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Background and aim: This study investigated the effect of the electrode configuration on EA treating
ischemic stroke.
Experimental procedure: An ischemic stroke rat model was established. In the EA-P group, the anodes of
EA were placed on the BL7 and BL8 acupoints of the lesioned, and the cathodes were placed on the BL7
and BL8 acupoints of the nonlesioned hemispheres; by contrast, in the EA-N group.
Results: The difference in neurological deficit scores between the first and fourth days and the difference
in Rotarod test time between the fourth and first days after reperfusion were greater in the EA-P and EA-
N groups than in the sham group (all p < 0.001). In the lesioned hemisphere, neuronal nuclei (NeuN), g-
aminobutyric acid-A (GABA)-A, postsynaptic density 95 (PSD95), and astrocyte glutamate transporter 1
(GLT-1) expression and microtubule-associated protein 2 (MAP2)/glyceraldehyde 3-phosphate dehy-
drogenase (GADPH) ratios were greater and the glial fibrillary acid protein (GFAP)/GADPH ratios were
smaller in the EA-P than in the sham group (all p < 0.05), but these ratios in the EA-N group were similar
to those in the sham group (all p > 0.05); serum adrenaline and serotonin levels in the sham group were
lower than those in the normal and EA-P groups (both p < 0.05), and cerebrospinal fluid (CSF) glutamate
levels were higher in the EA-P group than in the sham group (p < 0.05).
Conclusion: EA improved neurological function through multiple pathways. However, placing the anode
on the lesioned hemisphere can provide more neuroprotection.
© 2023 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In 2016, approximately 13.7 million people experienced stroke
worldwide, and stroke is the second leading cause of disability and
death.1 According to a report, the incidence of stroke increased
between 2001 and 2013 in Taiwan in contrast to a decline in
Western countries owing to the more efficient control of risk fac-
tors.2 According to the National Health Insurance Research Data-
base in Taiwan, the incidence rate of first-ever ischemic stroke
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ranges from 142.3 to 129.5 per 100,000 population in people aged
�18 years.3 The treatments in patients with acute ischemic stroke
are reperfusion therapy, involving the administration of intrave-
nous recombinant tissue plasminogen activator (IV TPA), within
4.5 h or endovascular thrombectomy (EVT) within 24 h after stroke
onset. However, IV TPA treatment increases the risk of cerebral
hemorrhage and has constraints in terms of time and conditions.
EVT limits the anterior circulation of internal carotid and proximal
middle cerebral arterial occlusions.4 Thus, a more effective and safe
treatment strategy for ischemic stroke is urgently required.

Interhemispheric inhibition in the brain plays a dynamic role.
After stroke, the inhibition from the lesioned hemisphere and the
excitability of the region around the infarction decrease, resulting
in stronger inhibition from the nonlesioned hemisphere around the
infarction zone. The regulation of the excitability of the region
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Abbreviations

BL7 Tongtian
BL8 Luoque
CMU China Medical University
CSF cerebrospinal fluid
D1 first day after reperfusion
D4 fourth day after reperfusion
DAPK1 death-associated protein kinase1
DTT dithiothreitol
EA electroacupuncture
EA-P EA anode group
EA-N EA cathode group
ELC electrochemiluminescence
EVT endovascular thrombectomy
GABA-A g-aminobutyric acid-A
GADPH glyceraldehyde 3-phosphate dehydrogenase
GFAP glial fibrillary acid protein
GLT-1 astrocyte glutamate transporter 1
GV14 Dazhui
GV20 Baihui

IL-10 interleukin-10
lLC/ESI-MS/MS liquid chromatographyeelectrospray ionization

etandem mass spectrometry
IV TPA intravenous recombinant tissue plasminogen

activator
MAP2 microtubule-associated protein 2
MCAo middle cerebral artery occlusion
MRM multiple reaction monitoring
NC nitrocellulose
NeuN neuronal nuclei
NMDARs N-methyl-D-aspartic acid receptors
nNOS neuronal nitric oxide synthase
PAGE polyacrylamide
PSD95 postsynaptic density 95
SD Sprague Dawley
SDS sodium dodecyl sulphate
TDCS Transcranial direct current stimulation
TRPV1 transient receptor potential cation channel subfamily

V member 1
TTC 2,3,5-triphenyltetrazolium chloride
UPLC ultra-performance liquid chromatography
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around the infarction zone is a target in the treatment of stroke5

Transcranial direct current stimulation (TDCS) uses a mobile
battery-operated direct current stimulator connects to two elec-
trodes. An active electrode is placed on the C3 of scalp, and the
other electrode is placed on the contralateral supraorbital region
service as a reference 6. Electroacupuncture (EA) uses an electro-
stimulator operated mild electrical current to two acupuncture
needles inserted into acupoint.7 A study that employed TDCS for
stroke treatment determined that anodal stimulation increased the
excitability of the cerebral cortex, whereas cathodal stimulation
reduced excitability.8 Several studies have found that cortical
stimulation in rats with cerebral ischemia increases the density of
microtubule-associated protein2 (MAP2) around the lesion and the
activity of dendritic processes.9 g-Aminobutyric acid (GABA) is an
inhibitory neurotransmitter that regulates motor cortical plasticity,
and it plays a crucial role in poststroke recovery.10 Studies have
found reduced GABA levels in the periphery of the infarction area,
indicating the inhibition of GABA generation from distant brain
zones after stroke.11 Glutamate is an excitatory neurotransmitter
released after cerebral ischemia. The excess extracellular glutamate
leads to the overactivation of glutamate receptors, especially N-
methyl-D-aspartic acid receptors (NMDARs), and induces excito-
toxicity.12 Although NMDARs play a central role in ischemic exci-
totoxic neuronal death, NMDAR channel blockers have not been
successfully translated to clinical stroke therapy. Recent studies
have identified important NMDAR-associated signaling complexes
that are linked to death-signaling pathways, and the inhibition of
these pathways does not need to block NMDARs. NMDARs play a
dual role in cell survival and death, and activated NMDARs can send
prosurvival or prodeath signals depending on their subcellular
location or subtype.13 Cerebral ischemic injury can promote the
binding of death-associated protein kinase1 (DAPK1) and NMDAR,
and disrupting this binding can reduce brain damage.14 DAPK1 and
NMDAR NR2B interact at extrasynaptic sites, and this interaction
promotes brain damage.15 Based on the aforementioned findings,
increasing the GABA concentration around the infarction area and
disrupting the binding between DAPK1 and NMDAR NR2B are
beneficial for the treatment of ischemic stroke.

Our previous studies have demonstrated that EA at Baihui
(GV20) and Dazhui (GV14) can reduce the infarction volume and
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neurological deficit in rats with transient middle cerebral artery
occlusion (MCAo). This effect of EA is consistent with an increase in
brain-derived neurotrophic factor and a decrease in S100B
levels.16,17 EA at Baihui can also reverse the reduction of long-term
potentiation induced by transient MCAo in rats and reduce the NR1
and transient receptor potential cation channel subfamily V
member 1 (TRPV1) receptors in the hippocampus.18 Our study
revealed that EA at Luoque (BL8, anode) and Tongtian (BL7, cath-
ode) in the nonlesioned hemisphere can reduce the infarction
volume, improve neurological status, and increase GABA-A levels
around the infarction brain region in rats with transient MCAo.19

Therefore, the present study investigated the effect of the elec-
trode configuration in EA on the treatment of ischemic stroke. We
compared the effects between the placement of anodes and cath-
odes of EA in lesioned and nonlesioned hemispheres in rats with
ischemic stroke.

2. Materials and methods

2.1. Animals

Male Sprague Dawley (SD) rats, weighing 250e350 g, were
purchased from BioLASCO Taiwan Co. Ltd. and were bred at the
Animal Center of China Medical University (CMU). The rats were
reared in a 12/12-h lightedark environment. Room temperature
was maintained at 20�C-24 �C through air conditioning, humidity
was maintained between 50% and 70%, and adequate food and
drinking water were given. The design of the experimental protocol
complied with the regulations of the Animal Experiment Ethics
Committee of CMU, and the procedures were conducted in a
manner that minimized pain or discomfort in the animals. The
protocol was approved by the Experimental Animal Committee of
CMU (CMUIACUC-2021-076).

2.2. Establishment of the ischemic stroke rat model

The ischemic stroke rat model was established according to our
previous study.19 First, the rats were anesthetized with 2% iso-
flurane gas, and an incision was made from the midline of the rat's
neck to expose the right internal carotid artery, external carotid
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artery, and common carotid artery. Then, ligation was performed
from the starting point where the pterygoid artery separates from
the maxillary artery, and the right internal carotid artery and
common carotid artery were clamped at an appropriate location by
using arterial clips. The external carotid artery was ligated
permanently, and a small opening was made near the common
carotid artery by using a pair of scissors, and the wound was then
sutured using a 3/0 nylon thread with the tip smoothed at high
temperature and the surface coated with poly-L-lysine. The nylon
thread was passed from the external carotid artery up to the in-
ternal carotid artery through the common carotid artery and was
moved approximately 23e25 mm to the orifice of the MCA to block
the blood flow. The nylon thread was then fixed with an arterial
clip, and after 30 min, the thread was slowly withdrawn to allow
gradual reperfusion of blood. After the neck and head wounds of
the rat were sutured, the rat was placed back into an iron cage until
it woke up.

The neurological deficit score of the rats was measured 24 h
after reperfusion. Overall, 36 rats with ischemic stroke with
neurological deficit scores of 7e8 were randomly divided into three
groups, namely the sham, EA-P, and EA-N groups, with 12 rats in
each group. In addition, 12 rats without ischemic stroke were
categorized as the normal group. The grouping of the rats refer-
enced previous study20 described as follows:

2.3. Animal grouping

1. Normal group: Incisions were made from the midline of the
neck of the rats to expose the common carotid artery, and the
wound was sutured after 30 min. After the neurological deficit
score and Rotarod test time were evaluated 24 h later, the rats
were anesthetized for another 20min for 3 consecutive days. On
the fourth day, the neurological deficit score and Rotarod test
time were evaluated again. Thereafter, the cerebrospinal fluid
(CSF) was collected from the cistern magna, and 5 cc of blood
was obtained from the heart under isoflurane gas anesthesia.
Finally, the rats were sacrificed, and their brains were removed.
The brain tissues of six rats were stained with 2,3,5-
triphenyltetrazolium chloride (TTC) to calculate the infarction
volume, and the brain tissues of other six rats were subjected to
Western blot analysis.

2. Sham group: After 24 h of reperfusion, the neurological deficit
score and Rotarod test time were evaluated. Four stainless steel
acupuncture needles were inserted into the ipsilateral side of
the cerebral infarction (lesioned hemisphere) and the opposite
side (nonlesioned hemisphere). The side is equivalent to the
subcutaneous area of the Tongtian (BL7) and Luoque (BL8)
acupoints on the human head. The needles were connected to
the EA machine (with the anode on the lesioned hemisphere
and the cathode on the nonlesioned hemisphere), but no elec-
trical stimulation was performed, once a day, 20 min each time,
for 3 consecutive days, after which, the neurological deficit score
and Rotarod test time were evaluated again on the fourth day
after reperfusion. The CSF was then collected from the cistern
magna, and 5 cc of blood was obtained from the heart under
isoflurane gas anesthesia. Finally, the rats were sacrificed, and
their brains were removed. The brain tissues of six rats were
stained with TTC to calculate the infarction volume, and the
brain tissues of other six rats were subjected to Western blot
analysis.

3. EA anode group (EA-P): The stimulation method was the same
as that in the sham group, except that four stainless steel
acupuncture needles were inserted into the ipsilateral and
opposite sides of the lesioned hemisphere. The needles were
connected to the EA machine (Trio 300, Japan; modulation
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wave; 150 ms in width of wave) to conduct 15-Hz electrical
stimulation that was based on our pilot study. The stimulation
intensity is mainly based on slight muscle contraction.

4. EA cathode group (EA-N): The stimulationmethodwas the same
as that in the EA-P group, except that the anode was placed on
the nonlesioned-hemisphere, whereas the cathode was placed
on the lesioned hemisphere.
2.4. Assessment of neurological status

(1) Neurological deficit scores

Neurological deficit was assessed according to the modified
neurological severity score21 and the method described in our
previous study.19 In summary, the modified neurological severity
score includes motor function scored from 0 to 6, sensory function
scored from 0 to 2, balance function scored from 0 to 6, and reflex
function scored from 0 to 4, with a maximum neurological deficit
score of 18.

(2) Rotarod test

In this test, first, the conditionwas set, and the rat was placed on
a Rotamex roller treadmill (Columbus Instruments, OH, USA), with
the shaft of the roller treadmill rotating at 4 revolutions per minute
(rpm); then, the buckle was pressed to start the test. The shaft
speed increased by 1 rpm every 8 s from the initial speed of 4 rpm
and gradually increased to a maximum of 40 rpm until the rat fell
off the shaft. Once the rat fell, the machine automatically stopped
and displayed the running time of the rat. In this study, the same
method was used to repeat the Rotarod test 5 times, and the best
value of the 3 times was used to average, which is the value of the
Rotarod test.

2.5. Evaluation of cerebral infarct size: TTC staining

The method of evaluation of the cerebral infarct size was similar
to that described previously.19 In summary, using scissors, incisions
were made from the abdominal cavity to the chest of the rats under
2% isoflurane gas anesthesia, and a small hole was cut in the right
atrium. Normal saline was rapidly perfused into the left ventricle to
wash the blood in the brain tissue. The brainwas then removed and
placed in a plastic model of the rat brain, and the rat brain was
sliced into six 2-mm-thick section from the frontal pole. The slices
were stained with TTC (Merck, Germany) for 15 min; the infarction
region was visible in white color, whereas the noninfarction area
were observed as purple-red stained regions. The cerebral infarc-
tion size was calculated using a microscopic image-analysis system
(Image-Pro Lito Version 3.0, Media Cybernetics, USA). The ratio of
the infarction volume to the total brain volume was measured for
each slice, and data are presented as percentages (%).

2.6. Western blot analysis

The protocol for Western blot analysis in this study was similar
to that in our previous study.19 First, 2.5 � tissue weight lysis buffer
(50mM Tris-HCl, 0.5% Triton X-100, and 1� protease inhibitor) was
added to the brain tissue (penumbra region of infraction), and the
mixture was sonicated and centrifuged at 15,000 rpm and 4 �C for
10 min. The supernatant was then collected and stored at �80 �C.

Tissue extracts were obtained using sodium dodecyl sulphate
(SDS) sample buffer (62.5 mM Tris-HCl at pH 6.8, 2% SDS, 10%
glycerol, 50 mM dithiothreitol [DTT], and 0.1% bromophenol blue).
Thereafter, 10% SDS-polyacrylamide (PAGE) analysis was
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conducted, and 20 mg of protein was obtained and transferred to a
nitrocellulose (NC) membrane.

The NC membrane was blocked using 5% skimmed milk for 1 h,
and primary interleukin-10 (IL-10; Thermo, 1:1000), glial fibrillary
acid protein (GFAP); Calbiochem, 1:1000), neuronal nuclei (NeuN;
Millipore, 1:1000), astrocyte glutamate transprer-1 (GLT-1; Abcam,
1:1000), postsynaptic density protein95 (PSD95; Abcam, 1:1000),
g-aminobutyric acid A (GABA-A; Millipore, 1:1000) receptor, MAP2
(Abcam, 1:1000), DAPK (Proteintech, 1:1000), and integrin-b1
(Abcam, 1:1000) antibodies were then added. The samples were
then incubated overnight at 4 �C, and secondary antibodies were
added. The mixture was incubated at room temperature for 1 h.
Finally, the microfluidic electrochemiluminescence (ECL) color
rendering system (Amersham) was applied for color development,
and the film was exposed and developed under cold light.
AlphaEaseFC software was used in the present study to calculate
the integrated density value, and the result was divided by the
value for actin to obtain the value of Western blot data.
2.7. Liquid chromatographyeelectrospray ionizationetandem mass
spectrometry analysis for the measurement of neurotransmitters

Blood was collected from the rat heart and transferred to a 1.5-
mL microtube and incubated at room temperature for 30 min and
then at 4 �C for 2 h. The serumwas collected after blood coagulation
and centrifugation.

Before analysis, 30 mL of serum or CSF samples were completely
mixed with 120 mL of 100% methanol through vigorous vortexing.
The sampleemethanol mixture was centrifuged at 13,000�g for
10 min, and 120 mL of the supernatant was collected and dried in a
vacuum concentrator. The dried samples were dissolved in 50 mL of
ultrapure water, and 45 mL of the supernatant was collected after
centrifugation at 13,000�g for 10 min and subjected to liquid
chromatographyeelectrospray ionizationetandem mass spec-
trometry (LC/ESI-MS/MS) analysis.

The LC/ESI-MS/MS analysis was established by referring to
previous study22 performed using the Xevo TQ-XS system (Waters,
Miliford, MA, USA). The samples were resolved through reverse-
phase ultra-performance liquid chromatography (UPLC) on the
Acquity UPLC BEH C18 1.7-mm column (2.1 mm � 50 mm; Waters)
at 30 �C. Elution was started using 99% mobile phase A (0.1%
HCOOH in ultrapure water) and 1% mobile phase B (0.1% HCOOH in
methanol), held at 1% B for 0.5 min, increased to 90% B in 2.5 min,
held at 90% B for 0.5min, and then decreased to 1% B in 0.5 min. The
column was equilibrated by pumping 1% B for 2 min. The flow rate
was set at 0.2 mL/min, and the injection volume was 7.5 mL. Mass
spectra and chromatograms were acquired in the ESþ with the
multiple reaction monitoring (MRM) mode and processed using
Mass Lynx software (Waters). Neurotransmitter signals in each
sample were identified and quantified by summarizing the LC peak
area of the corresponding ion mass transitions and retention times
for each target.
2.8. Statistical analysis

All values are presented as mean ± standard deviation. Statis-
tical analysis was conducted using one-way analysis of variance
followed by a post hoc Tukey test. A p value of <0.05 was consid-
ered statistically significant.
591
3. Results

3.1. Effect of EA on the neurological state of rats with ischemic
stroke

The neurological deficit score on the first day (D1) after reper-
fusion in the normal group was lower than those in the sham, EA-P,
and EA-N groups (all p < 0.001; Table 1); however, no significant
differences were observed in the neurological deficit scores among
the sham, EA-P, and EA-N groups (all p > 0.05; Table 1). The dif-
ference in the neurological deficit scores between D1 and the
fourth day (D4) after reperfusion in the normal group was smaller
than those in the EA-P and EA-N groups (both p < 0.001) but similar
to that in the sham group (p > 0.05). The difference in the neuro-
logical deficit score between D1 and D4 in the sham group was
smaller than those in the EA-P and EA-N groups (both p < 0.001;
Table 1), but the difference was not significant between the EA-P
and EA-N groups (p > 0.05; Table 1).

The Rotarod test time on D1 after reperfusion was more in the
normal group than in the sham, EA-P, and EA-N groups (all
p < 0.001; Table 1), but it was not significantly different among the
sham, EA-P, and EA-N groups (all p > 0.05; Table 1). The difference
in the Rotarod test time between D4 and D1was greater in the EA-P
and EA-N groups than in the normal and sham groups (all
p < 0.001; Table 1), whereas the difference in the Rotarod test time
between D4 and D1 was similar between the normal and sham
groups and between the EA-P and EA-N groups (both p > 0.05;
Table 1).
3.2. Effect of EA on infarction volume in rats with ischemic stroke

The ratio of the infarction volume in the rats with ischemic
stroke in the normal group was lower than that in the sham
(p < 0.01; Fig. 1A and B), EA-P (p < 0.05; Fig. 1A and B), and EA-N
(p < 0.01; Fig. 1A and B) groups; the ratio of the infarction vol-
ume in the sham group was higher than that in the EA-P group
(p < 0.001; Fig. 1A and B) and the EA-N group (p < 0.01; Fig. 1A and
B), whereas the ratio of the infarction volume was similar between
the EA-P and EA-N groups (p > 0.05; Fig. 1A and B).
3.3. Effect of EA on GLT-1, IL-10, GABA-A, NeuN, PSD95, GFAP,
integrin-b1, MAP2, and DAPK1 expression in rats with ischemic
stroke: Western blot analysis

1. Right cerebral hemisphere (lesioned hemisphere)

The GLT-1/glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) ratio in the normal group was higher than that in the
sham group (p < 0.001: Figs. 2 and 3) but was similar to those in the
EA-P and EA-N groups (both p > 0.05; Figs. 2 and 3). In addition, the
GLT-1/GAPDH ratio in the EA-P group was higher than that in the
sham group (p < 0.05; Figs. 2 and 3) but similar to that in the EA-N
group (p > 0.05; Figs. 2 and 3). Furthermore, the GLT-1/GAPDH ratio
was similar between the EA-N and the sham groups (p > 0.05;
Figs. 2 and 3).

The Iinterleukin-10 (IL-10)/GAPDH ratio in the normal group
was higher than that in the sham group (p < 0.05; Figs. 2 and 3) but
was similar to those in the EA-P and EA-N groups (both p > 0.05;
Figs. 2 and 3). However, the IL-10/GAPDH ratio did not significantly
differ among the sham, EA-P, and EA-N groups (all p > 0.05; Figs. 2
and 3).

The GABA-A/GAPDH ratio in the normal group was higher than
those in the sham and EA-N groups (p < 0.001 and < 0.05,



Table 1
Effect of electroacupuncture on the neurological state of rats with ischemic stroke.

Normal Sham EA-P EA-N

Neurological deficit score (score)
D1 0.00 ± 0.00 7.25 ± 0.45*** 7.17 ± 0.39*** 7.17 ± 0.39***
D4 0.00 ± 0.00 7.08 ± 0.29*** 4.25 ± 0.75***### 4.67 ± 0.49***###
D1-D4 0.00 ± 0.00 0.17 ± 0.39 2.92 ± 0.67***### 2.50 ± 0.52***###
Rotarod test time (second)
D1 98.60 ± 8.00 20.54 ± 6.02*** 23.54 ± 5.50*** 23.27 ± 6.61***
D4 109.46 ± 14.69 29.72 ± 7.67*** 74.84 ± 4.71***### 66.51 ± 15.61***###
D4-D1 10.85 ± 13.45 9.18 ± 8.79 51.3 ± 3.95***### 43.24 ± 15.84***###

Data are presented as mean ± standard deviation. Normal: normal group; sham: sham group; EA-P: EA-P group; EA-N: EA-N group; D1: first day after reperfusion; D4: fourth
day after reperfusion; D1-D4: the difference in score between the first day and fourth day after reperfusion; D4-D1: the difference in time between the fourth day and first day
after reperfusion ***p < 0.001 compared with normal; ###p < 0.001 compared with sham; n ¼ 12.

Fig. 1. Effect of electroacupuncture on infarction volume in rats with ischemic stroke. Normal: normal group; Sham: sham group; EA-P: EA-P group, EA-N: EA-N group; red-
purple color: normal brain tissue; white color: cerebral infarction area. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with normal; ##p < 0.01 and ###p < 0.001 compared with
sham; n ¼ 6.
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respectively; Figs. 2 and 3) but was similar to that in the EA-P group
(p > 0.05; Figs. 2 and 3). Moreover, the GABA-A/GAPDH ratio in the
EA-P group was higher than that in the sham group (p < 0.001;
Figs. 2 and 3) but was similar to that in the EA-N group (p > 0.05;
Figs. 2 and 3). Furthermore, the GABA-A/GAPDH ratio in the EA-N
groupwas similar to that in the sham group (p > 0.05; Figs. 2 and 3).

The NeuN/GAPDH ratio in the normal group was higher than
that in the sham group (p < 0.01; Figs. 2 and 3) but was similar to
those in the EA-P and EA-N groups (both p > 0.05; Figs. 2 and 3).
The NeuN/GAPDH ratio in the EA-P group was similar to that in the
EA-N group (p > 0.05) but was higher than that in the sham group
(p < 0.05; Figs. 2 and 3); the NeuN/GAPDH ratio in the sham group
was similar to that in the EA-N group (p > 0.05; Figs. 2 and 3).

The PSD95/GAPDH ratio in the normal group was higher than
that in the sham group (p < 0.05; Figs. 2 and 3) but was similar to
those in the EA-P and EA-N groups (both p > 0.05; Figs. 2 and 3).
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Moreover, the PSD95/GAPDH ratio in the EA-P group was higher
than that in the sham group (p < 0.05; Figs. 2 and 3) but was similar
to that in the EA-N group (p > 0.05; Figs. 2 and 3). Furthermore, the
PSD95/GAPDH ratio in the EA-N group was similar to that in the
sham group (p > 0.05; Figs. 2 and 3).

The GFAP/GAPDH ratio in the normal group was lower than
those in the sham and EA-N groups (p < 0.001 and < 0.01,
respectively; Figs. 2 and 3) but was similar to that in the EA-P group
(p > 0.05; Figs. 2 and 3). Moreover, the GFAP/GAPDH ratio in the EA-
P group was lower than that in the sham group (p < 0.001; Figs. 2
and 3). Furthermore, the GFAP/GAPDH ratio in the EA-N group was
similar to that in the sham group (p > 0.05; Figs. 2 and 3) as well as
similar to that in the EA-P group (p > 0.05; Figs. 2 and 3).

The integrin-b1/GAPDH ratio in the normal group was higher
than those in the sham and EA-N groups (p < 0.05 and < 0.01,
respectively; Figs. 2 and 3) but similar to that in the EA-P group



Fig. 2. Effect of electroacupuncture on levels of astrocyte glutamate transporter-1(GLT-1), interleukin-10 (IL-10), g-aminobutyric acid-A (GABA-A), NeuN, postsynaptic
density95 (PSD95), glial fibrillary acid protein (GFAP), Integrin-b1, microtubule-associated protein2 (MAP2), and death-associated protein kinase1 (DAPK1) in rats with
ischemic stroke: Western blot analysis. RC: right cerebral hemisphere; LC: left cerebral hemisphere; N: normal group; S: sham group; EA-P: EA-P group; EA-N: EA-N group; n ¼ 6.
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(p > 0.05; Figs. 2 and 3). Moreover, the integrin-b1/GAPDH ratio
was similar among the sham, EA-P, and EA-N groups (all p > 0.05;
Figs. 2 and 3).

The MAP2/GAPDH ratio in the normal group was higher than
those in the sham and EA-N groups (p < 0.01 and < 0.05, respec-
tively; Figs. 2 and 3) but similar to that in the EA-P group (p > 0.05;
Figs. 2 and 3); the MAP2/GAPDH ratio in the EA-P group was higher
than that in the sham group (p < 0.05; Figs. 2 and 3) but similar to
that in the EA-N group (p > 0.05; Figs. 2 and 3).

The DAPK1/GAPDH ratio was not significantly different among
the normal, sham, EA-P, and EA-N groups (all p > 0.05; Figs. 2 and
3).

2 Left cerebral hemisphere (nonlesioned hemisphere)

GLT-1, IL-10, GABA-A, NeuN, PSD95, GFAP, integrin-b1, and
MAP2 expression and DAPK1/GAPDH ratios were not significantly
different among the normal, sham, EA-P, and EA-N groups (all
p > 0.05; Figs. 2 and 4).
3.4. Effect of EA on neurotransmitter levels in the serum and CSF of
rats with ischemic stroke

1. Serum neurotransmitter levels

Serum dopamine levels were not significantly different among
the normal, sham, EA-P, and EA-N groups (all p > 0.05; Fig. 5).

Serum adrenaline levels were higher in the normal group than
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in the sham group (p < 0.05; Fig. 5) but similar to those in the EA-P
and EA-N groups (both p > 0.05; Fig. 5). Moreover, serum adrena-
line levels in the EA-P group were higher than those in the sham
group (p < 0.05; Fig. 5) but similar to those in the EA-N group
(p > 0.05; Fig. 5). Furthermore, serum adrenaline levels were
similar between the sham and EA-N groups (p > 0.05; Fig. 5).

Serum noradrenaline levels in the normal group were similar to
those in the sham, EA-P, and EA-N groups (all p > 0.05; Fig. 5).
Serum noradrenaline levels were higher in the EA-P group than in
the sham group (p < 0.05; Fig. 5) but similar to those in the EA-N
group (p > 0.05; Fig. 5). Furthermore, serum noradrenaline levels
in the sham group were similar to those in the EA-N group
(p > 0.05; Fig. 5).

Serum glutamate levels were not significantly different among
the normal, sham, EA-P, and EA-N groups (all p > 0.05; Fig. 5).

Serum GABA levels did not significantly differ among the
normal, sham, EA-P, and EA-N groups (all p > 0.05; Fig. 5).

Serum serotonin levels were higher in the normal group than in
the sham group (p < 0.05; Fig. 5) but similar to those in the EA-P
and EA-N groups (both p > 0.05; Fig. 5). Moreover, serum seroto-
nin levels in the EA-P group were higher than those in the sham
group (p < 0.05; Fig. 5) but similar to those in the EA-N group
(p > 0.05; Fig. 5). Furthermore, serum serotonin levels were similar
between the sham and EA-N groups (p > 0.05; Fig. 5).

2 CSF neurotransmitter levels

The CSF dopamine, adrenaline, noradrenaline, GABA, and



Fig. 3. Effect of electroacupuncture on levels of astrocyte glutamate transporter-1(GLT-1), interleukin-10 (IL-10), g-aminobutyric acid-A (GABA-A), NeuN, postsynaptic
density95 (PSD95), glial fibrillary acid protein (GFAP), Integrin-b1, microtubule-associated protein2 (MAP2), and death-associated protein kinase1 (DAPK1) in rats with
ischemic stroke: right cerebral hemisphere. Normal: normal group; sham: sham group; EA-P: EA-P group; EA-N: EA-N group; *p < 0.05, **p < 0.01, and ***p < 0.001 compared
with normal; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with sham; n ¼ 6.

Fig. 4. Effect of electroacupuncture on levels of astrocyte glutamate transporter-1(GLT-1), interleukin-10 (IL-10), g-aminobutyric acid-A (GABA-A), NeuN, postsynaptic
density95 (PSD95), glial fibrillary acid protein (GFAP), Integrin-b1, microtubule-associated protein2 (MAP2), and death-associated protein kinase1 (DAPK1) in rats with
ischemic stroke: left cerebral hemisphere. Normal: normal group; sham: sham group; EA-P: EA-P group; EA-N: EA-N group; n ¼ 6.
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Fig. 5. Effect of electroacupuncture on serum dopamine, adrenaline, noradrenaline, glutamate, g-aminobutyric acid (GABA), and serotonin in rats with ischemic stroke:
metabolomic analysis. Normal: normal group; sham: sham group; EA-P: EA-P group; EA-N: EA-N group; *p < 0.05 compared with normal; #p < 0.05 compared with sham, n ¼ 12.

Fig. 6. Effect of electroacupuncture on cerebrospinal fluid (CSF) dopamine, adrenaline, noradrenaline, glutamate, g-aminobutyric acid (GABA), and serotonin in rats with
ischemic stroke: metabolomic analysis. Normal: normal group; sham: sham group; EA-P: EA-P group; EA-N: EA-N group; #p < 0.05 compared with sham, n ¼ 12.
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serotonin levels were not significantly different among the normal,
sham, EA-P, and EA-N groups (all p > 0.05; Fig. 6).

The CSF glutamate levels in the normal group were similar to
those in the sham, EA-P, and EA-N groups (all p > 0.05; Fig. 5); the
CSF glutamate levels in the EA-P group were higher than those in
the sham group (p < 0.05; Fig. 5) but similar to those in the EA-N
group (p > 0.05; Fig. 5); and the CSF glutamate levels in the sham
group were similar to those in the EA-N groups (p > 0.05; Fig. 5).
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The above results were summarized in Table 2.
4. Discussion

The results of the present study revealed that the neurological
deficit score decreased and the Rotarod test time increased in both
the EA-P and EA-N groups. Moreover, the ratio of the cerebral
infarction volume decreased in the rats with ischemic stroke in



Table 2
Effect of electroacupuncture on brain tissue, serum and cerebrospinal fluid in rats
with ischemic stroke.

item EA-P EA-N

Right cortex
GLT-1

IL-10

GABA-A

NeuN

PSD95

GFAP

Integrin-b1

MAP2

DAPK1

Serum
Dopamine

Adrenaline

Noradrenaline

Glutamate

GABA

Serotonin

Cerebrospinal fluid
Dopamine

Adrenaline

Noradrenaline

Glutamate

GABA

Serotonin

EA-P: EA-P group; EA-N: EA-N group; represented increase, represented
decrease, represented no significant difference, the value compared with the
value of sham group without electrical stimulation; DAPK1: death-associated pro-
tein kinase1; GABA-A: g-Aminobutyric acid-A; GFAP: glial fibrillary acid protein.
GLT-1: astrocyte glutamate transprer-1; IL-10: interleukin-10; MAP2: microtubule-
associated protein2; NeuN: neuronal nuclei; PSD95: postsynaptic density protein95.
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both the groups. These results suggest either the anode placed on
the lesioned and cathode placed on the nonlesioned hemispheres
in EA, or anode placed on the nonlesioned and cathode on the
lesioned hemispheres plays a neuroprotective role in rats with
ischemic stroke. Our results were partly different from anodal
stimulation increased the excitability of the cerebral cortex,
whereas cathodal stimulation reduced excitability in the TDCS for
stroke treatment.6,8 Therefore, suggesting there are at least some
differences in the mechanism of treating stroke between EA and
TDCS. Our results also indicated that the expression of NeuN
increased and that of GFAP decreased in the lesioned hemisphere
(right hemisphere) in the EA-P group, but not in the EA-N group.
NeuN is a sensitive and specific neuronal cell biomarker,23 whereas
GFAP is a biomarker of astrocyte activation, and GFAP levels in the
serum and CSF can be used as an indicator of neuro-
degeneration.24,25 Taken together, the results indicate the place-
ment of the anode in EA on the lesioned hemisphere can protect
against and reduce neuronal cell damage in rats with ischemic
stroke.

The results of the present study also revealed that the expres-
sion of GABA-A, GLT-1, PSD95, and MAP2 increased in the EA-P
group, but not in the EA-N group, in the lesioned hemisphere in
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the rats with ischemic stroke. The release of glutamate and the
activation of NMDAR lead to Ca2þ overload, which results in
neuronal cell death after cerebral ischemia. In response to this
overload and to inhibit the excitotoxic effect of glutamate, GABA
levels are increased.11,26 A study reported that GABA levels
decreased around the infarction brain region in the early stage after
stroke, possibly to reduce the excitotoxic effect of amino acid;
therefore, GABA plays a crucial role in reducing peripheral infarc-
tion.11 GLT-1 can reduce the excess release of glutamate after ce-
rebral ischemia and therefore prevent neuronal cell death as well as
promote the recovery of neurological function in rats with MCAo.27

GLT-1 levels are reduced in the lesioned hippocampus, and this
decrease reduces the clearance of synaptic glutamate, resulting in
neuronal damage in rats with MCAo.28 PSD95 is a scaffolding pro-
tein that binds to NMDAR and neuronal nitric oxide synthase
(nNOS).29,30 The activation of NMDAR and the release of nitric oxide
are a mediator of neuronal injury after ischemic cerebral damage.31

Although the overstimulation of NMDARs and the activation of
nNOS play crucial roles in causing neuronal damage after stroke,
the direct inhibition of NMDAR or nNOS causes severe side effects.
If the combination of PSD95 and nNOS can be blocked, a neuro-
protective effect may be produced.32 A study reported that blocking
the interaction between NMDAR and PSD95 can prevent the
downstream neurotoxic signaling of NMDAR without blocking the
activity of synapses or the influx of calcium ions into the cells.33

Such promotion of dissociation of the NMDARePSD95enNOS
complex and the consequent prevention of PSD95 downregulation
can exert a neuroprotective effect.34 The results of this study
revealed an increase in PSD95 levels in the EA-P group, presumably
because EA promotes the dissociation of the NMDARePSD95-nNOS
complex, thereby increasing the levels of PSD95, which is beneficial
for recovery after stroke. However, this assumption requires further
research in the future. MAP2 is a major component of the neuronal
cytoskeleton and is mainly expressed in dendrites; decreased
MAP2 levels have been reported in the ischemic area of mice and
rats with stroke,35,36 which is consistent with the results of the
present study. After cerebral ischemia, the reduction of brain MAP2
levels indicates the initial stage of neurological dysfunction, and
consequent dendrite destruction may be the first sign of neuro-
degeneration.37 Therefore, an increase in MAP2 levels in the
lesioned hemisphere in the EA-P group is speculated to be bene-
ficial for preventing damage to neuronal dendrites after stroke.
Taken together, the anode was placed on the lesioned hemisphere
and the cathode was placed on the nonlesioned hemisphere in EA
treating ischemic stroke could increase the expression of GABA-A,
GLT-1, PSD95, and MAP2 of cerebral cortex in the lesioned hemi-
sphere. Therefore, generated greater neuroprotection.

The results of this study also revealed that IL-10 and integrin-b1
levels in the lesioned hemisphere were lower in the sham group
than in the normal group; however, these levels were not higher in
the EA-P or EA-N groups. IL-10 is an anti-inflammatory cytokine.
Intraventricular or systemic injection of IL-10 can reduce the infarct
volume in rats with MCAo, indicating the neuroprotective effect of
IL-10 in ischemic stroke.38 IL-10 reduces the infarct volume in acute
stroke by downregulating proinflammatory signaling cascades.39

Integrin-b1 is a cell surface molecule that plays a key role in
endothelial cell adhesion, migration, and survival during angio-
genesis. Neurovascular remodeling and recovery of function are
crucial after stroke.40 Integrin-b1 promotes the adhesion of neu-
roblast cells to laminin and effectivelymediates the translocation of
the cell body to the damaged site in mice with MCAo.41 Taken
together, the aforementioned findings indicate that the improve-
ment in neurological function in the EA-P and EA-N groupsmay not
be attributable to anti-inflammation or the promotion of
angiogenesis.
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The results of this study also revealed that DAPK1 levels in the
lesioned hemisphere did not significantly differ among the normal,
sham, EA-P, and EA-N groups. DAPK1 is a vital modulator of
apoptosis and autophagy.42 Studies have suggested that the com-
bination of DAPK1 and the NR2B subunit of NMDAR at the extra-
synaptic site causes brain damage after stroke.15 Therefore,
inhibiting the activation of the DAPK1eNMDAR complex can pre-
vent brain damage after stroke.43 Accordingly, the effect of DAPK1
on ischemic stroke treatment should be further investigated. In
addition, the results of the present study indicated that IL-10, GFAP,
NeuN, GABA-A, PSD95, GLT-1, Integrin-b1, DAPK1, and MAP2 levels
in the nonlesioned hemisphere were not significantly different
among the normal, sham, EA-P, and EA-N groups, suggesting that
the effect of EA is prominent in the lesioned hemisphere in rats
with ischemic stroke; however, further study is required to validate
this finding.

Our results also showed that serum adrenaline and serotonin
levels were lower in the sham group than in the normal and EA-P
groups, and serum noradrenaline levels in the sham group were
lower than those in the EA-P group. A study reported that the mean
plasma levels of noradrenaline, adrenaline, and dopamine were
higher in patients with cerebral infarction than in controls without
stroke. The high plasma norepinephrine levels may reflect an in-
crease in peripheral sympathetic activity, which can cause cardiac
abnormalities in patients with cerebral infarction.44 Primary cate-
cholamines including noradrenaline and adrenaline can contribute
to myocardial ischemia and calcium overload, which can cause
cardiac damage in patients with cerebrovascular diseases.45 How-
ever, circulating catecholamine response stress against ischemic
brain damage plays a neuroprotective role.46 Transcutaneous
stimulation of the auricular vagus nerve can affect the locus
coeruleusenorepinephrine system,47 and noradrenaline is gener-
ated in the locus coeruleus of the brainstem.48 Several studies have
reported that noninvasive vagus nerve stimulation can reduce the
infarction volume and neurological deficits in rats with ischemic
stroke.49 In addition, the effectiveness of noradrenaline reuptake
inhibitors has been demonstrated for the rehabilitation of stroke
patients.50 Depression is the most common complication after
ischemic stroke. Neurological functional deficits and body weight
loss are more severe in rats with ischemic stroke and depression,
and these rats also exhibit reduced serotonin levels in the brain.51 A
double-blinded randomized controlled trial reported that the se-
lective serotonin reuptake inhibitor (SSRI) fluoxetine can enhance
motor recovery in stroke patients without depression.52 The SSRIs
fluoxetine and sertraline can promote the recovery of neurological
function in mice with photothrombotic cortical ischemia by
increasing the expression of heme oxygenase-1 and hypoxia-
inducible factor-1a proteins in the ischemic region.53 Taken
together, the aforementioned results indicate that the increase in
the serum levels of noradrenaline, adrenaline, and serotonin in the
EA-P group is beneficial for poststroke recovery.

Our results also indicated that CSF glutamate levels were higher
in the EA-P group than in the sham group. Glutamate is released
from neuronal cells in the ischemic region after cerebral ischemia,
and a decrease in the astrocyte-to-glutamate uptake leads to an
increase in the extracellular concentration of glutamate, causing
neuronal cell death.54 High concentrations of glutamate in the
blood and CSF have been reported in humans within 24 h of stroke
onset.55 A study reported that extracellular glutamate accumula-
tion is localized to the gray matter, and that glutamate diffuses into
the adjacent whitematter structures and gradually into the CSF.We
assume that the placement of the anode in EA on the lesioned
hemisphere can enhance glutamate clearance from the extracel-
lular fluid of the ischemic core into the CSF; therefore, increasing
CSF glutamate levels is beneficial for stroke recovery. Our
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assumptions are supported by our result of the reduction of the
infarction volume and neurological deficits in the EA-P group.
However, whether glutamate increases simultaneously in brain
tissue and CSF needs further study in the future.

Our results also indicated that serum and CSF dopamine and
GABA levels did not significantly differ among the normal, sham,
EA-P, and EA-N groups. Dopamine is a neurotransmitter that plays a
crucial role in brain sensorimotor function, and it is essential for
recovery after stroke.56 GABA is an inhibitory neurotransmitter, and
GABAergic can promote the decrease of cerebral
ischemiaereperfusion injury and thereby prevent the damage of
peripheral organs. However, the release and transmission of GABA
involve complex pathological process.57 Therefore, the relationship
of EA with dopamine and GABA warrants further study.

Some limitation in the present study as follows: 1) the study
lacks direct evidence to explain EAmay promote the dissociation of
the NMDAR-PSD-95-nNOS complex, further research requires in
the future; 2) the data lacks glutamate levels of the cerebral cortex,
the measurement of cortical glutamate level is need; 3) EA only
choosed 15-Hz for study, more EA frequency will be compared; and
4) this manuscript delved multitude of targets or mediators,
therefore, making it challenging to comprehend. Based on the re-
sults of this study focus on the most logical and well-founded data
to elucidate the substantial effects of EA in the future study.

In conclusion, the placement of either the anode or cathode in
EA on the lesioned hemisphere of rats with ischemic stroke can
improve neurological function and the infarction volume, sug-
gesting that EA can improve neurological function after stroke
through multiple pathways. However, the placement of the anode
on the lesioned hemisphere can produce more neuroprotective
effects.
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