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A previous study has demonstrated that pretreatment with electroacupuncture (EA)
induces rapid tolerance to focal cerebral ischemia. In the present study, we investigated
whether adenosine receptor 1 (A1 R) is involved in EA pretreatment-induced cognitive
impairment after focal cerebral ischemia in rats. Two hours after EA pretreatment, focal
cerebral ischemia was induced by middle cerebral artery occlusion for 120 min in male
Sprague-Dawley rats. The neurobehavioral score, cognitive function [as determined by
the Morris water maze (MWM) test], neuronal number, and the Bax/Bcl-2 ratio was
evaluated at 24 h after reperfusion in the presence or absence of CCPA (a selective A1
receptor agonist), DPCPX (a selective A1 receptor antagonist) into left lateral ventricle, or
A1 short interfering RNA into the hippocampus area. The expression of the A1 receptor
in the hippocampus was also investigated. The result showed that EA pretreatment
upregulated the neuronal expression of the A1 receptor in the rat hippocampus at
90 min. And EA pretreatment reversed cognitive impairment, improved neurological
outcome, and inhibited apoptosis at 24 h after reperfusion. Pretreatment with CCPA
could imitate the beneficial effects of EA pretreatment. But the EA pretreatment effects
were abolished by DPCPX. Furthermore, A1 receptor protein was reduced by A1 short
interfering RNA which attenuated EA pretreatment-induced cognitive impairment.

Keywords: EA pretreatment, A1 receptors, cognitive impairment, ischemia–reperfusion, cerebral ischemia

INTRODUCTION

Stroke is one of the leading causes of morbidity and mortality worldwide, and is a serious threat
to human health (Tsai et al., 2013). And cerebral ischemia is one of the main causes accounting
for more than 80% of stroke (Goldstein et al., 2001). These patients with cerebral ischemia may
have different degrees of memory problems and learning impairment (Longstreth and Dikmen,
1993), and more than 75% of stroke patients suffer from selective cognitive impairment including
memory, orientation, language, and attention (Cumming et al., 2013). The hippocampus is the
main area for memory and learning behavior in the brain (Lagali et al., 2010), especially, the
CA1 region in the hippocampus is so sensitive to ischemia that neurons are easily damaged
(Caraci et al., 2008). Although many studies have explored the mechanism of ischemic stroke, the
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study of cognitive function recovery caused by stroke still needs
to be further explored to determine effective treatment.

Adenosine is an essential neuromodulator in the brain,
and has been shown to play a role in neuroprotection
(Bortolotto et al., 2015). And adenosine functions as a signaling
molecule through the activation of four distinct adenosine
receptors—denoted as A1, A2A, A2B, and A3 (Cunha, 2001).
Adenosine receptors are part of the serine/threonine kinase
family and widely expressed in the brain (Lopes et al., 2011).
High levels of A1 receptors (A1R) are found in the hippocampus,
cortex, and cerebellum, while lower levels are found in the
striatum (Shen et al., 2008). It has been shown that adenosine
A1 receptors tend to play a role in inhibiting presynaptic nerve
activity (Gomes et al., 2011). And adenosine may regulate
memory and prevent cognitive impairment (Bortolotto et al.,
2015). Adenosine A1 receptors mediate dopamine, glutamate,
and BNDF signaling via adenosine, regulate synaptic plasticity in
the learning and memory area of brain, and act at a molecular
and cellular level to regulate cognitive function (Chen, 2014).
In addition, studies about humans and animals support the fact
that adenosine receptor activity leads to cognitive enhancement,
neuroprotection, and reversal of cognitive impairment in animal
models of Alzheimer, Parkinson, Huntington, and schizophrenia
(Chen et al., 2014). A subsequent study suggests a more
central role for A1R in the selective pattern of neuronal
loss in the hippocampus, which is associated with global
ischemia (Okamura et al., 2004). The results indicate cognitive
impairment caused by cerebral ischemia may be mediated
through the adenosine neurotransmitter system (Mioranzza
et al., 2011). Therefore, the role of adenosine A1 receptors in
cognitive impairment caused by cerebral ischemia has not been
studied in depth.

Acupuncture is critical to traditional Chinese medicine,
while electroacupuncture (EA) combines traditional Chinese
acupuncture and modern electrical techniques. In addition,
studies have shown that electroacupuncture pretreatment can
mediate cognitive impairment of cerebral ischemia reperfusion
injury through the CaM-CaMKIV-CREB (Zhang et al., 2016b)
and Wnt pathways (He X. et al., 2016; Chen et al., 2020).
Meanwhile, electroacupuncture treatment can prevent the
impact of cognitive impairment in the brain, heart, and
limbs of ischemia reperfusion patients (Chen et al., 2012;
Yuan et al., 2014). Furthermore, several recent studies have
reported that A1R may confer acute tolerance to cerebral
ischemic/reperfusion injury by electroacupuncture, which plays
a neuroprotective role via reducing the release of glutamate
(Constantino et al., 2015), limiting postsynaptic depolarization
and Ca2+ influx (Lubitz et al., 1995). However, the link between
electroacupuncture pretreatment effect in cognitive function and
adenosine A1 receptors is not entirely clear, and more evidence is
needed to prove it.

The aim of our study is to investigate the relationship
between electroacupuncture pretreatment and adenosine A1
receptors at pharmacological and genetic levels, and to
show that electroacupuncture pretreatment prevents cognitive
impairment induced by cerebral ischemia–reperfusion via
adenosine A1 receptors.

MATERIALS AND METHODS

Animals
Male Sprague Dawley rats (270–310 g) obtained from the
Laboratory Animal Center of Sliaike in Shanghai, China were
used in the study and were housed at a constant temperature
(24 ± 0.5◦C) with a humidity of 55 ± 5% on a controlled 12 h
light/dark cycle (light on at 7 a.m.) with free access to food and
water. The experimental protocol was approved by the Special
Committee on Animal Welfare of Wenzhou Medical University,
and all animals were treated humanely according to the National
Institutes of Health for Care and Use of Laboratory Animals (NIH
Publication No. 85-23, 1996, United States). All efforts were made
to minimize animal discomfort and the number of animals used.

Electroacupuncture Treatment
EA pretreatment was performed as described previously (He X.
et al., 2016). Before intraperitoneal injection of chloral hydrate
(3 ml/kg), the rats fasted for 12 h. The stainless acupuncture
needles (diameter of 0.3 mm) were inserted into the Baihui (GV
20) acupuncture point at a depth of 2–3 mm, which is located
at the intersection of the sagittal midline and the line linking the
rat ears. Stimulation was generated by the EA apparatus (Model
No. 200110510586; Nanjing Jisheng Medical Technology Co.,
Ltd., Nanjing, China), and the stimulation parameters were set
as follows: Disperse wave, 2/15 Hz; electric current, 1 mA; 30 min
of each treatment.

Surgery
Focal cerebral ischemia was induced by middle cerebral artery
occlusion (MCAO) using the intraluminal filament technique as
previously described (He X. et al., 2016). Two hours after EA
pretreatment, the SD rats were deeply anesthetized by chloral
hydrate (3 ml/kg). Following exposure of the left common carotid
artery (CCA), internal carotid artery (IC), external carotid artery
(EC), and proximal branches of the EC, the left MCA was
occluded by an insertion of a 0.38 ± 0.02 nylon monofilament
suture (Beijing Cinontech Co., Ltd., China) with its tip rounded
through the CCA, resulting in the occlusion of the left MCA
at its origin. Regional cerebral blood flow was monitored using
a transcranial laser Doppler flow meter (PeriFlux5000; Perimed
AB, Sweden). MCAO was considered sufficient if the regional
cerebral blood flow demonstrated a sharp decrease to 20% of
the baseline (pre-ischemic) level; if not, the animal was excluded.
Reperfusion was accomplished by withdrawing the suture after
120 min of ischemia. In the group of sham-operated rats, all
of the surgical procedures were performed, however, the ICA
was not occluded. Following surgery, the rats were transferred
to their cage until the animals were completely conscious.
Just after reperfusion, the rats were kept in the preoperative
state until sampling.

During surgeries for AV-shA1R (1∗1011 PFU/ml) or
AV–shCTRL, 2-chloro-N6-cyclopentyladenosine (0.01 mmol/L,
CCPA, Sigma- Aldrich, United States), and 8-cyclopentyl-1,
3-dipropylxanthine (0.01 mmol/L, DPCPX, Sigma-Aldrich,
United States) injections were conducted under chloral hydrate
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(3 ml/kg, ip). Using aseptic techniques, the rats were injected
stereotaxically into the left hippocampus at anterior-posterior = -
4.80 mm, medial-lateral = 3.20 mm, and dorsal-ventral = -3.2 mm
from the bregma or lateral ventricles at anterior-posterior = -
0.05 mm, medial-lateral = 1.80 mm, and dorsal-ventral = -4.8 mm
from the bregma of the left hemisphere with recombinant. A 33 g
needle was inserted under the epineurium of the nerve, 5 µl of
virus, CCPA, or DPCPX solution was injected at 0.25 µl/min,
using a 10 µl syringe (Hamilton, Switzerland) mounted onto the
stereotaxic apparatus and connected to pump. After the injection
was completed, the needle was left for 10 min before being
removed to stabilize the injection. Then the skin was sutured
together and the wound was closed. Animals were allowed
to fully recover from the surgery. At 1 h 30 min after the EA
treatment, the rats were injected with CCPA or DPCPX and
underwent surgery for MCAO. At 48 h after the AV injection, rats
underwent surgery for EA and MCAO which were performed as
described above.

Neurobehavioral Evaluation
Twenty-four hours after reperfusion, an observer who was blind
to the animal groups assessed the rats using a neurobehavioral
test as described previously (Feng et al., 2013). And the scores
were determined as follows: Score 0, no neurological deficit; score
1 (failure to fully extend the effect side), mild deficits; scores
2 (circling to the effect side) and 3 (falling to the effect side),
moderate deficits; and score 4 (loss of walking), severe deficits.

Morris Water Maze
The Morris water maze (MWM) test was performed as described
previously (Wang et al., 2012) with some modifications. This
test was used to assess the effects of EA pretreatment on
MCAO-induced learning and memory dysfunctions in rats. This
consisted of a circular pool of 100 cm in diameter and 60 cm in
height, which was divided factitiously into four equal quadrants
(SW, NW, NE, and SE). The pool was filled with water (25± 1◦C)
premixed with black non-toxic paint to make it opaque; a
platform (10 cm in diameter) was immersed 2 cm under the
surface of the water in one of the four identical quadrants. The
pool was located in an illuminated room with some external cues,
which remained in the same location throughout the training
and testing period.

After induction of global cerebral ischemia for 120 min with
EA treatment, each animal was subjected to an acquisition
trial and a probe trial. In each acquisition trial, the rats were
individually placed in the pool facing the wall at one point
randomly selected from different starting points. Rats (n = 6)
were trained for six blocks on the MWM (three trials per block)
24 h after reperfusion, with a 30-min rest period between trials.
During the acquisition trial, the rats were allowed to escape by
swimming to the platform and the escape latency was recorded
with a cutoff time of 60 s. If the rats failed to locate the platform
within 60 s, they were gently guided to the platform and allowed
to stay on it for 15 s. Mean escape latency time (MES) to locate
the hidden platform in the water maze was recorded as an index
of acquisition or learning. Animals that could not swim due to
injury following ischemia were eliminated. After the training, the

platform was removed from the pool to start the 60 s spatial
probe trial test initiated 1 h following the completion of the last
trial. Swimming behaviors, including escape latency, swimming
speed, and the average time spent in the target quadrant, were
monitored using a computer-controlled video-tracking system
(CG-400 Image Acquisition System; Institute of Materia Medica,
Chinese Academy of Medical Sciences, Shanghai, China). The
distance swum, entries and time spent in the target quadrant, and
the mean swimming speed were recorded. The mean time taken
by the animal searching for the hidden platform in the target
quadrant was noted as an index of spatial memory.

Western Blotting and RT-PCR
To investigate alterations in A1 receptor, Bcl-2, and Bax
protein expression, the rats were anesthetized with 10% chloral
hydrate (3 ml/kg, ip) and decapitated, the hippocampus of
the left hemispheres were dissected and stored at –80◦C
until analysis. In brief, the brain tissues were sonicated by
radioimmunoprecipitation assay lysis buffer (Solarbio, Beijing,
China) with phenylmethylsulfonyl fluoride on ice. Tissue extracts
were centrifuged at 12,000 × g at 4◦C for 15 min. Samples (40
µg of protein each) were separated by electrophoresis in 12%
polyacrylamide gels and transferred to a polyvinylidene fluoride
(PVDF) membrane. Non-specific bindings were blocked with 5%
non-fat dry milk in Tris buffer saline (TBS) in 0.1% Tween-20
at room temperature for 120 min. After washing, membranes
were subsequently incubated with respective primary antibodies:
Anti-A1 receptor antibody (1:1,000, Abcam, Cambridge,
United Kingdom), β-actin polyclonal antibody (1:5,000, Biogot
Technology, Co., Ltd., United States), Anti-Bcl-2 antibody
(1:1,000, Abcam, Cambridge, United Kingdom) and Anti-Bax
antibody (1:5,000, Abcam, Cambridge, United Kingdom) in
primary antibody dilution buffer (beyotime, China) at 4◦C
overnight. Subsequently, the samples were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibodies (1:5,000, Biogot Technology,
Co., Ltd., United States). Membranes were developed by an ECL
(Electro-Chemi-Luminescence) technique. The signal intensity
of the blots was measured through Image Lab analysis software
(Bio-Rad, United States).

Total RNA was extracted from the hippocampus of the left
hemispheres with TRIzol reagent (Invitrogen, Carlsbad, CA). The
reaction mixture was incubated at 50◦C for 30 min for reverse
transcription. The continuous amplification program (CFX96
Real-Time PCR Detection System) consisted of one cycle at 95◦C
for 15 min and 40 cycles at 94◦C for 20 s, 60◦C for 20 s, and
72◦C for 35 s. The expression of GAPDH was used as the internal
reference gene and relative quantification was performed using
the 2-11Ct method.

Nissl Staining
Nissl staining was performed to detect neuronal injury. The
brain tissue was collected from the rat after removing its head
and then embedded with paraffin. Sections were cut to 3 µM
thickness using a sliding microtome. Following washing with
phosphate-buffered saline (PBS; pH 7.4), tissue sections were
dried at 65◦C for 2 h, Nissl stained (Leagene, Beijing, China),
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and dehydrated with 70, 80, 90, and 100% ethanol, respectively,
for 5 min each. The sections were cleared in xylene for 5 min
twice and finally mounted with neutral balsam (Solarbio, Beijing,
China). Stained tissue sections were observed in the hippocampus
by light microscopy (BX60; Olympus, Tokyo, Japan).

Statistical Analysis
Statistical analysis was performed using SPSS 12.0 for Windows
(SPSS Inc., Chicago, IL). Data are expressed as the means± SEM,
with the exception of neurobehavioral scores which are
expressed as median. All the data were analyzed using one-way
analysis of variance (ANOVA) with Fisher’s protected least
significance difference test, with the exception of the data
of the neurobehavioral scores which were analyzed by the
Kruskal-Wallis H test and the data of the water-maze acquisition
trials, which were analyzed by multivariate ANOVA with block as
a dependent variable, group as a fixed factor, and swimming speed
as a covariate followed by Fisher’s least significant difference test.
Statistical significance was considered when P < 0.05.

RESULTS

EA Pretreatment Upregulated A1
Receptor Expression in the
Hippocampus
The effects of EA treatment on A1 receptor expression are shown
in Figure 1. The A1 receptor protein expression level 30 min

after EA pretreatment increased significantly in the 90 min group
compared to the level in the sham group (∗P < 0.05). There was
no significant difference in the level of adenosine A1 receptor
mRNA in each time period (P > 0.05).

CCPA Imitated the Effect of EA
Pretreatment on Cognitive Function
To determine whether CCPA and EA treatment reversed
cognitive impairment, we examined memory performance in
the Morris water-maze test in rats treated with CCPA and
EA. Multivariate ANOVA comparisons revealed significant main
effects for group (P < 0.05), but not for group × swimming
speed interaction (P > 0.05). Fisher’s least significant difference
test revealed reduced escape latencies in the EA + MCAO
group compared to the MCAO group in all acquisition trials
(EA + MCAO vs. MCAO all P < 0.05). Escape latency also
reduced in the CCPA + MCAO group (CCPA + MCAO
vs. MCAO; all P < 0.05). During the probe trials, the
CCPA + MCAO group and EA + MCAO group had a
significantly longer time spent in the target quadrant and faster
swimming speed than the DMSO + MCAO group and MCAO
group (Figure 2).

EA Treatment and CCPA Reduce the
Damage in the Hippocampus Following
Ischemia–Reperfusion
In order to examine the effects of EA treatment and CCPA on
nerve function recovery (as shown in Figure 3), we initially

FIGURE 1 | Effects of electroacupuncture (EA) on A1R expression (n = 4), as assessed using Western blot and RT-PCR. (A,B) Pretreatment with EA significantly
increases the expression of A1R protein at 90 min after the completion of EA; (C) there is no significant on the expression of A1R mRNA at the times after the
completion of EA. *P < 0.01 vs. the sham group.
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FIGURE 2 | Effects of electroacupuncture (EA) on cognitive function,as assessed using the Morris water maze (MWM) test at 24 h after reperfusion(n = 6).
(A) Changes in the escape latency (i.e., the time required to locate and climb onto the platform) during six-block acquisition trials. EA pretreatment and
administration of CCPA decreases the escape latencies in all trials; (B,C) effects of EA pretreatment and administration of CCPA on (B) mean speed and (C) time in
quadrant. (D) The swimming tracks of rats in different conditions in the probe trial test. *P < 0.01 vs. the sham group, #P < 0.05 vs. the MCAO group, **P < 0.05 vs.
the MCAO group, &P < 0.05 vs. the MCAO group.

investigated the neurological score and the ratio of Bcl-2/Bax
which decreased in the MCAO group (Sham vs. MCAO; all
P < 0.05). But the neurological score and the Bcl-2/Bax ratio
was significantly increased in the CCPA and EA-treated rats
(EA + MCAO vs. MCAO; CCPA + MCAO vs. MCAO; all
P < 0.05), suggesting that there is a neuroprotective effect of
CCPA and EA against apoptosis in the rat hippocampus. Whereas
DMSO pretreatment had no effect on the EA pretreatment
(DMSO+MCAO vs. MCAO; P > 0.05). These results suggested
that EA treatment and CCPA effectively reduce the neurological
dysfunction of cerebral ischemia in the hippocampus, promoting
nerve functional recovery.

EA pretreatment and CCPA significantly attenuated neuronal
loss in the CA1 region of the hippocampus, a feature that was
not observed in the MCAO group (EA + MCAO vs. MCAO,
P < 0.05). No significant differences in the number of viable
neurons were detected between the MCAO and DMSO+MCAO
groups (DMSO+MCAO vs. MCAO; P > 0.05) (Figure 3).

DPCPX Reversed the Effect of EA
Pretreatment on Cognitive Function
Whether the cognitive protection of EA pretreatment was
reversed by DPCPX pretreatment was examined by the Morris

water maze test. The escape latencies in the EA +MCAO group
were lower compared to the MCAO group in all acquisition
trials (all P < 0.05). These findings were reversed by DPCPX
(EA + DPCPX +MCAO vs. EA +MCAO, P < 0.05; Figure 4).
The probe test revealed a significant difference between the
EA + DPCPX + MCAO and EA + MCAO groups with regard
to swimming speed (P < 0.05; Figure 4). We also found that
rats with focal cerebral ischemia spent less time in the target
quadrant compared to the sham rats (Sham vs. MCAO; P< 0.05).
EA pretreatment significantly extended the time spent swimming
in the target quadrant following MCAO (EA + MCAO vs.
MCAO, P < 0.05; Figure 4). No significant differences were
detected between the MCAO and DPCPX + MCAO groups or
between the EA + DMSO + MCAO and EA + MCAO groups
(DPCPX + MCAO vs. MCAO; EA + DMSO + MCAO vs.
EA+MCAO; all P > 0.05).

DPCPX Reversed the Effect of EA
Pretreatment Reducing the Damage in
the Hippocampus Following
Ischemia–Reperfusion
In order to examine the effects of DPCPX on nerve function
recovery, the neurological score and the Bcl-2/Bax ratio were
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FIGURE 3 | Effect of electroacupuncture (EA) pretreatment and administration of CCPA on the effect of hippocampus damage. (A,B) Western blot analysis for Bcl-2
and Bax protein expression in the hippocampus (n = 3). (C,D) Nissl staining of hippocampus 24 h after reperfusion. Cell counting shows a significant decrease in the
number of viable neurons in the hippocampal CA1 region for the middle cerebral artery occlusion (MCAO) group, while the number is significantly increased in the
EA + MCAO group and CCPA + MCAO group (n = 3). (E) Neurologic behavior scores were determined 24 h after reperfusion. *P < 0.05 vs. the sham group, #P <
0.05 vs. the MCAO group, **P < 0.05 vs. the MCAO group.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 August 2021 | Volume 13 | Article 680706

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-680706 July 28, 2021 Time: 13:50 # 7

Shi et al. Electroacupuncture Prevents Cognitive Impairment

FIGURE 4 | Effects of DPCPX, an adenosine receptor 1 (A1R) antagonist, on cognitive function induced by electroacupuncture (EA) pretreatment (n = 6). (A) EA
pretreatment decreases the escape latencies in all trials; this is reversed by DPCPX; (B,C) effects of EA pretreatment with or without DPCPX on (B) mean speed and
(C) time in quadrant. (D) The swimming tracks of rats in different conditions in the probe trial test. *P < 0.01 vs. the sham group, #P < 0.05 vs. the MCAO group,
&P < 0.05 vs. the EA + MCAO group, **P < 0.05 vs. the EA + MCAO group.

investigated. The MCAO group demonstrated a significant
decreased ratio compared with the ratio of the EA + MCAO
group (EA + MCAO vs. MCAO, P < 0.05). Furthermore,
DPCPX reversed the beneficial effects of EA pretreatment
(EA + DPCPX + MCAO vs. EA + MCAO, P < 0.05), but
did not exert an effect when administered alone (MCAO vs.
DPCPX+MCAO, P > 0.05).

DPCPX inhibited the beneficial effects of EA
pretreatment-attenuated neuronal loss (EA + DPCPX +MCAO
vs. EA + MCAO, P < 0.05). No significant differences in the
number of viable neurons were detected between the MCAO
and DPCPX + MCAO groups (MCAO vs. DPCPX + MCAO,
P > 0.05) (Figure 5).

The Effect of AV-shA1R in the
Hippocampus
We examined the effects of AV-shA1R in the hippocampus and
found that AV-shRNA3 on the nerve cell was effective. And
48 h after administration of AV-shA1R,the expression of the
A1R protein was downregulated in the hippocampus of the rats
(shA1R vs. sham, P < 0.05) (Figure 6).

The Effect of AV-shA1R on Cognitive
Function
In order to examine the effects of AV-shA1R on cognitive
function, we examined memory performance in the Morris water
maze test in rats treated with AV-shA1R. And we found there
was no significant difference between the two groups (P > 0.05)
(Figure 7).

AV-shA1R Reversed the Effect of EA
Pretreatment on Cognitive Function
To determine whether EA pretreatment without the A1 receptor
affected cognitive function, we examined memory performance
in the Morris water maze test in rats treated with AV-shA1R. As
shown in Figure 8, escape latency in the EA + MCAO group
was reduced compared with the shA1R + EA + MCAO group
(EA + MCAO vs. shA1R + EA + MCAO; all P < 0.05) or the
MCAO group in all acquisition trials (EA + MCAO vs. MCAO;
all P < 0.05). During the probe trials, the shA1R+ EA+MCAO
group had a significantly longer time spent in the target quadrant
(EA + MCAO vs. shA1R + EA + MCAO; all P < 0.05)
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FIGURE 5 | Effect of DPCPX on hippocampus damage induced by electroacupuncture (EA) pretreatment. (A,B) Western blot analysis for Bcl-2 and Bax protein
expression in the hippocampus (n = 3). (C,D) EA pretreatment significantly increases the number of viable pyramidal neurons in the hippocampal CA1 region (n = 3),
whereas DPCPX attenuates these beneficial effects. (E) Neurologic behavior scores were determined 24 h after reperfusion. *P < 0.05 vs. the sham group, #P < 0.05
vs. the MCAO group, **P < 0.05 vs. the EA + MCAO group.

(Figure 8). Consistent with this finding, behavioral tracking
showed increased exploration time in the target quadrant for
the EA + MCAO and EA + shCTRL + MCAO groups

compared with the MCAO group. No significant differences
were detected between the EA + shCTRL + MCAO and
EA+MCAO groups.
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FIGURE 6 | Effect of AV-shRNA on the nerve cells of rats 48 h after administration of AV-shA1R. (A,B) Western blot analysis for adenosine receptor 1 (A1R) protein
expression and PCR shows A1R mRNA expression (n = 3). (C,D) A total of 48 h after administration of AV-shA1R and AV–shCTRL on the rats, Western blot analysis
for A1R protein expression. *P < 0.05 vs. the sham group.

Selective Deletion of A1 Receptor in the
Left Hippocampus of Rats Eliminates the
Damage in the Hippocampus After EA
Pretreatment
Forty-eight hours after administration of AV-shA1R or
AV-shCTRL, the western blot result showed that the expression
of A1 receptor protein in rats was significantly downregulated in
the AV-shA1R administration group (shA1R vs. Sham, shA1R
vs. shCTRL; P < 0.05), suggesting that the injection sites were on
target and AV-shA1R was effective in the rats. The A1R protein
deleted by AV-shA1R attenuated the neurological score and the
Bcl-2/Bax ratio of EA pretreatment (shA1R + EA + MCAO
vs. EA + MCAO, all P < 0.05 Figure 9), whereas AV-shCTRL
had no effect on EA pretreatment (shCTRL + EA + MCAO vs.
EA+MCAO, P < 0.05) (Figure 9).

DISCUSSION

In our study, we found that the A1 receptor protein in
the hippocampus was significantly increased at 90 min after
electroacupuncture pretreatment of Baihui (GV20). And there
was no statistical difference in the levels of adenosine A1

receptor mRNA transcription in each time period. This finding
suggests that the adenosine A1 receptor may be involved in the
effect of electroacupuncture-preconditioned MCAO model rats.
After the subsequent experiments, we explored the hypothesis
at the drug level and genetic level. First, we injected the A1
receptor agonist CCPA or A1 receptor antagonist DPCPX into
the lateral ventricle of the rats 1 h 30 min after electroacupuncture
pretreatment. It was found that A1 receptor activation in
MCAO model rats could have the effect of cognitive function
recovery. And CCPA imitated the beneficial effects of EA
pretreatment. However, DPCPX reversed the protective effect
of electroacupuncture. Then we used the transfection technique
at the gene level to delete the expression of A1 receptor
protein in the hippocampus, which could reverse the protective
effect of electroacupuncture. And these results suggest that the
A1 receptor is involved in electroacupuncture pretreatment to
mediate cognitive impairment after cerebral ischemia, which is
a new participatory mechanism.

Previous studies have shown that electroacupuncture
pretreatment can be one adjuvant therapy of stroke, and the
prospect is considerable (Gosman-Hedstrom et al., 1998).
Pretreatment with EA at the Baihui acupoint (GV 20) induces
a rapid tolerance 2 h after EA to cerebral ischemic insults
(Zhou et al., 2013). And electroacupuncture mediates through
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FIGURE 7 | Effects of AV-shA1R on cognitive function (n = 6). (A) Changes in the escape latency during six-block acquisition trials; (B,C) effects of AV-shA1R on (B)
mean speed and (C) time in quadrant. (D) The swimming tracks of rats in different conditions in the probe trial test.

the CB1 receptor (Wang et al., 2009; Du et al., 2010; Ma
et al., 2011), Wnt signaling pathway (He X. et al., 2016),
and an adenosine A1 receptor-related mechanism against
transient cerebral ischemia, by inhibiting apoptosis, producing
antioxidant protection, reducing inflammatory mediators, and
reducing excitotoxicity to produce brain protection (Shen et al.,
2016). In addition, these studies have shown that hippocampus
ischemic tolerance is associated with GluR2 elevating after
electroacupuncture pretreatment (Liu et al., 2015). And some
studies have shown that electroacupuncture pretreatment
for hippocampus-related diseases resulted in convalescence
(He X. L. et al., 2016; Wang et al., 2016; Liu et al., 2017).

The hippocampus, an important part in the limbic system,
is not only very sensitive to cerebral ischemia–reperfusion
injury (Lee et al., 1986), where the vertebral neurons of the
CA1 region are sensitive and fragile to harmful injury (Caraci
et al., 2008), but also plays a major role in the formation
and consolidation of learning and memory (Lagali et al., 2010;
Bartsch and Wulff, 2015). Simultaneously, the destruction in the
hippocampal CA1 area is associated with cognitive impairment
(Zhang et al., 2016b). So, the hippocampus is the main tissue to
explore in our research. The study has demonstrated that after
electroacupuncture pretreatment, the neurobehavioral score was
improved, the escape latency was decreased, and target quadrant

was increased in the MCAO rats, as in a previous study (He X.
et al., 2016). And we also found that after CCPA administration in
the MCAO rats, the behavioral score and the results in the water
maze test were comparable to electroacupuncture pretreatment,
but the effect was reversed after DPCPX administration.

CCPA is an agonist of the adenosine A1 receptor (Cristalli
et al., 1986) and is used in A1 receptor-related experiments
(Lohse et al., 1988). CCPA administration has protective effects
on ischemic neuronal injury (Goda et al., 1998). DPCPX is
an adenosine A1 receptor antagonist (Okamura et al., 2004)
and is also used in A1 receptor-related experiments. DPCPX
administration reduces neuroprotective effects (Yoshida et al.,
2004) and attenuates cerebral ischemic tolerance (Nakamura
et al., 2002). The adenosine-related drugs are used for the
treatment of human cognitive and memory-related pathologies,
which is used to treat schizophrenia, panic disorder, and
anxiety (Lopes et al., 2011). And other studies show that after
cerebral ischemia, A1 receptors attempt to inhibit presynaptic
glutamate release and to limit postsynaptic depolarization and
Ca2+ influx (Lubitz, 1998). In this study, we found that the
A1 receptor protein in the hippocampus was significantly
increased 90 min after electroacupuncture pretreatment. And
under hypoxic conditions, the A1 receptor density in the
hippocampus was decreased (Lee et al., 1986). The result suggests
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FIGURE 8 | Effects of electroacupuncture (EA) on cognitive function (n = 6). (A) EA pretreatment decreases the escape latencies in all trials; this is reversed by
AV-shA1R; (B,C) effects of EA pretreatment with AV-shA1R on (B) mean speed and (C) time in quadrant. (D) The swimming tracks of rats in different conditions in
the probe trial test. *P < 0.01 vs. the sham group, #P < 0.05 vs. the MCAO group, **P < 0.05 vs. the MCAO group, &P < 0.05 vs. the EA + MCAO group, **P < 0.05
vs. the EA + MCAO group.

that A1 receptors may be involved in the electroacupuncture
pretreatment mechanism. Meanwhile A1 receptors are associated
with neuroprotection (Fedele et al., 2006), and the A1 receptor
is necessary to mediate cerebral ischemic tolerance in ischemic
conditions (Yoshida et al., 2004). Electroacupuncture has now
been used for cerebral ischemic disease (Gao et al., 2006; Wang
et al., 2009), and studies have shown that electroacupuncture
may stimulate adenosine A1 receptors to mediate rapid cerebral
ischemic tolerance and cognitive function (Zhang et al., 2016b).
In order to explore the association between A1 receptors and
electroacupuncture, CCPA and DPCPX were injected into the
lateral ventricle in the rats. We confirmed that CCPA can
replicate the effect of electroacupuncture to inhibit neuronal
apoptosis in the MCAO rats, whereas DPCPX can reverse
this effect, as in a previous study. We also found that
electroacupuncture pretreatment stimulates A1 receptors to
inhibit neuronal apoptosis and play a protective role in cognitive
function after cerebral ischemia, whereas DPCPX can also reverse
this protective effect and aggravate cerebral ischemic injury.
So, these results suggest that the A1 receptor is involved in
electroacupuncture preconditioning-induced cognitive recovery
after cerebral ischemia. To further confirm that, we used

the transfection technique to silence the A1 receptor. The
adenovirus with the shA1R sequence downregulated the
expression of A1 receptor protein in the hippocampus. And the
cognitive protection effect of electroacupuncture pretreatment
was inhibited after the A1 receptor was downregulated. These
findings further elucidate that the protective effect on cognitive
function induced by electroacupuncture pretreatment is related
to the A1 receptor-related signaling pathway.

Cerebral injury is caused by ischemia and hypoxia mainly in
the CA1 area of the hippocampus; the hippocampus was the focus
in our research. And we found that the memory of animals with
hippocampal damage was impaired in the Morris water maze test
(Boissardm et al., 1992). So, we chose the Morris water maze to
detect the learning and memory function of SD rats. In our study,
the memory of AV-shA1R rats and sham-operated rats was no
different, indicating that the learning and memory function of
rats with downregulated A1 receptors is unchanged. A previous
study (Lang et al., 2003) confirmed that the spatial learning ability
and exploratory ability of A1 receptor-knockout mice were at
normal levels. In our study, the transfection technique reduced
the expression of A1 receptor protein in the hippocampus, which
reversed the effect of pretreatment electroacupuncture in the
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FIGURE 9 | Effect of AV-shA1R on neuroprotection. (A,B) Western blot analysis for Bcl-2 and Bax protein expression in the hippocampal CA1 region (n = 3). (C,D)
EA pretreatment significantly increased the number of viable pyramidal neurons in the hippocampal CA1 region (n = 3),whereas AV-shA1R attenuated these
beneficial effects. (E) Neurologic behavior scores were determined 24 h after reperfusion. *P < 0.01 vs. the sham group, #P < 0.05 vs. the MCAO group, **P < 0.05
vs. the EA + MCAO group.

cognitive impairment induced by cerebral ischemia–reperfusion
in the rats. For further study, the expression of A1 receptor
protein can be overexpressed by the transfection technique in
the hippocampus, and the cognitive impairment induced by
cerebral ischemia–reperfusion in rats can be observed. And

cognitive impairment caused by hippocampal injury can also
be tested by a light and dark shuttle test (Wang et al., 2012;
Wang et al., 2020) and other tests. The study needs more
cognitive behavioral tests to explore cognitive function. Because
Bcl protein and Bax protein activity are critical to the activation
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and inhibition of apoptosis and may be associated with the
mechanism of brain injury (Goda et al., 1998), we assessed the
ischemic injury of the hippocampus by Bcl-2/Bax ratio and the
localization of the nucleus and the type and the distribution
of neurons by Nissl staining (Zhang et al., 2016a). We used
Nissl staining to determine the viable neurons in the CA1
region of the hippocampus. In the end, the results suggest that
electroacupuncture pretreatment had an effect on the learning
and memory dysfunction of rats, which reduced the degree of
hippocampal injury.

Our study demonstrates that electroacupuncture
pretreatment can prevent cognitive impairment from cerebral
ischemia–reperfusion, in which the effect is mediated through the
A1 receptor. The mechanism of electroacupuncture pretreatment
reduces cognitive dysfunction by reducing neuronal damage
in the hippocampus. The A1 receptor has neuroprotective
effects due to adenosine in presynaptic receptors, reducing
excitatory neurotransmitters and the activation of postsynaptic
receptors that results in K+ channel hyperpolarization (Ciruela
et al., 2012). Previous studies have shown that adenosine
of adult animals can inhibit NMDA receptor activation and
reduce Ca2+ influx to reduce excitotoxicity (Cunha, 2005). And
A1 receptor activation has an effect on NMDA receptors to
reduce harmful substance release (Constantino et al., 2015).
Meanwhile A1 receptors may have an effect on Glu A2 to
reduce hippocampal injury after ischemia (Liu et al., 2015;
Stockwell et al., 2016). And whether these mechanisms are
also involved in A1 receptor-mediated cognitive impairment
with cerebral ischemia by electroacupuncture preconditioning
requires exploration.
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