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Abstract
In microglia, Toll-like receptor 4 (TLR4) is well known to contribute to neuroinflammatory responses following brain 
ischemia. TLR4 is also expressed in neurons and can mediate the conduction of calcium  (Ca2+) influx, but the mechanistic 
link between neuronal TLR4 signaling and brain ischemic injury is still poorly understood. Here, primary neuronal cell cul-
tures from TLR4 knockout mice and mice with conditional TLR4 knockout in glutamatergic neurons  (TLR4cKO) were used 
to establish ischemic models in vitro and in vivo, respectively. We found that deleting TLR4 would reduce the neuronal death 
and intracellular  Ca2+ increasement induced by oxygen and glucose deprivation (OGD) or lipopolysaccharide treatment. 
Infarct volume and functional deficits were also alleviated in  TLR4cKO mice following cerebral ischemia/reperfusion (I/R). 
Furthermore, TLR4 and N-methyl-d-aspartate receptor subunit 2B (NMDAR2B) were colocalized in neurons. Deletion of 
TLR4 in neurons rescued the upregulation of phosphorylated NMDAR2B induced by ischemia via Src kinase in vitro and 
in vivo. Downstream of NMDAR2B signaling, the interaction of neuronal nitric oxide synthase (nNOS) with postsynaptic 
density protein-95 (PSD-95) was also disrupted in  TLR4cKO mice following cerebral I/R. Taken together, our results dem-
onstrate a novel molecular neuronal pathway in which TLR4 signaling in neurons plays a crucial role in neuronal death and 
provide a new target for neuroprotection after ischemic stroke.
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Abbreviations
TLR4  Toll-like receptor 4
Ca2+  Calcium
TLR4cKO  Conditional knockout mice of TLR4 in 

glutamatergic neurons
OGD  Oxygen and glucose deprivation
I/R  Ischemia/reperfusion
NMDAR2B  N-methyl-d-aspartate receptor subunit 2B
nNOS  Neuronal nitric oxide synthase
PSD-95  Postsynaptic density protein-95
LPS  Lipopolysaccharide
VGLUT2  Vesicular glutamate transporters 2
MCAO  Middle cerebral artery occlusion
WT  Wild type
TTC   Triphenyl tetrazolium chloride
FJB  Fluoro-Jade B

Introduction

Neuroimmune signaling that includes the innate immunity 
receptor Toll-like receptor 4 (TLR4) has been well dem-
onstrated to play critical roles in neuropathology following 
ischemia/reperfusion (I/R) injury [1]. While previous studies 
have primarily focused on the inflammatory response medi-
ated by TLR4 on microglia in the pathogenesis of stroke 
[2, 3], TLR4 was recently found to also be expressed on 
neurons and involved in cerebral I/R injury [4]. However, 
the mechanistic link between neuronal TLR4 signaling and 
I/R injury is still poorly understood.

Immediately following ischemia, glutamate accumulates 
rapidly at synapses, which stimulates N-methyl-d-aspartate 
receptors (NMDARs) to induce a large amount of calcium 
 (Ca2+) influx through the NMDAR channels, resulting in 
irreversible neuronal death [5, 6]. NMDAR  Ca2+ perme-
ability is increased by the excessive activation of Tyr phos-
phorylation of the NMDAR subunit 2B (NMDAR2B) [7]. 
Interestingly, lipopolysaccharide (LPS), a TLR4 agonist, 
increases cytosolic  [Ca2+] and promotes apoptosis in aged 
rat hippocampal cultures [8]. Additionally, TLR4 signaling 
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has been shown to enhance  Ca2+ permeability in neuronal 
cell bodies through NMDA receptors in hippocampal cul-
tures [9]. However, the possible interactions of neuronal 
TLR4 and NMDAR2B following ischemia/reperfusion 
injury have not yet been assessed.

In this work, TLR4 conditional knockout mice and pri-
mary neuronal cell culture from TLR4 knockout mice were 
used to establish ischemic stroke models in vivo and in vitro, 
in order to elucidate the mechanism between neuronal TLR4 
and NMDAR2B in the pathogenesis of ischemic stroke.

Materials and Methods

Animals

TLR4fl [B6(Cg)-Tlr4tm1.1Karp/J, IMSR_JAX: B004319] 
and Vglut2-ires-Cre knock-in [B6J.129S6(FVB)-
Slc17a6tm2(cre)Lowl/MwarJ, IMSR_JAX: B004320] mouse 
lines were obtained from the Jackson Laboratory (Bar Har-
bor, ME). To delete TLR4 from all VGLUT2 (vesicular glu-
tamate transporters 2; glutamatergic) neurons  (TLR4cKO), 
the Cre driver line was crossed with  TLR4fl mice. Mice were 
genotyped by PCR.  TLR4−/− mice were obtained from The 
Jackson Laboratories (Strain Name: C57BL/10ScNJ). Male 
mice were used in all studies. All animals were housed in a 
controlled environment on a 12-h light/12-h dark illumina-
tion schedule and were fed a standard pellet diet with water 
provided ad libitum. All experimental procedures were per-
formed in accordance with approved principles of the Ani-
mal Ethics Committee of the General Hospital of Northern 
Theater Command (ethical approval number: 2020–008) 
and followed the ARRIVE (Animal Research: Reporting of 
In Vivo Experiments) guidelines.

Cerebral Ischemia/Reperfusion Injury Model

Cerebral ischemia/reperfusion (I/R) injury was induced by 
intraluminal middle cerebral artery occlusion (MCAO) and 
reperfusion, as described previously [10]. Briefly, the mice 
were first anesthetized using 5.0% isoflurane. The left com-
mon carotid artery (CCA), internal carotid artery (ICA), and 
external carotid artery (ECA) were exposed by a midline 
incision. Microvascular aneurysm clips were applied to the 
right CCA and the ICA. A coated 6–0 filament (Doccol, 
Redlands, CA) was introduced into an arteriotomy hole, fed 
distally into the ICA, and advanced a predetermined distance 
of 8 mm from the carotid bifurcation toward the MCA. The 
filament was left in place for 90 min and then withdrawn. 
The collar suture at the base of the ECA stump was then 
tightened. The skin incision was closed and anesthesia was 
discontinued. Mice in the sham group underwent neck dis-
section and coagulation of the external carotid artery, but 

the middle cerebral artery was not occluded. After surgery, 
individual animals were returned to their cages with free 
access to water and food. All experiments were performed 
in a randomized fashion by investigators blinded to treat-
ment groups.

Cell Culture and Oxygen–Glucose Deprivation

As reported in previous studies, cortices were isolated from 
embryonic day 16 (E16) wild-type (WT) mice and TLR4 
knockout  (TLR4−/−) mice [11]. Cells were dissociated 
and purified using a papain dissociation kit (Worthington 
Biochemical Corporation). Primary cortical neurons were 
cultured in neurobasal media (containing 4.5 g/l glucose, 
supplemented with GlutaMAX and B27; Life Technologies) 
for 18 days. As described in a previous study [10], oxygen 
and glucose deprivation (OGD) treatment was performed 
by removing the culture medium and replacing it with 
D-Hank’s solution (Life Technologies); the cultures were 
then incubated in an anaerobic atmosphere of 95%  N2 and 
5%  CO2 at 37 °C for 1 h. OGD was terminated by replacing 
the D-Hank’s solution with a normal culture medium and 
returning the cells to a normoxic incubator. Control plates 
were maintained in the normoxic incubator during the OGD 
interval. Assays were conducted using 96-well microtiter 
plates. Cell viability was assessed using a CCK-8 assay 
(Dojindo Co. Tokyo, Japan) according to the manufacturer’s 
protocols. Cell viability is expressed as a percentage of the 
control.

Neurobehavioral Evaluation and Assessment 
of Cerebral Infarct Volume

Neurological deficit scores were scored by an observer 
blinded to the experimental groups using a previously 
described method [12]. Briefly, the mouse scoring system 
was as follows: grade 0, no observable neurological deficits; 
grade 1, failed to extend the right forepaw; grade 2, circled 
to the right; grade 3, fell to the right; grade 4, could not walk 
spontaneously; and grade 5, dead.

The cerebral infarct volume was determined using a pre-
viously described method [13]. At 24.5 h after the cerebral 
ischemia/reperfusion operation, the animals were sacrificed 
and perfused with ice-cold PBS via the ascending aorta. The 
brains were cut into five 2-mm-thick coronal sections. The 
slices were stained with a 2% triphenyl tetrazolium chloride 
(TTC) solution (Sigma‒Aldrich) for 15 min at 37 °C, fol-
lowed by fixation in 4% paraformaldehyde. We measured 
the entire area of the prosencephalon and the cerebral infarct 
with Image-Pro Plus 5.0 image processing software (Media 
Cybernetics). The lesion volume was calculated using the 
formula V = t*(A1 + A2 + … An), where V is the volume 
of the infarct or prosencephalon, t is the thickness of the 
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slice, and A is the infarct size and the volumetric ratio of the 
cerebral infarct (cerebral infarction volume/prosencephalon 
volume).

TUNEL and Fluoro‑Jade B Staining

TUNEL and Fluoro-Jade B (FSJB) staining were performed 
according to the manufacturer’s protocols. The animals were 
deeply anesthetized and perfused with cold PBS followed 
by 4% paraformaldehyde through the ascending aorta, and 
the brains were sectioned coronally. TUNEL staining was 
performed using an In Situ Cell Death Detection Kit (Roche, 
Indianapolis, IN). Cell degeneration was detected using an 
FJB Staining Kit (Millipore, Billerica, MA). Sections were 
observed and photographed under a confocal laser scanning 
microscope (Leica, Germany). The number of TUNEL- 
and FJB-positive neurons was counted and calculated using 
Image-Pro Plus v6.0 image analysis software (Media Cyber-
netics, USA).

Measurement of Intracellular  Ca2+ Ions

Intracellular  Ca2+ ion changes were assessed using a sensi-
tive  Ca2+ indicator, Fluo-4-AM (Invitrogen, Carlsbad, CA). 
Neuronal cells were cultured on collagen-coated confocal 
dishes with culture media containing 1% FBS and were 
loaded with 4 μM Fluo-4 AM dye for 40 min at 37 °C. 
After loading, the cells were washed with Hanks’ solution 
three times. Intracellular calcium dynamics were visualized 
using a confocal microscope (Leica, Germany) with 488-
nm excitation and 530-nm emission. Lipopolysaccharide 
(LPS) was added during the times indicated in the figures. 
Images were taken every 3 s, and each cell was observed 
for 5 min. The changes in the fluorescence intensity within 
the selected cells were quantitatively analyzed using TCS-
SP2 confocal laser-scanning microscopy (CLSM) software. 
For intracellular  Ca2+ ion change calculations, the method 
described by Moon et al. [14] was used with the follow-
ing equation:  [Ca2+]i = Kd(F − Fmin)/(Fmax − F), where Kd 
is 345 nM for Fluo-4, and F is the observed fluorescence 
intensity in real time. Each tracing was calibrated for the 
maximal (Fmax) by adding ionomycin (2 μM) and for the 
minimum intensity (Fmin) by adding EGTA (5 mM) at the 
end of each measurement.

Coimmunoprecipitation and Western Blotting

Mice were sacrificed 24 h after the induction of cerebral 
ischemia, and the brains were removed. Following 3 h of 
OGD, the cells were collected. The cerebral cortex tis-
sues or cells were homogenized in RIPA buffer (Beyotime 
Institute of Biotechnology) and spun down at 13,000 rpm 
for 10 min, and then the supernatants were collected. The 

protein concentration was determined using a BCA Kit 
(Beyotime Institute of Biotechnology). For coimmuno-
precipitation, the separated proteins were incubated with 
polyclonal rabbit anti-nNOS (1:100, Affinity BioReagents) 
or anti-PSD-95 (1:100, Cell Signaling Technology) over-
night at 4 ℃, followed by the addition of 40 ml of Protein 
G-Sepharose (Sigma) for 3 h at 4 ℃. Proteins were analyzed 
by immunoblotting.

The separated proteins were transferred onto a 12% 
SDS–polyacrylamide gel at 80  V for 120  min and then 
transferred to PVDF membranes. Blotting membranes were 
blocked in a solution (5% nonfat dried milk powder dissolved 
in TBST buffer) at room temperature for 3 h, and then washed 
three times. Next, the membranes were incubated overnight at 
4 °C with primary antibodies against nNOS (1:5000, Affin-
ity BioReagents), PSD-95 (1:5000, Cell Signaling Technol-
ogy), NMDAR2B (1:5000, Affinity BioReagents), phospho-
NMDAR2B (Ser1303, 1:5000, Affinity BioReagents), Src 
(1:5000, Affinity BioReagents), and β-actin (1:5000, Affinity 
BioReagents). The membranes were washed and incubated for 
2 h with horseradish peroxidase–conjugated secondary anti-
body (1:1000, Santa Cruz Biotechnology). The bands were 
scanned and analyzed using a chemiluminescence system 
(Bio-Rad Laboratories Inc.) [15, 16].

Immunofluorescence

According to our previous methods [17], mice were deeply 
anesthetized with an overdose of isoflurane and transcardi-
ally perfused with 0.01 M phosphate-buffered saline (PBS, 
pH 7.4) for 5–10 min followed by 4% paraformaldehyde in 
0.1 M PBS for 15–20 min. Whole brains were removed and 
postfixed with 4% paraformaldehyde for 24 h followed by 
30% sucrose solution with 4% paraformaldehyde at 4 °C. 
Coronal cryosections were collected. Primary cortical 
neurons were fixed with 4% p-formaldehyde. The sections 
were incubated with the primary antibodies in 1% bovine 
serum albumin overnight at 4 °C: rabbit anti-β III Tubulin 
(1:1000, Abcam), mouse anti-NMDAR2B (1:1000, Abcam), 
and goat anti-TLR4 (1:500, Santa Cruz). The Cy3-, 647-, 
or 488-conjugated secondary antibodies (1:500, Jackson 
ImmunoResearch) were subsequently added (2 h, 37 °C). 
Sections were counterstained with 4′,6-diamidino-2-phe-
nylindole (Sigma‒Aldrich, St. Louis, MO, USA) and were 
viewed using a confocal laser-scanning microscope (Leica 
TCS-SP2, Heidelberg, Germany) and analyzed with Leica 
imaging software.

Statistical Analysis

All data are presented as the mean ± SEM and were analyzed 
using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). 
Data analyses were performed using one-way ANOVAs, 
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and significant effects were evaluated with Tukey’s post hoc 
tests. Moreover, to compare means between two groups, a 
two-tailed, unpaired Student’s t-test was used. A value of 
p < 0.05 was considered statistically significant.

Results

Neurons Deficient in TLR4 Are Resistant to Death 
and Intracellular  Ca2+ Increase Induced by OGD or 
LPS Treatment

Primary mouse cortical neurons have been found to express 
TLR2, TLR3, TLR4, and TLR8, but the function of TLRs 
in neurons has not been fully evaluated [4, 18]. To exam-
ine whether neuronal TLR4 signaling plays a pivotal role 
during an ischemic injury in vitro, primary mouse cortical 
neurons from both wild-type (WT) and  TLR4−/− mice were 

used (Suppl. Fig. S1) and treated with oxygen and glucose 
deprivation (OGD). The results showed that neuronal TLR4 
knockout significantly reduced lactate dehydrogenase release 
from cultured neurons treated with OGD compared with WT 
neurons (Fig. 1a). Moreover, neurons from  TLR4−/− mice 
significantly increased OGD-induced cell viability, as shown 
by a CCK-8 assay (Fig. 1b). We also examined the effects 
of neuronal TLR4 signaling on cell apoptosis following 
OGD by TUNEL staining and found that neurons from 
 TLR4−/− mice were significantly more resistant to OGD-
induced cell apoptosis than neurons from WT mice (Fig. 1c, 
d). Therefore, these results suggest that OGD-induced apop-
tosis in cultured neurons may depend on neuronal TLR4.

It has been reported that an increase in  [Ca2+]i is a central 
event in the neuronal death process [19]. Thus, we exam-
ined the role of neuronal TLR4 signaling on intracellular 
 Ca2+ levels in neurons following treatment with lipopoly-
saccharide (LPS), a selective TLR4 antagonist. Cells were 

Fig. 1  Neurons deficient in the TLR4 receptor are resistant to OGD-
induced apoptosis and LPS-induced intracellular  Ca2+ increase. a, b 
Cultured cortical neurons from WT mice and TLR4 knockout mice 
were exposed to oxygen and glucose deprivation for 30  min, and 
lactate dehydrogenase (LDH) release (a) and cell viability (b) were 
measured (n = 5). c, d Cell survival was quantified by TUNEL stain-
ing following OGD treatment. e Cultured neurons were exposed 
to fluo-4 AM, and the changes in the intracellular  Ca2+ levels were 
evaluated using confocal microscopy. The green fluorescence (fluo-4 

AM) intensity, which represents the  [Ca2+]i (intracellular calcium) 
concentration, changes time-dependently in neurons. f  [Ca2+]i was 
measured for 300  s in five independent experiments. The results 
showed that the average kinetics of  Ca2+ in the WT + LPS groups 
were greater than those in the  TLR4−/− + LPS groups (n = 5). LPS 
treatment is shown by arrows. g Bar graphs represent the peak value 
of the neuronal Ca.2+ response to LPS treatment (n = 5). Values are 
represented as the mean ± SEM. **P < 0.01
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loaded with Fluo-4 AM and subjected to fluorescence  Ca2+ 
imaging. The results showed that LPS treatment rapidly 
increased the intracellular  Ca2+ levels in the WT cultured 
neurons, although the increase was transient, while LPS-
induced  [Ca2+]i oscillation was abolished in neurons from 
 TLR4−/− mice (Fig. 1e–g). These results suggest that TLR4 
is involved in  Ca2+ responses to LPS in neurons.

Deletion of TLR4 from Vglut2 Neurons Alleviates 
Ischemic Neuronal Death and Functional Deficits 
in a Mouse Stroke Model

To evaluate whether TLR4 is critically involved in neuronal 
damage and functional deficits in a mouse stroke model, a 
middle cerebral artery occlusion/reperfusion mouse model 
was used.  Tlr4fl/fl mice were mated with  Vglut2ires−Cre/+ mice 
to delete TLR4 from all VGLUT2 (glutamatergic) neu-
rons  (Vglut2ires−Cre/+ +  Tlr4fl/fl,  TLR4cKO). After such mat-
tings, ~ 50% of all offspring are controls (i.e.,  Tlr4fl/fl mice) 
and ~ 50% have a deletion of TLR4 in glutamatergic neu-
rons (i.e.,  Vglut2ires−Cre/+ +  Tlr4fl/fl mice). Mice were geno-
typed by PCR (Suppl. Fig. S2). Before MCAO, mouse body 
weight was measured (Suppl. Fig. S3a), and the movement 
was evaluated using an open-field test (Suppl. Fig. S3b, c). 
Next,  TLR4cKO and control  (Tlr4fl/fl) mice underwent focal 
cerebral ischemia with middle cerebral artery occlusion for 
90 min. Twenty-four hours after reperfusion, brain sections 
were stained with TUNEL and Fluoro-Jade B (FJB), an 
in situ cell death detection kit and a marker for degenerating 
neurons, respectively. The CA1 area of the hippocampus, the 
cortex, and the striatum were examined due to their vulner-
ability to transient global ischemic insult [20]. We found 
that deletion of TLR4 in glutamatergic  (VGLUT2+) neurons 
produced a dramatic reduction in TUNEL- and FJB-positive 
cells compared with control mice (Fig. 2a–d). Moreover, 
we tested neurological outcome and infarct size at 24 and 
24.5 h after reperfusion, respectively. Brain infarction was 
analyzed using TTC staining. We found that brain infarct 
volume was much lower in  TLR4cKO mice than in control 
mice (Fig. 2e, f), and the reduction in infarction volume 
was associated with improvement in neurological scores in 
 TLR4cKO mice (Fig. 2g). Collectively, these results further 
support the critical role of neuronal TLR4 signaling in cer-
ebral I/R injury and highlight the possible involvement of 
glutamatergic neurons.

TLR4 and NMDAR2B Coexpression in Neurons 
Respond to Ischemic Stimulation

Given the pivotal role of neuronal TLR4 signaling in intra-
cellular  Ca2+ increase responses to LPS and neuronal death 
during an ischemic injury in vitro and in vivo and the key 
involvement of N-methyl-d-aspartate receptor subunit 2B 

(NMDAR2B) in neuronal hyperexcitability [21], we hypoth-
esized that TLR4 and the target NMDAR2B would colocal-
ize in the same neuronal structures. To test this hypothesis, 
we used immunofluorescent staining with differentially 
labeled secondary antibodies and found that TLR4 and 
NMDAR2B were coexpressed in neurons and responded to 
ischemic stimulation in vitro and in vivo (Fig. 3a, b).

Neurons Deficient in TLR4 Rescue the Upregulation 
of Phosphorylated NMDAR2B Induced by OGD 
Treatment Through Src Kinase

Having demonstrated that genetic deletion of neuronal 
TLR4 alleviates ischemia-induced injury and that TLR4 
is coexpressed with NMDAR2B in neurons, we next 
examined the functional impacts of TLR4 deletion on 
NMDAR2B toxicity following OGD treatment. Since 
NMDAR channel-gating properties are regulated by Src 
family kinases through phosphorylation of the NMDAR2B 
subunit [22], the levels of Src kinase, NMDAR2B, and 
phosphorylation at Ser-1303 (p-NMDAR2B) in neurons 
after OGD treatment were evaluated using Western blot-
ting (Fig. 4a). The results showed that the expression of 
p-NMDAR2B in neurons increased significantly following 
OGD treatment, which was not observed in  TLR4−/− neu-
rons (Fig. 4b). Moreover, given that nNOS is a downstream 
signal of NMDAR2B and contributes to glutamate-induced 
neuronal death [23], we also measured nNOS expression. 
The results showed that the deletion of neuronal TLR4 res-
cued the increase in nNOS expression induced by OGD 
(Fig. 4c). The total level of Src kinase was not changed by 
the treatments (Fig. 4d).

Given that Src family kinases have been reported to play 
a crucial role in NMDA-induced  Ca2+ influx and phospho-
rylation of the NMDAR2B subunit following activation of 
the IL-1β/IL-1R1 axis in neurons [24] and that IL-1R1 and 
TLR4 have a similar cytosolic Toll/IL-1 receptor domain 
[25], we further investigated the roles of Src kinase in 
OGD-induced NMDAR2B toxicity mediated by neuronal 
TLR4 signaling. To this end, we added 10 μM 4-amino-
5-(4-chlorophenyl)-7-(t-butyl) pyrazolo [3,4-d] pyrimidine 
(PP2), a selective antagonist of Src family kinases [26], 
30 min before OGD treatment, and observed that PP2 sig-
nificantly increased neuronal viability and reduced LDH 
release and neuronal apoptosis (Fig. 4e–h). PP2 induced a 
significant decrease in the expression of p-NMDAR2B and 
nNOS in neurons following OGD (Fig. 4i–k). Furthermore, 
PP2 prevented the enhancement of the NMDA-induced  Ca2+ 
response caused by LPS treatment in neurons (Fig. 4l, m). 
Taken together, these findings suggest that neurons deficient 
in TLR4 may rescue NMDAR2B toxicity induced by OGD 
via Src kinase.
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Fig. 2  Deletion of TLR4 from glutamatergic neurons protects neu-
rons from ischemic damage and improves functional deficits in a 
mouse stroke model. a–d Images of the cortex, striatum, and hip-
pocampus from  TLR4cKO  (Vglut2ires−Cre/+ +  Tlr4fl/fl) and control 
 (Tlr4fl/fl) mice that were stained with TUNEL (a) and Fluoro-Jade 
B (FJB) (c) 24  h after ischemia/reperfusion (I/R). Bar graphs show 

summarized TUNEL-labeled (b) and FJB-labeled (d) cells (n = 5). e 
Images of brain sections from TLR4.cKO and control mice 24.5 h after 
I/R were stained with TTC. f, g Bar graphs show infarct volumes (f) 
(n = 5) and neurological scores (g) (n = 10) for mice subjected to I/R. 
Values are represented as the mean ± SEM. *P < 0.05, **P < 0.01
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Deletion of TLR4 from Vglut2 Neurons 
Attenuates Middle Cerebral Artery Occlusion/
Reperfusion‑Induced Phosphorylation of NMDAR2B 
and nNOS–PSD‑95 Interaction

We next investigated the effects of deletion of TLR4 
from Vglut2 neurons on NMDAR2B-mediated toxicity 

following I/R injury in vivo. The Western blot results of 
tissue samples taken from the ischemic cortex demon-
strated that deletion of TLR4 in glutamatergic neurons 
decreased the levels of p-NMDAR2B and nNOS follow-
ing I/R injury (Fig. 5a–c) but had no effect on the level of 
Src kinase (Fig. 5d), which is consistent with the in vitro 
results.

Fig. 3  Colocalization of TLR4 and NMDAR2B in neurons respond to 
ischemic stimulation. a, b Representative immunofluorescence photo-
micrographs showing the colocalization of NMDAR2B (purple) and 

TLR4 (red) in neurons (green) in vitro (a) and in vivo (b) following 
OGD and I/R, respectively
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Fig. 4  Involvement of Src kinase and the NMDAR2B phospho-
rylation axis in TLR4-mediated neuronal death following OGD and 
LPS-induced intracellular  Ca2+ increase. a Immunoblot analysis 
of proteins in cell lysates of neurons from WT and TLR4 knockout 
mice following exposure to OGD. b–d Bar graphs show the lev-
els of phosphorylation at Ser-1303 (p-NMDAR2B)/NMDAR2B 
(b), nNOS (c), and Src kinase (d) (n = 4). e, f PP2, an inhibitor of 
the Src family of protein kinases, effectively decreased lactate dehy-
drogenase (LDH) release (e) and increased cell viability (f) follow-
ing OGD (n = 5). g, h Cell survival was quantified using TUNEL 

staining following PP2 and OGD treatments (n = 5). i Blots showing 
NMDAR2B, p-NMDAR2B, and nNOS in cell lysates of neurons fol-
lowing PP2 and OGD treatments. j, k Bar graphs show the levels of 
phosphorylation at Ser-1303 (p-NMDAR2B)/NMDAR2B (j) and 
nNOS (k) (n = 4). l The average kinetics of  Ca2+ in the WT + LPS and 
WT + LPS + PP2 groups (n = 5). LPS treatment is shown by arrows. 
m Bar graphs represent the peak value of the neuronal Ca.2+ response 
for LPS and PP2 treatments (n = 5). Values are represented as the 
mean ± SEM. *P < 0.05, **P < 0.01
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Since ischemia-induced neuronal death is caused by 
NMDAR-dependent nNOS translocation from cytosol to 
membrane via an nNOS–PSD-95 interaction [27, 28], we 
performed coimmunoprecipitation experiments with tissue 
samples taken from the ischemic cortex of mice following 
MCAO and 24-h reperfusion. The results showed that I/R 
injury induced a significant increase in the nNOS–PSD-95 
complex in control mice, which was significantly prevented 
in mice with deletion of TLR4 from Vglut2 neurons (Fig. 5e, 
f). These findings demonstrate that selective elimination of 
TLR4 in neurons suppresses activation of NMDAR2B-
dependent nNOS–PSD-95 interaction and protects neurons 
against death induced by I/R injury.

Discussion

In this study, we present the novel finding that neuronal 
TLR4 is essential for ischemia-induced neuronal death 
via NMDAR2B-mediated toxicity. Selective elimination 
of TLR4 in glutamatergic neurons leads to resistance to 
death and attenuates both the neurological deficits and 
brain infarct volumes caused by MCAO. To the best of our 
knowledge, this is the first report to present comprehensive 
evidence to elucidate the possible interactions and roles 
of neuronal TLR4 and NMDAR2B in the pathogenesis of 
ischemia/reperfusion injury in vivo and in vitro.

Fig. 5  Deletion of TLR4 from glutamatergic neurons decreases the 
phosphorylation of NMDAR2B and dissociates the nNOS–PSD-95 
interaction in a mouse stroke model. a Western blot images of pro-
tein bands. b–d Quantitative analysis of the levels of phosphoryla-
tion at Ser-1303 (p-NMDAR2B)/NMDAR2B (b), nNOS (c), and 

Src kinase (d) (n = 4). e, f Coimmunoprecipitation experiments 
showing the effect of deletion of TLR4 from glutamatergic neurons 
on nNOS–PSD-95 interaction after I/R (n = 5). Values represent the 
mean ± SEM. **P < 0.01
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It is well known that TLR4 is widely expressed in a diver-
sity of mammalian immune and nonimmune cells and is 
present in the brain, including glial cells and neurons [9, 29, 
30]. A growing amount of evidence has demonstrated the 
critical role of TLR4 in glia in neuroinflammation induced 
by I/R injury [31, 32], but few studies have investigated 
the role of TLR4 in neurons. Tang et al. [4] first found that 
TLR4 expression in cerebral cortical neurons was increased 
in response to I/R injury, and the amount of brain damage 
and neurological deficits caused by a stroke were signifi-
cantly lower in TLR4 mutant mice than in WT control mice. 
However, TLR4 mutant mice were used in that study, and 
TLR4 was mutated in all of the cells and not restricted to 
neurons, while in the current study, we used conditional 
deletion of TLR4 on glutamatergic neurons. Since gluta-
mate release increases and accumulates at synapses follow-
ing brain ischemia and glutamatergic neurons are believed 
to play a crucial role in ischemic injury [33, 34], we used 
Vglut2-ires-Cre knock-in mice to manipulate TLR4 expres-
sion in Vglut2 (glutamatergic) neurons to test the effects on 
I/R injury. Remarkably, conditional deletion of TLR4 from 
glutamatergic neurons alleviated neuronal death, infarct vol-
ume, and functional deficits in mice after I/R injury. These 
findings indicate that neuronal TLR4 is directly involved in 
the neuropathology of I/R injury but limits glial TLR4-medi-
ated neuroinflammation. However, it is not clear whether 
TLR4 on other neurons, such as GABAergic neurons and 
dopaminergic neurons, is involved in I/R injury, which 
should be evaluated in future studies.

In the current study, we found that neuronal TLR4 modu-
lated the  Ca2+ influx evoked in the neuronal cell body by 
LPS treatment. Previous studies have demonstrated that 
NMDAR-mediated calcium inflow plays a key role in the 
development of I/R injury; for example, ischemia-induced 
neuronal intracellular  Ca2+ overload and neuronal death are 
mediated by NMDARs and can be prevented by MK801, 
an open-channel and use-dependent NMDAR antagonist 
[35–37]. It is well known that NMDARs play an extremely 
important role under physiological or pathological con-
ditions, which makes it difficult to safely interfere with 
NMDARs. In the current study, we surprisingly discovered 
that activation of neuronal TLR4 following ischemic insult 
phosphorylated the NMDA receptor NR2B subunit, while 
conditional deletion of TLR4 in glutamatergic neurons dis-
sociated nNOS–PSD-95 coupling following IRI. The results 
are important and plausible because NMDAR-dependent 
nNOS translocation from the cytosol to the membrane via 
nNOS–PSD-95 interaction has been demonstrated to be the 
key in ischemia-induced neuronal death [27] and glutamate-
induced excitotoxicity [28].

A previous study found that the IL-1β/IL-1R1 axis in neu-
rons increased the phosphorylation of NMADR2B through 
Src kinase to potentiate  Ca2+ influx, causing  Ca2+ overload 

and neuronal death [24]. Src kinase is involved in Tyr 
phosphorylation of NMADR2B protein and concomitantly 
increases the amplitude and duration of NMDAR channel 
opening [7]. Notably, IL-1R1 and TLR4 share a common 
cytoplasmic Toll/IL-1 receptor (TIR) domain and can inter-
act with myeloid differentiation factor (MyD88) [25]. In this 
context, we hypothesized that IL-1R1 and TLR4 on neu-
rons are activated and interact under I/R injury conditions 
through Src kinase. In line with this proposal, the current 
results showed that I/R injury induced TLR4-dependent 
molecular signaling, which modulated the phosphoryla-
tion of NMADR2B, NMDA-induced  Ca2+ response, and 
ischemic neuronal death through Src kinases. As shown by 
an experiment, a selective antagonist of Src family kinases 
was effective against OGD-induced neuronal death. Here, 
as summarized in Suppl. Fig. S4, our findings indicate that 
neuronal TLR4 signaling activated Src kinase and promoted 
the phosphorylation of NMDAR2B, resulting in “Ca2+ over-
load” of neurons, which in turn increased the interaction 
between PSD95 and nNOS and eventually led to neuronal 
death following I/R injury.

Conclusions

In conclusion, this is the first report to provide direct evi-
dence for the role of neuronal TLR4 signaling in cerebral 
ischemic injury, which involves the NMDAR/PSD95-nNOS 
pathway. Targeting neuronal TLR4 may be a potential neu-
roprotective therapy for ischemic brain damage.
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