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Abstract

Objectives: S100-B has been identified as a sensitive biomarker in central nervous system injuries. However, the
functions and mechanisms of S100-B are unknown in spinal cord injury. Methods: Spinal cord injury (SCI) mouse model
was generated by surgical operation, microglia activation model was established by inducing BV-2 cells with LPS. The SCI
model was evaluated by Basso-Beattie-Bresnahan (BBB) behavioral score, HE staining, and Nissl staining. The expression
level of S100-B was detected by gRT-PCR, western blot, and immunofluorescence. gqRT-PCR and western blot were
used to detect the expression of iINOS and CD 16. Pro-inflammatory cytokines TNF-a and IL-18 levels were detected by
gRT-PCR and ELISA. Results: The expression of IL-1B, TNF-a, iNOS, and CD16 increased at 3™ day after SCI. In BV2
microglia, LPS treatment promoted the expression of S100-B, IL-18, TNF-a, iNOS, and CD16. Knockdown of S100-8
reduced the expression of iINOS stimulated by LPS. Over-expression of S100-8 increased IL- 1B and TNF-a, and S100-8
inhibition suppressed IL-18 and TNF-a. In SCI mice, knockdown of S100-f attenuated the spinal cord injury and inhibited
the expression of iNOS, IL- 1B, and TNF-a. Conclusions: Down-regulation of S100-B could inhibit the pathogenesis of SCI
and inhibit the activation of M1 macrophages. S100- may be a useful diagnostic biomarker or therapeutic target for SCI.
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Introduction

Spinal cord injury (SCI) is one common and serious
neurological condition'?; the characteristics are high
disability rate, irreversible motor and sensory deficits,
which cause immense socioeconomic impact on affected
individuals and the health care system®“. Currently, 2.5-
4 million people around the globe suffer from pain due to
SCI5¢. However, there are no effective treatments for SCI"8,
Therefore, understanding the pathogenesis is essential to
develop effective therapeutic strategies for SCI.

The authors have no conflict of interest.

Corresponding author: Shizhang Liu, Shaanxi Provincial People’s Hospital,
the Third Affiliated Hospital of Xi’an Jiaotong University, No.256 Youyi West
Road, Beilin District, Xi’‘an, Shaanxi, 710068, China

E-mail: mmgqwmé6@163.com

Edited by: G. Lyritis
Accepted 21 January 2021

%

HYLONOme

The development of SCI is accompanied by a robust
and persistent inflammatory response®. Microglia, the
dominantimmune cells of the centralnervous system (CNS),
had been reported as a key cellular component to protect
neural tissues after SCI'®'". Two macrophage subsets
dominate sites of CNS injury, phenotype M1 (classical
activation) and phenotype M2 (alternative activation)4. It
is reported that SCl-related tissue damage is characterized
by M1 phenotype activation and inflammation, promote
microglia M2 polarization or inhibit microglia polarization
to M1 phenotype could attenuate the inflammation after
the SCI'>', For instance, tumor necrosis factor-a (TNF-a),
activation factors of M1 phenotype, induced microglia
polarization to M1 in the injured spinal cord and produce
a variety of pro-inflammatory cytokines, including IL-18,
TNF-a'"'°, Meanwhile, increased expression of markers of
the M1 phenotype, include inducible nitric oxide (iNOS),
and cell surface markers such as CD16, had been detected
after SCI?°,

S100-B is a neuronal survival protein synthesized mainly
by mature astroglia®'. It is a member of S100 proteins
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family that is a part of the superfamily of calcium-modulated
proteins?2. S100 proteins are highly enriched in the nervous
system, and many of them reside in the glia®®>24. As a marker
for glial cells, the role of S100-B has been studied extensively
in the past 30 years. Yasuda et al.?> has been reported
that higher concentration of S100-f in the extracellular
space induces the production of iINOS in astrocytes, which
contributes to infarct expansion that results in DNA damage
or cell death. Additionally, recent research suggested that
S100-B might be a valuable biomarker for silent brain injury
in carotid revascularization®®. However, it is not clear that the
functions and mechanisms of S100- in SCI.

This study investigated the effects of S100-B on
inflammation and activation of macrophages/microglia
after SCI.

Materials and methods
Animals

To establish the SCI model, the C57B/6J mice (20-25 g,
8-week-old) were anesthetized by an intraperitoneal injection
of xylazine (40 mg/kg) and ketamine (80 mg/kg). After skin
and paravertebral muscle detachment, thoracic laminectomy
was performed to expose the spinal cord on T9 and T10.
The dorsal dural surface was then exposed to a commercial
spinal cord contusion device (60 kdyn using Infinite Horizon
impactor, Precision Systems & Instrumentation, Lexington,
KY). The spinal cord injury mice (n=36) were randomly
divided into six groups (6 mice per group), which were
euthanized at 12 hours, 1 day, 3 days, 5 days, 7 days, 14
days after SCI. A group of 6 mice constituted the Sham group
(surgical control) which had the same surgical procedures
with SCI group but without contusion. The sham group was
euthanized at 2 weeks. To prevent the infection and death
of SCI mice caused by surgery, the mice placed in a constant
temperature cage after surgery and treated with artificial
bladder expression twice a day until recovery.

To reduce the expression of S100-, 10 pl of S100-B8
lentivirus (10° TU/mL) was injected into the injury site after
SCI. The sham group and the SCI group were injected with the
same dose of an empty lentiviral vector. More than 6 mice
injected lentiviral in every group, and mice were euthanized
at 3d after injection for further experiments.

This study was approved by the Committee on Animal Care
and Use of the ethical committee of the Affiliated Hospital of
Xi’an Jiaotong University.

Basso-Beattie-Bresnahan (BBB) behavioral score

BBB behavioral score was used to evaluation of hindlimb
motor function. The stage score has been described
previously?’. The mice were placed on a circular platform with
a diameter of 2 m. The hindlimbs’ walking and limb activity
scores were observed and recorded at the 1, 3, 5, 7, 14 days
after SCl and 1 day before surgery.
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Tissue collection

At the predetermined time points, the mice were
anesthetized, the diaphragm was cut, and the pericardium
was opened. The connective tissue and meninges were
stripped off, then the spinal cord above and below 5 mm of
the injury site was carefully dissociated with scalpels and
scissors. These tissues were placed into -80°C for further
experiments. Some mice were perfused with PBS, and the
right atrial appendage was cut at the same time. After the
effluent liquid became clear, 4% PFA was perfused until
the tissues became hard. The spinal cord about the injury
site was removed and placed in 4% PFA overnight for
histopathological staining and immunofluorescence.

HE staining

The tissues of 14d after SCI were dehydrated through
xylene and gradient alcohol solutions. Then the tissues
were embedded by paraffin and cut into 4 um sections.
After dewaxing and hydration, the sections were stained
with haematoxylin solution for 1 min and washed twice by
distilled water. Following, the sections were differentiated
in 1% hydrochloric acid and stained with eosin for 2 min
after washed twice by distilled water. Finally, the sections
were dehydrated with alcohol and vitrification by xylene.
The stained sections were mounted by neutral balsam and
observed through light microscope (Lecia, Germany).

Nissl staining

The tissues of 14d after SCI were embedded by paraffin
and cut 4 um sections. First, sections were deparaffinized
with xylene and rehydrated with gradient alcohol. Then,
sections were stained with Nissl staining solution for 5 min
and mounted with neutral balsam. The apoptotic neurons
were shrunken or contained vacuoles. The normal neurons
had a relatively large and full soma, with round, large nuclei.
The neurons were observed through microscope (Leica,
Germany) randomly in five areas.

Immunofluorescence (IF)

The tissues of 3d and 14d after SCI were embedded
by paraffin and cut 4 pym sections. The sections were
deparaffinized with xylene and rehydrated with gradient
alcohol. Then, the antigen in sections was retrieval by citric
acid. The sections were incubated with S100-B (ab52642,
1:100 dilution, Abcam, USA) and IbA-1 (ab48004, 1:100
dilution, Abcam, USA) antibody for overnight at 4°C.
The sections were washed with PBS and incubated with
appropriate fluorescently labeled secondary antibody for 1
hour at room temperature. The sections were mounted after
wash three times by PBS. Fluorescence was detected using
an Axio Imager optical sectioning microscope with ApoTome
(Carl Zeiss).
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Figure 1. S100-B is up-requlated in the injured spinal cords during the early stage of SCI. (A) BBB scores were detected in sham and SCI group mice at the 1, 3, 7, 10, 14 days after operation.
(B) HE staining and Nissl staining detected the inflammation and neurons apoptosis in spinal cord tissues at 14d after SCI. Spinal cord tissue were collected at 12h, 1d, 3d, 5d, 7d and 14d
after SCI. The spinal cord tissue was collected at 14d in sham group after operation. The expression of S100-B was detected by gRT-PCR (C) and western blot (D). (E) Immunofluorescence
staining of S100-B and IbA-1 in the spinal cord tissue sections at 3d and 14d after SCI. Red: S100-B; green: microglia. Scale bar: 50 pm. **p<0.01, ***p<0.001 vs sham group (NC). n = 6.
Error bars were represented the mean + SD.
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Figure 2. SCl promotes the activation of M1 macrophage. Determine the expression of M1 polarization markers in mice spinal cord tissue
that 12h, 1d, 3d, 5d, 7d and 14d after SCI. gqRT-PCR were performed to detect iNOS (A) and CD16 (B) expression in mRNA levels. (C)
iNOS and CD16 protein expression were detected by western blot. (D) Quantitative analysis the western blot results. *p<0.05, **p<0.01,
***p<0.001 vs sham group (NC). Error bars were represented the mean + SD.
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Figure 3. SCI promotes the release of pro-inflammatory factors. gqRT-PCR analysis of pro-inflammatory factors after 12h, 1d, 3d, 5d, 7d
and 14d post-SCl in spinal cord tissue of mice. (A) TNF-q; (B) IL-1B; *p<0.05, **p<0.01, ***p<0.001 vs sham group (NC). Error bars were
represented the mean = SD.
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Figure 4. S100-B is up-requlated in microglia with LPS treatment. Determination (A) and quantification (B) of S100-f in BV2 treated
with LPS at 3h, 6h, 12h and 24h by western blot. No treatment was used as negative control. *p<0.05, **p<0.01, ***p<0.001. Error bars
were represented the mean + SD in three independent experiment.
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Cell culture and cell transfect

BV2 cells were purchased from Procell Life
Science&Technology Co.,Ltd (Wuhan, Hubei, China), and
cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented
with 10% FBS (Gibco, Carlsbad, CA, USA), 50 g/ml
streptomycin (Invitrogen, Carlsbad, CA, USA), and 50 U/ml
penicillin in a humidified atmosphere of 95% air and 5%
CO2. BV2 cells were grown for 4 days, and medium was
replaced by DMEM (Dulbecco’s Modified Eagle’s Medium)
solution containing LPS (lipopolysaccharides, 1 ug/ml). BV2
cells were collected for further experiments cultured with
LPS for 3h, 6h, 12h, 24h.

For the knockdown or overexpression of S100-8, BV2
cells cultured in normal DMEM medium or LPS contained
DMEM medium for 24h and were transfected with S100-8
siRNA (30 nM) or S100-B plasmid by using Lipofectamine
3000 (Thermo-Scientific, USA) and cultured for 48h. The
negative control (NC) siRNA and S100-B siRNA sequences
were purchased from GenePharma (Shanghai, China).
S100-B siRNA, sence: AAUCCAAGUUACAUUUAAAUA,
anti-sence: UUUAAAUGUAACUUGGAUUAU. NC siRNA,
sence: UUCUCCGAACGUGUCACGUTT, anti-sence:
ACGUGACACGUUCGGAGAATT.

gRT-PCR

According to the manufacturer’s protocols, total RNA
was extracted and reverse transcribed using a PrimeScript
RT reagent kit with random primers (Invitrogen, San Diego,
CA, USA). The gRT-PCR was performed using 2xSYBR
Green PCR Master Mix (Takara, Dalian, China). The qRT-PCR
reaction system contained 1 pl of cDNA, 0.5 ul of forward
primer (10 uyM), 0.5 pl of reverse primer (10 uM), 5 pl of
2XSYBR Green PCR Master Mix and 3 ul of double-distilled
water. The gRT-PCR reaction was conducted at 95°C for 30

http://www.ismni.org

s, followed by 40 cycles of 95°C for 10 s, and 60°C for 30 s.
The results were normalized to GAPDH and then calculated
using the 2—AACq method.

The primers sequence is as follows: S100- (forward:
GATGTCCGAGCTGGAGAAGG, reverse: CCTGCTCCTTGATTT
CCTCCA);iNOS (forward: GTTCTCAGCCCAACAATACAAGA,
reverse:GTTCTCAGCCCAACAATACAAGAC);CD16(forward:
CTGCTGCTGTTTGCTTTTGC, reverse: TTCGCACATCAGT
GTCACCA); TNF-a (forward: GATCGGTCCCCAAAGGGATG,
reverse: CCACTTGGTGGTTTGTGAGTG); IL-18 (forward:
TGCCACCTTTTGACAGTGATG, reverse: TGATGTGCTGCTGCG
AGATT).

Western blot

Total protein was extracted in a RIPA buffer (Beyotime,
China), and subsequently, the BCA assay (Thermo Scientific,
USA) was used to analysis concentration. The dissolved
protein samples were separated by SDS-polyacrylamide gel
electrophoresis, which was then transferred to nitrocellulose
membranes. Subsequently, membranes were incubated with
5% skim milk in TBST (25 mM Tris, 150 mM NaCl, 0.05%
Tween-20, pH 7.5) at 1h to block reactions. Membranes
were incubated with primary antibodies against S100-8
(1:1000, Abcam, USA), iNOS (1:1000, Abcam, USA), CD16
(1:1000, Abcam, USA) and GAPDH (1:1000, Abcam, USA)
overnight at 4°C, follow incubated by goat anti-rabbit HRP-
conjugated secondary antibody (1:5000, Abcam, USA) at
room temperature for 1h, and section colors were developed
with ECL (Synthgene, China).

Enzyme-linked immunosorbent assay (ELISA)

Inflammatory factors of TNF-a and IL-1B8 in the injured
spinal cord were detected by ELISA kit (Beyotime
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Figure 5. LPS treatment induces the activation of M1 phenotype and inflammation. Determination of the expression of M1 polarization markers and pro-inflammatory cytokines in BV2
treated with LPS at 3h, 6h, 12h and 24h. (A) Western blot detected and quantitative analysis iNOS protein expression. (B) gRT-PCR analysis CD16 expression in mRNA levels. gqRT-PCR
analysis inflammatory cytokines TNF-a (C) and IL-1B (D) expression in mRNA levels. TNF-a (E) and IL-1B (F) protein expression was detected by ELISA assay. No treatment was used as negative
control. *p<0.05, **p<0.01, ***p<0.001. Error bars were represented the mean + SD in three independent experiment.
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Statistical analysis

Biotechnology, China). The absorbance value at 450 nm was measured by
Multiplex Microplate Reader (Thermo-Fisher, USA). The measured OD values were
converted into concentration value.

Statistical significance of difference was examined by the unpaired two-tailed
Student’s t-test. Differences were considered significant for P<0.05. Statistical
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analysis was performed using GraphPad Prism 7.0. Data
were expressed as mean = SD.

Results

S100-B is up-regulated in the injured spinal cord during the
early stage of SCI

The BBB scores were assessed to evaluate the locomotion
recovery after SCI?8, The BBB score of sham group mice
was unaltered after the operation. At the same time,
the BBB score of SCI group mice was severely impaired
immediately after the SCI and gradually recovered within
14d after operation (Figure 1A). The HE staining of paraffin-
embedded showed that the infiltration of inflammation cells
was increased in SCI mice at 14d after operation. The Nissl
staining results showed that the apoptosis ratios of neurons
were increased in SCI mice at 14d after operation, compared
with the sham group mice (Figure 1B). To explore the effects
of S100-B in SCI, we calculated whether the injury affected
the expression of S100-B. gRT-PCR and western blot were
performed to detect the expression of S100-f in mRNA and
protein levels, respectively (Figure 1C & D). We found that
S100-B was generally up-requlated after SCI and reached
the peak on the third day. Similarly, IF staining exhibited that
S100-B were higher in the tissue sections at 3rd day post-SClI
than sham group while decreasing at 14" day (Figure 1E).
These results demonstrated that S100-8 was up-regulated
during the early stage of SCI.

http://www.ismni.org

SClpromotes theactivation of M1 phenotype andinflammation

We next detected the expression of M1 polarization
markers, iNOS and CD16, and the pro-inflammation factors,
TNF-a and IL-1, after SCI. The results indicated that iNOS and
CD16 were significant increased from day 1 to 3 after SCI, and
decreased from day 3 to 14 after SCI (Figure 2). Meanwhile,
the pro-inflammation factors, TNF-a and IL-1B, were induced
and peaked at day 3 (Figure 3). These results suggested SCI
promoted M1 phenotype activation and inflammation.

S100-B is up-regulated in microglia with LPS treatment

The effects of S100-B were further investigated in BV2
microglia treated with LPS. As shown in Figure 4, S100-8
was highly increased in LPS-stimulated BV2. Moreover,
LPS treatment induced over-expression of M1 polarization
markers and inflammatory cytokines, including TNF-a and IL-
1B (Figure 5).

S100-B-knockdown reduces the overexpression of iINOS
induced by LPS in microglia

To investigate whether S100-B could regulate M1
phenotype activation of microglia, the expression level of
iNOS was determined in BV2 that cultured in LPS conditions
or transfect S100-B siRNA, separately or simultaneously.
S100-B knock down was detected by qRT-PCR and western
blot (Figure 6A-B). Western blot analysis indicated that LPS-
stimulated over-expression of iINOS was partly eliminated
by S100-B-knockdown, while no significant difference
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Figure 8. S100-B-knockdown inhibits the activation of M1 phenotype and the expression of pro-inflammation factor in vivo. S100-B siRNA lentivirus were injected in the injury sites after
SCI. Control lentivirus were injected in the SCI mice and sham mice after operation. At the 3d after operation, the spinal cord tissues about the injury sites were collected. The expression
of S100-B was detected by gRT-PCR (A) and western blot (B). (C) The BBB scores were detected at the 1, 3, 7, 10, 14 days after operation. (D) HE staining and Nissl staining detected the
inflammation and neurons apoptosis. (E) Immunofluorescence staining of S100-B and IbA-1. (F) Western blot detected the expression of iNOS at the protein level. (G) The level of TNF-a and
IL-1B was detected by ELISA. **p<0.01, ***p<0.001. n=6. Error bars were represented the mean + SD.
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was observed in BV2 without LPS (Figure 6C). The result
indicated that S100-8 silence could inhibit M1 polarization in
an inflammatory environment, while no apparent functions at
normal conditions.

Expression of pro-inflammatory factors in S100-B-treated
microglia

In order to study whether or not S100-f influences
inflammatory responses, we detected the expression of IL-
1B and TNF-a in BV2 that use LPS stimulated or transfect
S100-B plasmid and siRNA, respectively or simultaneously.
As showninFigure 7, both IL-18 and TNF-a were significantly
higher in S100-B-treatment BV2, whether LPS-stimulated
or not. Notably, the expression of TNF-a requlated by
S100-B is more pronounced than IL-1B. These findings
demonstrated that high expression of S100- aggravates
inflammation, and S100-B-knockdown inhibits the release
of pro-inflammatory factors.

S100-B-knockdown inhibits the activation of M1 phenotype
and the expression of pro-inflammation factor in vivo

The S100-B siRNA lentivirus was injected in injury site
of SCI mice after the operation. The control lentivirus was
injected in the same sites of SCI mice and sham mice after
the operation. To evaluate the knockdown of S100-83, gRT-
PCR and western blot were performed, and the results
showed that S100-B expression was decreased in SCI and
S100-B siRNA injected group than SCI group after the 3d of
operation (Figure 8A, 8B). According to BBB score, we found
that the mice were severely impaired immediately after the
SCl and gradually recovered within 14d after operation. The
knockdown of S100-B induced better recovery of motor
function in SCI mice (Figure 8C). Then, HE staining and
Nissl staining were used to detect the inflammation and
neurons apoptosis in 3d after operation. The HE staining
results showed that decreased the expression of S100-8
inhibited the infiltration of inflammatory cells and promoted
the recovery of SCI. Nissl staining results showed that
knockdown of S100-B decreased the apoptosis ratios of
neurons (Figure 8D).

Similarly, IF staining results displayed that S100-3 were
higher in the tissue sections at 3 day post-SCI compared
to sham group. Meanwhile, the expression of S100-8 was
decreased in SCI, and S100-8 siRNA injected group than
SCI group at 3 day post-SCI (Figure 8E). To confirm S100-8
affects the M1 macrophage and pro-inflammatory factor,
we detected the expression of iINOS through western blot
and detected TNF-a, IL-1B levels through ELISA. The results
showed that SCI induced the increase of iNOS, TNF-a, and
IL-18 levels. However, knockdown of S100-f inhibited the
effect of SCI on these genes expression (Figure 8F & 8G).
These results suggested that knockdown of S100-f inhibited
the activation of M1 phenotype and the expression of pro-
inflammation factor in vivo.

http://www.ismni.org

Discussion

The pathophysiology of SCI is divided into two stages:
the primary stage is caused by the serious mechanical
injury, and the following stage comprises a cascade of
degenerative events to complicate further and enlarge the
mechanical damage®®3°. Multiple molecular mechanisms
are involved in the progressive spread of secondary injury,
and inflammation is the most critical pathological process.
The present study demonstrated the molecular mechanism
of S100-B after SCI, emphasizing macrophages activation
and inflammatory response.

First of all, our data indicated that S100-f was over-
expressed in the injured spinal cord tissues in SCI mice.
Further, with the up-requlation of S100-8, M1 polarization
markers, iNOS and CD16, and pro-inflammatory factors,
TNF-a and IL-1B3, were increased significantly. It is reported
that microglia and macrophages rapidly accumulated at the
injury site within the first hours after mechanical damage and
remain there until the end of the first week?®'2, Meanwhile,
activated macrophages release various inflammation
cytokines, including TNF-a and IL-1B3334, Notably, in our
study, the expression of S100-3 was continually increased
from 12 h to day 3 post-SCl and then dropped off. In addition,
M1 activation markers and pro-inflammatory factors
exhibited similar expression patterns to S100-B. These
results suggested that S100-B might play critical roles in
both M1 activation and inflammation, which trigger an acute
and rapid response to aggravate SCI.

In the injury environment, microglia and macrophages,
because of heterogeneity of these cells’ responses to injury,
present their unique functional roles, including but not limited
to activation of distinct immune phenotypes, production
of reactive oxygen species, and inflammation's3537, At
the primary stage of SCI, the mechanical forces applied to
the tissue destroys the plasma membranes of neuron and
endothelial cells®2. The deterioration induces the release of
inflammatory factors, and secondary damage occurs®®. The
pro-inflammatory cytokines, such as TNF-a and IL-1f are
secreted mainly by microglia and activate other macrophage
cells. Activated macrophage cells extensively secret pro-
inflammatory cytokines, consequently accelerating the
inflammation and SCI?%4°, In our study, the expression level
of S100-B was successfully induced in LPS-stimulated
BV2 cells. LPS treatment promoted the expression of pro-
inflammatory requlators, including TNF-a and IL-1B3, which
were dramatically down-regulated by S100-B-knockdown
in BV2 cells. Additionally, knockdown of S100-8 in SCI mice
down-regulated the expression of pro-inflammatory. These
results suggested S100-3 promoted SCI via requlating the
expression of the pro-inflammatory factors.

On the other hand, activated macrophages are divided into
two main subtypes: the classically activated M1 macrophages
and the alternatively activated M2 macrophages'*'¢. The
phenotypic responses and function are strongly requlated
by cytokines in the microenvironment'®4'. M1 macrophages
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participate in neuro-inflammation and lesion expansion by
releasing pro-inflammatory cytokines and free radicals,
while M2 macrophages release anti-inflammatory cytokines
to reduce inflammation*2. In our study, M1 phenotype
marker, iNOS was highly induced by LPS in BV2 cells while
being reversed by S100-B-silence. The results consistent
with the in vivo experiments results. These results suggested
that S100-B inhibition suppressed the activation of M1
phenotype.

In summary, S100-B was increased in the injured spinal
cord tissues in SCI mice and LPS-treated BV2 cells. SCI and
LPS promoted inflammatory response and activation of M1
macrophages. Over-expression of S100-f induced TNF-a and
IL-1B, while S100-B-silence suppressed the inflammation and
polarization of M1 macrophages. These findings indicated
that inhibition of S100-B might reduce secondary damage,
which has great therapeutic potential to improve SCI.
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