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Abstract. Microglia, the primary immune cells in the brain, 
are the predominant cells regulating inflammation-mediated 
neuronal damage. In response to immunological challenges, 
such as lipopolysaccharide (LPS), microglia are activated and 
the inflammatory process is subsequently initiated. The aim of 
the present study was to determine whether LPS induces interac-
tions between the Toll-like receptor 4 (TLR4) and the ionotropic 
glutamate receptor N-methyl-D‑aspartate subunit 1 (GluN1) 
in N9 and EOC 20 microglial cells. Immunocytochemistry 
demonstrated co-localization of TLR4 and GluN1 in response 
to LPS, and the direct binding of TLR4 and GluN1 was further 
validated by antibody-based Fluorescence Resonance Energy 
Transfer technology. Inhibition of the group I metabotropic 
glutamate receptor 5 with its selective antagonist, MTEP, 
abolished LPS-induced direct binding of TLR4 to GluN1. 
Therefore, these data demonstrated that GluN1 and TLR4 act 
reciprocally in response to LPS in N9 and EOC 20 microglial 
cells.

Introduction

It generally known that the central nervous system (CNS) and 
the immune system are isolated with little interaction, except 
during disease and/or trauma. The blood-brain barrier prevents 
infiltration of immune cells and molecules into the CNS (1,2). 
However, recent studies have reported clear and convincing 

evidence of bidirectional communication between these two 
systems. neuronal transmitters and immune cytokines are 
considered to mediate communication between CNS and the 
immune system; however, since both immune receptors and 
neural receptors may be co-expressed in neurons or innate 
immune cells, such as microglia, whether the two types of 
receptors can interact directly by protein-protein interactions 
has not been reported to date.

Microglial cells have been described as the resident 
macrophages of the brain that perform surveillance functions 
to maintain the integrity of the CNS (3). In response to a wide 
range of invading pathogens, microglia initiate innate immune 
responses characterized by the production of cytokines and 
chemokines, upregulation of cell surface molecules and 
expansion of local immune responses (4,5). Neuron-microglia 
interactions play a pivotal role in controlling microglial 
functions and restraining their activation. Neurons are able 
to affect microglia through the release of neurotransmitters, 
as well as through direct cell-to-cell interactions mediated 
by membrane‑bound antigens and their cognate receptors. 
Similar to neurons, microglia express a number of neurotrans-
mitter receptors that enable microglia to respond to the same 
signals acting on neurons.

Microglia endogenously express both neurotransmitter and 
immune receptors, such as N-methyl-D-aspartate (NMDA) 
receptors (6) and Toll-like receptor 4 (TLR4). NMDA recep-
tors are glutamate-gated ion channels, which play a key role 
in CNS function. NMDA receptor dysfunction is involved in 
various neurological disorders, including stroke, pathological 
pain, neurodegenerative diseases and neural inflammation. 
TLR4 is considered to be a receptor essential for proper 
response to the Gram-negative bacterial endotoxin lipopoly-
saccharide (LPS) (7).

The interaction between neurotransmitter NMDA receptor 
subunit 1 (GluN1) and immune receptor TLR4 in N9 and 
EOC 20 microglial cells was examined in the present study. 
LPS was found to trigger direct binding of TLR4 to GluN1 in 
microglia, whereas inhibition of the metabotropic glutamate 
receptor 5 (mGluR5) with its selective antagonist, MTEP, 
abolished LPS-induced binding of TLR4 with GluN1. These 
results indicate that GluN1 directly interacts with TLR4 in 
response to LPS in N9 and EOC 20 microglial cells.
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Materials and methods

Materials. The EOC 20 microglial cell line was purchased 
from American Type Culture Collection (Manassas, VA, 
USA) and the N9 cell line was provided by Professor Yun Bai 
(Department of Medical Genetics, Third Military Medical 
University, Chongqing, China). DMEM/F12 medium, fetal 
bovine serum and trypsin were purchased from HyClone 
(Logan, UT, USA). Goat anti-TLR4 antibody (cat. no. sc-16240) 
was purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA). β-actin antibody (cat. no. A2066), goat IgG (puri-
fied immunogloblin) and LPS from Escherichia coli 0111:B4 
were purchased from Sigma‑Aldrich; Merck KGaA (St. Louis, 
MO, USA). Pierce™ ECL Western Blotting substrate, goat 
anti-rabbit IgG (cat. no. 31460) and rabbit anti-goat IgG (cat. 
no. A27014) conjugated HRP, and immobilized protein A/G 
agarose were purchased from Pierce (Rockford, IL, USA). 
polyvinylidene fluoride (PVDF) membranes were purchased 
from Millipore (Billerica, MA, USA). Anti‑GluN1 antibody 
(cat. no. 5704) was purchased from Cell Signaling Technologies 
(Danvers, MA, USA). The rabbit anti‑GluN1 antibody (cat. 
no. LS-B13901) used in immunochemistry was purchased from 
LifeSpan BioSciences (Seattle, WA, USA). Donkey anti-goat 
IgG Alexa Fluor 555 (cat. no. A-21432) and donkey anti‑rabbit 
IgG Alexa Fluor 488 (cat. no. A-21206) were purchased from 
Invitrogen; Thermo Fisher Scientific (Carlsbad, CA, USA). 
3-[(2-Methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) was 
purchased from Tocris (Ellisville, MO, USA).

Cell culture. The N9 and EOC 20 microglial cell lines were 
maintained in DMEM/F12 with 10% fetal calf serum, 2 mM 
L-glutamine, 1X NEAA, 100 µg/ml penicillin and 100 µg/ml 
streptomycin. The cultures were maintained at 37˚C in 5% CO2 
and the medium was changed every other day.

Western blot and immunoprecipitation analysis. The cells 
were washed thoroughly with cold phosphate-buffered saline 
(PBS) and lysed in cold lysis buffer (1% Triton X-100, 10 mM 
Tris pH 7.6, 50 mM NaCl, 30 mM sodium pyrophosphate, 
50 mM NaF, 5 mM EDTA and 0.1 mM Na3VO4) with protease 
inhibitor cocktail tablets on ice for 20 min. The lysates were 
centrifuged at 4˚C at 16,000 x g for 30 min. Supernatant frac-
tions containing equal amounts of total protein were separated 
on sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), transferred onto PVDF membranes and 
analyzed by western blotting. Enhanced chemiluminescence 
detection was performed according to the manufacturer's 
protocol. For the co-immunoprecipitation assay, total cell 
lysates were first incubated with protein A agarose with gentle 
shaking at 4˚C for 10 min, then centrifuged at 4˚C at 16,000 x g 
for 15 min to remove non-specific binding. The cleared lysates 
containing equal amounts of total protein were incubated 
with anti-TLR4 antibody or goat IgG with gentle shaking at 
4˚C overnight, then incubated with protein A/G agarose for 
a further 2 h at 4˚C. After centrifugation, the agarose was 
washed three times in cold lysis buffer. The proteins were 
eluted with Laemmli buffer and separated by SDS-PAGE.

Cell surface biotinylation. The cells were rinsed thoroughly 
with ice-cold PBS containing 0.1  mM CaCl2 and 1  mM 

MgCl2 (PBS2+) and incubated twice with 1 ml of 1.0 mg/ml 
NHS-SS‑biotin (Pierce) for 20 min (a total of 40 min) at 4˚C. 
Non‑reactive biotin was quenched with 2X 20‑min incubations 
at 4˚C in ice-cold PBS2+ containing 0.1 M glycine. After incu-
bation, the cells were washed with PBS2+ without 0.1 M glycine 
and solubilized for 1 h at 4˚C with gentle shaking in radioim-
munoprecipitation assay (RIPA) buffer (10 mM Tris-HCl, 
pH  7.4, 150  mM NaCl, 1  mM EDTA, 1%  Triton  X-100, 
1% sodium deoxycholate and 0.1% SDS) containing protease 
inhibitors (1  mM phenylmethylsulfonyl fluoride, 1  µg/ml 
each leupeptin, aprotinin and pepstain). The cell lysate was 
centrifuged at maximum speed for 20 min at 4˚C to remove 
cell debris. Biotinylated and non‑biotinylated proteins were 
separated from equal amounts of cellular protein (100 µg) 
by incubation with 100 µl immobilized streptavidin (Pierce) 
for 12 h at 4˚C. The mixture was centrifuged at maximum 
speed for 2 min and the beads were washed with 1 ml RIPA 
buffer four times. Proteins bound to streptavidin beads were 
diluted in Laemmli sample buffer. Biotinylated proteins were 
analyzed by SDS-PAGE.

Immunocytochemical examination. The cells were plated 
on poly‑D‑lysine‑coated glass coverslips and cultured for 
at least 24 h. After being treated with 1 µg/ml of LPS for 
different intervals, the cells were washed with PBS and fixed 
with 4%  formaldehyde for 15  min at room temperature, 
then permeabilized in 0.1% Triton X-100 for 20 min, and 
blocked with 5% goat serum for 1 h at room temperature. 
Co-immunostaining with anti-TLR4 and anti-GluN1 antibody 
(1:1,000) was performed at 4˚C overnight; donkey anti-rabbit 
IgG Alexa  Fluor  488 (1:1,000) and donkey anti-goat IgG 
Alex Fluor 555 (1:1,000) were incubated for 1 h at room temper-
ature and the nuclei were then stained with DAPI. Images 
were acquired under a Leica TCS SP2 confocal microscope 
with a CCD camera (Leica Microsystems, Wetzlar, Germany). 
Five to ten fields from each coverslip were randomly selected 
and analyzed with CoLocalizer Pro software (8) and Protein 
Proximity Analysis software (9).

Fluorescence resonance energy transfer (FRET). FRET was 
measured with the acceptor bleaching method using a Leica 
confocal laser scanning microscope (Leica Microsystems) 
according to the method described by König et al (10) and 
modified by Liu et al (11). Briefly, microglia were seeded onto 
poly-D-lysine-coated glass coverslips (24 mm in diameter). 
After a 24‑h culture, cells were treated with 1 µg/ml LPS for 
30 min, and fixed. Images were captured using a 40X objec-
tive and a LUDL filter wheel that allows for rapid exchange 
of filters (<100 msec). The system was equipped with the 
following fluorescence filters: donor filter (excitation, 488 nm; 
emission, 500-535 nm) and acceptor filter (excitation, 543 nm; 
emission, 555-620 nm, 75% intensity). The acquisition of the 
images was performed with Leica confocal software (Leica 
Microsystems). Background fluorescence was subtracted 
from all images, and fluorescence intensity was measured in 
different regions of interest. The change in fluorescence inten-
sity is expressed as FRET efficiency (FRETeff), percentage 
of fluorescence increase. To calculate FRETeff, the following 
equation was used: FRETeff = (Ipost-Ipre)/Ipost x100, where Ipost 
is the donor intensity after bleaching and Ipre is the donor 
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intensity before bleaching. Negative control was performed 
with goat IgG and rabbit IgG antibody rather than TLR4 and 
GluN1, respectively. One cell was selected as the region of 
interest 1 (ROI1), which was bleached. four other cells and 
background were selected as controls, and were not bleached. 
Five ROI1 regions were analyzed for each coverslip and the 
experiment was repeated three times independently.

Statistical analysis. All statistical analyses were performed 
with the SPSS 10.0 software (SPSS Inc., Chicago, IL, USA). 
The data are expressed as mean  ±  standard error of the 

mean. Unpaired, two-tailed Student's t-tests were performed 
to evaluate the significance of the differences between two 
groups. For comparison of multiple groups, analysis of vari-
ance was used. P<0.05 was considered to indicate statistically 
significant differences.

Results

LPS triggers interactions of TLR4 and GluN1 in N9 and 
EOC 20 microglial cells. LPS is the most frequently used 
model agent to study microglial activation and inflammatory 

Figure 1. Lipopolysaccharide (LPS) triggers interaction of Toll-like receptor 4 (TLR4) and glutamate receptor N-methyl-D-aspartate subunit 1 (GluN1) in N9 
and EOC 20 microglial cells. N9 (A and E) and EOC 20 (B and F) microglial cells were treated with LPS (1 µg/ml) for various durations. Cell surface expression 
of TLR4 was blotted with anti-TLR4 (A and B, top panel). Total cell lysates were blotted with anti-GluN1 (E and F, top panel) or anti-β-actin (A, B, E and F, 
bottom panel). β-actin blots exhibited equal loading. Scanning densitometry values of western blotting for TLR4 (C and D) and GluN1 (G and H) were normal-
ized by densitometry of corresponding β-actin bands and expressed as mean ± standard error of the mean. The mean was calculated from four independent 
experiments (n=4). *P<0.05 vs. prior to LPS treatment. Co-immunoprecipitation of TLR4 and GluN1 in N9 (I) and EOC 20 (J) microglial cells treated with 
LPS (1 µg/ml) for various durations. Anti-TLR4 immunoprecipitates were blotted with anti-GluN1. Similar results were obtained from three independent 
experiments (n=3).
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Figure 2. Toll-like receptor 4 (TLR4) and glutamate receptor N-methyl-D-aspartate subunit 1 (GluN1) co-localize in N9 and EOC 20 microglial cells. (A-L) N9 
and (M-X) EOC 20 microglial cells were treated with 1 µg/ml LPS for (D and P) 30 min, (E and Q) 1 h, (F and R) 2 h or (G and S) 4 h, and stained for GluN1 
(green) and TLR4 (red). Without LPS treatment, (C and O) no co-localization of TLR4 and GluN1 was observed. Single GluN1 and TLR4 images are shown in 
(A and M) and (B and N), respectively, in the group without LPS treatment. No signal was observed if TLR4 and GluN1 antibodies were replaced with goat IgG 
and rabbit IgG, respectively. Five to ten fields from each condition were randomly selected and analyzed with CoLocalizer Pro software and Protein Proximity 
Analysis software. The results are shown in (I-L) for N9 and (U-X) for EOC 20 microglial cells. *P<0.05 vs. 0 (without LPS treatment). Scale bar, 20 µM. The 
experiments were repeated at least three times with similar results, and two coverslips were examined for each condition in one test (n=6). Col., colocalization; 
Rr, Pearson's correlation coefficient; LPS, lipopolysaccharide.
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signaling  (12). It is generally accepted that LPS activates 
microglia through TLR4 (7), one of LPS's interaction proteins.

first, the surface expression of TLR4 was measured with 
the biotinylation method in response to LPS in N9 microglial 
cells. Briefly, cell surface proteins were biotinylated, and 
cleared total cell lysates were incubated with streptavidin beads 
to pull down biotinylated proteins originally localized on the 
cell surface. the surface expression of TLR4 was found to be 
gradually reduced in the N9 microglial cells when treated with 
1 µg/ml of LPS within the first 2 h. The reduction at 30 min and 
1 h after exposure to LPS was significantly lower compared to 
that prior to LPS treatment (Fig. 1A and C) (P<0.05 vs. prior 
to LPS treatment). At 2 h after exposure to LPS, the surface 
expression of TLR4 had recovered to the level before treat-
ment (Fig. 1A and C). Thereafter and until 24 h after exposure 
to LPS, the surface expression of TLR4 remained at a similar 
level. The total TLR4 expression was not altered at all the tested 
timepoints in response to LPS (data not shown). the expression 
of GluN1 was also observed in N9 microglial cell. The surface 
expression of GluN1 (data not shown) and total GluN1 expres-
sion were not affected by LPS treatment (Fig. 1E and G). The 

cellular level of β-actin did not differ among the LPS-treated 
groups. We tested whether TLR4 was bound to GluN1. The 
total cell lysates of the N9 microglia following LPS treatment 
for various intervals were immunoprecipitated with the TLR4 
antibody. Anti-GluN1 western blot analysis of the TLR4 immu-
noprecipitates revealed that GluN1 was co-immunoprecipitated 
with TLR4 (Fig. 1I). The co-immunoprecipitates of TLR4 with 
GluN1 appeared at 1 h, reached a maximum level at 2 h, and 
declined 8 h after LPS treatment. The N9 microglial cell line 
is a type of primary mouse microglial cells immortalized with 
the v-myc and v-mil oncogenes of the avian retrovirus MH2, 
which share many phenotypical characteristics with primary 
mouse microglia and express functional TLR4 receptor (13,14). 
To elucidate whether LPS-induced co-immunoprecipitation of 
GluN1 and TLR4 is dependent on TLR4 receptor, TLR4‑mutant 
EOC 20 microglial cells were utilized (15). EOC 20 microglial 
cells were derived from the C3H/HeJ mouse brain, which carries 
a missense mutation in the TLR4 gene. This destructive muta-
tion in the TLR4 receptor leads to a defective response to LPS 
in EOC 20 microglia (15,16). As shown in Fig. 1B and D, LPS 
treatment significantly reduced the surface expression of TLR4 

Figure 3. The binding of Toll-like receptor 4 (TLR4) and glutamate receptor N-methyl-D-aspartate subunit 1 (GluN1) was investigated with antibody-based 
fluorescence resonance energy transfer (FRET) in N9 and EOC 20 microglial cells. (A-F) N9 and (G-L) EOC 20 microglial cells were treated with 1 µg̸ml 
lipopolysaccharide (LPS) for 30 min and stained for TLR4 (red) and GluN1 (green). (A and G) Pre-bleach and (B and H) post-bleach images for TLR4. 
(C and I) Pre-bleach and (D and J) post-bleach images for GluN1. (F and L) FRET efficiency images. When one cell was randomly selected as the region of 
interest 1 (ROI1), four other cells and background were selected as controls, which were not bleached. (E and K) Five cells as ROI1 were analyzed from each 
coverslip and FRET efficiency was calculated. *P<0.05 vs. ROI1. Similar results were obtained from at least three independent experiments and two coverslips 
were examined for each condition in one test (n=6). Scale bar, 20 µM.
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in EOC 20 microglia within the first 8 h (P<0.05 vs. before LPS 
treatment). The surface expression of TLR4 reached a minimum 
at 1 h and gradually returned back to the level before LPS treat-
ment at 8 h after LPS treatment. Compared with N9 microglia, 
the recovery of surface TLR4 was slow in EOC 20 microglia. 
However, similar to N9 microglia, the total TLR4 expres-
sion at all tested timepoints was at a similar level (data not 
shown). The surface and total expression of GluN1 in EOC 20 
microglia were not affected by LPS treatment, and the total 
expression of GluN1 is shown in Fig. 1F and H. Similar to N9 
microglial cells, co-immunoprecipitates of TLR4 and GluN1 
were detected in EOC 20 microglial cells. The co-immunopre-
cipitates of TLR4 and GluN1 reached a maximum level at 0.5 h 
after LPS treatment, were gradually reduced, and diminished 
at 8 h after LPS treatment. These results demonstrated that 
LPS induced co-immunoprecipitation of TLR4 and GluN1 in 
both N9 and EOC 20 microglial cells, which is not affected by 
TLR4‑destructive missense mutations.

Immunocytochemistry shows co-localization of TLR4 and 
GluN1 in response to LPS in N9 and EOC 20 microglial 
cells. The LPS-induced co-immunoprecipitation of TLR4 and 
GluN1 in microglia suggests the possibility of co-localization 
of the two proteins. the co-localization of TLR4 and GluN1 
was examined with immunocytochemistry. N9 microglia 
were treated with 1 µg/ml LPS, and then cells were fixed at 
various times. As shown in Fig. 2A-L, the co-localization of 
TLR4 and GluN1 was observed at 30 min (Fig. 2D) after LPS 
treatment. These images were analyzed with CoLocalizer Pro 
software (8) and protein proximity index (PPI) (9) and the 
results are presented in Fig. 2I‑L. Pearson's correlation coef-

ficient (Rr) in Fig. 2I describes the correlation of the intensity 
distributions between two channels, TLR4 (red) and GluN1 
(green). The 1.0 value indicates complete co-localization. 
Overlap coefficients K1 and K2 (AbsK1-K2) in Fig. 2J split 
the value of co-localization into a pair of separate parameters. 
The lower the absolute value of K1-K2, the stronger the 
co-localization. PPI analysis provides a separate value for each 
channel to characterize the contribution of each protein to the 
overall co-localization. TLR4 and GluN1 contribute equally to 
the co-localization based on the PPI analysis (Fig. 2K and L). 
As shown in Fig. 2D-G, I and J, the co-localization of TLR4 
and GluN1 appeared at 30 min, reached a maximum at 1 h, 
and decreased gradually until 4 h after LPS treatment. Without 
LPS treatment, co-localization of TLR4 and GluN1 was not 
observed (Fig. 2C). When TLR4 and GluN1 antibodies were 
replaced with goat IgG and rabbit IgG, respectively, no specific 
staining was observed (Fig. 2H). similar results were obtained 
when EOC 20 microglia were treated with LPS (Fig. 2M-X). 
These results suggest that TLR4 and GluN1 are located in the 
same organelles in microglia following exposure to LPS, and 
the co-localization of TLR4 and GluN1 was not affected by 
destructive TLR4 missense mutations.

To further validate our findings, antibody-based FRET 
technology was utilized. N9  microglia were treated with 
1 µg/ml LPS for 30 min and co-stained with antibodies against 
TLR4 (red) and GluN1 (green). Images pre- and post‑bleach 
are shown for TLR4 in  Fig.  3A  and  B, and for GluN1 
in Fig. 3C and D. As shown in Fig. 3E and F, the average FRET 
efficiency in ROI1 was 16.38±2.63%, which was significantly 
higher compared with that in ROI2-ROI6 (P<0.05 vs. ROI1). 
Cells at ROI2-5 were not bleached and ROI6 was background 

Figure 4. Metabotropic glutamate receptor  5 (mGluR5) antagonist attenuates the binding of Toll-like receptor  4 (TLR4) and glutamate receptor 
N-methyl-D-aspartate subunit 1 (GluN1) induced by lipopolysaccharide (LPS) in N9 and EOC 20 microglial cells. (A and B) N9 and (C and D) EOC 20 microg-
lial cells were pretreated with 0.1 mM 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) for 30 min, and then treated with 1 µg/ml LPS for 1 h. Anti-TLR4 
immunoprecipitates from (A) N9 or (C) EOC 20 microglial cells were blotted with anti-GluN1. Total cell lysates from (B) N9 or (D) EOC 20 microglial cells 
were blotted with anti-TLR4 (B and D, top panel), anti-GluN1 (B and D, middle panel), or anti-β-actin (B and D, bottom panel). Similar results were obtained 
from four independent experiments (n=4).
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control. When the experiment was performed with EOC 20 
microglia, similar results were obtained (Fig. 3G-L). Thus, 
the FRET analysis provided further evidence that LPS trig-
gers direct binding of TLR4 to GluN1 in both N9 and EOC 20 
microglial cells, and that the binding of TLR4 with GluN1 was 
not affected by TLR4 missense mutations.

LPS-triggered binding of TLR4 and GluN1 is dependent 
on mGluR5 in N9 and EOC 20 microglial cells. We have 
previously demonstrated that LPS triggers calcium [Ca2+]i 
oscillation through directly binding to mGluR5 in microglial 
cells (11). A large number of studies have indicated a regu-
latory role of mGluR5 in the GluN1 responses to its ligand 
activation (17-19). We tested whether mGluR5 is involved in 
the direct binding of TLR4 to GluN1 in response to LPS.

As shown in Fig. 4A, when N9 microglia were first treated 
with the mGluR5 selective antagonist MTEP (0.1 mM) for 
30 min, and then treated with 1 µg/ml LPS for another 1 h, the 
co-immunoprecipitates of TLR4 and GluN1 was significantly 
reduced. The cellular level of β-actin did not differ between 
groups with and without MTEP treatment (Fig. 4B), and the total 
cellular levels of TLR4 and GluN1 were also similar (Fig. 4B), 
suggesting that the decreased co-immunoprecipitation of 
TLR4 and GluN1 by MTEP pretreatment was not due to the 
change of turnover of TLR4 or GluN1. Similarly, MTEP abol-
ished LPS-triggered co-immunoprecipitation of TLR4 and 
GluN1 in TLR4-mutant EOC 20 microglia (Fig. 4C and D). 
co-localization of TLR4 and GluN1 was not observed in N9 
or EOC 20 microglial cells when MTEP was applied prior to 
LPS treatment (data not shown). These results indicate that 
inhibition of mGluR5 abolished LPS-induced direct binding 
of TLR4 to GluN1 in N9 and EOC 20 microglial cells.

Discussion

Microglia, the primary immune cells in the brain, have been 
implicated as the predominant cells regulating inflamma-
tion‑mediated neuronal damage. In response to immunological 
challenges, such as LPS, microglia are activated and subse-
quently the inflammatory process is initiated as evidenced by 
the release of pro-inflammatory chemokines and cytokines. 
Activated microglia accumulate around brain lesions that 
evident in neurodegenerative disorders, such as Alzheimer's 
disease and Parkinson's disease, and likely play a role in the 
neuronal damage that occurs in these diseases (20,21). The 
effective function of microglial cells is critical for controlling 
neuroinflammation and alleviating neuropathogenesis. In the 
present study, it was observed that LPS may trigger interac-
tions between TLR4 and GluN1 in N9 and EOC 20 microglial 
cells. Immunocytochemistry demonstrated co-localization of 
TLR4 and GluN1 in response to LPS, and the direct binding 
of TLR4 and GluN1 was further validated by antibody-based 
FRET technology. Inhibition of mGluR5 with its selective 
antagonist, MTEP, abolished LPS-induced direct binding of 
TLR4 with GluN1.

TLR4, a member of the Toll-like receptor family, has been 
shown to serve as the main upstream sensor for response 
to LPS (7). TLR4 is a type I transmembrane protein charac-
terized by an extracellular domain containing leucine-rich 
repeats (LRRs) and a cytoplasmic tail that contains a conserved 
region referred to as the Toll/IL-1 receptor (TIR) domain. After 

TLR4 encounters LPS, the first signaling pathway mediated by 
a pair of proteins, namely TIRAP and MyD88, is activated from 
the plasma member (22,23). Subsequently, TLR4 undergoes 
internalization into the endosomal network where the second 
signaling pathway is triggered through the adaptors TRAM 
and TRIF (24,25). Thus, LPS-induced endocytosis of TLR4 
is essential for its signaling functions. We observed that the 
surface expression of TLR4 was significantly reduced at 30 min 
after exposure to 1 µg/ml LPS in both N9 and EOC 20 microg-
lial cells. At 2 h after LPS treatment, the surface expression of 
TLR4 returned back to the level prior to treatment. However, the 
total TLR4 expression was not altered by LPS treatment. These 
results indicate that LPS treatment accelerates TLR4 internal-
ization and reduces its surface expression, but does not disturb 
TLR4 turnover, which is in agreement with previous studies in 
murine macrophages (24,26), suggesting that TLR4 undergoes 
internalization in response to LPS in microglial cells.

NMDA receptors (NMDARs) are the major subtype of 
glutamate-gated ion channels and are crucial for neuronal 
communication. NMDARs are assembled as heterotetramers 
composed by multiple subunits, which fall into three subfami-
lies according to sequence homology, one GluN1 subunit, 
four distinct GluN2 subunits, and two GluN3 subunits (27,28). 
NMDARs are typically composed of GluN1 subunits and 
GluN2 subunits or a mixture of GluN2 and GluN3 subunits. The 
NMDA receptor is densely distributed in the brain, and the main 
subunit GluN1 is ubiquitously expressed from embryonic E14 to 
adulthood (29,30). We observed that GluN1 is expressed in N9 
and EOC 20 microglial cells, and its expression is not altered 
by LPS treatment. NMDARs have been shown to be involved 
in the LPS-induced innate immune response (31-33). NMDAR 
antagonists attenuate LPS-induced fever and increase in hypo-
thalamic hydroxyl radicals in rabbits (34) and LPS-enhanced 
cerebral infarcts in rats (33). Accumulating evidence also indi-
cates that LPS modulates NMDAR subunits, including GluN1 
and GluN2 expression  (35-37). Our results  (Fig.  1I  and  J) 
indicate that TLR4 is co-immunoprecipitated with GluN1, the 
main NMDAR subunit, in response to LPS in N9 and EOC 20 
microglial cells. The co-immunoprecipitates of TLR4 and 
GluN1 emerged at 30 min, reached a maximum at 2 h and 
diminished at 8 h after LPS application. This time frame is 
similar to LPS-induced TLR4 internalization, suggesting the 
possibility that the internalized TLR4 interacts with GluN1. 
The immunocytochemistry results in the present study (Fig. 2) 
further verify that TLR4 co-localizes with GluN1 in response 
to LPS treatment. Similar to co-immunoprecipitates, the 
co-localization of TLR4 and GluN1 reached a maximum at 1 h 
after LPS application. Antibody-based FRET analysis (Fig. 3) 
revealed that TLR4 directly binds to GluN1 in vivo in response 
to LPS. The binding of TLR4 with GluN1 was not altered 
by destructive TLR4 missense mutations, as similar binding 
was observed in both N9 and EOC 20 microglial cells. These 
results suggest that LPS-induced binding of TLR4 to GluN1 is 
not mediated by the TLR4 pathway.

The mGluR5 has been shown to be an alternative critical 
receptor in response to LPS in microglial cells  (11). The 
mGluR5 selective antagonist MTEP abolished LPS-triggered 
binding of TLR4 with GluN1, suggesting that [Ca2+]i oscilla-
tion mediated by mGluR5 in response to LPS may be involved 
in this process. It has been demonstrated that mGluR5 agonists 
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increase GluN1 phosphorylation in rats  (17). It remains 
unknown whether the phosphorylation status of GluN1 affects 
its binding with TLR4, which domains of TLR4 and GluN1 are 
responsible for their binding, and where the binding localizes 
in the microglial cells. The investigation is still undergoing.

In conclusion, the results of the present study demonstrated 
that TLR4 directly binds to GluN1 in response to LPS, and 
mGluR5 modulates LPS-induced binding of TLR4 and GluN1 
in N9 and EOC 20 microglial cells. Thus, GluN1 may be a poten-
tial target for modulating LPS-induced neuroinflammation.
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