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Background: SUMOylation regulates many cell pathways.
Results: Synaptic scaling elicited by suppression of neuronal activity decreases the deSUMOylating enzyme SENP1; overex-
pression of SENP1 prevents synaptic scaling.
Conclusion: SUMOylation is required for AMPA receptor trafficking underlying scaling, an important form of neuronal
plasticity.
Significance: Regulation of synaptic dynamics and plasticity is fundamental to understanding brain function and dysfunction.

Homeostatic scaling allows neurons to alter synaptic trans-
mission to compensate for changes in network activity. Here, we
show that suppression of network activity with tetrodotoxin,
which increases surface expression of AMPA receptors
(AMPARs), dramatically reduces levels of the deSUMOylating
(where SUMO is small ubiquitin-like modifier) enzyme SENP1,
leading to a consequent increase inprotein SUMOylation.Over-
expression of the catalytic domain of SENP1 prevents this scal-
ing effect, and we identify Arc as a SUMO substrate involved in
the tetrodotoxin-induced increase in AMPAR surface expres-
sion. Thus, protein SUMOylation plays an important and previ-
ously unsuspected role in synaptic trafficking of AMPARs that
underlies homeostatic scaling.

AMPA receptors (AMPARs)3 mediate most fast excitatory
synaptic transmission in the central nervous system, and their
regulated trafficking underlies NMDA receptor-dependent
long-term potentiation and long-term depression (1). The
changes in the efficacy of specific synapses that occur in long-
term potentiation and long-term depression can lead, however,
to destabilization of neuronal circuits. To counteract this,
homeostatic scaling provides a compensatory mechanism that
adjusts global synaptic properties tomaintain differences in the
relative strengths of synaptic inputs, which are necessary for
information processing and storage (2, 3).
SUMOylation is the covalent conjugation of a small ubiqui-

tin-like modifier (SUMO) protein to a lysine residue in target

proteins (4) at the consensus sequence �KX(D/E), where � is a
large hydrophobic residue, e.g. valine. There are three SUMO
paralogues, SUMO-1–SUMO-3, but SUMO-2 and SUMO-3
differ by only three amino acids. Despite being a covalent mod-
ification,most substrate proteins are rapidly deSUMOylated by
SENP enzymes. There are six SENP enzymes (SENP1–SENP3
and SENP5–SENP7), and SENP1 has a broad specificity for
SUMO-1 and SUMO-2/3 and acts in both theirmaturation and
deconjugation (4).
The functional consequences of SUMO conjugation are

diverse and, for many proteins, have not yet been fully estab-
lished. Nonetheless, SUMOylation is integral to neuronal func-
tion and plays roles in synapse formation and regulation of
axonal transport and neuronal excitability (5, 6). For example,
SUMOylation of the kainate receptor subunit GluK2 by
SUMO-1 is required for agonist-induced endocytosis of the
receptor (7, 8). SUMOylation of other proteins has been shown
to affect spine development and dynamics (9–11), presynaptic
exocytosis (12), and neuronal excitability (13). Intriguingly,
however, there have been no reports of SUMOylation influenc-
ing AMPAR localization or function.
The activity-induced immediate-early gene product Arc/

Arg3.1 (Arc) is the most extensively characterized protein
involved in synaptic scaling (2, 14). ArcmRNAundergoes activ-
ity-dependent dendritic transport and local protein synthesis.
Arc levels are increased by sustained rises in synaptic activity
and regulated by ubiquitination and proteasomal degradation.
The neurodegenerative disease Angelman syndrome is sug-
gested to be caused in part by defective Arc ubiquitination,
leading to Arc accumulation and decreased synaptic AMPARs
(15). The effect on AMPARs is specific, as overexpression of
Arc enhances and knockdown reduces basal AMPAR endocy-
tosis with no effects on NMDA receptor-dependent AMPAR
long-term depression (16). Raised levels of Arc caused by
increased neuronal activity promote AMPAR internalization
via Arc interactions with endophilin-3 and dynamin-2, result-
ing in decreased AMPAR surface expression (14, 17). On the
other hand, prolonged inhibition of synaptic activity decreases
Arc levels, which leads to reduced endocytosis and increased
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AMPAR surface expression (14, 18). It has also been reported
that Arc is involved in homeostatic plasticity at individual syn-
apses, independent of neighboring synapses (19). Interestingly,
SUMOylation has also been proposed as an important regula-
tor of Arc function. Mutation of two consensus SUMOylation
sites disrupts Arc localization in dendrites, which has been
interpreted to suggest that Arc SUMOylation plays a role in
structural changes required for some formsof long-termpoten-
tiation consolidation (20).
Here, we demonstrate that, consistent with previous reports,

sustained blockade of synaptic activitywith tetrodotoxin (TTX)
increases AMPAR surface expression. In addition, however,
TTX reduces the levels of SENP1, which in turn increases pro-
tein SUMOylation by SUMO-1. Overexpression of SENP1 pre-
vents the TTX-induced increase in GluA1. We further show
that SUMOylation of Arc is a key regulator of AMPAR traffick-
ing in synaptic scaling.

EXPERIMENTAL PROCEDURES

Molecular Biology—The SENP1 catalytic domain (residues
351–644; SENP1(active)) and SENP1(C603S) were subcloned
into attenuated Sindbis virus (21) and used at titers to achieve
�90% infection for biochemistry experiments and �20% for
confocal imaging to allow visualization of individual neurons.
Cell Line Culture—HEK293T cells were maintained in Dul-

becco’s modified Eagle’s medium (Invitrogen) supplemented
with 4.5 g/liter glucose, 10% fetal bovine serum, and penicillin/
streptomycin. Cells were transfected with TransIt (Cambridge
Bioscience). Typically, 1 �g of each plasmid was used, and cells
were lysed and assayed after 48 h. Cells were lysed in buffer
containing 150mMNaCl, 25 mMHEPES, 1% Triton X-100, and
0.1%SDS (pH7.4).N-Ethylmaleimidewas used at 20mMduring
cell lysis.
Electrophysiology—Parasagittal hippocampal slices 300–400

�m thick were prepared as described previously (7) in accord-
ance with Home Office guidelines. Slices were allowed to
recover for 60 min at 37 °C in culture medium � 1 �M TTX.
Sindbis virus was microinjected into the CA1 pyramidal cell
layer, and recordings from both TTX- and non-TTX-treated
slices were made after 24 h. Submerged slices were perfused
with artificial cerebrospinal fluid � 50 �M picrotoxin at room
temperature. Virus-infected neurons were identified by GFP
fluorescence, and whole-cell recordings of excitatory postsyn-
aptic currents (EPSCs) were collected first from an infected
neuron and subsequently from a neighboring non-infected
neuron using the same stimulus intensity and position. Stimu-
lus intensity was adjusted to give an EPSC amplitude of�50 pA
in the infected cell. This explains why the AMPA responses in
non-infected neurons in panel B of Fig. 3 are larger than in
panels A,D, and E. Cells were voltage-clamped at�70mV, and
synaptic responses were evoked with 100-�s square voltage
steps applied at 0.1 Hz through bipolar stimulating electrodes
(FHC, Inc.) located in the stratum radiatum. For determination
of the rectification index, isolatedAMPAR-mediated responses
were recorded at�70, 0, and�40mV in the presence of D-AP5
(100 �M). The rectification index was calculated as the ratio of
the I/V plot slopes between �70 and 0 mV and between 0 and

�40 mV data. Paired or unpaired Student’s t tests were used as
appropriate.
Surface Biotinylation andWesternBlotting—Surface biotiny-

lation using sulfo-NHS-SS-biotin (Pierce) was performed as
described previously (22). Typically, 75 �g of Triton X-100-
solubilized protein was incubated with 20 �l of streptavidin-
agarose in a total volume of 500 �l for 2 h at 4 °C. Surface
fractions were resolved by SDS-PAGE and subjected to West-
ern blotting with anti-GluA1 or anti-GluA2 antibody (23).
Antibodies were from the indicated manufacturers: monoclo-
nal anti-GluA1 and anti-GluA2 (Millipore), monoclonal anti-
Arc/Arg3.1 and anti-SUMO-1 (D11, Santa Cruz Biotechnol-
ogy; or clone 21C7, Developmental Studies Hybridoma Bank,
University of Iowa), polyclonal anti-SUMO-2 and anti-SENP3
(Cell Signaling), polyclonal anti-SENP1 (Imgenex), and mono-
clonal �-tubulin (Sigma-Aldrich). Western blots were quanti-
fied using NIH ImageJ or LI-COR Image Studio software. For
surface expression assays, surface levels of GluA1/2 were nor-
malized to total GluA1/2 levels. Arc and SENP1/3 levels were
normalized to �-tubulin levels.
Immunoprecipitation of SUMOylated Arc—Adult rat brains

were homogenized in binding buffer (150 mMNaCl and 25 mM

HEPES (pH7.4)) with protease inhibitors (1�Complete, Roche
Applied Science) either with or without 20mMN-ethylmaleim-
ide and centrifuged at 1500 � g for 10 min to pellet cell debris
and nuclei. The supernatant was solubilized for 1 h at 4 °C in 1%
Triton X-100, and insoluble matter was removed by centrifu-
gation at 15,000 � g for 10 min. 1 ml of this lysate (�5 mg of
total protein) was incubated with protein A-Sepharose beads,
10 �g of anti-Arc antibody (clone H-6, Santa Cruz Biotechnol-
ogy), and binding buffer to make the final detergent concentra-
tion 0.25%. The reaction was incubated at 4 °C for 2 h, after
which the beads were washed three times. After washing,
bound protein was eluted from the beads using SDS sample
buffer and resolved by SDS-PAGE.
Bacterial SUMOylation Assay—The bacterial SUMOylation

assay was performed as described previously (24). Briefly, full-
length rat Arc was cloned into the pGEX4T-1 vector. This and
a plasmid expressing E1, E2, and SUMO-1 were transformed
into Escherichia coli BL21 for protein expression. Bacterial cul-
tures were grown to A600 � 1.0 before induction of protein
expression with 0.25 mM isopropyl �-D-thiogalactopyranoside
and incubated overnight at 18 °C. Cultures were pelleted and
lysed by sonication in binding buffer with protease inhibitors,
and GST-Arc was purified on glutathione-Sepharose. Before
elution, half of the glutathione-Sepharose was treated with 20
nM recombinant SENP1 for 1 h at room temperature. Beads
were washed, and proteins were eluted with Laemmli buffer,
resolved by SDS-PAGE, andWestern-blotted for SUMO-1 and
Arc.
Immunocytochemistry and Confocal Microscopy—Hip-

pocampal neurons were treated with 1 �M TTX for 24 h and
then fixed for 5 min with 4% paraformaldehyde in PBS. Surface
AMPARs were labeled with primary antibody against the N
terminus of rat GluA1 (Calbiochem) and Cy3-conjugated sec-
ondary antibody (1:500) under non-permeant conditions. Neu-
rons were then fixed for 12 min with 4% paraformaldehyde,
permeabilized with digitonin (10 min; Sigma D141), incubated
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with 10% horse serum (20 min), and incubated with mouse
monoclonal anti-SUMO-1 antibody (clone 21C7; 1:100). Neu-
rons were labeled with Cy5-conjugated anti-mouse antibody
(1:500). Confocal images were acquired with a Zeiss LSM 510
confocal microscope. z-stacks of 5–10 images were taken at
1024 � 1024 resolution with z-step of 0.5 �m. Images for all
conditions in a particular experimentwere obtainedusing iden-
tical acquisition parameters and were analyzed using NIH
ImageJ software. Neurons were selected blindly based on GFP
fluorescence. Quantification of GluA1 and SUMO-1 intensities
was carried out by thresholding the enhanced GFP or fluores-
cence signal in ImageJ to define outlines of neurons, and the
average fluorescence within this area was calculated. At least 10
neurons and three to five regions of interest for each condition
from three independent experiments were analyzed. Data are
expressed as means � S.E., and significance was determined
using two-tailed t tests. Values were then normalized to
untreated control cells. For presentation, images were pro-
cessed using Adobe Photoshop software by adjusting the
brightness and contrast levels to the same degree for all condi-
tions illustrated in each experiment.

RESULTS AND DISCUSSION

We used 1 �M TTX for 24 h to suppress synaptic activity in
cortical neuronal cultures at 21 days in vitro (25), and as
expected, we detected robust increases in GluA1 and GluA2
surface expression using surface biotinylation (Fig. 1A). We
also observed parallel increases in levels of protein conjugation
by SUMO-1, but not SUMO-2/3 (Fig. 1B). TheseWestern blots
are samples of all SUMO-1- or SUMO-2/3-conjugated pro-
teins, but because SUMOylation patterns vary considerably
between different sets of neurons, the entire lanewas quantified
rather than individual bands. Because a likely mechanism for
increased SUMO-1-ylation is decreased deSUMOylation, we
assessed the levels of the broad-specificity SUMO-specific pro-
tease SENP1. SENP1 was significantly decreased in lysates of
TTX-treated neurons (Fig. 1C), consistent with decreased syn-
aptic activity increasing the stability of protein SUMO-1-yla-
tion via down-regulation of SENP1. In contrast, the levels of
SENP3, which displays specificity for SUMO-2/3-ylation (26),
were significantly increased following TTX treatment (Fig. 1C).
Thus, these differential changes in SENP enzymes that have
different SUMO paralogue specificities can account for the
selective increase in protein conjugation by SUMO-1 following
blockade of synaptic activity.
To determine whether this decrease in SENP1 and the con-

sequent increase in the stability of protein SUMOylation play a
role in the increase in AMPAR surface expression, we virally
overexpressed the catalytic domain (residues 351–644) of
SENP1 (hereafter referred to as SENP1(active)) or the same
construct with an active site mutation rendering it catalyti-
cally inactive (SENP1(C603S)). SENP1(active), but not
SENP1(C603S), reduces total neuronal SUMOylation levels in
neurons (27). In non-infected neurons and neurons expressing
inactive SENP1(C603S), TTX caused a significant increase in
surface GluA1. In neurons expressing SENP1(active), however,
there was no TTX-induced increase in surface GluA1 (Fig. 1D).
Importantly, overexpression of the catalytic domain of SENP1

had no effect on GluA1 surface expression in the absence of
TTX (Fig. 1E). Interestingly, infection of neurons with a virus
expressing SUMO-1 and Ubc9, which increased cellular
SUMOylation (supplemental Fig. S1), caused a significant
increase in surface GluA1, implying that increases in cellular
SUMOylation are sufficient to drive increases in GluA1 surface
trafficking.
The effects of SENP1(active) and SENP1(C603S) on surface

GluA1 and total SUMO-1 levels in individual hippocampal
neurons were assessed by confocal microscopy. SUMO-1 and
surface GluA1 both increased in TTX-treated cells (Fig. 2, A
and B). In agreement with our biochemical data, overexpres-
sion of SENP1(active) significantly decreased dendritic
SUMO-1 levels but had no effect on surface GluA1 in control
non-TTX-treated neurons (Fig. 2m C–E). However, in TTX-
treated neurons, SENP1(active) overexpression significantly
reduced the TTX-induced increase in surface GluA1 and in
SUMOylation compared with expression of inactive
SENP1(C603S) (Fig. 2, C,D, F, andG). We note that, unlike for
the experiments in Fig. 1, SENP1 infection did not completely
prevent the TTX-induced increase in surface expression. This
may be attributable to the different experimental techniques,
the density of neurons or the types of neurons, high-density
cortical cells for biochemistry in Fig. 1, and low-density hip-
pocampal cells for imaging in Fig. 2. Nonetheless, the decrease
in the TTX effect shown in Fig. 2F is significant and corre-
sponds to the decrease in TTX-induced SUMOylation
observed in Fig. 2G in SENP1(active)-infected cells, consistent
with these two effects being linked.
These results indicate that protein SUMOylation is required

for the increase in GluA1 surface expression following sus-
tained inhibition of synaptic activity. To confirm that the
increase in surface GluA1 corresponds to a functional change,
we next tested the effects of SENP1(active) expression on
AMPAR-mediated EPSCs at Schaffer collateral synapses on
CA1 pyramidal neurons in the CA1 region of cultured hip-
pocampal slices. Slices were infected with Sindbis virus
expressing GFP-tagged SENP1(active) or SENP1(C603S) and
incubated for 24 h in the absence or presence of TTX to induce
synaptic scaling. Infected neurons were identified by GFP fluo-
rescence, and EPSCs were recorded from the infected and vic-
inal non-infected cells from the same slice.
SENP1(active) overexpression had no effect on control non-

TTX-treated neurons (59.1 � 9.8 versus 56.1 � 12.7 pA for
infected versus non-infected, respectively (n � 7); p � 0.05)
(Fig. 3, A and C). Similarly, overexpression of SENP1(C603S)
had no effect on EPSCs in either TTX- or non-TTX-untreated
neurons (65.2 � 11.8 versus 59.5 � 15.4 pA (n � 7); p � 0.05)
(Fig. 3, D–F). However, overexpression of SENP1(active)
reduced EPSCs in TTX-treated cells compared with control
non-infected neurons (43.2 � 4.6 versus 104.8 � 21.2 pA for
infected versus non-infected, respectively (n � 9); p � 0.05)
(Fig. 3, B and C). These results agree with our data from Figs. 1
and 2, showing that SENP1(active) overexpression affects only
TTX-induced increases in surface GluA1 rather than constitu-
tive surface expression/recycling. It should be noted that, in
these experiments, the stimulus intensity was adjusted to give
an EPSC amplitude of �50 pA in the infected cell, so responses
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in non-infected neurons in panel B in Fig. 3 are larger than
those in panels A, D, and E. Thus, SENP1(active) reverses pro-
tein SUMOylation and thereby prevents the TTX-evoked
increase in AMPAR EPSCs.We also tested if overexpression of
SENP1(active) altered the ratio of GluA1 and GluA2. AMPAR-
mediated EPSCs were isolated by bath application of D-AP5

(100�M), and the rectification indexwasdeterminedby recording
EPSCs at �70, 0, and �40 mV. Consistent with previous reports
that rectificationdoesnot change in scaling (2, 28),weobservedno
changes in rectification with SENP1(active) or SENP1(C603S)
(supplemental Fig. S2). These results indicate that SUMOylation
does not alter AMPAR subunit stoichiometry.

FIGURE 1. Synaptic scaling decreases SENP1 and increases SUMO-1 conjugation. A, a 24-h treatment with 1 �M TTX increased surface expression of GluA1
and GluA2 in cortical neurons. Surface GluA1/2 was normalized to total GluA1/2. Data are the means � S.E. of four experiments. B, quantification of SUMO
conjugation after a 24-h treatment with 1 �M TTX and representative SUMO-1 and SUMO-2/3 blots. The total levels of SUMO-1 or SUMO-2/3 (the entire lane)
were normalized to the levels of �-tubulin (n � 3). C, quantification and representative blots of SENP1 and SENP3 normalized to �-tubulin levels with and
without TTX treatment (n � 6 for SENP1, and n � 3 for SENP3). D, overexpression of SENP1(active) prevented TTX-induced synaptic scaling. GluA1 after TTX
treatment was normalized to total GluA1 levels and is expressed as a percentage of the control value, represented by the dashed line (n � 4). E, SENP1(active)
or SENP1(C603S) overexpression did not alter surface expression of GluA1, but SUMO-1/Ubc9 overexpression did (n � 4). *, p � 0.05; **, p � 0.01 (Student’s t
test); ns, not significant.
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Arc plays a key role in scaling, and it has been suggested to be
a SUMO substrate (20). We therefore investigated whether
SUMOylation could regulate scaling by altering Arc stability
using wild-type Arc (Arc-WT) and Arc-	KK, a mutant in
which the two high-probability SUMOylation lysines (Lys-110
and Lys-268) were mutated to alanines. In HEK293T cells
transfected with Arc-WT, a 75-kDa band was detected in addi-
tion to the �50-kDa Arc band (Fig. 4A). This band was more
intense when Arc was coexpressed with the SUMO-conjugat-
ing enzyme Ubc9 but was completely absent in the Arc-	KK
mutant. Ubc9 coexpression would be expected to increase the
SUMO conjugation of any cellular SUMO targets, suggesting
that this band is SUMOylatedArc.Note that althoughSUMO-1

is 10 kDa, SUMOylation usually results in a larger apparent
molecular mass shift due to the branched nature of SUMO-
ylated protein. These results indicate that Arc is indeed a SUMO
substrate and demonstrate that Arc-	KK is a SUMO-deficient
mutant. A similar endogenous 75-kDa SUMO-reactive band
was also immunoprecipitated from rat brain lysate using
monoclonal anti-Arc antibody (Fig. 4B). Consistent with it
being SUMO-Arc, the band was reduced when N-ethylma-
leimide, a cysteine protease inhibitor, was omitted during
preparation of the brain lysate. A second higher molecular
mass band at�120 kDawas also immunoprecipitated, suggest-
ing that Arc may be modified by more than one SUMO in neu-
rons. Taken together, these data indicate that Arc can be

FIGURE 2. TTX increases surface expression of GluA1 and expression of SUMO-1. A, control and 24-h TTX (1 �M)-treated cultured hippocampal neurons
showing regions of interest used for quantification of expression levels. Enlarged regions of interest are indicated by boxes. Scale bars � 20 �m. B, quantification
of surface expression of GluA1 and total SUMO-1, expressed as a percentage of control non-TTX-treated cells (n � 3, i.e. three separate experiments, each
assaying three to five regions of interest in 10 different cells). C and D, SENP1(C603S)- and SENP1(active)-overexpressing cells, respectively. E, effects of
SENP1(active) overexpression on SUMO-1 and surface GluA1 in neurons without TTX treatment. Surface GluA1 is expressed as a percentage of control cells
expressing SENP1(C603S) (n � 3, as described above). F, surface GluA1 in cells treated with TTX expressing either SENP1(C603S) or SENP1(active) is expressed
as a percentage of surface GluA1 in cells without TTX treatment (n � 3, as described above). G, SUMO-1 levels in cells treated with TTX and infected with either
SENP1(C603S) or SENP1(active) virus are expressed as a percentage of SUMO-1 levels in cells without TTX treatment (n � 3, as described above). *, p � 0.05; ns,
not significant. **, p � 0.01.
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SUMOylated in vivo and that Lys-110 and Lys-268 are the likely
SUMO sites.
To provide further evidence that Arc is directly conjugated

by SUMO-1 and deSUMOylated by SENP1, we performed a
bacterial SUMOylation assay withGST-taggedArc. As bacteria
have no SUMOylation machinery, this is a tightly controlled
system. We purified SUMOylated GST-Arc from the bacterial
lysate (Fig. 4C) as shown by a higher molecular mass SUMO-
and Arc-reactive band above the �75-kDa band for GST-Arc.
Furthermore, this band was completely removed by a 1 h treat-
ment with recombinant SENP1, demonstrating that Arc is
deSUMOylated by SENP1.
We next expressed GFP-Arc or GFP-Arc-	KK in neurons.

Arc-WT and Arc-	KK levels were reduced by �60% after a
24-h TTX treatment (Fig. 4D), suggesting that SUMOylation
does not affect Arc degradation. To determine whether
SUMOylation alters Arc function, we expressed GFP-Arc or
GFP-Arc-	KK and assessed GluA1 surface expression after a
24-h TTX treatment (Fig. 4E). Under basal conditions, both
Arc-WT and Arc-	KK reduced GluA1 surface expression (Fig.
4,E andF), indicating that the	KKmutation does not affect the
ability of Arc to endocytose GluA1.
Consistent with Arc SUMOylation being involved in scaling,

overexpression of Arc-	KK prevented the TTX-induced
increase in AMPAR surface expression (Fig. 4, E and G). Sur-
prisingly, however, overexpression of Arc-WT caused a greater
reduction in surface GluA1 in TTX-treated neurons than in
control neurons. Interestingly, this effect has been observed,
but not discussed, previously (16).

Possible explanations are that overexpression of Arc-WT
interferes with other synaptic processes such as cytoskeletal
remodeling or thatArc-WTmight chelate SUMO-1 and reduce
SUMOylation of other targets necessary formaintainingGluA1
surface expression. Arc overexpression could also disrupt the
balance betweenAMPAR exocytosis,membrane retention, and
endocytosis. More specifically, reduced network activity resets
synaptic AMPAR trafficking and recycling to ensure that more
AMPARs are present at synapses. This can be mediated by
reduced endocytosis, increased rates of de novo exocytosis,
and/or reduced recycling and thus increased residence time at
the plasma membrane. We hypothesize that, under these reset
parameters, overexpression of Arc increases endocytosis, but
the equilibrium is perturbed, and there is no accompanying
increase in recycling, resulting in a net decrease in surface
GluA1 below that observed in non-TTX-treated cells. Impor-
tantly, our data indicate an activity-dependent rather than a
constitutive role for protein SUMOylation in AMPAR traffick-
ing, consistent with no effect of SENP1(active) on surface
AMPAR in the absence of TTX. This activity dependence likely
accounts for the previously reported lack of effect of infusion of
SUMO-1 or SENP1 on basal AMPAR EPSCs in hippocampal
neurons (7).
In good correlation with our results for SENP1(active) over-

expression, the effects of Arc-	KK differed from those of
Arc-WT only after TTX pretreatment. Specifically, in neurons
expressing Arc-	KK, there was no difference between TTX-
and non-TTX-treated cells. These results are consistent with
the hypothesis that Arc SUMOylation is a requirement for the

FIGURE 3. SENP1(active) expression reduces AMPAR-mediated EPSCs in TTX-treated neurons. A, AMPAR EPSCs recorded from the non-infected (left) and
SENP1(active)-infected (right) control (untreated) hippocampal slices. B, AMPAR EPSCs recorded from the non-infected (left) and SENP1(active)-infected (right)
slices treated with TTX. C, average values of AMPA EPSCs for control (gray bars) and SENP1(active)-infected (black bars) cells in control slices (left; n � 7) and in
slices treated with TTX (right; n � 9). **, p � 0.01. D, AMPAR EPSCs recorded from the non-infected (left) and SENP1(C603S)-infected (right) control (untreated)
hippocampal slices. E, AMPAR EPSCs recorded from the non-infected (left) and SENP1(C603S)-infected (right) slices treated with TTX. F, average values of AMPA
EPSCs for control (gray bars) and SENP1(C603S)-infected (black bars) cells in control slices (left; n � 7) and in slices treated with TTX (right; n � 7). The time scale
was 40 ms in all traces.
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forward trafficking of GluA1 to the cell surface during chronic
activity blockade to express homeostatic plasticity. Given the
complexity andmultilayered control of AMPAR trafficking, we
consider it likely that other, as yet unidentified SUMO target
proteins also play important roles in themodulation ofAMPAR
trafficking.

In summary, our results demonstrate that decreased SENP1
is permissive for synaptic scaling and suggest that SUMO-
ylation of Arc is a key arbiter of homeostatic plasticity. This
represents a previously unsuspected regulatory mechanism for
the control of long-term responsiveness of neurons to changes
in network activity.

FIGURE 4. Arc SUMOylation is required for synaptic scaling. A, Arc was SUMOylated in HEK293T cells at Lys-110 and Lys-268. Shown is a Western blot for Arc
in HEK293T lysates from cells transfected with either Arc or Arc-	KK (K110A/K268A mutant) with or without Ubc9. B, immunoprecipitation of SUMO-Arc from
rat brain lysate in the absence and presence of N-ethylmaleimide. Immunoprecipitation (IP) was performed with anti-Arc antibody (clone H-6), and Western
blotting (WB) was performed with anti-SUMO-1 antibody (clone 21C7). C, bacterial SUMOylation assay of Arc. GST-Arc from bacteria expressing
SUMOylation machinery (E1, E2, and SUMO-1) was purified on glutathione-Sepharose, and half was treated with 20 nM recombinant SENP1 for 1 h at
room temperature. Eluates from glutathione-Sepharose were blotted for Arc and SUMO-1. D, overexpressed Arc-	KK displayed the same response to
TTX as Arc-WT in neurons treated for 24 h with 1 �M TTX. The levels of Arc were normalized to tubulin levels (n � 6). E, representative immunostaining
of non-TTX- and TTX-treated hippocampal neurons infected with the GFP control, GFP-Arc-WT, or GFP-Arc-	KK Sindbis virus. Images are shown of GFP
and surface GluA1 (red) fluorescence for each neuron. F, quantification of GluA1 surface expression in cells without TTX treatment, expressed as a
percentage of surface expression in GFP-infected cells (n � 4, each repeat assaying 10 neurons). G, quantification of GluA1 surface expression after a
24-h treatment with 1 �M TTX in cells infected with viruses, expressed as a percentage of surface expression in GFP-infected cells without TTX (n � 4, as
described above). *, p � 0.05; **, p � 0.01 (Student’s t test).
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