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Cellular/Molecular

Tyrosine Phosphorylation and Regulation of the AMPA
Receptor by Src Family Tyrosine Kinases

Takashi Hayashi and Richard L. Huganir

Department of Neuroscience, Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Phosphorylation of AMPA receptors is a major mechanism for the regulation of receptor function and underlies several forms of synaptic
plasticity in the CNS. Although serine and threonine phosphorylation of AMPA receptors has been well studied, the potential role of
tyrosine phosphorylation of AMPA receptors has not been investigated. Here, we show that the GluR2 subunit of AMPA receptors is
tyrosine phosphorylated in vitro and in vivo by Src family tyrosine kinases on tyrosine 876 near its C terminus. In addition, GluR agonist
treatment of cultured cortical neurons increased phosphorylation of tyrosine 876. The association with GluR2-interacting molecules
GRIP1/2 was decreased by tyrosine phosphorylation of GluR2, whereas PICK1 interaction was not influenced. Moreover, mutation of
tyrosine 876 eliminated AMPA- and NMDA-induced internalization of the GluR2 subunit. These data indicate that tyrosine phosphory-
lation of tyrosine 876 on the GluR2 C terminus by Src family tyrosine kinases is important for the regulation of AMPA receptor function

and may be important for synaptic plasticity.

Key words: AMPA; kinase; phosphorylation; receptor; tyrosine; glutamate; Src

Introduction

Glutamate is the major excitatory neurotransmitter in the mam-
malian CNS. The ionotropic glutamate receptors are classified
into several groups: AMPA, kainate (KA), 8, and NMDA recep-
tors. The AMPA receptor is a ligand-gated cation channel that
mediates the fast component of EPSCs in the CNS. The AMPA
receptor consists of four types of subunits: GluR1, -2, -3, and -4
(Hollman and Heinemann, 1994; Roche et al., 1994). Recent
studies have shown that serine/threonine phosphorylation of
AMPA receptor subunits play critical roles in the regulation of
synaptic plasticity (Swope et al., 1999; Soderling and Derkach,
2000; Song and Huganir, 2002). Protein phosphorylation of
AMPA receptors has been shown to modulate AMPA receptor
ion channel properties as well as the membrane trafficking of
AMPA receptors to the postsynaptic membrane (Song and Hu-
ganir, 2002). Phosphorylation of serines 831 and 845 in the
GluR1 subunit by calcium—calmodulin-dependent protein ki-
nase II (CaMKII) and cAMP-dependent protein kinase, respec-
tively, regulates the ion channel properties and synaptic traffick-
ing of GluR1-containing AMPA receptors during hippocampal
long-term potentiation (LTP) (Roche et al., 1996; Barria et al.,
1997; Mammen et al., 1997; Derkach et al., 1999; Banke et al.,
2000; Lee et al., 2000; Esteban et al., 2003). Furthermore, dephos-
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phorylation of these sites on GluR1 by protein phosphatases dur-
ing long-term depression (LTD) regulates receptor function and
trafficking (Kameyama et al., 1998; Lee et al., 1998, 2000, 2003).
Moreover, mutation of these sites in mice decreases the expres-
sion of hippocampal LTP and LTD and produces defects in mem-
ory retention (Lee et al., 2003). Phosphorylation of serine 880 on
the GluR2 subunit regulates its interaction with the PDZ
[postsynaptic density-95/Discs large/zona occludens-1] domain
containing proteins GRIP1/2 and PICK1 and is critical for the
expression of cerebellar and hippocampal LTD (Chung et al,,
2000, 2003; Matsuda et al., 2000; Kim et al., 2001).

In contrast to serine and threonine phosphorylation, the role
of tyrosine phosphorylation of AMPA receptors has not been
investigated. Several studies have reported that protein tyrosine
kinases (PTKs) regulate long-term changes of synaptic transmis-
sion at glutamatergic synapses (Boxall and Lancaster, 1998). PTK
inhibitors such as genistein, herbimycin A, and lavendustin A
have been reported to block the induction of hippocampal LTP
and cerebellar LTD (O’Dell et al., 1991; Boxall and Lancaster,
1998). In addition, some PTK-deficient mice have various neural
deficits including impaired LTP and deficient learning. For ex-
ample, mice with a targeted deletion of the Src family tyrosine
kinase Fyn have deficient hippocampal LTP, learning, and mem-
ory (Grant et al., 1992; Miyakawa et al., 1997; Kitazawa et al.,
1998). Here, we report that the GluR2 subunit of AMPA receptor
is tyrosine phosphorylated on its C-terminal domain by Src fam-
ily PTKs. Phosphorylation of this site is regulated by glutamate
and is critical for the regulated endocytosis of GluR2. These data
suggest that tyrosine phosphorylation may play crucial roles in
the proper localization and trafficking of AMPA receptors.

Materials and Methods

Generation of anti-GluR2 C-terminal phosphotyrosine-specific antibodies.
Anti-GluR2CPY antibodies (JH3410) were raised against the synthetic
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phosphopeptide KQNFATpYKEGpYNVpYGIESVKI corresponding to
aa 864—883 of GluR2, with three phosphotyrosine residues. Anti-
GluR2CPY antibodies were affinity purified from antisera by sequential
chromatography using Affi-Gel (Bio-Rad, Hercules, CA) columns co-
valently linked to BSA-conjugated unphosphorylated (KQNFATYK-
EGYNVYGIESVKI) and tyrosine-phosphorylated GluR2 C-terminal
peptides. Anti-GluR2 N-terminal monoclonal antibody (MAB397) was
purchased from Chemicon (Temecula, CA). Anti-Src, anti-Fyn, anti-
Lyn, anti-phosphotyrosine (PY20), and anti-tubulin antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). Blocking and washing
solutions for Western blotting were 5% BSA in TBS (50 mm Tris-HCI, pH
7.5, and 150 mm NaCl) and in TBS containing 0.05% Triton X-100 for
anti-phosphotyrosine antibody and 0.5% skim milk and 0.1% Tween 20
in TBS for the other antibodies.

Primary neuron culture, transfection, stimulation, rodent brain lysate,
and biotinylation. High-density cortical cultured neurons and low-
density hippocampal cultured neurons were prepared as described pre-
viously (Goslin and Banker, 1991). Cortical cultured neurons (10° cells
per lane) were used between 3 and 4 weeks after plating for biochemical
experiments. At 14—16 d in vitro (DIV), cortical culture neurons on
coverslips were used for green fluorescent protein (GFP)-GluR2 trans-
fection. HEK 293T cells (107 cells per lane) were transfected with pRK5-
Src, pRK5-Lyn [cytomegalovirus (CMV) promoter], and wild-type and
mutant pRK5-GluR2 (CMV promoter) by calcium phosphate method as
described (Hayashi et al., 1999). For stimulation of AMPA receptors,
cortical culture neurons were washed twice with 3 ml of extracellular
artificial CSF solution containing 15 mm HEPES, pH 7.5, 140 mm NaCl,
5 mMm KCl, 1 mm MgCl,, 5 mM glucose, 0.5 mm EDTA, and 0.12%
NaHCOj;. Then, cortical culture neurons were incubated in the same
buffer at 37°C for 30 min before stimulation with GluR agonists. TTX (5
M) was added to inhibit neuronal activity. Cells were lysed with radio-
immunoprecipitation assay (RIPA) buffers containing 10 mm Tris-HCI,
pH7.5, 150 mm NaCl, 1 mm EDTA, 1 mMm NayVO,, 1% Triton X-100,
0.1% SDS, 0.1% sodium deoxycholate, 10 ug/ml aprotinin, and 10 pug/ml
leupeptin. Each area of C57BL/6 mice brain was homogenized and lysed
in buffer containing 50 mm Tris-HCI, pH8.0, 150 mm NaCl, 20 mm
EDTA, 1 mm Na;VO,, 1% Triton X-100, 10 pg/ml aprotinin, and 10
pg/ml leupeptin. Samples were analyzed by 7.5% SDS-PAGE, followed
by immunoblotting. For surface biotinylation, cortical culture neurons
were cooled on ice, washed twice with ice-cold PBS containing 1 mm
CaCl, and 5 mm MgCl,, and then incubated with PBS containing 1 mm
CaCl,, 5 mm MgCL,, and 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce, Rock-
ford, IL) for 20 min at 4°C. Unreacted biotinylation reagent was washed
three times with ice-cold TBS. Cortical culture neurons were harvested in
RIPA buffer. Homogenates were centrifuged at 15,000 X g for 20 min at
4°C. The resulting supernatant was incubated with NeutrAvidin beads
(Pierce) for 3 hr at 4°C. Precipitates were analyzed by immunoblotting
with each antibody.

Immunocytochemical experiments. Anti-GFP antibodies (JH4030)
were raised against a GFP fusion protein. GFP-GluR cluster numbers
were automatically counted and analyzed with MetaMorph software
(Universal Imaging, West Chester, PA) after setting a threshold of fluo-
rescent intensity that was slightly higher than that in the dendritic shaft.
The number of clusters was normalized with the dendritic length after all
dendritic branches in an image were traced and measured manually. The
upper threshold limit for this selection was used to exclude the cell body
and proximal dendritic shafts, which have much larger area than spines
(Liao et al., 1999).

Internalized GFP-GluR2 and endogenous GluR1 were selectively visu-
alized as follows. Surface GFP-GluR2 or GluR1 was labeled in living
neurons at 10°C for a 20 min incubation with anti-GFP or anti-GluR1 N
terminus antibodies. After washout of the excess antibodies, culture neu-
rons were treated with 100 um AMPA or 50 um NMDA at 37°C. After the
stimulation, neurons were washed with 4% sucrose in PBS twice, fixed
with 4% paraformaldehyde and 4% sucrose in PBS (room temperature;
20 min), and surface remaining anti-GFP or anti-GluR1 N terminus
antibodies were blocked with anti-rabbit IgG goat antibody F(ab’)2 frag-
ment (Jackson Immunoresearch, West Grove, PA). Then, fixed neurons
were permeabilized with 0.1% Triton X-100 (4°C; 10 min) for GFP-
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GluR2 or with methanol (—20°C; 1 min) for GluR1. Coverslips were
blocked in 10% normal donkey serum in PBS at 4°C overnight, and then
internalized GFP-GluR2 was visualized by staining with Cy3-conjugated
anti-rabbit IgG (Jackson Immunoresearch) diluted in 10% normal don-
key serum in PBS as secondary antibodies. Fluorescence images were
acquired using a Photometrics CCD camera and quantified with Meta-
Morph. The fluorescence intensity averages of Cy3-red and GFP-green
signals in dendrite regions in indicated numbers of different neurons
were measured. Red fluorescence intensity indicative of internalization
was divided by green fluorescence intensity to control for GFP-GluR2
protein expression. Units of internalization were measured as ratio of
red/green fluorescence normalized to untreated controls.

Results

Tyrosine phosphorylation of GluR2 C terminus in rodent
brain lysates

Previous studies have shown that Src family PTKs can interact
with the AMPA receptor GluR2 subunit (Hayashi et al., 1999).
To test whether AMPA receptor subunits were tyrosine phos-
phorylated, we prepared mouse brain lysates, immunoprecipi-
tated individual AMPA receptor subunits, and analyzed them
for phosphotyrosine content by immunoblotting using
anti-phosphotyrosine antibody. As shown in Figure 1, the GluR2
and GluR3 subunits were tyrosine phosphorylated, whereas, in
contrast, tyrosine phosphorylation of GluR1 and GluR4 were not
detected (Fig. 1 A). There are several tyrosine residues in the in-
tracellular regions of the AMPA receptor subunits that are poten-
tial tyrosine phosphorylation sites. One tyrosine located between
transmembrane domain (TMD) 1 and TMD 2 and another
tyrosine just after TMD 4 are conserved in all four subunits
GluR1-4. In addition, there are three additional tyrosine residues
in the C terminus of GluR2 and four residues in GluR3. The three
most C-terminal tyrosines are conserved between GluR2 and
GluR3 (Fig. 1 B). These three C-terminal tyrosines in GluR2/3 fit
known consensus sites for tyrosine kinases (Songyang and Cant-
ley, 1998; Songyang, 2001). Receptor-type PTKs such as the epi-
dermal growth factor receptor or Trk family PTKs prefer the
amino acid sequence Glu-Tyr-hydrophobic residues (E-Y-®),
whereas nonreceptor-type PTKs such as Src family PTK prefer
Ile/Val-Tyr-Glu/Gly/Ala (I/V-Y-E/G/A). The sequence around
tyrosine 876 of GluR2 (V-Y-G) is completely in accordance with
the target sequence of nonreceptor-type PTKs, suggesting that
tyrosine 876 residue may be phosphorylated. To test the possibil-
ity that this region is tyrosine phosphorylated, phospho-
antibodies were generated against this region using a synthetic
peptide containing phosphotyrosines in place of all three tyrosine
residues within the GluR2 C-terminal 20 amino acid (anti-
GluR2CPY) (Fig. 1 B). The antibody was sequentially purified on
a phosphotyrosine GluR2 peptide and non-phospho-GluR2
peptide columns.

To analyze whether GluR2 was phosphorylated on these ty-
rosines, brain lysates from mouse cortex, hippocampus, and cer-
ebellum were immunoblotted with the anti-GluR2CPY or anti-
GluR2 antibodies. Western blotting analysis detected tyrosine
phosphorylation of the GluR2 C terminus in all of these three
brain regions (Fig. 1C). The strongest tyrosine phosphorylation
was detected in lysates from cortex, whereas expression of GluR2
protein itself was largest in the hippocampus. Weak tyrosine phos-
phorylation in cerebellum was detected upon longer exposure. Pre-
absorption of anti-GluR2CPY antibodies with phosphopeptide pre-
vented immunorecognition. Moreover, A phosphatase treatment
also eliminated recognition of GluR2 by anti-GluR2CPY antibodies,
indicating the recognition was phospho-specific. Using immuno-
precipitation experiments, we estimated that 1-2% of GluR2 was
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tyrosine phosphorylated in the mouse A
whole-brain lysate (data not shown).
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Phosphorylation of GluR2 C-terminal
region by Src family PTKs

Because the sequence surrounding ty-
rosine 876 of GluR?2 fit the consensus se-
quence for Src family PTKs, we used the
anti-GluR2CPY antibodies to examine the
tyrosine phosphorylation of GluR2 by
PTKs in transfected HEK 293T cells. Coex-
pression of GluR2 and the Src family PTK
Lyn demonstrated that Lyn could phos-
phorylate the GluR2 C-terminal tyrosines
(Fig. 2 A, top). The signal was abolished by B
absorption of anti-GluR2CPY antibodies

with their phosphopeptide antigen, whereas
corresponding non-phosphopeptide ab-
sorption had no effect on antibody rec-
ognition (Fig. 2A, middle). In addition,

A phosphatase treatment eliminated the
recognition of GluR2 by anti-GluR2CPY
antibodies, indicating the recognition

was phospho-specific (Fig. 2A, bottom).

The Src family PTKs Src and Fyn were also
found to phosphorylate the GluR2 C termi- C
nus (data not shown). In contrast, the non-
receptor-type PTKs Fak and Pyk2 did not
phosphorylate GluR2 in transfected HEK
293T cell (data not shown). Because the
GluR2 C terminus has a similar sequence
with GluR3, the corresponding tyrosine sites
of GluR3 may also be phosphorylated. To
investigate this possibility, GluR2 or GluR3
were coexpressed with Src PTK in HEK 293T
cells, and cell lysates were immunoblotted
with anti-GluR2CPY antibodies. Under
these conditions, our antibodies did not rec-
ognize tyrosine phosphorylation of GluR3
(Fig. 2B). The AMPA receptor subunit C-
terminal sequences show that the isoleucine
at the +2 position of Y876 in GluR2 (pY876-
G-I) is substituted with threonine in GluR3
(Y881-G-T). The difference may affect the
tyrosine phosphorylation by Src family
PTKs or the recognition of phosphoty-
rosine-specific anti-GluR2CPY antibodies.

+1gG
+ o GIluR1

2
g
2

GluR1

Figure1.

GluR2 AMPA receptor subunit was

phosphorylated at tyrosine 876

To determine the exact site of tyrosine phosphorylation, three dif-
ferent GluR2 mutants with the individual tyrosine residues mutated
to phenylalanine (GluR2Y869F, GluR2Y873F, and GluR2Y876F)
were generated by site-directed mutagenesis (Fig. 3A). These mu-
tants were cotransfected with the Src family PTK Lyn into HEK 293T
cells, and cell lysates were analyzed by immunoblotting. Cotransfec-
tion experiments revealed that mutation of tyrosine 876, but not
tyrosine 869 or 873, eliminated recognition by the GluR2CPY anti-
bodies (Fig. 3B), indicating that tyrosine 876 was phosphorylated by
the Src family PTKs. It is still possible that tyrosines 869 and 873 are
phosphorylated but that the anti-GluR2CPY antibodies do not rec-
ognize these phosphotyrosines or that these tyrosine residues are
phosphorylated by other PTKSs in vivo.
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Tyrosine phosphorylation in the GluR2 C-terminal region in rodent brain lysates. A, Tyrosine phosphorylation of each
AMPA receptor subunit. Inmunoprecipitates were isolated from mouse whole-brain lysates using rabbit IgG or each anti-GluR
subunit antibody and were then immunoblotted with anti-phosphotyrosine antibody (PY20) or anti-GluR antibodies recognizing
each subunit. B, C-terminal amino acid sequences of AMPA receptor subunits GluR1-4. The antigen phosphopeptide for anti-
GluR2CPY antibodies and its corresponding non-phosphopeptide are shown. ¢, C-terminal tyrosine-phosphorylated GIuR2 in the
lysate from mouse cortex (Cx), hippocampus (Hi), or cerebellum (Cb). Brain lysates were immunoblotted with anti-GIuR2, anti-
GluR2CPY, or anti-tubulin antibodies. Recognition of GluR2 by anti-GluR2CPY was blocked by preabsorption of the antibodies with
the antigen phosphopeptide or by A phosphatase treatment but not by preabsorption with the non-phosphopeptide. Anti-
tubulin immunoblot confirmed equal protein loading.

Different regulation of GluR2-interacting molecules by
tyrosine phosphorylation of GluR2

Because tyrosine 876 is within a few amino acids of the GluR2
C-terminal PDZ ligand that binds to the PDZ-containing pro-
teins GRIP1/2 and PICK1, we next investigated whether tyrosine
phosphorylation influenced GRIP1/2 and PICK1 binding. The
interaction of these molecules with GluR2 was analyzed in HEK
293T cells cotransfected with PICK1, GRIP1 or -2, with the Lyn
kinase. Coimmunoprecipitation experiments showed that inter-
action of GluR2 with GRIP1 (Fig. 4A) and GRIP2 (Fig. 4 B) was
reduced by coexpression with Lyn, compared with coexpression
with the kinase-negative form of Lyn. These results indicates that
phosphorylation of tyrosine 876 by Src family PTKSs significantly
impaired the interaction between GluR2 and GRIP1/2. In con-
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addition, GluR2Y876F still binds to GRIP1
(Fig. 4G), GRIP2 (Fig. 4H), and PICK1
(Fig. 41) as well as the GluR2 wild type.

GluR2 -+ - + + GluR2 . . 4 -
L - - + + KN G'UHS - & = + + . .
yn Sre Activation of glutamate receptors
St Tt stimulated tyrosine phosphorylation
s o GluR2CPY
aGurecpy  Of GluR2
To examine whether tyrosine phosphory-
= = GluR2 lation of GluR2 was regulated by stimula-
i ST tion, we analyzed the modulation of phos-
alyn opdue o phorylation of tyrosine 876 in 3- to
4-week-old rat cortical cultured neurons.
v @GIUR2CPY The cultured cortical neurons were stimu-
# . 4 non-phospho peptide a Src :
phaspho pep lated with 100 puMm glutamate, 100 pm
RO AMPA, or 50 v NMDA for 10 min in th
+ antigen phospho-peptide » O OU UM or 1Y minnthe
presence of 5 uMm TTX. Cell lysates were
A Phosphatase then isolated and immunoblotted with
anti-GluR2 or anti-GluR2CPY antibodies
Figure2. Tyrosine phosphorylation of the GIuR2 C-terminal region by Src family PTKs. A, C-terminal tyrosine-phosphorylated  (Fig. 5A). Treatment of the cultures with

GluR2 in lysates from HEK 293T cells transfected with plasmids encoding GluR2 and plasmids encoding Src family PTK Lyn or a
kinase-negative form of Lyn (KN). Cell lysates were immunoblotted with anti-GluR2CPY antibodies. Expression of each protein was
confirmed by protein immunoblots of cell lysates probed with anti-GIuR2 or anti-Lyn antibodies (top). Preabsorption experiments with
antigen GluR2 C-terminal phosphopeptide or non-phosphopeptide (middle) and A phosphatase treatment experiment (bottom) are
shown. B, C-terminal tyrosine phosphorylation of GluR2 and GluR3 inlysates from HEK 293T cells transfected with plasmids encoding GluR2
or GluR3 and plasmids encoding Src. Cell lysates were immunoblotted with anti-GluR2CPY antibodies. Expression of each protein was

confirmed by protein immunoblots of cell lysates probed with anti-GluR2/3 or anti-Src antibodies.

A

[TM4] EFCYKSRAEAKRMKGFCLIPQQSINEAIRTSTVAKN

PQNINPSSSQNSQNFATYKEGYNVYGIESVKI ~ WT

PQNINPSSSQNSQNFATFKEGYNVYGIESVKI Y869F
PQNINPSSSQNSQNFATYKEGFNVYGIESVKI Y873F
PQNINPSSSQNSQNFATYKEGYNVFGIESVKI  Y876F
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Figure 3.  Phosphorylated tyrosine residues in the GIuR2 C terminus by Src family PTKs. 4,
Three single-point mutant GluR2 subunits containing tyrosine to phenylalanine mutations
(YB69F, Y873F, and Y876F) were generated. B, C-terminal tyrosine phosphorylation of the
GluR2 wild type (WT) and the three GluR2 YF mutants in anti-GluR2 immunoprecipitates from
lysates of HEK 293T cells transfected with wild-type or mutant GluR2 with plasmids encoding
the Src family PTK Lyn. Cell lysates were immunoprecipitated with anti-GluR2 antibody, fol-
lowed by immunoblotting with anti-GIuR2CPY or anti-GluR2 antibodies.

trast, PICK1 interaction was unaffected by GluR2 C-terminal
tyrosine phosphorylation (Fig. 4C). The interaction of the
GluR2Y876F mutant with GRIP1 (Fig. 4 D), GRIP2 (Fig. 4 E), and
PICK1 (Fig. 4 F) was not influenced by coexpression with Lyn. In

the GluR agonists resulted in a rapid and
significant increase of GluR2 C-terminal
tyrosine phosphorylation in the cultured
cortical neurons. Enhancements of ty-
rosine phosphorylation were detected
within 5 min (data not shown). The GluR
agonist-induced increase in tyrosine phos-
phorylation was observed in calcium-free
extracellular solution, indicating that the agonist-induced PTK
activation pathway was independent of calcium influx. In addi-
tion, the Src family PTK-specific inhibitor PP2 blocked the basal
and GluR agonist-induced tyrosine phosphorylation of GluR2 C
terminus, indicating that Src family PTKs phosphorylated GluR2
in vivo (Fig. 5B). PP2 inhibition effects on tyrosine phosphoryla-
tion of the GluR2 C terminus were observed in both surface-
expressed fraction and total cell lysates (Fig. 5C).

Tyrosine phosphorylation affected GluR2 localization and
trafficking pattern

To analyze the functional effect of tyrosine phosphorylation of
GluR2, we examined the membrane trafficking of GFP-tagged
wild type (GFP-GluR2) and the tyrosine phosphorylation mutant
(GFP-GIuR2Y876F) GluR2 subunits. These constructs were
transfected into low-density hippocampal cultured neurons (Fig.
6A) (Goslin and Banker, 1991) or high-density cortical cultured
neurons (Fig. 6 B,C) (Xia et al., 1996) and examined 6-7 d after
transfection. The total GFP fluorescence intensity of the wild-
type and mutant GluR2 subunits in dendrites was similar, and
both wild-type and mutant GluR2 subunits clustered at synapses
as demonstrated by colocalization with the presynaptic marker
synaptophysin (Fig. 6 A). However, when quantified, the synaptic
targeting of the mutant GluR2 was significantly decreased com-
pared with wild type (Fig. 6 A,B).

We then tested the surface expression of the GFP-GluR2 and
GFP-GIuR2YF subunits. Transfected cortical neurons were
stained live with anti-GFP antibodies (10°C, 20 min), washed,
then fixed with 4% paraformaldehyde, 4% sucrose in PBS, and
blocked with 10% normal donkey serum (4°C, overnight). Anti-
GFP antibodies were then stained with Cy3-conjugated anti-
rabbit IgG. The ratio of Cy3-red to GFP-green signals indicate the
ratio of surface expression of the GFP-GluR2 to total GFP expres-
sion. In these live-staining experiments with anti-GFP antibod-
ies, the tyrosine phosphorylation site mutant showed signifi-
cantly reduced surface expression compared with wild type.
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These data suggest that tyrosine phos-
phorylation of GluR2 regulates trafficking
to the cell surface or helps to maintain the
surface expression of GluR2 (Fig. 6C).

Tyrosine phosphorylation-dependent
GluR2 internalization

Finally, the effects of mutation of tyrosine
876 on agonist-induced internalization of
GFP-GluR2 and PP2 on agonist-induced
internalization of endogenous GluR1 were
examined. Recent studies have revealed
that AMPA receptor endocytosis is in-
creased in AMPA or NMDA treatment of
neurons (Beattie et al., 2000; Lin et al.,
2000; Man et al., 2000; Carroll et al., 2001).
To measure receptor internalization, sur-
face GFP-GIluR2 and GFP-GluR2YF in
transfected cortical neurons were labeled
by live-staining with anti-GFP antibodies,
and the neurons were then incubated with
and without 100 uM AMPA for 10 min or
50 uM NMDA for 2-3 min in glia-
conditioned media (totally incubated for
10 min at 37°C). After incubation, the cor-
tical neurons were fixed, and the remain-
ing surface anti-GFP antibodies were
blocked by incubation with anti-rabbit
IgG goat antibody F(ab’)2 fragment. The
fixed neurons were then permeabilized,
and the internalized anti-GFP antibodies
were visualized by staining with Cy3-
conjugated anti-rabbit IgG antibodies
(Fig. 7A). The ratio of average intensity of
internalized anti-GFP antibodies (Cy3-red
intensity) to that of total-expressing GFP
(GFP-green intensity) was calculated. The
AMPA- and NMDA-induced internaliza-
tion was normalized to the control inter-
nalization for wild-type and mutant
GluR2. The results showed that both
AMPA and NMDA stimulation enhanced
the internalization of GFP-GIuR2, whereas
the internalization of the mutant GFP-
GluR2YF subunit was not increased by ag-
onist stimulation. In contrast, the total
GFP-GluR2 fluorescence intensity in den-
drites was similar for GFP-GluR2 and
GFP-GluR2YF (Fig. 7A). In addition,
AMPA- and NMDA-induced internaliza-
tion of GFP-GluR2 was inhibited by Src
family PTK-specific inhibitor PP2 treat-
ment (20 uM) but not by inactive struc-
tural analog PP3 treatment (20 um) (Fig.
7B). Moreover, PP2 also inhibited AMPA-
and NMDA-induced internalization of
endogenous surface GluR1 subunits that
are associated with GluR2 in hippocampal
neurons (Fig. 7C). These observations
strongly suggested that PTK activity is re-
quired for stimulation-dependent inter-
nalization of the AMPA receptor and that
tyrosine phosphorylation of GluR2 by Src
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Figure 4.  GluR2 C-terminal tyrosine phosphorylation differently requlated its interaction with GRIP1/2 and PICK1. A-F, The
regulation of the association of GIuR2 with its interacting proteins GRIP1, GRIP2, and PICK1 by tyrosine phosphorylation was
analyzed in transfected HEK cells. GIuR2 was immunoprecipitated with anti-GluR2 antibodies from lysates of HEK 293T cells
transfected with plasmids encoding GluR2 wild type (A—C) or Y876F mutant (D—F ), wild-type or kinase-negative (KN) form of Src
family PTK Lyn, and GRIP1 (4, D), GRIP2 (B, E), or PICK1 (C, F). Anti-GIuR2 coimmunoprecipitates from cell lysates were immuno-
blotted with each antibody (top). Expression of each protein was confirmed by protein immunoblots of cell lysates probed with
anti-GluR2, anti-GRIP1 (A, D), anti-GRIP2 (B, £), anti-PICK1 (C, ) or anti-Lyn antibodies (middIe). Tyrosine phosphorylation of the
GluR2 C terminus was checked by protein immunoblots of cell lysates probed with anti-GluR2CPY antibodies (bottom). G-/, The
equal binding of GIuR2 wild type and Y876F mutant with GRIP1 (G), GRIP2 (H), and PICK1 (/) was analyzed in transfeceted HEK
cells. Anti-GIuR2 coimmunoprecipitation (top) and protein expression (bottom) are shown.
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in its C terminus in vitro and in vivo. This
site was phosphorylated by Src family
PTKs in transfected heterologous cells and
in neurons i situ. In addition, phosphor-
ylation of tyrosine 876 regulated AMPA
receptor surface expression and synaptic
targeting of GluR2. Src family PTKs have
previously been shown to regulate excita-
tory synaptic transmission (Soderling and
Derkach, 2000), and phosphorylation of
GluR2 on tyrosine 876 may mediate some
of these effects. Although the sequence
around tyrosine 876 in GluR2 is a general
nonreceptor-type PTK target, we found

+ that other nonreceptor-type PTKs, such as
Fak and Pyk2, did not phosphorylate
GluR2 in transfected HEK 293T cells.
Our data indicated that although
GluR2 and -3 are tyrosine phosphorylated,
we could not detect tyrosine phosphoryla-
tion of GluR1 and -4. However, several ty-
rosine residues are conserved within the
intracellular region of the AMPA receptor
subunits GluR1-4, and it is possible that
these sites are phosphorylated at low stoi-

NMDA
control
AMPA
NMDA

AMPA

1 | glutamate

]
n

chiometries in vivo. In fact, we have previ-
ously shown that GluR1 could be tyrosine
phosphorylated by overexpression of v-Src
in transfected HEK 293 cells (Moss et al.,
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Figure 5.

SEM; t test; *p << 0.05, ***p << 0.001, compared with control.

family PTKs is required for AMPA- and NMDA-induced inter-
nalization of GluR2.

Discussion

Recent studies have shown that glutamate receptor phosphoryla-
tion is critical for the regulation of synaptic transmission and
synaptic plasticity (Song and Huganir, 2002). Previous reports
have focused on serine and threonine phosphorylation of AMPA
receptors, however, the role of tyrosine phosphorylation of
AMPA receptors in the regulation of receptor function has not
been investigated. In this study, we demonstrated that the GluR2
subunit of AMPA receptors was phosphorylated on tyrosine 876

Regulation of GluR2 C-terminal tyrosine phosphorylation in cultured cortical neurons. A, C-terminal tyrosine phos-
phorylated GIuR2 in lysates from primary cortical cultures (culture DIV, 3— 4 weeks) stimulated with 100 m glutamate, 100 um
AMPA, or 50 M NMDA for 10 min. Cell lysates were immunoblotted with anti-GIuR2CPY or anti-GluR2 antibodies [n = 8
(control), n = 8(+glutamate),n = 8 (+AMPA),n = 5 (+NMDA), respectively]. B, The effect of Src family PTK-specificinhibitor
PP2 (20 pum) or the inactive structural analog PP3 (20 um) on GluR agonist-induced GIuR2 C-terminal tyrosine phosphorylation.
Cortical cultured neurons were stimulated with 100 um glutamate, 100 m AMPA, or 50 um NMDA for 10 min (n = 4, respec-
tively). G, The effect of PP2 (20 rum) or PP3 (20 um) on surface and total GluR2 C-terminal tyrosine phosphorylation. Cortical culture
neurons were treated with PP2 or PP3 for 1 hr, and surface-expressed proteins were biotinylated and precipitated with NeutrA-
vidin beads (n = 4, respectively). Ratios of GluR2 C-terminal tyrosine phosphorylation to total GluR2 are shown. Data are mean =

1993). Furthermore, a GluR2A21 mutant,
which eliminates the three C-terminal ty-
rosine residues (Y869, Y873, and Y876),
was still significantly tyrosine phosphory-
lated by Src family PTKs in transfected
HEK 293T cells (data not shown). These
observations indicate that GluR2 tyrosine
570 between TMD1 and -2 or GluR2 ty-
rosine 837 at just after TMD 4, tyrosines
that are conserved among AMPA receptor
subunits GluR1-4, may also be phosphor-
ylated in vivo. A recent study revealed the
role of tyrosine phosphorylation of GluR2 in
insulin-stimulated AMPA receptor endocy-
tosis and LTD (Ahmadian et al., 2004). Our
phosphotyrosine-specific antibodies (anti-
GIluR2CPY) did not detect enhancements of
insulin (0.5 uM)-stimulated tyrosine phos-
phorylation of GIuR2 in cortical neurons,
suggesting that insulin stimulation regu-
lates phosphorylation of tyrosines besides
tyrosine 876. AMPA-induced GluR2 inter-
nalization was detected in their mutant,
the C-terminal three-tyrosine residues of which were mutated
into alanines, whereas our data showed Y876F mutant prevented
AMPA-induced GluR2 internalization. This may depend on the dif-
ference of observed regions; namely, they measured the internaliza-
tion in the whole region of soma and dendrites in a transfected neu-
ron, whereas we focused dendritic receptor internalization, which is
more important for glutamatergic synaptic transmission.
Mutation of tyrosine 876 affected the steady-state trafficking
of GluR2 in cultured neurons. The Y876F mutant of GFP-GluR2
in transfected cortical neurons did not accumulate at synapses
and had a diffuse distribution compared with the wild-type re-
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ceptor. In addition, the steady-state sur- A
face expression of Y876F GluR2 mutant
was reduced, but significant levels of sur-
face receptor were detected. These findings
suggest that phosphorylation of GluR2 at
tyrosine 876 regulates the steady-state syn-
aptic trafficking of GluR2. Furthermore,
our data suggest that phosphorylation at
tyrosine 876 by Src family PTKs is required
for the regulated internalization of the
AMPA receptor. These experiments used
overexpressed recombinant GluR2 sub-
units, a common technique used by us and
many other groups. This exogenous
GluR2 expression makes homomeric re-
ceptor, which is different from endoge- B
nous heteromeric AMPA receptor, but it is
useful to elucidate subunit-specific prop-
erties of AMPA receptor trafficking (Mali-
now and Malenka, 2002). The different
surface delivery between GluR2 wild
type and YF mutant may depend on

I . GFP-GluR2
some mechanism in steady-state synaptic
trafficking pathway. In contrast, agonist-
induced AMPA receptor internalization is GFP cluster

a rapid change of preexisting surface re-
ceptors. It is somewhat surprising that
mutation of tyrosine 876 decreases surface
expression of GluR2 if tyrosine phosphor-
ylation is required for agonist-stimulated
internalization. However, it is not clear
how important agonist-induced internal-
ization is for regulating the steady-state
surface levels of the receptor. As we and

0.05

# cluster / um

e o

5 @&
=

others have shown, the mechanisms regu- 0.00 ]
lating steady-state GluR2 expression may a8 n
be quite different from those regulating 5 5
more dynamic changes in receptor levels. iy
It is possible that tyrosine 876 regulates G G
some other step that modulates receptor

trafficking at steady state. Mutation of ty-  Figure 6.

rosine 876 and Src family PTK-specific in-
hibitor PP2 treatment eliminates AMPA-
and NMDA-induced internalization of
GluR?2 in neurons. In contrast to these re-
sults, previous studies have reported that
deletion of the last 15 amino acids of
GluR2 did not block AMPA-induced in-
ternalization in HEK 293 cells (Lin et al.,
2000). It is not clear why this deletion did not block AMPA-
induced internalization in this previous study, but it is likely that
internalization in HEK 293 cells and neurons have different de-
terminants. In addition, a previous study reported that the gen-
eral PTK inhibitor genistein did not affect AMPA- and NMDA-
induced internalization of GluR1 in cultured neurons (Beattie et
al., 2000), whereas our data showed that the Src family PTK-
specific inhibitor PP2 blocked AMPA- and NMDA-induced in-
ternalization of GluR2. The lack of genistein inhibition of GluR2
internalization in this previous study may be because genistein
is a poor inhibitor of the Src family PTKs at the concentration
used (1 um).

AMPA- and NMDA-induced tyrosine phosphorylation of
GluR2 Cterminus occurred in calcium-free extracellular solution
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Phosphorylation of tyrosine 876 requlated clustering and surface expression of GFP-GIuR2 in cortical neurons. A,
Colocalization of GFP-GIuR2 and GFP-GIuR2YF mutant with synaptophysin in dendrites of transfected low-density hippocampal
neurons. The ratio of GFP in synapses was shown (n = 4, respectively). B, Typical patterns of GFP-GIuR2 clusters in cortical
neurons. GFP fluorescences are shown in red (top). Cluster numbers along the dendrites (n = 10, respectively) and total GFP
expressions in the dendrites (n = 10, respectively; t test; p > 0.5) of GFP-GIuR2 and GFP-GIuR2YF mutant in transfected cortical
neurons are shown (bottom). G, Ratio of surface to total GFP expressions (left; n = 10, respectively) and total GFP expression
(right; n = 10, respectively; t test; p > 0.5) in GFP-GluR2- or GFP-GluR2YF-transfected cortical neurons. Data are mean = SEM;
ttest; *p << 0.05, **p < 0.01, ***p < 0.001, compared with control.

containing 5 um TTX, indicating that tyrosine phosphorylation
of the GluR2 C terminus appears to be independent of calcium
influx. Agonist binding to AMPA receptors has previously been
shown to regulate AMPA receptor-associated Lyn kinase activity
in the absence of extracellular calcium (Hayashi et al., 1999),
suggesting there is a conformational link between agonist bind-
ing, activation of Lyn, and tyrosine phosphorylation of the recep-
tor. This is reminiscent of the agonist-induced phosphorylation
of G-protein-coupled receptors that can also occur in the absence
of calcium. Interestingly, phosphorylation of G-protein-coupled
receptors regulates their interaction with the arrestin proteins
and thus regulates receptor endocytosis (Luttrell and Lefkowitz,
2002; Sorkin and von Zastrow, 2002). In contrast to AMPA- and
NMDA-induced tyrosine phosphorylation of GluR2, AMPA-
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Figure7. Phosphorylation of tyrosine 876 is required for requlated internalization of GFP-GIuR2 in cultured neurons. A, AMPA-
and NMDA-induced internalization of GFP-GIuR2 and GFP-GIuR2YF. Typical patterns of GIuR agonist stimulation induced inter-
nalization of surface GFP in GFP-GIuR2- or GFP-GIuR2YF-transfected cortical neurons (left). The ratio of fluorescence intensities of
internalized anti-GFP antibodies (visualized by Cy3-conjugated anti-rabbit IgG) to total GFP expression (green fluorescent signal
of GFP) are shown (middle) (left three bars:n = 7,n = 6,n = 8, respectively; F = 4.4; p << 0.05; right three bars:n = 8,n =
8,n = 8, respectively; F = 0.011; p > 0.98). Total GFP expressions in the dendrites of GFP-GIuR2 and GFP-GIuR2YF mutant in
transfected cortical neurons are shown (right) (left three bars:n = 7,n = 6,n = 8, respectively; F = 0.523; p > 0.6; right three
bars:n = 8,n = 8,n = 8, respectively; f = 0.34; p > 0.7). B, The effect of Src family PTK-specific inhibitor PP2 (20 wm) or
inactive structural analog PP3 (20 wum) on AMPA- and NMDA-induced internalization of GFP-GIuR2. The ratio of fluorescence
intensities of internalized anti-GFP antibodies (visualized by Cy3-conjugated anti-rabbit IgG) and total GFP expression (green
fluorescent signal of GFP) are shown (left) (six bars;n = 5,n = 10,n = 9,n = 5,n = 9,n = 11, respectively; F = 2.7; p < 0.05).
Total GFP expression in the dendrites of GFP-GIuR? in transfected cortical neurons are shown (right) (six bars;n = 4,n = 12,n =
10,n = 6,n =9, n = 11, respectively; F = 0.44; p > 0.8). (, The effect of PP2 (20 rum) or PP3 (20 M) on AMPA- and
NMDA-induced internalization of endogenous GluR1in hippocampal neurons. The ratios of fluorescence intensities of internalized
anti-GluR1 N terminus antibodies (visualized by Cy3-conjugated anti-rabbit 1gG) are shown (AMPA: four bars;n = 9,n = 9,n =
7,n =9, respectively; F = 6.344; p < 0.01; NMDA: four bars;n = 7,n = 6,n = 9,n = 7, respectively; F = 5.618; p << 0.01).
Data are mean == SEM; ANOVA; *p << 0.05, **p << 0.01, compared with control.

and NMDA-induced AMPA receptor endocytosis has been re-
ported to require extracellular calcium influx (Beattie et al., 2000;

Lin et al., 2000; Carroll et al., 2001). These results suggest that References

J. Neurosci., July 7, 2004 - 24(27):6152-6160 * 6159

al., 2000; Osten et al., 2000; Xia et al., 2000;
Kim et al., 2001). Our studies revealed that
tyrosine phosphorylation of GluR2 appear
to regulate the binding of GluR2 to GRIP1
and GRIP2, but not to PICKI. Previous
studies have shown that protein kinase C
phosphorylation of serine 880, four amino
acids away from tyrosine 876, regulates
binding to GRIP1/2 and PICK1 and regu-
lates endocytosis of AMPA receptors. A vari-
ety of studies have indicated that GRIP1/2
enhance receptor surface expression,
whereas PICK1 promotes receptor internal-
ization (Chung et al., 2000, 2003; Daw et al.,
2000; Matsuda et al., 2000; Osten et al., 2000;
Xia et al., 2000; Kim et al., 2001). Thus, ty-
rosine phosphorylation of the GluR2 C ter-
minus may destabilize the GluR2 interaction
with GRIP1/2 and allow more GluR2 bind-
ing to PICK1, promoting the receptor
internalization.

Finally, several studies have suggested
that AMPA receptor endocytosis is critical
for LTD in the hippocampus and cerebel-
lum (Ito, 2002; Malinow and Malenka,
2002). Recently, we and others have pro-
vided strong evidence that phosphoryla-
tion of GluR2 on serine 880 and the inter-
action of GluR2 with PICK1 are critical for
cerebellar LTD (Chung et al., 2003). The
regulatory role of Src family PTKs on
AMPA receptor synaptic transmission has
not been well studied, but PTK inhibitors
have been shown to block hippocampal
and cerebellar LTD, forms of plasticity that
involve receptor endocytosis, suggesting
the importance of PTK activity in the
AMPA receptor endocytic pathway. These
results fit well with our data presented
here. The data presented here suggests that
tyrosine phosphorylation of the GluR2 C
terminus adds a novel level of regulation to
AMPA receptor membrane trafficking and
indicates that tyrosine phosphorylation
of AMPA receptors may contribute to
stimulation-dependent long-term plas-
ticity at excitatory synapses.

although phosphorylation of tyrosine 876 by Src family PTKs
may be required for AMPA receptor endocytosis, it is not suffi-
cient, and an additional calcium-dependent step is required for
endocytosis. Moreover, our results do not eliminate the possibil-
ity that tyrosine phosphorylation of other proteins by Src family
PTKs may be required for receptor endocytosis.

The molecular mechanisms underlying the regulation of en-
docytosis by tyrosine 876 phosphorylation appear to involve the
regulation of the interaction of GluR2 with its interacting pro-
teins. Several studies have shown that the C-terminal amino acids
adjacent to tyrosine 876 are required for binding to PDZ domain-
containing proteins GRIP1/2 and PICK1, which regulate receptor
trafficking (Chung et al., 2000, 2003; Daw et al., 2000; Matsuda et
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