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Background: N-methyl-D-aspartate (NMDA) receptor trafficking is fine-tuned by tyrosine phosphorylation.
Results: Phosphorylation of Tyr-1070 on GluN2B triggers GluN2B-Fyn binding, a process modulated by synaptic activity that
up-regulates phosphorylation of Tyr-1472.
Conclusion: Phosphorylation of GluN2B at Tyr-1472 is regulated by a Tyr(P)-1070-mediated association of GluN2B with Fyn.
Significance: This study sheds new light on the surface expression of NMDARs that are implicated in synaptic activity.

The number and subunit composition of synaptic N-methyl-
D-aspartate receptors (NMDARs) play critical roles in synaptic
plasticity, learning, and memory and are implicated in neuro-
logical disorders. Tyrosine phosphorylation provides a powerful
means of regulating NMDAR function, but the underling mech-
anism remains elusive. In this study we identified a tyrosine site
on the GluN2B subunit, Tyr-1070, which was phosphorylated by
a proto-oncogene tyrosine-protein (Fyn) kinase and critical for
the surface expression of GluN2B-containing NMDARs. The
phosphorylation of GluN2B at Tyr-1070 was required for bind-
ing of Fyn kinase to GluN2B, which up-regulated the phosphor-
ylation of GluN2B at Tyr-1472. Moreover, our results revealed
that the phosphorylation change of GluN2B at Tyr-1070 accom-
panied the Tyr-1472 phosphorylation and Fyn associated with
GluN2B in synaptic plasticity induced by both chemical and
contextual fear learning. Taken together, our findings provide a
new mechanism for regulating the surface expression of
NMDARs with implications for synaptic plasticity.

N-Methyl-D-aspartate receptors (NMDARs)3 are ligand-
gated ion channels with a high permeability to calcium (1–3)

that play critical roles in synaptic plasticity, learning, and mem-
ory and neurological disorders (3). Functional NMDARs are
thought to be tetramers mainly consisting of two essential
GluN1 subunits and two GluN2A-D subunits (2, 4).

NMDAR functions are tightly and finely modulated by the
counterbalanced activity of protein-tyrosine kinases and tyro-
sine phosphatases (5– 8). Regulation of NMDARs by phosphor-
ylation is involved in versatile cellular processes, such as chan-
nel kinetics, receptor trafficking and location, and protein-
protein interactions (9). Previous studies have indicated that
inhibition of protein-tyrosine kinase reduces NMDAR cur-
rents, whereas inhibition of protein tyrosine phosphatase
potentiates them (10). Moreover, accumulating evidence has
also shown that Src family kinases such as Fyn and Src are
required to up-regulate the tyrosine phosphorylation of
NMDARs, further modulating synaptic plasticity and learning
and memory (6, 11, 12).

Considering that GluN2B is the predominant tyrosine-phos-
phorylated protein in the postsynaptic density (PSD) (13), it is
important to understand the role of tyrosine phosphorylation
in regulating GluN2B function. With the development of mass
spectroscopy and phosphorylation-specific antibodies over the
last two decades, several tyrosine sites within the carboxyl ter-
minus of the GluN2B subunit have been identified as substrates
of Src family kinases (14 –16). A major tyrosine site on GluN2B,
Tyr-1472, has been reported to control the trafficking of
GluN2B-containing NMDARs and may be involved in such pro-
cesses as synaptic plasticity, memory, and pain (17–20). How-
ever, the roles of other tyrosine sites on GluN2B remain to be
explored. In the present study we report a novel mechanism by
which tyrosine phosphorylation of GluN2B Tyr-1070 (Tyr(P)-
1070) facilitates the surface expression of GluN2B-containing
NMDARs through its interaction with Fyn and regulating the
phosphorylation of GluN2B Tyr-1472 during neuronal activity.
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Experimental Procedures

DNA Constructs—pMe-FynWT and pMe-FynR176K were kind
gifts from Tadashi Yamamoto (Okinawa Institute of Science
and Technology Graduate University, Kunigami, Okinawa) and
were described previously (21). The Y1070F mutant of green
fluorescent protein (GFP)-GluN2B (tagged with extracellular
amino-terminal GFP) was generated using the QuikChange
site-directed mutagenesis kit (Stratagene) following the man-
ufacturer’s instructions and verified by DNA sequencing.
Western blot, co-immunoprecipitation (co-IP), and subcellular
fractionation were performed as described previously (22).

Animals—Fyn knock-out mice were kindly provided by Prof.
Yue Feng (Dept. of Pharmacology, Emory University School of
Medicine, Atlanta, GA) (23). All experimental procedures were
performed in strict accordance with Zhejiang University Ani-
mal Experimentation Committee guidelines (the guidelines
conform to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals). The experiments were
approved by the Ethics Committee on Animal Experiments of
Zhejiang University. All efforts were made to minimize animal
suffering and the number of animals used.

Reagents—Wild-type (WT) GluN1 and GluN2B tagged with
extracellular amino-terminal GFP (GFP-GluN2BWT) in the
pRK5 vector were described previously (24). The primary anti-
bodies used were: Tyr(P)-1472 GluN2B (1:500; Millipore, Lake
Placid, NY), mouse GluN2B (1:2000; Cell Signaling, Danvers,
MA), Ser(P)-845-GluA1 (1:1000; Millipore), GluA1 (1:1000;
Millipore), rabbit monoclonal Fyn (1:2000; Epitomics, Burlin-
game, CA), mouse monoclonal PSD-95 (1:1000; Abcam, Cam-
bridge, MA), �-actin (1:20000; Sigma), and rabbit monoclonal
GFP (1:2000; Epitomics). The secondary antibodies for West-
ern blot were HRP-conjugated, and all were from Thermo
Fisher Scientific (Waltham, MA). The secondary antibodies for
immunostaining were from Life Technologies. Tetrodotoxin,
the Src family kinase inhibitors PP2, PP3, and Su6656, forsko-
lin, and rolipram were all from Tocris Bioscience (Bristol, UK).
NMDA, glycine, and picrotoxin were from Sigma.

Generation of Anti-phosphotyrosine 1070 Rabbit Monoclonal
Antibody—Anti-phosphotyrosine 1070 rabbit monoclonal
antibody was generated using a protocol described previously
(25). In brief, New Zealand White rabbits were immunized sub-
cutaneously with 0.2 mg of peptide (ISTHTVTpYGNIEGN, pY
is phosphotyrosine) in TiterMaxTM Gold Adjuvant (Sigma).
After the initial immunization, animals were boosted 3 times
at 3-week intervals. Hybridoma fusion was performed
according to the established protocol with minor modifica-
tions. Hybridoma supernatants were collected and screened
for antigen peptide (ISTHTVTpYGNIEGN) and control pep-
tide (ISTHTVTYGNIEGN) by ELISA assays and characterized
by immunoblotting using rat brain tissue.

Primary Cortical Cultures—Pregnant Sprague-Dawley rats
were killed by cervical dislocation. Briefly, cortical tissues were
collected from rats of either sex on embryonic day 18. The tis-
sues were chopped and digested in Hanks’ balanced salt solu-
tion containing 0.5% trypsin for 10 min at 37 °C. For biochem-
ical analyses, the density of cortical cells was set to 1 � 106/dish
in 60-mm dishes precoated overnight with poly-L-lysine. Half

of the culture medium was replaced by fresh medium twice per
week. The neurons were used at 14 –16 days in vitro (DIV)
unless otherwise noted.

Lentivirus-mediated Knock Down of Fyn—pFUGW-Fyn-
shRNA-eGFP lentiviral vector targeted against rat Fyn (5�-
GCAGGACAGAAGATGACCT-3�) and EGFP control were
from Shanghai GeneChem. Cortical cultures were infected
with lentivirus at 7– 8 DIV. Seven days after infection, neurons
were processed for Western blot analysis.

Treatment of Cortical Cultures—To induce chemical long
term potentiation (LTP), we followed a protocol reported pre-
viously (26). Briefly, cultures were transferred from Neurobasal
medium to extracellular solution (ECS) for the indicated times.
The ECS contained 150 mM NaCl, 2 mM CaCl2, 5 mM KCl, 10
mM HEPES, 30 mM glucose, 50 �M forskolin, 0.1 �M rolipram,
and 50 �M picrotoxin, pH 7.4. The chemical long term depres-
sion (LTD) protocol followed that of a previous study (27). Cor-
tical cultures (14 –16 DIV) were incubated with prewarmed
extracellular solution (ECS: 150 mM NaCl, 2 mM CaCl2, 5 mM

KCl, 10 mM HEPES, 33 mM glucose, 0.5 �M tetrodotoxin, pH
7.4) for 10 min, then 20 �M NMDA and 20 �M glycine were
added for the indicated times. Inhibition of Src family kinase
activity in cortical cultures was achieved by application of the
specific inhibitor PP2 (10 �M) or Su6656 (2 �M). Before drug
incubation, the volume of culture medium was adjusted to 2 ml,
then the drugs were added to the medium and left for 30 min at
37 °C.

Contextual Fear Conditioning—Behavioral experiments
were performed as described with modification (28). Mice were
handled for at least 1 week before training. Then they were
trained in a near-infrared video fear-conditioning system (Med
Associates) with a stainless-steel grid floor. Movement of mice
during training was monitored and recorded by a video camera
inside the chamber and analyzed using Video Freeze software
(Med Associates). During training, each mouse was allowed to
freely explore the chambers for 2 min before receiving a 1-s
0.7-mA foot-shock. Subsequently, the mouse received another
two foot-shocks at an interval of 1 min. After the foot-shocks,
the mouse remained in the chamber for another 1 min before
being returned to its home cage. One hour later mice were
anesthetized with isoflurane and decapitated. The hippocampi
were isolated and immediately stored at �80 °C until use.

Co-IP—The in vivo protocol from our previous study was
used (22, 29). Co-IP in neuronal culture and HEK293 cells was
conducted as described previously (22). Cultured neurons
(14 –16 DIV) or HEK293 cells were solubilized in modified
radioimmune precipitation assay buffer (10 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.25%
sodium deoxycholate) with fresh addition of protease and
phosphatase inhibitor (1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM Na3VO4,
and 50 mM NaF) at 4 °C for 1 h. The lysates were then centri-
fuged at 16,000 � g at 4 °C for 15 min. The antibodies were
mixed with the supernatant after centrifugation at 4 °C for 6 h.
After 6 h of incubation of antibody and proteins, �30 �l of a
50% slurry of Protein A-Sepharose was added to the mixture,
and the preparation was further incubated at 4 °C overnight.
On the following day the beads were extensively washed in
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modified radioimmune precipitation assay buffer and eluted
with 2� sample buffer and resolved by SDS-PAGE.

Biotinylation Assay—Biotinylation assays were conducted as
reported previously (30, 31).

Subcellular Fractionation—A protocol was adopted from
previous reports (32, 33). In brief, the cortex was dissected in
cold artificial cerebrospinal fluid and then homogenized in
chilled buffer A (0.32 M sucrose and 10 mM HEPES, pH 7.4). The
homogenate was centrifuged twice at 1000 � g for 10 min. The
supernatant was collected and centrifuged again at 12,000 � g
for 20 min, and the pellet was constituted the crude membrane
fraction (P2). The P2 was rinsed with buffer B (4 mM HEPES, 1
mM EDTA, pH 7.4) and centrifuged at 12,000 � g for 20 min to
precipitate the pellet. The pellet was again rinsed with buffer B
and centrifuged again at 12,000 � g for 20 min. Afterward, the
pellet was incubated with buffer C (20 mM HEPES, 100 mM

NaCl, 0.5% Triton X-100, pH 7.2) for 15 min at 4 °C with con-
tinuous rotation. Subsequently, the preparation was centri-
fuged at 12,000 � g for 20 min at 4 °C. The supernatant was
considered to be the non-postsynaptic density (non-PSD)
membrane fraction. The pellet in this step was further solubi-
lized for 1 h at 4 °C with buffer D (20 mM HEPES, 0.15 mM NaCl,
1% Triton X-100, 1% deoxycholic acid, 1% SDS, pH 7.5). Finally,
the preparation was centrifuged at 10,000 � g for 15 min, and
the supernatant was collected and considered to be the PSD
membrane fraction. All the above buffers contained protease
inhibitors and phosphatase inhibitors.

Western Blot—Western blotting was carried out as described
previously (22, 34).

Calf Intestinal Alkaline Phosphatase (CIP) Treatment of Pro-
teins on Nitrocellulose Membrane—About 10 �g of adult male
rat hippocampal lysate was subjected to SDS-PAGE. After elec-
trophoresis, the proteins were transferred from gel to nitrocel-
lulose membranes (Hybond-C, GE Healthcare) that were
blocked with 5% bovine serum albumin in Tris-buffered saline/
Tween 20 for 1 h at room temperature with constant shaking.
Next, the membranes were divided into two groups; one was
incubated with CIP buffer (100 mM NaCl, 50 mM Tris-HCl, 10
mM MgCl2, 1 mM dithiothreitol, pH 7.9) with fresh addition of
protease inhibitor only (1 mM PMSF, 1 �g/ml aprotinin, 10
�g/ml leupeptin), and the other was incubated with CIP and
CIP buffer for 1 h at 37 °C. After this step, the membranes were
washed three times with Tris-buffered saline/Tween 20 and
used for conventional Western blot analysis.

Immunizing Peptide Blocking—Anti-phosphotyrosine 1070
rabbit monoclonal antibody was preincubated with a 2-fold
mass excess of the blocking peptide (ISTHTVTpYGNIEGN)
for 30 min before immunoblotting. The immunoblotting was
conducted as described above.

Immunocytochemistry—Surface-staining of HEK293 cells
and cortical neurons was performed as described previously
(24). Cortical neurons were plated on coverslips and trans-
fected with the indicated plasmid on DIV 7. On DIV 10, the
neurons were rinsed twice in ECS, fixed in 4% paraformalde-
hyde for 10 min, and then incubated with rabbit GFP primary
antibody (1:500) for 15 min at room temperature. After primary
antibody application, the neurons were washed 3 times with
ECS and incubated with Alexa 546-conjugated secondary anti-

body (1:500, Invitrogen) for 15 min at room temperature. After
three rinses in ECS, the neurons were mounted. Images were
captured on the Olympus confocal microscope equipped with a
60�, 1.4 numerical aperture oil-immersion objective using Flu-
oview 1000. The images were analyzed with ImageJ (NIH,
Bethesda, MD). In brief, quantification was performed using
the ratio of surface intensity to total intensity. The data from at
least three independent experiments are presented as the
mean � S.E.

Whole-cell Patch Clamp Recording—The electrophysiologi-
cal methods have been described previously (24). The extracel-
lular recording solution contained 147 mM NaCl, 3 mM KCl, 10
mM HEPES, 8 mM glucose, 2 mM MgCl2 (305 mosM, pH adjusted
to 7.30 with NaOH). Patch pipettes were filled with an intracel-
lular solution containing 136.5 mM potassium gluconate, 17.5
mM KCl, 9 mM NaCl, 1 mM MgCl2, 10 mM HEPES, 0.2 mM

EGTA (300 mosM, pH adjusted to 7.20 with KOH). Recordings
were made at �60 mV during the application of 100 �M gluta-
mate and 10 �M glycine to HEK293 cells.

Statistical Analysis—Statistical analysis was performed with
Graphpad Prism 5.0 (GraphPad Software, La Jolla, CA). All val-
ues are shown as the mean � S.E. Statistical significance was
decided using the two-tailed Student’s t test for comparing two
groups and one-way analysis of variance followed by the post-
hoc Bonferroni test for �3 groups. The significance level was
set at p � 0.05. * denotes a p value of � 0.05; ** denotes a p value
of � 0.01, and NS indicates a p value � 0.05.

Results

GluN2B at the Tyr-1070 Site Is Phosphorylated by Fyn in Vivo
and in Vitro—Previous mass spectral analysis has provided evi-
dence that GluN2B is phosphorylated at several tyrosine sites,
including Tyr-1070 (15), which lies in the conserved sequence
VTYGNI within the carboxyl terminus (Fig. 1A). To determine
the potential function of Tyr-1070, a rabbit monoclonal anti-
body was generated and shown to target to the conserved
domain around phosphorylated Tyr-1070 (see “Experimental
Procedures”). We first verified the specificity of the antibody
against Tyr(P)-1070 on GluN2B using CIP assays in vitro (35).
Our data showed a strong signal of phosphorylated GluN2B by
its Tyr(P)-1070 antibody, and phosphatase treatment elimi-
nated this signal (Fig. 1B), suggesting that the antibody was
phosphorylation-specific. Besides CIP treatment, immunizing
peptide blocking experiments also demonstrated that the pep-
tide used for generation of anti-Tyr-1070 antibody completely
abolished the immunoreactivity of GluN2B phosphorylated at
Tyr-1070 to the antibody, indicating competitive binding of the
peptide to the Tyr(P)-1070 antibody (Fig. 1C). However, the
immunoreactivity of phosphorylated GluN2B at Tyr-1472 was
unchanged between the untreated group and the peptide treat-
ment group (Fig. 1, C and D). Moreover, in the GluN2BY1070F
(tyrosine 1070 to phenylalanine) mutant, the band signal de-
tected by the Tyr(P)-1070 antibody was abolished in GluN2B-
expressing HEK293 cells (Fig. 1E), confirming that the antibody
was Tyr-1070 phosphorylation-specific. Subsequently, the dis-
tribution pattern of Tyr(P)-1070 was detected in various rat
brain regions, such as the medial prefrontal cortex, hippocam-
pus, amygdala, striatum, and cerebellum (Fig. 1F). Our data
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indicated that the pattern of GluN2B phosphorylated at the
Tyr-1070 site (Tyr(P)-1070-GluN2B) was consistent with that
of GluN2B in vivo, suggesting that it functions broadly through-
out the brain. To further determine the subcellular fraction of
Tyr(P)-1070 in vivo, the P2, non-PSD, and PSD fractions were
separated and subjected to Western blot analysis. Our data

showed that Tyr(P)-1070-GluN2B was enriched in the PSD
fraction compared with the non-PSD fraction (Fig. 1G), similar
to the distribution pattern of Tyr(P)-1472-GluN2B but not
Tyr(P)-1336-GluN2B reported previously (36).

Given that Tyr-1252, Tyr-1336, and Tyr-1472 of GluN2B are
phosphorylated by Fyn, to determine whether Tyr-1070 was

FIGURE 1. Characterization of a new Tyr-1070 antibody that recognizes the phospho-Tyr-1070 site of GluN2B and determination of the distribution
pattern of Tyr(P)-1070 on GluN2B. A, sequence alignment of GluN2B around the Tyr-1070 residue in different species. B, representative blots of Tyr(P)-1070
levels in rat cortex lysates with or without CIP treatment (n � 3). C, representative blots of Tyr(P)-1070, Tyr(P)-1472, and GluN2B levels in cortical neuron lysates
with or without Tyr(P)-1070 peptide (PEP) treatment (n � 3). D, quantification of Tyr(P)-1472 levels in C. NS, no significant difference. E, representative blots of
Tyr(P)-1070 levels from GluN1/GFP-GluN2BWT- and GluN1/GFP-GluN2BY1070F-transfected cells assessed by Tyr-1070-specific antibody (n � 3). F, representative
blots for Tyr(P)-1070, GluN2B, PSD95, and Fyn levels in different brain regions of adult male rat: mPFC, medial prefrontal cortex; Hippo, hippocampus; Amyg,
amygdala, Stria, striatum; Cereb, cerebellum (n � 3). G, representative blots of Tyr(P)-1070 and Fyn levels in P2, non-PSD, and PSD fractions. Enrichment of
PSD95 in the PSD fraction indicates successful separation (n � 3).
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phosphorylated by Fyn, two widely accepted inhibitors of Src
family kinases, PP2 and Su6656, were applied to cultured neu-
rons. As expected, the Tyr(P)-1070 level was largely reduced by
these inhibitors (27.3 � 7.1% for PP2, 43.87 � 8.4% for Su6656,
compared with vehicle; Fig. 2, A and B), but not by PP3, which is
a PP2 analog that does not affect Fyn activity (Fig. 2, A and B),
suggesting that Fyn is responsible for regulating the Tyr(P)-
1070 level. To confirm this result, we controlled the expression
of Fyn in cortical neurons by lentivirus (LV)-Fyn shRNA infec-
tion, which significantly reduced Fyn expression (Fig. 2C).
Accordingly, Tyr(P)-1070 and Tyr(P)-1472 levels were mark-
edly decreased in the LV-Fyn shRNA-treated group (29.6 �
4.8% of the Tyr(P)-1070 level for LV-shRNA compared with
LV-EGFP; 41.3 � 7.3% of the Tyr(P)-1472 level for LV-shRNA
compared with LV-EGFP; Fig. 2, C and D), but the GluN2B level
did not change (100.1 � 6.1% of the GluN2B level for
LV-shRNA compared with LV-EGFP). To further determine

whether Fyn is responsible for phosphorylation of GluN2B at
the Tyr-1070 site, we then examined the Tyr(P)-1070 and
Tyr(P)-1472 levels in the hippocampus from Fyn knock-out
and WT mice. Our results showed that both the Tyr(P)-1070
and Tyr(P)-1472 levels were greatly reduced in Fyn knock-out
mice compared with WT mice (24.5 � 7.5% of the Tyr(P)-1070
level and 39.7 � 2.6% of the Tyr(P)-1472 level, Fyn knock-out
versus WT; Fig. 2, E and F), but the GluN2B level did not differ
(98.9 � 7.2% of the GluN2B level, Fyn knock-out versus WT). In
contrast, the Tyr(P)-1070 level was dramatically boosted and
accompanied by a gradual increase of Fyn expression in
HEK293 cells (Fig. 2, G and H). In addition, we noted that the
Tyr(P)-1472 level coincided with the Tyr(P)-1070 level during
both the inhibition and overexpression of Fyn (Fig. 2, G and H).
Taken together, these results demonstrated that Fyn, a member
of the Src kinase family, was responsible for the phosphoryla-
tion of Tyr-1070.

FIGURE 2. The tyrosine kinase Fyn phosphorylates GluN2B at Tyr-1070. A, the Fyn kinase inhibitors PP2 (10 �M) and Su6656 (2 �M) reduced the Tyr(P)-1070
levels in cultured cortical neurons (DIV 14 –16), whereas PP3 did not. B, summary data of panel A (n � 4; **, p � 0.01; NS, no significant difference, one-way
analysis of variance). C, immunoblotting revealed that lentivirus-mediated Fyn knockdown reduced Tyr(P)-1070 as well as the Tyr(P)-1472 level in cultured
cortical neurons. D, summary data from C (n � 4; **, p � 0.01, two-tailed t test). E, immunoblotting revealed that Tyr(P)-1070 and Tyr(P)-1472 levels were
significantly reduced in Fyn knock-out mice compared with wild-type mice. F, summary data from E (n � 3 mice/group, **p � 0.01, two-tailed t test). G,
immunoblotting showed that recombinant Fyn dose-dependently increased the Tyr(P)-1472 and Tyr(P)-1070 levels of GluN2B in transfected HEK293 cells. H,
summary data from G. All data are expressed as the mean � S.E.
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Decreased Surface Expression of the GluN2BY1070F Mutant in
HEK293 Cells and Neurons—To address whether Tyr-1070
affects the function of NMDARs, we performed whole-cell
recording in HEK293 cells transfected with GluN1/GFP-
GluN2BWT/Fyn or GluN1/GFP-GuN2BY1070F/Fyn. NMDAR
current was induced by 100 �M glutamate and 10 �M glycine for
10 s. We found that the amplitude of the NMDAR current in
GluN2BY1070F-expressing cells was significantly lower than
that of GuN2BWT cells (1488.6 � 251.16 pA for GFP-
GluN2BWT, 397 � 141.1 pA for GFP-GluN2BY1070F, n � 5 cells;
Fig. 3, A and B), suggesting that the NMDARs of the
GluN2BY1070F mutant have reduced function. Considering that
either surface expression or channel activity determines the
NMDAR current, we further used biotinylation assays to clarify
this issue. In accordance with the results of electrophysiology,
biotinylation assays revealed that the GFP-GluN2BY1070F
mutant had greatly decreased surface expression compared
with GFP-GluN2BWT (43.2 � 4.8% for GFP-GluN2BY1070F ver-
sus GluN2BWT; Fig. 3, C and D). To further confirm these
results, we visualized the surface NMDARs by surface staining
in HEK293 cells (Fig. 3, E and F). Consistently, the surface
expression of GFP-GluN2BWT was much greater than that of
GFP-GuN2BY1070F (Fig. 3F). Next, we addressed whether the
GluN2BY1070F mutant also decreased the surface expression of
NMDARs in cultured neurons. At DIV 7, GFP-GluN2BWT and
the GFP-GluN2BY1070F mutant were separately transfected

into neurons, and surface staining was performed 3 days later.
Similar to the results in the heterogeneous system, the surface
expression of GluN2B was reduced in GFP-GluN2BY1070F com-
pared with GFP-GluN2BWT-expressing neurons (71.6 � 3.2%
for GFP-GluN2BY1070F versus GluN2BWT; Fig. 3, G and H).
Taken together, these findings indicate that Tyr-1070 is critical
for the surface expression of GluN2B-containing NMDARs.

Tyr-1070 Regulates the Phosphorylation Level of Tyr-1472 by
Mediating the Association of Fyn with GluN2B—By careful
analysis of the sequences surrounding Tyr-1070, we found that
this site was within a putative immuno-receptor tyrosine-based
inhibitory motif that interacts with the SH2 domain of Fyn (37),
suggesting that Tyr-1070 mediates the interaction of GluN2B
with Fyn. To address this issue, we first determined whether
Tyr-1070 is required for GluN2B binding to Fyn. HEK293 cells
were separately transfected with plasmids of GluN1/GFP-
GluN2BWT/Fyn or GluN1/GFP-GluN2BY1070F/Fyn. Our co-IP
experiment showed that GFP-GluN2BY1070F associated much
less with Fyn than GFP-GluN2BWT (43.7 � 4.9% for Y1070F
versus WT; Fig. 4, A and B), indicating that Tyr-1070 is a critical
site within an SH2-binding immuno-receptor tyrosine-based
inhibitory motif. As a control, the association of PSD95 with
GluN2B was not significantly changed in GluN2BY1070F mu-
tant-expressing cells compared with GluN2BWT-expressing
cells (Fig. 4, A, C, and D).

FIGURE 3. Decreased surface expression in GluN2B Y1070F mutant-transfected HEK293 cells and cultured neurons. A, representative whole-cell currents
recorded from HEK293 cells co-transfected with GluN1/GFP-GluN2BWT/Fyn or GluN1/GFP-GluN2BY1070F/Fyn. B, quantification from A (n � 5 cells/group; **p �
0.01 versus WT group). C, representative immunoblots from biotinylation assays of HEK293 cells co-transfected with GluN1/GFP-GluN2BWT/Fyn or GluN1/GFP-
GluN2BY1070F/Fyn. D, quantification from C (n � 4, **, p � 0.01, two-tailed t test). E, surface staining of GluN1/GFP-GluN2B/Fyn co-transfected HEK293 cells with
anti-GFP antibodies exhibited a significant decrease in cell surface expression of the GFP-GluN2BY1070F mutant compared with GFP-GluN2BWT (scale bar, 20
�m). F, quantitative analysis of data from E (300 cells/group from at least three independent experiments; **, p � 0.01 versus WT group, unpaired Student’s t
test). G, representative images of surface staining with anti-GFP antibodies in cultured cortical neurons transfected with GFP-GluN2BWT or GluN2BY1070F (scale
bar, 5 �m). H, quantitative analysis of data as in G (25 neurons/group from five independent cultures; *, p � 0.05; **, p � 0.01 versus GFP-GluN2BWT, two-tailed
t test).
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Interestingly, our data showed that the Tyr(P)-1472 level but
not the pY1252 level was reduced in the GluN2BY1070F mutant
(42.1 � 9.6% of the Tyr(P)-1472 level for Y1070F versus WT;
Fig. 4, E–G). As a negative control, the GluN2B level did not
change (Fig. 4H). Based on these results, we assumed that the
Tyr-1070 site mediates the association of GluN2B with Fyn,
which specifically regulates the Tyr(P)-1472 level. To deter-
mine this issue, we used a single point mutation of Fyn (R176K
in the SH2 domain) that disrupted the interaction of Fyn with
phosphorylated tyrosine (21). Consistently, our results
showed that the interaction between GluN2B and Fyn was
decreased in GluN1/GFP-GluN2B/FynR176K-expressing
cells compared with GluN1/GFP-GluN2B/FynWT-expressing
cells (Fig. 4, I and J). Accordingly, the Tyr(P)-1472 level was also
reduced in GluN1/GFP-GluN2B/FynR176K-expressing cells
compared with GluN1/GFP-GluN2B/Fyn-expressing cells
(55.3 � 4.6% for FynR176K versus FynWT; Fig. 4, I and K), which
confirmed that the Tyr(P)-1472 level was dependent on the
association of GluN2B with Fyn. As a negative control, the
GluN2B level did not change (Fig. 4L). Together, these results
suggested that Tyr-1070 mediates the association of Fyn with
GluN2B, which regulates the Tyr(P)-1472 level.

Both the Phosphorylation of Tyr-1070 on GluN2B and the
Interaction of Fyn with GluN2B Are Regulated by Synaptic
Activity—Tyr-1472 is finely regulated by synaptic activity, and
its phosphorylation is pivotal in preventing the endocytosis of
NMDARs, whereas the role of Tyr-1070 in both synaptic activ-
ity and learning and memory was unknown. We hypothesized
that Tyr-1070 was synchronously regulated with Tyr-1472 by
specific synaptic activity. Here, chemical LTP (cLTP) and
chemical LTD (cLTD) were used to address this issue in cul-
tured cortical neurons. To induce cLTP, forskolin, rolipram,
andpicrotoxinwereadministeredtoculturedneurons.Thephos-
phorylation level of GluA1 at Ser-845 was dramatically elevated
after these stimuli, indicating successful cLTP induction (Fig.
4A) as previous reported (38). Interestingly, both the Tyr(P)-
1070 and Tyr(P)-1472 levels were markedly increased at 30 min
after cLTP stimuli (Fig. 5, A–C), but the GluN2B level did not
change (Fig. 5D). Given that the phosphorylation of Tyr-1472
prevents the endocytosis of NMDARs (18), our results were
corroborated by a previous report that such stimuli elevate the
surface expression of GluN2B (39).

Opposite to cLTP, cLTD is induced by treating neurons with
NMDA and glycine. Successful cLTD was verified by down-

FIGURE 4. Tyr-1070 is a critical site for GluN2B binding to Fyn and regulating the phosphorylation level of GluN2B at Tyr-1472. A–F, HEK293 cells were
co-transfected with GluN1/GFP-GluN2BWT/Fyn or GluN1/GFP-GluN2BY1070F/Fyn. A, representative co-IP analysis with anti-GFP antibodies showing that
remarkably decreased co-IP of Fyn with GluN2B in transfected cells co-expressing the GluN2BY1070F mutant compared with those co-expressing GluN2BWT, but
the co-IP of PSD95 and GluN2B exhibited no difference between the two groups. B–D, statistical analysis of data from A (n � 7, **, p � 0.01, two-tailed t test).
NS, not significant. E, representative Western blots of co-transfected cells showing that the phosphorylation level of GluN2B at Tyr-1472, but not at Tyr-1252,
was significantly reduced in transfected cells co-expressing the GluN2BY1070F mutant. F–H, quantitative analysis of Tyr(P)-1472, Tyr(P)-1252, and GluN2B levels
in GFP-GluN2BWT- and GFP-GluN2BY1070F-transfected HEK293 cells (n � 4;, **, p � 0.01, two-tailed t test). I, HEK293 cells were co-transfected with GluN1/GFP-
GluN2B/FynWT or GluN1/GFP-GluN2B/FynR176K, and lysates were subjected to co-IP and immunoblotting. Immunoblotting revealed that the FynR176K mutant
associated less with GluN2B, and the phosphorylation level of GluN2B Tyr-1472 was lower in transfected cells co-expressing FynR176K than in those co-express-
ing FynWT. J–L, statistical analysis for data as in F (n � 9; **, p � 0.01, two-tailed t test).
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regulating the phosphorylation of GluA1 at Ser-845 (Fig. 5E).
Our results showed that Tyr(P)-1070 and Tyr(P)-1472 but not
GluN2B levels were down-regulated after the induction of
cLTD (Fig. 5, F–H). Given that the Tyr(P)-1070 and Tyr(P)-

1472 levels are bidirectionally regulated by synaptic activity, we
assumed that the association of GluN2B with Fyn followed a
similar changing pattern in response to cLTP and cLTD stimuli.
As expected, cLTP stimuli resulted in a robust increase of

FIGURE 5. Synaptic activity and contextual fear conditioning regulate the phosphorylation level of GluN2B at Tyr-1070. A, representative blots showing
that the cLTP stimuli increased the Ser(P)-845 level of GluA1 as an indicator of successful cLTP and also elevated both the Tyr(P)-1472 and Tyr(P)-1070 levels of
GluN2B in cultured cortical neurons (DIV 14 –16). B–D, quantification of data as in A (n � 4; **, p � 0.01, two-tailed t test). NS, not significant. E, representative
blots showing that the GluA1 Ser(P)-845 level decreased, and the cLTD stimuli also reduced the GluN2B Tyr(P)-1472 and Tyr(P)-1070 levels in cortical neurons
(DIV 14 –16). F–H, quantification of Tyr(P)-1472, Tyr(P)-1070, and GluN2B levels (n � 4; **, p � 0.01, two-tailed t test). I, representative blots showing that the cLTP
stimuli increased, whereas cLTD decreased, Fyn co-IP with GluN2B. J, quantification of Fyn co-IP with GluN2B after LTP stimuli (n � 4; **, p � 0.01, two-tailed t
test). K, quantification of Fyn co-IP with GluN2B after LTD stimuli (n � 3; **, p � 0.01, two-tailed t test). L, representative blots showing that both the Tyr(P)-1472
and Tyr(P)-1070 levels were increased in hippocampal lysates from mice in the contextual fear conditioning (FC) test compared with naïve mice. M–O, statistical
analysis of data as in J for Tyr(P)-1472, Tyr(P)-1070, and GluN2B levels (n � 6 mice; *, p � 0.05, two-tailed t test).
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GluN2B association with Fyn (Fig. 5, I and J). Conversely, cLTD
stimuli elicited a dissociation of GluN2B from Fyn (Fig. 4, I and
K). To better understand the function of Tyr-1070 in vivo, we
further assessed the Tyr(P)-1070 and Tyr(P)-1472 levels in the
hippocampus after contextual fear conditioning. Consistently,
the Tyr(P)-1070 and Tyr(P)-1472 level in the hippocampus
were robustly increased 1 h after conditioning (Fig. 5, L–N), but
the GluN2B level did not change (Fig. 5O), suggesting that the
Tyr(P)-1070 level is regulated in vivo. Taken together, these
findings demonstrate that Tyr(P)-1070 is regulated by synaptic
activity both in vitro and in vivo.

Discussion

The number and composition of synaptic NMDARs are
dynamically regulated during development and neuronal activ-
ity and thus govern the availability of synaptic plasticity. There-
fore, it is important to elucidate the intracellular regulation of
NMDAR trafficking. In the present study we demonstrated that
Tyr-1070 on GluN2B was a novel Fyn kinase-mediated tyrosine
phosphorylation site in response to synaptic activity as well as
contextual fear learning. Furthermore, our findings uncovered
a new mechanism in which the phosphorylation of GluN2B at
Tyr-1472 was regulated by a Tyr(P)-1070-mediated association
of GluN2B with Fyn and in turn controlled the surface expres-
sion of GluN2B-containing NMDARs.

A previous study reported that Tyr-1252, Tyr-1336, and Tyr-
1472 are substrates of Fyn, a member of Src family kinase (15).
Here, we identified a new tyrosine site, Tyr-1070, on GluN2B as
a substrate of Fyn, which was pivotal for the surface expression
of GluN2B-containing NMDARs. Previous studies have shown
that site-specific phosphorylation of GluN2B at Tyr-1472, Ser-
1480, or Ser-1166 is critical for regulation of the surface expres-
sion of NMDARs (8, 18, 40). For example, GluN2B Tyr-1472 is
located within an endocytic motif (YEKL), which mediates the
interaction of GluN2B with AP-2 and thus facilitates the endo-
cytosis of GluN2B-containing NMDARs (17). Interestingly, we
found that Tyr-1070 is a constituent residue of an immuno-
receptor tyrosine-based inhibitory motif (VTYGNI) and may
indirectly regulate the surface expression of NMDARs. Fyn
kinase contains an SH2 domain that is bound to a phosphory-
lated tyrosine residue, and binding to a phosphorylated tyrosine
with its SH2 domain facilitates its activity (6). Although Fyn is
in close proximity to NMDARs through association with scaf-
fold proteins such as PSD95 and RACK1 (21, 41), our results
showed a direct association of Fyn with GluN2B and that this
was regulated by neuronal activity and in turn modulated the
Tyr(P)-1472 level. Moreover, our results revealed that changes
in the level of Tyr(P)-1070 were coincident with those in
Tyr(P)-1472 after cLTP or cLTD stimuli and fear conditioning
in vivo, suggesting that Tyr-1070 plays a scaffolding role in
modulating the Tyr(P)-1472 level and subsequently regulating
the surface expression of GluN2B-containing NMDARs. These
findings are supported by a study indicating that Src family
kinase-mediated phosphorylation of NMDARs stabilizes
NMDARs on the cell surface after LTP (42). To our knowledge,
the present study provides the first evidence that phosphoryla-
tion of one tyrosine site regulates the phosphorylation of
another in the GluN2B subunit. In addition, a recent study

reported that Ser-1480 on GluN2B is also involved in the mod-
ulation of Tyr(P)-1472 levels (43), implying that regulation of
Tyr-1472 is complicated. Given multiple tyrosine sites on
GluN2B identified to be phosphorylated by Fyn, an intriguing
question remaining to be addressed is how the phosphorylation
of these sites is differentially regulated by Fyn during specific
synaptic activities.

Interestingly, we noted that recent studies have indicated
that both Tyr(P)-1070 and Tyr(P)-1472 levels increase after
global transient ischemia and reperfusion (16, 44). Besides, a
previous study has also revealed that the association of Fyn with
NMDARs is enhanced after global transient ischemia (45). By
combining this evidence with our findings, we believed that the
mechanism of regulating Tyr(P)-1472 via phosphorylated Tyr-
1070 is probably also involved in neurological disorders such as
ischemic injury (16, 44). In future studies it will be interesting to
explore whether manipulation of the Tyr-1070 phosphoryla-
tion state and/or the association of GluN2B with Fyn can be
targets to ease the damage after ischemic insult.

In summary, we present a new mechanism in which GluN2B
phosphorylated at 1070 mediates the interaction of GluN2B
with Fyn and subsequently regulates the surface expression of
GluN2B-containing NMDARs by modulating the Tyr(P)-1472
level during synaptic activity. Moreover, our findings imply that
this mechanism plays a critical role in the functions of
NMDARs, which also provide potential therapeutic targets
against neurological disorders.
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