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Microglial activation and microglia-mediated inflammation play an important role in the occurrence, development, and outcome
of stroke. Brain injury induces the activation and release of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-
«), interleukin- (IL-) 16, and IL-6. Many studies have confirmed that acupuncture is effective in treating ischemic stroke.
However, its protective mechanism against ischemic brain injury is complex and multifactorial. In this study, we observed the
effects of electroacupuncture at Baihui (GV20) and Dazhui (GV14) on microglial activation and inflammation in the cortical
ischemic penumbra (IP) of permanent middle cerebral artery occlusion (pMCAO) rats. It was found that electroacupuncture
inhibited the degeneration and necrosis of microglia in the cortical IP and ameliorated mitochondrial damage. Immunofluo-
rescence and western blot analysis showed that microglia were in a resting state or weakly activated in the normal brain. After
cerebral ischemia, the expression of microglial markers (Iba-1 and CD11b) increased, and NF-xB p65, IL-1f3, and TNF-« ex-
pression gradually increased. The dynamic changes were generally temporally consistent. Electroacupuncture downregulated the
expressions of Iba-1 and CD11b. Additionally, it inhibited the expression of NF-«B p65, IL-1f3, and TNF-« and reduced the
conversion of microglia to the M1 phenotype after ischemia. Electroacupuncture regulated the activation of microglia and
microglia-mediated inflammation after cerebral ischemia, confirming the relevant theories regarding the effect of acupuncture
treatment on cerebral ischemia and guiding clinical practice.

1. Introduction in the brain and account for 5% to 20% of all glial cells [4].

Microglia are related to monocytes/macrophages based on
morphology, immune phenotypes, and biological functions.
They are inherent immune effector cells in the brain and are
considered to be the main immune effectors in the central

Stroke is the third leading cause of death after heart disease
and cancer and is associated with extremely high morbidity,
mortality, and disability rates [1]. Strokes can be classified as

ischemic or hemorrhagic, with 85% of them being ischemic
strokes [2]. The areas of the brain that are damaged during
ischemic stroke can be categorized as the ischemic core, in
which neurocytes immediately undergo apoptosis and
necrocytosis through an irreversible process, and the is-
chemic penumbra (IP), in which cells are fated to undergo
apoptosis but can still be protected from the apoptotic
process. Ischemic stroke is treated by rescuing cells in the IP
[3]. Microglia are important cells involved in the immune
reaction in the nervous system. They are widely distributed

nervous system. Microglia respond to central nervous sys-
tem damage through a signaling cascade [5]. Microglia are in
a resting state under normal conditions. When inflamma-
tion, infection, trauma, or other neurological insults occur in
the brain, microglia are quickly activated and participate in
phagocytosis [6]. When ischemic stroke occurs, microglia in
the injured area migrate to the edge of the lesion and dif-
ferentiate into two types: M1 microglia and M2 microglia
[7]. M1 microglia are activated within minutes after is-
chemic onset and lead to the production of various
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proinflammatory factors, such as IL-1f3 and TNF-«, which
aggravate brain damage [8].

The NF-«B signaling pathway is an important micro-
glial-related inflammatory signaling pathway. As a key signal
transduction factor for inflammatory responses, NF-xB
plays a central role in inflammatory cytokine-mediated
inflammation. NF-«B also plays an important regulatory role
in expanding the inflammatory response. NF-«xB can effi-
ciently induce the expression of inflammatory cytokines
(TNF-a, IL-1f3, IL-6, etc.), chemokines, adhesion molecules
(ICAM-1, VCAM-1), etc., to promote the inflammatory
cascade [9, 10]. Therefore, inhibiting excessive activation of
microglia, regulating the inflammatory response mediated
by the NF-«B signaling pathway, and promoting the se-
cretion of neuroprotective substances by microglia are po-
tential strategies for treating ischemic stroke.

A large number of clinical studies have confirmed that
acupuncture is effective in treating stroke. However, the
protective mechanism of acupuncture against ischemic
brain injury is complex and multifactorial [11]. Its thera-
peutic mechanism may be related to the resident cells that
regulate the central system, antiapoptotic effects induced via
direct intervention in intrinsic and extrinsic pathways or
related pathways, regulation of neurochemicals involved in
the ischemic cascade, regulation of cerebral blood flow via
angiogenesis, and modulation of vasoactive mediators [12].
It has been reported that electroacupuncture improves
motor impairment by inhibiting microglia-mediated neu-
roinflammation, which invoked NF-«B p65, p38 MAPK, and
MyD88 to produce proinflammatory cytokines in the peri-
infract sensorimotor cortex of rats following ischemic stroke
[13]. Electroacupuncture can improve neurological injury in
middle cerebral artery occlusion (MCAO) rats, attenuate
inflammation, and inhibit the activity of the TLR4/NF-xB

Evidence-Based Complementary and Alternative Medicine

signaling pathway in microglia [14]. Other studies have
shown that acupuncture or electroacupuncture pretreatment
can reduce microglial activation in the hippocampi of rats
with cerebral ischemic injury and inhibit oxidative stress
[15].

Our previous studies revealed that electroacupuncture
treatment effectively protected or repaired cerebral neurons
and blocks abnormal activation of the JAK2-STAT3 signal
transduction pathway [16-18]. Additionally, after cerebral
ischemia, acupuncture has a positive regulatory effect on the
correlation between synaptic reconstruction and glial cells
and maintains calcium homeostasis [19]. However, there
have been few reports regarding the mechanism by which
electroacupuncture regulates microglial activation-mediated
inflammation after ischemic stroke. Therefore, this study
aimed to elucidate the effects of electroacupuncture at Baihui
(GV20) and Dazhui (GV14) on morphological changes in
microglia, microglial activation, and the NF-xB-mediated
inflammatory response after cerebral ischemia and the
underlying mechanism.

2. Materials and Methods

2.1. Animals. All experiments were carried out in adult male
Sprague-Dawley rats (240~280 g) obtained from the Animal
Experiment Center of Guangzhou University of Chinese
Medicine. The experimental procedures and protocols used
in the study were approved by the Animal Experiment Ethics
of Guangzhou University of Chinese Medicine, China. The
rats were randomly divided into the sham surgery group,
model group, and electroacupuncture group. Each group
was divided into 2 h, 1 d, and 3 d subgroups according to the
time point after cerebral ischemia.
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by transmission
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2.2. Induction of Permanent Middle Cerebral Artery Occlusion
(pMCAO). A model of permanent focal cerebral ischemia
was established following the modified Longa’s method [20].

A 2.0 monofilament nylon suture (Ethicon Inc., Osaka,
Japan) was inserted into the right external carotid artery
(ECA), and the ECA, right common carotid artery (CCA),
and internal carotid artery (ICA) were isolated. The
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pterygopalatine artery was not separated or ligated. The
proximal ends of the CCA and ECA were ligated, and an
arterial clip was used to clamp the distal end of the CCA.
After the nylon suture was inserted into the CCA, the silk
thread was tightened to ensure that the thread was able to
pass through the artery without bleeding or loosening of the
arterial clamp. The nylon suture was inserted into the CCA
and ICA approximately 18-20mm, and insertion was
stopped when resistance was encountered [21]. The thread in
the CCA was tightened, the incision was sutured, and the
wound was disinfected. In the sham surgery group, the ICA
of each rat was exposed, but a nylon suture was not inserted.
MCAO surgery was carried out under general anesthesia
(1.5% isoflurane in 68.5% N,O and 30% O,). For euthanasia,
3% sodium pentobarbital (40 mg/kg, intraperitoneal injec-
tion) was used. All efforts were made to minimize suffering.

2.3. Electroacupuncture Treatment. The electroacupuncture
groups (EA) were treated with electroacupuncture after
MCAO and were applied to Baihui (GV20) and Dazhui
(GV14). Sterilized disposable stainless-steel acupuncture
needles (0.30 mm x 15 mm, Huatuo Medical Devices Co.,
Ltd., Suzhou, China) were inserted into Baihui (GV20) to a
depth of approximately 8 mm and inserted into Dazhui
(GV14) to a depth of approximately 10 mm (Figure 1). The
two needles were connected to a G6805 electroacupuncture
apparatus (Huayi Medical Instrument Co., Ltd., Shanghai,
China), and sparse-dense waves were applied. The modu-
lation frequency of the waves was 20 times/min, and the
current intensity was approximately 1-2 mA. The duration of
electroacupuncture treatment was 30 min once per day.

2.4. Transmission Electron Microscopy Analysis and Collection
of Cortical Brain Tissues. Brain tissues were collected from
two rats from each group, and 1 mm x 1 mm x I mm cere-
bral cortex tissue samples were harvested from the ischemic
penumbra areas of the pMCAO rats. The samples were
placed in 2.5% glutaraldehyde at room temperature for 1h,
fixed at 4°C overnight, and rinsed with 0.1% PBS 4 times for
15 min/wash. The tissues were fixed with 1% osmium te-
troxide for 1 h (4°C) and then washed with 0.1% PBS solution
4 times for 15 min/wash. The brain tissues were dehydrated
in acetone and embedded in Epon812, and ultrathin sections
were obtained after optical positioning of semithin sections.
Dual staining with uranium acetate and lead citrate was
performed. After staining, a Hitachi H-7500 transmission
electron microscope (JEOL, Tokyo, Japan) was used to
observe the sections and collect images. One copper screen
was observed for each rat, and 5-8 photos were taken for
each copper screen. The negative was amplified 15,000 times.

2.5. Immunofluorescence and Confocal Microscopy. Rats
were perfused with 4% paraformaldehyde. Frozen coronal
slices (14um) were obtained with a cryostat (CM3050S;
Leica Microsystems, Wetzlar, Germany). Tissue sections
were incubated with 0.3% Triton X-100 (Sigma-Aldrich) and
5% goat serum (Boster, China) for 1h at 37°C. The sections

were incubated with the following primary antibodies at 4°C
overnight: rabbit anti-Iba-1 (1:1000, Wako, Japan) and
mouse anti-CD11b (1:200, Bio-Rad, Hercules, CA). Then,
the sections were washed with PBS and incubated for 1h at
room temperature with fluorescent conjugated secondary
antibodies, goat anti rabbit Alexa Fluor 555 (1 : 800, Abcam,
Cambridge), goat anti-mouse Alexa Fluor 594 (1:800,
Abcam, Cambridge). The nuclei were stained with DAPI (1 :
5000, Sigma-Aldrich) for 5min at room temperature. The
tissue sections were viewed with a confocal laser scanning
microscope (Eclipse-Ti, Nikon, Japan). Counts are expressed
as the number/mm?” in images at 40x magnification. Five
fields of cortical microglia in the ischemic penumbra were
scanned. A researcher blinded to the treatment groups used
imaging analysis software (NIS-Elements Viewer 4.50) to
count the positive cells.

2.6. Western Blotting. Western blotting was performed
according to a previously described procedure [22-24].
Briefly, cortical tissues of the rats were removed, and the
lysed samples were placed in centrifuge tubes. The ho-
mogenates were centrifuged at 12,000 r/min for 20 min to
obtain the supernatants, and the total protein concentrations
were detected using a BCA protein assay kit (P0012,
Beyotime, China). Then, 50 mg of protein per sample was
separated on SDS-PAGE gels (4%-20% gradient) and
transferred to PVDF membranes (Millipore, Billerica, MA).
After the membranes were blocked with 5% nonfat milk in
0.05% PBS for 2 h, they were incubated at 4°C overnight with
rabbit anti-TNF-a (1:500, Abcam, Cambridge), rabbit anti-
IL-18 (1:500, Abcam, Cambridge), rabbit anti-NF «B P65
(1:500, Abcam, Cambridge), and rabbit anti-f-actin anti-
bodies (1:1000, Sigma-Aldrich). Then, the cells were in-
cubated with HRP-conjugated goat anti-rabbit IgG (1 : 5000,
BA1054, Boster, China) for 1h at 37°C. The immunoblots
were probed with an ECL Plus kit (P0018, Beyotime, China),
and the bands were quantified by densitometry using Image]J
software.

2.7. Statistics. Statistical analysis was performed using SPSS
analytical software 21.0 (SPSS Inc., USA). The data are
presented as the mean + SEM. One-way ANOVA followed
by the LSD test was used to compare multiple groups with
one variable. If the data did not pass the normality test, a
Kruskal-Wallis test followed by Dunn’s multiple compari-
son test was used. Statistical graphs were generated with
Prism V6.0 software (GraphPad Software Inc., USA). The
statistical tests were two-tailed, and the level of significance
was set at P <0.05.

3. Results

3.1. Ultrastructural Changes in Microglia in the Cortical Is-
chemic Penumbra of pMCAO Rats. In the sham surgery
groups, the cortical microglia had a regular shape, cell bodies
were small, and the shapes were oval or slender. The cell
membranes were intact and clear, and there were abundant
organelles in the cytoplasm. Most of the mitochondria were
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FIGURE 1: Schematic diagram indicating the two acupoints: Dazhui (GV14) and Baihui (GV20). Dazhui (GV14) is located in the middle of
the back between the 7th cervical vertebrae and the 1st thoracic vertebrae. Baihui (GV20) is located in the middle of the parietal bone.

rod-shaped or elliptical. The lysosomes, endoplasmic re-
ticulum, and Golgi structures were normally distributed and
clear. The microglia exhibited complete nuclear membrane
boundaries, and the nuclei were flat or jagged. Fine eu-
chromatin was uniformly distributed in the nucleus, and
heterochromatin was abundant (Figure 2(b)).

At 2 hours after cerebral ischemia, the microglia in the
cortex surrounding the ischemic area of the model groups
and the electroacupuncture groups showed varying degrees
of morphological changes. The membranes were incomplete.
Mitochondria swelled slightly, some mitochondrial ridges
were broken, and the endoplasmic reticulum expanded. The
nuclei were irregularly shaped and showed perinuclear
spaces, chromatin distribution was abnormal, and hetero-
chromatin was clumped together (Figures 2(c) and 2(f)).

Microglial cell membranes were defective and even
absent in the 1d model group. The cytoplasmic cavity was
empty, the mitochondria were swollen, and some mito-
chondria were broken. The nuclear membranes were in-
complete or ruptured, and heterochromatin was clumped
together or even overflowed out of the nucleus. Degener-
ation and necrosis of cortical microglia was alleviated in the
1 d electroacupuncture group compared to the model group,
and fewer cytoplasmic cavities were observed. There were
some autophagosomes and scattered lysosomes in the cy-
toplasm. The nuclear membranes were not clear, but there
was less overflowing chromatin in the electroacupuncture
group than in the model group (Figures 2(d) and 2(g)).

In the 3d model group, some of the microglial cell
membranes were absent, and a large number of flaky or
blocky spaces appeared in the cell. The number of intracellular
organelles was significantly reduced, severe mitochondrial
swelling was observed, and the mitochondrial ridges were
partly or completely absent. Some nuclear membranes were
lysed, the nuclei were irregularly shaped, and chromatin was
agglutinated. Although the microglial membranes were fuzzy
and defective in the electroacupuncture group, organelle
destruction was reduced compared with that in the model
groups. The mitochondria were slightly swollen, and the
endoplasmic reticuli had expanded. Karyopyknosis was not
obvious (Figures 2(e) and 2(h)).

3.2.  Electroacupuncture  Modulated pMCAO-Induced
Microglial Activation. Iba-1 is widely used as a microglial
marker [25,26]. In this study, we observed only a small
amount of Iba-1 expression in the sham surgery group. Two
hours after ischemia, the number of Iba-1 positive cells
began to increase in the model group, and microglia
appeared activated. The number of Iba-1-positive cells in the
2h model group was significantly different from that in the
sham surgery group (P <0.05), but was not significantly
different from that in the electroacupuncture groups at the
same time point after ischemia (P>0.05). One day after
cerebral ischemia, the mean fluorescence intensity (MFI) of
Iba-1 in the model groups was obviously higher than that in
the sham surgery groups (P <0.01). Electroacupuncture
significantly diminished the expression of Iba-1. The MFI of
Iba-1 gradually decreased from 1d to 3 d after pMCAO, and
electroacupuncture positively regulated microglial activa-
tion (P <0.05) (Figures 3(a)-3(c)).

CD11b (OX42) is a macrophage-specific protein, and it
is a marker of M1 microglia. A study by Hu X involving real-
time PCR and immunofluorescence showed that M1-related
genes (iNOS, CD11b, CD16, and CD32) begin to increase 3 d
after cerebral ischemia and had continued to increase until
14d [27]. In this study, CD11b began to increase in the
cortical ischemic penumbra of the rats 2 h after ischemia and
continued to show an upward trend one day after cerebral
ischemia. The MFI of CD11b peaked three days after cerebral
ischemia (P <0.01 versus the sham surgery group). Elec-
troacupuncture treatment decreased the expression of
CD11b 2 h after pMCAO (P < 0.05, versus the model group).
The MFI of CD11b in the electroacupuncture groups was
remarkably lower than that in the model group 1 and 3d
after ischemia (P <0.01) (Figures 4(a)-4(c)).

3.3. Changes in Microglia in the Cerebral Cortex 1 D after
PMCAO. Microglia are diverse and dynamic cells that con-
stantly move their processes, migrate, and change their mor-
phologies to facilitate a variety of functions [28]. In this study,
Iba-1 expression peaked one day after pMCAO. Thus, we next
sought to observe the changes in Iba-1 and microglial activation
in different cortical regions of the rats one day after cerebral
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FIGURE 2: Microglial ultrastructure in the ischemic penumbra microglial ultrastructure was detected after ischemia by transmission electron
microscopy (uranyl acetate-lead citrate staining, 15000x). (a) TTC staining of the rat brain. The frame represents the location of the cortical
samples. (b) Microglial ultrastructure in the sham surgery group was normal. Structures within the mitochondria (arrow) were intact.
Mitochondria (arrows) were obviously swollen in the 2h model group (c) and the 1d model group (d), and even the palate partially
disappeared in 3 d model group (e). Lysosomes (arrows) were scattered in the 2h electroacupuncture group (f), 1d electroacupuncture

group (g), and 3d electroacupuncture group (h).

ischemia. In different cortical areas, the MFI expression of Iba-1
in the ischemic penumbra (IP) cortex was significantly higher
than that in the cortex of the normal nonstroke hemisphere
(NH) and cortical ischemic core (IC) (P < 0.01). As described in
previous studies, when the brain was stimulated by ischemic
damage, the microglial cell bodies became larger and exhibited
more and stouter cell processes. The results indicated that the
morphological changes in microglia were particularly significant
in the IP. These morphological changes were considered to
indicate a highly activated state and to represent the initiation of
the microglia-mediate immune response to stroke
[28,29](Figures 5(a)-5(c)).

3.4. Electroacupuncture Decreased the Expression of Inflam-
matory Cytokines and Inhibited NF-kB Activation. It is

known that there is a positive correlation between in-
flammatory cytokines (TNF-a, IL-1f3, IL-6, etc.) and
microglial activity after stroke [8,30,31]. We therefore
assessed the effects of electroacupuncture on the ex-
pression of TNF-a and IL-18 2h, 1d, and 3d after
PMCAO. Western blotting showed that there was low
TNF-a and IL-1f3 protein expression in the sham surgery
groups. Two hours after cerebral ischemia, the expres-
sion levels of TNF-a and IL-1f were increased. The levels
of TNF-« in the ischemic cortex of the rats reached the
highest level one day after pMCAO and decreased 3d
after cerebral ischemia. In contrast, the expression of IL-
18 in the model group peaked 3d after pMCAO. The
difference between the model group and the sham sur-
gery group was statistically significant at each time point
(P<0.01). The levels of TNF-a and IL-18 in the
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FIGURE 3: Expression of Iba-1 in pMCAO rats and the effects of electroacupuncture on the activation of microglia. (a) Expression of Iba-1 in
the cortical ischemic penumbra (IP) 2h 1d and 3 d after pMCAO, as determined by laser confocal scanning microscopy. Bar = 50 ym. (b)
Mean fluorescence intensity (MFI) of Iba-1. The expression of Iba-1 in the model group was increased after cerebral ischemia *P<0.05,
## P <0.01 versus the sham surgery group). One day and 3 d after cerebral ischemia, electroacupuncture decreased the expression of Iba-1 in
pPMCAO rats (*P <0.05 and **P <0.01 versus the model group). (c) The expression of Iba-1 in the cortical IP 1d after pMCAO. Flu-
orescently labeled microglia were red, and there were areas of the IP in which microglia were obviously activated in the model group. In
contrast to that in the model group, the expression of Iba-1 in the electroacupuncture group was reduced. Bar = 100 ym.
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FiGURre 4: Effects of electroacupuncture on the expression of CD11b in pMCAO rats. (a) Expression of CD11b in the cortical ischemic
penumbra 2h, 1d, and 3d after pMCAO, as determined by laser confocal scanning microscopy. Bar =50 ym. (b) MFI of CD11b. The
expression of CD11b in the model groups was increased after cerebral ischemia (*P<0.05 and ## P < 0.01 versus the sham surgery group).
Electroacupuncture decreased the expression of CD11b in pMCAO rats (* P < 0.05 and ** P < 0.01 versus the model group). (c) Expression of
CD11b in the cortical ischemic penumbra 1 d after pMCAO. Fluorescently labeled microglia were green, and there were areas of the IP in
which CD11b cells were obviously activated in the model group. In contrast to that in the model group, the expression of CD11b in the
electroacupuncture group was reduced. Bar =100 ym.
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electroacupuncture group were lower than those in the
model group 2h and 1d after cerebral ischemia
(P<0.05). Three days after cerebral ischemia, electro-
acupuncture obviously decreased the levels of IL-1j
(P<0.01); however, it had little effect on TNF-a ex-
pression (P >0.05). Western blotting revealed a change in

the expression of NF-«B p65 in MCAO rats at different
time points after ischemia (P <0.0lversus the sham
surgery group). There was no significant difference in the
expression of NF-xkB p65 between the 2h electro-
acupuncture group and the 2h model group (P>0.05),
but electroacupuncture treatment obviously reduced the
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FiGure 6: Effects of electroacupuncture on inflammatory cytokines and NF-«b after pMCAO. Western blotting for (a) 2h groups, (b) 1d
groups, and (c) 3 d groups. (d) Electroacupuncture reduced TNF-« protein expression 2 h and 1 d after pMCAO (* P < 0.05 versus the model
group). (e) IL-1p protein expression was decreased in the electroacupuncture groups at 2h, 1d,and 3d (*P < 0.05 and **P < 0.01 versus the
model group). (f) Relative protein expression levels of NF-«xB p65 relative 2h, 1d, and 3 d after cerebral ischemia (n=4 in each group).

expression of NF-«B p65 in the brain 1d and 3d after
pMCAO (P <0.05versus the model group) (Figures 6(a)-
6(f)).

4. Discussion

Microglia are immune cells in the central nervous system
and play roles in phagocytosis, antigen presentation, and the
expression of a large number of immune-related factors [32].
Microglia can be divided into M1 and M2 microglia, with
MI microglia being classically activated microglia. Brain
injury induces the activation of M1 microglia and releases
proinflammatory cytokines, such as TNF-a, IL-1f3, and IL-6.
Proinflammatory cytokines have cytotoxic effects and are
associated with inflammatory reactions, necrosis and apo-
ptosis, which aggravate brain injury [33,34]. Microglial
activation rapidly triggers the NF-«xB signal transduction
cascade, mediating the expression of proinflammatory cy-
tokines during the pathophysiological changes that occur
after brain injury. Additionally, the expression of NF-«B p65
and proinflammatory cytokines is increased within the first
few hours after the onset of ischemic stroke and remains
elevated for several days [13]. Therefore, studying the
mechanism underlying the inflammatory response mediated
by microglial activation and the regulatory mechanism NF-
kB in cerebral ischemia is of great significance for inter-
vening in the inflammatory response process after ischemic
stroke, reducing neural damage in the lesion area, and ex-
ploring new treatment approaches for cerebral ischemia
[35].

Under normal conditions, microglia are in a resting
state. Morphologically, in the physiological state, microglia
exhibit small cell bodies with long and ramified processes
and are therefore called ramified microglia [36]. When the
brain suffers from inflammation, infection, trauma, or other
neurological insults, microglia are rapidly activated and
perform phagocytosis [37]. Microglial activation is primarily
based on changes in microglial morphology. Activated
microglia have enlarged cell bodies and shortened processes
and are round or rod-shaped. The morphological changes in
microglia reflect their activation status, which is closely
related to the severity of damage in the brain. Microglia play
a central role in responding to stroke-induced tissue damage
within the IP [28]. We found that, in the normal cerebral
cortex, microglia exhibited small cell bodies with small and
ramified processes by using immunofluorescence and laser
confocal technology to visualize Iba-1-positive microglial
cells. The expression of Iba-1 in the cortical IP of pMCAO
rats increased significantly one day after cerebral ischemia
( #P <0.01versus the NH and **P < 0.01 versus the 1C). As
described in the previous studies, the microglial cell bodies
become larger, and the microglia exhibited more processes
that were more ramified and thicker when the brain un-
derwent ischemic damage.

Regarding microglial activation in different periods after
cerebral ischemia, studies have shown that there are no
significant differences in the density of IBA-1-positive cells
density in MCAO rats after 12h of reperfusion; however,
ischemic injury results in significant decreases in the length
and number of microglial processes. After 48h of
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reperfusion, there is a significant increase in the density of
IBA-1-positive cells, as well as significant decreases in the
length and number of microglial branches [38]. In this study,
the number of Iba-1-positive cells began to increase in
pMCAO rats 2h after ischemia, and microglia appeared
activated and continued to increase one day after cerebral
ischemia (**P <0.01versus the model group). Iba-1 ex-
pression gradually decreased from 1d to 3d after pMCAO
(*P <0.05versus the model group). The M1 microglia-re-
lated protein CD11b began to be expressed 2 h after cerebral
ischemia, and the activation and proliferation of CD11b-
positive cells gradually peaked within 1 to 3 d after cerebral
ischemia (*P <0.05versus the 3d model group and
**P <0.01 versus the 3d model group). Moreover, the ex-
pression trends of NF-«B p65 and IL-1 were consistent with
those of CD11b. Additionally, cerebral ischemia induced the
activation of M1 microglia and the release proinflammatory
cytokines. NF-xB, as a key signal transduction factor in
cerebral ischemia, plays a central role in the inflammatory
cytokine-mediated inflammatory response [39].

Electroacupuncture is a treatment based on traditional
acupuncture combined with electrical stimulation. Many
studies have shown that, after cerebral ischemia, electro-
acupuncture can inhibit microglial activation induced by
stroke and the release of proinflammatory factors such as
TNF-q, IL-1B, and IL-6, thereby reducing the occurrence of
inflammation, promoting the survival of neurons, and
having a neuroprotective effect [13,40,41]. Electro-
acupuncture can effectively reduce the activation of the NF-
kB signaling pathway after cerebral ischemia/reperfusion
injury, weaken the excessive expression of inflammatory
cells due to the activation of microglia, and promote the
recovery of neural function [14,42,43]. Acupuncture has
attracted increasing attention in relation to the reorgani-
zation of brain functions and the promotion of brain
plasticity, as well as microglial activation and the inflam-
matory response after cerebral ischemia.

In this study, transmission electron microscopy was used
to observe the effects of electroacupuncture on the ultra-
structure of microglia in the cortical IP of the rats. We found
that, after cerebral ischemia, the microglial cell membranes
were incomplete or even absent, cytoplasmic cavities were
obvious, the mitochondria were swollen, some mitochon-
drial ridges were broken, and the nuclear heterochromatin
was clumped together. The degree of degeneration and
necrosis of cortical microglia in the electroacupuncture
groups was lower than that in the model groups, and ly-
sosomes were scattered. Immunofluorescence assays
revealed no significant expression of Iba-1 and CD11b in the
brain tissues of sham surgery rats, indicating that, in normal
brain tissue, microglia were in a resting state or weakly
activated. When microglial cells were activated after cerebral
ischemia, the levels of NF-xB p65 and the expression of IL-
13 and TNF-q, which are mediated by NF-«B p65, gradually
increased, and the dynamic changes were generally tem-
porally consistent. This suggests that microglial activation
has a decisive effect on the cerebral inflammatory response
induced by ischemia. We used electroacupuncture to re-
search the mechanism of microglial activation and the
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inflammatory response at different times after cerebral is-
chemia. The experimental results showed that electro-
acupuncture can effectively alleviate ultrastructural
degeneration and necrosis of microglia after stroke. Elec-
troacupuncture can effectively decrease the expression of
NF-«B p65, IL-1f3, and TNF-« after cerebral ischemia and
inhibit the conversion of microglia to the M1 phenotype
after ischemic brain injury. This may be one of the important
mechanisms by which electroacupuncture can treat cerebral
ischemia and promote the recovery of neural function.

5. Conclusion

In summary, electroacupuncture could improve the de-
generation and necrosis of microglia in ischemic penumbra
cortex and downregulate the expressions of Iba-1 and
CD11b. Additionally, it inhibited the expression of NF-«xB
p65, IL-15, and TNF-a. Thus, electroacupuncture may
represent a useful therapeutic option for patients with is-
chemic stroke.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Rong Liu, Wei Yi, and Chang Ji performed the experimental
studies. Rong Liu drafted the manuscript. Nenggui Xu su-
pervised the study and revised the manuscript. All authors
read and approved the final manuscript.

Acknowledgments

The present study was supported by the National Natural
Science Foundation of China, NSFC (no. 81704172) and the
Young Talent Training Project of Guangzhou University of
Traditional Chinese Medicine (QNYC20170109).

References

[1] R. L. Jayaraj, S. Azimullah, R. Beiram, F. Y. Jalal, and
G. A. Rosenberg, “Neuroinflammation: friend and foe for
ischemic stroke,” Journal of Neuroinflammation, vol. 16, no. 1,
p. 142, 2019.

[2] S. A. Rammal and M. A. Almekhlafi, “Diabetes mellitus and
stroke in the Arab world,” Journal of Taibah University
Medical Sciences, vol. 11, no. 4, pp. 295-300, 2016.

[3] E. H. Lo, “A new penumbra: Transitioning from injury into
repair after stroke,” Nature Medicine, vol. 14, no. 5,
pp. 497-500, 2008.

[4] C. K. Tong and S. Vidyadaran, “Role of microglia in em-
bryonic neurogenesis,” Experimental Biology and Medicine,
vol. 241, no. 15, pp. 1669-1675, 2016.



Evidence-Based Complementary and Alternative Medicine

[5] M. B. Graeber and W. J. Streit, “Microglia: Biology and pa-
thology,” Acta Neuropathologica, vol. 119, no. 1, pp. 89-105,
2013.

[6] M. B. Graeber, “Changing face of microglia,” Science, vol. 330,
no. 6005, pp. 783-788, 2010.

[7] X.-Y. Xiong, L. Liu, and Q.-W. Yang, “Functions and
mechanisms of  microglia/macrophages in  neuro-
inflammation and neurogenesis after stroke,” Progress in
Neurobiology, vol. 142, pp. 23-44, 2016.

[8] R. Guruswamy and A. ElAli, “Complex roles of microglial
cells in ischemic stroke pathobiology: New insights and future
directions,” International Journal of Molecular Sciences,
vol. 18, no. 3, p. 496, 2017.

[9] X.-L. Meng, D.-L. Zhang, and S.-H Sui, “Acute remote is-
chemic preconditioning alleviates free radical injury and
inflammatory response in cerebral ischemia/reperfusion rats,”
Experimental and Therapeutic Medicine, vol. 18, no. 3,
pp. 1953-1960, 2019.

[10] Z. Wang, H. Donga, J. Wang et al., “Pro-survival and anti-
inflammatory roles of NF-«B c-Rel in the Parkinson’s disease
models,” Redox Biology, vol. 30, pp. 1-13, 2020.

[11] X. Li and Q. Wang, “Acupuncture therapy for stroke pa-
tients,” International Review of Neurobiology, vol. 111,
pp- 159-179, 2013.

[12] L. Chavez, S.-S. Huang, I. MacDonald, J.-G. Lin, Y.-C. Lee,
and Y.-H. Chen, “Mechanisms of acupuncture therapy in
ischemic stroke rehabilitation: A literature review of basic
studies,” International Journal of Molecular Sciences, vol. 18,
no. 11, p. 2270, 2017.

[13] W. Liu, X. Wang, S. Yang et al., “Electroacupunctre improves
motor impairment via inhibition of microglia-mediated
neuroinflammation in the sensorimotor cortex after ischemic
stroke,” Life Sciences, vol. 151, no. 1, pp. 313-322, 2016.

[14] B. Han, Y. Lu, H. Zhao, Y. Wang, L. Li, and T. Wang,
“Electroacupuncture modulated the inflammatory reaction in
MCADO rats via inhibiting the TLR4/NF-«B signaling pathway
in microglia,” International Journal of Clinical and Experi-
mental Pathology, vol. 8, no. 9, pp. 11199-11205, 2015.

[15] Y. Chen, J. Zhou, J. Li et al.,, “Electroacupuncture pretreat-
ment prevents cognitive impairment induced by limb is-
chemia-reperfusion via inhibition of microglial activation and
attenuation of oxidative stress in rats,” Brain Research,
vol. 1432, no. 11, pp. 36-45, 2012.

[16] R. Liu, N. Xu, W. Yi, and K. Huang, “Electroacupuncture
effects on cortical neurons, as well as Janus kinase 2-signal
transducer and activator of transcription 3 signal transduction
pathway, in a rat model of cerebral ischemia,” Neural Re-
generation Research, vol. 7, no. 6, pp. 457-462, 2012.

[17] R. Liu, N. Xu, and W. Yi, “Effects of electro-acupuncture at
Baihui (GV20), Dazhui (GV14) on neuronal morphology of focal
cerebral ischemia rats,” China Journal of Traditional Chinese
Medicine and Pharmacy, vol. 33, no. 8, pp. 3276-3279, 2018.

[18] R.Liu, N. Xu, W.Yi, K. Huang, and M. Su, “Electroacupuncture
effect on neurological behavior and tyrosine kinase-JAK 2 in
rats with focal cerebral ischemia,” Journal of Traditional Chi-
nese Medicine, vol. 32, no. 3, pp. 465-470, 2012.

[19] Y. Luo, N.-g. Xu, W. Yi, T. Yu, and Z.-h. Yang, “Study on the
correlation between synaptic reconstruction and astrocyte
after ischemia and the influence of electroacupuncture on
rats,” Chinese Journal of Integrative Medicine, vol. 17, no. 10,
pp. 750-757, 2011.

[20] E. Z. Longa, P. R. Weinstein, S. Carlson, and R. Cummins,
“Reversible middle cerebral artery occlusion without cra-
niectomy in rats,” Stroke, vol. 20, no. 1, pp. 84-91, 1989.

11

[21] Y. Liu, C. Wu, Z. Hou et al,, “Pseudoginsenoside-F11 ac-
celerates microglial phagocytosis of myelin debris and at-
tenuates cerebral ischemic injury through complement
receptor 3,” Neuroscience, vol. 426, pp. 33-49, 2020.

[22] W.-H. Sun, F. He, N.-N. Zhang, Z.-A. Zhao, and H.-S. Chen,
“Time dependent neuroprotection of dexamethasone in ex-
perimental focal cerebral ischemia: The involvement of NF-xB
pathways,” Brain Research, vol. 1701, pp. 237-245, 2018.

[23] X. Shi, W. Yu, L. Liu et al, “Panax notoginseng saponins
administration modulates pro-/anti-inflammatory factor ex-
pression and improves neurologic outcome following per-
manent MCAO in rats,” Metabolic Brain Disease, vol. 32,
no. 1, pp. 221-233, 2017.

[24] F. Ryan, J. G. Zarruk, L. Lofilein, and S. David, “Cerulo-
plasmin plays a neuroprotective role in cerebral ischemia,”
Frontiers in Neuroscience, vol. 12, p. 988, 2018.

[25] J. G. Zarruk, A. D. Greenhalgh, and S. David, “Microglia and
macrophages differ in their inflammatory profile after per-
manent brain ischemia,” Experimental Neurology, vol. 301,
no. 3, pp. 120-132, 2018.

[26] D. M. Norden, A. M. Fenn, A. Dugan, and J. P. Godbout,
“TGFf produced by IL-10 redirected astrocytes attenuates
microglial activation,” Glia, vol. 62, no. 6, pp. 881-895, 2014.

[27] X. Hu, P. Li, Y. Guo et al,, “Microglia/macrophage polari-
zation dynamics reveal novel mechanism of injury expansion
after focal cerebral ischemia,” Stroke, vol. 43, no. 11,
pp. 3063-3070, 2012.

[28] M. G. Kluge, L. Kracht, M. Abdolhoseini et al., “Impaired
microglia process dynamics post-stroke are specific to sites of
secondary neurodegeneration,” Glia, vol. 65, no. 12,
pp. 1885-1899, 2017.

[29] V. Jolivel, F. Bicker, F. Binamé et al., “Perivascular microglia
promote blood vessel disintegration in the ischemic pen-
umbra,” Acta Neuropathologica, vol. 129, no. 2, pp. 279-295,
2015.

[30] R. M. Ritzel, A. R. Patel, J. M. Grenier et al.,, “Functional
differences between microglia and monocytes after ischemic
stroke,” Journal of Neuroinflammation, vol. 12, no. 1, p. 106,
2015.

[31] A.Serhan,].L. Aerts, E. W. G. M. Boddeke, and R. Kooijman,
“Neuroprotection by insulin-like growth factor-1 in rats with
ischemic stroke is associated with microglial changes and a
reduction in neuroinflammation,” Neuroscience, vol. 426,
no. 2, pp. 101-114, 2020.

[32] W. J. Streit, J. R. Conde, S. E. Fendrick, B. E. Flanary, and
C. Mariani, “Role of microglia in the central nervous system’s
immune response,” Neurological Research, vol. 27, no. 7,
pp. 685-691, 2005.

[33] X. Lan, X. Han, Q. Li, Q.-W. Yang, and J. Wang, “Modulators
of microglial activation and polarization afterintracerebral
haemorrhage,” Nature Reviews Neurology, vol. 13, no. 7,
pp. 420-433, 2017.

[34] C.-Y.Wu, C.Kaur, V. Sivakumar, J. Lu, and E.-A. Ling, “Kv1.1
expression in microglia regulates production and release of
proinflammatory cytokines, endothelins and nitric oxide,”
Neuroscience, vol. 158, no. 4, pp. 1500-1508, 2009.

[35] R. Liu, X.-Y. Liao, M.-X. Pan et al., “Glycine exhibits neu-
roprotective effects in ischemic stroke in rats through the
inhibition of M1 microglial polarization via the NF-«B p65/
Hif-1a signaling pathway,” The Journal of Immunology,
vol. 202, no. 6, pp. 1704-1714, 2019.

[36] C.-A. Mosser, S. Baptista, I. Arnoux, and E. Audinat,
“Microglia in CNS development: Shaping the brain for the



12

(37]

(38]

(39]

(40]

(41]

(42]

(43]

future,” Progress in Neurobiology, vol. 149-150, no. 2-3,
pp. 1-20, 2017.

A. Cianciulli, C. Porro, R. Calvello, T. Trotta,
D. D. Lofrumento, and M. A. Panaro, “Microglia mediated
neuroinflammation: Focus on PI3K modulation,” Biomole-
cules, vol. 10, no. 1, p. 137, 2020.

M. Santos-Galdiano, D. Pérez-Rodriguez, B. Anuncibay-Soto
et al., “Celecoxib treatment improves neurologic deficit and
reduces selective neuronal loss and glial response in rats after
transient middle cerebral artery occlusion,” Journal of
Pharmacology and Experimental Therapeutics, vol. 367, no. 3,
pp. 528-542, 2018.

L. Subedi, R. Venkatesan, and S. Kim, “Neuroprotective and
anti-inflammatory activities of allyl isothiocyanate through
attenuation of JNK/NF-xB/TNF-« signaling,” International
Journal of Molecular Sciences, vol. 18, no. 7, p. 1423, 2017.
Z. Ma, Z. Zhang, F. Bai, T. Jiang, C. Yan, and Q. Wang,
“Electroacupuncture pretreatment alleviates cerebral ische-
mic injury through a7 nicotinic acetylcholine receptor-me-
diated phenotypic conversion of microglia,” Frontiers in
Cellular Neuroscience, vol. 13, p. 537, 2019.

H. Xu, S. Mu, and W. Qin, “Microglia TREM2 is required for
electroacupuncture to attenuate neuroinflammation in focal
cerebral ischemia/reperfusion rats,” Biochemical and Bio-
physical Research Communications, vol. 503, no. 4,
pp. 3225-3234, 2018.

L. Lan, J. Tao, A. Chen et al., “Electroacupuncture exerts anti-
inflammatory effects in cerebral ischemia-reperfusion injured
rats via suppression of the TLR4/NF-«xB pathway,” Interna-
tional Journal of Molecular Medicine, vol. 31, no. 1, pp. 75-80,
2013.

J. Jiang, Y. Luo, W. Qin et al., “Electroacupuncture Suppresses
the NF-xB signaling pathway by upregulating cylindromatosis
to alleviate inflammatory injury in cerebral ischemia/reper-
fusion rats,” Frontiers in Molecular Neuroscience, vol. 10,
p. 363, 2017.

Evidence-Based Complementary and Alternative Medicine



