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Effects of electroacupuncture on the functionality of 
NG2-expressing cells in perilesional brain tissue of mice 
following ischemic stroke

Hong Ju Lee1, 2, Da Hee Jung1, 2, Nam Kwen Kim3, Hwa Kyoung Shin1, 2, 
Byung Tae Choi1, 2, *

Abstract  
Neural/glial antigen 2 (NG2)-expressing cells has multipotent stem cell activity under cerebral ischemia. Our study examined the effects of 
electroacupuncture (EA) therapy (2 Hz, 1 or 3 mA, 20 minutes) at the Sishencong acupoint on motor function after ischemic insult in the 
brain by investigating the rehabilitative potential of NG2-derived cells in a mouse model of ischemic stroke. EA stimulation alleviated motor 
deficits caused by ischemic stroke, and 1 mA EA stimulation was more efficacious than 3 mA EA stimulation or positive control treatment with 
edaravone, a free radical scavenger. The properties of NG2-expressing cells were altered with 1 mA EA stimulation, enhancing their survival 
in perilesional brain tissue via reduction of tumor necrosis factor alpha expression. EA stimulation robustly activated signaling pathways 
related to proliferation and survival of NG2-expressing cells and increased the expression of neurotrophic factors such as brain-derived 
neurotrophic factor, tumor growth factor beta, and neurotrophin 3. In the perilesional striatum, EA stimulation greatly increased the number 
of NG2-expressing cells double-positive for oligodendrocyte, endothelial cell, and microglia/macrophage markers (CC1, CD31, and CD68). 
EA therapy also greatly activated brain-derived neurotrophic factor/tropomyosin receptor kinase B and glycogen synthase kinase 3 beta 
signaling. Our results indicate that EA therapy may prevent functional loss at the perilesional site by enhancing survival and differentiation of 
NG2-expressing cells via the activation of brain-derived neurotrophic factor -induced signaling, subsequently ameliorating motor dysfunction. 
The animal experiments were approved by the Animal Ethics Committee of Pusan National University (approval Nos. PNU2019-2199 and 
PNU2019-2884) on April 8, 2019 and June 19, 2019.
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Introduction 
Most stroke survivors suffer from long-term disabilities such 
as motor impairments, and there is no novel treatment to 
optimize neural functional recovery; thus, stroke survivors 
generally rely on rehabilitation therapy (Lindvall and Kokaia, 
2011). In ischemic stroke, almost all neurons in the ischemic 
core, where the blood flow declines precipitously, undergo 

degeneration within a few days after injury (Dirnagl et al., 
1999). The ischemic tissue in the perilesional zone, adjacent to 
the core, is not yet irreversibly injured; therefore, this region 
is a therapeutic target for optimizing functional recovery 
(Sugimoto et al., 2014).

Neural/glial antigen 2 (NG2)-expressing cells are characterized 
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Graphical Abstract Electroacupuncture therapy enhances the survival and differentiation of 
multiple NG2-expressing cells under cerebral ischemia
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by the expression of chondroitin sulfate proteoglycan 4, an 
integral membrane glycoprotein (Levine et al., 2001). Although 
NG2-expressing cells have been recognized as a fourth glial cell 
type that retains its proliferative ability in the central nervous 
system (CNS) throughout an organism’s life (Nishiyama et al., 
2009; Dimou and Gallo., 2015; Jin et al., 2018), this cell type is 
highly heterogeneous with diverse properties and functional 
phenotypes. This suggests these cells play a more complex 
role rather than merely acting as oligodendrocyte precursors 
or NG2 glial cells (Levine et al., 2001; Dimou and Gallo., 2015; 
Nakano et al., 2017). NG2 is expressed in a variety of cells 
derived from non-neural lineages, vasculature-associated 
cells, including pericyte/smooth muscle and endothelial cells, 
and microglia/macrophages in the CNS (Smirkin et al., 2010; 
Sugimoto et al., 2014; Stallcup et al., 2016; Kyyriainen et al., 
2017; Jin et al., 2018).

NG2-expressing cells play crucial roles in cerebral ischemia, 
displaying the potential to proliferate and differentiate in 
response to ischemic injuries (Zhang et al., 2013; Honsa et 
al., 2016). The number of NG2-expressing cells is markedly 
decreased in the infarct core, but their numbers increase in 
perilesional brain tissue (penumbra). Therefore, the decline of 
these cells contributes to susceptibility to damage following 
ischemic brain injuries (Wang et al., 2011). NG2-expressing 
glia act as a major component of oligodendrocyte generation 
by proliferation around the lesion site (Levine et al., 2001; 
Hackett et al., 2016; Gotoh et al., 2018). Expression of NG2 
in neurovascular cells and microglia/macrophages enhances 
proliferation and induces morphological changes, exhibiting a 
close spatiotemporal relationship with changes in the lesion 
core and within perilesional brain tissue (Matsumoto et al., 
2008; Smirkin et al., 2010; Jin et al., 2018). Furthermore, NG2 
proteoglycan regulates diverse cellular functions that include 
cell proliferation, migration, and differentiation in response to 
stimulation by growth factors (Biname, 2014).

Acupuncture has beneficial effects in the treatment of stroke 
patients by improving specific functional impairments without 
serious adverse events (Yang et al., 2016). Electroacupuncture 
(EA) involves repeated stimulations of sensory systems by 
electrical pulses instead of traditional manual manipulation 
(Soligo et al., 2013, 2017). The underlying therapeutic 
mechanism of EA may involve activity-dependent regulation 
of neurotransmitters, cytokines, and neurotrophic factors via 
the modulation of sensory and autonomic nervous system 
activity (Manni et al., 2010; Soligo et al., 2013). Because 
NG2-expressing cells display multipotent stem cell activity 
under cerebral ischemia (Nishiyama et al., 2009; Zhang et 
al., 2013; Honsa et al., 2016), EA stimulation may promote 
the proliferation and differentiation of these cells via the 
activation of neurotrophic factors (Kim et al., 2014, 2018; 
Ahn et al., 2019). We hypothesized that EA therapy would 
enhance the activation potential of NG2-expressing cells in 
the perilesional zone of the brain following ischemic stroke 
via modulation of the expression of neurotrophic factors and 
related signaling, accordingly leading to the recovery of motor 
functional deficits. 
 
Materials and Methods 
Animals
Forty-two 8-week-old male C57BL/6 mice, weighing 18–22 
g, were purchased from Dooyeol Biotech (Seoul, Korea). Six-
week-old male (n = 2) and female (n = 4) NG2-membrane-
anchored enhanced green fluorescent protein (mEGFP) (FVB. 
Cg-Tg[Cspg4-EGFP*]HDbe/J) mice, weighing 16–18 g were 
purchased from Jackson Laboratory (#022735, Bar Harbor, 
ME, USA). The room where the mice lived was controlled 

at 22°C with a 12-hour dark/light cycle. Breeding and 
generation conditions of NG2-mEGFP mice were maintained, 
and genotyping was performed by reverse transcription 
polymerase chain reaction with the following primers (5′–3′) 
to determine hemizygosity of the NG2 gene: F-CGT GTG 
TGA GAA CTG CCA TT; R-GTT GTG GCG GAT CTT GAA GT. The 
following internal, positive control was used for the mouse 
primers: F-CTA GGC CAC AGA ATT GAA AGA TCT; R-GTA GGT 
GGA AAT TCT AGC ATC C. The sample size was determined 
based on our previous results of post-stroke motor function 
test performance after experimental stroke from the G-power 
program (G*Power 3.1 software; http://www.gpower.hhu.
de/). For each of the five groups, the expected sample size for 
this study was expected to be n = 5 per group (a fixed effect, 
omnibus, one-way analysis of variance (ANOVA) with five 
groups was performed, with an effect size f = 0.8, at α = 0.05 
and β  = 0.2). Consequently, group sizes of  ≥ 5 (range, 5–6) 
were used in this study. After randomization, the five groups 
consisted of a control group without middle cerebral artery 
occlusion (MCAO), an MCAO group (MCAO surgery with sham 
stimulation), an MCAO + EA1 group (MCAO surgery with 1 
mA EA stimulation), an MCAO + EA3 group (MCAO surgery 
with 3 mA EA stimulation), and an MCAO + Edaravone group 
(positive control, MCAO surgery with edaravone treatment). 
In total, 52 mice (C57BL/6J mice: n = 42, NG2-mEGFP mice: n 
= 10)  were used in this study. All experiments were approved 
by the Animal Ethics Committee of Pusan National University 
(Approval Nos. PNU2019-2199 and PNU2019-2884) on April 8, 
2019 and June 19, 2019.

MCAO model
A silicon coated 7-0 monofilament (Docol Corporation, Sharon, 
MA, USA) was inserted into the middle cerebral artery through 
the internal carotid artery in C57BL/6J and NG2-mEGFP mice. 
After 40 minutes, the filament was removed, and reperfusion 
was induced. The wounds were then carefully sutured. The 
regional cerebral blood flow was checked using the PeriFlux 
Laser Doppler System 5000 (Perimed, Stockholm, Sweden) 
attached to the skulls. Using a calibrated vaporizer (Midmark 
NIP 3000, Orchard, OH, USA), the mice were anesthetized 
under 20% O2 and 80% N2O with 2% isoflurane (200 mL/minute  
O2, 800 mL/minute N2O; VSP corporation, Choongwae, Seoul, 
Korea) during surgery.

EA stimulation
Four needles (0.18 mm in diameter, Dongbang Medical Co., 
Ltd., Boryeong, Korea) were inserted into the Sishencong (EX-
HN1) acupoint of each mouse at a depth of 2 mm. The four 
points of Sishencong were located anteriorly, posteriorly, 
and laterally, 2 mm from Baihui (GV20, at the intersection 
point of the median and the line connecting the ends of the 
two ears). The mice received a frequency of 2 Hz and an 
intensity of either 1 mA (MCAO + EA1) or 3 mA (MCAO + EA3) 
for 20 minutes with an electrical stimulator (Pulsemaster 
Mult ichannel St imulator SYS-A300, World Precis ion 
Instruments, Berlin, Germany) while they were under 
isoflurane anesthesia. The control and non-EA groups (i.e., 
the MCAO and MCAO + Edaravone groups) were administered 
isoflurane for equivalent amounts of time without EA 
stimulation. Mice were randomized to receive either three or 
six sessions of EA stimulation once every 2 days before the 
behavioral test.

Bromodeoxyuridine labeling and Edaravone treatment 
To label proliferating cells incorporated into the DNA of 
dividing cells during the S-phase of the cell cycle, mice 
received an intraperitoneal injection of bromodeoxyuridine 
(BrdU, 50 mg/kg, Sigma-Aldrich, Merck KGaA, Darmstadt, 
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Germany). The mice received the injection once a day for 6 
successive days, starting 5 days after the MCAO surgery. As 
a positive control, the mice in the MCAO + Edaravone group 
were also intraperitoneally injected edaravone (3 mg/kg, 
Tocris Bioscience, Bristol, UK) once daily for 11 successive 
days, starting 5 days after the MCAO surgery. BrdU and 
Edaravone were dissolved into distilled water and used 
after being filtered through 0.4 and 0.2 μm syringe filters, 
respectively.

Behavioral testing
Behavioral tests were performed 10 and 17 days after MCAO. 
Motor coordination and equilibrium, as well as short-term 
memory, were measured. For the corner test, the mice were 
placed between two pieces of cardboard, with dimensions 
of 30 cm × 20 cm at an angle of 30°. The mice were allowed 
to turn either right or left at the corners. The result was 
calculated as the percentage of left-side turns. Each mouse 
performed 20 trials. 

For the wire grip test, a 40 cm-long elevated wire mesh (0.3 
cm) 45 cm above the ground was utilized. The mice needed 
to grip the wire using their forelimbs and tail, and they were 
assigned a score based on how well they could accomplish 
this. The result was calculated as the average score of five 
trials as follows; 0, if the mouse dropped from the wire; 1, 
if the mouse was holding the wire using the contralateral 
forelimb; 2, if the mouse used both forelimbs; 3, if the mouse 
used both forelimbs and its tail. 

For the rotarod test, the mice were placed on a rotating rod 
(Panlab S.L.U., Barcelona, Spain), and the average latency to fall 
was determined for each mouse. After adaptation trials, the 
result was calculated as the average latency on the rotating-
rod with the speed accelerating gradually from 4 r/min  
to 20 r/min. Each mouse performed three trials.

For the passive avoidance test, the mice were placed in a 
chamber consisting of one illuminated compartment and 
one dark compartment separated by an automatic door 
(Med-Associates, Inc., St. Albans, VT, USA). During the trial, 
if the mice moved into the dark compartment from the light 
compartment, they received a 0.5 mA electric foot shock 
for 3 seconds. After 24 hours, the result was calculated as 
the latency to enter the dark compartment. The result was 
recorded using MED-PC software (Med-Associates, Inc.) 
interfacing with the testing apparatus. 
 
Immunohistochemistry
Mice were intraperitoneally injected with 50 mg/kg of sodium 
pentobarbital (#051100, SCI Pharmtech Inc., Taoyunan, 
Taiwan, China) as anesthetics. Then they received saline and 
4% paraformaldehyde in phosphate-buffered saline (PBS) 
intracardially. Their brains were isolated from skulls, fixed again 
with the same fixative solution for 24 hours, and soaked in 
30% sucrose for 48 hours at 4°C for cryosection. Coronal sites 
at coordinates + 0.37 mm to + 0.97 mm anterior to bregma 
were selected as the locations from which the perilesional 
brain tissue (Paxinos and Franklin, 2013) was obtained. Using 
a cryostat (CM3050, Leica Microsystems, Wetzlar, Germany), 
the frozen tissues were prepared at a thickness of 20 μm 
and incubated with buffer solution (1× PBS/5% normal horse 
serum/0.3% Triton X-100) to block non-specific labeling. The 
tissue was then incubated with primary antibodies at 4°C 
overnight in primary antibody solution (1× PBS, 1% bovine 
serum albumin, 0.3% Triton X-100): mouse-anti-NG2 (1:500, 
Cat# MAB5384, Merk Millipore, Burlington, MA, USA), rabbit-
anti-NG2 (1:500, Cat# ab129051, Abcam, Cambridge, UK), 
mouse-anti-BrdU (1:500, Cat# MCA2483, AbD Serotec, Oxford, 

UK), rabbit-anti-Ki67 (1:500, Cat# ab15580, Abcam), rabbit-
anti-platelet-derived growth factor receptor α (PDGFRα, 1:500; 
Cat# ab5460, Abcam), mouse-anti-CC1 (an oligodendrocyte 
marker, 1:500, Cat# GTX16794, Genetex, Irvine, CA, USA), 
mouse-anti-cluster of differentiation (CD) 31 (an endothelial 
cell marker; CD31, 1:500, Cat# ab24590, Abcam), mouse-anti-
CD68 (a microgila/macrophage marker; 1:500Cat# MCA1957, 
AbD Serotec), rabbit anti-tumor necrosis factor alpha (TNFα, 
Cat# ab66579, dilution 1:500, Abcam), DeadEnd Fluorometric 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) system (Cat# G3250, Promega, Madison, WI, USA), 
rabbit anti-cleaved caspase 3 (cCaspase 3, 1:500, Cat# 9661, 
Cell Signaling, Danvers, MA, USA), rabbit anti-brain-derived 
neurotrophic factor (BDNF; 1:500, Cat# ab101747, Abcam), 
rabbit anti-phosphorylated tyrosine receptor kinase B 
(pTrkB, 1:500; Cat# ab131483, Abcam), mouse anti-glycogen 
synthase kinase 3 beta (GSK3β, 1:500; Cat# ab93926, Abcam), 
and rabbitanti-phosphorylated GSK3β (pGSK3β; 1:500, 
Cat# ab75745, Abcam). The tissue was washed in PBS and 
incubated in a fluorescent-conjugated goat anti-mouse IgG 
(Cat# A11001, Invitrogen, Crlsbad, CA, USA), goat anti-mouse 
IgG (Cat# A11008, Invitrogen) and Texas red-conjugated 
goat anti-mouse IgG (Cat# A11005, Invitrogen), goat anti-
rabbit IgG (Cat# A11037, Invitrogen) secondary antibody 
solution at room temperature for 2 hours, then mounted 
with mounting medium (Cat# H-1200, Vector Laboratories 
Inc. Burlingame, CA, USA). Using a fluorescence microscope 
(Carl Zeiss Imager M1, Carl Zeiss Inc., Gottingen, Germany) 
and confocal microscope (LSM 510, Carl ZeissInc.), the images 
were captured. Ipsilateral perilesional striatum and corpus 
callosum were focused for analysis . The immunofluorescent 
images were analyzed with image analysis software (IMT 
i-Solution Inc. 10.1, 17TH-5989 Walter Gage Rd., Vancouver, 
BC, Canada). Adobe photoshop CS6 software was used to 
count the number of positive cells, and the average nmber of 
positive cells in each slice was calculated.

Western blotting
Perilesional striatal tissue samples adjacent to the ischemic 
core were homogenized in lysis buffer (250 mM NaCl, 5 mM 
ethylenediaminetetraacetic acid, 25 mM Tris-HCl (pH 7.5), 
1% NP40, 1 mM phenylmethanesulfonyl fluoride, 5 mM 
dithiothreitol , 0.1 mM Na3VO4, 10 mM NaF, leupeptin, and 
protein inhibitor). To quantify the protein concentration, the 
supernatant was extracted after centrifugation at 10,000 × g 
for 20 minutes at 4°C. 20 μg/mL of protein was separated by 
7.5%, 10%, and 12% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis, and then transferred to a nitrocellulose 
membrane (Whatman Piscataway, NJ, USA) or polyvinylidene 
fluoride membrane. The membrane was incubated for 1 hour 
in 5% skimmed milk in PBS with 0.3% Triton-X (PBST) to block 
non-specific labeling. The membranes were incubated with 
primary antibodies at 4°C overnight on a shaker: mouse-anti-
β-actin (Cat# CSB-MA000091M0m, Cusabio, Wuhan, China), 
rabbit-anti-NG2 (1:200, Cat# ab129051, Abcam), rabbit anti-
β-catenin (1:1000, Cat# 9562, Cell Signaling), rabbit anti-
cyclin D1 (Cat# 2922, Cell Signaling), rabbit anti-extracellular 
signal-regulated kinase (ERK, 1:200; Cat# sc-94, Santa Cruz 
Biotechnology, Dallas, TX, USA), rabbit anti-phosphorylated 
ERK (pERK; 1:1000, Cat# 9101, Cell Signaling), rabbit anti-Akt 
(1:200, Cat# sc-1618, Santa Cruz Biotechnology), rabbit anti-
phosphorylated Akt (pAkt; 1:1000, Cat# 4058, Cell Signaling), 
mouse anti-GSK3β (1:500, Cat# ab93926, Abcam), rabbit 
anti-phosphorylated GSK3β (pGSK3β; 1:1000, Cat# ab75745, 
Abcam), rabbit anti-BDNF (1:500, Cat# ab101747, Abcam), 
rabbit anti-transforming growth factor beta (TGFβ; 1:1000, 
Cat# ab92486, Abcam), rabbit anti-neurotrophin 3 (NT3; 
1:1000, Cat# ANT-003, Alomone Labs), rabbit anti-nerve 
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growth factor (NGF; 1:1000, Cat# ab6199, Abcam), or mouse 
anti-glial cell-derived neurotrophic factor (GDNF; 1:200, Cat# 
sc-13147, Santa Cruz Biotechnology). The membranes were 
washed three times for 5 minutes in PBST and incubated 
with the horseradish peroxidase-conjugated anti-mouse or 
anti-rabbit immunoglobulin G secondary antibodies (1:1000, 
Cat# ADI-SAB-100 and ADI-SAB-300, Enzo Life Sciences, 
Farmingdale, NY, USA) at room temperature for 1 hour. Using 
an enhanced chemiluminescent substrate (34580, Pierce 
Biotech, Rockford, IL, USA), specific bands were visualized 
on the membrane. Chemiluminescence was quantified by an 
ImageQuant LAS 4000 system (Fujifilm, Tokyo, Japan). Target 
proteins were nomalized against β-actin expression.

Cytokine array analysis
Mouse cytokine arrays were performed using tissues in 
the perilesional striatum of the brains. Using the Proteome 
Profiler Mouse XL cytokine array kit (ARY028, R&D systems, 
Minneapolis, MN, USA), cytokine profiles were performed as 
instructed in the manufacturer directions.

Flow cytometric analysis
For flow cytometric analysis, ipsilateral tissues from the 
perilesional striatum were dissected using a razor blade 
into buffer A (Cat# HA-LF, BrainBits, Springfield, IL, USA). 
The supernatant was extracted after centrifugation at 110 
× g for 2 minutes at 4°C, and the tissue was exposed to an 
enzyme solution for 30 minutes for digestion of the proteins. 
After being centrifuged at 960 × g for 2 minutes at 4°C, the 
supernatant was removed, and the sample was fixed in 
cold ethanol. After cell fixation, the samples were filtered 
with 70 µm and 40 μm cell strainers. The samples were 
then incubated with following primary antibodies: mouse 
anti-green fluorescent protein (GFP; 1:100, Cat# 2955, Cell 
Signaling), rabbit anti-GFP (1:100, Cat# G10362, Invitrogen), 
rat anti-BrdU (1:100, Cat# ab6326, Abcam), rabbit anti-CC1 
(1:100, Cat# ab40778, Abcam), rat anti-CD31 (1:100, Cat# 
550274, BD Biosciences, San Jose, CA, USA), mouse anti-CD68 
(1:100, Cat# MCA1957, AbD Serotec), rabbit anti-BDNF (1:100, 
Cat# ab108319, Abcam), or mouse anti-GSK3β (1:100, Cat# 
ab93926, Abcam), and counterstained with 4′,6-diamidino-
2-phenylindole (DAPI, H3570, Invitrogen) to label cell nuclei. 
After incubation, the samples were washed three times in PBS 
and incubated with goat anti-mouse IgG-Alexa Fluor 488 (Cat# 
A11029, Invitrogen), goat anti-rabbit IgG-Alexa Fluor 488 (Cat# 
A11008, invitrogen), goat anti-rabbit IgG-Alexa Fluor 633 
(Cat# A21070, Invitrogen), goat anti-rat IgG-Alexa Fluor 633 
(Cat# A21070, Invitrogen), goat anti-mouse IgG-Alexa Fluor 
633 (Cat# A21052, Invitrogen) secondary antibody solution at 
room temperature for 30 minutes, after which the samples 
were transferred to a round-bottomed flow cytometry sample 
tube with a cell strainer cap. The immunolabeled cells were 
kept on ice, and flow cytometric analysis was performed 
immediately (FACS CANTO TMII; Becton-Dickinson, San Jose, 
CA, USA).

Statistical analysis
Data are shown as mean ± standard error of the mean. The 
data were analyzed using SigmaStat version 11.2 (Systat 
Software Inc., San Jose, CA, USA)and compared them with a 
independent samples t-test or one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc tests. A level of P < 0.05 
was considered statistically significant. 

Results
Effects of EA therapy on behavioral function improvement 
following ischemic stroke
The mice received EA stimulation six times at 2-day intervals 

Figure 1 ｜ Experimental schematic diagram and the effects of EA 
stimulation on the improvement of motor functions ofmice following 
cerebral ischemia. 
The Sishencong acupoint (A). Experimental timeline of EA treatment, BrdU 
labeling, edaravone administration, and behavioral testing at 10 and 17 days 
after MCAO (B). Quantification of the motor function test results of the corner 
test (C), wire grip test (D), and rotarod test (E). 1 mA EA stimulation was 
more efficacious than 3 mA EA or edaravone treatment in attenuating motor 
dysfunction in MCAO mice. n = 6. All data are shown as mean ± SEM. **P 
< 0.01, ***P < 0.001, vs. control group; #P < 0.05, ###P < 0.001, vs. MCAO 
group; &P < 0.05, &&P < 0.01, vs. MCAO + EA1 group (one-way analysis of 
variance with Tukey’s post hoc test). EA1: Electroacupuncture at 1 mA; EA3: 
electroacupuncture at 3 mA; MCAO: middle cerebral artery occlusion.
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beginning 5 days after the MCAO, and behavioral testing was 
performed at 10 and 17 days after the MCAO (Figure 1A). 
The MCAO group exhibited significant motor and memory 
dysfunction compared with those in the control group (corner 
test, day 10: F(4,22) = 12.008, P < 0.001; corner test, day 17: 
F(4,22) = 3.605, P = 0.015; wire grip test, day 10: F(4,22) = 33.039, 
P < 0.001; wire grip test, day 17: F(4,22) = 18.973, P < 0.001; 
rotarod test, day 10: F(4,22) = 22.140; rotarod test, day 17: P 
< 0.001, F(4,22) = 13.782, P < 0.001). However, the corner test 
evaluating motor function showed significant differences 
between the MCAO and MCAO + EA1 groups at 10 days post-
MCAO (F(4,22) = 12.008, P < 0.001). In addition, the wire grip 
and rotarod tests also revealed significant differences between 
MCAO and MCAO + EA1 groups at 17 days post-MCAO (wire 
grip test: F(4,22) = 18.973, P = 0.016; rotarod test: F(4,22) = 
13.782, P = 0.028). Moreover, the MCAO + EA1 group showed 
significantly better performance than did the MCAO + EA3 
group and the MCAO + Edaravone positive control group in 
the corner and wire grip tests at 10 and 17 days after MCAO, 
respectively (corner test, day 10: F(4,22) = 12.008, P = 0.006 and 
P = 0.003; wire grip test, day 17: F(4,22) = 18.973, P < 0.001 and 
P = 0.002). The MCAO + EA1 group also exhibited significantly 
better performance in the rotarod test than did the positive 
control group 17 days after MCAO (F(4,22) = 13.782, P = 0.009) 
(Figure 1B–E). There were no significant differences in the 
passive avoidance tests between the MCAO group and the 
MCAO + EA or MCAO + Edaravone groups (data not shown). 
The results demonstrate that EA stimulation attenuated 
functional motor deficits after ischemic stroke, and 1 mA EA 
was more efficacious than 3 mA EA and the positive control 
treatment with edaravone.

Effects of EA therapy on the survival of NG2-expressing cells 
following ischemic stroke
Prominent increases in the numbers of NG2-expressing cells 
are commonly noted in perilesional brain tissue after ischemic 
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stroke. Thus, the proliferation and survival of NG2-expressing 
cells 21 days after MCAO (Figure 1A) were assessed. In the 
perilesional striatum, the numbers of newly generated BrdU- 
or Ki67-positive cells were markedly increased in the MCAO 
+ EA1 group compared to those in the MCAO group (BrdU: 
F(3,20) = 39.340, P < 0.001; Ki67: F(3,20) = 54.827, P = 0.04). 
However, there was no marked difference in the number of 
NG2-positive cells. Moreover, the number of newly generated 
NG2-expressing cells showing a double-labeling for BrdU 
was much lower in MCAO + EA1 group than in the MCAO 
group (F(3,20) = 32.751, P < 0.001) (Figure 2A and B). When we 
assessed two key cell surface proteins of NG2-expressing cells, 
we found that the number of cells double positive for NG2 
and PDGFRαwas also markedly decreased in the EA-treated 
group (F(3,20) = 44.233, P = 0.002) (Figure 2D and E). However, 
EA stimulation markedly increased the number of newly 
generated NG2-expressing cells exhibiting double-positive 
for NG2 and BrdU in the corpus callosum (F(3,20) = 21.981, P < 
0.001) (Figure 2A and C).

Effects of EA therapy on signaling pathways related to the 
activation of NG2-expressing cells and neurotrophic factors 
following ischemic stroke
Western blotting of the perilesional striatum was performed 
in two groups, MCAO and MCAO + EA1, to investigate the 
mechanisms underlying the activation of NG2-expressing cells 
and neurotrophic factors. EA stimulation was performed three 
times at 2-day intervals starting from the fifth day after the 
MCAO, and western blot analysis was performed on tissue 
collected 10 days post-MCAO (Figure 4A). Expression of NG2 

Figure 2 ｜ EA stimulation on the proliferation of NG2-expressing cells 
in the perilesional striatum and corpus callosum of mice at 21 days after 
MCAO. 
Photomicrographs (A) and histograms showing the labeling and quantification 
of NG2- (green), BrdU- (red) and Ki67 (red) -positive cells in the perilesional 
striatum (B) and corpus callosum (C). Photomicrographs (D) and histogram 
showing the labeling and quantification of NG2 (green) and PDGFRα 
(red) double-positive cells in the perilesional striatum (E). EA stimulation 
significantly decreased the number of newly generated NG2-expressing cells 
in the perilesional striatum, relative to the number in the MCAO control 
group (without EA1 stimulation or edaravone treatment). All data are shown 
as mean ± SEM (n = 6). #P < 0.05, ##P  < 0.01, ###P < 0.001, vs. MCAO group; 
&P < 0.05, &&P < 0.01, &&&P < 0.001, vs. MCAO + EA1 group (one-way 
analysis of variance with Tukey’s post hoc test). Scale bars in A and D: 20 μm. 
BrdU: Bromodeoxyuridine; EA1: electroacupuncture at 1 mA; MCAO: middle 
cerebral artery occlusion; NG2: neural/glial antigen 2; PDGFRα: platelet-
derived growth factor receptor alpha.

Figure 3 ｜ EA stimulation on the cell death of NG2-expressing cells in the 
perilesional striatum of mice at 21 days after MCAO.
Photomicrographs (A) and histograms showing the labeling and quantification 
of TNFα (red; B and C), TUNEL (red; D), and cleaved caspase 3 (cCaspase-3, 
red; E)-positive cells in the perilesional striatum. EA stimulation significantly 
decreased the cell death of NG2 (green) -expressing cells. All data are 
shown as mean ± SEM (n = 6). #P < 0.05, ##P < 0.01, ###P < 0.01, vs. MCAO 
group; &P < 0.05, &&P < 0.01, &&&P < 0.001, vs. MCAO + EA1 group (one-
way analysis of variance with Tukey’s post hoc test). Scale bar in A = 20 μm. 
DAPI: 4′,6-Diamidino-2-phenylindole; EA1: electroacupuncture at 1 mA; IOD: 
integrated optical density; MCAO: middle cerebral artery occlusion; NG2: 
neural/glial antigen 2; TNFα: tumor necrosis factor alpha; TUNEL: terminal 
deoxynucleotidyl transferase dUTP nick end labeling.
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Since TNFα is a cytokine that is important for the proliferation 
and subsequent differentiation of NG2-expressing cells, 
we evaluated its expression and associated cell survival. 
Lower integrated optical density (IOD) of TNFα expression 
was determined in the perilesional striatum of rats in the 
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MCAO + EA1 group than MCAO group (F(3,20) = 469.899, P 
< 0.001) (Figure 3A and B). Although the number of cells 
double-positive for BrdU and TNFα was significantly higher, 
the number of  cells double-positive for NG2 and TNFα was 
significantly lower in the MCAO + EA1 group than in the 
MCAO group (BrdU + TNFα: F(3,20) = 32.999, P < 0.001; NG2 
+ TNFα: F(3,20) = 30.810, P < 0.001, respectively) (Figure 3A 
and C). Moreover, the number of cells double-positive for 
NG2 + TUNEL and NG2 + cCaspase 3 was also significantly 
decreased after EA treatment (NG2 + TUNEL: F(3,20) = 18.580, 
P = 0.014; NG2 + cCaspase 3: F(3,20) = 31.061, P = 0.004) 
(Figure 3A, D and E). These results suggest that EA stimulation 
reduced neuroinflammatory cytokine TNFα expression in 
the perilesional striatum and improved the survival of NG2-
expressing cells from death after ischemic stroke.
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was significantly more upregulated in the MCAO + EA1 group 
than in the MCAO group (F(1,10) = 7.367, P = 0.022), and this 
was accompanied by a marked increase in β-catenin and cyclin 
D1 expression, and an increase in ERK and Akt (β-catenin: F(1,10) 
= 7.276, P = 0.023; cyclin D1: F(1,10) = 47.057, P < 0.001; pERK/
ERK: F(1,10) = 8.541, P = 0.015; pAkt/Akt: F(1,10) = 9.173, P = 0.013). 
Moreover, activation of GSK3β, a molecule that modulates 
cross-talk between other common signaling pathways, was 
markedly increased relative to that in the MCAO group (F(1,10) 
= 7.372, P = 0.022) (Figure 4B and C). For the neurotrophic 
factors, BDNF, TGFβ, and NT3 expressions in the perilesional 
striatum were significantly increased after EA stimulation 
(BDNF: F(1,10) = 9.844, P = 0.011; TGFβ: F(1,10) = 7.518, P = 0.021; 
NT3: F(1,10) = 9.445, P = 0.012) (Figure 4D and E). Western 
blot full image is shown in Additional Figure 1. As activation 
of NG2-expressing cells can be attributed, in part, to the 
induction of various cytokines and chemokines, cytokine array 
analysis was performed for comparison betweenthe MCAO 
and MCAO + EA1 groups (Additional Figure 2). EA stimulation 
induced remarkable increases in the expression levels of 
matrix metallopeptidase (MMP) 3, neutrophil gelatinase-
associated lipocalin (NGAL), MMP9, chemokine ligand (CCL) 
6, endostatin, CXC chemokine (Lix), and CCL12, along with 
marked decreases in low density lipoprotein receptor (LDLR), 
C-reactive protein (CRP), and CX3C chemokine receptor 1 
(CX3CL1). These results show that EA stimulation upregulated 
the expression of signaling molecules related to NG2 cell 
activation, such as β-catenin, ERK, and Akt, as well as 
specific growth factors, such as BDNF, TGFβ and NT3, in the 
perilesional striatum.

Immunohistochemical analysis of the effects of EA therapy 
on NG2-expressing cell types and the activation of BDNF 
signaling in ischemic stroke
Since NG2 is widely expressed in ol igodendrocytes, 
neurovascular cells, and microglia/macrophages depending 
on differentiation after brain injury, the phenotypes of NG2-
expressing cells after six EA stimulations on day 21 post-MCAO 
were characterized (Figure 1A). In the perilesional striatum, 
a higher number of cells with double-positive for NG2 + CC1, 
NG2 + CD31, and NG2 + CD68 were observed in the MCAO + 
EA group than in the MCAO group, but only the number of NG2 
and CD68 double-positive cells significantly differed between 
groups (F(3,20) = 28.731, P = 0.004), and no differences were 
observed in the corpus callosum. Of these double-labeled cells, 
more NG2 and CC1 double-positive cellswere observed than 
the other cell types in the perilesional striatum, and NG2+CD31 
double-positive cells accounted for the majority of the cell 
types in the corpus callosum (Figure5A–C). The western blot 
analysis revealed that EA stimulation robustly activated NTFs, 
such as BDNF, TGFβ, and NT3, in the perilesional striatum, as 
well as signals related to the proliferation and survival of NG2-
expressing cells. Therefore, the activation of BDNF, its receptor, 
TrkB, and GSK3β were evaluated. The numbers of BDNF- and 
pTrkB-positive cells were markedly enhanced in the MCAO + 
EA group compared to those in the MCAO group (BDNF: F(3,20) 
= 152.541, P = 0.008; pTrkB: F(3,20) = 272.468, P = 0.02), and 
the numbers of cells double-positive for NG2 + BDNF and NG2 
+ pTrkB were also markedly increased (NG2 + BDNF: F(3,20) = 
38.042, P = 0.048; NG2 + pTrkB: F(3,20) = 89.536, P = 0.023). The 
number of GSK3β-positive cells was markedly increased in the 
MCAO + EA group compared to that in the MCAO group (F(3,20) 
= 69.016, P = 0.019). However, no significant difference in 
NG2 + GSK3β double-positive cells was observed (Figure 6A–
C). These results demonstrate that EA treatment induced the 
differentiation of various NG2-expressing cell types through 
modulation of signaling mechanisms involving neurotrophic 
factors, BDNF.

Figure 4 ｜ Effects of EA stimulation on the expression of signaling markers 
related to the activation of NG2-expressing cells and on the upregulation 
of neurotrophic factors in the perilesional striatum of mice at 21 days after 
MCAO. 
Experimental timeline of MCAO generation, EA treatment, and sampling 
(A). Western blots of signaling markers related to NG2 activation (B) and 
neurotrophic factor expression (D), and their quantification by densitometric 
analysis (C and E). EA stimulation upregulated signaling pathways related to 
NG2 cell activation and neurotrophic factor expression involving BDNF, TGFβ, 
and NT3. All data are shown as mean ± SEM (n = 6). #P < 0.05 and ###P < 
0.001, vs. MCAO (independent samples t-test). EA1: Electroacupuncture at 
1 mA; GDNF: glial cell-derived neurotrophic factor; MCAO: middle cerebral 
artery occlusion; NG2: neural/glial antigen 2; NGF: nerve growth factor; 
NT-3: neurotrophin-3; pAKt:  phosphorylated Akt; pERK: phosphorylated 
ERK; pGSK3β: phosphorylated GSK3β; TGFβ: transforming growth factor-β. 
Uncropped images of western blot are shown in Additional Figure 1.
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Figure 5 ｜ Effects of EA stimulation on NG2-expressing cell types in the 
perilesional striatum and the corpus callosum of mice at 21 days after MCAO. 
Photomicrographs (A) and histograms (B and C) showing labeling and 
quantification of NG2 (green) -, CC1 (red) -, CD31 (red) - and CD68 (red) 
-positive cells in the perilesional striatum and the corpus callosum of MCAO 
mice. EA stimulation significantly increased the NG2 and CD68double positive 
cells in the perilesional striatum. n = 6. All data are shown as mean ± SEM. 
##P < 0.01, vs. MCAO group; &P < 0.05, vs. MCAO + EA1 group (one-way 
analysis of variance with Tukey’s post hoc tests). Scale bar in A: 20 μm. DAPI: 
4′,6-Diamidino-2-phenylindole; EA1: electroacupuncture at 1 mA; MCAO: 
middle cerebral artery occlusion; NG2: neural/glial antigen 2. 
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Figure 6 ｜ Effects of EA stimulation on the expression of BDNF, pTrkB, and 
GSK3β in the perilesional striatum of mice at 21 days after MCAO.
Photomicrograph (A) and histograms (B and C) showing labeling of BDNF (red) -, 
pTrkB (red) - and GSK3β(red) -positive cells in the perilesional striatum of MCAO 
mice. The number of NG2+/BDNF+ and NG2+/pTrkB+ cells was significantly 
increased after EA1 stimulation. n = 6. All data are shown as mean ± SEM. #P < 
0.05 and ##P < 0.01, vs. MCAO group; &P < 0.05, vs. MCAO + EA1 group (one-
way analysis of variance with Tukey’s post hoc test). Scale bar in A: 20 μm. 
BDNF: Brain-derived neurotrophic factor; DAPI: 4′,6-Diamidino-2-phenylindole; 
EA1: electroacupuncture at 1 mA; MCAO: middle cerebral artery occlusion; 
NG2: neural/glial antigen 2; (p)GSK3β: (phosphorylated) glycogen synthase 
kinase 3 beta; pTrkB: phosphorylated tyrosine receptor kinase B.
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Flow cytometric analysis regarding the effects of EA therapy 
on NG2-expressing cell types and BDNF expression following 
ischemic stroke in NG2-mEGFP mice
Since the express ion of  NG2 gradual ly  dec l ines  in 
mature cells, it was necessary to confirm the results of 
immunohistochemical analysis using other techniques. 
Therefore, flow cytometric analysis was performed to compare 
the MCAO and MCAO + EA1 groups using NG2-mEGFP 
mice. The numbers of cells double-positive for BrdU + GFP, 
CC1 + GFP, CD31 + GFP, and GSK3β + GFP were significantly 
increased in the MCAO + EA group (BrdU + GFP: F(1,8) = 27.870, 
P < 0.001; CC1 + GFP: F(1,8) = 6.776, P = 0.032; CD31 + GFP: 
F(1,8) = 6.346, P = 0.036; GSK3β + GFP: F(1,8) = 27.381, P < 0.001). 
There was no significant difference in the number of cells 
cells double-positive for BDNF and GFP. However, the number 
of BDNF-positive cells labeled with DAPI was significantly 
altered by EA stimulation (F(1,8) = 6.374, P = 0.036), suggesting 
that BDNF was secreted by other cerebral cells, not only by 
specific NG2-expressing cells (Figure 7A–D). Assessment 
of these cells in the contralateral striatum revealed a slight 
increase in the expression of these markers, but there was 
no significant difference between groups (Additional Figure 
3). These results confirmed, through immunohistochemical 
analysis in NG2-mEGFP mice, that EA stimulation induced the 
differentiation of various cell types expressing NG2 through 
increasing neurotrophic factor-related signaling, such as those 
modulated by BDNF.

Discussion
In the present study, we assessed functional changes in 
NG2-expressing cells in the perilesional tissue that were 
treated with EA after ischemic stroke. We also assessed 
the contribution of NG2-expressing cells in functional 
recovery. EA therapy robustly induced the survival and 
differentiation of multiple NG2-expressing cell types, 
including oligodendrocytes, microvascular endothelial cells, 
and microglia/macrophages in the perilesional brain tissue. 
These changes were associated with increased activation of 
GSK3β and NTF signaling, especially pathways involving BDNF, 
revealing strong evidence of the validity and therapeutic 
efficacy of EA therapy for treating stroke.

Figure 7 ｜ Effects of EA stimulation on cellular phenotype and the 
expression of BDNF and GSK3β in GFP+/DAPI+ NG2-expressing cells, or 
whole cells in ipsilateral perilesional striatum of NG2-mEGFP mice at 21 
days after MCAO. 
Quantitative analysis of the flow cytometry data (A and C) and histograms 
showing the percentage of GFP+/DAPI+ cells also expressing BrdU, CC1, CD31, 
CD68, and GSK3β, as well as the percentage of DAPI+ cells also expressing 
BDNF (B and D, respectively). The numbers of GFP+ cells that also express 
BrdU, CC1, CD31and GSKβ were significantly increased after EA1 stimulation. 
n = 5. All data are shown as mean ± SEM. #P < 0.05, ##P < 0.01, and ###P 
< 0.01, vs. MCAO group (independent samples t-test). BDNF: Brain-derived 
neurotrophic factor; BrdU: bromodeoxyuridine; DAPI: 4′,6-Diamidino-2-
phenylindole; EA1: Electroacupuncture at 1 mAEA1: electroacupuncture at 1 
mA; GFP: green fluorescent protein; GSK3β: glycogen synthase kinase 3 beta; 
MCAO: middle cerebral artery occlusion; mEGFP: mutated enhanced green 
fluorescent protein; NG2: neural/glial antigen 2.
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The Sishencong acupoint innervates the branches of the 
supraorbital, greater occipital, and auriculotemporal nerves, 
and it plays a functional role in refreshing the brain and 
restoring the mind (Chen, 1995). Manipulation of this 
acupoint is widely performed in the clinical treatment of 
mental disorders and cerebrovascular diseases, and those 
involving post-stroke treatment, and it can improve cerebral 
microcirculation and regulate nervous system excitability (Tan 
et al., 2017; Lu et al., 2019). When we applied EA stimulation 
at the Sishencong acupoint, it significantly alleviated 
motor deficits after ischemic stroke, and EA therapy was 
more efficacious than the positive control treatment with 
edaravone, providing further evidence that EA may indicate 
an adjuvant therapy for treating motor dysfunction in stroke 
patients. Noninvasive electrical stimulation such as ear-
clip electrode and transcranial direct current also enhance 
functional recovery from stroke insults via enhancement of 
neurogenesis and expression of growth factors, respectively 
(Ahn et al, 2020; Balseanu et al., 2020). Because EA involves 
stimulation of electrical pulses, electrical stimulation may also 
be involved in ameliorating the effects of motor dysfunction 
along with stimulation of a specific acupoints.

NG2-expressing cells, as well as NG2 glial lineage and non-
NG2 lineage cells, including neurovascular cells and microglia/
macrophages, react to brain injuries, such as those that occur 
following ischemic stroke, by proliferating and undergoing 
morphological changes around the lesion site (Matsumoto 
et al., 2008; Smirkin et al., 2010; Claus et al., 2013; Zhang 
et al., 2013; Hackett et al., 2016). NG2 is expressed by 
oligodendrocyte progenitor cells; these cells were initially 
known as NG2 glial cells or oligodendrocyte precursor cells, 
and they display wide differentiation potential in response 
to cerebral ischemia (Nishiyama et al., 2009; Zhang et al., 
2013; Dimou and Gallo, 2015; Honsa et al., 2016). NG2 is 
upregulated in vasculogenic cells within the lesion area, which 
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EA stimulation greatly enhanced the expression of ERK, Akt, 
β-catenin and GSK3β in the perilesional striatum, along with a 
marked increase in BDNF, TGFβ, and NT3 expression.

Subsequently, the cell types expressing NG2 were investigated 
by immunohistochemistry and flow cytometric analysis to 
reveal the relationship between activation of NG2-expressing 
cells and neurotrophic factor-mediated signaling pathways. 
EA stimulation significantly enhanced the number of NG2-
expressing cells double-positive for oligodendrocyte, 
microvascular endothelial cell, and microglia/macrophage 
markers, suggesting that EA enhanced the survival and 
differentiation of these cell types. The relationship between 
the increase in NG2-expressing cells and the expression of 
BDNF and the mediator of functional integration, GSK3β, 
was also investigated by immunohistochemistry and flow 
cytometric analysis. BDNF/TrkB and GSK3β signaling were 
activated in perilesional brain tissue after MCAO; this 
activation also occurred in NG2-expressing cells. Interestingly, 
there was no change in BDNF level in NG2-expressing cells, but 
a remarkable whole cell-type increase was observed within 
the perilesional site, indicating that BDNF was also secreted by 
other type cells, not only by specific NG2-expressing cells.

NG2-expressing glia undergo proliferation and morphological 
changes, and they produce oligodendrocytes in response to 
cerebral ischemia (Zhang et al., 2013; Honsa et al., 2016). 
NG2 expression in neurovascular cells in the lesion core 
contributes to vascular remodeling following ischemic stroke 
(Stallcup et al., 2016; Jin et al., 2018; Yang et al., 2018), along 
with increased expression of markers of angiogenesis, such 
as Ki67, NG2, and MMP3 within the perilesional site (Yang 
et al., 2018). In NG2-expressing cells, the protein CD68, a 
marker of active phagocytosis, plays a role in the elimination 
of neuronal debris to accelerate tissue repair; thus, these 
microglia/macrophages are a therapeutic target for the 
control of secondary nerve degeneration in perilesional region 
following ischemic injury (Perego et al., 2011; Sugimoto et 
al., 2014). According to our results, the increased numbers 
of multiple phenotypes of NG2-expressing cells suggests the 
possibility that EA therapy could be efficacious for ischemic 
stroke through various neuroprotective mechanisms, including 
enhancing the production of oligodendrocytes, increasing 
vascular remodeling, and eliminating neuronal debris.

This study has some major l imitat ions.  F irst ,  other 
neurotrophic factors may play an important role in the 
therapeutic effects of EA. Our results also suggest a possible 
role for other neurotrophic factors, including the involvement 
of TGFβ and NT3, and the activation of their related signaling 
pathways may explain the efficacy of EA in the treatment of 
ischemic stroke. TGFβ in the ischemic core diffuses toward 
the perilesional area where it induces NG2-positive microglia 
that assist in the alleviation of damage within ischemic brain 
injuries (Sugimoto et al., 2014). NT3 increases the number 
and differentiation of endogenous oligodendrocyte precursor 
cells, resulting in functional improvements (Huang et al., 
2011). Second, cytokine regulation by EA stimulation may 
have beneficial effects on NG2-expressing cells. Cytokines 
also play a pivotal role in the accumulation of NG2-expressing 
cells in the injured brain (Levine, 2016; Tei et al., 2013). 
In our cytokine array analysis, changes in inflammatory 
cytokine expression induced by EA stimulation, such as 
MMP3 and MMP9, Lix, CRP, and CX3CR1, may be involved 
in the functional activation of NG2-expressing cells (Li et al., 
2016; Tei et al., 2013; Yang et al., 2018). Third, aging and 
comorbidities such as arterial hypertension and diabetes have 
a major impact on the incidence, consequences, and efficacy 
of therapy in stroke patients (Joseph et al., 2012; Buga et al., 

display multipotent stem cell activity under pathological 
states such as ischemia; this suggests that NG2 stimulates 
the proliferation, motility, and recruitment of endothelium 
during vascular remodeling and morphogenesis (Ozerdem 
et al., 2001; Ahlskog, 2011; Stallcup et al., 2016; Jin et al., 
2018). NG2-expressing microglia/macrophage-like cells have 
been detected in the narrow demarcation area between the 
perilesional region and the ischemic core (Matsumoto et al., 
2008; Sugimoto et al., 2014), and they play a beneficial role in 
recovery from ischemic brain lesions through the secretion of 
neuroprotective factors (Smirkin et al., 2010). 

Appropriate control of NG2-expressing cells in perilesional 
brain tissue within recoverable injured regions might be 
a novel target for promoting functional recovery through 
EA therapy after ischemic stroke. Therefore, we aimed 
to investigate the activity of NG2-expressing cells in the 
perilesional brain tissue in the MCAO model in mice. Our 
results demonstrated a remarkable increase of proliferating 
cells in the perilesional area induced by EA stimulation; 
however, the number of newly generated NG2-expressing 
cells decreased, but not in the corpus callosum, a region 
distant from the inflammatory core. Upregulation of TNFα 
accompanies cerebral ischemia, and this pro-inflammatory 
cytokine is the most probable inducer in the proliferation/
regeneration of NG2-expressing cells in the CNS (Arnett 
et al., 2001). A significant decrease in TNFα expression in 
the perilesional brain tissue was induced by EA stimulation 
similar to the results of a previous study that showed EA 
stimulation exerted a neuroprotective effect in cerebral 
ischemia/reperfusion injury, which was at least partially 
associated with anti-inflammatory mechanisms (Long et al., 
2019). Subsequently, when we assessed the survival of NG2-
expressing cells, we observed that EA treatment significantly 
increased their survival. Our results indicate that the 
proliferation of NG2-expressing cells is alleviated by the anti-
inflammatory function of EA stimulation; this therapy showed 
a beneficial effect on the survival of NG2-expressing cells.

Functional and histological recoveries involve the activation of 
signaling that promotes cell survival and the upregulation of 
neurotrophic factors (Francardo et al., 2014). Moreover, the 
proteoglycan NG2 controls various cellular functions, involving 
proliferation, migration, and differentiation in response 
to growth factor stimulation (Biname, 2014). Increased 
proliferation and differentiation resulting from the activation 
of NG2-expressing cells are largely dependent on PI3K/
Akt, MEK/ERK and Wnt/β-catenin signaling (Hill et al., 2013; 
Xie et al., 2016; Jiang et al., 2019). In neural development, 
these pathways are highly interconnected, with crosstalk and 
convergence points with GSK3. Therefore, GSK3 signaling acts 
as a mediator for the integration of multiple proliferation and 
differentiation signals (Kim et al., 2009; Gonzalez-Fernandez et 
al., 2018; Courchesne et al., 2019). 

EA stimulation enhances the proliferation and differentiation 
of adult stem cells and improves neuronal function in 
ischemic stroke through the expression of neurotrophic 
factors and their related signaling pathways (Kim et al., 
2014, 2018; Ahn et al., 2019). These neurotrophic factors 
promote progenitor cell survival and generation through the 
regulation of major intracellular mediators of ERK and Akt 
signaling (Barnabe-Heider and Miller, 2003; Islam et al., 2009). 
Higher concentrations of growth factors are associated with 
repair processes in ischemic brain injury, resulting in greater 
differentiation of NG2-expressing cells (Honsa et al., 2016). 
Therefore, essential signaling involving the activation of NG2-
expressing cells and the expression of neurotrophic factors 
was compared between the MCAO and MCAO + EA1 groups. 
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2013). In the present study, we employed young animals; 
thus, there are some discrepancies between our encouraging 
results and clinical outcomes.

Ultimately, EA therapy may be a viable treatment option 
for restoring functional activity of perilesional brain tissue 
after ischemic injury. Our results indicate that EA therapy 
enhanced the survival and differentiation of multiple NG2-
expressing cells types, suggesting the engagement of 
various neuroprotective mechanisms. The generation of 
oligodendrocytes, vascular remodeling, and elimination of 
degenerating debris contribute to the efficacy of EA therapy 
for ischemic stroke.
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Additional figures

Additional Figure 1 Western blot images of regions used for figure 4 marked with rectangles and molecular
size marker (kDa).
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Additional Figure 2 EA stimulation on cytokine expression in perilesional striatum of mice at 21 days after
MCAO.
(A, B) Cytokine array results (A) and quantitative analysis of expression (B). The figure shows sample cytokine
array data from the perilesional striatum of the MCAO and MCAO + EA1 groups. The red circles indicate
upregulated cytokine and blue ones downregulated cytokine compared to MCAO and MCAO + EA1. All data are
shown as mean ± SEM (n = 4). CCL6: Chemokine ligand 6; CCL12: chemokine ligand 12; CRP: C-reactive
protein; CX3CL1: CX3C chemokine receptor 1; EA1: electroacupuncture at 1 mA; LDLR: low density lipoprotein
receptor; Lix: CXC chemokine; MCAO: middle cerebral artery occlusion; MMP3: matrix metallopeptidase 3;
MMP9: matrix metallopeptidase 9; NGAL: neutrophil gelatinase-associated lipocalin.
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Additional Figure 3 EA stimulation of NG2-mEGFPmice on cellular phenotypes of
NG2-expressing cells and the expression of BDNF and GSK3β in the contralateral striatum of
mice at 21 days after MCAO.
Quantitative analysis of the flow cytometry and (A and C) and histograms showing the numbers of GFP
+ DAPI-positive cells also expressing BrdU, CC1, CD31, CD68, and GSK3β, and the number of
DAPI-positive cells expressing BDNF (B and D, respectively). There were no significant differences
between the MCAO and MCAO + EA1 groups. All data are shown as mean ± SEM (n = 5). BDNF:
brain-derived neurotrophic factor; BrdU: Bromodeoxyuridine; DAPI: 4',6-diamidino-2-phenylindole;
EA1: electroacupuncture at 1 mA; GFP: green fluorescent protein; GSK3β: glycogen synthase kinase 3
beta; MCAO: middle cerebral artery occlusion; mEGFP: membrane-anchored enhanced green
fluorescent protein; NG2: neural/glial antigen 2.


