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Ischemic stroke is usually accompanied by white matter damage. The effect of electroacupuncture (EA) on ame-
liorating white matter damage is still unclear. The purpose of this study was to explore the precise mechanism
of EA in treating ischemic white matter.

In this study, 40 Sprague-Dawley rats were randomly divided into 4 groups: normal group, the sham-operated
group, model group, and EA group. The stroke model was established by right middle cerebral artery occlusion,
and EA was performed 24 h after the operation for 30 min per day. After 14 days of treatment, brain tissue
samples were collected. Hematoxylin and eosin and Luxol fast blue staining were used to observe the chang-
es of white matter damage in the internal capsule (IC). The expression levels of myelin basic protein (MBP),
Nogo-A, and Nogo-A receptor (NgR) were detected by immunohistochemistry and western blot.

Compared with the sham-operated group, the model group had decreased expression of MBP and significantly
increased expression of Nogo-A and NgR (P<0.05). Compared with the model group, the IC damage was allevi-
ated in the EA group. Immunohistochemistry and western blot analysis showed that EA significantly increased
the expression of MBP in white matter (P<0.05) and downregulated the expression levels of Nogo-A and NgR
(P<0.05).

The results of this study indicate that EA can inhibit the expression of Nogo-A/NgR and promote myelin sheath
regeneration.
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Background

Stroke is among the most serious diseases that threaten hu-
man health worldwide [1]. The 2019 Global Burden of Disease
Study showed that the majority of stroke survivors experi-
ence disability and dysfunction and require long-term reha-
bilitation [2]. Stroke can be divided into 2 types, ischemic and
hemorrhagic, and ischemic lesions account for approximately
80% of natural strokes [3,4].

Magnetic resonance imaging studies have shown that the internal
capsule (IC) is particularly vulnerable to cerebral ischemia, and in-
jury of the posterior limb of the IC through the corticospinal tract
(CST) is associated with motor impairment in ischemic stroke [5,6].
CST is the major white matter (WM) axonal pathway that facili-
tates neural communication between the brain and limbs and is a
major source of motor impairment, with microstructural damage
and axonal degeneration occurring in the CST of patients within
1 year after ischemic stroke. Nearly 90% of ischemic stroke pa-
tients show middle cerebral artery occlusion (MCAOQ) leading to
hemiplegia or hemiparesis [7]. In patients with cerebral anterior
circulation occlusion after a stroke, the microstructural integri-
ty of the specific CST is disrupted in the posterior limb of the IC,
resulting in direct white matter injury (WMI) or local edema [8].

Acupuncture is an important part of traditional Chinese med-
icine, and it has been widely used to treat clinical disorders
including poststroke dysfunction [9]. Electroacupuncture (EA)
is an extended treatment strategy of acupuncture that shows
high efficacy and safety for acute ischemic stroke [10,11]. In
recent years, many studies have corroborated the clinical ef-
ficacy of EA in rehabilitation of limb functions after a stroke
[12,13]. Animal experiments have shown that EA at the Baihui
and Zusanli acupoints can reduce the infarct volume induced
by ischemia and improve motor, sensory, and cognitive func-
tions [14,15]. In addition, EA was found to cause gene expres-
sion differences in neurotrophins/receptors, growth factors/re-
ceptors, transcription factors, and inflammatory factors; inhibit
autophagy and apoptosis-related proteins; and enhance func-
tional connectivity of the brain [16,17]. However, the mecha-
nisms through which EA improves poststroke WMI have not
been fully elucidated and warrant further study.

Nogo-A/Nogo-A receptor (NgR) signaling is one of the earliest
and most broadly studied myelin-related inhibitors discovered
so far; NgR is a high-affinity receptor for Nogo-A, oligodendro-
cyte myelin glycoprotein, and myelin-associated glycoprotein
[18,19]. Nogo-A/NgR plays an important role in the pathogen-
esis of ischemic stroke. Studies have confirmed that Nogo-A/
NgR mediates inhibition signals and can prevent axon regen-
eration, germination, and plasticity in the central nervous sys-
tem (CNS) [20-22]. Therefore, it may be a potential therapeu-
tic target for WMI after stroke.
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In this study, a rat model of cerebral ischemia was estab-
lished by the Longa Zea method to investigate the potential
molecular protective mechanisms of EA in ischemic WMI. Our
study showed that the neuroprotective effect of EA on isch-
emic WMI was associated with the inhibition of Nogo-A/NgR
pathway overexpression.

Material and Methods

Animals

A total of 40 adult male Sprague-Dawley rats (230+20 g) were
purchased from Qinglongshan Animal Experimental Center (an-
imal certificate no.: scxk (Hu) 2018-0004). Animals were housed
in a room under routine care conditions and had free access to
food and water. This study conformed to the recommendations
and protocols for the use of laboratory animals in China. All sur-
geries were performed under sodium pentobarbital anesthe-
sia, and every effort was made to minimize animal suffering.

Animal Grouping

Before surgery, rats were randomly divided into the following
experimental groups: normal group (normal), sham-operat-
ed group (sham), model group (MCAO), and electroacupunc-
ture group (EA). The normal group did not receive any treat-
ment. The sham-operated group underwent blood vessel and
nerve separation without filament insertion. Each group con-
tained 10 rats [14].

Stroke Model

In this experiment, we applied the MCAO model. The rats were
anesthetized by intraperitoneal injection of 1.5% pentobarbi-
tal sodium (2 mL/kg). They were then fixed on the operating
table in the supine position and routinely disinfected with io-
dophor. The right common carotid artery, external carotid ar-
tery, and internal carotid artery (ICA) were bluntly exposed
through a median cervical incision, and the vagus nerve was
carefully protected from injury. The proximal end of the ICA
was ligated, and the ICA was inserted into the MCAO filament
(Beijing Cinonech Co. Ltd, A2-2432, China), matching an inser-
tion depth of about (18.5+0.5) mm, such that the head end of
the filament passed through the beginning of the middle ce-
rebral artery to reach the anterior cerebral artery. The ICA was
then ligated with suture to fix the MCAO filament and pre-
vent bleeding. The incision was sutured routinely. For the sh-
am-operated group, the procedure was the same except that
the common carotid artery, external carotid artery, and ICA on
the right side were only separated bluntly without filament in-
sertion and artery occlusion. The stimulation and damage of
the vagus nerve was also avoided.
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Electroacupuncture

The rats in the EA group received acupuncture therapy 24 h
after MCAO surgery. Acupuncture needles (Hua Tuo, 0.30x25
mm, China) were used for stimulation. The selected acupoints
were Baihui (GV20, parietal bone center, oblique needling 2
mm) and left Zusanli (ST36, below the knee joint, 5 mm below
the fibular head, straight needling 7 mm). Dense-sparse wave
modulation at 1 mA, 2 Hz/10 Hz was introduced using a Hua
Tuo brand EA device (Suzhou Medical Supplies Factory Co. Ltd.,
SDZ-ll, China) for 30 min a day at 2: 00 PM, lasting for 2 weeks.

Hematoxylin and Eosin Staining

The tissue sections of the specific right IC region were evalu-
ated by hematoxylin and eosin staining (Biosharp Life Science
Co. Ltd, BL735B, China) to observe the pathological changes in
each group. Paraffin sections, 5 ym thick, were successively put
into xylene and ethanol gradients for dewaxing and stained
with hematoxylin solution for 8 min and then rinsed with dis-
tilled water for 1 min and differentiated with 1% HCl-alcohol
for several seconds. After being washed with phosphate-buff-
ered saline, slices were successively immersed in 70%, 85%, and
95% gradient ethanol for dehydration, followed by eosin stain-
ing for 1 min. The pathological morphology of the right IC was
distinguished under a light microscope at x400 magnification.

Luxol Fast Blue Staining

Luxol fast blue staining (LFB, Leagene Biotechnology, DK0009,
China) was used to identify the myelin sheath changes in the
right IC of rats in each group. Paraffin sections at a thickness
of 5 ym were conventionally dewaxed, immersed in LFB stain-
ing solution, and incubated at 60°C for 3 h. Slides were then
washed with 95% ethanol and rinsed in distilled water to re-
move excess dye. Tissue sections were placed in differentia-
tion solution and 70% ethanol for 10-15 s to stain. The differ-
entiation steps were repeated until a sharp contrast between
the corpus callosum and cortex developed, and the sections
were then dehydrated with ethanol. The images were collect-
ed using a microscope at x400 magnification, and the aver-
age optical density (equal to integrated optical density divid-
ed by area) of myelin staining in the right IC was analyzed by
Image-Pro Plus 6.0 software.

Immunofluorescence Staining

The paraffin sections were dewaxed in xylene and hydrated
through an ethanol gradient. The microwave method was car-
ried out for antigen retrieval; that is, sections were boiled in a
10 mM sodium citrate buffer at pH 6.0 for 15 min. Endogenous
peroxidase was inactivated by 3% H,0, for 10 min, and non-
specific antibody binding was then blocked by 5% goat serum
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for 30 min. The sections were incubated overnight at 4°C with
primary antibodies: myelin basic protein (MBP, 1: 100), Nogo-A
(1: 100), and NgR (1: 100). The sections were then incubat-
ed in horseradish peroxidase (HRP) anti-rabbit IgG secondary
antibody, and 3,3’-diaminobenzidine (DAB; TIANGEN Biotech,
PA110, China) was used to develop staining in the sections.
Ischemic IC was selected and average optical density was an-
alyzed using Image-Pro Plus software.

Western Blotting

IC tissues were isolated from the ischemic side of the brain on
ice, and neutral RIPA lysis buffer with 1% phenylmethylsulfonyl
fluoride was added to completely lyse the tissues. The tissues
were placed on ice for 40 min, and then centrifuged at 12000
rpm and 4°C for 30 min to obtain the supernatant. The super-
natant was added to 5x protein loading buffer at a ratio of 4: 1,
denatured in boiling water for 8 min, and stored at -80°C. Protein
homogenate samples (80 pg) were loaded onto a gel, and after
SDS-PAGE, transfer of the separated proteins to polyvinylidene
fluoride membranes was done at 110 V for 100 min. The mem-
brane was then blocked with 5% skimmed milk powder (0.1%
Tris-buffered saline with Tween [TBST]) at room temperature for
2 h. Membranes were incubated with antibodies against MBP
(Affinity, DF6539, 1: 1000, China), Nogo-A (Abcam, ab62024, 1:
1000, UK), NgR (Affinity, DF13593, 1: 1000, China), and GAPDH
(Affinity, AF7021, 1: 1000, China), respectively, overnight at 4°C.
After being washed 3 times (10 min each time) with TBST on
a decolorizing shaker at room temperature, membranes were
incubated with HRP-labeled goat anti-rabbit IgG (H+L) second-
ary antibodies (Beyotime Biotechnology, A0208, 1: 1000, China)
for 60 min at room temperature, then washed 3 times as de-
scribed above. The positive proteins combined with antibodies
were visualized by enhanced chemiluminescence kit (Beyotime
Biotechnology, PO018AS, China) and Amersham Imager 600
system. The bands were then quantified by ImageJ software.

Statistical Analysis

Data were analyzed in SPSS 18.0 and expressed as the
meantstandard deviation. One-way analysis of variance
(ANOVA) was conducted to test the differences among multi-
ple groups and the least significant difference (LSD) method
was performed subsequently to compare each group. P<0.05
was considered significant.

Results

Hematoxylin and Eosin Staining

The histopathology showed that WM fibers in the IC of the
normal group and sham-operated group were closely arranged
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and the nuclei were interspersed normally, no significant dif-
ference was observed between the 2 groups (P>0.05). The IC
of the MCAO group showed increased tissue damage, includ-
ing significantly increased vesicles, loosely arranged nuclei,
partial nuclear fragmentation, and blurring of nuclei (P<0.05).
Compared with the MCAO group, EA rats had normal-appear-
ing tissue structure and the area of vesicles was decreased,
and the cells had a proper nucleus distribution and clear nu-
clei (P<0.05). No statistically significant difference was found
between the EA group and the sham-operated group (P>0.05)
(Figure 1A, 1C).

LFB Staining

LFB staining was used to evaluate the morphological chang-
es of myelin in the IC. As shown in Figure 1B, the myelinated
nerve fibers in the normal group and sham-operated group
showed blue staining in the IC, whereas blue-stained fibers
were rarely observed in the IC of MCAO-injured rats, as shown
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by a decrease in the average optical density, indicating a mas-
sive loss of myelinated axons. In contrast, the average optical
density of the EA group was increased. LFB staining showed
that EA could enhance the blue staining of the MCAO group
and partially reduce the loss of IC myelin sheath induced by
MCAO (P<0.05). However, the average optical density for the
EA group was not significantly different from that for the sh-
am-operated group (P>0.05) (Figure 1B, 1D).

MBP Protein Expression

MBP protein was detected to evaluate myelin sheath integri-
ty in the IC of WM. As expected, MBP immunoreactivity was
strong in the normal and sham-treated rats, which indicated
the integrity of the WM. Compared with the sham-operated
group, the model group had weak MBP immunoreactivity within
the IC and the average optical density of MBP was significant-
ly reduced after MCAO on the 14t day (P<0.05), reflecting the
injury of the myelin sheath. At the same time, we examined

Normal Sham
HE
B
LFB
C
30
*
< 20
= 104
0
Normal Sham Model EA

Model EA

0.8
- —

e
%z 0.6
=
2
S
3 0.4
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=

0.0 T

Normal Sham Model EA

Figure 1. Effects of electroacupuncture (EA) on histopathological changes in the internal capsule (IC) of middle cerebral artery
occlusion (MCAO) rats. (A) Micrographs of hematoxylin and eosin (HE) staining in the IC. (B) Micrographs of Luxol fast blue
(LFB) staining in the IC. (C) Quantification of the vesicle area. (D) Quantification of the average optical density of myelin
sheath. Scale bars: 50 pm, magnification: x400, values are expressed as mean+standard deviation (n=5), * P<0.05 compared
with sham-operated group and * P<0.05 compared with model group.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€933253-4

Indexed in: [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Dong W. et al:
Inhibition of myelin sheath injury in a rat stroke model
© Med Sci Monit Basic Res, 2021; 27: €933253

ANIMAL STUDIES

A Normal Sham

MBP

Nogo-A

0.6

Average optical density of IHC

MBP Nogo-A

Model EA

[ Normal
M Sham
Il Model
HEA

NgR

Figure 2. Effect of electroacupuncture (EA) on myelin basic protein (MBP), Nogo-A, and Nogo-A receptor (NgR) protein expression was
examined through immunohistochemical staining. (A) The expression of MBP, Nogo-A, and NgR protein. (B) Quantitative
results of MBP, Nogo-A, and NgR protein. Scale bars: 50 pm, magnification: x400, values are expressed as meantstandard
deviation (n=5), * P<0.05 compared with sham-operated group and # P<0.05 compared with model group.

the expression of MBP after MCAO by western blot analysis.
The results indicated that the MBP protein levels were sig-
nificantly decreased after MCAO (P<0.05) in the model group
compared with the sham-operated group. Compared with the
MCAO group, MBP protein in the EA group was significantly
increased, indicating that remyelination had occurred after
14 days of EA treatment (P<0.05). However, no significant dif-
ference was found in the expression of MBP between the sh-
am-operated group and the EA group (P>0.05) (Figures 2, 3).

Nogo-A and NgR Protein Expression

To confirm whether the Nogo-A/NgR pathway was involved in
the effect of EA on MCAOQ, Nogo-A and NgR protein expression
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levels were examined through immunohistochemical staining
and western blotting. The immunohistochemical staining results
suggested that no significant difference existed between the
normal group and the sham-operated group (P>0.05). Compared
with the sham-operated group, the MCAO group had signifi-
cantly increased protein expression of Nogo-A/NgR (P<0.05);
however, compared with the MCAO group, the protein expres-
sion of Nogo-A/NgR significantly decreased in the EA group
(P<0.05). The western blot results indicated that no statisti-
cally significant difference existed between the normal group
and the sham-operated group (P>0.05), but Nogo-A/NgR ex-
pression increased in the MCAO group compared with the sh-
am-operated group (P<0.05), and the relative expression lev-
els of Nogo-A/NgR were significantly reduced in the EA group
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Figure 3. Effect of electroacupuncture (EA) on myelin basic protein (MBP), Nogo-A, and Nogo-A receptor (NgR) protein expression was
examined through western blotting. (A) The bands of MBP, Nogo-A, NgR, and GAPDH protein. (B) Quantitative results of MBP,
Nogo-A, and NgR protein. Values are expressed as mean+standard deviation (n=>5), * P<0.05 compared with sham-operated

group and * P<0.05 compared with model group.

compared with those in the MCAO group (P<0.05). The expres-
sion of Nogo-A and NgR did not differ between the sham-op-
erated and EA groups (P>0.05) (Figures 2, 3).

Discussion

The study of WM damage after stroke should be prioritized
because WM has less collateral circulation and a smaller blood
supply than gray matter, and ischemic stroke can therefore
rapidly and profoundly damage WM. In the pathophysiological
cascade of WM damage after stroke, glutamate and ATP cause
inflammation and oxidative stress, which ultimately lead to ol-
igodendrocyte death, axonal demyelination, structural damage
to the WM, and neurobehavioral impairment [23,24]. The IC
carries CST from the primary sensorimotor and premotor cor-
tex [25]. Focal posterior IC infarction induces long-lasting mo-
tor deficits associated with inflammation, axonal degeneration,
oligodendrocyte loss, and impaired differentiation in the in-
farct area [26,27]. Acupuncture therapy has been found to ac-
celerate cerebral WM perfusion and integrity and to promote
the recovery of neurological function in rats with bilateral ca-
rotid artery occlusion [28]. To better simulate the clinical pro-
cess of ischemic cerebral infarction, we inserted filaments into
the middle cerebral artery of rats to generate focal ischemia.
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EA, a form of acupuncture, is an important treatment in tradi-
tional Chinese medicine. After the occurrence of cerebral infarc-
tion, cerebral ischemia quickly leads to a reduction in regional
cerebral blood flow. Notably, EA stimulation of the forepaw in
aged rats can substantially increase blood flow in cortical brain
tissue [29]. The best treatment time to improve cerebral circu-
lation should be within 2-3 days after onset, but particularly
at 24 h, when apoptosis and brain edema reach a peak after
cerebral ischemia-reperfusion injury [30]. Typically, acupunc-
ture intervention within 2 days of a stroke is the best time to
achieve early recovery of motor function [31]. Therefore, the
time point chosen in this study was 24 h after MCAQ, thus re-
vealing the possible role of EA in the occurrence and progres-
sion and development of acute cerebral ischemia. In addition,
EA has the advantages of strong intensity, stable frequency, and
easy quantification [32,33]. In this study, we selected Baihui
and Zusanli (GV20, ST36), which are common acupoints that
demonstrate significant therapeutic effects [34,35]. According
to the theory of traditional Chinese medicine, GV20 is a gov-
erning vessel, whose function is to collect Qi around the body.
After stimulation of GV20, local Qi is dispersed and energiz-
es the whole body. ST36 is rich in Qi and blood and has the
ability to modulate the function of the whole body. Once the
Qi and blood are abundant, the body can be activated again.
In addition, Xu et al [36] showed that acupuncture and EA at
the GV20 and ST36 acupoints in cerebral ischemia/reperfusion
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injury rats significantly reduced the expression of the proin-
flammatory matrix metalloproteinase2 and aquaporin 4, and
significantly it was also shown to relieve inflammation-relat-
ed brain edema [37].

WM tracts transmit action potentials through myelin, there-
by supporting important communication between neurons.
Axonal injury delivers retrograde signals of injury to neuronal
cell bodies, which leads to selective neuronal damage and may
induce selective neuronal degeneration over time [38]. After
a stroke, reduced WM integrity can quickly occur in the pri-
mary lesion location, or it may be a delayed and distant con-
sequence of retrograde and/or retrograde axonal degenera-
tion [39]. Our results suggested that EA ameliorated WMI after
stroke, with a decrease in the vesicle area and a reduction in
the degree of myelin damage after EA intervention. Meanwhile,
the pathological changes of white matter at the histological
level were close to those in the sham-operated group, indicat-
ing that EA alters the damage in IC tissue with cerebral isch-
emia. The interaction between WM fibers depends on the in-
teraction between MBP expressed by oligodendrocytes [40].
MBP is a multifunctional protein involved in maintaining my-
elin compact structure by regulating myelin sheath forma-
tion around axons of some nerve fibers through complex sig-
nal transduction mechanisms [41]. In this study, we evaluated
myelin damage by analyzing the expression of MBP. MCAO de-
creased the expression of MBP in the ischemic IC, indicating
that myelin loss is a pathological hallmark of WM in ischemic
stroke. Early treatment with EA increased the expression of
MBP after ischemic injury, and relative to the sham-operated
group, the expression level of MBP was close to normal, sug-
gesting that 14 days of EA could alleviate myelin damage and
axonal stimulation in ischemic WM.

The repairability of CNS in the peri-infract area after stroke is
limited. Dingman et al [42] found that focal WM stroke mice
had a profound increase in oligodendrocyte progenitor cells
24 h after ischemia, which was sustained for up to 7 days, but
these new cells did not survive to maturity after WM stroke.
To further determine the protective effect of EA on myelin fi-
bers in ischemic WM, we employed immunohistochemistry and
western blot methods to detect the expression of Nogo-A and
NgR. Nogo-A is considered one of the most important inhib-
itors of axonal growth in CNS, and it is mainly expressed by
oligodendrocytes [43]. The Nogo-A region of Nogo-66 binds to
NgR1 to inhibit axonal regeneration [44,45]. Wang et al [46] ob-
served that Nogo-A was continuously highly expressed in oli-
godendrocytes in the ipsilateral ventroposterior nucleus within
4 weeks after distal MCAO and continuously expressed in oli-
godendrocytes, and meanwhile it was also distributed around
the damaged axons and dendrites. Although previous stud-
ies have found that Nogo-A plays a regulatory role in neurite
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growth inhibition, neuronal homeostasis, precursor migration,
plasticity, and neurodegeneration [47], its therapeutic mecha-
nism in the process of MCAO ischemic WMI has not been de-
scribed. Nogo-A knockout significantly decreased the levels of
Nogo-A and NgR1 in the hippocampus and cortex of cerebral
infarction area, increased the expression of the anti-apoptotic
gene Bcl-2, and inhibited the level of the pro-apoptotic gene
Bax, which indicated that inhibition of Nogo-A/NgR1/RhoA sig-
naling could effectively inhibit cerebral infarction induced by
ischemia and hypoxia [48]. A previous study in rats showed
that NgR mRNA and protein levels in the cortex and hippo-
campus decreased by 60% after a 24-h infusion of AD-NgR,
with animals regaining forelimb motor function [49]. Our re-
sults showed that compared with normal and sham-operated
rats, MCAO induced the expression of Nogo-A and NgR in IC;
that is, the average optical density of Nogo-A- and NgR-positive
oligodendrocytes in the IC of MCAO rats increased along with
the infarcted area. After 14 days of EA treatment, the average
optical density of Nogo-A- and NgR-labeled IC decreased. The
results showed that EA could attenuate the damage of apop-
totic oligodendrocytes in cerebral infarction area. In addition,
EA treatment attenuated expression of Nogo-A/NgR to the
level of the sham group, and it inhibited Nogo-A/NgR overex-
pression in the IC of the cerebral infarction area. Therefore,
a reasonable conclusion is that EA treatment can induce my-
elin sheath and axon regeneration by reducing Nogo-A/NgR
expression. The results of this study proved that Nogo-A/NgR
is strongly relevant in EA treatment of myelin sheath damage,
and they emphasized the necessity for further investigation
of EA in stroke treatment.

Conclusions

In this study, the MCAO method was used in a rat model to
determine the important role of EA in the repair of myelin af-
ter a stroke. We found that EA can accelerate the recovery
of infarcted brain tissue and neurological function 24 h after
stroke. Furthermore, EA promotes the formation of myelin in
damaged IC by regulating the Nogo-A/NgR signaling pathway.
However, the recovery of myelin induced by EA is a complex
process that involves many factors. We plan to have a sham
acupuncture group in future experiments and for further in-
vestigation. This study provides a potential molecular mech-
anism for the clinical efficacy of traditional Chinese medicine
in the treatment of cerebral infarction.

Declaration of Figures’ Authenticity
All figures submitted have been created by the authors, who
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