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Abstract
Phosphorylation-dependent changes in AMPA receptor function have a crucial role in activity-
dependent forms of synaptic plasticity such as long-term potentiation (LTP) and long-term
depression (LTD). Although three previously identified phosphorylation sites in AMPA receptor
glutamate receptor 1 (GluR1) subunits (S818, S831, and S845) appear to have important roles in
LTP and LTD, little is known about the role of other putative phosphorylation sites in GluR1.
Here, we describe the characterization of a recently identified phosphorylation site in GluR1 at
threonine 840. The results of in vivo and in vitro phosphorylation assays suggest that T840 is not a
substrate for protein kinases known to phosphorylate GluR1 at previously identified
phosphorylation sites, such as protein kinase A, protein kinase C, and calcium/calmodulin-
dependent kinase II. Instead, in vitro phosphorylation assays suggest that T840 is a substrate for
p70S6 kinase. Although LTP-inducing patterns of synaptic stimulation had no effect on GluR1
phosphorylation at T840 in the hippocampal CA1 region, bath application of NMDA induced a
strong, protein phosphatase 1- and/or 2A-mediated decrease in T840 phosphorylation. Moreover,
GluR1 phosphorylation at T840 was transiently decreased by a chemical LTD induction protocol
that induced a short-term depression of synaptic strength and persistently decreased by a chemical
LTD induction protocol that induced a lasting depression of synaptic transmission. Together, our
results show that GluR1 phosphorylation at T840 is regulated by NMDA receptor activation and
suggest that decreases in GluR1 phosphorylation at T840 may have a role in LTD.
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Introduction
Activity-dependent forms of synaptic plasticity, such as long-term potentiation (LTP) and
long-term depression (LTD), are thought to have an essential role in the storage of new
information during learning. A key feature of current molecular models of LTP and LTD is
that changes in the strength of synaptic transmission in these forms of plasticity are mostly
attributable to phosphorylation-dependent changes in the activity and/or trafficking of
postsynaptic AMPA-type glutamate receptors (AMPARs) (Collingridge et al., 2004). For
example, the induction of NMDA receptor (NMDAR)-dependent forms of LTP is associated
with a persistent, calcium/calmodulin-dependent kinase II (CaMKII)-mediated increase in
phosphorylation of AMPAR glutamate receptor 1 (GluR1) subunits at serine 831 (Barria et
al., 1997a; Lee et al., 2000) and phosphorylation of this site produces an increase in
AMPAR channel conductance (Barria et al., 1997b; Derkach et al., 1999) like that seen after
LTP induction (Benke et al., 1998; Luthi et al., 2004). Conversely, LTD induction is thought
to require activation of protein phosphatases that dephosphorylate postsynaptic AMPARs at
S845 (Lee et al., 1998, 2000), leading to decreases in channel activity (Banke et al., 2000)
and/or endocytosis of AMPA receptors out of the postsynaptic membrane (Ehlers, 2000) (for
review, see Winder and Sweatt, 2001; Collingridge et al., 2004).

Although this AMPAR-centric model of LTP and LTD is supported by a wealth of evidence,
it seems clear that more complex models will be needed to fully describe how NMDAR
activation can lead to persistent changes in AMPAR function. For instance, increases in
GluR1 phosphorylation at S831 and S845 cannot fully account for the activity-dependent
insertion of new AMPARs into the synapse that occurs during LTP (Boehm and Malinow,
2005). Moreover, although LTD is strongly disrupted in mice with mutations in GluR1 that
prevent phosphorylation at S831 and S845, some patterns of synaptic stimulation can still
induce significant, albeit reduced, levels of LTP in these mutants (Lee et al., 2003). It thus
seems likely that LTP induction involves phosphorylation at other sites within GluR1 that
regulate AMPAR function and/or trafficking, such as S818 (Boehm et al., 2006).
Alternatively, LTP and LTD may require changes in phosphorylation of other proteins that
can interact with AMPARs and facilitate their movement into and out of the postsynaptic
membrane (Nicoll et al., 2006).

Here, we report characterization of a recently identified phosphorylation site in the C
terminus of AMPAR GluR1 subunits at threonine 840 (T840) (Lee et al., 2007; Munton et
al., 2007) that is an in vitro substrate for p70S6 kinase. Although LTP induction in the
hippocampal CA1 region was not associated with an increase in GluR1 phosphorylation at
T840, NMDAR activation induced a strong, protein phosphatase 1/2A (PP1/2A)-dependent
dephosphorylation at T840. Using different pharmacological protocols to induce either
short- or long-term synaptic depression, we find a striking correlation between changes in
synaptic strength and GluR1 phosphorylation at T840 suggesting that decreases in GluR1
phosphorylation at T840 may have a role in hippocampal LTD.

Materials and Methods
Slice preparation and electrophysiology

Standard techniques approved by the University of California, Los Angeles (UCLA)
Institutional Animal Care and Use Committee were used to prepare 400-μm-thick slices
from hippocampi obtained from 2- to 3-month-old C57BL/6 mice. For some experiments,
“mini-slices” containing just the hippocampal CA1 region were prepared by removing the
dentate gyrus, CA3 region, and subiculum from freshly cut slices. In all experiments, slices
were maintained at 30°C in an interface-type chamber (Fine Science Tools, Foster City, CA)
and continuously perfused with an oxygenated (95% O2/5% CO2) artificial CSF (ACSF)
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consisting of 124 mM NaCl, 4.4 mM KCl, 25 mM Na2HCO3, 1 mM NaH2PO4, 1.2 mM MgSO4,
2 mM CaCl2, and 10 mM glucose. Slices were allowed to recover for at least 2 h before the
start of an experiment. Schaffer collateral/commissural fiber synapses onto CA1 pyramidal
cells were activated using a bipolar, nichrome wire electrode placed in stratum radiatum of
the CA1 region of the slice, and the resulting synaptic potentials were recorded using an
ACSF-filled glass micro-electrode (5–10 MΩ) placed in stratum radiatum. Single pulses of
presynaptic fiber stimulation were delivered at 0.02 Hz using a stimulation intensity that
evoked field EPSPs that were 50% of the maximum amplitude that could be evoked using
strong stimulation intensities. To examine the effects of synaptic stimulation on GluR1
phosphorylation at T840, we used CA1 mini-slices maintained in interface-slice chambers
and used larger bipolar stimulation electrodes fabricated from 66-μm-diameter, Formvar-
coated nichrome wire (A-M Systems, Carlsborg, WA). The tip separation of the stimulation
electrode was adjusted such that the electrode spanned the width of stratum radiatum and the
stimulating electrode was placed at one end of the slice while an extracellular recording
electrode was placed in stratum radiatum at the opposite end of the slice.

Western immunoblotting
Slices were prepared and maintained using techniques identical with those used for
electrophysiological recordings. In general, slices obtained from the same animal were
placed into up to four separate chambers (three slices per chamber). One chamber was
exposed to ACSF alone to provide control, untreated tissue while the remaining chambers
were treated with various pharmacological reagents. This allowed us to use a within-subjects
design and, by pooling multiple slices per condition, provided sufficient amounts of protein
for several immunoblots. Thus, different blots could be used to measure phospho- and total
GluR1 levels from the same samples. Pharmacological treatments and tissue
homogenization were performed using previously described methods (Delgado and O’Dell,
2005). Synaptoneurosomes were prepared using a previously described protocol (Ho et al.,
2004). Proteins (20 μg/lane) were resolved on 12% SDS-PAGE gels, transferred to
nitrocellulose or polyvinylidene difluoride (PVDF) membranes, and incubated overnight
with primary antibodies. After a 2–4 h incubation with HRP-conjugated secondary
antibodies (1:2000), immunoreactive bands were visualized using enhanced
chemiluminesence (Immun-Star; Bio-Rad, Hercules, CA). Image acquisition and analysis
were done using a cooled CCD camera and the Quantity One software package from Bio-
Rad. To control for potential variations in loading, all blots were reprobed with anti-tubulin
or anti-actin antibodies and the optical density values for each band of interest were
normalized to the density values obtained for these loading controls in the same lane.

Antibodies
The rabbit polyclonal antibody against phospho-T840 GluR1 was made by Abcam
(Cambridge, UK), using a synthetic peptide (conjugated to KLH) derived from the C
terminus of mouse GluR1 phosphorylated at T840. The antibody was subsequently
immunogen affinity purified. Phosphospecific antibodies to GluR1 phosphorylated at S845
and S831 (both used at 1:1000) as well as total GluR1 (1:2000) were obtained from Upstate
Biotechnology (Lake Placid, NY). Monoclonal antibodies to actin (1:2000) and βIII tubulin
(1:20,000) were obtained from Upstate Biotechnology and Sigma (St. Louis, MO),
respectively.

Immunoprecipitation
Hippocampal slices were maintained at 30°C in submerged-slice type chambers and
perfused (at 1–2 ml/min) with oxygenated (95% O2/5% CO2) ACSF. Slices were allowed to
recover for at least 3 h and then homogenized in 20 mM 4-morpholinepropanesulfonic acid
(MOPS), pH 7.4, 2 mM EDTA, 5 mM EGTA, 1% Triton X-100, 0.5% DOC (sodium
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deoxycholate), 30 mM NaF, 40 mM β-glycerophosphate, 20 mM sodium pyrophosphate, 1 mM

sodium orthovanadate, and Roche (Basel, Switzerland) Complete protease inhibitor mixture.
Protein concentrations were determined by Micro BCA Protein Assay kit (Pierce, Rockford,
IL) and 500 μg of total protein was immunoprecipitated overnight at 4°C with 2 μg of anti-
GluR1 (Chemicon, Temecula, CA). After a 2 h incubation with protein G-Sepharose,
samples were washed three times with 20 mM MOPS, pH 7.4, 1% Triton X-100, and 1 mM

sodium orthovanadate. Proteins were then separated by SDS-PAGE and procedures
described above were used for Western blotting.

Expression of wild-type and T840A GluR1
Mutagenesis using the QuikChange Site-Directed Mutagenesis kit (Stratagene, Cedar Creek,
TX) was performed according to the manufacturer’s instructions to produce the mutant
GluR1 T840A with the following forward and reverse primers: 5′-
GCCATACGGACATCGGCCCTCCCCCGG-3′ and 5′-
CCGGGGGAGGGCCGATGTCCGTATGGC-3′. The fidelity of the mutagenesis reaction
was verified by DNA sequencing. Transfection of HEK 293T cells was performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells were plated on 6 cm dishes and
transfected with 16 μg of DNA and 40 μl of Lipofectamine at ~70–75% confluence. To
enhance GluR1 phosphorylation at T840, the protein phosphatase 1 and 2A inhibitor
Cantharidin (10 μM; Tocris, Ellisville, MO) was added 24 h after transfection, and cells were
incubated for 1 h at 37°C. Cells were then washed three times with ice-cold PBS and lysed
in 600 μl of RIPA buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
and 0.1% SDS plus Complete protease inhibitor mixture (Roche) and phosphatase inhibitor
mixtures 1 and 2 (Sigma)] on ice for 30 min. GluR1 was then immunoprecipitated (at 4°C)
by first preclearing lysates for 3 h with normal rabbit serum. Each lysate was then incubated
overnight with 6 μl of anti-GluR1 antibody (Upstate Biotechnology). Immune complexes
were then bound to protein A-Sepharose beads (Zymed, South San Francisco, CA) during a
1 h incubation. The beads were then washed four times in wash buffer (20 mM HEPES, pH
7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol), and proteins were eluted in Laemmli
buffer.

Cell culture and immunocytochemistry
At UCLA, primary cultures of hippocampal neurons were grown on Matrigel (Becton
Dickinson Labware, Bedford, MA)-coated coverslips in MEM media (Invitrogen)
containing 5% FBS (HyClone, Logan, UT), 2% B-27 supplement (Invitrogen), 2 mM

Glutamax (Invitrogen), 24 mg/ml insulin (Sigma), 0.1 mg/ml transferrin (Calbiochem, La
Jolla, CA), 28 mM glucose, and 4 mM AraC (Sigma). After 14–21 d in vitro, cultures were
fixed with 4% paraformaldehyde for 10 min and cells were permeabilized for 5 min with
0.1% Triton X-100. After quenching free aldehyde groups with 50 mM NH4Cl for 10–15
min, nonspecific antibody binding was blocked by incubation in 10% goat serum for 30 min.
Cells were then incubated with primary antibodies in 10% goat serum for 1–3 h at room
temperature or overnight at 4°C. Primary antibodies were detected by incubation with
1:2000 Alexa Fluor 488- or 546-conjugated secondary antibodies in 10% goat serum for 1 h
at room temperature. Confocal fluorescence images were obtained using a Zeiss
(Oberkochen, Germany) Pascal scanning laser microscope using 63× (1.2 numerical
aperture) water immersion objective.

At The Sanger Institute, cultures grown on polylysine/laminin-coated coverslips for 14–24 d
in vitro were fixed with ice-cold methanol for 7 min, blocked in PBS containing 3% BSA
and 0.2% Triton X-100 for 1 h (blocking solution was also used in both antibody steps);
primary antibodies were applied together for 1 h at room temperature. Secondary antibodies
were applied together for 20 min at room temperature. Coverslips were mounted with
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Prolong Anti-Fade Gold (Invitrogen). Primary antibodies used were as follows: mouse anti-
GluR1 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-phospho T840 GluR1, and
chicken antimicrotubule-associated protein 2 (MAP2) (Abcam, Cambridge, UK). Secondary
antibodies used were as follows: chicken IgY specific-Cy2 and mouse IgG specific-
Rhodamine (Abcam, Cambridge, UK), and rabbit IgG specific-Alexa Fluor 633
(Invitrogen). All images were taken on a Zeiss 510 META confocal microscope using a 63×
Plan-apochromat objective.

Peptide array phosphorylation
The 15-aa-long peptides that encompassed the GluR1 threonine 840
(NEAIRTSTLPRNSGA) were synthesized on cellulose membranes in a parallel manner
using SPOT technology (Reineke et al., 2001) and covalently immobilized to glass slides.
Each peptide was present in triplicate and a negative control peptide for the phosphorylation
site was included, replacing threonine with valine (NEAIRTSVLPRNSGA). As a positive
control of kinase activity, consensus phosphorylation peptides were attached. These peptide
sequences were included in a broader screen of synaptic phosphorylation sites to be reported
elsewhere. Peptide arrays were sealed with Gene-Frame incubation chambers (Abgene
House, Surrey, UK), and the chambers were filled with 330 μl of kinase buffer, 20 mM

MOPS, pH 7.2, 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM

DTT, and 2 μg of p70 S6 kinase (T412E). The reaction was initiated by the addition of
ATP/MgCl2 [final concentrations: 100 μM ATP, 10 μCi of [γ-32P]ATP (GE Healthcare,
Piscataway, NJ), 15 mM MgCl2]. After a 40 min incubation at 32°C, the peptide microarrays
were washed six times, alternating between 0.1 M phosphoric acid and distilled water. γ-32P
incorporation in the immobilized peptide spots was detected on a Typhoon 8600
PhosphorImager (50 μm resolution; Amersham Biosciences). Image analysis and signal
quantification were performed using Image-Quant TL (GE Healthcare), and positive signals
were defined after background subtraction. The following recombinant kinases were used
(all obtained from Upstate Biotechnology): protein kinase A (PKA), catalytic subunit, Akt1/
(ΔPH, S473D), protein kinase Cα (PKCα), PKCδ, PKCζ, phosphoinositide-dependent
kinase 1 (PDK-1), Cdk5, Raf-1, p38α, mitogen-activated protein kinase kinase 1 (MEK1),
extracellular signal-regulated kinase 1 (Erk1), Erk2, Rsk2, c-Jun N-terminal kinase 3
(JNK3), glycogen synthase kinase 3β (GSK3β), CaMKII, casein kinase 1, casein kinase 2,
p70 S6 kinase (T412E), Rho GTPase-Rho kinase II (ROCK-II), TANK binding kinase 1
(TBK1), Src, Fyn, Pyk2, and Fes.

Statistical analysis
Paired and unpaired t tests or one-way ANOVAs followed by Student–Newman–Keuls tests
for multiple pairwise comparisons were used to assess statistical significance.
Nonparametric versions of these tests (Mann–Whitney rank sum tests and Friedman
repeated-measures ANOVAs on ranks) were used where appropriate. Statistical tests were
performed using SigmaStat (Systat Software, Richmond, CA). All results are reported as
mean ± SEM.

Results
In recent years, with the advent of proteomic technologies, the discovery of phosphorylation
sites has increased exponentially with several approaches identifying large numbers of in
vivo phosphorylated synaptic proteins (Jaffe et al., 2004; Collins et al., 2005; Trinidad et al.,
2006). We previously found that many of these synaptic phosphoproteins exhibit multiple
phosphorylation sites, with 331 identified sites distributed among only 79 proteins (Collins
et al., 2005). Importantly, most of these new phosphorylation sites were clustered in very
short peptide sequences. We thus analyzed the C-terminal region of the mouse AMPA
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receptor GluR1 subunit between R820 and S855 to search for a putative cluster of
phosphorylation sites using two different prediction algorithms, Scansite (Obenauer et al.,
2003) and Net-PhosK (Blom et al., 1999). The Scansite algorithm identified T840 as a
putative phosphorylation site under low and medium levels of stringency, which are
conditions that fail to predict any other possible serine/threonine phosphorylation sites,
including the well characterized S831 and S845 sites. Similar results were obtained using
the NetPhos algorithm in which only T840 and S845 were identified as potential
phosphorylation sites. Although the failure of both Scansite and NetPhosK to correctly
identify known GluR1 phosphorylation sites (S831 and S845) suggests that the results of the
programs should be interpreted with caution, we noted that T840 in GluR1 is conserved
across several species including humans, rodents, marsupials, fish, and amphibians (Fig.
1A). We thus decided to examine whether GluR1 is phosphorylated at T840 in vivo and
whether phosphorylation at this site might be regulated by NMDAR activation. Importantly,
after we began our experiments, a study using mass spectrometry demonstrated that GluR1
is phosphorylated at T840 in vivo (Munton et al., 2007).

A phosphorylation site-specific antibody detects T840-phosphorylated GluR1 in vivo
To examine whether GluR1 is phosphorylated at T840 in vivo, we generated a
phosphorylation site-specific antibody against T840 phosphorylated GluR1 by injecting
rabbits with a 15-aa-long phosphopeptide corresponding to sequence surrounding threonine
840 in GluR1 (NEAIRTSpTLPRNSGA). As shown in Figure 1B, this antibody recognized
four distinct bands with molecular weights of ~135, 110, 43, and 39 kDa in immunoblots of
homogenates prepared from whole mouse hippocampus. The most prominent band at 110
kDa is near the expected molecular weight for GluR1 (≈106 kDa) and comigrated with total
GluR1 in our gels (Fig. 1B, lanes 2 and 4), suggesting that this band corresponds to T840
phosphorylated GluR1. Consistent with this, a band of the same molecular weight was
readily detected by the anti-phospho-T840 GluR1 antibody in experiments in which GluR1
subunits were immunoprecipitated from hippocampal extracts before Western blotting (Fig.
1C). Detection of all four bands was completely blocked when the phosphopeptide used to
generate the anti-phospho-T840 GluR1 antibody was present during the primary antibody
incubation step (Fig. 1B, lane 3), whereas a nonphosphorylated form of the same peptide
had no effect (data not shown). Moreover, the anti-phospho-T840 GluR1 antibody also
failed to detect bands on blots pretreated with λ phosphatase before primary antibody
incubation (Fig. 1C).

The results shown in Figure 1, B and C, indicate that the phospho-T840 GluR1 antibody
specifically recognizes phosphorylated but not nonphosphorylated forms of GluR1 and
suggest that GluR1 is phosphorylated at T840 in the hippocampus. To confirm that our
antibody specifically recognizes GluR1 phosphorylated at T840, as opposed to other
potential sites in GluR1, we performed two different experiments. First, we compared the
ability of the phospho-T840 GluR1 antibody to detect GluR1 immunoprecipitated from
lysates obtained from transfected HEK cells expressing either wild-type GluR1 or GluR1 in
which T840 was mutated to an alanine (T840A GluR1). As shown in Figure 1D, the anti-
phospho-T840 antibody readily detected GluR1 immunoprecipitated from cells expressing
wild-type GluR1, whereas no bands were detected in lysates obtained from cells expressing
T840A GluR1. Along with the results shown in Figure 1C, this indicates that the phospho-
T840 GluR1 antibody only recognizes GluR1 phosphorylated at T840. Second, we also
examined whether phosphorylation of GluR1 detected with this antibody was altered in
Western blots of homogenates prepared from hippocampal slices treated with activators of
protein kinases known to increase GluR1 phosphorylation at S845 or S831. In these
experiments, we compared levels of GluR1 phosphorylation at S845, S831, and T840 in
homogenates prepared from either untreated slices or slices bathed in activators of PKA or
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PKC. As shown in Figure 2A, activation of PKA, either by direct activation of adenylyl
cyclase with forskolin (FSK) (10–20 μM for 15 min) or by activation of Gs-coupled β-
adrenergic receptors with isoproterenol (ISO) (1 μM for 5 min) produced a more than
twofold increase in GluR1 phosphorylation at S845, a site known to be phosphorylated by
PKA (Roche et al., 1998; Oh et al., 2006), but had no effect on levels of T840
phosphorylated GluR1 (phospho-T840 GluR1 levels were 109 ± 10 and 101 ± 12% of
untreated controls in FSK- and ISO-treated slices, respectively; n = 6 for both). Similarly,
activation of PKC with the phorbol ester phorbol 12,13-dibutyrate (10 μM for 15 min) had no
effect on GluR1 phosphorylation at T840 (phospho-T840 GluR1 levels were 102 ± 6% of
untreated controls; n = 4), although it induced a nearly threefold increase in GluR1
phosphorylation at S831, a site phosphorylated by both PKC and CaMKII (Barria et al.,
1997a; Mammen et al., 1997) (Fig. 2B). Activation of Gq-coupled, metabotropic glutamate
receptors (mGluRs) with the agonist (1S,3R)-aminocyclopentane-1,3-dicarboxylic acid (100
μM for 10 min) also significantly increased GluR1 phosphorylation at S831 but had no effect
on T840 phosphorylation (Fig. 2B). These results indicate that the phospho-T840 GluR1
antibody does not recognize GluR1 subunits phosphorylated at S845 or S831. In addition,
they also suggest that neither PKA nor PKC phosphorylate GluR1 at T840 in vivo. Notably,
the pharmacological manipulations used in these experiments also induced robust increases
in levels of the dually phosphorylated, active form of Erk2 (supplemental Fig. 1A, available
at www.jneurosci.org as supplemental material). Moreover, mGluR activation also induced
a significant increase in levels of threonine 286 phosphorylated, persistently active
αCaMKII (supplemental Fig. 1B, available at www.jneurosci.org as supplemental material).
The fact that T840 phosphorylation is unchanged in slices in which these kinases are
strongly activated suggests that Erk2 and αCaMKII also do not phosphorylate GluR1 at
T840 in vivo. Consistent with these findings, we also observed that prolonged incubation of
slices in ACSF containing PKA, PKC, or MEK inhibitors had no effect on basal levels of
GluR1 phosphorylation at T840 (supplemental Fig. 1C–E, available at www.jneurosci.org as
supplemental material).

Finally, we also examined GluR1 phosphorylation at T840 in vivo by using the phospho-
T840 GluR1 antibody for immunofluorescent staining of cultured hippocampal neurons. As
shown in Figure 3A, prominent phospho-T840 GluR1-like immunoreactivity is present in
both the cell soma and in MAP2-positive dendritic processes. At higher levels of
magnification, phospho-T840 GluR1-like immunostaining showed a discrete, punctate-like
pattern of staining in dendrites that colocalized with the postsynaptic marker PSD-95 but
showed little colocalization with the presynaptic marker synaptophysin (Fig. 3B). This
suggests that that the phospho-T840 GluR1-like immunostaining is attributable, in part, to
phosphorylation of postsynaptic AMPARs. Indeed, triple immunofluorescent staining of
cultured hippocampal neurons with anti-GluR1, anti-phospho-T840 GluR1, and anti-MAP2
antibodies revealed strong colocalization of GluR1 and phospho-T840 immunofluorescence
within MAP2-positive processes (Fig. 3C). Although by immunoblotting the pT840
antibody recognized three bands in addition to the GluR1 band in hippocampal
homogenates, immunocytochemistry with the antibody showed very low cell body/dendrite
staining in hippocampal cultures prepared from GluR1 null mutant mice (supplemental Fig.
2A, available at www.jneurosci.org as supplemental material). Of particular note was the
complete absence of any puncta colocalizing with synaptic markers in the GluR1 knockout
cells (Fig. 3D; supplemental Fig. 2B, available at www.jneurosci.org as supplemental
material). Thus, by immunocytochemistry the antibody primarily detects the pT840 epitope,
with no background staining of synaptic proteins.

Delgado et al. Page 7

J Neurosci. Author manuscript; available in PMC 2010 April 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org
http://www.jneurosci.org


LTP induction is not associated with increases in GluR1 phosphorylation at T840
To determine whether changes in GluR1 phosphorylation at T840 might be associated with
LTP induction in the hippocampal CA1 region, we next examined the effects of theta pulse
stimulation (TPS) on GluR1 phosphorylation in CA1 mini-slices. As shown in Figure 4A,
CA1 mini-slices exhibit robust LTP after a brief (30 s) train of TPS. Thus, in a separate set
of experiments, we used Western immunoblotting to compare levels of GluR1
phosphorylation at T840 in TPS-stimulated slices harvested 5 min after a 30 s train of TPS
to unstimulated control slices obtained from the same animal. As shown in Figure 4B, TPS
had no effect on GluR1 phosphorylation at T840 (5 min post-TPS phospho-T840 GluR1
levels were 106 ± 2% of unstimulated controls; n = 8). As a positive control, we also
examined GluR1 phosphorylation at S831 in these same samples and observed a statistically
significant increase in GluR1 phosphorylation at S831 in stimulated slices (phospho-S831
GluR1 levels were increased to 153 ± 6% of unstimulated controls; n = 8; p < 0.01) as
reported by others (Barria et al., 1997a; Lee et al., 2000). These findings suggest that
increases in GluR1 phosphorylation at T840 are unlikely to be involved in TPS-induced
LTP.

NMDA receptor activation induces a dephosphorylation of AMPAR GluR1 subunits at T840
We next explored the effects of NMDAR activation on GluR1 phosphorylation at T840 by
pharmacologically activating NMDARs with bath-applied NMDA. In these experiments, we
first measured levels of GluR1 phosphorylation at T840 in hippocampal slices obtained from
the same animal that were either bathed in agonist-free ACSF (untreated controls) or
exposed to a 3 min bath application of ACSF containing different concentrations of NMDA.
As shown in Figure 5A, NMDA induced a significant, dose-dependent decrease in GluR1
phosphorylation at T840 [at the highest concentration tested (100 μM), NMDA reduced
phospho-T840 GluR1 levels to 43 ± 5% of untreated controls; n = 6]. Significant decreases
in GluR1 phosphorylation at T840 after NMDAR activation could also be readily detected in
both NMDA-treated CA1 mini-slices (levels were reduced to 62 ± 5% of untreated control
mini-slices; n = 5) (Fig. 5B) and in synaptoneurosome preparations prepared from NMDA-
treated slices (levels were reduced to 50 ± 7% of untreated controls; n = 4) (Fig. 5C).
Moreover, immunostaining with the anti-phospho-T840 GluR1 antibody revealed a clear,
NMDA-induced decrease in phospho-T840 GluR1-like immunoreactivity in stratum
radiatum of the hippocampal CA1 region (Fig. 5D). NMDAR activation also induced a
significant decrease in dendritic phospho-T840 GluR1-like immunofluorescence in cultured
hippocampal neurons (data not shown). Together, these findings suggest that the GluR1
subunits of AMPARs are rapidly dephosphorylated at T840 after activation of NMDARs on
CA1 pyramidal cells.

Chem-LTD induction is associated with persistent dephosphorylation of GluR1 subunits at
T840

To determine how the temporal profile of NMDA induced changes in GluR1
phosphorylation at T840 might correspond to changes in synaptic strength, we next
examined the effects of a chemical stimulation protocol for inducing LTD (chem-LTD) that
has proven useful for studying biochemical processes underlying NMDAR-dependent LTD
(Kameyama et al., 1998; Lee et al., 1998; Colledge et al., 2003; Brown et al., 2005; Oh et
al., 2006). In these experiments, hippocampal slices were maintained under identical
conditions and used in either electrophysiological experiments or treated with NMDA (20
μM for 3 min) and collected for Western analysis at different time points after NMDAR
activation. Although a 3 min bath application of 20 μM NMDA has been shown to induce
robust chem-LTD in the hippocampal CA1 region (Kameyama et al., 1998; Lee et al., 1998),
under our experimental conditions synaptic transmission was strongly depressed by NMDA
receptor activation but then rapidly recovered to baseline levels after NMDA washout (20
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min post-NMDA application fEPSPs were 107 ± 16% of baseline; n = 6) (Fig. 6A).
Strikingly, NMDA-induced changes in GluR1 phosphorylation at T840 closely paralleled
these changes in synaptic strength. As shown in Figure 6B, GluR1 phosphorylation at T840
was significantly decreased immediately after NMDA application (levels were reduced to 68
± 7% of untreated controls; p < 0.05; n = 5) but then rapidly recovered after NMDA washout
(20 min after NMDA washout, phospho-T840 GluR1 levels recovered to 96 ± 6% of
untreated controls). In a separate set of experiments, we found that stronger activation of
NMDARs with a longer bath application of NMDA (20 μM for 5 min) also failed to induced
a lasting depression of synaptic strength and induced a robust, but transient, decrease in
GluR1 phosphorylation at T840 (data not shown).

To examine how the effects of NMDA receptor activation on GluR1 phosphorylation at
T840 might be altered under experimental conditions in which NMDA receptor activation
induces LTD, we took advantage of a previous finding showing that elevated levels of
external calcium can enhance LTD induction (Norris et al., 1996). Consistent with the
findings of Norris et al. (1996), bathing slices in a high-Ca2+ ACSF containing 4.0 mM CaCl2
significantly facilitated the induction of LTD by a 15-min-long train of 1 Hz synaptic
stimulation [60 min after 1 Hz stimulation, fEPSPs were depressed to 86 ± 3% of baseline in
control slices (n = 6) and were depressed to 61 ± 3% of baseline in slices bathed in high-
Ca2+ ACSF; n = 8; p < 0.001]. Similarly, the induction of chem-LTD by bath-applied
NMDA was also significantly enhanced in high-Ca2+ ACSF (Fig. 6C). Based on this
observation, we reexamined the effects of NMDAR activation on GluR1 phosphorylation
using hippocampal slices maintained in high-Ca2+ ACSF to determine how GluR1
phosphorylation at T840 is altered under conditions in which chem-LTD is induced. In these
experiments, we maintained hippocampal slices obtained from the same animal in high-Ca2+

ACSF and then harvested slices for Western blot analysis at different time points after
transiently activating NMDARs with bath-applied NMDA (20 μM for 3 min). Although
high-Ca2+ ACSF by itself had no effect on basal levels of GluR1 phosphorylation at T840
(data not shown), the effects of NMDAR activation on T840 phosphorylation were strongly
altered in slices bathed in high-Ca2+ ACSF. As shown in Figure 6D, bath application of
NMDA under experimental conditions that induce chem-LTD not only induced a
significantly stronger initial decrease in GluR1 phosphorylation at T840 relative to control
experiments but also induced a significant, persistent decrease in T840 phosphorylation
(GluR1 phosphorylation at T840 was reduced to 67 ± 5% of baseline at 40 min after NMDA
washout; p < 0.05 compared with untreated control slices; n = 6). Thus, across three
different stimulation protocols, we find that changes in GluR1 phosphorylation at T840
show a striking correlation with both short- and long-term changes in synaptic strength.

To examine whether the induction of LTD by synaptic stimulation is also associated with a
decrease in GluR1 phosphorylation at T840, we measured phospho-T840 GluR1 levels 5
min after stimulating CA1 mini-slices hippocampal slices with a conventional LTD
stimulation protocol (900 pulses of presynaptic fiber stimulation delivered at 1 Hz).
Although we observed robust dephosphorylation of T840 in chem-LTD (Fig. 6D), we were
unable to observe significant changes in GluR1 phosphorylation at T840 in slices that
received 1 Hz stimulation relative to unstimulated controls (data not shown) (n = 12).
Importantly, in these same samples we were also unable to observe low-frequency
stimulation-induced changes in GluR1 at S845 (Lee et al., 2000), suggesting that our
techniques lack sufficient sensitivity to detect changes in GluR1 phosphorylation that occur
during synaptically induced LTD.

Identification of T840 kinases and phosphatases
To begin to identify the protein kinases that might be able to phosphorylated GluR1 at T840,
we tested whether GluR1 T840 could serve as a kinase substrate in vitro using peptide arrays
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and recombinant kinases (Collins et al., 2005). A 15-aa-long peptide that encompassed the
GluR1 threonine 840 (NEAIRTSTLPRNSGA; 840 shown in bold) was synthesized and
covalently immobilized to glass slides. A control peptide with a valine substitution at 840
(T840V) was used as a negative control. We chose to use a library of 25 recombinant
kinases (see Materials and Methods) based on the fact that these kinases were previously
identified as components of the postsynaptic proteome (Collins et al., 2005) and could thus
potentially phosphorylate postsynaptic substrates such as GluR1. Although Scansite analysis
under low-stringency conditions indicates that T840 may be phosphorylated by either PKA
or the protein kinase Akt, neither kinase phosphorylated GluR1 at T840 in vitro (Table 1).
Indeed, of the 25 protein kinases tested only 1, p70S6 kinase (p70S6K), was able to induce
phosphorylation of the GluR1 T840 peptide (Table 1; supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). This phosphorylation was absent in the
T840V control peptide indicating that T840 is an in vitro kinase substrate with specificity
for p70S6K.

The protein phosphatases PP1 and PP2A are thought to have a crucial role in the induction
of NMDAR-dependent LTD in the hippocampal CA1 region (Mulkey et al., 1993; for
review, see Winder and Sweatt, 2001). Thus, to identify the protein phosphatases
responsible for dephosphorylating GluR1 at T840, we examined whether cantharidin, a
potent inhibitor of PP1 and PP2A (Honkanen, 1993), could prevent the NMDA-induced
dephosphorylation of GluR1 at T840 in hippocampal slices bathed in high-Ca2+ ACSF. In
these experiments, slices obtained from the same animal were bathed in either high-Ca2+

ACSF or pretreated for 1 h in high-Ca2+ ACSF containing 10 μM cantharidin. In each
condition, one set of slices was left untreated, whereas the remaining slices were exposed to
NMDA (20 μM for 3 min) and collected for analysis either immediately after NMDA
application or 40 min after NMDA washout. Consistent with the notion that PP1 and/or
PP2A regulate GluR1 phosphorylation at T840, basal levels of GluR1 phosphorylation at
T840 were significantly elevated in cantharidin-treated slices (Fig. 7A). Moreover, although
NMDA induced a significant, persistent dephosphorylation of T840 in control slices bathed
in high-Ca2+ ACSF alone, it had no effect on phospho-T840 GluR1 levels in cantharidin-
treated slices (Fig. 7A). As shown in Figure 7B, blocking PP1 and PP2A with cantharidin
also significantly inhibited chem-LTD.

Discussion
Although the notion that phosphorylation-dependent changes in AMPAR function underlie
activity-dependent changes in synaptic strength seems well established, a number of key
steps in the signaling pathways that link NMDAR activation to persistent changes in
AMPAR number and/or activity remain to be discovered. Importantly, proteomic profiling
of the postsynaptic density (PSD) of excitatory synapses has revealed that the PSD is
composed of >1000 different proteins (Grant, 2006) and recent studies of in vivo
phosphorylation sites within these proteins has identified hundreds of previously
unrecognized phosphorylation sites (Collins et al., 2005; Trinidad et al., 2006; Munton et al.,
2007). Given this surprisingly high degree of complexity of the synaptic proteome and
phosphoproteome, it seems likely that numerous key proteins and phosphorylation events
are missing from our current models of LTP and LTD. Indeed, a recent study has found that
phosphorylation of AMPAR GluR1 subunits at a newly identified site (serine 818) may be
involved in LTP (Boehm et al., 2006). Based on these studies, as well as recent work
suggesting that phosphorylation sites of postsynaptic proteins are not randomly distributed
but instead are often found in clusters (Collins et al., 2005), we reasoned that there might be
hitherto-unknown phosphorylation sites adjacent to those previously described in AMPA
receptors. Using two phosphorylation prediction programs (Scansite and NetPhosK), we
identified T840 as a potential phosphorylation site in GluR1. Although computational
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methods have proven to be useful for identifying phosphorylation sites and protein
interaction domains (Park et al., 2006; Poolos et al., 2006), in silico approaches are still in
their early stages of development and both programs failed to identify known
phosphorylation sites (S831 and/or S845) in the C terminus of GluR1. We noted, however,
the T840 is highly conserved in vertebrates and found that a peptide corresponding to a 15-
aa-long stretch of the C terminus of GluR1 containing T840 was phosphorylated at T840 by
p70S6K in vitro. This indicates that GluR1 may indeed be phosphorylated at T840.
Consistent with this, recent studies using immobilized metal affinity chromatograph and
mass spectrometry (Munton et al., 2007) and phospho-peptide mapping (Lee et al., 2007)
have demonstrated that AMPAR GluR1 subunits are phosphorylated at T840.

GluR1 phosphorylation at T840 and LTP
Using the anti-phospho-T840 antibody, we could readily detect T840-phosphorylated GluR1
in immunoblots run using homogenates prepared from both intact hippocampus and
hippocampal slices maintained in vitro, suggesting that AMPAR GluR1 subunits are basally
phosphorylated at T840 in hippocampal neurons. Both in situ (slices) and in vitro kinase
assays indicate, however, that none of four serine/threonine protein kinases that have a
crucial role in NMDA receptor-dependent LTP (PKA, PKC, CaMKII, and ERK2)
phosphorylate GluR1 at T840. Consistent with this, we found that LTP induction had no
effect on GluR1 phosphorylation at T840. Although it is possible that high basal levels of
phosphorylation at T840 might make it difficult to detect increases in phosphorylation in
slices treated with various protein kinase activators, the approximately twofold increase in
T840 phosphorylation induced by the protein phosphatase inhibitor cantharidin (Fig. 7)
suggests that this is unlikely. The lack of a potential role for PKA, PKC, and ERK is also
supported by our observation that inhibitors of these kinases had no effect on basal levels of
GluR1 phosphorylation at T840 (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). Surprisingly, only 1 protein kinase of 25 tested in our in vitro
assays, p70S6K, was able to phosphorylate GluR1 at T840. Although the lack of specific
p70S6K inhibitors prevents direct validation of this finding in hippocampal slices, the
presence of p70S6K in the dendrites of hippocampal neurons (Cammalleri et al., 2003;
Tsokas et al., 2005) is consistent with a potential role for this kinase in regulating GluR1
phosphorylation at T840. Interestingly, p70S6K is best known as a downstream target for
mammalian target of rapamycin (mTOR) and has been implicated as an important
component of the signaling pathways underlying NMDAR-dependent changes in protein
synthesis in LTP (Tang et al., 2002; Cammalleri et al., 2003; Klann and Dever, 2004;
Tsokas et al., 2005). Thus, although our results indicate that LTP induction is not associated
with a rapid increase in GluR1 phosphorylation at T840, additional experiments will be
required to determine whether increases in GluR1 phosphorylation at T840 might occur
during the later, protein synthesis-dependent phases of LTP (often referred to as L-LTP). If
so, this could not only explain our failure to see increases in GluR1 phosphorylation at T840
soon after relatively weak TPS protocols but would also suggest the intriguing possibility
that increases in GluR1 phosphorylation at T840 might have a unique role in regulating
AMPAR function at synapses that have undergone L-LTP. Notably, p70S6K associates with
PP2A and the activity of this phosphatase is inhibited by mTOR, one of the upstream
activators of p70S6K (Peterson et al., 1999). Thus, the candidate T840 kinases and
phosphatases identified in our experiments may act in a highly coordinated manner to
regulate GluR1 phosphorylation at T840. It is important to note, however, that although our
in vitro kinase assays suggest that T840 is uniquely phosphorylated by p70S6K, some
kinase/substrate interactions are notoriously weak in vitro. For instance, although PKA
readily phosphorylates GluR1 at S845 in intact hippocampal neurons, PKA phosphorylation
of S845 is difficult to demonstrate using in vitro kinase assays (Oh et al., 2006). In addition,
recent evidence suggests that T840 may also be phosphorylated by PKC (Lee et al., 2007).
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Thus, additional work is needed to determine whether other protein kinases can
phosphorylate GluR1 at T840 in vivo and to determine whether T840 is indeed an in vivo
substrate for p70S6 kinase.

GluR1 phosphorylation at T840 and LTD
NMDAR activation induced strong dephosphorylation of GluR1 subunits at T840 indicating
that NMDAR-activated protein phosphatases regulate GluR1 phosphorylation at this site.
Indeed, using a number of different chem-LTD induction protocols, we find that NMDA-
induced changes in GluR1 phosphorylation at T840 parallel NMDA-induced changes in
synaptic strength and that GluR1 is persistently dephosphorylated at T840 only when
significant chem-LTD is induced. These results suggest that dephosphorylation of GluR1 at
T840 may have a role in LTD, and, consistent with this, we found that inhibitors of protein
phosphatases known to be activated during LTD block NMDA-induced dephosphorylation
of T840.

Chem-LTD induction protocols provide a way to induce a LTD-like depression of synaptic
transmission at large numbers of synapses in slice preparations and have proven to be useful
for studying changes in phosphorylation of synaptic proteins. The induction of chem-LTD
occludes the induction of LTD by synaptic stimulation (Lee et al., 1998), suggesting that
common molecular mechanisms underlie the both forms of LTD. It seems unlikely,
however, that the mechanisms underlying the persistent depression of synaptic transmission
induced by pharmacological activation of NMDARs are identical with those responsible for
synaptically induced forms of LTD (Kameyama et al., 1998). Moreover, we were unable to
detect decreases in GluR1 phosphorylation at T840 after low-frequency synaptic
stimulation. Although it seems likely that our failure to detect changes in GluR1
phosphorylation at T840 with synaptic stimulation may be attributable to the relatively few
synapses activated by the low stimulation strengths needed to induce LTD, we cannot rule
out the possibility that persistent decreases in GluR1 phosphorylation at T840 only occur in
response to excessive and/or prolonged bouts of NMDAR activation. Thus, rather than
having an important role in LTD, persistent decreases in GluR1 phosphorylation at T840
may provide a mechanism for modulating AMPARs in response to pathological levels of
NMDAR activity.

An important question not addressed by our experiments is how dephosphorylation of
AMPAR GluR1 receptors at T840 might be involved in regulating synaptic transmission.
One possibility is that phosphorylation of GluR1 at T840 regulates AMPAR ion channel
activity in a manner analogous to that seen after phosphorylation of S831 and S845 (Barria
et al., 1997b; Derkach et al., 1999; Banke et al., 2000). Interestingly, high-stringency
Scansite analysis of the C terminus of GluR1 indicates that T840 lies within a predicted
14-3-3 protein-binding domain. 14-3-3 proteins interact with target proteins in a serine/
threonine phosphorylation-dependent manner and are thought to act as adaptor or
scaffolding proteins that regulate a large number of different cellular processes including ion
channel gating (Li et al., 2006) as well as protein kinase and protein phosphatase signaling
(Fu et al., 2000; Berg et al., 2003). Moreover, 14-3-3 proteins have been shown to have a
crucial role in the trafficking of some types of potassium channels to the plasma membrane
(Rajan et al., 2002). Thus, another possibility is that GluR1/14-3-3 interactions dependent on
phosphorylation of GluR1 at T840 have an important role in AMPAR trafficking, perhaps
by stabilizing AMPARs at the synapse or enabling reinsertion of AMPARs back to the
synapses after endocytosis. If so, dephosphorylation of T840 and subsequent dissociation of
14-3-3 proteins from GluR1 might promote removal of AMPARs from the postsynaptic
membrane. Although additional experiments will be required to address these issues, our
results suggest that future studies examining the effects of GluR1 phosphorylation at T840

Delgado et al. Page 12

J Neurosci. Author manuscript; available in PMC 2010 April 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



on AMPAR function may yield important insights into mechanisms underlying NMDAR-
dependent modulation of AMPARs.
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Figure 1.
Characterization of phospho-T840 antibody. A, Sequence alignment for amino acids
surrounding S831, T840, and S845 in GluR1 across several different vertebrate species. B,
Proteins in homogenates prepared from mouse hippocampi were resolved by SDS-PAGE,
transferred to PVDF membranes, and probed with the anti-phospho-T840 GluR1 antibody
(lanes 2 and 3). Four distinct immunoreactive bands were detected in blots probed with the
anti-phospho-T840 GluR1 antibody (antibody concentration, 0.12 μg/ml; lane 2), whereas
no signal was detected in blots in which the peptide antigen used to generated the phospho-
T840 GluR1 antibody was present during the primary antibody incubation (peptide
concentration, 0.3 μg/ml; lane 3). Lane 1 shows biotinylated molecular weight markers,
whereas lane 4 shows the same blot as lane 3 after reprobing with anti-total GluR1 antibody.
C, Top, Immunoblots show bands detected by phospho-T840 GluR1 antibody before and
after immunoprecipitating GluR1 from hippocampal extracts. Bottom, Immunoblots
showing the effects of treating blots with λ phosphatase (2000 U for 40 min at 32°C) before
incubation in anti-phospho-T840 GluR1 antibody (left set of blots). These blots were
subsequently stripped and reprobed with a total GluR1 antibody (right set of blots). The
arrowheads indicate the ≈ 110kD a band corresponding to GluR1. D, Western blot analysis
of antibody specificity for T840 phosphorylated GluR1. GluR1 was immunoprecipitated
from lysates prepared from HEK cells expressing wild-type (WT) GluR1 or a mutant form
GluR1 in which T840 was changed to an alanine (T840A GluR1). Blots were probed with
anti-phospho-T840 GluR1 (top), and then stripped and reprobed with total GluR1 antibodies
(bottom). The first lane shows nontransfected (NT) controls.
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Figure 2.
The anti-phospho-T840 GluR1 antibody does not recognize S831 and S845 phosphorylated
GluR1. A, Hippocampal slices obtained from the same animal were untreated( UT) or
exposed to the PKA activators FSK (10–20 μM for 10 min; n = 5) or the β-adrenergic
receptor agonist ISO (1 μM for 5 min; n = 4). Both FSK and ISO induced a significant
increase in GluR1 phosphorylation at S845 (*p < 0.05 compared with untreated control
slices) but had no effect on GluR1 phosphorylation at T840. B, Bath application of the PKC
activator PDBu (10 μM for 15 min) significantly increased GluR1 phosphorylation at S831
(*p < 0.05 compared with untreated control slices; n = 4) but had no effect on GluR1
phosphorylation at T840. A 10 min bath application of the mGluR agonist ACPD (1-
aminocyclopentane-1,3-dicarboxylic acid) (100 μM) also induced a significant increase in
phospho-S831 GluR1 levels (*p < 0.05 compared with untreated controls; n = 5) but had no
effect on GluR1 phosphorylation at T840. The immunoblots above each histogram in A and
B show representative blots probed with the indicated phospho-specific antibodies. None of
the protein kinase activators had effects on total GluR1 levels. Error bars indicate SEM.
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Figure 3.
Immunofluorescent staining of cultured mouse hippocampal neurons with the phospho-T840
GluR1 antibody. A, Confocal images showing that phospho-T840 GluR1-like
immunofluorescence is present throughout the soma and MAP2-positive dendrites of
hippocampal neurons. Scale bar, 50 μm. B, Higher magnification images of processes in
cultured neurons reveal extensive colocalization of phospho-T840 GluR1-like
immunofluorescence with the postsynaptic marker PSD-95 (top) but little overlap with the
presynaptic marker synaptophysin (bottom). Scale bar, 5μm. C, Triple staining of cultured
hippocampal neurons with anti-phospho-T840 (green), anti-GluR1 (red), and anti-MAP2
(blue) antibodies reveals strong colocalization of phospho-T840 GluR1-like
immunofluorescence with total GluR1 staining. Scale bar, 2 μm. D, Cultures of
hippocampal neurons obtained from wild-type and GluR1-null mutant mice were stained
with anti-MAP2 (blue) and anti-synaptophysin (green) antibodies. Immunostaining for both
GluR1 (red; top two panels) and phospho-T840 GluR1 (red; bottom two panels) was
strongly diminished in GluR1 -/- neurons. Scale bar, 2 μm.
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Figure 4.
GluR1 phosphorylation at T840 is not enhanced by LTP-inducing patterns of synaptic
stimulation. A, A TPS protocol consisting of 150 pulses of presynaptic fiber stimulation
delivered at 5 Hz induces significant LTP in hippocampal CA1 mini-slices. Field EPSPs
were potentiated to 161 ± 8% of baseline 60 min post-TPS (p < 0.001 compared with
baseline; n = 5). The inset shows fEPSPs recorded during baseline and 45 min post-TPS.
Calibration: 2 mV, 5 ms. B, LTP inducing patterns of synaptic stimulation have no effect on
GluR1 phosphorylation at T840. CA1 mini-slices obtained from the same animal were either
unstimulated (US) or snap frozen 5 min after activating presynaptic fibers in stratum
radiatum with a TPS protocol (150 pulses at 5 Hz). Whereas TPS induced a significant
increase in GluR1 phosphorylation at S831 (*p < 0.01 compared with US controls), it had no
effect on GluR1 phosphorylation at T840 or S845 (n = 8 experiments). The immunoblots
show phospho-GluR1 and total-GluR1 levels in samples from one experiment. Error bars
indicate SEM.
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Figure 5.
NMDAR activation dephosphorylates GluR1 at T840. A, Hippocampal slices obtained from
the same animal were either left untreated (UT) or exposed to 3 min bath applications of the
indicated concentrations of NMDA. NMDA induced a significant, dose-dependent decrease
in GluR1 phosphorylation at T840 (filled symbols; *p < 0.05 compared with untreated
controls; n = 6). NMDAR activation had no effect on total GluR1 levels (open symbols).
The immunoblots show changes in GluR1 phosphorylation at T840 as well as total GluR1
levels in samples obtained from one experiment. B, Bath application of NMDA (20 μM for 3
min) induces significant dephosphorylation of GluR1 at T840 in isolated CA1 mini-slices
(*p < 0.05 compared with untreated controls; n = 4). C, Dephosphorylation of GluR1 at
T840 is readily detected in synaptoneurosomes prepared from NMDA-treated slices (20 μM

NMDA for 3 min; *p < 0.01 compared with synaptoneurosomes from untreated control
slices; n = 4). Error bars indicate SEM. D, Phospho-T840 GluR1-like immunofluorescence
in stratum radiatum of the hippocampal CA1 region is reduced in NMDA-treated slices.
Hippocampal slices were fixed immediately after a 3 min application of 20 μM NMDA and
stained with phospho-T840 GluR1 and MAP2 antibodies. Confocal images of the
hippocampal CA1 region in an untreated control slice (top) and in a slice exposed to NMDA
(bottom). Scale bar, 50 μm.
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Figure 6.
NMDA-induced changes in GluR1 T840 phosphorylation parallel NMDA-induced changes
in synaptic strength. A,A3 min bath application of 20 μM NMDA has no lasting effect on
synaptic transmission. NMDA was applied starting at time = 0 (indicated by the arrow).
Although synaptic transmission was strongly depressed in the presence of NMDA, synaptic
strength returned to baseline levels after NMDA washout (60 min post-NMDA fEPSPs were
112 ± 6% of baseline; n = 6; p = 0.14 compared with baseline). B, NMDAR activation
transiently dephosphorylates GluR1 at T840. Hippocampal slices obtained from the same
animal were either left untreated or stimulated with NMDA (20 μM for 3 min) and collected
for analysis either immediately after NMDA treatment or after NMDA had been washed
from the slice chamber for the indicated times. Although levels of T840 phosphorylation
GluR1 (filled symbols) were significantly decreased at the end of a 3 min application of
20μM NMDA, GluR1 phosphorylation at T840 recovered to basal levels by 20 min after
NMDA washout. Total GluR1 levels (open symbols) were unchanged. Results are from
seven separate experiments; *p < 0.05 compared with untreated control slices (time = 0 on
the plot). The inset shows phospho-T840 GluR1 and total GluR1 levels from one
experiment. C, Bath application of NMDA (20 μM for 3 min) induces significant LTD in
slices bathed in high-Ca 2+ ACSF. Sixty minutes after NMDA washout, fEPSPs were
depressed to 48 ± 8% of baseline; p < 0.001 compared with baseline; n = 11). The inset
shows fEPSPs recorded during baseline and 60 min after NMDA application in a
representative experiment. Calibration bars: 1 mV, 5 ms. D, NMDAR activation induces a
persistent dephosphorylation of GluR1 at T840 (filled symbols) in slices bathed in high-
Ca 2+ ACSF (n = 6; *p < 0.05 compared with untreated controls). Total GluR1 levels (open
symbols) were unchanged. Error bars indicate SEM. The immunoblots show levels of T840
phosphorylated GluR1 and total GluR1 in a representative experiment.
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Figure 7.
Blocking PP1 and PP2A inhibits NMDA-induced dephosphorylation of GluR1 at T840. A,
Slices from the same animal were maintained in high Ca 2+-ACSF either alone or in the
presence of the PP1 and PP2A inhibitor cantharidin (10 μM). Under control conditions,
GluR1 phosphorylation at T840 was significantly decreased both immediately after NMDA
application (20 μM for 3 min; N) and 40 min after NMDA washout (Wash; *p < 0.05
compared with untreated controls; n = 5). Basal levels of T840 phosphorylated GluR1 were
significantly increased in cantharidin-treated slices ( p < 0.01 compared with UT slices
bathed in high-Ca 2+ ACSF alone), and both the initial and persistent NMDA-induced
dephosphorylation of T840 were completely blocked. The immunoblots show phospho-
T840 GluR1 and total GluR1 levels from a representative experiment. Error bars indicate
SEM. B, Chem-LTD is inhibited in cantharidintreated slices. Sixty minutes after NMDA
application (20 μM for 3 min), fEPSPs were depressed to 52 ± 8% of baseline in vehicle
control experiments (open symbols; 0.1% DMSO; n = 6) and were 93 ± 10% of baseline in
cantharidin-treated slices (filled symbols; n = 5; p = 0.01 compared with control). Slices
were continuously bathed in ACSF containing 10μM cantharidin for at least 1 h before an
experiment.
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