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A b s t r a c t

Systemic lupus erythematosus (SLE) is a chronic recurrent autoimmune disease affecting almost all organs. This study was 
conducted to investigate cognitive impairment of SLE mice (MRL/lpr mice), and explore associated pathological mecha-
nism. Behavior tests (open-field test, elevated plus-maze test, forced swimming test, sucrose preference test, and Morris 
water maze test) were conducted in MRL/MPJ and MRL/lpr mice. ELISA test was performed to determine levels of antibod-
ies (anti-dsDNA, anti-RPA, anti-ACA, and anti-NR2a/b) and inflammatory factors [tumour necrosis factor α (TNF-α), inter-
leukin (IL)-6, IL-8, and IL-10]. Micro-vascular endothelial cells (MVECs) were isolated, identified, and divided into MVECs 
(NC), anti-NR2a/2b, memantine, glycine, dexamethasone, and IL-1β groups. Cell proliferation was measured using cell 
counting kit-8 (CCK-8) assay, and Western blotting was applied to evaluate ELAM-1, VCAM-1, ICAM-1, IKBα, p-IKBα expres-
sion. MRL/lpr mice demonstrated lower locomotion/exploration ability, higher anxiety, obvious depression symptoms, low-
er learning/memory capability compared with MRL/MPJ mice. MRL/lpr mice demonstrated high levels of anti-NR2a/b 
antibody and auto-antibodies. NMDA receptor antagonist (memantine) significantly increased, and NMDA receptor agonist 
(glycine) significantly decreased MVECs proliferation compared with NC group (p < 0.05). Memantine significantly reduced 
and glycine predominantly enhanced TNF-α, IL-6, IL-8, and IL-10 levels compared with NC group (p < 0.05). NMDA receptor 
antagonist and agonist modulated adhesion molecules expression in MVECs. ELAM-1, VCAM-1, and ICAM-1 expressions 
were significantly down-modulated in memantine group, and remarkably up-modulated in glycine group compared with 
NC group (p < 0.05). NMDA receptor antagonist and agonist regulated phosphorylation of p-IKBα. The above effects of 
memantine evenly equaled to dexamethasone, and glycine evenly equaled to IL-1β. In conclusion, cognitive impairment 
of MRL mice might be associated with NMDA receptor-mediated inflammatory response and production of adhesion mol-
ecules in MRL/lpr mice-derived MVECs. 
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Introduction 
Clinically, systemic lupus erythematosus (SLE), as a 

chronic recurrent autoimmune disease, often involves 
many organs, including lung, heart, skin, kidneys, etc. 
[13,41]. SLE is commonly characterized by production 
of a variety of auto-antibodies, such as anti-double 

stranded-DNA (dsDNA), anti-ribosomal P protein (anti-
RPA), and anti-cardiolipin antibody (anti-ACA) [24]. In 
addition to the above-mentioned dysfunction of periph-
eral organs, SLE can also lead to some neuropsychiat-
ric disorders, such as cognitive impairment, headache, 
and psychiatric disorders, including depression and 
anxiety disorder, in up to 75% of SLE patients [6,13]. 
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Among all SLE disorders, neuropsychiatric SLE (NPSLE) 
is considered to be particularly severe type [5]. Among 
the various neuropsychiatric symptoms of SLE, the 
most common is cognitive impairment, involving mem-
ory impairment, anxiety, and/or mood diseases (ACR 
Ad Hoc Committee on Neuropsychiatric Lupus Nomen-
clature, 1999). According to a former investigation [2], 
production of auto-antibodies in brain tissue and 
integrity of blood-brain barriers are the main reasons 
affecting neuropsychiatric symptoms of NPSLE. More-
over, a previous study [27] also reported that matrix 
metalloproteinase-9 (MMP-9), anti-N-methyl-D-aspar-
tate receptor sub-unit 2a/b (anti-NR2a/b) antibodies, 
and pro-inflammatory cytokines may be involved in the 
pathogenesis of NPSLE. However, despite the above 
conclusions of previous studies, there is no consistent 
view on the pathogenesis of cognitive impairment in 
NPSLE patients. 

At present, although some new methods and strat-
egies have been applied in the clinical treatment of 
NPSLE and have potential application prospects, its’ 
treatment usually focuses on symptoms’ relief and 
systemic immunosuppression [17,26]. Glucocorticoid 
is the main drug for the treatment of NPSLE [4], and 
dexamethasone (DEX) can treat cognitive impairment 
in rats caused by bacterial meningitis through inhib-
iting neuronal apoptosis and inflammatory response 
[3,34]. Clinically, injection of methylprednisolone and/or 
prednisolone in patients with NPSLE can obviously alle-
viate neuropsychiatric symptoms [28], but the specific 
mechanism is not clear. Therefore, finding the exact 
pathogenic mechanism of NPSLE and developing corre-
sponding drugs are the key to the treatment of cogni-
tive impairment in NPSLE patients. 

MRL/Tnfrsf6lpr/lpr (MRL/lpr) mouse, as commonly 
used animal SLE model, can show many characteristics 
of SLE, especially cognitive impairment (depression-like 
behavior and memory/ learning deficits) of NPSLE 
[13,25]. However, as a homologous control for MRL/lpr 
mouse and MRL/Tnfrsf6 (MRL/MPJ) mouse does not 
show obvious neuropsychiatric disorders [23]. There-
fore, in the present study, we applied the specific SLE 
animal model (MRL/lpr strain) as the research object 
to find the targeted molecules involved in cognitive 
impairment of MRL/lpr mouse model, in order to obtain 
an effective method to treat cognitive impairment in 
NPSLE patients in the future. 

Material and methods 

Animals 
Female MRL/MPJ mice and MRL/lpr mice, aging 

6-8 weeks, were purchased from Slac Laboratory Ani-
mal Co., Ltd. (Shanghai, China), and housed at 23-25ºC 

temperature, with a 12 h/12 h of light/dark cycle. All 
experimental mice were allowed food and water freely. 

All animal protocols have been approved by the Eth-
ical Committee of Xiang’ an Hospital of Xiamen Univer-
sity, China. All procedures or protocols were conducted 
in line with NIH guide for care and use of laboratory 
animals. 

Behavioral evaluations 
Behavioral tests were carried out for evaluat-

ing behavior of MRL/lpr mice and MRL/MPJ mice, as 
described by former published studies [15,20,21,26,37]. 
In this study, behavioral tests mainly included open-
field test (MRL/lpr, n = 10; MRL/MPJ, n = 10) to eval-
uate locomotion and exploration; elevated plus-maze 
test (MRL/lpr, n = 10; MRL/MPJ, n = 10) to evaluate anx-
iety; forced swimming test (MRL/lpr, n = 10; MRL/MPJ, 
n = 10) to evaluate depression-like behavior; sucrose 
preference test (MRL/lpr, n = 10; MRL/MPJ, n = 10) to 
evaluate anhedonia; and Morris water maze test (MRL/
lpr, n = 10; MRL/MPJ, n = 10) to evaluate learning and 
memory. Briefly, prior to the above tests, MRL/lpr and 
MRL/MPJ mice were exposed to testing room with low 
incandescent light for 30 min. All the above tests were 
recorded and observed with viewer tracking software, 
whereas, the manually scored tests (forced swimming 
test and Morris water maze test) were validated by  
a blinded investigator. 

Enzyme-linked immunosorbent assay 
Auto-antibodies in serum of mice, including anti- 

double stranded DNA (anti-dsDNA) antibody [35], anti- 
ribosomal P protein (anti-RPA) antibody [25], anti-cardio-
lipin (anti-ACA) antibody [22], and anti-N-methyl-D-aspar-
tate receptor sub-unit 2a/b (anti-NR2a/b) antibody [37], 
were measured using enzyme-linked immunosorbent 
assay (ELISA) method, as described by previous studies. 
Antibody against NR2a/b was measured with ELISA using 
synthetic DWEYSVWLSN (DWEYS peptide, GL Biochem 
(Shanghai) Ltd., Shanghai, China), according to a previous 
study [38]. Anti-dsDNA antibody, anti-RPA antibody, and 
anti-ACA antibody were measured with mouse anti-dsDNA  
antibody ELISA kit (Jingmei Biotechnology, Guangzhou, 
China), mouse anti-RPA antibody with ELISA kit (Mei-
mian Biotechnology, Wuhan, China), and mouse anti-
ACA antibody with ELISA kit (Jingmei Biotechnology, 
Guangzhou, China), according to protocols of the manu- 
facturers. 

Moreover, endothelial cell-related inflammatory fac-
tors in micro-vascular endothelial cells (MVECs), includ-
ing tumour necrosis factor α (TNF-α), interleukin (IL)-6, 
IL-8, and IL-10, were also measured using ELISA kits. 
TNF-α, IL-6, IL-8, and IL-10 were detected using mouse 
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TNF-α detection ELISA kit (Lkcx Biotechnology, Beijing, 
China), mouse IL-6 was detected with ELISA kit (Lkcx 
Biotechnology, Beijing, China), mouse IL-8 was detect-
ed with ELISA kit (Meimian Biotechnology, Wuhan, 
China), and mouse IL-10 was detected with ELISA kit 
(Lkcx Biotechnology), as instructed by protocols of the 
manufacturers. 

Micro-vascular endothelial cells 
isolation and identification 
Primary MVECs were isolated and identified accord-

ing to previous study [19]. In brief, the cerebral cortex 
of MRL/MPJ mice was dissected and cut into 2.5 cm 
tissue fragments, and then digested using DMEM 
medium (Gibco BRL, Gaithersbuerg, MD, USA), sup-
plemented with 0.1% trypsin (Beyotime Biotechnol-
ogy, Inc., Shanghai, China) and 0.1% EDTA (Beyotime 
Biotechnology, Inc.), in PBS for 30 min at 37ºC . Then,  
the tissues were further homogenized and centrifuged 
at 1,000 r/min for 5 min to obtain the pellets. The pel-
lets were then suspended in 20% BSA solution, centri-
fuged at 1,000 r/min for 5 min, and the obtained pellets  
were digested using 0.25% trypsin and centrifuged at 
1,000 r/min for 5 min. The pellets were then re-sus-
pended in DMEM to obtain MVECs. The cells were 
subsequently cultured in DMEM containing 15% fetal 
bovine serum (FBS, Gibco BRL), 1 ng/ml bFGF (Pepro-
Tech Ltd., Rocky Hill, NJ, USA), 100 U/ml penicillin (Bey-
otime Biotechnology, Inc.), and 100 μg/ml streptomycin 
(Beyotime Biotechnology, Inc.), at 4ºC . 

The isolated MVECs were identified by factor VIII 
immunofluorescence staining with rabbit anti-mouse 
factor VIII antibody (Novus Biologicals, Littleton, CO, 
USA) at 4ºC  overnight, followed by staining with 
Cy3-conjugated goat anti-rabbit IgG (Beyotime Bio-
technology Inc.), at 37ºC  for 60 min. Finally, MVECs 
were stained using DAPI for 5 min in dark, and observed 
under a laser confocal fluorescence microscope (Leica, 
Frankfurt, Germany). 

In vitro micro-vascular endothelial cells 
treatment and trial grouping 
The isolated MVECs were divided into 6 groups, 

including normal control MVECs group (NC group), anti-
NR2a/2b group, memantine group, glycine group, dexa-
methasone group, and IL-1β group. In anti-NR2a/2b 
group, MVECs were treated with anti-NR2a/2b at dos-
age of 20 μg/ml. In memantine group, glycine group, 
and dexamethasone group, MVECs were treated with 
20 μg/ml memantine, 1 μg/ml glycine, and 10 μmol/l 
dexamethasone, respectively. In IL-1β group, MVECs 
were treated with IL-1β at dosage of 10 ng/ml. 

Cell proliferation assay 
Cell proliferation was detected using cell counting 

kit-8 assay (CCK-8). MVECs were seeded into 96-well 
plates at density of 3 × 104 cells/well, and then cultured 
for 24 hours. Then, MVECs were treated with 10 μl CCK-8 
solution (Beyotime Biotechnology Inc.) per well for  
3 hours, as described by the manufacturer. 

Western blotting assay 
Micro-vascular endothelial cells were treated with 

ice-cold lysis buffer containing 10 mmol/l PMSF (pH, 7.5). 
The lysates were then subjected to SDS-PAGE and 
electro-transferred onto polyvinylidene difluoride 
(PVDF) membranes. PVDF membranes were incubated 
overnight at 4ºC  with one of the following primary anti-
bodies, including rabbit anti-mouse ELAM-1 antibody, 
VCAM-1 antibody, ICAM-1 antibody, IKBα antibody,  
p-IKBα antibody, and GAPDH antibody (all antibod-
ies were purchased from Abcam Biotechnology, Cam-
bridge, Massachusetts, USA). Subsequently, the PVDF 
membranes were incubated with HRP-conjugated goat 
anti-rabbit IgG (Beyotime Biotechnology Inc.), at room 
temperature for 1 hour. Bound antibodies in the above 
PVDF membranes were developed with chemilumi-
nescent substrate (ECL, Beyotime Biotechnology Inc.), 
according to the instruction of manufacturer. The immu-
noreactive bands were imaged and scanned with gel 
imaging system (Tannon-4200, Tannon, Shang, China). 

Statistical analysis 
Data were displayed as mean  ±  standard deviation 

(SD) and analyzed using SPSS software 19.0 (IBM Corp., 
Armonk, NY, USA). Differences between two groups were 
calculated using Student’s t test. All of the experiments 
were conducted at least for six repeats in this study. Sig-
nificance was defined as p-value less than 0.05. 

Results 

MRL/lpr mice showed lower 
locomotion/exploration ability  
and higher anxiety 
The results indicated that the movement distance 

was significantly shorter, the times of line crossings 
and stand were remarkably less, and the residence time 
in central area was predominantly less in MRL/lpr mice 
compared with those of MRL/MPJ mice (Fig. 1A, all  
p < 0.05). Therefore, MRL/lpr mice showed remarkably 
lower locomotion/ exploration ability. According to the 
elevated plus-maze test findings, MRL/lpr mice demon-
strated higher anxiety characteristics, including lower 
values of open-arms entries (OE), open-arms time (OT), 



4 Folia Neuropathologica 2023; 61

Xiaoyan Guan, Jingyuan Wang

and open-arms distance (OD), and higher values of close-
arms time (CT), when compared with those of MRL/ 
MPJ mice (Fig. 1B, all p < 0.05). Therefore, MRL/lpr mice 
showed obviously higher anxiety. 

MRL/lpr mice showed obvious 
depression 
The sucrose preference test findings indicated that 

sugar preference rate in MRL/lpr mice was significantly 
lower compared with that of MRL/MPJ mice (Fig. 2A, 
p < 0.05), suggesting that MRL/lpr mice demonstrated 
clear anhedonia and depression. The forced swimming 
test results showed that resting time of MRL/lpr mice 
was markedly longer compared with that of MRL/MPJ 

mice (Fig. 2B, p < 0.05), suggesting that MRL/lpr mice 
presented depression tendency. 

MRL/lpr mice appeared lower learning 
and memory 
Morris water maze test indicated that crossing 

entries of MRL/lpr mice were significantly less, and 
crossing time was significantly shorter than those 
of MRL/MPJ mice (Fig. 2C, all p < 0.05). Meanwhile,  
the movement distance of MRL/lpr mice was signifi-
cantly shorter than that that of MRL/MPJ mice (Fig. 2C, 
p < 0.05). These results clearly suggest that MRL/lpr 
mice demonstrated obviously lower learning and mem-
ory capability. 

Fig. 1. Evaluation for the locomotion and exploration ability and anxiety in MRL/lpr mice. A) Locomotion 
and exploration ability of mice (by evaluating distance, line crossings, stand, piloerection, and residence 
time). B) Anxiety of MRL/lpr mice (by evaluating OE, OT, OD, CE, CE, and CD). OE – open-arms entries,  
OT – open-arms time, OD – open-arms distance, CE – close-arms entries, CT – close-arms time, CD – close-
arms distance; *p < 0.05 vs. MRL/MPJ mice.
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High levels of anti-NR2a/b antibody 
and auto-antibodies produced  
in MRL/lpr mice 

In this study, the anti-NR2a/b antibody level in MRL/
lpr mice was remarkably higher compared with that of 
MRL/MPJ mice (Fig. 3A). Furthermore, the auto-antibod-
ies, including anti-ACA-IgG (Fig. 3B), anti-RPA (Fig. 3C), 
and anti-dsDNA (Fig. 3D) in MRL/lpr mice were predom-
inantly higher compared with those of MRL/MPJ mice 
(all p < 0.05).

Effects of NMDA receptor antagonist 
and agonist on MVECs proliferation 

Micro-vascular endothelial cells were successfully 
isolated (Fig. 4A) and identified by staining factor VIII 
molecule (Fig. 4B). The results showed that NMDA 
receptor antagonist (memantine) increased prolifera-
tion of MVECs compared with that of NC group (Fig. 4C). 
Especially for 20 μg/ml memantine, which even showed 
significantly increased proliferation (Fig. 4C, p < 0.05). 
However, NMDA receptor agonist (glycine) decreased 
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proliferation of MVECs compared with that of NC group 
(Fig. 4D). Particularly for 0.5 μg/ml and 1 μg/ml glycine, 
which even showed remarkably decreased prolifera-
tion (Fig. 4D, both p < 0.05). Moreover, 5 μmol/l and 
10 μmol/l dexamethasone also significantly decreased 
MVECs proliferation compared with those of NC group 
(Fig. 4E, both p < 0.05). Therefore, we discovered equal 
effects of glycine and dexamethasone on proliferation 
of MVECs. 

NMDA receptor antagonist and agonist 
associated with MVECs-produced 
inflammatory factors 
The results showed that NMDA receptor antago-

nist (memantine) significantly reduced levels of TNF-α  
(Fig. 5A), IL-6 (Fig. 5B), IL-8 (Fig. 5C), and IL-10 (Fig. 5D) 
compared with those of NC group (all p < 0.05). More-

over, the memantine demonstrated the same effects as 
the dexamethasone treatment. However, anti-NR2a/2b 
treatment predominantly increased TNF-α (Fig. 5A), 
IL-6 (Fig. 5B), IL-8 (Fig. 5C), and IL-10 (Fig. 5D) levels 
compared with those of NC group (all p < 0.05). Fur-
thermore, NMDA receptor agonist (glycine) predomi-
nantly enhanced levels of TNF-α (Fig. 5A), IL-6 (Fig. 5B), 
IL-8 (Fig. 5C), and IL-10 (Fig. 5D) compared with those 
in NC group (all p < 0.05). Additionally, glycine evenly 
illustrated the equal effects with IL-1β.

NMDA receptor antagonist  
and agonist-modulated adhesion 
molecules expression in MVECs 
Expressions of adhesion molecules, including  

ELAM-1, VCAM-1, and ICAM-1, were evaluated using 
Western blotting assay (Fig. 6A). The findings verified 
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that ELAM-1 (Fig. 6B), VCAM-1 (Fig. 6C), and ICAM-1 
(Fig. 6D) expressions were significantly down-modu-
lated in NMDA receptor antagonist (memantine) treat-
ment groups, when comparing with those in NC group 
(p < 0.05). However, NMDA receptor agonist (glycine) 
markedly increased ELAM-1 (Fig. 6B), VCAM-1 (Fig. 6C), 
and ICAM-1 (Fig. 6D) expressions, when comparing 
with those in NC group (p < 0.05). Interestingly, effects 
of meantime evenly equaled to dexamethasone, and 
glycine evenly equaled to IL-1β (Figs. 6B-D). Further-

more, anti-NR2a/2b significantly up-regulated ELAM-1 
(Fig. 6B), VCAM-1 (Fig. 6C), and ICAM-1 (Fig. 6D) expres-
sions compared with those in NC group (all p < 0.05). 

NMDA receptor antagonist  
and agonist-regulated phosphorylation  
of p-IKBα 

Expressions of p-IKBα and IKBα were also eval-
uated with Western blotting analysis (Fig. 7A). When 
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comparing with NC group, an increased ratio of p-IKBα/
IKBα triggered by NMDA receptor antagonist (meman-
tine) (Fig. 7B, p < 0.05) was found, which was evenly 
similar to effects of anti-NR2a/2b and dexamethasone 
treatment. While, when comparing with NC group,  
a decreased ratio of p-IKBα/IKBα was induced by 
treatment of NMDA receptor agonist (glycine) (Fig. 7B,  
p < 0.05), which was evenly similar to IL-1β treatment. 

Discussion 
MRL/lpr mice are suitable animal models for sys-

temic lupus erythematosus [10]. MRL/lpr mice can 
spontaneously develop immune complex mediated 
lupus-like disease symptoms in various organs, such 
as kidney, skin, and nervous system, and a variety of 
auto-antibodies can be detected [16,33]. In fact, MRL/
lpr mice have been shown to have cognitive impair-
ment and other behavior impairments before com-
plete involvement of other organs [11]. These behav-
ior impairments are important pathogenic factors of 
MRL/lpr mice. Therefore, this study aimed to explore 
the pathogenesis of cognitive impairment in MRL/lpr 
mice. Here, the open-field test, elevated plus-maze 
test, forced swimming test, sucrose preference test, 

and Morris water maze test [11] were used to evalu-
ate locomotion/exploration, anxiety, depression-like 
behavior, anhedonia, and learning/memory of MRL/
lpr mice, respectively. The above findings suggest that 
MRL/lpr mice present spontaneous behavior disor-
ders, which is consistent with previous results of other 
research [26,33]. Therefore, this study elucidated the 
pathological mechanisms of behavior disorders. 

In MRL/lpr mice, the inflammation and systemic 
auto-immunity are accompanied by a series of brain 
functional defects, such as behavior abnormalities, 
which are comparable to those found in SLE patients 
[13,16]. The brain reactive auto-antibodies associated 
with NPSLE and cytokines in patients’ cerebrospinal 
fluid (or serum) have been proven to be the key fac-
tors of central nervous system injury [16,39]. Therefore, 
auto-antibodies and pro-inflammatory factors are criti-
cal for the diagnosis of neuropsychiatric manifestations 
[9,16,20]. Moreover, previous studies [12,16,18] have 
shown that the occurrence and progression of cognitive 
impairment or other behavior disorders are associated 
with auto-antibodies, including anti-ACA-IgG, anti-RPA, 
and anti-dsDNA as well as NMDA-glutamate receptor. 
The findings of the current study showed that the anti-
NR2a/b antibody and auto-antibodies of MRL/lpr mice 

Fig. 5. Regulatory effects of NMDA receptor antagonist and agonist on production of inflammatory factors 
TNF-α (A), IL-6 (B), IL-8 (C), and IL-10 (D) in MVECs, as determined by ELISA kits. *p < 0.05 vs. NC group.
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were higher compared with those of MRL/MPJ mice 
(control group). Therefore, this study further confirmed 
that anti-NR2a/b antibody and auto-antibodies play  
a key role in the cognitive impairment of MRL/lpr mice. 
However, the differences in brain morphology between 
MRL/lpr mice and MRL/MPJ mice were not compared 
in the present study. Currently, there is no literature 
suggesting differences in size, appearance, and mor-

phology of the brain between these two kinds of mice.  
The description of growth and size difference in phe-
notypic description of MRL/MPJ mice in Jackson labo-
ratory only mentioned an enlargement of spleen, and  
the rest were not mentioned. 

According to previous studies [33,40], IL-6 and IL-1β 
in serum and cerebrospinal fluid of NPSLE patients were 
significantly higher compared with those of SLE patients 
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Fig. 6. Effects of NMDA receptor antagonist and agonist on expression of adhesion molecules in MVECs, 
determined by Western blotting assay. A) Western blotting images. B) Effects of NMDA receptor antago-
nist and agonist on ELAM-1 expression. C) NMDA receptor antagonist and agonist on VCAM-1 expression.  
D) NMDA receptor antagonist and agonist on ICAM-1 expression. *p < 0.05 vs. NC group.
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Fig. 7. Changes of IKBα phosphorylation in MVECs undergoing NMDA receptor antagonist and agonist 
treatment. A) Western blotting images. B) Statistical analysis for the ratio of p-IKBα/IKBα in MVECs.  
*p < 0.05 vs. NC group.
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without neuropsychiatric symptoms and healthy sub-
jects. This suggests that inflammatory factors and cyto-
kines may play an important role in the pathogenesis 
of NPSLE. Therefore, we determined the inflammato-
ry cytokines in the isolated MVECs. In this study, only 
the whole cortex was used to isolate MVECs instead of 
hippocampus and amygdala, which are closely related 
to cognition and emotion. Actually, this study mainly 
focused on the expressions or levels of factors related 
to inflammation, and the research objects were MVECs. 
The number of viable cells obtained from primary cul-
ture of MVECs is small, while there are more mouse 
brain MVECs in the cortical micro-vascular segment. 
Moreover, the operation of cortical tissue is simpler 
than that of hippocampus and amygdala in separating 
excess brain’s white matter and tissue. Therefore, it 
is easier to obtain more MVECs by isolating cells from 
the cortex. The findings indicated that NMDA receptor 
antagonist (memantine) increased the proliferation; 
however, NMDA receptor agonist (glycine) decreased 
the proliferation of MVECs. Therefore, the proliferation 
of MVECs may be associated with the state of NMDA 
receptor. Furthermore, this study evaluated the effects 
of memantine and glycine on the levels of inflammatory 
cytokines. 

Tumour necrosis factor α in hippocampus binding 
to TNF type 1 receptor on the surface of astrocytes 
leads to a signal cascade reaction between astro-
cytes and neurons, resulting in cognitive impairment 
[14]. Previous studies [7,8,33] confirmed that the lev-
els of IL-6, IL-8, and IL-10 in the hippocampus of MRL/
lpr mice were significantly increased, but their role in 
cognitive function has not been fully explained. In this 
study, we found that NMDA receptor antagonist and 
agonist was associated with inflammatory factors pro-
duced by MVECs, as the results of memantine-caused 
reduction and glycine-caused enhance of TNF-α, IL-6, 
IL-8, and IL-10. Interestingly, the effects of memantine 
demonstrated the same effects on inflammatory fac-
tors production with dexamethasone, which could be 
defined as positive control. Furthermore, the effects of 
glycine on inflammatory factors production illustrated 
equal effects in IL-1β, which could be defined as pos-
itive control. NMDA receptor antagonist and agonist 
play a critical role in modulating the production of 
inflammatory cytokines, such as TNF-α, IL-6, IL-8, and 
IL-10 in MVECs. Therefore, potential drugs may affect 
the cognitive impairment of MRL/lpr mice through reg-
ulating the above-mentioned inflammatory cytokines. 

Earlier studies [31,32] have shown that adhesion 
molecules play an important role in transmembrane 
signal transduction, and participate in tissue injury in 
MRL/lpr mice. In lupus-like symptoms of MRL/lpr mice, 
the inter-cellular adhesion molecules are closely relat-

ed to the severity of lupus nephritis [30]. Based on the 
association between NMDA glutamate receptor and 
the pathology of MRL/lpr mice, we explored the effects 
of NMDA receptor antagonist and agonist on levels of 
adhesion molecules in MVECs. The findings confirmed 
that NMDA receptor antagonist (memantine) down-reg-
ulated, and NMDA receptor agonist (glycine) up-reg-
ulated ELAM-1, VCAM-1, and ICAM-1 expressions in 
MVECs. It is worth noting that the effect of memantine 
was evenly equivalent to dexamethasone, whereas gly-
cine was equivalent to IL-1β. Therefore, NMDA receptor 
antagonist and agonist can regulate the expression of 
adhesion molecules in MVECs, which may be of great 
significance to improve cognitive impairment or other 
pathological symptoms in MRL/lpr mice. 

Secretion of inflammatory cytokines, including IL-6 
and TNF-α, is regulated by NF-κB signaling pathway 
[36]. When NF-κB inhibitor (Iκb) is activated (or phos-
phorylated), which can inhibit translocation of NF-κB 
from the cytoplasm to nucleus, inhibit its’ binding to 
target genes, thereby inhibiting the secretion of inflam-
matory cytokines [1,29]. NMDA receptor antagonist 
(memantine) triggered an increased ratio of p-IKBα/
IKBα in MVECs, which was evenly similar to the dexa-
methasone treatment. At the same time, the treat-
ment of NMDA receptor agonist (glycine) resulted in 
a decreased ratio of p-IKBα/IKBα, which was evenly 
similar to the IL-1β treatment. Consequently, the NF-κB 
signaling pathway was activated in MVECs, resulting in 
an increased secretion of inflammatory cytokines, i.e., 
TNF-α, IL-6, IL-8, and IL-10. 

In conclusion, MRL/lpr mice showed obvious cog-
nitive impairments. NMDA receptor antagonist and 
agonist can regulate the proliferation of MVECs, the 
production of inflammatory factors, and the levels of 
adhesion molecules in MVECs. Moreover, the produc-
tion of inflammatory cytokines in MVECs may be medi-
ated by NF-kβ-associated signaling pathway. Therefore, 
the cognitive impairment of MRL/lpr mice may be relat-
ed to NMDA receptor-mediated inflammatory response 
and the secretion of adhesion molecules in MRL/lpr 
mice-derived MVECs.
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