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Abstract. Subacute progressive neuropsychiatric symptoms
with cognitive and motor impairment and autoimmune seizures
are some of the typical symptoms of anti-N-methyl-D-aspar-
tate receptor (anti-NMDAR) encephalitis. The mechanisms
underlying this disease are yet to be elucidated, which could
be partly attributed to the lack of appropriate animal models.
The present study aimed to establish an active immune mouse
model of anti-NMDAR encephalitis. Mice were immunized
with the extracellular segment of the NMDAI protein, then
subjected to open-field and novel object recognition experi-
ments. Plasma was collected after euthanasia on day 30 after
immunization and anti-NMDAI1 antibodies were detected
using ELISA. Furthermore, brain slices were analyzed to
measure postsynaptic density protein 95 (PSD-95) and
NMDALI expression. Western blot analysis of NMDAI1 and
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PSD-95 protein expression levels in the hippocampus was
also performed. In addition, protein expression levels of
PSD-95 and NMDALI in mouse neuronal HT-22 cells were
evaluated. Compared with controls, mice immunized with
NMDAI exhibited anxiety, depression and memory impair-
ment. Moreover, high anti-NMDAI1 antibody titers were
detected with ELISA and the levels of anti-NMDAI1 antibody
reduced postsynaptic NMDAI protein density in the mouse
hippocampus. These findings demonstrated the successful
construction of a novel mouse model of anti-NMDAR enceph-
alitis by actively immunizing the mice with the extracellular
segment of the NMDA1 protein. This model may be useful for
studying the pathogenesis and drug treatment of anti-NMDAR
encephalitis in the future.

Introduction

Anti-N-methyl-D-aspartate receptor (anti-NMDAR)
encephalitis, originally described as limbic encephalitis, is
characterized by seizures, dyskinesia, behavioral changes,
mood disturbances, cognitive impairment, autonomic dysfunc-
tion and altered levels of consciousness (1). Anti-NMDAR
antibodies in serum react with the N-terminal domain of
N-methyl-D-aspartate receptor subunit 1 (NMDARI; also
known as NR1, GRIN1 or GluN1) subunit of NMDAR. This
interaction results in the internalization of neuronal cell
surface receptors, reduced cell surface and synaptic NMDAR
levels and symptoms such as memory and behavioral
changes (2,3). However, the pathogenic mechanisms under-
lying anti-NMDAR encephalitis are poorly understood.

To comprehensively evaluate anti-NMDAR encephalitis,
an animal model of the disease is necessary. A previous study
performed by Planaguma et al (3) continuously perfused cere-
brospinal fluid from patients with anti-NMDAR encephalitis
into the ventricles of mice, which resulted in progressive
memory deficits, anhedonia and depression-like behaviors.



2 YU et al: AUTOIMMUNE RECEPTOR ENCEPHALITIS INDUCED IN MICE WITH NMDA1 IMMUNIZATION

This was the first proof of concept study that demonstrated
a mouse model could be generated using autoantibodies
from patients with autoimmune encephalitis. Subsequently,
Jones et al (4) reported for the first time in 2019 the immu-
nization of C57BL/6 mice with purified GluN1/GluN2B
NMDA fully assembled tetrameric receptors embedded in
NMDA receptor proteoliposomes. Linnoila et al (5) inocu-
lated six mice intranasally with the herpes simplex virus and
reported that four of these mice developed serum NMDAR
antibodies. A decrease in the NMDAR protein expression
level in the hippocampal postsynaptic membrane of the mice
was reported. Pan et al (6) actively immunized ApoE” mice
with NMDAR peptides to produce a large amount of serum
NMDAR antibodies. Ding et al (7) successfully constructed
an anti-NMDAR encephalitis model by actively immunizing
female C57BL/6 mice with the amino-terminal domain
(ATD) peptide (GluN1356-385) of the GluN1 protein subunit.
At present, there are few studies on the construction of
anti-NMDAR encephalitis mouse models and there is scope
for exploring how such models could be built to better repli-
cate the clinical manifestations of the disease.

In the present study, C57 ApoE” mice were immunized
with prokaryote-expressed human NMDAI protein, and an
anti-NMDAR encephalitis mouse model was successfully
constructed, which was confirmed using ELISA, western
blotting, behavioral experiments and immunofluorescence.

Materials and methods

Protein expression and purification. The NMDA1 (19-559 aa)
gene was inserted into the expression vector pET30a by
whole gene synthesis using the restriction enzyme digestion
sites Ndel and HindIII, and the accuracy of the final expres-
sion vector was confirmed by enzyme digestion and Sanger
sequencing (Sangon Biotech Co., Ltd.). Finally, it was intro-
duced into the bacterial host Escherichia coli Rosetta blue
(DE3). The expression of NMDAI1 (19-559 aa) protein was
induced using 0.2 mmol/l Isopropyl-p-D-1-thiogalactoside
(IPTG) and 50 ug/ml kanamycin at 15°C for 16 h, and then
NMDALI (19-559 aa) protein was expressed as a form of inclu-
sion body. Subsequently, the fraction with the inclusion bodies
was dissolved in the solubilization buffer (10 mM Tris-HCI,
100 mM sodium phosphate, 6 M guanidine-HCI, 10 mM
imidazole, 2 mM 2-mercaptoethanol, pH 8.0) and the clari-
fied supernatant was run through a 45-165 ym Ni-IDA column
(cat. no. C600292, Sangon Biotech Co., Ltd.) for purification
of His-tagged protein. Elution buffers including different
concentrations of imidazole (50 mM Tris; 300 mM NacCl,
50, 100 or 300 mM Imidazole; pH 8.0) were used to elute the
His-tagged protein. The purity of NMDAT1 (19-559 aa) in the
eluted solutions was assessed using 10% SDS-PAGE and the
gels were stained using Coomassie Brilliant Blue R-250 (cat.
no. 1610436; Bio-Rad Laboratories) according to the manufac-
turer's protocols. Consequently, we chose the concentration of
300 mM imidazole as the elution condition for the subsequent
protein purification (8,9).

Mouse immunization. C57TBL/6 mice (age, 12 weeks;
female; ApoE™"; n=10) were immunized with a mixture of
NMDALI1 (19-559 aa; Nanjing MerryBio Co., Ltd.) and OVA

peptide (cat. no. HY-P1489A; MedChemExpress) emulsi-
fied in an equal volume of complete Freund's adjuvant
[Mycobacterium tuberculosis H37RA (cat. no. 231141;
Becton, Dickinson and Company) plus incomplete Freund's]
at a final concentration of 1 mg/ml. The right groin of each
of the animals in the NMDAI treatment group (n=5) was
subcutaneously injected with 100 yg of NMDAI1 peptide
and 20 pug of OVA. The control mice (n=5) received
an emulsion mixture of OVA and CFA (cat. no. F5881;
MilliporeSigma) and an equal volume of 0.9% NaCl. All
mice were injected intraperitoneally with 200 ng pertussis
toxin (cat. no. B7273; APExBIO Technology LLC) on the
day of the last immunization and again 48 h later. All mice
were housed in a 12 h light/dark cycle at 24°C with 60%
humidity and ad libitum access to food and water The
animal study was reviewed and approved by the Laboratory
Animal Ethical and Welfare Committee of Laboratory
Animal Center, Ningxia Medical University (Yinchuan,
China; approval no. IACUC-NYLAC-2019-072).

Euthanasia of mice. Mice were placed in a euthanasia box,
which was then infused with CO, at a rate of 30% vol/min.
Animals were observed for 3 min to confirm death. The
heartbeat was observed, respiration was monitored and pupil
dilation was assessed to ensure successful animal euthanasia.
Heart blood and brain tissue were then collected for further
experimental use and the rest of the remains of the mice were
disposed of by the Experimental Animal Center of Ningxia
Medical University within 1 week.

Neuronal cell culture. HT-22 immortalized mouse hippo-
campal cells were purchased from Procell Life Science &
Technology Co., Ltd. HT-22 cells were cultured and main-
tained in Dulbecco's modified Eagle's medium supplemented
with 10% FBS, 100 units/ml penicillin and 100 pxg/ml strep-
tomycin at 37°C in humidified conditions under 5% CO,. The
medium was changed thrice weekly and cultures were split in
aratio of 1:5 weekly.

Behavioral assessments. Mice were transferred to the
behavioral analysis room a day before observational experi-
ments to allow them to adapt to the environment. All devices
were cleaned before the experiments. For the open field test
(OFT), the experimental area was classified into a central
area (25% of the total area) and a peripheral area (75% of the
total area). The mice were placed in the center of the open
field and the behavioral parameters were recorded for 5 min
using a video tracking system (Smart 3.0; Panlab). Next, the
new object experiment (NOR) was performed. The mice were
placed into a box for 5 min with two identical objects and
taken out to rest for 1 h. Then, one of the objects was replaced
with an object of the same material but different shapes and
colors and the experiment continued for 5 min. Exploratory
behavior was classed as the mouse nose tip being within 2 cm
of the object. The video tracking system was used to record
the time during which the mouse explored the new and old
objects separately. In addition, the NOR index was calculated
as follows: Percentage of time spent on new objects/total time
spent on both objects. After each mouse experiment, the box
was cleaned and ethanol was used to remove residual odors.
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ELISA. Plasma collected from mouse hearts after the eutha-
nasia of animals was stored at -80°C. ELISA plates (96-wells)
were coated with 0.5 ug of NMDAI1 protein in 100 1 PBS/well
overnight at 4°C and blocked with 10% FBS/PBS with 0.1%
Tween20 (cat. no. 04-001-1A; Biological Industries; Sartorius
AG). Then, the mouse plasma (1:1,000; 100 pl/well) was
added to the wells for 2 h at 37°C. The signal was amplified
with HRP-linked goat anti-mouse IgG antibodies (1:5,000;
100 ul/well; cat. no. A21010; Abbkine Scientific Co., Ltd.).
Absorbance was measured at 450 nm using a microplate
reader.

Immunoblotting analyses. Hippocampi were dissected from
the thawed brain and lysed in RIPA buffer (cat. no. KGP250;
Nanjing KeyGen Biotech Co., Ltd.). Protein concentration
in the lysates was determined by the using the BCA method
according to the manufacturer's protocols (cat. no. KGP902;
Nanjing KeyGen Biotech Co., Ltd.). Then, 80 ug of whole
protein was denatured at 100°C for 5 min. Protein (80 pg) was
separated on 10% Mini-Protean TGX gels and subsequently
transferred onto a PVDF membrane. After blocking with 5%
BSA (cat. no. A6010A; Biotopped Life Sciences) for 30 min at
25°C, the membranes were incubated with NMDAI1 (1:1,000;
cat. no. ab134308; Abcam), postsynaptic density protein 95
(PSD-95; 1:1,000; cat. no. ab18258; Abcam) and GAPDH anti-
bodies (1:1,000; cat. no. TA802519; OriGene Technologies,
Inc.) overnight at 4°C. The membrane was washed thrice with
TBST (0.1% Tween-20 in TBS) and incubated with Dylight
680 goat anti-rabbit IgG (1:1,000; cat. no. A23720; Abbkine)
and IRDye 800CW goat anti-mouse IgG antibodies (1:2,000;
cat. no. 926-32210; LI-COR Biosciences) for 1 h at 37°C.
Protein bands were visualized using the Odyssey CLx imager
(LI-COR Biosciences). The grayscale value of the protein
was semi-quantified using ImageJ (version 1.53c; National
Institutes of Health).

Immunofluorescence. For the determination of antibodies
bound to brain tissues by immunofluorescence, 20 ym coronal
sections were blocked using 10% normal goat serum (Wuhan
Boster Biological Technology Ltd.) for 60 min at room temper-
ature, incubated overnight at 4°C with NMDAT1 antibodies
(1:100) and visualized after staining with DyLight 488 goat
anti-mouse IgG (1:500; cat. no. A23210; Abbkine) for 30 min at
37°C. Then, the tissue sections were first incubated overnight at
4°C with PSD-95 antibodies (1:100; cat. no. ab18258; Abcam)
and then incubated with the DyLight 680 goat anti-rabbit
IgG antibodies (1:500; cat. no. A23720; Abbkine) for 30 min
at 37°C. The slides were mounted and scanned using a DM6
fluorescence microscope (Leica Microsystems GmbH). HT-22
cells (1x10° cells/ml) were incubated in 24 well plates with
NMDALI antibodies (20 ng/ul) or mouse plasma (0.1 ul/ul) at
37°C for 24 h. The cells were then fixed with 100% methanol
at -20°C for 5 min, blocked with 10% normal goat serum for
30 min at room temperature, incubated overnight at 4°C with
NMDALI antibodies (1:100) and visualized after staining with
the DyLight 488 goat anti-mouse IgG (1:500; cat. no. A23210;
Abbkine) for 30 min at 37°C. Then, the slides were incubated
overnight at 4°C with PSD-95 antibodies (1:100) and incu-
bated with the DyLight 680 goat anti-rabbit IgG antibodies
(1:500) for 30 min at 37°C. The slides were then mounted and

imaged using a fluorescence microscope (Zeiss). The protein
cluster density was analyzed using the ‘colocalization’ and
‘spot’ functions of the Imaris software (version 9.0.1; Oxford
Instruments).

Statistical analysis. The data of each group were tested for
normality and homogeneity of variance. An unpaired Student's
t-test, one-sample t-test and Welch's t-test was performed for
comparison between two groups. A two-way ANOVA followed
by Sidak's post hoc test was performed for comparisons
between multiple groups. P<0.05 was considered to indicate
statistical significance. Data are presented as mean + standard
error of the mean, all experiments were performed three times.
Statistical analyses were performed using GraphPad Prism
software (version 8; Dotmatics).

Results

NMDAI caused behavioral changes in mice. To study the
behavioral alterations in mice treated with NMDA1, OFTs
were performed on days 7, 16 and 25 after immunization and
NORs were performed on days 9, 18 and 27 after immuniza-
tion (Fig. 1A). The open-field loci of the mice in the control
(CON) and NMDAI1 groups were measured (Fig. 1B and C).
Compared with the CON group, the total horizontal move-
ment distance of the NMDAI1 group significantly decreased
on day 16 after immunization (P<0.01) (Fig. 1D). Moreover,
the time in the central area was significantly reduced in
NMDAI-treated mice compared with CON mice on days 16
and 25 after immunization (P<0.05 and P<0.01, respectively)
(Fig. 1E). The aforementioned results demonstrated that the
mice in the NMDAI1 group exhibited greater anxiety and
depression compared with those in the CON group.

Healthy mice tend to explore new objects, hence, the
recognition index exhibited by these mice would be >50%.
However, mice with impaired memory cannot recognize new
or old objects, therefore, the recognition index of these mice
would be ~50% (10). On days 9, 18 and 27 after immuniza-
tion, the NOR index in the CON group was >50% and was
significantly greater than the expected 50% (P<0.01, P<0.05
and P<0.05, respectively); however, there was no significant
difference between the NOR and the expected 50% in the
NMDAI group over the three days (Fig. 1F). The movement
trajectory diagram of the mouse NOR was recorded, the mouse
in the CON group spent longer exploring a new object than an
old object (Fig. 1G). The aforementioned results demonstrated
that compared with the mice in the CON group, those in the
NMDALI group demonstrated memory impairment.

Production of plasma anti-NMDAI antibodies reduced the
protein expression levels of the hippocampal, NMDA protein.
Anti-NMDAL antibody levels in mouse plasma were assessed
using ELISA (Fig. 2A). Compared with the CON group, the
level of anti-NMDA1 antibodies in the plasma of the mice in
the NMDAI1 group was significantly increased (P<0.001).
Western blotting was used to assess the protein expres-
sion levels of NMDAI1 and PSD-95 proteins in the mouse
hippocampus (Fig. 2B-D). These results demonstrated that
compared with the CON group, the protein expression levels
of the NMDAI1 protein were significantly decreased in the
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Figure 1. Behavioral changes were observed in mice after immunization with NMDAL. (A) OFT were performed on days 7, 16 and 25 after immunization,
while NOR experiments were performed on days 9, 18 and 27 after NMDA1 immunization. Movement trajectories of the mice were measured in a 50x50 cm
area (red box), an area 10 cm from the edge of the area (blue box, central area) and the area between the red and blue boxes (peripheral area) in (B) CON mice
and (C) NMDAI-treated mice. (D) The total distance moved by mice in the NMDA1 and CON groups. “P<0.05, “P<0.01 vs. CON. (E) Time spent in the central
region of the NMDA1 and CON groups. ‘P<0.05, “P<0.01 vs. CON. (F) Recognition index of mice in the NMDA1 and CON groups. ‘P<0.05, “P<0.01 vs. 50%.
(G) Mouse movement trajectory map, square represents an old object and a triangle represents a new object. Data are presented as mean =+ standard error of
the mean. n=5. OFT, open field experiments; NOR, novel object recognition experiments; NMDA 1, N-methyl-D-aspartate receptor subunit 1; CON, control.

NMDALI group (P<0.05). However, there was no significant
difference in the expression levels of the PSD-95 protein
between the two groups.

Production of anti-NMDAI antibodies reduced the
protein expression levels of NMDAI in the mouse hippo-
campal postsynaptic membrane. To evaluate the effect of
anti-NMDA1 antibodies in mouse plasma on the expression
of the NMDAI1 protein in the hippocampus, frozen tissue
section immunofluorescence imaging was used to detect
the protein expression levels of NMDA1 and PSD-95 in
the mouse hippocampus. Immunolabeling of NMDA1
and PSD-95 proteins in the hippocampus of mice in the
CON and NMDAI1 groups was performed (Fig. 3A) and a
representative 2D image of the CA3 region and the density
analysis of protein clusters was obtained (Fig. 3B). The total

cluster density of NMDAI protein in the hippocampus of the
mice in the CON group was significantly higher compared
with the mice in the NMDAI1 group (P<0.05; Fig. 3C).
However, the total cluster density of PSD-95 protein in
the hippocampus of the mice in the CON group was not
significantly different compared with the NMDAI group
(Fig. 3D). When the NMDAI protein in the hippocampal
synapse of the mice was examined, the cluster density in
the CON group was significantly higher compared with the
NMDALI group (P<0.05; Fig. 3E).

Reduction in the expression of the NMDAI protein in the
HT-22 cellular postsynaptic membrane by the produc-
tion of anti-NMDAI antibodies. To determine the effect
of anti-NMDA1 antibodies on the expression levels of
NMDA1 and PSD-95 proteins in neuronal synapses,
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Figure 2. Production of NMDA1 antibodies and reduction of hippocampal NMDAI protein expression levels in mouse plasma. (A) ELISA detection of
anti-NMDAL1 antibody levels in mouse plasma, n=5. (B) Western blotting of NMDA1 and PSD-95 proteins in each group of mice and protein expression levels
of (C) NMDA1 and (D) PSD-95 in CON and NMDA 1-treated mice, n=3. "P<0.05, "“P<0.001 vs. CON. Data are presented as mean + standard error of the mean.
CON, control; NMDA, N-methyl-D-aspartate receptor subunit 1; PSD-95, postsynaptic density protein 95.

immunofluorescence was used to evaluate the protein expres-
sion levels of NMDA1 and PSD-95 in HT-22 cells (Fig. 4A).
The number of protein clusters of NMDA1 and PSD-95 and
the number of synaptic clusters of NMDA1 immunolabeled
were quantified (Fig. 4B-D). The number of protein clus-
ters of NMDALI in the PBS group was significantly higher
compared with the NMDA1 Ab group (P<0.05). The total
PSD-95 number of protein clusters in the PBS group was not
significantly different compared with the NMDA1 Ab group.
The number of synaptic NMDALI clusters in the PBS group
was significantly higher compared with the NMDA1 Ab
group (P<0.05). After adding mouse plasma to the cultured
HT-22 cells, the number of clusters of NMDA1 and PSD-95
proteins and the number of synaptic clusters of NMDAI1 were
immunolabeled (Fig. 4E). The number of clusters of NMDA1
in the CON group was significantly higher compared with the
NMDALI group (P<0.05) (Fig. 4F). The number of clusters
of PSD-95 in the CON group was not significantly different
compared with the NMDA1 group (Fig. 4G). The synaptic
cluster of NMDAI protein in the CON group was signifi-
cantly higher compared with the NMDAI group (P<0.05)
(Fig. 4H).

Discussion

The results of the present study demonstrated that active
immunization of mice with the NMDA1 (19-559 aa) protein
induced a disease state that exhibited the major features
of human anti-NMDAR encephalitis, such as abnormal
behavior, cognitive dysfunction or memory deficit (11). The
establishment of animal models via active immunization has
previously served a key role in the research of neurological
diseases (12). For example, peptide fragments extracted from
myelin sheaths have previously been used to generate experi-
mental autoimmune encephalomyelitis (13). Similarly, active
immunization with neuromuscular junction proteins has been
reported to result in myasthenia-like features in mice (14).
Earlier studies have reported that active immunization of
ApoE" mice with NMDAI peptide fragments resulted in high
levels of circulating anti-NMDAI antibodies and induced
psychotic-like symptoms, such as hyperactivity, upon MK-801
challenge (6,15). The present study demonstrated that active
immunization with the NMDAI1 protein induced high titers
of pathogenic anti-NMDA1 autoantibodies. Furthermore, this
immunization reproduced many of the typical symptoms of
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Figure 3. NMDA1 antibodies reduce NMDA1 protein expression levels in the mouse hippocampal postsynaptic membrane. (A) Immunolabeling of NMDA1
protein (green) and PSD-95 protein (red) in the hippocampus of mice in the CON and NMDAI groups. The white boxes in the NMDAI1 group represent
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co-localized with NMDAT1 and PSD-95 clusters. "P<0.05 vs. CON. Data are presented as mean + standard error of the mean. n=3. CON, control; NMDA1,
N-methyl-D-aspartate receptor subunit 1; PSD-95, postsynaptic density protein 95.

anti-NMDA encephalitis in mice, such as anxiety, depres-
sion and memory loss. The model of nascent autoimmune
anti-NMDA receptor encephalitis constructed in the present
study may potentially provide a novel way to investigate the
pathophysiology of human diseases and develop appropriate
treatment methods in the future.

The NMDAT1 (19-559 aa) protein was expressed and purified
and it was found to exhibit good antigenicity. Subsequently, mice

were immunized with NMDAI to produce a large number of
peripheral blood anti-NMDA 1 antibodies. However, the triggering
mechanism of the autoimmune response to the NMDALI protein
remains unclear. The epitopes of patient-derived anti-NMDA1
antibodies have previously been reported to be to be extracellular
domains of the NMDAI protein subunit (2,16-18). The use of
whole protein immunogens with intact extracellular domains may
have served a role in the pathogenesis of mice in the present study.
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Figure 4. NMDALI antibodies reduce NMDAI protein expression in the HT-22 cell postsynaptic membrane. (A) Representative synapses of HT-22 cells in
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cluster of NMDAT1 protein (green and red co-localized). Scale bar, 5 ym. Quantitative analysis of (B) the total cluster of NMDALI protein in the PBS and
NMDA1 Ab groups, (C) PSD-95 protein in the PBS and NMDA1 Ab groups and (D) synaptic clusters of NMDAI protein in the PBS and NMDAI Ab groups.
(E) Representative HT-22 cell synapses in CON and NMDA1 groups. NMDAL protein total cluster (green), PSD-95 protein total cluster (red) and NMDAI
protein synaptic cluster (green and red co-localized). Cluster density was defined as: Number of spots/the synapse length (xm). Scale bar, 5 ym. Multiple,
10x100. (F) Quantitative analysis of (F) total clusters of NMDAI protein in the CON and NMDAT1 groups, (G) total clusters of PSD-95 protein in the CON
and NMDAL groups and (H) NMDAI protein synaptic clusters in the CON and NMDA1 groups. "P<0.05 vs. CON. Data are presented as mean + standard

error of the mean. n=3. CON, control; NMDA1, N-methyl-D-aspartate receptor subunit 1; PSD-95, postsynaptic density protein 95; Ab, antibodies; NMDAR,
N-methyl-D-aspartate receptor.

Anti-NMDAI1 antibodies did not directly bind to the reduced numbers of postsynaptic NMDAI protein clusters
mouse hippocampus in the present study, nonetheless, mice  in the hippocampus and reduced total hippocampal NMDA1
with high levels of plasma anti-NMDA1 antibodies exhibited  protein expression levels. The number of PSD-95 protein
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clusters in the hippocampus remained unaltered and the same
finding was demonstrated in the cellular model of NMDA1
immunization. PSD-95 is a postsynaptic scaffolding protein
that serves a critical role in synaptogenesis and synaptic
plasticity by providing a platform for the postsynaptic clus-
tering of crucial synaptic proteins (19,20). PSD-95 interacts
with the cytoplasmic tail of NMDA receptor subunits and
shaker-type potassium channels and is required for synaptic
plasticity associated with NMDA receptor signaling (19). In
the present study, the reduction in the expression levels of the
hippocampal NMDAI1 protein suggested that these mouse
antibodies were similar to patient-derived anti-NMDA1
antibodies.

Previous studies have reported that autoantibodies
targeting the NMDALI protein are involved in disease patho-
genesis, such as NMDAR encephalitis (15,21). In the present
study, mice demonstrated memory deficits on days 9, 18 and
27 after immunization with NMDAI. This observation was
consistent with previously reported memory impairments
in passive and active immunization models (3,4). Moreover,
previous studies reported that treatment with anti-NMDA1
antibodies significantly reduced the density of the NMDA1
protein in the membrane of hippocampal neurons, thus
impairing its function (3). Functional studies based on drug
inhibition of NMDAR or hippocampal CAl-specific abla-
tion of the GluN1 subunit have reported that hippocampal
NMDAR was involved in object recognition memory (22,23).
The NMDAR protein is essential for synaptic plasticity
and memory formation. Anatomically, extensive synapses
and interconnections are present between the limbic cortex
and the hippocampus, particularly the CA1l subregion and
the inferior colliculus (24) but not the dentate gyrus (25).
Furthermore, several studies have reported that NMDARs
located within the limbic cortex serve a pertinent role in
recognition memory (26-28).

Mice exhibit thigmotaxis as they are afraid of open,
unknown and potentially dangerous places. Hence, they
show the characteristic of ‘sticking to the wall’. It is generally
believed that the more time spent in the central area of the
enclosure, the lower the thigmotaxis and anxiety of the mice.
Decreased total horizontal movement distance indicates
depression in mice (29,30). The present study demonstrated
that mice exhibited significantly reduced central area motor
time and anxiety-related behaviors on days 16 and 25 after
immunization with NMDAL. This finding was in accordance
with the key symptoms, such as anxiety and depression,
reported in patients with anti-NMDAR encephalitis (11). A
previous study by Li et al (31) reported a shorter time spent
in the center of the open area in NMDA-CSF-treated mice,
but this effect was not statistically significant. However, a
previous study reported a significant increase in tropism
in NMDA-CSF-treated animals in the Morris water
maze (23). Based on these reports, Kersten et al (10) hypoth-
esized that anxiety-related behaviors might be enhanced in
NMDA-CSF-treated animals. The present study demon-
strated that the total distance of horizontal movement was
significantly decreased in the NMDAI1 group on day 16 after
immunization compared with the CON group. This obser-
vation is less consistent with previous reports that the total
distance during the observation period did not differ between

the experimental groups, which suggested that spontaneous
motor activity was completely normal (23,31). The sponta-
neous activity was derived by calculating the total movement
distance of mice from 20-60 min in the mining experi-
ment (32). The present study calculated the total horizontal
movement distance of mice within 5 min and these results
demonstrated an increase in avoidance in the NMDAI1 group
or an association with depressive behavior. This was consis-
tent with the progressive memory deficits and depression-like
behaviors exhibited by the anti-NMDAR encephalitis mouse
model previously constructed by Planaguma et al (3).

The triggers of the autoimmune response of NMDAR
proteins are presently unknown. A previous study reported
the use of tetrameric xenopus holoprotein immunogens,
NMDA1/GIuN2B receptors or rat NMDA1/GluN2A recep-
tors to generate NMDAR antibodies to produce fulminant
encephalitis (4). Using the GluN1356-385 peptide that targets
the ATD of GIuNl1, an anti-NMDAR encephalitis model was
previously established via active immunization (7). Intranasal
infection with herpes simplex virus has also been reported to
induce circulating anti-NMDAR antibodies in mice, which
may explain the pathogenesis of secondary anti-NMDAR
encephalitis in patients with herpes simplex virus encepha-
litis (5). In the present study, the thin outer segment from the
NMDALI subunit was used as the immunogen, which was
adequate to induce high titers of pathogenic anti-NMDA1
autoantibodies. Actively immunized mice developed memory
deficits and anxiety-related symptoms typical of mouse
anti-NMDAR encephalitis. This active immunization model
may be useful for studying NMDAR encephalitis and could
aid in further investigations on the pathogenesis of the disease,
thus contributing to the development of potential new thera-
pies in the future.

Nonetheless, the present study has certain limitations.
Although NMDAR density in the hippocampus of mice
immunized with the NMDAI protein was reduced, the mice
did not develop spontaneous seizures. In addition, the role of
B and T cells in disease induction is yet to be determined and
further studies are warranted.

The present study successfully constructed a mouse
model of anti-NMDAR encephalitis. The model mice
exhibited symptoms of anxiety, depression and memory
impairment and a significant increase in anti-NMDA1
antibodies in the peripheral blood of the mice. Synaptic and
total NMDAI protein expressions were significantly reduced
in mouse hippocampus tissue and cultured hippocampal
cells. However, the expression of the PSD-95 protein was
not significantly different between the control and NMDAI1
immunization models.
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