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Repetitive transcranial magnetic
stimulation ameliorates cognitive deficits
in mice with radiation-induced brain
injury by attenuating microglial pyroptosis
and promoting neurogenesis via BDNF
pathway
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Abstract

Background Radiation-induced brain injury (RIBI) is a common and severe complication during radiotherapy for
head and neck tumor. Repetitive transcranial magnetic stimulation (rTMS) is a novel and non-invasive method of
brain stimulation, which has been applied in various neurological diseases. rTMS has been proved to be effective for
treatment of RIBI, while its mechanisms have not been well understood.

Methods RIBI mouse model was established by cranial irradiation, K252a was daily injected intraperitoneally to
block BDNF pathway. Immunofluorescence staining, immunohistochemistry and western blotting were performed
to examine the microglial pyroptosis and hippocampal neurogenesis. Behavioral tests were used to assess the
cognitive function and emotionality of mice. Golgi staining was applied to observe the structure of dendritic spine in
hippocampus.

Results rTMS significantly promoted hippocampal neurogenesis and mitigated neuroinflammation, with
ameliorating pyroptosis in microglia, as well as downregulation of the protein expression level of NLRP3
inflammasome and key pyroptosis factor Gasdermin D (GSDMD). BDNF signaling pathway might be involved in
it. After blocking BDNF pathway by K2523, a specific BDNF pathway inhibitor, the neuroprotective effect of rTMS
was markedly reversed. Evaluated by behavioral tests, the cognitive dysfunction and anxiety-like behavior were
found aggravated with the comparison of mice in rTMS intervention group. Moreover, the level of hippocampal
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neurogenesis was found to be attenuated, the pyroptosis of microglia as well as the levels of GSDMD, NLRP3

inflammasome and IL-13 were upregulated.

Conclusion Our study indicated that rTMS notably ameliorated RIBI-induced cognitive disorders, by mitigating
pyroptosis in microglia and promoting hippocampal neurogenesis via mediating BDNF pathway.

Keywords rTMS, RIBI, BDNF, Neuroinflammation, Neurogenesis

Introduction

Radiation-induced brain injury (RIBI) is a common and
serious complication of cranial radiotherapy, it mainly
manifested as cognitive decline, emotional alteration and
locomotive dysfunction, which greatly affected patients’
quality of life. The incidence of RIBI is increasing, while
its underlying mechanisms are complicated and not fully
clarified. It has been reported that RIBI can inhibit the
proliferation of neural stem cells (NSCs) in hippocam-
pus and the ability of differentiating into mature neurons,
radiation can also activate microglia in brain and induce
neuroinflammation [1, 2]. Besides, cranial irradiation
leads to destruction of blood-brain barrier (BBB), DNA
damage and cell death through promoting the genera-
tion of free radicals and reactive oxygen species (ROS)
in the brain [3, 4] Due to the poor prognosis and unclear
mechanism with no effective measures for the treatment
of RIB], it is pivotal to seek for a novel method to deal
with this complication.

Repetitive transcranial magnetic stimulation (rTMS)
is a novel non-invasive brain stimulation method with
few side effects. Recently, rTMS has gained wide atten-
tion in the treatment of central nervous system (CNS)
diseases, such as Parkinson’s disease, Alzheimer’s disease,
stroke and depression, et al. [5-7]. It had been reported
that rTMS could improve cognitive function by regu-
lating synaptic plasticity [8], promoting hippocampal
neurogenesis [9] and alleviating neuroinflammation in
the brain [10]. A rTMS clinical guideline conducted by
Lefaucheur et al. revealed that neuropathic pain, depres-
sion and subacute stroke were classified as “Grade A”
recommendation with definite efficacy [11]. However,
the potential mechanism of rTMS on CNS diseases treat-
ment still remain unclear, besides, the clinical therapeutic
effects of rTMS on RIBI are rarely reported.

Brain-derived neurotrophic factor (BDNF), one of the
most important neurotrophic proteins in CNS, exerts
neuroprotective effect on the repairment of inflammation
and ischemic stress, and is proved to decrease the level
of apoptosis [12]. Guo et al. found that rTMS could miti-
gate cognitive dysfunction through promoting neurogen-
esis and inhibiting neuronal apoptosis in hippocampus,
which may be related to the activation of BDNF-TrkB
pathway [13]. In addition, Luo et al. recently revealed
that high-frequency rTMS significantly improved neu-
ral function recovery and promoted neurogenesis in

ischemic stroke rat model [14]. In our previous study, we
firstly reported that rTMS had preventive and therapeu-
tic effects on RIBI mice, which were manifested by alle-
viation of cognitive dysfunction of RIBI mice after rTMS
intervention [15], and BDNF may play a critical role in it.
However, the specific role of BDNF in the prevention and
treatment of RIBI has not been fully elucidated.

In the present study, we explored the potential mecha-
nisms of rTMS by verifying the hippocampal neurogen-
esis and neuroinflammation on RIBI mice, and detected
the role of BDNF in it. Based on these results, we further
investigated whether pretreatment with K252a, an ago-
nist of BDNF pathway, could reverse the improvement of
cognitive function in RIBI mice after rTMS treatment. In
addition, we assessed the possible role of BDNF on cog-
nitive function, hippocampal neurogenesis and neuroin-
flammation in RIBI mice model.

Materials and methods

Animals

Healthy male C57BL/6 mice (6-8 weeks, Laboratory
Animal Center of Fourth Military Medical University)
were kept in controlled condition with 12-h light and
12-h dark cycle (lights on from 8:00 A.M. to 8:00 P.M.),
temperature 23+2°C and humidity 50+2%, and had free
access to food and water. Before the experiment, all the
mice were allowed to adapt to the conditions for 1 week,
then the mice were randomly assigned to Sham irradia-
tion group (Sham), cranial irradiation group (Radiation)
and rTMS intervention group (rTMS), with 12 mice in
each group. All the animal procedures in this study were
conducted in accordance with the ethical guidelines of
Animal Welfare Committee of Fourth Military Medical
University (IACUC-20210105).

Cranial irradiation and rTMS intervention protocol

The protocols of cranial irradiation and rTMS interven-
tion have previously been reported [16]. Briefly, the mice
were kept in a fixator to remain stable and conscious,
and received cranial X-ray irradiation 5 Gy/d for con-
secutively 4 d at a dose rate of 2.33 Gy/min. The other
parts of body were shielded by lead plate. The mice in
the Sham group were subjected to the same protocol as
that of radiation group, while the irradiator was switched
off. After cranial irradiation, rTMS intervention was per-
formed immediately. High-frequency (10 Hz) rTMS was
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applied with a round prototype coil, and the mice were
awake and handled gently. The parameters are composed
of two sessions with 120 s interval, and each session con-
sisted of 500 pulses.

Chemicals and treatment

In order to examine the function of BDNF pathway in the
therapeutic effects of rTMS, K252a intervention group
(Radiation+rTMS+K252a) was used in subsequent
experiment, which was termed as K252a group. K252a
(Meilunbio, China), a specific receptor antagonist of
TrkB, was dissolved at a dose of 25 pg/kg in saline con-
taining 1% DMSO and intraperitoneally injected daily
after cranial irradiation. K252a was injected to the mice
in K252a group, and mice in other groups were adminis-
trated 0.9% saline via intraperitoneally injection. Besides,
5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich, USA)
was used to label S-phase proliferated cells in hippo-
campus. Briefly, BrdU (50 mg/kg body weight) was daily
intraperitoneally injected to 3 mice in each group for
consecutively 3 days before sample collection.

Behavioral tests

Morris water maze (MWM)

The long-term spatial memory ability was assessed by
MWM as previously described [17] with some proper
modifications. Briefly, the maze was divided into four
quadrants and the platform was placed in one of the
quadrants beneath the water 1-2 cm during the training
phase. Besides, milk was used to make the water invisible
to the mice. During the positioning navigation experi-
ment, each mouse was gently released into the water and
allowed to find the platform within 60 s, if the mouse
failed to find the platform, it was guided to the plat-
form and was allowed to stay for 15 s. After the naviga-
tion phase, the platform was removed, each mouse was
released into the water and allowed to swim freely from
the same starting position for 60 s. The escape latency
and the time spent in target quadrant were recorded and
analyzed using an animal tracking system (Ethovision XT
15.0, Holland).

Open field test (OFT)

OFT was performed to evaluate the anxiety-like behavior
of mice. During the test, each mouse was gently placed
in the open field apparatus (50 cm X 50 cm X 40 cm) and
allowed to explore freely for 5 min. After each session,
75% alcohol solution was used to wipe the apparatus and
clean the feces and urine to prevent the odor traces. The
animal activity in the open field was recorded by animal
tracking system (Ethovision XT 15.0, Holland). The accu-
mulative locomotion distance, total time spent in the
central areas were calculated and analyzed.
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Elevated plus-maze test (EPM)

The apparatus of EPM was composed of two open arms
and two closed arms, which was usually used to assess
the anxiety-like and exploring behavior of mice. Each
mouse was gently placed in the center of the apparatus,
facing to the open arms, and was allowed to explore the
maze freely for 5 min. The activity of each mouse was
recorded with animal tracking system. After each session,
all the feces and urine were completely cleaned and maze
was wiped with 75% alcohol solution. The total time
spent in the open arms and number of open arms entries
were calculated and analyzed.

Immunofluorescence (IF) staining

After routine deparaffinization and rehydration, the par-
affin brain sections were processed by antigen retrieval
and treated with 10% normal goat serum for 1 h at room
temperature to block nonspecific binding sites. Then the
sections were incubated with primary antibodies over-
night at 4°C. The details of primary antibodies are shown
in Table S1. Next, the brain sections were rinsed with
PBS and incubated with Alexa Fluor 488 or Alexa Fluor
594 secondary antibodies (1:200, Zhuangzhi Bio, China)
for 1 h at room temperature. Nuclei were stained with
DAPI for 5 min at room temperature. The experiment
was repeated twice and the images were captured by con-
focal microscope (Nikon, Japan).

Immunohistochemistry (IHC) staining

Paraffin brain sections were processed by antigen
retrieval using citrate buffer (pH=6.0) at high tempera-
ture for 10 min, and washed 3 times with PBS at room
temperature. The sections were blocked with normal goat
serum for 30 min at 37°C, and incubated with primary
antibody Iba-1 (Rabbit mAb, 1:300, Proteintech, USA)
overnight at 4°C. Next, the brain sections were incubated
with corresponding secondary antibody (Chromogenic
reagent HRP, mouse/rabbit, MXB Biotech) for 30 min at
room temperature. The DAB working solution was added
to react for 1-3 min, and observed under the optical
microscope. Hematoxylin solution was added to the sec-
tions for 5 min, and reacted with 0.5% hydrochloric alco-
hol solution for 3 s before ammonia solution for 1 min.
Finally, all the sections were successively rinsed into 75%,
95% and 100% alcohol. It was repeated 3 times, and the
images were collected under the optical microscope
(Leica, Germany).

Western blotting analysis

We performed 10-12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) as con-
ventional procedure. Briefly, the protein samples were
separated by SDS-PAGE and transferred onto PVDF
membranes (Millipore, USA). Then the membranes were
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blocked with 5% nonfat milk for 2 h at room temperature
and incubated with the primary antibodies overnight at
4°C. The details of antibodies are listed in Table S1. After
washing 3 times in TBST, the membranes were incu-
bated with corresponding secondary antibodies for 1 h at
room temperature. It was repeated 3 times and the bands
were detected and visualized by ECL reagent (Beyotime,
China). The immunoblots were analyzed by Image ]
software.

Golgi staining

The Golgi staining was conducted strictly according to
the manual of Rapid Golgi Staining Kit (FD Neurotech,
USA). Briefly, the freezing brain tissues were quickly
coronally sliced with the thickness of 150 pm at -20C,
using a freezing microtome (Leica, Germany). Then the
brain sections were stained based on the protocols, the
dendritic spine in the middle of tertiary dendrites of
pyramidal neurons in DG region of hippocampus was
captured by the optical microscope (Olympus, Japan). It
was repeated twice, and a total of 6 non-overlapping dif-
ferent fields were randomly captured from 2 independent
animals.

Statistical analysis

All the data were presented as meanz*standard error of
mean (S.E.M). The data were analyzed with SPSS 22.0,
and GraphPad Prism 9.0 (GraphPad Software, Inc., La
Jolla, CA, USA) was used for graphing. Normality of data
was examined first by Shapiro-Wilk test, and the differ-
ences among each group were examined by one-way
analysis of variance (ANOVA) followed by Tukey test
for multiple comparison. Escape latency was compared
by two-way ANOVA. For non-normal distribution data,
non-parametric analysis was used. The difference was
considered statistically significant when the Pvalue was
less than 0.05.

Results

rTMS promoted hippocampal neurogenesis in RIBI mice
We established the RIBI model as previously described
[15], rTMS intervention was applied during and after
radiation process, the details of radiation and rTMS
intervention procedure were shown in Fig. 1A. It was
found that the DCX fluorescence density of radiation
group was significantly lower than that of Sham group,
and the difference was statistically different. rTMS inter-
vention could significantly increase DCX density in
region of hippocampus (Fig. 1B, C). The ki67 labeled cells
represented the proliferation of cells in DG region of hip-
pocampus. The result of IF staining also showed that the
number of ki67 in DG significantly increased compared
with that of radiation group (Fig. 1D, E). The results
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above suggested that rTMS could promote hippocampal
neurogenesis in RIBI mice.

rTMS attenuated neuroinflammation in RIBI mice via
reducing NLRP3 inflammasome-induced microglial
pyroptosis

To evaluate the level of neuroinflammation after rTMS
intervention in RIBI mice, we observed the number and
morphology of microglia in hippocampus, as the activa-
tion of microglia was pivotal in inflammatory response
through pyroptosis [18, 19]. It was found that cranial
irradiation induced microglial activation in DG region of
hippocampus, compared with Sham group, the number
of microglia significantly increased. After rTMS inter-
vention, the microglia showed smaller size and thinner
branches, and the number of which significantly reduced
(Fig. 2A-B). We then detected the expression levels of
Iba-1 and GSDMD by double-labeled immunofluores-
cence staining (Fig. 2C-D). We found that the number of
GSDMD™"/Iba-1" cells significantly elevated after cranial
irradiation, compared with that of Sham group. How-
ever, there was no obvious double labeled cells between
GSDMD and NeuN or GFAP, which indicated that
elevated GSDMD was mainly concentrated in the cyto-
plasm of microglia, not neurons or astrocytes (Figure S1).
Besides, rTMS intervention could significantly decrease
the number of GSDMD*/Iba-1" cells, which suggested
that rTMS could mitigate microglial pyroptosis in RIBI
mice.

It has been reported that NLRP3 inflammasome acti-
vates caspase-1, and induces transmembrane pores,
which contributes to the release of inflammatory cyto-
kines, excessive NLRP3 inflammasome activity leads to
cell pyroptosis [20—22]. It was found that cranial irradia-
tion significantly upregulated the level of NLRP3 in hip-
pocampus of mice, compared with that of in Sham group.
rTMS could inhibit the expression of NLRP3, and the
level of NLRP3 significantly decreased in rTMS inter-
vention group, compared with radiation group (Fig. 2E-
F). We also found that the levels of ASC and caspase-1
obviously increased in hippocampus of RIBI mice, which
could be reversed by rTMS intervention (Fig. 2E, G, I).
There was no obvious difference between radiation and
Sham group in the expression level of GSDMD, while
the expression of GSDMD-N significantly increased in
radiation group, and rTMS intervention could reverse
the upregulation of GSDMD-N (Fig. 2H). The pyroptosis
process promotes the release of several proinflammatory
cytokines, such as IL-1p. We found the protein expres-
sion level of IL-1f in hippocampus significantly increased
after cranial irradiation and decreased after rTMS inter-
vention (Fig. 2J). These results suggested that rTMS
intervention could mitigate microglia-pyroptosis induced
by NLRP3 inflammasome activation.
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rTMS activated BDNF signaling pathway after cranial
irradiation

It has been reported that BDNF is involved in neurogen-
esis and long-term potentiation (LTP) and it regulates
learning and memory ability [23-25]. We previously
found that large fractionated and conventional frac-
tionated doses of X-ray irradiation could downregulate
BDNEF expression in hippocampus, and rTMS interven-
tion increased the level of BDNF expression in RIBI mice.
In this study, we found that total TrkB and CREB levels
were consistent among each group, but the expression

P<0.001 vs. Sham group; *¥P<0.01 vs. Radiation group

levels of BDNF, p-TrkB/TrkB and p-CREB/CREB ratio
significantly decreased, compared with that of Sham
group (Fig. 3A). rTMS could increase the expression level
of these proteins, and the differences were statistically
significant (Fig. 3B-D). These results indicated that BDNF
pathway may be involved in neuroprotective functions of
rTMS in RIBI mice.
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rTMS mediated cognitive function and anxiety-like
behavior in RIBI mice through BDNF pathway

In order to further investigate whether BDNF pathway
played an essential role in the protective effects of rTMS
on cognition and emotionality in RIBI mice, we blocked
BDNF pathway by injecting K252a intraperitoneally, and
detected the cognitive function and emotionality altera-
tion (Fig. 4A). The results of MWM showed that after
intervention of K252a, the mice exhibited an impaired
spatial learning ability, as evidenced by much longer time
targeting the platform in training phase compared with
rTMS intervention group (Fig. 4B, J). Furthermore, in
the space exploration test, compared with rTMS group,
the mice in K252a intervention group showed significant
time reduction in the target quadrant (Fig. 4C), the num-
ber of platform crossings also decreased, while the differ-
ence was not statistically significant (Fig. 4D). The results
above indicated that inhibiting BDNF pathway by K252a
could attenuate the protective effect of rTMS interven-
tion, and exacerbate cognitive deficits and anxiety behav-
ior in RIBI mice.

After inhibiting BDNF pathway, the mice in K252a
group showed a significant decline in locomotion dis-
tance in open field compared with rTMS intervention
group (Fig. 4E). Besides, the results showed that the mice
treated with K252a spent less time in central area and
decreased the number of central entries (Fig. 4F, G, K).
The results of EPM showed that compared with rTMS
intervention group, the mice treated with K252a showed
a significant decrease in the time of open arms explora-
tion, the number of open arms entries also decreased,
while no significant differences were found (Fig. 4H, I,
L). These results suggested that after inhibiting BDNF
pathway, the improvement of behavioral performance
induced by rTMS in RIBI mice was obviously reversed.

rTMS regulated hippocampal neurogenesis through BDNF
pathway

Next, we investigated the role of BDNF pathway in hippo-
campal neurogenesis in RIBI mice. The results of IF stain-
ing (Fig. 5A, D) showed that rTMS intervention could
obviously enhance the fluorescence density of DCX in
DG region of hippocampus compared with that of radia-
tion group (Fig. 5B), and the number of BrdU*/DCX"*
cells in DG significantly increased (Fig. 5C). After block-
ing BDNF pathway, it was found that the promotion of
hippocampal neurogenesis was significantly reversed,
which was manifested by the significant decrease in the
number of BrdU*/DCX* and BrdU*/NeuN" cells in DG
region (Fig. 5E), as well as the decrease in the density of
DCX. These results suggested that blocking BDNF path-
way could reverse the promotion of hippocampal neuro-
genesis induced by rTMS in RIBI mice.

rTMS mitigated microglial pyroptosis through BDNF
pathway

To address whether BDNF pathway involved in the
anti-pyroptosis effect of rTMS, we blocked BDNF
pathway and further observed the level of pyropto-
sis. The results of double-labeled immunofluorescence
(Fig. 6A) showed that, compared with rTMS interven-
tion group, the number of GSDMD*/Iba-1" cells in DG
significantly increased, besides, the integrated intensity
of GSDMD significantly enhanced after inhibiting BDNF
pathway (Fig. 6B, C). Consistently, we also detected the
protein expression levels of NLRP3 inflammasome,
GSDMD, caspase-1 and IL-1p in hippocampus of mice
(Fig. 6D). We found significant higher immunoreactivity
levels of NLRP3, ASC, GSDMD-N, caspase-1 and IL-1p
in K252a group than that of rTMS intervention group
(Fig. 6E-I). Therefore, the above results suggested that
rTMS may modulate inflammatory response through
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Fig. 4 Inhibiting BDNF pathway reversed the improvement of cognitive function and emotionality induced by rTMS in RIBI mice. (A) Schematic diagram
of the experimental design, including animal grouping, drug administration, intervention protocol, behavioral tests and other experiments. (B) The
escape latency during navigation test phase. (C) The time spent in the target quadrant during probe test phase. (D) The number of platform crossings
during probe trial. (E) The locomotion total distance in open field. (F) The total time spent in central area of open field. (G) The frequency of central entries
in open field. (H) The time spent in open arms of elevated plus maze. (I) The frequency of open arms entries. (J) Representative MWM training trace of
mice in each group. (K) Representative movement trace of mice in the open field, the four squares in the middle represent central area. (L) Representa-
tive movement trace of mice in the elevated plus maze, open and closed arms are indicated in the diagrams. Data are presented as mean+SEM, n=11
or 12 for each group. ‘P<0.05, "P<0.01 vs. Sham group; P < 0.05, P <0.01 vs. Radiation group; ¥P<0.05, %P <0.01 vs. FTMS group; ns. no significance

BDNF pathway, as expected, inhibition of BDNF path-
way obviously reduced the protective and anti-pyroptosis
effects of rTMS.

rTMS enhanced synaptic plasticity through BDNF pathway

Synaptic plasticity plays a pivotal role in regulating cog-
nitive function. We previously proved that RIBI mice
showed an impairment of ultrastructure of synapses and
decreased number of neuronal synapses. In order to bet-
ter reveal the alteration of synaptic plasticity after block-
ing BDNF pathway, western blotting and Golgi staining
were performed to detect neuronal synaptic plasticity.
The results of western blotting showed that the levels
of PSD95 and synaptophysin (SYN) were significantly
downregulated after BDNF pathway was inhibited, com-
pared with rTMS group (Fig. 7A-C), which indicated that
K252a could reverse the effect of rTMS in the increase
of synapse-related proteins expression in RIBI mice.
Then we further performed Golgi staining to assess the
structural plasticity. The representative image of tertiary
dendritic profile of granule cells in DG region of hippo-
campus was shown in Fig. 7D. The results of quantitative
analysis showed that the dendritic spines of radiation
group were significantly decreased compared with that
of in Sham group (Fig. 7E), while it obviously increased
in r'TMS intervention group. After BDNF pathway was
blocked, the dendritic density was evidently declined
compared with rTMS intervention group. The results
suggested that K252a could reverse the enhancement of
synaptic plasticity induced by rTMS, therefore, BDNF
pathway exerted an essential role in regulating synaptic
plasticity in hippocampus.

Discussion

RIBI is a common complication of cranial radiotherapy
and it gives rise to serious adverse effects on patients.
Numerous studies believed that multiple factors con-
tributed to RIBI, including hippocampal neurogenesis
impairment [26], increasing neuroinflammatory response
[27, 28] and oxidative stress, free radical damage theory
and BBB disruption [29] et al. BDNF is closely related to
the level of neurogenesis and synaptic plasticity, inves-
tigating the potential mechanisms of BDNF is of great
importance. We previously found that the BDNF expres-
sion level significantly increased after rTMS intervention
in RIBI mice [15], while the specific mechanism of rTMS

on RIBI has not been well clarified. Hence, in this study,
we provided evidence that rTMS improved cognitive
function in RIBI mice model through regulating hippo-
campal neurogenesis and neuroinflammation, and BDNF
signaling pathway was participating in it.

We had proved that high-frequency rTMS significantly
reduced cognitive dysfunction in RIBI mice, while its
mechanism was still unclear. BDNF signaling pathway,
as an essential functional pathway in the brain, plays a
crucial role in the development of neurons, and the for-
mation and consolidation of learning and memory [30,
31]. In order to figure out whether BDNF pathway took
part in regulating cognition in RIBI mice, we inhibited
BDNF pathway by injecting K252a, we found that the
spatial learning and memory ability of mice significantly
decreased through MWM test. Furthermore, the results
of OFT and EPM indicated that the mice exhibited anx-
iety-like behavior after BDNF pathway was inhibited,
which suggested that BDNF pathway may be involved in
regulating learning and memory ability and emotional-
ity in mice. Similarly, it was reported that high-frequency
(5 Hz) rTMS intervention could significantly alleviate the
impairment of spatial learning and memory ability in the
offspring of prenatal stressed rats, while after administra-
tion of K252a could significantly antagonize the effect of
rTMS [32], which was consistent with the present study.
Besides, another study [33] also reported that blocking
BDNF pathway by consecutively injection of K252a could
significantly inhibit the antidepressant effect of L701324
(an NMDA receptor) in chronic unpredictable mild
stress (CUMS) mice, and decrease BDNF and CREB pro-
tein expression levels. Based on previous researches and
our findings, we believe that K252a specifically blocks
BDNF pathway, so as to antagonize the therapeutic effect
of rTMS on cognition and emotionality. Therefore, these
results suggested that BDNF pathway is indispensable for
rTMS in alleviating cognitive dysfunction and anxiety
behavior in RIBI mice.

Hippocampal neurogenesis refers to the process in
which NSCs proliferate and migrate to genesis center,
then differentiate into mature neurons and glial cells, it
mainly occurs in the DG region of hippocampus and SVZ
[34], DCX and NeuN are widely believed to be important
markers for neurogenesis. Previous studies had proved
that rTMS could significantly improve the level of neuro-
genesis, which was related to the upregulation of BDNF
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[9, 35]. Besides, some studies found that high frequency
(10-20 Hz) rTMS could promote neurogenesis in rats
with ischemic stroke, and the activation of BDNF sig-
naling pathway may be involved in the mechanism [13,
36]. Consistent with these studies, our results showed
that rTMS could significantly increase the number of
ki67 and DCX in hippocampus of RIBI mice, which
indicated that rTMS promoted hippocampal neurogen-
esis after cranial irradiation. Based on previous studies
and our findings, we speculated that rTMS obviously

promoted hippocampal neurogenesis in RIBI mice, and
BDNF signaling pathway might play an essential role in
it. To further verify the specific role of BDNF pathway in
neurogenesis, we then inhibited BDNF pathway by intra-
peritoneal injection of K252a, and found that the level
of hippocampal neurogenesis was reversed by K252a.
The current studies also showed similar results [37-39].
In addition, Pei et al. revealed that electroacupuncture
stimulation could promote hippocampal neurogenesis
through activating BDNF-TrkB pathway, so as to alleviate
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Fig. 6 Inhibiting BDNF pathway reversed the anti-pyroptosis effect of rTMS. (A) Representative immunofluorescence double staining images of Iba-1 and
GSDMD, arrows indicated co-localization of GSDMD with Iba-1. Scale bar =100 um. (B) The number of GSDMD/Iba-1 positive cells in DG. (C) Quantitative
analysis of integrated intensity of GSDMD. (D) Representative bands of western blotting. (E-1) Quantitative analysis of protein expression level by one-way
ANOVA followed by Tukey’s multiple comparison test. Data are presented as mean+S.EM, n=3 for each group. P<0.05, "P<0.01, "P<0.001 vs. Sham
group; *P<0.05, #P<0.01, #*P<0.001 vs. Radiation group; %P < 0.05, P <0.01, %44 < 0,001 vs. FTMS group; ns. no significance



Qin et al. Cell Communication and Signaling (2024) 22:216

Page 12 of 16

A B C
Radiation -+ + + S 15— g 159
aMs - - 4+ 4+ g o os o *k  # &&
5 i c | | | —
K252a - - - + s g
2 1.0 @ 1.0
2] =
PSD95 | &= e s== | 05Dy g ] s - v
3 )
= = 5
B-actin | === === === wmem | 42kDa g 05 8 057
H Y
g 2
SYN o9 gy | 38 kDa & E
- ﬁ 0.0 & 0.0
iati - + + + Radiation - + + +
B-actin | S N SeS =S| 42 Da Radiation
Ms - -+ + Ms - -+ +
K252a - - - + K252a - - - +
E *x # &&
209 10 10 1
c L ]
] 2 A
3
£ .
a 10— u
] ® v
g
T 5-
[
[a]
0
Radiation - + + +
mMs - -+ F
K252a - - - +

Gl 7
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spatial memory damage induced by sleep deprivation in
rat [40]. Moreover, another research conducted by Chen
et al. [41] found that Chaihu Shugan San (CSS) showed a
therapeutic role in depressive-like rats exposed to CUMS
and increased hippocampal neurogenesis, however,
K252a fully attenuated the role of CSS, which verified
that BDNF pathway was required for the neuronal prolif-
eration, and revealed that promoting neurogenesis might
be a potential strategy for treating depression in adult
animals. Thus, based on what we have found in this study,
we believed that rTMS could promote hippocampal neu-
rogenesis in RIBI mice which was associated with BDNF
signaling pathway.

Previous studies have shown that the activation of
NLRP3 inflammasome and the release of inflammatory
factors are closely related to the cell pyroptosis [42, 43],
microglia are important immune cells in CNS, which is

considered to be the main cell type in pyroptosis [44].
The overactivation of microglia leads to an increase in
neuroinflammation, resulting in dysfunction in CNS [45].
To explore the effect of rTMS on neuroinflammation, we
observed the status of microglia in hippocampus, and
found that rTMS intervention could inhibit microglial
activation induced by cranial irradiation. In addition, the
number of GSDMD™/Iba-1* cells in DG region of hippo-
campus were found to increase significantly after cranial
irradiation, while there was no obvious co-localization
of GSDMD/GFAP and GSDMD/NeuN, which indicated
that cell pyroptosis induced by cranial irradiation mainly
occurred in microglia, instead of astrocyte and neuron.
Although we have found microglial pyroptosis may be
involved in the neuroinflammation, the potential regu-
lating mechanism have not been well clarified. It was
reported that NLRP3 inflammasome consisted of three
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protein subunits, NLRP3, ASC and caspase-1 [20], the
activity of NLRP3 inflammasome has been considered as
one of the important factors in a variety of CNS diseases,
such as Alzheimer’s disease and stroke [46, 47]. More-
over, the activation of microglia-mediated NLRP3 inflam-
masome and cytokine IL-1f could exacerbate the level of
neuroinflammation [48]. In the present study, we found
that cranial irradiation could activate NLRP3 inflamma-
some and upregulate the expression levels of GSDMD as
well as proinflammatory cytokine IL-1p in hippocampus
of mice, rTMS could suppress the upregulation of these
proteins’ expression. Similarly, some scholars revealed
that exhaust particulate activated hippocampal microg-
lial cells, which induced NLRP3 inflammasome acti-
vation, consequently leading to learning and memory
impairment [49]. In addition, Zhou et al. [50] reported
that NLRP3/caspase-1/GSDMD axis was involved in
sevoflurane induced microglial pyroptosis. A study con-
ducted by Fan et al. found that inhibiting NLRP3 could
significantly decrease the level of NLRP3 inflammasome
and IL-1p in hippocampus of mice and significantly alle-
viated cognitive dysfunction [51]. Therefore, NLRP3
inflammasome played a critical role in neuroinflamma-
tion, and we speculated that cranial irradiation caused
microglial pyroptosis induced by NLRP3 inflamma-
some. Next, in order to further explore whether BDNF
pathway plays an important role in neuroinflammation
after rTMS intervention, we inhibited BDNF pathway
and observed the level of cell pyroptosis. We found that
after blocking BDNF pathway, the level of cell pyropto-
sis in hippocampus increased obviously, as well as the
increase of NLRP3 inflammasome and IL-1p. Our find-
ings suggested that blocking BDNF pathway suppressed
the therapeutic effect of rTMS, which indicated that
r'TMS ameliorated neuroinflammation through BDNF
pathway in mice. Based on the findings in recent studies,
we believed that rTMS alleviated microglial pyroptosis
mediated by NLRP3 inflammasome after cranial irradia-
tion, and BDNF pathway may be involved in it. Although
BDNF is closely associated with neuronal development
and synaptic plasticity, the molecular mechanism of
BDNF in neuroinflammation, NLRP3 activation specifi-
cally, have not been well clarified. However, according to
Alexandria et al’s study [52], BDNF signaling activated
PI3K-Akt signaling pathway as well as MEK pathway,
the former then activated CREB and its phosphoryla-
tion. Similar explanation was shown in Li’s study [12],
they revealed that the downstream targets of BDNF-TrkB
signaling including p-ERK, p-CREB, and p-Akt, which
were pivotal to neuroinflammation, neuronal survival.
In Zhen’s study in 2023 [53], they believed ERK/CREB
pathway was essential for oxidative stress and neuroin-
flammatory processes. In brief, based on previous stud-
ies, we speculate BDNF might mediate NLRP3 activation
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through activating ERK-CREB or PI3K-AKT-CREB sig-
naling pathway (Fig. 8).

Synaptic plasticity is the basis of learning and mem-
ory formation, which mainly includes structural and
functional ability. SYN and PSD95 are typical markers
of synaptic proteins, which are associated with aging
and radiation [54]. We previously found that rTMS
could upregulate the expression of PSD95 and SYN in
RIBI mice, as well as significantly ameliorate the ultra-
structural damage of synapses [15]. In order to explore
the role of BDNF in synaptic plasticity, we blocked the
BDNF pathway by K252a and observed the level of
synapse-related proteins. It was found that the protein
expression levels of PSD95 and SYN were significantly
downregulated, which implied that BDNF pathway might
be an important factor for synaptic structure and func-
tion. Similar research had shown that low-frequency
(1 Hz) rTMS improved cognitive function in patients
with stroke, and regulated synaptic plasticity through
BDNF signaling pathway [55]. In addition, rTMS could
activate BDNF pathway and upregulate the expression
levels of SYN, PSD95 and GAP43 to enhance the activity
of synapses [56]. Dendritic spines are the main parts of
synaptic formation and play a pivotal role in information
transmission between neurons, the density of which is
closely related to the development of learning and mem-
ory [57]. It has been reported that rTMS remarkedly alle-
viated learning and memory ability impairment caused
by hindlimb unloading mice, which was associated with
increasing spine density in hippocampus, and BDNEF-
TrkB pathway might be responsible for it [58]. Similar
to these findings, to further investigate the possible role
of BDNF pathway in structural plasticity, we performed
Golgi staining to observe the morphology of dendritic
spines in hippocampus, the results indicated that after
blocking BDNF pathway, the density of dendritic spines
obviously decreased. Our finding indicated that BDNF
pathway might play an important role in synaptic regula-
tion, K252a could reverse the protective effect of rTMS
in synaptic plasticity. Therefore, we concluded that rTMS
may enhance hippocampal synaptic plasticity via mediat-
ing BDNF pathway.

This study has some limitations. Firstly, we only
included male mice in the study, the results of female
mice had not been demonstrated, the gender factor
might be a potential experimental bias in the present
results. Secondly, the optimal parameter of rTMS, such
as frequency, intensity and the number of pulses, for the
treatment of RIBI was not studied. Future studies are
warranted to explore the optimal parameters of rTMS, so
as to achieve better therapeutic effect. Finally, our results
only investigated synaptic plasticity in structure, but did
not perform functional plasticity, which needed to be
explored in further studies.



Qin et al. Cell Communication and Signaling (2024) 22:216

TrkB

Q

@)
1
[}
)
(]
i
! PI3K-Akt, ERK pathways -~
i

]

]

]

]

5

]

]

]

+

Nucleus

Neurogenesis
Synaptic plasticity

O 5 0 Ol

¢ o, BDNFl

Activated NLRP3
inflammasome

A @ & Active caspase-1 <§>

Page 14 of 16

%TMS treatment

BDNF

Fig. 8 The hypothesized schematic diagram of possible relation between BDNF and NLRP3-mediated pyroptosis in RIBI

Conclusion

Taken together, our study suggests that rTMS amelio-
rated cognitive deficts in RIBI mice by improving neu-
rological deficits and mitigating neuroinflammation
through regulating BDNF signaling pathway. The findings
may provide novel inspiration for clinical treatment of
brain injury induced by cranial radiotherapy.
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RIBI Radiation-induced brain injury

ROS Reactive oxygen species

rTMS
SYN

Repetitive transcranial magnetic stimulation

Synaptophysin

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-024-01591-0.

[ Supplementary Material 1

Acknowledgements
Not applicable.

Author contributions
TZ-Q and L-G carried out the experiments and data analysis. TZ-Q mainly
wrote the manuscript, -G and X-W helped with the revision of the draft.
ZW-Z was involved in animal keeping and several experiments performance.
X-W and GQ-Z participated in the generation, collection and interpretation
of data. GR-D was responsible for the supervision and guidance of the whole
experiment and involved in the revision of the manuscript. All authors have

read and approved the final version of manuscript.

Funding

Not applicable.

Data availability
All data generated or analysed during this study are included in this published

article.


https://doi.org/10.1186/s12964-024-01591-0
https://doi.org/10.1186/s12964-024-01591-0

Qin et al. Cell Communication and Signaling

(2024) 22:216

Declarations

Ethic approval and consent to participate
All the animal experiments in the study were approved by Animal Welfare
Committee of Air Force Medical University (IACUC-20210105).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of radiation protection medicine, School of Preventive
Medicine, Fourth Military Medical University, Xi'an 710032, China
Ministry of Education Key Lab of Hazard Assessment and Control in
Special Operational Environment, Xi'an, China

3Department of occupational & environmental health, School of Public
Health, Weifang Medical University, Weifang 261021, China

Received: 12 January 2024 / Accepted: 23 March 2024
Published online: 03 April 2024

References

1.

Greene-Schloesser D, Robbins ME. Radiation-induced cognitive impairment-
from bench to bedside. Neuro Oncol. 2012;14(Suppl 4):iv37-44.
Greene-Schloesser D, Robbins ME, Peiffer AM, et al. Radiation-induced brain
injury: a review. Front Oncol. 2012,2:73.

Turnquist C, Harris BT, Harris CC. Radiation-induced brain injury: current con-
cepts and therapeutic strategies targeting neuroinflammation. Neurooncol
Adv. 2020;2:vdaa057.

Santivasi WL, Xia F. lonizing radiation-induced DNA damage, response, and
repair. Antioxid Redox Signal. 2014;21:251-9.

Iglesias AH. Transcranial magnetic stimulation as treatment in multiple neuro-
logic conditions. Curr Neurol Neurosci Rep. 2020;20:1.

Namgung E, Kim M, Yoon S. Repetitive transcranial magnetic stimulation in
trauma-related conditions. Neuropsychiatr Dis Treat. 2019;15:701-12.
O'Reardon JP, Solvason HB, Janicak PG, et al. Efficacy and safety of transcranial
magnetic stimulation in the acute treatment of major depression: a multisite
randomized controlled trial. Biol Psychiatry. 2007,62:1208-16.

Ma Q, Geng Y, Wang HL, et al. High frequency repetitive transcranial magnetic
stimulation alleviates cognitive impairment and modulates hippocampal
synaptic structural plasticity in aged mice. Front Aging Neurosci. 2019;11:235.
Zuo C, Cao H, Ding F, et al. Neuroprotective efficacy of different levels of
high-frequency repetitive transcranial magnetic stimulation in mice with
CUMS-induced depression: involvement of the p11/BDNF/Homer1a signal-
ing pathway. J Psychiatr Res. 2020;125:152-63.

CaoH, Zuo C, Gu Z, et al. High frequency repetitive transcranial magnetic
stimulation alleviates cognitive deficits in 3XTg-AD mice by modulating the
PI3K/Akt/GLT-1 axis. Redox Biol. 2022;54:102354.

Lefaucheur JP, Aleman A, Baeken C, et al. Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation (rTMS): an
update (2014-2018). Clin Neurophysiol. 2020;131:474-528.

Li C, Sui C, Wang W, et al. Baicalin attenuates oxygen-glucose deprivation/
reoxygenation-induced injury by modulating the BDNF-TrkB/PI3K/Akt and
MAPK/Erk1/2 signaling axes in neuron-astrocyte cocultures. Front Pharmacol.
2021;12:599543.

Guo F, Lou J, Han X, et al. Repetitive transcranial magnetic stimulation ame-
liorates cognitive impairment by enhancing neurogenesis and suppressing
apoptosis in the hippocampus in rats with ischemic stroke. Front Physiol.
2017,8:559.

LuoJ, Feng Y, Li M, et al. Repetitive transcranial magnetic stimulation
improves neurological function and promotes the anti-inflammatory polar-
ization of microglia in ischemic rats. Front Cell Neurosci. 2022;16:878345.
LiuLY,QinTZ, Guo L, et al. The preventive and therapeutic effect of repetitive
transcranial magnetic stimulation on radiation-induced brain injury in mice.
Int J Radiat Biol. 2022;98:1316-29.

Guo L, QinTZ, Liu LY, et al. The abscopal effects of cranial irradiation induce
testicular damage in mice. Front Physiol. 2021;12:717571.

~

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

Page 15 of 16

He Q, Jiang L, ZhangV, et al. Anti-LINGO-1 antibody ameliorates cognitive
impairment, promotes adult hippocampal neurogenesis, and increases the
abundance of CB1R-rich CCK-GABAergic interneurons in AD mice. Neurobiol
Dis. 2021;156:105406.

Lee SW, de Rivero VJ, Truettner JS, et al. The role of microglial inflammasome
activation in pyroptotic cell death following penetrating traumatic brain
injury. J Neuroinflammation. 2019;16:27.

Liu Z,Yao X, Jiang W, et al. Advanced oxidation protein products induce
microglia-mediated neuroinflammation via MAPKs-NF-kappaB signaling
pathway and pyroptosis after secondary spinal cord injury. J Neuroinflamma-
tion. 2020;17:90.

O'Brien WT, Pham L, Symons GF, et al. The NLRP3 inflammasome in traumatic
brain injury: potential as a biomarker and therapeutic target. J Neuroinflam-
mation. 2020;17:104.

Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD by inflammatory caspases
determines pyroptotic cell death. Nature. 2015;526:660-5.

HuY,Wang B, Li S, et al. Pyroptosis, and its role in central nervous system
disease. J Mol Biol. 2022:434:167379-167379.

Figurov A, Pozzo-Miller LD, Olafsson P, et al. Regulation of synaptic responses
to high-frequency stimulation and LTP by neurotrophins in the hippocam-
pus. Nature. 1996;381:706-9.

Bramham CR, Panja D. BDNF regulation of synaptic structure, function, and
plasticity. Neuropharmacology. 2014;76 Pt C:601-2.

Lu B, Nagappan G, Lu Y. BDNF and synaptic plasticity, cognitive function, and
dysfunction. Handb Exp Pharmacol. 2014;220:223-50.

Raber J, Rola R, LeFevour A, et al. Radiation-induced cognitive impairments
are associated with changes in indicators of hippocampal neurogenesis.
Radiat Res. 2004;162:39-47.

Hwang SY, Jung JS, Kim TH, et al. lonizing radiation induces astrocyte gliosis
through microglia activation. Neurobiol Dis. 2006;21:457-67.

Burns TC, Awad AJ, Li MD, et al. Radiation-induced brain injury: low-hanging
fruit for neuroregeneration. Neurosurg Focus. 2016;40:E3.

Li YQ, Chen P, Haimovitz-Friedman A, et al. Endothelial apoptosis initiates
acute blood-brain barrier disruption after ionizing radiation. Cancer Res.
2003;63:5950-6.

Gong Y, Yang Y, Chen X, et al. Hyperoside protects against chronic mild
stress-induced learning and memory deficits. Biomed Pharmacother.
2017;91:831-40.

BegniV, Riva MA, Cattaneo A. Cellular and molecular mechanisms of the
brain-derived neurotrophic factor in physiological and pathological condi-
tions. Clin Sci (Lond). 2017;131:123-38.

Shang Y, Wang X, Li F, et al. rTMS ameliorates prenatal stress-induced cogni-
tive deficits in male-offspring rats associated with BDNF/TrkB signaling
pathway. Neurorehabil Neural Repair. 2019;33:271-83.

Liu L, JiC,Wang Y, et al. Antidepressant-like activity of L-701324 in mice:

a behavioral and neurobiological characterization. Behav Brain Res.
2021;399:113038.

Hagg T. From neurotransmitters to neurotrophic factors to neurogenesis.
Neuroscientist. 2009;15:20-7.

Heath A, Lindberg DR, Makowiecki K, et al. Medium- and high-intensity rTMS
reduces psychomotor agitation with distinct neurobiologic mechanisms.
Transl Psychiatry. 2018;8:126.

Luo J, Zheng H, Zhang L, et al. High-frequency repetitive transcranial
magnetic stimulation (rTMS) improves functional recovery by enhancing
neurogenesis and activating BDNF/TrkB signaling in ischemic rats. Int J Mol
Sci. 2017;18:455.

Shi LS, Ji CH, LiuY et al. Ginsenoside Rh2 administration produces crucial
antidepressant-like effects in a CUMS-induced mice model of depression.
Brain Behav. 2022;12.

Jiang N, Huang H, Wang H, et al. The antidepressant-like effects of Shen Yuan:
dependence on hippocampal BDNF-TrkB signaling activation in chronic
social defeat depression-like mice. Phytother Res. 2021;35:2711-26.

Jiang N, Wang H, Li C, et al. The antidepressant-like effects of the water
extract of Panax ginseng and Polygala tenuifolia are mediated via the BDNF-
TrkB signaling pathway and neurogenesis in the hippocampus. J Ethnophar-
macol. 2021;267:113625.

Pei W, Meng F, Deng Q, et al. Electroacupuncture promotes the survival

and synaptic plasticity of hippocampal neurons and improvement of sleep
deprivation-induced spatial memory impairment. CNS Neurosci Ther.
2021;27:1472-82.

Chen XQ Li CF, Chen SJ, et al. The antidepressant-like effects of Chaihu
Shugan San: dependent on the hippocampal BDNF-TrkB-ERK/Akt signaling



Qin et al. Cell Communication and Signaling

42.

43,
44,

45.

46.

47.

48.

49.

50.

(2024) 22:216

activation in perimenopausal depression-like rats. Biomed Pharmacother.
2018;105:45-52.

Coll RC, Schroder K, Pelegrin P.NLRP3 and pyroptosis blockers for treating
inflammatory diseases. Trends Pharmacol Sci. 2022;43:653-68.

Vande WL, Lamkanfi M. Pyroptosis. Curr Biol. 2016;26:R568-72.

Walsh JG, Muruve DA, Power C. Inflammasomes in the CNS. Nat Rev Neurosci.

2014;15:84-97.

Shemer A, Erny D, Jung S, et al. Microglia plasticity during health and disease:
an immunological perspective. Trends Immunol. 2015;36:614-24.

Yang F,Wang Z, Wei X, et al. NLRP3 deficiency ameliorates neurovascu-

lar damage in experimental ischemic stroke. J Cereb Blood Flow Metab.
2014,34:660-7.

Dempsey C, Rubio AA, Bryson KJ, et al. Inhibiting the NLRP3 inflammasome
with MCC950 promotes non-phlogistic clearance of amyloid-B and cognitive
function in APP/PST mice. Brain Behav Immun. 2017;61:306-16.

Voet S, Mc GC, Hagemeyer N, et al. A20 critically controls microglia activation
and inhibits inflammasome-dependent neuroinflammation. Nat Commun.
2018,9:2036.

Li X, Zhang Y, Li B, et al. Activation of NLRP3 in microglia exacerbates diesel
exhaust particles-induced impairment in learning and memory in mice.
Environ Int. 2020;136:105487.

ZhouY, Zhang Y, Wang H, et al. Microglial pyroptosis in hippocampus medi-
ates sevolfurane-induced cognitive impairment in aged mice via ROS-NLRP3
inflammasome pathway. Int Immunopharmacol. 2023;116:109725.

Fan, Du L, Fu Q, et al. Inhibiting the NLRP3 inflammasome with MCC950
ameliorates isoflurane-Induced pyroptosis and cognitive impairment in aged
mice. Front Cell Neurosci. 2018;12:426.

52.

53.

54.

55.

56.

57.

58.

Page 16 of 16

Tartt AN, Mariani MB, Hen R, et al. Dysregulation of adult hippocampal neu-
roplasticity in major depression: pathogenesis and therapeutic implications.
Mol Psychiatry. 2022,27:2689-99.

Zhen W, Zhen H, Wang Y, et al. Mechanism of ERK/CREB pathway in pain and
analgesia. Front Mol Neurosci. 2023;16:1156674.

Yang P, Leu D, Ye K, et al. Cognitive impairments following cranial irradiation
can be mitigated by treatment with a tropomyosin receptor kinase B agonist.
Exp Neurol. 2016;279:178-86.

Ma J, Zhang Z, Su 'Y, et al. Magnetic stimulation modulates structural synaptic
plasticity and regulates BDNF-TrkB signal pathway in cultured hippocampal
neurons. Neurochem Int. 2013;62:84-91.

Ma J, Zhang Z,Kang L, et al. Repetitive transcranial magnetic stimulation
(rTMS) influences spatial cognition and modulates hippocampal structural
synaptic plasticity in aging mice. Exp Gerontol. 2014;58:256-68.

Segal M. Dendritic spines, synaptic plasticity and neuronal survival: activ-

ity shapes dendritic spines to enhance neuronal viability. Eur J Neurosci.
2010;31:2178-84.

Zhai B, Fu J, Xiang S, et al. Repetitive transcranial magnetic stimulation ame-
liorates recognition memory impairment induced by hindlimb unloading in
mice associated with BDNF/TrkB signaling. Neurosci Res. 2020;153:40-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Repetitive transcranial magnetic stimulation ameliorates cognitive deficits in mice with radiation-induced brain injury by attenuating microglial pyroptosis and promoting neurogenesis via BDNF pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Cranial irradiation and rTMS intervention protocol
	﻿Chemicals and treatment
	﻿Behavioral tests
	﻿Morris water maze (MWM)
	﻿Open field test (OFT)
	﻿Elevated plus-maze test (EPM)


	﻿Immunofluorescence (IF) staining
	﻿Immunohistochemistry (IHC) staining
	﻿Western blotting analysis
	﻿Golgi staining
	﻿Statistical analysis
	﻿Results
	﻿rTMS promoted hippocampal neurogenesis in RIBI mice
	﻿rTMS attenuated neuroinflammation in RIBI mice via reducing NLRP3 inflammasome-induced microglial pyroptosis
	﻿rTMS activated BDNF signaling pathway after cranial irradiation
	﻿rTMS mediated cognitive function and anxiety-like behavior in RIBI mice through BDNF pathway
	﻿rTMS regulated hippocampal neurogenesis through BDNF pathway
	﻿rTMS mitigated microglial pyroptosis through BDNF pathway
	﻿rTMS enhanced synaptic plasticity through BDNF pathway

	﻿Discussion
	﻿Conclusion
	﻿References


