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PSD-95, DLG, ZO-1 (PDZ) domain-mediated protein interactions
have been shown to play important roles in the regulation of
glutamate receptor function at excitatory synapses. Recent stud-
ies demonstrating the rapid regulation of AMPA receptor function
during synaptic plasticity have suggested that AMPA receptor
interaction with PDZ domain-containing proteins may be dynam-
ically modulated. Here we show that PKC phosphorylation of the
AMPA receptor GluR2 subunit differentially modulates its inter-
action with the PDZ domain-containing proteins GRIP1 and
PICK1. The serine residue [serine-880 (Ser880)] in the GluR2
C-terminal sequence (IESVKI) critical for PDZ domain binding is
a substrate of PKC and is phosphorylated in vivo. In vitro binding
and coimmunoprecipitation studies show that phosphorylation of
serine-880 within the GluR2 PDZ ligand significantly decreases

GluR2 binding to GRIP1 but not to PICK1. Immunostaining of
cultured hippocampal neurons demonstrates that the Ser880-
phosphorylated GluR2 subunits are enriched and colocalized
with PICK1 in the dendrites, with very little staining observed at
excitatory synapses. Interestingly, PKC activation in neurons
increases the Ser880 phosphorylation of GluR2 subunits and
recruits PICK1 to excitatory synapses. Moreover, PKC stimula-
tion in neurons results in rapid internalization of surface GluR2
subunits. These results suggest that GluR2 phosphorylation of
serine-880 may be important in the regulation of the AMPA
receptor internalization during synaptic plasticity.
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Glutamate receptors mediate excitatory synaptic transmission in
the CNS and are critical for most neuronal processes, including
synaptic plasticity, neuronal development, and several neurological
and psychiatric disorders (Sheng and Kim, 1996; Kim and Huganir,
1999). Two major ionotropic receptors at glutamatergic synapses
are AMPA and NMDA receptors, which are heteromeric com-
plexes of homologous subunits (GluR1–4 for AMPA receptors and
NR1, NR2A-D for NMDA receptors) that differentially combine
to form various receptor subtypes (Choi, 1988; Bliss and Col-
lingridge, 1993; Seeburg, 1993; Hollmann and Heinemann, 1994).
AMPA receptors mediate rapid excitatory synaptic transmission,
whereas NMDA receptors are essential for the induction of
activity-dependent synaptic plasticity underlying learning and
memory (Choi, 1988; Bliss and Collingridge, 1993; Seeburg, 1993;
Hollmann and Heinemann, 1994). Both AMPA and NMDA re-
ceptors are highly concentrated at the postsynaptic membrane of
excitatory synapses where the C-terminal tails of their subunits
associate with cytoskeletal and signaling molecules by PSD-95,
DLG, ZO-1 (PDZ) domain-mediated interaction (Sheng and Kim,
1996; Kim and Huganir, 1999). PDZ domains are modular pro-
tein–protein interaction motifs that specifically bind the C termini
of membrane or membrane-associated proteins (Woods and Bry-
ant, 1991; Cho et al., 1992; Kistner et al., 1993; Kennedy, 1995).
The NR2 subunits of NMDA receptors specifically interact with
the PDZ domains of PSD-95/SAP90 family proteins through their
C-terminal sequence (IESDV) (Kim et al., 1995; Kornau et al.,
1995). In contrast, the C termini sequence (ESVKI) of the GluR2
and GluR3 subunits of AMPA receptors bind to specific PDZ
domains in several proteins including GRIP1 and -2 (glutamate
receptor interacting protein), ABP (AMPA receptor binding pro-

tein), and PICK1 (protein interacting with C kinase 1) (Dong et al.,
1997, 1999; Srivastava et al., 1998; Xia et al., 1999).

PDZ domain-containing proteins have been suggested to regu-
late synaptic targeting of glutamate receptors and K1 channels at
synapses (Sheng and Kim, 1996; Kim and Huganir, 1999). PSD-95
colocalizes with NMDA receptors at excitatory synapses and can
induce clustering of NMDA receptors and Shaker K1 channels in
heterologous cells (Kim et al., 1995, 1996). Genetic studies in
Drosophila have shown that the PSD-95-related protein Disks
Large (DLG) is critical for the synaptic clustering of Shaker-type
K1 channels (Tejedor et al., 1997). Similarly, PICK1 has been
shown to induce clustering of AMPA receptors in heterologous
expression systems (Xia et al., 1999). Moreover, overexpression of
the C-terminal domain of the GluR2 subunit results in the loss of
synaptic AMPA receptor clusters in cultured neurons (Dong et al.,
1997). PDZ domain-containing proteins have also been suggested
to regulate synaptic signaling pathways. The PSD95/SAP90 family
proteins interact with several proteins involved in signal transduc-
tion, including SynGAP, a neuronal RasGTPase-activating protein
and neuronal nitric oxide synthase (nNOS) (Brenman et al., 1996;
Chen et al., 1998; Kim et al., 1998). The targeted deletion of the
PSD-95 gene in mice appears to disrupt downstream signaling from
the NMDA receptor without affecting the synaptic localization of
NMDA receptors (Migaud et al., 1998). GRIP1 and -2 interact
with several signaling proteins, including EPH receptors, ephrins,
and GRASP1 (GRIP-associated proteins 1), a novel neuronal
rasGEF (Ye et al., 2000). Moreover, PICK1 interacts with PKCa.
Thus PDZ domain-containing proteins play several functional
roles and may serve as adaptor proteins that couple receptors to the
synaptic cytoskeleton as well as downstream signal transduction
cascades.

Recent studies have demonstrated that AMPA receptor function
can be rapidly regulated during several forms of synaptic plasticity
including long-term potentiation (LTP) and long-term depression
(LTD) (Isaac et al., 1995; Liao et al., 1995; Carroll et al., 1999; Kim
and Huganir, 1999; Liao et al., 1999; Shi et al., 1999). These results
suggest that AMPA receptor–PDZ domain interactions may be
dynamically regulated. We have previously proposed that the
serine within the C-terminal PDZ ligand (IESVKI) of the GluR2
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and GluR3 subunits may be a potential phosphorylation site to
regulate AMPA receptor binding to PDZ domains (Dong et al.,
1997). Here we show that phosphorylation of Ser880 within the
GluR2 PDZ ligand differentially regulates GluR2 interaction with
GRIP1 and PICK1. PKC activation in neurons increases Ser880
phosphorylation and induces internalization of GluR2 subunits.
These results suggest that the regulation of GluR2 interaction with
PDZ domain-containing proteins by phosphorylation may modu-
late surface expression of AMPA receptors during synaptic
plasticity.

MATERIALS AND METHODS
Generation and characterization of anti-GluR2-pS880. Anti-GluR2-pS880
antibody was raised against the synthetic peptide LVYGIESVKIA corre-
sponding to amino acids 873–883 of GluR2, with phosphoserine included
at the Ser-880. Anti-GluR2-pS880 antibodies were affinity-purified from
sera by sequential chromatography of the Affi-Gel (Bio-Rad) columns
covalently linked to unphosphorylated and Ser880-phosphorylated GluR2
peptides. Antibody characterization was performed on the 3-week-old
high-density cortical cultures isolated from 18-d-old embryonic rats (Gos-
lin and Banker, 1991) or the HEK293T cells expressing GluR2 or GluR2
S880A, in which serine-880 is mutated to alanine. The cells were harvested
in a hypoosmotic buffer (2 mM HEPES, 5 mM EDTA, 1 mM okadaic acid,
50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate)
with protease inhibitor cocktail (PIC: 2 mg/ml aprotinin, 1 mg/ml leupep-
tin, 2 mg/ml antipain, 10 mg/ml benzamide, 1 mM phenylmethylsulfo-
nylfluoride). The homogenates were centrifuged at 14000 3 g for 10 min
at 4°C. The membrane fraction was resuspended in SDS sample buffer,
loaded onto SDS-PAGE gels, transferred to PVDF membrane
(Immobilon-P membrane, Millipore, Bedford, MA), and analyzed by
immunoblotting with anti-GluR2-pS880 and anti-GluR2 C-terminal or
anti-GluR2 N-terminal antibodies (Chemicon, Temecula, CA). To test the
specificity of anti-GluR2-pS880, the antibodies were preabsorbed with
either unphosphorylated or Ser880-phosphorylated GluR2 peptides at a
concentration of 0.2 mg/ml, or PVDF membrane was treated with l2phos-
phatase for 30 min before immunoblotting. Immunoprecipitation from rat
brain membrane preparations (P2) were performed according to the pro-
cedures described by Luo et al. (1997) with modifications as described
(Kim et al., 1996). The immunoprecipitates were eluted with SDS-PAGE
sample buffer and subjected to immunoblot analysis.

PKC phosphorylation of GluR2. The human embryonic kidney (HEK)
293T cells expressing GluR2 and the 3-week-old high-density cortical
cultures were treated with either control solution or kinase activators [20
mM forskolin or 0.2–1 mM phorbol 12-myristate 13-acetate (TPA)] for 15
min. The membrane fraction was then analyzed by quantitative immuno-
blotting with anti-GluR2-pS880 and anti-GluR2 C-terminal or anti-GluR2
N-terminal antibodies (Chemicon). The immunoblots were visualized by
enhanced chemifluorescence (ECF) development (Amersham Pharmacia,
Arlington Heights, IL) and quantified on a Storm Imaging System and
ImageQuant software (Molecular Dynamics). To quantify the relative
degree of GluR2 phosphorylation, we calculated the ratio of the intensity
of GluR2 labeling with the phosphorylation site-specific antibody over the
intensity of labeling with C-terminal phosphorylation-independent GluR2
antibody. Then the phosphorylation ratio of control samples was taken as
100%, and the phosphorylation ratio of TPA- or forskolin-treated samples
was normalized to the ratio of control samples to obtain percentage
phosphorylation. For in vitro phosphorylation of GluR2 fusion protein,
bacterial glutathione S-transferase (GST) fusion proteins containing the
last 50 amino acids of GluR2 C terminus or GluR2 mutants (S880A or
S863A) were constructed and purified as described previously (Roche et al.,
1996). The phosphorylation reaction was performed with 1 mg of fusion
protein, 50 mM ATP, and 0.1 mg of PKC for 30 min at 30°C in a 100 ml total
volume (10 mM HEPES, pH 7, 10 mM MgCl2, 1 mM CaCl2, 50 mg/ml
phosphatidylserine, and 5 mg/ml diolein). Reactions were quenched by the
addition of 50 ml of 3 3 SDS-PAGE sample buffer, and the fusion proteins
were analyzed by immunoblotting with anti-GluR2-pS880 and anti-GluR2C-
terminal antibodies.

Transfection of HEK293T cells and interaction studies. The cDNAs sub-
cloned into the vectors pBKCMV (full-length GRIP1), pRK5 (GluR2 or
GluR2S880E), or pRK5 with an N-terminal myc-tag (PICK1; amino acids
1–386) were transfected into HEK293T cells using calcium phosphate
coprecipitation as described previously (Dong et al., 1997). For in vitro
binding studies, the cells transfected with GRIP1 or PICK1 cDNAs were
harvested in 1% Triton X-100 in ice-cold immunoprecipitation buffer (25
mM Tris-HCP with 100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM OKA,
50 mM NaF, 1 mM sodium vanadate, and PIC). The lysates were then
incubated with either unphosphorylated or Ser880-phosphorylated GluR2
peptide-conjugated affinity resin at 4°C for 1 hr. The column was prepared
by coupling 2 mg/ml peptides with 2 ml of activated AffiGel-10 resin. The
bound proteins were washed five times with the same buffer, eluted by SDS
sample buffer, and analyzed by immunoblotting with either anti-GRIP1 or
anti-PICK1 antibodies. For coimmunoprecipitation of GluR2 with GRIP1
or PICK1, the transfected HEK293T cells were treated for 15 min with
either control solution or 1 mM TPA at 37°C and were solubilized in

ice-cold immunoprecipitation buffer with 2% Triton X-100. Coimmuno-
precipitation was performed using anti-GRIP1 antibody or anti-myc (myc-
PICK1) antibody, respectively, according to procedures as described pre-
viously (Dong et al., 1997; Xia et al., 1999). For immunocytochemistry,
PICK1, Narp, and either GluR2 or mutant GluR2S880E cDNAs were
triply transfected into HEK293T cells, which were grown on coverslips
coated with 0.2% gelatin. The cells were fixed and triple-stained with
anti-N-terminal GluR2, anti-PICK1, and anti-Narp antibodies as described
previously (O’Brien et al., 1999; Xia et al., 1999). For triple transfection
with GRIP1, Narp, and either GluR2 or mutant GluR2S880E, the cells
were stained with anti-N-terminal GluR2, anti-GRIP1, and anti-Narp
antibodies.

Yeast cotransformation assay for protein interaction. Yeast assays were
performed as described previously (Dong et al., 1997; Xia et al., 1999),
using the PJ69 strain harboring HIS3, ADE2, and b-galactosidase as
reporter genes. The cDNAs subcloned into the vectors pPC97 (the final 50
amino acids of wild-type GluR2 or mutant GluR2 S880E), pPC86 (PICK1;
amino acids 1–386 or GRIP1; PDZ4–6) were transformed into PJ69 cells.
The positive clones were selected for their growth in quadruple minus
plates (Leu-, Trp-, His-, Ade-) and assayed for b-galactosidase activity
with X-gal as a substrate.

Immunocytochemistry in hippocampal neurons and data analysis. Low-
density hippocampal cultures from 18-d-old embryonic rats were prepared
as described (Goslin and Banker, 1991). Three-week old neurons on
coverslips were treated with either control solution or 200 nM TPA for 15
min and then fixed and stained as described previously (Liao et al., 1999).
The anti-GluR2-pS880 antibodies were directly conjugated with Cy3TM
(Amersham Life Science; red stain). Total GluR2 was visualized using
anti-N-terminal GluR2 antibodies (Chemicon). Synapse was visualized by
anti-synaptophysin or anti-N-terminal NR1 antibodies. Images of the
pyramidal neurons were taken with a digital camera (Princeton Instru-
ments) using identical exposure times to visualize the difference of
fluorescence intensity. The images were analyzed with MetaMorph Imag-
ing System (Universal Imaging Co.). Synaptic clusters of Ser880-
phosphorylated GluR2 were counted with MetaMorph after setting a
threshold of fluorescent intensity that was similar to the dendritic shaft.
Only the GRIP1 and PICK1 clusters that colocalized with either synapto-
physin or synaptic GluR2 were considered as synaptic and were counted
manually. The number of clusters was normalized with the dendritic length
after all dendritic branches in an image were manually traced and
measured.

Biotinylation. For steady-state biotinylation, the 3-week-old high-density
cultured cortical neurons were treated with either control or 1 mM, TPA for
15 min at 37°C to stimulate PKC. Cultures were cooled on ice, washed two
times with ice-cold artificial CSF (ACSF) containing (in mM): 125 NaCl,
2.5 KCl, 25 NaHCO3, 1 NaH2PO4, 10 dextrose, 2.5 CaCl2, 1.25 MgCl2, and
5% CO2, and then incubated with ACSF containing 1 mg/ml Sulfo-NHS-
LC-Biotin (Pierce Chemical Company, Rockford, IL) for 20 min on ice.
Unreacted biotinylation reagent was washed once with ice-cold ACSF and
quenched by two successive 20 min washes in ACSF containing 100 mM
glycine, followed by two washes in ice-cold TBS (50 mM Tris, pH 7.5, 150
mM NaCl). Cultures were harvested in modified RIPA buffer (1% Triton
X-100, 0.5% SDS, 0.5% deoxycholic acid, 50 mM NaPO4, 150 mM NaCl, 2
mM EDTA, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and PIC). The homogenates were centrifuged at 14,000 3
g for 15 min at 4°C. The resulting supernatant was incubated with 100 ml
of 50% NeutraAvidin agarose (Pierce Chemical Company) for 3 hr at 4°C.
After the NeutraAvidin agarose was washed five times with RIPA buffer,
bound proteins were eluted with SDS sample buffer by boiling for 15 min.
Total protein and isolated biotinylated proteins were analyzed by quanti-
tative immunoblotting with anti-GluR2 C-terminal and anti-NR2B
C-terminal antibodies. For the internalization assay, cortical neurons were
first labeled with biotin on ice and then treated with 1 mM TPA for 15 min
at 37°C to allow internalization. Cultures were cooled on ice, and the
biotins on the surface were then stripped with stripping buffer (50 mM
glutathione, 75 mM NaCl, and 75 mM NaOH, 10% FBS, pH 8.5–9.0). The
neurons were solubilized in RIPA buffer, and the biotinylated GluR2
subunits were analyzed by immunoblotting with anti-GluR2-C-terminal
and anti-R2-pS880 antibodies. All of the immunoblots were visualized by
ECF development (Amersham Pharmacia) and quantified on a Storm
Imaging System (Molecular Dynamics).

Data analysis. All data are reported as mean 6 SE. Sample size n refers
to the number of images processed in immunocytochemistry and the
number of dishes analyzed in biotinylation as well as kinase activation
experiments. Group paired t test for kinase activation experiment was used
to test the difference between the control and testing groups, whereas for
immunocytochemistry and biotinylation experiments, Student’s t test was
used (*p , 0.05, **p , 0.01, ***p , 0.001).

RESULTS
The GluR2 subunit C-terminal PDZ ligand is
phosphorylated at serine-880 in vivo
To determine whether the serine residue (Ser880) within the
GluR2 PDZ ligand was phosphorylated in vivo, we generated a
phosphorylation site-specific antibody against a synthetic phos-
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phopeptide (containing a phosphorylated Ser880) corresponding to
the last 10 amino acids of GluR2. The resulting antibody, anti-
GluR2-pS880, was characterized in HEK293T cells transfected
with wild-type GluR2 or mutant GluR2 (R2S880A), in which
Ser880 was mutated to alanine. The anti-GluR2-pS880 antibody
detected a single protein of 105 kDa, the predicted molecular
weight of the GluR2 subunit, in GluR2-transfected HEK293T cells.
Mutation of Ser880 to alanine eliminated immunorecognition of
GluR2 by anti-GluR2-pS880, demonstrating the specificity of the
antibody (Fig. 1a). Dephosphorylation of GluR2 with l2phospha-
tase before immunoblotting abolished immunorecognition by the
anti-GluR2-pS880 antibody demonstrating the phosphorylation de-
pendence of the antibody (Fig. 1b). In addition, preabsorption of
the antibodies before immunoblotting with 0.2 mg/ml of Ser880-
phosphorylated GluR2 C-terminal peptide (pR2) blocked the rec-
ognition of GluR2 by anti-GluR2-pS880, whereas preabsorption
with the unphosphorylated peptide (R2) had no effect (Fig. 1c).

We examined whether GluR2 was phosphorylated at serine-880
in cultured neurons and rat brain. The anti-GluR2-pS880 antibody
recognized a single 105 kDa protein in both cultured cortical
neurons and rat brain homogenates (Fig. 1d,e). In addition, GluR2
was immunoprecipitated with the anti-GluR2-pS880 antibodies
from detergent extracts of rat brain membranes. Preabsorption of
the antibodies with the Ser880-phosphorylated peptide (pR2) but
not the unphosphorylated peptide (R2) blocked the immunopre-
cipitation of GluR2, demonstrating that the anti-GluR2-pS880 an-
tibody immunoprecipitated GluR2 in a phosphorylation-specific
manner (Fig. 1f). Quantification of immunoprecipitation showed
that ;5% of the total GluR2 in rat brain was phosphorylated at
serine-880, whereas ;30% of the total GluR2 was phosphorylated
at serine-880 in 3-week-old cultured cortical neurons (data not
shown). These results suggest a significant level of phosphorylation
of GluR2 on Ser880 in vivo.

PKC phosphorylates serine-880 of GluR2
The amino acid sequence surrounding Ser880 (ESVKI) is a PKC
consensus site (S/T-X-K/R) indicating that PKC may phosphory-
late this site. To determine whether PKC phosphorylates Ser880,
we used the phosphorylation site-specific antibody to see whether
PKC activators increased Ser880 phosphorylation in GluR2-
transfected HEK293T cells. To quantify the relative degree of
GluR2 phosphorylation, we calculated the ratio of the intensity of
GluR2 labeling with the phosphorylation site-specific antibody over
the intensity of labeling with C-terminal phosphorylation-
independent GluR2 antibody. Treatment of HEK293T cells with 1

mM phorbol ester (TPA) to activate PKC increased the relative
phosphorylation at serine-880 (240 6 15% of control, n 5 4; p ,
0.05) (Fig. 2a, b). In contrast, no significant change in Ser880
phosphorylation was observed with 20 mM forskolin, a PKA acti-
vator (110 6 2% of control; p . 0.05) (Fig. 2a, b).

To confirm that serine-880 is directly phosphorylated by PKC,
we performed in vitro phosphorylation reactions using purified
fusion proteins corresponding to the C terminus of GluR2 and
purified rat brain PKC. Immunoblot analysis with anti-GluR2-
pS880 demonstrated that the fusion protein of the GluR2 C ter-
minus was phosphorylated at serine-880 by PKC in vitro (Fig. 2c).
Mutation of serine-880 to alanine completely eliminated this phos-
phorylation, whereas the mutation of serine-863, another GluR2
PKC phosphorylation site (B. J. McDonald, A. L. Mammen, H. J.
Chung, and R. L. Huganir, unpublished data), had no effect on
Ser880 phosphorylation (Fig. 2c). These results demonstrate that
PKC directly phosphorylates serine-880 in vitro and provide evi-
dence that PKC directly phosphorylates this site in vivo.

To determine whether PKC can phosphorylate GluR2 on serine-
880 in neurons, we examined the modulation of Ser880 phosphor-
ylation in cortical neuronal cultures. GluR2 is basally phosphory-
lated at serine-880, but the phosphorylation was significantly
increased by treatment of neurons with 0.2 mM TPA (260 6 2% of
control, n 5 12; p , 0.05) (Fig. 2d,e). In contrast, 20 mM forskolin
had little effect on phosphorylation of serine-880 (98 6 4% of
control; n 5 5, p . 0.05) (Fig. 2d,e). Preabsorption of the anti-
GluR2-pS880 antibody with the Ser880-phosphorylated GluR2
peptide, but not with the equivalent unphosphorylated peptides,
abolished the antibody recognition of both basal and phorbol
ester-stimulated GluR2 (data not shown). These results strongly
suggest that PKC phosphorylates serine-880 of GluR2 in neurons.

Phosphorylation of GluR2 PDZ ligand differentially
regulates its interaction with GRIP1 and PICK1
To investigate whether phosphorylation of serine-880 in the GluR2
C-terminal PDZ ligand can regulate the interaction of GluR2 with
GRIP1 and PICK1, we analyzed the binding of GRIP1 or PICK1
to Ser880-phosphorylated (pR2) or unphosphorylated GluR2
C-terminal peptides (R2) in vitro. HEK293T cell lysates expressing
GRIP1 or PICK1 were incubated with the GluR2 peptides-
conjugated affinity columns, and then bound proteins were eluted
and analyzed by immunoblot analysis. When the GluR2 C-terminal
peptide was phosphorylated at Ser880, GRIP1 no longer interacted
with the GluR2 peptide (Fig. 3a). However, GRIP1 interaction
with the GluR2 C termini could be recovered when the phosphor-

Figure 1. The GluR2 subunit C-terminal
PDZ ligand is phosphorylated on Ser880.
a–c, The phosphorylation site-specific anti-
GluR2-pS880 antibody was characterized on
immunoblots of HEK293T cells expressing
GluR2. The expression of GluR2 was ana-
lyzed by using a phosphorylation-indepen-
dent anti-GluR2-C-terminal antibody (Anti-
R2C-term). a, Anti-GluR2-pS880 antibody
recognized wild-type GluR2 but not the mu-
tant GluR2 in which serine-880 was mutated
to alanine. b, Anti-GluR2-pS880 no longer
recognized GluR2 when the PVDF mem-
brane was treated with l-phosphatase. c, Pre-
absorption of the anti-GluR2-pS880 anti-
body with Ser880-phosphorylated R2 peptide
( pR2) but not unphosphorylated peptide
(R2) blocked GluR2 recognition by anti-
GluR2-pS880. d, e, Western Blot for GluR2-
pS880 in homogenates of cortical culture
neurons (d) and rat brain (e). f, Preabsorp-
tion of the anti-GluR2-pS880 antibody with
Ser880-phosphorylated R2 peptide ( pR2)
but not unphosphorylated peptide (R2)
blocked immunoprecipitation of GluR2 with
the anti-GluR2-pS880.
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ylated peptide was dephosphorylated by l-phosphatase treatment
before GRIP1 binding (Fig. 3a). In contrast, PICK1 bound to both
the unphosphorylated and phosphorylated GluR2 peptide (Fig.
3b). These results demonstrate that phosphorylation of the GluR2
PDZ ligand differentially regulated binding to the PDZ domains of
PICK1 and GRIP1 in vitro.

We then examined whether PKC activation in HEK293T cells
could modulate the interaction of GluR2 with the PDZ domains of
GRIP1 in vivo. Phorbol ester treatment increased Ser880 phos-
phorylation of GluR2 and decreased the association of GluR2 with
GRIP1 as measured by coimmunoprecipitation of GluR2 with
GRIP1 (Fig. 3c). These results suggest that the increase in Ser880
phosphorylation by PKC significantly impaired the interaction be-
tween GluR2 and GRIP1. In contrast, coimmunoprecipitation of
GluR2 with PICK1 was unaffected by TPA treatment, demonstrat-
ing that PICK1 binds to both Ser880-phosphorylated and unphos-
phorylated GluR2 in vivo (Fig. 3d).

Replacement of serine-880 with glutamate disrupts
GluR2 interaction with GRIP1 but not PICK1
We further investigated the role of Ser880 phosphorylation on the
interaction of the GluR2 C terminus with GRIP1 or PICK1 by
examining the targeting of GRIP1 or PICK1 to GluR2 clusters in
a heterologous expression system. We have shown previously by
immunostaining that the extracellular neuronal immediate early
gene Narp can induce the clustering of GluR2 subunits into
receptor-rich patches when coexpressed in HEK293T cells
(O’Brien et al., 1999). Interestingly, triple transfection of
HEK293T cells with Narp, GRIP1, and GluR2 resulted in the
recruitment of GRIP1 to the Narp-induced GluR2 clusters. How-
ever, GRIP1 was not recruited to the Narp-induced mutant GluR2
clusters (GluR2S880E) in which serine-880 was replaced with a
glutamate residue to mimic the negative charge of phosphorylated
serine-880 (Fig. 4a). Thus, the GluR2 mutant subunit (S880E)
appeared not to interact with GRIP1 in HEK293T cells. In con-
trast, PICK1 was recruited to both the Narp-induced wild-type
GluR2 and GluR2S880E clusters, suggesting that PICK1 could
interact with both the wild-type and the GluR2S880E mutant,
which mimicked the negative charge of Ser880 phosphorylation
(Fig. 4b). Thus, the replacement of serine-880 with glutamate
disrupted the association of GRIP1, but not PICK1, with GluR2
clusters in vivo.

Figure 2. PKC phosphorylates serine-880 of GluR2 in vitro and in vivo. a,
Western blot for GluR2-pS880 in transfected HEK293T cells that were
treated with control solution (Control ), 1 mM phorbol 12-myristate 13-
acetate (TPA), or 20 mM forskolin for 15 min. Total amount of GluR2 was
detected by anti-GluR2-C-terminal antibody. b, The ratios of intensity of
the signal (intensity of anti-GluR2-pS880 antibody labeling/intensity of
anti-GluR2 C-terminal antibody labeling) were calculated and normalized
to the control cells. PKC stimulation by TPA significantly increases Ser880
phosphorylation of GluR2. c, Immunoblot analysis of the in vitro phosphor-
ylation reaction of purified GST fusion proteins corresponding to the C
termini of GluR2, GluR2S880A, and GluR2S863A with purified PKC. PKC
directly phosphorylates GluR2 but not GluR2S880A mutant fusion pro-
teins. d, Western blot for GluR2-pS880 in 3-week-old, high-density cortical
culture neurons, which were treated with control solution (Control ), 200 nM
TPA, or 20 mM forskolin for 15 min. Total amount of GluR2 was detected
by anti-GluR2-N-terminal antibody (Chemicon). e, The ratios of intensity
of the signals (intensity of anti-GluR2-pS880 antibody labeling/intensity of
anti-GluR2 N-terminal antibody labeling) were calculated and normalized
to the control neurons. PKC stimulation in neurons significantly increases
Ser880 phosphorylation of GluR2.

Figure 3. Ser880 phosphorylation of GluR2 C terminus differentially reg-
ulates the interaction of GluR2 with GRIP1 and PICK1. a, b, In vitro
binding of GRIP1 (a) or PICK1 (b) with Ser880-phosphorylated GluR2
peptides. Extracts of HEK293T cells expressing GRIP1 or PICK1 were
incubated with Ser880-phosphorylated R2 peptides ( pR2) or unphosphor-
ylated peptides (R2) immobilized on Affigel resins, and bound GRIP1 or
PICK1 was detected by immunoblotting. a, GRIP1 did not interact with
pR2 peptide, whereas phosphatase treatment of pR2 peptide recovered
GRIP1 binding. b, PICK1 binds to both pR2 and R2 peptide. c, d, Coim-
munoprecipitation of GluR2 with GRIP1 (c) or PICK1 (d) from trans-
fected HEK293T cells, with or without 1 mM TPA treatment. Increase in
Ser880 phosphorylation of GluR2 C terminus by PKC activation attenuated
GRIP1 interaction with GluR2 (c) but had no effect on the binding affinity
of PICK1 to GluR2 ( d).
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Similarly, in the yeast two-hybrid system, the wild-type GluR2 C
terminus interacted well with GRIP1, whereas the GluR2S880E
mutant failed to interact. In contrast, the mutant GluR2 S880E C
terminus interacted with PICK1 as well as the wild-type GluR2
(data not shown). Moreover, we also performed a yeast two-hybrid
screen of a hippocampal cDNA library with the mutant GluR2S880E
C terminus as bait to search for other proteins that may bind to the
Ser880-phosphorylated GluR2 subunits. Interestingly, under con-
ditions in which we normally isolate many GRIP1 cDNAs using the
wild-type GluR2 C terminus as bait, the only positive interacting
clone isolated in this nonbiased screen was PICK1 (data not
shown). These results demonstrate that the replacement of serine-
880 with glutamate (S880E) greatly attenuated the interaction of
GluR2 C terminus with GRIP1, but retained its interaction with
PICK1 in yeast two-hybrid assays.

Neuronal localization of Ser880-phosphorylated
GluR2 subunits
We examined the subcellular localization of Ser880-phosphorylated
GluR2 in relation to the distribution of total GluR2 subunit in rat
hippocampal neurons using immunocytochemical techniques. The
anti-GluR2-pS880 antibodies demonstrated that most of the
Ser880-phosphorylated GluR2 was localized in the dendritic shafts
as small clusters, with only a low level of immunostaining detected
at spiny synapses (Fig. 5a). This is in contrast to the distribution of
the total population of GluR2 detected using an N-terminal anti-
body, which showed high levels of clustered GluR2 (Fig. 5a) that
colocalize with synaptic markers on dendritic spines (Liao et al.,
1999) (data not shown). A low level of GluR2 N-terminal staining
also colocalized with Ser880-phosphorylated GluR2 in the den-
dritic shafts (Fig. 5a). Preabsorption of anti-GluR2-pS880 antibod-

ies with its antigen blocked the immunostaining showing the spec-
ificity of the antibody (data not shown). To confirm that Ser880-
phosphorylated GluR2 is not localized at synapses, we double-
labeled hippocampal neurons with a synaptic marker, anti-
synaptophysin monoclonal antibody. No colocalization of the
Ser880-phosphorylated GluR2 was observed with synaptophysin
(Fig. 5c). In addition, other synaptic proteins, NR1 subunits, did
not colocalize with the Ser880-phosphorylated GluR2 subunits at
excitatory synapses (Fig. 5e). These results suggest that Ser880
phosphorylation may be involved in synaptic targeting of GluR2
subunits.

PKC activation increases synaptic Ser880-
phosphorylated GluR2 as well as synaptic targeting
of PICK1
Interestingly, activation of PKC by treatment of the neurons with
0.2 mM phorbol esters dramatically increased the phosphorylation
of GluR2 in the spine heads or in the spine necks, a thread-like
extrusion from the dendritic shafts, as well as in the dendritic shafts
(Fig. 5b). The appearance of synaptic Ser880-phosphorylated
GluR2 subunits was observed as early as 5 min after TPA treatment
(data not shown). In addition, double staining of neurons with
anti-GluR2-pS880 and anti-synaptophysin or anti-NR1 antibodies
showed colocalization of the Ser880-phosphorylated GluR2 sub-
units with synaptophysin and NR1 at spiny synapses after TPA
treatment (Fig. 5d,f). PKC activation dramatically increased the
number of synaptic clusters of Ser880-phosphorylated GluR2 [con-
trol 5 1 6 0.1 per 100 mm dendrite (n 5 36); TPA 5 41 6 1.0 per
100 mm dendrite (n 5 40); p , 0.001] (Fig. 5g). In contrast, the total
number of GluR2 synaptic clusters, which were detected by the
phosphorylation-independent anti-GluR2 N-terminal antibodies,

Figure 4. S880E mutation of GluR2 disrupts
GRIP1 interaction with GluR2 but not
PICK1. a, Immunostaining of HEK293T cells
that were transfected with Narp, GRIP1, and
GluR2 or GluR2S880E mutant. The trans-
fected cells were double-labeled with the
mouse anti-GluR2-Nterm (red) and anti-
GRIP1 antibodies ( green). Narp induces
clustering of GluR2, and GRIP1 coclusters
with GluR2; however, S880E mutation dis-
rupts GRIP1 coclustering with GluR2. b, Im-
munostaining of HEK293T cells that were
transfected with Narp, PICK1, and GluR2 or
GluR2S880E mutant. The transfected cells
were double-labeled with the mouse anti-
GluR2-Nterm (red) and anti-PICK1 antibod-
ies ( green). S880E mutation did not disrupt
coclustering of PICK1 and GluR2.
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did not change significantly [control 5 44 6 1.5 per 100 mm
dendrite (n 5 15); TPA 5 42 6 1.6 per 100 mm dendrite (n 5 20);
p . 0.05] (Fig. 5g). Similarly, there was no statistically significant
change in the total number of NR1 synaptic clusters [control 5
44 6 2.0 per 100 mm dendrite (n 5 10); TPA 5 45 6 3.7 per 100
mm dendrite (n 5 10); p . 0.05] (Fig. 5g).

Because Ser880-phosphorylated GluR2 binds to PICK1 but not
to GRIP1, we also examined the subcellular localization of phos-
phorylated GluR2 in relation to the distribution of GRIP1 and
PICK1 in rat hippocampal neurons using immunocytochemical
techniques. PICK1 colocalized with Ser880-phosphorylated GluR2
in the dendrites, but under these conditions, very little PICK1 was
observed at the spiny synapses (Fig. 6a). This is inconsistent with
our previous results where we saw that PICK1 was localized to
synapses (Xia et al., 1999). However, we have recently found that
the synaptic localization of PICK1 is quite variable, depending on
culture conditions, and is regulated by PKC. As shown in Figure 6b,

PKC activation caused a dramatic redistribution of PICK1 with the
Ser880-phosphorylated GluR2 subunits to dendritic spines (Fig.
6b). Phorbol ester treatment significantly increased the number of
synaptic PICK1 clusters [control 5 1 6 0.4 per 100 mm dendrite
(n 5 16); TPA 5 38 6 2.2 per 100 mm dendrite (n 5 15); p , 0.001]
(Fig. 6c). These results demonstrate that PKC activation increases
the phosphorylation of synaptic GluR2 and induces a redistribution
of the level of PICK1 at excitatory synapses.

Previous studies have shown that GRIP1 colocalizes with total
GluR2 at some synapses (Dong et al., 1997, 1999). However,
double-labeling neurons with antibodies against GRIP1 and
Ser880-phosphorylated GluR2 showed that GRIP1 did not colo-
calize well with Ser880-phosphorylated GluR2 both in the den-
drites and the spiny synapses (Fig. 6d). PKC activation had little
effect on the subcellular localization of GRIP1, causing colocaliza-
tion of GRIP1 with some Ser880-phosphorylated GluR2 subunits
at spiny synapses (Fig. 6e). Quantification shows a small but not

Figure 5. Localization of GluR2-pS880 in cultured hippocampal neurons. a, b, Three-week-old low-density hippocampal culture neurons were
double-labeled with the rabbit anti-GluR2-pS880 (red) and the mouse anti-GluR2-Nterm antibodies ( green). a, In control neurons, GluR2-pS880
colocalizes with N-terminal GluR2 staining in dendrites but not with synaptic GluR2 at synapses. b, In the neurons treated with 200 nM TPA for 15 min,
PKC activation dramatically increased the staining of Ser880-phosphorylated GluR2 in the spine heads as well as in the dendrites. c, d, Neurons were
double-labeled with the rabbit anti-GluR2-pS880 (red) and the mouse anti-synaptophysin antibodies ( green). c, GluR2-pS880 does not colocalize with
synaptophysin. d, In the neurons treated with 200 nM TPA for 15 min, PKC activation increases the colocalization of Ser880-phosphorylated GluR2 with
synaptophysin at synapses. e, f, Neurons were double-labeled with the rabbit anti-GluR2-pS880 (red) and the mouse anti-NR1 N-terminal antibodies
( green). e, GluR2-pS880 does not colocalize with NR1. f, In the neurons treated with 200 nM TPA for 15 min, PKC activation increases the colocalization
of Ser880-phosphorylated GluR2 with NR1 at synapses. g, Statistical analysis of the effect of PKC activation on the number of synaptic GluR2-pS880
clusters per 100 mM dendrite. TPA treatment significantly increased synaptic GluR2-pS880 clusters (n 5 36 for control and n 5 40 for TPA, t test, p ,
0.001). However, there was no change in the total number of synaptic GluR2 clusters (n 5 15 for control and n 5 20 for TPA, t test, p . 0.05) and synaptic
NR1 clusters (n 5 10 for control and n 5 10 for TPA, t test, p . 0.05).
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significant decrease in the number of synaptic GRIP1 clusters after
PKC activation [control 5 21 6 1.6 per 100 mm dendrite (n 5 7);
TPA 5 18 6 1.8 per 100 mm dendrite (n 5 8); p . 0.05] (Fig. 6f).

PKC activation induces internalization of GluR2
The Ser880 phosphorylation of synaptic GluR2 as well as PICK1
mobilization to synapses after PKC activation may be involved in
surface membrane trafficking of AMPA receptors. To test this
hypothesis, we measured the internalized surface GluR2 subunits
after TPA treatment in cortical neuron cultures using a reversible
surface biotinylation technique. Neurons were first labeled with
biotin at 4°C, followed by the TPA treatment for 15 min at 37°C to
allow membrane trafficking. Neurons were put back at 4°C to stop
membrane trafficking, and the biotin remaining on the surface was
cleaved by treatment with the reducing agent glutathione. At this
step, only the internalized surface proteins were protected from the
reducing agent and remained biotinylated. The biotinylated inter-
nalized surface molecules were then purified on avidin-conjugated
resin and analyzed by quantitative immunoblot analysis using anti-
GluR2-C-terminal antibodies. The amount of the surface GluR2,
which was internalized after PKC stimulation, was quantified by
comparing the amounts of biotinylated protein before and after
glutathione reduction and presented as the percentage of the
amount of total surface GluR2. In this analysis, we found that PKC
activation dramatically increased the level of internalized surface
GluR2 subunits (control 5 2.0 6 0.7%, n 5 8; TPA 5 17.0 6 1.1%,
n 5 8, t test: p , 0.001) (Fig. 7a). In addition, the immunoblot
analysis using anti-GluR2-pS880 antibody demonstrated that the
internalized GluR2 subunits after TPA stimulation were phosphor-

ylated at serine-880. These results suggest that GluR2 phosphory-
lation at serine-880 may regulate the internalization rate of GluR2.

To test whether PKC activation decreased the surface expression
of GluR2 subunits, we measured the steady-state level of surface
GluR2 subunits after PKC activation in cortical neuron cultures
using a surface biotinylation technique. After treating neurons with
control solution or TPA for 15 min, the surface molecules were
labeled with biotin at 4°C, purified on avidin-conjugated resin, and
analyzed by quantitative immunoblot analysis using anti-GluR2-C-
terminal and anti-NR2B-C-terminal antibodies. The amount of the
surface protein was quantified by comparing the amount of biotin-
ylated protein with the total protein amount and presented as the
percentage of the total protein. PKC stimulation caused a small yet
statistically significant decrease in the level of total surface GluR2
subunits (control 5 47 6 1.2%, n 5 8; TPA 5 40 6 0.6%, n 5 8,
t test: p , 0.001) (Fig. 7b). In contrast, the surface level of NR2B
subunits was not affected by TPA treatment, demonstrating that
TPA-induced internalization is specific to GluR2 subunits (con-
trol 5 28 6 1.3%, n 5 8; TPA 5 30 6 2.6%, n 5 8, t test: p . 0.05)
(Fig. 7b). These results suggest that an increase in GluR2 phos-
phorylation at serine-880 after PKC activation may be associated
with internalization of surface GluR2 subunits.

DISCUSSION
PDZ domains are ubiquitous protein modules that mediate protein
interactions through their binding to the C termini of target pro-
teins (Sheng and Kim, 1996; Kim and Huganir, 1999). The postsyn-
aptic density, a prominent structure at excitatory synapses, contains

Figure 6. PKC activation dramatically increases the synaptic GluR2-pS880 and PICK1 in cultured hippocampal neurons. a–c, Three-week-old low-density
hippocampal culture neurons were double-labeled with anti-PICK1 antibodies ( green) and the anti-GluR2-pS880 antibodies (red). a, In control neurons,
PICK1 colocalizes with GluR2-pS880 in dendrites. b, In the neurons treated with 200 nM TPA for 15 min, PKC activation increases synaptic PICK1
staining. c, Statistical analysis of the effect of PKC activation on number of synaptic PICK1 clusters per 100 mM dendrite. PKC activation significantly
increased the synaptic PICK1 clusters (n 5 16 for control and n 5 15 for TPA, t test, p , 0.001). d–f, Neurons were double-labeled with anti-GRIP1
antibodies ( green) and the anti-GluR2-pS880 antibodies (red). d, In control neurons, GRIP1 does not colocalize well with GluR2-pS880 in both dendrites
and spines. e, In the neurons treated with 200 nM TPA for 15 min, no significant change in the synaptic GRIP1 distribution was observed. f, Statistical
analysis of the effect of PKC activation on number of synaptic GRIP1 clusters per 100 mM dendrite. PKC activation moderately decreased GRIP1 clusters
at synapse (n 5 7 for control and n 5 8 for TPA, t test, p . 0.05).
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several PDZ domain-containing proteins that appear to be impor-
tant for the synaptic targeting and signal transduction of glutamate
receptors (Sheng and Kim, 1996; Kim and Huganir, 1999). Gluta-
mate receptor function at synapses has recently been shown to be
rapidly regulated, suggesting that dynamic regulatory mechanisms
may exist to modulate the association of glutamate receptors with
synaptic proteins (Isaac et al., 1995; Liao et al., 1995, 1999; Carroll
et al., 1999; Shi et al., 1999). The C-terminal intracellular region of
glutamate receptors contains the major domains for interaction
with intracellular proteins but also contains the major sites of
protein phosphorylation that have been shown to modulate ion
channel properties (McGlade-McCulloh et al., 1993; Wang et al.,
1994; Roche et al., 1996; Mammen et al., 1997). In this study, we
investigated whether protein phosphorylation of AMPA receptor
subunits may also regulate their interaction with PDZ domain-
containing proteins. We demonstrated that the PDZ domain inter-
acting region of GluR2 is phosphorylated at serine-880 in vivo. We
also showed that serine-880 is phosphorylated by PKC in vitro and
that this Ser880 phosphorylation is increased in vivo by phorbol
ester treatment. These results suggest that PKC phosphorylates this
site in vivo, although we cannot exclude the possibility that other
downstream kinases activated by PKC stimulation may phosphor-
ylate this site in vivo.

Phosphorylation of Ser880 of GluR2 differentially regulates the
interaction of the GluR2 C terminus with the PDZ domains of
GRIP1 and PICK1. Interestingly, phosphorylation of Ser880 dis-
rupts GluR2 binding to GRIP1, whereas both phosphorylated and
unphosphorylated GluR2 can interact with PICK1. While this work
was in progress, Matsuda et al. (1999) also found that GluR2 is
phosphorylated on Ser880 by PKC and that this phosphorylation
inhibits its interaction with GRIP1 (Matsuda et al., 1999). The
differential effect of GluR2 phosphorylation on binding to GRIP1
and PICK1 may arise from the different structure of the GRIP1
and PICK1 PDZ domains. The PDZ domain of GRIP1 that inter-

acts with GluR2 (PDZ5) is a type2 PDZ domain, which selectively
binds to ligands with hydrophobic amino acids at the -2 residue
such as the GluR2 C terminus (ESVKI) (Dong et al., 1997; Songy-
ang et al., 1997). In contrast, the PDZ domain of PICK1 is a type
1b PDZ domain, which binds to C-terminal PDZ ligands with a
typical T/SXV motif, such as occurs in the C termini of PKCa, in
which a hydroxyl group at position -2 is important for binding to
PDZ domains (Songyang et al., 1997; Staudinger et al., 1997).
PICK1, however, also binds to the C termini of GluR2, EPH
receptors and the ephrins, which are type 2 PDZ ligands (Torres et
al., 1998; Xia et al., 1999). These results demonstrate that the
PICK1 PDZ domain is less selective than PDZ5 in GRIP1 and may
account for the binding of PICK1 to GluR2 regardless of the state
of Ser880 phosphorylation.

Immunostaining of cultured hippocampal neurons with the
Ser880 phosphorylation-specific antibody showed that under con-
trol conditions Ser880-phosphorylated GluR2 was enriched and
colocalized with PICK1 in dendritic shafts with very little staining
observed at synapses containing nonphosphorylated GluR2. This is
different from our previous results where we saw some synaptic
localization of PICK1 in control neurons (Xia et al., 1999). The
variability in synaptic PICK1 staining may be attributable to culture
conditions and may reflect PKC activation in the neurons. Because
our data suggest that synaptic localization of PICK1 is dynamic and
regulated by PKC, both conditions (some or no synaptic localiza-
tion of PICK1 in control neurons) may coexist in vivo. On the
contrary, GRIP1 did not colocalize well with phosphorylated
GluR2 and was found colocalized with total GluR2 at some spiny
synapses. Interestingly, treatment of neurons with PKC activators
dramatically increased the Ser880 phosphorylation of GluR2, both
in the dendrites and at synapses, as well as synaptic targeting of
PICK1. In contrast, the number of GRIP1 synaptic clusters de-
creased slightly. These observations are consistent with the differ-
ential interaction of GRIP1 and PICK1 with the phosphorylated
and unphosphorylated GluR2 and suggest that Ser880 phosphory-
lation of GluR2 may regulate the molecular composition of syn-
apses. No significant change in GRIP1 distribution after PKC

Figure 8. Model for modulation of the macromolecular AMPA receptor
protein complex by phosphorylation of GluR2 PDZ ligand. PKC phosphor-
ylation of Ser880 in GluR2 C-terminal PDZ ligand differentially regulates
its interaction with PDZ domains of GRIP and PICK1. This differential
regulation of PDZ domain-mediated interaction may modulate surface
expression of AMPA receptors as well as the composition of the AMPA
receptor complex and the subsequent downstream signaling cascades at
excitatory synapses.

Figure 7. PKC activation induces internalization of GluR2 in cultured
cortical neurons. a, Internalization assay was performed in 3-week-old
high-density cultured cortical neurons to examine the internalized GluR2
subunits after TPA treatment. The biotinylated, internalized GluR2 sub-
units were analyzed by immunoblotting with anti-GluR2-C-terminal and
anti-GluR2-pS880 antibodies. The internalized GluR2 subunits were quan-
tified as the percentage of total surface GluR2 subunits (n 5 8 for both
control and TPA, t test; p , 0.001). PKC activation induces rapid internal-
ization of surface GluR2 subunits. b, Surface biotinylation was performed
in cortical neurons after TPA treatment to examine the steady-state level of
total surface GluR2 subunits. The biotinylated GluR2 subunits were ana-
lyzed by immunoblotting with anti-GluR2-C-terminal antibody. The
steady-state level of surface GluR2 subunits was quantified as the percent-
age of total GluR2 subunits (n 5 8 for both control and TPA, t test; p ,
0.001). PKC stimulation results in a decrease in total level of surface GluR2
subunits but not surface NR2B subunits of NMDA receptors (n 5 8 for
both control and TPA, t test; p . 0.05).
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activation suggests that GRIP1 may be securely anchored to the
postsynaptic density by interacting with synaptic cytoskeletal pro-
teins through its multiple PDZ domains.

Recent data have indicated that the interaction of the C termini
of GluR2 with PDZ domain-containing proteins is important for
synaptic targeting of AMPA receptors. Overexpression of the
GluR2 C-terminal PDZ ligand inhibits the synaptic clustering of
AMPA receptors in cultured neurons, indicating that PDZ
domain-mediated interactions of GluR2 are critical for synaptic
targeting of AMPA receptors (Dong et al., 1997). These data
suggested that the modulation of the interaction of GluR2 with
GRIP1 and PICK1 by phosphorylation might regulate the mem-
brane trafficking of AMPA receptors. In fact, activation of PKC in
cortical culture neurons increases Ser880 phosphorylation of
GluR2 and induces internalization of the surface GluR2 subunits,
resulting in the reduction of the total level of surface GluR2.
Interestingly, PKC activation also induced dramatic mobilization
of PICK1 to synapse, suggesting that PICK1 interaction with
Ser880-phosphorylated GluR2 may be involved in the internaliza-
tion of AMPA receptors.

Changes in the synaptic localization of AMPA receptors have
recently been suggested to be important in many forms of synaptic
plasticity, including LTP and LTD (Carroll et al., 1999; Kim and
Huganir, 1999; Liao et al., 1999; Shi et al., 1999). Induction of LTP
in hippocampal slices has been shown to induce a rapid redistri-
bution of AMPA receptors to synaptic spines (Shi et al., 1999),
whereas LTD induction in neuronal cultures decreases the surface
expression of AMPA receptors (Carroll et al., 1999). There is now
extensive evidence that PKC activation is required for LTD in
cerebellar Purkinje cells (Linden, 1994; De Zeeuw et al., 1998),
and recent studies have provided evidence that cerebellar LTD
may be mediated by AMPA receptor endocytosis (Wang and
Linden, 2000). In addition, metabotropic glutamate receptor-
dependent LTD in the CA1 region of the hippocampus (Stanton et
al., 1991; Bolshakov and Siegelbaum, 1994; Yang et al., 1994) has
been shown to require PKC activation (Oliet et al., 1997; Otani and
Connor, 1998; Wang et al., 1998). Our results suggest that GluR2
phosphorylation at serine-880 may regulate the internalization of
AMPA receptors during several forms of synaptic plasticity by mod-
ulating GluR2 interaction with PDZ domain-containing proteins.

The finding that PKC activation regulates GluR2 internalization
is surprising because most previous studies have suggested that
PKC potentiates AMPA receptor function possibly through the
phosphorylation of Ser831 on the GluR1 subunit (Roche et al.,
1996; Carroll et al., 1998). In addition, PKC activation has recently
been shown to be required for 5HT-induced activation of silent
spinal sensory synapses by a mechanism dependent on GluR2
interaction with GRIP (Li et al., 1999). However, as mentioned
above, PKC activation appears to regulate AMPA receptor inter-
nalization during LTD in cerebellar Purkinje cells. The differences
between these various systems is not clear; however, it is possible
that the subunit composition of AMPA receptors and the expres-
sion level of specific receptor-associated proteins at the synapses in
these systems may be important in this differential regulation of
AMPA receptor function. For example, in sensory neurons the
interaction between GluR2 and GRIP, but not PICK1, is thought
to be involved in synaptic activation, whereas our results suggest
that the interaction of GluR2 and PICK1 in cortical neurons is
involved in receptor internalization. In addition, in cerebellar Pur-
kinje cells, AMPA receptors consist of GluR2/3 heteromers and do
not contain significant levels of the GluR1 subunit that may be
required for the AMPA receptor potentiation by PKC. The mo-
lecular mechanisms by which PKC affects AMPA receptor function
is obviously very complex, and further experiments will be neces-
sary to dissect the interaction of these processes.

Finally, the differential association of the AMPA receptor with
GRIP1 and PICK1 may also regulate the coupling of the receptor
to distinct protein complexes involved in signal transduction (Kim
and Huganir, 1999). GRIP1 contains seven PDZ domains, each of
which interacts independently with various proteins, including the

EPH receptor tyrosine kinases and their ligands the ephrins (Kim
and Huganir, 1999) as well as GRASP1 (GRIP-associated protein
1), a novel neuronal rasGEF (Ye et al., 2000). Although PICK1
contains only a single PDZ domain, it can multimerize and link
AMPA receptors to other proteins, including PKCa (Kim and
Huganir, 1999). Thus phosphorylation of Ser880 may regulate the
formation of AMPA receptor signal transduction complexes at
excitatory synapses in addition to regulating AMPA receptor mem-
brane trafficking (Fig. 8).
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