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Abstract: Objective: This research aimed to study the impact and regulatory mechanism of Trem1 in spinal cord
ischemia-reperfusion injury (SCIRI). Method: Temporary aortic cross clamp followed by reperfusion was used to
establish SCIRI mice model. Mice motion function was estimated by Basso, Beattie, Bresnahan (BBB) score. Spinal
cord infract zone was analyzed by HE and TUNEL staining. High throughput sequencing was performed to explore
potential target for SCIRI. N2a cells were used to simulate the pathophysiological process of SCIRI in vitro with
oxygen-glucose-serum deprivation/restoration (OGSD/R). RT-PCR and Western blot were token to determine mRNA
and protein expression levels. Knockdown of Trem1 was performed with siRNA transfection in vitro and shRNA
adenovirus injection in vivo. The relationship between Trem1 and SYK was analyzed by immunoprecipitation and im-
munofluorescence. Result: We observed that neuronal apoptosis of spinal cord was aggravated after SCIRI. Trem1
expression was dramatically upregulated as shown by high throughput sequencing, RT-PCR and Western blot re-
sults. Furthermore, Trem1 triggered apoptosis of N2a cells induced by 0GSD/R, and knockdown of Trem1 by siRNAs
blocked apoptosis via PIBK/AKT and NF-kB signaling pathway by interacting with SYK. In addition, we found that
intrathecal injection of adenovirus with Trem1 shRNA could downregulate SYK and inhibit neuron apoptosis caused
by SCIRI in vivo. Conclusion: Trem1 interacts with SYK and mediates neuronal apoptosis via the PI3K/AKT and NF-«kB

signaling pathway. Trem1 may be a therapeutic candidate for patients with SCIRI.
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Introduction

Spinal cord ischemia (SCI) brings about the
most acute spinal cord injury and calls for high
priority in clinical treatment [1]. SCI can lead to
quadriplegia, incontinence, respiratory paraly-
sis and even death [2]. It is responsible for the
peripheral nervous system complication after
aortic and spine surgery, with a reported occur-
rence ranging from 2.4% to 40% [3]. Efforts to
avoid SCI include establishment of temporary
shunts or Cardio-Pulmonary Bypass [4], pre-
treatment with cerebrospinal fluid drainage [5],
ischemic preconditioning and pharmacothera-
py [6]. Nevertheless, all these methods are
unsatisfactory in preventing spinal cord from
injury [7].

Reperfusion plays an important role in the main
treatment for SCI [8]. However, there is growing
evidence demonstrating that spinal cord isch-

emia-reperfusion injury (SCIRI) can induce the
production of free radical, toxin, inflammatory
factors, and ER stress enhancement, causing
cell apoptosis and severe lower limb neurologic
defect [9, 10]. Both traumatic and non-traumat-
ic SCIRI can lead to elevated ROS concentration
and imbalance of redox homeostasis, deterio-
rating spinal cord condition [11].

Although there is enough evidence demonstrat-
ing that neuronal apoptosis is of great signifi-
cance for protection and functional recovery of
nerve cells after spinal cord ischemia-reperfu-
sion [12, 13], excessive apoptosis results in
irressible injury. Clearly, the mechanisms of
neuronal apoptosis and functional recovery
after SCIRI deserve attention [14].

In this study, we analyzed the mRNA profile of
C57BL/6J mice in sham and SCIRI mice model.
Interestingly, we found a candidate target, the
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triggering receptor expressed on myeloid cells-
1 (Treml), that mediates neuronal apoptosis
via interaction with SYK. We validated Trem1
function in OGSD/R N2a cell model. In addition,
spinal cord neuronal apoptosis in SCIRI mice
was significantly decreased after Trem1 knock-
down with adenovirus. Trem1 may be a poten-
tial therapeutic target for SCIRI.

Methods
Animals

Adult male C57BL/6J mice (20-25 g) were pur-
chased from Model Animal Research Center of
Nanjing University and raised in separate cages
with light to dark cycle (each part 12 h). The
animals were allowed ad libitum to food and
water. Second Military Medical University
Animal Care Committee gave the permission to
all experiments. All the procedures were in
accordance with the guidelines of the National
Institute of Health Guide for the Care and Use
of Laboratory Animals. At least six mice were
analyzed for each measurement index.

Cell culture and treatments

N2a cells were cultured in DMEM containing
10% FBS. For transfection, N2a cells were
transfected with the indicated Trem1 siRNAs
(Trem1-sil: GCCAGACUUUGACAGUGAA; Trem1-
si2: CCAUGCUACAAGUUCAAAU; Trem1-si3: CC-
CAGUGACACAACUACAA) using Lipofectamine
3000 (Invitrogen) in accordance with the manu-
facturer’s instructions. Briefly, N2a cells with
70-80% confluency were transfected with
Lipofectamine 3000 and 10 nM siRNAs. 48 h
later after transfection, cells were subjected for
gPCR, immunoblotting or TUNEL staining.

OGSD/R model establishment

N2a cells at logarithmic phase were plated into
12-well plates (1 x 10%/well) with complete cul-
ture medium. Culture medium was removed
completely next day, and the cells were cleaned
twice with D-hank’s buffer (pH 7.4). Then, the
N2a cells were transferred to apotrophic envi-
ronment by sugar-free 1640 culture medium
without serum. The culture plate was incubated
in an anaerobic chamber containing 5% CO,
and 95% N, at 37°C for 12 h to achieve oxygen-
glucose-serum deprivation (OGSD). OGSD and
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restoration (OGSD/R) were performed with indi-
cated times.

SCIRI mice model

40 male C57BL/6 mice were evenly divided
into 2 groups: A Sham group (n=20) and a SCIRI
model group (n=20). Mice in sham group under-
went thoracic surgery with aortic arch exposed.
Spinal cord of mice in SCIRI group were devas-
cularized by cross clamping between the left
common carotid artery and the left subclavian
artery [15]. The blood supply was restored after
30 min. Basso, Beattie, Bresnahan (BBB) loco-
motor rating scale was used to assess the
motion function of mice. BBB scores ranged
from 0-21, representing no hindlimb movement
to normal gait movement [16]. After recovering
the blood-supply, BBB score was used to detect
neural function at O, 30, 60, 120, 180, 240,
300 and 360 min. After reperfusion with indi-
cated times, the mice were euthanized and
their T8-L3 spinal cord segments were
isolated.

Intrathecal injection adenovirus with Trem1
ShRNA

For in vivo verification test, 24 C57BL/6 mice
were divided into 4 groups: a Sham group (n=6,
injected with normal saline), a SCIRI group
injected with normal saline (n=6), a SCIRI group
injected with normal adenovirus (n=6) and a
SCIRI group injected with adenovirus contain-
ing Trem1l shRNAs (Targeting sequence(F):
CCATGCTACAAGTTCAAAT, Loop: CTCGAG, Tar-
geting sequence(R) ATTTGAACTTGTAGCATGG).
The titer of adenovirus was 1010 (PFU/ml). All
mice were injected intrathecally with injection
volume of 20 pl. After injection for 72 h, mice
were all anaesthetized and the last three group
received ischemia-reperfusion surgery. After
reperfusion, neural functions were estimated
by BBB score, then all the mice were eutha-
nized and their T8-L3 spinal cord segments
were isolated, which were subjected for TUNEL
staining and WB.

Hematoxylin-eosin (HE) staining

All the spinal cord tissues were first fixed with
4% PFA. Then the tissues were washed, dehy-
drated, transparentized and immersed in wax.
After successively sliced into 5-um-thick slices,
the paraffin-embedded sections were deparaf-
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finized with xylene, graded ethanol, and mount-
ed on slides for HE staining. Images were cap-
tured with an optical microscope.

TUNEL staining

TUNEL FITC Apoptosis Detection Kit (Vazyme)
was used for TUNEL staining based on the man-
ufacturer’s instructions. Briefly, the frozen spi-
nal cord slices or N2a cells were fixed in 4%
PFA at 4°C overnight. Then the samples were
incubated with Proteinase K (20 ug/ml) for 5
min. After incubation with 1 x Equilibration
Buffer for 30 min. the samples were treated
with FITC-12-dUTP Labeling Mix and Re-
combinant TdT Enzyme for 1 h. The nucleus
was stained with DAPI (2 pg/ml) for 10 min in
dark. The TUNEL staining images were photo-
graphed with a fluorescence microscope.

Quantitative real-time PCR (qPCR)

Total RNAs were extracted from the treated spi-
nal cord tissues and N2a cells by Trizol reagent
(Invitrogen). The ratio of absorbance at 260 nm
and 280 nm was detected by spectrophotome-
ter to calculate the RNA concentration. 2 pg
total RNA was reversely transcribed by using
M-MLV Reverse Transcriptase (Promega) with
random hexamer primers to synthesize single-
stranded complementary DNA (cDNA). The
cDNA product was then amplified by using
FastStart Universal SYBR Green Master (Roche)
on Applied Biosystems 7900 Real-Time PCR
Systems. The qPCR primers were (forward and
reverse, respectively) 5-CCTGTTGTGCTCTTCC-
ATCCTG-3’ and 5-GGGTTGTAGTTGTGTCACTGG-
3’ for Treml; 5-CATCACTGCCACCCAGAAGAC-
TG-3" and 5-ATGCCAGTGAGCTTCCCGTTCAG-3’
for GAPDH. The relative expression of targeted
gene was normalized to GAPDH by using 2-44¢t
method.

Western blot

Total proteins were extracted and purified from
spinal cord tissue or N2a cells using RIPA
reagent (1% v/v NP-40, 20 mM Tris-HCL pH 7.4,
5 mM Sodium Pyrophosphate, 5 mM EDTA).
The concentration of purified proteins was cal-
culated using BCA Protein Assay Kit (Thermo).
For western blot, 30 ug of total protein was
separated with 12% SDS-polyacrylamide gel,
then the protein was transferred to PVDF mem-
brane (Millipore). The membrane was then sub-
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jected to blocking with 5% BSA for 1 h at room
temperature, then incubation with primary
antibodies against Trem1 (1:1000, Thermo),
Caspase-3 (1:2000, CST), Bax (1:2000,
Abcam), Bcl2 1:1000, (Abcam), SYK (1:1000,
Thermo), pSYK (1:1000, Thermo), pAKT
(1:1000, CST), PI3K (1:2000, CST), pP65
(1:1000, CST), TNF-a (1:1000, CST) or GAPDH
(1:20000, Sigma) at 4°C overnight. After wash-
ing three times with 1X TBST buffer, the mem-
brane was incubated with Peroxidase AffiniPure
Goat Anti-Mouse or Goat Anti-Rabbit 1gG sec-
ondary antibody (Sigma) (1:1000-5000).
Finally, the targeted protein in membrane was
visualized using an enhanced ECL kit (Thermo)
and analyzed using the Imagel) software. The
expression level of GAPDH was used as
control.

Immunoprecipitation

All operations were performed on ice. The N2a
cells were first washed with ice-cold PBS twice,
then the cells were lysed with lysis buffer (50
mM Tris-HCI, pH 7.4 with 150 mM NaCl, 1 mM
EDTA, and 1% Triton X-100). After centrifugation
at 12,000 rpm for 15 min at 4°C, the superna-
tants were incubated with anti-Trem1 or anti-
SYK beads at 4°C for 12 h. Then, the beads
were washed with TBS buffer (50 mM Tris-HClI,
150 mM NaCl, pH7.4) for 3 times. Lastly, the
beads with antibody conjugated proteins were
analyzed by western blot.

Immunofluorescence (IF)

Anti-Trem1 and Anti-SYK antibodies were dilut-
ed at 1:300 for immunofluorescence staining.
Briefly, N2a cells were plated on slides and
fixed with 4% PFA. After fixation, the slides were
incubated with Anti-Trem1 or Anti-SYK antibod-
ies at 4°C overnight. Then, fluorescent second-
ary antibodies (Goat anti-Mouse 1gG (H+L),
Superclonal Recombinant Secondary Antibody,
Alexa Fluor 488 and Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody, Cyanine3,
Thermo) were diluted at 1:1000 and incubated
for 1 h. The nucleus was stained with DAPI.
Fluorescence microscope was used to
photograph.

Statistical analysis

Measurement data were shown as mean + SD
of at least three independent experiments.
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Figure 1. Neuronal apoptosis was increased and the expression level of Trem1 was upregulated after spinal cord
ischemia reperfusion injury (SCIRI). (A) BBB score was used to evaluate mice motion after 30, 60 and 120 min of
reperfusion in sham mice and SCIRI mice. ***P<0.001, **P<0.01. (B) HE staining was performed on slices from
spinal cord specimens. Scare bar: 100 um. (C) TUNEL staining was performed on slices from spinal cord specimens.
Scare bar: 100 um. (D) The gene expression profile in sham mice and SCIRI mice. (E) The mRNA level of Trem1 in
sham mice and SCIRI mice was determined by qPCR. **P<0.01. (F) The protein level of Trem1 in sham mice and
SCIRI mice was determined by WB. (G) Quantification of the Trem1 protein level in (F). **P<0.01.

Comparison between groups was analyzed with
two-tailed Student’s t-test. P<0.05 was consid-
ered statistically significant.

Results
Apoptosis was increased after SCIRI

To discover new targets for neuroinflammatory
injury after SCIRI, a mouse SCIRI model was
established. The BBB locomotor rating scale
was used to independently assess mice’s
hindlimb locomotion by a double-blind method.
SCIRI mice got paraplegia in their rear limb
after anesthesia recovery and gradually
restored motor function after regaining blood
supply. And the BBB score of SCIRI mice was
markedly decreased after 180 min, due to
delayed neuronal damage caused by reperfu-
sion, while all of the mice in the sham group
exhibited BBB scores up to 21 after 120 min
(Figure 1A).

HE and TUNEL stainings were conducted to
confirm the neurological conditions of the spi-
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nal cord in SCIRI mice. In the sham group,
cells with karyopyknosis were rarely observed
in the ventricornu at 1 and 12 h (Figure 1B).
Meanwhile, centrally located nucleus in the
SCIRI group showed wide distribution and dis-
played morphological aggregation. Notably,
TUNEL-positive cells were rare in the sham
group, while FITC-stained positive cells could
be seen in the SCIRI spinal cord at 1 hand 12 h
after injury (Figure 1C). These data indicate
that the apoptosis in spinal cord was increased
after SCIRI.

The expression level of Trem1 was upregulated
after SCIRI

Then, we performed RNA-seq analysis to deter-
mine the mRNA profile of spinal cord. 637
genes were upregulated, and 594 genes were
downregulated in the SCIRI mice compared
with the sham group (Figure 1D, Supplementary
Material). Among these differentially expressed
genes, we focused on Treml, a cell surface
receptor that potently induce cascade amplifi-
cation to inflammatory responses by secretion
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Figure 2. Trem1 triggered apoptosis of N2a cells induced by oxygen-glucose-serum deprivation/restoration (OGSD/R).
A. Representative TUNEL-stained N2a cells after oxygen-glucose-serum deprivation/restoration (OGSD/R) with in-
dicated time. Scare bar: 100 um. B. The mRNA level of Trem-1 in N2a cells after siRNA transfection for 48 h was
determined by qPCR. ***P<(0.001, *P<0.05. C. The protein level of Trem-1 in N2a cells after siRNA transfection
for 48 h was determined by WB. D. TUNEL staining of N2a cells after OGSD/R for 1 h with or without Trem1 siRNA
transfection. Scale bar: 100 um. E. Immunoblotting analysis of Trem1, Caspase-3, Bax and in response to OGD with

or without Trem1 siRNA transfection.

of pro-inflammatory mediators [17]. To confirm
the RNA-seq result, gPCR was performed.
There was a substantial increase of the mRNA
level of Trem1 after SCIRI (P<0.01) (Figure 1E).
Western blotting results further demonstrated
that Trem1l was significantly increased after
SRICI (Figure 1F, 1G). These data claimed that
Trem1 might be potential target for SCIRI.

Oxygen-glucose-serum deprivation/restoration
(OGSD/R) cell model construction

To simulate pathophysiological process of
SCIRI, we established a stable injury model
with OGSD/R in N2a cells. N2a cells were incu-
bated in an anaerobic chamber containing oxy-
gen-free 5% CO2 and 95% N2 at 37°C for 12 h,
then returned to the standard culture medium,
and incubated for indicated times for recovery
under the normoxia culture conditions. The
TUNEL-positive cells increased after restora-
tion and the apoptotic cells reached a peak at
1 h after restoration (Figure 2A), indicating that
cell apoptosis induced by SCIRI reached the top
at 1 h after reperfusion.
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Trem1 triggers apoptosis of N2a cells induced
by OGSD/R

We next explored the function of Treml1 for
SCIRI'in OGSD/R N2a cell model. We selected a
siRNA to efficiently knock down mRNA and pro-
tein level of Trem1. Trem1-si2 showed the best
efficiency, so we chose the Trem1-si2 for the
following research (Figure 2B, 2C). The apop-
totic cells in OGSD/R were decreased when
Trem1l was knocked down as determined by
TUNEL staining (Figure 2D). In addition, under
OGSD/R conditions, the Trem1 protein level
was significantly increased, and Caspase-3 and
Bax were upregulated, and Bcl2, known as
apoptosis inhibitor, was down-regulated (Figure
2E). However, the protein levels of Caspase-3,
Bax and Bcl2 were recovered when Trem1 was
knocked down in OGSD/R N2a cells (Figure
3C). These data show that Trem1 was required
for apoptosis of N2a cells induced by OGSD/R.

Trem1 triggered the PIBK/AKT and NF-kB sig-
naling pathway through interacting with SYK

Treml1, a cell surface receptor, modulates in-
flammatory responses via coupling with DAP12,

Am J Transl Res 2021;13(6):6117-6125
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Figure 3. Trem1 activated the PI3K/AKT and NF-kB signaling pathway through interacting with SYK. A. Endogenous
Trem1 interacted with exogenous SYK. B. Localization of Trem1 and SYK protein in N2a cells was examined by im-
munofluorescence assay. Scale bar: 100 um. C. Protein levels of pAKT, PI3K, p-p65, TNF-a, p-SYK and SYK were

detected by immunoblotting after OGSD/R.

then induces phosphorylation of DAP12 on its
cytoplasmic immunoreceptor tyrosine-based
activation motif and recruitment of the spleen
tyrosine kinase (SYK), finally causing inflamma-
tory cytokines and chemokines production
[18]. This has been regarded as a launching
point of inflammation after ischemic stroke
[19]. Here, we found that Trem1 interacted with
SYK endogenously with immunoprecipitation
analysis (Figure 3A), which was further con-
firmed by their colocalization in the cell mem-
brane and cytoplasm (Figure 3B). Moreover,
the phosphorylation of SYK was significantly
increased by OGSD/R in N2a cells (Figure 3C).
The phosphorylation of SYK leads to activation
of PIBK/AKT pathway and NF-kB pathway [20],
therefore, we examined the expression level of
PI3K, pAKT, pP65 and TNF-c. Interestingly, we
found that OGSD/R treatment increased the
expression of PI3K, pAKT, pP65 and TNF-a
(Figure 3C). Down-regulation of Treml re-
pressed the expression of PI3K, pAKT, pP65
and TNF-a. Therefore, our data suggested that
Trem1 triggered the PISK/AKT and NF-kB sig-
naling pathway through interacting with SYK in
OGSD/R N2a cells.

Trem1 mediates spinal cord neuronal apopto-
sis after SCIRI

To clarify the role of Trem1 in the process of
SCIRI in vivo, we constructed Trem1 shRNA
adenovirus to knock down the expression level
of Trem1 in mice spinal code. After intrathecal
injection of adenovirus with Trem1 shRNA for 5
days, mice were operated with SCIRI. Then we
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assessed the motion function with BBB score.
The BBB score of SCIRI mice with Trem1 shRNA
injection was significantly increased after 180
min (Figure 4A). Furthermore, knockdown of
Trem1 effectively attenuated spinal cord neuro-
nal apoptosis after SCIRI as determined with
TUNEL staining (Figure 4B). Consistently, the
expression levels of Caspase-3 and Bax were
down-regulated, and Bcl2 was up-regulated in
Trem1 shRNA group (Figure 4C). In addition, the
expression levels of p-SYK, PI3K, pAKT, pP65
and TNF-a were substantially repressed in
Trem1 shRNA adenovirus group (Figure 4D).
These data demonstrated that Trem1 mediated
spinal cord neuronal apoptosis after SCIRI via
PIBK/AKT and NF-kB signaling pathway in vivo.

Discussion

Neuroinflammation and cellular apoptosis
caused by SCIRI result in neurological dysfunc-
tion [21]. We found that spinal cord neuronal
apoptosis was significantly increased after
SCIRI. The expression of Trem1 was significant-
ly increased in SCIRI spinal cord and OGSD/R
N2a cell model. Moreover, Trem1 activated the
PIBK/AKT and NF-kB signaling pathway via
interacting with SYK. In addition, knockdown of
Trem1 ameliorated spinal cord neuronal apop-
tosis after SCIRI via PI3BK/AKT and NF-kB sig-
naling pathway in vivo.

SCIRI often leads to irreversible neurological
impairments, which may be associated with
apoptosis induced by inflammation [22].
Proinflammatory cytokines induced by SCIRI

Am J Transl Res 2021;13(6):6117-6125
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Figure 4. Knockdown of Trem1 ameliorated spinal cord neuronal apoptosis after SCIRI. A. BBB score evaluated
mice motion after 30, 60 and 120 min of reperfusion in sham mice and SCIRI mice with or without Trem1 shRNA
adenovirus. ***P<0.001. B. TUNEL staining was performed on slices from spinal cord specimens. Scale bar: 100
um. C. Immunoblotting analysis of Trem1, Caspase-3, Bax and Bcl2 in sham mice and SCIRI mice with or without
Trem1 shRNA adenovirus. D. Immunoblotting analysis of pAKT, PI3K, p-p65, TNF-a, p-SYK and SYK in sham mice

and SCIRI mice with or without Trem1 shRNA adenovirus.

could lead to neuronal apoptosis and even
death [23]. Furthermore, complex pathological
alterations were observed in reperfusion injury
[24], confirming that early intervention in sec-
ondary damage makes huge difference to
impede the aggressive apoptosis process [25].

Treml1 is a surface activating receptor ex-
pressed on neutrophils, monocytes, and mac-
rophages, playing an essential role in amplify-
ing inflammatory responses through regulation
of pro-inflammatory mediators [17, 26]. It has
been reported that Trem1 was found on hepa-
tocellular carcinoma cells. Therefore, it might
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work as a prognostic factor for cancer preven-
tion [27]. Moreover, inhibition of Trem1 allevi-
ates early brain injury after subarachnoid hem-
orrhage via downregulation of the signal path-
way of p38MAPK/MMP-9 and conservation of
Z0-1 [28]. Here we found that Trem1 was a key
target for spinal cord neuronal apoptosis and
inhibition of Trem1 may exert positive effect for
therapies of SCIRI. Previous studies have
shown that inhibition of Trem1l by shRNA in
macrophages suppresses cancer cell invasion
in vitro [29]. Moreover, disrupting Trem1 by the
synthetic peptide blocker markedly downregu-
lated the lipopolysaccharide, which caused

Am J Transl Res 2021;13(6):6117-6125
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upregulation of proinflammatory factors throu-
gh inducible nitric oxide synthase (iNOS), cyclo-
oxygenase-2, and NF-kB [30], and had a cancer
type independent, therapeutically beneficial
antitumor activity in pancreatic cancer [31].

We observed that knockdown of Trem1 amelio-
rated motion function and spinal cord neuronal
apoptosis after SCIRI in vivo. Trem1 inhibition,
via synthetic soluble TREM-1 protein mimick-
ers, plays a role in protecting from inflammato-
ry disorders. Meanwhile, this mimicry does not
affect the normal antibacterial response [32].
Identifying specific TREM-1 ligands, which pos-
sess good biosafety, is essential to explore new
avenues to SCIRI.

In conclusion, Trem1 mediates neuronal apop-
tosis in SCIRI mice and OGSD/R N2a cell model.
Importantly, repression of PIBK/Akt and NF-kB
signaling pathway via SYK could be crucial for
the effects of Trem1 inhibition. Overall, Trem1
is likely to act as therapeutic candidate for
patients with SCIRI.
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