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Background. As one of the ﬁrst steps in the pathology of cerebral ischemia, glutamate-induced excitotoxicity progresses too fast to
be the target of postischemic intervention. However, ischemic preconditioning including electroacupuncture (EA) might elicit
cerebral ischemic tolerance through ameliorating excitotoxicity. Objective. To investigate whether EA pretreatment based on
TCM theory could elicit cerebral tolerance against ischemia/reperfusion (I/R) injury, and explore its potential excitotoxicity
inhibition mechanism from regulating proapoptotic pathway of the NMDA subtype of glutamate receptor (GluN2B). Methods.
The experimental procedure included 5 consecutive days of pretreatment stage and the subsequent modeling stage for one day.
All rats were evenly randomized into three groups: sham MCAO/R, MCAO/R, and EA+MCAO/R. During pretreatment
procedure, only rats in the EA+MCAO/R group received EA intervention on GV20, SP6, and PC6 once a day for 5 days. Model
preparation for MCAO/R or sham MCAO/R started 2 hours after the last pretreatment. 24 hours after model preparation, the
Garcia neurobehavioral scoring criteria was used for the evaluation of neurological deﬁcits, TTC for the measurement of infarct
volume, TUNEL staining for determination of neural cell apoptosis at hippocampal CA1 area, and WB and double
immunoﬂuorescence staining for expression and the cellular localization of GluN2B and m-calpain and p38 MAPK. Results.
This EA pretreatment regime could improve neurofunction, decrease cerebral infarction volume, and reduce neuronal apoptosis
24 hours after cerebral I/R injury. And EA pretreatment might inhibit the excessive activation of GluN2B receptor, the GluN2B
downstream proapoptotic mediator m-calpain, and the phosphorylation of its transcription factor p38 MAPK in the
hippocampal neurons after cerebral I/R injury. Conclusion. The EA regime might induce tolerance against I/R injury partially
through the regulation of the proapoptotic GluN2B/m-calpain/p38 MAPK pathway of glutamate.

1. Introduction
Stroke is the second leading cause of death and the third leading cause of disability worldwide [1]. Stroke is estimated to
cause 12 million deaths per year by 2030 [2]. Ischemic stroke,
induced by occlusion of cerebral blood ﬂow mainly in the

middle cerebral artery (MCA), accounts for about 87.9% of
all strokes and often leads to severe central nervous system
injury or even death [3]. Currently, recombinant tissue plasminogen activator (rt-PA) is the only FDA-approved agent
for the hyperacute phase of ischemic stroke [2]. However,
application of such therapy is limited by the narrow
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therapeutic time window (3-4.5 h) and strict indications [3].
Therefore, only 2-5% of patients attacked by acute ischemic
stroke have received rt-PA treatment [2]. Furthermore, rtPA-treated patients had an absolute risk of symptomatic
intracerebral hemorrhage at 2.3% per year over 10 years [4,
5]. Moreover, there was no signiﬁcant reduction in mortality
at 3 to 6 months after intravenous thrombolysis compared
with the aspirin-control group (17.9% vs. 16.5%), and twothirds of survivors still suﬀer from certain disability [6].
Since current status of stroke management has always
been far below expectation, stroke neurobiologists have
advanced a considerable body of evidence supporting the
hypothesis that, with certain preconditioning, the mammalian brain can adapt to injurious insults such as cerebral
ischemia to promote cell survival in the face of subsequent
injury [7]. Such neuroprotective eﬀect triggered by certain
“preconditioning” stimuli has been referred as “cerebral
ischemic tolerance.”
The candidate stimuli should be a nonlethal stimulus
strong enough to initiate a response inducing tolerance
against subsequent lethal attacks but not so much as to cause
permanent tissue damage [8]. Various preconditioning paradigms such as hypoxia, nonlethal ischemia, and pharmacological anesthetics have been explored for providing a
unique window into the brain’s endogenous protective
mechanisms [9]. Most of the pretreatment methods are double-edged, producing nonlethal harmful stimuli to the body
for ischemic tolerance. Remote ischemic pretreatment might
be the only regime that has been studied in clinical research.
However, this multicenter clinical trial conducted in 2015
suggested that remote ischemic pretreatment did not
improve patient outcomes [10].
Even though acupuncture and moxibustion had been
applied for disease prevention since ancient time, the ﬁrst
evidence supporting its role for inducing cerebral ischemic
tolerance in an animal model was provided by Xiong’s team
in 2003 [11]. The study conﬁrmed that electroacupuncture
(EA) at GV20 before cerebral ischemia can reduce the degree
of postischemic neural deﬁcit in an animal model [11]. Until
now, the mechanism of cerebral ischemic tolerance induced
by EA pretreatment has been explored from various aspects,
such as inhibition of inﬂammation, oxidative stress, endoplasmic reticulum stress, regulation of cannabinoid system,
autophagy, protection of blood-brain barrier, and antiapoptosis [12–14]. Nevertheless, superiority of precondition
should contribute to its rapid response to lethal injury.
Glutamate-induced excitotoxicity was identiﬁed as one of
the ﬁrst steps in the pathology of cerebral ischemia [15].
Under the pathological conditions such as cerebral ischemia,
glutamate would be overreleased to the synaptic cleft and
then activated the NR2B-containing NMDA receptor
(GluN2B), followed by calcium overload in the cell. The
overloaded calcium would activate the m-calpain in the
cytoplasm and then induce the endonuclease reaction of
STEP61, which further inhibit the dephosphorylation of
p38 MAPKs and ﬁnally lead to cell apoptosis through signal transduction [16, 17]. The occurrence and progression
of such process is too fast to be the target of postischemic
intervention [18]. However, ischemic preconditioning was
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found to ameliorate excitotoxicity by inhibiting glutamate
release [19, 20].
So, this study will focus on whether EA pretreatment
could decrease excitotoxicity by regulating downstream of
glutamate receptor in an animal model of cerebral ischemia/reperfusion (I/R) injury.

2. Material and Methods
2.1. Animals. Speciﬁc pathogen-free male Sprague-Dawley
rats (aged 6 weeks old and weighing 250 ± 20 g) were supplied by Beijing Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China; license no. SCXK(Jing)2016-0006).
All rats were bred and housed in the SPF animal facility at
the Institute of Radiation Medicine, Chinese Academy of
Medical Sciences and Peking Union Medical College (Tianjin, China; license no. SYXK (Jin) 2019-0002) under controlled conditions in a 12-hour light/dark cycle with a
ambient temperature of 20-25°C and a humidity at 40-70%
for at least 3 days before preconditioning. Rats were allowed
free access to a standard rodent diet and clean water. All procedures were approved by the Ethics Committee of Tianjin
University of Traditional Chinese Medicine (TCMLAEC2019018).
2.2. Experimental Protocol
2.2.1. Experiment I: Cerebral Protective Eﬀect of EA
Pretreatment
for
Middle
Cerebral
Artery
Ischemia/Reperfusion Injury (MCAO/R). To determine the
neuroprotective eﬀect of EA pretreatment for cerebral I/R,
rats were evenly randomized into three groups: sham
MCAO/R, MCAO/R, and EA+MCAO/R (Figure 1(a)). The
experimental procedure included 5 consecutive days of pretreatment stage and the subsequent modeling stage for one
day. During pretreatment procedure, all rats were constrained by handmade cloth and only rats in the EA
+MCAO/R group are receiving EA intervention. MCAO/R
or sham MCAO/R procedure started after 2 hours of the last
pretreatment. For all MCAO/R rats, blood ﬂow of MCA was
monitored during the modeling procedure to illustrate the
validity of cerebral I/R. At 24-hour postsham-MCAO/R or
MCAO/R, an independent personnel blinded to group allocation evaluates neurological deﬁcits of all animal using the
Garcia neurobehavioral scoring criteria [21]. Afterwards, all
rats were sacriﬁced under anesthesia and the brain tissue
was collected for the measurement of infarct volume or neural cell apoptosis at hippocampal CA1 area using TTC and
TUNEL staining.
2.2.2. Experiment II: Eﬀect of EA Pretreatment on GluN2B
and Its Downstream Pathway of MCAO/R. To determine
the eﬀect of EA pretreatment on glutamate receptor GluN2B
and its downstream pathway postcerebral I/R, rats were
evenly randomized into three groups: sham MCAO/R,
MCAO/R, and EA+MCAO/R. All pretreatment procedures
and the subsequent modeling procedure coincide with
Experiment I. At 24-hour postsham-MCAO/R or MCAO/R,
all rats were sacriﬁced under anesthesia and the right hippocampi were taken to determine the expression of GluN2B, m-
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Figure 1: EA pretreatment and model preparation for rats in three groups. (a) The experimental procedure included 5 consecutive days of
pretreatment stage and the subsequent modeling stage for one day (I: ischemia, insertion of suture to block the blood ﬂow; R: reperfusion,
withdrawal of the suture to restore blood ﬂow at 90 minutes after ischemia). (b) EA stimulation. (c) Cerebral blood ﬂow of the baseline (t 1
) and postischemia (t 2 ). (d) Blood ﬂow after reperfusion (t 3 ). (e) Comparison of cerebral blood ﬂow at diﬀerent time points (n = 8). The
unit of blood ﬂow “AU” is the unit determined by the manufacturer. The blood ﬂow at three time points was compared using one-way
ANOVA for repeated measurement. The results did not meet the sphericity test (Mauchly W = 0:252, P < 0:05), so the diﬀerences among
groups were examined using MANOVA (F = 470464:634, P < 0:001) followed by LSD for post hoc multiple comparisons. ∗ P vs. sham; #P
vs. MCAO/R.
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calpain, and p38 MAPK by Western blot (WB) and the cellular localization of GluN2B and m-calpain using double
immunoﬂuorescence staining.
2.3. EA Pretreatment. During EA pretreatment, all rats were
constrained by handmade cloth and ﬁxed at the desk using
adhesive tape (Figure 1(b)). Location of GV20, PC6, and
SP6 in rats was referred to “Experimental acupuncture science” [22]. GV20 was selected at the midpoint between the
tips of the ears and punctured backward with depth of
2 mm. Bilateral PC6 were selected 3 mm above the wrist joint
on the medial side of the forelimb between the ulna and the
radius and were punctured vertically with depth of 1 mm;
SP6 was selected 10 mm above the tip of the medial malleolus
at the hind limbs and was punctured vertically with depth of
5 mm. Five sites of acupoints were needled using sterile acupuncture needles of 0:25 mm ∗ 25 mm (Huatuo, Suzhou
Medical Supplies Factory, China). Then, all needles were
connected to the electrodes. Unilateral PC6 and SP6 were
connected to the positive and negative end of the same electrode, and GV20 and the tip of the ear were connected to the
positive and negative end of the same electrode to form a current circuit using EA therapeutic apparatus (HANS-100A,
Nanjing Jisheng Medical Technology, China). All acupoints
were stimulated with the parameters of 2/15 Hz, 1 mA for
20 min/d for 5 consecutive days. Limbs and head would
slightly tremor during electrical stimulation which was considered as the sign of Deqi.
2.4. The Model of Cerebral I/R Was Prepared Using Suture
Method under the Monitoring of Laser Doppler Flowmeter.
Focal cerebral ischemia was induced by a transient right middle cerebral artery occlusion and subsequent blood reperfusion 90 minutes later in a rat model. Before model
preparation, SD rats would be fasted yet drank water freely
for 12 hours. During anesthesia process, the rats were placed
in the anesthesia induction chamber of the small animal
anesthesia system, and the concentration of 3% isoﬂurane
(isoﬂurane, RWD Life Science Co., Ltd., China) was set to
induce anesthesia. After the basal reﬂex of the rats disappeared, the rats were ﬁxed on the board with rubber bands
with a breathing mask connected to the anesthesia system,
and then, a midline incision was cut on the neck to adequately expose the right common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery
(ICA). After the ligation of the right CCA and ECA, a suture
was inserted from the CCA into the ICA up to a depth of 18
to 20 mm. After 90 min of occlusion, the ﬁlament was withdrawn for reperfusion.
The regional cerebral blood ﬂow (rCBF) was monitored
using a Laser Doppler Flowmeter (DRT-4, Moor, UK). The
cerebral blood ﬂow after the separation of the carotid artery
(t 1 ) was set as the baseline value of blood ﬂow. Blood ﬂow
after ischemia (t 2 ) and reperfusion (t 3 ) was also recorded to
evaluate the eﬀect of model preparation (Figures 1(c) and
1(d)). In each time point, when the blood ﬂow was relatively
stable, the value would be recorded and preserved for 1 min
without interruption. The model was successful when local
cerebral blood ﬂow in the middle cerebral artery decreased
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to 30% below the baseline blood ﬂow after ischemia [23].
The modeling process in our study could produce a representative model of cerebral I/R since local cerebral blood ﬂow
decreased to 23.65% of the baseline value after ischemia
and returned to 71.72% after suture withdrawal (Figure 1(e)).
2.5. Garcia Score. The neurobehavioral scoring was performed according to the methods of Garcia et al. [21], which
includes six aspects: spontaneous activity (in cage for 5 min,
0-3 scores), symmetry of movements (four limbs, 0-3 scores),
symmetry of forelimbs (outstretching while held by tail, 0-3
scores), climbing wall of wire cage (1-3 scores), reaction to
touch on either side of trunk (1-3 scores), and response to
vibrissae touch (1-3 scores). Total value of Garcia is 18, with
lower score for more impaired neurologic function.
2.6. TTC Staining. Animals were anesthetized and sacriﬁced to
extract brain tissue. After rinsing with ice brine, the brain tissue
was quickly frozen in -20°C refrigerator for 20 min to harden
the brain tissue for cutting. Sections were made along the coronal plane with a thickness of 2 mm, and 5-6 slices were cut for
each brain. Put the brain slices into a petri dish wrapped with
tinfoil and containing 2% TTC (Solarbio, China) and then dye
them in a 37°C incubator for 30 minutes. During this period,
gently turn the brain slices so that they can be fully exposed to
the reaction. Take out the petri dish, suck out the TTC solution
with 1 ml needle tube, inject 4% paraformaldehyde solution to
ﬁx it for 5 min, and then take out and place the slices in order
for pictures. Finally, the cerebral infarction volume ratio of each
brain slice was calculated by Image-Pro Plus image software. In
order to reduce the error caused by cerebral ischemic hemispheric edema, the infarct volume was used to subtract the ipsilateral normal tissue volume from the contralateral normal
tissue volume, and the result was expressed by the percentage
of infarct volume: infarct volume percentage = ðcontralateral
tissue volume‐ipsilateral normal tissue volumeÞ/contralateral
normal tissue volume ∗ 100%:
2.7. TUNEL Staining. After dewaxed by xylene and dehydrated with ethanol, paraﬃn sections were added with
20 μg/ml protease K working solution (Solarbio, China) for
15 min at room temperature. Then, 51 μl of TUNEL detection solution (45 μl equilibrium buﬀer : 5 μl nucleotide mixture : 1 μl rTdT enzyme) was added to each sample and
incubated in the dark for 1 h. 2× SSC was incubated at room
temperature for 15 min to terminate the reaction (Everbright
Inc., USA). Add DAPI containing antiﬂuorescence quench to
incubate for 5 min in the dark and then cover the coverslip.
200x images of hippocampal CA1 were obtained by a ﬂuorescence microscope (Leica, Germany). The percentage of apoptotic positive cells in diﬀerent visual ﬁelds was calculated,
and the mean value was taken for statistical analysis. To represent the results of TUNEL staining, we calculated the
apoptosis rate using the following formula: apoptosis rate =
positive cells/total cells per field ∗ 100%:
2.8. Western Blot (WB). The total protein was lysed with histiocyte lysate. The lysate buﬀer was prepared as follows: 1 ml
RIPA buﬀer containing 10 μl protease inhibitor (PMSF) and
10 μl protein phosphatase inhibitor (Solarbio, Beijing,
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Figure 2: Eﬀect of EA pretreatment on Garcia score, cerebral infarction volume, and the number of neuron apoptosis in the hippocampal
CA1 region of MCAO/R rats. After cerebral I/R injury for 24 h, the neural behavior of the rats was evaluated by the Garcia score (n = 8),
the infarct volume was detected by TTC staining of the brain slices (n = 4), and the cellular outcome was detected by TUNEL ﬂuorescence
staining (n = 4). (a) Comparison of Garcia score. The results conformed to the normal distribution yet with heterogenous variance.
Diﬀerences among groups were examined using the Kruskal-Wallis test (H = 21:324, P < 0:001) followed by the Dunn test for post hoc
multiple comparisons. (b) Representative slice of TTC staining. (c) Comparison of infarct volume. The results conformed to the normal
distribution with homogeneous variance. Diﬀerences among groups were examined using AVONA (Fð2, 9Þ = 513:909, P < 0:001) followed
by LSD for post hoc multiple comparisons. (d) Representative immunoﬂuorescence staining of TUNEL-positive cells (red) in brain
sections. Scale bars = 100 μm. (e) Comparison of apoptotic cell. The results conformed to the normal distribution and homogeneous
variances. Diﬀerences among groups were examined using AVONA (Fð2, 7Þ = 517:694, P < 0:001) followed by LSD for post hoc multiple
comparisons. ∗ P vs. sham; #P vs. MCAO/R.

China). The hippocampal tissue of the aﬀected side was incubated in the buﬀer on ice for 30 min and centrifuged at
12,000 g for 10 min. Then, BCA kit (Solarbio, Beijing, China)
was used to measure the protein concentration of the supernatant. Afterwards, protein samples were split by 8% (GluN2B
and m-calpain) or 15% (p38 MAPK and p-p38 MAPK)
SDS-PAGE, and the electrophoretic voltage was 80 V to
120 V. The protein is then transferred to the PVDF membrane
by a 200 mA current, and the action time was 70 min (p38
MAPK and p-p38 MAPK), 90 min (m-calpain), and 120 min
(GluN2B), respectively. The following primary antibodies
were used: Rabbit anti-GluN2B (65783, 1 : 1000, Abcam,
USA); Rabbit anti-m-calpain (39165, 1 : 1000, Abcam, USA);
Mouse anti-p38 (31828, 1 : 1000, Abcam, USA); Rabbit antip-p38 (4511, 1 : 1000, CST, USA); and Mouse anti-β-tubulin
(HC101-01, 1 : 5000, TransGen, China). Secondary HRPConjugated Goat Anti-Rabbit or Goat Anti-Mouse antibody
(1 : 5000, TransGen, China) was used. The optical density of
the bands was determined by gel imaging system (Jena, Germany) with chemiluminescence reagent (Millipore, USA) as
a developer solution. The intensity of chemiluminescence
was measured using Visionworks 8.0.
2.9. Double Immunoﬂuorescence Staining. Paraﬃn sections
were dewaxed, rehydrated, antigen repaired (EDTA, Solarbio, C1034, China), and sealed with 5% goat serum (Solarbio,
SL038, China) at room temperature for 30 min. The follow-

ing primary antibodies were used: Rabbit anti-GluN2B
(65783, 1 : 100, Abcam, USA); Rabbit anti-m-calpain
(39165, 1 : 100, Abcam, USA); and Mouse anti-NeuN
(104224, 1 : 100, Abcam, USA). The secondary antibody used
was PE-labeled Goat Anti-Rabbit IgG (1 : 200, TransGen,
China) and AF488-labeled Goat Anti-Mouse IgG (1 : 200,
TransGen, China). The nuclei were labeled after incubated
away from the light with DAPI for 2 min. Finally, images of
sections were captured using a ﬂuorescence microscope
(Leica, Germany).
2.10. Statistical Analysis. SPSS21.0 was used for data processing and statistical analysis. The measurement data were
expressed as the mean ± standard error. The measurement data
at diﬀerent time points were compared using one-way ANOVA
for repeated measurement. The measurement data without
time sequence was compared using one-way ANOVA or the
Kruskal-Wallis test according to data distribution. P values of
0.05 were considered to indicate statistical signiﬁcance.

3. Results
3.1. EA Pretreatment Induced Neuroprotection against
Cerebral I/R. This EA pretreatment regime proposed based
on TCM theory has never been explored for inducing cerebral ischemic tolerance. In order to evaluate the neuroprotective eﬀect of this new EA pretreatment protocol on cerebral
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Figure 3: Eﬀect of EA pretreatment on GluN2B expression (n = 4). GluN2B protein expression and cell localization were detected at 24 h after
cerebral I/R by WB and double immunoﬂuorescence staining. (a) Representative WB bands showing GluN2B expression in the rat
hippocampus of three groups. (b) Comparison of the GluN2B expression. The results conformed to the normal distribution with
heterogenous variance. Diﬀerences among groups were examined using the Kruskal-Wallis test (H = 18:598, P < 0:001) followed by the
Dunn test for post hoc multiple comparisons. (c) Representative double immunoﬂuorescence staining (yellow) of GluN2B-positive cells
(red) and NeuN-positive cells (green) in brain sections. Scale bars = 100 μm. ∗ P vs. sham; #P vs. MCAO/R.

I/R, neurological behavior, infarct volume, and apoptosis in
the hippocampal CA1 area were measured using Garcia
score, TTC staining, and TUNEL ﬂuorescence staining,
respectively. The results conﬁrmed the beneﬁcial eﬀect of this
5-day EA pretreatment on cerebral I/R injury. Compared
with the sham group, rats of the MCAO/R model presented
impaired neurological dysfunction (8:25 ± 2:12, P < 0:001;
Figure 2(a)) and increased infarct volume (38:51 ± 2:21, P
< 0:001; Figures 2(b) and 2(c)), and cells with positive
TUNEL ﬂuorescence suggested that apoptosis in the hippocampal CA1 area was also exacerbated in MCAO/R rats

(42:76 ± 1:20, P = 0:019 < 0:05; Figures 2(d) and 2(e)).
Meanwhile, pretreatment with EA might improve neurological deﬁcit (13:75 ± 1:04, P = 0:001 < 0:01; Figure 2(a)),
decrease infarct volume (14:57 ± 2:00, P < 0:001;
Figures 2(b) and 2(c)), and reduce TUNEL-positive apoptotic cells in hippocampal CA1 area (19:33 ± 1:40, P < 0:001;
Figures 2(d) and 2(e)).
3.2. EA Pretreatment Downregulated Neuronal Expression of
GluN2B in Hippocampal CA1 Region Postcerebral I/R
Injury. In order to test whether the glutamate proapoptotic
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Figure 4: Eﬀect of EA pretreatment on m-calpain expressed in the rat hippocampal CA1 neurons (n = 4). The expression and cell localization
of m-calpain at 24 h after cerebral I/R were detected by WB and double-standard immunoﬂuorescence staining. (a) Representative WB bands
showing m-calpain expression in rats among the three groups. (b) Comparison of the m-calpain expression. The result did not conform to the
normal distribution. Diﬀerences among groups were examined using the Kruskal-Wallis test (H = 21.421, P < 0:001) followed by the Dunn
test for post hoc multiple comparisons. (c) Representative double immunoﬂuorescence staining (yellow) of m-calpain-positive cells (red)
and NeuN-positive cells (green) in brain sections. Scale bars = 100 μm. ∗ P vs. sham; #P vs. MCAO/R.

receptor GluN2B might mediate the ischemic tolerance of EA
pretreatment, overall expression of GluN2B in the hippocampus of the aﬀected side was detected using WB, and the
expression of GluN2B in neurons at the CA1 region was further observed using GluN2B and NeuN colabeling immunoﬂuorescence staining.

The overall expression of GluN2B in the hippocampus of
rats in the MCAO/R model group was signiﬁcantly increased
(1:62 ± 0:70, P = 0:002 < 0:01; Figures 3(a) and 3(b)) compared to sham rats, and EA pretreatment could reverse this
reaction (0:86 ± 0:41, P < 0:001; Figures 3(a) and 3(b)).
Moreover, when the labels of GluN2B and NeuN were
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Figure 5: Eﬀect of EA pretreatment on t-p38 and p-p38 expression in the hippocampal CA1 neurons (n = 4). The expression of p38 and pp38 in the hippocampal neurons was detected by WB at 24 h after cerebral I/R. (a) Representative WB bands showing p38 MAPK expression
in the rat hippocampus of three groups. (b, c) Comparison of total p38 (t-p38) and phophorylated p38 (p-p38) expression. The result of tp38/β-tubulin conformed to normal distribution with homogeneous variance. Diﬀerences among groups were examined using AVONA
(Fð2, 33Þ = 1:941, P = 0:160 > 0:05). The result of p-p38/β-tubulin conformed to normal distribution with homogeneous variance.
Diﬀerences among groups were examined using AVONA (Fð2, 33Þ = 10:380, P < 0:001). (d) Comparison of p-p38/t-p38 ratio. The result
of p-p38/t-p38 conformed to normal distribution with homogeneous variance. Diﬀerences among groups were examined using AVONA
(Fð2, 33Þ = 18:015, P < 0:001) followed by LSD for post hoc multiple comparisons. ∗ P vs. sham; #P vs. MCAO/R.

merged, the number of colabeled cells in the EA+MCAO/R
group was signiﬁcantly lower than that in the MCAO/R
group (Figure 3(c)). This suggested that EA pretreatment
might inhibit the excessive activation of GluN2B receptor
in neurons at the hippocampal CA1 region postcerebral I/R
injury.
3.3. EA Pretreatment Downregulated the Neuronal Expression
of m-Calpain in Hippocampal CA1 Region Postcerebral I/R
Injury. In order to test whether m-calpain might also contribute to be the ischemic tolerance of EA pretreatment, overall

expression of m-calpain in the hippocampus of the aﬀected
side was detected using WB, and the expression of mcalpain in the neurons at the CA1 region was further
observed using m-calpain and NeuN double immunoﬂuorescence staining.
It was found that overall expression of m-calpain in the
hippocampus of rats in the MCAO/R group was signiﬁcantly
increased compared with the sham rats (1:40 ± 0:31, P <
0:001; Figures 4(a) and 4(b)), and overall expression of mcalpain was signiﬁcantly decreased in the EA+MCAO/R
group compared with that in the MCAO/R group
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Figure 6: Bidirectional action of glutamate NMDA receptors during ischemic injury and role of EA pretreatment. GluN2B: the NR2Bcontaining NMDA receptors; GluN2A: the NR2A-containing NMDA receptors; STEP61: striatal-enriched protein tyrosine phosphatase;
ERK: extracellular signal-regulated kinase.

(0:99 ± 0:31, P = 0:001 < 0:01; Figures 4(a) and 4(b)). mCalpain and NeuN colabeled image showed the same intergroup change pattern (Figure 4(c)). This indicated that EA
pretreatment might also inhibit the GluN2B downstream
proapoptotic mediator m-calpain in the hippocampal neurons for rats’ postcerebral I/R injury.
3.4. EA Pretreatment Downregulated the Phosphorylation of
p38 MAPK in Hippocampal Region Postcerebral I/R Injury.
Mitogen-activated protein kinases (MAPKs) are downstream
targets of calpain the in neurons. After ischemic injury, activated m-calpain would activate p38 MAPK to initiate the cell
apoptosis signaling pathway [17]. It was also a key issue that
whether p38 MAPK activation might lead to ischemic tolerance of EA pretreatment. Therefore, the ratio of phosphate
p38 to total p38 was also calculated after quantitation test
using WB.
The expression of total p38 protein (t-p38) was stable
among all groups (Figures 5(a) and 5(b)), but the level of
phosphorylated p38 (p-p38) and the p-p38/t-p38 ratio were
signiﬁcantly diﬀerent between each group. The expression
and proportion of p-p38 in the hippocampal tissue of rats
in the MCAO/R group was signiﬁcantly higher than that in
the sham group (1:59 ± 0:50, 1:49 ± 0:45, P < 0:001, P <
0:001; Figures 5(a), 5(c), and 5(d)), and the expression and
proportion of p-p38 in the EA+MCAO/R group was signiﬁcantly lower than that in the MCAO/R group (1:06 ± 0:37,
0:99 ± 0:34, P = 0:002 < 0:01, P = 0:001 < 0:01; Figures 5(a),
5(c), and 5(d)). This suggests that EA pretreatment may mitigate hippocampal cell apoptosis induced by excitatory neu-

rotoxicity postcerebral I/R through
phosphorylated activation of p38 MAPK.

inhibiting

the

4. Discussion
Proper preconditioning could protect against cerebral ischemia through activating several endogenous signaling pathways [8, 24]. It is applicable not only for people at high risk
of stroke or stroke recurrence but also for patients with anticipated cerebral ischemia, such as invasive cerebral surgery.
The anticipation of such preconditioning lies in reducing
severity of ischemia injury, prolonging treatment window
for other postattack intervention such as rt-PA, and promoting recovery capability [25]. Since the severity of neurological
deﬁcit is independently associated with an increased risk of
symptomatic intracerebral hemorrhage post-t-PA, ischemic
tolerance might also aﬀect the occurrence of postthrombolysis hemorrhage through decrease severity of neurological deficit [26]. EA is considered as the combination of traditional
Chinese medicine and modern electrical stimulation. Among
all regimes of preconditioning, EA should be valued for its
feasibility, practicability, and safety in clinical practice. Furthermore, acupuncture has already been widely used for
poststroke management on motor, cognitive, and swallowing
function [27–29]. It is highly possible that acupuncture could
be recruited into the health delivery of systemic stroke management. Therefore, exploring the role and mechanism of EA
in inducing cerebral ischemia is of great importance.
The majority of previous studies only stimulate GV20 for
eliciting cerebral ischemic tolerance [11, 30, 31]. Our team
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proposed another acupuncture regime, i.e., stimulating
GV20, SP6, and PC6 at the same time based on theory of traditional Chinese medicine (TCM). Ischemic tolerance could
be induced with holistic adaptation through regulating spirit,
activating collaterals, harmonizing Qi and blood, and nourishing the liver, spleen, and kidney. GV20, the most common
used acupoint, mainly regulate spirit and activate local collaterals for ischemic tolerance. The addition of SP6 and PC6
could improve the eﬃcacy in complementary of GV20 to fulﬁll the goal of holistic adaptation. Therefore, the combined
EA protocol might present more stable and eﬀective performance. It turned out that in comparison with the rats in
MCAO/R, 5 days of repeated EA intervention on GV20,
SP6, and PC6 could decrease neurological dysfunction,
decrease infarct volume, and reduce apoptosis in hippocampal CA1 area. Therefore, this part of experiment could provide an eﬀective EA prescription based on theory of TCM
for further mechanism exploration and clinical eﬃcacy validation. For the convenience of similar studies by other
researchers who might be interested in cerebral ischemic tolerance, we listed all details of EA pretreatment in Methods,
including acupoint location, electrical stimulation, and sign
of Qeqi.
When ischemic injury attacks, rapid release of glutamate
from presynaptic neuron would induce excitotoxicity and
ﬁnally leading to neuronal death [32], whereas neurotransmitters including glutamate have been validated as the mediators of acupuncture therapeutic eﬀect in neurological
diseases [33] and the activators of EA pretreatment in stimulating endogenous cerebral protection. Previous studies suggested that EA pretreatment can reduce glutamate
concentration in the striatum [34] and hippocampus [35]
of rats, respectively, in animal mode of cerebral I/R injury
and vascular dementia. Reduction of extracellular glutamate
by EA pretreatment might achieve through reabsorption by
overexpression of glutamate transporter type 2 [36]. Neurotoxicity mainly depends on postsynaptic calcium overload.
The NMDA subtype of glutamate receptors has attracted
much attention in recent years due to its higher permeability
to Ca2+ compared with voltage-gated channels when inducing calcium overload [1, 37]. Well-documented experimental
evidence from both in vitro and in vivo models of stroke
strongly supports that overactivation of the NMDA receptors
is the primary step leading to neuronal injury after insults of
stroke [38, 39]. As is shown in Figure 6, NR2A- and NR2Bcontaining NMDA receptor subtypes (GluN2B and GluN2A)
have opposing roles in inﬂuencing the direction of synaptic
plasticity when mediating cell death and cell survival
in vivo rat model of ischemic stroke [39]. Namely, contrary
to the role of neuroprotective GluN2A, activation of synaptic
or extrasynaptic GluN2B receptor results in excitotoxicity,
increasing neuronal apoptosis. Inhibition of NMDA receptor
through intracranial [40] or intravenous [41] injection before
ischemia can also reduce the infarct volume and prevent neuronal damage after cerebral ischemia. Furthermore, blocking
GluN2B-mediated cell death was eﬀective in reducing infarct
volume only when the receptor antagonist was given before
the onset of stroke [39]. Therefore, GluN2B could be a key
to elicit cerebral ischemia tolerance. EA was found to
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improve cognitive impairment in rats through inhibiting
GluN2B expression [42]. So, we tested the hypothesis that
EA pretreatment might elicit cerebral tolerance to ischemia
by regulating level of GluN2B using WB and double immunoﬂuorescence staining. In concordance with the previous
study [42], our results suggested that repeated EA before
ischemia can inhibit GluN2B expression in hippocampal
CA1 region. Therefore, glutamate proapoptotic receptor
GluN2B might contribute to the reduction of post-I/R neural
injury by mitigating excitotoxicity.
As is shown in Figure 6, apoptosis induced by GluN2B
receptor is mediated by enzyme digestion reaction of mcalpain and the subsequent phosphorylation of the transcription factor [43]. Calpain activation is the intracellular
calcium-dependent event with the greatest contribution to
excitotoxicity [44]. When triggered by overloaded intracellular Ca2+, the Ca2+-dependent proteases m-calpain can cause
degradation of cytoskeleton and structural proteins, and ultimately initiate the pathway leading to neuronal death [45].
Many previous studies had shown that focal cerebral ischemia can activate m-calpain in the hippocampus, cortex, and
striatum through upregulating its protein expression at 1 h
after cerebral ischemia [46], and then trigger calpainmediated STEP (striatal-enriched protein tyrosine phosphatase) lysis and induce neurotoxicity [47]. Therefore, as the
key downstream mediator of GluN2B, m-calpain activation
is the most critical intracellular calcium-dependent event
that is contributing to neurotoxicity [48]. At present, the regulatory eﬀect of acupuncture on m-calpain has never been
reported. Our study showed that m-calpain in the hippocampus was activated at 24 h after cerebral I/R injury, and EA
pretreatment can decrease the expression of m-calpain in
the hippocampal CA1 region neurons. This suggested that
EA pretreatment might block the most important intracellular calcium activation pathway of excitotoxicity induced by
I/R injury.
NMDA receptor-mediated death signaling is
transcription-dependent [43]. The key transcription factor
of GluN2B-mediated proapoptotic pathway is p38 MAPK
[43]. A large number of studies had shown that the p38
MAPK signal transduction pathway is closely related to cerebral I/R injury and ischemia tolerance [49–51]. Level of phosphorylated p38 MAPK reached a peak at 24 hours after
cerebral ischemia [52]. Previous studies had found that EA
can reduce the relative density of phosphorylated p38 MAPK
in an animal model of cerebral ischemia [51]. Our results
showed that there was no marked diﬀerence in the expression
level of the total p38 in each group at 24 h after cerebral I/R,
but there was a signiﬁcant diﬀerence in the ratio of phosphorylated p38 to total p38 in each group. The increased
ratio in the model group indicated that p38 MAPK protein
played a damaging role through phosphorylation activation
after cerebral ischemia, which was consistent with previous
studies. Our study also showed that EA pretreatment can
inhibit p38 MAPK phosphorylation in the hippocampus in
rats with cerebral I/R injury.
Some limitations also restrict interpretation of our study.
Firstly, we only focused on the GluN2B-mediated proapoptotic pathway of excitotoxicity. However, the GluN2A-
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mediated prosurvival pathway also could contribute to the
regulation of excitotoxicity. Previous study showed that EA
pretreatment could also upregulate the expression of
GluN2A [42]. Therefore, the synergic action of the GluN2B
proapoptotic and GluN2A prosurvival pathways in excitotoxicity could be further elucidated in future studies. Secondly, the process of neurotoxicity postcerebral ischemia
should be highly time-sensitive. So, further study should be
conducted to illustrate the time-variant property of EA pretreatment on postischemic excitotoxicity from the perspective of extracellular glutamate.

5. Conclusion
This study suggested that our EA pretreatment regime could
eﬀectively increase the neurofunction and reduce the volume
of cerebral infarction and the level of neuronal apoptosis in
the hippocampal CA1 region for an animal model of cerebral
I/R injury, and its mechanism may be related to the inhibition of the GluN2B/m-calpain/p38 MAPK proapoptotic
pathway.

Data Availability
The data used to support the ﬁndings of this study are available from the corresponding author upon request.

Disclosure
Bao-yu Zhang, Guan-ran Wang, and Wen-hua Ning are
regarded as co-ﬁrst authors.

Conflicts of Interest
The authors declare that they have no competing interests.

Authors’ Contributions
Bao-yu Zhang, Guan-ran Wang, Wen-hua Ning, and Li Li
had full access to all of the data in the study and took responsibility for the integrity of the data and the accuracy of the
data analysis. Li Li designed the study and revised the manuscript. Bao-yu Zhang, Guan-ran Wang, and Wen-hua Ning
conducted the experiments and drafted the manuscript. Jian
Liu, Sha Yang, and Yan Shen gave their valuable advice about
data analysis and interpretation. Yang Wang and Mengxiong Zhao provided the technique support for the experiment. All authors approved the ﬁnal version of the paper.
Bao-yu Zhang, Guan-ran Wang, and Wen-hua Ning contributed equally to the manuscript.

Acknowledgments
This work was supported by the National Natural Science
Foundation of China (81804189), the Tianjin Natural Science Foundation (18JCZDJC99200), the Developmental Program for Changjiang Scholars and Innovative Research Team
Program (IRT1167), and the Program of Tianjin Municipal
Commission of Health and Family Planning for Research

Neural Plasticity
on Traditional Chinese Medicine and Integrative Medicine
(2017130).

References
[1] G. J. Hankey, “Stroke,” Lancet, vol. 389, no. 10069, pp. 641–
654, 2017.
[2] B. M. Demaerschalk, D. O. Kleindorfer, O. M. Adeoye et al.,
“Scientiﬁc rationale for the inclusion and exclusion criteria
for intravenous alteplase in acute ischemic stroke: a statement
for healthcare professionals from the American Heart Association/American Stroke Association,” Stroke, vol. 47, no. 2,
pp. 581–641, 2016.
[3] W. J. Powers, A. A. Rabinstein, T. Ackerson et al., “2018 guidelines for the early management of patients with acute ischemic
stroke: a guideline for healthcare professionals from the American Heart Association/American Stroke Association,” Stroke,
vol. 49, no. 3, 2018.
[4] H. Kim, R. A.-S. Salman, C. E. McCulloch, C. Stapf, W. L.
Young, and For the MARS Coinvestigators, “Untreated brain
arteriovenous malformation: patient-level meta-analysis of
hemorrhage predictors,” Neurology, vol. 83, no. 7, pp. 590–
597, 2014.
[5] C. P. Derdeyn, G. J. Zipfel, F. C. Albuquerque et al., “Management of brain arteriovenous malformations: a scientiﬁc statement for healthcare professionals from the American Heart
Association/American Stroke Association,” Stroke, vol. 48,
no. 8, pp. e200–200e224, 2017.
[6] J. Emberson, K. R. Lees, P. Lyden et al., “Eﬀect of treatment
delay, age, and stroke severity on the eﬀects of intravenous
thrombolysis with alteplase for acute ischaemic stroke: a
meta-analysis of individual patient data from randomised trials,” Lancet, vol. 384, no. 9958, pp. 1929–1935, 2014.
[7] J. M. Gidday, “Cerebral preconditioning and ischaemic tolerance,” Nature Reviews. Neuroscience, vol. 7, no. 6, pp. 437–
448, 2006.
[8] N. Thushara Vijayakumar, A. Sangwan, B. Sharma, A. Majid,
and G. K. Rajanikant, “Cerebral ischemic preconditioning:
the road so far…,” Molecular Neurobiology, vol. 53, no. 4,
pp. 2579–2593, 2016.
[9] S. V. Narayanan, K. R. Dave, and M. A. Perez-Pinzon, “Ischemic preconditioning and clinical scenarios,” Current Opinion
in Neurology, vol. 26, no. 1, pp. 1–7, 2013.
[10] P. Meybohm, B. Bein, O. Brosteanu et al., “A multicenter trial
of remote ischemic preconditioning for heart surgery,” The
New England Journal of Medicine, vol. 373, no. 15, pp. 1397–
1407, 2015.
[11] L. Xiong, Z. Lu, L. Hou et al.et al., “Pretreatment with repeated
electroacupuncture attenuates transient focal cerebral ischemic injury in rats,” Chinese Medical Journal, vol. 116, no. 1,
pp. 108–111, 2003.
[12] Z. Liu, X. Chen, Y. Gao et al., “Involvement of GluR2 upregulation in neuroprotection by electroacupuncture pretreatment via cannabinoid CB1 receptor in mice,” Scientiﬁc
Reports, vol. 5, no. 1, 2015.
[13] L. Chavez, S.-S. Huang, I. MacDonald, J.-G. Lin, Y.-C. Lee, and
Y.-H. Chen, “Mechanisms of acupuncture therapy in ischemic
stroke rehabilitation: a literature review of basic studies,” International Journal of Molecular Sciences, vol. 18, no. 11, p. 2270,
2017.

Neural Plasticity
[14] Q. Y. Chang, Y. W. Lin, and C. L. Hsieh, “Acupuncture and
neuroregeneration in ischemic stroke,” Neural Regeneration
Research, vol. 13, no. 4, pp. 573–583, 2018.
[15] O. Revah, E. Lasser-Katz, I. A. Fleidervish, and M. J. Gutnick,
“The earliest neuronal responses to hypoxia in the neocortical
circuit are glutamate-dependent,” Neurobiology of Disease,
vol. 95, pp. 158–167, 2016.
[16] K. L. Simpkins, R. P. Guttmann, Y. Dong et al., “Selective activation induced cleavage of the NR2B subunit by calpain,” The
Journal of Neuroscience: the oﬃcial journal of the Society for
Neuroscience, vol. 23, no. 36, pp. 11322–11331, 2003.
[17] J. Y. Jang, Y. W. Choi, H. N. Kim et al., “Neuroprotective
eﬀects of a novel single compound 1-methoxyoctadecan-1-ol
isolated from Uncaria sinensis in primary cortical neurons
and a photothrombotic ischemia model,” PLOS One, vol. 9,
no. 1, p. e85322, 2014.
[18] D. Purves, G. J. Augustine, D. Fitzpatrick et al., Neuroscience,
Sinauer Associates, 2004.
[19] K. R. Dave, C. Lange-Asschenfeldt, A. P. Raval et al., “Ischemic
preconditioning ameliorates excitotoxicity by shifting glutamate/gamma-aminobutyric acid release and biosynthesis,”
Journal of Neuroscience Research, vol. 82, no. 5, pp. 665–673,
2005.
[20] A. G. Douen, K. Akiyama, M. J. Hogan et al., “Preconditioning
with cortical spreading depression decreases intraischemic
cerebral glutamate levels and down-regulates excitatory amino
acid transporters EAAT1 and EAAT2 from rat cerebral cortex
plasma membranes,” Journal of Neurochemistry, vol. 75, no. 2,
pp. 812–818, 2000.
[21] J. H. Garcia, S. Wagner, K. F. Liu, and X. J. Hu, “Neurological
deﬁcit and extent of neuronal necrosis attributable to middle
cerebral artery occlusion in rats. Statistical validation,” Stroke,
vol. 26, no. 4, pp. 627–635, 1995.
[22] Y. Guo, “Experimental acupuncture science,” Zhong Guo
Zhong Yi Yao Chu Ban She, 2016.
[23] Y. Yang, “Study on behavior and neurovascular regeneration
mechanism of acupuncture in rats with cerebral ischemiareperfusion injury,” Peking Union Medical College, 2016.
[24] S. L. Stevens, K. B. Vartanian, and M. P. Stenzel-Poore,
“Reprogramming the response to stroke by preconditioning,”
Stroke, vol. 45, no. 8, pp. 2527–2531, 2014.
[25] F. R. Bahjat, R. Gesuete, and M. P. Stenzel-Poore, “Steps to
translate preconditioning from basic research to the clinic,”
Translational Stroke Research, vol. 4, no. 1, pp. 89–103, 2013.
[26] The NINDS t-PA Stroke Study Group, “Intracerebral Hemorrhage After Intravenous t-PA Therapy for Ischemic Stroke,”
Stroke, vol. 28, no. 11, pp. 2109–2118, 1997.
[27] A. Yang, H. M. Wu, J.-L. Tang, L. Xu, M. Yang, and G. J. Liu,
“Acupuncture for stroke rehabilitation,” The Cochrane Database of Systematic Reviews, vol. 8, 2016.
[28] S. Shariﬁfar, J. J. Shuster, and M. D. Bishop, “Adding electrical
stimulation during standard rehabilitation after stroke to
improve motor function. A systematic review and meta-analysis,” Annals of Physical and Rehabilitation Medicine, vol. 61,
no. 5, pp. 339–344, 2018.
[29] L. X. Li, K. Deng, and Y. Qu, “Acupuncture treatment for poststroke dysphagia: an update meta-analysis of randomized controlled trials,” Chinese Journal of Integrative Medicine, vol. 24,
no. 9, pp. 686–695, 2018.
[30] F. Wang, Z. Gao, X. Li et al., “NDRG2 is involved in antiapoptosis induced by electroacupuncture pretreatment after

13

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

focal cerebral ischemia in rats,” Neurological Research,
vol. 35, no. 4, pp. 406–414, 2013.
Z. Q. Wu, S. Y. Cui, L. Zhu, and Z. Q. Zou, “Study on the
mechanism of mTOR-mediated autophagy during electroacupuncture pretreatment against cerebral ischemic injury,” Evidence-Based Complementary and Alternative Medicine:
eCAM, vol. 2016, pp. 1–8, 2016.
S. E. Khoshnam, W. Winlow, M. Farzaneh, Y. Farbood, and
H. F. Moghaddam, “Pathogenic mechanisms following ischemic stroke,” Neurological Sciences: oﬃcial journal of the Italian
Neurological Society and of the Italian Society of Clinical Neurophysiology, vol. 38, no. 7, pp. 1167–1186, 2017.
L. Manni, M. Albanesi, M. Guaragna, S. B. Paparo, and L. Aloe,
“Neurotrophins and acupuncture,” Autonomic Neuroscience:
Basic & Clinical, vol. 157, no. 1-2, pp. 9–17, 2010.
Z. Y. J. Z. M. GUO, “Eﬀect of electroacupuncture pretreatment
on glutamate and γ-amino butyric acid in rats following middle cerebral artery occlusion,” Shi Yong Lao Nian Yi Xue,
vol. 27, 2013.
P. Y. Meng, G. J. Sun, S. H. Liu, and H. M. Yan, “Eﬀect of electroacupuncture pretreatment on glutamate-NMDAR signal
pathway in hippocampal neurons of vascular dementia rats,”
Zhen Ci Yan Jiu, vol. 33, no. 2, pp. 103–106, 2008.
X. Zhu, J. Yin, L. Li et al., “Electroacupuncture
preconditioning-induced neuroprotection may be mediated
by glutamate transporter type 2,” Neurochemistry International, vol. 63, no. 4, pp. 302–308, 2013.
M. Tymianski, M. P. Charlton, P. L. Carlen, and C. H. Tator,
“Source speciﬁcity of early calcium neurotoxicity in cultured
embryonic spinal neurons,” The Journal of Neuroscience: the
oﬃcial journal of the Society for Neuroscience, vol. 13, no. 5,
pp. 2085–2104, 1993.
K. Furukawa, W. Fu, Y. Li, W. Witke, D. J. Kwiatkowski, and
M. P. Mattson, “The actin-severing protein gelsolin modulates
calcium channel and NMDA receptor activities and vulnerability to excitotoxicity in hippocampal neurons,” The Journal
of Neuroscience: the oﬃcial journal of the Society for Neuroscience, vol. 17, no. 21, pp. 8178–8186, 1997.
Y. Liu, T. P. Wong, M. Aarts et al., “NMDA receptor subunits
have diﬀerential roles in mediating excitotoxic neuronal death
both in vitro and in vivo,” The Journal of Neuroscience: the oﬃcial journal of the Society for Neuroscience, vol. 27, no. 11,
pp. 2846–2857, 2007.
R. Simon, J. Swan, T. Griﬃths, and B. Meldrum, “Blockade of
N-methyl-D-aspartate receptors may protect against ischemic
damage in the brain,” Science, vol. 226, no. 4676, pp. 850–852,
1984.
I. Margaill, S. Parmentier, J. Callebert, M. Allix, R. G. Boulu,
and M. Plotkine, “Short therapeutic window for MK-801 in
transient focal cerebral ischemia in normotensive rats,” Journal of Cerebral Blood Flow and Metabolism, vol. 16, no. 1,
pp. 107–113, 1996.
M. H. Shen, C. B. Zhang, J. H. Zhang, and P. F. Li, “Electroacupuncture attenuates cerebral ischemia and reperfusion
injury in middle cerebral artery occlusion of rat via modulation of apoptosis, inﬂammation, oxidative stress, and excitotoxicity,” Evidence-Based Complementary and Alternative
Medicine: eCAM, vol. 2016, article 9438650, pp. 1–15, 2016.
T. W. Lai, S. Zhang, and Y. T. Wang, “Excitotoxicity and
stroke: identifying novel targets for neuroprotection,” Progress
in Neurobiology, vol. 115, pp. 157–188, 2014.

14
[44] G. Y. Wu, K. Deisseroth, and R. W. Tsien, “Activity-dependent
CREB phosphorylation: convergence of a fast, sensitive calmodulin kinase pathway and a slow, less sensitive mitogenactivated protein kinase pathway,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 98,
no. 5, pp. 2808–2813, 2001.
[45] R. T. Bartus, N. J. Hayward, P. J. Elliott et al., “Calpain inhibitor AK295 protects neurons from focal brain ischemia. Eﬀects
of postocclusion intra-arterial administration,” Stroke, vol. 25,
no. 11, pp. 2265–2270, 1994.
[46] R. W. Neumar, F. H. Meng, A. M. Mills et al., “Calpain activity
in the rat brain after transient forebrain ischemia,” Experimental Neurology, vol. 170, no. 1, pp. 27–35, 2001.
[47] C. M. Gladding, M. D. Sepers, J. Xu et al., “Calpain and
STriatal-enriched protein tyrosine phosphatase (STEP) activation contribute to extrasynaptic NMDA receptor localization
in a Huntington’s disease mouse model,” Human Molecular
Genetics, vol. 21, no. 17, pp. 3739–3752, 2012.
[48] M. Curcio, I. L. Salazar, M. Mele, L. M. T. Canzoniero, and
C. B. Duarte, “Calpains and neuronal damage in the ischemic
brain: the Swiss knife in synaptic injury,” Progress in Neurobiology, vol. 143, pp. 1–35, 2016.
[49] H. C. Lai, Q. Y. Chang, and C. L. Hsieh, “Signal transduction
pathways of acupuncture for treating some nervous system
diseases,” Evidence-Based Complementary and Alternative
Medicine: eCAM, vol. 2019, article 2909632, pp. 1–37, 2019.
[50] T. Wang, F. Wang, L. Yu, and Z. Li, “Nobiletin alleviates cerebral ischemic-reperfusion injury via MAPK signaling pathway,” American Journal of Translational Research, vol. 11,
no. 9, pp. 5967–5977, 2019.
[51] Y. Xing, S. D. Yang, M. M. Wang, F. Dong, Y. S. Feng, and
F. Zhang, “Electroacupuncture alleviated neuronal apoptosis
following ischemic stroke in rats via Midkine and
ERK/JNK/p38 signaling pathway,” Journal of Molecular Neuroscience: MN, vol. 66, no. 1, pp. 26–36, 2018.
[52] K. M. Walton, R. DiRocco, B. A. Bartlett et al., “Activation of
p38MAPK in microglia after ischemia,” Journal of Neurochemistry, vol. 70, no. 4, pp. 1764–1767, 1998.

Neural Plasticity

