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	 Background:	 Brain microvessel endothelial cells constitute an important component in the blood-brain barrier. Cell-culture-
based models of the blood-brain barrier (BBB) have been extensively applied in pharmacology, pathology and 
physiology. This study investigated effects of anti-N-methyl-D-aspartic acid receptor 2 (anti-NR2), N-methyl-D-
aspartic acid (NMDA) receptor antibodies, NMDA receptor antagonists, and NMDA receptor agonists on brain 
microvessel endothelial cell models, and verified the effect of anti-NR2 antibody on the BBB as a receptor 
agonist.

	 Material/Methods:	 The primary brain microvessel endothelial cells were isolated and cultured, and an in vitro BBB model was es-
tablished based on microvessel endothelial cells. Anti-NR2 antibody, glutamic acid, ifenprodil, and memantine 
were added in the BBB model to analyze changes in transepithelial electrical resistance (TEER) and to examine 
the permeability of the brain microvessel endothelial cell model.

	 Results:	 The results showed that TEER values were significantly decreased by the addition of anti-NR2 antibody and 
glutamate, but were significantly increased by the addition of ifenprodil and memantine. TEER values showed 
no changes when treated by anti-NR2 antibody and ifenprodil, as well as anti-NR2 antibody and memantine. 
When dexamethasone was added, the TEER values increased by 23.8%, 39.4%, and 29.6% by treating with 
anti-NR2 antibody, positive cerebrospinal fluid, and positive serum, respectively.

	 Conclusions:	 Our findings show that anti-NR2 antibody in neuropsychiatric lupus serum can damage the BBB and enter the 
brain.
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Background

Systemic lupus erythematosus (SLE) is a multi-system inflamma-
tory disorder characterized by the presence of autoantibodies 
directed against DNA. Anti-DNA antibodies cross-react with 
N-methyl-D-aspartic acid receptor 2 (NR2) and damage neuro-
nal cells via an apoptotic pathway [1,2]. However, not all anti-
DNA antibodies are able to cross-react with NR2 completely. 
The frequency of anti-NR2 antibody positivity has been reported 
to be ~30% in patients with SLE. Although anti-NR2 antibody 
in cerebrospinal fluid (CSF) has been reported to be associated 
with diffuse psychiatric/neuropsychological SLE, no significant 
correlation has been found between serum anti-NR2 antibody 
positivity and cognitive dysfunction [3,4]. In contrast, serum 
anti-NR2 antibody has been associated with depression [5,6].

N-methyl-D-aspartic acid (NMDA) receptors are part of the 
glutamate receptor family, responsible for the majority of ex-
citatory synaptic transmission in the central nervous system 
(CNS). NMDA receptors have been implicated as mediators of 
neuronal damage caused by excess glutamate in a number of 
neurologic disorders, including stroke, epilepsy, trauma, and 
neurodegenerative disorders [4]. DeGiorgio et al. reported that 
the injection of anti-NR2 glutamate receptor-binding antibodies 
(purified antibodies from the sera of SLE patients, and 1 CSF 
sample from an SLE patient with progressive cognitive decline) 
into mouse brains resulted in apoptosis of the neuronal cells, 
without signs of inflammation [7]. In addition, it has been re-
ported that anti-NMDA receptor antibodies might be involved 
in amygdala damage in human SLE [3,6]. Of note, Kowal et al. 
recently demonstrated that mice with antigen-induced anti-
NR2 expression have no neuronal damage until breakdown 
of the BBB takes place. Presumably, an intact BBB prevents 
the transport of anti-NR2 from the systemic circulation into 
the brain [8]. These data therefore could account for the pre-
vious observation that cognitive decline in SLE does not par-
allel systemic disease activity.

Cell-culture-based models of the BBB have extensively applied 
in pharmacology, pathology, and physiology since they were first 
established in 1973 [9,10]. The BBB mainly provides nutrients 
and ionic homeostasis, which are necessary for appropriate 
functioning of the central nervous system (CNS). The BBB pro-
tects the CNS from the xenobiotics and modulates neuro-active 
mediator levels [11,12]. Several immortalized human BBB mod-
els have been developed with good expression of BBB markers 
but they generally have a lower trans-endothelial electrical re-
sistance (TEER) than most animal models [13–15]. Models de-
rived from rats provide useful comparison with in vivo studies, 
the rat still being the most widely used animal model for ex-
perimental study, including for pharmaceutical applications and 
pharmacokinetic investigations [16,17]. Based on the above 
descriptions, the aim of this study was to isolate and culture 

the primary brain microvessel endothelial cells from rats, and 
to establish an in vitro BBB model based on microvessel en-
dothelial cells. The changes in transepithelial electrical resis-
tance (TEER) for the brain microvessel endothelial cell model 
are also discussed.

Material and Methods

Chemicals and materials

DMEM was obtained from the Hyclone (Logan, UT, USA). 
Collagenase II was purchased from Gibco BRL (Grand Island, 
New York, USA). Bovine serum albumin (BSA), Gelatin, and glu-
tamic acid were purchased from Amresco (Solon, OH, USA). 
Polyvinylidene fluoride (PVDF) were obtained from Prospec 
(ProSpec, Ness-Ziona, Israel). NMDAR2b was purchased from 
Chemicon (Temecula, CA, USA). Memantine hydrochloride and 
ifenprodil tartrate salt were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). Other chemicals were of the highest 
purity available.

Isolation and culture of primary brain microvessel 
endothelial cells

Male or female Wistar rats (130–140 g) were obtained from 
the Animal Facility of the Second Affiliated Hospital of Harbin 
Medical University, Harbin, China. The protocols of feeding 
were formed in accordance with the Guidelines of the Second 
Affiliated Hospital of Harbin Medical University Animal 
Research Committee. This study was also approved by the 
Ethics Committee of the Second Affiliated Hospital of Harbin 
Medical University, Harbin, China.

Petri dishes, iris scissors, conjunctiva tweezers, and hemostatic 
clamps were surface sterilized with 75% ethenol. Then, we 
performed the following: 1) To isolate the cerebral cortex, the 
rats were anesthetized using 2 ml chloral hydrate (10%), de-
capitated, and sterilized with 75% ethanol (mainly to sterilizes 
the hairs and skin) for 3–5 min. The brains were obtained and 
placed in cold D-Hanks liquid in disposable plastic petri dishes, 
and the cerebellum and diencephalon were carefully removed. 
The brains were replaced in cold D-Hanks solution, and the 
white matter and pia mater were removed. Last, the cerebral 
cortex was obtained. 2) For enzymatic digestion, the cerebral 
cortex was rinsed several times with cold D-Hanks solution, 
and 2 ml DMEM culture medium was added. The cerebral cor-
tex was cut into pieces (about 1 mm3), and placed into centri-
fuge tubes. Collagenase II (0.1%, 2 ml) was added, mixed, and 
digested at 37° in an incubator for 1.5 h. 3) To isolate brain 
microvessels, the digested tissue was centrifuged at 1000 rpm 
for 8 min at room temperature, and the supernatant was col-
lected. The BSA (20%, 2 ml) was added and mixed, and the 
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mixture was centrifuged at 3000 rpm for 20 min at 4°C. The 
large pelagic nerve tissue and blood vessels were removed, 
and the sediment (brain microvessels) was collected. 4) To 
perform enzymatic digestion, the isolated microvessels were 
added to 2 ml collagenase II solution (0.1%) and mixed. The 
suspension was digested at 37°C in an incubator for 60 min. 
5) Cell culture was performed by centrifuging the digested 
mixture at 1000 rpm for 5 min at room temperature, and the 
supernatant was discarded. DMEM medium was added and 
mixed, and the cell suspension was seeded in gelatin-coated 
plastic culture flasks, which were then incubated at 37°C and 
5% CO2. After 6 h, the medium was changed, and then the 
medium was changed every other day. After the formation of 
a single layer, the culture medium was removed. The cell was 
digested with 0.25% trypsin and seeded.

Microvessel endothelial cells identification

The cell growth and morphology were observed by inverted-
phase contrast microscopy after inoculation for 4 h, 12 h, 
and 24 h.

For immunocytochemistry analysis, the sterile coverslip was 
placed in a disposable petri dish, and the microvessel endo-
thelial cells were seeded on a disposable petri dish. These petri 
dishes were incubated at 37°C and 5% CO2 for 48–72 h. When 
the cells were observed on the coverslip, the cover-slips were 
rinsed with PBS buffer (pH 7.0) and then fixed with 4% para-
formaldehyde for 30 min. Then, the H2O2 (3%), normal goat 
serum, rabbit anti-human Coagulation Factor VIII (1: 100), anti-
mouse IgG/Bio, and streptavidin-horseradish peroxidase (HRP) 
were added step by step. The results were colored using diami-
nobenzidine (DAB) reagent, and the stained endothelial cells 
were observed under an optical microscope.

In vitro BBB model

An in vitro BBB model was established based on microvessel 
endothelial cells. The BBB model consisted of inner and outside 
pools, and the inner pool is a plug-in cell culture dish (Millicell, 
Cat. No. #PICM03050, Millipore, Boston, MA, USA), and the out-
side pool is wells of 24-well culture plates. The Millicell was 
inserted in the wells and sterilized using ultraviolet radiation. 
The endothelial cell suspension (cell density 5×104/cm2) was 
inoculated in the inner pool, followed by adding the DMEM me-
dium. They were incubated at 37°C and 5% CO2 until conflu-
ence (endothelial cells formed a dense single layer). This sys-
tem is called the in vitro BBB model. After establishing the BBB 
model, a leak test was used to analyze the form of the BBB. 
DMEM medium was added to the inner pool and maintained 
the difference value of the liquid surface (>0.5 cm). After 4 h, 
the value remained unchanged, indicating that the BBB model 
had been established successfully.

Membrane resistance of BBB model

In the present study, the 2 electrodes were placed on the sur-
face and overleaf of membrane, and 3 ml of DMEM complete 
medium endothelial cells was added to the Millicell. The initial 
values of membrane resistance were measured using a mul-
timeter (UT39A, UNIT Co., Hongkong, China). The microvessel 
endothelial cells were digested, centrifuged, and counted, and 
the endothelial cell suspension (cell density 5×104/cm2) was 
inoculated in the Millicell (diameter 12 mm, pore size 0.4 μm, 
suitable for 24-well plates, Millipore Corporation, USA). The 
TEER values were measured daily, and were calculated using 
the following equation: TEER=(daily resistance value-initial 
value)/Millicell bottom area.

Effects of additives on the permeability

Rat brain microvessel endothelial cells were cultured until con-
fluence, and the positive holes were selected for permeability 
experiments based on the results of leak tests. The experiment 
holes containing culture medium were separated into 3 groups. 
The experiment holes of Group A were added with anti-NR2 
antibody (100 μl, 10 μg/ml), positive cerebrospinal fluid (CSF, 
100 μl), negative CSF (100 μl), positive serum (100 μl), neg-
ative serum (100 μl), and normal serum (100 μl). The exper-
iment holes of Group B were added with anti-NR2 antibody 
(100 μl, 10 μg/ml), glutamate (5 mM), ifenprodil (10 μg/ml), 
memantine (10 μg/ml), ifenprodil (10 μg/ml) + anti-NR2 anti-
body (100 μl, 10 μg/ml), and memantine (10 μg/ml) + anti-NR2 
antibody (100 μl, 10 μg/ml). The experiment holes of Group C 
were added with anti-NR2 antibody (100 μl, 10 μg/ml), positive 
cerebrospinal fluid (CSF, 100 μl), and positive serum (100 μl), 
as well as plus dexamethasone. After culture for 12 h, the TEER 
values were measured.

Statistical analysis

All experimental data are expressed as mean ± standard error 
of mean (SEM) and were obtained from at least 3 independent 
experiments. The data were analyzed using SPSS 16.0 statis-
tical analysis software (SPSS, Chicago, IL, USA). The t test was 
used to compare the differences between 2 groups. Tukey’s 
post hoc test was used to validate the ANOVA for comparing 
measurement data among groups. p<0.05 represents a sig-
nificant difference.
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Results

Morphology and identification of brain microvessel 
endothelial cells

The primary brain microvessel endothelial cells were seeded 
on disposable plastic flasks containing 1% gelatin, and a sin-
gle or multi-branch-like microvessel formed by round endo-
thelial cells. Moreover, single cell and/or tissue fragments 
were also observed (Figure 1A). After culture for 24–48 h, the 
short spindle and/or polygonal cells were observed around mi-
crovessel segments, and showed a regional monolayer growth 
trend (Figure 1B). When the medium was changed, the num-
ber of microvessel segments decreased gradually with the re-
placement times. Therefore, the number of fibroblasts and 
pericytes also decreased gradually. The continued prolifera-
tion of endothelial cells was observed with increasing culture 
time, and these cells showed a vortex-like shape. After about 
6–8 days, the number of short spindle cells was more than 
90%, and showed paving stone-like change and no overlap 
(Figure 1C). After about 10–12 days, these endothelial cells 
showed a monolayer growth tread, and no tendency of mul-
tilayer growth or overlap were observed when these endo-
thelial cells formed pieces (Figure 1D). These cells showed as 
bright spheres suspended in culture medium after digestion. 
After culture for 2 h, most cells showed adherent growth and 
uniform distribution. After 3–6 h, some cells became larger 

and flatter. After 24 h, most cells expanded, and the cell body 
becomes larger and showed a proliferation trend (Figure 1E). 
These cells formed a monolayer again at about 7 days. The cells 
became more uniform with the increasing number of cell pas-
sages, and the permeability was enhanced under an inverted 
microscope. Factor VIII-related antigen (FVIII-RAG) was pres-
ent in the cytoplasm of endothelial cells, and immunohisto-
chemical staining for FVIII-RAG with the peroxidase-antiper-
oxidase technique was used as a marker for endothelial cells 
in a variety of nevoid, reactive, and malignant vascular cuta-
neous proliferations [18]. In the present study, the brown cy-
toplasm and nucleus were observed in the cultured brain mi-
crovessel endothelial cells after DAB staining, and showed a 
vacuolized structure (Figure 1F).

Dynamic changes in TEER in brain microvessel endothelial 
cells

The resistance values in the Millicell were measured using 
the UT39A Multi-Meter, and results are shown in Figure 2. 
The TEER values were calculated using the following equa-
tion: TEER=(daily resistance value- initial value)/1.13 cm2. 
As shown in Figure 2, the TEER values in the rat BMECs in-
creased gradually up to day 4, and the highest value was about 
91.26±6.87 KΩ/cm2. After culture for 4 day, the TEER values 
decreased gradually with increasing time. Based on these re-
sults, the permeability experiments were carried out when the 

A
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B
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F

Figure 1. �Isolation and identification of rat brain microvessel endothelial cells. (A) Isolated microvessel segments and/or single 
cells. (B) Short spindle and/or polygonal cells were observed around microvessel fragments. (C) Paving stone-like cells. 
(D) Monolayer growth endothelial cells. (E) Passaged rat brain microvessel endothelial cells. (F) Immunocytochemistry 
identified brain microvessel endothelial cells. Scale bars are illustrated in figures.
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TEER values were the highest, that is, the cells were cultured 
at day 4 (91.26±6.87 KΩ/cm2) or day 5 (89.72±6.19 KΩ/cm2).

Effects of different additives on permeability in the BBB 
model

Based on the results of leak tests in the BBB model, the per-
meability experiments were carried out. The effects of different 
additives on permeability in the BBB model are shown in 
Figure 3. As shown in Figure 3, the TEER values showed different 
changes at the additives of anti-NR2 antibody, positive cere-
brospinal fluid, negative CSF, positive serum, negative serum, 
and normal serum. The TEER values in the BBB model after 

the addition of anti-NR2 antibody, positive cerebrospinal fluid, 
and positive serum decreased by 54.6%, 57.5%, and 59.6%, 
respectively, compared to the control. The values after the ad-
dition of negative CSF and negative serum also showed de-
creasing treads, and the values decreased by 22% and 24.1%, 
respectively, compared to the control. However, the TEER val-
ues showed no significant change after the addition of normal 
serum compared to the control. The effects of NMDA receptor 
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Figure 2. �The dynamic changes in transepithelial electrical 
resistance in the brain microvessel endothelial cells. 
Results are averages of 3 independent experiments. 
Data are represented as mean ±SEM.
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Figure 4. �The effects of NMDA receptor antagonists and agonists 
on transepithelial electrical resistance in the brain 
microvessel endothelial cells. 1: anti-NR2 antibody 
(100 μl, 10 μg/ml), 2: glutamate (5 mM), 3: ifenprodil 
(10 μg/ml), 4: memantine (10 μg/ml), 5: ifenprodil 
(10 μg/ml) + anti-NR2 antibody (100 μl, 10 μg/ml), 6: 
memantine (10 μg/ml) + anti-NR2 antibody (100 μl, 10 
μg/ml). After culture for 12 h, the TEER was measured. 
Results are averages of 3 independent experiments. 
Data are represented as mean ±SEM.
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Figure 5. �The effects of dexamethasone on transepithelial 
electrical resistance in the brain microvessel 
endothelial cells. 1: anti-NR2 antibody (100 μl, 10 
μg/ml), 2: positive cerebrospinal fluid (CSF, 100 μl), 
3: positive serum (100 μl). The holes with increased 
permeability in the blood-brain barrier were added by 
dexamethasone (1 μg), and the TEER was measured 
after 12 h. Results are averages of 3 independent 
experiments. Data are represented as mean ±SEM.
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Figure 3. �The effects of different additives on transepithelial 
electrical resistance in the brain microvessel 
endothelial cells. 1: normal serum (100 μl), 2: anti-NR2 
antibody (100 μl, 10 μg/ml), 3: positive cerebrospinal 
fluid (CSF, 100 μl), 4: negative CSF (100 μl), 5: 
positive serum (100 μl), 6: negative serum (100 μl). 
After culture for 12 h, the TEER was measured and 
measured. Results are averages of 3 independent 
experiments. Data are represented as mean ± SEM.

536
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Wang J.-Y. et al.: 
Anti-NR2 damages blood-brain barrier

© Med Sci Monit, 2019; 25: 532-539
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



antagonists and agonists on permeability in the BBB model 
are shown in Figure 4. As shown in Figure 4, the TEER values 
with the addition of glutamate decreased by 40.8% compared 
to the control. The values with the additions of ifenprodil and 
memantine increased by 22.5% and 19.7%, respectively, com-
pared to the control. However, the values showed no signifi-
cant changes when the ifenprodil + anti-NR2 antibody and/or 
and memantine + anti-NR2 antibody were added. These re-
sults show that changes in the TEER values were clearly cor-
related with these additives.

Effects of dexamethasone on transepithelial electrical 
resistance in the brain microvessel endothelial cells

Changes of the TEER values in the BBB model after the addi-
tion of dexamethasone are shown in Figure 5. As shown in 
Figure 5, the TEER values increased significantly after the ad-
dition of dexamethasone compared to those with no addition 
of dexamethasone. After dexamethasone treatment, the TEER 
values increased by 23.8%, 39.4%, and 29.6% after the addi-
tion of anti-NR2 antibody, positive cerebrospinal fluid, and pos-
itive serum. These results indicate that dexamethasone plays 
important role in repair of the BBB.

Discussion

In the present study, the method of isolated microvessel sec-
tions was first tried using tissue homogenate. However, the 
isolated endothelial cells are easily contaminated and have 
lower survival rates. Thus, we selected the isolation method 
using 0.1% collagenase II digestion, and further isolated en-
dothelial cells from the cerebral cortex. Collagenase helps to 
release contact between endothelial cells and the basement 
membrane, and furthers destruction of the tight junction inter-
action endothelial cells. Compared to the tissue homogenate, 
the enzymatic digestion method may avoid tissue and endo-
thelial cell damage and helps to improve cells viability [19,20]. 
After collagenase digestion, the nerve tissue, large blood ves-
sels, and microvessel sections were separated using 20% bo-
vine serum albumin and/or 15% dextran, and microvessel sec-
tions were harvested. Our results show that the number and 
state of microvessel sections using 20% bovine serum albu-
min (BSA) are higher and better than those achieved using 
15% dextran. Digestion time is a key factor determining the 
state of microvessel sections. Digestion for too long will af-
fect the viability of isolated endothelial cells, and a digestion 
time that is too short will affect cell proliferation for several 
undigested microvessel pericytes, such as astrocytes. Thus, 
the digestion times were about 1.5 and 2 h at first and sec-
ond treatments, respectively, which obtained higher viability of 
isolated endothelial cells and low viability of microvessel peri-
cytes. High purity of endothelial cells is the primary condition 

for in vitro studies of cell culture and BBB modeling. In the pres-
ent study, the pia mater and vessels were carefully removed, 
and then the alba also removed, which will reduce presence 
of other cells and maintains the purity of isolated endothelial 
cells. Earlier reports suggested that brain microvessel endo-
thelial cells start to adhere after passaging for 1 h, and the 
adherence rate reached about 60% after culture for 4 h, and 
the glial cells are usually adherent after passaging for 6 h [21]. 
Thus, the media was changed after passaging for 4 h, and this 
helped to obtain higher-purity endothelial cells.

There are a variety of ways to identify endothelial cells based 
on the morphology characteristics and specific antigens [22]. 
The present results assessed the morphology of endothelial 
cells using an inverted microscope, and the cells were polyg-
onal or short spindle, in a monolayer with contact inhibition 
characteristics, and showed paving stone shape (Figure 1). 
Immunocytochemistry is the most effective way to identify 
brain microvessel endothelial cells. Our results indicate that 
the cytoplasm and the nucleus of cultured brain microvessel 
endothelial cells are brown, and vacuolization nucleus struc-
ture was observed after DAB staining (Figure 1F). In the pres-
ent study, we performed a series of steps, include collagenase 
digestion, 20% bovine serum albumin gradient centrifugation, 
passage and culture, morphology and immunocytochemical 
identification, and further established an in vitro BBB model 
by using microvessel endothelial cells. The results of the pres-
ent study will help to study and understand the physiological, 
biochemical, and pharmacological changes of brain endothelial 
cells, and will aid in establishing in vitro BBB models.

In the present study, in vitro BBB models were followed with 
subsequent steps, and the third generation of high-purity rat 
brain microvessel endothelial cells was digested and planted 
in the cell culture dish. When the cells were cultured to con-
fluence, the BBB model was successfully established. Results 
of leakage test experiments suggested that the significant 
external surface difference in the Millicell was observed after 
4 h, which limits water molecules passing freely. These results 
suggest that the BBB has been formed and can be used as in 
vitro model to study the permeability of the BBB. A compar-
ative study of the TEER values in the brain microvessel endo-
thelium and other endothelial cells showed that the ability of 
different endothelial cell barrier is different; thus, the TEER 
values are an index of endothelial cell permeability [24]. Our 
results indicated that the TEER value increased slowly with 
the increasing cell density in the early inoculation endothelial 
cells. However, the value increased rapidly when the cells be-
gan fusion, and the highest value was observed when the cells 
were completely fused. The maximum level was maintained 
for about 1–2 days, and then decreased (Figure 2). Thus, the 
changes in TEER value may reflect the state of cell growth, 
which will help to study permeability of the BBB.
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The present study established an in vitro model of cerebral mi-
crovessel endothelial cells and BBB, and compared the effects 
of anti-NR2 antibody and its antagonists and agonists on the 
brain microvessel endothelial cells, and further verified effect 
of serum anti-NR2 antibody in lupus encephalopathy patients 
on cognitive dysfunction and memory loss.

In the present study, the TEER values significantly decreased in 
the rat brain microvessel endothelial cell model after the ad-
dition of anti-NR2 antibodies and glutamate, which suggests 
that the permeability increased (Figure 4). Our findings indicate 
that anti-NR2 antibody, as an NMDA receptor agonist, like glu-
tamate, may result in increased permeability in the BBB model. 
These changes may result in degeneration, necrosis, delayed 
neuron death (DND), and/or apoptosis, and further lead to a 
series of clinical symptoms of neuropsychiatric systemic lupus. 
Therefore, these changes may also finally cause the cognitive 
dysfunction and memory loss. However, the mechanism by 
which anti-NR2 antibody affects the BBB model is complex 
and needs further study.

Glutamate (Glu) is the major mediator of excitatory synaptic 
transmission in the mammalian brain. Glu release changes the 
structure and function of the BBB under cerebral ischemia, such 
as barrier function impairment and increased permeability. 
These changes will result in substances crossing the BBB and 
reaching interstitial spaces, further causing cerebral edema and 
secondary hemorrhagic infarction. However, increased levels 
of glutamate, which results in extensive stimulation of NMDA 
receptors, is implicated in many diseases, including epilepsy, 
schizophrenia, and various neurodegenerative disorders [25,26]. 
Neuronal death in CNS diseases mediated by glutamate exci-
totoxicity may be blocked by an NMDA receptor antagonist. 
Ifenprodil is a novel NMDA receptor antagonist that selectively 
inhibits receptors containing the NR2B subunit. As such, it has 
become widely used to study subtypes of NMDA receptors both 
in vitro and in vivo, and as a tool for use in molecular stud-
ies of the properties and regulation of NMDA receptors [27]. 
Memantine is also an uncompetitive NMDAR receptor antag-
onist with strong voltage-dependency and fast kinetics, ap-
proved for clinical use in moderate to severe Alzheimer’s dis-
ease. It can block the neuro-toxicity of glutamate, but does 
not affect normal physiological functions [28]. In the present 

study, the TEER values increased significantly in the rat brain 
microvessel endothelial cell model after the addition of ifen-
prodil and memantine, which suggests that the permeability 
decreases. However, the TEER values with the addition of anti-
NR2 antibody and ifenprodil, as well as anti-NR2 antibody and 
memantine, showed no significant changes compared to these 
values when there were no additions (Figure 4). Based on the 
above findings, it appears that the antagonistic effects of ifen-
prodil and memantine on anti-NR2 antibodies and glutamate 
are observed in the BBB model. These findings may help to 
identify new drugs for the treatment of early-stage SEL. NMDA 
receptor antagonists such as selfotel, aptiganel, eliprodil, lico-
stinel, and gavestinel have been applied in the clinical treat-
ment of stroke and brain injury [29,30], but the efficacy is not 
satisfactory. This may be because the treatment time was too 
short. This might also be due to the deficient properties of 
the molecules that entered human trials and to inappropri-
ate design of clinical studies. Ikonomidou and Turski reported 
that glutamate should be administered in the acute neuro-
destructive phase that occurs immediately after traumatic 
or ischemic injury. However, glutamate may enter a period of 
slow growth after a certain time, which will let it inhibit neu-
ronal regeneration [31,32]. The unsatisfying results on the ef-
ficacy of NMDA receptor antagonists during clinical treatment 
may also be due to the concentrations used and serious ad-
verse reactions. Thus, NMDA receptor antagonists may have 
a wide range of therapeutic applications in SEL when these 
questions are resolved.

Conclusions

The present study suggests that the anti-NR2 antibody in neu-
ropsychiatric lupus serum can damage the BBB and enter the 
brain. Therefore, we speculate that anti-NR2 antibody results 
in memory loss and cognitive dysfunction. This study will help 
to better understand the responses of TEER and permeability 
in the brain microvessel endothelial cell model.
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