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Abstract: Objective: To assess the therapeutic effects of stellate ganglion block (SGB) on spinal cord injury (SCI)-
induced neuropathic pain in rats, and to explore its potential mechanisms in alleviating neuropathic pain, thereby
providing a theoretical foundation for clinical treatment. Methods: A rat model of SCI was established, and animals
were randomly assigned to one of three groups: the sham surgery group (Sham), the SCI group (SCI), or the SCI
group treated with SGB (SCI + SGB). Motor function was assessed using the Basso Beattie Bresnahan (BBB) loco-
motor rating scale, while thermal hyperalgesia was evaluated using hot plate test. Enzyme-linked immunosorbent
assay (ELISA) was utilized to measure the levels of inflammatory cytokines, including interleukin-1p (IL-18), IL-6, and
tumor necrosis factor-a (TNF-¢x), within the spinal cord. Hematoxylin-eosin (HE) staining was performed to observe
spinal cord histopathology. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) stain-
ing was used to detect apoptotic cells, and transmission electron microscopy was employed to visualize autophago-
somes. Expression of autophagy-related proteins LC3-1I/LC3-l and p62 was examined via Western blotting. Results:
Compared with the sham group, rats in the SCI group displayed impaired hind limb motor function, decreased pain
thresholds, elevated inflammatory cytokine levels, significant spinal cord pathology, increased apoptosis, altered
expression of autophagy-related protein, and disrupted autophagic flux. In contrast, SGB treatment improved motor
function, alleviated pain, reduced inflammatory cytokines levels, mitigated spinal cord injury and apoptosis, and
enhanced autophagy with improved autophagic flux. Conclusions: Stellate ganglion block alleviates neuropathic
pain in SCl-induced rats by reducing pro-inflammatory cytokine levels, mitigating spinal cord apoptosis and injury,
promoting autophagy, and restoring autophagic flux in the spinal cord.
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Introduction

Spinal cord injury (SCI) is a severe form of cen-
tral nervous system damage, affecting an esti-
mated 40 to 80 million people globally each
year [1]. Owing to the challenges associated
with treatment and the generally poor progno-
sis, SCI remains a significant global public
health concern. Neuropathic pain following SCI
is well-documented [2]. A study reported that

pain is a predominant issue among individuals
with traumatic SCI, with a substantial preva-
lence rate of 77% reported among the affected
population [3]. Although the exact mechanisms
underlying SCl-induced pain remain unclear,
research suggests that neurophysiological
changes in the spinal cord and peripheral ner-
vous system contribute to its development [4,
5]. Persistent pain is typically associated with
increase neuronal excitability and gliosis in the
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central nervous system, both of which are com-
mon sequelae of nerve trauma [6, 7]. Second-
ary injury following SCI is characterized by
inflammation, cell death, and glial scar forma-
tion, all of which hinder recovery. Consequently,
targeting these pathological processes may
offer a potential treatment strategy for SCI [8].

Stellate ganglion block (SGB) is a well-estab-
lished and effective approach for temporarily
blocking the cervical sympathetic trunk. Pre-
vious research indicated that SGB significantly
improves patient outcomes in cerebrovascular
diseases by mitigating cerebral vasospasms,
augmenting cerebral oxygenation, diminishing
inflammatory responses, and attenuating oxi-
dative stress through multiple mechanisms.
Recently, SGB has demonstrated promising
potential in pain management, notably in allevi-
ating complex regional pain syndrome, postop-
erative pain, and orofacial pain [9-12]. However,
the application of SGB in neuropathic pain fol-
lowing SCI remains largely unexplored.

The mechanisms through which SGB modu-
lates neuroinflammation and autophagy in cen-
tral spinal pain following SCI remain unclear.
We speculate that SGB may alleviate neuro-
pathic pain by modulating neuroinflammation
and autophagy in the spinal cord’s dorsal horn.
Investigating the underlying mechanisms of
SGB in post-SCI neuropathic pain could bridge
a critical research gap and provide a theoretical
basis for the development of novel therapeutic
approaches. Confirming the effectiveness of
SGB in alleviating neuropathic pain after SCI
could pave the way for new clinical strategies,
improving patient outcomes, reducing distress,
and advancing treatment modalities. Thus, this
study aims to comprehensively evaluate the
effects of SGB on spinal cord inflammation and
autophagy in a rat model with post-SCI neuro-
pathic pain, establishing a robust foundation
for subsequent research and clinical applica-
tions.

Materials and methods
Animals

Adult male Wistar rats weighing between 200-
250 g were purchased from the Experimental
Animal Center of Guizhou Medical University
(Guiyang, China). The rats were housed in a
temperature- and humidity-controlled environ-
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ment under a 12-hour light/dark cycle with ad
libitum access to water and food. The experi-
mental protocol was approved by the Insti-
tutional Ethics Committee of the Affiliated
Hospital of Guizhou Medical University. Rats
were randomly divided into three groups:
Sham (n = 42), SCI (n = 42), SCI + SGB (n = 42).
The Sham group underwent a laminectomy
without spinal cord injury. The SCI group was
subjected to spinal cord injury to establish the
SCI model. The SCI + SGB group received stel-
late ganglion block (SGB) following SCI.

Animal model of SCI

Before the procedure, rats were anesthetized
with an intraperitoneal injection of pentobarbi-
tal sodium (50 mg/kg) and then placed in a
prone position. A 2.5 cm median dorsal incision
was made centered over the T10 vertebra. The
lamina and spinous processes of T9-T11 were
removed to expose the underlying dura mater.
Hemostasis was ensured before applying a
calibrated hemostatic clamp to compress the
spinal cord for 40 seconds. Upon release, a
bright red hematoma was observed on the
dura mater at the compression site, confirming
successful injury induction. Postoperatively,
hemostasis, wound disinfection, and suturing
were performed. Rats were kept warm under a
heat lamp until spontaneous recovery. Bladder
expression was conducted manually three
times daily to assist with urination.

Stellate ganglion block

Ten minutes after spinal cord injury, rats in the
SGB group underwent the SGB procedure. The
neck was prepared by removing fur, and the
median incision site was thoroughly cleaned
and disinfected with iodophor. The connective
tissue adjacent to the right side of the trachea
was carefully dissected. Anatomical observa-
tions revealed the fusiform superior cervical
ganglion dorsally at the bifurcation of the right
common carotid artery, with a light-yellow
structure approximately 3 mm inferior to it,
identified as the cervical sympathetic nerve
trunk (the right stellate ganglion). This structure
was dissected at its proximal end, followed by
wound disinfection and suturing. Successful
block placement was confirmed by the appear-
ance of typical Horner’'s syndrome upon re-
gaining consciousness, characterized by per-
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sistent right eyelid ptosis, pupil constriction,
and narrowing of the palpebral fissure.

Behavior

Basso, beattie, and bresnahan (BBB) scoring:
The Basso, Beattie, and Bresnahan (BBB) scor-
ing system is a widely used method for evaluat-
ing hind limb motor function following SCI.
Originally developed by Basso et al. [13], this
system provides a comprehensive and reliable
evaluation of locomotor recovery, with its valid-
ity and reliability well-established in numerous
studies [14]. It remains the gold standard for
motor function assessment in SCI research.
Hind limb motor function recovery was evaluat-
ed using the BBB scoring system by two
researchers blinded to this study. The BBB
scale ranges from O (no movement) to 21 (nor-
mal movement). Evaluations were conducted
before surgery and on post-injury days 1, 3, and
7. At each time point, two rats were evaluated,
and their scores were recorded to calculate an
average value.

Heat paw thermal withdrawal latencies (PWL):
To evaluate thermal hyperalgesia, the hot plate
test was used to assess the nociceptive
response of the hind paw to noxious heat. The
platform was heated to 55°C, and then rats
were placed on the platform. The test was ter-
minated when the animal exhibited paw with-
drawal or licking behaviors, and the latency to
these behaviors was recorded. The hot plate
test is a widely used method for assessing
nociceptive responses to thermal stimuli in
rodents. It operates on the principle that ani-
mals reflexively withdraw their paws from a
heated surface to avoid pain. Its reliability and
validity have been well-demonstrated in previ-
ous studies [15].

Tissue preparation

At each designated time point, animals were
anesthetized with an intraperitoneal injection
of pentobarbital sodium (50 mg/kg). The spinal
cord was sectioned into three parts for differ-
ent analyses: 1. Histological Staining: A portion
of the tissues was fixed in 4% paraformalde-
hyde (Sigma-Aldrich, USA) for 48 hours, dehy-
drated in 20% sucrose solution, and then cut
into 10 um cross-sections for HE and TUNEL
staining. 2. Transmission Electron Microscopy
(TEM): A small segment of the spinal cord (< 1
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mm?3) was fixed overnight in 2.5% glutaralde-
hyde phosphate buffer for TEM observation. 3.
Western Blot and ELISA: Following intracardiac
perfusion with 0.1 M PBS, another portion
of spinal cord tissue was immediately excised
and cut into 20 mm segments centered on
the injury site on an ice-cold plate. The tissue
was carefully shredded and homogenized in a
buffer solution containing TRIzol reagent and
0.1% protease inhibitor (Beyotime Institute of
Biotechnology, Jiangsu, China) for subsequent
protein and RNA extraction. Samples were then
frozen at -80°C for later analysis.

At the end of the experiment, after all experi-
mental procedures were completed and tissue
samples were collected, the rats were eutha-
nized by a lethal dose of pentobarbital sodium
(150 mg/kg, intraperitoneal injection) to ensure
a painless and humane death. This euthanasia
method adheres to ethical guidelines for ani-
mal research and is widely used in laboratory
studies.

Hematoxylin and eosin (HE) staining

Tissues were first stained with hematoxylin for
45 seconds, followed by a 10-second rinse in
distilled water. Differentiation was achieved
by treating the tissues with a 1:100 HCI/95%
alcohol solution for five seconds, followed by a
30-minute wash in water. The sections were
then stained with eosin for 15 seconds, rinsed
with water for 10 minutes, dehydrated, and
mounted with neutral gum.

Enzyme-linked immunosorbent assay (ELISA)

Spinal cord specimens were placed in a ho-
mogenizer, and an appropriate volume of pre-
cooled homogenization buffer containing prote-
ase inhibitors was added to prevent protein
degradation. The tissue was homogenized on
ice until fully disrupted. The homogenate was
then transferred to a centrifuge tube and sub-
jected to three freeze-thaw cycles (freezing in
liquid nitrogen and thawing in a 37°C water
bath) to further disrupt cells and release in-
flammatory factors. Next, the homogenate was
centrifuged at 4°C and 10,000 g for 10 min-
utes, and the supernatant was carefully col-
lected for analysis. An ELISA kit from Beyotime
(Wuhan, China) was utilized, following the man-
ufacturer’s instructions. A standard curve was
generated by performing gradient dilutions of
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the standards and adding them to the standard
wells of the microplate. Samples were loaded
into their respective sample wells, with each
sample tested in duplicate. The plate was then
incubated at room temperature for a specifi-
ed duration according to the kit instructions,
allowing the inflammatory factors to bind to the
antibodies coated on the microplate. Following
incubation, the microplate was washed multi-
ple times with the provided wash solution to
remove unbound substances. The enzyme-
labeled secondary antibody was then added,
followed by another incubation at room tem-
perature, allowing the secondary antibody to
bind specifically to the primary antibody
attached to the inflammatory factors. After a
final wash, a chromogenic substrate was add-
ed and incubated in the dark to develop the
color reaction. Absorbance values were mea-
sured at 450 nm and 550 nm using a micro-
plate reader. The concentrations of IL-13, IL-6,
and TNF-a in the samples were calculated
based on the standard curve, with results
expressed in pg/mg protein.

Transmission electron microscope

Samples were fixed with osmic acid and then
dehydrated through a graded alcohol series
before being sectioned into ultrathin slices (70-
90 nm). The slices were then stained for 15
minutes with lead citrate and a 50% ethanol-
saturated uranyl acetate solution. The autopha-
gic structures were then observed using TEM
(JEM-1011, JEOL, Japan).

TUNEL staining

TUNEL staining was used to label and quantify
apoptotic cells. Slices were processed using an
in situ cell death detection kit (Roche Man-
nheim, Germany) according to the manufactur-
er's instructions. DNase free proteinase K
(Solarbio, Beijing, China) was diluted in 10 mM
Tris HCI solution to a working concentration of
20 pg/ml. Then, the slices were incubated for
20 minutes. After washing with PBS, the slices
were treated with TUNEL detection solution
and incubated in the dark at 37°C for 1 hour.
Following another PBS wash, the slices were
counterstained with DAPI and examined under
a fluorescence microscope (IX71, Olympus,
Tokyo, Japan). Five fields of view were selected
per sample, and the average number of labeled
apoptotic cells was quantitatively analyzed.
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Western blotting

Protein concentrations were determined using
the Bradford assay. Equal amounts of protein
were separated via 10% SDS-PAGE and trans-
ferred onto a PVDF membrane. The membrane
was blocked with 5% skim milk at room tem-
perature for 60 minutes, followed by incubation
at 4°C for 12 hours with primary antibodies
targeting LC3-Il (mouse, 1:500), LC3-I (mouse,
1:100), p62 (rabbit, 1:1000), and GAPDH
(mouse, 1:15000) (all sourced from Beyotime,
Wuhan, China). After washing with TBST, the
membrane was incubated at room tempera-
ture for 60 minutes with HRP-conjugated goat
anti mouse (1:5000), or goat anti rabbit
(1:5000) secondary antibodies (Bayotai, Wu-
han, China). Immunolabeled protein bands
were detected using an enhanced chemilumi-
nescence kit, and grayscale analysis was per-
formed using ImageJ software.

Statistical analysis

Data were expressed as mean + Standard Error
of the Mean (SEM). Statistical analysis was per-
formed using GraphPad Prism version 8.0. A
non-paired student’s t-test was used for com-
parisons between the two groups. For multiple-
group comparisons, one-way, two-way, or re-
peated measures ANOVA followed by the
Newman-Keuls test was applied. A P-value <
0.05 was considered statistically significant.

Results
SGB promoted functional recovery after SCI

The BBB results showed that the sham surgery
group maintained full hind limb motor function
at all observation time points (6 h, 12 h, 24 h,
48 h, 5d, 7 d, and 14 d post-injury). In the SCI
group, motor function gradually improved over
time but remained significantly impaired com-
pared to the sham group (P < 0.05). At each
evaluation time point, the SCI + SGB group
exhibited greater motor function recovery com-
pared to the SCI group (all P < 0.01), indicating
that SGB promotes functional recovery after
SCI (P < 0.05) (Figure 1).

SGB alleviated neuropathic pain in rats after
SCI

Paw withdrawal latency (PWL) was utilized to
quantify neuropathic pain in rats. On days 5, 7,
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Figure 1. BBB scoring system evaluation of hind limb motor function in rats
with spinal cord injury. Mean + Standard Error of the Mean (SEM) describes
the data. n = 42. Compared with the sham surgery group, meeting the crite-
ria of P < 0.05, represented by *. Compared with the spinal cord injury (SCI)
group, meeting the criteria of P < 0.05, represented by #.
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Figure 2. Schematic diagram of using paw thermal withdrawal latencies
(PWL) to quantify pain related content in rats. Mean + Standard Error of the
Mean (SEM) describes the data. n = 42. Compared with the sham surgery
group, meeting the criteria of P < 0.01, represented by **, meeting the cri-
teria of P < 0.0001, represented by ****_ Compared with the spinal cord in-
jury (SCI) surgery group, meeting the criteria of P < 0.01, represented by ##.

and 14 post-SCl, no significant changes in PWL
values were observed in the sham surgery
group, whereas both the SCI and SCI + SGB
groups exhibited significantly reduced PWL val-
ues (P < 0.01), indicating the presence of neu-
ropathic pain. However, compared to the SCI
group, the SCI + SGB group demonstrated sig-
nificantly increased PWL values (P < 0.05), sug-
gesting that SGB alleviated neuropathic pain
after SCI (Figure 2).
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points (all P < 0.05). However,
the SCI + SGB group exhibit-
ed significantly lower levels of
IL-1B, IL-6, and TNF-a com-
pared to the SCI group at all
three time points (all P < 0.05)

(Figure 3).
Sh SGB alleviated spinal cord
- am injury in SCI rats
O SCi
Hematoxylin and eosin (HE)
SCI+SGB

14d

staining revealed no hemor-
rhagic necrosis or tissue ed-
ema in the spinal cord of the
sham group. At 1-day post-
injury, both the SCI and SCI +
SGB groups exhibited indis-
tinct boundaries between gray
and white matter at the injury
site, with patchy hemorrhage,
tissue edema, and nuclear
pyknosis in the gray matter.
However, no significant differ-
ences were observed between
the SCI + SGB and SCI groups
at this time point. At 14 days
post-injury, the SCI group ex-
hibited prominent necrotic cy-
stic cavities within the spinal
cord tissue and white matter.
In contrast, the SCI + SGB group exhibited
smaller cystic cavities, suggesting that SGB
mitigated spinal cord damage following SCI
(Figure 4).

SGB inhibited apoptosis of spinal cord cells
induced by SCI

TUNEL staining was employed to detect apop-
tosis levels in spinal cord tissue. Seven days
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Figure 3. Stellate ganglion block (SGB) reduces the levels of IL-13 and other factors in the spinal cord of rats after
spinal cord injury. A: Used enzyme-linked immunosorbent assay (ELISA) to evaluate the levels of interleukin-1 (IL-
1B) in spinal cord samples from different groups. B: Used ELISA to evaluate the levels of interleukin-6 (IL-6) in spinal
cord samples from different groups. C: Evaluate the levels of tumor necrosis factor-a (TNF-«) in spinal cord samples
from different groups using ELISA. Mean * Standard Error of the Mean (SEM) describes the data. n = 42. Compared
with the sham group, meeting the criteria of P < 0.05, represented by *. Compared with the spinal cord injury (SCI)

group, meeting the criteria of P < 0.05, represented by #.
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Figure 4. Histopathological observation of spinal cord tissue in each group.

post-injury, both SCI and SCI + SGB groups
showed significantly higher levels of spinal cord
cell apoptosis compared to the sham surgery
group (P < 0.001). Furthermore, compared with
the SCI group, the SCI + SGB group exhibited
significantly lower levels of spinal cord neuronal
apoptosis (P < 0.01) (Figure 5).

SGB promoted spinal cord autophagy in SCI
rats

TEM was applied to observe the microautopha-
gosomes in spinal cord tissue at 7 days post-
injury. The SCI group displayed incomplete
mitochondrial structure, notable mitochondrial
vacuolation, and disrupted myelin lamellar
compared to the sham group, along with a lim-
ited number of autophagosomes. In contrast,
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the SCI + SGB group displayed intact mitochon-
drial structures and a substantial increase in
the number of autophagosomes (Figure 6),
suggesting enhanced autophagic activity.

In this study, Western Blot analysis was utilized
to quantitatively evaluate the levels of autopha-
gy-related proteins across different groups.
Compared with the sham surgery group, SCI
group exhibited a significant upregulation in the
levels of LC3-1l/LC3-l and p62 proteins at all
time points (all P < 0.05). Furthermore, the SCI
+ SGB group demonstrated a notable increase
in LC3-1I/LC3-I protein levels and a marked
decrease in p62 expression compared to the
SCI group (all P < 0.05). These findings suggest
that SGB treatment enhances autophagic activ-
ity in SCI rats (Figure 7A, 7B).
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Figure 5. Stellate ganglion block (SGB) can inhibit apoptosis of spinal cord cells induced by SCI. A: Terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining was employed to assess the levels of
apoptosis in hippocampal tissues across different groups of rats, x100. B: Quantitative analysis of TUNEL-positive
cells was conducted. Data: Mean + Standard Error of the Mean (SEM). n = 42. ***P < 0.001 vs Sham group. ##P
< 0.01 vs spinal cord injury (SCI) group.
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Figure 6. Changes of microautophagosomes in the rat spinal cord seven days after injury using transmission elec-

tron microscopy. A: Sham group. B: SCI group. C: SCI + SGB group.

Discussion

Chronic pain is a common complication follow-
ing traumatic spinal cord injury (SCI) due to
maladaptive neurophysiological and neuro-
chemical changes in the somatosensory sys-
tem [5, 16]. Currently, there is no effective way
to treat chronic pain after SCI. SCl induces mal-
adaptive changes in nociceptive synaptic cir-
cuits within the damaged spinal cord, which
can also extend to remote areas, such as the
limbic system and brainstem. These maladap-
tive nociceptive synaptic circuits can contribu-
te to neuronal hyperexcitability and increased
nociceptive transmission, leading to chronic
central nervous system pain following SCI [16].
Yang et al. [17] reported that in humans, microg-
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lia begin to release inflammatory factors such
as IL-6 within 30 minutes of spinal cord injury.
Green-Fulgham et al. [18] constructed a rat
model of spinal cord contusion and found that
administering an IL-1 receptor antagonists 72
hours post-injury significantly reduced apopto-
sis levels. These findings suggest that micro-
glia play a key role in secondary injury by releas-
ing inflammatory cytokines following SCI. The
results of this study further confirm that inflam-
matory factor levels increase significantly af-
ter SCI, contributing to secondary injury and
impairing sensory and motor recovery.

Further research is needed to develop effective
treatments for neuropathic pain (NP) after SCI,
as NP remains resistant to many pharmacologi-
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Figure 7. Stellate ganglion block (SGB) enhances autophagy in the spinal cords of rats with SCI. A: Western Blot
analysis was used to determine the levels of Microtubule-associated protein 1 light chain 3 (LC3)-1I/LC3-I proteins in
spinal cord tissues across different groups of rats. B: Western Blot analysis was used to determine the levels of P62
protein in spinal cord tissues across different groups of rats. Data: Mean + Standard Error of the Mean (SEM). n =
42. %P < 0.05, ***P < 0.001 vs Sham group. ##P < 0.01, ###P < 0.001 vs spinal cord injury (SCI) group.

cal interventions [19, 20]. Although certain
drugs have demonstrated efficacy, their thera-
peutic effects are often accompanied by ad-
verse side effects, and treatment becomes
more complex once SCl-related pain becomes
chronic. Enhancing traditional pharmacological
interventions or replacing them with nonphar-
macological interventions has emerged as a
promising approach to improving NP prognosis
[24, 22]. However, the mechanisms underlying
nonpharmacological interventions remain inad-
equately explored, limiting the development of
effective treatments.

Since the 1940s, stellate ganglion block (SGB)
has been used to treat sympathetically medi-
ated pain [23]. This procedure involves local
anesthesia of the stellate ganglion and its sur-
rounding area to temporarily inhibit its func-
tion. In this study, SCI rats exhibited a signifi-
cant reduction in pain threshold, whereas
SGB elevated the pain threshold and alleviated
pain. NP following SCI arises from multiple fac-
tors, including neuroinflammation, overactivity
of spinal sensory neurons, activation of glial
cells, abnormal synaptic transmission, and dis-
turbance of the downstream regulatory sys-
tems. However, the precise mechanisms under-
lying NP remain unclear [2]. Recent studies
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have shown that the spinal dorsal horn plays a
key role in central sensitization and neuropath-
ic pain development [2]. After peripheral nerve
injury, pro-inflammatory cytokines activated in
the spinal dorsal horn trigger the release of
multiple inflammatory mediators, enhance the
sensitivity of nociceptors, and contribute to NP
progression [24].

The results of this study indicated that inflam-
matory cytokine levels, including IL-1[3 were sig-
nificantly lower in the SGB-treated group com-
pared to the SCI model group. Histopathologi-
cal analysis further revealed a reduction in
inflammatory changes within the spinal cord
following SGB treatment, suggesting that SGB
plays a role in modulating the inflammatory
response after SCl. The *“vague-cholinergic
anti-inflammatory pathway”, first described by
Borovikova et al. [25], was evidenced in a lipo-
polysaccharide (LPS)-induced animal model,
where acetylcholine inhibited inflammatory
mediator release. This study provides further
evidence that vagus nerve activity is integral
to inflammation modulation following SCI. The
autonomic nervous system comprises the
sympathetic nervous system and the vagal ner-
vous system, which interact to regulate physio-
logical activities. Based on our experimental
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results, we propose that the stellate ganglion,
as the largest sympathetic ganglion in the body,
may reflexively enhance vagal nerve activity
when disrupted, thereby activating the “cholin-
ergic anti-inflammatory pathway” to regulate
post-SCI inflammation and reduce inflammato-
ry factor levels in the spinal cord. Apoptosis
plays a crucial role in tissue destruction and
cellular stress, with its levels significantly
increasing after SCI. Excessive apoptosis con-
tributes to neuronal damage, leading to senso-
ry and motor damage [26]. In this study, SGB
was observed to decrease the level of apopto-
sis in the spinal cord, which may be key a mech-
anism by which SGB alleviates neuropathic
pain after SCI.

Autophagy is a cellular self-protection mecha-
nism activated in response to stress [27].
Macroautophagy, the most prevalent form, is
regulated by ULK2 and the autophagy-asso-
ciated Beclin-1/1Il PI3K complex. Upon activa-
tion, these complexes recruit key proteins
involved in autophagosome formation and
extension, including Atgl12, Atgb, Atgl6L, and
LC3, resulting in the formation of conjugated
complexes. LC3 binds to the phospholipid
phosphatidylethanolamine to form LC3-Il,
which integrate into the autophagosome
membrane, facilitating its extension and matu-
ration. Autophagosomes subsequently fuse
with lysosomes to form autolysosomes, where
lysosomal enzymes degrade cellular compo-
nents and damaged organelles [28, 29]. LC3-1I
interacts with P62 (also known as sequesto-
some-1, SQSTM1) and ubiquitinated protein
aggregates, facilitating their engulfment in
autophagosomes and regulating autophagy ini-
tiation and cell survival. Previous studies have
demonstrated that elevated P62 levels are
associated with impaired autophagic flux [30].
Li et al. [31] demonstrated increased expres-
sion of the autophagy marker protein Beclin-1
surrounding experimental SCI sites, with levels
rising significantly within 4 hours post-injury,
peaking on day 3, and persisting for up to 21
days. This suggests a correlation between cen-
tral nervous system damage severity and
autophagy biomarker levels, with prolonged
autophagy activation potentially mitigating
secondary injury [32]. Previous studies have
shown that ischemic spinal cord injury enhanc-
es autophagy and promotes motor function
recovery, while autophagy inhibition may
impede recovery. However, some findings sug-
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gest that suppressing autophagy 48 hours
post-SCI can improve motor function recovery,
whereas its stimulation does not yield signifi-
cant benefits [33, 34]. In this study, we fur-
ther explored whether SGB modulates the
autophagy pathway in spinal neurons post-SCI.
LC3 and p62 were selected as primary indica-
tors to detect autophagy, as both play critical
roles in the autophagic process. An increased
LC3-Il/LC3-I ratio signifies the initiation of
autophagy, whereas elevated p62 levels sug-
gest impaired autophagic degradation and
disrupted autophagic flux. Our results demon-
strated that on days 1, 3, and 7 post-injury, the
SCI group exhibited significantly higher levels
of p62 and LC3-1l/LC3-I in the spinal cord, sug-
gesting that SCI induces autophagy. However,
the concurrent increase in p62 levels indicates
that injury not only disrupts autophagic flux but
also impairs autophagic degradation, consis-
tent with previous studies showing that NP
models can lead to autophagic flux obstruc-
tion and autophagy dysfunction [35]. Following
SGB treatment in SCI rats, a significant in-
crease in the LC3-ll/LC3-I ratio in the spinal
cord was observed on day 3 post- injury, sur-
passing levels recorded on days 1 and 7, along
with a concurrent decrease in p62 expression.
This suggests that SGB enhanced autophagy
in the spinal cord of rats post-SCl and faci-
litated autophagic flux clearance. Additionally,
electron microscopy findings revealed incre-
ased autophagosome levels in spinal cord tis-
sues, corroborating the Western blot results.
Together, these findings imply that SGB allevi-
ate NP by promoting autophagy in spinal cord
neurons.

Conclusions

Our findings indicate that SCI induces motor
dysfunction and a reduced pain threshold in
rats. Furthermore, SCI significantly elevates
inflammatory cytokine levels, such as IL-13, and
enhances apoptosis and autophagy while
impairing autophagic flux. Stellate ganglion
block (SGB) effectively alleviates neuropathic
pain behaviors, reduces inflammatory factor
levels in the spinal cord, mitigates spinal cord
apoptosis and injury, and enhances both
autophagy and autophagic flux post-SCI. These
findings provide new insights into the patho-
genesis of neuropathic pain following spinal
cord injury and suggest that SGB may serve as
a potential therapeutic strategy.
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