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Abstract
Neurodegeneration and neuroinflammation are key components in the pathogenesis of Japanese Encephalitis 
caused by Japanese Encephalitis Virus (JEV) infection. The N-methyl-D-aspartate (NMDA)-type glutamate receptor 
displays excitatory neurotoxic and pro-inflammatory properties in a cell context-dependent manner. Herein, 
potential roles of the NMDA receptor in excitatory neurotoxicity and neuroinflammation and effects of NMDA 
receptor blockade against JEV pathogenesis were investigated in rat microglia, neuron/glia, neuron cultures, 
and C57BL/6 mice. In microglia, JEV infection induced glutamate release and activated post-receptor NMDA 
signaling, leading to activation of Ca2+ mobilization and Calcium/Calmodulin-dependent Protein Kinase II (CaMKII), 
accompanied by pro-inflammatory NF-κB and AP-1 activation and cytokine expression. Additionally, increased 
Dynamin-Related Protein-1 protein phosphorylation, NAPDH Oxidase-2/4 expression, free radical generation, 
and Endoplasmic Reticulum stress paralleled with the reactive changes of microglia after JEV infection. JEV 
infection-induced biochemical and molecular changes contributed to microglia reactivity and pro-inflammatory 
cytokine expression. NMDA receptor antagonists MK801 and memantine alleviated intracellular signaling and 
pro-inflammatory cytokine expression in JEV-infected microglia. JEV infection induced neuronal cell death in 
neuron/glia culture associated with the concurrent production of pro-inflammatory cytokines. Conditioned media 
of JEV-infected microglia compromised neuron viability in neuron culture. JEV infection-associated neuronal cell 
death was alleviated by MK801 and memantine. Activation of NMDA receptor-related inflammatory changes, 
microglia activation, and neurodegeneration as well as reversal effects of memantine were revealed in the brains 
of JEV-infected mice. The current findings highlight a crucial role of the glutamate/NMDA receptor axis in linking 
excitotoxicity and neuroinflammation during the course of JEV pathogenesis, and proposes the anti-inflammatory 
and neuroprotective potential of NMDA receptor blockade.
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Introduction
Japanese EncephalitisVirus (JEV) is a mosquito-borne 
neurotropic virus belonging to the Flaviviridae family. Its 
family members include the Zika Virus, West Nile Virus, 
Hepatitis C Virus, St. Louis Encephalitis Virus, and Yel-
low Fever Virus [1]. Its trafficking from the periphery to 
the Central Nervous System (CNS) and viral amplifica-
tion in the brain parenchyma both play determinant roles 
in JEV pathogenesis involving stepwise communication 
between the host and viral factors. JEV illness is called 
Japanese Encephalitis (JE), with the associated patho-
logical hallmark characterized by neuronal cell death and 
inflammation which have close links to JEV pathogenesis. 
Along with experiencing fatal neuroinfection, survivors 
of clinical JE cases may suffer from persistent neurologi-
cal sequelae [2–4]. Appropriate immune responses help 
the host defense viral infection and promote neuronal 
survival, while aberrant immune responses exacerbate 
neuronal deterioration. Sustained microglia activation 
and inflammatory cytokine over-production are dete-
riorating components of JEV pathogenesis. Interventions 
aimed at suppressing aberrant immune responses by 
amelioration of microglia activation and/or inflammatory 
cytokine over-production are found to have beneficial 
outcomes in neuronal survival and neurobehavioral func-
tions [5–7]. Therefore, inflammation and neuronal cell 
death are key components to the development of JE and 
microglia represent targets crucial to therapeutic treat-
ment against JE and its associated complications.

Neurons are the major target of JEV infection, with 
neuronal cell death being a key component of JEV 
infection-induced neurodegeneration and neurobehav-
ioral abnormality. Several types of programmed cell 
death, including apoptosis, autophagy, and necroptosis 
are found in neurons upon JEV infection [8–10]. Along 
with direct neurotoxicity, bystander damage represents 
an alternative mechanism attributing to JEV infec-
tion-induced neuronal cell death. Severe JE-associated 
neuronal cell death is accompanied by immune cell accu-
mulation and activation, as well as inflammatory cyto-
kine over-production. Specifically, in vitro cell study 
demonstrates that JEV-infected microglia release neuro-
toxic molecules and induce neuronal cell death [7, 9, 11]. 
These findings indicate that JEV infection causes neuro-
nal cell death, with the compromise of neurons possibly 
coming from consequences of direct neurotoxicity and/
or secondary JEV-infected microglia.

Glutamate is a physiological excitatory neurotransmit-
ter in the nervous system. When seen in excess, glutamate 
turns into neurotoxic molecules and causes neuronal 
cell death mainly through the N-methyl-D-aspartate 
(NMDA) receptor [12]. Glutamate neurotoxicity has 
been implicated not only in a plethora of neurological 
disorders but also in virus infection-associated neuronal 

injury [13, 14]. Beyond being a neurotoxic molecule, 
glutamate displays additional pharmacological and bio-
chemical functions through its communication with 
inflammatory responses. Inflammatory stimuli and pro-
inflammatory cytokines cause elevation in intracellular 
glutamate synthesis and extracellular glutamate release 
[15, 16]. Alternatively, glutamate provides dual effects 
on pro-inflammatory cytokine expression through its 
actions on ionotropic and metabotropic glutamate recep-
tors [17–19]. These phenomena highlight the role of the 
interplay between neuronal cell death and inflammation, 
while underscoring their importance as preventive and 
therapeutic targets for the control of neurological disor-
ders, including viral encephalitis. Critical to this interplay 
is that glutamate could act as a key integrator in linking 
neuronal cell death and inflammation.

Glutamate neurotoxicity has been demonstrated 
in rodent models of JE. Glutamate levels and NMDA 
receptor activity were both elevated in the brains of 
JEV-infected mice and rats. NMDA receptor antago-
nists, MK801 and memantine, alleviated neuronal cell 
death and inflammatory responses triggered by JEV 
infection, while having little effect on viral amplifica-
tion [4, 20, 21]. Using rat brain primary cultures, our 
previous study revealed the neuroprotective effects of 
MK801 against JEV infection-induced neurotoxicity, 
while also demonstrating the active role microglia play 
in JEV infection-accompanied glutamate release, pro-
inflammatory cytokine expression, and neuronal cell 
death [15]. Although whether microglia possess NMDA 
receptor-dependent currents in vivo is of controversy 
[22], microglia express functional glutamate NMDA 
receptors and the NMDA receptor blockade is reported 
to have inhibitory effects on microglia activation and 
pro-inflammatory cytokine expression [23–25]. Along 
with glutamate, endogenous mimicking ligands and the 
Toll-Like Receptor 4 (TLR4) have been linked to NMDA 
receptor signaling leading to microglia activation [26]. 
JEV infection-induced neuronal cell death and inflamma-
tion correlated well with activation of the NMDA recep-
tor axis [4, 20, 21], the specific involvement of the NMDA 
receptor signaling in JEV infection-induced inflammation 
has not yet been completely investigated. Microglia are 
highly dynamic and plastic cells that display multivariate 
morphological, genetic, metabolic, and functional states 
in both normal physiology and disease pathophysiology 
[9, 11, 17]. To extend the scope of JEV pathogenesis study 
centered on inflammation, this present study investigated 
the alteration of glutamate/NMDA receptor signaling in 
infected cells, while also attempting to elucidate change 
in microglia states reactive to JEV infection by NMDA 
receptor blockade via microglia culture and infected 
mice.



Page 3 of 20Chang et al. Journal of Neuroinflammation          (2024) 21:291 

Materials and methods
Cell cultures
For preparation of the primary cultures, cerebral corti-
ces were collected from postnatal Day 1 Sprague-Dawley 
rats, which then proceeded to tissue trituration and cell 
isolation according to our previously reported meth-
ods [11]. The experimental protocols surrounding ani-
mal studies were reviewed and approved by The Animal 
Experimental Committee of Taichung Veterans General 
Hospital (IACUC approval code: La-1061509). The disso-
ciated cells were then transferred to poly-D-lysine-coated 
(30 µg/mL) dishes/plates for cultivation. Neuron/glia cul-
tures consisting of 30–40% neurons, 40–50% astrocytes, 
and 10–15% microglia were prepared by maintaining the 
cells in a Minimum Essential Medium, supplemented 
with 10% Fetal Bovine Serum (FBS) and 10% Horse 
Serum for 10–12 days. Neurobasal Medium supple-
mented with B27 and cytosine arabinoside (10 µM) was 
used to culture the neurons. Neuron cultures (more than 
95% purity) were ready for use in the experiments after 
10–12 days in vitro. Cultivation of the cells for 2 weeks 
was performed in Dulbecco’s Modified Eagle Medium 
(DMEM)/F12 containing 10% FBS enriched astrocytes 
and microglia. Microglia (more than 90% purity) were 
separated from astrocytes by shaking and centrifugation. 
The detached microglia were seeded onto poly-D-lysine-
coated (30 µg/mL) dishes/plates and then maintained in 
DMEM/F12 containing 10% FBS until analyses could be 
performed. One batch of cell preparation was referred to 
one biological replicate. Usually, three to four biological 
replicates were included for each experiment.

Virus
The propagation of JEV strain NT113 was performed 
in C6/36 cells (BCRC-60114, Bioresource Collection 
and Research Center, Hsinchu, Taiwan), with viral titers 
counted using Baby Hamster Kidney cells (BHK21, 
BCRC-60041, Bioresource Collection and Research 
Center, Hsinchu, Taiwan) [11]. A mock virus was pre-
pared from C6/36 cells without JEV infection, in parallel 
with propagation of JEV virus stock. For virus inactiva-
tion, virus stocks were manipulated with UV exposure 
(254  nm exposure for 30  min, JEV/UV-inactivated) or 
boiling (94  °C incubation for 15  min, JEV/Heat-inacti-
vated). To infect the primary cultures, cells were inocu-
lated with JEV stock or manipulated JEV at a Multiplicity 
of Infection (MOI) 5 for 1 h at 37 °C. After gentle wash-
ing with Phosphate-Buffered Saline (PBS) to remove the 
unbound viruses, a fresh DMEM/F12 containing 2% 
FBS was added for further incubation. For treatment, 
pharmacological agents were added with the refreshing 
medium.

Cytotoxicity assessment
Cytotoxicity was assessed using the Pierce™ Lactate 
Dehydrogenase (LDH) Cytotoxicity Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA), according to the 
manufacturer’s instructions.

Immunocytochemical staining
Cells were sequentially treated with 4% paraformalde-
hyde, 0.1% Triton X-100, and 5% nonfat milk for fixation, 
permeabilization, and blocking, respectively. To visu-
alize the neurons, astrocytes and microglia, cells were 
incubated with each corresponding recognizing anti-
body, Microtubule-Associated Protein 2 (MAP-2, 1:500, 
sc-390543), Glial Fibrillary Acidic Protein (GFAP, 1:500, 
sc-33673) (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), and Cluster of Differentiation 68 (CD68, 1:500, 
ab125212) (Abcam, Cambridge, UK), followed by diami-
nobenzidine color development. Under a light micro-
scope, viable and MAP-2 immunoreactive neurons were 
defined by a visible cell body having a length of neurite 
process greater than two cell bodies. For quantitation, the 
numbers of positive cells were counted in three randomly 
selected optical fields (100X magnification) in the well of 
a 24-well plate, with two wells being included. Data from 
three different batches of cell preparation were combined 
for quantitative analyses.

Enzyme-linked immunosorbent assay (ELISA)
The levels of Nitric Oxide (NO, nitrite/nitrate), Tumor 
Necrosis Factor-α (TNF-α), and Interleukin-1β (IL-1β) 
in the cell supernatants were measured using a Griess 
Reagent Kit (Thermo Fisher Scientific, Waltham, MA, 
USA) and the corresponding ELISA kits (R&D Systems, 
Minneapolis, MN, USA).

Measurement of reactive oxygen species (ROS)
To measure intracellular ROS, cells were incubated with 
the cell permeable fluorogenic dye 2’,7’-Dichlorofluo-
rescein Diacetate (DCFDA) (Thermo Fisher Scientific, 
Waltham, MA, USA). The fluorescence signals of reacted 
DCFDA were measured using a fluorometer with excita-
tion/emission at 485 nm/535 nm.

RNA isolation and quantitative real-time reverse 
transcriptase polymerase chain reaction (RT-PCR)
Cellular RNA extraction andcomplementary DNA syn-
thesis were completed using conventional procedures. 
Quantitative real-time PCR was performed on ABI Ste-
pOne™ (Applied Biosystems, Foster City, CA, USA), 
withthe data calculated based on the ΔΔCT method 
according to our previously reported methods [11]. The 
oligonucleotides used for amplification were: iNOS, 5’-​A​
C​A​A​C​G​T​G​G​A​G​A​A​A​A​C​C​C​C​A​G​G​T​G and 5’-​A​C​A​G​C​T​
C​C​G​G​G​C​A​T​C​G​A​A​G​A​C​C; TNF-α, 5’-​C​C​C​T​C​A​C​A​C​T​C​
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A​G​A​T​C​A​T​C​T​T​C​T​C​A​A and 5’-​T​C​T​A​A​G​T​A​C​T​T​G​G​G​C​
A​G​G​T​T​G​A​C​C​T​C; IL-1β, 5’-​C​A​C​C​T​C​T​C​A​A​G​C​A​G​A​G​
C​A​C​A​G and 5’-​G​G​G​T​T​C​C​A​T​G​G​T​G​A​A​G​T​C​A​A​C; JEV, 
5’-AGAGCACCAAGGGAATGAAATAGTand 5’-​A​A​T​A​
G​G​T​T​G​T​A​G​T​T​G​G​G​C​A​C​T​C​T​G; and β-actin, 5’-​A​A​G​T​
C​C​C​T​C​A​C​C​C​T​C​C​C​A​A​A​A​G and 5’-​A​A​G​C​A​A​T​G​C​T​G​
T​C​A​C​C​T​T​C​C​C.

Measurement of glutamate
The levels of glutamate in the cell supernatants were 
measured using the High Performance Liquid Chroma-
tography (HPLC) technique, with chromatographic data 
processed using HP Chem Station (Hewlett Packard, Palo 
Alto, CA, USA), according to our previously reported 
methods [15].

Measurement of cytosolic Ca2+ levels
The levels of cytosolic Ca2+ were measured using Fluo-4 
AM according to our previously reported methods with 
modifications [15]. The fluorescence signals were mea-
sured in a fluorometer with excitation wavelength at 
485 nm and the emission wavelength at 510 nm.

Western blot analysis
Conventional protein extraction, separation, and SDS-
PAGE were performed according to our previously 
reported methods [11]. The targeted proteins in the 
membranes were recognized by sequential incubation 
with primary antibodies, horseradish peroxidase-labeled 
IgG and enhanced chemiluminescence Western blot-
ting reagents. The chemiluminescence on the mem-
branes were visualized using the G: BOX mini Multi 
fluorescence and chemiluminescence imaging system 
(Syngene, Frederick, MD, USA), and then quantified by 
Image J software (National Institute of Health, Bethesda, 
MD, USA). Targets of the used antibodies included JEV 
nonstructural protein 1 (NS1, 1:2000, ab41651), CD68 
(1:1000, ab125212), phospho-IRE1 (Serine-724, 1:500, 
ab48187) (Abcam, Cambridge, UK), c-Jun (1:1000, 
sc-74543), MAP-2 (1:1000, sc-390543), GFAP (1:1500, 
sc-33673), Calcium/Calmodulin-dependent Protein 
Kinase II (CaMKII, 1:1000, sc-5306), NF-κB p65 (1:1000, 
sc-514451), phospho-NF-κB p65 (Serine-536, 1:500, 
sc-136548), c-Fos (1:1000, sc-8047), Extracellular Sig-
nal-Regulated Kinase (ERK, 1:1000, sc514302), c-Jun 
N-terminal Kinase (JNK, 1:1000, sc-7345), phospho-p38 
(Tyrosine-182, 1:500, sc-166182), Interferon Regulatory 
Factor 5 (IRF5, 1:1000, sc-390364), P2X purinoceptor 7 
(P2 × 7R, 1:1000, sc-514962), Dynamin-Related Protein 
1 (Drp1, 1:1000, sc-271583), NADPH Oxidase 2 (NOX2, 
1:1000, sc-130543), Protein Kinase RNA-like Endoplas-
mic Reticulum Kinase (PERK, 1:1000, sc-377400), eIF2α 
(1:1000, sc-133132), IRE1 (1:1000, sc-390960), Glyceral-
dehyde 3-Phosphate Dehydrogenase (GAPDH, 1:3000, 

sc-32233) (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), Transforming Growth Factor β-Activated 
Kinase-1 (TAK1, 1:1000, 12330-2-AP), NOX4 (1:1000, 
14347-1-AP) (Proteintech, Rosemont, IL, USA), phos-
pho-c-Jun (Serine-63, 1:500, PA5-17890), phospho-
TAK1 (Serine-192, 1:500, BS-5435R), phospho-Drp1 
(Serine-616, 1:500, PA5-64821), phospho-PERK (Threo-
nine-982, 1:500, PA5-40294) (ThermoFisher Scientific, 
Waltham, MA, USA), NMDA GluN1 receptor (1:1000, 
#5704), phospho-GluN1 (Serine-896, 1:500, #3384), 
NMDA GluN2A receptor (1:1000, #4205), phospho-
GluN2A (Tyrosine-1246, 1:500, #4206), NMDA GluN2B 
receptor (1:1000, #4207), phospho-GluN2B (Serine-1303, 
1:500, #71335), phospho-eIF2α (Serine-51, 1:500, #3597), 
phospho-CaMKII (Threonine-286, 1:500, #12716), phos-
pho-ERK (Threonine-202/Tyrosine-204, 1:500, #9101), 
phospho-JNK (Threonine-183/Tyrosine-185, 1:500, 
#9255), p38(1:1000, #9212) (Cell Signaling Technology, 
Danvers, MA, USA).

Preparation of nuclear extracts and Electrophoretic 
mobility Shift Assay (EMSA)
An NE-PER Nuclear and Cytoplasmic Extraction Kit 
(ThermoFisher Scientific, Waltham, MA, USA) and an 
EMSA kit (LightShift™ Chemiluminescent EMSA Kit, 
ThermoFisher Scientific, Waltham, MA, USA) were used 
to extract nuclear proteins and evaluate transcription fac-
tor DNA binding activity, respectively, according to the 
manufacturer’s instructions. As with our previous stud-
ies [11], nuclear extracts (5 µg) were reacted with either 
AP-1 oligonucleotide (5’-​C​G​C​T​T​G​A​T​G​A​G​T​C​A​G​C​C​G​
G​A​A) or NF-κB oligonucleotide (5’-​A​G​T​T​G​A​G​G​G​G​A​
C​T​T​T​C​C​C​A​G​G​C), with the complexes visualized using 
enhanced chemiluminescence Western blotting reagents. 
The chemiluminescence on the membranes were visual-
ized using a G: BOX mini Multi fluorescence and chemi-
luminescence imaging system (Syngene, Frederick, MD, 
USA), and quantified by Image J software (National Insti-
tute of Health, Bethesda, MD, USA).

Caspase 3 activity assay
Proteins were extracted from neuron/glia cultures and 
caspase 3 activity was measured using a commercially 
available kit (Fluorometric Assay Kit, BioVision, Moun-
tain View, CA, USA), according to the manufacturer’s 
instructions.

Animals
Adult male C57BL/6 mice (8 weeks old) were purchased 
from BioLASCO (Taipei, Taiwan). The experimental pro-
tocols surrounding animal studies were reviewed and 
approved by The Animal Experimental Committee of 
Taichung Veterans General Hospital (IACUC approval 
code: La-1061509). Eighteen mice were divided into 
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three groups receiving either PBS (n
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NF-κB and AP-1 for activation in microglia were assessed 
using EMSA and Western blotting, respectively. JEV 
infection caused an increase in the DNA binding activ-
ity of NF-κB and AP-1 (Fig.  3A) and upstream regula-
tory molecules of NF-κB and AP-1, including the protein 
phosphorylation of TAK1, ERK, JNK, p38, p65 and c-Jun, 
and the protein expression of c-Fos (Fig. 3B). JEV infec-
tion-increased DNA binding activity (Fig.  3A), protein 
phosphorylation, and protein expression (Fig.  3B) were 

all decreased by MK801 and memantine. The purinergic 
receptor P2 × 7 (P2 × 7R) is an ATP-gated non-selective 
cation channel that is highly expressed in microglia and 
can mediate oxidative stress and inflammatory responses. 
IRF5, a member of the intracellular mediators for type 
I interferon, is a transcription factor. Its expression in 
microglia participates in inflammatory responses [11]. In 
JEV-infected microglia, there were elevated expression 
of IRF5 and P2 × 7R. Protein levels of IRF5 and P2 × 7R 

Fig. 1  JEV infection activated NMDA receptor signaling in microglia. (A) Cultured microglia were infected with mock or JEV for 24 h. Microglia were 
examined by immunocytochemical staining with antibody recognizing CD68. Representative photomicrograph is shown. Bar, 50 μm. Microglia cultures 
were infected with mock or JEV over time. The supernatants were collected and subjected to HPLC for the measurement of glutamate concentration at 
the indicated times (B). The changes in cytosolic Ca2+ concentration were determined by Fluo-4 AM fluorescence (arbitrary unit) measurements at the 
indicated times (C). Microglia cultures were infected with mock, JEV, JEV/UV-inactivated, or JEV/Heat-inactivatedfor 12 h. The supernatants were collected 
and subjected to HPLC for the measurement of glutamate concentration (D). The changes in cytosolic Ca2+ concentration were determined by Fluo-4 AM 
fluorescence (arbitrary unit) measurements (E).(F) Microglia cultures were infected with mock or JEV in the absence or presence of various concentrations 
of MK801 (0–40 µM) or memantine (0–10 µM) for 12 h.The changes in cytosolic Ca2+ concentration were determined by Fluo-4 AM fluorescence (arbitrary 
unit) measurements. (G) Microglia cultures were infected with mock or JEV in the absence or presence of MK801 (10 µM) or memantine (5 µM) for 8 h. 
Total cellular proteins were extracted and subjected to Western blot analysis with the indicated antibodies. One representative blot of three independent 
culture batches and the quantitative results of relative protein contents (arbitrary unit) are shown. *p < 0.05 vs. Mock control and #p < 0.05 vs. JEV control, 
n = 4
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in JEV-infected microglia were reduced by MK801 and 
memantine (Fig.  3B). Current findings imply that the 
anti-inflammatory effects of NMDA receptor blockade 
against JEV infection may come from the inhibition of 
the axis of NF-κB and AP-1 signaling as well as suppres-
sion of microglia reactive to JEV infection.

NMDA receptor antagonists alleviated JEV infection-
activated free radical generation in microglia
The NOX-mediated free radical generation can come 
from the signals of the NMDA receptors and contribute 
to pro-inflammatory activation involving mitochondrial 
dysfunction. Dynamin-associated GTPase Drp1 medi-
ates mitochondrial fragmentation and involves in inflam-
matory responses and microglia activation [29–31]. 

Using the redox-sensitive fluorogenic probe, the levels 
of DCFDA fluorescence (Fig. 4A) increased in microglia 
after JEV infection. At the protein levels, JEV infection 
increased NOX2 and NOX4 protein expression as well as 
mitochondrial fission-related Drp1 protein phosphoryla-
tion in microglia (Fig. 4B). MK801 and memantine alle-
viated JEV infection-induced changes in fluorescence 
(Fig.  4A) and protein levels (Fig.  4B). To further exam-
ine the biological implications of free radical generation 
and Drp1 activation, effects of the corresponding anti-
oxidant N-Acetyl Cysteine (NAC) and Drp1 inhibitor 
Mdivi-1 were evaluated. NAC and Mdivi-1 alleviated 
JEV infection-induced increases of DCFDA fluores-
cence (Fig. 4C) and expressions of NO, TNF-α, and IL-1β 
(Fig. 4D). Thus, JEV infection increases NOX expression, 

Fig. 2  MK801 and memantine alleviated cytokine expression in microglia. (A) Microglia cultures were infected with mock, JEV, JEV/UV-inactivated, or JEV/
Heat-inactivated for 24 h. The supernatants were collected and subjected to ELISA for the measurement of NO, TNF-α, and IL-1β. Microglia cultures were 
infected with mock or JEV in the absence or presence of MK801 (10 µM) or memantine (5 µM) over time. The supernatants were collected and subjected 
to the measurement of NO, TNF-α, IL-1β (24 h), and glutamate (12 h) (B). Total cellular RNAs were extracted (8 h) and subjected to quantitative RT-PCR for 
the measurement of iNOS, TNF-α, and IL-1β mRNA. Quantitative results of the relative mRNA levels (arbitrary unit) are shown (C). (D) Microglia cultures 
were infected with mock or JEV in the absence or presence of glutamate (500 µM) for 24 h. The supernatants were collected and subjected to ELISA for 
the measurement of NO, TNF-α, and IL-1β. *p < 0.05 vs. Mock control and #p < 0.05 vs. JEV control, n = 4
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induces intracellular free radical generation, and activates 
mitochondrial Drp1, contributing to pro-inflammatory 
cytokine expression. The aforementioned changes are 
alleviated by MK801 and memantine.

NMDA receptor antagonists alleviated JEV infection-
activated endoplasmic reticulum (ER) stress in microglia
NMDA receptor signaling possesses the ability to induce 
Unfolded Protein Response (UPS) and ER stress, result-
ing in pro-inflammatory activation [30, 32]. Parameters 
of ER stress and potential contribution to JEV infection-
induced changes in microglia were then assessed. Upon 
JEV infection, microglia increased protein phosphoryla-
tion in PERK, eIF2α, and IRE1. In the presence of MK801 
and memantine, there was a decline in protein phosphor-
ylation (Fig.  5A). ER stress inhibitor, Salubrinal, had an 
alleviative effect on JEV infection-induced increases of 
DCFDA fluorescence (Fig.  5C) and expressions of NO, 
TNF-α, and IL-1β (Fig. 5D). These findings reveal the role 

NMDA receptor signaling plays in JEV infection-induced 
ER stress and its accompanied pro-inflammatory effects.

Crosstalk among intracellular signaling in microglia
The aforementioned findings indicate the active role 
which NMDA receptor signaling plays in linking JEV 
infection and cytokine expression; probably involving 
CaMKII, oxidative stress, and ER stress. The central role 
and importance of CaMKII were next assessed using its 
pharmacological inhibitor KN93 in microglia. CaMKII 
inhibitor KN93 decreased NO, TNF-α, and IL-1β pro-
duction in JEV-infected microglia (Fig.  6A). Their alle-
viation in cytokine expression paralleled with changes 
in DCFDA fluorescence (Fig.  6B), the protein expres-
sion of c-Fos, IRF5, P2 × 7R, NOX2, and NOX4, the 
protein phosphorylation of TAK1, ERK, JNK, p38, p65, 
c-Jun, Drp1, PERK, eIF2α, and IRE1 (Fig. 6C), as well as 
the DNA binding activity of NF-κB and AP-1 (Fig. 6D). 
These findings suggest that the Ca2+-activated CaMKII 
axis is complicated and plays a central role in linking the 

Fig. 3  MK801 and memantine alleviated NF-κB and AP-1 activation in microglia. Microglia cultures were infected with mock or JEV in the absence or 
presence of MK801 (10 µM) or memantine (5 µM) for 8 h. Nuclear proteins were extracted and subjected to EMSA for the measurement of NF-κB and 
AP-1 DNA binding activity. One representative blot of three independent culture batches and the quantitative results (arbitrary unit) are shown (A). Total 
cellular proteins were extracted and subjected to Western blot analysis with indicated antibodies. One representative blot of three independent culture 
batches and the quantitative results of relative protein contents (arbitrary unit) are shown (B). *p < 0.05 vs. Mock control and #p < 0.05 vs. JEV control, n = 3
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glutamate/NMDA receptor and NF-κB/AP-1 pro-inflam-
matory program in JEV-infected microglia.

NMDA receptor antagonists protected against JEV 
infection-induced neuronal cell death and cytokine 
expression in neuron/glia and neuron
To implicate the consequences of MK801- and meman-
tine-inhibited microglia activation in neuronal cell death, 
neuron/glia cultures consisting of neurons, astrocytes, 
and microglia were prepared for investigation. JEV 

infection increased CD68 immunoreactivity (Fig. 7A and 
B), CD68 protein content (Fig. 8A), and NO, TNF-α, and 
IL-1β production in neuron/glia cultures (Fig.  8B). As 
with microglia, MK801 and memantine alleviated expres-
sion in all pro-inflammatory parameters as well (Figs. 7A 
and B and 8A, and 8B). The degeneration of MAP-2 
immunoreactive neurons (Fig.  7A and B) and reduction 
of MAP-2 protein content (Fig. 8A) in JEV-infected neu-
ron/glia cultures were improved by MK801 and meman-
tine. In contrast, the immunoreactivity of astrocytic 

Fig. 5  MK801 and memantine alleviated ER stress in microglia. (A) Microglia cultures were infected with mock or JEV in the absence or presence of MK801 
(10 µM) or memantine (5 µM) for 8 h. Total cellular proteins were extracted and subjected to Western blot analysis with indicated antibodies. One repre-
sentative blot of three independent culture batches and the quantitative results of relative protein contents (arbitrary unit) are shown. Microglia cultures 
were infected with mock or JEV in the absence or presence of Salubrinal (10 µM) over time.The levels of intracellular free radicals (8 h) were measured 
using the fluorogenic probe DCFDA (arbitrary unit) (B). The supernatants were collected (24 h) and subjected to ELISA for the measurement of NO, TNF-α, 
and IL-1β (C).*p < 0.05 vs. Mock control and #p < 0.05 vs. JEV control, n = 4

 

Fig. 4  MK801 and memantine alleviated free radical generation in microglia. Microglia cultures were infected with mock or JEV in the absence or pres-
ence of MK801 (10 µM) or memantine (5 µM) for 8 h. The levels of intracellular free radicals were measured using the fluorogenic probe DCFDA (arbitrary 
unit) (A). Total cellular proteins were extracted and subjected to Western blot analysis with the indicated antibodies. One representative blot of three 
independent culture batches and the quantitative results of relative protein contents (arbitrary unit) are shown (B). Microglia cultures were infected with 
mock or JEV in the absence or presence of NAC (500 µM) or Mdivi-1(50µM) over time.The levels of intracellular free radicals (8 h) were measured using the 
fluorogenic probe DCFDA (arbitrary unit) (C). The supernatants were collected (24 h) and subjected to ELISA for the measurement of NO, TNF-α, and IL-1β 
(D). *p < 0.05 vs. Mock control and #p < 0.05 vs. JEV control, n = 4
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GFAP (Fig. 7A and B) and GFAP protein content (Fig. 8A) 
were not markedly altered by either JEV infection, 
MK801, or memantine. JEV infection caused an eleva-
tion of apoptosis-related caspase 3 activity in neuron/glia 
cultures. MK801 and memantine alleviated the elevation 
of caspase 3 activity (Fig.  7C). Wild type JEV infection 
caused cell damage as evidenced by LDH efflux and the 
cytotoxicity was not seen in neuron/glia cultures infected 
with UV-inactivated and Heat-inactivated JEV (Fig. 8C). 
The LDH efflux in JEV-infected neuron/glia cultures 
was improved by MK801 and memantine (Fig.  8D). 
Cultured neurons were modeled for further neurotoxic 
study (Fig.  9A). The conditioned media of JEV-infected 
microglia caused elevated LDH efflux in neuron cultures, 
while the conditioned media of MK801- and memantine-
treated microglia upon JEV infection decreased abil-
ity in causing LDH efflux in neuron cultures (Fig.  9B). 

Additionally, the presence of MK801 and memantine in 
neuron cultures alleviated JEV-infected microglia condi-
tioned media-induced LDH efflux (Fig. 9C). These find-
ings show that JEV infection causes neuronal cell death 
and microglial activation, and that MK801 and meman-
tine offer anti-inflammatory and neuroprotective effects.

Memantine protected against JEV infection-induced 
changes in the brains of mice
To further verify the in vitro findings, a C57BL/6 mouse 
model of JEV infection was produced for in vivo inves-
tigation [27]. It is reported that severe adverse effects of 
MK801 preclude its clinical application, while meman-
tine is well tolerated in clinical use [33]. Therefore, 
memantine represents a preferable candidate of NMDA 
receptor antagonists for in vivo study. At day 7 post-
infection, JEV-infected mice showed abnormal gait, 

Fig. 6  Effects on intracellular signaling cascades in microglia. Microglia cultures were infected with mock or JEV in the absence or presence of KN93 
(5µM) over time. The supernatants (24 h) were collected and subjected to ELISA for the measurement of NO, TNF-α, and IL-1β (A). The levels of intracel-
lular free radicals (8 h) were measured using the fluorogenic probe DCFDA (arbitrary unit) (B). Total cellular proteins (8 h) were extracted and subjected 
to Western blot analysis with indicated antibodies. One representative blot of three independent culture batches and the quantitative results of relative 
protein contents (arbitrary unit) are shown (C). Nuclear proteins (8 h) were extracted and subjected to EMSA for the measurement of NF-κB and AP-1 
DNA binding activity. One representative blot of three independent culture batches and the quantitative results (arbitrary unit) are shown (D). *p < 0.05 
vs. Mock control and #p < 0.05 vs. JEV control, n = 4
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stiffness, and paralysis without death. We found that 
JEV infection caused neuronal cell degeneration and dis-
rupted morphological integrity in the brains of mice, as 
evidenced by MAP-2 immunofluorescence in the hip-
pocampal regions. Memantine alleviated JEV infection-
induced neuronal cell degeneration (Fig. 10A). Upon JEV 
infection, Iba1-labelled microglia became reactive and 
the alteration was alleviated by memantine (Fig.  10A). 
However, GFAP immunofluorescence astrocytes were 
not remarkably altered by JEV infection or memantine 
(Fig. 10A). To substantiate histological findings, quantita-
tive measurement of corresponding MAP-2, CD68, and 
GFAP in protein content revealed the same changes as 
those in immunofluorescence study (Fig.  10B). In JEV-
infected brains, contents of JEV genomic RNA (Fig. 10C) 
and JEV NS1 protein (Fig.  10D) in memantine group 
slightly decreased. However, the difference failed to reach 
statistical significance. The findings indicate that JEV 
infection induces neuronal cell degeneration and microg-
lia activation in brains of mice and that memantine offers 
protective effects.

Memantine alleviated JEV infection-induced inflammatory 
changes in the brains of mice
Data of in vitro microglia study revealed an active role of 
the NMDA receptor signaling in inflammatory responses 
caused by JEV infection. Thus, parameters of the identi-
fied inflammatory axis were determined in the brains of 
JEV-infected mice. Upon JEV infection, protein phos-
phorylation in GluN1, GluN2A, GluN2B, and CaMKII 
increased and the increments were alleviated by meman-
tine (Fig. 11A). Double immunofluorescence assay in the 
brains of hippocampal regions highlighted that some 
signals of P-GluN2A fluorescence were colocalized with 
signals of Iba1 fluorescence (Fig.  11B), indicating an 
activation of the NMDA receptor signaling in microglia 
after JEV infection. The results were consistent with the 
in vitro microglia findings, with brains from JEV-infected 
mice showing increased mRNA contents of iNOS, TNF-
α, and IL-1β (Fig. 12A), DNA binding activity of NF-κB 
and AP-1 (Fig. 12B), protein contents of NOX2, NOX4, 
c-Fos, IRF5, and P2 × 7R, and protein phosphorylation 
of ERK, JNK, p38, PERK, eIF2α, IRE1, TAK1, p65, c-Jun, 
and Drp1 (Fig. 12C). Memantine alleviated those changes 
(Fig. 12C). The findings further confirm the activation of 
a NMDA receptor-related inflammatory response and 

Fig. 7  MK801 and memantine alleviated neuronal cell death in Neuron/glia. Neuron/glia cultures were infected with mock or JEV in the absence or pres-
ence of MK801 (10 µM) or memantine (5 µM) for 48 h. Cells were subjected to immunocytochemical staining with antibodies recognizing MAP-2, GFAP, 
and CD68. Representative photomicrographs are shown. Bar, 60 μm (A). The numbers of viable MAP-2 immunoreactive neurons, GFAP immunoreactive 
astrocytes, and CD68 immunoreactive microgliaare depicted (B). Total cellular proteins were isolated and subjected to the measurement of caspase 3 
activity (arbitrary unit) (C). *p < 0.05 vs. mock control and #p < 0.05 vs. JEV control, n = 4
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Fig. 9  MK801 and memantine alleviated neuronal cell death in neurons. (A) Cultured neurons were examined by immunocytochemical staining with 
antibody recognizing MAP-2. Representative photomicrograph is shown. Bar, 60 μm. (B) Microglia cultures were infected with mock or JEV in the absence 
or presence of MK801 (10 µM) or memantine (5 µM) for 48 h. The supernatants were collected and subjected to UV-inactivation. The resultant media 
(Mock CM and JEV CM) were mixed with an equal volume of fresh medium and then added to the cultured neurons for 24 h. Cell damage was measured 
by LDH efflux assay. (C) Additionally, the manipulated media form mock- (Mock CM) and JEV-infected microglia (JEV CM) were added to cultured neurons 
in the presence of MK801 (10 µM) or memantine (5 µM) for 24 h. Cell damage was measured by LDH efflux assay. *p < 0.05 vs. mock control and #p < 0.05 
vs. JEV control, n = 4

 

Fig. 8  MK801 and memantine alleviated cytokine expression in Neuron/glia. Neuron/glia cultures were infected with mock or JEV in the absence or 
presence of MK801 (10 µM) or memantine (5 µM) for 48 h.Total cellular proteins were extracted and subjected to Western blot analysis with indicated 
antibodies. One representative blot of three independent culture batches and the relative protein contents (arbitrary unit) are shown (A).The superna-
tants were collected and subjected to ELISA for the measurement of NO, TNF-α, and IL-1β (B). (C) Neuron/glia cultures were infected with mock, JEV, JEV/
UV-inactivated, or JEV/Heat-inactivatedfor 48 h. Cell damage was measured by LDH efflux assay. (D) Neuron/glia cultures were infected with mock or JEV 
in the absence or presence of MK801 (10 µM) or memantine (5 µM) for 48 h. Cell damage was measured by LDH efflux assay. *p < 0.05 vs. mock control 
and #p < 0.05 vs. JEV control, n = 4
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an alleviative effect of memantine in the brains of JEV-
infected mice.

Discussion
Activation of the neuronal NMDA receptor and the neu-
roprotective effects of NMDA receptor blockade have 
been demonstrated in rodent models of JE [4, 20, 21]. 
Using microglia cultures, this study demonstrated that 
JEV infection caused activation of the NMDA recep-
tor, together with elevated signals of glutamate release, 
Ca2+ mobilization, CaMKII, MAPKs, NOXs, ER stress, 
Drp1, and NF-κB/AP-1. Data of molecular, biochemical, 
and pharmacological studies highlighted a crucial role 
of CaMKII in transducing the NMDA receptor signal-
ing in JEV-infected microglia. CaMKII can communicate 
with regulators of NF-κB/AP-1 to induce microglia M1 
polarization and pro-inflammatory cytokine expression 

involving phosphorylatory modification, ER stress, and 
mitochondrial dysfunction. Pro-inflammatory cytokines 
released from JEV-infected microglia and NMDA recep-
tor activation provoke neurotoxic potential in cultured 
neurons and neuron/glia. NMDA receptor antagonists, 
MK801 and memantine, have anti-inflammatory and 
neuroprotective effects in JEV-infected cells (Fig.  13). 
Activation of NMDA receptor-related inflammatory 
changes, microglia activation, and neurodegeneration 
as well as reversal effects of memantine are revealed in 
the brains of JEV-infected mice, as well. Although activa-
tion of the NMDA receptor, CaMKII, and NF-κB/AP-1 
has been implicated in the degeneration of neurons [34], 
currently, their changes in JEV-infected neurons were not 
investigated. The cell and rodent studies presented here 
further extend earlier findings that showed JEV infection 
induces NMDA receptor activation in microglia as well, 

Fig. 10  Memantine alleviated cell alterations in the brains of JEV-infected mice. Eight-week-old male C57BL/6 mice were infected with mock or JEV 
through intraperitoneal injection. Mice were access to drinking water containing vehicle or memantine (20 mg/kg) starting from 1 day before infection 
and lasting for 8 days. On post-viral infection day 7, mice were euthanized and the brains were isolated. (A) The frozen sections of brain tissues (n = 3) 
were subjected to immunohistochemistry with fluorescent labeling for the detection of MAP-2-immunoreactive (FITC), Iba1-immunoreactive (FITC), and 
GFAP-immunoreactive (FITC) cells. The cell nuclei were counterstained with DAPI. Representative photomicrographs of hippocampal regions are shown. 
Scale bar, 50 μm. (B) Total proteins were extracted from prefrontal cortices and hippocampus (n = 3) and subjected to Western blot analysis with indicated 
antibodies. One representative blot and the relative protein contents (arbitrary unit) are shown. (C) Total RNAs (n = 3) were isolated from prefrontalcortices 
and hippocampus and subjected to quantitative RT-PCR for the measurement of JEV RNA (arbitrary unit). (D) Total proteins were extracted from prefron-
tal cortices and hippocampus (n = 3) and subjected to Western blot analysis with indicated antibodies. One representative blot and the relative protein 
contents (arbitrary unit) are shown. *p < 0.05 vs. mockvehicle and #p < 0.05 vs. JEVvehicle, n = 3
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while providing new insight into the anti-inflammatory 
and neuroprotective potential of NMDA receptor block-
ade in combating viral pathogenesis, such as that seen in 
JE.

Most cells express glutamate ionotropic receptors, 
metabotropic receptors, and transporters, including 
neurons, astrocytes, and microglia [18, 35, 36]. Microg-
lia represent an emerging source of extracellular gluta-
mate release through the transporter efflux system upon 
inflammatory stimulation [15, 35, 36]. Both glutamate 
release and neuronal NMDA receptor activation have 

been implicated in JE-associated neuronal cell death 
and neuroinflammation [4, 20, 21]. Previously, we dem-
onstrated that JEV infection caused neuronal cell death 
and a protective effect of MK801, implying a neurotoxic 
involvement of glutamate [15]. There are both multiple 
and interrelated mechanisms which cause neuronal cell 
death and contribute to JEV pathogenesis. Besides well-
known neurotoxicity of abnormal neuronal NMDA 
receptor activation, in the present study, we further 
demonstrated the activation of the NMDA receptor in 
microglia upon JEV infection, and provided additional 

Fig. 11  Memantine alleviated NMDA receptor signaling in the brains of JEV-infected mice. Eight-week-old male C57BL/6 mice were infected with mock 
or JEV through intraperitoneal injection. Mice were access to drinking water containing vehicle or memantine (20 mg/kg) starting from 1 day before 
infection and lasting for 8 days. On post-viral infection day 7, mice were euthanized and the brains were isolated. (A) Total proteins were extracted from 
prefrontal cortices and hippocampus (n = 3) and subjected to Western blot analysis with indicated antibodies. One representative blot and the relative 
protein contents (arbitrary unit) are shown. (B) The frozen sections of brain tissues (n = 3) were subjected to immunohistochemistry with fluorescent label-
ing for the detection of Iba1-immunoreactive (FITC) and P-GluN2A-immunoreactive (Rhodamine) cells. The cell nuclei were counterstained with DAPI. 
Representative photomicrographs of hippocampal regions and merged images are shown. Scale bar, 50 μm. *p < 0.05 vs. mockvehicle and #p < 0.05 vs. 
JEVvehicle, n = 3
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Fig. 12  Memantine alleviated signaling alterations in the brains of JEV-infected mice. Eight-week-old male C57BL/6 mice were infected with mock or JEV 
through intraperitoneal injection. Mice were access to drinking water containing vehicle or memantine (20 mg/kg) starting from 1 day before infection 
and lasting for 8 days. On post-viral infection day 7, mice were euthanized and the brains were isolated. (A) Total RNAs (n = 3) were isolated from pre-
frontalcortices and hippocampus and subjectedto quantitative RT-PCR for the measurement of iNOS, TNF-α, and IL-1β mRNA (arbitrary unit). (B) Nuclear 
proteins (n = 3) were extracted from prefrontalcortices and hippocampus and subjected to EMSA for the measurement of NF-κB and AP-1 DNA binding 
activity. One representative blot and the quantitative results (arbitrary unit) are shown. (C) Total proteins were extracted from prefrontal cortices and hip-
pocampus (n = 3) and subjected to Western blot analysis with indicated antibodies. One representative blot and the relative protein contents (arbitrary 
unit) are shown. *p < 0.05 vs. mockvehicle and #p < 0.05 vs. JEVvehicle, n = 3
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evidence implicating the role the dysregulated glutamate/
NMDA receptor axis plays in JE-associated neuronal cell 
death and neuroinflammation.

The interplay between excitotoxicity and neuroinflam-
mation is a key component to the development of neu-
rodegeneration. Injection of NMDA in rat brains reveals 
an induction of excitotoxic neuronal damage and neu-
roinflammation [37]. Evidence indicates an emerging 
role where pro-inflammatory cytokines and TNF-α and 
IL-1β represent dominant candidates as linking mol-
ecules. TNF-α and IL-1β activate neuronal glutaminase 
expression and glutamate extracellular release, leading 
to glutamate production and glutamate-mediated neu-
rotoxicity [16]. TNF-α potentiates glutamate-mediated 
neurotoxicity through the inhibition of glutamate uptake 
on astrocytes and the promotion of surface expression in 
the neuronal NMDA receptor [38]. A vicious crosstalk 
between glutamate and pro-inflammatory cytokines in 
JEV-infected microglia has been demonstrated in both 
the current study and our previously reported works. 
Upon JEV infection, microglia-released TNF-α increased 
both microglia glutaminase expression and glutamate 
production, resulting in glutamate extracellular release 
[15]. We found that activation of the NMDA receptor 
and accompanied Ca2+ mobilization led to both microg-
lia activation and pro-inflammatory cytokine production 
by cultured microglia infected with JEV. The exogenous 
addition of glutamate augmented both JEV infection-
induced microglia activation and pro-inflammatory 

cytokine production. Additionally, we further provided 
evidence to demonstrate the substantial roles excitotox-
icity and neuroinflammation play in JEV pathogenesis. 
Therefore, our findings revealed the crucial role microg-
lia plays in the amplification of driving molecules critical 
to excitotoxicity and neuroinflammation.

Unlike neurons, microglia are tolerated by glutamate 
excitotoxicity. On the contrary, microglia switch the glu-
tamate/NMDA receptor signals to promote cell prolifera-
tion and initiate an inflammatory program. In addition to 
endotoxins and neurotoxic compounds, viral infections 
and viral proteins also orchestrate a pro-inflammatory 
state of microglia througha NMDA receptor mechanism 
involving the Ca2+ current, CaMKII, Mitogen-Activated 
Protein Kinases (MAPKs), TAK1 and NF-κB/AP-1 [24, 
25, 39–41]. Upon JEV infection, elevation in the NMDA 
receptor component protein phosphorylation, labile free 
Ca2+, CaMKII phosphorylation, TAK1 phosphorylation, 
ERK phosphorylation, JNK phosphorylation, p38 phos-
phorylation, NF-κB regulators and AP-1 regulators par-
alleled with microglia reactivity and pro-inflammatory 
cytokine expression, with those accompanied changes 
ameliorated by MK801 and memantine. Therefore, JEV 
infection shifts microglia to a pro-inflammatory state, at 
least in part, through a typical NMDA receptor/CaMKII/
TAK1/MAPKs/NF-κB, AP-1 axis.

Transcription factors, such as NF-κB and AP-1, deter-
mine transcriptional programs for orchestrating the 
pro-inflammatory state of microglia and governing 

Fig. 13  A possible schema of actions of NMDA receptor elicited by JEV infection is proposed. This schematic diagram indicates the cellular molecules, 
signaling molecules, and cascades used in mediating microglia M1 polarization and pro-inflammatory cytokine expression as well as neuronal cell death 
after JEV infection. JEV infection-activated microglia have ability to cause neuron toxicity. NMDA receptor coordinates cellular changes in neuron and 
microglia after JEV infection and NMDA receptor antagonists, MK801 and memantine, have alleviative effects. Some additional signaling molecules and 
cascades have been omitted for the sake of clarity
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pro-inflammatory cytokine expression [11, 15, 25]. 
There are additional intracellular signaling cascades 
lying downstream from the axis of NMDA receptor/
Ca2+/CaMKII, where ER stress, mitochondrial dysfunc-
tion, and NOXs are commonly investigated [29–32]. 
Microglial NOXs, particularly NOX2 and NOX4, have 
been implicated in the generation of free radicals, 
closely linking to ER stress, mitochondrial Drp1 activa-
tion, and redox-sensitive MAPKs, NF-κB, and AP-1 [31, 
42–44]. An adequate ER stress will alert the cells to take 
on a defensive response for adaptation, while sustained 
or uncontrolled ER stress delivers signals to effectors, 
which has an impact on diverse cell functions. Regarding 
microglial activation, ER stress-accompanied JNK and 
p38 have substantial roles in pro-inflammatory transcrip-
tional programs and inflammasome assembly/activation 
[32, 45, 46]. NOX inhibitors have inhibitory effects on 
Matrix Metalloprotease-9 (MMP-9) expression through 
JEV-infected astrocytes [47]. The induction and role of 
ER stress are characterized and demonstrated in JEV 
infection-induced neuronal cell apoptosis and autoph-
agy [10, 48]. Using cultured rat microglia, increases in 
intracellular free radical generation, NOX2/NOX4 pro-
tein expression, and ER stress marker expression were 
revealed after JEV infection. Parallel elevations in JEV-
infected microglia occurred in redox-sensitive MAPKs, 
NF-κB, and AP-1 signaling, along with pro-inflammatory 
cytokine expression. Their crosstalk and specific contri-
bution to JEV infection-acquired pro-inflammatory state 
of microglia and pro-inflammatory cytokine expression 
were further demonstrated using corresponding pharma-
cological inhibitors. Although a complicated and mutu-
ally interactive intracellular signaling cascade has been 
drawn in this study, the exact step-by-step crosstalk was 
not fully investigated in detail due to a lack of temporal 
study.

JE-associated neuronal cell death is a complicated 
mechanism involving diverse alterations, including 
apoptosis, autophagy, necroptosis, ER stress, oxidative 
stress, Receptor Interacting Serine/Threonine-Protein 
Kinase 3 (RIPK3), Mixed-Lineage Kinase Domain-Like 
Protein (MLKL), NMDA and Caveolin-1 [5, 8–10, 21, 
47, 48]. The protective potential of NMDA receptor 
antagonists has been demonstrated in rodent models of 
JE [4, 20, 21]. Tethering with our previous report [15], 
the neuroprotective effects of NMDA receptor block-
ade were further demonstrated in cultured neurons and 
neuron/glia by challenging with either JEV infection or 
conditioned media of JEV-infected microglia. There are 
studies showing microglial activation upon JEV infec-
tion through numerous mechanisms, including TLRs, 
MLKL, impaired autophagy flux, CLEC5A and Heat 
Shock Protein (HSP) [8, 9, 11, 50, 51]. Herein, we have 
added the NMDA receptor axis to the list of mechanisms 

contributing to JEV infection-induced microglial activa-
tion. Like other stressed conditions [24, 25, 39–41], the 
activation of NMDA receptor signaling through com-
ponent protein phosphorylatory mechanisms and their 
associated Ca2+ current and CaMKII was demonstrated 
in JEV-infected microglia with concurrent glutamate 
extracellular release. Along with glutamate and endog-
enous mimicking ligands, Src, Protein Kinase A (PKA), 
PKC, ERK and TLR4 protein interaction all play posi-
tive roles in the NMDA receptor subunit components 
phosphorylation and activation [26, 52]. The activation 
of TLR4, Src, ERK, PKA and PKC has been reported in 
JEV-infected cells, particularly in microglia [2, 11, 15, 27, 
53]. Therefore, JEV infection-activated microglial NMDA 
receptor signaling could be mediated through multifac-
torial mechanisms via ligand engagement and/or ligand-
independent subunit component phosphorylation. 
Although phosphorylation and activation of the NMDA 
receptor had been revealed in JEV-infected microglia, 
neuron/glia, and mice brains, the detailed mechanisms 
underlying the NMDA receptor activation in JEV-
infected cells are yet to be identified.

The NMDA receptor-controlled inflammatory 
responses, neuronal cell death, and lethality had been 
demonstrated in mouse model of JEV infection. NMDA 
receptor blockade abrogated JEV infection-induced neu-
ronal cell death and glial activation in mice brain tissues 
and delayed the death of mice, while having little effect 
on viral amplification [4, 21]. Similar post-infection find-
ings were seen in our JEV-infected mice treated with 
memantine. The results of molecular and biochemical 
studies in brain tissues were consistent with the in vitro 
findings, confirming the activation of a NMDA receptor-
related inflammatory response and an alleviative effect 
of memantine. Importantly, data of double immunofluo-
rescence staining centered on Iba1 and P-GluN2A sug-
gested an activation of the NMDA receptor component 
in microglia in responding to JEV infection. The expres-
sion of NMDA receptor components in lectin positive 
amoeboid microglia was also revealed in rat brain tis-
sues following hypoxic exposure [18]. Direct inhibition 
of viral amplification or targeting virus-induced signaling 
changes represents druggable options for the treatment 
of viral diseases. Current in vitro and in vivo findings 
highlighted an active role of the NMDA receptor signal-
ing in JEV infection-induced microglia activation and 
inflammation and revealed that NMDA receptor block-
ade provided protection against neuroinflammation and 
neurodegeneration during the JEV infection. Since the 
pathogenic role of the neuronal NMDA receptor in JE 
was reported [20] and the colocalization of P-GluN2A 
immunoreactivity with additional cells were not exam-
ined in the current study, the detailed action mechanisms 
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and cell types involved in the protective effects of the 
NMDA receptor blockade required further investigation.

Although we provided interesting findings, current 
study was still being suffered from some limitations. 
First, activation and functional execution of the NMDA 
receptor have been demonstrated in cultured microg-
lia and microglia cell lines [25, 54, 
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