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Abstract
Alzheimer’s disease (AD) is a leading neurodegenerative disorder with substantial impacts on cognition and behavior. 
Repetitive transcranial magnetic stimulation (rTMS), a non-invasive neuromodulation technique, has been used to treat 
various neuropsychiatric disorders, but its efficacy in AD has not been thoroughly investigated. This study examines 
the neuroprotective effects of rTMS in the 5xFAD mouse model of AD, with a particular focus on its modulation of 
GABAergic neuronal activity via the GABRG2 and SNAP25 proteins. Transcriptomic sequencing of rTMS-treated 5xFAD 
mice revealed 32 genes influenced by the treatment, among which GABRG2 was identified as a critical modulatory target. 
Electrophysiological assessments, including whole-cell patch clamp recordings from frontal cortex neurons, demonstrated 
significant alterations in inhibitory synaptic currents following rTMS. Subsequent experiments involved sh-GABRG2 
transduction combined with rTMS treatment (20Hz, 14 days), examining behavioral responses, GABAergic neuron 
functionality, cortical GABA expression, cerebrospinal fluid GABA concentrations, β-amyloid accumulation, and pro-
inflammatory cytokine levels. The results indicated notable improvements in behavioral performance, enhanced functionality 
of GABAergic neurons, and reductions in β-amyloid deposition and neuroinflammation after rTMS treatment. Further 
analysis revealed that SNAP25 overexpression could counteract the negative effects of GABRG2 silencing, highlighting the 
crucial role of SNAP25 downstream of GABRG2 in mediating rTMS’s therapeutic effects in AD. This research highlights 
rTMS’s potential to modulate synaptic and vesicular transport mechanisms, offering a promising avenue for ameliorating 
symptoms of AD through neuroprotective pathways.
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Introduction

Alzheimer’s disease (AD) is the predominant form of 
dementia, accounting for 60 to 80% of all cases, and rep-
resents a major neurodegenerative disorder particularly 
prevalent among the elderly [1, 2]. With the aging of the 
global population, AD increasingly poses significant public 
health challenges with a rising incidence [3]. The primary 
pathological features of AD include the accumulation of 
neurofibrillary tangles formed by hyperphosphorylated tau 
proteins and extracellular aggregates of amyloid-beta (Aβ) 
peptides [4]. Despite extensive research, the pathogenesis 
of AD remains incompletely understood, and early-stage 
diagnosis is often complicated by the absence of distinct 
clinical symptoms [5]. Current pharmacological treatments 
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primarily offer symptomatic relief, as definitive therapeutic 
strategies are yet to be established [6].

In recent years, non-invasive neuromodulation tech-
niques, particularly repetitive transcranial magnetic stim-
ulation (rTMS), have received considerable attention in 
recent research [7–10]. rTMS, which modulates neuronal 
activity through magnetic fields, is celebrated for its non-
invasiveness, safety, and repeatability. It has been success-
fully employed in the treatment of various neuropsychiatric 
conditions, including depression and anxiety [11]. Promis-
ingly, rTMS has emerged as a potential therapeutic option 
for AD, proposing benefits in modulating neural networks 
and enhancing cognitive functions. The technique also ena-
bles real-time monitoring of cognitive effects and brain 
dynamics via electroencephalography [12]. Clinical trials 
involving early to middle-stage AD patients have shown 
that high-frequency rTMS significantly improves cogni-
tive functions and daily living capabilities, more so than its 
low-frequency counterpart [13, 14]. Furthermore, evidence 
suggests that rTMS may enhance Aβ clearance by modulat-
ing the brain’s drainage system, as observed in the 5xFAD 
mouse model [15]. Despite these advances, the research on 
rTMS as a treatment for AD is still in its early stages, and 
both its mechanisms and therapeutic efficacy require further 
rigorous investigation [16].

Interestingly, GABRG2, a key gamma-aminobutyric acid 
(GABA) receptor subunit, is closely associated with neural 
inhibition and synaptic plasticity [17]. GABA, the primary 
inhibitory neurotransmitter in the central nervous system, is 
pivotal in modulating neuronal excitability [18–20]. Exten-
sive research underscores the critical role of GABAergic 
neurons in the pathogenesis of AD, linking their functional-
ity to neuronal demise, synaptic impairment, and memory 
deterioration [21]. Therefore, an in-depth understanding of 
the contributions of GABRG2 and GABAergic neurons to 
the pathophysiology of AD is imperative.

Synaptosomal-associated protein 25 (SNAP25), a crucial 
vesicle fusion protein involved in neurotransmitter release, 
has been shown to regulate synaptic function and maintain 
the balance of neurotransmitter release and neuronal excit-
ability [22]. Moreover, SNAP25 is potentially associated 
with Aβ deposition, neuroinflammation, and other neurode-
generative changes in AD [23]. Thus, exploring the role of 
SNAP25 in AD and its interrelationships with GABRG2 and 
GABAergic neurons is critical for elucidating the potential 
mechanisms of rTMS therapy in treating AD.

To address this research gap, our study hypothesized that 
rTMS might influence the behavioral characteristics, neu-
ronal functionality, GABA expression, Aβ deposition, and 
neuroinflammation. This study aimed to bridge the existing 
gap by elucidating the regulatory effects of rTMS through 
GABRG2 on GABAergic neuron function and its therapeu-
tic effects via the activity of SNAP25, thereby providing 

insights into the potential therapeutic mechanisms of rTMS 
in treating this neurodegenerative disorder.

Materials and Methods

Experimental Animals

C57Bl/6 mice (4-month-old, 20–25 g) were used for AD 
modeling. These mice were purchased as 5xFAD transgenic 
specimens from Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China), and acquired from The Jackson 
Laboratory (006554, USA). These transgenic 5xFAD mice, 
known for expressing five mutations in the familial AD amy-
loid precursor protein (APP) and presenilin 1 (PSEN1) genes 
under the neuron-specific Thy1 promoter, were acquired 
from Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China), and The Jackson Laboratory (006554, 
USA). These genetic alterations lead to accelerated cere-
bral amyloid deposition, a hallmark of AD pathology [24]. 
Experimental animals were cared for in accordance with the 
principles of the Guide for the Care and Use of Laboratory 
Animals under a protocol approved by the Animal Ethics 
Committee of Hebei Medical University.

The choice of this age range is informed by the typical 
onset of Aβ deposition lesions within 2–4 months of age in 
this strain [25]. Given that 5xFAD mice exhibit sex-spe-
cific variations in amyloid pathology [24], the study was 
restricted to male mice to ensure consistency in the experi-
mental outcomes. The 5xFAD line was developed by cross-
breeding with the C57Bl/6 strain. All selected mice were 
housed under controlled conditions, with the room tempera-
ture maintained at 23 ± 2 °C and relative humidity kept at 50 
± 10%. They were provided ad libitum access to water and 
standard feed, ensuring their well-being and consistency in 
dietary intake [25]. This controlled environment was estab-
lished to mitigate external variables that might influence the 
progression of AD-like symptoms in the transgenic models.

Construction of Silencing Lentivirus

Lentiviral packaging services were provided by Sangon Bio-
tech (Shanghai, China). The pHAGE-puro vector plasmids 
along with helper plasmids pSPAX2 and pMD2.G and the 
pSuper-retro-puro vector plasmids along with helper plas-
mids gag/pol and VSVG were co-transfected into 293T cells 
(CRL-3216, ATCC, USA). The supernatant was collected 
48 h later, filtered through a 0.45 μm filter, and the virus 
was subsequently harvested. The supernatant was collected 
again 72 h later and centrifuged to concentrate. The viruses 
from both collections were mixed, and their titers were 
determined. The sequences for silencing and overexpressing 
lentiviruses, listed in Table S1, were validated for silencing 
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efficacy in the HT22 hippocampal neuronal cell line (CRL-
2260, ATCC, USA; Fig. S1). The silencing sequence (sh-
GABRG2-1) with the highest efficiency was selected for 
further experiments.

rTMS Treatment Protocol

The rTMS was administered using a magnetic stimula-
tor (CCY-II, Wuhan Yiruide Medical Equipment, Wuhan, 
China). During the treatment sessions, 5xFAD mice were 
confined within a custom-made fabric sleeve, which 
restricted their movement except for their heads. The mice 
exhibited normal respiration and showed no signs of distress 
during the rTMS stimulation. A circular coil with a diameter 
of 6.5 cm was positioned to center over the mouse’s head. 
The rTMS was delivered daily at a consistent time for 14 
days, consisting of 20 bursts at 20 Hz, with each burst last-
ing 2 s and an intensity set at 1.38 T, interspersed with 1-s 
intervals [15]. After 14 days of treatment, a 7-day recovery 
period was allowed for the mice [26].

Animal Grouping

To assess the impact of GABRG2 on mouse behaviors, 
C57BL/6 mice were randomly divided into three groups of 
six each: (1) Normal group: untreated, (2) sh-NC group: 
subjected to transduction with an empty vector lentivirus, 
(3) sh-GABRG2 group: subjected to transduction with a 
GABRG2 silencing lentivirus. All lentiviral injections were 
administered intracerebrally at 1 × 107 TU.

To determine the potential of rTMS to ameliorate AD-like 
behaviors in 5xFAD mice via GABRG2 modulation, both 
C57BL/6 and 5xFAD mice were divided into the following 
four groups of six each: (1) WT group: untreated C57BL/6 
mice, (2) AD group: untreated 5xFAD mice, (3) AD + rTMS 
group: 5xFAD mice treated with the aforementioned rTMS 
protocol, (4) AD + sh-GABRG2 + rTMS group: 5xFAD 
mice subjected to GABRG2 silencing lentiviral transfection, 
followed by a 7-day recovery period and subsequent rTMS 
treatment. Lentiviral administrations were carried out intrac-
erebrally with a dosage of 1 × 107 TU.

To examine the role of the downstream key gene 
SNAP25, an overexpression lentiviral vector group (viral 
titer of 108 TU) was used, designed, and synthesized by 
Suzhou Genecreate Biological Engineering Co., Ltd. 
(Suzhou, China). The 5xFAD mice were divided into two 
groups of six each: (1) AD + sh-GABRG2-rTMS group: 
5xFAD mice subjected to GABRG2 silencing lentiviral 
transduction followed by the rTMS treatment and (2) AD 
+ sh-GABRG2 + OE-NC + rTMS group and 3) AD + sh-
GABRG2 + OE-SNAP25 + rTMS group: 5xFAD mice 
subjected to GABRG2 silencing and SNAP25 overexpres-
sion lentiviral transductions followed by rTMS treatment. 

Lentiviral administrations were performed intracerebrally 
at a dose of 1 × 107 TU [26].

Open Field Test

The experimental setup for the open field test comprised a 
square arena, segmented into four quadrants, each measur-
ing 50 cm × 50 cm × 40 cm. Boundaries were marked on 
the floor. Mice were placed in the arena and given a 30-s 
period for acclimatization. Subsequently, each mouse was 
then observed for 10 min, and their activities were recorded 
by a video camera positioned 120 cm from the test area. The 
time spent in the central area (where all four limbs remained 
within the central square) and the distance traveled within 
this area were measured under normal lighting conditions 
(800 lx) [27].

Three‑Chamber Social Interaction Test

This test was conducted in a three-chambered box (60 × 
44 × 40 cm3), with openings between chambers that could 
be covered by glass panels during certain phases. Initially, 
mice were placed in the empty apparatus to freely explore 
all chambers for 10 min. Subsequently, an unfamiliar mouse 
from a different litter was confined in a metal cage within the 
left chamber. The test mice were then permitted to explore 
all chambers, and the duration of interaction with the first 
unfamiliar mouse and the time spent in the empty chamber 
were recorded over 10 min. For the social novelty phase, 
a second unfamiliar mouse was introduced into the previ-
ously empty chamber after the openings had been sealed. 
Upon removal of the barriers, the test mice were allowed 
an additional 10-min exploration period, during which the 
time spent interacting with the second unfamiliar mouse was 
documented. This experiment aimed to assess the preference 
of mice for novel social interactions [28].

Y‑Maze Alternation Test

The Y-maze used for this test included a central starting area 
and three branching arms, each sized at 45 cm × 10 cm × 15 
cm, with reward food placed at the end of each branch. Mice 
were initially placed in the starting area to acclimate to the 
maze environment. Their behavior, including exploration, 
duration of stay, and branch entries, was recorded using a 
camera. Subsequently, the mice were trained to familiar-
ize themselves with the layout and locations of the food. 
During the testing phase, the food’s location was altered to 
assess the spatial learning and memory capabilities of mice. 
Data concerning exploration time, the number of entries into 
different branches, and the accuracy of locating the reward 
were analyzed [29].
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Morris Water Maze Test

A circular pool, measuring 120 cm in diameter and 50 cm 
in height, was filled with colorless, transparent water, and 
maintained at a temperature close to that of the mouse’s 
body. A circular escape platform, 15 cm in diameter, was 
submerged 2 cm below the water’s surface at a fixed location 
within the pool and coated with an opaque color to render it 
less visible underwater. Mice were first allowed to adapt to 
the experimental environment, including the testing room 
and the pool, to reduce stress responses. They were then 
placed at various starting points around the pool, and their 
behavior was recorded. Training sessions ensued, with visual 
cues provided to denote the platform’s location. Following 
training, the cues were removed, and the mice’s ability to 
locate the escape platform without cues was evaluated [30].

Transcriptome Sequencing

Tissue samples (20–50 mg) from the frontal cortex of mice 
in the sh-GABRG2 group, sh-NC group, AD group, and AD 
+ rTMS group were sectioned on dry ice. Total RNA was 
extracted using TRIzol (ThermoFisher, USA). The purity 
and concentration of the extracted RNA were assessed using 
a Nanodrop 2000 spectrophotometer (ThermoFisher, USA). 
According to the instructions of the PrimeScript RT rea-
gent Kit (RR047A, Takara, Japan), the RNA was reverse-
transcribed into cDNA for transcriptomic sequencing. Dif-
ferential gene analysis was conducted using the R package 
“limma,” with |log2(FoldChange)| > 2 and significance p < 
0.05 as the criteria for selection of differentially expressed 
genes (DEGs) [31].

Bioinformatics Screening of DEGs for rTMS in AD

Candidate targets for rTMS in AD were screened through 
the ProteomeXchange proteomics public database (http://​
www.​prote​omexc​hange.​org), specifically retrieving the 
PXD025261 dataset under the entry “Alzheimer’s Disease.” 
This search yielded proteomic results of frontal cortex sam-
ples from AD patients. Intersection analysis of these dif-
ferentially expressed proteins (DEPs) with DEGs from tran-
scriptomic sequencing was performed to identify potential 
targets for rTMS treatment in AD. Venn analysis was con-
ducted online (https://​www.​xiant​ao.​love/) to visualize the 
intersecting results [32, 33].

Protein‑Protein Interaction (PPI) Network Analysis

Protein-protein interaction analysis of the candidate targets 
for rTMS treatment in AD was performed using the STRING 
database (https://​string-​db.​org). The species was specified 
as “Homo sapiens” and the confidence level was set to the 

highest (0.900). Disconnected nodes were excluded, and 
default settings were utilized. The PPI network relevant to 
the disease was then imported into Cytoscape 3.7.2, where 
key targets were identified employing the MCC algorithm 
within the cytoHubba plugin [34, 35].

Functional Enrichment Analysis of Candidate 
Targets

Functional enrichment analysis of gene sets was carried 
out using online analysis software (http://​vip.​sange​rbox.​
com/​login.​html), the DAVID database (https://​david.​ncifc​
rf.​gov/​home.​jsp), and the R package org.Hs.eg.db (version 
3.1.0) for GO annotations. Genes were mapped to the back-
ground set, and enrichment analysis was performed using 
the R package clusterProfiler (version 3.14.3). The criteria 
for the analysis were established with a minimum gene set 
of 5 and a maximum of 5000, with p values < 0.05 and FDR 
< 0.1 [32].

Collection of Cerebrospinal Fluid (CSF) Samples

Mice were anesthetized with isoflurane to achieve muscle 
relaxation and then positioned laterally on a surgical table. 
The spine was exposed using a surgical scalpel from the dor-
sal side. A lumbar puncture was performed with a microsy-
ringe, penetrating the CSF chamber and gently extracting 
5–10 μL of CSF. Following extraction, the samples were 
immediately transferred to collection tubes and stored at −80 
°C for subsequent analysis via ELISA [36].

ELISA

The GABA ELISA kit (YS02798B, Shanghai Yaji Biologi-
cal Technology, Shanghai, China) was utilized for the assay. 
The wells of the ELISA plate were blocked with 5% fetal 
bovine serum (F8318, Merck, Wuhan, China) to prevent 
nonspecific binding. In the wells, diluted samples, enzyme-
labeled antibodies, and substrate solution were added, and 
the reaction was terminated by the addition of 50 μL of stop 
solution within 20 min. The absorbance was measured at 
450 nm using a spectrophotometer (Bio-Rad, USA), and a 
standard curve was constructed for data analysis [37].

Preparation of Brain Slices

Following anesthesia with isoflurane, brain tissues were 
rapidly extracted and immersed in chilled artificial cer-
ebrospinal fluid (ACSF) containing 250 mM sucrose, 26 
mM NaHCO3, 10 mM glucose, 10 mM MgSO4, 2 mM 
KCl, 1.3 mM NaH2PO4, and 0.2 mM CaCl2. Brain slices, 

http://www.proteomexchange.org
http://www.proteomexchange.org
https://www.xiantao.love/
https://string-db.org
http://vip.sangerbox.com/login.html
http://vip.sangerbox.com/login.html
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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including the frontal cortex, 400 µm thick, were prepared 
using a vibratome (VT-1200s, Leica, Germany) in chilled 
modified ACSF. The slices were then transferred to a hold-
ing chamber containing standard ACSF (126 mM NaCl, 26 
mM NaHCO3, 10 mM glucose, 3 mM KCl, 2 mM CaCl2, 
1.25 mM NaH2PO4, and 1 mM MgSO4), where they were 
allowed to recover at 34 °C for 30 min and at room tem-
perature (25 ± 1 °C) for 1 h before recordings commenced. 
Throughout the preparation process, all solutions were 
saturated with 95% O2/5% CO2 (volume ratio) [38].

Electrophysiological Recordings

Prepared brain slices were positioned in a perfusion cham-
ber and perfused with ACSF at a flow rate of 3 mL/min at 
30–32 °C. Neuronal activity within the slices was recorded 
under an infrared differential interference contrast micro-
scope (ECLIPSE FN1, Nikon) using whole-cell patch-
clamp techniques. During recordings in current clamp 
mode, continuous hyperpolarizing and depolarizing cur-
rent pulses (500 ms) at 0.2 Hz were applied to characterize 
the intrinsic membrane properties and firing characteris-
tics of endogenous neurons. For recordings of inhibitory 
postsynaptic currents (sIPSCs), the holding potential of 
the patch electrode was maintained at 0 mV. The intra-
cellular solution in the patch electrode (input resistance: 
3 MΩ) consisted of 110 mM Cs2SO4, 0.5 mM CaCl2, 2 
mM MgCl2, 5 mM EGTA, 5 mM HEPES, 5 mM TEA, 5 
mM ATP-Mg at pH 7.35, and 285 mOsm. For recording 
miniature inhibitory postsynaptic currents (mIPSCs), the 
intracellular solution included 115 mM cesium methane-
sulfonate, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2, 
10 mM sodium phosphocreatine, 5 mM QX-314, 4 mM 
Na2-ATP, 0.4 mM Na3-GTP, and 0.6 mM EGTA (pH, 7.3; 
285 mOsm).

Synaptic responses were induced by positioning stimu-
lating electrodes approximately 0.2 mm from the thalamic 
fiber pathways to the frontal cortical neurons. Electrical 
stimulation was delivered at 30-s intervals at holding 
potentials of + 40 mV for NMDAR-mediated responses, 
−70 mV for AMPAR-mediated responses, or 0 mV for 
GABAA receptor-mediated responses. NMDAR-mediated 
responses were quantified based on the amplitude of cur-
rents 50 ms post-stimulation. For the recording of evoked 
IPSCs, stimulation electrodes were placed no more than 
0.05 ms away from the cell body; to isolate bilateral inhibi-
tory IPSCs, 20 μM CNQX and 100 μM D,L-APV were 
added to the ACSF. Data were recorded with a multiClamp 
700B amplifier, digitized at 5 kHz, and filtered at 1 kHz. 
Data collection was conducted when series resistance fluc-
tuated within 20% of the initial value, and results were 
analyzed using pClamp 10.2 software [39].

Spike Probability Measurement

Prepared slices from the frontal cortical tissue were main-
tained in ACSF for 60 min before transfer to a recording 
chamber. In oxygenated ACSF, isolated units were stimu-
lated at 0.1 Hz through lateral vein pathway fibers to elicit 
neuronal synaptic responses. Evoked EPSPs were recorded 
using glass pipette electrodes filled with 120 mM potassium 
gluconate, 10 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, and 
40 mM HEPES. The ratio of successful spike-inducing stim-
uli to the total number of stimuli was calculated as the spike 
probability. Data were collected using a multiClamp 700B 
and Clampex 10 software, digitized with a Digidata 1322A, 
low-pass filtered at 4 kHz, and analyzed offline at a sampling 
rate of 10 kHz using pClamp 10.2 software [40].

Preparation of Brain Cryosections

Mouse brain tissues were extracted and fixed overnight at 4 
°C using 4% paraformaldehyde, followed by immersion in 
30% sucrose for 48 h for cryoprotection. The tissues were 
then positioned on a cryostat and sectioned into 30-μm 
coronal frontal cortex slices. These sections were subse-
quently immersed in PBS and rinsed three times. After 
preparation, the sections were utilized for subsequent stain-
ing studies [41].

Immunohistochemistry Staining

Following the preparation of cryosections, the sections 
were incubated for 1 h in a blocking solution (0.3% Tri-
ton-X, 2% normal serum in 0.1M PBS). The sections were 
then incubated overnight at 4 °C with primary antibodies: 
mouse anti-GABRG2 (ab307231, 1:500, Abcam, USA), 
rabbit anti-SNAP25 (ab109105, 1:250, Abcam), rabbit 
anti-synaptotagmin-1 (SYT1) (ab302627, 1:500, Abcam), 
and rabbit anti-vesicle-associated membrane protein 2 
(VAMP2) (ab215721, 1:2000, Abcam) in blocking solution. 
Afterward, the sections were washed three times with PBS, 
followed by a 30-min incubation with 100 μL of enzyme-
labeled goat anti-mouse/rabbit IgG polymer (pv6000, 
Zhongshan Goldenbridge, China). The sections were then 
developed using a DAB staining kit (ZLI-9018, Zhongshan 
Goldenbridge, China) and observed under a microscope. 
Images were captured for one section per animal, with six 
animals per group. The area of positive staining was quanti-
fied using ImageJ 1.48u software (V1.48, National Institutes 
of Health, USA) [41].

Immunofluorescent Staining

Prepared cryosections were incubated for 1 h in a blocking 
solution containing 0.3% Triton-X and 2% normal serum in 
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0.1M PBS. Primary antibodies were then applied: mouse 
anti-GABA (ab86186, 1:200, Abcam, USA) or mouse anti-
beta Amyloid (Aβ) (ab224026, 1:200, Abcam, USA), and 
the sections were incubated overnight at 4 °C. After three 
washes with PBS, the sections were incubated for 3 h with 
goat anti-mouse IgG(H + L) secondary antibody conjugated 
with fluorescence (A0473, Beyotime, China), followed by 
three more washes with PBS. Sections were then mounted 
using an anti-fade mounting medium with DAPI (P0131, 
Beyotime, China), and images were acquired using a fluo-
rescence microscope. For each of the six animals per group, 
one section was stained, and an image was captured from 
one selected field of view. Positive area percentages were 
calculated using ImageJ 1.48u software (V1.48, National 
Institutes of Health) [42].

Western Blot Analysis

Mouse frontal cortex tissues were homogenized in RIPA 
lysis buffer (P0013B, Beyotime Biotechnology, China) 
supplemented with protease inhibitors (P1005, Beyotime, 
China). After thorough homogenization, the mixture was 
left to stand at 4 °C for 1 h before being centrifuged at 
12,000 rpm for 15 min. The supernatant was collected 
and stored at −80 °C. Protein concentrations were quanti-
fied using the BCA Protein Assay Kit (A53226, Thermo 
Fisher Scientific, Rockford, IL, USA). Proteins were then 
transferred from the gel to a PVDF membrane (IPVH85R, 
Millipore, Darmstadt, Germany) using the wet transfer 
method. After blocking with 5% BSA at room tempera-
ture for 1 h, the membrane was incubated with primary 
antibodies against GABRG2 (ab288564, 1:1000, Abcam, 
USA), SNAP25 (ab109105, 1:1000, Abcam, USA), SYT1 
(ab302627, 1:1000, Abcam, USA), TNF-α (ab183218, 
1:1000, Abcam, USA), IL-1β (ab254360, 1:1000, Abcam, 
USA), IL-6 (ab233706, 1:1000, Abcam, USA), and β-actin 
(3700, 1:1000, Cell Signaling Technology, USA). Follow-
ing incubation, the membrane was washed and then incu-
bated with HRP-conjugated secondary antibody goat anti-
rabbit IgG (ab6721, 1:5000, Abcam) for 2 h. The membrane 
was washed thrice with TBST for 5 min each and visualized 
using a chemiluminescence detector. Protein levels were 
quantified using ImageJ 1.48u software, as normalized to 
the internal control β-actin [43].

RT‑qPCR

Total RNA was extracted from tissues using TRIzol 
(15596026, ThermoFisher, USA), and its purity and con-
centration were assessed using a Nanodrop 2000 spectro-
photometer (ThermoFisher, USA). Following the manu-
facturer’s instructions of the PrimeScript RT reagent Kit 
(RR047A, Takara, Japan), RNA was reverse-transcribed 

into cDNA. Subsequently, RT-qPCR was performed using 
the Fast SYBR Green PCR Kit (11736059, Thermo Fisher 
Scientific, Shanghai, China). Each reaction was set up in 
triplicate, with GAPDH serving as the internal reference. 
Relative gene expression was calculated using the 2−ΔΔCt 
method [44], with primer sequences detailed in Table S2.

Statistical Analysis

All data were processed using GraphPad Prism 8.0. Quan-
titative data were presented as mean ± standard deviation 
(mean ± SD). An unpaired t test was utilized to compare two 
groups, while one-way ANOVA was employed to compare 
multiple groups. Homogeneity of variances was assessed 
using Levene’s test. Dunnett’s t and LSD-t tests were applied 
for pairwise comparisons when variances were equal; other-
wise, Dunnett’s T3 test was used. Pearson analysis was con-
ducted to evaluate correlations between genes and between 
gene expressions and immune cell content [45]. A p-value 
< 0.05 was considered statistically significant.

Results

Identification and Functional Analysis of Key Genes 
in rTMS Treatment of AD

To elucidate the neurophysiological mechanisms underly-
ing the function of rTMS in treating AD, transcriptomic 
sequencing was performed on frontal cortex tissues of 
5xFAD mice in the presence or absence of rTMS treatment. 
DEG analysis identified 428 genes, with 200 upregulated and 
228 downregulated, using a threshold of |log2(FoldChange)| 
> 2 and p < 0.05 (Fig. 1A, Table S3). Subsequently, DEPs 
expressed in the frontal cortex of AD patients were retrieved 
from the ProteomeXchange proteomics public database to 
pinpoint key genes, resulting in 252 DEPs (Table S4). These 
proteins were intersected with the 428 DEGs from the tran-
scriptomic data, yielding 32 candidate genes (Fig. 1B).

Bioinformatics analysis was furthered with a GO func-
tional analysis of the 32 candidate genes based on a p-value 
adjustment threshold of < 0.05 (Fig. 1C). The top 20 entries 
in the GO functional analysis included cellular components 
such as synaptic vesicle membrane and neuron projection, 
biological processes like chemical synaptic transmission 
and chloride transport, and molecular functions including 
inhibitory extracellular ligand-gated ion channel activity 
(Fig. S2A-D).

These 32 candidate proteins were imported into the 
STRING database to analyze their interactions, visualized 
in a node graph based on Degree value, and a PPI network 
was constructed using Cytoscape software (Fig. 1D–E). 
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Fig. 1   Identification of key 
genes in AD treated with 
rTMS using transcriptomic 
and proteomic databases. A 
DEG expression analysis of 
transcriptomic sequencing data 
from the frontal cortex samples 
of 5xFAD mice receiving or 
not receiving rTMS treat-
ment using a volcano plot. B 
Intersection analysis of DEPs 
and genes identified by the 
transcriptomic sequencing 
using the Proteome X Change 
database PXD025261. C 
Histogram showing the Gene 
Ontology (GO) enrichment 
results for the 32 DEGs. D 
Interaction network analysis of 
the 32 candidate target proteins, 
showing the degree values. E 
PPI network was constructed 
using the STRING database and 
Cytoscape software for the 32 
candidate genes. Larger circles 
with deeper background colors 
represent higher degree values. 
F Western blot analysis and 
statistical column chart of the 
expression level of GABRG2 
in the frontal cortex of mice in 
different groups. G RT-qPCR 
analysis of the mRNA level of 
GABRG2 in the frontal cortex 
of mice in different groups. H 
Immunohistochemical staining 
to examine the expression level 
of GABRG2 in the frontal 
cortex tissue of mice in different 
groups. *p < 0.05, **p < 0.01 
compared to the WT group. #p 
< 0.05, ##p < 0.01 compared to 
the AD group. Data were com-
pared using an unpaired t test. n 
= 6. Scale bar = 50 μm
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GABRG2 was identified with the highest node degree 
among the interaction nodes.

Evidence exists indicating that GABRG2 encodes the 
γ2 subunit of GABA_A receptors (GABA_ARs), influ-
encing their assembly, chloride channel permeability, and 
postsynaptic localization and clustering [46]. Mutations in 
GABRG2 can affect GABA_AR gating, membrane traf-
ficking, and synaptic clustering, which are integral to the 
progressive synaptic dysfunction and loss typical in AD 
pathology [47].

To validate the bioinformatics findings, the 5xFAD 
transgenic mice were used as AD models, and their 
response to rTMS treatment was observed. Western blot 
analysis revealed that, compared to controls, GABRG2 
expression was significantly downregulated in the AD 
group (p < 0.01) and was notably restored in the AD + 
rTMS treated group (p < 0.01) (Fig. 1F). RT-qPCR analy-
sis of GABRG2 mRNA levels in the frontal cortex samples 
from various groups corroborated these findings (Fig. 1G). 
Furthermore, immunohistochemical staining showed a sig-
nificant reduction in the positive staining area of GABRG2 
in the AD group compared to the WT group, which sig-
nificantly increased following rTMS treatment (Fig. 1H).

Thus, bioinformatics and molecular biology analyses of 
mouse brain cortical tissues unveiled that GABRG2 might 
be a potential target for rTMS treatment in AD.

Behavioral Impact of GABRG2 Knockdown in Mice 
with AD‑Like Phenotypes

The study moved to examine the impact of GABRG2 expres-
sion changes. Therefore, the GABRG2-silenced mouse 
model (sh-GABRG2) was developed using lentiviral trans-
fection, alongside a control group receiving an empty vec-
tor (sh-NC). Following a 7-day recovery period, behavioral 
assessments were conducted(Fig. 2A).

Considering that social behavior and cognitive deficits 
are hallmark features of various neuropsychiatric disorders, 
including AD, the three-chamber social interaction test was 
employed to evaluate the effects of GABRG2 knockdown 
on social behavior and social novelty (Fig. 2B). The move-
ment trajectories of the test mice are shown in (Fig. 2C), 
revealing a significant reduction in the time spent with 
unfamiliar mice compared to the control group (p < 0.01) 
(Fig. 2D).

Prior research suggests that mutations in GABRG2 can 
increase anxiety in mice [48]. Given that increased anxiety 
and reduced exploratory behavior are characteristics of AD, 
the open field test was utilized to further assess anxiety and 
exploration. The trajectories of the mice in the open field 
(Fig. 2E) indicated that, compared to controls, sh-GABRG2 

mice spent significantly less time in the center and covered 
less distance overall (p < 0.01) (Fig. 2F).

Degradation of spatial memory and learning functions 
is among the most prominent behavioral changes in AD. 
Therefore, it was hypothesized that abnormal expression 
of GABRG2 might affect these cognitive functions in 
mice. This effect was assessed using the Y-maze and 
Morris water maze tests. In the Y-maze test, sh-GABRG2 
mice showed a significantly lower alternation percentage 
than the control group (p < 0.01), though no significant 
difference was observed in the total number of arm 
entries (p > 0.05) (Fig. 2G). In the Morris water maze 
test, compared to controls, sh-GABRG2 mice exhibited an 
increased escape latency, decreased occupancy in the target 
quadrant, and fewer target crossings (p < 0.01), with no 
significant difference in total distance traveled (p > 0.05) 
(Fig. 2H).

Therefore, the knockdown of GABRG2 reduced social 
interactions, increased anxiety, diminished exploratory 
behavior, and impaired spatial memory and learning abili-
ties in mice. These findings underscore the critical role of 
GABRG2 in regulating complex behaviors relevant to AD 
pathology.

Impact of GABRG2 Silencing on GABAergic Neuron 
Functionality and GABA Expression

To confirm the effect of GABRG2 knockdown on the sh-
GABRG2 group mice, the expression levels of GABRG2 
protein in the frontal cortex tissues were initially assessed 
using Western blot. The results indicated a significant 
downregulation of GABRG2 protein expression in the sh-
GABRG2 group compared to the control group (p < 0.01) 
(Fig. 3A). GABA, or γ-aminobutyric acid, serves as the pri-
mary inhibitory neurotransmitter in the central nervous sys-
tem and is commonly implicated in the pathology of many 
central nervous system disorders [49].

Whole-cell patch-clamp recordings were conducted on 
neurons in brain slices from the frontal cortex of the model 
mice to examine the impact of GABRG2 on GABAergic 
neurons (Fig.  3B). We recorded GABA’s mIPSCs and 
spontaneous inhibitory postsynaptic currents (sIPSCs). 
Representative traces of mIPSCs and sIPSCs from both 
sh-NC and sh-GABRG2 groups are shown in Fig. 3C. It 
was observed that both mIPSC and sIPSC amplitudes were 
significantly reduced in the sh-GABRG2 group (p < 0.01), 
whereas the differences in frequency were not statistically 
significant (p > 0.05) (Fig. 3D).

Immunofluorescent staining was performed on frozen 
brain slices to further validate the effects of GABRG2 
expression changes on GABA levels. The results 
demonstrated a significant reduction in GABA-positive 
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expression in the frontal cortex of the sh-GABRG2 mice 
compared to controls. Statistical analysis of the positive 
ratios confirmed the significance of these differences (p < 
0.01) (Fig. 3E–F). Consistent with the immunofluorescence 
results, the concentration of GABA in the cerebrospinal 
fluid (CSF) of the mice also showed a significant decrease 

in the sh-GABRG2 group compared to the control group (p 
< 0.01) (Fig. 3G).

Collectively, these results demonstrated that silencing 
GABRG2 affected the electrophysiological activity of 
GABAergic neurons and concurrently reduced the levels 
of GABA expression, thereby substantiating the crucial 

Fig. 2   Effects of GABRG2 
silencing on mouse social 
behavior, anxiety, spatial 
memory, and learning ability. A 
Workflow for establishing the 
GABRG2 knockdown mouse 
model and conducting behavio-
ral tests using in vivo lentiviral 
transduction. B Schematic 
illustration of the three-chamber 
social interaction test. C Move-
ment trajectory in the three-
chamber social interaction test 
for mice in each group. D Bar 
chart showing the time spent 
in different chambers by mice 
in each group. E Movement 
trajectory in the open field test 
for mice in each group. F Bar 
chart showing the time spent 
in the center and total distance 
traveled in the open field test 
by mice in each group. G Bar 
chart showing the percent-
age of correct arm entries and 
total arm entries in the Y-maze 
spontaneous alternation test for 
mice in each group. H Bar chart 
showing the escape latency, 
target quadrant occupancy rate, 
the number of target crossings, 
and the total distance traveled in 
the Morris water maze test for 
mice in each group. n = 6. *p < 
0.05, **p < 0.01 compared to 
the sh-NC group. NS: p > 0.05. 
Data were compared using one-
way ANOVA
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role of GABRG2 in regulating inhibitory neurotransmis-
sion and neuronal excitability.

rTMS Treatment Ameliorates Behavioral Deficits 
in 5xFAD Mice via GABRG2 Regulation

To assess the therapeutic effect of rTMS and its interac-
tion with GABRG2 in AD, 5xFAD mice were utilized to 
simulate AD-like pathologies in vivo. These mice were 
subjected to rTMS treatments in the presence or absence of 
GABRG2 knockdown transduction (AD + rTMS group and 
AD + sh-GABRG2 + rTMS group, respectively) (Fig. 4A). 
The frequency and intervals of rTMS treatment are detailed 
in Fig. 4B.

Initially, the social interaction changes among the groups 
were evaluated using a three-chamber social interaction test. 
The results demonstrated a significant reduction in the dura-
tion of interaction with unfamiliar mice in the AD group 
compared to controls (p < 0.01). This interaction time was 
significantly restored under rTMS treatment compared to 
the AD group alone (p < 0.01). However, this improvement 
was notably reversed with the transduction of sh-GABRG2 
(p < 0.01) (Fig. 4C–D).

An open-field test was conducted to assess anxiety and 
exploratory behaviors. The AD group mice displayed sig-
nificantly reduced central zone occupancy and total walking 
distance compared to controls (p < 0.01). rTMS treatment 
increased both metrics compared to the AD group (p < 
0.01), but these improvements were reversed by silencing 
GABRG2 (p < 0.01) (Fig. 4E–F).

Spatial memory and learning functions were evaluated 
using the Y-maze alternation test and the Morris water 
maze. In the Y-maze test, the percentage of alternation 
was significantly lower in the AD group compared to the 
WT group (p < 0.01). This percentage was restored in the 

AD + rTMS group (p < 0.01), but the effect of rTMS was 
reversed following GABRG2 silencing. No significant dif-
ferences were observed in the total number of arm entries 
across the groups (p > 0.05) (Fig. 4G).

In the Morris water maze, compared to controls, the AD 
group showed increased escape latency and reduced occu-
pancy and crossings in the target quadrant (p < 0.01). Treat-
ment with rTMS in the AD + rTMS group decreased escape 
latencies and increased occupancy and crossings compared 
to the AD group, with these differences being statistically 
significant (p < 0.01). However, these improvements were 
reversed when GABRG2 was silenced (p < 0.01). The 
total distance traveled did not differ significantly across the 
groups (p > 0.05) (Fig. 4H).

These findings indicate that rTMS can effectively miti-
gate behavioral alterations in 5xFAD mice and that its effi-
cacy depends on the presence of GABRG2. The reversal 
of rTMS benefits following GABRG2 knockdown under-
scores the critical role of GABRG2 in the therapeutic mod-
ulation of AD-like behaviors by rTMS.

rTMS Mitigates Neuroinflammation and Aβ 
Deposition in 5xFAD Mice through Modulating 
GABRG2

Prior research suggests that rTMS treatment can alleviate 
neuroinflammation in AD, providing a basis for its applica-
tion in AD therapy [50]. Hence, the study was furthered by 
examining the effects of rTMS on neuroinflammation and 
Aβ deposition and exploring whether these effects were 
GABRG2-dependent. We measured the expression of pro-
inflammatory cytokines in the frontal cortex of mice using 
Western blot. Compared to the WT group, the expression 
of TNF-α, IL-1β, and IL-6 was significantly upregulated 
in the AD group (p < 0.01). rTMS treatment significantly 
suppressed these pro-inflammatory markers (p < 0.01). 
However, this suppression was reversed when GABRG2 
was silenced (p < 0.01) (Fig. 5A). RT-qPCR results con-
firmed these findings (Fig. 5B).

Furthermore, immunofluorescence staining was per-
formed to assess Aβ deposition in the brain cortex of the 
mice. Compared to the WT group, a significant increase in 
the area of Aβ positive staining was observed in the AD 
group (p < 0.01). This increase was inhibited under rTMS 
treatment (p < 0.01), but the inhibition was reversed follow-
ing GABRG2 silencing (p < 0.01) (Fig. 5C).

The results suggested that rTMS could alleviate neuro-
inflammation and reduce Aβ deposition in 5xFAD mice by 
affecting GABRG2.

Fig. 3   Effects of GABRG2 silencing on GABAergic neuronal func-
tion and GABA expression in the frontal cortex of mice. A Western 
blot analysis to determine the efficacy of GABRG2 silencing in the 
frontal cortex tissue of mice. B Schematic diagram of whole-cell 
patch-clamp recording in neurons. C Representative traces of mIP-
SCs and sIPSCs in the frontal cortex neurons of mice in each group. 
D Bar chart showing the frequency and amplitude of mIPSCs and 
sIPSCs in the frontal cortex neurons of mice in each group. The num-
ber of cells in each group of brain slices was 9, 10, and 8, respec-
tively. E Immunofluorescence staining to examine GABA expres-
sion in each group’s frozen sections of the frontal cortex of mice. F 
Bar chart showing the percentage of immunofluorescence staining-
positive area. G ELISA analysis of GABA concentration in the CSF 
of mice in each group. n = 6. *p < 0.05, **p < 0.01 compared to 
the sh-NC group. NS: p > 0.05. Data were compared using one-way 
ANOVA. Bar = 50 μm
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rTMS Enhances GABAergic Neuronal 
Function and GABA Expression in 5xFAD Mice 
via the Regulation of GABRG2

GABA is the main inhibitory neurotransmitter in the cen-
tral nervous system. Previous studies have documented a 
noticeable reduction and remodeling of GABA signaling in 
AD cases, which correlates with reduced inhibitory capac-
ity and increased excitability in various cortical areas of 
the AD brain, as well as with the degree of dementia [51].

In our study, transcriptome sequencing analysis of 
subjects treated with rTMS revealed abnormalities in 
the gene encoding the GABA_AR γ subunit, GABRG2. 
Observations in the GABRG2 knockdown model indicated 
impaired functionality of GABAergic neurons, specifically 
shown by the reduced amplitude of sIPSCs and mIPSCs. 
This finding led to the hypothesis that rTMS could improve 
GABAergic neuron functionality by acting on GABRG2. To 
test this hypothesis, sIPSCs and mIPSCs of neurons in the 
frontal cortex of the mice were measured. Representative 
waveforms of sIPSCs and mIPSCs from the various groups 
are displayed (Fig. 6A).

Statistical analysis revealed that the amplitude of sIPSCs 
and mIPSCs significantly decreased in the AD group com-
pared to the control group (p < 0.01) and was restored under 
rTMS treatment (p < 0.01). However, this restoration effect 
was reversed when GABRG2 was silenced (p < 0.01). No 
significant differences in the frequency of sIPSCs and mIP-
SCs were observed between the groups (p > 0.05) (Fig. 6B).

Finally, the expression of GABA in the frontal cortex 
was examined. Immunofluorescent staining results 
indicated that GABA expression was significantly 
weakened in the AD group compared to the WT group. 
This reduction was alleviated by rTMS treatment; however, 
the alleviation was reversed after GABRG2 silencing 
(Fig. 6C–D). The GABA concentration measurements in 
CSF were consistent with these findings (Fig. 6E).

Our results suggested that rTMS treatment might 
improve the impaired functionality of GABAergic neurons 
and the reduced expression levels of GABA in 5xFAD mice 
through the modulation of GABRG2.

GABRG2 Modulates SNAP25 Expression to Affect 
Synaptic Functions in 5xFAD Mice

The transcriptomic sequencing was conducted on the 
frontal cortex tissues of GABRG2-silenced mice and 
their controls to investigate the potential mechanisms of 
GABRG2. This analysis identified 4142 DEGs (Fig. 7A). 
These DEGs were intersected with DEGs identified in 
rTMS-treated and untreated mice (Fig.  1A), yielding 
130 key genes (Fig. 7B). Further, GO functional analysis 
was applied to these genes based on a p-adjust < 0.05. 
The top 20 entries in the GO analysis pertained to 
cellular components, such as glutamatergic synapse and 
presynaptic membrane, and biological processes, including 
synaptic transmission and GABAergic activity (Fig. S3A-
D, Fig.  7C). SNAP25 was identified with the most 
interactions in the PPI network constructed from these 
130 DEGs (Fig. 7D–E). SNAP25, a crucial component of 
the SNARE complex involved in neurotransmitter release 
at synapses was closely associated with vesicle docking, 
transport, and secretion (Fig. 7F).

We further validated our bioinformatics findings in 
vivo. RT-qPCR showed a significant downregulation of 
SNAP25 mRNA in the GABRG2-silenced group compared 
to controls (p < 0.01), and the Western blot analysis 
indicated a significant downregulation of SNAP25 protein 
levels in the sh-GABRG2 group (p < 0.01) (Fig. 7G–H). 
THe immunohistochemical staining revealed a significant 
reduction in SNAP25 positive staining area in the 
GABRG2-silenced mice’s frontal cortex (p < 0.01) (Fig. 
7I). These findings suggested that SNAP25 expression was 
regulated by GABRG2, thus potentially affecting AD-like 
changes in mice through modulation of vesicular proteins 
and synaptic functions.

Fig. 4   Effects of rTMS treatment and sh-GABRG2 on behavioral 
changes in 5xFAD mice. A Workflow for the experimental proce-
dures involving rTMS treatment and sh-GABRG2 in 5xFAD mice. B 
Schematic illustration of the rTMS treatment. C Movement trajectory 
in the three-chamber social interaction test for mice in each group. 
D Bar chart showing the time spent in different chambers by mice in 
each group during the three-chamber social interaction test. E Move-
ment trajectory in the open field test for mice in each group. F Bar 
chart showing the time spent in the center and total distance trave-
led in the open field test by mice in each group. G Bar chart show-
ing the percentage of correct arm entries and total arm entries in the 
Y-maze spontaneous alternation test for mice in each group. H Bar 
chart showing the escape latency, target quadrant occupancy rate, the 
number of target crossings, and the total distance traveled in the Mor-
ris water maze test for mice in each group. n = 6. *p < 0.05, **p < 
0.01 compared to the WT group. #p < 0.05, ##p < 0.01 compared to 
the AD group. ^p < 0.05, ^^p < 0.01 compared to the AD + rTMS 
group. NS: p > 0.05. Data were compared using an unpaired t test
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Fig. 5   Effects of rTMS treatment and sh-GABRG2 on neuroinflam-
mation and Aβ deposition in 5xFAD mice. A The expression levels 
of TNF-α, IL-1β, and IL-6 in the frontal cortex protein of mice in 
each group were detected by Western blot. B The expression levels of 
TNF-α, IL-1β, and IL-6 in the frontal cortex mRNA of mice in each 
group were detected by RT-qPCR. C The expression of Aβ in the cor-

tical tissue and the statistical column chart of fluorescence area ratio 
in the brains of mice in each group were detected by immunofluores-
cence staining. n = 6. *p < 0.05, **p < 0.01 compared with the WT 
group; #p < 0.05, ##p < 0.01 compared with the AD group; ^p < 
0.05, ^^p < 0.01 compared with the AD + rTMS group. Data were 
compared using an unpaired t test. Bar = 50 μm
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Fig. 6   Effects of rTMS treatment and sh-GABRG2 on GABAergic 
neuronal electrophysiology, GABA expression levels, and GABA 
concentration in the CSF of 5xFAD mice. A Typical traces of mIP-
SCs and sIPSCs of neurons in the frontal cortex of mice in different 
groups. B Statistical column chart of the frequency and amplitude of 
mIPSCs and sIPSCs of neurons in the frontal cortex of mice in differ-
ent groups, with a total of 8, 10, 9, and 8 brain slices for each group. 
C The expression of GABA in the frontal cortex of mice in differ-

ent groups was detected by immunofluorescence staining. D Statisti-
cal column chart of the proportion of GABA-positive fluorescence 
area obtained from immunofluorescence staining. E The concentra-
tion of GABA in the CSF of mice in different groups was detected by 
ELISA. n = 6. *p < 0.05, **p < 0.01 compared with the WT group; 
#p < 0.05, ##p < 0.01 compared with the AD group; ^p < 0.05, ^^p 
< 0.01 compared with the AD + rTMS group. Data were compared 
using an unpaired t test. Bar = 50 μm



	 Molecular Neurobiology



Molecular Neurobiology	

rTMS Restores Synaptic Functions in Mice 
with AD‑Like Phenotypes by Modulating 
Vesicle‑Associated Protein Expression via GABRG2 
Regulation

The SNARE complex, comprising three alpha-helical pro-
teins including SNAP25, syntaxin, and vesicle-associated 
membrane protein (VAMP), is essential in neurotransmitter 
release at presynaptic membranes, with synaptotagmin-1 
(SYT1) regulating this process as a presynaptic calcium 
sensor (Fig. 8A). Synaptic loss and dysfunction are rec-
ognized as central features of AD, which confer crucial 
roles in the progression and manifestation of behavioral 
and physiological symptoms. These aspects are pivotal in 
exploring the pathogenesis and therapeutic approaches of 
AD [52]. Hence, we hypothesized that rTMS might influ-
ence synaptic function by regulating the expression of 
vesicular proteins through GABRG2.

To test this hypothesis, Western blot analysis was 
used to measure the expression of SNAP25, SYT1, and 
VAMP-2 in the frontal cortex tissues of mice. Compared 
to the control group, the expression of these proteins was 
significantly downregulated in the AD group (p < 0.01). 
rTMS treatment led to an upregulation of these proteins 
(p < 0.01), which was reversed upon GABRG2 silencing 
(p < 0.01) (Fig.  8B). Immunohistochemical staining 
corroborated these findings (Fig. 8C).

The function of synapses was further assessed by 
measuring spike probability (Fig.  8D). Compared to 
controls, the spike probability was significantly reduced 
in the frontal cortex neurons of the AD group (p < 0.01). 
rTMS significantly increased the reduced spike probability 
in AD mice (p < 0.01), but this effect was reversed when 
GABRG2 was silenced (p < 0.01) (Fig. 8E–F).

These results indicated that rTMS might modulate the 
expression of vesicular proteins and affect synaptic func-
tion by regulating GABRG2 expression, thereby potentially 
alleviating the neurological symptoms associated with AD 
in 5xFAD mice.

Overexpression of SNAP25 Modulates Vesicle-Associated 
Proteins and Enhances Synaptic Function in the Context 
of rTMS and GABRG2 Silencing in Mice with AD-Like 
Phenotypes

In preliminary studies, the key gene SNAP25, which is 
closely related to GABRG2, was identified as exhibiting 
expression differences in GABRG2-silenced mice. Addi-
tionally, the modulation of vesicular protein expression and 
synaptic function by rTMS-GABRG2 was observed. Given 
SNAP25’s critical role in vesicle transport as part of the 
SNARE complex, we explored its involvement in regulat-
ing other vesicular proteins and synaptic functions. Abnor-
mal expression of SNAP25 affects the expression of other 
SNARE complex components, vesicle transport, neurotrans-
mitter release, and synaptic function [53]. We hypothesized 
that under the influence of rTMS, GABRG2 could further 
modulate SNAP25 to orchestrate vesicular protein expres-
sion and synaptic function.

To validate this hypothesis, SNAP25 was ectopically 
expressed in mice subjected to GABRG2 silencing and 
rTMS treatment. With the AD + sh-GABRG2 + rTMS 
group as a control, we further explored the role of SNAP25 
as a downstream key gene in the mechanism where rTMS 
modulated GABRG2 to protect against AD. The expression 
levels of vesicular proteins SNAP25, SYT1, and VAMP-2 
in the frontal cortex tissues of the two mouse groups were 
measured by Western blot. Compared to the AD + sh-
GABRG2 + rTMS group, overexpression of SNAP25 sig-
nificantly upregulated the expression levels of SNAP25, 
SYT1, and VAMP-2 (p < 0.01) (Fig. 9A).

Consistent results were obtained via RT-qPCR (p < 0.01) 
(Fig. 9B). Immunohistochemical staining demonstrated 
that in the AD + sh-GABRG2 + OE-SNAP25 + rTMS 
group, the area of positive staining for SNAP25, SYT1, and 
VAMP-2 in the frontal cortex was significantly increased 
compared to the control group, with statistically significant 
differences in positive area ratio (p < 0.01) (Fig. 9C).

Fig. 7   Further exploration of downstream key signals regulated by 
GABRG2. A Volcano plot of DEGs in the transcriptome sequenc-
ing of the frontal cortex samples from mice in each group. B Venn 
diagram showing the intersection of DEGs in the transcriptome 
sequencing of the frontal cortex samples from AD patients receiving 
or not receiving rTMS treatment and mice in the AD + rTMS + sh-
GABRG2 or AD + sh-GABRG2 groups. C Bubble plot showing the 
GO enrichment results of 130 target genes. D–E PPI network of the 
130 candidate genes is based on the STRING database and visual-
ized using Cytoscape software, with darker colors and larger circles 
representing higher degree values. F Schematic diagram illustrating 
the mechanism of action of SNAP25 downstream genes in synaptic 
transmission in neurons. G The protein levels of SNAP25 in the fron-
tal cortex tissue of mice in different groups were detected by Western 
blot. H The mRNA levels of SNAP25 in the frontal cortex tissue of 
mice in different groups were detected by RT-qPCR. I The expression 
of SNAP25 in the frontal cortex tissue of mice in different groups was 
detected by immunohistochemistry. *p < 0.05, **p < 0.01 compared 
with the WT group; #p < 0.05, ##p < 0.01 compared with the AD 
group; ^p < 0.05, ^^p < 0.01 compared with the AD + rTMS group. n 
= 6. Data were compared using an unpaired t test. Bar = 50 μm
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Fig. 8   Effects of SNAP25 silencing on vesicle protein and peak 
probability. A Schematic diagram showing the role of SNAP25 
and vesicle-related proteins in vesicle transport and neurotransmit-
ter release. B The expression levels of vesicle-related proteins after 
SNAP25 silencing were detected by Western blot. C The expression 
levels of vesicle-related proteins in the frontal cortex tissue of mice 
after SNAP25 silencing were detected by immunohistochemistry. D 

Representative tracing images of peak probability determination in 
the frontal cortex of mice in each group. E Quantification of the peak 
probability. F Quantification of the peak probability with 600 μA 
stimulation. *p < 0.05, **p < 0.01 compared with the WT group; #p 
< 0.05, ##p < 0.01 compared with the AD group; ^p < 0.05, ^^p < 
0.01 compared with the AD + rTMS group. n = 6. Data were com-
pared using an unpaired t test. Bar = 50 μm
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Further, the synaptic function of the two groups was eval-
uated by measuring spike probability, with representative 
traces shown in (Fig. 9D). Compared to the control group, 
mice with overexpressed SNAP25 exhibited significantly 
higher spike probability in neurons of the frontal cortex (p 
< 0.01) (Fig. 9E–F).

The results above uncovered that rTMS regulated the 
expression of SNAP25 and synaptic function via GABRG2, 
thereby affecting the expression of vesicle-associated 
proteins.

SNAP25 Overexpression Enhances rTMS‑Induced 
Behavioral Improvements in GABRG2‑Silenced Mice 
with AD‑Like Phenotypes

These findings underscore the crucial role of SNAP25 in 
the modulation of vesicular proteins and synaptic func-
tion influenced by rTMS-GABRG2. Further, we evaluated 
behavioral changes in the mouse groups to assess the effec-
tiveness of rTMS treatment in alleviating AD symptoms by 
regulating SNAP25 under reduced GABRG2 expression. In 
the three-chamber social interaction test, mice in the AD 
+ sh-GABRG2 + OE-SNAP25 + rTMS group exhibited 
significantly increased interaction times with unfamiliar 
mice #1 and #2 compared to the AD + sh-GABRG2 + 
rTMS group (p < 0.01) (Fig. 10A–B).

In the open field test, mice with overexpressed SNAP25 
spent more time in the center and traveled greater total 
distances compared to the target group, indicating sig-
nificantly reduced anxiety (p < 0.01) (Fig. 10C–D). Spa-
tial learning and memory capabilities were further tested 
through the Y-maze and Morris water maze experiments. 
Although there was no difference in total arm entries, the 
percentage of alternation was significantly increased in the 
AD + sh-GABRG2 + OE-SNAP25 + rTMS group com-
pared to controls (Fig. 10E). In the Morris water maze, 
despite similar distances traveled (p > 0.05), the escape 
latency decreased, and the occupancy rate and crossings 
in the target quadrant significantly increased (p < 0.01), 
indicating improved spatial memory and learning function 
(Fig. 10F).

These results demonstrated that rTMS might alleviate 
neuroinflammation and Aβ deposition in 5xFAD mice by 
regulating SNAP25 through GABRG2, highlighting its 
therapeutic potential in modulating AD-related synaptic and 
behavioral changes.

Overexpression of SNAP25 Attenuates 
Neuroinflammation and Aβ Deposition 
in GABRG2‑Silenced Mice with AD‑Like Phenotypes 
Under rTMS Treatment

Previous findings revealed that rTMS significantly reduced 
the expression of pro-inflammatory cytokines and Aβ depo-
sition in the frontal cortex of 5xFAD mice. This effect was 
inhibited by silencing GABRG2. Behavioral tests dem-
onstrated that overexpression of SNAP25 could reverse 
the inhibitory effects of silenced GABRG2. The role of 
SNAP25 overexpression on typical AD pathologies, such 
as neuroinflammation and Aβ deposition, was assessed by 
examining the expression of pro-inflammatory cytokines 
in the frontal cortex tissues of mice using Western blot. 
The results indicated a significant downregulation of TNF-
α, IL-1β, and IL-6 in mice overexpressing SNAP25 com-
pared to the AD + sh-GABRG2 + rTMS group (p < 0.01) 
(Fig. 11A). Consistent results were obtained at the mRNA 
level (p < 0.01) (Fig. 11B).

Subsequently, immunofluorescence staining was per-
formed on frozen brain sections of the frontal cortex to 
evaluate Aβ deposition. The intense positive expression of 
Aβ observed in the AD + sh-GABRG2 + rTMS group was 
significantly weakened in the AD + sh-GABRG2 + OE-
SNAP25 + rTMS group, with statistically significant differ-
ences in the percentage of positive staining area (p < 0.01) 
(Fig. 11C).

These results uncovered that rTMS might alleviate neu-
roinflammation and Aβ deposition in 5xFAD mice by regu-
lating SNAP25 through GABRG2. This mechanism high-
lights the potential of targeted synaptic protein modulation 
in treating AD pathologies effectively.

Discussion

In recent years, AD has remained a focal point in neurodegen-
erative disease research, with its underlying mechanisms con-
tinuing to attract considerable scientific interest [54]. Among 
the treatments under investigation, non-invasive techniques 
such as rTMS have increasingly garnered attention from the 
scientific community [8–10, 55]. rTMS has demonstrated 
therapeutic potential across various neuropsychiatric disor-
ders, standing out for its safety and modulability, although its 
application in AD is still in the early stages [56, 57].
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If proven effective for AD, rTMS would offer a safer, 
more acceptable treatment option for patients, emphasiz-
ing the importance of establishing concrete evidence of 
its efficacy and safety [11]. The findings of our study sug-
gested that GABRG2 and SNAP25 could be new therapeu-
tic targets in AD with potential treatment strategies. Given 
the complexity of AD pathology, a combination of various 
therapeutic approaches may enhance treatment efficacy. 
Future research should aim to verify these conclusions in 
human subjects, for example, through clinical trials testing 
rTMS in AD patients at different stages of the disease to 
confirm its efficacy and safety. Additionally, further stud-
ies should explore the optimal frequencies, intensities, and 
durations of rTMS treatment to achieve the best therapeu-
tic outcomes.

Previous research has primarily focused on the general 
effects of rTMS on the nervous system rather than its spe-
cific molecular and cellular mechanisms [58]. For instance, 
early studies highlighted that rTMS can increase the excit-
ability of diaphragmatic motor neurons through localized 
GABAergic “disinhibition” [59]. Our study advances this 
field by applying multi-omics techniques to delve into the 
molecular mechanisms of rTMS in AD [60]. We identified 
GABRG2 as a potential key target in rTMS treatment for 
AD. rTMS was observed to restore decreased amplitudes 
of spontaneous and miniature inhibitory postsynaptic cur-
rents (sIPSC and mIPSC) and GABA expression, improve 
impaired GABAergic neuron function, and enhance the 
expression of downregulated vesicular proteins. These 
changes significantly increased reduced spike probabilities 
and improved synaptic function. However, reversal experi-
ments involving the silencing of GABRG2 indicated that 
these therapeutic effects could be undone, underscoring 
the crucial role of GABRG2 in mediating the benefits of 

rTMS. This finding suggests a new direction for the in-depth 
application of rTMS, highlighting its potential to modulate 
specific molecular targets more precisely than previously 
understood.

GABRG2 plays a crucial role in neuronal activity [22], 
and its dysfunction is linked to various neurological disor-
ders. Yet, its role in AD remains unclear [61]. Our research 
reveals its significant role in AD and, through multi-omics 
approaches, suggests a potential interaction with SNAP25. 
Immunohistochemical staining showed that the cortical 
SNAP25 positive staining area significantly decreased in 
sh-GABRG2 group mice, indicating that SNAP25 expres-
sion is regulated by GABRG2.

Furthermore, SNAP25 is a critical molecule for synaptic 
function, and its dysfunction can lead to various neurofunc-
tional disorders [62]. Research indicates that the survival 
of glutamatergic and GABAergic neurons, dendritogenesis, 
and synaptic amplitude modulation require the coordinated 
release of SNAP-25a/b [63]. Our findings suggest that rTMS 
may affect SNAP25 through GABRG2 to achieve therapeu-
tic effects in AD. Ectopic expression of SNAP25, following 
the silencing of GABRG2 and rTMS treatment, could restore 
the therapeutic effects of rTMS, providing new insights into 
the application of SNAP25 in the treatment of neurodegen-
erative diseases.

Our results preliminarily conclude that rTMS may 
improve GABAergic neuron function and enhance GABA 
expression, which is typically downregulated in AD. This 
enhancement further influences SNAP25 and regulates 
vesicular proteins to protect synaptic function, thereby 
alleviating AD symptoms. This study reveals a potential 
mechanism by which rTMS, through GABRG2, regulates 
SNAP25 (Fig. 12), providing a new perspective on AD 
pathophysiology.

This research primarily utilizes the 5xFAD mouse model, 
which, while rapidly developing AD-related neuropatho-
logical behavior, presents notable differences from humans, 
potentially limiting the direct applicability of the findings 
to human cases. The 5xFAD mice exhibit variability in the 
severity and consistency of learning and memory impair-
ments across different studies. Notably, learning deficits 
manifest between 6 and 9 months of age but become more 
pronounced and confounded with motor impairments by 
12–15 months [64]. The research into rTMS treatment for 
AD is still in its early stages, and more empirical evidence 
and long-term follow-up data are essential. rTMS may 

Fig. 9   Effects of SNAP25 on synaptic function in mice with AD-
like phenotypes. A The expression levels of vesicle-related proteins 
in mice in each group were detected by Western blot. B RT-qPCR 
detected vesicle-related protein mRNA expression levels in mice in 
each group. C The expression of vesicle-related proteins in the frontal 
cortex of mice in each group was detected by immunohistochemistry. 
D Representative tracing images were used to display the results of 
peak probability determination in the frontal cortex of mice in each 
group. E Quantifying the peak probability with each group’s 11, 9, 
and 15 observed cells. F Quantification of the peak probability with 
600 μA stimulation. *p < 0.05, **p < 0.01 compared to the AD + sh-
GABGR2 + rTMS group. n = 6. Data were compared using one-way 
ANOVA. Bar = 50 μm

◂
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Fig. 10   Impact of SNAP25 overexpression on behavioral changes 
in rTMS-treated mice with AD-like phenotypes. A Track maps of 
mice in the three-chamber social interaction test for each group. B 
Bar graph showing the duration of stay in the three-chamber social 
interaction test for each group. C Track maps of mice in the open 
field test for each group. D Bar graph showing the duration of stay 
and total travel distance in the open field test for each group. E Bar 

graph showing the percentage of arm entries and total arm entries in 
the Y-maze alternation test for each group. F Bar graphs showing the 
escape latency, target zone occupancy, number of target crossings, 
and total travel distance in the Morris water maze for each group. 
*p < 0.05, **p < 0.01 compared to the AD + sh-GABGR2 + rTMS 
group. n = 6. Data were compared using one-way ANOVA
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Fig. 11   The impact of SNAP25 overexpression on AD neuroinflam-
mation and Aβ deposition. A Expression levels of pro-inflammatory 
cytokines in the prefrontal cortical tissue of mice from each group 
detected by Western blot. B Expression levels of pro-inflammatory 
cytokine mRNA in the prefrontal cortical tissue of mice from each 

group detected by RT-qPCR. C Immunofluorescence staining show-
ing the expression of Aβ in the prefrontal cortical tissue of mice from 
each group and bar graph of the positive fluorescence area. *p < 0.05, 
**p < 0.01 compared to the AD + sh-GABGR2 + rTMS group. n = 
6. Data were compared using one-way ANOVA

influence multiple pathways and mechanisms within the 
brain, potentially leading to nonspecific effects that could 
interfere with the study outcomes.

Future research should validate these findings in 
human patients through clinical trials that test rTMS 
on AD patients at various stages of disease progression 
to verify its efficacy and safety in humans. Clinical tri-
als have demonstrated that, compared to a sham group, 
patients undergoing rTMS treatment show modest but sig-
nificant cognitive improvements after 6 weeks, as assessed 
by the Mini-Mental State Examination and AD cognitive 

assessments [65]. Moreover, the application of rTMS to 
bilateral AG has been shown to effectively improve AD-
related neuropsychiatric symptoms, cognitive function, 
and sleep quality, with considerable safety [66]. Beyond 
the current focus, rTMS may also affect other pathways 
and mechanisms related to AD, meriting further investi-
gation. Future studies should explore the optimal rTMS 
treatment frequency, intensity, and duration to achieve 
the best therapeutic outcomes. Given the complexity of 
AD, a combination of multiple treatment modalities may 
prove more effective. rTMS could be integrated with other 
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Fig. 12   Schematic diagram of the synaptic functional molecular mechanism through GABRG2-GABA-SNAP25 mediated by rTMS

pharmacological or non-pharmacological treatments to 
enhance its therapeutic effects.

In summary, this study provides preliminary evidence 
of the potential value of rTMS in the treatment of AD, yet 
further research is needed to validate and refine this method 
fully. The implications of our findings are promising, sug-
gesting new therapeutic avenues for AD that could improve 
the quality of life for many affected individuals.
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