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Purpose: Glial activation and the disorders of cytokine secretion induced by endoplasmic 
reticulum stress (ERS) are crucial pathogenic processes in establishing ischemia/reperfusion 
(I/R) injury of the brain and spinal cord. This present study aimed to investigate the effects of 
mucous-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) on spinal 
cord ischemia/reperfusion (SCI/R) injury via regulating glial ERS.
Methods: SCI/R was induced by thoracic aorta occlusion-reperfusion in rats. The MALT1- 
specific inhibitor MI-2 or human recombinant MALT1 protein (hrMALT1) was administrated 
for three consecutive days after the surgery. Immunofluorescent staining was used to detect 
the localization of MALT1 and ERS profiles in activated astrocyte and microglia of spinal 
cord. The ultrastructure of endoplasmic reticulum (ER) was examined by transmission 
electron microscopy. Blood-spinal cord barrier (BSCB) disruption and noninflammatory 
status were assessed. The neuron loss and demyelination in the spinal cord were monitored, 
and the hindlimb motor function was evaluated in SCI/R rats.
Results: Intraperitoneally postoperative MI-2 treatment down-regulated phos-NF-κB (p65) 
and Bip (ERS marker protein) expression in the spinal cord after SCI/R in rats. 
Intraperitoneal injection MI-2 attenuated the swelling/dilation of ER of the glia in SCI/R 
rats. Furthermore, MI-2 attenuated I/R-induced Evans blue (EB) leakage and microglia M1 
polarization in spinal cord, implying a role for MALT1 in the BSCB destruction and 
neuroinflammation after SCI/R in rats. Furthermore, intrathecal injection of hrMALT1 
aggravated the fragmentation of neuron, loss of neurofibrils and demyelination caused by 
I/R, while 4-PBA, an ERS inhibitor, co-treatment with hrMALT1 reversed these effects in 
SCI/R rats. hrMALT1 administration aggravated the motor deficit index (MDI) scoring, 
while 4-PBA co-treatment improved SCI/R-induced motor deficits in rats.
Conclusion: Inhibition of MALT1 alleviates SCI/R injury-induced neuroinflammation by 
modulating glial endoplasmic reticulum stress in rats.
Keywords: MALT1, blood-spinal cord barrier, astrocytes, microglia, endoplasmic reticulum 
stress, spinal cord ischemia/reperfusion injury

Introduction
Aortic aneurysm/dissection undermines the circulation of segmental artery of the 
spinal cord, leading to spinal cord ischemia, while restoration of spinal cord blood 
supply after aortic surgery or endovascular therapy also aggravates spinal cord 
injury, which causes serious neurological complication.1 Despite improved 
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approaches in surgical techniques, as hypothermia, intrao-
perative cerebrospinal fluid drainage, and a series of clin-
ical trials with reactive oxygen scavengers/anti- 
inflammatory agents, there has been no fundamental 
improvement in the prevention and treatment of post- 
aortic-surgery spinal cord injury.2

Blood-spinal cord barrier (BSCB) destruction and neu-
roinflammation are the two key pathophysiological 
mechanisms of SCI/R. Neuroinflammation is a complex 
and well-orchestrated process by various groups of glial 
cells in the central nervous system and peripheral immune 
cells. The glial component primarily comprises astrocytes 
and microglia, which are the main cells that are responsi-
ble for the regulation of inflammation.3 Chronic glial acti-
vation promotes neurodegeneration via the secretion of 
inflammatory factors involved in neuronal loss.4 It is not 
yet completely clear how the regulation of inflammation is 
carried out and what the consequences in pathological 
events of spinal cord ischemia reperfusion (SCI/R).

As the main site responsible for protein synthesis and 
folding, the endoplasmic reticulum (ER) serves a vital role 
in maintaining homeostasis within the cellular 
microenvironment.5–7 Persistent endoplasmic reticulum 
stress (ERS) responses induced by the surrounding neuro-
glia may coordinate damaging inflammatory responses, 
which help fuel a neurotoxic milieu. Nevertheless, it is 
not well understood regarding the cell-specific mechan-
isms by which ERS mediates neuroinflammation. Studies 
have shown that ERS inhibitor sodium 4-phenylbutyrate 
(PBA) significantly inhibits hindlimb motor function loss 
caused by SCI/R and saves pro-apoptotic motor neurons.8 

However, the molecular mechanism remains unknown.
Reactive oxygen species (ROS) and various pro- 

inflammatory factors lead to the pathological activation 
of astrocytes, promoting the expression of matrix decom-
position signaling such as matrix metalloproteinase-9 
(MMP9).9 Studies have shown that ERS induces produc-
tion of MMP9,10 ROS11 and destroys the tight junction12 

between endothelium, which is an important destructive 
mechanism of the blood–brain barrier. The blood-derived 
damage mediators and inflammatory cells into the spinal 
cord, thereafter aggravating spinal cord injury. 
Furthermore, microglia undergo M1 polarization, releasing 
a large number of pro-inflammatory factors, which aggra-
vates disruption of BSCB and neuronal injury.5 Therefore, 
it is essential to regulate and maintain the proper ERS in 
SCI/R settings.

It was noted that mucous-associated lymphoid tissue 
lymphoma translocation protein 1 (MALT1) is a multi- 
domain cytosolic signaling molecule, which was originally 
identified as the target of recurrent translocations in a large 
fraction of MALT lymphomas. Early studies suggested 
that MALT1 is an essential intermediate in antigen recep-
tor activation of nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) in response to stimulation of 
a subset of G protein-coupled receptors.13–15 Recent stu-
dies have shown that changes in MALT1 activity are 
related to ERS induction. ERS activates the NLRP3 
inflammasome via NF-κB to promote IL-1β secretion.16 

So whether MALT1 regulating SCI/R via NF-κB-ERS 
signaling is deserved to investigate. MALT1 inhibitor 
MI-2 has high selectivity and non-toxic,17 which makes 
it an ideal drug to intervene MALT1 in vivo. Our current 
research hypothesized that MI-2, the MALT1 inhibitor, 
attenuates BSCB destruction and neuroinflammation via 
suppressing NF-κB-ERS signaling, thereby decreasing loss 
of neurons, and protecting hindlimb motor function after 
SCI/R.

Materials and Methods
Reagents and Antibodies
MI-2 (S7429) was purchased from Selleckchem (Houston, 
Texas, USA); Human recombinant MALT1 protein 
(hrMALT1) (ab271604) and Luxol Fast Blue (LFB) 
Staining Kit (ab150675) were purchased from Abcam 
(Cambridge, UK). Nissl Staining Solution (C0117) and 
Dihydroethidium (DHE) (S0063) were purchased from 
Beyotime (Shanghai, China). Silver Staining Kit (G1052) 
was purchase from Servicebio (Wuhan, China). Evans blue 
(DK0001) was purchase from Leagene (Beijing, China). 
Antibodies: p-p65 (phos-NF-κB, ab194726), Bip 
(ab21685), CD31 (ab64543), GFAP (ab279290), NeuN 
(ab104224), AQP4 (ab259318), MMP9 (ab76003), IL-1β 
(ab254360), ZO-1 (ab221547), Donkey Anti-Goat IgG 
H&L (Cy5) (ab6566), Donkey Anti-Rabbit IgG H&L 
(Alexa Fluor 647) (ab150075), Donkey Anti-Goat IgG 
H&L (Alexa Fluor 488) (ab150129), Donkey Anti-Rabbit 
IgG H&L (HRP) (ab6802) and Donkey Anti-Rabbit IgG 
H&L (Alexa Fluor 488) (ab150073) were purchased from 
Abcam (Cambridge, UK). MALT1 (GB11790) and Iba-1 
(GB12105) were purchased from Servicebio (Wuhan, 
China). CD86 (NBP2-67417) was purchased from Novus 
(Minneapolis, USA).
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Experimental Design
Figure S1 shows the outline of the experimental design. 
A total of 95 rats were randomly subdivided into five 
groups (n = 19 for each group): (1) a Sham underwent 
thoracotomy surgery but without transient (10 min) des-
cending aorta occlusion, (2) an SCI/R modeling group 
receiving thoracotomy surgery and 10 min transient des-
cending aorta occlusion for modeling SCI/R, (3) an SCI/R 
+ MI-2 receiving modeling surgery following 3 days of 
intraperitoneal injections of MI-2 [25 mg/(kg·d)], and (4) 
an SCI/R + hrMALT1 receiving modeling surgery follow-
ing 3 days of intrathecal injection of hrMALT1 (100 ng/ 
day), (5) SCI/R + hrMALT1 + 4-PBA group receiving the 
same intrathecal co-injection of 100 ng hrMALT1 and 
4-PBA (a ESR inhibitor 100 μg/days), for consecutive 3 
days after modeling surgery. Equivalent volume of vehicle 
was delivered for the sham and I/R groups.

There are two reasons for intraperitoneal administra-
tion MI-2 in rats: firstly, it has been well accepted that 
SCI/R causes the destruction of BSCB,3,5 so intraperito-
neal MI-2 injection can exert its effect on spinal cord. 
Secondly, our preliminary experiment showed that intra-
peritoneal injection of MI-2 has protective roles on motor 
functions in SCI/R rats. The rats were euthanized using 
pentobarbital, and their L4–6 segments of spinal cord were 
obtained for BSCB disruption evaluation, histological ana-
lysis and immunofluorescent staining after 72hrs (3 days) 
of the surgery. In each group, 6 rats were used for hin-
dlimb locomotor functional assessment, histopathological 
interpretation, and immunofluorescent staining; 5 rats were 
used for evaluation of Evans blue (EB) extravasation, 3 
rats were used for evaluation of ER ultrastructural damage 
under transmission electron microscope and the other 5 
rats were used for calculating water content.

Animals and Spinal Cord Ischemia 
Reperfusion Injury Model
Male Sprague–Dawley rats, with mass ranging from 250 
to 270 g, were acquired from Animal Laboratory Center of 
Fudan University. Four rats per cage were accommodated 
in a standard 24 °C temperature-controlled, 12-hours light/ 
dark cycle room and they were supplied with food and tap 
water ad libitum. Greatest possible efforts were made to 
minimize the number of animals used and their sufferings. 
This study was approved by the Animal Care Committee 
of the Fudan University, Shanghai, China. Animal Care 

and all experimental procedures were conformed to the 
guidelines by the Institutional Ethics Committee.

The SCI/R model was established in the rats according 
to the previously reported method with slightly 
modification.3 Specifically, the rats were anesthetized 
using intraperitoneal administration of 4% sodium pento-
barbital (50 mg/kg). The rectal temperature was measured 
and maintained at 37 ± 0.5 °C with a heated operating 
table. Catheters were advanced into the left femoral artery 
and the right carotid artery in order to detect the distal and 
proximal arterial blood pressure (BP), respectively. We 
then exposed the rat’s descending aorta by performing 
left lateral thoracotomy. After systemic application of 
heparin (200 IU/kg), the descending aorta was occluded 
at a site just distal to the left subclavian artery via a cross- 
clamp. A diminution of the distal BP to less than 20  
mmHg was defined as ischemia (see Figure S2). After 
a 10 min ischemia, the cross-clamp was removed to 
allow reperfusion. After surgery, the rats were placed in 
a 37 °C incubator for 4 h for recovery, and then they were 
subsequently put in separate cages with free access to food 
and water. Manual urinary bladder expression was per-
formed on the rats twice daily until the rats’ autonomic 
function had fully recovered.

Motor Deficit Index (MDI) Scoring 
Neurological Behavior
Rat neurologic assessment was done before and 3 days 
after SCI/R according to the previously reported method.18 

The motor deficit index (MDI) score (sum of scores from 
ambulation and placing-stepping reflex) was recorded. The 
utmost deficiency was demonstrated by a score of six. Rats 
with MDI <3 were marked as nonparaplegic while rats 
with MDI ≥3 were classified as paraplegic. The raters 
evaluated the behavior using a double-blind method.

Pathohistological Analysis
Nissl staining was performed for evaluation of neuron loss 
in spinal cord of SCI/R rats. The formaldehyde-fixed 
spinal cord specimens were embedded in paraffin followed 
by sectioning of tissues into 4-μm-thick transverse sec-
tions. The sections were incubated with Nissl staining 
solution (C0117, Beyotime) for 5 min, and then mounted 
with neutral balsam. The normal neurons showed 
a relatively large and full cell body, with spherical, promi-
nent nuclei, while the apoptotic ones had shrunken cyto-
plasm or contained vacuoles. Five separated areas were 
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randomly selected to be examined with an inverted micro-
scope (Leica, Wetzlar, Germany) by researchers who were 
blinded to the experimental groups. Silver staining was 
performed for evaluation of neurofilament damage with 
the Silver Staining Kit (G1052, Servicebio), which was 
strictly followed the manufacturer’s instructions. Serial 
transverse cryosections (12 μm thickness) were stained 
by Luxol fast blue (LFB) (ab150675, Abcam) according 
to the manufacturer’s instruction. In brief, the slides were 
incubated in 0.1% LFB (Sigma, St. Louis, MO, USA) in 
acidified 95% ethanol overnight at 60 °C. The slides were 
then differentiated with 0.05% lithium carbonate and sub-
sequently counterstained with cresyl violet solution. The 
spared myelin in white matter in LFB-stained sections was 
analyzed by Image pro-plus (Media Cybernetics, Silver 
Spring, USA).

Blood-Spinal Cord Barrier (BSCB) 
Disruption Evaluation
The evaluation of BSCB integrity was assessed by the 
degree of Evans blue (EB) extravasation after EB injec-
tion. First, we administrated EB dye (20g/L) at a dose of 
10mL/kg into the rat’s tail vein and waited 60 mins for dye 
distribution. Then, the rats were anesthetized and transcar-
dially perfused with 0.9% saline containing 10 IU/mL 
heparin, until the colorless fluid had discharged from the 
right atrium, representing removal of EB dye without 
leaking into the interstitium. The L4–6 spinal cord tissue 
was weighed, then immersed in methanamide for 24 h (60  
°C) and then centrifuged, the fluorescent absorption of the 
supernatant was detected at 632 nm with a microplate 
reader (BioTek, Winooski, USA) and presented as EB 
amount per tissue weight (μg/g). Furthermore, the spinal 
cord tissue was subsequently fixation using 4% parafor-
maldehyde. The transverse sections (10 μm) were exam-
ined under a Zeiss (Carl Zeiss, Germany) fluorescent 
microscope. The extent of EB extravasation was evaluated 
by analyzing the fluorescent density of the positive label-
ing in the lumbar spinal cord tissue (Image Pro Plus 6.0). 
With reference to the method of previous reports,19 mor-
phometric identification of IgG leakages was performed by 
two investigators, both were blinded to the experimental 
groups. The signal intensity at the core and border was 
used to define the severity of BSCB leakages. A series of 
slices were examined to identify and localize leakages of 
>150 kDa circulating IgG. Maximal intensity projection of 
the z stacks was performed per channel, and the areas of 

the dextran and IgG signals were obtained by confocal 
microscopy (x=175; y=175; z=20 µm) and analyzed by 
ImageJ to quantify the leakage size in mm2. The spinal 
cord edema was evaluated by calculating the percentage of 
water content via a wet-dry method with formula of (wet 
weight-dry weight)/wet weight × 100.

Immunofluorescent Staining and Analysis
The protocol is similar to our previous study.20 After the 
rat was deeply anesthetized, the left ventricle was perfused 
by 300mL of 0.01 M PBS (pH 7.4) and was subsequently 
perfused by 300mL of 4% paraformaldehyde solution in 
0.1M PBS. The L4-6 spinal cord was collected and 
removed to post-fixation for 4 h, then they were placed 
in 20 and 30% sucrose at 4 °C to allow overnight dehydra-
tion, respectively. Cryostat (Microm, Germany) was used 
to cut and produce free-floating 30-μm coronal sections 
containing the spinal cord. The coronal sections of the 
spinal cord were subsequently washed in PBS and then 
permeabilized with 0.3% Triton X-100 for 30 min fol-
lowed by incubation with 5% horse serum for 1 h at 37  
°C to block non-specific protein. The sections were incu-
bated with primary antibody to MALT1, p-NF-κB (p65), 
Bip, MMP9, ZO-1, AQP4, CD86, IL-1β, GFAP, Iba-1, 
NeuN, and/or CD31 for overnight at 4 °C. The Donkey 
Anti-Goat IgG H&L (Alexa Fluor 488), Donkey Anti-Goat 
IgG H&L (Cy5), Donkey Anti-Rabbit IgG H&L (Alexa 
Fluor 647), and Donkey Anti-Rabbit IgG H&L (Alexa 
Fluor 488) secondary antiserum were utilized as secondary 
antibody. The fluorescence signal was observed under 
Fluoview FV300 laser scanning confocal microscope 
(Zeiss, Carl Zeiss, Germany); immunoreactivity mani-
fested specific green, red or pink fluorescence. Totally 3 
slides form the L4-L6 spinal cord sections were selected 
by every consecutive four sections. And five separated 
areas of each slide were randomly selected to be examined 
with a confocal microscope (Leica, Wetzlar, Germany) by 
2 pathologists who were blinded to the experimental 
groups. The immunofluorescent images were processed 
using ImageJ software, and noise signals were filtered in 
order to identify the foci of the pictures. These foci were 
then automatically segmented by thresholding, and the 
colocalization event of the segmented points from the 
dual channels was evaluated using the ImageJ plugin Just 
Another Colocalization Plugin (JACoP), which calculated 
Pearson coefficients, indicating the percentage of thre-
sholded pixels in the green channel that were occupied 
by corresponding thresholded pixels in the red channel. To 
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provide further information regarding statistical analysis of 
colocalization, ANOVA analysis was carried out using 
JMP 12 software.

Transmission Electron Microscopy
Samples of fresh spinal cord (1 mm × 1 mm × 1 mm) were 
carefully collected from the rats, then primarily fixed in 
2.5% glutaraldehyde for 24 hours. Then, they were washed 
with Sorenson’s Phosphate Buffer (pH=7.4) and post-fixed 
in 1% osmium tetroxide for 1 hour. After post-fixation and 
dehydration, propylene oxide was used to wash the tissues, 
and then the tissues were embedded in epoxy resin embed-
ding media. Following this procedure, the tissue blocks 
were sectioned using the ultramicrotome (LKB Nova, 
Sweden) to produce section around 60 nanometers in 
thickness. These sections were en bloc stained with uranyl 
acetate and lead citrate and examined using transmission 
electron microscope (HITACHI, Japan).

Detection of ROS in vivo
The in-situ generation of ROS in the spinal cord was 
detected using dihydroethidium (DHE) fluorescent probe 
assay. Accordingly, the rat was anesthetized, and the lum-
bar spinal cord was collected as above-mentioned. The 
spinal cord segments were sectioned to produce 40 μm 
thick transverse sections and then placed on a glass slide 
(DHE, Molecular Probes). The sections were treated with 
1 mmol/L DHE in a dark, humidified chamber at 37 °C for 
30 min. DHE is oxidized by superoxide to ethidium bro-
mide, which binds to the DNA and emits red fluorescence. 
DHE fluorescence can thereby be detected by fluorescence 
microscope (Zeiss Axioscope, Hallbergmoos, Germany) 
and digitally captured using cooled CCD camera 
(Micromax Kodak 1317; Princeton Instruments, AZ).

Western Blot
Total L4-L6 spinal cord tissue from each rat was homoge-
nized in lysis buffer with 1% NP40 and 1 mmol/L PMSF. 
Protein samples of the same amount from each rat were 
extracted from RVLM homogenates to analyze protein 
expression by Western blot. In brief, the protein samples 
(20 μg each) were subjected to SDS/PAGE in 8–12% gradi-
ent gel (Invitrogen, Carlsbad, CA) and transferred to PVDF 
membrane. Primary antibody was incubated and followed by 
incubation with horseradish peroxidase-conjugated goat anti- 
rabbit IgG or goat anti-mouse IgG. The amount of protein 
was assessed by ECL detection reagents (WBKLS0050; 
Millipore) and the immunostaining band was visualized 

and quantitated by an automatic chemiluminescence image 
analysis system (Tanon-5200; Tanon Science & Technology, 
Shanghai, China). The data were normalized by developing 
the β-actin as loading control. The concentration of all the 
antibodies was 1:1000 except for β-actin (1:5000).

Statistical Analysis
SPSS 11.0 was applied to analyze the data. Data were 
presented as mean ± standard error of the mean (SEM). 
Treatment group means were assessed by variance analysis 
followed by Tukey’s multiple comparison post hoc test (if 
variance was equal) or Dunnett T3 (if variance was not 
equal) using GraphPad Prism Software. P-values <0.05 
were considered significant for all tests.

Results
Spinal NF-κB Was Activated and MALT1 
Was Upregulated in the Glia of Spinal 
Cord After SCI/R in Rats, Which Could 
Be Reversed by MI-2, a MALT1 Inhibitor
Figure 1A and B showed at days 3 after SCI/R, MALT1 in 
the SCI/R group increased compared to the sham group 
(P < 0.05). Western blot analysis showed the increase in 
MALT1 protein expression in the spinal cord L4-6 of SCI/ 
R rats compared with that of the sham group, while intra-
peritoneal administration of MI-2, the MALT1 inhibitor 
for three consecutive days significantly inhibited the 
MALT1 increase (Figure S3A and B, P < 0.05). 
Compared to the sham group, the protein expression of 
phosphorylated NF-κB [phos-NF-κB (p65)] was increased 
in spinal cord tissues measured by immunofluorescent 
staining (Figure 1C and D, P < 0.05). Furthermore, the 
immunofluorescent staining showed that the increased 
MALT1 and phos-NF-κB (p65) mainly expressed in astro-
cytes (Figure 2A-C, P < 0.05) and microglia (Figure 2D-F, 
P < 0.05) instead of neurons (Figure 2G-I) and endothelial 
cells (Figure 2J-L). Intraperitoneal administration of MI-2, 
the MALT1 inhibitor for three consecutive days signifi-
cantly inhibited the activation of NF-κB induced by I/R 
(Figure 1, P < 0.05). These results suggest that I/R induces 
MALT1-dependent activation of NF-κB in the spinal cord.

MALT1 Activated ERS in the Glia of Spinal 
Cord After SCI/R in Rats
Numerous physiological and pathological factors can cause 
ER environment disturbance, ERS is a condition which is 
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accelerated by aggregation of unfolded/misfolded proteins. 
We found that there was a significant increase in spinal Bip 
(the representative protein of ERS) expression at 3 days after 
SCI/R (Figure 3, P < 0.05), which corroborated with pre-
vious reports. The double immunofluorescent staining and 
co-localization analysis showed that increased Bip mainly 
present in astrocytes (Figure 4A and B, P < 0.05) and 
microglia (Figure 4C and D, P < 0.05) instead of neurons 
(Figure 4E and F) and/or endothelial cells (Figure 4G and 
H). The MALT1 inhibitor, MI-2 downregulated the ERS in 
the spinal cord of SCI/R rats (Figure 3, P < 0.05). Three 
consecutive days of intrathecal injection of human recombi-
nant MALT1 protein (hrMALT1) further aggravated I/ 
R-induced ERS (Figure 3, P < 0.05). Western blot verified 
the increased Bip expression in L4-6 of SCI/R rats compared 
with that of the sham group (Figure S4 and B, P < 0.05). 
Furthermore, as presented in Figure S4A and B, MI-2 treat-
ment resulted in a decreased Bip protein expression, while 
intrathecal injection of hrMALT1 resulted in higher level of 
Bip expression, which indicated that MALT1 activation 
aggravates ERS (P < 0.05). The ultrastructure of the ER in 

the spinal glial cells was further investigated using transmis-
sion electron microscopy. It was found that ischemia/reper-
fusion induced the swelling of the ER and the dilatation of 
the lumen, which could be reversed by MI-2. While to the 
contrary, the hrMALT1 further aggravated the ultra- 
pathological injury of the ER induced by I/R (Figure 5). 
These results suggested that MALT1 activated ERS in the 
SI/R rats.

ERS Exacerbated Disruption of 
Blood-Spinal Cord Barrier and Loss of 
Neurovascular Units in the Spinal Cord 
After SCI/R in Rats
It has been noted that normal astrocytes are essential to 
contribute the blood–brain barrier integrity, extracellular 
homeostasis, neurotransmitter release and so on. We 
found that intrathecal injection of hrMALT1 upregulated 
the expression of MMP9 in astrocytes (Figure 6A and B, 
P < 0.05), and it also decreased the expression of 
endothelial tight junction protein ZO-1 (Figure 6C and 

Figure 1 Effects of MI-2 on the spinal MALT1 expression and phos-NF-κB (p65) activation in SCI/R rats. (A) Immunofluorescent staining of MALT1 in the anterior horn of 
rat’s spinal cord. Scale bar = 50μm. (B) Immunofluorescent density analysis to quantify the expression of MALT1. (C) Immunofluorescent staining of [phos-NF-κB (p65)]- 
positivities. Scale bar = 50μm. (D) Immunofluorescent density analysis to quantify the expression of phos-NF-κB (p65). Data are presented as the mean ± SEM. n = 6 per 
group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group.
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D, P < 0.05) in SCI/R rats, which could be abolished by 
co-treatment 4-phenylbutyric acid (4-PBA), the ERS 
inhibitor in SCI/R rats. Furthermore, intrathecal injection 
of hrMALT1 aggravated increased EB leakage (Figure 6E 
and F, P < 0.05) and extravascular IgG leakage 
(Figure 6G and H, P < 0.05) in the anterior horn of spinal 
cord compared to that of SCI/R group, while 4-PBA co- 

treatment abolished its effects. Also, quantitative analysis 
of EB content in spinal cord tissue was performed. The 
results further confirmed that MI-2 inhibited SCI/R 
induced EB leakage in the spinal cord (Figure S5, P < 
0.05). As presented in Figure S5, intrathecal injection of 
hrMALT1 increased EB levels in the spinal cord, while 
4-PBA blocked the effect of hrMALT1 (P < 0.05). 

Figure 2 Localization of MALT1 and phos-NF-κB (p65) in different type of cells in the spinal cord of rats. (A) Double immunofluorescent staining showed colocalization of 
MALT1 or phos-NF-κB (p65) expression in astrocytes (GFAP positive cells) in the anterior horn of spinal cord. Scar bar = 20μm. (B, C) The quantified colocalization of 
MALT1 or phos-NF-κB (p65) with GFAP were assessed using the Pearson coefficient. (D) Double immunofluorescent staining to check colocalization of MALT1 or phos-NF 
-κB (p65) expression in microglia (Iba-1 positive cells) in the anterior horn of spinal cord. Scar bar = 20μm. (E, F) The quantified colocalization of MALT1 or phos-NF-κB 
(p65) with Iba-1 were assessed using the Pearson coefficient. (G) Double immunofluorescent staining showed MALT1 or phos-NF-κB (p65) expression in neurons (NeuN 
positive cells) in the anterior horn of spinal cord. Scar bar = 40μm. (H, I) The quantified colocalization of MALT1 or phos-NF-κB (p65) with NeuN were assessed using the 
Pearson coefficient. (J) Double immunofluorescent staining to colocalize MALT1 or phos-NF-κB (p65) with endothelial cells (CD31 positive cells) in the anterior horn of 
spinal cord. Scar bar = 20μm. (K, L) The quantified colocalization of MALT1 or phos-NF-κB (p65) with CD31 were assessed using the Pearson coefficient. Data are 
presented as the mean ± SEM. n = 6 per group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group.

Figure 3 The expression and localization of ER stress marker protein Bip in spinal cord of rats. (A) Immunofluorescent staining of Bip in the anterior horn of rat’s spinal 
cord. Scale bar = 50μm. (B) Immunofluorescent density analysis quantifies the expression of Bip. Data are presented as the mean ± SEM. n = 6 per group. *P < 0.05 vs sham 
group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group.
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Figure 4 The colocalization of Bip with different cells in spinal cord. (A) Double immunofluorescent staining to check the colocalization of Bip with astrocytes (GFAP 
positive cells) in the anterior horn of spinal cord. Scar bar = 20μm. (B) Quantified colocalization of Bip with GFAP were assessed using the Pearson coefficient. (C) Double 
immunofluorescent staining showed colocalization of Bip with microglia (Iba-1 positive cells) in the anterior horn of spinal cord. Scar bar = 20μm. (D) Quantified 
colocalization of Bip with Iba-1 were assessed using the Pearson coefficient. (E) Double immunofluorescent staining showed colocalization of Bip with neuron (NeuN 
positive cells) in the spinal cord. Scar bar = 40μm. (F) Quantified colocalization of Bip with NeuN were assessed by using the Pearson coefficient. (G) Double 
immunofluorescent staining showed colocalization of Bip with endothelial cells (CD31 positive cells) in the spinal cord. Scar bar = 20μm. (H) Quantified colocalization 
of Bip with CD31 were assessed using the Pearson coefficient. Data are presented as the mean ± SEM. n = 6 per group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group.

Figure 5 Transmission electron microscopy showed the morphology of endoplasmic reticulum of glial cells in the spinal cord. Yellow arrow indicates swallowed and dilated 
endoplasmic reticulum. n = 3. Scale bar = 1 μm.
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Furthermore, hrMALT1 injection significantly downregu-
lated the expression of AQP4 in astrocytes (Figure 7A 
and B, P < 0.05) and decreased water content (Figure 7C, 
P < 0.05) in the spinal cord induced by I/R, while 4-PBA 
co-treatment abolished these effects. Antibody of NeuN 
(Neuron), GFAP (astrocyte) and CD31 (endothelial mar-
ker) was used to perform triple immunofluorescent stain-
ing, which evaluated their colocalization and reflected the 
profile of vascular-nerve unit. I/R not only led to the loss 
of spinal neurons (Figure 8A and B, P < 0.05) but also 
resulted in the reduction of perivascular astrocytes 
(Figure 8A and C, P < 0.05). MI-2 significantly inhibited 
the loss of neurons and perivascular astrocytes. 

Furthermore, 4-PBA can alleviate their loss when it 
was co-administrated with hrMALT1to SCI/R rats 
(Figure 8, P < 0.05). These results suggest that ERS 
might result in the destruction of the blood-spinal barrier 
and loss of neurovascular units in the spinal cord after 
SCI/R in rats.

ERS Triggered the Inflammatory 
Response and Oxidative Stress in the 
Spinal Cord After SCI/R in Rats
It was reported that mild ERS diminished LPS-induced neu-
roinflammation and shifted the microglia polarization from 

Figure 6 Evaluation of the blood-spinal cord barrier permeability. (A) Double immunofluorescent staining showed the MMP9 expression in astroglia of spinal cord. Scale bar = 20 μm. 
(B) Immunofluorescent density analysis quantifies the expression of MMP9. (C) Immunofluorescent staining of ZO-1 in the anterior horn of spinal cord in rats. Scale bar = 20μm. (D) 
Immunofluorescent density analysis quantifies the expression of ZO-1. (E) Evans Blue (EB) dye extravasation (red fluorescence) from the blood vessel in the spinal cord. (F) 
Immunofluorescent density analysis quantifies the extravasation of EB. n = 5 per group. (G) Representative graphs of blood-spinal cord barrier permeability identified by IgG-positive 
leakages (blue) outside of the endothelium. Scale bar = 10 µm. (H) Average size calculation based on IgG+ leakages and fold change in different groups. Data are presented as the mean ± 
SEM. n = 6 per group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group, ^P < 0.05 vs SCI/R + hrMALT1 group.
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M1/2b to M2a subtype in the hippocampus. However, very 
little is known about the involvement of ER hormesis in SCI/ 
R-induced neuroinflammation until now. We found that 

hrMALT1 administration aggravated the I/R-induced M1 
polarization, while 4-PBA with hrMALT1 co-treatment alle-
viated M1 polarization (Figure 9A and B, P < 0.05) and the 

Figure 7 Spinal cord edema and water content evaluation. (A) Double immunofluorescent staining showed astroglial AQP4, a water channel protein, expression in spinal 
cord. Scale bar = 20 μm. (B) Immunofluorescent density analysis quantifies the expression of AQP4 in spinal cord. Data are presented as the mean ± SEM. n = 6 per group. 
(C) Water content of the spinal cord tissue was evaluated by calculating the percentage of water content via a wet-dry method with formula of (wet weight-dry weight)/wet 
weight × 100. n = 5 per group. Data are presented as the mean ± SEM. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group, ^P < 0.05 vs SCI/R + 
hrMALT1 group.
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pro-inflammatory (IL-1β) releasing (Figure 9C and D, P < 
0.05) in the spinal cord after SCI/R in rats. Furthermore, 
DHE superoxide anion probe detection revealed that 
hrMALT1 administration aggravated the I/R-induced 

oxidative stress indicated by ROS production, while 4-PBA 
with hrMALT1 co-treatment attenuated the ROS production 
in the spinal cord after SCI/R in rats (Figure 9E and F, 
P < 0.05).

Figure 8 Evaluation of the neurovascular units in spinal cord. (A) The neurons, astrocytes and endothelial cells co-localization in spinal cord anterior horn were detected by 
triple immunofluorescent staining. Scale bar = 20 μm. (B, C) The number of NeuN and/or GFAP positivities was quantitatively analyzed. Data are presented as the mean ± 
SEM. n = 6 per group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group, ^P < 0.05 vs SCI/R + hrMALT1 group.
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MI-2 Treatment Improved SCI/R-Induced 
Motor Deficits by Attenuating the Neural 
Loss and Demyelination via Suppressing ERS
It was noted that blood spinal cord barrier destruction and 
neuroinflammation aggravate neuronal injury and axonal 

demyelination, which resulted in SCI/R-induced hindlimb 
motor function loss. We used Nissl staining, silver staining 
and LFB staining, respectively, to evaluate the structural 
damage to motor neurons and axonal ulceration in the 
anterior horn of the spinal cord after SCI/R in rats. We 
found that in the I/R group, the motor neurons in the 

Figure 9 Neuroinflammation and oxidative stress profiles in the spinal cord of rats. (A) Double immunofluorescent staining detecting microglial M1 polarization (CD86 as 
M1 marker) in spinal cord. Scale bar = 20 μm. (B) Quantified percentage of CD86 positivities (M1 polarization). (C, D) Double immunofluorescent staining of inflammatory 
cytokines IL-1β in microglia and quantitative analysis of IL-1β fluorescent intensity to evaluate neuroinflammation. Scale bar=20 μm. (E) representative figures of DHE probe 
detecting superoxide anion in spinal cord and quantified immunofluorescent intensity values of DHE staining. (F). Scale bar = 50 μm. Data are presented as the mean ± SEM. 
n = 6 per group. *P < 0.05 vs sham group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group, ^P < 0.05 vs SCI/R + hrMALT1 group.
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anterior horn of the spinal cord were fragmented and lost 
their integrity. MI-2 treatment significantly inhibited the 
motor neuron fragmentation caused by I/R surgery 
(Figure 10A). We further evaluated the destruction of 
neurofibrils by silver staining. We found that MI-2 signifi-
cantly inhibited the loss of neurofibrils and the axonal 
varicosities caused by I/R, while 4-PBA alleviated the 
deterioration of neurofibrils and axon breakage aggravated 

by hrMALT1 co-administration in the spinal cord after 
SCI/R in rats (Figure 10B). Luxol fast blue (LFB) staining 
was used to detect the demyelination of I/R spinal cord. 
We found that MI-2 attenuated I/R-induced demyelination 
in the SCI/R rats (Figure 10C and D, P < 0.05). Finally, 
the motor deficit index (MDI) score was used to quantify 
the hindlimb motor function of each group on the 3rd day 
after SCI/R surgery. A 10-minute aortic occlusion and 
3-day reperfusion resulted in severe hind-extremity neuro-
logic deficits in rats. By contrast, MI-2 treatment remark-
ably enhanced the motor function of hind limbs after 
spinal cord ischemia, as indicated by the significantly 
lower MDI scores. It was found that hrMALT1 adminis-
tration aggravated the MDI score, while 4-PBA with 
hrMALT1 co-treatment improved SCI/R-induced motor 
deficits after SCI/R in rats (Figure 10E, P < 0.05).

Discussion
SCI/R is the fundamental cause of hindlimb motor func-
tion injury after aortic surgery. Previous studies have con-
firmed that the destruction of the BSCB and 
neuroinflammation are important mechanisms of motor 
neuron injury,21 but their initial molecular triggers are 
not fully understood. Our present study reveals that 
MALT1 activates ERS in glia and affects the function of 
astrocytes thereby destroys the blood spinal cord barrier; 
furthermore, it also promotes the polarization of microglia 
M1 and aggravates neuroinflammation. Spinal cord and 
traumatic brain injury share similar pathohistological fea-
tures characterized by neuronal loss, axonal destruction, 
and demyelination during the secondary inflammatory- 
induced injury cascade.22 We found that MI-2, the 
MALT1-specific inhibitor, significantly reduced the 
BSCB leakage and neuroinflammation, thereafter inhibited 
the neuron loss and demyelination in the spinal cord, thus 
improving the hindlimb motor function of SCI/R rats. Our 
study suggests that MALT1 inhibitors have a potential 
protective effect on SCI/R.

MALT1 is the key platform linking pro-inflammatory 
G protein coupled receptor (GPCR) activation. It has been 
reported that AT1 receptor (AT1R) and Toll-like 
receptors23 can both induce the activation of MALT1 in 
blood vessels24 and kidneys,25 thereby triggering inflam-
matory injury. The activation of AT1R and TLR4 in the 
neurovascular units leads to increased permeability of the 
BSCB and the occurrence of neuroinflammation.26–28 

Neuroinflammation can be seen as a counter-response 
against the presence of dangerous factors during SCI/R; 

Figure 10 Neuronal loss and hindlimb locomotor function evaluation in rats. (A) 
Nissl staining and (B) silver staining were used to detect neuronal damage in the 
anterior horn of spinal cord. (C, D) LFB staining was used to detect demyelination 
of the spinal cord. (E) Neurological scores accessed by motor deficit index (MDI) 
scale. Data are presented as the mean ± SEM. n = 6 per group. *P < 0.05 vs sham 
group, #P < 0.05 vs SCI/R group, &P < 0.05 vs SCI/R group, ^P < 0.05 vs SCI/R + 
hrMALT1 group.
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however, it results in detrimental effect that is associated 
with pathomechanism of brain and spinal cord injury.29 

While NF-κB signaling activation is a strong mediator of 
vascular injury and neuroinflammation.30,31 MALT1 is an 
adaptor protein that plays crucial roles in regulating the 
NF-κB pathway, specifically MALT1 functions as 
a scaffold protein and protease that initiate downstream 
signals. So, blocking MALT1 might be a feasible approach 
to inhibit inflammatory injury caused by pathogenic GPCR 
activation and also might be beneficial in the settings of 
SCI/R.

Growing evidences have highlighted that the pathophy-
siology of SCI/R injury is linked to cerebrovascular 
dysfunction.32–34 During SCI/R injury, disruption of the 
integrity of BSCB triggers infiltration of inflammatory cell 
at the injured area. Various pro-inflammatory cytokines are 
also produced by the neurovascular unit (for example: 
neurons, microglia and perivascular astrocyte) which 
further exacerbates neuroinflammation and BSCB 
damage.35,36 In our present study, we found that MALT1 
was expressed in neurons, astrocytes, microglia and 
endothelial cells. I/R induced significant activation of 
MALT1 in astrocytes and microglia in the anterior horn 
of the spinal cord. Inhibition of MALT1 blocked the 
destruction of the BSCB and the occurrence of neuroin-
flammation caused by I/R. Our findings suggest that glial 
MALT1 is one of the important inducers of BSCB barrier 
destruction and neuroinflammation. The MALT1 inhibitor 
MI-2 used in this study has been proved to be non-toxic in 
animals by previous studies,17 so it may serve as basic 
research evidence for the potential protective effect of MI- 
2 on spinal cord in clinical practice, but the underlying 
mechanism needs to be further investigated.

It was noted that ERS is an important cellular and 
molecular mechanism for I/R injury, and inhibition of 
ERS is a common intervention strategy for I/R injury in 
the heart, kidney, brain and other important organs, but its 
upstream target remains unknown.37–39 ERS induces 
unfolded protein response to correct endoplasmic reticu-
lum protein folding errors and activate autophagy to main-
tain cell homeostasis. Recent studies illustrate that the 
change of MALT1 activity is associated with ERS, and 
NF-κB signal is also one of the triggers of ERS.15 It was 
known that MALT1 plays a pivotal role in activating 
immune response by regulating and transducing NF-κB 
signaling.13 We found that SCI/R injury activated NF-κB 
signaling and ERS, which suggested that NF-κB signaling 
might mediate the ERS. Persistent ERS is considered to 

trigger the pathogenic cascades of many chronic disorders 
due to its ability to provoke aberrant inflammatory activity 
and facilitate cell death. ERS results in inflammation and 
cell death via overloading intracellular calcium, aggravat-
ing mitochondrial metabolic disorders, triggering further 
ROS damage and ATP depletion.40–42 More importantly, 
later cascades may lead to a series of catastrophic reac-
tions that ultimately aggravate inflammation and death 
pathway activation.43

Astrocytes are necessary to maintain BBB integrity in 
the central nervous system.44,45 We observed that MI-2 
downregulated the expression of I/R-induced MMP9 in 
astrocytes, and it also upregulated the expression of 
endothelial tight junction protein – zona occludens protein 
1 (ZO-1).46 The MMP9 activation undermines BSCB 
integrity via degradation of ZO-1, which stimulates dis-
ruptions and opening of tight junctions, thereby modulate 
cascade inflammatory responses following tissue leakage 
via recruiting inflammatory cell infiltration.47 Our results 
are consistent with previous study that the upregulation of 
matrix metalloproteinases disrupts neurovascular perme-
ability, which inhibits functional and structural recovery 
of spinal cord injury.48 Therefore, our findings provide 
additional insight that MALT1 inhibitor treatment may 
contribute to the preservation of BSCB integrity via mod-
ulation of inflammatory responses following SCI/R.

It is noted that the reactive astrocytes around neuro-
vasculature activate endothelial MMP9 or secrete proin-
flammatory cytokines such as IL-1β, IL-6, and TNFα that 
contributes to blood–brain barrier permeability,49,50 even-
tually leading to blood–brain barrier disruption during 
inflammation. Consistent with the rest of other studies, 
inflammation is a subsequent event of spinal cord ischemia 
and a plausible pathway in SCI/R injury. Our study sug-
gested that astrocyte and microglia both contributed the 
neuroinflammation and neuron loss. Yamanaka et al 
reported that reactive astrocytes were clearly visible at 7 
days after reperfusion, and the number of activated micro-
glia peaked at 12 and 48 h after reperfusion.51 Other 
researches indicate that the proliferation and activation of 
microglia contributes to excitotoxicity, which is an impor-
tant mechanism of SCI/R injury.52 In a rabbit model of 
SCI/R, astrocytes were activated early (2 hours) after 
reperfusion in the gray matter of the lumbar spinal cord, 
but confined to the area where neurons started to show 
degeneration,53 which suggested that astrocytes might be 
important in the mechanism of delayed onset motor dys-
function in SCI/R. The temporal profile of the reaction of 
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microglia, astrocytes, and macrophages in the delayed 
onset paraplegia after transient spinal cord ischemia in 
rabbits.

Zhu et al reported that the delayed spinal cord injury 
involves both ischemic cellular death and reperfusion injury. 
Inflammatory cytokines (eg, TNF- α and IL-1) may play an 
important role in SC/IR.5 Interestingly, our current study not 
only found that MALT1-mediated ERS was involved in reg-
ulation of astroglial MMP9, we also observed that MI-2 
inhibited I/R-induced perivascular astrocyte loss at the anterior 
horn of the spinal cord. We firstly report that SCI/R is asso-
ciated with astrocyte loss, suggesting that increased perme-
ability of the blood-spinal barrier is not only associated with 
perivascular astrocyte activation, inflammatory cytokines, and 
MMP9 release but may also be associated with astrocytes loss 
and demyelination, while inhibition of MALT1 blocked the 
loss of perivascular astrocytes. Our results suggest that 
MALT1-specific inhibitor significantly improved vascular 
neural unit integrity, thus improving the lower limb motor 
function of SCI/R rats. However, the development of inflam-
matory mediators is incompletely understood, and treatments 
available for inflammation in SCI/R are insufficient. Improved 
understanding of SCI/R and the development of inflammatory 
cells and cytokines in these settings will provide novel ther-
apeutic strategies for SCI/R.

There were several technical limitations in this study. 
First, the cellular localization of MALT1 might be micro-
glia, astrocyte, and neurons in the spinal cord, therefore, 
further experiments are needed to specifically interfere 
MALT1 expression in different cell types to define the 
specific effects of MALT1 on SCI/R. Second, the interac-
tions among cell types noted above in the regulation of 
SCI/R need to be clarified.

Conclusion
Collectively, inhibition of MALT1 alleviates spinal ische-
mia/reperfusion injury-induced neuroinflammation by 
modulating glial ERS in rats. MI-2 might be a new ther-
apeutic strategy for interfering spinal cord ischemia/reper-
fusion injury.
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