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Two functionally distinct forms of synaptic plasticity, Hebbian long-term potentiation (LTP) and homeostatic synaptic scaling, are
thought to cooperate to promote information storage and circuit refinement. Both arise through changes in the synaptic accumulation of
AMPA receptors (AMPARs), but whether they use similar or distinct receptor-trafficking pathways is unknown. Here, we show that
TTX-induced synaptic scaling in cultured visual cortical neurons leads to the insertion of GluR2-containing AMPARs at synapses.
Similarly, visual deprivation with monocular TTX injections results in synaptic accumulation of GluR2-containing AMPARs. Unlike
chemical LTP, synaptic scaling is blocked by a GluR2 C-tail peptide but not by a GluR1 C-tail peptide. Knockdown of endogenous GluR2
with an short hairpin RNA (shRNA) also blocks synaptic scaling but not chemical LTP. Scaling can be rescued with expression of
exogenous GluR2 resistant to the shRNA, but a chimeric GluR2 subunit with the C-terminal domain swapped with the GluR1 C-terminal
domain (GluR2/CT1) does not rescue synaptic scaling, indicating that regulatory sequences on the GluR2 C-tail are required for the
accumulation of synaptic AMPARs during scaling. Together, our results suggest that synaptic scaling and LTP use different trafficking
pathways, making these two forms of plasticity both functionally and molecularly distinct.

Introduction
Synaptic scaling and long-term potentiation (LTP) coexist at ex-
citatory central synapses where they cooperate to maintain sta-
bility in neuronal output while selectively adjusting synaptic
weights (Abbott and Nelson, 2000; Malenka and Bear, 2004; Tur-
rigiano and Nelson, 2004). Some forms of LTP are induced by the
regulated insertion of GluR1- and GluR2-containing hetero-
meric AMPA receptors (AMPARs) (Bredt and Nicoll, 2003;
Shepherd and Huganir, 2007). The scaling up of synaptic
strengths induced by prolonged treatment with TTX is also ex-
pressed by increased accumulation of GluR1 and GluR2 hetero-
meric AMPAR at spinal and neocortical synapses (O’Brien et al.,
1998; Wierenga et al., 2005). GluR1 and GluR2 obey distinct
trafficking rules in part because of differences in the sequences of
their C-terminal domains (Shi et al., 2001), which differentially
bind a large array of intracellular trafficking and scaffolding pro-
teins (Malenka and Bear, 2004; Shepherd and Huganir, 2007).
The subunit rules governing the expression of LTP at hippocam-
pal CA1 synapses are relatively well defined: GluR1 is essential for
LTP expression (Zamanillo et al., 1999), whereas GluR2 is not
required (Jia et al., 1996). The role of the AMPAR subunits in
synaptic scaling, however, remains relatively unexplored.

Two important functional distinctions between synaptic scal-

ing and LTP are their temporal and spatial scales. Some forms of
LTP induce rapid insertion of AMPARs into the synaptic mem-
brane on a time scale of minutes (Shi et al., 1999; Malenka and
Bear, 2004), whereas synaptic scaling gradually and cumulatively
increases synaptic AMPARs over a period of many hours (Turri-
giano et al., 1998; Sutton et al., 2006; Ibata et al., 2008). Spatially,
LTP can be induced in a synapse-specific manner in response to
local synaptic activation (Matsuzaki et al., 2004), whereas synap-
tic scaling induced by TTX results in AMPAR accumulation at
synaptic sites throughout the dendrite in response to a drop in
postsynaptic firing (Ibata et al., 2008). These differences raise the
possibility that LTP and synaptic scaling use distinct receptor-
trafficking pathways.

Here, we examine the roles of the GluR1, GluR2, and GluR3
subunits in the expression of synaptic scaling in rat visual cortical
neurons. We show that synaptic scaling causes accumulation of
GluR2-containing AMPARs in both cultured cortical neurons
and in vivo. The GluR3 subunit poorly localizes to synaptic mark-
ers but shows increased surface accumulation during synaptic
scaling, suggesting that GluR3 contributes to synaptic scaling but
to a lesser extent than GluR1 or GluR2. A dominant-negative
GluR1 C-tail was previously shown to block chemical LTP in our
system (Watt et al., 2004). In this study, we show that the GluR1
C-tail does not block the induction of synaptic scaling, whereas
the GluR2 C-tail does. Knockdown of GluR2 (GluR2KD) using
an short hairpin RNA (shRNA) also blocked the expression of
synaptic scaling but had no effect on the induction of LTP. Fur-
thermore, we show that in GluR2KD neurons, synaptic scaling
can be rescued by expression of an exogenous GluR2 insensitive
to the shRNA but not with a chimeric GluR2 in which the
C-terminal domain has been swapped with the GluR1 C-terminal
domain. Our results suggest that AMPAR accumulation during
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synaptic scaling and LTP are governed by distinct AMPAR traf-
ficking rules and that interactions between the GluR2 C-tail and
intracellular trafficking and scaffolding proteins are required for
the accumulation of synaptic AMPARs during synaptic scaling.

Materials and Methods
Neuronal cultures, transfections, and immunostaining. Dissociated cul-
tures were prepared from the visual cortex of postnatal day 2 (P2)–P4
Long–Evans rat pups and plated onto glass-bottomed dishes, as de-
scribed previously (Pratt et al., 2003). All experiments were performed
after 6 –10 days in vitro (DIV). Cultures were transfected using lipo-
fectamine reagent 48 h before recording or staining, unless otherwise
noted. To induce synaptic scaling, neurons were treated with 1 !M TTX
for 24 h, unless otherwise noted. Immunostaining using antibodies
against postsynaptic density-95 (PSD-95; Affinity BioReagents; MA1–
045) and synapsin (Millipore Bioscience Research Reagents; AB1543)
was performed as described previously (Rutherford et al., 1997). To vi-
sualize surface GluR1 (CalBioChem; PC246), GluR2 (Millipore Bio-
science Research Reagents; MAB397), GluR3 (1:50; Millipore Bioscience
Research Reagents; MAB5416), and green fluorescent protein (GFP;
1:100; Millipore Bioscience Research Reagents; AB3080P), live neurons
were incubated with antibodies under nonpermeant conditions, as de-
scribed previously (Wierenga et al., 2005). To ensure uniformity, data
were acquired from dendrites branching off of the apical-like dendrite.
All experimental conditions were run in parallel on sister cultures from
the same dissociations; the mean intensity for experimental conditions
was normalized to the mean intensity of control in sister cultures. The
images in Figure 3, A and B, and Figure 5D were quantified with Openlab
software (Improvision). All other images were quantified with Meta-
Morph software (Molecular Devices).

Culture electrophysiology. Whole-cell AMPA-mediated miniature
EPSC (mEPSC) recordings were obtained and analyzed as described pre-
viously (Watt et al., 2000, 2004) at 25°C, from a holding potential of !70
mV in the following artificial CSF (ACSF; in mM): 126 NaCl, 5.5 KCl, 2
MgSO4, 1 NaH2PO4, 25 NaHCO3, 2 CaCl2, 14 dextrose, 0.1 !M TTX, 0.02
bicuculline, 0.025 D-APV. Chemical LTP was induced as described pre-
viously (Watt et al., 2004), and recordings were obtained from 15 min to
1.5 h after LTP induction. In a subset of experiments, neurons were
treated for 1 d with the NMDA receptor (NMDAR) antagonist D-APV
(50 !M) or the metabotropic glutamate receptor-1 (mGluR1) antagonist
LY 367385 (30 !M) and the mGluR5 antagonist 2-methyl-6-
(phenylethynyl)-pyridine (MPEP) hydrochloride (30 !M). Recordings
with Vms " !54 mV, series resistances (Rs) " 20 M#, Rin $ 150 M#, or
$ 25 mEPSCs were excluded. For the LTP experiments, recordings with
Vms " !50 mV were excluded. None of the transfection or drug condi-
tions reported resulted in significant changes in mEPSC frequency, input
resistance, or resting potentials. In addition, there were no significant
changes in rise or decay times, with the exception of two conditions:
GluR2KD plus RNAiI significantly slowed the decay time constant from
3.3 to 4.3 ms relative to untransfected neurons, and GluR2KD increased
the rise time from 0.76 to 1.0 ms relative to untransfected neurons.

To measure rectification, spontaneous AMPA-mediated currents were
measured at !60 and at %50 mV, under conditions in which spontane-
ous AMPA currents could be isolated. For these experiments, the ACSF
contained 0.01 !M TTX (to raise spike threshold), APV (100 !M), and
MK801 (50 !M) to block NMDA currents, and bicuculline (20 !M) to
block inhibitory potentials. The internal solution contained spermine
(120 !M) and QX314 (1 mM) to block spikes in the postsynaptic neuron
and was Cs-based to facilitate voltage-clamping at %50 mV. Under these
conditions, well isolated spontaneous AMPA currents could be detected
at both potentials; for each neuron, many events were detected and av-
eraged at each potential. To compute the rectification index, the average
peak amplitude at !60 was divided by the average peak amplitude at
%50; the larger this value, the more rectification.

Visual deprivation and slice electrophysiology. Intraocular TTX injec-
tions were performed on P20 –P23 rats 24 and 48 h before recording, as
described previously (Desai et al., 2002; Maffei and Turrigiano, 2008).
Coronal brain slices containing primary visual cortex were prepared

from the control and deprived hemispheres, neurons were visualized
with a 40& water-immersion objective using infrared-differential inter-
ference microscopy, and whole-cell recordings of AMPA-mediated
mEPSCs were obtained from layer 2/3 of monocular visual cortex; pyra-
midal neurons were identified based on morphology and post hoc recon-
struction with biocytin fills, as described previously (Desai et al., 2002).
Internal recording solution contained the following (in mM): 20 KCl, 100
K-gluconate, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine,
and 0.2% biocytin. Neurons were voltage clamped to !70 mV in ACSF
containing TTX (0.2 !M), APV (50 !M), and picrotoxin (50 !M). Re-
cordings were excluded if the Vms " !55 mV, the frequency $ 0.1 Hz, or
the Rs " 25 M#s. In a subset of experiments, the dicationic compound,
IEM-1460 (100 !M; Tocris Bioscience), was washed in for 10 min before
recording.

Construct design
shRNA vector design. The mU6pro vector was used to express interfering
shRNAs in neurons (Yu et al., 2002). The full mU6pro sequence, as well
as protocols, can be found at http://sitemaker.umich.edu/dlturner.vec-
tors. We used their protocol to insert hairpin sequences of our design into
the vector but used 5' phosphorylated primers instead of unphosphory-
lated ones. Positive colonies were sequenced for accuracy. All primers
were designed using Primer3 (http://frodo.wi.mit.edu/) with regions
suitable for shRNA targeting chosen using Sfold (http://sfold.wad-
sworth.org/index.pl). Edited regions of GluR2 and the flip/flop alterna-
tive splice site were excluded from targeting. Before insertion into
mU6pro, all shRNA sequences were screened with basic local alignment
search tool, and any sequences with less than three base changes from
other genes in mouse or rat were discarded. Of many hairpins screened,
two gave good knockdown; we used constructs derived from the follow-
ing primer set throughout the study: forward, 5'-/5Phos/TTT GTC CTC
AGC ACT TTC GAT GGG AGC CAT CGA AAG TGC TGA GGA TTT
TTC TAG AGC-3'; reverse, 5'-/5Phos/GGC CGC TCT AGA AAA ATC
CTC AGC ACT TTC GAT GGC TCC CAT CGA AAG TGC TGA
GGA-3'.

RNAi-insensitive GluR2 design
An RNAi-insenstive GluR2 (RNAiI) construct was designed using a GF-
P–GluR2 backbone from the Malinow lab (Hayashi et al., 2000). Site-
directed mutagenesis was used to change several wobble bases in the
shRNA recognition site of the GFP–GluR2 so that complementarity to
the hairpin was destroyed while maintaining the sequence of the ex-
pressed protein. Mutagenesis was performed using the following prim-
ers: forward, 5'-GGA TGG TGT CTC CGA TCG AGT CTG CAG AGG
ATC TGT CTA AG-3'; reverse, 5'-CTT AGA CAG ATC CTC TGC AGA
CTC GAT CGG AGA CAC CAT CC-3'. The GluR2(1– 826)–
GluR1(823– 889)–GFP (GluR2/CT1) and GluR1(1– 822)–GluR2(827–
862)–GFP (GluR1/CT2) constructs were a gift from the Hayashi lab (Shi
et al., 2001). The GluR2/CT1 chimera was made insensitive to the shRNA
with the same primers used to create the RNAiI GluR2 construct. The
GluR1/CT2 chimera is naturally insensitive to the GluR2 shRNA, since
the shRNA does not target a sequence in the C-terminal domain. The
GluR1(809 – 889)–GFP [GluR1 C-tail (GluR1CT)] and GluR2(813–
862)–GFP [GluR2 C-tail (GluR2CT)] constructs were gifts from the Ma-
linow lab. All GluR2 constructs are the edited version of the subunit.

Results
Experiments were performed on cultured postnatal rat visual
cortical neurons after 6 –10 DIV or on acute rat visual cortical
slices between P22–P24. Whole-cell recordings and fills were ob-
tained from visually identified pyramidal neurons, as described
previously (Desai et al., 2002; Maffei and Turrigiano, 2008). Cul-
tures were transfected with the various constructs at low effi-
ciency 48 h before recording or staining, unless otherwise noted.
To visualize transfected neurons, all constructs were cotrans-
fected with cyan fluorescent protein (CFP). Synaptic scaling was
induced in cultured neurons by 1 d of TTX treatment (1 !M),
unless otherwise noted. For acute visual cortical slice experi-
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ments, synaptic scaling was induced with monocular TTX injec-
tions 24 and 48 h before recording, as described previously (Desai
et al., 2002).

The GluR2 C-tail, but not the GluR1 C-tail, blocks
synaptic scaling
Previous studies from our lab and others have shown that TTX-
induced synaptic scaling is mediated by the accumulation of both
GluR1 and GluR2 containing AMPAR in the postsynaptic mem-
brane (O’Brien et al., 1998; Wierenga et al., 2005, 2006), but it is
unknown whether domains particular to one or the other subunit

are necessary for the expression of synaptic
scaling. We began with a dominant-
negative approach; the GluR1 or GluR2
C-tail peptides were expressed in cultured
neurons for 1 d, and the cultures were
treated with TTX for (20 h before record-
ing miniature EPSCs (mEPSCs). In un-
transfected neurons, 1 d of TTX signifi-
cantly increased mEPSC amplitude (Fig.
1A) (control, n ) 15; TTX, n ) 18; TTX
was 149 * 23.8% of control, p $ 0.05).
The GluR1CT blocks LTP in hippocampal
slices (Shi et al., 2001) and chemical LTP in
our culture system (Watt et al., 2004). In
neurons transfected with the GluR1CT,
TTX significantly increased mEPSC am-
plitude (Fig. 1B) (control GluR1CT, n )
10; TTX GluR1CT, n ) 7; p $ 0.005), al-
though the magnitude of synaptic scaling
in GluR1CT neurons was significantly
smaller than for control neurons (130 *
10.3% and 149 * 23.8%, respectively; cor-
rected t test, p $ 0.005), suggesting that
protein interactions with the GluR1 C-tail
influence scaling but are not required for
its expression. In contrast, the GluR2CT
completely blocked synaptic scaling (Fig.
1C) (control GluR2CT, n ) 9; TTX
GluR2CT, n ) 14, TTX was 107 * 24.7%
of control, p ) 0.74), suggesting that pro-
tein interactions with the GluR2 subunit
are essential for the expression of synaptic
scaling. The GluR2 C-tail is involved in
some forms of long-term depression
(LTD) induction (Xia et al., 2000; Kim et
al., 2001; Chung et al., 2003; Steinberg et
al., 2006), raising the possibility that scal-
ing up of synaptic strengths during TTX
treatment could be because of block of on-
going LTD in our cultures. To rule this
out, we directly blocked NMDAR-
dependent and mGluR-dependent LTD to
see if this mimicked the effects of pro-
longed TTX treatment. Treatment for 1 d
with the NMDAR antagonist D-APV (50
!M), or the mGluR1 and mGluR5 antago-
nists LY 367385 (30 !M) and MPEP hy-
drochloride (30 !M), did not significantly
increase quantal amplitude (both drugs
slightly, but not significantly, decreased
quantal amplitude: control: 17.7 * 1.6 pA,
n ) 12; D-APV: 15.2 * 1.0 pA, n ) 9; LY

367385 and MPEP hydrochloride: 12.9 * 1.2 pA, n ) 6; ANOVA,
p ) 0.19), suggesting that TTX does not increase quantal ampli-
tude by blocking ongoing LTD.

Synaptic scaling causes accumulation of
GluR2-containing AMPAR
Synaptic GluR2 and GluR1 increase in parallel during synaptic
scaling (Wierenga et al., 2005), suggesting that TTX-induced
scaling leads to accumulation of GluR2-containing AMPAR. To
examine the GluR2 content of functional synaptic AMPAR be-
fore and after synaptic scaling, we determined the rectification of

Figure 1. The GluR2 C-tail, but not the GluR1 C-tail, blocks synaptic scaling. A, Left, Cumulative histograms of mEPSC amplitude
from control (n ) 15) and TTX-treated (n ) 18) neurons (25 events per neuron). Inset, Average mEPSC amplitude for the same
conditions. Right, Average mEPSC waveforms for the same conditions. B, Left, Cumulative histograms of mEPSC amplitude for
control (n ) 10) and TTX-treated (n ) 7) neurons transfected with the GluR1CT. Inset, Average mEPSC amplitude for the same
conditions. Right, Average mEPSC waveforms for the same conditions. C, Left, Cumulative histograms of mEPSC amplitude for
control (n ) 9) and TTX-treated (n ) 14) neurons transfected with the GluR2CT. Inset, Average mEPSC amplitude for the same
conditions. Right, Average mEPSC waveforms for the same conditions. All data here and below are reported as mean * SEM for
the number of neurons indicated; Student’s t test, *p $ 0.05, **p $ 0.01.
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AMPAR-mediated currents, since AM-
PAR without GluR2 are strongly rectify-
ing, whereas those with GluR2 are not
(Washburn et al., 1997). There was little
rectification at synapses onto control neu-
rons, indicating that most functional syn-
aptic AMPARs contain GluR2 under con-
trol conditions. Furthermore, TTX
treatment did not affect rectification, as
expected if synaptic scaling increases the
accumulation of GluR2-containing AM-
PAR (Fig. 2A).

To determine whether synaptic scaling
in vivo also induces accumulation of
GluR2-containing synaptic AMPARs, we
induced synaptic scaling using 2 d of in-
traocular TTX into one eye starting at
postnatal day 20. We then cut acute visual
cortical slices from the deprived and non-
deprived hemispheres and recorded mEP-
SCs from layer 2/3 pyramidal neurons in
the monocular portion of primary visual
cortex. As shown previously (Desai et al.,
2002; Maffei and Turrigiano, 2008), 2 d of
visual deprivation significantly increased
mEPSC amplitude (Fig. 2B) (control, n )
27; visual deprivation, n ) 31; visual de-
privation significantly bigger than control,
p $ 0.02). In a subset of recordings, we
washed in the dicationic compound IEM-
1460 (100 !M), which selectively blocks
GluR2-lacking AMPAR (Magazanik et al.,
1997; Buldakova et al., 2007). IEM-1460
induced a small but similar reduction in
mEPSC amplitude in control and visually
deprived neurons (Fig. 2C,D) (control,
96 * 6.1% compared with baseline, n )
10; visual deprivation, 95 * 5% compared
with baseline, n ) 8), indicating that only a
small fraction of functional AMPAR lack
GluR2 under both control and deprived
conditions.

GluR2 knockdown and compensation
by other subunits
LTP is preserved in GluR2 knock-out mice
(Jia et al., 1996; Meng et al., 2003), but the
role of GluR2 in synaptic scaling has not
been assessed. To avoid possible compensatory mechanisms trig-
gered by genetic deletion of GluR2, we used RNAi against GluR2
to acutely knock down expression in individual cultured cortical
pyramidal neurons (GluR2KD). Expression of an shRNA di-
rected against a sequence unique to the GluR2 subunit in indi-
vidual pyramidal neurons reduced the length density of synaptic
puncta expressing detectable levels of GluR2 to (20% of control
after 24 h (Fig. 3A,B) and reduced the intensity of staining at
remaining puncta by 35%. The length density of GluR1 and
PSD-95 puncta was unaffected (Fig. 3A,B). There was little rec-
tification at synapses onto control neurons. In contrast, synapses
onto GluR2KD neurons showed pronounced rectification, indi-
cating that GluR2 is greatly reduced or absent from synaptically
localized AMPAR in these neurons (Fig. 3C,D). Despite the loss
of GluR2 at synapses, mEPSCs were normal in both amplitude

and frequency (Fig. 3E–G). Baseline miniature transmission is
thus unimpaired in neurons with acute GluR2 knockdown. Since
baseline transmission was unperturbed in GluR2KD neurons, we
wished to know which AMPAR subunits compensate for loss of
GluR2. To examine the localization of the other major AMPAR
subunits, GluR1 and GluR3, in control neurons, we performed
immunohistochemistry under nonpermeant conditions and
counterstained for the synaptic marker synapsin. GluR3 had a
punctate distribution but a significantly lower colocalization rate
with synapsin than GluR1 (Fig. 4A,B) (GluR1: n ) 8 neurons,
155 puncta; 51 * 6%; GluR3: n ) 8 neurons, 141 puncta; 25 *
5%; p $ 0.005), suggesting that GluR3 contributes to baseline
transmission to a lesser extent than GluR1. To determine if
GluR1 or GluR3 compensates for GluR2 loss, we quantified the
intensity of surface GluR1 and GluR3 puncta in control and

Figure 2. Synaptic scaling induces accumulation of GluR2-containing AMPARs both in vitro and in vivo. A, Left, Example
AMPA-mediated currents at!60 mV and%50 mV for a TTX-treated neuron. Right, Rectification index for control (n)9) and TTX
(n ) 6). B, Cumulative histogram of mEPSCs from layer 2/3 pyramidal neurons in acute slices from monocular V1, from the control
hemisphere (control: n ) 27, 50 events per neuron) and from the deprived hemisphere (visually deprived: n ) 31, 50 events per
neuron). C, Left, Example average mEPSC waveforms before and after wash-in of the selective blocker of GluR2-lacking AMPAR,
IEM-1460. Top, Neuron from the control hemisphere; bottom, neuron from the visually deprived hemisphere. D, Top, Average
mEPSC amplitude for baseline and IEM-1460 conditions for a control and visually deprived neuron; bottom, average mEPSC
amplitude in IEM-1460 expressed as percentage of baseline in same condition* the propagated SEM for neurons from the control
(n ) 10) and visually deprived (n ) 8) hemispheres.
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GluR2KD neurons. The GluR1 puncta intensity significantly in-
creased in GluR2KD neurons (Fig. 4C,D) (control: n ) 6 neu-
rons, 284 puncta; GluR2KD: n ) 6 neurons, 337 puncta;
GluR2KD was 169 * 23% of control; p $ 0.05). There was also a
small, but not significant, increase in GluR3 puncta intensity (Fig.
4C,D) (control: n ) 6 neurons, 211 puncta; GluR2KD: n ) 7
neurons, 322 puncta; GluR2KD was 123 * 18% of control; p )
0.24). We were unable to determine the colocalization of GluR2
and GluR3 since the N-terminal GluR2 and N-terminal GluR3

antibodies are from the same species.
However, surface GluR1 showed little co-
localization with GluR3 in control neu-
rons, and there was no significant change
in colocalization in GluR2KD neurons
(Fig. 4F) (control: n ) 11 neurons, 737
puncta; 16 * 2%; GluR2KD: n ) 7 neu-
rons, 738 puncta; 18 * 4%; p ) 0.64). To-
gether, these data suggest that compensa-
tion mainly occurs through an increase in
GluR1 (possibly through formation of ho-
momeric GluR1 receptors) with a smaller
contribution from GluR3. Since the role of
GluR3 in synaptic scaling is unknown, we
stained for GluR3 under nonpermeant
conditions in control and TTX-treated
neurons. There was a significant increase
in GluR3 intensity at puncta that were co-
localized with GluR1 (Fig. 4E) (TTX was
181 * 45% of control; p $ 0.05); there was
also an increase in intensity at all puncta
(colocalized and noncolocalized), al-
though this increase was not significant
(Fig. 4E) (control: n ) 5 neurons, 260
puncta; TTX: n ) 10 neurons, 871 puncta;
TTX was 140 * 25% of control; p ) 0.18).
Furthermore, TTX treatment significantly
increased the colocalization of GluR1 to
GluR3 (Fig. 4F) (control: n ) 11 neurons,
737 puncta; 16 * 2%; TTX: n ) 10, 619
puncta, 23 * 3%; p $ 0.05). The GluR3
subunit thus contributes to synaptic scal-
ing, although to a smaller degree than
GluR1 or GluR2.

GluR2 knockdown blocks synaptic
scaling but does not block LTP
Next, we asked whether synaptic scaling
could be induced in GluR2KD neurons.
TTX increased mEPSC amplitude in un-
transfected control neurons (Fig. 5A–C)
(control, n ) 9; TTX, n ) 15; TTX was
153 * 19.6% of control; p $ 0.05) but not
in GluR2KD neurons from the same dish
(control GluR2KD, n ) 8; TTX GluR2KD,
n ) 10; TTX was 97 * 10.4% of control;
p ) 0.80). In control neurons, 24 h of TTX
significantly increased the peak intensity
of synaptic GluR1 as reported previously
(Wierenga et al., 2005) but not in
GluR2KD neurons from sister cultures
(Fig. 5D). To control for potential off-
target effects of the shRNA, we cotrans-
fected neurons with the shRNA against

GluR2 and an RNAi-insensitive GluR2 construct. Neurons in
which endogenous GluR2 was replaced with RNAiI GluR2 (KD
plus RNAiI) showed normal synaptic scaling (Figs. 5B, 7B).

An NMDAR-dependent form of LTP can be induced at these
cortical synapses by increasing correlated firing under conditions
where NMDAR activation is enhanced and like many forms of
LTP is blocked by NMDAR antagonists and by transfection of
neurons with the GluR1 C-tail (Watt et al., 2004). To examine the
dependence of this form of chemical LTP on GluR2, we induced

Figure 3. RNAi GluR2KD. A, Top, GluR2KD dendrite (green), 1 d after transfection with the shRNA against GluR2, labeled
against endogenous GluR2 (red); note nearby untransfected dendrite with normal GluR2 labeling (arrow). Bottom, GluR2KD
dendrite (blue) labeled against GluR1 (red) and PSD-95 (green). B, Length density (puncta/micron) of GluR2, GluR1, and PSD-95
puncta in GluR2KD neurons compared with transfection with control construct (n ) 13, 11, and 9 for GluR2KD; 21, 14, and 11 for
control). C, Example AMPA-mediated currents at !60 mV and %50 mV for control and GluR2KD neurons. D, Rectification index
for control (n ) 9) and GluR2KD (n ) 8) neurons. E–G, mEPSC recordings from control and GluR2KD neurons (n ) 10 and 9).
*Different from control, p $ 0.01. All statistical tests here and below were ANOVAs as appropriate, followed by corrected
two-tailed Student’s t tests unless noted otherwise.
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LTP in control and GluR2KD neurons (control, n ) 18; LTP, n )
18; LTP was 149 * 15.8% of control; p $ 0.001). In contrast to the
block of synaptic scaling, LTP was normal in GluR2KD neurons
(Fig. 6A,B) (control GluR2KD, n ) 12; LTP GluR2KD, n ) 11;
LTP was 153 * 25% of control; p $ 0.05). These data indicate
that GluR2KD is not generally perturbing synaptic plasticity and
that these two forms of synaptic plasticity have a differential de-
pendence on GluR2.

One of the hallmarks of synaptic scaling is that the mEPSC
amplitude distribution is scaled up proportionally by activity

blockade (Turrigiano et al., 1998; Desai et al., 2002). Like synaptic
scaling during bath application of TTX, chemical LTP is induced
in a network-wide manner that potentially affects all or most
excitatory synapses, but whether chemical LTP produces propor-
tional changes in mEPSC amplitude has not been examined. To
compare synaptic scaling and chemical LTP, we rank ordered the
mEPSC distributions by amplitude and plotted the amplitude
before plasticity against the amplitude after plasticity (Fig. 6C).
As described previously (Turrigiano et al., 1998), for synaptic
scaling, this relationship was linear with a slope "1, and when
scaled down multiplicatively by the parameters of the linear fit,
the TTX distribution was almost perfectly superimposable on the
control distribution (Fig. 6D). In contrast, the LTP data were
poorly fit by a linear function, and when scaled down by the
parameters of the linear fit, the LTP distribution was not super-
imposable on the control distribution (Fig. 6D). The relationship
between control and LTP amplitudes was better captured by an
exponential fit (Fig. 6C), suggesting that unlike synaptic scaling
chemical LTP has a larger postsynaptic effect on strong synapses
than on weak synapses.

The GluR2 C-tail is required for the expression of
synaptic scaling
GluR2 contains several domains that are important for regulating
its trafficking and synaptic accumulation (Malenka and Bear,
2004; Shepherd and Huganir, 2007). The C-terminal domain in
particular has a number of sites that mediate interactions with
scaffolding and trafficking proteins. Although several forms of
LTD depend on these C-tail interactions, LTP does not (Malinow
and Malenka, 2002; Malenka and Bear, 2004). To test the role of
this domain in synaptic scaling, we modified the RNAiI GluR2 by
swapping the GluR2 C-tail domain with the GluR1 C-tail domain
to create a chimeric, RNAi-insensitive receptor (GluR2/CT1).
Whereas replacement of endogenous GluR2 with the RNAiI
GluR2 rescues synaptic scaling (Figs. 5B, 7B), replacement with
the GluR2/CT1 (KD plus GluR2/CT1) results in normal basal
transmission but blocks synaptic scaling (Fig. 7A,B) (control KD
plus GluR2/CT1, n ) 8; TTX KD plus GluR2/CT1, n ) 8; TTX
was 108 * 18.4% compared with control; p ) 0.65). These data
indicate that the GluR2 C-tail is essential for the regulated AM-
PAR accumulation that underlies synaptic scaling. We also tested
the role of the GluR2 C-tail domain in scaling by creating the
reverse chimera, GluR1 with a GluR2 C-tail domain (GluR1/
CT2). Replacement of endogenous GluR2 with the GluR1/CT2
chimera (KD plus GluR1/CT2) significantly increased baseline
transmission (Fig. 7A,B) (control, n ) 15; control KD plus
GluR1/CT2, n ) 8; control KD plus GluR1/CT2 was 151 * 23.8%
compared with control; p $ 0.01) and occluded scaling (control
KD plus GluR1/CT2, n ) 8; TTX KD plus GluR1/CT2, n ) 8; p )
0.62). Expression of GluR1/CT2 without knockdown of endoge-
nous GluR2 (GluR1/CT2) also increased baseline transmission,
although not significantly (control, n ) 15; control GluR1/CT2,
n ) 7; control GluR1/CT2 was 125 * 20.7% compared with
control; p ) 0.08; data not shown). Control experiments where
neurons were transfected with RNAiI GluR2 alone (RNAiI), or
with the shRNA and RNAiI together, revealed that mEPSCs were
of normal amplitude (Fig. 7A).

The GluR2 rescue constructs were tagged with GFP on the
extracellular N-terminal domain. To verify that the chimeric
AMPAR subunits traffic properly to the synaptic membrane, we
used antibodies against GFP under nonpermeant conditions to
detect surface receptors, followed by permeabilization and anti-
body localization of the synaptic marker PSD-95. The RNAiI

Figure 4. GluR1 compensates for GluR2 in GluR2KD neurons. A, Example of control dendrite
labeled against endogenous surface GluR1 (top) or GluR3 (bottom) and synapsin; "GluR1 and
"GluR3 in red, "synapsin in green. Scale bar, 2 !M. B, Localization of GluR1 (n ) 8) and GluR3
(n ) 8) to synapsin. ***GluR3 different from GluR1, p $ 0.005. C, Examples of control and
GluR2KD dendrites labeled against endogenous surface GluR1 (top) or GluR3 (bottom); "GluR1
and "GluR3 in red, soluble CFP in blue. D, Total intensity of surface GluR1 and GluR3. GluR2KD
is expressed as percentage of control for the same condition * the propagated SEM (GluR1,
control: n ) 6; GluR2KD: n ) 6; GluR3, control: n ) 6; GluR2KD: n ) 7). *Different from
control, p $ 0.05. E, Total intensity of total surface GluR3 and GluR3 puncta localized to GluR1
puncta. TTX is expressed as percentage of control for the same condition * the propagated SEM
(control, n ) 5; TTX, n ) 10). *Different from control, p $ 0.05. F, Localization of GluR1 to
GluR3 in control (n ) 11), GluR2KD (n ) 7), and TTX (n ) 10) neurons. *Different from control,
p $ 0.05.
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GluR2 on a GluR2 knock-down background showed a punctate
distribution, with 53% colocalization of these surface puncta
with PSD-95 (Fig. 7A,B) (n ) 9 neurons, 523 puncta). Similarly,
49% of GluR2/CT1 puncta on a GluR2 knock-down background

colocalized with PSD-95 (Fig. 7C,D) (n )
7 neurons, 672 puncta). It was not possible
to compare this with colocalization rates
for endogenous GluR2 because the
N-terminal GluR2 and PSD-95 antibodies
are from the same species; however, a pre-
vious study in our lab found that 55% of
endogenous surface GluR1 puncta colo-
calize with PSD-95 (Wierenga et al., 2006).
These chimeric subunits thus show com-
parable synaptic localization as endoge-
nous AMPAR subunits, suggesting that
the inability of the GluR2/CT1 chimera to
rescue scaling is not attributable to a sim-
ple trafficking defect.

Discussion
Synaptic scaling is a form of homeostatic
plasticity in which the strength of all of a
neuron’s synapses are proportionally
scaled up or down in response to chronic
changes in activity (Turrgiano et al., 1998).
TTX-induced synaptic scaling propor-
tionally increases GluR1 and GluR2 accu-
mulation at synapses (Wierenga et al.,
2005), but nothing is known about the un-
derlying receptor-trafficking events. In
principle, the GluR2 and GluR1 C-tails
should selectively prevent GluR1-
dependent and GluR2-dependent recep-
tor accumulation by binding to intracellu-
lar trafficking and scaffolding proteins
known to interact with these C-terminal
domains. Here, we show that the GluR1
C-tail does not block synaptic scaling,
whereas the GluR2 C-tail does. To further
probe the role of GluR2 in synaptic scaling,
we used an shRNA to knock down GluR2
and found that this completely blocked
synaptic scaling without affecting the in-
duction of chemical LTP. Finally, we
found that synaptic scaling can be rescued
in GluR2KD neurons by coexpressing an
RNAi-insensitive GluR2, but not an RNAi
insensitive GluR2/CT1 chimera, demon-
strating that regulatory sequences on the
GluR2 C-tail are required for TTX-
induced AMPAR accumulation. Together,
our results provide evidence that GluR2 is
essential for the expression of synaptic
scaling and suggest that the regulated AM-
PAR accumulation underlying synaptic
scaling and LTP use different receptor-
trafficking pathways.

The GluR1 and GluR2 subunits have
three major protein-interaction domains:
the extracellular N terminus, the pore-
forming region, and the intracellular C
terminus (Hollmann and Heinemann,
1994; Song and Huganir, 2002). The dif-

ferential trafficking of GluR1 and GluR2 has been attributed to
different protein-binding sequences on the C-tail (Shi et al.,
2001), although there is increasing evidence for the importance of

Figure 5. GluR2KD blocks synaptic scaling. A, Left, Cumulative histogram of mEPSCs amplitude from untransfected neurons in
control (n ) 14) and TTX-treated (n ) 15) conditions (25 events per neuron). Right, Average mEPSC waveforms for the same
conditions. B, Left, Cumulative histogram of mEPSC amplitude for control GluR2KD neurons (n ) 8), TTX GluR2KD neurons (n )
10), and TTX GluR2KD plus RNAiI (n ) 9) neurons. Right, Average mEPSC waveforms for the same conditions. C, Average mEPSC
amplitude for indicated conditions, grown in control medium or 24 h TTX. From left to right, n ) 14, 8, 15, 10. D, Top, Examples
of staining against endogenous GluR1 from control and GluR2KD neurons after 24 h TTX treatment; "GluR1 in red, soluble GFP in
green. Bottom, Peak intensity of GluR1 signal in synaptically localized puncta for neurons transfected with a control construct
(control) or with the shRNA against GluR2 (GluR2KD); values from TTX-treated neurons expressed as percentage of untreated
control (n ) 11, 15, 15, 17). Scale bar, 2 !M. *Different from control, p $ 0.04; **p $ 0.01.
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the other domains in regulating AMPAR
accumulation (Tomita et al., 2004; Nicoll
et al., 2006; Panicker et al., 2008). The
standard hippocampal model of AMPAR
trafficking proposes that sequences on the
GluR1 C-tail are required for regulated
activity-dependent insertion, whereas se-
quences on the GluR2 C-tail are essential
for constitutive, activity-independent re-
cycling (Shi et al., 2001). This model has
been complicated by the observations that
AMPAR can be constitutively internalized
and recycled in the absence of GluR2 (Biou
et al., 2008). Furthermore, GluR2 lacking a
C-tail, as well as chimeric GluR2 contain-
ing the GluR1 C-tail, can both traffic cor-
rectly to synapses in the absence of activity
when introduced into GluR2 null neurons
(Panicker et al., 2008). Finally, subunit
trafficking rules are brain region-
dependent. For example, LTD is unper-
turbed in the hippocampus of GluR2
knock-out animals (Meng et al., 2003)
but blocked in cingulate cortex (Toyoda
et al., 2007) and the cerebellum (Chung
et al., 2003).

We found that acute knockdown of
GluR2 does not impair baseline miniature
synaptic transmission, as synapse density
and mEPSC amplitude and frequency
were very similar to control neurons.
There are conflicting reports of whether
chronic GluR2KO reduces baseline trans-
mission; fEPSCs were unaffected in one
study (Jia et al., 1996) but reduced in an-
other (Meng et al., 2003). Some effects of
chronic GluR2KO on baseline transmis-
sion could be attributable to developmen-
tal effects on the formation of local excita-
tory circuitry (Panicker et al., 2008). The
published effects of GluR2 knockout on
mEPSCs are variable; one study showed a
modest but significant decrease in quantal
amplitude in the GluR2 knock-out mouse
(Panicker et al., 2008), whereas another re-
ported that quantal amplitude was normal
in the GluR2/GluR3 double knock-out
mouse (Meng et al., 2003), consistent with
our results using acute knockdown. De-
spite the difference in subunit composition of AMPAR in
GluR2KD neurons, we observed no change in mEPSC kinetics,
consistent with a study from hippocampal GluR2 knock-out
mouse cultures (Panicker et al., 2008). This is likely because
many factors in addition to subunit composition contribute to
mEPSC kinetics, including editing and splice variants of sub-
units and the phosphorylation state of receptors (Angulo et al.,
1997).

In GluR2KD neurons, baseline synaptic transmission was
maintained by a compensatory increase in surface GluR1 but not
GluR3. This is consistent with the mainly extrasynaptic localiza-
tion of GluR3 in our neurons. The degree of colocalization be-
tween GluR1 and GluR3 remained low in GluR2KD neurons,
suggesting that lack of GluR2 does not induce formation of

GluR1/GluR3 heteromers, as has been shown in hippocampal
neurons from a GluR2 knock-out mouse (Sans et al., 2003). It is
surprising that GluR3, but not GluR2, is essentially extrasynaptic,
since the two subunits have very similar C-tails and interact with
many of the same trafficking proteins. One possible explanation
is that GluR3 does not bind N-ethylmaleimide-sensitive fusion
protein, a trafficking protein thought to play an important role in
targeting the insertion of GluR2 in the plasma membrane (Ber-
etta et al., 2005). Although we found that GluR3 is mainly extra-
synaptic, synaptic scaling increased the percentage of GluR1
puncta that were colocalized with GluR3 and also increased the
intensity of GluR3 at puncta that were colocalized with GluR1.
Together, these data suggest that GluR3 does contribute to syn-
aptic scaling but to a lesser degree than GluR1 and GluR2. Al-

Figure 6. GluR2KD does not block chemical LTP. A, Average mEPSC waveforms for control and LTP conditions and LTP in
GluR2KD neurons. B, Average mEPSC amplitude for the indicated conditions, n ) 19, 12, 18, and, 11 respectively. *GluR2KD LTP
different from GluR2KD control, p $ 0.05; **LTP different from control, p $ 0.001; Mann–Whitney test. C, Linear scaling of
mEPSC amplitude by synaptic scaling but not by LTP. For both forms of plasticity, mEPSCs were rank ordered, and control values
were plotted against potentiated values (either 1 d TTX treatment or chemical LTP protocol). The unity line (gray solid line)
represents where points would fall if there were no change in mEPSC amplitude; values above this line indicate an increase in
synaptic strength. For synaptic scaling (solid circles), the change in strength is well fit by a linear function with a slope "1 (gray
dashed line), indicating a linear scaling of synaptic strength. For LTP (solid squares), the relationship is poorly fit by a linear
function (solid black line) but is well fit by an exponential function (dashed black line). D, Top, When the amplitude distributions
for TTX are scaled down by the parameters of the linear fit in (C), the distribution closely approximates the control distribution.
Bottom, The same procedure for the LTP distribution produces a poor approximation of the control distribution.
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though it has been shown that GluR4 is developmentally regu-
lated and has greatly reduced expression in cortical cultures by
DIV 6 –7 (Akaneya, 2007), it is possible that GluR4 also helps to
maintain baseline transmission in GluR2KD neurons, a possibil-
ity we did not examine.

Contrary to the standard hippocampal model of receptor-
trafficking during LTP (Shi et al., 2001), our data suggests that
GluR1/GluR2 heteromers can be trafficked via GluR2 interac-
tions during synaptic scaling. GluR2 is essential for the regulated
accumulation of AMPAR at the synapse during synaptic scaling.
When introduced into GluR2 knock-down neurons, intact
GluR2 can rescue synaptic scaling, whereas a GluR2/CT1 chimera
cannot. This was not because of a simple trafficking defect, as
both the intact and chimeric GluR2 trafficked correctly to the
synaptic membrane. Another potential worry is that GluR2-
lacking AMPARs are calcium permeable (Isaac et al., 2007), rais-
ing the possibility that knocking down GluR2 disrupts receptor

trafficking by increasing baseline calcium
influx at synapses. Two results argue
against this interpretation. First, chemical
LTP is intact, arguing against a general
calcium-induced defect in synaptic plas-
ticity. Second, both intact GluR2 and the
GluR2/CT1 chimera should decrease cal-
cium permeability to a similar degree, yet
the chimera fails to rescue scaling. To-
gether, these data strongly suggest that
synaptic scaling requires interactions with
trafficking proteins such as ABP/GRIP
(Osten et al., 2000) and PICK1 (Perez et
al., 2001; Lu and Ziff, 2005) that are known
to bind to the GluR2 C-tail. Whether this is
because of a GluR2-dependent effect on
receptor trafficking to the plasma mem-
brane, tethering at synaptic sites, or inter-
nalization remains to be determined.

Interestingly, we also observed that a
chimeric GluR1/C-tail 2 interferes with
synaptic scaling. When introduced into
GluR2 knock-down neurons, this con-
struct increased synaptic transmission sig-
nificantly, to a similar degree as 24 h of
TTX treatment, and occluded the accumu-
lation normally induced by TTX treat-
ment. Since overexpressed intact GluR2
does not increase baseline transmission,
this suggests either a change in the single-
channel conductance or the trafficking of
the receptors. The trafficking could be al-
tered if both C-tail and non-C-tail domain
interactions are important in controlling
baseline AMPAR accumulation and the
GluR2 N terminus or transmembrane do-
main contains a sequence that normally
puts a break on receptor accumulation. It
is unclear at the moment how this con-
struct interferes with synaptic scaling.
One possibility is that synapses are
“prescaled” because AMPAR have al-
ready occupied binding slots used dur-
ing synaptic scaling. It is equally possible
that synaptic scaling requires at least two
trafficking steps for its expression, one

that relies on the GluR2 C-tail, and a second that relies on
sequences in a non-C-tail domain.

Here, we show that synaptic scaling induces accumulation of
functional GluR2-containing AMPARs both during TTX-
induced scaling in culture and at layer 2/3 synapses during visual
deprivation-induced scaling in vivo. It has been suggested that
synaptic scaling in layer 2/3 induced by dark rearing results from
accumulation of GluR2-lacking AMPARs, because dark rearing
increases rectification at layer 4 to layer 2/3 synapses (Goel et al.,
2006). However, the effect of visual deprivation on layer 4 to 2/3
synapses depends strongly on the mode of visual deprivation; for
example, lid suture depresses excitatory transmission from layer
4 to 2/3, whereas intraocular TTX enhances it (Maffei and Turri-
giano, 2008), and it is not clear what effect brief dark rearing has
on the absolute amplitude of transmission at this synapse. Here,
we used mEPSC recordings, which sample from all the inputs
onto layer 2/3 neurons, to assay the GluR2 content after synaptic

Figure 7. The GluR2 C-tail is required for synaptic scaling. A, Left, Average baseline mEPSC amplitude for the indicated
conditions; KD, GluR2KD; RNAiI, RNAi-insensitive GluR2; n ) 8, 6, 7, 8, and 8, respectively. B, Average mEPSC amplitude for
indicated conditions; TTX is expressed as percentage of control for the same condition * the propagated SEM (n ) 9, 8, and 8,
respectively). C, Localization of GluR2 constructs using extracellular GFP tag. Top, GluR2KD plus RNAiI dendrite using antibodies
against GFP under nonpermeant conditions (green) to localize surface exogenous RNAiI GluR2 and PSD-95 (red). Bottom, GluR2
KD plus GluR2/CT1 dendrite labeled against GFP (green) to localize surface GluR2/CT1 and PSD-95 (red). D, Average colocalization
of RNAiI (n ) 9 neurons) and GluR2/CT1 (n ) 7 neurons) with PSD-95 in GluR2KD neurons. *Different from control, p $ 0.05.
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scaling. We found that scaling up in response to monocular TTX
injection results in increased accumulation of GluR2-containing
AMPARs. These data are consistent with reports from cortical
(Wierenga et al., 2005; Ibata et al., 2008), spinal (O’Brien et al.,
1998), and hippocampal cultures (Sutton et al., 2006) that 1–2 d
of activity blockade with TTX alone results in the insertion of
GluR2-containing AMPARs. In contrast, several studies on ho-
meostatic plasticity induced by chronic action potential and
NMDAR blockade together have reported the selective accumu-
lation of GluR1 homomers, with GluR2 playing little or no role
(Ju et al., 2004; Thiagarajan et al., 2005; Sutton et al., 2006).
Together with the results presented here, these studies suggest
that blockade of spikes, or of spikes and NMDAR together, in-
duce molecularly distinct forms of homeostatic plasticity that
result from differential trafficking of GluR1 and GluR2. Synaptic
scaling and many forms of LTP both result in increased AMPAR
accumulation at synapses. Here, we show that a chemical form of
LTP can still be induced in GluR2KD neurons that cannot express
synaptic scaling. This indicates that AMPAR accumulation in-
duced by synaptic scaling and LTP protocols result from different
AMPAR trafficking rules with distinct subunit dependencies. A
comparison of the mEPSC amplitude distribution after chemical
LTP and synaptic scaling revealed different patterns of receptor
insertion; although synaptic scaling scaled up synaptic strengths
proportionally as described previously, chemical LTP did not, in
keeping with the idea that these two forms of plasticity are both
functionally and molecularly distinct. There is also much evi-
dence for the role of GluR2 in the expression of some postsynap-
tic forms of LTD (Xia et al., 2000; Kim et al., 2001; Chung et al.,
2003; Steinberg et al., 2006). The GluR2 C-tail interactions re-
quired for the expression of LTD are variable depending on the
cell type and the induction method (Malinow and Malenka,
2002) and whether LTD and synaptic scaling result from recip-
rocal regulation of the same trafficking steps remains to be seen.

Together, our data strongly support the idea that increased
AMPAR accumulation at neocortical synapses can be induced
through two distinct pathways, an LTP pathway that depends
on interactions with the GluR1 C-tail and a synaptic scaling
pathway that depends on interactions with the GluR2 C-tail.
This molecular distinction opens the possibility for designing
manipulations that will selectively interfere with synaptic scal-
ing while leaving LTP intact. These two forms of plasticity
operate over different temporal and spatial scales, with LTP
being rapid and local (Abbott and Nelson, 2000) and synaptic
scaling being slower and global (Turrigiano and Nelson, 2004,
Ibata et al., 2008). The differential dependence of LTP and
synaptic scaling on AMPAR trafficking signals may facilitate
the ability of neurons to engage in both complementary forms
of plasticity without interference.
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