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Phosphorylation of the AMPA Receptor GluR1
Subunit Is Required for Synaptic Plasticity
and Retention of Spatial Memory

Synaptic plasticity at excitatory synapses is thought
to be critical for information processing in the brain and
to underlie many complex behaviors such as learning
and memory. The best-studied forms of synaptic plastic-
ity in the central nervous system are long-term potentia-
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1Department of Neuroscience tion (LTP) and long-term depression (LTD) of excitatory

synaptic transmission. The molecular mechanisms ofHoward Hughes Medical Institute
Johns Hopkins School of Medicine LTP and LTD have been extensively characterized (Ma-

lenka and Nicoll, 1999), especially in the hippocampus,Baltimore, Maryland 21205
2 Department of Psychology an area implicated in spatial memory formation in ro-

dents (Squire, 1992). In the CA1 region of the hippocam-Johns Hopkins University
Baltimore, Maryland 21218 pus, the induction of LTP and LTD are dependent on

NMDA receptor activation and the subsequent increase3 NIDCD
National Institutes of Health in intracellular calcium (Malenka and Nicoll, 1999). High-

frequency synaptic stimulation leads to the influx of Ca2�Bethesda, Maryland 20892
through the NMDA receptor and the activation of cal-
cium/calmodulin-dependent protein kinase II (CaMKII)
and the induction of LTP. In contrast, low-frequencySummary
synaptic stimulation causes moderate, prolonged in-
creases in calcium levels that activate protein phospha-Plasticity of the nervous system is dependent on mecha-
tases and leads to LTD. The key substrates for the ki-nisms that regulate the strength of synaptic transmis-
nases and phosphatases that mediate the changes insion. Excitatory synapses in the brain undergo long-term
synaptic transmission during LTP and LTD are unknown.potentiation (LTP) and long-term depression (LTD),
A variety of evidence has indicated that changes in bothcellular models of learning and memory. Protein phos-
the presynaptic release of glutamate and changes in thephorylation is required for the induction of many forms
postsynaptic response to glutamate are involved in theof synaptic plasticity, including LTP and LTD. However,
expression of LTP and LTD (Malenka and Nicoll, 1999).the critical kinase substrates that mediate plasticity
Recent studies, however, indicate that LTP and LTD mayhave not been identified. We previously reported that
be expressed, in part, by regulation of AMPA receptorphosphorylation of the GluR1 subunit of AMPA recep-
function (Song and Huganir, 2002). The regulation oftors, which mediate rapid excitatory transmission in
AMPA receptor function occurs through two distinctthe brain, is modulated during LTP and LTD. To test
but interrelated mechanisms: modulation of ion channelif GluR1 phosphorylation is necessary for plasticity
properties of the receptor and regulation of the synapticand learning and memory, we generated mice with
targeting of the receptor (Benke et al., 1998; Hayashi etknockin mutations in the GluR1 phosphorylation sites.
al., 2000; Shi et al., 2001, 1999). Both of these processesThe phosphomutant mice show deficits in LTD and
are regulated by protein phosphorylation of the receptorLTP and have memory defects in spatial learning tasks.
(Song and Huganir, 2002). AMPA receptors are tetra-These results demonstrate that phosphorylation of
mers comprised of a combinatorial assembly of fourGluR1 is critical for LTD and LTP expression and the
subunits, GluR1–GluR4. The subunit composition ofretention of memories.
AMPA receptors varies, depending on the expression
patterns of the four subunits in the CNS (Boulter et al.,Introduction
1990; Keinanen et al., 1990; Martin et al., 1993; Petralia
and Wenthold, 1992). There are ten identified phosphory-Ionotropic glutamate receptors are the major excitatory
lation sites on the intracellular carboxy-terminal domainsneurotransmitter receptors in the vertebrate central ner-
of GluR1–GluR4 (Carvalho et al., 1999; Chung et al.,vous system and are divided into three functionally distinct
2000; Matsuda et al., 1999; McDonald et al., 2001; Rochesubclasses: AMPA (�-amino-3-hydrozy-5-methylisoxa-
et al., 1996). The functional role of phosphorylation ofzole-4-propionic acid), kainate, and NMDA (N-methyl-
two sites on the GluR1 subunit, serine 831 (S831) andD-aspartate) receptors. AMPA receptors mediate the
serine 845 (S845), has been extensively characterized.majority of the fast excitatory synaptic transmission in
S831 is phosphorylated by CaMKII and protein kinasethe central nervous system. Kainate receptors contrib-
C (PKC), while S845 is phosphorylated by cAMP-depen-ute to the postsynaptic responses at some excitatory
dent protein kinase (PKA) (Barria et al., 1997a; Mammensynapses and can also modulate presynaptic neuro-
et al., 1997; Roche et al., 1996). Phosphorylation of eithertransmitter release. NMDA receptors play an essential
of these two sites potentiates AMPA receptor ion chan-role in the modulation of excitatory synaptic transmis-
nel function (Banke et al., 2000; Barria et al., 1997a;sion due to their permeability to calcium ions and ability
Derkach et al., 1999; Roche et al., 1996). Previous stud-to activate downstream calcium-dependent signal trans-
ies indicate that phosphorylation of these sites on theduction processes.
GluR1 subunit of AMPA receptors changes with LTP
and LTD induction, consistent with a role for GluR1*Correspondence: rhuganir@jhmi.edu

4 These authors contributed equally to this work. phosphorylation in the expression of LTP and LTD (Bar-
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Figure 1. Generation of GluR1 Double Phosphomutant Mice

(A) Top: schematic representation of the GluR1 protein structure (transmembrane domains labeled 1, 2, 3, 4). Middle: genomic DNA structure
with the relevant restriction enzyme sites; slashed box represents exon 17 encoding the carboxy-terminus of GluR1. Bottom: targeting vector.
TK, thymidine kinase gene; Neo-loxP, PGK promoter neomycin-resistance gene with loxP sequence at both sides. The alanine substitution
for serine and silent Sac II site to distinguish mutation are shown in lower panel. The probes A and B, which contain the genomic sequence
outside and inside of targeting vector, respectively, are depicted as solid bars.
(B) Top left: genomic Southern blot from mice tail samples digested with Spe I and hybridized with probe A. Wild-type (�/�), heterozygote
(�/�), homozygote (�/�), and the existence of neomycin-resistant gene (Neo) and cre gene (Cre) are indicated. Bottom left: genomic Southern
blot using the same sample indicated in upper panel probed with the probe of neomycin resistant gene coding region. Right: PCR analysis
of indicated samples (genomic DNA; 1 and 2, cDNA; 4 as templates). PCR for cre gene (1) and mutation site (2) and restriction enzyme digested
results of 2 by Sac II (3). RT-PCR results of each genotype (4) and restriction enzyme digested results of 4 by Sac II (5).
(C) Absence of phosphorylation at S831 and S845 in double phosphomutants. Hippocampal samples from wild-type (�/�), heterozygote
(�/�), and homozygote (�/�) were prepared for immunoblot analysis using phosphorylation site-specific Ab’s against S831 (left) and S845
(middle) or GluR1-carboxy tail Ab (right). Note that phosphorylation signal is absent in homozygotes, while GluR1 expression level (GluR1-C)
is normal.

ria et al., 1997b; Kameyama et al., 1998; Lee et al., 2000, Here, we report the generation of mutant mice in which
both S831 and S845 on GluR1 are mutated to alanines1998). LTP is associated with an increase in phosphory-

lation of GluR1 (Barria et al., 1997b; Lee et al., 2000), using gene knockin techniques to prevent phosphoryla-
tion of these sites in vivo. Using the GluR1 “phospho-and LTD is correlated with a dephosphorylation of GluR1

(Kameyama et al., 1998; Lee et al., 2000, 1998). Interest- free” mice, we tested if phosphorylation of these two
sites is necessary for LTD and LTP expression and ana-ingly, the specific phosphorylation site modulated dur-

ing LTP and LTD is dependent on the history of synaptic lyzed the potential role of these phosphorylation sites
in learning and memory. We find that the GluR1 doubleplasticity. For instance, in naı̈ve synapses LTP induction

increases phosphorylation on S831 (Barria et al., 1997b; phosphomutant mice essentially lack NMDA receptor-
dependent LTD and show reduced LTP in the CA1 regionLee et al., 2000), while in previously depressed synapses

LTP induction increases phosphorylation on S845 (Lee of the hippocampus. These changes were not due to
alterations in gross anatomy or normal basal synapticet al., 2000). Similarly, LTD induction in naı̈ve synapses

results in the dephosphorylation of S845, while LTD in- transmission. In addition, the mice have a defect in the
retention, but not learning, of a spatial memory taskduction in previously potentiated synapses leads to the

dephosphorylation of S831 (Lee et al., 2000). However, using the Morris water maze. These results identify a
critical protein kinase and phosphatase substrate thatthe exact role of these phosphorylation events in the

expression of LTP and LTD remains unclear. mediates synaptic plasticity and demonstrates that the



AMPA Receptor Phosphorylation and Memory
633

Figure 2. Normal Gross Anatomy and Distribution of GluR1 and GluR2/3 Subunit in the Hippocampus and at Synapses in the Double Phospho-
mutant Mice

(A) Nissl-stained sections of hippocampus from wild-type (Wt) and homozygote (�/�), showing no gross abnormalities in the cytoarchitecture.
(B) Normal distribution of GluR1 in the hippocampus of homozygote (�/�) compared to the wild-type (Wt) as shown by immunohistochemical
staining of brain sections with �-GluR1C Ab.
(C) Similar distribution of GluR2/3 subunit of AMPA receptors in wild-type (Wt) and homozygote (�/�) hippocampus. The brain sections were
stained with �-GluR2/3C Ab.
(D) Immunogold labeling of GluR1 in the CA1 stratum radiatum region of the hippocampus of wild-type and mutant mice. Note that GluR1
subunit is distributed at the postsynaptic densities (PSDs) in both wild-type (Wt) and homozygote (�/�). The closed arrowheads point to gold
particles localized in PSDs. The narrow arrows point to peri-/extra-synaptic labeling and labeling in spine cytoplasm. The calibration bar is 0.2 �m.
(E) GluR1 is localized at synapses in both wild-type (Wt) and homozygote (�/�) as shown in cultured hippocampal neurons labeled with
�-GluR1-N Ab after permeabilization.
(F) Surface GluR1 staining (magenta) overlaps with a presynaptic protein Bassoon (green) in both wild-type (Wt) and homozygote (�/�).
Cultured hippocampal neurons were stained live with �-GluR1-N Ab, then fixed, permeabilized, and stained using �-Bassoon Ab.

phosphorylation of the AMPA receptor GluR1 subunit mice that lack the two major GluR1 phosphorylation
is required for LTD and LTP expression and spatial mem- sites (double phosphomutant mice). The mice were gen-
ory retention. erated by introducing mutations at the two phosphoryla-

tion sites in the mouse GluR1 gene using homologous
recombination techniques (knockin technique). A tar-Results
geting vector encoding alanine substitutions at the two
major phosphorylation sites, S831 and S845, in exon 17Generation of GluR1 Phosphorylation
was constructed with a lox-P flanked neomycin resistantSite Mutant Mice
(neor) marker in intron 16 (Figure 1A). Correctly targetedTo directly test the role of AMPA receptor GluR1 phos-
ES cells containing the alanine mutations and neor cas-phorylation in bidirectional synaptic plasticity and in

learning and memory, we generated a line of mutant sette were injected into C57BL/6 blastocysts. Chimera
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mice carrying the mutant allele were bred to C57B/6 rats (Kemp et al., 2000). The PP-1Hz protocol in the
wild-type mice produced significant LTD (74% � 4% ofmice to generate heterozygous mice (GluR1 double
baseline measured at 1 hr from the onset of PP-1 Hz,mutant �/�, neo[�]). Heterozygous mice were then
n � 13 slices, seven mice; Figure 3A). In contrast, LTDbred to CMV-Cre mice to delete the neor cassette from
was essentially abolished in the homozygous doublethe germ line via the cre-loxP system (Nagy et al., 1998)
phosphomutant littermates (96% � 5% at 1 hr from theand then intercrossed to produce the double phospho-
onset of PP-1Hz, n � 13 slices, seven mice; Figure 3A).mutant homozygous mice. The success of these proce-
In rats, this induction protocol has been reported todures was confirmed by Southern blot and PCR analysis
produce an NMDA receptor-dependent or mGluR-(Figure 1B). The GluR1 phosphorylation mutant mice
dependent LTD, depending on the age of the animalshowed no overt behavioral phenotype and bred nor-
used (Kemp et al., 2000). We therefore tested whethermally.
LTD induction in mice using this protocol was sensitiveWe confirmed the mutation of two phosphorylation
to NMDA receptor antagonists. Bath application of 100sites by immunoblot analysis using phosphorylation
�M D,L-AP5, an NMDA receptor antagonist, completelysite-specific antibodies. Detection of GluR1 by the phos-
blocked PP-1Hz-induced LTD in wild-type mice (105% �phospecific antibodies to S831 and S845 was com-
8% at 1 hr from the onset of PP-1Hz, n � 13 slices, sixpletely absent in the homozygotes and was about half
mice; Figure 3B).the level of wild-type in the heterozygotes (Figure 1C).

In the adult homozygotes, LTP induced by a thetaIn contrast, the expression of GluR1 subunit detected
burst stimulation (TBS) was greatly reduced, albeit notby anti-GluR1 carboxy-terminal (�-GluR1-C) antibodies
completely absent, when compared to the wild-type lit-was normal (Figure 1C), indicating that the targeted
termates (�/�, 122% � 10% measured 2 hr post TBS,GluR1 gene expresses the GluR1 protein at normal lev-
n � 12 slices, seven mice; Wt, 176% � 10% at 2 hr postels. Nissl-stained brain sections from homozygous mice
TBS, n � 14 slices, seven mice; t test, p � 0.005; Figuredid not show any gross abnormalities in cytoarchitecture
3C). To further confirm that the deficit in LTP is due tocompared to the wild-types (Figure 2A). The distribution
expression mechanisms and is not due to alterations inof both GluR1 and GluR2/3 in the double phosphomu-
network activity or synaptic drive, we looked at pairing-tant mice was comparable to that in the wild-types when
induced LTP using intracellular sharp electrodes. Whencompared by immunohistochemical staining of brain
LTP was induced by pairing depolarizing current injec-sections using anti-GluR1 antibody (�-GluR1-C) and
tion (�1 to �3 nA) with low-frequency stimulation (2 Hz,anti-GluR2/3 (�-GluR2/3-C) antibodies (Figures 2B and
100 pulses), the magnitude of pairing-induced LTP was2C). To confirm that the mutated GluR1 is delivered to
severely reduced in the homozygotes (105% � 6% ofthe postsynaptic membrane, we performed immunogold
baseline at 45 min post pairing, n � 12 cells from tenelectron microscopy with �-GluR1-C antibodies. Similar
mice) compared to the wild-type littermates (137% �levels of gold particles were found at the postsynaptic
12% of baseline at 45 min post pairing, n � 17 cellsdensity (PSD) in wild-type (0.71 � 0.07 particles/syn-
from 11 mice; t test, p � 0.01; Figure 3D). These resultsapse, n � 4 mice) and in the double phosphomutants
suggest that GluR1 phosphorylation plays a critical role(0.61 � 0.10 particles/synapse, n � 4 mice; Student’s t
in the expression of LTD and LTP.test, p � 0.4) in the CA1 region (Figure 2D). In addition,

A previous study has reported that deletion of theprimary cultures of hippocampal neurons from both
complete GluR1 gene eliminates LTP in adult mice butwild-type and homozygous mice contain punctate stain-
has little effect on LTP in young mice (1 month old),ing with GluR1 antibodies under permeabilized (labels
suggesting that there are GluR1-dependent and -inde-all GluR1, Figure 2E) and nonpermeabilized (labels only
pendent forms of LTP that are developmentally regu-the surface GluR1; Figure 2F) conditions. Moreover, the
lated (Mack et al., 2001). We therefore examined whethersurface GluR1 clusters colocalized with the presynaptic
the deficit in LTP in the double phosphomutant micemarker Bassoon (Figure 2F), demonstrating that the mu-
depended on age. Similar to the complete GluR1 knock-tated GluR1 has a normal synaptic localization in neu-
outs, the LTP magnitude was normal in the young doubleronal cultures similar to what was observed in vivo (Fig-
phosphomutant mice (P21–P28; �/�, 129% � 6% at 90ure 2D). Taken together, these results suggest that the
min post TBS, n � eight slices from five mice; Wt,

lack of GluR1 phosphorylation does not alter brain gross
127% � 11% at 90 min post TBS, n � 9 slices from five

anatomy or the AMPA receptor distribution. Moreover,
mice; t test, p � 0.1; Figure 3E). Interestingly, we found

the GluR1 subunit lacking phosphorylation sites is prop- that LTD induced by a conventional 1 Hz (15 min) proto-
erly targeted to synapses, indicating that the phosphory- col was absent in the young (P21–P28) double phospho-
lation sites may not be critical for maintaining the mutants (97% � 3% at 1 hr post onset of 1 Hz, n � 13
steady-state level of receptors at synapses. slices, seven mice) when compared to wild-type lit-

termates (80% � 4% at 1 hr post onset of 1 Hz, n � 14
Deficient Synaptic Plasticity in the Phosphorylation slices, seven mice; t test, p � 0.01; Figure 3F).
Site Mutant Mice We wanted to confirm that the lack of LTD and the
Next, we looked at whether the lack of phosphorylation LTP deficit in the adult double phosphomutant mice
sites on GluR1 affects LTD and LTP expression in adult were not due to nonspecific effects on synaptic trans-
mice (	3 months). All the electrophysiology experiments mission. First, we looked at basal synaptic transmission
were done in a blind manner with littermate wild-type mediated by AMPA receptors by generating an input-
and homozygotes. To examine LTD, we used paired output curve by measuring extracellular field potential
pulses at an interstimulus interval of 50 ms repeated at responses with varying stimulus intensity. To control
1 Hz for 15 min (PP-1Hz), which has been previously for the differential recruitment of presynaptic axons in

different slices, we plotted the synaptic responsesused to induce LTD in hippocampal slices from adult
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Figure 3. Lack of NMDA Receptor-Dependent LTD and Reduced LTP in the Double Phosphomutant Mice

(A) LTD is essentially abolished in the homozygotes (�/�, closed circles) compared to wild-type (Wt, open circles). LTD was induced by
delivering PP-1 Hz for 15 min.
(B) LTD induced by PP-1 Hz is NMDA receptor-dependent in wild-type mice (Wt, open circles). Note that in homozygotes (�/�, closed circles),
PP-1 Hz does not produce LTD with (B) or without (A) APV.
(C) LTP induced with theta burst stimulation (TBS) is reduced in the homozygotes (�/�, closed circles) compared to the wild-type littermates
(Wt, open circles).
(D) Pairing induced LTP is also reduced in the homozygotes (�/�, closed circles) compared to wild-types (Wt, open circles). Recordings were
done using intracellular sharp electrodes. LTP was induced by pairing depolarizing current injection (�1 to �3 nA), while giving 2 Hz (100
pulses) stimulation.
(E) LTP in young double phosphomutants is normal (�/�, closed circles; Wt, open circles). LTP was induced by TBS stimulation.
(F) Young double phosphomutants also lack LTD (�/�, closed circles; Wt, open circles). LTD was induced by delivering 1 Hz for 15 min.
An overlay of representative FP or EPSP traces taken during baseline and at the last few minutes of the recording are shown on the right
side of each panel. Each trace is an average of four consecutive traces.

against presynaptic fiber volley amplitude (Figure 4A). to the fiber volley amplitude. We found that there were
no differences in the NMDA receptor-mediated synapticWe find that the input-output curves from homozygous

and wild-type littermates are essentially identical, indi- responses in the homozygotes compared to the wild-
type littermates at all stimulation intensities measuredcating that there are no obvious changes in basal synap-

tic strength. In order to test any possible alterations in (Figure 4C). In addition, we measured the ratio of AMPA
to NMDA receptor-mediated synaptic currents in apresynaptic function, we measured paired-pulse facili-

tation (PPF) across different interstimulus intervals (ISIs) whole-cell recording configuration and found no statisti-
cal difference (Wt, 1.7 � 0.2, n � 26 cells; �/�, 2.1 �and found no differences in homozygotes compared to

the wild-type littermates (Figure 4B). Since PPF is a 0.3, n � 28 cells; Student’s t test, p � 0.2; Figure 4D). This
attests that the mutations do not affect NMDA receptor-sensitive measure of changes in presynaptic release

probability, this indicates that presynaptic release func- mediated synaptic responses. To further explore any
potential changes in basal synaptic transmission, wetion is normal in the double phosphomutants. Next, we

tested whether the deficits in LTP and LTD were due to measured AMPA receptor-mediated miniature excit-
atory postsynaptic currents (mEPSCs). We found thatalterations in NMDA receptor-mediated synaptic trans-

mission. We pharmacologically isolated NMDA recep- there are no significant differences in either the average
amplitude or frequency of mEPSCs (amplitude, Wt �tor-mediated synaptic responses and normalized them
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Figure 4. Normal Basal Synaptic Transmission and NMDA Receptor-Mediated Synaptic Responses in the Double Phosphomutant Mice

(A) Normal basal synaptic transmission measured as input-output function in homozygotes (�/�, closed circles) compared to wild-types (Wt,
open circles). To correct for the variability in recruitment of presynaptic fibers, we plotted FP slopes against presynaptic fiber volley amplitudes.
Representative traces (averages of three consecutive FPs elicited with the same stimulation intensity) are shown on the right. Average traces
from varying intensities are overlapped for wild-type (Wt) and homozygote (�/�).
(B) No differences in paired-pulse facilitation (PPF) ratio between wild-type (Wt, open circles) and homozygotes (�/�, closed circles). Represen-
tative examples from wild-type (Wt) and homozygote (�/�) at 50 ms ISI are shown on the right.
(C) Pharmacologically isolated NMDA receptor-mediated responses in wild-type (Wt, open circles) and homozygotes (�/�, closed circles).
There is no difference between wild-type and homozygotes when plotting NMDA receptor-mediated responses against fiber volley amplitude.
Representative traces are shown to the right. Thin traces are normal FP responses, mainly mediated by AMPA receptors. Thick traces are
pharmacologically isolated NMDA receptor-mediated FPs, which have a slower latency. Gray thick traces are NMDA receptor mediated FPs
after the addition of 100 �M APV. Note that there are no synaptic responses while the fiber volley remains intact.
(D) NMDA/AMPA current ratio measured in whole-cell does not differ between wild-types and mutants. Measurements shown in the figure
were collected at a holding potential of �28mV, but we also saw no change in NMDA/AMPA ratio measured at �40mV (data not shown).
There was no noticeable rectification of AMPA receptor-mediated currents in either wild-type or mutants (data not shown). Example traces
are shown on the right. Thin solid lines, total currents; thick solid lines, isolated NMDA receptor-mediated currents; thick gray lines, subtracted
AMPA receptor-mediated currents.
(E) No difference in AMPA receptor-mediated mEPSC amplitude or frequency between wild-types and mutants. Pharmacologically isolated
AMPA mEPSCs were measured at holding potential of �68mV. Example mini traces are shown on the top for each genotype.

10.7 � 0.2 pA, �/� � 11.0 � 0.3 pA; frequency: Wt � LTP- and LTD-induced phosphorylation and dephos-
2.8 � 0.1 Hz, n � 9; �/� � 3.2 � 0.2 Hz, n � 16; Figure phorylation of these sites and the lack of the subsequent
4E). Collectively, these results suggest that the deficits changes in channel function may mediate the deficits in
in LTP and LTD are not due to abnormalities in synaptic LTP and LTD. However, previous studies have provided
transmission or NMDA receptor-mediated synaptic re- evidence that the rapid membrane insertion or internal-
sponses but are likely due to the lack of LTP- and LTD- ization of AMPA receptors is critical for LTP and LTD
induced changes in GluR1 phosphorylation and the ab- expression (Carroll et al., 2001; Luscher and Frerking,
sence of the resulting modification of receptor function. 2001). To further address the potential mechanism of

the deficits in synaptic plasticity, we looked at the mem-
brane trafficking of AMPA receptors in neuronal culturesDeficient Dynamic Membrane Trafficking of AMPA
generated from wild-type and homozygous mice. WeReceptors in the Phosphorylation Site Mutant Mice
hypothesized that the deficits in LTP and LTD in thePhosphorylation of GluR1 on S831 and S845 has been
GluR1 phosphorylation site mutant mice may be dueshown to potentiate AMPA receptor channel function
to a defect in AMPA receptor membrane trafficking in(Banke et al., 2000; Barria et al., 1997a; Derkach et al.,

1999; Roche et al., 1996), suggesting that the lack of addition to any effects on channel function. To look
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closely at the dynamics of the membrane localization
of AMPA receptors, we performed surface biotinylation
on the neuronal cultures. Steady-state surface biotinyla-
tion of the neurons showed equivalent levels of surface
GluR1 in both wild-type and homozygous cultures (Fig-
ures 5A, 5B, and 5E), further indicating that the mutation
of both phosphorylation sites does not affect the steady-
state surface expression of GluR1. Recent studies have
shown that NMDA treatment of slices or neuronal cul-
tures induces an LTD-like synaptic depression, a selec-
tive dephosphorylation of S845 (Ehlers, 2000; Kame-
yama et al., 1998; Lee et al., 1998), and internalization
of AMPA receptors (Beattie et al., 2000; Ehlers, 2000).
This paradigm has served as a cell culture model for
NMDA receptor-dependent LTD. We therefore exam-
ined whether NMDA-induced internalization of AMPA
receptors was affected in the double phosphomutant
mouse cultures. We confirmed that NMDA treatment
induces a dramatic dephosphorylation of GluR1 on S845
(48% � 5% of control, n � 5), with less dephosphoryla-
tion of S831 (69% � 3% of control, n � 5) in wild-
type mouse cultures (Figure 5C). To analyze for NMDA-
induced changes in surface GluR1 expression, we
treated neurons with or without NMDA for 15 min, placed
the cells on ice to stop membrane trafficking, and used
cell-surface biotinylation methods to isolate the cell sur-
face GluR1. NMDA treatment of neurons rapidly de-
creased the surface levels of GluR1 in the wild-type
mouse cultures but had little effect on surface GluR1 in
the phosphomutant cultures (Figure 5D). To more speci-
fically look at internalization of AMPA receptors, we first
labeled the surface receptors with biotin and then al-
lowed the receptors to internalize at 37
C in the presence
or absence of NMDA. Then the surface biotin was
“stripped” such that the only remaining biotin-labeled
receptors were the ones that had undergone internaliza-
tion. In neurons from wild-type mice, NMDA treatment
for 15 min produced an internalization of GluR1 com-
pared to control neurons without NMDA treatment (n �

Figure 5. A Defect in NMDA-Induced Internalization of AMPA Re-
ceptors in Neuronal Culture from GluR1 Double Phosphomutant Mice

(Wt), but not in homozygotes (�/�). Internalized surface GluR1 was(A) Normal surface expression of GluR1 in double phosphomutants.
measured using biotin-strip protocol using cortical cultures pre-Cultured cortical neurons prepared from wild-type (Wt) and homozy-
pared from wild-type and homozygotes (see Experimental Proce-gotes (�/�) were used for steady-state biotinylation of surface
dures). Top shows that under control conditions, stripping removesGluR1 (top) and NR1 (bottom). Total GluR1 and total NR1 are shown
biotin labeling of surface receptors. Inputs are shown at the bottomto the left, and biotinylated surface GluR1 and NR1 are shown to
left. Biotinylated surface GluR1 measured without stripping in wild-the right.
type (lane 1) and homozygote cultures (lane 4). Internalization of(B) Quantification of surface GluR1. There was no significant differ-
surface GluR1 under control conditions, which is measured by bio-ence in the steady-state surface expression of GluR1 between wild-
tinylating surface receptors and stripping after 15 min at 37
C intypes (Wt) and homozygotes (�/�).
wild-type (lane 2) and homozygote (lane 5). Internalization of GluR1(C) NMDA treatment dephosphorylated GluR1 on S845. Cortical cul-
after 15 min treatment with NMDA in wild-type (lane 3) and homozy-tured neurons from wild-type mice were treated with NMDA for
gote cultures (lane 6). Note an NMDA-induced increase in wild-type15 min. The control and NMDA-treated samples were probed with
GluR1 internalization (compared to control internalization shown in�-GluR1-S831 Ab or �-GluR1-S845 Ab. Note that there is a decrease
lane 2), while there is no NMDA-induced increase in homozygotesin phospho-signal using �-GluR1-S845 Ab. The blots were stripped
GluR1 internalization (compared with lane 5). The bottom right paneland reprobed with GluR1C Ab to measure total amount of GluR1 in
shows the GluR1 input signal for the results shown in upper righteach sample.
panel.(D) NMDA treatment decreases surface GluR1 in wild-type mice
(F) Quantification of NMDA-induced internalization between wild-(Wt), but not in homozygous mice (�/�). Cortical cultures prepared
type and phosphomutants. Internalized GluR1 after NMDA treatmentfrom wild-type, and homozygous mice were used for surface biotin-
(as shown in [E]) was quantified and normalized as a percentage ofylation. The blots were probed with �-GluR1C Ab. Top is the biotinyl-
constitutive internalization. NMDA-induced increase in internaliza-ated samples that shows surface GluR1. Bottom shows the total
tion of GluR1 in wild-type (Wt, n � 3) is not present in the phospho-GluR1 (input) for each sample. In wild-types, there was a decrease
mutants (�/�, n � 3).in surface GluR1 at 5, 15, 30, and 45 min treatment with NMDA.
(G) Quantification of constitutive internalization of GluR1 from inter-There was no decrease in surface GluR1 level in homozygotes after
nalization assays described in [E]. Constitutively internalized GluR1NMDA treatment.
is expressed as a percentage of surface GluR1.(E) NMDA treatment increases internalization of GluR1 in wild-types
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3, Figures 5E and 5F). In contrast, in the double phospho-
mutant mouse cultures, the NMDA treatment did not
induce internalization of GluR1 compared to control
neurons (n � 3; Figures 5E and 5F). Despite the differ-
ences in NMDA-induced internalization, constitutive in-
ternalization under basal conditions was similar in wild-
type and homozygotes (Figure 5G). Collectively, these
results demonstrate that NMDA-induced internalization
of AMPA receptors containing the GluR1 subunit is in-
hibited in the double phosphomutant mice.

Deficient Retention of Spatial Memory in the
Phosphorylation Site Mutant Mice
Since we saw profound deficits in LTD and LTP in the
hippocampal CA1 region, we wanted to test the mice
for hippocampal-dependent spatial cognition. First, we
tested the double phosphomutants in the standard Mor-
ris water maze task with a hidden platform. The perfor-
mance of both wild-types and double phosphomutant
mice in escaping to the hidden platform improved during
the training trials, as measured by reduced escape laten-
cies (Figure 6A). To test whether the animals indeed
learned the spatial location of the hidden platform, we
ran probe trials in which the platform was removed. To
our surprise, both the wild-type and homozygous mice
gradually spent more time in the target quadrant search-
ing for the platform, suggesting that they both learned
the location of the hidden platform (Figure 6B). Since
the phosphomutants showed normal learning in the
standard water maze task, we next wanted to determine
if they had deficits in tests of rapidly acquired spatial
memory. To analyze this, a new cohort of mice was
trained for two days in the water maze with a fixed
platform location (Figures 6C and 6D). Both wild-type
and homozygotes performed equally in the training ses-
sions (Figure 6C), using probe trials with 2 hr delays
(Figure 6D), consistent with normal learning seen in theFigure 6. Double Phosphomutants Learn Normally but Show a Spe-

cific Impairment in Retention of Spatial Information in the Morris previous experiments (Figures 6A and 6B). The mice
Water Maze were then trained each subsequent day to escape to a
(A) Phosphomutants learn normally in Morris water maze. There was new platform location, and retention tests were given
no difference between groups of male adult (�3 months old) wild- at varying delays after each episode of new learning
type (Wt) and homozygotes (�/�) in latency to find the hidden

(Figures 6E and 6F). Within each training session, theplatform during the training trials.
performance of the wild-type and homozygous mice did(B) After the training trials, the hidden platform was removed after

the fourth (first probe trial), sixth (second probe trial), and eighth not differ (Figure 6E), again suggesting normal learning
(third probe trial) training trials to conduct a probe trial. Both wild- of the task. However, the mutant mice had a selective
type (Wt) and homozygotes (�/�) gradually spent more time in impairment in the retention of new learning at delays
the target quardrant searching for the platform, suggesting normal

longer than a few hours. The phosphomutant mice couldlearning of the platform location.
remember the new location after short delays (2–4 hr)(C) A new set of wild-type (n � 11) and homozygous (n � 9) male

mice were initially trained with a fixed platform location. There was but had poor retention at 8 or 24 hr after an episode of
no difference in performance between the two groups. new learning (Figure 6F).
(D) The animals were subsequently tested on retention using a probe
trial given with a 2 hr delay after the training on the fixed platform
location. Both wild-type and homozygotes spent more time in the
target quadrant.

delay sessions indicated that wild-type mice had excellent savings(E) After familiarization with the procedures, mice were trained with
at these long delays because no difference was evident in compar-a novel platform location for each day’s session and assessed with
ing latencies on the last training trial and latencies in the retentionretention tests at varying delays. Both wild-type and homozygotes
tests. In contrast, mutant mice had significantly less savings asproficiently learned the escape platform location within each training
determined by comparing retention trial and training trial perfor-session such that training trial performance did not differ between
mance at both the 8 and 24 hr delays (p � 0.02). There was nogroups in any session of new learning.
difference in the swim speed between wild-type and mutants (Wt,(F) Retention tests revealed impairment in the mutant mice relative
23.4–33.8 cm/s; �/�, 23.8–34.1 cm/s). Schematic drawings of theto wild-type mice at delays of 8 and 24 hr (p � 0.05, ANOVA), but
behavioral tasks are shown on the right hand side of each panel.not at shorter delays (0–4 hr). Additional analysis of the 8 and 24 hr
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Discussion phorylation inhibits internalization of the newly inserted
receptors, stabilizing LTP.

Previous reports showed that LTP is essentially ab-GluR1 Phosphorylation, Synaptic Plasticity,
sent in adult GluR1 knockout mice (Mack et al., 2001;and Memory
Zamanillo et al., 1999). Our finding that LTP is not com-In this study, we identify a key protein kinase and phos-
pletely absent in the double phosphomutants suggestsphatase substrate that mediates the expression of syn-
that there are at least two components to LTP expres-aptic plasticity. Specifically, we demonstrate that mice
sion in adult mice: a GluR1 phosphorylation-dependentlacking phosphorylation sites on the GluR1 subunit of
and a GluR1 phosphorylation-independent component.AMPA receptors show deficits in synaptic plasticity and
In addition, our results are consistent with results show-retention of spatial memory. The GluR1 phosphorylation
ing normal LTP in young GluR1 knockout mice (Macksite mutant mice essentially lack NMDA receptor-
et al., 2001), supporting the idea that there are develop-dependent LTD and show reduced LTP compared to
mentally regulated GluR1-dependent and -independentwild-type littermates. This indicates that the phosphory-
forms of LTP. In contrast, we find that LTD in both younglation of the AMPA receptor GluR1 subunit is critical for
and adult animals depends on GluR1 phosphorylation,LTD expression and is important for the stability of LTP.
suggesting a conserved mechanism for LTD expressionPhosphorylation and dephosphorylation of S831 and
during development.S845 of GluR1 have been shown to modulate AMPA

In spite of the key role of GluR1 phosphorylation inreceptor ion channel properties (Banke et al., 2000; Der-
hippocampal LTD demonstrated here, several lines ofkach et al., 1999; Roche et al., 1996). Phosphorylation
evidence have suggested that the GluR2 subunit alsoof S831 increases the apparent single-channel conduc-
plays a critical role in AMPA receptor internalizationtance, while phosphorylation of S845 increases the ap-
during LTD (Daw et al., 2000; Kim et al., 2001; Man etparent open-channel probability of AMPA receptors.
al., 2000). Intracellular perfusion of synthetic peptidesMutation of the phosphorylation sites prohibits modula-
that disrupt the interaction of the GluR2 subunit withtion of the phosphorylation state and ion channel prop-
PDZ domain-containing scaffolding proteins inhibitserties of the receptor during LTP and LTD and, thus,
LTD expression, indicating that these interactions mayinhibits synaptic plasticity. This is consistent with a pre-
be important for the internalization of AMPA receptorsvious study that reported changes in the ion channel
during LTD (Chung et al., 2000; Daw et al., 2000; Kim etconductance of AMPA receptors after LTP induction
al., 2001; Matsuda et al., 1999). Our observation that(Benke et al., 1998).
mutation of GluR1 phosphorylation abolishes LTD indi-Recent studies have suggested that the level of AMPA
cates that the GluR1 phosphorylation may interact withreceptors at synapses are also modulated during LTP
GluR2-dependent mechanisms of LTD.and LTD (Song and Huganir, 2002). LTP expression has

A working model of the role of GluR1 phosphorylationbeen proposed to be dependent on the rapid synaptic
in LTP and LTD is illustrated in Figure 7. In the wild-typeinsertion of GluR1 subunit-containing receptors (Hay-
mice, high-frequency stimulation (HFS) used for LTPashi et al., 2000; Shi et al., 2001), and several groups
induction promotes the phosphorylation and insertionhave provided evidence that endocytosis of AMPA re-

ceptors is important for LTD expression (Beattie et al., of GluR1-containing AMPA receptors into synapses. The
phosphorylation-induced potentiation of receptor ion2000; Carroll et al., 1999; Ehlers, 2000; Man et al., 2000).

Although the insertion of GluR1-containing AMPA re- channel properties and the increased levels of synaptic
receptors are both important for potentiating synapticceptors appears to be independent of phosphorylation

of the S831 site (Hayashi et al., 2000), S845 phosphoryla- transmission. The synaptic insertion process may be
regulated by S845 phosphorylation (Esteban et al.,tion has recently been suggested to be important (Es-

teban et al., 2003). Moreover, the internalization and 2003), but S831 phosphorylation does not appear to be
necessary (Hayashi et al., 2000). In addition, our datarecycling of AMPA receptors has been correlated with

changes in S845 phosphorylation (Ehlers, 2000). Inter- indicates that phosphorylation of GluR1 stabilizes the
synaptic receptors and thus stabilizes LTP (Figure 7A,estingly, NMDA-induced internalization of AMPA recep-

tors is inhibited in the phosphomutant mice, suggesting top). Alternatively, GluR1 phosphorylation may act as a
“tag” to allow replacement of GluR1/GluR2 receptorsthat dephosphorylation of S845, in addition to its effects

on the open-channel probability of the receptor, may by GluR3-containing receptors as proposed previously
(Shi et al., 2001). In contrast, in the phosphomutant miceregulate the stability of the receptor on the surface and

thus regulate NMDA-induced internalization. Taken to- (Figure 7A, bottom), the mutated phosphorylation sites
prevent the HFS-induced GluR1 phosphorylation andgether with our previous result that LTD is correlated

with a dephosphorylation of GluR1 S845 (Kameyama et the resulting potentiation of receptor ion channel prop-
erties, the regulation of receptor delivery, and the stabili-al., 1998; Lee et al., 2000; Lee et al., 1998), our present

finding strongly indicates that LTD-induced internaliza- zation of surface receptors after the initial insertion. On
the other hand, LTD induction by low-frequency stimula-tion of AMPA receptors is regulated by S845 phosphory-

lation. Phosphorylation of S845 may stabilize the GluR1 tion (LFS) in wild-type mice induces dephosphorylation
of synaptic AMPA receptors on GluR1 subunits, whichin the plasma membrane, and dephosphorylation allows

the dynamic regulation of receptor internalization. This inhibits the ion channel properties of the receptor and
decreases the plasma membrane stability of the recep-stabilization of surface GluR1 by phosphorylation may

also play a role in the stability of LTP. LTP-inducing tors. This dephosphorylation is essential for the activity-
dependent internalization of AMPA receptors (Figure 7B,stimuli may promote AMPA receptor insertion in a man-

ner that is regulated by S845 phosphorylation (Esteban top). In contrast, the lack of phosphorylation sites on
GluR1 in the mutant mice prevents the LFS-inducedet al., 2003), but our data also suggest that S845 phos-
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proper levels of neuronal excitability. It is clear, however,
that GluR1 phosphorylation is critical for the dynamic regu-
lation of AMPA receptor function during LTP and LTD.

The GluR1 phosphorylation sites are not only critical
for synaptic plasticity, but also appear to be important
for spatial memory. Using water maze tests, we find
that the learning of spatial tasks is intact in the double
phosphomutant mice. This is in accordance with the
reported normal spatial learning of GluR1 knockout mice
(Zamanillo et al., 1999; Reisel et al., 2002). However, we
find that the retention of rapidly acquired new learning
is impaired in the GluR1 double phosphomutants. In
such settings, the mutant mice were able to learn as
well as the wild-type mice but did not retain this memory
after 8–24 hr. This is interesting considering the instabil-
ity of the LTP in the GluR1 phosphomutants and sug-
gests that this rapidly decaying LTP may not allow for
consolidation of the memories beyond 4 hr in this task.
Our test for rapidly acquired episodes of new spatial
learning is similar to episodic or working memory tests
used in recent studies (Zheng et al. 2001; Reisel et al.
2002). It has been proposed that NMDA receptor-depen-
dent hippocampal LTP is important for one-trial learning
episodic memory rather than multitrial spatial reference
memory (for example, the fixed platform water maze
test we have used in our study) (Morris and Frey, 1997).
One caveat to the interpretation of our results is that
similar to most behavioral experiments with knockout or
knockin mice, we are using a hybrid genetic background
that may complicate the behavioral analysis. It is inter-
esting to note, however, that a recent study reported
that GluR1 knockouts have a selective deficit in a spatialFigure 7. Model of the Role of GluR1 Phosphorylation in LTP and
working memory task despite having normal perfor-LTD Expression
mance in reference memory tasks (Reisel et al., 2002).(A) Top, wild-types. Upon LTP induction by high-frequency stimula-
Taken together with our results, this indicates thattion (HFS), GluR1-containing AMPA receptors are inserted into the

synaptic membrane. Phosphorylation of GluR1 may regulate the GluR1-dependent LTP in adult CA1 may be important
insertion; however, it is not necessary for the insertion. The inserted for rapidly learned episodic spatial memory, and phos-
receptors require phosphorylation of GluR1 subunit to stay at the phorylation of GluR1 may be necessary for the retention
synapse. Alternatively, phosphorylation of GluR1 may act as a “tag”

of such memory.to signal replacement by GluR2-containing receptors, as previously
This study demonstrates that the phosphorylation ofproposed (Shi et al., 2001). Bottom, double phosphomutants. HFS

two sites on the AMPA receptor GluR1 subunit is criticalinserts the mutant AMPA receptors; however, the lack of phosphory-
lation sites prevents these receptors from staying at the synapse for the expression and maintenance of NMDA receptor-
or getting replaced by GluR2-containing receptors. Therefore, the dependent LTP and LTD and for the retention of spatial
LTP is not stable over time. learning tasks. LTP and LTD are implicated not only
(B) Top, wild-types. Upon LTD induction by low-frequency stimula- in memory formation, but also in other diverse brain
tion (LFS), GluR1 subunits are dephosphorylated, which leads to

functions such as fine tuning of synaptic connectionsendocytosis. Bottom, double phosphomutants. Activity-induced in-
during development and rewiring of connections afterternalization of the receptors by LFS is not present in the mutants.
brain injury (Buonomano and Merzenich, 1998), motor
skill learning (Lisberger, 1998; Sanes and Donoghue,

changes in GluR1 phosphorylation and the dynamic reg- 2000), and drug addiction (Hyman and Malenka, 2001).
ulation of receptor channel properties and internaliza- Since the basic cellular mechanisms of NMDA receptor-
tion (Figure 7B, bottom). dependent LTP and LTD are quite conserved across

This model does not adequately explain why the basal different brain regions, our results from the hippocam-
levels of synaptic GluR1, AMPA receptor-mediated syn- pus of GluR1 double phosphomutants is likely applica-
aptic transmission, and constitutive GluR1 endocytosis ble to other brain areas. It is known that phosphorylation
are normal in the phosphomutants. According to the of GluR1 is regulated by many factors including activa-
model, the lack of phosphorylation would decrease the tion of dopamine receptors (Price et al., 1999; Snyder
levels of synaptic receptors and the AMPA receptor- et al., 2000) and �-adrenergic receptors (H.-K.L., R.L.H.,
mediated synaptic transmission by decreasing the sur- and A.K., unpublished data), and by psychoactive drugs
face stability and ion channel properties of the receptor. such as cocaine, methamphetamine, and fluoxetine
In addition, the lack of phosphorylation would enhance (Prozac) (Snyder et al., 2000; Svenningsson et al., 2002).
the constitutive GluR1 internalization. However, it is likely Therefore, these mice will also be useful for the analysis
that compensatory homeostatic mechanisms modulate of the role of these modulatory events on AMPA receptor

and brain function.the steady-state function of AMPA receptors to maintain
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Experimental Procedures abilized followed by addition of Bassoon monoclonal Ab (Stressgen).
FITC and Cy3 conjugated secondary Abs were added to visualize
fluorescent signals.Generation of Mice Lacking Phosphorylation Sites on GluR1

To construct the targeting vector, a 10.5 kb Nhe I-Spe I fragment
containing exon 17 of GluR1 was isolated from 129/Svj mouse geno-

Electrophysiologymic BAC library (Incyte Genomics). The targeting vector was com-
Hippocampal slices (400 �m thick) were prepared from adult maleprised of a 2.5 kb short arm and 8.0 kb long arm with PGK-neo
mice as described previously (Lee et al., 2000). In brief, hippocampiflanked by two lox-P sites and the thymidine kinase gene (MC1-tk).
were dissected using ice-cold dissection buffer (212.7 mM sucrose,The 3�-side long arm contained exon 17 with the two phosphoryla-
2.6 mM KCl, 1.23 mM NaH2PO4, 26 mM NaHCO3, 10 mM dextrose,tion sites, serines 831 and 845, mutated to alanine. In addition, a
3 mM MgCl2, and 1 mM CaCl2), and recovered at room temperaturesilent Sac II site mutation was introduced between the alanine muta-
in ACSF (124 mM NaCl, 5 mM KCl, 1.25 mM NaH2PO4, 26 mMtion sites to distinguish mutant allele from wild-type. All mutation
NaHCO3, 10 mM dextrose, 1.5 mM MgCl2, and 2.5 mM CaCl2). Allprocedures were carried out by site directed PCR mutagenesis
recordings were done in a submersion recording chamber perfused(Stratagene). The targeting construct was electroporated into R1
with ACSF (29
C–30
C, 2 ml/min). Synaptic responses were digitizedES cells (129/Sv  129/Sv-CP F1) (Nagy et al., 1993). Positive clones
and stored online using Igor software (Wavemetrics). LTP was in-were identified by polymerase chain reaction (PCR) and confirmed
duced using a theta burst stimulation (TBS: four trains, each con-by Southern blot using an outer probe (probe A in Figure 1A). Four
sisting of ten 100 Hz bursts [four pulses] given at 5 Hz, repeated atpositive ES clones were injected into C57BL/6 blastocysts, and
10 s intervals). LTD was elicited using a paired-pulse 1 Hz protocolchimeras were crossed to C57BL/6 mice. These mice were crossed
(PP-1Hz: paired-pulses of 50 ms interstimulus interval (ISI) repeatedto CMV-Cre (129 and C57BL/6 hybrid genetic background) to re-
at 1 Hz for 15 min). For measurement of paired-pulse facilitationmove the neo cassette from the germ line through cre/loxp-mediated
(PPF), we used ISIs of 25, 50, 100, 200, 400, 800, and 1600 ms.excision (Nagy et al., 1998). After confirmation of neor excision by
Pharmacologically isolated NMDA receptor-mediated synaptic re-PCR and Southern blot analysis, heterozygous mice were bred to
sponses were measured using 0 mM MgCl2 ACSF with 10 �M NBQX.produce homozygotes, and mutants in which the cre gene was
100 �M APV was added at the end of each experiment to confirm theabsent were used for subsequent breeding. The intercross of hetero-
NMDA receptor-mediated response. Intracellular recordings werezygotes resulted in production of wild-type, heterozygous, and ho-
done using sharp electrodes (tip resistance: 80–150 M�) filled withmozygous offspring at the expected 1:2:1 Mendelian ratio. For all
3 M K-acetate and 10 mM KCl. Cells were held at around �70mVanalyses, mice with 129 and C57BL/6 hybrid genetic background
by manual current injection. Pairing LTP was elicited by pairingwere used. All procedure relating to animal care and treatment con-
depolarizing current injection (�1 to �3 nA to bring membrane po-formed to the institutional and NIH guidelines.
tential close to 0mV) and 2 Hz (100 pulses) afferent stimulation.

Immunoblots
Whole-Cell RecordingBrains dissected from wild-type, heterozygous, and homozygous
For AMPAR-mediated mEPSC measurement, 1 �M tetrodotxinmice were quickly frozen in liquid nitrogen. The samples were ho-
(TTX), 100 �M DL-2-amino-5-phosphonovaleric acid (APV), 100 �Mmogenized in ice-cold lysis buffer (20 mM NaPO4, 300 mM NaCl, 10
picrotoxin, and 10 �M bicuculline were added in bath ACSF (124mM EDTA, 10 mM EGTA, 10 mM sodium pyrophosphate, 50 mM
mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10NaF, 1 mM Na3VO4, 1 �M okadaic acid, and 10 U/ml aprotinin), and
mM dextrose, 1.3 mM MgCl2, 2.5 mM CaCl2). The cells were heldcrude membranes prepared as previously described (Lee et al.,
at �68mV, and recordings were done at 32
C. Continuous 500 ms2000). The primary antibodies (Abs) were diluted in blocking buffer
traces were collected at 3 s interval and filtered at 2 kHz. Cells with(1% bovine serum albumin and 0.1% Tween-20 in PBS). The blots
series resistance 	13 M� were discarded.were developed using either enhanced chemifluorescence (ECF,

For AMPAR-EPSC/NMDAR-EPSC peak amplitude ratio measure-Amersham) or enhanced chemiluminescence (ECL, NEN). For ECF,
ments, cells were held initially at �68mV to collect baseline EPSCsecondary Ab linked to alkaline phosphatase was used, and for
responses for 6–8 s. After stable baseline, holding potential wasECL, secondary Ab linked to horseradish peroxidase was used. ECF
changed to 0mV to check the voltage clamp, then further changedblots were scanned using a Storm860 scanner (Molecular Dynam-
to �25mV. After collecting 20–40 sweeps, ACSF was switched toics), while ECL blots were exposed to BioMax film (Kodak) and
one containing the AMPAR antagonist 10 �M 2,3-dioxo-6-nitro-scanned using a Personal Densitometer (Molecular Dynamics). Blots
1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) andwere quantified using ImageQuantTM software (Molecular Dynamics).
another 50–80 sweeps were collected. To get pure AMPAR-medi-
ated EPSC component, subtraction between ten average responsesHistology and Immunohistochemistry
�NBQX was done. From these pure AMPAR- and NMDAR-mediatedThe brains were perfused and fixed in 4% paraformaldehyde and
average EPSCs, the ratio of the peak amplitude of AMPAR- andtransferred to a 30% sucrose solution. Coronal sections were cut
NMDAR-mediated EPSC was made. Only one cell was recordedat 40 �m thickness and collected into cold 0.1 M phosphate buffered
from each slice to avoid the incomplete washout of NBQX.saline. Sections were stained with cresyl violet and observed under

the light microscope or processed for immunohistochemistry using
anti-GluR1 C-terminal Ab or anti-GluR2 C-terminal Ab. Biotinylation and Internalization Assay in Neuronal Cultures

2.5- to 3-week-old mouse cortical neurons cultured in 6 cm dishes
Immunogold Electron Microscopy were used. Surface biotinylation and receptor internalization analy-
For immuno-electron microscopy, the hippocampi of wild-type and sis were performed using protocols described previously with minor
mutant mice were processed for postembedding immunogold label- modifications (Ehlers, 2000; Mammen et al., 1997). Briefly, neurons
ing, as described previously (Petralia et al., 1999; Petralia and Went- were pretreated with 100 �M NMDA for different periods of time,
hold, 1999). Briefly, animals were anesthetized and perfused, and then incubated with 1 mg/ml sulfo-NHS-S-S-biotin (Pierce) in ACSF
brains were sectioned, frozen in liquid propane in a Leica CPC for 25 min at 10
C. The biotinylated cell-surface proteins were pre-
(Vienna, Austria), freeze-substituted in a Leica AFS, and immunola- cipitated following incubation of the cell lysates with UltraLink immo-
beled (10 nm gold). bilized neutravidin beads (Pierce). For receptor internalization assay,

cells were surface biotinylated, rinsed with ACSF (the same as used
for whole-cell recording), and transferred to 37
C with or withoutImmunostaining of Cultured Hippocampal Neurons

Wild-type or homozygous P1 mice hippocampi were dissociated by NMDA treatment (100 �M, 15 min). The remaining surface biotinyla-
tion was stripped using reduced glutathione, and the internalizedtrypsin and then subsequently plated onto coverslips coated with

a confluent glial feeder layer. Each set of mice was dissected on receptors protected from stripping were then isolated and analyzed
using immunoblots. Phosphospecific Abs against GluR1 S845 andthe same day under the same culturing conditions. Staining was

performed on DIV14. Briefly, neurons were labeled live with GluR1 S831 were used to determine the NMDA effects on GluR1 phosphor-
ylation.N-terminal Ab (GluR1-N), and the tissue was then fixed and perme-
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Behavioral Analysis Chung, H.J., Xia, J., Scannevin, R.H., Zhang, X., and Huganir, R.L.
(2000). Phosphorylation of the AMPA receptor subunit GluR2 differ-All mice used were 3- to 4-month-old male F4 129  C57BL/6 hybrid,

obtained by mating heterozygous F3. Mice were trained in a 1.5 m entially regulates its interaction with PDZ domain-containing pro-
teins. J. Neurosci. 20, 7258–7267.diameter water maze (opaque water at 27
C with 12 cm diameter

escape platform at 0.38 cm below water surface, 10 min intertrial Daw, M.I., Chittajallu, R., Bortolotto, Z.A., Dev, K.K., Duprat, F.,
interval, maximum trial duration of 60 s with 20 s on the platform Henley, J.M., Collingridge, G.L., and Isaac, J.T. (2000). PDZ proteins
at the end of each trial). First, nine wild-type and ten homozygous interacting with C-terminal GluR2/3 are involved in a PKC-depen-
male mice received four trials/day for 8 days with probe trials (30 s dent regulation of AMPA receptors at hippocampal synapses. Neu-
duration) given 24 hr after the fourth, sixth, and eighth training ses- ron 28, 873–886.
sions and 5 days after completion of the training protocol. In a

Derkach, V., Barria, A., and Soderling, T.R. (1999). Ca2�/calmodulin-second set of experiments, a new set of mice received 2 days of
kinase II enhances channel conductance of alpha-amino-3-hydroxy-initial training (eight trials each) with a fixed platform location fol-
5-methyl-4-isoxazolepropionate type glutamate receptors. Proc.lowed by a 30 s probe trial at a 2 hr delay. In each session for the
Natl. Acad. Sci. USA 96, 3269–3274.next 11 days, mice were trained (eight trials) to locate the platform
Ehlers, M.D. (2000). Reinsertion or degradation of AMPA receptorsat a novel location in each daily session. For the first 4 days, mice
determined by activity-dependent endocytic sorting. Neuron 28,were acclimated to this task with retention tests given either immedi-
511–525.ately or 2 hr after training. For subsequent experimental sessions,

the retention trials were conducted at delays of 0, 2, 4, 8, and 24 Esteban, J.A., Shi, S.H., Wilson, C., Nuriya, M., Huganir, R.L., and
hr after learning to escape to a novel location. Malinow, R. (2003). PKA phosphorylation of AMPA receptor subunits

controls synaptic trafficking underlying plasticity. Nat. Neurosci. 6,
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