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Abstract
Spinal cord injury (SCI) is a severe condition with an extremely high disability rate. It is mainly manifested as the 
loss of motor, sensory and autonomic nerve functions below the injury site. High-frequency transcranial magnetic 
stimulation, a recently developed neuromodulation method, can increase motor function in mice with spinal cord 
injury. This study aimed to explore the possible mechanism by which transcranial magnetic stimulation (TMS) 
restores motor function after SCI. A complete T8 transection model of the spinal cord was established in mice, 
and the mice were treated daily with 15 Hz high-frequency transcranial magnetic stimulation. The BMS was used 
to evaluate the motor function of the mice after SCI. Western blotting and immunofluorescence were used to 
detect the expression of Connexin43 (CX43) and autophagy-related proteins in vivo and in vitro, and correlation 
analysis was performed to study the relationships among autophagy, CX43 and motor function recovery after 
SCI in mice. Western blotting was used to observe the effect of magnetic stimulation on the expression of mTOR 
pathway members. In the control group, the expression of CX43 was significantly decreased, and the expression 
of microtubule-associated protein 1 A/1b light chain 3 (LC3II) and P62 was significantly increased after 4 weeks of 
spinal cord transection. After high-frequency magnetic stimulation, the level of CX43 decreased, and the levels of 
LC3II and P62 increased in primary astrocytes. The BMS of the magnetic stimulation group was greater than that 
of the control group. High-frequency magnetic stimulation can inhibit the expression of CX43, which negatively 
regulates autophagic flux. HF-rTMS increased the expression levels of mTOR, p-mTOR and p-S6. Our experiments 
showed that rTMS can restore hindlimb motor function in mice after spinal cord injury via regulation of the Cx43-
autophagy loop and activation of the mTOR signalling pathway.
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Introduction
Spinal cord injury (SCI) refers to temporary or perma-
nent changes in the spinal cord. It has the characteris-
tics of high morbidity, high cost and high disability [1]. 
SCI can be caused by high-intensity trauma, such as 
traffic accidents, falls, or violent injuries, or by infec-
tion, tumours, degenerative spinal diseases or vascular 
causes. Severe spinal cord injury places great physical, 
psychological and economic burdens on patients and 
their families [2]. However, there are currently no effec-
tive therapeutic options for SCI in the clinical setting. 
Indeed, the precise mechanism through which astrocytes 
are injured in SCI is largely unclear.

Repetitive transcranial magnetic stimulation (rTMS), a 
noninvasive technology, has obvious therapeutic poten-
tial for treating SCI [3]. The principle of rTMS for the 
treatment of SCI is rapid electromagnetic conversion. 
During rTMS treatment, nerve cells cause a series of 
physiological and biochemical reactions. The reactions 
are influenced by various stimulatory parameters, such 
as intensity, frequency and site, which could also guide 
therapeutic strategies [4]. In Parkinson’s disease, motor 
function can be improved by rTMS [5]. In the treatment 
of depression with rTMS, the p11/BDNF/Homer1a sig-
nalling pathway is involved [6]; and in vascular dementia, 
autophagic flux is activated by rTMS [7]. However, the 
molecular mechanisms underlying the effects of rTMS-
based therapy on SCI are not well understood. Therefore, 
this study aimed to observe the therapeutic effects of 
rTMS on SCI and the related mechanisms.

Autophagy is a major catabolic pathway for the cellular 
degradation and recycling of macromolecules and organ-
elles in mammals. Its main role is to remove damaged 
organelles, degrade proteins, and reestablish intracellu-
lar metabolism to maintain intracellular homeostasis and 
health [8]. Autophagic flux is impaired after SCI, and the 
dynamic balance of autophagic flow is disrupted, lead-
ing to autophagy stress and the accumulation of numer-
ous oxidative stress products to accelerate cell apoptosis 
[9]. Recent studies have demonstrated that gap junction 
protein 43 (connexin43, Cx43) protects embryos from 
reactive oxygen species (ROS)-induced autophagic stress 
and apoptosis, maintaining the mitochondrial membrane 
potential and production of ATP [10], while baclofen can 
enhance protective autophagy [11] by downregulating 
the expression of Cx43 on cells and mitochondrial sur-
faces. These findings indicate that Cx43 regulates autoph-
agy during oxidative stress.

After complete transection of the adult mouse spinal 
cord, the expression levels of Cx43 mRNA and protein 
on astrocytes are increased within a few hours, especially 
in the grey matter rostra at 4 weeks after injury, reach-
ing more than three times the normal levels [12]. Cx43 
is the basic functional protein of gap junctions (GJs)/

hemichannels (HDs) and plays an important role in 
information transfer and material transport between 
astrocytes and neurons. Several studies have shown that 
the downregulation of Cx43 expression by a Cx43 inhibi-
tor or other drugs can reduce cerebral infarction volume, 
protect neurons, and promote neurological function 
recovery [13]. Studies have shown that magnetic stimu-
lation can affect a variety of proteins on and outside the 
membrane, which can affect the normal physiological 
functions of cell membrane receptors, enzymes and ion 
channels, as well as DNA synthesis, RNA transcription 
and cell proliferation [14]. However, how does rTMS 
affect Cx43 levels after SCI? How will it affect astrocytes 
after SCI? To date, no reports on this topic exist. This 
paper intends to conduct further in-depth research on 
this topic.

Materials and methods
Animals and surgeries
All animal procedures were approved by the Suzhou 
Institute of Biomedical Engineering and Technology 
Guidelines for the Care and Use of Experimental Ani-
mals. All male C57BL/6J mice (6–8 weeks, 22–26 g) were 
housed in a specific pathogen–free animal facility with 
free access to food and water. The mice were divided into 
four groups: (1) the normal group, (2) the SCI group, (3) 
the sham-rTMS group, and (4) the rTMS group. The lat-
ter three groups of mice were subjected to surgery at the 
age of 8–10 weeks and anaesthetized with pentobarbital 
(40  mg/kg, i.p.). Afterwards, complete spinal T10 tran-
section was performed. During this operation, a needle 
was pressed against the lateral and ventral sides of the 
vertebral cavity for completeness of the lesion. Finally, 
urine was collected twice daily until the mice were sac-
rificed. The operator was blinded to the group allocation.

Repetitive transcranial magnetic stimulation
The rTMS equipment (MagNeuro, VISHEE, China) was 
connected to a 100-mm outer wing diameter that was a 
figure-of-eight coil. The rTMS intervention began 48  h 
after modelling. To ensure effectiveness, the mice were 
placed in plastic containers after waking up from surgery, 
and the electrical equipment in the room was minimized. 
Then, the heads of the mice were placed under the centre 
of the coil. The resting motor threshold (RMT), the min-
imum stimulus intensity that elicits a hind limb twitch, 
was determined by monitoring the muscle contraction 
elicited by a single TMS pulse. The minimum stimulation 
intensity output (100% RMT) was used as the reference 
during the treatment after surgery [15]. This was typi-
cally approximately 40% of the maximum stimulus out-
put. Each experimental animal received a daily HF-rTMS 
session consisting of 2400 pulses. The parameters were 
as follows: 15  Hz, 80% RMT, 10 pulses per string, 20  s 
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intervals, 20 strings each time, once a day and six courses 
a week for 6 weeks. The mice in the sham-rTMS group 
were exposed to the device, but the head was perpendic-
ular to the coil (Fig. 3A).

Motor evoked potential (MEP) test
The MEP was measured in each mouse 6 weeks after SCI. 
Briefly, the mice were anaesthetized. Needle electrodes 
were used for both stimulating and receiving electrodes. 
The stimulating electrode was inserted under the skull 
into the motor cortex, and the recording electrode was 
placed on the tibialis anterior muscle. The motor cortex 
was stimulated with the BIOPAC MP150 system (Biopac 
Systems Inc., USA), the stimulation intensity was 9 V, the 
stimulation frequency was 1  Hz, the stimulation pulse 
width was 0.2 ms, and the MEP signals of the right hind 
limbs were recorded using Biopac Acknowledge 4.3 soft-
ware. We continuously recorded the amplitude of the 
MEP 20 times.

Cell culture
Isolation and culture of primary astrocytes
Foetal mice (gestational age 14–16 days) were obtained, 
and the spinal cord was dissected under a microscope 
and placed in a small glass Petri dish (with PBS). After 
the surface capsule of the spinal cord was stripped under 
a microscope, the spinal cord tissue was cut into pieces, 
0.25% trypsin was added, and the tissue was digested for 
15–20 min. The digested tissue was mixed with a pipette, 
filtered and centrifuged for 5 min, after which the super-
natant was discarded. The cells were then resuspended 
in PBS and centrifuged for 5 min, after which the super-
natant was discarded. The tissues were added to DMEM 
containing FBS, which stopped the digestion process. The 
solution was allowed to rest for 10 min (the termination 
time could be extended) until the small granular tissue 
on the tube wall had completely settled before mixing. 
After mixing the tissue solution with a pipette, filtration 
and centrifugation were performed, and the solution was 
added to cell culture plates coated with poly-L-lysine in 
culture flasks or Petri dishes one day ahead of time. The 
plates were placed in an incubator, and the solution was 
changed every three days. The plates were removed to 
determine the cell density under a microscope.

Protocol for magnetic stimulation of astrocytes
The rTMS device was connected to a standard 70  mm 
outer wing diameter double, which was a circular coil 
with a frequency of 15  Hz [16]. Approximately 2 × 105 
cells were included in each dish. Astrocytes were ran-
domly divided into two groups: (1) the sham stimulation 
group and (2) the magnetic stimulation group. The Petri 
dish was placed below the coil at a distance of 1.0  cm 
from the dish. The stimuli consisted of 20 strings of 100 

pulses at 15 Hz (2 s per string) with a stimulus intensity 
of 0.5 T and a 58 s interval between each string to allow 
effective cooling of the coil. rTMS was applied for 20 min 
once a day for 7 consecutive days. The normal group 
did not receive magnetic stimulation, and the sham 
group cells were exposed to the device without active 
stimulation.

Immunohistochemistry
The cells were fixed with absolute methanol for 20 min, 
permeabilized with 0.1% Triton X-100 for 20  min, and 
blocked for 1  h in 0.1% phosphate buffer (PBS)-Tween 
containing 1% bovine serum albumin (BSA), 10% FBS, 
and 0.3  M glycine. Primary antibodies against Cx43, 
1:400, CST 104,224; LC3II, 1:300, CST, 43,566; P62, CST, 
23,214; 1:300) were added and incubated overnight, and 
secondary antibodies (Alexa Cy3-conjugated anti-mouse 
IgG, 1:500) were subsequently added. The cells were visu-
alized under a Zeiss LSM900 confocal microscope and 
quantified by ImageJ (NIH). At least 60 cells per group 
were analysed.

Mice were sacrificed in the sixth week after SCI and 
then perfused with 4% paraformaldehyde overnight at 
4  °C. The spinal cord segments were transferred to 20% 
sucrose for 8  h and 30% sucrose for another 18  h, after 
which the tissues around the lesion were embedded in 
OCT. Then, the tissues were sectioned (30 μm) and incu-
bated overnight at 4  °C with primary antibodies (GFAP, 
Abcam, 7260; Cx43, CST, 104,224; LC3II, CST, 43,566; 
P62, CST, 23,214; p-S6, Cell Signaling, 2215; p-mTOR, 
5536; mTOR, 2983, Cell Signaling; Dapi, Sigma, D9542) 
overnight at 4  °C and then with Alexa 488- or 555-con-
jugated secondary antibodies (Abcam, ab150081; 
ab150110) overnight at 4 °C.

Western blotting
The length of the spinal cord was approximately 1  mm, 
and the lesion scar was located. Spinal cord and cell 
samples were subjected to sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS‒PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes. 
The blots were incubated with primary antibodies and 
secondary antibodies overnight at 4  °C. After that, the 
blots were developed with enhanced chemiluminescence 
(ECL) and visualized using ImageLab™ software.

Behavioural analysis
The Basso Mouse Scale (BMS) open field locomotion 
rating scale was used to assess locomotion from pre-
operation to 4 weeks postinjury. This process was evalu-
ated by two researchers who were blinded to the group 
allocation.
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Fig. 1 A. Changes in Cx43 immunofluorescence in astrocytes before and after magnetic stimulation. Its expression was downregulated in the HF-TMS 
group. B, C. Changes in the expression of autophagy markers (LC3 and P62) in astrocytes before and after magnetic stimulation. Scale bars, 200 μm. D, 
E, and F. Analysis of the mean fluorescence intensity of CX43, LC3, and P62. **P < 0.01, ***P < 0.005; one-way ANOVA followed by Dunnett’s multiple test. 
n = 6 mice per group
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Statistical analysis
The data are shown as the means ± SEMs and were ana-
lysed using GraphPad Prism 8.01. Student’s t test was 
used for single comparisons between two groups. The 
BMSs were analysed using two-way ANOVA followed 
by Dunnett’s multiple comparison test. Other data were 
analysed using one-way ANOVA followed by Dunnett’s 
multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, 
or no significant difference (NS) denote the significance 
thresholds.

Results
HF-rTMS inhibited Cx43 expression and negatively 
regulated autophagic flux in astrocytes
CX43 is expressed mainly on the membrane of astrocytes 
in the nervous system, so we investigated the effect of 
high-frequency repetitive transcranial magnetic stimu-
lation on the expression of CX43 on primary astrocytes. 
Studies have shown that HF-rTMS significantly reduces 
Cx43 expression on astrocytes. To verify the relationship 
between autophagy flux and autophagy, immunofluores-
cence and western blotting were used to determine the 
levels of autophagy markers (LC3 and P62). (Figures 1B 

and C and 2A) The results showed that the LC3II and p62 
expression levels were significantly increased in astro-
cytes after HF-rTMS treatment, indicating that Cx43 
may play a role in regulating autophagic flux.

HF-rTMS increased the BMS and improved 
electrophysiological parameters after SCI
We used glial fibrillary acidic protein (GFAP), a marker of 
astrocytes, to outline the borders of the lesion (Fig. 3B). 
GFAP staining showed that our model was success-
fully constructed. In this study, locomotor function in 
the open field test was measured by the BMS. Among 
the SCI group mice, sham group mice and rTMS group 
mice, hindlimb stretching function was severely impaired 
for the first week after injury and slightly improved over 
time. Notably, the mice in the rTMS group had greater 
BMSs than those in the sham-SCI group at 28 days 
postinjury (P < 0.05) (Fig.  3C). To further evaluate the 
treatment effect, electrophysiological transmission was 
measured at 28 days after injury. Compared with those 
of the normal group mice, the latencies of the SCI group 
mice were prolonged, and the amplitudes of the laten-
cies were significantly reduced (P < 0.001) (Fig. 3D-F). In 

Fig. 2 A. B. C. D. Western blot analysis and quantification of the levels of Cx43, P62 and LC3 in astrocytes before and after magnetic stimulation. One-way 
ANOVA followed by Dunnett’s multiple range test was used. *P < 0.05, **P < 0.01. n = 4 mice per group
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Fig. 3 Changes in the BMSs and electrophysiological indicators of SCI model mice after rTMS. A, Diagram showing rTMS-treated mice after SCI. B, GFAP-
positive astrocytes at lesion borders in mice after SCI. Scale bar = 400 μm. C, Time course of the change in the BMS after complete spinal cord transection. 
*P < 0.05; two-way ANOVA followed by Dunnett’s multiple test. n = 9 mice per group. D, MEPs in the four groups were recorded, and electrophysiological 
responses were recorded at 28 days postinjury. E-F, The latencies and amplitudes were analysed and quantified in each group. *P < 0.05, **P < 0.01 and 
***P < 0.001; one-way ANOVA followed by Dunnett’s multiple test. n = 5 mice per group
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Fig. 4 A. Changes in the expression of Cx43 by immunofluorescence in the lesion area of the spinal cord before and after magnetic stimulation. Its ex-
pression was downregulated in the HF-TMS group. B, C. Changes in the expression of autophagy markers (LC3 and P62) in the lesion area before and after 
magnetic stimulation. Scale bars, 500 μm. D, E, and F. Analysis of the mean fluorescence intensity of CX43, LC3, and P62 (n = 6). **P < 0.01, ***P < 0.005; 
one-way ANOVA followed by Dunnett’s multiple range test
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contrast, evoked responses were restored in the rTMS 
group. The latencies were decreased, and the amplitudes 
were significantly increased (P < 0.05) (Fig. 3D-F).

HF-rTMS inhibited the expression of CX43 in the scar after 
spinal cord injury and negatively regulated autophagic 
flux in mice
To investigate the relationship between HF-rTMS and 
Cx43 and autophagy in mice with spinal cord injury 
(SCI). Immunofluorescence and Western blot analysis of 
Cx43, LC3, and P62 were performed on the scar tissue 
from the injured spinal cord. Notably, the expression of 
Cx43 in the spinal cords of SCI model mice treated with 
HF-rTMS was significantly lower than that in the spinal 
cords of sham-treated mice (Figs. 3A and 4A). However, 
the levels of LC3 and P62 were significantly increased 
(Figs. 3B and C and 4A). Thus, Cx43 inhibition increases 
autophagic flux in the spinal cords of SCI model mice 
(Fig. 5).

HF-rTMS can regulate autophagic flux in the spinal cord of 
SCI mice by enhancing the mTOR signalling pathway
To investigate whether mTOR signalling is involved in 
the regulation of autophagic flux by HF-rTMS in vivo, we 
measured the level of mTOR. Western blotting revealed 

that the p-mTOR/mTOR protein ratio was significantly 
increased in the spinal cords of mice with SCI after HF-
rTMS treatment (Fig.  6A B  and C). Therefore, activa-
tion of the mTOR pathway may negatively promote the 
autophagic flow regulated by Cx43.

Discussion
Little is known about the molecular signals involved in 
functional recovery after SCI. In this study, we observed 
that motor function increased and electrophysiologi-
cal indicators improved after HF-rTMS. However, the 
mechanism by which HF-rTMS ameliorates spinal cord 
injury is unclear. Impaired autophagy appears to play a 
key role in the course of spinal cord injury [17]. Recently, 
Cx43 has been reported to be involved in the process 
of autophagy [18, 19]. However, whether Cx43 plays a 
role in autophagy in SCI remains largely unknown. The 
present study suggested that HF-rTMS can decrease 
Cx43 expression in astrocytes and may negatively regu-
late autophagic flux. Inhibition of Cx43 expression can 
improve impaired autophagy flux and promote motor 
function and electrical conduction in the corticospinal 
tracts of SCI model mice by activating the mTOR path-
way. These findings may help to further the understand-
ing of the mechanism of magnetic stimulation therapy for 

Fig. 5 A. B. C. D. Western blot analysis and quantification of the levels of Cx43, P62 and LC3 in the lesion area before and after magnetic stimulation. 
One-way ANOVA followed by Dunnett’s multiple range test was used. *P < 0.05, **P < 0.01. n = 4 mice per group
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spinal cord injury and provide new therapeutic targets 
for treating spinal cord injury.

Autophagy (“self-feeding”) is a tightly regulated process 
that delivers senescent intracellular components to lyso-
somes for degradation to maintain intracellular homeo-
stasis [20, 21]. Recent studies have shown that autophagy 
regulation is closely related to human health [22]. After 
SCI, an inhibitory microenvironment is formed in the 
lesion area, and adult neurons exhibit poor intrinsic 
growth potential [23, 24]. After SCI, autophagic flux 
is impaired, and the accumulation of a large number of 
oxidative stress products accelerates apoptosis [10, 11]. 
Furthermore, Cx43 has been shown to protect embryos 
from reactive oxygen species (ROS)-induced autopha-
gic stress and apoptosis to ensure the maintenance of 
mitochondrial membrane potential and ATP produc-
tion, while baclofen can promote protective autophagy 
by downregulating Cx43 expression on cell and mito-
chondrial membranes [25]. These results suggest that the 
regulation of Cx43 and autophagy is closely related to 
the process of oxidative stress and that the relationship 
between Cx43 and autophagy flux after SCI may strongly 

affect recovery after SCI. The in vitro and in vivo data of 
the present study suggest that Cx43 expression is signifi-
cantly elevated after SCI, which may contribute to fur-
ther development of SCI. Interestingly, after HF-rTMS 
intervention, the expression of Cx43 in astrocytes and 
spinal cord injury sites was significantly inhibited, while 
the impaired autophagy flux was significantly abrogated, 
indicating that Cx43 is partially involved in the pathogen-
esis and progression of SCI. Targeting impaired autoph-
agy flux represents a new mechanism of rTMS that 
mediates the effect of Cx43 on SCI. However, the exact 
regulatory mechanism of rTMS on the Cx43-autophagy 
loop has not been fully elucidated, and more studies are 
still needed to clarify this mechanism.

The main principle of rTMS technology is to use a 
time-varying current to produce a time-varying inten-
sity pulse when it passes through a coil. Magnetic pulses 
can produce spatially distributed voltage differences and 
stimulate central nervous system (CNS) tissue in the 
body [26]. In animal models of stroke, rTMS technology 
can promote nerve sprouting and synaptic remodelling, 
extend the information processing of the cerebral cortex 

Fig. 6 rTMS increased the level of mTOR after SCI. A. B. C. Western blot analysis and quantification of the levels of p-mTOR/mTOR and p-S6 in the lesion 
area at 28 days postinjury. *P < 0.05 and ***P < 0.001; one-way ANOVA followed by Dunnett’s multiple range test. n = 6 mice per group
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and related distant areas, and adjust the time course of 
neural reflexes, thus enhancing the function of the neural 
network and ultimately improving the clinical symptoms 
of the model animals [27]. SCI can trigger the activa-
tion and proliferation of astrocytes, resulting in changes 
in their phenotype and morphology. Previous stud-
ies [28] suggested that the activation and proliferation 
of astrocytes could inhibit axon regeneration and hin-
der the recovery of nerve function during injured spinal 
cord repair. Recently, it has been reported that the early 
application of magnetic stimulation can inhibit the acti-
vation of astrocytes, reduce the formation of glial scars 
in the spinal cord injury area, and promote the recov-
ery of motor function [29]. More importantly, TMS can 
inhibit the autophagic activity of neurons in the penum-
bra region of infarcted rats and promote the recovery of 
neurological function after cerebral infarction [30]. This 
finding is similar to the results of our study.

mTOR is a well-known biological factor that regulates 
cell metabolism, growth, and proliferation in response 
to multiple triggers. Deregulation of mTOR signalling, 
which plays a key role in regulating autophagy, has been 
reported in many human diseases, including diabetes, 
neurodegenerative diseases, and cancer [31]. A study 
revealed that the mTOR signalling pathway could pro-
mote axon regeneration [32]. Electrophysiological tech-
niques further demonstrated that the activation of mTOR 
facilitates the transmission of information. These results 
proved that rTMS increased the expression of mTOR and 
promoted functional recovery.

Molecular biology experiments have proven that rTMS 
can regulate synaptic plasticity. In the external envi-
ronment, synaptic plasticity occurs, and neurons may 
undergo adaptive changes to maintain their relative sta-
bility and synaptic transmission efficiency [33, 34]. After 
SCI, synapses are damaged due to direct injury, the 
release of inflammatory factors, and the induction of oxi-
dative stress [35, 36]. Studies have shown that regulating 
synaptic plasticity can significantly alleviate dysfunction 
after SCI [37]. In the future, we will explore the mecha-
nism by which rTMS regulates synaptic plasticity after 
SCI.

In conclusion, this study identified and revealed a pre-
viously unknown underlying mechanism by which TMS 
improves SCI. Studies have confirmed that HF-rTMS can 
inhibit the expression of Cx43 on the membrane of astro-
cytes and negatively regulate autophagy by activating the 
mTOR signalling pathway in spinal cord tissue to pro-
mote recovery after SCI. Therefore, the Cx43-autophagy 
loop may be a mechanism by which rTMS improves neu-
rological function.

Acknowledgements
We sincerely thank Professor Liuyao Bo’s team at the Neuroscience Research 
Institute of Soochow University for their support of our research.

Author contributions
Z.L., X.Z., and S.Z. prepared the manuscript and performed the experiments. 
W.X. and T.H. collected the data and performed the statistical analysis. S.M 
supervised the project and edited the manuscript. All authors reviewed the 
manuscript.

Funding
No datasets were generated or analysed during the current study.

Data availability
The data presented in this article can be obtained from the corresponding 
author upon reasonable request.

Declarations

Conflict of interest
The authors declare no competing interests.

Received: 8 May 2024 / Accepted: 25 June 2024

References
1. Spinal Cord Injury (SCI). 2016. Facts and figures at a glance. J. Spinal Cord 

Med. 39, 493–494 (2016).
2. Muller-Jensen L, et al. Clinical presentation and causes of non-traumatic spi-

nal cord injury: an observational study in emergency patients. Front Neurol. 
2021;12:701927.

3. Kumru H, Kofler M, Valls-Sole J, Vidal J. Brainstem reflex excitability after high-
frequency repetitive transcranial magnetic stimulation in healthy and spinal 
cord injury subjects. Brain Res Bull. 2019;147:86–91.

4. Wang X, Zhou X, Bao J, Chen Z, Tang J, Gong X, et al. High-frequency repeti-
tive transcranial magnetic stimulation mediates Autophagy Flux in Human 
Bone mesenchymal stromal cells via NMDA Receptor-Ca(2+)-Extracellular 
Signal-regulated kinase-mammalian target of Rapamycin Signaling. Front 
NeuroSci. 2019;13:1225.

5. Yang J, Liang R, Wang L, Zheng C, Xiao X, Ming D. Repetitive Transcranial 
Magnetic Stimulation (rTMS) improves the Gait disorders of rats under 
simulated microgravity conditions Associated with the regulation of Motor 
Cortex. Front Physiol. 2021;12:587515.

6. Zuo C, Cao H, Ding F, Zhao J, Huang Y, Li G, 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 signaling pathway. J Psychiatr Res. 2020;125:152–63.

7. Wang F, Zhang C, Hou S, Geng X. Synergistic effects of mesenchymal stem 
cell transplantation and Repetitive Transcranial Magnetic Stimulation on 
promoting autophagy and synaptic plasticity in vascular dementia. Journals 
Gerontol Ser Biol Sci Med Sci. 2019;74(9):1341–50.

8. Zhou X, Lee YK, Li X, Kim H, Sanchez-Priego C, Han X, Tan H, Zhou S, Fu Y, 
Purtell K, Wang Q, Holstein GR, Tang B, Peng J, Yang N, Yue Z. Integrated pro-
teomics reveals autophagy landscape and an autophagy receptor controlling 
PKA-RI complex homeostasis in neurons. Nat Commun. 2024;15(1):3113.

9. Wu J, Lipinski MM. Autophagy in Neurotrauma: good, bad, or Dysregulated. 
Cells. 2019;10(7):693–8.

10. Kim Sang-Nam,Kwon Hyun-Jung,Im Seo-Woo et al. Connexin 43 is required 
for the maintenance of mitochondrial integrity in brown adipose tissue[J]. Sci 
Rep.2017, 7: 7159.

11. Hyder Pottoo F, Salahuddin M, Khan FA, Albaqshi BT, Gomaa MS, Abdulla 
FS, AlHajri N, Alomary MN. Trio-Drug Combination of Sodium Valproate, 
Baclofen and Thymoquinone exhibits Synergistic Anticonvulsant effects 
in rats and Neuro-Protective effects in HEK-293 cells. Curr Issues Mol Biol. 
2022;44(10):4350–66.

12. Abou-Mrad Z, Alomari SO, Bsat S, Moussalem CK, Alok K, El Houshiemy MN, 
Alomari AO, Minassian GB, Omeis IA. Role of connexins in spinal cord injury: 
an update. Clin Neurol Neurosurg. 2020;197(10):102–6.

13. Freitas-Andrade M, Wang N, Bechberger JF, De Bock M, Lampe PD, Leybaert 
L, Naus CC. Targeting MAPK phosphorylation of Connexin43 provides neuro-
protection in stroke. J Exp Med. 2019;216(4):916–35.

14. Walther S, Alexaki D, Weiss F, Baumann-Gama D, Kyrou A, Nuoffer MG, Wüt-
hrich F, Lefebvre S, Nadesalingam N. Psychomotor slowing in psychosis and 



Page 11 of 11Zhang et al. Journal of Orthopaedic Surgery and Research          (2024) 19:387 

inhibitory repetitive transcranial magnetic stimulation: a Randomized Clinical 
Trial. JAMA Psychiatry 2024 Feb 28:e240026.

15. Boato F, Guan X, Zhu Y, Ryu Y, Voutounou M, Rynne C, Freschlin CR, Zumbo 
P, Betel D, Matho K, Makarov SN, Wu Z, Son YJ, Nummenmaa A, Huang JZ, 
Edwards DJ, Zhong J. Activation of MAP2K signaling by genetic engineering 
or HF-rTMS promotes corticospinal axon sprouting and functional regenera-
tion. Sci Transl Med. 2023;15(677):eabq6885.

16. Wang X, Zhou X, Bao J, Chen Z, Tang J, Gong X, Ni J, Fang Q, Liu Y, Su M. High-
frequency repetitive transcranial magnetic stimulation mediates Autophagy 
Flux in Human Bone mesenchymal stromal cells via NMDA Receptor-Ca2+-
Extracellular Signal-regulated kinase-mammalian target of Rapamycin Signal-
ing. Front Neurosci. 2019;13:1225.

17. Rong Y, Fan J, Ji C, Wang Z, Ge X, Wang J, Ye W, Yin G, Cai W, Liu W. USP11 
regulates autophagy-dependent ferroptosis after spinal cord ischemia-
reperfusion injury by deubiquitinating beclin 1. Cell Death Differ. 
2022;29(6):1164–75.

18. Lee SY, Fontana F, Sugatani T, Portales Castillo I, Leanza G, Coler-Reilly A, 
Civitelli R. Connexin43 in mesenchymal lineage cells regulates body adiposity 
and energy metabolism in mice. JCI Insight. 2024;9(6):e170016.

19. Ji J, Zhao Y, Na C, Yang M, Zhu X, Shi H, Gan W, Zhang A. Connexin 43autoph-
agy loop in the podocyte injury of diabetic nephropathy. Int J Mol Med. 
2019;44(5):1781–8.

20. Zeng J, Acin-Perez R, Assali EA, Martin A, Brownstein AJ, Petcherski A, 
Fernández-Del-Rio L, Xiao R, Lo CH, Shum M, Liesa M, Han X, Shirihai OS, 
Grinstaff MW. Restoration of lysosomal acidification rescues autophagy and 
metabolic dysfunction in non-alcoholic fatty liver disease. Nat Commun. 
2023;14(1):2573.

21. Deng Z, Zhao L, Li S, Chen X, Ling X, Zheng J, Yu K, Xu J, Yao C, Han S, Liang 
J, Feng H, Wu L, Li P, Tian R, Jing T, Tang Y, Dai Y, Yan M, Wang C, Li Z, Zhou Z. 
Targeting dysregulated phago-/auto-lysosomes in sertoli cells to ameliorate 
late-onset hypogonadism. Nat Aging. 2024 Apr 22.

22. Kim KH, Oprescu SN, Snyder MM, Kim A, Jia Z, Yue F, Kuang S. PRMT5 medi-
ates FoxO1 methylation and subcellular localization to regulate lipophagy in 
myogenic progenitors. Cell Rep. 2023;42(11):113329.

23. Tian T, Zhang S, Yang M. Recent progress and challenges in the treatment of 
spinal cord injury. Protein Cell. 2023;14(9):635–52. https://doi.org/10.1093/
procel/pwad003.

24. Xue W, Zhao Y, Xiao Z, Wu X, Ma D, Han J, et al. Epidermal growth factor 
receptor-extracellular-regulated kinase blockade upregulates TRIM32 signal-
ing cascade and promotes neurogenesis after spinal cord injury. Stem Cells. 
2020;38(1):118–33.

25. Lee SY, Fontana F, Sugatani T, Castillo IP, Leanza G, Coler-Reilly A, Civitelli R. 
Connexin43 in mesenchymal lineage cells regulates body adiposity and 
energy metabolism in mice. bioRxiv [Preprint]. 2024 Jan 7:2024.01.05.574415.

26. Klomjai W, Katz R, Lackmy-Vallée A. Basic principles of transcranial magnetic 
stimulation (TMS) and repetitive TMS (rTMS). Ann Phys Rehabil Med. 
2015;58(4):208–13.

27. Shang Yingchun,Wang Xin,Li Fangjuan. rTMS ameliorates prenatal stress-
Induced Cognitive deficits in male-offspring rats Associated with BDNF/TrkB 
signaling pathway.[J].Neurorehabil neural repair, 2019, 33: 271–83.

28. Anderson MA, O’Shea TM, Burda JE, Ao Y, Barlatey SL, Bernstein AM, Kim JH, 
James ND, Rogers A, Kato B, Wollenberg AL, Kawaguchi R, Coppola G, Wang 
C, Deming TJ, He Z, Courtine G, Sofroniew MV. Required growth facilita-
tors propel axon regeneration across complete spinal cord injury. Nature. 
2018;561(7723):396–400.

29. Zhao D, Zhang Y, Zheng Y, Li XT, Sun CC, Yang Q, Xie Q, Xu DS. Double-
target neural circuit-magnetic stimulation improves motor function in 
spinal cord injury by attenuating astrocyte activation. Neural Regen Res. 
2023;18(5):1062–6.

30. Hu Y, Wu J, Zhang X, Tian J, Lu Y, Guo T. Effects of paired associative stimula-
tion on metabolites in Ischemia stroke rats Model as studied by nuclear 
magnetic resonance spectrum. Neurochem Res. 2021;46(9):2495–504.

31. Martinez-Lopez N, Garcia-Macia M, Sahu S, Athonvarangkul D, Liebling E, 
Merlo P, Cecconi F, Schwartz GJ, Singh R. Autophagy in the CNS and periph-
ery coordinate Lipophagy and Lipolysis in the Brown adipose tissue and liver. 
Cell Metab. 2016;23(1):113–27.

32. Kim HJ, Saikia JM, Monte KMA, Ha E, Romaus-Sanjurjo D, Sanchez JJ, Moore 
AX, Hernaiz-Llorens M, Chavez-Martinez CL, Agba CK, Li H, Zhang J, Lusk DT, 
Cervantes KM, Zheng B. Deep scRNA sequencing reveals a broadly applicable 
regeneration classifier and implicates antioxidant response in corticospinal 
axon regeneration. Neuron. 2023;111(24):3953–e39695.

33. Solouki S, Bahrami F, Janahmadi M. The Concept of Transmission Coefficient 
among different cerebellar layers: a computational Tool for analyzing Motor 
Learning. Front Neural Circuits. 2019;13:54.

34. Mateos-Aparicio P, Rodríguez-Moreno A. Calcium dynamics and synaptic 
plasticity. Adv Exp Med Biol. 2020;1131:965–84.

35. Yang X, Chen S, Shao Z, Li Y, Wu H, Li X, et al. Apolipoprotein E Deficiency 
exacerbates spinal cord Injury in mice: inflammatory response and oxidative 
stress mediated by NF-κB signaling pathway. Front Cell Neurosci. 2018;12:142.

36. Chen Y, Wang B, Zhao H. Thymoquinone reduces spinal cord injury by inhibit-
ing inflammatory response, oxidative stress and apoptosis via PPAR-γ and 
PI3K/Akt pathways. Experimental Therapeutic Med. 2018;15(6):4987–94.

37. Guo G, Kang L, Geng D, Han S, Li S, Du J, et al. Testosterone modulates struc-
tural synaptic plasticity of primary cultured hippocampal neurons through 
ERK - CREB signalling pathways. Mol Cell Endocrinol. 2020;503:110671.

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

https://doi.org/10.1093/procel/pwad003
https://doi.org/10.1093/procel/pwad003

	Repetitive transcranial magnetic stimulation promotes motor function recovery in mice after spinal cord injury via regulation of the Cx43-autophagy loop
	Abstract
	Introduction
	Materials and methods
	Animals and surgeries
	Repetitive transcranial magnetic stimulation
	Motor evoked potential (MEP) test
	Cell culture
	Isolation and culture of primary astrocytes


	Protocol for magnetic stimulation of astrocytes
	Immunohistochemistry
	Western blotting
	Behavioural analysis
	Statistical analysis
	Results
	HF-rTMS inhibited Cx43 expression and negatively regulated autophagic flux in astrocytes
	HF-rTMS increased the BMS and improved electrophysiological parameters after SCI
	HF-rTMS inhibited the expression of CX43 in the scar after spinal cord injury and negatively regulated autophagic flux in mice
	HF-rTMS can regulate autophagic flux in the spinal cord of SCI mice by enhancing the mTOR signalling pathway

	Discussion
	References


