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SUMMARY

It has been proposed that the AMPAR phosphory-
lation regulates trafficking and channel activity,
thereby playing an important role in synaptic plas-
ticity. However, the actual stoichiometry of phos-
phorylation, information critical to understand the
role of phosphorylation, is not known because of
the lack of appropriate techniques for measurement.
Here, using Phos-tag SDS-PAGE, we estimated
the proportion of phosphorylated AMPAR subunit
GluA1. The level of phosphorylated GluA1 at S831
and S845, two major sites implicated in AMPAR regu-
lation, is almost negligible. Less than 1% of GluA1 is
phosphorylated at S831 and less than 0.1% at S845.
Considering the number of AMPAR at each synapse,
the majority of synapses do not contain any phos-
phorylated AMPAR. Also, we did not see evidence
of GluA1 dually phosphorylated at S831 and S845.
Neuronal stimulation and learning increased phos-
phorylation, but the proportion was still low. Our
results impel us to reconsider the mechanisms
underlying synaptic plasticity.

INTRODUCTION

The phosphorylation of AMPAR has been proposed to play a
critical role in synaptic plasticity (Derkach et al., 2007; Shepherd
and Huganir 2007). The hypothesis involves the phosphorylation
of AMPAR subunit GluA1 in atwo-step process. Phosphorylation
of S845 by PKA is a prerequisite for triggering AMPAR trafficking
to the synaptic surface and maintenance during basal transmis-
sion (Lee et al., 2000; Esteban et al., 2003; Oh et al., 2006).
Potentiation of synaptic transmission takes place when the
receptor is additionally phosphorylated at S831 by CaMKII.
This phosphorylation increases the single-channel conductance
and contributes to the increased transmission following LTP
induction (Benke et al., 1998; Derkach et al., 1999; Banke
et al., 2000). In contrast, LTD is mediated by receptor removal
caused by the dephosphorylation of S845-phosphorylated
GluA1 at the synaptic surface (Kameyama et al., 1998; Lee

60 Neuron 85, 60-67, January 7, 2015 ©2015 Elsevier Inc.

et al., 2000). Overall, this scheme assumes that a large propor-
tion of the GluA1 mediating synaptic transmission is phosphory-
lated. If LTP is maintained by phosphorylation of GIuA1 at S831
and S845, one should be able to find dually phosphorylated
GluA1 at these sites after LTP induction. Likewise, if dephos-
phorylation triggers removal of surface AMPAR during LTD, the
majority of GIuA1 maintaining basal transmission should be
phosphorylated at S845. Phosphorylation at S818 controls the
interaction with band 4.1N, a cytoskeletal anchoring protein,
and those at T840 and S567 are also implicated in synaptic plas-
ticity (Boehm et al., 2006; Delgado et al., 2007; Lee et al., 2007;
Lu et al., 2010). Hence, multiple phosphorylation on GluA1 has
been suggested to cooperatively participate in the induction
and maintenance of synaptic plasticity.

However, critical information to attest this scheme, the stoichi-
ometry of GIuA1 phosphorylation and the phosphoisotypes
(combination of phosphorylated sites) involved, are unknown.
Several methods, including phosphospecific antibodies, phos-
phopeptide mapping, and mass spectrometry, have been used
to detect the phosphorylation of specific sites. However, using
these approaches, it is difficult to determine the proportion of
phosphorylation and the phosphoisotypes. For example, west-
ern blotting with a phosphospecific antibody can detect a
doubling of phosphorylation. However, it cannot distinguish
whether the change is from 0.1% to 0.2% or from 10% to
20%. Also, it is very difficult to determine the phosphoisotype
using phosphospecific antibodies. Because of this, although
dually phosphorylated GluA1 at S831 and S845 is implicated in
LTP, the presence of such receptor molecules has not been
demonstrated. Therefore, critical experimental evidence to verify
the aforementioned scheme is still lacking.

Phos-tag is a compound that associates with phosphate
groups on a protein in the presence of divalent cations (Kinoshita
etal., 2008; Hosokawa et al., 2010). When covalently conjugated
with polyacrylamide in an SDS-PAGE, it separates phospho-
rylated from unphosphorylated proteins. Because the extent
of separation is dependent on both the number of phosphory-
lated residues and the surrounding sequence, one can separate
distinct phosphoisotypes of a given protein based on mobility.
Furthermore, by blotting the gel with an appropriate anti-
body, one can also determine the stoichiometry of different
phosphoisotypes.

Using this feature of Phos-tag SDS-PAGE, we quantified GluA1
phosphorylation in both mature and developing hippocampus.
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Figure 1. Separation and Quantification of Phosphoisotypes of
GluA1 Using Phos-tag SDS-PAGE

(A) HEK293T cells expressing GIuA1 were incubated with or without 1 pM
okadaic acid (OA) for 4 hr. The homogenate was separated using conventional
(left) or Phos-tag (right) SDS-PAGE and blotted with an antibody against the
C terminus of GluA1. (B) Pretreatment of the sample with A protein phospha-
tase (APPase) abolishes the band shift. (C) Wild-type (WT) GluA1, four alanine
mutants (4A) containing mutations in all but one out of five known sites, or a
mutant where all known phosphorylation sites were mutated to alanine (5A)
were expressed in HEK293T cells. To maximally induce phosphorylation, a
constitutively active CaMKIl was cotransfected, and the cells were further
treated with forskolin, phorbol 12-myristate 13-acetate, cyclosporine A, and
OA for 2 hr. The cell homogenate was separated using Phos-tag SDS-PAGE
and blotted with antibodies against GluA1 C terminus, pS831, pT840, and
pS845. (D) Detection of dually phosphorylated GluA1. 4A and three alanine (3A)
mutants were expressed in HEK293T cells and phosphorylated as in (C). The
numbers above the blot indicate phosphorylatable sites. (E) Sensitivity of
C terminus antibody to phosphorylated GluA1. HEK293T cells expressing
indicated mutants were treated as in (C), but for a longer duration (6 hr) to
ensure complete phosphorylation. Then either unphosphorylated (left) or
phosphorylated (righty AMPARs were separated using conventional SDS-
PAGE (top) or Phos-tag SDS-PAGE (bottom) and blotted with the C terminus
antibody. (F) GluA1 samples containing different amounts of pS831 GluA1 (on
a 4A background) made by mixing different amounts of immunoprecipitated
GluA1 from transfected HEK293T cells untreated or treated with OA. The
mixtures were separated on Phos-tag SDS-PAGE and blotted with the
C terminus antibody. The proportion of pS831 GluA1 in each sample is shown.
The same samples were subjected to AQUA (Figures S1B-S1D). (G) Correla-
tion of the result of Phos-tag SDS-PAGE (F) and AQUA (Figure S1D) in the
stoichiometry of pS831 GIuA1. n = 3, each.

We found that the stoichiometry of phosphorylation in adult
tissue is much lower than expected from the current plasticity
model. We did not find any evidence of GluA1 dually phos-
phorylated at both S831 and S845. Our results compel us to
reevaluate the current model of AMPAR regulation.

RESULTS

Phos-tag SDS-PAGE Separates GluA1 Phosphorylated

at Different Sites

To test whether Phos-tag SDS-PAGE is applicable for the anal-
ysis of GIuA1 phosphoisotypes, GIuA1 was expressed in
HEK293T cells, and phosphorylation was induced by blocking
endogenous phosphatase activity with okadaic acid (OA), an
inhibitor of protein PP1 and 2A. This treatment increased the
phosphorylation of various proteins in HEK293T cells (Figure S1A
available online), likely by unmasking the basal activity of endog-
enous kinases. While GluA1 on conventional SDS-PAGE did not
show a difference in migration in the presence or absence of
OA, it showed multiple bands that migrated slowly only in the
presence of OA on Phos-tag SDS-PAGE (Figure 1A). These
bands disappeared by treating the cell lysate with A protein
phosphatase (Figure 1B).

To test whether the band shift was caused by phosphorylation
at a previously identified GIuA1 site, we mutated all five known
phosphorylation sites to alanine (Figure 1C, 5A). The GIuA1
wild-type or 5A mutant was coexpressed with a constitutively
active form of CaMKIl (phosphorylates GluA1 at S567 and
S831), and the cells were further treated with phorbol ester
(PKC activator, S818, S831, and T840), forskolin (PKA activator,
S845), cyclosporine A (PP2B inhibitor), and OA (Barria et al.,
1997; Lu et al., 2010; Roche et al., 1996; Boehm et al., 2006).
Unlike wild-type GIluA1, 5A mutants did not show a band shift
indicating that there were no other phosphorylation sites under
this condition.

To identify the phosphorylation sites causing the band shift,
we mutated each of the alanine residues back to serine or thre-
onine, while maintaining the other four alanines (4A mutants).
S831, T840, and S845 on a 4A background showed a clear
band shift, but at different positions. They were confirmed to
be GIuA1 phosphorylated at respective sites by blotting with
phosphoantibodies. In contrast, S567 or S818 on a 4A back-
ground did not show a noticeable band shift. Also, an antibody
against pS567 (Lu et al., 2010) did not detect any phosphorylated
proteins, indicating a low phosphorylation stoichiometry (data
not shown). As a result, we did not investigate the S567 and
S818 phosphorylation sites further and focused on S831, T840,
and S845.

To test if GIuA1 dually phosphorylated at S831 and S845 could
be detected, we made a construct that maintained both S831
and S845, but mutated the other three sites to alanine (Figure 1D,
3A 831+845). Blotting with a C terminus antibody detected
GluA1 phosphorylated at S831 and S845 as well as unphos-
phorylated protein. Additionally, we detected a band above
S831, which was confirmed to be dually phosphorylated GluA1
in the blots with pS831 and pS845 antibodies. This band was
at almost the same location as singly phosphorylated GluA1 at
T840. Therefore, for the rest of the study, we routinely reblotted
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the membrane with phosphospecific antibodies to identify the
phosphoisotype of each band.

Likewise, both individually and dually phosphorylated GluA1
were detected in S831 and T840 on a 3A background (the
T840 band could be visualized using the C terminus antibody,
but was too faint in the pT840 blot; Figure 1D). In the T840 and
S845 on a 3A background, individually phosphorylated bands,
but not dually phosphorylated bands, were detected. In sum-
mary, Phos-tag SDS-PAGE in combination with phosphospe-
cific antibodies allows us to detect the phosphoisotypes of
singly and dually phosphorylated GluA1.

Estimation of Phosphorylation Stoichiometry

Using Phos-tag SDS-PAGE

Next we tested if we could use Phos-tag SDS-PAGE to deter-
mine the stoichiometry of GIuA1 phosphorylation. For this
purpose, we first ascertained whether the GluA1 C terminus
antibody detects each phosphoisotype with equal efficiency.
We maximally phosphorylated GluA1 mutants 5A or S831,
T840, and S845 on 4A background and tested the reactivity of
the antibody (Figure 1E). Phos-tag SDS-PAGE confirmed that
they were ~100% phosphorylated. In these samples, there
were no obvious differences in band intensity between the 5A
and phosphorylated mutants, confirming that phosphorylation
at S831, T840, and S845 did not affect the reactivity of the
C terminus antibody.

We therefore assumed that, by comparing the intensity of the
bands corresponding to phosphorylated and unphosphorylated
GluA1 in the blot with C terminus antibody, we could estimate
the stoichiometry of GluA1 phosphorylation using Phos-tag
SDS-PAGE. To test this, we compared the result of quantifica-
tion using Phos-tag SDS-PAGE with that of mass spectrometric
absolute quantification (AQUA) (Gerber et al., 2003). We immu-
noprecipitated GIuA1 (S831 on 4A background) from HEK293T
cells, untreated or treated with OA, and mixed them at different
ratios, thereby making a series of GIuA1 samples with different
stoichiometry of S831 phosphorylation. The stoichiometry of
S831-phosphorylated GluA1 in each mixture was determined
by western blotting with the C terminus antibody and measuring
the band intensity of S831-phosphorylated and unphosphory-
lated GluA1 on the Phos-tag SDS-PAGE (Figure 1F). In parallel,
the same samples were subjected to AQUA using a synthetic
standard of phosphorylated and unphosphorylated peptides
containing '®C and °N (Figure S1D). The results from these
two methods coincide with each other precisely (Figure 1G), indi-
cating that Phos-tag SDS-PAGE is a reliable measure of the
stoichiometry of protein phosphorylation.

Quantitative Analysis of GluA1 Phosphorylation in
Hippocampus

We next determined the amount of phosphorylated GIuA1 in
adult rat hippocampus. In conventional SDS-PAGE, blotting
with antibodies against GluA1 C terminus, pS831, pT840, and
pS845 showed bands at the expected molecular weight
(Figure 2A, top). As expected, upon phosphatase treatment,
the bands disappeared from the blots using phosphoantibodies.
Using Phos-tag SDS-PAGE, we observed a discrete band shift
with pS831, pT840, and pS845 antibodies at similar relative
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positions as HEK293T cells (Figure 2A, bottom). However,
when blotting was performed with the C terminus antibody, < 1%
of pS831 and ~5% of pT840 GluA1 were detected at the corre-
sponding positions, and pS845 was undetectable (Figure 2A,
bottom, B and C). The dually phosphorylated GluA1 at S831
and S845 is expected to be at almost the same location as
T840-phosphorylated GluA1 (Figure 1D), but, as there was no
signal on the pS831 and pS845 blots (Figure 2A), we concluded
that the upper band in the blot with C-terminal antibody was
composed solely of pT840 GluA1. Likewise, there was no evi-
dence of other multiply phosphorylated GIuA1.

We also subjected hippocampal GluA1 to AQUA. Consistent
with the result of Phos-tag SDS-PAGE, it also showed that
pS831 on GluA1 from hippocampal tissue was barely detect-
able, an amount that was significantly lower than the smallest
standard (2.3%) (Figure S1D). Changes in sample preparation
method did not change the level of phosphorylation (Figure S2A).
Therefore it is unlikely that GluA1 is dephosphorylated during
sample preparation.

To further extend the dynamic range, we calibrated the immu-
noblot signal as follows. The 4A mutant samples containing
~100% phosphorylated receptors (Figure 1E) were serially
diluted, separated using conventional SDS-PAGE, and blotted
with phosphoantibodies, from which a calibration line was drawn
(Figures 2D and 2E). Hippocampal extract, preadjusted so that
it contains the same amount of total GluA1 (Figure 2D, bottom),
was also separated on the same gel, and the amount of phos-
phorylated GluA1 at each site was obtained from the calibration
line (Figures 2D, top, and 2E). We estimated that 0.18% + 0.01%,
4.3% = 0.7%, and 0.018% = 0.001% of hippocampal GIuA1 was
phosphorylated at S831, T840, and S845, respectively (Figures
2D and 2E), largely consistent with the measurement of band
intensity on Phos-tag SDS-PAGE.

One reason why only a small proportion of phosphorylated
GluA1 was detected may be because the extract is a mixture
of various membranous compartments. We therefore extracted
the PSD fraction by detergent treatment, which is enriched with
PSD-95, a prominent PSD protein, but lacks synaptophysin, a
presynaptic protein (Figure 2F). Phos-tag SDS-PAGE revealed
that the phosphorylation of GluA1 was not significantly different
from other fractions. We also attempted to isolate surface
GluA1 from cultured hippocampal neurons using a surface
biotinylation and avidin pull-down (Figure 2G). There was no
obvious difference in phosphoisotypes between internal and
surface GluA1.

We next tested the ontogeny of GIuA1 phosphorylation. The
GluA1 phosphorylation was highest at P1 (Figures 2H and 2I).
This was evident for pS831, which was 36.2 + 1.3-fold higher
at P1 compared with adult tissue. The level gradually diminished
during development and reached adult levels by P28. We found
that ~7% and ~25% of GluA1 is phosphorylated at S831 and
T840, respectively, at P1 (Figures S2B and S2C). In addition,
~2.5% of GluA1 was dually phosphorylated at both S831 and
T840. However, the level of S845-phosphorylated GIuA1 was
still low, as indicated by the lack of a band detected by the
N terminus antibody at the corresponding position in the pS845.

We also analyzed other postsynaptic proteins in the hippo-
campus (Figure S2D). We found that a significant proportion of



Figure 2. Endogenous GluA1 in Neurons Is
Mostly Unphosphorylated

(A) Phosphoisotypes of endogenous GIuA1 in
adult rat hippocampus. Hippocampal extract was
subjected to conventional SDS-PAGE (top) or
Phos-tag SDS-PAGE (bottom) and blotted with
antibodies against GluA1 C terminus, pS831,
pT840, and pS845. (B) The densitometoric profile

of blots of hippocampal extract. The positions of
pS831, pT840, and pS845 phosphoisotypes are
shown by red, green, and blue lines, respectively.

(C) Quantification of the population of each phos-

| phoisotype. The pS831 was below the level where

| it could be confidently quantified (< 1%), and

| pS845 was not detected. (D) Blots of the dilution

series of maximally phosphorylated 4A mutants on
a conventional SDS-PAGE. Endogenous GIuA1
from adult rat hippocampus was loaded on the

right lane. Only one rat out of six is shown. A blot
with the C terminus antibody (bottom) was used to
adjust the total amount of GluA1. (E) Calibration of

band density and amount of phosphorylated pro-
tein. The densitogram reading was normalized

| by the 10% phosphorylated sample. Squares are

I averages of six samples. (F) GluA1 phosphoryla-
tion in different subcellular fractions. The fractions

I from adult rat hippocampi were subjected to SDS-
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PAGE or Phos-tag SDS-PAGE and blotted with an
anti-GluA1 C terminus. The amount of total GluA1
is preadjusted by performing a separate blot (data
not shown). (G) Comparison of intracellular and
neuronal surface GIuA1 phosphoisotypes. The
surface fraction was obtained from dissociated
neuronal cultures by surface biotinylation and
avidin pull-down. The remaining fraction was used
as the intracellular fraction. (H) Ontogeny of GluA1
phosphorylation from P1 to adult hippocampus.
Hippocampal homogenate from animals at various
ages was separated by conventional and Phos-tag
SDS-PAGE and blotted with indicated antibodies.
We used the N terminus antibody because the
C terminus antibody produced a nonspecific
band in the P1 sample (data not shown). Also, the
uppermost band with * in the pT840 blot repre-
sents cross-reactivity, as it was not detected with

the N terminus antibody. See Figure S2C for identification of phosphoisotypes. The amount of total GIuA1 is preadjusted by performing a separate blot (data not
shown). (I) Quantification of phosphorylation in P1 hippocampus. The level is expressed as adult levels as one. The original image is in Figure S2B. The level
of pT840 may be an overestimation due to cross-reactivity shown with * in the pT840 blot in Figure S2B. n = 5.

GIuN2B was phosphorylated at tyrosine sites in both P1 and
adult hippocampal tissue, though we did not attempt to deter-
mine the exact site. AlImost all stargazin in adult PSD fraction
was phosphorylated, consistent with an earlier study (Sumioka
et al., 2010). A minor population of PSD-95 was phosphorylated
in adult tissue, possibly at S73 or S295 (Kim et al., 2007; Steiner
et al., 2008). Likewise, a minor population of cofilin was phos-
phorylated at S3 both in P1 and adult tissue. These data demon-
strate the versatility of Phos-tag SDS-PAGE in estimating the
stoichiometry of phosphorylation of various proteins.

GluA1 Phosphorylation in Chemical LTP

We next attempted to test if the level of GIuA1 phosphorylation
changes by stimulating neurons. We induced chemical LTP
(chemLTP) in dissociated neuronal cultures by applying a satu-

rating concentration of glycine (Lu et al., 2001). Following the
stimulation, the levels of surface GIuA1 were increased by
1.43 + 0.12-fold (Figures 3A and 3B) as reported (Lu et al.,
2001). Concomitantly, pS831 and pS845 GluA1 on the cell
surface increased significantly beyond the increase in total sur-
face GluA1, indicating a net increase in the proportion of phos-
phorylated GluA1 (Figures 3A-3C). However, the proportion of
phosphorylated cell surface GIuA1 still remained low, from
0.16% = 0.02% before stimulation to 0.25% + 0.02% after
chemLTP induction at S831, and from 0.012% =+ 0.001% to
0.047% + 0.002% at S845 (Figures 3D-3F).

The low amount of phosphorylated GIuA1 may be due to
rapid dephosphorylation. We therefore treated the cells with
phosphatase inhibitors. Treatment of unstimulated neurons
led to a significant increase in phosphorylated receptors
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(A) Dissociated neuronal cultures were treated with
glycine to induce chemLTP in the absence (—) or
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biotinylation and avidin pull-down. The samples
were subjected to SDS-PAGE (top) or Phos-tag
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(Figures 3A, 3C, 3D, and S3A). This was mostly due to pT840,
which increased by 19.1 + 7.3-fold of basal levels and reached
~80% of the total GluA1, indicating that T840 is undergoing a
constant phosphorylation-dephosphorylation cycle during basal
states (Figures 3A, 3C, 3D, and S3). pS831 increased by 7.54 +
0.81-fold and pS845 by 2.54 + 0.31-fold (Figures 3A, 3C, and
S3B), but they still only account for a small proportion (Fig-
ure S3C). Also, treatment with the phosphatase inhibitor itself
did not increase surface GluA1 levels (Figures 3A and 3B).
When phosphatase inhibitors were combined with glycine,
it increased the surface GIuA1 by 2.31 + 0.25-fold, while
the increase was only 1.43 + 0.12-fold with glycine alone
(Figures 3A and 3B). However, the effect on phosphorylation
of cell surface GluA1 was still small. pS831 and pT840 did not
increase further, and S845 marginally increased (Figures 3C
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SDS-PAGE (bottom) and blotted with indicated
antibodies. Each Phos-tag SDS-PAGE blot had a
different exposure time and therefore cannot be
cross-compared. (B) Quantification of the surface
GluA1 confirms successful induction of chemLTP.
(C) Amount of phosphorylation normalized by the
amount of surface GIuA1. The level was determined
from the density of conventional SDS-PAGE in (A).
(D) The densitometoric profile of Phos-tag SDS-
PAGE. (E) Quantification of data in (C). The peaks
at S831 and S845 are below the amount that can
be confidently quantified. (F) The amount of phos-
phorylated GluA1 before and after chemLTP in-
duction plotted on calibration line of the dilution
series. *p < 0.05, **p < 0.01, **p < 0.001 (two-tailed
t test). n = 6 for (B)—(F).
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and 3D). In summary, T840 undergoes cy-
cles of phosphorylation-dephosphoryla-
tion under basal conditions, with endoge-
nous phosphatase activity maintaining
phosphorylation at low levels. In contrast,
the kinase activity to phosphorylate S831
i and S845 is intrinsically low, at both basal
states and during chemLTP induction,
and it is not phosphatase activity that
maintains low levels of phosphorylation.

GluA1 Phosphorylation in Inhibitory
Avoidance Learning

To examine GluA1 phosphorylation in vivo,
PSD fractions of hippocampal tissue from
rats that underwent inhibitory avoidance
learning were analyzed. This paradigm
induces a rapid and persistent potentiation of hippocampal syn-
aptic transmission both in vitro and in vivo (Whitlock et al., 2006;
Mitsushima et al., 2011, 2013). We found a 2.5-fold increase in
AMPA/NMDA ratio, a 33% increase in miniature EPSC ampli-
tude, and a 54% increase in frequency in randomly sampled cells
compared with tissue from control animals, indicating that a
significant proportion of synapses undergo potentiation with
this paradigm. We prepared PSD fractions from rats before,
5 min after, and 30 min after training, when an increase in
transmission was observed. The training induced an increase
in pS831 and pS845 GluA1 in the PSD fraction, consistent
with earlier studies (Whitlock et al., 2006; Mitsushima et al.,
2011), but not in pT840 (Figures 4A and 4B). However, when
compared with the total levels of GluA1 in the PSD fraction,
the amount of phosphorylated GluA1 at these sites was still
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Figure 4. Inhibitory Avoidance Conditioning
Increases GluA1 Phosphorylation, but the
Absolute Proportion of Phosphorylated
Population Is Low

Rats were subjected to the inhibitory avoidance
paradigm. At 5 or 30 min after conditioning, dorsal
hippocampi were dissected, and the fraction
insoluble to 1% Triton X-100 was isolated. (A)
Blotting in SDS-PAGE (top) and Phos-tag SDS-
PAGE (bottom). One rat from each group is shown.
The top bands (arrowhead) of the pS845 blot (A)
most likely represent a dually phosphorylated
population at T840 and S845, but because the
amount was small (< 0.01%), they were not
analyzed. (B) Quantification of phosphorylation
using a phosphospecific antibody normalized to
the level observed in naive animals. Blotting in
conventional SDS-PAGE was used for the quanti-
fication. (C) The densitometoric profile of Phos-tag
SDS-PAGE. (D) Quantification of data in (C). (E)
The amount of phosphorylated GluA1 before and
after inhibitory avoidance learning is plotted on
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low (Figures 4C—4E). It was 0.21% + 0.02% under basal condi-
tions and 0.33% =+ 0.01% 30 min after learning for S831 and
0.023% =+ 0.004% and 0.044% + 0.004% for S845.

DISCUSSION

The stoichiometry of phosphorylation and phosphoisotypes of
GluA1, two critical pieces of information to attest the importance
of AMPAR phosphorylation in synaptic plasticity, have been
overlooked so far, in part due to the lack of an appropriate
method to obtain such information. Using Phos-tag SDS-
PAGE, we found that the amount of phosphorylated GluA1
was very low. In naive hippocampal tissue, 0.18% and 0.018%
of GluA1 was phosphorylated at S831 and S845, respectively.
If we assume that there are 100 GluA1 molecules on each
synapse (Tanaka et al., 2005; Sheng and Hoogenraad 2007),
on average, only 1 out of ~6 synapses contains single pS831
GluA1 and 1 out of ~60 for pS845. Hence, the majority of
GluA1 at synapses are not phosphorylated, and the rest of
the synapses do not contain any phosphorylated GluA1. We
also saw no evidence of dually phosphorylated GluA1 at S831
and S845.

d
n
n

0.1
Phosphorylated GluA1 (%)

calibration line of the dilution series. *p < 0.05, **p <
0.01 (two-tailed t test). A total of nine rats were
separated into three groups.

» ¢ He S831
> ¢ He S845

In light of these results, the current
model of plasticity, which assumes
AMPAR phosphorylation plays a signifi-
cant role, needs to be reevaluated. First,
it is difficult to explain how LTP mainte-
nance is linked with an increase in
phosphorylation. GluA1 phosphorylation
at S831 increases channel conductance
only by ~2-fold (Derkach et al., 1999).
Such an effect would be diluted by un-
phosphorylated AMPARs, which make
up the majority of the AMPAR population. One possibility is
that transient phosphorylation might be sufficient to induce
LTP. However, we ruled out this possibility by treatment with
a phosphatase inhibitor, which only marginally increased
S831 and S845 phosphorylation upon glycine treatment.
Similarly, the majority of synapses do not contain even a sin-
gle S845-phosphorylated GluA1. This observation rules out
the possibility that LTD is mediated by dephosphorylation of
synaptic GIuA1.

Our estimation is in contrast with Oh et al. (2006) who found
that ~15% of surface AMPARs were phosphorylated at S845
during basal conditions and increased to ~60% following
chemLTP. They used a GST-fusion protein of GluA1 C terminus,
phosphorylated to ~100%, as a standard. However, they intro-
duced a P842R mutation to make it an efficient substrate of
PKA. This manipulation may change the antigenicity of the fusion
protein to the pS845 antibody and cause inaccuracy. Also, quan-
tification of pS845 with the incorporation of 2P may be compro-
mised by possible phosphorylation at other sites, for example,
T840. Finally, to induce chemLTP, they used forskolin/rolipram,
which stimulates PKA, whereas we stimulated NMDA receptors
with glycine.
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T840 was the only site whereby a significant proportion of
GluA1 was phosphorylated. However, glycine treatment only
slightly increased pT840 GluA1 (1.27 + 0.17-fold, statistically
insignificant), and inhibitory avoidance training did not affect
pT840 level. Even though we saw an ~20-fold increase in
pT840 level after treatment with a phosphatase inhibitor, it still
did not change the amount of cell surface GluA1. Also, T840A
knock-in animals, with S838A, S839A, and additional S831A/
S845A mutations, did not show any further phenotype compared
with S831A/S845A knock-in (Lee et al., 2007). Therefore, the
functional significance of this phosphorylation requires further
study.

The impairment of synaptic plasticity in the S831A/S845A
knock-in mutant GIuA1 mice is generally accepted as strong ev-
idence supporting the requirement of receptor phosphorylation
(Lee et al., 2003). Studies using exogenous mutant receptors
support this view (Esteban et al., 2003; Miyazaki et al., 2012;
but see Hayashi et al., 2000). We indeed observed a significant
increase in phosphorylation at S831 and S845 along with an
increase in the surface GluA1 as a result of chemLTP or learning
(Figures 3 and 4). Therefore, we need to find alternative interpre-
tations for the role of GIuA1 phosphorylation. First, phosphoryla-
tion in a small proportion of GluA1 may be sufficient to trigger
changes in the population of unphosphorylated AMPAR. Alter-
natively, GIuA1 phosphorylation may be important for normal
synaptic development, when the GIuA1 phosphorylation levels
were high (Figure 2H) (Li et al., 2003). Impairment of the process
may later manifest as an impairment in synaptic plasticity.
Finally, these residues may be required for other protein interac-
tions or forms of posttranslational modification. Recently, it was
proposed that LTP does not require the carboxyl-tail of AMPA
receptor. GluA1 lacking carboxyl-tail containing these phos-
phorylation sites or GIuA2 with a carboxyl-tail of distinct amino
acid sequence can replace wild type GluA1 (Granger et al.,
2013). Together, these results compel us to consider what is
the true mechanism of synaptic plasticity.

EXPERIMENTAL PROCEDURES

All gene recombinant and animal experiments were in accordance with the
institutional guidelines of the RIKEN, Yokohama City University, and Yamagu-
chi University. All experimental procedures can be found in Supplemental
Experimental Procedures.
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Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
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