distinct effects on BDNF in the brain. The
EA treatment at the GV20 and Qubin (GB7) acupoints for
14 days after MCAO, utilizing a bipolar waveform current of
3 Hz applied for bursts of 5 s and 2 s intervals, increased the
levels of BDNF in the ischemic lobe and improved functional
and motor recovery (Kim M. W. et al., 2012). Similarly, EA at
GV20 and GV14 for two times with 5 Hz/10 Hz enhanced the
expression of BDNF in the ischemic area (Cheng et al., 2014;

Chavez et al., 2017). In MCAO mice, the expression of BDNF
mRNA in the hippocampus was upregulated by EA applied for
seven consecutive days at the Shenshu (BL23), Geshu (BL17),
and GV20 acupoints (Zhao et al., 2013). Furthermore, EA at the
GV20 once a day for 2 weeks improved motor function, elevated
BDNF in the ischemic hemisphere, and increased the number
of BDNF-positive cells and the expression of TrkB (Kim M. W.
et al., 2012). Thus, acupuncture may play a neuroprotective
role in ischemic stroke by modulating the expression of BDNF,
but the functional verification of this possibility remains to
be obtained.

NGF

NGF is the first NTF identified by Rita Levi-Montalcini
and Viktor Hamburger in mouse sarcoma in vitro in the 1950s.
Subsequent studies have established that NGF binds to the
tropomyosin-related kinase A (TrkA) and p75NTR receptors to
activate downstream signaling cascades, such as MAPK/ERK
and PI3K/Akt. The stimulation of these pathways modulates the
transcription of neurite outgrowth inhibition protein A, Nogo
receptor, Rho family small GTPases A, Rho-associated kinase
2, thus promoting the differentiation and survival of neurons
and growth of axon growths (Chang et al., 2016; Keefe et al.,
2017). Furthermore, NGF exhibits neuroprotective activity by
reducing intracellular calcium overload and antagonizing the
excitotoxicity of amino acids after cerebral ischemia (Keefe et al.,
2017).

Yi et al. (2006) demonstrated that EA at the GV20 and
GV14 points increased the expression of NGF after ischemic
brain injury. A higher level of NGF was essential to
protect neurons by promoting synaptic plasticity and axonal
regeneration, reflected by the increase of numerical density,
surface density, volume density, and gap width of cortical
synapses, as well as PSD and GAP-43 expression in the ischemic
area. The results also documented an increase in expression of
NGF from 2 to 5 weeks after EA intervention, indicating that
acupuncture can not only increase NGF but also maintain its
expression at a high level for a prolonged time, achieving a
long-lasting protective effect (Yi et al., 2006).

Other NTFs, such as glial cell line-derived neurotrophic
factor (GDNF; Manni et al., 2011), VEGF, insulin-like growth
factor (IGF; Liu S. J. et al., 2014), stromal cell-derived factor-1a,
and ciliary neurotrophic factor (Kim et al., 2013), have also been
demonstrated to mediate the regulatory effects of acupuncture
on neuroplasticity. Therefore, the ability of acupuncture to
enhance neuroplasticity and improve neural function defects
appears to be dependent on the NTFs family of growth factors
(Manni et al., 2010; Xiao et al., 2018). In addition to the secretion
of neurotrophic factors, other mechanisms by which astrocytes
and microglia influence neuroplasticity are also worthy of
attention.
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TABLE 2 The mechanisms of glial cells in the regulation of neuroplasticity by acupuncture in the treatment of ischemic stroke.

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Kim E. et al. (2012) MCAO rats EA GV20, GB7 Non-EA 3 Hz, 5 min,
2/7/14 days

Garcia scale scores↑ BDNF↑

Cheng et al. (2014) MCAO rats EA GV20, GV14 Non-EA 5 Hz, 2.7–3.0 mA,
25 min, 6 days from
24 h after
reperfusion

Cerebral infarct area↓;
neurological deficit scores↓

Penumbra area: GFAP+ cells↓, S100B+ cells↓,
NF-κB (p50)+ cells↓, TNF-α+ cells↓,
iNOS+ cells↓, nuclear NF-κB (p50)↓,
GFAP/S100B immunoreactivity↓,
S100B/nitrotyrosine immunoreactivity↓,
TUNEL+ cells↓, cytosolic GFAP↓, p-p38
MAPK↓, cytosolic TRADD↓, FADD↓, cleaved
caspase-8↓, cleaved caspase-3↓

Zhao et al. (2013) MCAO rats EA BL23, BL17, GV20 Non-EA 1/7 days - Hippocampus: BDNF mRNA↑

Yi et al. (2006) MCAO rats EA1: 2 weeks after
ischemia, EA2:
5 weeks after
ischemia

GV14, GV20 Non-EA 5-10 Hz, 30 min,
2/5 weeks from
MCAO immediately

- Synaptic numerical density (EA2)↑, synaptic
surface density↑, PSD(EA2)↑, synaptic cleft
width↑, P38(EA2)↑, NGF↑, BDNF↑

Tao et al. (2016) MCAO rats EA LI11, ST36 Non-EA 1/20 Hz, 30 min,
3 days from 24 h
after MCAO

Neurological deficit scores↓;
cerebral infarct volumes↓;
average speed of catwalk↑;
mean duration on the
rotarod↓

Peri-infarct cortex and ST:
GFAP+ /Vimentin+ cells↑,
GFAP+ /Nestin+ cells↑,
GFAP+ /BrdU+ cells↑, Cyclin D1↑, CDK4↑,
p-Rb↑, BDNF↑

Huang et al. (2017) MCAO rats EA GV20, GV24 Non-EA 2/20 Hz, 0.2 mA,
30 min, 7 days from
the 12 h after MCAO

Neurological deficit scores↓;
mNSS↓; escape latency↓;
swimming speed↓; target
crossing↑; cerebral infarct
volumes↓

Peri-infarct hippocampal CA1 and
sensorimotor cortex: ED1+ cells↓,
GFAP+ cells↓, IL-1β↓, IL-10↑,
P2X7R+ /ED1+ cells↓, P2X7+ /GFAP+ cells↓,
P2Y1R+ /ED1+ cells↓,
P2Y1R+ /GFAP+ cells↓

Notes: ↑, upregulated by acupuncture; ↓, downregulated by acupuncture. Abbreviation: GB20, Fengchi; GB39, Xuanzhong; LI11, Quchi; LI4, Hegu; ST36, Zusanli; SP6, Sanyinjiao; GV20, Baihui; FMA, Fugl-Meyer Assessment; GV24,
Shenting; MICD, middle cerebral artery occlusion induced cognitive deficit; MWM test, Morris water maze test; GB33, Xiyangguan; ReHo, regional homogeneity; BA, Brodmann Area; NDS, nervous functional deficiency scale; MBI,
modified Barthel index; MCAO, middle cerebral artery occlusion; CPu, Caudate putamen; MCTX, motor cortex; SCTX, somatosensory cortex; FC, functional connectivity; LPs, superior parietal lobule; SMA, Supplementary Motor Area;
TE5, Waiguan; GB7, Qubin; M1, Primary motor area; PMC, premotor cortex; RSC, retrosplenial cortex; GMV, Grey Matter Volume; ISSA, International Standard Scalp Acupuncture; PG, parahippocampal gyrus.
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TABLE 3 The mechanisms of acupuncture on regulating functional reorganization in the treatment of ischemic stroke.

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Li et al. (2015) Stroke patients with
unimanual motor
deficits (n = 14)

Acupuncture+
conventional
treatment

GB20, GB39, LI11,
LI4, ST36, SP6,
(bilateral), GV20

Conventional
treatment

30 min, 5 days,
4 weeks

FMA↑ Diffusion indices values were changed in the
corpus callosum and bilateral corticospinal
tracts, the inferior longitudinal fasciculus, the
inferior frontooccipital fasciculus, the superior
longitudinal fasciculus, the forceps minor, the
cingulum gyrus, and the thalamic radiation.

Wen et al. (2018) MICD rats EA GV20, GV24 Non-EA 1/20 Hz, 6 V, 2 mA,
30 min, 14 days from
24 h from MICD

MWM test: the time to find
the platform↓, the number of
times the platform crossed↑

The activation of hippocampus, retrosplenial
cortex, cingulate gyrus, prelimbic cortex, and
sensory cortex↑

Wu P. et al. (2017) Ischemic stroke
patients (n = 21)

Acupuncture+
conventional
treatment

GV20, GB20, LI11,
LI4, ST36, GB33,
GB39, SP6

Conventional
treatment

30 min, 5 days,
4 weeks

NDS↓, FMA↑, MBI↑ ReHo in the frontal lobe (BA6, BA46),
supra-marginal gyrus (BA40), middle
temporal gyrus (BA21), cerebellum, and
insula↑

Wu et al. (2018) MCAO rats EA LI11, ST36 Non-EA 2/20 Hz, 30 min,
7 days from 24 h
after reperfusion

Neurological deficits↓; the
infarct volumes↓; catwalk
gait and rotarod test: the
motor function↑

The neural activity of CPu, MCTX, SCTX
regions↑

Liang et al. (2017) MCAO rats EA ST36, LI11 Non-EA 1/20 Hz, 6 V, 2 mA,
30 min, 7 days from
24 h after MCAO

Neurologic deficits↓; the
cerebral infarctions↓

The neural activity of motor cortex, dorsal
thalamus, and ST↑

Li et al. (2021) MCAO rats EA ST36, LI11 Non-EA 2/20 Hz, 30 min,
14 days from 24 h
after MCAO

Infarct volumes↓; mNSS↑;
motor functional
performances↑

The FC between the left motor cortex and the
motor function-related brain regions,
including the motor cortex, sensory cortex
and ST↑

Chen S. et al. (2020) Patients with
ischemic stroke in
the left hemiplegia
(n = 10)

MA ST36, LI11 Self-control Twisting for± 180◦ ,
60 circles per min,
15 min

- ReHo values at the right precentral gyrus and
superior frontal gyrus↑, ReHo values at right
LPs, left fusiform gyrus and left SMA↓

Chen J. et al. (2014) Patients with
ischemic stroke in
the left basal ganglia
(n = 24)

Acupuncture TE5 Sham acupuncture,
non-acupoint
acupuncture

Twisted for± 180◦ ,
60 circles, 6 min and
30 s

- The sensorimotor network of the ipsilesional
hemisphere is regulated, the contralesional
sensorimotor network is stimulated, the
cooperation of bilateral sensorimotor networks
is increased, and the synchronization between
the cerebellum and cerebrum is changed.

Huang et al. (2013) Patients with
ischemic stroke in
the left hemisphere
(n = 10)

MA Right TE5 Tactile stimulation 30-s twist and 30-s
rest, six times,
60 circles per min

- The activation of the postcentral gyrus (BA2,
BA3), precentral gyrus (BA4, BA6), medial
frontal gyrus (BA6)↑, the postcentral (BA3),
precentral gyrus (BA6)↓

(Continued)
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TABLE 3 (Continued)

Study Model/Objects Intervention Acupoints Comparison Acupuncture
parameters

Effect measurements Biochemical measurements

Huang et al. (2012) Patients with
ischemic stroke in
the left internal
capsule (n = 43)

MA Right TE5 Sham needling,
Non-needling

Twirling the
needling 180◦ ,
60 times, 3 min

- The activation of BA30↑ (Compared with the
non-needling group), BA13, 19, and 47↑
(Compared with sham needling at TE5), BA9↓
(Compared with needling at the sham point)

Fang et al. (2012) Patients with
ischemic stroke in
the right basal
ganglion region
(n = 6)

EA GV20, right GB7 Self-control 2 Hz, 20 min - First EA treatment: the activation of M1, PMC,
LPs bilaterally, SMA↑ on the unaffected right
hemisphere 3 weeks of EA treatments: Bilateral
M1 and LPs significantly↑, insula, putamen,
and cerebellum↑

Zhang et al. (2021) MICD rats EA GV20, GV24 Non-EA 1/20 Hz, 6 V, 0.2 mA,
30 min, 14 days from
24 h after MICD

MWM test: escape latency
times↓, the number of times
the platform crossed↑

FC between the RSC and hippocampus,
cingulate gyrus and midbrain↑

Wu et al. (2018) Ischemic stroke
patients

Acupuncture+
conventional
treatment

GV20, GB20, LI11,
LI4, GB33, ST36,
SP6, GB39

Conventional
treatment

30 min, 5 days/week,
4 weeks

MBI scores↑ The GMV of left frontal lobe, precentral gyrus,
superior parietal gyrus, anterior cingulate
cortex, middle temporal gyrus↑, the right
frontal gyrus, inferior parietal gyrus, middle
cingulate cortex ↓

Chen et al. (2013) Patients with
ischemic stroke in
the left hemisphere
(n = 10) and six
healthy controls
(n = 6)

EA Right TE5 Self-control Twirling the
needle± 180◦ ,
60 times, 6 min

- The activation of left BA5, 6, 7, 18, 19, 24, 32,
hypothalamus, the ventral posterolateral
nucleus, the right BA4, 6, 7, 18, 19, 32↑, left
BA13, the hypothalamus, posterior lobe of the
tonsil of cerebellum, the culmen of the anterior
lobe of hypophysis, right BA13↓; the
deactivation of the left BA6, 11, 20, 22, 37, 47,
the culmen of the anterior lobe of hypophysis,
alae lingulae cerebella, the posterior lobe of the
tonsil of cerebellum, right BA8, 37, 45, 47, the
culmen of the anterior lobe of hypophysis,
nodule of the anterior lobe of hypophysis,
inferior border of the lentiform nucleus, lateral
globus pallidus, the parahippocampal gyrus↑,
BA7↓

Liu et al. (2020) Patients with acute
infarction in the
middle cerebral
artery supply area in
the dominant
hemisphere (n = 30)

MA+ conventional
treatment

ISSA, needling at the
parietal midline
(MS5) and left
anterior/posterior
parietal-temporal
oblique lines
(MS6 and MS7)

Conventional
treatment

Twisting at
200 turns, 30 min,
two times a day, six
days

NIHSS scores↑; motor
function scores↑

Centered to the seed region of the left SMA,
FC at the left middle cerebellar peduncle, left
cerebellum posterior lobe (uvula and declive),
vermis, fusiform gyrus, lingual gyrus, inferior
occipital gyrus, calcarine, cuneus, precuneus,
BA7, BA18, and BA19, etc↑; Centered to the
seed region of the left PG, FC at the left
precuneus, inside-paracingulate, inferior
parietal gyrus, paracentral lobule, BA5, BA6,
BA7, and BA40, right median cingulate,
precuneus, BA19, BA23, and BA31, etc↑.

Notes: ↑, upregulated by acupuncture; ↓, downregulated by acupuncture. Abbreviation: MCAO, middle cerebral artery occlusion; EA, electroacupuncture; GV20, Baihui; GB7, Qubin; BDNF, brain-derived neurotrophic factor; GV14,
Dazhui; GFAP, glial fibrillary acidic protein; NF-κB, Nuclear Factor kappa B; TNF-α, Tumour Necrosis Factor alpha; iNOS, Inducible nitric oxide synthase; MAPK, mitogen-activated protein kinases; TRADD, TNFR1-associated death
domain protein; FADD, Fas-associated protein with death domain; BL23, Shenshu; BL17, Geshu; PSD, post-synaptic density; NGF, Nerve growth factor; LI11, Quchi; ST36, Zusanli; BrdU, 5-bromo-2’-dexoyuridine; CDK4, cyclin-dependent
kinase 4; p-Rb, phosphorylated retinoblastoma protein; IL-1β, interleukin-1beta; IL-10, interleukin-10; P2X7R, P2X7 receptor; P2Y1R, P2Y1 receptor.
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Mechanisms of astrocyte regulation of
neuroplasticity

Astrocytes have an important effect on neuroplasticity. In
addition to secreting NTFs, astrocytes can also secrete or express
specific mediators that regulate the number, morphology,
and function of synapses, such as Maverick (a member
of TGF-β superfamily), Hevin/Sparcl1, and thrombospondin.
Cholesterol synthesized by astrocytes can significantly enhance
the transmission efficiency of synapses, which is also promoted
by glutamic acid and homocysteine released by astrocytes.
D-serine plays an essential role in the induction of LTP without
apparent effects on normal synaptic transmission (Allen and
Eroglu, 2017). On the other hand, reactive astrocytes subsets
residing within hundreds of microns from the infarcted area
are involved in the formation of glial scar separating the
infarct from the surrounding intact brain tissue. However, the
overgrowth of astrocytes is detrimental because the upregulation
of extracellular matrix proteins and other inhibitors of cell
growth can prevent the effective regeneration of axons (Silver
and Miller, 2004). For example, the deposition of chondroitin
sulfate proteoglycans released by astrocytes via RhoA/ROCK-
mediated pathways restricts neuroplasticity in the proximity
of the glial scar, permitting the reconstruction of the neural
circuit only distal sites (Carmichael et al., 2005; Sims and Yew,
2017).

The number of cells double-positive for GFAP/BrdU,
GFAP/vimentin (expressed in radial neuroglia cells and neural
and glial precursors), and GFAP/nestin in the cortex and
striatum of MCAO rats was further increased 3 days after the
EA of LI11 and ST36, indicating that EA can promote the
proliferation of astrocytes in the cortex and striatum. At the
same time, increased expression of cyclins, including cyclin
Dl, cyclin-dependent kinase 4 (CDK4), and phospho-Rb, in
the cortex and striatum regulates the activation of the G1-
to-S transition, suggesting reactive astrocyte proliferation. In
addition, EA enhanced the local expression of BDNF in the
cortex and striatum. Together, these results indicated that EA
plays a neuroprotective role by stimulating the proliferation
of GFAP/vimentin/nestin-positive reactive astrocytes, which,
in turn, secrete BDNF (Tao et al., 2016). It may be reflected
in improving the structural characteristics of the synaptic
interface, including numerical density, surface density, volume
density, and gap width of the cortical synapse, enhancing
the transmission function of the synapse, and modifying its
structure and function, thus stimulating the regeneration of
nerves and repair of the injury (Allen and Eroglu, 2017).
At a later stage, acupuncture can increase the formation
of new neurons and inhibit the excessive proliferation and
differentiation of astrocytes, preventing the inhibition of axon
regeneration by the excess of harmful substances (Jiang et al.,
2016). It has been demonstrated that in the traumatic brain
injury model not in cerebral infarction model, the number of

BrdU/GFAP double-positive cells in the rats after acupuncture at
GV20, GV26, Fengfu (GV16), GV15, and bilateral LI4 acupoints
was significantly higher than that in the untreated group, which
decreased to the same level as that in the untreated group at
7 days, reaching the same value as that of the sham-operated
rats at 14 days, while the level remained higher in the injured
animals not treated with acupuncture. These investigations
demonstrated that acupuncture is conducive to the moderate
proliferation and differentiation of astrocytes.

Mechanisms of microglia regulating
neuroplasticity

Resident microglia perform a variety of functions in
response to the pathological changes associated with the
ischemic injury. They can rapidly change their morphology
and migrate to the site of injury, affecting the integrity of
neurons, changing synaptic input and activity, and activating
neurogenesis. All these processes are beneficial to the recovery
and reconstruction of neural function (Pocock and Kettenmann,
2007; Morrison and Filosa, 2013). Activated microglia
complement receptor 3 can trigger LTD of peripheral neurons
by regulating nicotinamide adenine dinucleotide phosphate
oxidase, one of the main mediators of stroke neurotoxicity
(Zhang et al., 2014). Another study showed that after cerebral
ischemia, the activity-dependent connection between microglia
and synapses was significantly prolonged for approximately 1 h,
while the connection in the intact brain was maintained for
approximately 5 min, suggesting that microglia can regulate LTP.
This ability of microglia is critical for the reconstruction of the
neural circuit after cerebral ischemic injury (Wake et al., 2009).
Stimulation of microglia with low levels of interferon-gamma
(IFN-γ) promotes early neurogenesis after stroke (Butovsky
et al., 2006). In the chronic stage of ischemia, 16 weeks, the
expression of IGF-1, GDNF, and BDNF in the M2 microglia in
the ipsilateral SVZ (Ekdahl et al., 2009), generates conditions
conducive to the continuous neurogenesis and recovery
of function (Neumann et al., 2006; Nakajima et al., 2008).
Additionally, microglia secrete chemokines, such as stromal
cell-derived factor-1 α, which can bind to its receptor C-X-C
chemokine receptor 4 (CXCR4) that is highly expressed in
neural progenitor cells, promoting the migration of NSCs to the
infarcted area.

At present, most of the research on the action of
acupuncture on the neurological deficits of ischemic stroke
has been from the perspective of reducing neuroinflammation,
represented by reducing microglial activation and the release
of proinflammatory mediators and neurotoxic substances. For
example, Huang et al. (2017) performed EA on GV20 and
GV24 for 7 days, and the results showed that EA could
improve the neurological deficits and motor function of MCAO
rats, as well as playing an anti-inflammatory role by reducing
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the secretion of interleukin-1beta (IL-1β) and promoting the
release of IL-10 (Huang et al., 2017). However, there is little
clinical and experimental evidence of the role of microglia in
the acupuncture-mediated modulation of neuroplasticity after
ischemic stroke, and this should be addressed in future research.

In conclusion, the role of glial cells in neuroplasticity has
become an important research topic. These cells not only secrete
NTFs and other factors but also transmit signals through their
interaction with neurons. However, much is still not understood,
specifically, the involvement of glial-neuronal interactions on the
regulation of neuroplasticity by acupuncture.

Acupuncture promotes the
functional reorganization of
different brain regions

The functional reorganization of different brain regions
after cerebral ischemic injury depends on the plasticity
of both individual neurons and the functional networks
of the brain, including contralateral transfer, ipsilateral
functional compensation, and the activation of latent pathways.
Experimental models of stroke in mice, rats, and monkeys
allowed the identification of new connections formed in
the ipsilateral cerebral hemisphere between the motor,
somatosensory, and premotor areas of the cerebral cortex
adjacent to the stroke. Stroke can also induce new connections
between frontal motor regions and parts of the brainstem or
spinal cord that have lost their projections from the stroke
region in the contralateral hemisphere (Carmichael et al., 2017).
At the same time, increased cerebral blood flow and excitability
in the contralateral cortex contribute to recovery from stroke.
There is simultaneous compensation within the ipsilateral and
contralateral hemispheres, although this is dependent on the
dominant hemisphere. For example, when a cortical lesion is
large, the compensatory effect of the ipsilateral residual cortex
is weakened, while the contralateral compensatory effect is
enhanced (Fang et al., 2012). The functional compensation of
both the tissue surrounding the lesion and the contralateral
hemisphere may be explained by the activation of latent
pathways or dormant synapses (Xiao et al., 2017). Acupuncture
has been suggested to be complementary to mainstream
rehabilitation after stroke, promoting the improvement of
motor, sensory, cognitive, and other impairments, and is
closely related to the activation of the corresponding brain
areas (Li et al., 2015; Wu J. et al., 2017; Wen et al., 2018). This
section explains the underlying functional plasticity mechanism
activated by acupuncture during the regulation of neurological
deficits after stroke, as shown in Table 3.

Numerous imaging studies have revealed that acupuncture
can induce changes in bilateral brain regions or functional
connections between brain regions by stimulating unilateral

limbs, thus improving sensorimotor disorders after ischemic
stroke. Animal experiments showed that after EA treatment
at the LI11 and ST36 acupoints of the affected limbs, the
infarct volume of MCAO rats was significantly reduced and
motor function was recovered. It has been suggested that the
possible reason for this is that neural activity and functional
connections among brain regions related to motor function were
stimulated by EA, including the caudate putamen, motor cortex,
somatosensory cortex, dorsal thalamus, and striatum (Liang
et al., 2017; Wu P. et al., 2017; Li et al., 2021). Using regional
homogeneity (ReHo) analysis in a resting state in patients, it
was found that the ReHo values of the right precentral gyrus
and superior frontal gyrus were increased, and the ReHo values
of the right superior parietal lobule, left fusiform gyrus, and
left supplementary motor area were decreased after needling
LI11 and ST36 of the right (healthy) limb, indicating that
needling one side could stimulate changes in neuronal activity
in bilateral brain regions (Chen S. et al., 2020). Acupuncture at
the TE5 acupoint can regulate the sensorimotor network of the
ipsilateral hemisphere, stimulate the contralateral sensorimotor
network, enhance the synergy of the bilateral sensorimotor
network, and alter the synchronicity between the cerebellum and
the brain (Chen L. et al., 2014). The application of acupuncture
together with twisting manipulation affected broad areas of the
brain, influencing the contralateral intact hemisphere in patients
with unilateral cerebral apoplexy of the primary sensorimotor
area and the medial frontal cortex, which suggested that the
effects of acupuncture are redistributed throughout the cortex,
including the unaffected hemisphere, thereby enhancing the
effect of the compensatory process (Huang et al., 2013). For
example, the brain region responsible for motor execution and
the limbic system of the affected hemisphere were activated
by acupuncture at TE5, as well as the brain region related
to motor execution and the cerebellum of the unaffected
hemisphere. At the same time, improving glucose metabolism in
the affected hemisphere also contributes to brain compensation
(Huang et al., 2012). EA at GV20 and right GB7 resulted in
immediate changes in glucose metabolism in both hemispheres
in response to excitatory changes in various brain regions,
including bilateral effects in the primary motor area (M1),
premotor cortex, and superior parietal lobule (LPs), as well as
the supplementary motor area in the unaffected hemisphere. The
effect was still apparent 3 weeks after the acupuncture treatment
with significant changes observed in glucose metabolism in
bilateral M1 and LPs, as well as in other sites such as the insula,
putamen, and cerebellum (Fang et al., 2012). These studies
show that acupuncture activated bilateral motor areas of the
brain, as well as neural tissues related to motor activity, to
promote motor function after ischemic stroke. There is, thus,
functional reorganization of multiple affected and unaffected
areas of the cerebral cortex, and activation of potential functional
areas to enhance compensation, especially in the unaffected
hemisphere.
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EA at GV20 and GV24 can improve cognitive dysfunction
in rats after ischemic stroke, and its protective effect may
be related to the activation of cognition-related brain regions,
such as the hippocampus, retrosplenial cortex, cingulate gyrus,
prelimbic cortex, and sensory cortex (Wen et al., 2018), as well
as increasing the functional connectivity of these regions (Zhang
et al., 2021). Other studies have reported that acupuncture
can cause the structural restructuring of the network of the
frontal lobe and default mode network (Wu et al., 2018).
These brain regions may be the potential therapeutic targets
and mechanisms for acupuncture to promote motor and
cognitive recovery. In addition to movement, sensation, and
cognition, acupuncture can also regulate brain regions related
to visual function. For example, acupuncture at TE5 resulted
in modulation of brain regions such as BA18 and BA19 (Chen
et al., 2013). The International Standard Scalp Acupuncture,
namely, acupuncture of the parietal midline (MS5) and left
anterior/posterior parietal-temporal oblique lines (MS6 and
MS7), can regulate functional brain connections in the dominant
hemisphere of patients with acute middle cerebral artery
infarction, and specifically strengthen the connections among
vision-related brain regions such as BA18 and BA19, and the
calcarine, fusiform, and lingual gyri (Liu et al., 2020). At present,
most of the imaging studies on the use of acupuncture in the
treatment of ischemic stroke have focused on improving the
relationships between motor, sensory, and cognitive impairment,
and functional compensation in bilateral brain regions, while
the neurophysiological mechanism underlying the functional
integration of the various CNS components after ischemic stroke
remains to be investigated.

Discussion and conclusion

The selection of acupoints is critical to the acupuncture
process. Clinical investigations have emphasized specific
treatments and have aimed to verify the effectiveness of
acupuncture for the different sequelae of ischemic stroke,
such as hemiplegia, dysphagia, and cognitive impairment.
Although acupuncture treatments may vary according to the
different types of functional impairment, they all comply
with the principle of integral-local combination, that is, the
acupoints in the functional areas of the brain are matched
with those in specific lesion areas. These acupoints are
located on yang meridians, especially Yangming and Shaoyang
meridians, which have been verified by Dr. Zhang et al. (2018)
through data mining technology (Zhang et al., 2018). Basic
research solves a specific scientific question and emphasizes
standardized acupuncture techniques and repeatability,
resulting in differences between the treatment protocols in
clinical and basic research. The selection of acupoints in basic
research partially follows the clinical principle of integral-local
combination, and many studies use head or body acupoints

alone. Single or no more than five acupoints are generally used
in basic research, with most of the selected acupoints used
being acupoints that have been found to be effective in clinical
practice, such as GV24, GV20, ST36, LI11, and TE5.

The neuroprotective effect was influenced by the different
frequencies and waveforms of EA. Through the analysis of
the data, we found that density-sparse waves were the most
used, such as 1/20 Hz and 2/10 Hz. Previous studies have
shown that the neuroprotective effect generated by density-
sparse waves is the most marked, followed by intermittent
waves, with continuous waves performing the worst. The reason
may be that the density-sparse wave can activate different
signaling pathways through conversion between low-, medium-,
and high-frequency stimuli, to stimulate the release of different
types of neurochemicals, leading to the neuroprotective effect,
while the continuous wave can induce tolerance to electrical
stimulation (Li and Wang, 2013). In addition, the acupuncture
period is also one of the important factors affecting the curative
effect of acupuncture. We observed that EA for 5 and 30 min
has a superior effect in reducing the sizes of the ischemic
cerebral infarction and neurological deficits, consistent with the
conclusions of previous studies (Zhou et al., 2013).

The intervention time window of acupuncture is of great
significance to the prognosis of ischemic stroke. In this review,
most of the acupuncture intervention time point in the included
basic studies was 24 h following the induction of MCAO, but a
few studies carried out acupuncture intervention at 3 and 5 days
after modeling. The duration of acupuncture ranged from 3 to
21 days. In terms of clinical research, a systematic review and
network meta-analysis on the efficacy and safety of dissimilar
acupuncture intervention time-points in treating stroke found
that the faster the acupuncture intervention, the more effective
it is in improving FMA score and BI. The optimal time point
for acupuncture intervention is within 48 h after stroke, and
the significant validity period lasts until 15 days after onset
(Zhuo et al., 2021). Therefore, both clinical and basic studies
suggest that acupuncture treatment within 24 and 48 h after
cerebral infarction is more beneficial. The period of acupuncture
treatment was less than 3 weeks due to greater self-recovery
ability in animal models of cerebral infarction. Comparatively
speaking, the clinical stroke patients have a longer course of
disease, so in addition to giving acupuncture as early as possible,
longer acupuncture period can be implemented to promote
neuroplasticity and improve the sequelae of ischemic stroke.

In conclusion, spontaneous recovery takes place in the
damaged brain due to neuroplasticity after ischemic stroke.
However, the recovery is often incomplete, eventually leading to
neurological deficit. Several lines of clinical evidence have shown
that acupuncture can improve neurological deficits induced
by ischemic stroke, particularly dyskinesia, spasticity, cognitive
impairment, and dysphagia. Acupuncture plays a key role in
regulating neuroplasticity, as shown in Figure 2. Specifically,
acupuncture promotes the replacement of functional cells that
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FIGURE 2

Schematic representation showing the modulation of neuroplasticity by acupuncture after ischemic stroke by the promotion of functional
compensation and structural plasticity. The data of acupoint selection and mechanism are derived from the mechanistic studies by using
human and rodents. PC6, Neiguan; GV26, Shuigou; GV24, Shenting; GV20, Baihui ; GB7, Qubin; GB20, Fengchi ; GV14, Dazhui ; LI11, Quch i; LI10,
Shousanli ; TE5, Waiguan; LI4, Hegu; GB33, Xiyangguan; GB34, Yanglingquan; ST36, Zusanli ; ST37, Shangjuxu; GB39, Xuanzhong; LR3, Taichong;
KI3, Taixi ; SP6, Sanyinjiao; SP10, Xuehai ; EX-UE9, Baxie; NSCs, neural stem cells; NGF, nerve growth factor; BDNF, brain-derived neurotrophic
factor; GAP-43, growth associated protein-43; SYN, synaptophysin; NR1, N-methyl-d-aspartate receptor subtype 1; TRPV1, transient receptor
potential vanilloid subtype 1; PSD-95, postsynaptic density-95; LTP, long-term potentiation.

have died after stroke by stimulating nerve cell regeneration,
laying the structural foundation for the establishment of contacts
and synapses between the cells by promoting the growth of
new nerve processes or the regeneration of damaged axons, and
thus ultimately promoting information transfer by enhancing
structural connections and transmission by individual synapses,
neural networks, and brain regions, leading to neuroplasticity-
mediated structural reconstruction and functional recovery.
Glial cells represented by astrocytes and microglia, as well as
the NTFs secreted by them, such as BDNF and NGF, play
important roles in supporting and promoting the neuroplasticity
regulated by acupuncture. However, many factors have not
been discussed in depth in this review due to the lack of
direct evidence, for example, there are few studies on the
role of M2 microglia in acupuncture-regulated post-stroke
neural plasticity, which will be the focus of future research. In
addition, high-quality clinical trials and systematic investigation
of relevant mechanisms are needed to obtain more conclusive

evidence. For example, while it has been found in clinical studies
that many nuclei are activated after acupuncture, the conduction
paths of the neural circuits require confirmation by systematic
basic research. In addition, the compatibility of acupoints,
dose-effect relationships, time windows of intervention, and
other parameters, require in-depth investigation to promote a
greater clinical application of acupuncture in the treatment of
ischemic stroke.
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Glossary

2VO 2-vessel occlusion model
Akt protein-serine-threonine kinase
BDNF brain-derived neurotrophic factor
BI Barthel Index
BrdU 5-bromo-2’-dexoyuridine
CNS central nervous system
CREB cyclic adenylate monophosphate response element-binding protein
CST corticospinal tract
CXCR4 C-X-C chemokine receptor 4
EA electroacupuncture
ERK extracellular signal-regulated kinase
F-actin Filamentous actin
FMI Fugl-Meyer Assessment scale
FOXG1 forkhead box protein G1
GAP-43 growth associated protein-43
GDNF glia cell line-derived neurotrophic factor
GFAP glial fibrillary acidic protein
GSK3 glycogen synthase kinase 3
IFN-γ interferon-gamma
IGF insulin-like growth factor
IL-10 interleukin-10
IL-1β interleukin-1beta
JAK2 Janus-activated kinase 2
LIMK1 LIM domain kinase 1
LPs superior parietal lobule
LTD long-term depression
LTP long-term potentiation
M1 primary motor area
MAPK mitogen-activated protein kinase
MCAO middle cerebral artery occlusion
miRNAs miRs, microRNAs
MSCs mesenchymal stem cells
NGF nerve growth factor
NogoA Neurite outgrowth inhibitor A
Notch1 Neurogenic locus notch homolog protein 1
NPCs neural precursor cells
NR1 N-methyl-d-aspartate receptor subtype 1
NR4R3 nuclear receptor subfamily 4, group A, member 3
NSCs neural stem cells
NT-4 neurotrophin-4
NTFs neurotrophic factors
PI3K phosphatidylinositol-3-kinase
PirB paired immunoglobulin-like receptor B
PRG5 plasticity-related gene 5
PSD postsynaptic density
PTEN Phosphatase and tensin homolog deleted on chromosome 10
RA Retinoic Acid
Rac1 RAS-related C3 botulinus toxin substrate 1
RCTs randomized controlled trials
RhoA Ras homolog family member A
ROCK Rho-associated coiled-coil-containing protein kinase
SCI spinal cord injury
SGZ subgranular zone
SOX2 SRY-box transcription factor 2
STAT3 signal transducer and activator of transcription 3
SVZ subventricular zone
SYN synaptophysin
TNF-α tumor necrosis factor alpha
TrkA tropomyosin-related kinase A
TrkC tropomyosin receptor kinase C
TRPV1 transient receptor potential vanilloid subtype 1
VEGF vascular endothelial growth factor
ZNF423 zinc finger protein 423
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