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A B S T R A C T   

Objective: Glutamate mediated excitotoxicity, such as oxidative stress, neuroinflammation, synaptic loss and 
neuronal death, is ubiquitous in Alzheimer’s disease (AD). Our previous study found that 15 Hz repetitive 
transcranial magnetic stimulation (rTMS) could reduce cortical excitability. The purpose of this study was to 
explore the therapeutic effect of higher frequency rTMS on 3xTg-AD model mice and further explore the 
mechanisms of rTMS. 
Methods: First, WT and 3xTg-AD model mice received 25 Hz rTMS treatment for 21 days. The Morris water maze 
test was used to evaluate the cognitive function. The levels of Aβ and neuroinflammation were assessed by ELISA 
and immunofluorescence. Oxidative stress was quantified by biochemical assay kits. Brain glucose metabolism 
was assessed by 18F-FDG PET. Apoptosis was assessed by western blot and TUNEL staining. Synaptic plasticity 
and PI3K/Akt/GLT-1 pathway related protein expression were assessed by western blot. Next, to explore the 
activity of PI3K/Akt in the therapeutic effect of rTMS, 3xTg-AD model mice were given LY294002 intervention 
and rTMS treatment for 21 days, the experimental method was the same as before. 
Results: We found that 25 Hz rTMS could improve cognitive function of 3xTg-AD model mice, reduce hippo-
campal Aβ1-42 levels, ameliorate oxidative stress and improve glucose metabolism. rTMS alleviated neuro-
inflammatory response, enhanced synaptic plasticity and reduced neuronal loss and cell apoptosis, accompanied 
by activation of PI3K/Akt/GLT-1 pathway. After administration of PI3K/Akt inhibitor LY294002, 25 Hz rTMS 
could not improve the cognitive function and reduce neuron damage of 3xTg-AD model mice, nor could it 
upregulate the expression of GLT-1, indicating that its therapeutic and protective effects required the involve-
ment of PI3K/Akt/GLT-1 pathway. 
Conclusion: rTMS exerts protective role for AD through regulating multiple pathological processes. Meanwhile, 
this study revealed the key role of PI3K/Akt/GLT-1 pathway in the treatment of AD by rTMS, which might be a 
new target.   

1. Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease 
and the most common form of dementia. The primary pathological 
features of AD are senile plaques (SP) formed by amyloid plaque 
deposition and neurofibrillary tangles (NFTs) formed by hyper-
phosphorylated tau. As life expectancy increases, AD has increased 
rapidly in the past few decades, affecting more than 11% of the 

population over the age of 65 and one-third of the population over the 
age of 85, and the prevalence of Alzheimer’s disease is expected to triple 
by 2050 [1,2]. 

Four drugs have been approved by the Food And Drug Administra-
tion (FDA) to treat AD, however, these drugs can only slow the pro-
gression of AD but not actually improve patients’ symptoms. 
Electroconvulsive therapy (ECT) has been proven to have a certain effect 
on AD, but it’s invasive and has a lot of side effects which makes it 
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difficult to be widely accepted and promoted. Repetitive transcranial 
magnetic stimulation (rTMS) is a non-invasive neural intervention and 
neuromodulation technique. rTMS can affect the action potential of 
nerve cells and change the excitability and bioelectrical activity of 
neurons. Studies have shown that rTMS can reduce APP and BACE1 
expression which promote amyloid beta (Aβ) generation in the hippo-
campus [3]. As an alternative therapy to ECT, rTMS has been applied in 
the clinical for a variety of neuropsychiatric disorders, including AD, 
depression, stroke, epilepsy, post-traumatic stress disorder, etc. [4,5]. 
However, the underlying neurobiological mechanisms of rTMS remain 
unclear. 

The “amyloid cascade hypothesis” [2] suggests that accumulation of 
Aβ in the brain leads to tau hyperphosphorylation and neurofibrillary 
tangles. New evidence suggests that, in addition to Aβ accumulation, 
glutamate-induced excitatory toxicity and reactive oxygen species 
(ROS) -mediated oxidative stress are also prominent early pathological 
changes of AD [6]. Consistent with the hormesis paradigm [7], excessive 
accumulation of extracellular glutamate leads to overactivation of 
N-methyl-D-aspartic acid receptor (NMDA), calcium influx, mitochon-
drial dysfunction, oxidative stress, energy metabolism disorders, neu-
roinflammatory response, synapse loss and neuronal death [8–10]. The 
clearance of glutamate in the synaptic cleft is mainly through excitatory 
amino-acid transporter 2/glutamate transporter 1 (EAAT2: 
Human/GLT-1: Rodents) expressed in astrocytes. Aβ-dependent patho-
logical reduction of GLT-1 was observed in the early stage of AD before 
plaque formation and the onset of obvious symptoms. Zott et al. [11] 
found that extracellular glutamate accumulation and excitatory toxicity 
could be reduced by upregulating GLT-1 expression. Therefore, regu-
lating GLT-1 expression may be an effective way to prevent or delay AD 
related pathological changes. 

In ischemic and neurodegenerative diseases, phosphatidylinositol 3- 
kinase (PI3K)/protein kinase B (PKB/Akt) has been shown to increase 
glutamate clearance by upregulating GLT-1 expression [12,13]. 
PI3K/Akt signaling pathway plays an important role in physiological 
processes such as neuroplasticity [14,15], cell survival, glucose meta-
bolism [16,17], and mitochondrial function and oxidative stress [18, 
19]. Activation of PI3K/Akt pathway can also inhibit Aβ1-42 production 
by modulation BACE1-mediated cleavage of APP in SweAPP N2a cells 
[20]. Study showed that brain-derived neurotrophic factor (BDNF) can 
bind to tropomyosin receptor kinase B (TrkB) to activate the PI3K/Akt 
pathway, protect neurons and prevent cell apoptosis [21]. Our previous 
studies suggested that, in depression model mice, rTMS could change the 
excitability of cortical pyramidal cells [22], increase the expression of 
BDNF and enhance synaptic plasticity and neurogenesis [23]; in 
3xTg-AD model mice, rTMS could also reduce the cortical excitability by 
facilitating BK channels and decrease the levels of Aβ1-42, besides, the 
therapeutic effect of 15 Hz rTMS was better than that of 10 Hz rTMS 
[24]. Therefore, we speculate that high frequency rTMS may reduce the 
excitotoxic damage of glutamate, such as oxidative stress, energy 
metabolism disorders, neuroinflammation, synaptic loss and neuronal 
death, by upregulating GLT-1 expression via activating the PI3K/Akt. 

In this study, we treated 6-8 month-old WT and 3xTg-AD mice with 
25 Hz rTMS for 21 days to observe the neuroprotective effect of rTMS on 
3xTg-AD mice and explored the role of PI3K/Akt/GLT-1 pathway in 
rTMS treatment. We found that, for 3xTg-AD mice, 25 Hz rTMS 
improved cognitive function, reduced Aβ1-42 levels, alleviated oxida-
tive stress and neuroinflammatory response, enhanced energy meta-
bolism and synaptic plasticity, reduced neuron loss, as well as increased 
PI3K/Akt activity and GLT-1 expression; while for 3xTg-AD mice treated 
with PI3K specific inhibitor LY294002, rTMS treatment could not 
improve the cognitive function, reduce Aβ1-42 levels and neuronal loss, 
nor increase GLT-1 expression. Therefore, we conclud that 25 Hz rTMS 
has multiple protective effects on 3xTg-AD mice and its therapeutic ef-
fects require the involvement of PI3K/Akt/GLT-1 pathway. 

2. Materials and methods 

2.1. Animals 

Homozygous 3xTg-AD mice (PS1m146v/APPswe/TauP301L) pur-
chased from Jackson Laboratory were used. The wild type mice (WT) 
have the same background (hybrid progeny of 129S1/SvIm and C57BL/ 
6 mice). The mice were 6–8 months old at the beginning of the experi-
ment. They were group-housed (3–4 mice per cage) under controlled 
temperature and humidity (23 ± 2 ◦C, 60–70%, 12-h light/dark cycle) 
with free access to food and water. All animal experiments were con-
ducted in accordance with the guidelines approved by the Committee on 
the Ethics of Animal Experiments and the Institutional Animal Care and 
Use Committee at Tongji Medical College, Huazhong University of Sci-
ence and Technology. 

The experiment consisted of two stages. In the first stage, the mice 
were randomly divided into four groups: control + sham-rTMS、control 
+ rTMS、3xTg + sham-rTMS、3xTg + rTMS. In the second stage, the 
mice were also randomly divided into four groups: 3xTg + vehicle +
sham-rTMS, 3xTg + vehicle + rTMS, 3xTg + LY294002+sham-rTMS, 
3xTg + LY294002+rTMS. 

2.2. rTMS and drug administration 

rTMS was administered with a magnetic stimulator (Magstim 
Rapid2, Magstim Company Ltd, Whitland, UK). Mice in the rTMS group 
were gently held by hand so that the skull of the left dorsolateral pre-
frontal lobe was attached to the central intersection of a small figure- 
eight coil and received 1000 stimuli per day. The stimulus waveform 
was biphasic. Stimulation comprised 10 trains of 100 pulses delivered at 
25 Hz (4 s each train) with an intertrain interval of 25 s. The intensity of 
the pulse was 60% of the maximum output power of the machine. The 
mice in the sham-rTMS group were handled in a similar way to those 
treated with rTMS, hearing a 25-Hz click but not being stimulated. Both 
stages of rTMS treatment lasted for 28 days. 

LY294002 (Selleck, USA) injection were performed as described 
[25]. LY294002 is a specific PI3K inhibitor that can inhibit the activity 
of PI3K/Akt and can cross the blood-brain barrier. According to the drug 
instructions and literature reports, 5% DMSO, 30% PEG300 and 10% 
Tween 80 were used to dissolve the drug successively, finally, the vol-
ume was fixed with ultra-pure water. Mice were intraperitoneal injec-
tion at 9:00 a.m. daily for 21 days, the drug dose was 25 mg/kg, the 
volume was 0.1 ml/10g. Control mice received the same volume of 
solvent. In the second stage, rTMS treatment was administered 1 h after 
drug injection. 

2.3. Morris water maze (MWM) test 

The MWM test was performed in a plastic cylindrical tank (1.5 m in 
diameter and 0.4 m high). The container was filled with water (23 ±
2 ◦C) dissolved in powdered milk to make it opaque. Four objects of 
different colors and shapes were pasted on the curtain as external 
geographical clues to represent four different directions. A transparent 
circular platform (10 cm in diameter) was placed in the center of the 
southeast quadrant, approximately 1 cm below the surface of the water. 
During five days of acquired training, the mice were placed in the water 
facing the wall of the pool at four different locations each day, according 
to a set of semirandomly selected starting positions [26], the time it took 
for the mice to reach the platform was recorded. If the mouse failed to 
find the platform within 60 s, the latency was recorded as 60 s and the 
mouse was guided to the platform where it remained for 15 s. On the 
seventh day, for the probe trial, the platform was removed and each 
mouse was released from the northeast quadrant. The percentage of time 
swimming in the target quadrant within 60 s was recorded. The per-
formance and swimming trajectory of the mice were automatically 
recorded and analyzed by animal behavior analysis software 
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(ANY-MAZE, Stoelting, U.S.A.). 

2.4. 18F-FDG PET 

PET acquisitions were obtained by the small animal PET scanner 
(TransPET®BioCaliburn® LH, China). The mice were fasted with free 
access to water on the day before the experiment. For the PET proced-
ures, under 2% isoflurane anesthesia, the mice were injected 200 ±
10μCi 18F-FDG via the caudal vein, the head scan of the mice was per-
formed 57 min after injection for 10 min. After acquisition, images were 
reconstructed for analysis. Regions of interest (ROI) were drawn and the 
standard uptake value (SUV) of each ROI was calculated. 

2.5. Tissue preparation 

Mice were deeply anesthetized with sodium pentobarbital and 
perfused transcardially with 0.1 M phosphate-buffered saline (PBS). 
After that, half of the mice were decapitated, the hippocampus of the 
brain was quickly separated on ice and dipped into liquid nitrogen, then 
maintained at − 80 ◦C until use. The other mice were then perfused 
transcardially with 4% paraformaldehyde, the whole brain was removed 
and post-fixed in 4% paraformaldehyde followed by gradient dehydra-
tion. Serial coronal frozen sections (12 μm thick) were cut using a 
cryostat (CM1950, Leica Biosystems, Wetzlar, Germany) and stored at 
− 80 ◦C. 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

The quantitatively analyzed of IL-6, IL-1β, TNF-α (Cusabio, China) 
and Aβ1-42 (DAB142, R&D Systems) in the hippocampus was carried 
out using ELISA kit according to the manufacturer’s instructions. The 
concentration was calculated according to the corresponding standard 
curve. Duplication was set for each sample. 

2.7. Oxidative stress measures 

2.7.1. Reactive oxygen species (ROS) 
Commercial kits (HR8821, biolab, Beijing) were used to measure the 

levels of ROS. Fresh hippocampus tissues were homogenized with buffer 
and centrifuged at 100 g at 4 ◦C for 3 min. The supernatants were 
collected. 200 μl supernatant and 2 μl DHE probe were added into the 
black 96-well plate and incubated for 30 min under dark conditions. 
According to the instructions, the fluorescence intensity was detected in 
the dark at 488–535/610 nm (excitation/emission). The protein con-
centration of the supernatant was determined using bicinchoninic acid 
assay kit. 

2.7.2. Malondialdehyde (MDA) 
The MDA content in the hippocampal tissue was determined using 

the commercial kit (BC0025, Solarbio, China) following manufacturer’s 
protocol. Fresh hippocampus tissues were homogenized with buffer and 
centrifuged at 8000 g at 4 ◦C for 10 min. The supernatants were 
collected. After adding detection reagents in sequence, the suspension 
was incubated in the water at 100 ◦C for 60min, cooled on the ice, and 
then centrifuged at 10000g at room temperature (RT) for 10min. The 
absorbance of each sample at 450 nm, 532 nm and 600 nm was 
measured. The MDA content was calculated by formula and normalized 
to the mass of sample. 

2.7.3. Superoxide dismutase (SOD) 
The SOD content in the hippocampal tissue was determined using the 

commercial kit (BC0175, Solarbio, China) following manufacturer’s 
protocol. Fresh hippocampus tissues were homogenized with buffer and 
centrifuged at 8000 g at 4 ◦C for 10 min. The supernatants were 
collected. After adding samples and detection reagents in sequence, the 
suspension was incubated in the water at 37 ◦C for 30min. The 

absorbance of each sample at 560 nm was measured. The SOD content 
was calculated by formula and normalized to the mass of sample. 

2.7.4. Glutathione (GSH) 
The GSH content in the hippocampal tissue was determined using the 

commercial kit (BC1175, Solarbio, China) following manufacturer’s 
protocol. Fresh hippocampus tissues were homogenized with buffer and 
centrifuged at 8000 rpm at 4 ◦C for 10 min. Dissolve standard to 
different concentrations and make standard curves. The absorbance of 
each sample at 412 nm was measured. The GSH content was determined 
according to the standard curve. 

2.8. Western blotting 

Hippocampus tissues were homogenized on ice for 30 min and 
centrifuged at 12000 rpm at 4 ◦C for 15 min. The supernatants were 
collected for follow-up measurement. Protein concentration was deter-
mined using BCA method. Equal amounts of protein (25 μg) were 
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to nitrocellulose membranes. After blocked 
in 5% nonfat milk/tris-buffered saline with Tween 20 (TBST) or 5% 
bovine serum albumin (BSA) at RT for 1 h, the membranes were incu-
bated overnight with primary antibodies including anti-GLT-1 (1:1000; 
Millipore), anti-PSD-95 (1:1000; Abcam), anti-SYP (1:1000; Abcam), 
anti-NR1 (1:1000; Cell Signaling Technology), anti-NR2A (1:1000; Cell 
Signaling Technology), anti-NR2B (1:1000; Cell Signaling Technology), 
anti-PI3K (1:1000; Abcam), anti-Akt (1:1000; Cell Signaling Technol-
ogy), anti-p-Akt (1:1000; Cell Signaling Technology), anti-Bax (1:1000; 
Abcam), anti-Bcl-2 (1:2000; Abcam) and anti-β-actin (1:500; Boster). 
Then the membranes were washed with TBST for 3 × 10 min and 
incubated with horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:5000; Servicebio) at RT for 1 h. Next, the membranes were 
washed for 3 × 10 min and the immunoreactive bands were detected by 
the Bio-Rad Chemi Doc XRS + imaging system. Densitometric analysis 
was analyzed with the use of ImageJ software. 

2.9. Immunofluorescence 

Brain sections were rinsed with PBS for 10 min, permeabilized with 
PBS containing 3% H2O2 and 0.25% Triton X-100 for 20 min and 
blocked in 5% BSA at RT for 2 h. Next, the sections were incubated with 
primary antibodies including anti-Iba1 (1:1000; Wako), anti-CD68 
(1:200; Abcam), 6E10 (1:1000; Biolegend) and anti-NeuN (1:1000; 
Millipore) at 4 ◦C for overnight (at least 16 h). Then, the sections were 
rinsed with Tris-Buffer saline (TBS) for 3 × 10 min and incubated with 
corresponding secondary antibodies including Alexa Fluor 594 Donkey 
Anti-Mouse IgG (1:1000; Abcam), Alexa Fluor 488 Donkey Anti-Rabbit 
IgG (1:1000; Abcam) and Alexa Fluor 647 Donkey Anti-Rat IgG 
(1:1000, Abcam) for 1 h at RT in darkness. Finally, sections were washed 
with Tris-Buffer saline (TBS) for 3 × 10 min and stained with 4,6-diami-
dino-2-phenylindole (DAPI) (10 μg/mL, Sigma-Aldrich) for 10 min at 
RT. Images were acquired using a laser scanning confocal microscope 
(FV1000; Olympus, Tokyo, Japan) and analyzed by Image J software. 

2.10. TUNEL staining 

TUNEL (Cell Death Detection Kit, Roche, Basel, Switzerland) staining 
was performed according to the instructions. Briefly, after antigen 
retrieval, brain sections were incubated with 50 μl TUNEL reaction 
mixture at 37 ◦C in darkness for 1 h. Images were acquired using a laser 
scanning confocal microscope (FV1000; Olympus, Tokyo, Japan). 

2.11. Statistical analysis 

All statistical analyses were performed by SPSS 19.0 (IBM, USA). 
Significant differences between groups were analyzed by Student’s t-test 
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or two-way ANOVA followed by the Tukey test. p < 0.05 was considered 
to be significant. The data were presented as the mean ± SEM. 

3. Results  

1. Effects of rTMS on cognitive function and levels of Aβ1-42, GLT-1 in 
3xTg-AD mice 

To explore the therapeutic effects of 25 Hz rTMS on 3xTg-AD mice, 
mice were divided into 4 groups: control + sham-rTMS、control +
rTMS、3xTg + sham-rTMS、3xTg + rTMS. In the MWM test, on the fifth 
day of the acquired training period, the escape latency of the 3xTg +
sham-rTMS group was significantly longer than that of the control +
sham-rTMS group (p < 0.001); compared with the 3xTg + sham-rTMS 

group, the escape latency of 3xTg + rTMS group was significantly 
shorter (p < 0.001) (Fig. 1A); there was no significant difference be-
tween the control + sham-rTMS group and the control + rTMS group (p 
> 0.05) (Fig. 1A). In the probe trial period, the percentage of swimming 
time in the target quadrant of mice in 3xTg + sham-rTMS group was 
significantly lower than that in control + sham-rTMS group (p < 0.01) 
(Fig. 1B); rTMS significantly increased the percentage of swimming time 
in the target quadrant in 3xTg-AD mice (p < 0.001) (Fig. 1B), while 
rTMS had no significant effect on the control group (p > 0.05) (Fig. 1B). 
Compared with the 3xTg + sham-rTMS group, the level of Aβ1-42 in the 
hippocampus of mice in 3xTg + rTMS group was significantly decreased 
(p < 0.05) (Fig. 1D and E), which is consistent with our previous con-
clusions. Since Aβ can reduce GLT-1 expression and induce glutamate- 
induced excitatory toxicity, we detected the expression level of GLT-1. 

Fig. 1. rTMS improved the spatial learning and memory abilities of 3xTg-AD mice, reduced Aβ1-42 levels and increased GLT-1 expression. A The escape latency 
during the acquired training period. B The percentage of swimming time in the target quadrant during the probe trial period. C Representative swimming trajectory 
diagram of mice in the acquired training period and the probe trial period. D Hippocampal Aβ1-42 levels detected by ELISA. E Representative immunofluorescent 
staining images of Aβ (red) with DAPI (blue) in the CA1 region of hippocampus. Scale bar = 100 μm. F Representative western blot images and quantitative analysis 
of GLT-1 in the hippocampus. All data were represented as mean ± SEM and analyzed by T test or two-way ANOVA with Tukey’s post hoc test. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Compared with the control + sham-rTMS group, the expression of GLT-1 
in the hippocampus of 3xTg + sham-rTMS group was significantly 
decreased (p < 0.001) (Fig. 1F). After rTMS treatment, the expression of 
GLT-1 in 3xTg + rTMS group was significantly higher than that in 3xTg 
+ sham-rTMS group (p < 0.05) (Fig. 1F). There was no significant dif-
ference in hippocampal GLT-1 expression between control + sham-rTMS 
group and control + rTMS group (p > 0.05) (Fig. 1F).  

2. Effects of rTMS on the level of oxidative stress and brain glucose 
metabolism of 3xTg-AD mice 

We detected oxidative stress-related indicators in the hippocampus. 
The results showed that the levels of ROS in the 3xTg + sham-rTMS 
group was significantly higher than that in the control + sham-rTMS 
group (p < 0.01) (Fig. 2A); after rTMS treatment, ROS levels in the 3xTg 

Fig. 2. rTMS treatment reduced the level of oxidative stress and improved brain glucose metabolism. A-D The level of ROS (A), MDA (B), SOD (C), GSH (D) detected 
by ELISA in the CA1 region of hippocampus (n = 3–4). E 18F-FDG PET image of mouse brain tissue. F Statistics of average SUV value. G Statistics of cortex SUV 
values. H Statistics of hippocampus SUV values. All data were represented as mean ± SEM and analyzed by T test or two-way ANOVA with Tukey’s post hoc test. 
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+ rTMS group was significantly lower than that in the 3xTg + sham- 
rTMS group (p < 0.05) (Fig. 2A). Compared with control + sham-rTMS 
group, the level of MDA in the hippocampus of 3xTg + sham-rTMS 
group was significantly increased (p < 0.001) (Fig. 2B), while rTMS 
decreased the level of MDA in the hippocampus of 3xTg-AD mice (p <
0.001) (Fig. 2B). Compared with control + sham-rTMS group, SOD (p <
0.01) (Fig. 2C) and GSH (p < 0.05) (Fig. 2D) levels in the hippocampus 
of 3xTg + sham-rTMS group were significantly decreased, rTMS 
significantly increased SOD and GSH levels in hippocampus of 3xTg-AD 
mice (p < 0.05) (Fig. 2C，2D). As shown in Fig. 2, there was no sig-
nificant difference in the level of oxidative stress in the hippocampus 
between the control + sham-rTMS group and the control + rTMS group 
(p > 0.05). Using 18F-FDG PET technology, we found that rTMS signif-
icantly increased the average glucose metabolism level of brain tissue (p 
< 0.05) (Fig. 2E and F), as well as the glucose metabolism level of cortex 
(p < 0.01) (Fig. 2E and G) and hippocampus (p < 0.05) (Fig. 2E and H) in 
3xTg-AD mice.  

3. Effect of rTMS on neuroinflammation in 3xTg-AD mice 

Two-way ANOVA showed no difference in the number of Iba1+

microglia cell in hippocampal CA1 region among all groups (p > 0.05) 
(Fig. 3A and B). Co-labeling of CD68+ and Iba1+ microglia cells in 
immunofluorescence staining was used to detect the activation of 
microglia, the results showed that the ratio of CD68+ Iba1+ cells/Iba1+

cells in hippocampal CA1 region was not significantly different between 
control+sham-rTMS and 3xTg + sham-rTMS groups (p > 0.05), 3xTg +
sham-rTMS and 3xTg + rTMS groups (p > 0.05) (Fig. 3A and B). 
Immunofluorescence staining results in the hippocampal DG region 
showed that the number of Iba1+ microglia cells (p < 0.05) was higher 
than that in control + sham-rTMS group, rTMS treatment reduced the 
activation level of microglia in the hippocampal DG region of 3xTg-AD 
mice (p < 0.05) (Fig. 3C and D). There was no significantly difference in 
the number of Iba1+ microglia cell (p > 0.05) and the ratio of CD68+

Iba1+ cells (p > 0.05) in hippocampal DG region between control +
sham-rTMS group and control + rTMS group (Fig. 3C and D). 

We further measured the levels of pro-inflammatory cytokines IL-6, 
IL-1β and TNF-α in the hippocampus by ELISA. Compared with the 
control + sham-rTMS group, the levels of IL-6 (p < 0.01) (Fig. 3E), IL-1β 
(p < 0.01) (Fig. 3F) and TNF-α (p < 0.01) (Fig. 3G) in the hippocampus 
of 3xTg + sham-rTMS group were significantly increased, rTMS signif-
icantly decreased the levels of IL-6 (p < 0.01) (Fig. 3E), IL-1β (p < 0.05) 
(Fig. 3F) and TNF-α (p < 0.001) (Fig. 3G) in 3xTg-AD mice. In addition, 
rTMS reduced TNF-α levels in the hippocampus of control mice (p <
0.05) (Fig. 3G), there was no significantly difference in the levels of IL-6 
(Fig. 3E) and IL-1β (Fig. 3F) between control + sham-rTMS group and 
control + rTMS group (p > 0.05).  

4. Effects of rTMS on synaptic plasticity and neuronal loss in 3xTg-AD 
mice 

Compared with the control + sham-rTMS group, the levels of syn-
aptophysin (SYP) (p < 0.01) and postsynaptic density 95 (PSD-95) (p <
0.05) in the hippocampus of mice in 3xTg + sham-rTMS group were 
significantly decreased (Fig. 4B and C). After rTMS treatment, the levels 
of SYP (p < 0.05) and PSD-95 (p < 0.05) in the hippocampus of mice in 
3xTg + rTMS group were significantly higher than those in 3xTg +
sham-rTMS group (Fig. 4B and C). The levels of NR1 (p < 0.01), NR2A 
(p < 0.05) and NR2B (p < 0.01) were significantly decreased in the 
hippocampus of 3xTg-AD mice. rTMS reversed the down-regulation of 
NR2B level (p < 0.01), but had no significant effect on the expression of 
NR1 and NR2A (Fig. 4D, E, 4F). There was no significant difference in 
the number of NeuN+ neurons in hippocampal CA1 region among the 
groups (Fig. 4G and H). Compared with the control + sham-rTMS group, 
the number of NeuN+ neurons in hippocampal DG region in 
3xTg+sham-TMS group was significantly reduced (p < 0.05) (Fig. 4G 

and H), rTMS treatment increased the number of NeuN+ neurons in the 
DG region (p < 0.05) (Fig. 4G and H). TUNEL staining results showed 
that, compared with the control + sham-rTMS group, the apoptotic cells 
in the hippocampus of 3xTg + sham-rTMS group increased, the ratio of 
Bcl-2/Bax was significantly decreased simultaneously (p < 0.05) (Fig. 4I 
and J). After rTMS treatment, the apoptotic cells in hippocampus of 
3xTg-AD mice decreased and the ratio of Bcl-2/Bax was up-regulated (p 
< 0.05) (Fig. 4I and J). As shown in Fig. 4, there was no significant 
difference in the expression of hippocampal synapse-associated proteins 
and the number of neurons between control + sham-rTMS group and 
control + rTMS group (p > 0.05).  

5. Effect of rTMS on the activity of PI3K/Akt 

The results showed that compared with the control + sham-rTMS 
group, the expression of PI3K in 3xTg + sham-rTMS group was signifi-
cantly reduced (p < 0.05), rTMS treatment increased PI3K expression, 
but the difference was not significant (p > 0.05) (Fig. 5A). rTMS had no 
significant effect on PI3K protein expression of control mice (p > 0.05) 
(Fig. 5A). There was no significant difference in the level of total Akt in 
the hippocampus among groups (p > 0.05) (Fig. 5C). Compared with the 
control + sham-rTMS group, the level of p-Akt/Akt in hippocampus of 
3xTg + sham-rTMS group was significantly decreased (p < 0.001), rTMS 
treatment reversed the down-regulation of p-Akt/Akt of 3xTg-AD mice 
(p < 0.001) (Fig. 5D). There was no difference in hippocampal p-Akt/ 
Akt levels between the control + sham-rTMS group and the control +
rTMS group (p > 0.05) (Fig. 5D). These results suggested that rTMS 
treatment reversed the downregulation of PI3K/Akt activity.  

6. LY294002 inhibited the activation of PI3K/Akt/GLT-1 pathway and 
the cognitive improvement effect by rTMS 

PI3K inhibitor LY294002 was used to further explore the role of 
PI3K/Akt/GLT-1 pathway in rTMS treatment of 3xTg-AD mice. Mice 
were divided into 4 groups: 3xTg + vehicle + sham-rTMS, 3xTg +
vehicle + rTMS, 3xTg + LY294002+sham-rTMS, 3xTg +

LY294002+rTMS. Compared with the 3xTg + vehicle + sham-rTMS 
group, the protein expression of PI3K in 3xTg + vehicle + rTMS group 
was significantly increased (p < 0.05) (Fig. 6A). After LY294002 
administration, there was no significant difference in PI3K protein 
expression between 3xTg + LY294002+sham-rTMS group and 3xTg +
LY294002+rTMS group (p > 0.05) (Fig. 6A). ANOVA analysis showed 
no significant difference in the total Akt expression level between the 
four groups (p > 0.05) (Fig. 6B). Compared with 3xTg + vehicle + sham- 
rTMS group, the level of p-Akt/Akt in the hippocampus in 3xTg +
vehicle + rTMS group was significantly increased (p < 0.05), while this 
effect of rTMS was blocked by LY294002 (p > 0.05) (Fig. 6C). Compared 
with the 3xTg + vehicle + sham-rTMS group, the level of GLT-1 in the 
hippocampus of 3xTg + vehicle + rTMS group was significantly 
increased (p < 0.05), while there was no significant difference in the 
GLT-1 expression between 3xTg + LY294002+sham-rTMS group and 
3xTg + LY294002+rTMS group (p > 0.05) (Fig. 6D). In the MWM test, 
we found that on the fifth day of the acquired training period, compared 
with the 3xTg + vehicle + sham-rTMS group, the escape latency of mice 
in the 3xTg + vehicle + rTMS group was shorter. However, after the 
administration of LY294002, the escape latency of mice in the 3xTg +
LY294002+rTMS group was not significantly different from that of mice 
in the 3xTg + LY294002+sham-rTMS group (Fig. 6E). In the probe trial 
period, the percentage of swimming time in the target quadrant of mice 
in the 3xTg + vehicle + rTMS group was significantly higher than that of 
mice in the 3xTg + vehicle + sham-rTMS group (p < 0.05), while there 
was no significant difference between the 3xTg + LY294002+rTMS 
group and the 3xTg + LY294002+sham-rTMS group (p > 0.05) (Fig. 6F).  

7. LY294002 inhibited the effects of rTMS on reducing Aβ1-42 levels 
and neuronal loss 

H. Cao et al.                                                                                                                                                                                                                                     



Redox Biology 54 (2022) 102354

7

Fig. 3. rTMS reduced neuroinflammation in 3xTg-AD mice. A Representative immunofluorescent staining images of Iba1+ (green), CD68+ (red) with DAPI (blue) in 
the CA1 region of hippocampus. Scale bar = 50 μm. B Statistical diagram of the number of Iba1+ microglia cells and the ratio of CD68+ Iba1+ cells/Iba1+ cells in the 
CA1 region of hippocampus. C Representative immunofluorescent staining images of Iba1+ (green), CD68+ (red) with DAPI (blue) in the DG region of hippocampus. 
Scale bar = 50 μm. D Statistical diagram of the number of Iba1+ microglia cells and the ratio of CD68+ Iba1+ cells/Iba1+ cells in the DG region of hippocampus. E-G 
Hippocampal IL-6 (E), IL-1β (F) and TNF-α (G) levels detected by ELISA. At least 9 fluorescence microscope photos of 3 mice were included in each group for 
statistical analysis. All data were represented as mean ± SEM and analyzed by two-way ANOVA with Tukey’s post hoc test. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. rTMS restored synaptic plasticity and reduced neuron loss in 3xTg-AD mice. A Representative western blot images of SYP, PSD-95, NR1, NR2A and NR2B in 
the hippocampus. B–F Quantitative analysis of SYP (B), PSD-95 (C), NR1 (D), NR2A (E) and NR2B (F) in the hippocampus. G Representative immunofluorescent 
staining of NeuN + cells (red) in the CA1 and DG region of hippocampus. Scale bar = 100 μm. H Statistical diagram of NeuN + cells in hippocampal CA1 and DG 
region. I Representative immunofluorescent staining of Tunel (green) with DAPI (blue) in the hippocampus. Scale bar = 50 μm. J Representative western blot images 
and quantitative analysis of Bcl-2/Bax in the hippocampus. At least 9 fluorescence microscope photos of 3 mice were included in each group for statistical analysis. 
All data were represented as mean ± SEM and analyzed by two-way ANOVA with Tukey’s post hoc test. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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As shown in Fig. 7, hippocampal Aβ1-42 levels in 3xTg + vehicle +
rTMS group was significantly lower than that in 3xTg + vehicle + sham- 
rTMS group (p < 0.01) (Fig. 7A and B). rTMS did not decrease the levels 
of Aβ1-42 in the hippocampus of 3xTg-AD mice after LY294002 
administration (p > 0.05) (Fig. 7A and B). Compared with the 3xTg +
vehicle + sham-rTMS group, the number of NeuN+ neurons in hippo-
campal CA1 (p < 0.01) (Fig. 7C and D) and DG (p < 0.05) (Fig. 7C, E) 
regions in the 3xTg + vehicle + rTMS group was significantly increased, 
there was no significant difference in the number of NeuN+ neurons 
between 3xTg+LY294002+sham-rTMS group and 3xTg +

LY294002+rTMS group (p > 0.05). TUNEL staining results showed that 
compared with the 3xTg + vehicle + sham-rTMS group, the apoptotic 
cells in the hippocampus of 3xTg + vehicle + rTMS group increased and 
the ratio of Bcl-2/Bax reduced (p < 0.05) (Fig. 7F and G). There was no 
significant difference in Bcl-2/Bax ratio between 3xTg + LY294002+-
sham-rTMS group and 3xTg + LY294002+rTMS group (p > 0.05) 
(Fig. 7G). 

4. Discussion 

The high morbidity and disability rate of AD make the burden of 
society and family increase continuously, prevention and treatment of 

AD has become a major public health problem worldwide. Our previous 
study showed that compared with 10 Hz rTMS, 15 Hz rTMS significantly 
improved cognitive function, regulated cortical excitability and 
enhanced long-term potentiation (LTP) in 3xTg-AD mice [24]. In this 
study, we explored higher frequency of rTMS and found that 25 Hz rTMS 
could not only improve spatial learning and memory ability of 3xTg-AD 
mice, decrease hippocampal Aβ1-42 levels, but also ameliorate oxida-
tive stress and glucose metabolism, alleviate neuroinflammatory 
response, restore synaptic plasticity, reduce neuron loss and cell 
apoptosis. Moreover, it was accompanied by activation of PI3K/Akt 
pathway and up-regulation of GLT-1 expression. However, after 
administration of PI3K specific inhibitor LY294002 to inhibit PI3K/Akt 
activity, 25 Hz rTMS could not improve the cognitive function, decrease 
Aβ1-42 levels, reduce neuronal loss and cell apoptosis in 3xTg-AD mice, 
and could not restore the expression level of GLT-1 simultaneously. 
Therefore, we conclud that 25 Hz rTMS may exert multiple neuro-
protective effects on 3xTg-AD mice by regulating the PI3K/Akt/GLT-1 
signaling pathway. 

Inhibition of glutamate reuptake by Aβ leads to extracellular gluta-
mate accumulation and extrasynaptic NMDARs (eNMDARs) over-
activation, which have a much higher permeability for Ca+ [27]. 
Massive calcium influx leads to mitochondrial dysfunction, such as 

Fig. 5. Effects of rTMS treatment on PI3K/Akt activity in 3xTg-AD mice. A Quantitative analysis of PI3K in the hippocampus. B Representative western blot images of 
PI3K, Akt and p-Akt in the hippocampus. C Quantitative analysis of Akt in the hippocampus. D Quantitative analysis of p-Akt/Akt in the hippocampus. All data were 
represented as mean ± SEM and analyzed by two-way ANOVA with Tukey’s post hoc test. 

H. Cao et al.                                                                                                                                                                                                                                     



Redox Biology 54 (2022) 102354

10

increased ROS production and decreased ATP production, resulting in 
oxidative stress, energy metabolism disorders, inflammatory response, 
as well as severe synaptic loss and apoptosis [27–29]. Oxidative stress 
levels were significantly higher in the brains of MCI and AD patients 
compared to healthy people [30]. Excess production of ROS means 
extensive oxidative damage to DNA, RNA, proteins, lipids and depletion 
of endogenous antioxidant defense systems, especially in the brain re-
gions most associated with AD, such as the hippocampus and cortex [31, 

32]. MDA is a decomposition product of lipid peroxides, which can 
reflect the level of lipid peroxidation and indirectly reflect the degree of 
cell damage [33]. SOD is a major antioxidant in antioxidant enzyme 
system, its content reflects the ability of scavenging oxygen free radicals 
in the body [34]. GSH which belongs to non-antioxidant enzyme system 
can remove excess free radicals and ROS in the body to prevent cell 
oxidative stress damage. This study found that the level of oxidative 
stress in hippocampus of 3xTg-AD mice increased, which was consistent 

Fig. 6. Effects of LY294002 intervention on the activation of PI3K/Akt/GLT-1 pathway and the improvement of spatial learning and memory in 3xTg-AD mice by 
rTMS. A Representative western blot images and quantitative analysis of PI3K in the hippocampus. B Representative western blot images and quantitative analysis of 
Akt in the hippocampus. C Representative western blot images and quantitative analysis of p-Akt/Akt in the hippocampus. D Representative western blot images and 
quantitative analysis of GLT-1 in the hippocampus. E The escape latency during the acquired training period. F The percentage of swimming time in the target 
quadrant during the probe trial period. G Representative swimming trajectory diagram of mice in the acquired training period and the probe trial period. All data 
were represented as mean ± SEM and analyzed by two-way ANOVA with Tukey’s post hoc test. 
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with previous studies. Low levels of BDNF can lead to a persistent state 
of oxidative stress, while restoring BDNF level can restore Nrf2 function 
and activate defense mechanism [7,35]. Our previous study showed that 
rTMS can up-regulate the expression of BDNF. In this study, it was found 
that rTMS significantly alleviated oxidative stress through reducing the 

levels of ROS, MDA, and increasing the levels of SOD and GSH in the 
hippocampus of 3xTg-AD mice. 

Brain is the most abundant organ for human energy metabolism. In a 
resting and waking state, it consumes about 20% of the body’s oxygen 
and 25% of glucose [36]. Mitochondria is the energy-supplying and 

Fig. 7. Effects of LY294002 intervention on reducing Aβ1-42 levels and neuron loss by rTMS in 3xTg-AD mice. A Representative immunofluorescent staining images 
of Aβ (red) with DAPI (blue) in the CA1 region of hippocampus. Scale bar = 100 μm. B Quantitative statistics of Aβ1-42 levels in the hippocampus detected by ELISA. 
C Representative immunofluorescent staining of NeuN + cells (red) in the CA1 and DG region of hippocampus. Scale bar = 100 μm. D-E Statistical diagram of NeuN +

cells in hippocampal CA1 (D) and DG (E) region. F Representative immunofluorescent staining of Tunel (green) with DAPI (blue) in the hippocampus. Scale bar = 50 
μm. G Representative western blot images and quantitative analysis of Bcl-2/Bax in the hippocampus. At least 9 fluorescence microscope photos of 3 mice were 
included in each group for statistical analysis. All data were represented as mean ± SEM and analyzed by two-way ANOVA with Tukey’s post hoc test. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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metabolism centers of cell. Sugar uptake and metabolism have been 
reduced in the early stage of AD [37]. Positron emission tomography 
using 18F-fluorodeoxyglucose as a tracer has become the most common 
and effective method for measuring brain energy metabolism and can 
detect subtle changes in glucose metabolism in mouse brain tissue [38]. 
FDG-PET studies have shown that the glucose metabolism in the brain 
tissue of AD patients is continuously and progressively decreased, and 
the degree of decrease is related to the severity of symptoms; in addition, 
the decrease in regional brain glucose metabolism shown by FDG-PET is 
also accompanied by a decrease in synaptic activity and density in 
corresponding regions, suggesting that the decreased regional selective 
brain glucose metabolism in AD patients may be associated with specific 
cognitive dysfunction [36]. We observed an increase in 18F-FDG accu-
mulation in the brain tissue of 3xTg-AD mice after rTMS treatment, 
suggesting an increase in brain glucose metabolism after rTMS, which is 
conducive to the recovery of neuronal function and the improvement of 
cognitive function. 

High levels of ROS can also alter the local neuronal microenviron-
ment and trigger the release of pro-inflammatory cytokines [31] that 
exacerbate neuroinflammatory responses [39,40]. Microglia are resi-
dent phagocytes of the central nervous system, which play an important 
role in neurogenesis, tissue maintenance, injury response and pathogen 
defense [41]. It is a common phenomenon in AD that proliferating and 
activated microglia accumulate around Aβ plaques [42]. Overactivated 
microglia can produce a large number of pro-inflammatory cytokines 
and chemokines, such as IL-6, IL-12, IL-1β, TNF-α, CCL2, express NADPH 
oxidase, produce ROS and RON, phagocytose synapses results in loss of 
synapses, and cause neurodegeneration [43–45]. Thus, there is a vicious 
cycle of mutual activation between inflammation and oxidative stress. 
Our results showed that the proliferation of microglia in the hippo-
campal DG region of 6-8-month-old 3xTg-AD mice increased, as well as 
the levels of pro-inflammatory cytokines IL-6, IL-1β and TNF-α, while 
rTMS could reduce the activation of microglia in the DG region and 
reduce the release of pro-inflammatory cytokines. The state of microglia 
in the CA1 region appears stable, the result is parallel to the number of 
neurons in the CA1 region. There is a fact that microglia remove 
unsurvived new neurons during hippocampal neurogenesis in the DG 
region [41]. It could also be that the ratio of pro- and anti-inflammatory 
phenotypes of microglia have changed. There is also a literature 
showing that 20 Hz rTMS can reduce the activation of microglia in the 
hippocampal DG area and cortex of 5xFAD mice and inhibit the patho-
logical development of AD [46]. 

Synaptic transmission and plasticity have long been thought to 
provide a physiological basis for learning, memory, and extensive neural 
computation. The impairment of synaptic plasticity and the decrease of 
synapse density are the salient features of early AD [47]. PSD-95 and 
SYP represent postsynaptic and presynaptic proteins respectively, their 
levels are reduced in neurodegenerative diseases such as Alzheimer’s 
disease [48]. Postmortem studies showed that the levels of Aβ oligomer 
and the severity of dementia were related to the level of PSD-95 in AD 
patients [49]. This study found that rTMS can reverse the reduction of 
PSD-95 and SYP levels in the hippocampus of 3xTg-AD mice. Autopsy 
studies also found that the mRNA and protein expression levels of the 
postsynaptic glutamate receptors NR1, NR2A, and NR2B subunits 
decreased in AD patients [50]. In this study, it was found that the 
expression levels of NR1, NR2A and NR2B subunit proteins were 
down-regulated in the brain of 3xTg-AD mice, while rTMS only 
increased the level of NR2B, suggesting that rTMS may regulate gluta-
matergic transmission mainly by regulating NR2B. 

Dysregulation of the glutamate system will finally lead to a massive 
loss of neurons in the brain, the resulting hippocampal atrophy is the 
most characteristic change in AD [51,52]. Increased GLT-1 expression, 
alleviation of oxidative stress and neuroinflammation inhibition, etc. 
can reduce neuron loss and apoptosis [53–55]. Therefore, intervention 
of the above-mentioned pathological process in the early stage of AD is 
expected to prevent further development of AD and reverse outcome of 

cognitive decline. In this study, it was found that after rTMS treatment, 
the number of Tunel+ cells in the hippocampus of 3xTg-AD mice 
decreased, the ratio of Bcl2/Bax increased and the number of neurons 
increased, indicating that rTMS reduced cell loss by reducing apoptosis. 
rTMS has also been reported to reduce apoptotic cell death and 
inflammation in remote areas following focal brain injury [56]. 

It has been reported that high spontaneous glutamate fluctuations 
can be observed in areas close to Aβ plaques, accompanied by decreased 
GLT-1 expression, which can be partially restored by ceftriaxone though 
upregulating GLT-1 expression and activity [57]. Human hippocampal 
EAAT2 levels decrease at the onset of cognitive dysfunction and are 
associated with the severity of synaptic degeneration and cognitive 
impairment in AD patients [6,58]. Literature has shown that GLT-1 
expression can be upregulated by PI3K/Akt [12,13], PI3K/Akt is also 
involved in the regulation of oxidative stress, neuroinflammation, syn-
aptic plasticity, apoptosis, etc. [14,18]. Gene chip analysis showed that 
GLT-1 expression increased after rTMS [59]. Therefore, we speculate 
that rTMS can increase glutamate clearance and reduce glutamate 
excitatory toxicity by activating the PI3K/Akt/GLT-1 pathway. The 
study found that after rTMS treatment the PI3K/Akt activity in 3xTg-AD 
mice was increased, the expression of GLT-1 was upregulated, along 
with the glutamate toxicity was reduced. However, after the adminis-
tration of PI3K inhibitor LY294002 in 3xTg-AD mice to inhibit PI3K/Akt 
activity, rTMS could not increase the expression of GLT-1 and failed to 
improve the cognitive function or reduce neuron loss. 

Therefore, we concluded that oxidative stress, glucose metabolism, 
neuroinflammation, synaptic plasticity and neuron survival were 
disordered in 3xTg-AD mice. 25 Hz rTMS could reverse the above- 
mentioned pathological changes by increasing glutamate clearance 
through the activation of the PI3K/Akt/GLT-1 pathway. 
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