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The incidence of distraction spinal cord injury (DSCI), which results from spinal cord ischemia
due to vascular compromise and spinal cord tract disturbances, remains high. Furthermore,
because no ideal animal model that mimics DSCI in clinical settings is available thus far, the
related molecular mechanisms underlying DSCI remain unclear. Thus, this study aimed to
establish a porcine model of DSCI and investigate the neuroinflammation and apoptosis
mechanisms in these pigs. Before surgery, all pigs were randomly divided into three groups:
sham group, osteotomy surgery only; the incomplete distraction spinal cord injury (IDSCI) and
complete distraction spinal cord injury (CDSCI) group, osteotomy plus DSCI surgery with a
motor-evoked potential (MEP) amplitude decreased by approximately 75% and 100%,
respectively. After surgery, modified Tarlov scoring and MRC muscle strength scoring were
used to evaluate neurologic function in each group. We observed the distracted spinal cord
using MRI, and then all pigs were sacrificed. Inflammatory cytokine levels in the spinal cord and
cerebrospinal fluid (CSF) were also analyzed. We used immunofluorescence staining to assess
the neuronal andmicroglial structure and function and astrocyte hyperplasia in the central DSCI
lesions (T15). Western blotting was used to determine the expression of apoptosis-related
proteins. Results showed that the modified Tarlov scoring and muscle strength decreased
significantly in the two DSCI groups. T2-MRI showed a relative enhancement at the center of
the DSCI lesions. H&E and Lxol fast blue staining revealed that spinal cord distraction destroyed
the normal structure of spinal cord tissues and nerve fiber tracts, exacerbating inflammatory cell
infiltration, hyperemia, and edema. The IL-1β, IL-6, and TNF-α levels increased in the spinal cord
and CSF following DSCI. Immunofluorescence staining results indicated the GFAP, Iba-1
expression increased following DSCI, whereas the NeuN expression reduced. Moreover, DSCI
promoted the protein expression of P53, Bcl-2-associated X protein (Bax), and Caspase-3 in
the spinal cord tissues, whereas it reduced the Bcl-2 expression. This study successfully
established a porcine DSCI model that closely mimics DSCI in clinical settings, and clarified the
mechanisms underlying DSCI-associated neuroinflammation and apoptosis; thus, our findings
highlight potential DSCI-treatment strategies for further establishing suitable drug therapies.
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1 INTRODUCTION

Spinal cord injury (SCI), caused by contusion, dislocation, or
distraction due to a sequential combination of primary and
secondary injury (Chen et al., 2016), has devastating
consequences for the physical, economic, and mental health of
the patients and their caregivers (Ahuja et al., 2017). The changes
in secondary degeneration are altered by the primary injury that
should be highlighted both clinically and pre-clinically (Mattucci
et al., 2021). Given population growth, there were 0.93 million
new cases of SCI worldwide with age-standardized incidence rates
of 13 per 100000, in 2016; this is expected to increase
(Collaborators, 2019). Transection and contusion injury
paradigms have been widely used in preclinical studies of SCI
(Kjell and Olson, 2016). However, other injuries, such as spinal
cord stretching from distraction injuries, contusion from
vertebral burst fracture, and shearing from fracture-
dislocation, also occur frequently in clinical settings
(McDonald and Sadowsky, 2002). It has been reported that
different neuroprotective strategies may be required for
treating distinct clinically relevant SCIs.

Distraction spinal cord injury (DSCI) is thought to be caused
by spinal cord ischemia due to vascular compromise and direct
traction-induced spinal cord tract disturbances (Seyal and Mull,
2002). Currently, the main reason for SCI during spinal deformity
correction is distraction injury (Hamilton et al., 2011; Charosky
et al., 2012). With the application of the growing rod (Helenius
et al., 2018) and the appearance of vertebral column resection
osteotomy (Yang et al., 2016) in patients with severe deformities,
the incidence of DSCI remains higher than that in the past few
decades. Since DSCI was first reported in the 1970s (Martin et al.,
1971; Fried, 1974), several clinical studies have focused on
stretching-induced SCI and established relevant animal models
usingmice and rabbits (Wu et al., 2016; Bell et al., 2017; Tica et al.,
2018; Guo et al., 2019). However, currently, a suitable DSCI
model that mimics clinical DSCI and can be used to study the
cytological and molecular mechanisms underlying DSCI is still
unavailable.

The neuroinflammatory and apoptosis process are thought to
play a pivotal role in secondary injury after SCI (Hohlfeld et al.,
2007; Alizadeh et al., 2019). This process is characterized by acute
microglial activation, followed by the delayed activation of
astrocytes that exacerbates tissue damage by releasing reactive
oxygen species, pro-inflammatory cytokines/chemokines,
proteases, and lysosome enzymes (Ren et al., 2018).
Inflammatory cytokines, as direct mediators, affect the
prognosis of spinal cord injury to different degrees (Hu et al.,
2016). One of the main pathological features of SCI is neuronal
apoptosis (Huang et al., 2021), a kind of energy-dependent
programmed death, which can be divided into exogenous and
endogenous pathways according to triggering mechanisms (Ren
et al., 2019). Apoptosis occurs within a few hours after primary
SCI and reaches the peak within several days (Beattie et al., 2000).
With the deepening of research, studies on SCI have paid more
attention to the Bcl-2/Bcl-2-associated X protein (Bax)/Caspase-3
pathway in apoptosis gradually (Li et al., 2015). The expression of
Bax and Caspase-3 and activated Bcl-2 can well reflect the

regulation mechanism regarding apoptosis. In the present
study, we successfully established a porcine DSCI model
mimicking clinical DSCI, and clarified the role of microglial
and astrocyte neuroinflammation and apoptosis in DSCI,
highlighting potential strategies for DSCI treatment.

2 MATERIALS AND METHODS

2.1 Animal Caring
Nine newly purchased experimental Bama pigs (3-month-old,
11.40 ± 1.68 kg, China) were adaptatively fed for 1 week. All pigs
were housed and underwent experiments in Large Animal
Laboratory, Center of Experimental Animals of Capital Medical
University, and kept in a humidity- and temperature-controlled
environment with a 12-h light-dark cycle. Animal experiments
complied with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH
Publication No. 8523, revised 2011, United States). All
experimental projects and protocols were approved by the
Medical Ethics Committee of Capital Medical University (AEEI-
2019-098).

2.2 Grouping and Neuromonitoring
Prior to surgery, all pigs were randomly divided into three groups
(Figure 1A): sham group (n = 3), osteotomy only with normal
motor evoked potential (MEP); incomplete distraction spinal cord
injury (IDSCI) group (n = 3): osteotomy with DSCI, MEP amplitude
decreased by approximately 75%; and complete distraction spinal
cord injury (CDSCI) group (n = 3): osteotomy with DSCI, MEP
amplitude decreased to 0. Any abnormalMEP signals compared with
the baseline amplitude were considered to imply accidental iatrogenic
SCI, and we excluded these animals from the experimental group.
The spinal cord-evoked potential was monitored using an
electrophysiological monitor (Cadwell, United States) during the
operation. The stimulating electrodes were placed in the C3-C4
cortical motor area, and the single stimulation intensity was
100–200 V. Needle-like recording and reference electrodes were
placed on the gastrocnemius muscles of both hind limbs, and the
distance between the two needle electrodes was approximately
1.5 cm. The compound muscle action potential induced by a
single electrical stimulus was recorded. MEP was recorded and a
baseline was established after successful anesthesia. MEP was
monitored throughout the spinal cord during placing screws,
osteotomy, distraction (Figure 1A). Applying longitudinal
distraction force to the vertebra to stretch the spinal cord until the
MEP amplitude decreased by approximately 75% or 100%, and
maintained the amplitude changes for 10min. Animals were
sacrificed 7 days after magnetic resonance imaging (MRI), and
spinal cords were collected and processed for histological,
molecular and biochemical analyses.

2.3 Generation of the Porcine Distraction
Spinal Cord Injury Model
As shown inFigures 1B–E, the schematic of DSCI surgical procedure
was displayed. Amidline longitudinal incision extending fromT13 to
L2 was made, and the laminae from T14, T15, and L1 were exposed
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with coagulation cautery; 4.0 mm*25mm short coccygeal pedicle
screws (Weigao Orthopedic Materials Co., Ltd, China) were infixed
into the vertebrae of T14 and L1. SINO rods of suitable length
(Weigao Orthopedic Materials Co., Ltd, China) were installed on the
pedicle screws on the right and left sides for temporary fixation.
Global column osteotomy was performed at T15 under the
protection of a root retractor, and the T15 vertebral body and
adjacent discs were completely resected. A spreader was used to
pull the spine at 1mm intervals gradually. The distraction operation
was performed according to MEP changes. The distance between the
pedicle screws of T14 and L1wasmeasured before and after theDSCI
procedure. After the muscles and skin were sutured, rigorous wound
care was performed every 3 days. 1.5 g Cefuroxime sodium was
administered for 3 days after surgery to prevent incision infection.
Additionally, the bladder of each pig was manually emptied twice per
day, and rigorous care of the perineum was taken to prevent urinary
infection.

2.4 Anesthesia Monitoring and Wake-Up
Test
The animals were made to fast for 24 h before anesthesia. We
performed the operation under anesthesia with a solution of 3%
pentobarbital sodium injected intramuscularly. Subsequently, the pigs
were treated with an oxygen mask and isoflurane inhalation
anesthesia. Each pig was intubated with an endotracheal tube and
maintained under inhalation anesthesia without a muscle relaxant

(Kaiser et al., 2006). The depth of anesthesia was monitored using
pain and corneal reflex tests. The depth of anesthesia was adjusted at
all times to ensure that the pig breathed smoothly to prevent
convulsions during image acquisition. Three vital signs, including
rectal temperature, respiratory rate, and heart rate, were continuously
monitored using a multifunctional bedside physiological monitor
(PVM-2701; Nihon Kohden Corporation, Tokyo, Japan).

At the end of the DSCI model generation surgery, a wake-up
test was carried out to prevent any false-negative or false-positive
MEP signals from occurring. Approximately 30 min after
osteotomy stabilization in animal model generation surgery,
the pigs were awakened from anesthesia. We tested and
observed lower extremity movements and sensory responses to
mechanical stimulation.

2.5 Postoperative Neurologic Function
Assessment
Neurologic function assessment for pigs was performed at 1, 3, and
7 days postoperatively. According to the modified Tarlov score, we
assessed pairs of hind limbs of the pigs. The modified Tarlov scoring
was as follow (Assina et al., 2008): 0 point: no voluntary movement; 1
point: barely perceptible movement; 2 points: frequent movement of
hind limbs, no weight support; 3 points: alternate stepping or
propulsive movement, no weight support; 4 points: hind limbs
can support weight; 5 points: ambulation with mild deficit; and 6
points: normal ambulation.

FIGURE 1 | Intraoperative MEP changes in pigs of three different groups, and the schematic diagram of surgical procedure of the porcine DSCI model
establishment. (A) Representative images (baseline, after placing screws, after osteotomy, after distraction) of MEP responses were recorded in the gastrocnemius
muscles of porcine hind limbs during DSCI surgery. (B) Amidline longitudinal incision was made, and the laminae from T14, T15, and L1 were exposed with coagulation
cautery throughout. (C) Pedicle screws and rods were used to fix T14 and L1 temporarily. (D)Global column osteotomywas performed at T15 under the protection
of a root retractor, and the T15 vertebral body and adjacent discs were completely resected. (E) A spreader was used to pull the spine gradually, and the distance
between the T14 and L1 pedicle screws was measured before and after distraction.
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In addition, we assessed the muscle strength in each group.
Muscle strength was divided into five grades according to the
Medical Research Council (MRC) scale for muscle strength
(Compston, 2010): grade 5: normal muscle strength; grade 4:
muscle strength is reduced, but muscle contraction can still move
the joint against resistance; grade 3: muscle strength is further
reduced such that the joint can be moved only against gravity
with the examiner’s resistance completely removed; grade 2:
muscle can move only if the resistance of gravity is removed;
grade 1: only a trace or flicker of movement is seen or felt in the
muscle or fasciculations are observed in the muscle; grade 0: no
movement is observed.

2.6 Magnetic Resonance Imaging
Examination
To get better MRI images of the central spinal cord lesions, we
removed internal fixation in pigs. Pigs were maintained under
isoflurane inhalation anesthesia throughout the examination.
MRI of the porcine spinal cord was performed using a 3.0-T
MRI scanner (Siemens, Berlin, Germany) 1 week after DSCI.
Fifteen consecutive sagittal T2-weighted images were obtained by
scanning the surgical regions of the pigs using a double-tuned
volume radiofrequency coil. The parameters were set as follows:
repetition time/echo time (TR/TE), 3500/103 ms; slice thickness,
3 mm; and slice gap, 10 percent. T2-weighted images were used to
calculate the T2 intensity at the central DSCI lesion region (T15)
using ImageJ software (National Institutes of Health,
United States) (Yao et al., 2021).

2.7 Histological Staining
Seven days after DSCI, spinal cord samples were acquired
after sacrifice, and the specimens were fixed in buffered
formalin. After being immersed in 4% paraformaldehyde
for 24 h and embedding in paraffin, a serial cross-section
was made at the central DSCI lesion region. Hematoxylin
and eosin (H&E) staining and Luxol fast blue (LFB) staining
were used to evaluate morphological and structural changes in
the white and gray matter, nerve sheath, and general spinal
cord conditions in the pigs of different groups.

2.8 Enzyme-Linked Immunosorbent Assay
An enzyme-linked immunosorbent assay (ELISA) was carried out
on samples from central DSCI lesions and cerebrospinal fluid
(CSF) at 7 days after DSCI. Twenty milliliters of CSF were
collected for ELISA before the pigs were sacrificed (Duan
et al., 2018). After the spinal cord tissue was homogenized and
centrifuged at 4000 rpm for 10 min, the liquid supernatant and
cerebrospinal fluid were detected at 450 nm wavelength
according to the manufacturer’s instructions for the IL-1β, IL-
6, and TNF-α ELISA kits (Shanghai Jianglai Biological
Technology Co., Ltd, China). The ELISA samples were run in
triplicates.

2.9 Immunofluorescence Staining
After the pigs were sacrificed, spinal cord sections (1 cm) from
the central DSCI lesion region were collected and embedded

in paraffin. Spinal cord sections (5 μm thick) from each
specimen were deparaffinized with xylene and incubated in
graded concentrations of ethanol. They were then washed
with phosphate-buffered saline (PBS) for 3 × 5 min. The
sections were incubated for blocking with a blocking
solution (0.1% Triton X-100 in PBS and 10% normal goat
serum) at room temperature for 2 h. The sections were
incubated overnight with primary antibodies at 4°C. The
primary antibodies used were anti-GFAP (1: 2000,
GeneTex), anti-Iba-1 (1:200, Affinity), and anti-NeuN (1:
100, Abcam). After rinsing with PBS for 3 × 5 min, the
sections were incubated with secondary antibodies for 2 h
at room temperature. The secondary antibody used in this
study was goat anti-rabbit antibody (Alexa Fluor®594) (1:200,
Abcam). Following three rinses with PBS, a drop of antifade
mounting medium containing DAPI (Solarbio Biotechnology,
China) was placed on each slide. Finally, a coverslip was
placed on top of each sample. Immunofluorescence imaging
was carried out using an Olympus fluorescence microscope.

2.10 Western Blotting
The spinal cord tissues were removed from the liquid
nitrogen, and the spinal cord was cut into small pieces and
subsequently homogenized in radioimmunoprecipitation
assay lysis buffer. The supernatant was obtained after
centrifugation at a low temperature, and the protein
concentration was determined using a bicinchoninic acid
kit. Proteins were separated by gradient sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes. PVDF membranes were blocked with
5% non-fat dry milk for 2 hours and subsequently incubated
with primary antibodies overnight at 4°C. The primary
antibodies used were as follows: anti-Bcl-2 (1:2000,
GeneTex), anti-Bax (1:1000, Biorbyt), anti-Caspase-3 (1:
2000, Abcam), and anti-β-actin (1:5000, Proteintech). The
washed membrane was incubated with goat anti-rabbit or goat
anti-mouse IgG HRP-conjugated secondary antibody (1:
5000). At last, PVDF membranes were exposed using a
Tanon 5200 chemiluminescence image analysis system.
Following exposure, ImageJ software (National Institutes of
Health, United States) was used to analyze the gray values
of bands.

2.11 Statistical Analysis
Statistical analyses were performed using GraphPad Software
(United States). A student’s t-test was used to compare group
means, and one-way analysis of variance (ANOVA) was used to
compare multiple samples. Data are presented as the mean ±
standard deviation (SD). Changes in muscle strength and
modified Tarlov scores from baseline to day 7 were assessed with
a generalized linear mixed model using PROC GLIMMIX in SPSS
22.0 (United States). A Bonferroni adjustment was carried out for
multiple comparisons of the three groups. The interaction between
time and degree of DSCI was also analyzed in the model. Statistical
significance was considered *p < 0.05, **p < 0.01, and ***p < 0.001 vs.
the sham group.
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3 RESULTS

3.1 Neurologic Function Changes of Hind
Limbs Following Distraction Spinal Cord
Injury
As shown in Figure 2, the muscle strength of the hind limbs and
the modified Tarlov score in the sham group maintained nearly
normal at the 1, 3, 7 days after DSCI. At each time point, both the
levels of muscle strength and modified Tarlov score in the two
DSCI groups showed a significant decrease compared with the
sham group (p < 0.001). Over time, the muscle strength of pigs in
the IDSCI and CDSCI groups did not recover, and time was a
factor influencing muscle strength in the two groups (F = 600.00;
p < 0.001). For the two DSCI groups, muscle strength and
modified Tarlov score of the CDSCI group reduced more
significantly. ANOVA for repeated measures indicated
significant differences among the three groups reciprocally in

hind limb muscle strength (p < 0.001). Differences in the
modified Tarlov score defects among the three groups were
statistically significant. The modified Tarlov scores of the
IDSCI and CDSCI groups did not improve over time (F =
852.76; p < 0.001).

3.2 DSCI Lesions Evaluated by MRI
We detected the imaging differences in the DSCI lesion area using
MRI in live pigs of the three groups. As revealed in Figure 3A, T2-
weighted MRI showed that hyperintense areas corresponded to
central DSCI lesions areas of spinal cord in the IDSCI and CDSCI
groups. Compared with the sham group, the increased
enhancement in T2-weighted MRI was observed at the central
DSCI lesions in the IDSCI (p < 0.001) and CDSCI groups (p <
0.01) (Figure 3B). And the relative intensity in T2-weighted MRI
was higher in the CDSCI group with a higher degree of DSCI. The
results may indicate that edema, inflammation, demyelination,
axon loss, and astrogliosis occurred following DSCI.

FIGURE 2 | The neurologic function changes of hind limbs following DSCI. (A) The muscle strength of hind limbs at the different time points in the sham, IDSCI, and
CDSCI groups. (B) The modified Tarlov score of the hind limbs at the different time points in the sham, IDSCI, and CDSCI groups. All values are expressed as means ±
SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.

FIGURE 3 | The DSCI lesions examined byMRI in different groups. (A)Representative T2-MRI images of the spinal cord in the sham, IDSCI, and CDSCI group. The
central DSCI lesions were indicated by the yellow arrows. (B) The T2-MRI intensity in the central DSCI lesions was semi-quantified using ImageJ software. All values are
expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
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3.3 Pathological Changes in the Spinal Cord
Tissues Following Distraction Spinal Cord
Injury
As displayed in Figure 4, H&E staining showed a normal gray
and white matter structure and normal neuronal morphology
in the sham group. In the IDSCI group, it was revealed that
damaged tissue structure, a decreased number of neurons, cell
edema, and hyperemia in the spinal cord tissue. Injury to the
spinal cord structure in the CDSCI group was more severe
than that in the IDSCI group. The number of neurons
decreased, hyperemia and edema were significant, alongside
significant inflammatory cell infiltration.

Moreover, LFB staining stained myelin fiber deep blue. It
was shown that a clear boundary differentiated from the
surrounding structures in the sham group. The spinal
tissue of IDSCI group showed disordered white matter
arrangement, decreased density of nerve fiber bundles, and
edema of the myelin sheath. In the CDSCI group, the white
matter structure was further destroyed, and nerve fiber
bundles showed a sparse network; in addition, myelin
edema was obvious.

3.4 Levels of IL-1β, IL-6 and TNF-α in Spinal
Cord Tissues and Cerebrospinal Fluid
Following Distraction Spinal Cord Injury
To detect the effect of different degrees of DSCI on the level of
inflammatory cytokines in spinal cord tissues and CSF at 7 days
after surgery, inflammatory cytokines were detected by ELISA
(Figure 5). IL-1β, IL-6, and TNF-α levels in the two DSCI groups
were significantly increased in spinal cord tissues after DSCI
compared to the sham group (p < 0.001) (Figures 5A–C).
Compared with the IDSCI group, the levels of IL-1β (p =
0.04), IL-6 (p = 0.03), and TNF-α (p < 0.001) were
significantly higher in the CDSCI group.

Similarly, the levels of IL-1β, IL-6, and TNF-α in the CSF of the
CDSCI group. These results indicate that the levels of
inflammatory cytokines in CSF were elevated significantly in
the two DSCI groups (p < 0.05) (Figures 5D–F). Among
them, the concentration of IL-1β (p = 0.001), IL-6 (p < 0.001),
and TNF-α (p = 0.002) were higher in the CSF of CDSCI group.
These results indicate that the levels of inflammatory cytokines in
spinal cord tissues and CSF increased with the increase in DSCI
degree.

FIGURE 4 | The pathological changes in the spinal cord tissues of different groups following DSCI. The representative images of spinal cord tissues stained with
H&E (40 × and 400 ×) and LFB staining (40 ×) were shown.
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3.5 Neuroinflammatory Responses and
Neuron Survival Maker Expression
Detected by Immunofluorescence Staining
in the Spinal Cord Lesions Following
Distraction Spinal Cord Injury
To assess the neuroinflammatory responses and neuron
survival in the central DSCI lesions 7 days after DSCI, we
conducted immunofluorescence staining to detect the
expression levels of GFAP, Iba-1, and NeuN, as presented
in Figure 6. We measured the expression of GFAP, a major
component of scar matrices, to study the gliosis process after
DSCI (Figure 6A). Iba-1, a major cell type involved in
neuroinflammation, was also used to explore microglial
activation (Figure 6B). GFAP and Iba-1 fluorescence was
slightly expressed in the sham group. The optical density of
GFAP and Iba-1 in the IDSCI and CDSCI groups was
significantly increased compared with that in the sham
group (p < 0.05) (Figures 6D, E). The optical density of
GFAP and Iba-1 were higher in the CDSCI group than that in
the IDSCI group. The number of GFAP-positive astrocytes
increased with the DSCI degree increasing, pointing to gliosis
hyperplasia. NeuN staining was used to assess neuronal
survival after DSCI (Figure 6C). The expression level of
NeuN in the IDSCI and CDSCI groups was significantly
lower than that in the sham group (p < 0.05), and the
CDSCI group presented a lower level between the two
DSCI groups (Figure 6F).

3.6 Expression Levels of P53-Mediated
Bcl-2/Bax/Caspase-3 Apoptosis Signaling
Pathway-Related Proteins Following
Distraction Spinal Cord Injury
As represented in Figure 7, the expression levels of P53/Bcl-2/
Bax/Caspase-3 apoptosis signaling pathway-related proteins were
detected by western blotting. The results revealed that the
expression levels of P53, Bax, and Caspase-3 proteins were
significantly increased in the two DSCI groups (p < 0.05)
except Bax protein in the IDSCI group, and the CDSCI group
having a higher expression level. While Bcl-2 protein expression
was significantly decreased in the two DSCI groups (p < 0.05), the
decrease degree was more significant in the CDSCI group.

4 DISCUSSION

DSCI is not uncommon in spinal surgery, and traumatic
distraction has become a major cause of SCI, which was often
accompanied by serious consequences such as complete
paraplegia, incomplete paraplegia and neurological deficit.
Most studies agree that there is always a potential risk of SCI
during correction procedures by excessive spine distraction for
spinal deformity (Heary et al., 2008; Pahys et al., 2009; Wu et al.,
2016). The use of a growing rod for early-onset scoliosis increases
the incidence of DSCI (Mattei et al., 2015). A review of 2209 SCI-
related studies reported that 72.40% of SCI animal models were

FIGURE 5 | The levels of inflammatory cytokines in spinal cord tissues and cerebrospinal fluid at 7 days after DSCI. (A–C) The levels of IL-1β, IL-6 and TNF-α in
spinal cord tissues of different groups. (D–F) The expression of IL-1β, IL-6, and TNF-α in CSF of different groups. All values are expressed asmeans ± SD. *p < 0.05, **p <
0.01, ***p < 0.001 vs. the sham group.
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performed on rats (Cheriyan et al., 2014). However, due to the
small size of the vertebrae in rats, pedicle screws cannot be
inserted to simulate the distraction of the local spinal cord
during surgery, as well as to mimic the changes in the spinal
canal after osteotomy. Generally, DSCI models are established by
stretching the spinal cord to simulate the tension forces
experienced by the spinal cord in actual surgical SCI
(Cheriyan et al., 2014). In the present study, we successfully
established and verified a porcine DSCI model mimicking clinical
DSCI, and preliminarily explored the role of microglial and
astrocyte neuroinflammation and apoptosis in DSCI, providing
potential strategies for DSCI treatment.

With regard to the model establishment approach of DSCI,
computer-controlled stepping motor, distraction apparatus, and
global column osteotomy with continuous distraction (GOCD)
are the most common methods used in different animals (Chen
et al., 2016; Wu et al., 2016; Bell et al., 2017; Wu et al., 2017;
Shimizu et al., 2018; Tica et al., 2018; Guo et al., 2019; Wang J
et al., 2019). From bench to bedside, severe spinal deformities can
be treated by global column osteotomy techniques using an
anterior, posterior, or a hybrid approach (Zhou et al., 2011).
Moreover, GOCD mimics the process of osteotomy in spinal

deformity correction surgery, which most likely leads to DSCI. In
this study, GOCD was selected to establish the porcine DSCI
models because it is close to various aspects of human DSCI.

The DSCI model was validated by T2-weighted MRI,
neurologic function assessment of hind limbs, and
histopathology examination in this study. T2-weighted MRI
hyperintense areas may indicate the occurrence of edema,
inflammation, demyelination, axon loss, and astrogliosis
(Dalkilic et al., 2018). Compared with the sham group, in the
two DSCI groups, the relative T2 hypodensity increased with the
DSCI degree increasing, indicating that enhancement at the
central DSCI lesions in T2-weighted MRI was more significant
with the increase in the DSCI degree; further, edema,
inflammation, demyelination, axon loss, and astrogliosis
occurred after DSCI. Neurologic function results showed that
porcine muscle strength and modified Tarlov score was
significantly decreased after DSCI. Neurologic function defect
of hind limbs was more severe in the CDSCI group with more
serious DSCI. Histological staining of DSCI lesions was consistent
with acute SCI pathologic changes shown as broken neural
connective tissue, numerous vacuoles, and hemorrhagic
infiltrations between the neural cells (Hong et al., 2016). These

FIGURE 6 | Immunofluorescence staining of GFAP, Iba-1, and NeuN in the central DSCI lesions at 7 days after DSCI in different groups. (A) Representative images
(200 ×, scale bar = 50 μm) of GFAP (in red) and DAPI (in blue) staining. (B) Representative images (200 ×, scale bar = 50 μm) of Iba-1 (in green) and DAPI (in blue) staining.
(C) Representative images (200 ×, scale bar = 50 μm) of NeuN (in green) and DAPI (in blue) staining. (D,E) The averaged optical density of GFAP, Iba-1, (F) and
quantification of the NeuN-positive cells was measured (n = 3). All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
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results indicated that GOCD could be used to establish the
porcine DSCI model successfully. The GOGD method can be
widely used for exploratory studies regarding the causes of, and
potential treatment for, DSCI.

To our knowledge, this is the first report that discusses the
potential molecular mechanisms underlying DSCI-associated
microglial and astrocyte impairments. Based on our findings,
the possible mechanisms of neuroinflammation and cell
apoptosis in the spinal cord after DSCI are shown in Figure 8.
The neuroinflammatory response is thought to play a pivotal role
in secondary injury after SCI (Hohlfeld et al., 2007). DSCI
induced acute activation of microglia, followed by delayed
astrocyte activation. This study showed that the expression
levels of TNF-α, IL-1β, IL-6, and Iba-1 in the DSCI lesions
increased with the increase in the DSCI degree 7 days after
injury, indicating that the occurrence of reactive gliosis and
inflammation may be directly proportional to the degree of
DSCI (Seifert et al., 2011).

Microglia, in a quiescent state under normal conditions, is the
most common immune cell in the central nervous system
(Greenhalgh et al., 2018). SCI induces the acute activation of
resident microglia and upregulation of inflammatory cytokines,
including TNF-α, IL-1β, IL-6, Iba-1, and iNOS (Saiwai et al.,
2013). The GFAP expression in DSCI lesions increased with an
increase in the degree of DSCI 7 days after injury. Astrocytes are
immune effector cells that produce inflammatory cytokines
(Duan et al., 2018). Delayed astrocyte activation increases the
production of GFAP, which results in the production of multiple
inflammatory cytokines (Yin et al., 2012). After the acute and

subacute phases, the chronic phase is closely related to scar
formation after injury and hinders nerve regeneration and
repair (Li et al., 2019).

Overexpression of TNF-α, IL-1β, IL-6, Iba-1, and GFAP
exacerbates inflammation and neurodegeneration (Hao et al.,
2017). The inflammatory cytokines TNF-α and IL-1β can
enhance vascular permeability (Mousavi et al., 2019). IL-6
regulates the inflammatory response and induces neural stem/
progenitor cells to undergo astrocytic differentiation selectively,
which is coordinated to hinder nerve repair after SCI (Mukaino
et al., 2008). TNF-α, a mediator of cellular apoptosis, contribute
to the apoptosis of oligodendrocytes in the spinal cord via the
death domain of its cell surface receptor TNF-R1 (Cantarella
et al., 2010). Microglial/macrophage activation and TNF-α and
IL-6 overexpression in DSCI lesions causes oligodendrocyte
necrosis and aggravates the damage to microglial cells (Yang
et al., 2020).

In our study, NeuN staining revealed neuronal and
oligodendrocyte death following DSCI. One of the primary
causes of disability after DSCI is neuron damage and glial cell
abnormity, which are not effectively replaced after injury. Cell
death, mainly caused by the activation of apoptotic mechanisms
during injury (Hurlbert et al., 2015), is a therapeutic target for
DSCI treatment (Wang C et al., 2019). Apoptosis triggered by
DSCI can be divided into extrinsic and intrinsic pathways. In
extrinsic pathways, TNF-α binds to TNF-R1 on the surface of
neurons to initiate apoptosis via Caspase-3 and Caspase-8
(Cantarella et al., 2010). DSCI induces the upregulation of
death receptors and their ligands and the activation of

FIGURE 7 | Determination of the expression levels of P53/Bcl-2/Bax/Caspase-3 signaling pathway-related proteins following DSCI. (A) The representative
immunoblots of Bcl-2, Bax, Caspase-3, P53 and β-actin are listed. (B–E) Grayscale values were determined using ImageJ software based on the bands in the
immunoblots (n = 3). All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
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caspases (Zhang et al., 2012). The intrinsic lethal stimuli of DSCI,
such as the cellular stress by distraction, DNA damage and
hypoxia, upregulates the expression of P53. P53 promotes the
formation of BH3-only protein and induces Bax oligomerization
inmitochondrial outer membrane, which can promote the release
of various intermembrane proteins. P53 plays an essential role in
regulating critical cellular processes, including cell cycle arrest
and apoptosis. P53 overexpression has been reported to be occur
during DSCI (Graham et al., 2020). Bcl-2 suppresses Bax-induced
apoptosis of DSCI by forming a homodimer and heterodimer
(Misgeld, 2005). Finally, Caspase-8 and Caspase-3 were activated
to up-regulate their expression and initiate cell apoptosis of DSCI.

Apoptosis is a programmed cell death process regulated by the
signal transduction pathway; Bcl-2, Bax, and caspase-3 are the
key proteins involved in apoptosis (Zhu et al., 2020). After
DSCI, the proapoptotic proteins Bax and caspase-3 were
upregulated, whereas the anti-apoptotic protein Bcl-2 was
generally downregulated (Liu et al., 2015). In this study, we
verified that apoptosis plays an important role in the
progression of DSCI by determining the expression levels of
P53-mediated Bcl-2/Bax/Caspase-3 apoptosis-related
proteins. Our results were consistent with previous studies.
The expression levels of P53, Bax, and Caspase-3 proteins
promoting apoptosis increased significantly, while the

FIGURE 8 | The mechanisms of neuroinflammation and cell apoptosis in the spinal cord following DSCI. DSCI induced acute activation of microglia, followed by
delayed astrocyte activation. DSCI induces the acute activation of resident microglia and upregulation of inflammatory cytokines, including TNF-α, IL-1β, IL-6. Delayed
astrocyte activation increases the expression of GFAP, which results in the production of multiple inflammatory cytokines. In extrinsic pathways, TNF-α binds to TNF-R1
on the surface of neurons to initiate apoptosis via Caspase-3 and Caspase-8. The intrinsic lethal stimuli induced by DSCI, such as the cellular stress, may cause
DNA damage and upregulate the P53 expression. P53 induces Bax/Bak oligomerization in the mitochondrial outer membrane, which can promote the release of various
intermembrane proteins. Bcl-2 suppresses Bax-induced apoptosis by forming a homodimer and heterodimer. Finally, Caspase-8, Caspase-9, Caspase-3 were
activated to up-regulate their expression and initiate cell apoptosis of DSCI.
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expression of Bcl-2 protein that inhibits apoptosis decreased
significantly in the two DSCI groups.

The limitations of this study are outlined as follows. At first,
although the experimental objects of our study are large animals,
our sample size is small. The mature modeling methods and
molecular mechanisms provide a research basis for the DSCI
experiments with large samples in the future. Secondly, due to the
initial exploration of modeling methods and mechanisms of
neuroinflammation and Apoptosis in DSCI, we did not carry
out more intervention experiments. More interventions such as
new synthetic and natural drugs and stem cell-derived exosomes
will be conducted to identify optimal treatment options for DSCI.

5 CONCLUSION

In the present study, we successfully established porcineDSCImodels
with two different degrees of DSCI via GOCD. The DSCI models
closely mimicked the mechanism of clinical DSCI and were used to
elucidate the mechanisms underlying DSCI-associated
neuroinflammation and apoptosis in DSCI. The
neuroinflammation response after DSCI might be caused by the
activation of microglia and astrocytes, which play a pivotal role in
secondary injury after DSCI. The overexpression of IL-1β, IL-6, and
TNF-α after DSCI may intensify the processes of inflammation and
neurodegeneration.Moreover, the function and structure of impaired
neurons and oligodendrocytes may be mediated by P53 mediated
Bcl-2/Bax/Caspase-3 signaling pathway of apoptosis after DSCI. The
neuroinflammation and apoptosis mechanisms presented in this
study may provide potential therapeutic targets for DSCI in future
research and therapy.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Medical Ethics
Committee of Capital Medical University (AEEI-2019-098).

AUTHOR CONTRIBUTIONS

The authors listed below substantially contributed to the
intellectual content of the paper in various sections. YH and
PY designed and supervised the study. BH and WL designed,
prepared, drafted, and revised the manuscript and performed the
statistical analysis. YH, PY, YL, and JY performed the model
surgery. BHwas responsible for neuromonitoring monitor during
surgery. HD and YC fed animals and collected tissues. BH and
WL performed various tests in the methodology. All authors read
and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81772421), Youth Science Fund of
the BeijingMunicipal Natural Science Foundation (No. 7204264),
Innovation Grant of National Clinical Research Center for
Orthopedics, Sports Medicine and Rehabilitation (2021-
NCRC-CXJJ-PY-34), and National Key Research and
Development Program of China (No. 2019YFC0120604).

ACKNOWLEDGMENTS

We appreciate the guidance and support from Prof. YH and Dr.
PY on this study. We thank Dr. Xing Liu, Prof. Yu Zhang and Dr.
Ayijiang Taledaohan for their help on the pathological analysis
and figures drawing.

REFERENCES

Ahuja, C. S., Nori, S., Tetreault, L., Wilson, J., Kwon, B., Harrop, J., et al. (2017).
Traumatic Spinal Cord Injury-Repair and Regeneration. Neurosurgery 80 (3S),
S9–S22. doi:10.1093/neuros/nyw080

Alizadeh, A., Dyck, S. M., and Karimi-Abdolrezaee, S. (2019). Traumatic
Spinal Cord Injury: An Overview of Pathophysiology, Models and
Acute Injury Mechanisms. Front. Neurol. 10, 282. doi:10.3389/fneur.
2019.00282

Assina, R., Sankar, T., Theodore, N., Javedan, S. P., Gibson, A. R., Horn, K. M., et al.
(2008). Activated Autologous Macrophage Implantation in a Large-Animal
Model of Spinal Cord Injury. Foc 25 (5), E3. doi:10.3171/FOC.2008.25.11.E3

Beattie, M. S., Farooqui, A. A., and Bresnahan, J. C. (2000). Review of Current
Evidence for Apoptosis after Spinal Cord Injury. J. Neurotrauma 17 (10),
915–925. doi:10.1089/neu.2000.17.915

Bell, J. E. S., Seifert, J. L., Shimizu, E. N., Sucato, D. J., and Romero-Ortega, M. I. (2017).
Atraumatic Spine Distraction Induces Metabolic Distress in Spinal Motor Neurons.
J. Neurotrauma 34 (12), 2034–2044. doi:10.1089/neu.2016.4779

Cantarella, G., Di Benedetto, G., Scollo, M., Paterniti, I., Cuzzocrea, S., Bosco, P.,
et al. (2010). Neutralization of Tumor Necrosis Factor-Related Apoptosis-

Inducing Ligand Reduces Spinal Cord Injury Damage in Mice.
Neuropsychopharmacol 35 (6), 1302–1314. doi:10.1038/npp.2009.234

Charosky, S., Guigui, P., Blamoutier, A., Roussouly, P., and Chopin, D. (2012).
Complications and Risk Factors of Primary Adult Scoliosis Surgery. Spine 37
(8), 693–700. doi:10.1097/BRS.0b013e31822ff5c1

Chen, K., Liu, J., Assinck, P., Bhatnagar, T., Streijger, F., Zhu, Q., et al. (2016).
Differential Histopathological and Behavioral Outcomes Eight Weeks
after Rat Spinal Cord Injury by Contusion, Dislocation, and
Distraction Mechanisms. J. Neurotrauma 33 (18), 1667–1684. doi:10.
1089/neu.2015.4218

Cheriyan, T., Ryan, D. J., Weinreb, J. H., Cheriyan, J., Paul, J. C., Lafage, V., et al.
(2014). Spinal Cord Injury Models: A Review. Spinal Cord 52 (8), 588–595.
doi:10.1038/sc.2014.91

Collaborators, G. T. B. I. (2019). Global, Regional, and National burden of
Traumatic Brain Injury and Spinal Cord Injury, 1990-2016: A Systematic
Analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18
(1), 56–87. doi:10.1016/S1474-4422(18)30415-0

Compston, A. (2010). Aids to the Investigation of Peripheral Nerve Injuries.
Medical Research Council: Nerve Injuries Research Committee. His Majesty’s
Stationery Office: 1942; Pp. 48 (Iii) and 74 Figures and 7 Diagrams; with Aids to
the Examination of the Peripheral Nervous System. By Michael O’Brien for the

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83931311

Han et al. Neuroinflammation and Apoptosis in DSCI

https://doi.org/10.1093/neuros/nyw080
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.3171/FOC.2008.25.11.E3
https://doi.org/10.1089/neu.2000.17.915
https://doi.org/10.1089/neu.2016.4779
https://doi.org/10.1038/npp.2009.234
https://doi.org/10.1097/BRS.0b013e31822ff5c1
https://doi.org/10.1089/neu.2015.4218
https://doi.org/10.1089/neu.2015.4218
https://doi.org/10.1038/sc.2014.91
https://doi.org/10.1016/S1474-4422(18)30415-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Guarantors of Brain. Saunders Elsevier: 2010; Pp. [8] 64 and 94 Figures. Brain
133 (10), 2838–2844. doi:10.1093/brain/awq270

Dalkilic, T., Fallah, N., Noonan, V. K., Salimi Elizei, S., Dong, K., Belanger, L., et al.
(2018). Predicting Injury Severity and Neurological Recovery after Acute
Cervical Spinal Cord Injury: A Comparison of Cerebrospinal Fluid and
Magnetic Resonance Imaging Biomarkers. J. Neurotrauma 35 (3), 435–445.
doi:10.1089/neu.2017.5357

Duan, H. Q., Wu, Q. L., Yao, X., Fan, B. Y., Shi, H. Y., Zhao, C. X., et al. (2018).
Nafamostat Mesilate Attenuates Inflammation and Apoptosis and Promotes
Locomotor Recovery after Spinal Cord Injury. CNS Neurosci. Ther. 24 (5),
429–438. doi:10.1111/cns.12801

Fried, L. C. (1974). Cervical Spinal Cord Injury during Skeletal Traction. JAMA 229
(2), 181–183. doi:10.1001/jama.229.2.181

Graham, Z. A., Goldberger, A., Azulai, D., Conover, C. F., Ye, F., Bauman, W. A.,
et al. (2020). Contusion Spinal Cord Injury Upregulates P53 Protein Expression
in Rat Soleus Muscle at Multiple Timepoints but Not Key Senescence
Cytokines. Physiol. Rep. 8 (3), e14357. doi:10.14814/phy2.14357

Greenhalgh, A. D., Zarruk, J. G., Healy, L. M., Baskar Jesudasan, S. J., Jhelum, P.,
Salmon, C. K., et al. (2018). Peripherally Derived Macrophages Modulate
Microglial Function to Reduce Inflammation after CNS Injury. Plos Biol. 16
(10), e2005264. doi:10.1371/journal.pbio.2005264

Guo, Y., Hu, H., Wang, J., Zhang, M., and Chen, K. (2019). Walking Function after
Cervical Contusion and Distraction Spinal Cord Injuries in Rats. J. Exp.
Neurosci. 13, 117906951986961. doi:10.1177/1179069519869615

Hamilton, D. K., Smith, J. S., Sansur, C. A., Glassman, S. D., Ames, C. P., Berven, S.
H., et al. (2011). Rates of New Neurological Deficit Associated with Spine
Surgery Based on 108,419 Procedures. Spine 36 (15), 1218–1228. doi:10.1097/
BRS.0b013e3181ec5fd9

Heary, R. F., Kumar, S., and Bono, C. M. (2008). Decision Making in Adult
Deformity. Neurosurgery 63 (3 Suppl. l), A69–A77. doi:10.1227/01.NEU.
0000320426.59061.79

Helenius, I. J., Oksanen, H. M., McClung, A., Pawelek, J. B., Yazici, M., Sponseller,
P. D., et al. (2018). Outcomes of Growing Rod Surgery for Severe Compared
with Moderate Early-Onset Scoliosis. Bone Jt. J. 100-B (6), 772–779. doi:10.
1302/0301-620X.100B6.BJJ-2017-1490.R1

Hohlfeld, R., Kerschensteiner, M., andMeinl, E. (2007). Dual Role of Inflammation
in CNS Disease. Neurology 68 (22 Suppl. 3), S58–S63. doi:10.1212/01.wnl.
0000275234.43506.9b

Hong, J.-Y., Suh, S.-W., Lee, S.-H., Park, J.-H., Park, S.-Y., Rhyu, I. J., et al. (2016).
Continuous Distraction-Induced Delayed Spinal Cord Injury onMotor-Evoked
Potentials and Histological Changes of Spinal Cord in a Porcine Model. Spinal
Cord 54 (9), 649–655. doi:10.1038/sc.2015.231

Hu, J., Yang, Z., Li, X., and Lu, H. (2016). C-C Motif Chemokine Ligand 20
Regulates Neuroinflammation Following Spinal Cord Injury via Th17 Cell
Recruitment. J. Neuroinflammation 13 (1), 162. doi:10.1186/s12974-016-
0630-7

Huang, C., Zhang, W., Chu, F., Qian, H., Wang, Y., Qi, F., et al. (2021). Patchouli
Alcohol Improves the Integrity of the Blood-Spinal Cord Barrier by Inhibiting
Endoplasmic Reticulum Stress through the Akt/CHOP/Caspase-3 Pathway
Following Spinal Cord Injury. Front. Cel Dev. Biol. 9, 693533. doi:10.3389/
fcell.2021.693533

Hurlbert, R. J., Hadley, M. N., Walters, B. C., Aarabi, B., Dhall, S. S., Gelb, D. E.,
et al. (2015). Pharmacological Therapy for Acute Spinal Cord Injury.
Neurosurgery 76 (Suppl. 1), S71–S83. doi:10.1227/01.neu.0000462080.04196.f7

Kaiser, G. M., Heuer, M. M., Frühauf, N. R., Kühne, C. A., and Broelsch, C. E.
(2006). General Handling and Anesthesia for Experimental Surgery in Pigs.
J. Surg. Res. 130 (1), 73–79. doi:10.1016/j.jss.2005.07.012

Kjell, J., and Olson, L. (2016). Rat Models of Spinal Cord Injury: From Pathology to
Potential Therapies. Dis. Model. Mech. 9 (10), 1125–1137. doi:10.1242/dmm.
025833

Li, J., Jia, Z., Xu, W., Guo, W., Zhang, M., Bi, J., et al. (2019). TGN-020 Alleviates
Edema and Inhibits Astrocyte Activation and Glial Scar Formation after Spinal
Cord Compression Injury in Rats. Life Sci. 222, 148–157. doi:10.1016/j.lfs.2019.
03.007

Li, L., Guo, J.-D., Wang, H.-D., Shi, Y.-M., Yuan, Y.-L., and Hou, S.-X. (2015).
Prohibitin 1 Gene Delivery Promotes Functional Recovery in Rats with Spinal
Cord Injury. Neuroscience 286, 27–36. doi:10.1016/j.neuroscience.2014.11.037

Liu, S., Sarkar, C., Dinizo, M., Faden, A. I., Koh, E. Y., Lipinski, M. M., et al. (2015).
Disrupted Autophagy after Spinal Cord Injury Is Associated with ER Stress and
Neuronal Cell Death. Cell Death Dis 6, e1582. doi:10.1038/cddis.2014.527

Martin, C., Babin, J. P., Martinez, M., Camier, P., Lorin, J. C., and Cazauran, J. M.
(1971). Spinal Cord (And Brain Stem) Injury at Birth (4 Cases). Arch. Fr
Pediatr. 28 (9), 989–990.

Mattei, T. A., Rehman, A. A., Issawi, A., and Fassett, D. R. (2015). Surgical
Challenges in the Management of Cervical Kyphotic Deformity in Patients with
Severe Osteoporosis: An Illustrative Case of a Patient with Hajdu-Cheney
Syndrome. Eur. Spine J. 24 (12), 2746–2753. doi:10.1007/s00586-015-4092-x

Mattucci, S., Speidel, J., Liu, J., Tetzlaff, W., and Oxland, T. R. (2021). Temporal
Progression of Acute Spinal Cord Injury Mechanisms in a Rat Model:
Contusion, Dislocation, and Distraction. J. Neurotrauma 38 (15),
2103–2121. doi:10.1089/neu.2020.7255

McDonald, J. W., and Sadowsky, C. (2002). Spinal-cord Injury. The Lancet 359
(9304), 417–425. doi:10.1016/S0140-6736(02)07603-1

Misgeld, T. (2005). Death of an Axon: Studying Axon Loss in Development and Disease.
Histochem. Cel Biol. 124 (3-4), 189–196. doi:10.1007/s00418-005-0036-6

Mousavi, M., Hedayatpour, A., Mortezaee, K., Mohamadi, Y., Abolhassani, F., and
Hassanzadeh, G. (2019). Schwann Cell Transplantation Exerts Neuroprotective
Roles in Rat Model of Spinal Cord Injury by Combating Inflammasome
Activation and Improving Motor Recovery and Remyelination. Metab.
Brain Dis. 34 (4), 1117–1130. doi:10.1007/s11011-019-00433-0

Mukaino, M., Nakamura, M., Okada, S., Toyama, Y., Liu, M., and Okano, H.
(2008). Role of IL-6 in Regulation of Inflammation and Stem Cell
Differentiation in CNS Trauma. Jpn. J. Clin. Immunol. 31 (2), 93–98. doi:10.
2177/jsci.31.93

Pahys, J. M., Guille, J. T., DʼAndrea, L. P., Samdani, A. F., Beck, J., and Betz, R. R.
(2009). Neurologic Injury in the Surgical Treatment of Idiopathic Scoliosis:
Guidelines for Assessment and Management. J. Am. Acad. Orthopaedic
Surgeons 17 (7), 426–434. doi:10.5435/00124635-200907000-00003

Ren, H., Chen, X., Tian, M., Zhou, J., Ouyang, H., and Zhang, Z. (2018). Regulation
of Inflammatory Cytokines for Spinal Cord Injury Repair through Local
Delivery of Therapeutic Agents. Adv. Sci. 5 (11), 1800529. doi:10.1002/advs.
201800529

Ren, X. D., Wan, C. X., and Niu, Y. L. (2019). Overexpression of Lnc RNA TCTN 2
Protects Neurons from Apoptosis by Enhancing Cell Autophagy in Spinal Cord
Injury. FEBS Open Bio 9 (7), 1223–1231. doi:10.1002/2211-5463.12651

Saiwai, H., Kumamaru, H., Ohkawa, Y., Kubota, K., Kobayakawa, K., Yamada, H., et al.
(2013). Ly6C+Ly6G−Myeloid-derived Suppressor Cells Play a Critical Role in the
Resolution of Acute Inflammation and the Subsequent Tissue Repair Process after
Spinal Cord Injury. J. Neurochem. 125 (1), 74–88. doi:10.1111/jnc.12135

Seifert, J. L., Bell, J. E., Elmer, B. B., Sucato, D. J., and Romero, M. I. (2011).
Characterization of a Novel Bidirectional Distraction Spinal Cord Injury
Animal Model. J. Neurosci. Methods 197 (1), 97–103. doi:10.1016/j.
jneumeth.2011.02.003

Seyal, M., andMull, B. (2002). Mechanisms of Signal Change during Intraoperative
Somatosensory Evoked Potential Monitoring of the Spinal Cord. J. Clin.
Neurophysiol. 19 (5), 409–415. doi:10.1097/00004691-200210000-00004

Shimizu, E. N., Seifert, J. L., Johnson, K. J., and Romero-Ortega, M. I. (2018).
Prophylactic Riluzole Attenuates Oxidative Stress Damage in Spinal Cord
Distraction. J. Neurotrauma 35 (12), 1319–1328. doi:10.1089/neu.2017.
5494

Tica, J., Bradbury, E., and Didangelos, A. (2018). Combined Transcriptomics,
Proteomics and Bioinformatics Identify Drug Targets in Spinal Cord Injury.
Ijms 19 (5), 1461. doi:10.3390/ijms19051461

Wang C, C., Zhang, L., Ndong, J. D. L. C., Hettinghouse, A., Sun, G., Chen, C., et al.
(2019). Progranulin Deficiency Exacerbates Spinal Cord Injury by Promoting
Neuroinflammation and Cell Apoptosis in Mice. J. Neuroinflammation 16 (1),
238. doi:10.1186/s12974-019-1630-1

Wang J, J., Zhang, M., Guo, Y., Hu, H., and Chen, K. (2019). Quantification of
Surviving Neurons after Contusion, Dislocation, and Distraction Spinal Cord
Injuries Using Automated Methods. J. Exp. Neurosci. 13, 117906951986961.
doi:10.1177/1179069519869617

Wu, D., Zheng, C., Wu, J., Xue, J., Huang, R., Wu, D., et al. (2017). The Pathologic
Mechanisms Underlying Lumbar Distraction Spinal Cord Injury in Rabbits.
Spine J. 17 (11), 1665–1673. doi:10.1016/j.spinee.2017.05.024

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83931312

Han et al. Neuroinflammation and Apoptosis in DSCI

https://doi.org/10.1093/brain/awq270
https://doi.org/10.1089/neu.2017.5357
https://doi.org/10.1111/cns.12801
https://doi.org/10.1001/jama.229.2.181
https://doi.org/10.14814/phy2.14357
https://doi.org/10.1371/journal.pbio.2005264
https://doi.org/10.1177/1179069519869615
https://doi.org/10.1097/BRS.0b013e3181ec5fd9
https://doi.org/10.1097/BRS.0b013e3181ec5fd9
https://doi.org/10.1227/01.NEU.0000320426.59061.79
https://doi.org/10.1227/01.NEU.0000320426.59061.79
https://doi.org/10.1302/0301-620X.100B6.BJJ-2017-1490.R1
https://doi.org/10.1302/0301-620X.100B6.BJJ-2017-1490.R1
https://doi.org/10.1212/01.wnl.0000275234.43506.9b
https://doi.org/10.1212/01.wnl.0000275234.43506.9b
https://doi.org/10.1038/sc.2015.231
https://doi.org/10.1186/s12974-016-0630-7
https://doi.org/10.1186/s12974-016-0630-7
https://doi.org/10.3389/fcell.2021.693533
https://doi.org/10.3389/fcell.2021.693533
https://doi.org/10.1227/01.neu.0000462080.04196.f7
https://doi.org/10.1016/j.jss.2005.07.012
https://doi.org/10.1242/dmm.025833
https://doi.org/10.1242/dmm.025833
https://doi.org/10.1016/j.lfs.2019.03.007
https://doi.org/10.1016/j.lfs.2019.03.007
https://doi.org/10.1016/j.neuroscience.2014.11.037
https://doi.org/10.1038/cddis.2014.527
https://doi.org/10.1007/s00586-015-4092-x
https://doi.org/10.1089/neu.2020.7255
https://doi.org/10.1016/S0140-6736(02)07603-1
https://doi.org/10.1007/s00418-005-0036-6
https://doi.org/10.1007/s11011-019-00433-0
https://doi.org/10.2177/jsci.31.93
https://doi.org/10.2177/jsci.31.93
https://doi.org/10.5435/00124635-200907000-00003
https://doi.org/10.1002/advs.201800529
https://doi.org/10.1002/advs.201800529
https://doi.org/10.1002/2211-5463.12651
https://doi.org/10.1111/jnc.12135
https://doi.org/10.1016/j.jneumeth.2011.02.003
https://doi.org/10.1016/j.jneumeth.2011.02.003
https://doi.org/10.1097/00004691-200210000-00004
https://doi.org/10.1089/neu.2017.5494
https://doi.org/10.1089/neu.2017.5494
https://doi.org/10.3390/ijms19051461
https://doi.org/10.1186/s12974-019-1630-1
https://doi.org/10.1177/1179069519869617
https://doi.org/10.1016/j.spinee.2017.05.024
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Wu, J., Xue, J., Huang, R., Zheng, C., Cui, Y., and Rao, S. (2016). A Rabbit Model of
Lumbar Distraction Spinal Cord Injury. Spine J. 16 (5), 643–658. doi:10.1016/j.
spinee.2015.12.013

Yang, C., Zheng, Z., Liu, H., Wang, J., Kim, Y. J., and Cho, S. (2016). Posterior
Vertebral Column Resection in Spinal Deformity: A Systematic Review. Eur.
Spine J. 25 (8), 2368–2375. doi:10.1007/s00586-015-3767-7

Yang, H., Wu, L., Deng, H., Chen, Y., Zhou, H., Liu, M., et al. (2020). Anti-inflammatory
Protein TSG-6 Secreted by Bone Marrow Mesenchymal Stem Cells Attenuates
Neuropathic Pain by Inhibiting the TLR2/MyD88/NF-Κb Signaling Pathway in
Spinal Microglia. J. Neuroinflammation 17 (1), 154. doi:10.1186/s12974-020-1731-x

Yao, X., Feng, S.-q., Hao, J., Li, B., Duan, H.-q., Zhao, C.-x., et al. (2017).
Mechanisms Underlying the Promotion of Functional Recovery by
Deferoxamine after Spinal Cord Injury in Rats. Neural Regen. Res. 12 (6),
959–968. doi:10.4103/1673-5374.208591

Yao, X., Sun, C., Fan, B., Zhao, C., Zhang, Y., Duan, H., et al. (2021). Neurotropin
Exerts Neuroprotective Effects after Spinal Cord Injury by Inhibiting Apoptosis
and Modulating Cytokines. J. Orthopaedic Translation 26, 74–83. doi:10.1016/j.
jot.2020.02.011

Yin, X., Yin, Y., Cao, F.-L., Chen, Y.-F., Peng, Y., Hou, W.-G., et al. (2012).
Tanshinone IIA Attenuates the Inflammatory Response and Apoptosis after
Traumatic Injury of the Spinal Cord in Adult Rats. PLoS One 7 (6), e38381.
doi:10.1371/journal.pone.0038381

Zhang, N., Yin, Y., Xu, S. J., Wu, Y. P., and Chen, W. S. (2012). Inflammation &
Apoptosis in Spinal Cord Injury. Indian J. Med. Res. 135, 287–296.

Zhou, C., Liu, L., Song, Y., Liu, H., Li, T., Gong, Q., et al. (2011). Anterior and
Posterior Vertebral Column Resection for Severe and Rigid Idiopathic Scoliosis.
Eur. Spine J. 20 (10), 1728–1734. doi:10.1007/s00586-011-1861-z

Zhu, N., Ruan, J., Yang, X., Huang, Y., Jiang, Y., Wang, Y., et al. (2020). Triptolide
Improves Spinal Cord Injury by Promoting Autophagy and Inhibiting
Apoptosis. Cell Biol. Int. 44 (3), 785–794. doi:10.1002/cbin.11273

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Han, Liang, Hai, Liu, Chen, Ding, Yang and Yin. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 83931313

Han et al. Neuroinflammation and Apoptosis in DSCI

https://doi.org/10.1016/j.spinee.2015.12.013
https://doi.org/10.1016/j.spinee.2015.12.013
https://doi.org/10.1007/s00586-015-3767-7
https://doi.org/10.1186/s12974-020-1731-x
https://doi.org/10.4103/1673-5374.208591
https://doi.org/10.1016/j.jot.2020.02.011
https://doi.org/10.1016/j.jot.2020.02.011
https://doi.org/10.1371/journal.pone.0038381
https://doi.org/10.1007/s00586-011-1861-z
https://doi.org/10.1002/cbin.11273
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Elucidating the Potential Mechanisms Underlying Distraction Spinal Cord Injury-Associated Neuroinflammation and Apoptosis
	1 Introduction
	2 Materials and Methods
	2.1 Animal Caring
	2.2 Grouping and Neuromonitoring
	2.3 Generation of the Porcine Distraction Spinal Cord Injury Model
	2.4 Anesthesia Monitoring and Wake-Up Test
	2.5 Postoperative Neurologic Function Assessment
	2.6 Magnetic Resonance Imaging Examination
	2.7 Histological Staining
	2.8 Enzyme-Linked Immunosorbent Assay
	2.9 Immunofluorescence Staining
	2.10 Western Blotting
	2.11 Statistical Analysis

	3 Results
	3.1 Neurologic Function Changes of Hind Limbs Following Distraction Spinal Cord Injury
	3.2 DSCI Lesions Evaluated by MRI
	3.3 Pathological Changes in the Spinal Cord Tissues Following Distraction Spinal Cord Injury
	3.4 Levels of IL-1β, IL-6 and TNF-α in Spinal Cord Tissues and Cerebrospinal Fluid Following Distraction Spinal Cord Injury
	3.5 Neuroinflammatory Responses and Neuron Survival Maker Expression Detected by Immunofluorescence Staining in the Spinal  ...
	3.6 Expression Levels of P53-Mediated Bcl-2/Bax/Caspase-3 Apoptosis Signaling Pathway-Related Proteins Following Distractio ...

	4 Discussion
	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


