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Abstract

N-methyl-D-aspartate (NMDA) receptor overactivation is involved in neuronal damage after stroke. However, the
mechanism underlying NMDA receptor-mediated excitotoxicity remains unclear. In this study, we confirmed that excessive
activation of NMDARs led to cell apoptosis in PC12 cells and in primary cultured cortical neurons, which was mediated
predominantly by the GluN2B-containing, but not the GluN2A-containing NMDARSs. In addition, Clathrin-dependent endo-
cytosis participated in NMDA-induced excitotoxicity. Furthermore, we identified that GluN2B-containing NMDARs under-
went endocytosis during excessive NMDA treatment. Peptides specifically disrupting the interaction between GluN2B and
AP-2 complex not only blocked endocytosis of GIuN2B induced by NMDA treatment but also abolished NMDA-induced
excitotoxicity. These results demonstrate that Clathrin-dependent endocytosis of GluN2B-containing NMDAR:s is critical to
NMDA-induced excitotoxicity in PCI12 cells and in primary cultured cortical neurons, and therefore provide a novel target
for blocking NMDAR-mediated excitotoxicity.
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Introduction hypothesis that different NMDAR subtypes exert

N-methyl-D-aspartate receptors (NMDARs) are a distinct effects. NMDARSs are heterotetrameric assem-

subtype of ionotropic glutamate receptors, which play
a vital role in the neuronal physiology and pathophysi-
ology.' Physiological NMDAR activity is required for
neurological functions including synaptic plasticity,
memory, and learning. In contrast, excessive activation
of NMDAR is thought to mediate the calcium-depen-
dent neurotoxicity that contributes to hypoxic-ischemic
brain injury, epilepsy, stroke, and other neuronal
diseases. By now, different hypotheses have been put for-
ward as how NMDAR mediates so many different func-
tions. One is the NMDAR location hypothesis that
synaptic NMDARs might be coupled to neuroprotective
signaling proteins, while extrasynaptic NMDARs to
neurodestructive signaling proteins. For example, synap-
tic NMDARs activate the downstream cyclic-cAMP
response eclement-binding protein (CREB) signaling
pathway, whereas extrasynaptic NMDARs attenuate
the CREB pathway. Another is the NMDAR subtype

blies of two GluN1 subunits and two GIuN2 subunits
(mostly GIuN2A or GIuN2B).*® Activation of
GluN2A-containing NMDARs (GluN2A-NMDARs) is
linked to several survival-signaling pathways mediated
by CREB, Phosphatidylinositol-3 Kinase (PI3K), and
Kidins220. In contrast, activation of GluN2B-containing
NMDARs (GluN2B-NMDARs) may phosphorylate
phosphatase and tensin homolog deleted on
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chromosome 10 (PTEN) to subsequently dephosphory-
late Akt and BAD, which result in the deactivation of
Akt survival pathway and promote neuronal apoptosis.’

Interestingly, several studies have reported that the
process of endocytosis is critical for NMDAR-mediated
excitotoxicity. Excessive activation of NMDAR results
in enhanced endocytosis in organotypic hippocampal
cultures.'” In Drosophila, apoptosis induced by overac-
tivation of NMDAR can be inhibited by Dynamin which
may block the Clathrin-mediated endocytosis.!"!?
Furthermore, endocytosis of alpha-Amino-3-hydroxy-5-
methylisoxazole-4- propionic acid receptors (AMPARS)
triggered by overactivation of NMDARs may be an
important step involved in NMDAR-mediated excitotoxic
neuronal death."*'® In this study, we used integrative
experimental approaches and demonstrated that
NMDAR-mediated excitotoxicity or oxygen-glutamate
deprivation (OGD) in PC12 cells and in primary cultured
cortical neurons was mainly dependent on the activation of
GIluN2B-NMDARs. Moreover, we found that NMDAR-
mediated excitotoxicity induced Clathrin-dependent
endocytosis of GIluN2B-NMDARs. Peptide specifically
interrupting the interaction of GluN2B with AP-2 blocked
endocytosis of GluN2B-NMDARs and inhibited NMDA-
induced excitotoxicity. These findings provide further evi-
dence indicating that GluN2B-NMDARs are critical in
NMDAR-mediated excitotoxicity.

Methods
Cell culture and transfection

PC12 cells were a generous gift from Dr Shumin Duan.
The cells were maintained in DMEM (Dulbecco modi-
fied Eagle medium) plus with 10% Fetal bovine serum
(FBS), 100 U/mL Penicillin/streptomycin at 37°C in 5%
CO, incubator. For Immunocytochemistry (ICC), cells
were plated onto poly-L-lysine coated coverslips at a
density of 2000 cells/cm?. siRNA or plasmids were trans-
fected using Lipofectamine 3000 following the manufac-
turer’s instructions. The final concentration of siRNA
duplexes was 20uM. Cortical tissues were harvested
from embryonic day 17 (E17) rats. Cells were digested
in 0.25% trypsin/EDTA for 17min at 37°C, and plated
in 35mm dishes with poly-L-lysine (Sigma) in
Neurobasal medium containing 2% B27, 0.5mM
GlutaMAX-I, and 0.5% Fetal bovine serum at 37°C
under 5% CO,. After 4h, the medium was replaced
with neurobasal medium supplemented with 2% SM1
(Stem Cell), 0.5 mM GlutaMAX-I, 100 IU/ml penicillin,
and 100 pg/ml streptomycin sulfates. Subsequently, the
culture medium was replaced every five days. At three
days in vitro (DIV 3), Cytosine D-Aarbino-Furanoside
(Sigma) was added at a final concentration of 5 uM.

Reagents, antibodies, and plasmids

MK-801, poly-L-lysine, NMDA, D-APV, ifenprodil,
chlorpromazine, ZnCl,, and DAPI nuclear dye were pur-
chased from Sigma Aldrich. Dynasore and CGP-78608
were purchased from Tocris Bioscience. Antibodies
against PSD95, YMY7?P.GluN2B, Y'"P-GluN2B, -
actin, and Clathrin light chain were obtained from
Abcam. Cleaved Caspase 3 was purchased from Cell
Signaling Technology. Antibody against GIuN2B mAb
was made as described previously.'® Peptides: Scramble
(YGRKKRRQRRRNGHVAEKLSSIE), Tat-YEKL
(YGRKKRRQRRRNGHVYEKL SSIE), and Dynamin
inhibitor peptide (Myr-4-QVPSRPNRAP) were synthe-
sized by GL Biochem (Shanghai, China). Clathrin
siIRNA (GUAGUCUCCUAUUUUCAUAC) and con-
trol siRNA were synthesized by GenePharma (Shanghai,
China). Protein A Sepharose beads were purchased from
GE Healthcare. Horseradish peroxidase-linked goat anti-
mouse immunoglobulin G (IgG) and goat anti-rabbit
IgG, secondary antibodies conjugated to Dylight (555),
and chemiluminescence kit were purchased from
Thermo Fisher. Rab5w-GFP and Rab5g34n-GFP were
gifts from Yiting Zhou.

Cell viability assay

The viability of cells was measured using CCKS
(Dojindo) assays. In brief, PC12 cells were seeded in
96-well at a concentration of 5000 per well. After treat-
ment, the medium was added with 10ul CCKS8 agent
solution, then cells were incubated for another 3h at
37°C in the dark. Absorbance at 450 nm was measured
with a microplate reader (iMark, Bio-Rad) and the
results were normalized to untreated cells.

Annexin and propidium iodide assay

Apoptotic cells were measured using Annexin V/PI
(Roche) assay. In brief, cells were washed with ice-cold
phosphate buffer saline (PBS) and resuspended in bind-
ing buffer. The cell suspension was transferred into a
tube and double-stained with Annexin V-FITC and pro-
pidium iodide (PI) at room temperature in the dark for
15min, according to the instructions of the manufac-
turer. The apoptotic cells were detected by fluorescence
microscopy (FV1000, Olympus). DAPI staining was per-
formed according to the instruction with the kit
(Beyotime Biotech).

Immunostaining

Cells were fixed at room temperature with 4% parafor-
maldehyde in PBS for 15min, permeabilized with 0.2%
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Triton X-100 (Amresco) in PBS, and then blocked for
30 min in blocking solution containing 2.5% BSA frac-
tion V (Amresco) in PBS. In the following, cells were
incubated in primary antibody for 1h at room tempera-
ture and then incubated with secondary antibody in
blocking solution for another 1h at room temperature.
After being washed, cells were mounted with
ProLongGold (Molecular Probes).

Oxygen-glucose deprivation

Cells were rinsed twice with PBS and incubated in glucose-
free DMEM. In the following, cells were introduced into
an anaerobic chamber containing a mixture of 95% N,
and 5% CO, at 37°C for 4 h. After oxygen glucose depriv-
ation, cells were washed with glucose containing DMEM
for three times and then maintained in glucose-containing
DMEM at 37°C in a humidified 5% CO, incubator for
indicated times to imitate the process of reperfusion.

Surface biotinylation

Cells were rinsed twice with ice-cold PBS containing
0.1mM CaCl, and 1 mM MgCl, (Buffer A), and then
incubated  with  0.25mg/ml  Sulfo-NHS-SS-biotin
(Pierce) in Buffer A for 20 min at 4°C. After incubated
in Buffer A containing 20 mM glycine for S5min at 4°C,
the neurons were lysed in Buffer B (10 mM Tris (pH 7.4),
150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-
100, and 1% sodium deoxycholate) supplemented with
protease and phosphatase inhibitors, and then centri-
fuged at 12,000 g for 15min at 4°C. Supernatant were
incubated overnight with NeutrAvidin beads (Pierce) at
4°C. Beads were washed four times with radio-immuno-
precipitation (RIPA) buffer and twice with PBS, and
then protein was resolved by SDS-gel and subjected to
Western blot analysis.

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was carried out as
reported previously.!” Briefly, neurons were lysed in a
RIPA assay buffer (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 1% NP-40, 0.25% sodium deoxycholate, 2 mM
EDTA, 0.1 mM PMSF), supplemented with phosphat-
ase inhibitor cocktails 2 and 3. After centrifuged
(12,000 g, at 4°C) for 30min, the pellet was discarded,
and the supernatant was preincubated with IP anti-
body or IgG overnight at 4°C. Protein A-Sepharose
was then added and incubated for another 2h at
4°C. The mixtures were washed three times with
RIPA assay buffer, eluted by boiling in 2 x Laemmli
buffer, and subjected to Western blot analysis with the
antibodies accordingly.

Western blot

Western blot was conducted as described previously.'®
Protein samples were performed on SDS-polyacrylamide
gels and separated proteins was transferred to nitrocel-
lulose membrane (Whatman, GE Healthcare). The mem-
branes were blocked with 5% BSA in Tris-buffered saline
with Tween-20 (TBST) at room temperature for 2h and
were incubated with primary antibodies overnight at
4°C. After being washed for three times with TBST,
the membranes were incubated with appropriate horse-
radish peroxidase-linked secondary antibody (1:10000)
for 1h at room temperature, followed by detection of
the proteins with the chemiluminescence reagent accord-
ing to the instructions of the manufacturer. The density
of the Western blot was measured with Quantity One
under GS-800 Calibrated Densitometer (Bio-Rad).

Statistical analyses

All data are shown as the mean + the standard error of
the mean (SEM). Differences between two groups were
tested by unpaired, two-tailed Student’s f-test or Mann—
Whitney rank sum test, based on a normality test
(Shapiro-Wilk). For comparison of more than two
groups, one-way analysis of variance (ANOVA) and a
Bonferroni’s test for multiple comparison post hoc tests
were used. Statistical analysis was carried out using
Prism 5 software (GraphPad). Significance was indicated
as ### or ***P < 0.005; ## or **P < 0.01; # or *P < 0.05.

Results
NMDA- and OGD-induced toxicity in PCI2 cells

Sustained activation of NMDARs leads to excitotoxic
neuronal death in stroke, trauma, and neurodegenerative
diseases.'”?® In this study, PCI12 cells were incubated
with different concentrations of NMDA (20, 50, 100,
250, 500, and 1000 uM) for 24 h. Consistent with previ-
ous studies, we found that high concentration of NMDA
(250, 500, and 1000 uM) leads to decreased cell viability
analyzed by CCKS8 assay (Figure 1(a)). About 50%
PC12 cells died after bath applied with 500 uM NMDA
for 24 h, whereas less than 20% of cells died after applied
with 100 pM NMDA (Figure 1(a)). Moreover, NMDA-
induced excitotoxicity in PC12 cells exhibited a time-
dependent manner when incubation with 500puM
NMDA for a variety of time periods (2, 6, 12, 24, 48,
or 72h) (Figure 1(b)). Cell death was significantly
increased after exposure with 500 uM NMDA for 12h
or longer. To further investigate whether NMDA-
induced cell death was programmed in PCI12 cells,
cleaved Caspase 3 was detected by Western blot at
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Figure 1. Excessive NMDA treatment or OGD induces PCI12 cell death. (a) PCI12 cells were treated with NMDA at different con-
centrations (0, 20, 50, 100, 200,500, 750, 1000 uM) for 24 h in serum free media (SFM) and cell viability was assayed by CCK8, ***P < 0.005
compare to control. (b) PCI12 cells were treated with NMDA (500 uM in SFM) for different time periods (0, 2, 6, 12, 24, 48, 72 h) and cell
viability was assayed by CCK8, ***P < 0.005 compare to control. (c and d) PCI12 cells were treated with NMDA (500 uM in SFM) for
different time point (0, 2, 6, 12, 24, 48, 72 h), the abundance of cleaved Caspase 3 were detected by Western blot. The cleaved Caspase 3/
[-actin ratios were plotted as average = SEM (n = 3), **P < 0.005 compare to control. (e) PCI2 cells were exposed to OGD (4 h)
followed by reperfusion for various periods (0, 4, 8, 12, 24 h) and cell viability was assayed by CCK8, **P < 0.01, **P < 0.005 compare to
control. (f and g) PCI2 cells were exposed to OGD (4 h) followed by reperfusion for different periods (0, 4, 8, 12, 24 h) and the abundance
of cleaved Caspase 3 was determined by Western blot. The cleaved Caspase 3/B-actin ratios were plotted as average +SEM (n = 3),

kP < 0.005 compare to control.
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Figure 2. GluN2B-NMDARs mediate excitotoxicity induced by excessive NMDA treatment in PC12 cells. (a) PC12 cells were pretreated
with Zn** (100 nM), ifenprodil (Ifen, 10 1M), APV (100 uM), MK80I (10 M), or APV (100 uM) 4+ CGP-78608 (CGP, | uM), for 4h,
separately, followed by stimulation with NMDA (500 M) for 24 h in SFM. Cell viability was assayed by CCK8, **P < 0.01, ***P < 0.005
compare to control, ##P < 0.0, ###P < 0.005 compared to NMDA treatment, n.s.: not significant. (b) PC12 cells were pretreated with
Zn*" (100 nM), Ifen (10 M), APV (100 uM), MK801 (10 uM), or APV (100 pM) + CGP (I uM) for 4 h, separately, followed by stimulation
with NMDA (500 pM) for 24 h in SFM. Cells were immunostained with Annexin V (green), Pl (red), and DAPI (Blue), and then evaluated for
apoptosis. (c and d) PC12 cells were pretreated with Zn** (100 nM), Ifen (10 M), APV (100 uM), MK80I (10 tM), or APV (100 uM) + CGP
(I pM) for 4 h, separately, followed by stimulation with NMDA (500 M) for 24 h in SFM. The abundance of cleaved Caspase 3 was
determined by Western blot. The cleaved Caspase 3/B-actin ratios were plotted as average +SEM (n = 3), ***P < 0.005 compare to
control, ##P < 0.01, ###P < 0.005 compared to NMDA treatment, n.s.: not significant.

various time points (2, 6, 12, 24, 48, or 72 h) after treat-
ment with 500 pM NMDA. The result showed that
cleaved Caspase 3 was significantly increased after incu-
bation with NMDA for 24 h (Figure 1(c) and (d)).
Next, an in vitro ischemia-like OGD model was used
to induce delayed cell death as occurring in vivo.*'*
PC12 cells were subject to OGD for 4h at 37°C fol-
lowed by reperfusion (OGD/R) for various time (4, 8,
12, or 24h). As shown in Figure 1(e), OGD for 4h did
not affect cell viability, while reperfusion for 4h after
OGD significantly decreased. Additionally, cleaved
Caspase 3 was significantly increased after reperfusion
for 12h (Figure 1(f) and (g)). These data were in con-
sistent with previous finding that excessive NMDA
treatment or OGD/R induces programmed cell death.

Activation of GIluN2B-NMDAR subtype is responsible
for NMDA-induced excitotoxicity

Previous studies suggest that different NMDAR
subtypes have differential roles in excitotoxic neuronal
death.'>?*** Here, we investigated whether specific
subtype of NMDARSs was involved in NMDA-mediated
excitotoxicity in  PCI2 cells (Figure 2(a)).
Pharmacological pore block with MK801 completely
abolished NMDA-induced cell death, whereas competi-
tive NMDAR antagonist APV significantly, but not
completely blocked NMDA-induced cell death. In add-
ition, several recent studies suggest that NMDARs have
not only ionotropic but also metabotropic function,> 2*
which  may  participate in  NMDA-mediated
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excitotoxicity.?” In the following, APV and CGP-78608
(CGP) were bath applied to block ligand binding sites of
glutamate and D-serine to effectively block the metabo-
tropic functions of NMDARs. Bath application of
APV + CGP completely abolished NMDA-induced cell
apoptosis, indicating that metabotropic signaling of
NMDARs is also involved in NMDA-mediated excito-
toxicity. To further test the role of GluN2A-NMDARs
or GluN2B-NMDARs in NMDA-mediated excitotoxi-
city, PC12 cells were pretreated with low concentration
of Zinc (200 nM), which has been reported to specifically
block GIuN2A-NMDAR>* or GIluN2B-NMDAR
antagonist ifenprodil (10 uM). As shown in Figure 2(a),
pretreatment with ifenprodil, but not Zinc, significantly
prevented NMDA-induced cell death, indicating that
GIluN2B-NMDAR plays a dominant role in mediating
NMDA-induced excitotoxicity.

Additionally, the fluorescent intensity of Annexin V
and PI were significantly increased after incubation with
NMDA, whereas pretreatment with MKS801 or
APV + CGP completely blocked such enhancement and
pretreatment with ifenprodil or APV partially and sig-
nificantly blocked such enhancement (Figure 2(b)).
In contrast, pretreatment with Zinc had no effect on
NMDA-induced upregulation of the fluorescent intensity
of Annexin V or PI. Moreover, NMDA-induced upregu-
lation of the abundance of cleaved Caspase 3 was signifi-
cantly reduced by pretreatment with APV, MKS01,
ifenprodil, or APV 4+ CGP, but not by GluN2A antag-
onist Zinc (Figure 2(c) and (d)).

Clathrin-mediated endocytosis participates in NMDA-
induced excitotoxicity in PCI2 cells

Previous studies using pharmacological reagents have
suggested that endocytosis is involved in NMDA-
induced excitotoxicity in cultured neurons.'>3!¥
Consistently, our results showed that pretreatment with
inhibitors of Clathrin-mediated endocytosis, such as
Chlorpromazine (CPZ, 15uM), non-competitive
Dynamin inhibitor Dynasore (80uM), or Dynamin
inhibitor peptide (DIP, 50 uM), respectively, significantly
inhibited NMDA-induced cell death (Figure 3(a)).
Additionally, NMDA-induced upregulation of the fluor-
escent intensity of Avnnexin V and PI was abolished
when pretreated with DIP, CPZ, or Dynasore (Figure
3(b)). Furthermore, NMDA-induced enhancement of
the abundance of cleaved Caspase 3 was attenuated
when pretreated with DIP, CPZ, or Dynasore (Figure
3(c) and (d)).

To exclude the non-specific effect of Clathrin-
mediated endocytosis inhibitors, Clathrin small interfer-
ence RNA (siRNA) was transfected into PC12 cells to
knock down endogenous Clathrin (Figure 3(e)). NMDA-
induced upregulation of cleaved Caspase 3 was

significantly decreased when Clathrin was knocked
down compared to the control siRNA (Figure 3(e) and
(f)). Rab5 is a key mediator involved in the endocytosis
of membrane proteins.33 Here, we transfected RabSwr-
GFP or its dominant negative mutation Rab5g34n-GFP
into PC12 cells and observed that, followed by bath
application with 500 uM NMDA for 24 h, the fluorescent
intensity of cleaved Caspase 3 was significantly decreased
in cells transfected with Rab5g34n-GFP compared to that
transfected with RabSwr-GFP (Figure 3(g) and (h)).
These data confirmed that Clathrin-mediated endocyto-
sis was involved in NMDA-induced excitotoxicity in
PC12 cells.

Excessive NMDA treatment induces endocytosis of
GIluN2B

Our upper results indicate that both activation of
GIluN2B-NMDARs and Clathrin-mediated endocytosis
are critical for NMDA-induced excitotoxicity. Next, we
asked whether surface expression of GluN2B-NMDARs
is changed during excessive NMDA stimulation. By
using surface biotinylation assay, we observed that sur-
face GIuN2B was significantly decreased after NMDA
treatment (Figure 4(a) and (b)). Previous work has
shown that phosphorylation of GIuN2B at Tyrosine
1472 site is closely related to the endocytosis of
GIluN2B-NMDARs. High phosphorylation level of
Y1472p_GluN2B blocks the interaction of GluN2B with
AP-2 component of the endocytic machinery and inhibits
endocytosis.**  Y'9°P-GluN2B is another tyrosine
phosphorylation site of GluN2B that has been reported
to be regulated by synaptic activity in the cultured neu-
rons. We then tested the effect of NMDA treatment on
the phosphorylation level of Y'*”?P-GluN2B or Y'*7°P-
GIuN2B at various time points (2, 6, 12, 24, 48, or 72h)
in PC12 cells. As shown in Figure 4(c)—(e), NMDA incu-
bation for 24h or longer significantly decreased the
phosphorylation level of GIuN2B at Y1472 site but not
that of Y1070 site. Similarly, the phosphorylation level
of GIuN2B at Y1472 site was significantly decreased 12 h
after OGD reperfusion (Figure 4(f) and (g)), indicating
that the endocytosis of GluN2B-NMDARSs is increased
during NMDA-induced excitotoxicity.

Endocytosis of GIuN2B-NMDARs is critical for
NMDA-induced excitotoxicity

To test whether endocytosis of GIluN2B-NMDARs is
involved in NMDA-induced excitotoxicity in PCI12
cells, we utilized a cell membrane penetrating peptide
Tat-YEKL  according to the YEKL motif
(Figure 5(a)).*> By using surface biotinylation assay, we
found that NMDA-induced endocytosis of GluN2B-
NMDARs was completely blocked by pretreatment



Wu et al.

—
D
—

NMDA Treatment

* CPZ Dyna
;.312 | T
T it [
E. # ## >
g7 . 3
3 2 N
o a
& F &
NMDA Treatment
© @ 2
"3
NMDA treatment LR
N 2 23
= . a S 22
o 5 O A a2
| R
Caspase 3 2g
B-actin g7
og
g & &
NMDA Treatment
(o) " = 0 Ctri
b ” B NMDA
Ctrl  Clathrin b
SiRNA SiRNA 8% e
- + - + NMDA @34
(] Ciathrin 1 :
[ 57 25
Caspase 3 g 2
(— i 5o
§ & &£
& &
o
o®
(@) (h o
g5
@ @ 1.2
Cleaved o >
NMDA DAPI GFP Caspase3 810
SO 208
= 72}
RABS5,,, 58206 -
228 04
Noo
— g 0.2
RABSg3. g_g 0.0
-4 g;‘g\ c,@‘\
F P
& Q@

Figure 3. Clathrin-mediated endocytosis participates in NMDA-induced excitotoxicity in PCI2 cells. (a) PCI2 cells were pretreated with
Dynamin inhibit peptide (DIP, 50 uM), Chlorpromazine (CPZ, 20 uM) or Dynasore (100 M) for 4 h, respectively, followed by stimulation
with NMDA (500 uM) for 24 h, and cell viability was assayed by CCK8, *P < 0.05, ***P < 0.005 compared to control, #P < 0.05, ##P < 0.01,
##P < 0.005 compared to NMDA treatment. (b) PCI2 cells were pretreated with DIP (50 uM), CPZ (20 uM), or Dynasore (100 M) for
4 h, separately, followed by stimulation with NMDA (500 uM) for 24 h in SFM, and cells were immunostained with Annexin V (green), Pl
(red), and DAPI (Blue), and then evaluated for apoptosis. (c and d) PCI2 cells were pretreated with DIP (50 uM), CPZ (20 uM), or
Dynasore (100 uM) for 4 h, separately, followed by stimulation with NMDA (500 uM) for 24 h in SFM, the abundance of cleaved Caspase 3
was determined by Western blot. The cleaved Caspase 3/B-actin ratios were plotted as average + SEM (n=5), *P < 0.05, **P < 0.005
compared to control, #P < 0.05, ##P < 0.01 compared to NMDA treatment. (e and f) PCI2 cells were transfected with Clathrin siRNA or
Control (Ctrl) siRNA. After 48h, cells were incubated with NMDA (500 M) for 24 h in SFM, the abundance of cleaved Caspase 3 was
determined by Western blot. The Clathrin siRNA knockdown efficiency was confirmed by antibody against Clathrin light chain. The cleaved
Caspase 3/B-actin ratio was plotted as average = SEM (n = 3), ***P < 0.005 compared to control, ##P < 0.0l compared to NMDA
treatment. (g and h) PCI12 cells were transfected with RAB5,,-GFP or RAB5 dominant negative plasmid RAB5s34n-GFP. After 48 h, cells
were incubated with NMDA (500 1iM) for 24 h and cell death was measured by immunostaining with antibodies against cleaved Caspase 3
(red), GFP (green), and with DAPI (blue). The fluorescence intensity of cleaved Caspase 3 were plotted as average + SEM, ***P < 0.005.
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Figure 4. GIuN2B undergoes endocytosis and dephosphorylation at the Y1472 site during excessive NMDA treatment or OGD/R in
PCI12 cells. (a and b) PCI2 cells were treated with NMDA (500 tM in SFM) for 24 h. The surface expression of GIuN2B was detected by
surface biotinylation assay. f-actin was set as negative control. Surface GluN2B/total GIuN2B ratios were plotted as average + SEM (n =5),
*P < 0.005. (c to e) PCI2 cells were treated with NMDA (500 uM in SFM) for different time (0, 2, 6, 12, 24, 48, 72 h) and the
phosphorylation level of Y'%7°P-GIuN2B or Y'*"?P-GIuN2B was determined by Western blot. The ¥'%°P-GluN2B/total GIuN2B or ¥'*72p-
GluN2B/total GIuN2B ratios were plotted as average = SEM (n =5), **P < 0.005 compared to control. (fand g) PC12 cells were exposed
to OGD (4 h) followed by reperfusion for different period (0, 4, 8, 12, 24 h).The phosphorylation level of ¥'“”2P-GIuN2B were determined
by Western blot. The"'*"2P-GIluN2B/Total GIuN2B ratios were plotted as average + SEM (n = 3), ***P < 0.005 compared to control.

with Tat-YEKL (50 uM) but not the scramble peptide
(SCR, 50uM) (Figure 5(b) and (c)). It should be men-
tioned that Tat-YEKL used here is partly overlapped
with previously reported Tat-NR2B9c peptide which
could block the interaction of PSD95 with GIluN2B
and prevent NMDA-induced cell death. Therefore, we
examined whether bath application of Tat-YEKL had

any effects on the interaction between GIuN2B and
PSD95 (Figure 5(d) and (e)). Co-IP assay suggested
that both Tat-YEKL and its scramble peptide had no
effect on the binding of GIuN2B with PSDO95.
However, pretreatment with Tat-YEKL, but not SCR,
significantly blocked NMDA-induced excitotoxicity
(Figure 5(f)). Moreover, the enhanced fluorescent
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Figure 5. Blocking GIuN2B endocytosis with specific peptide attenuates NMDA-induced excitotoxicity in PC12 cells. (a) The amino acid
sequence of the Tat-fused YEKL (1468-1479 aa of GIuN2B) or NR2B9c (1474-1482 aa of GluN2B) were represented. AP-2 binding motif
and PDZ-binding domain were underlined. (b and c) PC12 cells were pretreated with Scramble Peptide (SCR, 50 uM) or Tat-YEKL (YEKL,
50 uM) for 4 h, separately, followed by stimulation with NMDA (500 uM) for 24 h in SFM. Surface expression of GIuN2B was detected by
surface biotinylation assay. B-actin was set as negative control. Surface GluN2B/total GIuN2B ratios were plotted as average = SEM (n =5).
P < 0.005 compared to control, ##P < 0.0] compared to NMDA treatment. (d and e) PC12 cells were pretreated with SCR (50 uM) or
YEKL (50 uM) for 4 h, separately, followed by stimulation with NMDA (500 uM) for 24 h in SFM. The interaction between GluN2B and
PSD95 was determined by Co-IP (n =5). (f) PC12 cells were pretreated with SCR (50 uM) or YEKL (50 M) for 4 h, separately, followed by
stimulation with NMDA (500 M) for 24 h in SFM, and cell viability was assayed by CCK8, **P < 0.01, ***P < 0.005 compared to control,
##P < 0.01, compared to NMDA treatment. (g) PCI2 cells were pretreated with SCR (50 utM) or YEKL (50 uM) for 4 h, followed by
stimulation with NMDA (500 uM) for 24 h in SFM, and cells were immunostained with Annexin V (green), Pl (red), and DAPI (Blue) and
then evaluated for apoptosis. (h and i) PCI12 cells were pretreated with SCR (50 uM) or YEKL (50 tM) for 4 h, separately, followed by
exposure to OGD (4 h) and reperfusion (24 h), and the abundance of cleaved Caspase 3 was determined by Western blot. The cleaved
Caspase 3/B-actin ratios were plotted as average + SEM (n = 3), **P < 0.005 compared to control, ##P < 0.0l compared to NMDA
treatment, n.s.: not significant.
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intensity of Avnnexin V and PI induced by NMDA was
significantly reduced when pretreated with YEKL but
not with SCR peptide (Figure 5(g)). NMDA-induced
upregulation of cleaved Caspase 3 was significantly
inhibited by pretreatment with Tat-YEKL, but not
SCR peptide (Figure 5(h) and (i)). These data suggest
that endocytosis of GluN2B-NMDARs is involved in
NMDA-induced excitotoxicity.

Clathrin-mediated endocytosis participates in
NMDA-induced excitotoxicity in primary cultured
neurons

To test whether clathrin-mediated endocytosis
participates in NMDA-induced excitotoxicity in primary
cultured neurons, we detected the effect of NMDA
(100 uM) treatment on the phosphorylation level of
YI472p_GluN2B at various time points (1, 3, 6h) in the
cultured cortical neurons. As shown in Figure 6(a) and
(b), NMDA incubation for 3h or longer significantly
decreased the phosphorylation level of GIuN2B at
Y1472 site. We further assessed whether NMDA-
induced apoptosis could be abolished when the cultured
cortical neurons were pretreated with inhibitors of
Clathrin-mediated endocytosis. By staining assay, we
observed that NMDA-induced DNA fragmentation of
nuclei was significantly decreased when pretreated with
DIP, CPZ, or Dynasore followed by treatment with
NMDA (100uM) for 3h (Figure 6(c) and (d)).
Furthermore, NMDA-induced enhancement of the
abundance of cleaved Caspase 3 was attenuated when
pretreated with DIP, CPZ, or Dynasore (Figure 6(e)
and (f)). Finally, we pretreated the neurons with peptide
YEKL and its scramble peptide. As shown in Figure 6(g)
and (h), pretreatment with YEKL, but not its scramble
peptide, significantly prevented NMDA-induced neur-
onal death. Moreover, NMDA-induced upregulation of
cleaved Caspase 3 was significantly inhibited by pretreat-
ment with YEKL, but not scramble peptide (Figure 6(i)
and (j)). These data suggest that endocytosis of GluN2B-
NMDARs is involved in NMDA-induced excitotoxicity
in primary cultured neurons.

Discussion

In the present study, we have confirmed that NMDA
induces dose- and time-dependent excitotoxicity and
time-dependent OGD/reperfusion process in PC12
cells. In addition, GluN2B-NMDAR plays a dominant
role in mediating NMDA-induced cell death.
Furthermore, Clathrin-mediated endocytosis is also crit-
ical in triggering excitotoxicity induced by excessive
treatment with NMDA. More importantly, we observed
the endocytosis of GIluN2B-NMDARs during NMDA
treatment, and blocking the endocytosis of GluN2B-

NMDARs with peptide significantly inhibits NMDA-
induced cell death.

Previous researches have indicated that the GluN2B
subunit is a major hub for NMDA-induced excitotoxi-
city. The GluN2B/PSD95/nNOS complex is a well-estab-
lished pathway that participates in neuronal cell death.
PSD95 binds to the C terminal PDZ domain of GluN2B
and recruits nNOS to the NMDARs to mediate the pro-
duction of the nitric oxide.***® Moreover, GluN2B
interacts with death-associated protein kinase 1, which
allows death-associated protein kinase 1 to specifically
potentiate GluN2B function and thereby activate the
receptor-mediated death signaling. Recruitment of
PTEN to GIuN2B is another possible mechanism that
potentiates GIluN2B channel activity and contributes to
GluN2B-mediated neuronal death following stroke.
Here, our results confirmed that GIuN2B-NMDAR is
critical for NMDA-induced excitotoxicity, in consistent
with previous findings. Additionally, we provide the first
evidence that endocytosis of GIuN2B itself participates
in GluN2B-mediated death signaling. We showed that
overactivation of NMDARs induced endocytosis of the
GIluN2B subunit (Figure 4(a)). Moreover, the phosphor-
ylation level of GIuN2B at Y1472 site, a critical site for
blocking the endocytosis of GIuN2B, is decreased during
NMDA stimulation, indicating that the endocytosis of
GIuN2B is increased. Most importantly, peptide specif-
ically blocking the interaction of GluN2B and AP-2 is
able to reverse NMDA-induced excitoxicity. Therefore,
our results provide consolidate evidence indicating that
endocytosis of GIuN2B is another important mechanism
for NMDAR-mediated cell death. It should be men-
tioned that these treatment could not completely block
excitotoxicity, which means that other cellular process
may also participate in NMDAR activation-induced
excitotoxicity. Taken together, our results indicate that
GIluN2B-NMDAR endocytosis is one of the key path-
ways mediating the excitotoxicity of NMDA overstimu-
lation. When endocytosis is blocked, activation of
surface NMDARSs may not effectively lead to excitotoxi-
city. In consistent with our finding, one of the previous
researches has shown that the calcium chelator EGTA
totally blocked NMDA-induced endocytosis, indicating
the dependence of endocytosis on calcium entry through
NMDARs.?!  Moreover, NMDA-induced neuronal
death was prevented by broad spectrum inhibitors of
clathrin-mediated endocytosis, demonstrating that the
process of endocytosis is critical for NMDA-induced
excitotoxicity.**

Previous work has reported a peptide (Tat-NR2B9c)
designed according to the C terminal 9 amino acids of
GIluN2B to block the interaction of PSD95 and GluN2B,
which in turn abolishes the association of nNOS with
GIuN2B and prevents NMDA-induced cell death
(Figure 5(a)). In contrast, our peptide is designed
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Figure 6. Blocking GIuN2B endocytosis with peptide YEKL attenuates NMDA-induced excitotoxicity in cultured cortical neurons. (a and
b) Cortical neurons at DIV [0-11 were treated with NMDA (100 uM) for different time (0, I, 3, 6 h) and the phosphorylation level of
Y1472p_GIluN2B was determined by Western blot. The ¥'*”2P-GIuN2B/total GIuN2B ratios were plotted as average + SEM (n = 3),

P < 0.01, ¥*P < 0.005 compared to control. (c and d) Cortical neurons at DIV 10-1| were pretreated with DIP (50 uM), CPZ (20 uM), or
Dynasore (100 pM) for | h, separately, followed by stimulation with NMDA (100 uM) for 3 h, and cells were stained with DAPI (Blue). The
neuronal death ratios were plotted as average +SEM (n = 3), *P < 0.05, ***P < 0.005 compared to control, #P < 0.05, ##P < 0.0l com-
pared to NMDA treatment. (e and f) Cortical neurons at DIV 10-11 were pretreated with DIP (50 uM), CPZ (20 uM), or Dynasore
(100 uM) for I h, separately, followed by stimulation with NMDA (100 M) for 3 h, the abundance of cleaved Caspase 3 was determined by
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Cortical neurons were pretreated with YEKL (50 M) or SCR (50 pM) for | h, separately, followed by stimulation with NMDA (100 pM) for
3 h, and the cells were stained with DAPI (Blue). The neuronal death ratios were plotted as average £ SEM (n = 3), *P < 0.05, ***P < 0.005
compared to control, ##P < 0.01, ###P < 0.005 compared to NMDA treatment. (i and j) Cortical neurons were pretreated with YEKL
(50 uM) or SCR (50 uM) for | h, separately, followed by stimulation with NMDA (100 uM) for 3 h, the abundance of cleaved Caspase 3 was
determined by Western blot. The cleaved Caspase 3/fB-actin ratios were plotted as average 4+ SEM (n = 3), **P < 0.005 compared to
control, ##P < 0.0] compared to NMDA treatment. n.s.: not significant.
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according to the endocytic YEKL motif, which mediated
the binding of GluN2B and AP-2 to facilitate the
Clathrin-mediated endocytosis of GIluN2B. Moreover,
we confirmed that our peptide has no effect on the
interaction of GluN2B with PSD95, which exclude the
possibility that our peptide acts in a similar way with
Tat-NR2B9c.

It is still unknown how the endocytosis of NMDARs
mediates NMDAR-dependent excitotoxicity. However,
several researches have reported that endocytosis is a
critical process involved in NMDAR signaling transduc-
tion. Neuronal activity-induced activation of PI3K/ATK
pathway is mediated by Clathrin dependent endocyto-
sis.*>** Synaptic NMDAR-dependent transcription is
also dependent on the endocytosis.*! Furthermore, it
has been reported that clathrin adaptor protein f-
arrestin interaction with activated c-Jun kinase during
neuronal death, which provide a possibility that endocy-
tic protein recruits pro-death molecules to endocytosed
NMDARs and then mediates cell death.*?

NMDAR has been considered as a double edged
sword in CNS. Simply blocking normal function of
NMDAR leads to severe side effects such as memory
loss or psychomimetic effects. Here, our finding that
endocytosis of GluN2B is involved in NMDA-induced
excitotoxicity provides a possibility to specifically abolish
the pro-death effects of NMDAR, while leaving other
function of NMDAR unaffected. In the future, the
effect of peptide YEKL may be tested in animal
models to confirm its role in protecting neurons from
excitotoxicity.
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