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Hebbian plasticity, comprised of long-term potentiation (LTP)
and depression (LTD), allows neurons to encode and respond to
specific stimuli; while homeostatic synaptic scaling is a counter-
balancing mechanism that enables the maintenance of stable
neural circuits. Both types of synaptic plasticity involve the control
of postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor (AMPAR) abundance, which is modulated
by AMPAR phosphorylation. To address the necessity of GluA2
phospho-Y876 in synaptic plasticity, we generated phospho-
deficient GluA2 Y876F knock-in mice. We show that, while GluA2
phospho-Y876 is not necessary for Hebbian plasticity, it is essential
for both in vivo and in vitro homeostatic upscaling. Bidirectional
changes in GluA2 phospho-Y876 were observed during homeo-
static scaling, with a decrease during downscaling and an increase
during upscaling. GluA2 phospho-Y876 is necessary for synaptic
accumulation of glutamate receptor interacting protein 1 (GRIP1),
a crucial scaffold protein that delivers AMPARs to synapses, during
upscaling. Furthermore, increased phosphorylation at GluA2 Y876
increases GluA2 binding to GRIP1. These results demonstrate that
AMPAR trafficking during homeostatic upscaling can be gated by a
single phosphorylation site on the GluA2 subunit.
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The ability of neurons to alter the strength of their synaptic
inputs bidirectionally in response to different stimuli is known

as synaptic plasticity. Hebbian plasticity is the most well under-
stood and consists of long-term potentiation (LTP) and long-term
depression (LTD). This process occurs in an input-specific man-
ner, wherein the strength of stimulated synapses changes relative
to nearby unstimulated synapses (1). Synaptic plasticity allows
the brain to encode and respond to different stimuli; learning
and memory, for example, is widely believed to involve Hebbian
plasticity.
In the midst of changes in synaptic strength and number, ho-

meostatic plasticity is a counterbalancing mechanism that allows
neural circuits to maintain stable activity. One type of homeo-
static plasticity is synaptic scaling, where neurons respond to a
sustained destabilization in network activity by adjusting their
activity toward a set point while preserving the relative synaptic
weight differences among them. This helps to offset the desta-
bilizing effects of continued LTP or LTD and maintain network
stability (2–4). At excitatory synapses, chronic activity blockade
induces upscaling whereby neurons increase their synaptic strength,
while persistent hyperactivity results in downscaling, whereby neu-
rons decrease their synaptic strength.
The dynamic control of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) expression at the syn-
aptic surface is a crucial mechanism for both Hebbian plasticity and
synaptic scaling (5). Tetrameric AMPARs are the major excit-
atory postsynaptic receptors composed of subunits GluA1 through
GluA4. Many proteins form scaffolding complexes that bind to the
AMPAR cytoplasmic tail to differentially traffic and/or seques-
ter them in distinct cellular compartments (6). Posttranslational

modifications, particularly AMPAR phosphorylation(s) on the
cytoplasmic C-terminal tails, are known to modulate binding of
these proteins to AMPARs and affect AMPAR trafficking (5).
GluA1 phosphorylation has been studied extensively in Hebbian

plasticity. LTP is facilitated by increases in phosphorylation of
GluA1 S845 and GluA1 S831, while dephosphorylation of GluA1
S845 is associated with LTD (5). Synaptic scaling also involves
GluA1 phosphorylation. Changes in the phosphorylation of GluA1
S845, but not GluA1 S831, are necessary for both tetrodotoxin
(TTX) -induced and visual-deprivation–induced upscaling (7, 8).
Within GluA2, S880 is a well-characterized phosphorylation site
that is critical for cerebellar LTD (9). During cerebellar LTD,
protein kinase C phosphorylates GluA2 S880, which disrupts glu-
tamate receptor interacting protein 1 (GRIP1) binding, thereby
promoting GluA2 binding with protein interacting with C-kinase 1
(PICK1) and AMPAR endocytosis (10, 11). Additionally, much
interest has been generated over the three tyrosine sites (Y869,
Y873, Y876; 3Y) on the GluA2 C terminus that have been sug-
gested to be phosphorylated (12, 13). Multiple groups report that
infusion of the GluA2 3Y peptide (YKEGYNVYG) in slices, as
well as in animals, can block various forms of LTD including
mGluR-LTD (14) and N-methyl-D-aspartate receptor (NMDAR)-
LTD (15–17), while LTP appears normal (18). Outside the
hippocampus, the 3Y peptide also blocks LTD in the nucleus
accumbens (18) and lateral amygdala (19, 20). Furthermore,
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mGluR-LTD is associated with tyrosine dephosphorylation of
GluA2 (21, 22) and is blocked by inhibitors of tyrosine phos-
phatases (21). Of the three tyrosine sites, only Y876 has been
validated to be phosphorylated by Src-family protein tyrosine
kinases, including Fyn and Src (13, 14, 23). A recent study de-
scribed dephosphorylation of Y876 during mGluR-LTD, causing
BRAG2 binding to GluA2, ADP-ribosylation factor 6 (Arf-6)
activation, and AMPAR internalization (14). While these stud-
ies in concert lend strong support that GluA2 tyrosine phos-
phorylation, particularly Y876 phosphorylation, is associated
with LTD, what remains unaddressed is the necessity of GluA2
tyrosine phosphorylation for LTD. Additionally, GluA2 tyrosine
phosphorylation has been implicated in synaptic scaling. Phos-
phorylation of GluA2 3Y increases during TTX-induced upscal-
ing and decreases during bicuculline-induced downscaling (24).
However, the exact tyrosine residue(s) and whether these changes
are necessary for AMPAR trafficking during homeostatic scaling
remain elusive.
In this study, we made a phosphodeficient knock-in mouse,

GluA2 Y876F, to address the necessity of GluA2 Y876 in
Hebbian plasticity and synaptic scaling. Surprisingly, we found
that Hebbian plasticity appeared normal while upscaling induced
in vitro with TTX or in vivo with visual deprivation was deficient
in GluA2 Y876F mice. We observed that upscaling increased in
GluA2 Y876 phosphorylation while downscaling led to a de-
crease. Moreover, the postsynaptic GRIP1 increase observed
during upscaling in wild-type (WT) mice was abolished in GluA2
Y876F mutant mice. Finally, we show that increasing GluA2
Y876 phosphorylation can increase GRIP1 binding. Thus, we
demonstrate the necessity of phospho-Y876 and the underlying
mechanisms for its importance in synaptic upscaling.

Results
Characterization of Y876F Knock-In Mice and Discovery of GluA3
Phospho-Y881. We generated GluA2 Y876F knock-in mice that
are phosphodeficient at Y876 by homologous recombination
(Y876F; SI Appendix, Fig. S1A) and verified them with Southern
blotting (SI Appendix, Fig. S1B) and PCR (SI Appendix, Fig.
S1C). Western blots were performed to confirm that GluA2
Y876 is not phosphorylated in these mice. Cultured cortical
neurons obtained from Y876F and WT mice were treated either
with the tyrosine phosphatase inhibitor sodium orthovanadate
(NV) or with a Src tyrosine kinase inhibitor, 4-amino-5-(4-
chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]pyrimidine (PP2),
and compared with untreated controls. In WT neurons, we ob-
served an increase in the phospho-Y876 (pY876) signal with NV
and a decrease with PP2 (Fig. 1A). Unexpectedly, this signal was
present, albeit diminished, in Y876F neurons (Fig. 1A). To ad-
dress this, we verified the specificity of the pY876 antibody using
overexpression of WT or Y876F GluA2, together with Fyn or v-Src
(kinases that phosphorylate GluA2 Y876) in human embryonic
kidney 293 (HEK293) cells (SI Appendix, Fig. S3C). A clear signal
was present with overexpression of WT GluA2 with Fyn or
v-Src but not with Y876F GluA2 (SI Appendix, Fig. S3C).
Lambda phosphatase treatment of the Western blot membrane
also confirmed the phospho-specificity of the signal (SI Ap-
pendix, Fig. S3C). Therefore, we deduced that the residual
pY876 signal observed in Y876F cultures was not due to non-
specificity of the antibody. Since GluA3 has a similar C terminus
(SI Appendix, Fig. S3B), we hypothesized that GluA3 might be
phosphorylated on an analogous tyrosine residue (Y881), and that
our antibody was recognizing this site. Using a full denaturing
lysis condition, we separately immunoprecipitated the GluA2
and GluA3 subunits and observed that GluA2 phospho-Y876
was no longer detected in the Y876F knock-in mice (Fig. 1B).
Interestingly, in both WT and Y876F knock-in mice, the pY876
antibody detected a signal from the GluA3 subunit, which in-
creased with NV and decreased with PP2 (Fig. 1C). To confirm

this finding, we repeated this with HEK293 cell transfection ex-
periments, similar to the one discussed above but with GluA3, and
validated that the pY876 antibody also recognizes phospho-Y881
(pY881) of GluA3 (SI Appendix, Fig. S3D). Thus, in addition to
confirming that Y876F mice are phospho-deficient at GluA2
Y876, we discovered a phosphorylation of GluA3 at Y881 by Src-
family tyrosine kinases. Using our GluA2 pS880 antibody, we also
found that GluA3 S885, an analogous site on GluA3, can be
phosphorylated. We verified that our pS880 antibody is phospho-
specific for both GluA2 pS880 and GluA3 pS885 (SI Appendix,
Fig. S4), which might explain the residual signal from K882A
knock-in mice (SI Appendix, Fig. S4 E and F) observed by
Steinberg et al. (9).
Since both GluA2 and GluA3 can be phosphorylated at Y876

or Y881, we wanted to test the possibility that the lack of GluA2
Y876 phosphorylation in Y876F knock-in mice might be com-
pensated for by an increase in GluA3 Y881 phosphorylation. We
treated neurons with NV or PP2, or used untreated controls, and
performed a full denaturing lysis followed by immunoprecipita-
tion for GluA3 (Fig. 1C). Basal levels of GluA3 phospho-Y881
and its regulation by NV or PP2 were found to be unchanged in
Y876F mice (Fig. 1D).

GluA2 Y876F Knock-In Mice Have Reduced Basal Synaptic GluA2. To
study whether GluA2 Y876F mice have altered total or synaptic
protein expression, we performed subcellular fractionation prep-
arations from hippocampal tissue obtained from 3- to 6-mo-old
Y876F mice and their WT littermates (Fig. 1E). Western blots
were conducted from the postnuclear supernatant 1 (S1) fraction
as a proxy of total protein and from the postsynaptic density (PSD)
pellet, which is enriched for postsynaptic proteins (Fig. 1F). Total
expression was unchanged for AMPARs (GluA1-3), AMPAR-
scaffolding proteins such as GRIP1, GRIP2, and PICK1, other
glutamate receptors like mGluR1, mGluR5, and GluN1, and
trafficking proteins such as Sec 8 and Syntaxin 13 (Fig. 1G and SI
Appendix, Fig. S1D). However, within the PSD there was a sig-
nificant decrease in GluA2, indicating that phospho-Y876 is
important for maintaining GluA2 at the synapse under basal
conditions (Fig. 1H).
There were no changes in total or synaptic phosphorylation of

S880/885 (Fig. 1G and H), a site close to Y876/881 that is known
to regulate GRIP1 binding. We also found that the affinities of
the pY876 and pS880 antibodies are not affected by the phos-
phorylation status of the other site (SI Appendix, Fig. S5 A–E).
Furthermore, we treated cortical cultures with NV and/or
phorbol 12-myristate 13-actetate (PMA), a protein kinase C
(PKC) activator, and found that phosphorylation of Y876 or
S880 can be regulated independently (SI Appendix, Fig. S5). The
remaining pY881 signal in Y876F mice is about 30% of the
pY876/881 signal from WT mice, in both S1 and PSD fractions
(Fig. 1 G and H), indicating that GluA2 phosho-Y876 contributes
to ∼70% of the pY876/881 signal in WT mice. We also observed
that synaptic GluN2A showed a small decrease, with no changes in
total expression (SI Appendix, Fig. S1 E and F).
Additionally, we measured the number of excitatory synapses

in cortical cultures by quantifying the number of GluA1 puncta
and found no differences between WT and Y876F cultures (SI
Appendix, Fig. S2), indicating that lack of GluA2 pY876 does not
affect the number of excitatory synapses.

GluA2 Y876F Knock-In Mice Have Normal Hebbian Plasticity.Multiple
studies utilizing the GluA2 3Y peptide containing the triple-
tyrosine motif (Y869, Y873, and Y876) demonstrated that this
peptide is able to block various forms of activity-dependent LTD
in the hippocampus (12, 14, 17). While mGluR-LTD has been
associated with GluA2 tyrosine dephosphorylation (21, 22, 25),
one study narrowed this change to the Y876 site (14). In that
study, dephosphorylation of phospho-Y876 was found to allow
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Fig. 1. Characterization of GluA2 Y876F knock-in mice. (A–C) Eighteen days in vitro (DIV18) cortical culture neurons from WT and Y876F knock-in mice were
untreated (Con), treated with 1 μM NV overnight, or treated with 20 μM PP2 for 1 h followed by a fully denaturing lysis and Western blot (A) or IP for GluA2
(B) and GluA3 (C) and Western blot analysis. (D) Quantification of results from (C); values were normalized first to GluA3 and then to WT control. n = 3, two-
way ANOVA. (E and F) Postsynaptic density preparation was conducted using hippocampi of 3 to 6-mo-old WT littermates and Y876F mice. (E) S1 (post-
nuclear), S2 (cytosol), P2 (membrane), LP1 (synaptosome), PSD, and PSD supernatant fraction were collected for Western blot. (F) S1 (as a proxy for total
protein) and PSD fractions were used for immunoblot. Representative immunoblots are shown. (G) Quantification of total proteins normalized to α-tubulin
and WT controls from (F). n = 12, unpaired t test with Holmes-Sidak correction for multiple comparisons. (H) Quantification of synaptic proteins normalized to
WT controls. n = 11–12, unpaired t test with Holmes-Sidak correction for multiple comparisons. *P < 0.05, *****P < 0.0001.
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BRAG2 binding, resulting in AMPAR internalization during
mGluR-LTD. Since the Y876F mice lack phospho-Y876, we hy-
pothesized that, if dephosphorylation of Y876 is necessary,
mGluR-LTD may be impaired in these mice. To address this, we
performed field recordings at Schaffer collateral cornu ammonis
(CA)1 synapses using acute hippocampal slices from 2- to 5-mo-old
animals. After stable baseline recordings for 30 min, we used
paired-pulse low-frequency stimulation (ppLFS) in the presence of
2-amino-5-phosphonopentanoic acid (APV) to induce mGluR-
LTD (Fig. 2A). We observed that the resulting changes in field
excitatory postsynaptic potentials (fEPSPs) were comparable be-
tween Y876F mice andWT littermates after mGluR-LTD (Fig. 2B),
indicating that phospho-Y876 is not necessary for mGluR-LTD.
Several studies have shown that NMDAR-LTD can also be

blocked by the GluA2 3Y peptide (15–17). Hence, low-frequency
stimulation (LFS) was used to induce NMDAR-LTD (Fig. 2C).
We found that NMDAR-LTD was equivalent between WT and
Y876F littermates (Fig. 2D). Additionally, we noted that Y876F
mice had normal NMDAR-LTP after theta-burst stimulation
(TBS; Fig. 2 E and F). Thus, while phospho-Y876 regulates syn-
aptic GluA2 at basal levels (Fig. 1G), Hebbian plasticity in the
hippocampus appears largely intact in the Y876F knock-in mice.
In addition, we did not observe any significant differences in

paired-pulse ratios (PPRs) between WT and Y876F mice (Fig.
2H), indicating that presynaptic function is largely normal in
Y876F mice. Upon examination of input/output (I/O) relation-
ships, we also found that synaptic strength was comparable be-
tween Y876F and WT mice under baseline conditions (Fig. 2G).

GluA2 Phospho-Y876 Is Required for In Vitro Upscaling. A previous
study reported bidirectional changes in phosphorylation of GluA2
tyrosine residues during homeostatic synaptic scaling, using an
antibody against three phospho-tyrosine residues on GluA2: 869,
873, and 876 (24). However, whether these change(s) are neces-
sary for synaptic scaling is unclear. We tested the necessity of
GluA2 pY876 in synaptic scaling using our phospho-deficient
Y876F knock-in mice. WT and Y876F cultured mouse cortical
neurons were treated for 48 h with TTX (a voltage-gated so-
dium channel antagonist) to decrease network activity or with
bicuculline (Bic; a γ-aminobutyric acid [GABA] receptor antago-
nist) to increase network activity, well-established protocols that
induce upscaling or downscaling, respectively (2, 4). Next, we
conducted surface biotinylation, pull-down with neutravidin
beads, and Western blot to measure levels of surface and total
proteins. Consistent with previous studies, surface GluA1,
GluA2, and GluA3 expression in WT neurons decreased in
response to Bic, while surface GluA1 and GluA2 increased
with TTX treatment (Fig. 3 A and B). In Y876F neurons, Bic
reduced surface GluA1, GluA2, and GluA3 to an extent similar
to that of WT neurons (Fig. 3 A and B). However, upscaling
appeared to be deficient in Y876F cultured neurons, as TTX
did not induce increases in surface GluA1 and GluA2 expression
(Fig. 3 A and B). Meanwhile, the changes in total AMPAR ex-
pression for Bic and TTX treatment agreed with previous
findings (7) and were comparable between WT and Y876F
(Fig. 3C).
To validate these findings, we conducted surface staining of

cultured cortical neurons. Bic treatment caused a decrease in
surface GluA1 (Fig. 3 D and F) and GluA2 (Fig. 3 E and G) in
both WT and Y876F neurons. In contrast, GluA1 and GluA2
scaled-up with TTX in WT neurons but not in Y876F neurons
(Fig. 3 D–G). Furthermore, we recorded miniature excitatory
postsynaptic currents (mEPSCs) from WT or Y876F neurons
that were untreated or TTX-treated (Fig. 3H). We observed an
increase in mEPSC amplitude in response to TTX in WT neurons
but not in Y876F neurons (Fig. 3J), with no changes in mEPSC
frequency (Fig. 3I), indicating that TTX treatment increased
synaptic AMPAR expression in WT neurons but not in Y876F

neurons. All together, these results demonstrate that GluA2
phospho-Y876 is required for TTX-induced upscaling.

GluA2 Phospho-Y876 Is Necessary for In Vivo Upscaling. Having
identified that phosphorylation of Y876 is important for in vitro
upscaling, we examined whether GluA2 Y876 phosphorylation is
also necessary for upscaling in vivo. In the rodent, 2 or 7 d of
binocular visual deprivation leads to an increase in excitatory
synaptic transmission in the primary visual cortex (V1), which
utilizes mechanisms similar to upscaling in vitro (26–29). There-
fore, we visually deprived WT and Y876F mice by binocular
enucleation, dissected V1 from these mice after 2 or 7 d, and
performed subcellular fractionation to obtain the PSD fraction.
We determined the levels of GluA1, GluA2, and GluA3 in WT
and Y876F V1 PSD by Western blot (Fig. 4). Consistent with
previous findings (26–29), there was an increase in AMPARs in
PSD fractions after visual deprivation in WT mice, which showed
increases in both GluA1 and GluA2 after enucleation (Fig. 4 B
and C), with no changes in GluA3 (Fig. 4D). In contrast, this
in vivo upscaling was not present in V1 PSD of Y876F mice (Fig. 4
B and C).

Synaptic Scaling Bidirectionally Regulates GluA2 Phospho-Y876 but
Not GluA3 Phospho-Y881. Given that GluA2 phospho-Y876 is
necessary for both in vitro and in vivo upscaling (Figs. 3 and 4),
we wanted to investigate the regulation of phospho-Y876 during
synaptic scaling. We treated rat cortical cultures for 48 h with
TTX or Bic. We found that TTX treatment enhanced the phos-
phorylation of Y876/881 while Bic treatment decreased levels of
phospho-Y876/881 (Fig. 5 A and B). To examine whether both
GluA2 pY876 and GluA3 pY881 are regulated during synaptic
scaling, we separately performed immunoprecipitations for
GluA2 and GluA3 in completely denatured lysates (Fig. 5C), and
discovered that phosphorylation of GluA2 Y876—but not
GluA3 Y881—is bidirectionally regulated during synaptic scaling
(Fig. 5D).
In contrast, a nearby phosphorylation site(s) on the C terminus

of GluA2/3, S880/885, does not appear to be bidirectionally regu-
lated during synaptic scaling. We observed a decrease in phospho-
S880/885 with Bic but no changes with TTX (Fig. 5 E and F).
Furthermore, we studied GluA2 phospho-Y876 after visual-

deprivation–induced upscaling. WT mice showed an increase in
phospho-Y876/881 after enucleation (Fig. 5 G and H). However,
no changes were found in GluA3 phospho-Y881 in Y876F mice
(Fig. 5 I and J), indicating that the enhanced phosphorylation in
WT mice came from an increase in GluA2 phospho-Y876.

GluA2 Phospho-Y876 Is Required for Increase in GRIP1 during Upscaling.
GluA2 contains a postsynaptic density 95/discs large/zona occlu-
dens (PDZ) ligand, consisting of the amino acid sequence serine,
valine, lysine, and isoleucine (SVKI), on its cytoplasmic tail that
binds to the PDZ domains of GRIP1 and PICK1 (30). Both
GRIP1 and PICK1 are important for regulating GluA2 localiza-
tion (30). In particular, GRIP1 is crucial for activity-dependent
trafficking of GluA2 and helps deliver AMPARs to synapses
(31). GRIP1 is also necessary for upscaling, as either knock-out
(32) or knock-down (33) of GRIP1 abolishes upscaling. During
TTX-induced upscaling, more GRIP1 binds to GluA2 to facilitate
trafficking and/or retention of AMPARs to synapses (32, 33).
Surface biotinylation approaches are not able to measure changes
in membrane-associated GRIP1 because it is an intracellular
protein. Hence, we performed subcellular fractionation to obtain
the PSD of WT and Y876F cortical neurons treated with TTX
for 48 h or left untreated (control). Consistent with our surface
biotinylation, surface staining, and mEPSC recording results
(Fig. 4), we noted increases in synaptic GluA1 and GluA2 in WT
neurons but not in Y876F neurons after TTX treatment for 48 h
(Fig. 6 A–C). We also observed enhanced levels of synaptic
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GRIP1 (Fig. 6 A and D), a finding that agrees with previous
studies (32, 33). In contrast, no increases in synaptic GRIP1
were observed in Y876F neurons (Fig. 6 A–D). Furthermore, we
examined GRIP1 in the V1 PSD of WT and Y876F mice after
enucleation, and found an increase in WT mice but not in Y876F

mice (Fig. 6 E and F). These results indicate that GluA2 pY876 is
necessary for synaptic GRIP1 increase during upscaling.

Phosphorylation of GluA2 Y876 Increases Binding of GRIP1 to GluA2.
Since the synapses of Y876F mice do not accumulate GRIP1

Fig. 2. GluA2 Y876F mice have normal Hebbian plasticity. Field recordings from Schaffer collateral-CA1 synapses from acute hippocampal slices from 2- to 5-
mo-old male Y876F mice and WT littermates. Sample traces represent fEPSPs at one min before (thin) and 90 min after (thick) stimulation [Scale bars represent
0.5 mV (vertical) and 5 ms (horizontal)] (A) ppLFS-induced LTD in the presence of 50 μM D-APV. (B) Quantification of the magnitude of ppLFS-LTD 80 to 90 min
after induction, normalized to baseline. n = 13–14, unpaired t test. Slices are from seven WT mice and five Y876F mice. (C) LFS-induced LTD. (D) Quantification
of the magnitude of LFS-LTD 80 to 90 min after induction, normalized to baseline. n = 13, unpaired t test. Slices were from three WT mice and three Y876F
mice. (E) TBS-induced LTP. (F) Quantification of the magnitude of TBS-LTP 80 to 90 min after induction, normalized to baseline. n = 9, unpaired t test. Slices were
from five WT mice and six Y876F mice. (G) Slope of I/O relationships of fEPSPs. n = 21 to 29, unpaired t test. (H) PPRs with different interstimulus intervals (ISIs). n =
15 to 24, two-way ANOVA.
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Fig. 3. TTX-induced upscaling is deficient in GluA2 Y876F cultured neurons. (A, D, E, and H) WT and Y876F mutant mouse cortical neurons at DIV11–13 were
untreated (Con) or treated with 20 μM Bic or 1 μM TTX for 48 h followed by surface biotinylation and Western blot (A), surface staining (D and E), or whole-cell
recording (H). (A) s refers to surface levels; t refers to total levels. (B) Quantification of cell surface levels of GluA1, GluA2, and GluA3 from (A) normalized to
control. n = 4–8, one-sample t test. (C) Quantification of total levels of GluA1, GluA2, and GluA3 from (A) normalized to tubulin and control. n= 4–8, one-sample
t test. (D and E) Surface GluA1 (D) and surface GluA2 (E) were labeled using an anti-N-terminal antibody under nonpermeabilized conditions. (Scale bar, 10 μm.) A
representative dendrite from each neuronwas magnified. (F and G) Surface levels of GluA1 (F) or GluA2 (G) were quantified from 10 to 12 dendritic segments each
from 22 to 36 neurons, from 2 to 3 sets of staining experiments from D and E, normalized to control, two-way ANOVA. (H) Representative traces from mEPSC
recordings. (I and J) Quantification of mEPSC frequency (I) or amplitude (J). n = 13–21, two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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during upscaling, these data suggest that phosphorylation of Y876
can regulate the binding of GRIP1 to GluA2. To test this possi-
bility directly, we modulated phospho-Y876 levels and measured
binding of GRIP1 to GluA2. First, we used WT and Y876F cul-
tured cortical neurons and treated them with NV, which increases
tyrosine phosphorylation, including phospho-Y876 (Fig. 7B), fol-
lowed by coimmunoprecipitation (Co-IP) with an anti-GRIP1

antibody (Fig. 7A). When we immunoblotted for GluA2 and
normalized it to the amount of immunoprecipitated GRIP1, we
found increased GRIP1–GluA2 binding after NV treatment in
cultures from WT but not from Y876F mice (Fig. 7C), indicat-
ing that an increase in phosphorylation of Y876 enhances GRIP1
binding to GluA2. In addition, we performed another Co-IP
using an anti-GluA2 antibody and immunoblotted for GRIP1 (SI
Appendix, Fig. S6A). Similar to the previous experiment, we ob-
served an increase in GRIP1 binding to GluA2 with NV treat-
ment in WT but not Y876F neurons (SI Appendix, Fig. S6C). As
an alternate strategy, we performed a comparable experiment in
HEK293 cells by overexpressing WT or Y876F GluA2, together
with GRIP1-GFP and Fyn, a kinase that phosphorylates GluA2
Y876 (13). Then we performed Co-IPs using an anti-GFP anti-
body. The expression of Fyn with WT GluA2 not only increased
phosphorylation of Y876 (Fig. 7D) but also enhanced GluA2
binding to GRIP1 (Fig. 7 D and E). Notably, this increase in
binding to GRIP1 was not observed in Y876F GluA2 when Fyn
was overexpressed (Fig. 7 D and E), indicating that phospho-
Y876 directly affects GRIP1 binding to GluA2.

Discussion
This study examined the role of phospho-Y876 on the AMPAR
GluA2 subunit from three angles: how it affects synapses at
baseline, its necessity in Hebbian plasticity, and its role in ho-
meostatic plasticity. We found that GluA2 Y876 phosphorylation
is important for the synaptic localization of GluA2. Additionally,
phospho-Y876 is not essential for LTP or LTD, but is required
for synaptic upscaling. A bidirectional regulation of phospho-
Y876 in synaptic scaling occurs, with GluA2 phospho-Y876 de-
creasing during downscaling and increasing during upscaling.
The increased phospho-Y876 in upscaling causes more GRIP1 to
bind to GluA2, which favors AMPAR trafficking to and/or

Fig. 5. Synaptic scaling bidirectionally regulates GluA2 phospho-Y876 but not GluA3 phospho-Y881. (A, C, and E) DIV11–13 rat cortical neurons were un-
treated (Con) or treated with 20 μM Bic or 1 μM TTX for 48 h, followed by a fully denaturing lysis and Western blot (A and E) or immunoprecipitation for
GluA2 or GluA3 followed by Western blot (C). (B) Quantification of pY876/881 levels normalized to GluA2/3 and control from (A). n = 3–5, one-sample t test.
(D) Quantification of pY876 or pY881 levels normalized to immunoprecipitated GluA2 or GluA3 and control, respectively, from (C). n = 3–5, one-sample t test.
(F) Quantification of pS880/885 levels normalized to GluA2/3 and control from (E). n = 6, one-sample t test. (G and I) MaleWT or Y876Fmice at postnatal (P)63–121
underwent sham treatment (Con) or binocular EN to induce visual deprivation, and their primary visual cortex was harvested after two or seven d. PSD of V1 was
obtained through subcellular fractionation followed by Western blot. (H) Quantification of (G) shows phosphorylation of GluA2 Y876 and GluA3 Y881 in WT mice
normalized to GluN1 and control. n = 11–12, unpaired t test. (J) Quantification of (I) shows GluA3 Y881 phosphorylation of Y876F mice normalized to GluN1 and
control, n = 11–12. Unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 4. GluA2 Y876F mice do not undergo visual-deprivation–induced in vivo
upscaling. Male WT or Y876F mice at postnatal (P)63–121 underwent sham
treatment (Con) or binocular enucleation (EN) to induce visual deprivation, and
their primary visual cortex was harvested after two or seven d. (A) PSD of V1
was obtained through subcellular fractionation followed by Western blot. (B–
D) Quantifications of (A) GluA1, GluA2, and GluA3 were normalized to GluN1
and control. n = 11–12, two-way ANOVA. **P < 0.01.
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retention in synapses, a process that is critical for synaptic
AMPAR increase in upscaling.

GluA2 Y876 and GluA3 Y881 Phosphorylation. Using immunopre-
cipitation and HEK293 cell experiments, we discovered that
GluA3 is phosphorylated on Y881 by Src-family tyrosine kinases.
In addition, we found that GluA3 S885 is phosphorylated by
PKC and can also be detected by the GluA2 pS880 antibody. By
comparing pY876/881 signals from WT and Y876F mice, we
showed that, endogenously, the majority of the pY876/881 signal
(∼70%) is contributed by GluA2 phospho-Y876. Additionally, in
the absence of GluA2 Y876 phosphorylation in adult Y876F mice,
there were no compensations in GluA3 Y881 phosphorylation at
basal levels. The study that first discovered GluA2 Y876 phos-
phorylation characterized its effects in cultured neurons using
overexpression of GFP-GluA2 and found that surface and synaptic
GluA2 decreased in Y876F mutants compared to WT at the basal
state (13). Likewise, we observed that Y876F knock-in mice have
decreased synaptic GluA2, with no change in total GluA2, in-
dicating that phosphorylation of GluA2 Y876 plays an important
role in trafficking to and/or maintaining GluA2 at synapses in basal
states. While the other AMPAR subunits, GluA1 and GluA3, did
not show a significant decrease in the synapse, we noted a trend
toward a decrease in GluA3 (P value = 0.00828 before multiple
t test correction using the Holmes-Sidak method, and P value =
0.117 after correction), indicating that the affected population
most likely consists of GluA2/3 AMPARs.
GluA2 Y876 is close to GluA2 S880, the phosphorylation of

which is known to increase GluA2 endocytosis. Using peptides,
we verified that the pY876/881 antibody is not affected by the

phosphorylation status of GluA2 S880. A previous study using
in vitro kinase assays concluded that phosphorylation at Y876
inhibits phosphorylation of S880 by PKC (23). However, this
result is confounded by the possibility that the phosphorylation
status of Y876 itself could affect the binding affinity of the
previous study of pS880 antibody to pS880. We used peptides to
show that the ability of our pS880 antibody to detect pS880 is
unaffected by phosphorylation status at the Y876 site. With this,
we can reliably conclude that the ability of Src kinase to phos-
phorylate Y876/881 is not affected by phospho-S880/885, nor is
protein kinase C’s ability to phosphorylate S880/885 affected by
the phosphorylation status of Y876/881. Additionally, we showed
that phospho-S880/885 phosphorylation in Y876F knock-in mice is
unchanged, indicating that the effect of Y876 on decreased syn-
aptic GluA2 is not due to an increase in phospho-S880.
Despite a decrease in synaptic GluA2, we found no changes in

the synaptic expression of scaffolding or trafficking proteins,
including GRIP1 and PICK1. Hence it is likely that, in basal
states, phospho-Y876 is important for tethering to preexisting
trafficking or synaptic scaffold proteins, without affecting the
trafficking machinery or the synaptic scaffold itself. At basal
levels, it appears that localization of GRIP1 to the synapse is
not dependent on the phosphorylation status of GluA2 Y876.

GluA2 Y876 Phosphorylation in Homeostatic Scaling. Changes in the
phosphorylation of GluA1 S845 are necessary for both TTX-
induced and visual-deprivation–induced upscaling (7, 8). How-
ever, studies have shown that GluA2 but not the GluA1 subunit is
required for upscaling and that its cytoplasmic tail is indispensable
in this process (34, 35). In agreement with a previous study (7), we
observed a decrease in S880 phosphorylation during synaptic
downscaling, with no change during upscaling. Bidirectional reg-
ulation of GluA2 tyrosine phosphorylation has been reported, with
a decrease during downscaling and an increase during upscaling
(24). However, they were unable to pinpoint the tyrosine site(s) on
which the change occurred. It is possible that phosphorylation of
one or two or all three sites change during synaptic scaling. We
generated an antibody specific for pY876/881 and found bidirec-
tional regulation of phospho-Y876/881 (Fig. 5 A and B). Since
GluA2 Y876 and GluA3 Y881 are both phosphorylated by Src-
family tyrosine kinase, and GluA2 and GluA3 C termini are ho-
mologous, we speculated that they would be regulated similarly
and play redundant roles. However, it was interesting that, while
GluA2 phospho-Y876 showed bidirectional regulation during
synaptic scaling, levels of GluA3 phospho-Y881 remained un-
changed. Furthermore, we found that phospho-Y876 is necessary
for upscaling, as neither TTX treatment nor visual deprivation
could induce upscaling in Y876F mice. More studies are needed
to show how GluA3 Y881 phosphorylation is regulated, espe-
cially how it can be controlled independently of GluA2 Y876
phosphorylation.
Our phospho-Y876/881 antibody picks up both GluA2 phospho-

Y876 and GluA3 phospho-Y881 signals. Since the amount of
protein that we obtained from V1 PSD was very little (∼20 ug), it
was not enough for us to probe multiple proteins (including the
GluA2/3 signal) and definitely not enough to perform IP (which
would need ∼500 ug protein). Hence, it would be hard for us to
normalize the pY876/881 signal to GluA2, GluA3 (which would
require IPs), or GluA2/3 (which would need more protein). In-
stead, we chose to normalize the pY876/881 signal to GluN1, as we
know that GluN1 does not change with synaptic upscaling. When
we normalized the pY876/881 signal to GluA2, we saw a trend
toward an increase, although the increase was not significant (SI
Appendix, Fig. S7). This suggests that GluA2 phosphorylation at
Y876 may be enhanced by binocular enucleation. We know that
pY881 does not change (Fig. 5 G–J) but GluA2 increases in the
synapse (Fig. 4C). If pY876/881 is normalized to GluA2, because
pY881 is not increasing even if pY876 is increasing at the same

Fig. 6. GRIP1 does not increase in the synapses of GluA2 Y876F mice during
upscaling. (A) WT and Y876F mouse cortical cultures were untreated (Con) or
treated with TTX for 48 h. PSD preparation was conducted followed by
Western blot. (B and C) Quantification of GluA1 (B), GluA2 (C), and GRIP1 (D)
from (A) normalized to GluN1 and control. n = 12, two-way ANOVA. (E) WT
and Y876F mice underwent sham treatment (Con) or binocular EN for two or
seven d. PSD was obtained, followed by Western blot for GRIP1. (F) Quantifi-
cation of D, normalized to GluN1 and control. n = 10–12, two-way ANOVA. *P <
0.05, **P < 0.01, ****P < 0.0001.
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proportion with GluA2, the normalized signal of pY876/881 to
GluA2 actually decreases. However, we see a trend toward an
increase in the normalized signal, indicating that pY876 in-
creases more than GluA2 following visual deprivation.
Phosphorylation levels are regulated by the opposing activities

of phosphatases and kinases. Synaptic scaling changes the expres-
sion and activity of striatal-enriched protein tyrosine phosphatase 61
kDa (STEP61), a tyrosine phosphatase that is enriched in the brain
(24). Upscaling increases STEP61 activity, while downscaling de-
creases its activity (24). Infusion of transactivator of transcription
(TAT)-STEP, a membrane-permeable version of STEP, during
TTX treatment decreases GluA2 3Y phosphorylation and also
blocks the increase in mEPSC amplitude (24). These results sug-
gest that the increase in tyrosine phosphorylation of GluA2 during
TTX treatment is due to a decrease in STEP61 levels and/or ac-
tivity, while the decrease with Bic treatment occurs from an in-
crease in STEP61 levels and/or activity. Given these results, we
believe that STEP61 is a likely candidate to dephosphorylate
GluA2 Y876 and play a role in regulating phospho-Y876 dur-
ing synaptic scaling. GluA2 Y876 is known to be phosphorylated
by Src-family tyrosine kinases (13, 14). Among these kinases, Src,
Fyn, Lyn, and Yes show high expression in the central nervous
system (36). Changes in Src-family kinase activity may also account
for the regulation of phospho-Y876. It is possible that the co-
ordination of phosphatase and kinase activities accounts for the
changes in GluA2 Y876 phosphorylation in synaptic scaling.
One study using organotypic hippocampal slices found that a

specific residue, A843 GluA2, in the membrane-proximal region
of the GluA2 cytoplasmic tail is necessary for upscaling (34).
However, it is known that GRIP1, which binds to the PDZ ligand
(amino acids 880 to 883) on GluA2, is necessary for upscaling in
dissociated cortical cultures (32, 33). Hence, it is more likely in our
cortical culture system that residues on or close by the PDZ ligand
can affect GRIP1 binding and be crucial for upscaling. Another
study observed that upscaling is normal following overexpression of
GluA2 Y876F in GluA2 knock-down cortical neurons but is elim-
inated with GluA2 Y876E (33). We believe that these discrepancies

are also due to a difference in models, as this study used RNA
knockdown and overexpression replacement strategies that might
have had off-target effects, while we used a knock-in mouse with all
GluA2 subunits phospho-deficient at Y876 at endogenous levels.

Tyrosine Phosphorylation in Hebbian Plasticity. Many studies uti-
lizing the GluA2 3Y peptide in LTD experiments have observed
the same phenomenon: a significant reduction in LTD. These
results suggest that the three tyrosine sites are critical for activity-
regulated GluA2 endocytosis. While in some studies it is unclear
whether the tyrosine sites themselves are necessary, other studies
have used a control with the tyrosines mutated to alanines (3A)
and have found that LTD appears normal with the control. These
studies show that LFS-LTD (12, 18–20) and ppLFS-LTD (19) are
abolished with the GluA2 3Y peptide. This effect has also been
replicated in vivo (16). Presumably, there are proteins that bind to
endogenous GluA2 3Y, likely depending on their phosphorylation
status, leading to AMPAR endocytosis; and the GluA2 3Y peptide
can competitively bind to those proteins to prevent endocytosis.
However, studies seem to differ about the contribution of GluA2
tyrosine phosphorylation in different forms of LTD. LFS-LTD
increases GluA2 tyrosine phosphorylation (12) while mGluR-
LTD decreases GluA2 tyrosine phosphorylation (21, 22). Among
the three tyrosine sites, only GluA2 Y876 has been validated to be
phosphorylated (13, 14, 23). One study found that dephosphory-
lation of GluA2 Y876 occurs during mGluR-LTD, allowing
BRAG2 to bind to GluA2, which activates Arf-6, resulting in
GluA2 internalization (14). The same study also shows that,
while the GluA3Y peptide can block mGluR-LTD, mutation of
Y876 to V876 eliminates that blockage (14), which points to
GluA2 Y876 as being critical for mGluR-LTD. With this plethora
of studies on GluA2 tyrosine phosphorylation, there is much in-
terest in the field about whether the changes in GluA2 tyrosine
phosphorylation, particularly GluA2 Y876, are necessary for LTD.
mGluR-LTD and NMDAR-LTD are normal in GluA2 Y876F

knock-in mice, proving that GluA2 phospho-Y876 is not neces-
sary in LTD. It is possible that, during LTD, compensation with

Fig. 7. Phosphorylation of GluA2 Y876 increased GRIP1 binding to GluA2. (A and B) WT and Y876F mouse cortical cultures were untreated (Con) or treated
with 1 μM NV overnight, followed by Western blot (B) or coimmunoprecipitation with GRIP1 antibody and Western blot (A). (A) Coimmunoprecipitation
control includes rabbit immunoglobulin control (IgG) and antibody-only control (Ab). (C) Quantification of (A) with GluA2 normalized to GRIP1 and control.
n = 4, two-way ANOVA. (D) HEK293 cells were transfected with WT or Y876F GluA2, GRIP1-GFP, and Fyn for two d, followed by coimmunoprecipitation for
GluA2 using a green fluorescent protein (GFP) antibody. (E) Quantification of (D), immunoprecipitated GluA2 was normalized to GRIP1 and control. n = 4,
one-sample t test. *P < 0.05.
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GluA3 phopspho-Y881 occurs in GluA2 Y876F mice. The effect
of the GluA2 3Y peptide on LTD in previous studies may also be
due to its interference with GluA3 or the other two GluA2 tyro-
sine sites. We also observed that GluA2 Y876F knock-in mice
have normal NMDAR-LTP. This result is perhaps not unexpected,
since normal hippocampal LTP has been observed with treatment
of the GluA2 3Y peptide (18).
Synaptic scaling shares overlapping mechanisms with Hebbian

plasticity, such as the increase in GluA1 phospho-S845 by PKA
during upscaling and LTP (5). Moreover, inducing upscaling or
downscaling in neurons can respectively occlude or block LTP(7),
indicating a convergence in pathways. Here, we show a mechanism
that makes synaptic scaling distinct from Hebbian plasticity—while
GluA2 phospho-Y876 is necessary for synaptic upscaling, it is not
required for LTP or LTD. While changes in GluA2 phospho-Y876
occur during mGluR-LTD (14), we show that this change is not
required for this process. On the other hand, the changes in GluA2
phospho-Y876 during synaptic scaling are critical for upscaling.
In conclusion, we uncover the molecular mechanisms behind

the necessity of GluA2 in homeostatic scaling. Moreover, we
show that the requirement of GluA2 phospho-Y876 is one of the
mechanisms that is unique to synaptic scaling and not Hebbian
plasticity.

Materials and Methods
Animals. All procedures related to animal husbandry and treatment were in
accordance with Johns Hopkins University Animal Care and Use Committee
guidelines. Sprague-Dawley rats (Harlan Laboratories) were used for cortical
cultures at embryonic day 18 as described below. All animals were housed in a
standard 12-h light/12-h dark cycle.

Binocular Enucleation. Male mice were anesthetized for a short period with
isoflurane vapor and both eyes were surgically removed (37). Antibiotic
ointment was applied and carprofen was administrated immediately after the
enucleation. Control mice were given time-matched anesthesia and received
antibiotic ointment treatment and carprofen administration. After the pro-
cedure, mice were returned to their home cage and monitored daily to make
sure there was no bleeding or infection.

Lysis Buffers. All lysis buffers contained 200 nM okadaic acid, 2.5 mMNa3VO4,
protease inhibitor mixture (Roche), and PhosSTOP phosphatase inhibitor (Roche).

Pellet 2 (P2) and PSD Preparation. Samples were kept on ice throughout the
experiment, and centrifugations were conducted at 4 °C. P2 and PSD were
prepared as in Chiu et al. (38). The final PSD pellet was resuspended in lysis
buffer [phosphate-buffered saline (PBS)] with 50 mM sodium flouride, 5 mM
sodium pyrophosphate, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, soni-
cated, and followed by protein quantification and Western blot.

Immunocytochemistry. For surface AMPA receptor labeling, neurons were
fixed for 4min in PBS containing 4%paraformaldehyde (PFA)/4% sucrose and
rinsed with PBS. Blocking was done in 10% bovine serum albumin (BSA) in
PBS for 30 min before incubation with N-terminus mouse anti-GluA1 or
mouse anti-GluA2 antibodies in PBS with 1% BSA for 3 h at room temper-
ature. Coverslips were washed with PBS before the neurons were per-
meabilized with 0.25% Triton X-100 (Sigma-Aldrich) for 15 min followed by
blocking as before. After rinsing with PBS, coverslips were incubated with
Alexa Fluor 568-conjugated goat antimouse secondary antibodies (Molecu-
lar Probe) in PBS containing 1% BSA for 1h. After final washes with PBS,
coverslips were mounted onto glass slides using Fluoromount-G (Southern
Biotech). Images were obtained using an 880 laser scanning confocal mi-
croscope (Zeiss). Anti-GluA1 (4.9D, made in-house) and anti-GluA2 (15F1)
antibodies were used for surface staining.

Image Analysis. All image analysis was done using ImageJ software (National
Institutes of Health). For measurement of surface AMPAR expression, areas of
nonprimary dendrites with clear surface GluA1 or GluA2 staining were
manually traced and the mean fluorescent intensity per pixel of dendrite was
recorded. The average intensity of 10 to 15 regions of dendrite per image was
measured and used for analysis. For each image, a region devoid of dendrites
was measured and used for background subtraction. For each condition
shown, 20 to 30 images were used

Extracellular Field Recordings. One Y876F WT or knock-in male mice (2- to
5-mo old) was recorded each day in an interleaved, randomized manner.
Field recording experiments were conducted as in Chiu et al. (38). All plas-
ticity experiments were presented as responses normalized to the average of
the 30-min baseline. Averages from 80 to 90 min were used for calculating
the magnitude of plasticity and for statistical tests. mGluR-LTD was per-
formed in the presence of APV and induced by paired-pulse LFS with 50-ms
interpulse intervals of 900 pulses at 1 Hz.

Intracellular Whole-Cell Recordings. Electrical signals were acquired at 10 kHz
with a Multiclamp 700B amplifier using pClamp10 software (Molecular De-
vices). Cells were held at −70 mV, and mEPSC measurements were collected
for 7 to 10 min.

Quantification and Statistical Analysis. All data were presented as mean, with
error bars indicating ± SEM (SE of the mean). All statistical details and sta-
tistical significance, calculated using the unpaired t test, one-sample t test, or
two-way ANOVA, are indicated in the figure legends. Bonferroni post hoc
tests were used following two-way ANOVA. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001; n.s., no statistical significance.
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