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Despite long-standing evidence that the specific intracellular domains of AMPA-type glutamate receptor (AMPAR) subunits are critical
for trafficking, it has recently been demonstrated that there is no absolute requirement for any AMPAR subunit for the receptor insertion
underlying LTP. It is unclear whether this holds true to other forms of plasticity. Homeostatic synaptic plasticity (HSP) is an important
form of negative feedback that provides stability to neuronal networks, and results at least in part from the insertion of AMPARs into
glutamatergic synapses following chronic reductions in neuronal activity. Similar to LTP, the GluA1 subunit has been suggested to be the
requisite subunit for HSP-induced AMPAR insertion and acute treatment with signaling molecules that underlie some forms of HSP
results in the preferential incorporation of GluA2-lacking receptors. However, knockdown experiments have instead implicated a re-
quirement for the GluA2 subunit. Here we re-examined the requirement for specific AMPAR subunit during chronic tetrodotoxin-
induced HSP using hippocampal cultures derived from AMPAR subunit knock-out mice. We observed HSP in cultures from GluA1 �/�,
GluA2 �/�, and GluA2 �/� GluA3 �/� mice, and conclude that, as with LTP, there is no subunit requirement for HSP.

Introduction
Plasticity of excitatory synaptic transmission is in large part me-
diated by changes in the content of AMPA-type glutamate recep-
tors (AMPARs) in the postsynaptic plasma membrane (Kerchner
and Nicoll, 2008). Consequently, there has been intense investi-
gation into the regulation of AMPAR trafficking, primarily fo-
cused on the differential contribution of the various AMPAR
subunits. AMPARs are heteromultimers, comprised of the sub-
units GluA1-4. In the CA1 region of the hippocampus, AMPARs
are principally composed of GluA1-GluA2 heteromers, with a
smaller contribution of GluA2-GluA3 heteromers and GluA1 ho-
momers (Wenthold et al., 1996; Lu et al., 2009; Rozov et al.,
2012). The divergent cytosolic C-terminal domains of the sub-
units contain binding motifs for a variety of interacting proteins
thought to contribute differentially to trafficking of AMPARs
(Shepherd and Huganir, 2007). Based on those differences in the
C-terminal domains, a subunits-specificity rule for AMPAR traf-
ficking has emerged, which posits that AMPARs containing
GluA2 are functionally incorporated into the synapse under basal
conditions, whereas those containing GluA1 are excluded from
the synapse and are functionally incorporated only with an in-

crease in neuronal activity, such as in LTP (Hayashi et al., 2000;
Passafaro et al., 2001; Shi et al., 2001). GluA1 dominates GluA2 in
trafficking according to this model, and is the key for activity-
dependent synaptic insertion (Passafaro et al., 2001; Shi et al.,
2001). However, recent experiments demonstrate that no sub-
unit, neither GluA1 nor GluA2, is required for synaptic incorpo-
ration of AMPARs or for LTP (Kim et al., 2005; Panicker et al.,
2008; Granger et al., 2013). This challenges the notion of subunit
specificity for other forms of synaptic plasticity.

Homeostatic synaptic plasticity (HSP), or synaptic scaling, is
an important form of plasticity that acts in opposition to stan-
dard Hebbian plasticity (LTP and LTD) to normalize synaptic
drive (Turrigiano, 2012). Much like Hebbian plasticity, HSP is
thought to be mediated in a large part through changes in post-
synaptic AMPAR content (Lee, 2012). Most work on HSP has
focused on the scaling up of glutamatergic synapses, induced by
the chronic reduction of neuronal activity. Mechanistic insight
from these studies has suggested that GluA1, as in LTP, may play
the predominant role. Several forms of activity deprivation cause
the preferential increase in surface expression of GluA1 (Thiaga-
rajan et al., 2005; Sutton et al., 2006; Hou et al., 2008; Garcia-
Bereguiain et al., 2013). Moreover, factors that have been shown
to be required for scaling up appear to target GluA1 for increased
surface expression (Stellwagen et al., 2005; Stellwagen and
Malenka, 2006; Aoto et al., 2008). However, interfering with
GluA1 trafficking only reduced the magnitude of scaling up in
neocortical cultures, whereas RNAi-mediated knockdown of
GluA2 completely abrogated scaling up (Gainey et al., 2009). In
light of the recent data demonstrating that LTP does not require
any specific AMPAR subunit and can be expressed in the absence
of AMPARs altogether (Granger et al., 2013), we have re-
examined the AMPAR subunit requirement in the hippocampal
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homeostatic response to network inactiv-
ity. Similar to LTP, we find no require-
ment for any particular AMPAR subunit.

Materials and Methods
Animals and neuronal culture. All procedures
were performed in accordance with the guide-
lines of the Canadian Council for Animal Care
and the Montreal General Hospital Animal
Care Committee. Cultures were prepared
from GluA1�/�, GluA2�/�, GluA3�/�, or
GluA2 �/� GluA3 �/�, and compared with
wild-type C57BL/6 mice. Hippocampi were
dissected in cold HBSS from newborn (P0 –P1)
pups of either sex, trypsinized (0.05% trypsin/
EDTA; Life Tech) for 15–20 min, triturated
and seeded on coverslips precoated with poly-
D-lysine (10 �g/ml; Sigma-Aldrich) in 24-well
plates at 75–150 � 10 3 cells per well. Cultures
were maintained in neurobasal supplemented
with 0.5 mM Glutamax and 2% v/v B27 (all
from Life Tech). 5-Fluoro-2�-deoxyuridine:
uridine (0.13:0.33 mg/ml; Sigma-Aldrich) was
added between DIV4-6. Cultures were treated
with 1 �M TTX (Alomone Labs) for 2 d before
testing at DIV12-15 or at DIV21.

Surface-labeling of AMPARs and image
analysis. AMPAR surface staining and image
analysis were done essentially as described
previously (Stellwagen et al., 2005). The anti-
GluA1 antibody (1:1000; gift from R. Huganir,
Johns Hopkins University, Baltimore, MD) was used on fixed, nonper-
meabilized cells. The anti-GluA2 antibody (5–10 �g/ml, clone 6C4, Mil-
lipore) was added to live cultures in conditioned medium for 15–20 min
at 37°C, washed with aCSF (see below), and fixed in 2.5% paraformalde-
hyde/4% sucrose in aCSF. Cells were permeabilized with 0.1% Triton
X-100, and labeled for MAP2 (0.5 �g/ml, clone HM-2, GeneTex). Images
were acquired using wide-field fluorescence or confocal laser scanning
microscopy, using 63� objective and identical laser power and exposure
settings for any given experiment. For analysis, the total area of AMPAR
immunostaining was selected by thresholding, and normalized to total
dendritic area (selected by using either background fluorescence or cor-
responding MAP2 signal). The percentage of dendritic area containing
AMPARs was then compared between conditions.

Electrophysiology and mEPSC analysis. Patch-clamp recordings were
performed in aCSF (in mM: NaCl 135, KCl 3.5, CaCl2 2, MgCl2 1.3,
HEPES 10, D-glucose 20, pH adjusted to 7.3–7.4 with NaOH), supple-
mented with TTX (0.5 �M), picrotoxin (100 �M), and D-APV (25 �M).
Borosilicate electrodes were filled with (in mM): CsMeSO4 125, CsCl 10,
HEPES 15, MgATP 4, Na3GTP 0.4, Na2-phosphocreatine 5, Tris-
phosphocreatine 5, EGTA 0.6, CaCl2 0.05, pH 7.2. Cells were held at �70
mV; only recordings with stable access resistance (8 –25 M�) were in-
cluded, and cells with membrane resistance �150 M�, or very low
mEPSC frequency (�0.2 Hz) were excluded from further analysis.
Clampfit 10 was used to identify mEPSCs using template matching, with
a threshold of 7 pA (�2 � root mean square of baseline noise). For
cumulative distribution plots of mEPSC amplitude, an equal number of
mEPSCs (35 per cell) was randomly selected from each cell, then rank-
ordered and averaged for each condition. Multiplicative scaling was ver-
ified by plotting the TTX-treated mEPSC amplitudes against respective
control and using linear regression to obtain a slope factor to transform
the TTX distribution.

Data analysis. All data presented were pooled from 2– 6 culture
batches. Data are presented as �SEM and statistical significance consid-
ered at p � 0.05. Imaging data were compared using an unpaired Stu-
dent’s t test; multiple comparisons of electrophysiology data were done
using the Wilcoxon test and the Kolmogorov–Smirnov (K–S) test used
for cumulative distributions of mEPSC amplitudes.

Results
To address the question of AMPAR subunit requirement for
AMPAR insertion during chronic activity blockade, we treated
dissociated hippocampal cultures from newborn mice with
constitutive deletions in AMPAR subunits with TTX for a period
of 2 d before testing between DIV12-15. For wild-type and
GluA1�/� mice, we assessed the surface expression of AMPARs
using an antibody against the N-terminus of GluA2 on nonper-
meabilized cells. As expected, 2 d of activity blockade results in a
significant increase in the surface expression of AMPARs in wild-
type (Fig. 1A,B; wild-type TTX-treated 128 � 7% of control, p �
0.01). Consistent with previous reports (Zamanillo et al., 1999;
Lu et al., 2009), the surface expression of AMPARs on neurons
from GluA1�/� cultures was greatly reduced with respect to
wild-type cultures (�15% of wild-type surface levels). However,
we still found that a 2 d TTX treatment produced a comparable
increase over control in the surface expression of AMPAR (Fig. 1;
GluA1�/� TTX-treated 129 � 9% of control, p � 0.01). These
results appear to discount a critical role for GluA1 in the increase
in surface trafficking of AMPAR in response to activity blockade,
in agreement with the results of (Gainey et al., 2009). However,
when we tested GluA3�/�, as well as GluA2�/�; GluA3�/�

double-mutant cultures for scaling up, we still found a robust
increase in surface trafficking of AMPAR (labeled using an
N-terminus anti-GluA1 antibody) in response to 2 d TTX treat-
ment (Fig. 1 C,D: GluA3�/� TTX-treated 139 � 12% of control,
p � 0.01, GluA2�/� GluA3�/� 135 � 7% of control, p � 0.001).
Unlike for GluA1, basal surface expression of AMPARs is unaf-
fected in GluA2�/� cultures (103 � 0.5% of control). To ensure
that this is true for mature synapses, we also tested synaptic scal-
ing at DIV21. Consistent with our results on younger cultures, we
observed a significant increase in the surface expression of GluA2
for wild-type and GluA1�/� cultures, and in the surface expres-
sion of GluA1 for GluA2�/� cultures (wild-type: TTX-treated
138 � 7% of control, p � 0.001; GluA1�/�: TTX-treated 130 �

Figure 1. AMPAR surface trafficking in response to inactivity is independent of subunit identity. A, Example images of cell-
surface labeling of GluA2 in wild-type and GluA1 �/� neurons, control or treated for 2 d with TTX. B, Summary data showing an
increase in AMPAR surface levels with 2 d TTX treatment over control in wild-type and GluA1 �/� cultures ( p � 0.01, n 	 60
images per condition). C, Example images of cell-surface labeling of GluA1 in GluA3 �/�, and GluA2 �/� GluA3 �/� neurons,
control and treated for 2 d with TTX. D, Summary data showing an increase in AMPAR surface levels with TTX treatment over control
in GluA3 �/� ( p � 0.01), and GluA2 �/� GluA3 �/� cultures ( p � 0.001, n 	 30 – 61 images per condition).
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8% of control, p 	 0.01; GluA2�/�: TTX-treated 130 � 10% of
control, p 	 0.02; n 	 48 – 65 images per condition). Therefore,
unlike acute RNAi knockdown of GluA2 (Gainey et al., 2009),
constitutive loss of GluA2 does not prevent the scaling-induced
increase in AMPAR surface expression.

To verify that the increase in surface trafficking of AMPAR in
response to 2 d TTX treatment was associated with scaling up
of synaptic strength, we recorded mEPSCs from wild-type,
GluA1�/�, and GluA2�/� cultures following chronic activity
blockade. In all three genetic backgrounds, we observed a signif-
icant increase in mEPSC amplitude in response to 2 d TTX treat-
ment (Fig. 2: wild-type, control 14.2 � 1.2 pA, n 	 18, TTX
21.5 � 2.3 pA, n 	 20, p � 0.01; GluA1�/�, control 13.2 � 0.7
pA, n 	 10, TTX 24.3 � 4.1 pA, n 	 10, p 	 0.01; GluA2�/�,
control 17.7 � 1.9 pA, n 	 17, TTX 24.3 � 2.1 pA, n 	 19, p 	
0.04). There was no significant difference in the baseline mEPSC
amplitude among the various genotypes.

Although not significant, we did observe an increase in
mEPSC frequency with 2 d TTX treatment in the case of wild-
type and GluA2�/� cultures (wild-type, control 2.3 � 0.6 Hz,
n 	 18, TTX 5.4 � 1.3 Hz, n 	 20, p 	 0.08; GluA1�/�, control
2.3 � 0.7 Hz, n 	 10, TTX 2.0 � 0.6 Hz, n 	 10, p 	 0.68;
GluA2�/�, control 2.4 � 0.6 Hz, n 	 17, TTX 4.5 � 1.0 Hz, n 	
19, p 	 0.10). The trend of increase in mEPSC frequency may be
related to the relatively mature state of our dissociated mouse
cultures; it has been reported previously that although activity-
blockade at early stages of in vitro culture development scales
quantal amplitude, in more mature cultures the same activity
deprivation additionally recruits presynaptic mechanisms (Wi-
erenga et al., 2006; Han and Stevens, 2009).

We further analyzed the nature of synaptic scaling in the three
genetic backgrounds by randomly extracting a subset of mEPSC
amplitude values and plotting the mean ranked TTX distribution
versus control for each genotype (Fig. 3A). In all cases, the control
distribution was reproduced by a scalar multiplication of its
respective TTX distribution (scaling factors: wild-type 1.54,
GluA1�/� 2.46, GluA2�/� 2.01). Although Kolmogorov–Smir-

nov testing revealed a significant difference in the cumulative
fraction distribution of mEPSC amplitudes between control and
TTX-treated cells for all three genotypes, there was no statistically
significant difference when the TTX distribution was scaled down
by the slope factor and compared against its control distribution
(Fig. 3B). This argues that the scaling observed in all genotypes
represents a multiplicative increase in all synapses of the neuron,
as has been reported for neocortical neurons (Turrigiano et al.,
1998; Gainey et al., 2009; Goel et al., 2011).

Discussion
We demonstrated here that constitutive loss of GluA1 or GluA2
(and GluA3) does not lead to a deficit in surface trafficking of
AMPAR in response to prolonged activity deprivation, and
moreover that synaptic scaling of quantal amplitude is preserved
in neuronal cultures from those animals. This suggests that scal-
ing up can recruit AMPARs regardless of subunit composition
and is corroborative to the recent finding that AMPAR subunits
are dispensable for trafficking and plasticity in the context of LTP
(Granger et al., 2013).

HSP is an important form of plasticity that acts to regulate
neuronal activity in networks (Turrigiano, 2012). Although in-
duction is mechanistically distinct from Hebbian plasticity, HSP
has similar expression as a change in synaptic AMPAR content
(Lee, 2012). Therefore, principles of AMPAR trafficking may be
similar, and HSP may interact in interesting ways with other
forms of plasticity (Arendt et al., 2013). Recent work has demon-
strated that Hebbian-type synaptic strengthening requires abun-
dant surface expression of AMPARs, but does not require any
specific AMPAR subunit, shifting the focus of receptor trafficking
from the multimeric nature of the AMPAR, to the structure and
protein composition of the glutamatergic postsynapse (Granger
et al., 2013).

Previous studies investigating the mechanism of HSP in re-
sponse to activity deprivation have suggested the importance of
GluA1, and specifically its C-terminal domain, in scaling up,
much like in LTP (Zamanillo et al., 1999; Hayashi et al., 2000;
Passafaro et al., 2001; Lee et al., 2003; Thiagarajan et al., 2005;
Stellwagen and Malenka, 2006; Sutton et al., 2006; Aoto et al.,
2008; Hou et al., 2008; Goel et al., 2011; Garcia-Bereguiain et al.,
2013). However, the study by Gainey et al. (2009) using a
dominant-negative strategy of interfering with the trafficking of
AMPARs through overexpression of GluA1 or GluA2 C-terminal
domains, showed that although overexpression of GluA1
C-terminal domain only partially reduced the magnitude of syn-
aptic scaling up, overexpression of GluA2 C-terminal domain
completely abrogated the response to TTX. The GluA1
C-terminal domain has been used in the past to interfere with
LTP expression, presumably through interference with PDZ-
mediated interactions at the extreme C-terminus (Shi et al.,
2001); however, knock-in animals lacking the PDZ ligand
showed normal LTP (Kim et al., 2005), highlighting the impor-
tance of using different complementary strategies to assess loss-
of-function in biological systems (Boehm et al., 2006).

The study of Gainey et al. (2009) also demonstrated that
RNAi-mediated knockdown of GluA2 abolished synaptic scaling
in response to TTX. There are several possible explanations for
the seeming discrepancy between their study and our current
work. First, the cultures of Gainey et al. (2009) were from rat
neocortex, whereas we used mouse hippocampal cultures, and it
is plausible that the differences could be attributed to brain
region-dependent trafficking rules or differences in culture con-
ditions. However, no fundamental differences between HSP in

Figure 2. Synaptic scaling is independent of AMPAR subunit identity. A, Example traces from
wild-type, GluA1 �/�, and GluA2 �/� neurons, control or treated for 2 d with TTX. B, Mean
mEPSC amplitudes for wild-type, GluA1 �/�, and GluA2 �/� increased significantly with 2 d
TTX treatment (wild-type control n 	 18, TTX n 	 20, p � 0.01; GluA1 �/� control n 	 10,
TTX n 	 10, p 	 0.01; GluA2 �/� control n 	 17, TTX n 	 19, p 	 0.04).
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the two systems have been reported. More
likely, the difference is due to the AMPAR
subunit loss-of-function approach used
by the two studies; we opted to use con-
stitutive knock-outs, rather than rela-
tively acute knockdown using RNAi. This
raises the possibility of developmental
compensation in our approach. The regu-
lation of synaptic AMPARs is a critical
function of neurons, and other traffick-
ing routes could be accessed when the
normal pathways are removed. Nonethe-
less it does argue that no AMPAR subunit
or binding partner is absolutely required
for regulated synaptic insertion seen in
HSP or in LTP, although it does not pre-
clude any particular subunit or interactor
from being the key mediator when all sub-
units are present.

It could be argued that constitutive
knock-outs have fundamentally altered sig-
naling. However, despite GluA2 knock-outs
having Ca2
 permeable basal synaptic cur-
rents that could be a potential source of
anomalous signaling, previous studies have
demonstrated that basal and activity-
dependent AMPAR trafficking are not al-
tered in hippocampal slice preparations in
these mouse models (Jia et al., 1996; Meng et
al., 2003; Panicker et al., 2008). Further, the
dissociated cultures of GluA1�/� used here
have recapitulated one of the main findings
in situ from GluA1�/� hippocampal slices
(Zamanillo et al., 1999; Lu et al., 2009), that
surface expression of AMPAR is greatly re-
duced with respect to wild-type cultures
(�15% of wild-type surface levels), whereas
basal synaptic strength remains largely in-
tact (Fig. 2B). This suggests that the extra-
synaptic pool of receptors is greatly
diminished, though the synaptic content of
AMPARs remains relatively unchanged,
and raises the question of how is it that scal-
ing up is conserved in GluA1�/� neurons,
when the decrease in extrasynaptic AMPAR
renders those cells deficient in LTP expres-
sion (Granger et al., 2013). One of the key
differences between LTP and HSP is the
time scale over which these phenomena op-
erate. Although LTP is a relatively rapid
form of plasticity, and likely dependent on a
large available pool of extrasynaptic receptors to traffic into the syn-
apse, scaling up operates over a much longer period, and is depen-
dent on transcription (Ibata et al., 2008; Jakawich et al., 2010).
Hence, over the prolonged period of inactivity, there may be suffi-
cient newly translated AMPARs (or translation of factors that in-
crease AMPAR trafficking) to sustain scaling up. Further, the
gradual nature of the receptor accumulation may allow a smaller
reserve pool of extrasynaptic receptors to suffice.

The results presented here show clearly that in hippocampal py-
ramidal neurons, one of the most widely studied neuronal cellular
models, there is no AMPAR-subunit dependence for HSP; however,
it should be noted that this may only apply to scaling up. Indeed

several studies have demonstrated that, analogous to the case with
Hebbian-type plasticity, scaling up and scaling down are mechanis-
tically distinct processes. Deficiency in the factors that regulate scal-
ing up, do not affect scaling down (Stellwagen and Malenka, 2006;
Pratt et al., 2011). Moreover, cell-autonomous scaling down in hip-
pocampal organotypic slices has been shown to require the GluA2,
but not the GluA1, subunit (Goold and Nicoll, 2010). That this study
demonstrated a requirement for the GluA2 subunit in scaling down,
using constitutive genetic knock-out, argues against developmental
compensation in this mouse model. This suggests that the trafficking
rules governing endocytosis may be distinct from those regulating
exocytosis and synaptic insertion, though it should be noted that
LTD is normal in GluA2�/� mice (Jia et al., 1996).

Figure 3. Synaptic scaling remains multiplicative in the absence of GluA1 or GluA2. A, Randomly selected mEPSCs for 2 d
TTX-treated were ranked and averaged, and compared against control. Linear regression yielded slope factors of: TTX 	 control �
1.54 for wild-type, TTX 	 2.46 � control for GluA1 �/�, and TTX 	 2.01 � control for GluA2 �/�. B, Cumulative fraction for
ranked averaged mEPSC amplitudes (�SEM) was plotted for control (gray line) and TTX (black line) for each genotype; K–S testing
of TTX versus control yielded p values of � 0.001 for all genotypes. The TTX distribution for each individual genotype was then
scaled down by respective slope factor (dashed black line), and when compared versus control yielded p values of 0.62 for
wild-type, 1.00 for GluA1 �/�, and 1.00 for GluA2 �/�.

11766 • J. Neurosci., July 17, 2013 • 33(29):11763–11767 Altimimi and Stellwagen • Synaptic Scaling Independent of AMPAR Composition



Together with the recent demonstration that LTP does not
require any specific AMPAR subunit (Granger et al., 2013), these
data should shift the focus in studying AMPAR trafficking in the
context of glutamatergic synaptic plasticity from the receptor
subunit composition, to the structure and protein composition
of the synapse. To this end, it has been shown that excitatory
glutamatergic HSP does involve structural changes in synaptic
structure and the composition of the postsynaptic density, in-
cluding transmembrane AMPAR regulatory proteins or TARPs
(O’Brien et al., 1998; Ehlers, 2000; Sun and Turrigiano, 2011;
Shin et al., 2012).
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