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Abstract. Electroacupuncture  (EA) has been widely used 
to treat cognitive impairment following cerebral ischemia. 
However, the functional mechanisms of EA have not been 
fully elucidated. The aim of the present study was to inves-
tigate whether EA at the GV 20 and DU 24 acupoints can 
improve the learning and memory ability via alteration of the 
neurochemical metabolism in the hippocampus (HPC) and 
prefrontal cortex (PFC) of rats with ischemia and reperfu-
sion (I/R) injury. Sprague‑Dawley male rats were randomly 
divided into three groups, namely the sham group (n=12), the 
middle cerebral artery occlusion (MCAO) group (n=12) and 
the EA treatment (MCAO + EA) group (n=12). MCAO was 
performed to establish the left focal cerebral I/R injury model, 
and the GV 20 and DU 24 acupoints were then stimulated with 
EA for 30 min per time, once daily, for 7 consecutive days. The 
Morris water maze (MWM) test was used to assess learning 
and memory ability. T2‑weighted imaging was used to assess 
the cerebral infarct volume. Magnetic resonance spectroscopy 
was used to assess neurochemical metabolism of HPC and 
PFC. The neurological scores of the MCAO + EA group were 
significantly reduced compared with those of the MCAO group 
7 days after EA treatment (P<0.01). The escape latency of the 
MWM test in the MCAO + EA group was found to be shorter 
compared with that in the MCAO group (P<0.01). The number 

of rats crossing through the platform area was significantly 
higher in the MCAO + EA group compared with that in the 
MCAO group (P<0.01). The cerebral infarct volume was also 
decreased in the MCAO + EA group compared with the MCAO 
group (P<0.05). The ratios of N‑acetylaspartate (NAA)/creatine 
(Cr) and choline (Cho)/Cr of left‑to‑right HPC were increased 
in the MCAO + EA group compared with the MCAO group; 
however, the ratio of glutamate (Glu)/Cr did not change signifi-
cantly (P>0.05). The ratios of NAA/Cr, Cho/Cr and Glu/Cr of 
left‑to‑right PFC were elevated (P<0.05). In conclusion, EA at 
the GV 20 and DU 24 acupoints may ameliorate learning and 
memory ability, possibly through increasing the levels of NAA 
and Cho in the HPC and PFC of rats with I/R injury.

Introduction

Cognitive impairment and decline, particularly the impair-
ment of learning and memory, in patients with stroke during 
the acute and chronic phases, markedly affect the rehabilita-
tion programs of physical ability and the activities of daily 
living (1,2). Electroacupuncture (EA) treatment, originating 
from acupuncture in ancient China, delivers electrical stimu-
lation to acupoints through acupuncture needles, which is a 
simple, convenient and cost‑effective treatment that has been 
widely used for treating cognitive impairment following cere-
bral ischemia (3,4). However, the functional mechanisms of 
EA have not been fully elucidated.

Functional imaging studies have been used to identify the 
brain regions that are associated with cognitive behavioral 
alterations. Some of these regions, such as the hippocampus 
(HPC) and prefrontal cortex (PFC), are crucial for regulating 
learning and memory behaviors, such as spatial exploration 
and motor learning (5,6). Moreover, it is becoming increasingly 
clear that certain neurochemical and metabolic changes occur 
in the brain after learning and training, which are correlated 
with the relative specificity of brain regions, biochemical 
substances and behaviors (7). However, it has been previously 
demonstrated that focal brain ischemia caused neurochemical 
and metabolic changes in the brain, including creatine (Cr), 
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1actic acid, N‑acetylaspartate (NAA), γ‑aminobutyric acid, 
glutamate (Glu), glutamine and myo‑inositol alterations (8). 
During early acute cerebral ischemia, the excitatory 
neurotoxicity induced by excessive secretion of certain 
neurochemicals may lead to neuronal damage; by contrast, 
during the chronic phase, these neurochemicals act as a 
neurotransmitters or neuromodulators that may improve 
nervous system activity (9,10). It has been reported that EA may 
improve cognitive behavior via regulation of neuromodulator 
signaling in HPC following focal cerebral ischemia (11). Our 
previous reports have demonstrated that EA at the GV 20 
and DU 24 acupoints may improve learning and memory 
ability and alleviate the histopathological lesions of HPC in 
a rat model of ischemic stroke (12). However, the association 
between the improved cognitive function by EA at the GV 20 
and DU 24 acupoints and the neurochemical changes in HPC 
and FPC following an ischemic stroke remains unknown.

proton magnetic resonance spectroscopy  (1H‑MRS) is 
a novel approach to non‑invasive detection of metabolites 
through recording the chemical biology wave frequency in the 
brain, with generation of visual images (13). The aim of the 
present study was to elucidate whether EA at the GV 20 and 
DU 24 acupoints improved the learning and memory impair-
ment via neurochemical biomarker detection with 1H‑MRS in 
the HPC and PFC of rats with ischemia and reperfusion (I/R) 
injury.

Materials and methods

Ethics statement. A total of 36 male Sprague-Dawley rats 
(2 months old; weighing 260±20 g) was obtained from the 
Shanghai SLAC Laboratory Animal Co., Ltd.  (Shanghai, 
China). All experiments were performed strictly in accordance 
with the International Ethical Guidelines and the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals, and were approved by the Ethics Committee of 
Fujian University of Traditional Chinese Medicine (protocol 
no. FUTCM‑2014019). For euthanasia, 3% sodium pento-
barbital (40 mg/kg body weight, i.p.) was used. The middle 
cerebral artery occlusion  (MCAO) surgery was peformed 
under general anesthesia (1.5% isoflurane in 68.5% N2O and 
30% O2). All efforts were made to minimize animal suffering.

Grouping and model of ischemic stroke. The animals were 
randomly divided into three  groups (n=12 per group) as 
follows: i) The sham operation group (sham), ii) the MCAO 
and reperfusion group (MCAO) and iii) the MCAO and EA 
treatment group (MCAO + EA). The MCAO model of ischemic 
stroke was established as previously reported (14,15). Briefly, 
a 18-22-mm nylon monofilament (Jialing‑bio, Guangzhou, 
China) with a rounded tip was inserted into the left common 
external carotid artery, and was advanced through the 
internal carotid artery until the origin of the middle cerebral 
artery (MCA) was blocked. Ischemia was monitored using 
transcranial temporal laser Doppler (BIOPAC Systems, Inc., 
Goleta, CA, USA) and an 80% decrease in blood flow after the 
occlusion was noted. After 2 h of occlusion, reperfusion was 
achieved by extracting the filament to restore blood flow. The 
sham‑operated rats underwent the same procedure, but arterial 
occlusion was not performed.

EA treatment. The rats in the MCAO + EA group received EA 
treatment at the Baihui (GV 20, located in the center of the 
parietal bone) and Shenting (DU 24, located in the anterior 
median line) acupoints using an EA apparatus (model G6805; 
SMIF, Shanghai, China). The stimulation parameters were as 
follows: dilatational wave of 1-20 Hz (adjusted to the muscle 
twitch threshold), peak voltage of 6 V, 1 mA intensity for 
30 min/day for 7 consecutive days.

Assessment of neurological deficit scores. Neurological deficit 
scores were assessed to confirm successful MCAO and the 
therapeutic efficacy of EA. The neurological deficit scores 
were assessed in each animal at 2 h, 24 h, 3, 5 and 7 days 
following I/R in a blinded manner, according to a well‑estab-
lished four‑point neurological scale (16): score 0, no apparent 
deficits; 1, failure to fully extend the right forepaw; 2, circling 
to the right; 3, falling or leaning over to the right; 4, no spon-
taneous walking and depressed level of consciousness. Rats 
subjected to MCAO with neurological deficit scores of 1‑3 
were used in subsequent experiments.

Morris water maze (MWM) test. Cognitive function was tested 
with the MWM test (17,18), which was conducted in a circular 
pool with a diameter of 150 cm and a height of 60 cm. The 
pool was filled to a depth of 30 cm with water (22±1˚C) and 
divided into four equal quadrants. A circular escape platform 
(10 cm in diameter) was placed at the midpoint of the target 
quadrant and submerged ~1.5 cm below the surface of the 
water. For the place navigation trials, the rats were trained 
for 4 days. Each trial was started by placing the rats in one 
of the four quadrants. The animals were allowed to swim in 
the pool for 90 sec to find the hidden platform. If an animal 
did not find the platform within this period, it was manually 
guided to the platform by the researchers. The rats rested for 
10 sec between two consecutive trials. Post‑training probe trial 
tests were conducted 1 day after the final training session. The 
hidden platform was removed, and rats were allowed to swim 
freely for 90 sec. The occupancy and crossing of animals in 
the proximity of the target quadrant (the quadrant including 
the hidden platform during training trials), were then recorded.

Magnetic resonance spectroscopy (MRS) scans. After 
EA treatment for 7 days and the MWM test, single‑voxel 
1H‑MRS experiments were performed on a 7.0 T MRI scanner 
(BioSpec 70/20USR; Bruker BioSpin MRI GmbH, Ettlingen, 
Germany) using a 38‑mm birdcage rat brain quadrature 
resonator for radiofrequency transmission and reception. 
The animals were anesthetized with isoflurane/O2 (with 
3% induction for 5 min and 1.2‑1.5% to maintain the rats in 
a state of deep anesthesia) and kept body temperature with 
a hot-water circuit. After anesthesia, the rats were placed in 
a prone position on a custom‑made holder to minimize head 
movements, with a set head position and real‑time monitoring 
of the breathing rate at 40 breaths/min. The rats' temperature 
was maintained at 37±2˚C during scanning in the holder to 
minimize head movements while respiration was maintained.

T2‑weighted imaging (T2WI) in three planes with a fast 
spin echo pulse sequence was first acquired to control rat head 
positioning. T2WI scans were acquired using rapid acquisi-
tion with relaxation enhancement pulse sequence with the 
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following parameters: field of view, 32 x 32 mm; matrix size, 
256x256; repetition time (TR), 4200 msec; echo time (TE), 
55 msec; slice thickness, 1.0 mm; slice gap, 0 mm; and acquisi-
tion time, 4 min and 51 sec.

For single‑voxel 1H‑MRS, the volume of interest 
(20x20x20 mm3) was placed at the HPC and PFC regions in the 
coronal T2W image centre (bregma value -2.40 and +3.24 mm 
of the standard rat brain atlas). Point resolved selective 
spectroscopy sequence was used for signal acquisition, with 
TR, 1,500 msec; TE, 16.168 msec, and scan duration for each 
side, 9 min. In addition, the order of acquisition of the right and 
left HPC and PFC spectra alternated between scanned animals, 
to minimize the introduction of artifactual hemispheric differ-
ences.

Measurement of cerebral infarct volume. ImageJ analysis and 
processing was applied for T2W images. The volume of each 
brain cerebral infarct was calculated as follows: percentage of 
cerebral infarct volume = (cerebral infarct volume/whole brain 
volume) x100.

1H‑MRS spectral processing. Spectral image analysis and data 
processing were performed using automatic analysis software 
to analyze spectrum signal with MR (19). the metabolite area 
under the peak was quantified using a quantum estimation 
method with a subtraction approach for background modeling. 
A simulated basis set was used to estimate peak areas. To 
reduce systematic variations between animals, a relative quan-
tification method using the Cr peak as the internal spectral 
reference was applied. NAA/Cr, Cho/Cr and Glu/Cr were 
statistically evaluated. Each MRS metabolite was identified 
by its part per million (ppm) position of the nuclear spec-
trum (20), including NAA 2.02 ppm, Cr 3.05 ppm, choline 
compounds (Cho) 3.20 ppm and Glu 2.2 ppm.

Statistical analysis. All data were analyzed using SPSS 18.0 
software (IBM SPSS, Armonk, NY, USA). Statistical data 
analysis was performed with the unpaired Student's t‑test or 
analysis of variance (ANOVA). Considering that the acquisi-
tion trials of neurological deficit scores and MWM test were 
carried out on 4 time points, repeated‑measures ANOVA was 
performed. All data were presented as mean ± standard devia-
tion (SD). P<0.05 was considered to indicate a statistically 
significant difference.

Results

EA attenuates neurological deficits and infarct volume in 
rats with I/R injury. In the present study, the neurological 
scores were used to evaluate whether EA at the GV 20 and 
DU 24 acupoints can improve neurological function at 24 h, 
3, 5 and 7 days after I/R injury. The rats in the sham group 
did not display any signs of neurological deficits. However, 
the rats in the MCAO and the MCAO + EA groups exhibited 
different degrees of neurological deficits (Fig. 1). At 24 h and 
3 days following I/R injury, the difference in the neurological 
scores between the MCAO and the MCAO + EA groups was 
not statistically significant (P>0.05). However, at 7 days after 
I/R injury, the neurological score of the MCAO + EA group 
was significantly reduced compared with the MCAO group 
(P<0.01). The infarct volume was measured using T2WI, and 
the infarct region displayed high signal intensity. The infarct 

Figure 1. Effect of EA at the DU 20 and DU 24 acupoints on the neurological 
deficits in rats with cerebral I/R injury. The neurological deficit score was 
evaluated, and data are shown as the mean ± standard deviation from 12 indi-
vidual rats. *P<0.05 vs. the MCAO group. I/R, ischemia and reperfusion; 
MCAO, middle cerebral artery occlusion; EA, electroacupuncture.

Figure 2. Effect of EA at the DU 20 and DU 24 acupoints on infarct volume in rats with cerebral I/R injury. (A) The cerebral infarct volume was measured by 
T2‑weighted magnetic resonance imaging in the sham, MCAO and MCAO + EA groups. (B) Infarct volume is represented as a percentage of the total brain 
volume and data are presented as the mean ± standard deviation from 12 individual rats in each group. *P<0.05 vs. the MCAO group. EA, electroacupuncture; 
I/R, ischemia and reperfusion; MCAO, middle cerebral artery occlusion.
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volume in the MCAO + EA group was significantly lower 
compared with the MCAO group (P<0.05; Fig. 2).

EA improves learning and memory in rats with I/R injury. The 
MWM experiment was performed to evaluate the effects of EA 
at the GV 20 and DU 24 acupoints on learning and memory 
in rats with I/R injury. In the place navigation test, the escape 
latency in rats of the MCAO group was longer compared with 
the sham group (P<0.01), and that of rats of the MCAO + EA 
group was shorter compared with the MCAO group (P<0.01; 
Fig. 3). In addition, in the spatial probe test, the swim time 
of the rats of the MCAO group in the platform quadrant was 
significantly lower compared with the sham group (P<0.01). 
However, the swim time of the rats in the MCAO + EA group 
was significantly longer compared with the MCAO group 
(P<0.01; Fig. 3).

Effect of EA on NAA/Cr, Cho/Cr and Glu/Cr in HPC and PFC 
of rats with I/R injury. The analysis of neurochemicals in the 
brain at 7 days after EA treatment: as can be seen in the green 
box area (Fig. 4, left), T2-weight imaging was measured with 
shimming and detected for MRS. Compared with the sham 
group, the ratio of NAA/Cr in the left HPC of the MCAO group 
was decreased (P<0.05), whereas the Cho/Cr and Glu/Cr ratios 
did not change significantly (P>0.05). In addition, there was 

no statistically significant difference in the NAA/Cr, Cho/Cr 
and Glu/Cr ratios in the right HPC between the sham and the 
MCAO groups (P>0.05). However, a significant decrease in 
NAA/Cr and Cho/Cr ratios was observed in the left/right HPC 
of the MCAO group compared with the sham group (P<0.05); 
the left/right HPC Glu/Cr ratio did not differ significantly 
between the MCAO and sham groups (P>0.05; Fig. 4 and 
Table I).

Compared with the MCAO group, EA reduced the 
NAA/Cr ratio in the left HPC (P<0.05), whereas the Cho/Cr 
and Glu/Cr ratios exhibited no significant changes (P>0.05). In 
the right HPC, the NAA/Cr, Cho/Cr and Glu/Cr ratios exhib-
ited no differences following EA treatment compared with 
the MCAO group (P>0.05). As regards the ratios of left̸right 
neurochemicals in HPC after EA treatment, the NAA/Cr ratio 
in the MCAO + EA group was improved compared with the 
MCAO group (P<0.05). Although there was no difference in 
the Cho/Cr ratio between the MCAO and the MCAO + EA 
groups, Cho/Cr exhibited an increasing tendency following EA 
treatment. However, the difference in the Glu/Cr ratio between 
the two groups was not statistically significant (P>0.05; Fig. 4 
and Table I).

In the MCAO group, the NAA/Cr and Glu/Cr ratios in the 
left PFC were decreased (P<0.05), whereas the Cho/Cr ratio 
exhibited no significant changes compared with the sham 

Figure 3. Effect of EA on learning and memory in rats with cerebral I/R injury. The MWM test was applied to evaluate learning and memory ability on days 
3‑7 following I/R injury. (A) Tracing images from the MWM test in the sham, MCAO and MCAO + EA groups (n=12) on days 3‑6. (B) Escape latency for 
the rats to locate the platform (within 90 sec). (C) Tracing images from the MWM test on day 7. (D) numbers of rats crossing through the area in which the 
platform was located. *P<0.05 vs. the sham group and #P<0.05 vs. the MCAO group. EA, electroacupuncture; I/R, ischemia and reperfusion; MWM, Morris 
water maze; MCAO, middle cerebral artery occlusion.
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group (P>0.05). The differences in the NAA/Cr, Cho/Cr and 
Glu/Cr ratios of the right PFC between the MCAO and the 
MCAO + EA groups were not statistically significant (P>0.05). 
However, the NAA/Cr, Cho/Cr and Glu/Cr ratios in left/right 
PFC were decreased in the MCAO group compared with the 
sham group (P<0.05; Fig. 5 and Table II).

Compared with the MCAO group, the NAA/Cr and Glu/Cr 
ratios in the PFC of the EA+MCAO group were increased 
(P<0.05), whereas Cho/Cr exhibited no obvious changes 
(P>0.05). The NAA/Cr, Cho/Cr and Glu/Cr ratios in the 
right PFC did not exhibit statistically significant differences 
(P>0.05). However, the NAA/Cr, Cho/Cr and Glu/Cr ratios in 
the left/right PFC increased following EA treatment (P<0.05; 
Fig. 5 and Table II).

Discussion

MRS is a novel technique for detecting brain metabolites 
in vivo non‑invasively and non‑radioactively, according to 
different nuclei and compounds forming different magnetic 
resonance phenomena and chemical shifts. It was previously 
confirmed that the HPC and PFC regions play key roles in 
learning and memory through their specific structure, location 
and interconnection with other brain regions (21). Thus, in the 
present study, 1H MRS was used to monitor the neurochemical 
alterations in the HPC and PFC regions associated with 
learning and memory changes following cerebral I/R injury.

NAA is a type of specific amino acid, which is mainly 
present in neurons and axons. NAA also is a neuronal marker 

Figure 4. Changes in brain metabolites in HPC by MRS in rats with cerebral I/R injury. (A and C) Localization of the left and right HPC VOI on the 
T2‑weighted scan, which is an MRS shimming region. (B and D) 1H‑MRS exhibited the NAA peak at 2.02 ppm, the Glu peak at 2.2 ppm, the Cho peak at 
3.20 ppm, and the Cr peak at 3.05 ppm. HPC, hippocampus; MRS, magnetic resonance spectroscopy; I/R, ischemia and reperfusion; VOI, volume of interest; 
NAA, N‑acetylaspartate; Glu, glutamate; Cho, choline; Cr, creatine.

Table I. Metabolite ratios in the right and left HPC regions.

Laterality	 Metabolites	 Sham	 MCAO	 MCAO + EA

Left	 NAA/Cr	 1.44±0.29	 1.08±0.25a	 1.31±0.28b

	 Glu/Cr	 0.56±0.07	 0.56±0.16	 0.55±0.10
	C ho/Cr	 0.65±0.12	 0.62±0.10	 0.67±0.15
Right	 NAA/Cr	 1.39±0.11	 1.37±0.13	 1.37±0.20
	 Glu/Cr	 0.57±0.09	 0.55±0.17	 0.58±0.11
	C ho/Cr	 0.70±0.13	 0.63±0.14	 0.67±0.09
Left/right	 NAA/Cr	 0.95±0.10	 0.76±0.12a	 0.84±0.20b

	 Glu/Cr	 0.85±0.13	 0.87±0.16	 0.83±0.23
	C ho/Cr	 0.93±0.25	 0.81±0.10a	 0.90±0.25

Metabolite ratios in the right and left HPC regions of the sham, MCAO and MCAO + EA groups, and left/right ratios in each group. Data are 
presented as mean ± standard deviation (n=12 per group). aP<0.05, MCAO vs. sham; bP<0.05, MCAO vs. MCAO + EA. HPC, hippocampus; 
NAA, N‑acetylaspartate; Cr, creatine; Glu, glutamate; Cho, choline‑containing compounds; MCAO, middle cerebral artery occlusion; EA, 
electroacupuncture.
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and its concentration may be sensitive to the density of neurons. 
When NAA declines in the brain, nervous functional impair-
ment may develop  (22,23). Previous studies demonstrated 
that the NAA level is positively correlated with learning and 
memory in different diseases (24,25), whereas a higher ratio 
of NAA/Cr is accompanied with better Mini-Mental State 
Examination scores in Alzheimer's disease (26). Moreover, 
Cho is an important neurotransmitter precursor compound 
of acetylcholine, which is related to memory, recognition and 
emotional behavior (27). It has been reported that it is crucial 
for learning and memory to maintain a stable level of acetyl-
choline in the frontal cortex and HPC (28).

The results of the present study revealed that the left/right 
NAA/Cr and Cho/Cr ratios were obviously decreased in HPC 

as well as PFC at 7 days following cerebral I/R injury accom-
panied with learning and memory impairment as indicated 
by the MWM test. These results are consistent with those of 
other studies reporting that HPC neurochemicals and spatial 
learning and memory are closely correlated (29). It has been 
reported that NAA rapidly decreased in the ischemic core 
within 6 h, and declined to 0 at 7 days after acute cerebral 
infarction; however, there was no obvious change in the 
ischemic penumbra within 48 h, after which time it gradually 
declined to 20‑40% (30,31). In the present study, we observed 
that the NAA ratio of left/right HPC and PFC was decreased 
to 20‑40% at the 7 days following cerebral I/R injury.

EA is an effective novel treatment based on the combi-
nation of traditional Chinese acupuncture with modern 

Table II. Metabolite ratios in the right and left TPC regions.

Laterality	 Metabolites	  Sham	 MCAO	 MCAO + EA
 
Left	  NAA/Cr	 1.47±0.10	 0.92±0.15a	 1.27±0.20b

	  Glu/Cr	 0.69±0.10	 0.37±0.08a	 0.57±0.11b

	  Cho/Cr	 0.74±0.17	 0.68±0.18	 0.70±0.15
Right	  NAA/Cr	 1.45±0.20	 1.34±0.18	 1.38±0.19
	  Glu/Cr	 0.63±0.06	 0.60±0.11	 0.57±0.07
	  Cho/Cr	 0.77±0.13	 0.72±0.11	 0.73±0.20
Left/right	  NAA/Cr	 0.97±0.24	 0.68±0.17a	 0.84±0.16b

	  Glu/Cr	 0.83±0.28	 0.69±0.24a	 0.79±0.12b

	  Cho/Cr	 0.98±0.16	 0.81±0.11a	 0.89±0.11b

 
Metabolite ratios in the right and left TPC regions of the sham, MCAO and MCAO + EA groups, and left/right ratios in each group. Data are pre-
sented as mean ± standard deviation (n=12 per group). aP<0.05, MCAO vs. sham; bP<0.05, MCAO vs. MCAO + EA. NAA, N‑acetylaspartate; 
Cr, creatine; Glu, glutamate; Cho, choline‑containing compounds; MCAO, middle cerebral artery occlusion; EA, electroacupuncture.
 

Figure 5. Changes in brain metabolites in TPC by MRS detection in rats rats with cerebral I/R injury. (A and C) Localization of the left and right TPC VOI 
on the T2‑weighted scans, which is an MRS shimming region. (B and D) 1H‑MRS exhibited the NAA peak at 2.02 ppm, the Glu peak at 2.2 ppm, the Cho 
peak at 3.20 ppm, and the Cr peak at 3.05 ppm. MRS, magnetic resonance spectroscopy; I/R, ischemia and reperfusion; VOI, volume of interest; NAA, 
N‑acetylaspartate; Glu, glutamate; Cho, choline; Cr, creatine.
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electrotherapy, exhibiting confirmed clinical efficacy in the 
treatment of stroke and cognitive impairment  (32). In the 
present study, an MWM test was performed to assess the 
effect of EA on learning and memory following cerebral I/R 
injury. The results demonstrated that EA at the GV 20 and 
DU 24 acupoints improved learning and memory ability, 
along with ameliorated neurological deficits and reduced 
cerebral infarct volume, which were consistent with our 
previous findings (33).

In the HPC and PFC regions, we observed that EA at 
GV 20 and dU 24 increased the metabolism of left/right NAA 
and Cho at 7 days after EA treatment. These findings are 
similar to those of a previous study, which demonstrated that 
EA at the bilateral Hegu (LI 4) and Taichong (LR 3) acupoints 
may increase the levels of NAA in the ischemic penumbra and 
improve the memory scale score (34). In addition, it has been 
reported that the dynamic changes of Glu in the cerebral cortex 
are associated with cognitive function. The excessive secre-
tion of extracellular Glu following cerebral ischemia induced 
excitatory toxic effects or oxidative stress, which may damage 
neurons and cause cognitive impairment (35). In the present 
study, it was demonstrated that EA at the GV 20 and dU 24 
acupoints increased the left/right Glu level in PFC at 7 days 
after EA treatment. A possible explanation for this finding 
is that EA at the GV 20 and DU 24 acupoints may promote 
Glu‑mediated synaptic transmission; this was observed found 
in PFC but not in HPC, which requires further investigation.

In conclusion, the results of the present study demonstrated 
that EA at the GV 20 and DU 24 acupoints may alleviate 
neurological deficits, reduce infarct volume and improve the 
learning and memory ability following cerebral I/R injury, 
possibly via enhancing the neurochemical metabolism of 
NAA and Cho in the HPC and FPC regions.
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