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LMP2 deficiency causes abnormal e

metabolism, oxidative stress,
neuroinflammation, myelin loss
and neurobehavioral dysfunctions

Xingyong Chen'*"", Yanguang Mao'", Yueting Guo*', Dongyun Xiao', Zejing Lin', Yiyi Huang', Ying Chun Liu?,
Xu Zhang'" and Yinzhou Wang'?**

Abstract

Background Substantial evidence suggests that immunoproteasome is implicated in the various neurological dis-
eases such as stroke, multiple sclerosis and neurodegenerative diseases. However, whether the immunoproteasome
itself deficiency causes brain disease is still unclear. Therefore, the aim of this study was to explore the contribution of
the immunoproteasome subunit low molecular weight protein 2 (LMP2) in neurobehavioral functions.

Methods Male LMP2 gene completed knockout (LMP2-KO) and littermate wild type (WT) Sprague—Dawley (SD) rats
aged 12-month-old were used for neurobehavioral testing and detection of proteins expression by western blotting
and immunofluorescence. A battery of neurobehavioral test tools including Morris water maze (MWM), open field
maze, elevated plus maze were used to evaluate the neurobehavioral changes in rats. Evans blue (EB) assay, Luxol fast
blue (LFB) and Dihydroethidium (DHE) staining were applied to explore the blood-brain barrier (BBB) integrity, brain
myelin damage and brain intracellular reactive oxygen species (ROS) levels, respectively.

Results We firstly found that LMP2 gene deletion did not cause significantly difference in rats'daily feeding activ-

ity, growth and development as well as blood routine, but it led to metabolic abnormalities including higher levels

of low-density lipoprotein cholesterol, uric acid and blood glucose in the LMP2-KO rats. Compared with the WT rats,
LMP2-KO rats displayed obviously cognitive impairment and decreased exploratory activities, increased anxiety-like
behavior and without strong effects on gross locomotor abilities. Furthermore, multiple myelin loss, increased BBB
leakage, downregulation of tight junction proteins ZO-1, claudin-5 and occluding, and enhanced amyloid-{3 protein
deposition were observed in brain regions of LMP2-KO rats. In addition, LMP2 deficiency significantly enhanced oxida-
tive stress with elevated levels of ROS, caused the reactivation of astrocytes and microglials and markedly upregulated
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protein expression levels of interleukin (IL)-1 receptor-associated kinase 1 (IRAK1), IL.-6 and tumor necrosis factor-a

(TNF-a) compared to the WT rats, respectively.

Conclusion These findings highlight LMP2 gene global deletion causes significant neurobehavioral dysfunctions. All
these factors including metabolic abnormalities, multiple myelin loss, elevated levels of ROS, increased BBB leakage
and enhanced amyloid-{3 protein deposition maybe work together and eventually led to chronic oxidative stress and
neuroinflammation response in the brain regions of LMP2-KO rats, which contributed to the initial and progress of

cognitive impairment.

Keywords Oxidative stress, Blood—brain barrier, Immunoproteasome, Neuroinflammation, Cognitive impairment

Introduction

It is generally accepted that the ubiquitin—proteasome-
system (UPS) controls numerous cellular pathways
including signal transduction, inflammatory processes,
cell differentiation and apoptosis by degradation of mis-
folded or damaged proteins. Due to three proteolytic
active subunits p1, 2 and B5, the proteasome exerts
caspase-like, trypsin-like, and chymotrypsin-like activ-
ity, respectively. However, in cells exposed to a variety
of stimulate factors such as inflammatory cytokines (for
example, interferon-y) and ischemia, these three cata-
lytic B-subunits are replaced by their immunosubunits
Bli (LMP2/proteasome subunit beta 9, PSMB9), p2i
(multicatalytic endopeptidase complex-like 1, MECL-1)
and B5i (LMP7) and then forms new subtype of protea-
some called the immunoproteasome [1, 2].

The immunoproteasome is regarded as a special type
of proteasome which involves in both immune and
non-immune responses [2]. Apart from MHC-I anti-
gen processing, immunoproteasome mediate proin-
flammatory cytokine production observed in different
animal disease models. Bone marrowderived dendritic
cells from LMP2/B1i-deficient mice infected with influ-
enza virus displayed lower levels of interleukin (IL)-1p,
IL-6 and TNF-a compared with the WT counterparts.
Our previous study found that LMP2 and LMP7 were
evident in astrocytes and microglia/macrophage cells
in the ipsilateral ischemic hemisphere after cerebral
ischemia/reperfusion in rats, respectively. Furthermore,
inhibition of LMP2 by shRNA showed the suppression
of neuroinflammation response and reduced infarction
volume [3].Similarly, Administration of a high selective
proteasome inhibitor PR-957 or LMP7 gene knockout
significantly attenuates inflammatory cytokines secre-
tion and disease manifestation observed in animal
experimental models of autoimmune encephalomyelitis
and rheumatoid arthritis [4, 5]. Taken together, these
findings suggest a key role for the immunoproteasome
participating in innate immune response and regulation
of inflammatory cytokines, which possibly involves in
compromised NF-kB signaling or NF-kB-independent
signal pathways [6, 7].

Beyond the involvement of the immunoproteasome in
the immune system, recent studies have begun to unravel
the non-immune functions of the immunoproteasome.
Due to the rapid induction properties and the enhanced
proteolytic activities compared to the standard protea-
some, the immunoproteasome prevents accumulation
of the oxidatively-damaged and ubiquitylated proteins
and maintains protein homeostasis [1, 8]. For exam-
ple, oxidized damage proteins were accumulated in the
liver and brain of LMP7/B5i- and LMP2/Bli-deficient
mice [8]. In addition, increased expression of LMP2 has
also been observed in brain of Alzheimer’s disease (AD)
[9-11], which is a hallmark of amyloid-B protein depo-
sition accompanying with oxidative stress and neuro-
inflammation response. A mechanism of amyloid-p
protein deposition is due to the inability of the damaged
UPS to efficiently remove the excess amyloid-f3 proteins.
From this point of view, increased immunoproteasome
expression may have a compensatory effect in protect-
ing neurocytes against stress-induced injury and death by
clearing toxic amyloid-f protein more efficiently than the
standard proteasome. Increased proteasome activities
and messenger RNA and protein expression of immuno-
proteasome was observed in reactive glias in the cortex
of the transgenic mouse AD model [11]. However, these
data are in contrast with other studies results [9]. In other
words, there is still a controversy about the expression
and roles of immunoproteasome in AD context. More
interestingly, recent research confirmed a relationship
between immunoproteasome and emotion in animal
experiment. Gorny X, et al. reported that 35i/LMP7 gene
deletion mice displayed more anxiety after mild stress
and increased cued fear after fear conditioning compared
with the WT mice [12]. These findings suggest that the
basal proper formation of immunoproteasome in healthy
mice seem to be involved in the regulation of anxiety and
cued fear levels. Our previous work found that elevated
level of plasma LMP2 during the acute phase of ischemic
stroke was high risk of poor functional outcome and
post-stroke cognitive impairment (PSCI) at 90 days [13].
Although several lines of evidence have supported an
involvement of immunoproteasome in ischemia stroke
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and multiple sclerosis pathogenesis [14, 15], whether the
immunoproteasome itself (such as LPM2) defects causes
brain disease is still unclear. Therefore, the aim of this
study was to explore the contribution of LMP2 in neu-
robehavioral functions in LPM2 gene knockout rats. The
following issues would be addressed in the present study.
First, the effect of LMP2 gene defect on neurobehavioral
functions need to be clarified. Second, does LMP2 defect
induce abnormalities in brain structure and cellular func-
tion? Third, what is the possible mechanism underlying
these changes. Our study contributes to a further under-
standing of immuneproteasome deficiency leading to
central nervous system abnormalities, which provides
preliminary data for further research.

Materials and methods

Ethical approval and experimental animals

All experiments were approved by the Institutional Ani-
mal Ethical Committee of Fujian Medical University (No.
FJMUIACUC2020-0059) (Animal license No. SYXK
(Min) 2020-0005). LMP2 heterozygous type (LMP2%¥)
Sprague—Dawley (SD) rats by use of CRISPR/Cas9
genome editing technology were purchased from Cya-
gen Biotechnology Co., LTD. (Animal License No. SCXK
(Yue) 2018—0032). LMP2* rats were bred in SPF grade
animal room. They were housed five per cage to main-
tain social interaction. LMP2 rats were mated. The tail
genomic DNA of offspring rats were extracted and iden-
tified by polymerase chain reaction (PCR).The obtained
homozygous rats were mated with the opposite sex het-
erozygous rats to obtain more homozygous rats with
knockout LMP2 gene. Experiment rats aged 12-month-
old were divided into two groups: LMP2 gene knockout
(LMP2-KO) rats and littermate wild type (WT) rats (each
group n=15).

Morris water maze (MWM)

The MWM system (RD1101-MWM, Mobiledatum Co.,
LTD., Shanghai, China) was used to evaluate spatial
learning and reference memory as described previously
[16, 17]. The lab room was kept dark and quiet during
the test. During acquisition phase, each rat underwent
four trials daily (10-15 min break between trials) for 5
consecutive days. Briefly, each trial started from a differ-
ent location and lasted for 60 s. Each rat was trained to
escape from the water by swimming to the hidden plat-
form. Once the platform was found, the rat was allowed
to stay on the platform for 10 s. If the rat could not locate
the platform within 60 s, it would be guided to the plat-
form and allowed to stay there for 15 s (assigned a latency
of 60 s). On the sixth day, the probe test of platform loca-
tion memory retention was conducted with the plat-
form removed. Rats were placed into the water from the
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opposite side of the original platform quadrant and were
allowed to swim freely for 60 s to find the location of the
original platform. All parameters including the latency
and path length to platform, the time spent in the target
quadrant, average swimming speed, and the numbers of
crossings over the platform site were calculated using
system software (Mobile datum Co., LTD., Shanghai,
China).

Open field test (OFT)

The OFT was performed to assess locomotor activity
and anxiety-like behavior according to a previous report
[18]. Briefly, the test was conducted for 5 min in a dimly
lit room. The box system consists of an arena measur-
ing 100 cm x 100 cm x40 cm (L x W x H). The arena
was made of black high-density polyethylene panels that
were fastened together. A video tracking system was
suspended over the box to record the rats’ movements’
orbits. The rats were placed in the center of arena and
allowed to freely explore the area for 5 min. The total
traveled distance, distance and the time in the central
area of each rat were calculated.

Elevated plus maze (EPM)

The elevated plus maze test was applied to assess anxiety-
like behavior as described previously [19]. A decrease in
the open arm activity (duration and/or entries) reflects
anxiety-related behaviors. The system consists of four
black polypropylene arms, including two opposing open
arms (50 cm x 10 ¢cm x 0.5 cm), two opposing closed
arms (50 cm x 10 cm x40 c¢cm) and a central platform
(10 cm x 10 cm) and elevated 50 cm above the ground.
The test was performed in a quiet, dimly lit room. Rats
were placed at the central platform facing an open arm
and allowed 5 min to explore the maze. Their behavior
was recorded with a camera mounted above the maze.
The entries into the open arms and duration in the open
arms were calculated.

Luxol fast blue (LFB) staining

LFB is widely used to detect demyelination in the CNS.
Coronal Sects. (20 um) were stained with Luxol Fast Blue
Stain Kit according to the manufacturer’s instructions
(Abcam, USA) and conducted as described previously
[20]. The severity of the white matter lesions was graded
as described [21].

Evaluation of BBB Permeability

Evans blue (EB) dye (Sigma-Aldrich, USA) extravasation
and FITC-dextran cerebral fluorescent angiography were
used to evaluate BBB permeability using spectrophotom-
etry and fluorescence microscopy as described previously
[22-24].
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Blood routine and blood biochemicalexamination

After the animals were deeply anesthetized, the thoracic
cavity was exposed, and 5 ml of blood was drawn from
the right atrial vein with a sterile syringe. Blood routine
and blood biochemical examination were conducted by
the biotech company of Zolgene Biotech, Inc. (Fuzhou,
China).

Immunofluorescence (IF)

Immunofluorescence was performed as described previ-
ously [22]. After blocking with 10% normal goat serum
(Sigma-Aldrich, USA), slices were incubated with pri-
mary antibodies as following: rabbit anti-GFAP (1:300;
Cell Signaling Technology, USA), rabbit anti-IBA1 (1:400;
Abcam, Cambridge, MA, USA), rabbit anti-beta Amy-
loid (1:50; Abcam, Cambridge, MA, USA), and mouse
anti-Oligl (1:100; Santa Cruz, USA). After incubated
overnight at 4 °C and washed three times in 0.01 M PBS
(3 x 5 min), slices were incubated with the following sec-
ondary antibodies for 1 h at room temperature: Alexa
Fluor® 594 conjugated goat anti-rabbit IgG or Alexa
Fluor® 488 conjugated goat anti-rabbit IgG or Alexa
Fluor® 488 conjugated goat anti-mouse IgG(1:1000; Cell
Signaling Technology). Slices were mounted in ProLong®
Gold antifade reagent (Thermo Fisher Scientific, USA)
prior to imaging.

Western blotting

Approximately 30 pg of total protein was loaded on an
SDS—polyacrylamide gel as described previously [22].
The primary antibodies were used as follows: rabbit
anti-myelin basic protein (MBP) and rabbit anti-IRAK1
(1:1000; Abcam, Cambridge, MA, USA), mouse anti-IL-6
(1:500; Abcam, Cambridge, MA, USA), mouse anti-Oligl
and mouse anti-TNF-a (1:300; Santa Cruz, USA), mouse
monoclonal anti-B-actin (1:3000; Cell Signaling Technol-
ogy, USA). Membranes were incubated with the second-
ary antibodies for 1 h at room temperature: horseradish
peroxidase (HRP)-conjugated goat anti-rabbit or HRP-
conjugated goat anti-mouse IgG antibody (1:3000; Cell
Signaling Technology, USA). The bands were quantified
by densitometry with ImageJ software (Image] 1.4, NIH,
USA).

Statistical analysis

All datawere analyzed using SPSS 19.0 software (version
19, IBM Corp., Armonk, NY, USA) and are presented as
the mean +standard deviation. The water maze escape
latency and the path length were analyzed using repeated
measures two-way ANOVA. Other parametric data from
different groups were compared using one-way ANOVA.
The least-significant difference post hoc test was used
for comparison within groups. GraphPad Prism 8.0
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(GraphPad Software Inc., La Jolla, CA, USA) was used to
make statistical graph. A value of P <0.05 was considered
statistically significant.

Results

Comparison of basal parameters between the WT

and LMP2-KO rats

First, there was no significant difference of daily vari-
ability in feeding, drinking, and movement behaviors,
growth and development between the two groups of
rats. Besides, it seemed no obviously difference in gross
brain appearance between the WT and LMP2-KO rats
(Fig. 1A). Furthermore, LMP2 gene deletion did not
result in significant changes in heart rate and blood pres-
sure compared with the WT group (Fig. 1B). In addi-
tion, blood routine examination indicated there were
no comparable in white blood cell count, lymphocyte
count, hemoglobin concentration and platelet count
between the two groups (Fig. 1C). Interestingly, blood
biochemical examination showed that the levels of
low-density lipoprotein cholesterol (LDL-C), uric acid
(Uric) and blood glucose in the LMP2-KO group (LDL-
C:4.29£0.98 mmol/L; Uric:552.96+65.79 umol/L;
GLU 12.68+2.62 mmol/L) were higher than those
in the WT group (LDL-C: 3.24+£0.89 mmol/L; Uric:
474.80+85.61 umol/L; GLU 8.94+£1.21 mmol/L),
respectively (*P <0.05); but there were no significant dif-
ferences in alanine aminotransferase (ALT), total cho-
lesterol and creatinine levels between the two groups
(Fig. 1D) (Tablel) (*P>0.10,*P <0.05).

LMP2 gene knockout results in cognitive impairment

in rats

As shown in Fig. 2, there was no significant difference in
the latency to platform and path length during the ini-
tial 2 days of acquisition/learning period between the
WT group and the LMP2-KO group. However, with the
extension of training time, rats in the WT group found
the platform position earlier than those in the LMP2-KO
group, and LMP2-KO rats spent more time and longer
path length looking for a platform, compared to the WT
controls from the 3rd day to the 5th day in the acquisi-
tion/learning phase. For example, on the 5th day of
training, the latency to platform and path length before
finding the platform in the LMP2-KO group was signifi-
cantly higher than those in the WT group, respectively.
However, there was no significant difference in the aver-
age swimming speed between the two groups during the
5 days training period (Fig. 2) (*P>0.10,*P <0.05).

In the probe test, as shown in Fig. 3, the frequency
of crossing over the platform was significantly lower
in the LMP2-KO group than that of the WT group
(P<0.05). Although the data demonstrated that there
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Fig. 1 Companson of basal parameters between the LMP}KO and WT rats. A There was no significant difference in gross brain appearance
between the LMP2-KO and WT rats. B There were no significant differences in heart rate and blood pressure between the two groups (*P>0.05).
CThe levels of ALT, total cholesterol, LDL-C, blood glucose, creatine and uric acid from blood samples of LMP2-KO and WT rats were comparison,
and there were significant increased levels of blood LDL-C, uric and glucose in the LMP2-KO rats compared with the WT rats (*P>0.10,*P < 0.05).
(D) Blood biochemical examination showed that the levels of low-density lipoprotein cholesterol (LDL-C), uric acid (Uric) and blood glucose in the
LMP2-KO group were higher than those in the WT group, respectively (*P < 0.05)
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Table 1 Comparison of basal parameters between the WT and LMP2-KO rats

Item WT rats LMP2-KOrats P value Item WT rats LMP2-KO rats P value
Heart rate 37447+4365 38442+£5049 0574 LDL-C (mmol/L) 3244089 4294098 0023
Systolic pressure (mmHg) 123.67+16.14 1284349385 0.350 Uric acid (umol/L) 47480+8561 5529646579 0.034
Diastolic pressure (mmHg) 943341235 944241117 0983 Blood glucose (mmol/L) 8944121 12.68+262 0.001
White blood cell count (x 10%/L) 7381294 746+1.16 0.962 ALT (U/L) 4557 +£9.60 40344992 0246
Number of lymphocytes (x 10%L)  4.364091 4944155 0492  Total cholesterol (mmol/L) 2821064 305+£076 0478
Concentration of hemoglobin 160.804+12.68 1352044245 0.232 Creatinine (umol/L) 538942370 541442230 0975
(9/L)

Number of platelets (x 10%/L) 690.604+347.83 68860144656 0.994
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Fig. 2 LMP2 defect increases the latency and path length to find the hidden platform in place navigation. LMP2-KO and WT rats were subjected to
Morris water maze test (MWM) for place navigation for 5 consecutive days. The escape latency and the path length were analyzed using repeated
measures two-way ANOVA. A Representative track plots of MWM for place navigation. B The latency significantly increased in the LMP2-KO rats as
compared with the WT rats. C The path length of finding the hidden platform significantly increased in the LMP2-KO rats as compared to the WT
rats. D The average swimming speed was not significantly different between the LMP2-KO and the WT rats (*P >0.10,*P < 0.05)

was no significant difference in the total path length  quadrant in the LMP2-KO group was shorter than that
between the two groups, the path length in the target in the WT group. In addition, there was no significant
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Fig. 3 LMP2 defect decreases the frequency over the target quadrant in probe test. Both LMP2-KO and WT rats were subjected to Morris water

maze test (MWM) for probe tests on the 6th day followed place navigation. The data were analyzed using one-way ANOVA. A Representative track
plots of MWM for probe tests. B The frequency crossing through the platform significantly lower in LMP2-KO rats than in WT rats (*P <0.001). C The
total path length and D the percentage of path length in target quardrant and E the average swimming speed was compared between LMP2-KO

and WT rats, respectively (*P>0.10,*P < 0.05)

difference in the average swimming speed between the
two groups (Fig. 3) (*P>0.10,*P < 0.05).

Deletion of the LMP2 gene reduces rats’ exploratory
activities.

As shown in Fig. 4, the results showed that, there was
no comparable in the total distance traveled during five
minutes between the WT and LMP2-KO rats (P > 0.05).
However, compared with the WT rats, both the distance
traveled in center area and the time spent in the center
were significantly lower in LMP2-KO rats, respectively
(Fig. 4) (*P <0.001).

Deletion of the LMP2 gene increases rats’ anxiety-like
behavior

The above preliminary data suggested that LMP2-KO
rats seemed to have anxiety-like behavior. Next, we used
elevated plus maze experiment to further assess whether
these rats showed signs of anxiety. As shown in Fig. 5,
WT rats repeatedly walking between the open and closed
arms, but LMP2-KO rats preferred to walk in the closed
arms, less chance to entry to the open arms. Compared
with the WT rats, both the percentages of the entries
in open arms and the time spent in open arms were sig-
nificantly less in LMP2-KO rats than those in WT rats,
respectively (Fig. 5) (*P <0.05).

LMP2 gene deficiency results in myelin loss

and remyelination coexisted in brain of rats

Our previous study suggested that white matter demy-
elization accompany with cognitive impairment in
eNOS deficiency mice [25]. Therefore, we were inter-
ested to explore whether there exists similar phenom-
enon in brain of LMP2 gene deficiency rats. As shown
in Fig. 6A, LFB staining showed severe myelin loss of
cerebral cortex, corpus callosum and striatum in the
LMP2-KO rats compared with the WT rats, respec-
tively. These finding were also supported by measuring
the protein levels of MBP detected by western blotting.
MBP protein expression in the LMP2-KO group was
further decreased compared with that in the WT group
(P<0.001) (Fig. 6B, C).

OLIG1, a member of the oligodendrocyte lineage-
specific basic helix-loop-helix (OLIG) family of tran-
scription factors, is a gene regulator and expressed in
oligodendrogenesis which are the source cells of mye-
lination in the central nervous system (CNS). To our
surprise, we observed demyelination and remyelination
coexisted in brain of LMP2-KO rats. Both IF and west-
ern blotting showed that increased protein expression
of oligodendrocytes-1(Oligl) in forebrain of LMP2-KO
rats compared with the WT rats (P <0.001) (Fig. 6D-F).
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Fig. 4 Deletion of the LMP2 gene reduces rats'exploratory activities. A Representative tracks for open field test. B There was no significant
difference in the total distance between the WT rats and the LMP2-KO rats (*P>0.10). C-D Compared with the WT rats, both the distance traveled in
center area and the time spent in the center were significantly lower in the LMP2-KO rats, respectively (*P <0.001)

LMP2 gene deficiency significantly induces BBB leakage
and decreases tight junction proteins expression
compared to the WT rats

Recent evidence has suggested that BBB disruption is
an early biomarker of human cognitive impairment,
including the early clinical stages of AD and vascular
cognitive impairment [26]. Our previous work con-
firmed the correlation between LMP2 and BBB dys-
function under ischemia stroke conditions [14, 27]. To
our surprise, LMP2 gene deletion led to BBB leakage
indicated by Evans blue (EB) exudation evaluation. A
small amount of EB dye was observed to exude outside
the blood vessels in the brain of WT rats under fluores-
cence microscope and further supported by quantifica-
tion of EB content in the cerebral of rats. However, EB
exudation was significantly increased in the LMP2-KO
group than that in the WT group (*P <0.001) (Fig. 7A,
B). Similarly, FITC-dextran angiographic micrographs
indicated the tracer was confined to the capillaries in
wild-type littermates, whereas LMP2-KO rats showed
large amounts of tracer leakage in the brain paren-
chyma (Fig. 7C). The BBB which consists of brain

endothelial cells interconnected by tight junctions is
essential for the homeostasis of the CNS. Tight junc-
tions are consisted of a number of proteins, including
zonula occludens-1 (ZO-1), occluding and claudin-5.
LMP2 deficiency significantly decreases the protein
levels of ZO-1, claudin-5 and occluding detected by
western blotting (*P <0.001) (Fig. 7D, E).

LMP2 gene deficiency enhances Amyloid-f protein
deposition compared to the WT rats

The BBB dysfunction induces the failure of amyloid-p
(AP) protein transport from brain to the peripheral
circulation across the BBB and involves in the patho-
genesis of Alzheimer’s disease (AD) [28]. In addition,
increasing evidence has suggested that immunoprotea-
some participates in the pathology of AD [29]. Interest-
ingly, we observed that LMP2 deficiency significantly
enhanced A protein deposition. Immunofluorescence
showed that there was more AP protein deposition in
the hippocampus and cerebral cortex of LMP2 gene
deficiency rats compared with the WT rats (Fig. 8).
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Fig. 5 Deletion of the LMP2 gene increased rats'anxiety-like behavior measured by elevated plus maze. A Representative tracks for the elevated
plus maze test. B-C Compared with the WT rats, both the percentages of the entries in open arms and the time spent in open arms were
significantly less in the LMP2-KO rats than that in WT rats, respectively (*P <0.05)

LMP2 deficiency significantly enhances oxidative stress,
reactive glia and proinflammation compared to the WT rats
The immunoproteasome participates in the regulation
of oxidative stress and neuroinflammation under dif-
ferent context [3, 30]. Importantly, oxidative stress and
inflammation are strongly related to a variety of neu-
rological diseases, including stroke, AD and Parkinson’s
disease (PD). Interestingly, LMP2-KO rats exhibited
significantly enhanced oxidative stress, as shown in
Fig. 9A, compared to the WT rats, the levels of ROS, as
indicated by DHE fluorescence staining, were markedly
elevated in the cerebral cortex and corpus callosum of
LMP2-KO rats.

In addition, immunofluorescence showed that
increased expression of astrocytes and microglials,
labeled by GFAP and IBA1, respectively (Fig. 9B). Glio-
sis leads to the activation of inflammation-related sign-
aling pathway and releases proinflammatory cytokines.
As shown in Fig. 9C, D, the levels of IRAK1, IL-6 and
TNF-a proteins expression detected by western blot-
ting were markedly upregulated in the LMP2-KO group
compared with the WT group, respectively (*P <0.001)
(Fig. 9C, D).

Discussion
The major finding of this study is that LMP2 gene global
deletion caused significant neurobehavioral dysfunctions
including cognitive impairment and decreased explora-
tory activities, increased anxiety-like behavior. Along
with this, the signs of metabolic abnormalities including
higher levels of LDL, uric acid and blood glucose, mul-
tiple myelin loss, elevated levels of ROS, increased BBB
leakage and enhanced amyloid-f protein deposition were
obviously observed in the LMP2-KO rats. All these fac-
tors maybe interact with each other and eventually led to
chronic oxidative stress and neuroinflammation response
in the brain regions of LMP2-KO rats, which contributed
to the initial and progress of cognitive impairment.
Although the biological importance roles of the ubiq-
uitin proteasome system (UPS) in the control of myriad
cellular processes have been well documented, the sig-
nificance of the immunoproteasome has not been well
comprehended until now. The immunoproteasome pos-
sesses broader biological roles including immune and
non-immune functions attributed to its three immu-
nosubunits Bli, f2i and B5i [2]. Particularly, LMP2 has
recently drawn considerable attention in many studies.
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Fig.6 LMP2 gene deficiency results in myelin loss and remyelination coexisted in brain of rats. A LFB staining showed myelin loss of the cortex,
corpus callosum and striatum of WT, LMP2-KO rats, respectively. B-C Representation image of MBP protein expression detected by western blotting
and quantification data. D-F Immunofluorescence and western blotting showed that increased protein expression of oligodendrocytes-1(Olig1) in
the LMP2-KO rats compared with the WT rats. Scale bars: 500 um and 100 um. *P <0.001

(See figure on next page.)

Fig. 7 LMP2 gene deficiency significantly induces BBB leakage and decreases tight junction proteins expression compared to the WT rats. A-B
Evans blue (EB) exudation was observed under fluorescence microscope and quantificated, respectively. The level of EB exudation significantly
increased in the LMP2-KO group than that in the WT group. C FITC-dextran angiographic micrographs indicated the tracer was confined to the
capillaries in wild-type littermates, whereas LMP2-KO rats showed large amounts of tracer leakage in the brain parenchyma. D-E Representation
images of tight junction proteinsZO-1, claudin-5 and occluding expression detected by western blotting and quantification data. Scale bars:
500 um; 100 um.*P < 0.001
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Structurally, LMP2 is a critical component for protea-
some activity in that LMP2 is essential for the proper
incorporation of the immunoproteasome [31]. LMP2 is
expressed in neuron, astrocyte, microglia and endothe-
lial cells in brain tissue of human or rodent animal
[3, 9, 32]. For example, LMP2 were increased expres-
sion in brain areas affected by AD or Huntington’s dis-
ease which often displays cognitive dysfunction [9, 33].
However, it is not clear whether LMP2 change is the
cause or result of these neurodegenerative diseases.

Interestingly, in this study, we provided new evidence
that LMP2 gene deletion resulted in cognitive dysfunc-
tion, reduced rats’ exploratory activities, increased rats’
anxiety-like behavior and without strong effects on gross
locomotor abilities (such as swimming speed). Similarly,
a recent reported that LMP7-deficient mice expressed
more anxiety and increased cued fear and no strong
effects on gross locomotor abilities [12]. Taken together,
these data suggest that the immunoproteasomeis closely
related to cognitionand emotional behavior. However, the
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related mechanism underlie this remains unclear. Recent
reported that immunoproteasome inhibitor ONX-0914
affected long-term potentiation in murine hippocam-
pus, a form of synaptic plasticity thought to contribute
to learning and memory [34].Induction and maintenance
of long-term potentiation is directly dependent on selec-
tive targeting of proteins for proteasomal degradation.
Therefore, we postulated one of possible mechanisms is
that the immunoproteasome plays an important role in
synaptic plasticity which underlie learning and memory
processes [35].

Several factors are related with the development and
progress of cognitive impairment, including abnormal

metabolism of lipids and glucose [26, 36], BBB damage
[37], mitochondrial dysfunction [38, 39], white mat-
ter demyelination [25, 40]. For example, BBB injury
induces the failure of AP proteins transport from brain
to the peripheral circulation across the BBB, and even-
tually AP proteins aggregate in the brain further aggra-
vate BBB damage, forming a vicious cycle [28, 41]. This
phenomenon can also be seen in the present study, we
observed that AP proteins deposition in the hippocam-
pus and cerebral cortex of LMP2-KO rats compared
with the WT rats. Interestingly, it seems that oxidative
stress and inflammation reaction are the two leading
causes for these changes. Brain neurons are sensitive
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to oxidative stress and inflammation damage. Indeed,
oxidative stress and inflammation response are closely
together with each other and are involved in the patho-
genesis of stroke and neurodegenerative diseases [42,
43]. Alongside immune functions, immunoproteasome
play a crucial role in removing oxidant-damaged pro-
teins and protect cell viability against oxidative stress
[1, 44]. In the absence of LMP2, accumulation of oxi-
dized and polyubiquitinated proteins were observed
in the liver and brain of LMP2-KO mice [8]. In line
with this observation, LMP2-KO rats exhibited sig-
nificantly enhanced oxidative stress; the levels of ROS
indicated by DHE fluorescence staining were markedly
elevated in the cerebral cortex and corpus callosum of
LMP2-KO rats. In addition, our previous study found
that inhibition of LMP2 decreased the protein levels of
IL-1B and TNF-a in rat stroke model [3]. However, to
our surprise, LMP2 gene deletion led to the augmenta-
tion of neuroinflammation accompanied with upregu-
lation protein expressions of IL-1R-associated kinase
1 (IRAK1), IL-6 and TNF-a. Notably, IRAK1 is a key
signaling mediator in the TLR/IL-1R signaling pathway
which initiates a cascade of diverse downstream proin-
flammatory events [45]. Astrocyte and microglia can be
polarized to proinflammatory phenotype by increasing
IRAK1 expression and induce inflammation response
[46]. Taken together, this evidence supports the view
of LMP2 deficit promoting oxidative stress and inflam-
mation response, but a great deal of work need to do
insight into the detail molecular mechanisms underly-
ing this.

In the present study, LFB staining showed severe
myelin loss of cerebral cortex, corpus callosum and
striatum in the LMP2-KO rats compared with the
WT rats. Besides, the change of myelin loss was also
confirmed by MBP protein expression decreased in
the brain tissue of LMP2-KO rats. Unexpectedly, we
observed demyelination and remyelination coexisted
in the LMP2-KO rats. In fact, dynamics of myelin loss
and generation can be observed in many CNS diseases,
particularly in multiple sclerosis (MS). The innate
immune response contributes to promoting remyeli-
nation observed in clinical MS disease [47]. However,
despite this increase, overall levels of myelination indi-
cated by MBP protein expression were decreased in the
brain tissue of LMP2-KO rats. We assumed this kind
of endogenous remyelination would not be enough to
compensate the lost myeline and reverse the symp-
toms associated with demyelination and axonal death.
Recent reported that genetically or pharmacologically
enhancing myelin renewal could improve the memory-
related tasks performance of APP/PS1 AD model mice
[40]. In summary, this evidence suggests the potential
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of enhancing myelination maybe as a promising thera-
peutic strategy to improve cognitive impairment.

The present study has some limitations. First, we
observed neurobehavioral abnormalities in the LMP2
knockout rats at a specific age (12 months old), but did
not further explore the age at which these rats began to
develop neurobehavioral abnormalities. Second, we did
not administrate some therapeutic approach involves
increasing the endogenous antioxidant activity and/or
reducing ROS production as well as anti-inflammatory
drug to treat these experimental animals, which would
provide supplemental data to support the contribution
of oxidative stress and inflammation response involved
in the mechanisms of neurobehavioral abnormalities
in rats. In addition, this study explored the phenome-
non of LMP2-KO in rats, but we did not investigate its
potential profound mechanisms. Cognitive impairment
has been linked to several factors, including the exces-
sive formation of ROS, mitochondrial dysfunction,
inflammation and oxidative damage [38, 48]. Especially,
whether mitochondrial abnormalities occurred in these
knockout rats requires further investigation in the
future.

Conclusion

Our study demonstrates for the first time that LMP2
gene global deletion resulted in cognitive impairment
and decreased exploratory activities, increased anxiety-
like behavior. Chronic oxidative stress and inflammation
response in the brain regions of LMP2-KO rats maybe
work together and lead to the initial and progress of
neurobehavioral dysfunctions. Future studies to reveal
the detail molecular mechanisms underlying this are
warranted.
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