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Abstract  

Acupuncture has been shown to ameliorate cognitive impairment of Alzheimer’s disease. Acupoints and stimulation frequency influence 
the therapeutic effect of electroacupuncture. Rat models of Alzheimer’s disease were established by injecting amyloid beta 1–42 (Aβ1–42) 
into the bilateral lateral ventricles. Electroacupuncture at 2, 30, and 50 Hz was carried out at Baihui (GV20; 15° obliquely to a depth of 2 
mm) and Shenshu (BL23; perpendicularly to 4–6 mm depth), once a day for 20 minutes (each), for 15 days, taking a break every 7 days. 
The Morris water maze test was conducted to assess the learning and memory. The expression levels of glycogen synthase kinase-3β 
(GSK-3β), pSer9-GSK-3β, pTyr216-GSK-3β, amyloid precursor protein and Aβ1–40 in the hippocampus were determined by western blot 
assay. Results demonstrated that electroacupuncture treatment at different frequencies markedly improved learning and memory ability, 
increased synaptic curvatures, decreased the width of synaptic clefts, thickened postsynaptic densities, and downregulated the expression 
of GSK-3β, amyloid precursor protein, and Aβ1–40. pSer9-GSK-3β expression markedly decreased, while pTyr216-GSK-3β expression 
increased. High-frequency (50 Hz) electroacupuncture was more effective than low (2 Hz) or medium-frequency (30 Hz) electroacu-
puncture. In conclusion, electroacupuncture treatment exerts a protective effect against Aβ1–42-induced learning and memory deficits and 
synapse-ultrastructure impairment via inhibition of GSK-3β activity. Moreover, high-frequency electroacupuncture was the most effective 
therapy. 

Key Words: nerve regeneration; electroacupuncture; different frequencies; Alzheimer’s disease; cognitive impairment; hippocampus; glycogen 
synthase kinase-3β; synaptic curvatures; width of synaptic cleft; postsynaptic density; Baihui (GV20); Shenshu (BL23); neural regeneration 

Graphical Abstract   

Electroacupuncture (EA) treatment exerts a protective effect against Aβ1–42-induced learning and 
memory deficits and synapse ultrastructure impairment via inhibiting glycogen synthase kinase-3β 
(GSK-3β) activity

Alzheimer’s disease rats received EA 
treatment (2 Hz, 30 Hz and 50 Hz) at Baihui 
(GV20) and Shenshu (BL23)

Western blot assay Transmission electron microscopy for 
hippocampal synapse ultrastructure

Spatial learning and memory ability test

EA improved spatial learning and memory 
abilities, improved synaptic ultrastructure 
and inhibited GSK-3β. High-frequency EA 
showed better protective effect compared 
with low-frequency EA. 
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Introduction 
Alzheimer’s disease (AD) is the most prevalent cause of de-
mentia and is characterized by progressive memory deficits 
and cognitive decline. The pathological features associated 
with cognitive dysfunction are neurofibrillary tangles and 
senile plaques, combined with neuronal loss primarily in the 
hippocampus and other important cortical and subcortical 
brain regions (Hane et al., 2017). Hyperphosphorylated 
tau protein molecules bundle to form intracellular neuro-
fibrillary tangles (Kocahan and Dogan, 2017) and abnormal 
amyloid precursor protein (APP) metabolism results in 
extracellular deposition of amyloid beta (Aβ) (Selkoe and 
Hardy, 2016). Approximately 40 million people worldwide 
are estimated to be affected by dementia, among which most 
are people over 60 years old. This figure is expected to dou-
ble every 20 years until at least 2050, making it one of the 
biggest threats to health in older people and one of the big-
gest overall healthcare issues (Prince et al., 2013). Although 
the situation is severe, no effective therapy is yet capable of 
alleviating symptoms or slowing down disease progression 
(Folch et al., 2016). Searching for effective AD therapies has 
become a key goal in public health. 

The synapse is the structural basis for connections be-
tween neurons. A recent study has shown that AD can be 
viewed as a failure in structure and function (Selkoe, 2002). 
Glycogen synthase kinase-3β (GSK-3β) is a serine/threonine 
protein kinase that is linked to the cleavage of abnormal 
APP (Muresan and Muresan, 2005) and is involved in neu-
ronal apoptosis (Beurel and Jope, 2006) and inducing tau 
hyperphosphorylation (Brugg and Matus, 1991). GSK-3β 
displays high activity under resting/basal conditions. Its con-
stitutive activity is reduced upon N-terminal serine-9 phos-
phorylation and stimulated by tyrosine-216 phosphorylation 
(Llorens-Martín et al., 2014). As the key regulator in Wnt 
signaling, changes in GSK-3β activity are associated with 
synaptic plasticity, which has been established as a cellular 
model for learning and memory (Liang and Chuang, 2007). 
Along the same lines, overexpression of GSK-3β results in 
spatial learning deficits (Hernández et al., 2002). Inhibition 
of GSK-3β can inhibit Aβ-plaque deposition, increase the 
number of synapses and postsynaptic density thickness, and 
rescue the reduction of spine density in the hippocampal 
CA1 area of APP/PS1 mice (Zhang et al., 2016a). All these 
indicate that regulating the expression and activity of GSK-
3β may be a promising approach for treating AD (Balaraman 
et al., 2006). 

Exploring both safe and effective therapy aimed at inhibit-
ing GSK-3β as a treatment for AD has drawn growing atten-
tion. However, a phase-II trial using the GSK-3β inhibitor 
tideglusib to treat AD demonstrated that administering it to 
patients with mild-to-moderate AD over 26 weeks was ac-
ceptable in terms of safety, but did not produce any clinical 
benefit (Lovestone et al., 2015). 

Some researchers have proposed that exploring Chinese 
medicine as an alternative therapy and source for discover-
ing novel drugs could lead to potential treatments for AD 
(Law et al., 2017). A systematic review has also concluded 

that Chinese acupuncture was safe and effective for treat-
ing AD in terms of improving cognitive function (Zhou et 
al., 2015). Both acupoint selection and frequency of elec-
troacupuncture (EA) stimulation play a significant role in 
EA-induced effects (Zhu et al., 2015). Kidney deficiency 
and Du meridian occlusion as a consequence of qi stag-
nation and blood stasis are regarded as the major cause of 
senile dementia based on Chinese medicine theory. Thus, 
the acupoints Shenshu (BL23) and Baihui (GV20) have 
usually been chosen to nourish kidney-essence and modify 
the Governor vessel. Clinical trials have also shown that 
acupuncture at GV20 and BL23 can improve the cognitive 
ability and activities of daily living in patients with AD (Peng 
and Dong, 2009; Zhu et al., 2010). Accumulating evidence 
has shown that the effects of EA on the central nervous 
system depend on the frequency of stimulation, indicating 
that EA frequency may be related to the therapeutic effects 
of EA (Cheng et al., 2012; Wang et al., 2012; Lin et al., 2013; 
Kimura et al., 2015). However, the optimal EA-stimulation 
frequency for AD treatment has yet to be standardized. 
Thus, exploring and identifying the best EA frequency for 
treating AD is important.

In our previous studies, high-frequency EA alleviated 
Aβ1–42-induced cognitive impairments by reducing synapse 
loss in the hippocampus (Wang et al., 2016), upregulating 
the expression of synaptic markers, such as postsynaptic 
density-95 and synaptophysin (Zhang et al., 2016b), enhanc-
ing hippocampal synaptic transmission (Li et al., 2016), and 
attenuating tau hyperphosphorylation (Gao et al., 2017). 
However, the effect of EA on other key characteristics of AD, 
such as synapse ultrastructure and APP, remains uncertain. 
Aβ species are responsible for initiating a pathogenic cas-
cade, thereby leading to synaptic dysfunction, neuronal loss 
and cognitive deficits (Selkoe and Hardy, 2016). According 
to the prevailing amyloid-cascade hypothesis, abnormal 
APP cleavage processing and Aβ deposits are believed to 
induce tau hyperphosphorylation and neurofibrillary tangle 
formation, leading to synaptic dysfunction (Selkoe, 2002). 
Overproduction of the Aβ peptide, which is found in both 
familial forms of AD and late-onset AD, supports its central 
role in AD pathogenesis and correcting Aβ dyshomeostasis 
is now a compelling therapeutic strategy (Selkoe and Hardy, 
2016). Thus, the present study observed the effects of differ-
ent EA frequencies on hippocampal synapse ultrastructure 
and cognitive function in rat models of AD that were estab-
lished by intracerebroventricular injection of Aβ1–42 (O’Hare 
et al., 1999). We also measured the expression and activity 
levels of GSK-3β, APP, and Aβ1–40, which are mechanistically 
important for AD synapse pathology. 

Materials and Methods
Animals and model establishment 
Fifty-six adult male Wistar rats aged 4–5 months and weigh-
ing 310 ± 20 g were provided by the Hubei Provincial Lab-
oratory Animal Research Center of China (license number: 
SCXK (E) 2008-0005) and were randomly assigned to seven 
groups (n = 8 per group): control, sham operation, model 
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(AD), sham EA (AD + sham EA), 2-Hz EA (AD + 2-Hz EA), 
30-Hz EA (AD + 30-Hz EA), and 50-Hz EA (AD + 50-Hz 
EA). The rats were housed (n = 4 per cage) at 20 ± 2°C with 
a relative humidity of 50% ± 10% under a 12-hour light/dark 
cycle (lights on at 8:00 a.m.) and were given free access to 
food and water. Ethical approval for this study was provided 
by the Animal Ethics Committee of the Hubei University of 
Chinese Medicine, China.

Rats in the model, sham EA, 2-Hz EA, 30-Hz EA, and 50-
Hz EA groups were intraperitoneally anesthetized with of 10% 
chloral hydrate (3.5 mL/kg; Sinopharm Chemical Reagent 
Co., Ltd., Wuhan, China). Afterward, 5 μL of normal saline 
(sham operation group) or aggregated Aβ1–42 (2.5 μg/μL; Sig-
ma, St. Louis, MO, USA; model, sham EA, 2-Hz EA, 30-Hz 
EA, 50-Hz EA groups) was injected over 5 minutes using a 
Hamilton microsyringe into the bilateral lateral ventricles 
(−3.2 mm posterior to the bregma, ± 2.5 mm lateral to the 
midline, and 3.5 mm below the dura, according to a stereo-
taxic atlas of the rat brain; Paxinos and Franklin, 2004). The 
needle was maintained in place for an additional 3 minutes 
to allow diffusion into the surrounding tissue before being 
slowly retracted. Aβ1–42 was first dissolved in distilled water 
and then diluted in phosphate buffer saline (PBS) at a con-
centration of 2.5 µg/µL and incubated for 5 days at 37°C to 
ensure aggregation before the injection. 

EA treatment
Starting on day 7 after Aβ1–42 injection, sham EA was ad-
ministered to sham EA group; 2-Hz EA, 30-Hz EA, and 50-
Hz EA were administered to 2-Hz EA, 30-Hz EA, and 50-
Hz EA groups at GV20 and alternating unilateral BL23 
once daily for 15 days with one rest day every 7 days. GV20 
was located at the center of the parietal bone, and the nee-
dle was inserted into the epicranial aponeurosis. BL23 was 
located adjacent to the second lumbar vertebra (Guo and 
Kong, 2016). Rats receiving EA treatment were not anes-
thetized, but were wrapped in a conscious state and prone 
position with tailored, soft cloth materials. EA was delivered 
using stainless steel needles (15 mm in length and 0.3 mm 
in diameter; Suzhou Medical Apparatus Co., Ltd., Suzhou, 
China) and an EA apparatus (HANS-100A, Beijing Huayun 
Ante Science and Technology Co., Ltd., Beijing, China). At 
GV20, the needle was inserted 15° obliquely to a depth of 2 
mm. At BL23, the needle was inserted perpendicularly to a 
4–6-mm depth. Stimulation was applied to the pair of acu-
puncture points (GV20 and alternating unilateral BL23) in a 
continuous wave at 2 Hz, 30 Hz, or 50 Hz (depending on the 
experimental group) for 20 minutes each day. The intensity 
(1 mA) was adjusted to induce light muscle contractions. 
In the sham EA group, only the surfaces of GV20 and BL23 
were stimulated, but the needles were inserted without cur-
rent. Rats in the control, sham operation, and model groups 
were wrapped in the same way but received no other inter-
ventions. 

Morris water maze test 
Spatial memory function was evaluated using the Morris 

water-maze test (Bromley-Brits et al., 2011) on the 1st day 
after EA treatment. The apparatus (Chengdu Taimeng 
Technology Co., Ltd., Chengdu, China) consisted of a large 
circular pool (120 cm in diameter, 50 cm in height) and a 
MT-200 Morris water maze video-tracking system (Cheng-
du Taimeng Technology Co., Ltd., Chengdu, China). Data 
were recorded with the Watermaze 2.0 software (Chengdu 
Taimeng Technology Co., Ltd.). The pool was filled with 
opaque water (24 ± 1°C) to a depth of 40 cm with white milk 
and divided into four equal quadrants. The circular platform 
(10 cm in diameter) was placed at the midpoint of the tar-
get quadrant and submerged approximately 1.5 cm below 
the surface of the water. The rats were trained for 4 days on 
standard place-navigation trials. Each rat was placed into a 
quadrant facing the wall of the pool on four occasions (every 
time in different quadrants). The rats were given no more 
than 120 seconds to find the hidden platform in each trial 
and the time was recorded as the escape latency. When the 
rats failed to find the platform within this period, researchers 
would assist it onto the platform and keep the rat sitting on 
the platform for 10 seconds. The rats rested for 30 seconds 
between trials. For the spatial probe trial (conducted 1 day 
after the place navigation test), the platform was removed 
from the pool. This test was performed in the same way as 
the place navigation test. The rats were given 120 seconds to 
swim in the pool. The time spent in the target quadrant (the 
quadrant where the hidden platform was during training 
trials) and the number of times the rat crossed the location 
where the platform was during training were recorded.  

Observation of transmission electron microscopy
At the end of EA treatment, half of the rats in each group 
were intraperitoneally anesthetized by 10% chloral hydrate 
immediately after the Morris water-maze test and transcar-
dially perfused with 4% paraformaldehyde/2% glutaralde-
hyde in 0.1 M phosphate, pH 7.4. Their brains were sepa-
rated by usual dissection methods and 1 mm3 brain tissue 
blocks were immediately cut from the hippocampal CA1 
area, and postfixed in 4% paraformaldehyde for 2 hours. 
After fixation, the samples were washed with PBS, postfixed 
with 1% osmium tetroxide for 1.5 hours, again washed in 
PBS, dehydrated in an acetone series, and then embedded 
in epoxy resin. Tissue blocks were then cut into 1-µm-
thick thin sections. After uranyl acetate/lead citrate double 
staining, synapse ultrastructure was observed using a trans-
mission electron microscope (7700; Hitachi, Tokyo, Japan). 
Synapse images were randomly obtained. According to the 
method utilized by Itarat and Jones (1993), the Image-Pro 
Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) image 
analysis system was used to measure the synaptic interface 
parameters such as synaptic cleft width, synaptic interface 
curvature, and postsynaptic density thickness. The synaptic 
interface curvature (R) was calculated based on the synaptic 
interface arc length (a) and the chord length (b), viz. R = a/b. 

Western blot assay
The remaining rats were sacrificed by rapid decapitation and 
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Figure 1 Effects of EA treatment on spatial learning and memory in a rat model of Alzheimer’s disease (Morris water maze test). 
(A) Escape latency for the place navigation trials; (B, C) time spent in the target quadrant and number of platform crossings in the spatial probe 
trials. Data are presented as mean ± SD (n = 12; one-way analysis of variance followed by the least significant difference test). **P < 0.01, vs. con-
trol group; ††P < 0.01, vs. model group; ‡‡P < 0.01, vs. sham EA group; §P < 0.05, vs. 2-Hz EA group; ||P < 0.05, vs. 30-Hz EA group. EA: Elec-
troacupuncture. 
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Figure 2 Effect of EA treatment on hippocampal synaptic ultrastructure in AD model rats detected by transmission electron microscopy. 
(A) Effects of EA treatment on synaptic ultrastructure. EA treatment increased the synaptic curvatures, decreased the width of the synaptic cleft, and 
thickened the postsynaptic density; 50-Hz EA was more neuroprotective than 2-Hz or 30-Hz EA treatment. (a–g) Control group, sham operation 
group, model group (AD), sham EA group (AD + sham EA), 2-Hz EA group (AD + 2-Hz EA), 30-Hz EA group (AD + 30-Hz EA), and 50-Hz EA 
group (AD + 50-Hz EA), respectively. → : Width of synaptic cleft; →: post-synaptic density thickness. Scale bars: 200 nm. (B) Quantitative results for 
hippocampal synaptic ultrastructure.  (a) Curvature of the synaptic interface; (b) width of synaptic cleft; (c) post-synaptic density thickness. Data are 
presented as the mean ± SD (n = 6; one-way analysis of variance followed by least significant difference test). **P < 0.01, vs. control group; ††P < 0.01, 
vs. model group; ‡‡P < 0.01, vs. sham-EA group; §P < 0.05, vs. 2-Hz EA group; ||P < 0.05, vs. 30-Hz EA group. EA: Electroacupuncture; AD: Alzhei-
mer’s disease.
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Figure 3 Effects of EA 
treatment on GSK-3β, p-GSK-
3β (Ser9), p-GSK-3β (Tyr216), 
and APP protein levels in the 
hippocampus of Alzheimer’s 
disease model rats. 
(A) Representative western 
blots for GSK-3β, p-GSK-3β 
(Ser9), p-GSK-3β (Tyr216), 
and APP protein; (B–E) GSK-
3β, p-GSK-3β (Ser9), p-GSK-
3β (Tyr216), and APP protein 
expression relative to GAPDH 
protein. Data are presented as 
mean ± SD (n = 6; one-way 
analysis of variance followed 
by least significant difference 
test). **P < 0.01, vs. control 
group; ††P < 0.01, vs. model 
group; ‡‡P < 0.01, vs. sham-EA 
group; §§P < 0.01, vs. 2-Hz EA 
group; ||||P < 0.01, vs. 30-Hz 
EA group. EA: Electroacu-
puncture; GSK-3β: glycogen 
synthase kinase-3β; p-GSK-3β: 
phosphorylated glycogen syn-
thase kinase-3β; APP: amyloid 
precursor protein; GAPDH: 
glyceraldehyde-3-phosphate 
dehydrogenase. 

Figure 4 Effects of EA treatment on Aβ1–40 levels in the 
hippocampus of Alzheimer’s disease model rats. 
(A) Representative western blots for Aβ1–40; (B) Aβ1–40 expres-
sion relative to GAPDH protein. Data are presented as mean 
± SD (n = 6; one-way analysis of variance followed by least 
significant difference test). **P < 0.01, vs. control group; ††P 
< 0.01, vs. model group; ‡‡P < 0.01, vs. sham-EA group; §P < 
0.05, vs. 2-Hz EA group; ||P < 0.05, vs. 30-Hz EA group. EA: 
Electroacupuncture; Aβ: amyloid beta; GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase.
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the hippocampus was dissected and homogenized with a 
glass homogenizer on ice with ice-cold radioimmunoprecip-
itation-assay lysis buffer containing the protease inhibitor 
phenylmethylsulfonylfluoride (Paxinos and Franklin, 2004). 
Samples containing 40 µg of protein were boiled in a sodium 
dodecyl sulphate mercaptoethanol sample loading buffer, 
separated by 10% or 12% sodium dodecyl sulfate polyacryl-
amide gel, and electrically transferred to a polyvinylidene 
fluoride membrane (Millipore, Billerica, MA, USA). Non-
specific binding was blocked by incubation of the membrane 
in 5% skimmed milk for 1 hour. The membrane was then in-
cubated overnight at 4°C with mouse monoclonal antibody 
anti-GSK3β (1:1000; Abcam, Cambridge, UK), rabbit poly-
clonal antibody anti-p-GSK3β (Ser9) (1:800; Abcam), rabbit 
polyclonal antibody anti-p-GSK3β (Tyr216) (1:800; Abcam), 
rabbit polyclonal antibody anti-APP (1:200; Abcam), and 
mouse monoclonal antibody anti-Aβ1–40 (1:1100; Abcam). 
Bound primary antibody was detected with horseradish per-
oxidase-conjugated goat anti-rabbit IgG (1:50,000; Boster, 
Wuhan, China). Blots were developed using an enhanced 
chemiluminescence detection system (enhanced chemilu-
minescence kit, supplied by Thermo, Waltham, MA, USA). 
The optical density of the specific bands was quantified with 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) and normalized to GAPDH. 

Statistical analysis
IBM SPSS version 23.0 for Windows (IBM, Armonk, NY, 
USA) was used to conduct statistical analysis. All values are 
presented as the mean ± SD. To statistically analyze the data, 
one-way analyses of variance were performed, followed by 
post hoc comparisons using Fisher’s least significant differ-
ence tests. P values < 0.05 were considered statistically sig-
nificant. 

Results
Effects of EA on learning and memory in AD rats
Figure 1 shows the results from the Morris water-maze 
tests, reflecting spatial learning and memory in the various 
groups of rats. In the place navigation trials (Figure 1A), 
the escape latencies for the model group were significantly 
higher than those for the control group starting from day 2 
(P < 0.01). Compared with the model and sham EA groups, 
rats in EA treatment groups took a significantly shorter time 
to find the hidden platform on days 3 and 4 (P < 0.01). The 
escape latencies were significantly shorter in the 50-Hz EA 
and 30-Hz EA groups than in the 2-Hz EA group (P < 0.05), 
suggesting better learning and memory ability. In the spa-
tial probe trials (Figure 1B, C), compared with the control 
group, the number of platform-location crosses and the time 
spent in the target quadrant were lower in the model group 
(P < 0.01). For the model rats who received EA treatment, 
the number of platform location crosses was frequent and 
the time spent in the target quadrant was longer than what 
was observed in untreated model rats (P < 0.01). These re-
sults indicated that spatial memory recall improved after 
the EA treatment. Moreover, the improved spatial memory 

recall was significantly greater in the 50-Hz EA group than 
in the 2-Hz or 30-Hz EA groups (P < 0.05). 

Changes of synaptic ultrastructure in the hippocampus of 
AD rats after EA treatment
As shown in Figure 2, the analysis of hippocampal synaptic 
curvatures in rats after EA treatment revealed significantly 
higher synaptic curvatures compared with the model group 
(P < 0.01). The width of the synaptic cleft in EA-treatment 
groups was significantly lower than that in the model group 
(P < 0.01). The statistical analysis also revealed a significant 
difference between EA-treatment groups and the model 
group in thickness of the postsynaptic density. The postsyn-
aptic densities in EA-treatment groups were thicker than 
those in the model group (P < 0.01). No statistically signifi-
cant differences were found between the 50-Hz and the 30-
Hz EA groups or between the 2-Hz and 30-Hz EA groups 
in synaptic curvature or width of synaptic cleft (P > 0.05). 
However, a significant difference in thickness of the postsyn-
aptic density was observed among the three EA groups, and 
high-frequency EA treatment resulted in more improvement 
than low-frequency EA treatment (P < 0.05). 

Effects of EA on hippocampal GSK-3β, p-GSK-3β (Ser9), 
p-GSK-3β (Tyr216), and APP expression in AD rats 
Compared with the control and sham-operation groups, the 
model group exhibited significantly higher levels of GSK-
3β, p-GSK-3β (Tyr216), and APP, and significantly lower 
amounts of p-GSK-3β (Ser9) (all P < 0.01). EA treatment 
significantly reduced total GSK-3β, p-GSK-3β (Tyr216), and 
APP levels and increased p-GSK-3β (Ser9) level (all P < 0.01 
vs. sham EA group). We also found significant differences in 
protein levels between the different EA treatment groups (all 
P < 0.01 for 50-Hz EA group vs. 2-Hz and 30-Hz EA groups; 
all P < 0.01 for 30-Hz group vs. 2-Hz EA group) (Figure 3). 
Thus, the efficacy of the treatment varied systematically with 
stimulation frequency.

Effects of EA on hippocampal Aβ1–40 expression in AD rats 
As shown in Figure 4, compared with the control group, the 
expression of Aβ1–40 in the hippocampus was significantly 
higher in the model group (P < 0.01). EA treatment signifi-
cantly decreased the expression of Aβ1–40 (P < 0.01), and the 
effect was frequency dependent. The 50-Hz EA treatment 
produced greater reduction in Aβ1–40 than the 30-Hz or 2-Hz 
EA treatment (P < 0.05 for 50-Hz EA vs. 2-Hz and 30-Hz EA 
groups).

Discussion
This is the first study to our knowledge that has compared 
the effects of different EA frequencies on hippocampal syn-
apse ultrastructure and cognitive impairment in the brains 
of a rat model of AD. In the present study, we found that 
different EA frequencies can all modify hippocampal syn-
apse ultrastructure and improve spatial learning and memo-
ry of rats with Aβ1–42–induced AD. Furthermore, 50-Hz EA 
was the most neurologically protective treatment, followed 
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by 30-Hz and 2-Hz EA. This was in line with our previous 
results (Li et al., 2016; Wang et al., 2016; Zhang et al., 2016a; 
Gao et al., 2017), indicating that EA treatment ameliorates 
cognitive deficits in rats with Aβ1–42-induced AD. 

EA frequency is an important parameter that can change 
the efficacy of EA treatment. Different EA frequencies can 
induce the release of different neurotransmitters and neu-
ropeptides (Miao, 2016). Low-frequency EA accelerates 
the release of endomorphin, β-endorphin, and enkephalin, 
while high-frequency EA selectively increases the release of 
dynorphin (Han, 2004). An animal study has also shown 
that low-frequency EA resulted in better EA-induced cere-
bral ischemic tolerance than high-frequency EA (Yang et 
al., 2004). In the application of drug addiction, withdrawal 
symptoms are strongly alleviated by high-frequency EA. 
Low-frequency EA is better at relieving psychological de-
pendence than high-frequency EA (Liang et al., 2002). 
High-frequency EA also exhibited stronger neuroprotective 
effects than low-frequency EA (Du and Liu, 2015). 

High-frequency EA stimulation greatly improved the ab-
normal behavior of Parkinson’s disease rats by enhancing 
the inhibitory effect of the cerebellar-basal ganglia-cortical 
loop on motor cortex (Du et al., 2011), up-regulating glial 
cell line-derived neurotrophic factor mRNA (Liang et al., 
2003), and inhibiting the activation of microglia in the sub-
stantia nigra pars compacta (Liu et al., 2004). These data 
suggest that high-frequency EA may be more suitable and 
more effective than low-frequency EA treatment for Parkin-
son’s disease, which is a neurodegenerative disease like AD. 
Combined with our previous studies, we conclude that EA 
treatment may ameliorate cognitive impairments in an AD 
mouse model. Specifically, the effect depends on EA frequen-
cy, with higher frequency EA being more effective than lower 
frequency EA in improving memory deficits. Further, we 
speculate that the selection of the best EA frequency may dif-
fer depending on the disease. Disease acupoint specificity and 
EA frequency might together play a critical role in determin-
ing the therapeutic effects of EA treatment. The mechanisms 
that underlie the EA-frequency dependent effects for the AD 
mouse model needs to be further investigated. 

The structural parameters of the synapse are important 
indicators that reflect synaptic morphological plasticity and 
greatly affect synaptic transmission (Bourne and Harris, 
2008). Synapse ultrastructure, such as synaptic curvatures, 
the width of the synaptic cleft, and the thickness of the post-
synaptic density provide a structural basis for learning and 
memory abilities (Ziff, 1997; Boeckers, 2006; Bourne and 
Harris, 2008). In this study, synaptic ultrastructure was ex-
amined by transmission electron microscopy and appeared 
severely compromised in the hippocampus of the AD rat 
model that was established by intra-cerebroventricular in-
jection of Aβ1–42. In particular, we found decreased synaptic 
curvatures, wider synaptic clefts, and thinner postsynaptic 
densities compared with the control and sham operation 
groups, which is consistent with Chai et al. (2016). More 
synapses of concave or convex form, narrower widths of 
synaptic clefts, and thicker postsynaptic densities can en-

hance synaptic transmission (Ziff, 1997; Boeckers, 2006; 
Bourne and Harris, 2008). Additionally, compared with the 
model group, spatial learning and memory performance 
significantly increased along with rescued hippocampal syn-
aptic structure in the EA-treated groups, which is consistent 
with Shao et al. (2009). The above-mentioned results suggest 
that EA treatment can modify synaptic structure and im-
prove memory deficits in AD model rats. Although synaptic 
morphological analysis via transmission electron microscopy 
showed that some of the structural parameters of the synap-
tic interface were altered in the 2-Hz, 30-Hz, and 50-Hz EA 
groups, no statistically significant differences were observed 
between 2-Hz and 30-Hz EA groups or between 30-Hz and 
50-Hz EA groups. We did find differences between the 2-Hz 
and 50-Hz EA groups, indicating that 50-Hz EA treatment 
for 15 days produced better neuroprotective effects than 
2-Hz or 30-Hz EA treatment. In our previous study (Zhang 
et al., 2016a), EA treatment upregulated several synaptic 
protein markers, such as postsynaptic density-95 and synap-
tophysin, which are distributed on postsynaptic membranes 
and have a significant influence on axonal remodeling and 
regeneration, and are also involved in regulating synaptic 
strength (Citri and Malenka, 2008). Thus, EA treatment can 
dramatically rescue synaptic structural and cognitive deficits 
in AD mouse models. 

Aβ1–40 and Aβ1–42 are sequential proteolytic cleavage prod-
ucts of APP and accumulate in the AD brain (Selkoe and 
Hardy, 2016). Aβ accumulation is the key factor that leads 
to impaired synaptic morphological plasticity and causes 
failure of neurotransmission (Ondrejcak et al., 2010). There-
fore, we examined the expression of APP and Aβ1–40 in the 
hippocampus. We found that EA treatment markedly de-
creased the levels of APP and Aβ1–40, which was consistent 
with previous findings (Xue et al., 2009). Moreover, the ef-
fect depended on EA frequency, with 50-Hz EA resulting in 
the strongest protection. 

Phosphorylation at the Tyr216 site activates GSK-3β, 
while phosphorylation at the Ser9 is inhibiting (Maqbool 
et al., 2016). Existing evidence supports the idea that GSK-
3β upregulation can impair both morphological structure 
and function of synaptic plasticity, and it may underlie 
GSK-3β-mediated memory deficits (Zhu et al., 2007). APP 
itself has also been shown to be a substrate for GSK-3 in 
vitro and in vivo (Rockenstein et al., 2007), suggesting a role 
for GSK-3 in APP-transport processing and maturation (da 
Cruz e Silva and da Cruz e Silva, 2003). Inhibition of the 
GSK-3β signaling pathway by lithium in transgenic mice has 
been shown to produce neuroprotective effects via regula-
tion of APP proteolytic processing and maturation (Rocken-
stein et al., 2007). Our results showed that EA treatment 
greatly lowered p-Tyr216- GSK-3β levels and increased 
p-Ser9-GSK-3β levels in the hippocampus of AD model rats. 
Additionally, total GSK-3β levels were also downregulated 
by EA treatment in an EA frequency-dependent manner, 
with 50-Hz EA resulting in the greatest reduction. 

In addition to the preservation and modification of syn-
apse ultrastructure, EA can also restore neural networks 
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(Liang et al., 2014) and stimulate neuroregeneration, which 
is strongly associated with synaptic function and memory 
(Chang et al., 2018). EA can thus influence factors involved 
in proliferation, which can then impact synaptic plasticity.  
Therefore, how EA affects factors involved in proliferation, 
such as neurotrophin-3 (Shimazu et al., 2006), growth-asso-
ciated protein 43 (GAP-43), and brain-derived neurotrophic 
factor (Rosenbrock et al., 2005) needs to be investigated. In 
addition to regulating APP proteolytic processing and mat-
uration, GSK-3β can also phosphorylate tau in most serine 
and threonine residues, which are hyperphosphorylated in 
paired helical filaments that impair synaptic plasticity and 
cognition (Llorens-Martín et al., 2014). Effects of EA on 
phosphorylation levels of microtubule-associated protein 
tau at multiple sites should also be studied.

In conclusion, EA treatment greatly improved spatial 
learning and memory and rescued hippocampal synaptic 
structure in a mouse model of AD. EA treatment inhibited 
GSK-3β by down-regulating phosphorylation of GSK-3β 
at Tyr216 and up-regulating phosphorylation of GSK-3β at 
Ser9, thereby leading to downregulation of APP and Aβ1–40. 
Taken together, our findings strongly indicate that EA 
treatment can improve cognitive deficits in an EA-frequen-
cy dependent way with 50-Hz stimulation being the most 
protective in rat-AD models. This protective effect can be 
explained through the rescued hippocampal synaptic ultra-
structure via the inhibition of GSK-3β activity, which then 
leads to downstream reduction in APP and Aβ. This study 
deepens our understanding of the mechanisms through 
which EA has neuroprotective effects related to AD and 
provides scientific experimental evidence for the optimal 
EA-stimulation frequency for AD in clinical application.
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