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Background: The molecular mechanism of cognitive deficit in Huntington disease (HD) is poorly understood.
Results:Altered function of Ube3a could lead to increased levels of synaptic Arc and decreased expression of AMPA receptors
and various synaptic proteins.
Conclusion: Dysfunction of Ube3a might be associated with abnormal synaptic function in HD mice.
Significance: Aberrant function of Ube3a might be linked with mental illness in HD.

Huntington disease (HD) is a hereditary neurodegenerative
disorder characterized by progressive cognitive, psychiatric,
andmotor symptoms. The disease is caused by abnormal expan-
sion of CAG repeats in the gene encoding huntingtin, but how
mutant huntingtin leads to early cognitive deficits in HD is
poorly understood. Here, we demonstrate that the ubiquitin
ligase Ube3a, which is implicated in synaptic plasticity and
involved in the clearance of misfolded polyglutamine protein, is
strongly recruited to the mutant huntingtin nuclear aggregates,
resulting in significant loss of its functional pool in different
regions of HD mouse brain. Interestingly, Arc, one of the sub-
strates ofUbe3a linkedwith synaptic plasticity, is also associated
with nuclear aggregates, although its synaptic level is increased
in the hippocampus and cortex of HD mouse brain. Different
regions of HD mouse brain also exhibit decreased levels of
AMPA receptors and various pre- and postsynaptic proteins,
which could be due to the partial loss of function of Ube3a.
Transient expression of mutant huntingtin in mouse primary
cortical neurons further demonstrates recruitment of Ube3a
into mutant huntingtin aggregates, increased accumulation of
Arc, and decreased numbers of GluR1 puncta in the neuronal
processes. Altogether, our results suggest that the loss of func-
tion of Ube3a might be associated with the synaptic abnormali-
ties observed in HD.

Huntington disease (HD)2 is an autosomal dominant pro-
gressive neurodegenerative disorder caused by a trinucleotide
(CAG) repeat expansion in the gene encoding the protein hun-
tingtin (1). The glutamine repeat length in normal individual
varies from 6 to 36, whereas the disease is associated with �35

repeats, with longer repeats being observed with early onset of
the disease. The disease is invariably fatal, and affected individ-
uals show dementia, depression, and anxiety, which usually
precede severe motor impairment. Neuropathologically, the
disease is characterized by progressive degeneration of neurons
in the striatum, certain layers of the cerebral cortex, and hip-
pocampus as well as by generalized atrophy in the majority of
brain regions (2–4).
One of the most common pathological features of HD and

other related polyglutamine disorders is the accumulation of
intracellular aggregates of the disease protein (3, 4). Cytoplas-
mic and nuclear aggregates of N-terminal fragments of mutant
huntingtin have been observed in the brains of HD patients as
well as in several animal models of HD. Studies in animal mod-
els and post-mortem HD brain samples proposed multiple
mechanisms to explain the disease pathogenesis, including
aberrant interactions and interference with gene transcription
(5, 6),mitochondrial dysfunction and oxidative stress (7, 8), and
malfunction of protein folding and the clearance system, etc. (9,
10). Interestingly, many of the altered signaling pathways are
linked with the disruption of synaptic function (11, 12). In fact,
several studies demonstrate cognitive disturbances in HD
patients long before onset of classic motor symptoms like cho-
rea (13–15). Similarly, transgenic mouse models of HD also
show that the onset of symptoms is associated with synaptic
and neuronal dysfunction and that neurodegeneration takes
place at a much later stage (16–19). The HD model mice also
display early deficits in spatial memory and defects in hip-
pocampal and cortical plasticity (16, 18, 20, 21). The dysfunc-
tion in cortical neurons might contribute to both motor and
cognitive dysfunction (19), but how expression of mutant hun-
tingtin leads to early synaptic dysfunction is not yet clear.
Recently, we showed that Ube3a functions as a cell quality

control ubiquitin ligase and is involved in the clearance of mis-
folded polyglutamine proteins (22–24). Ube3a is a HECT
(homologous to E6-AP C terminus) domain family ubiquitin
ligase, and the loss of function of maternally inherited Ube3a
causes Angelman syndrome, a neurodevelopmental disorder
with severe learning and memory impairment (25, 26). Recent

* This work was supported in part by a core grant from the Department of
Biotechnology to the National Brain Research Centre, Government of
India.

1 Recipient of National Bioscience Award for Career Development BT/HRD/
34/18/2008 from the Department of Biotechnology. To whom correspond-
ence should be addressed. Tel.: 91-124-284-5217; Fax: 91-124-233-8910;
E-mail: nihar@nbrc.ac.in.

2 The abbreviations used are: HD, Huntington disease; tNhtt, truncated N-ter-
minal huntingtin; EGFP, enhanced GFP; GluR, glutamate receptor.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 35, pp. 29949 –29957, August 24, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

AUGUST 24, 2012 • VOLUME 287 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 29949

 at N
A

T
IO

N
A

L
 B

R
A

IN
 R

E
SE

A
R

C
H

 C
E

N
T

R
E

 on Septem
ber 22, 2016

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


studies have also indicated that Ube3a localizes in the synapse
and plays a prominent role in experience-dependent cortical
and neocortical plasticity (27–30). In this investigation, we
studied the role of Ube3a in synaptic function using the R6/2
transgenic mouse model of HD. We found that Ube3a selec-
tively redistributes to the nuclear aggregates of mutant hun-
tingtin and that its soluble level is significantly reduced in dif-
ferent regions ofHDmouse brain. The partial loss of function of
Ube3a might lead to improper synaptic function, as evident
from the altered levels of Arc, AMPA receptors, and some pre-
and postsynaptic proteins.

EXPERIMENTAL PROCEDURES

Mice—Ovarian-transplanted hemizygous females carrying
the HD exon 1 gene with �150 CAG repeats (strain B6CBA-
Tg(HDexon1)62Gpb/3J) were purchased from The Jackson
Laboratory and crossed with B6CBAF1/J males. Genotyping
was carried out using PCR as described previously (31, 32).
Heterozygous Ube3a mice were also obtained from The Jack-
son Laboratory (strain 129-Ube3atm1Alb/J) and maintained in
the C57BL/6 background. Genotyping was carried out as
described (33). Different crosses of mice were used to obtain
maternally deficient mice as shown previously (33). Transgenic
mice 6 and 12weeks of old and age-matched controls were used
for experimental purposes. All animal experiments were per-
formed according to the protocol approved by the Institutional
Animal Ethics Committee of the National Brain Research Cen-
tre. Animals had free access to a pelleted diet and water ad
libitum. All efforts were made to minimize animal suffering.
Animals were killed by cervical dislocation, brains were col-
lected, and different parts were carefully dissected out and
stored at �80 °C.
Materials—The truncated N-terminal huntingtin (tNhtt)

expression constructs fused to enhanced GFP (EGFP; pIND-
tNhtt-16Q-EGFP and pIND-tNhtt-150Q-EGFP) and the gen-
eration of the stable cell lines of these constructs (HD16Q and
HD150Q) have been described previously (34). All cell culture
reagents were obtained from Sigma. Ponasterone A, Lipo-
fectamineTM LTX transfection reagent, Zeocin, andG418 were
purchased from Invitrogen. Rabbit polyclonal anti-GAPDH,
anti-Ube3a, anti-Arc, and �-tubulin antibodies and goat poly-
clonal anti-huntingtin antibody were from Santa Cruz Biotech-
nology. Mouse monoclonal anti-Ube3a antibody was pur-
chased from BD Biosciences. Rabbit polyclonal anti-ubiquitin
antibody was purchased from Dako, anti-PSD95 antibody was
from Cell Signaling, anti-synapsin-1 antibody was from Stress-
gen, and anti-glutamate receptor (GluR) 1 and anti-GluR2 anti-
bodies were fromChemicon. Rhodamine-conjugated goat anti-
rabbit IgG, FITC-conjugated goat anti-mouse IgG, and alkaline
phosphatase-conjugated anti-mouse and anti-rabbit IgG and
an ABC kit were purchased from Vector Laboratories.
Cell Culture and Immunofluorescence Staining—The stable

Neuro-2a cell lines HD16Q and HD150Q were maintained in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum and antibiotics (0.4 mg/ml Zeocin and 0.4mg/ml G418).
Cells were plated onto 2-well chamber slides and induced with
1 �M ponasterone A for 48 h and then subjected to immunoflu-
orescence staining as described (35). Briefly, cells were washed

twice with PBS, fixed with 4% paraformaldehyde in PBS for 20
min, permeabilized with 0.3% Triton X-100 in PBS for 5 min,
washed extensively, and blocked with 5% nonfat dry milk in
TBS/Tween for 1 h. The cells were then incubated with anti-
Arc antibody (1:500 dilution) overnight at 4 °C. After three
washings with TBS/Tween, cells were incubated with rhoda-
mine-conjugated secondary antibody (1:1000 dilution) for 2 h,
washed several times, and mounted. Samples were visualized
using a Zeiss ApoTome system, and digital images were
arranged using Adobe Photoshop.
Immunoblot Analysis—HD16Q and HD150Q cells were

plated onto 6-well plates and induced with ponasterone A for
different time periods. Cells were then washed with cold PBS,
scraped, pelleted by centrifugation, lysed with SDS sample
buffer, and processed for immunoblot analysis. Different areas
of brainwere homogenized in radioimmune precipitation assay
buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 10 mM EDTA, 2.5
mM EGTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxy-
cholate, 10mMNaF, 5mMNa4P2O7, 0.1mMNa2VO5, andCom-
plete protease inhibitor mixture); the lysates were briefly soni-
cated and centrifuged for 10 min at 15,000 � g at 4 °C; and the
supernatants were used for immunoblotting as described pre-
viously (36). Anti-Ube3a, anti-Arc, anti-PSD95, anti-synapto-
physin, and anti-GAPDH antibodies were used at 1:1000 dilu-
tion; anti-synapsin-1 antibody was used at 1:10,000 dilution;
and anti-�-tubulin antibody was used at 1:5000 dilution.
Semiquantitative and Quantitative Real-time RT-PCR

Analysis—Total RNA was extracted using TRIzol reagent, and
semiquantitative RT-PCR was carried out with a RT-PCR kit
(Takara Bio). Quantitative real-time PCR forUbe3awas carried
out using iQ SYBR Green Super Mix (Bio-Rad) after cDNA
synthesis from total RNA. Real-time PCR was performed using
an ABI Prism 7500 system, and results were analyzed using the
sequence detection software (Applied Biosystems). All reac-
tions were normalized with 18 S rRNA as an internal control.
The primer sequences for Ube3a were as follows. Ube3aF,
5�-AACTGAGGGCTGTGGAAATG-3�; and Ube3aR, 5�-TCC
GAAAGCTCAGAACCAGT-3�. PCR conditions for Ube3a
and �-actin were the same: an initial denaturation step at 94 °C
for 4 min; 25 (for Ube3a) or 20 (for �-actin) cycles of denatur-
ation at 94 °C for 30 s, annealing at 60 °C for 30 s, and extension
at 72 °C for 45 s; and a final extension step at 72 °C for 5 min.
Immunohistochemical Staining—The transgenic mice and

their age-matched controls were anesthetized and then per-
fused with PBS containing 4% paraformaldehyde. Brain sam-
ples were collected and processed for cryosectioning (20-�m
thickness). The sections were then subjected to immunohisto-
chemical staining forUbe3a, Arc, ubiquitin, GluR1,GluR2, syn-
apsin-1, and PSD95 as described previously (34). Staining was
carried out using the ABC kit. Anti-PSD95, anti-GluR1, anti-
GluR2, anti-synapsin-1, and anti-Arc antibodies were used at
1:500 dilution, and anti-Ube3a antibody was used at 1:100
dilution.
Preparation of Synaptosomes—Total brains collected from

12-week-old wild-type or R6/2mice were homogenized in 5ml
of 0.32 M sucrose. After removal of debris by centrifugation at
1000� g, the supernatantwas layered onto 4ml of 1.2M sucrose
and centrifuged at 160,000� g for 15min. A thin cloudy layer of
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synaptosomes was formed at the interface between the 1.2 and
0.32 M sucrose layers. Diluted synaptosomes were layered onto
4 ml of 0.8 M sucrose and centrifuged at 160,000 � g for 15 min
to obtain synaptosomal pellets. Pellets were resuspended in
Nonidet P-40 lysis buffer, sonicated, centrifuged, and subjected
to co-immunoprecipitation as described previously (22).
Filter Trap Assay—Different brain regions were homoge-

nized in homogenization buffer (50 mM Tris (pH 7.4), 150 mM

NaCl, 1% Triton X-100, 1 mM PMSF, and one Complete prote-
ase inhibitor tablet), briefly sonicated, and centrifuged at
13,000� g for 15min. Precipitated pellets were treated with 2%
SDS at room temperature for 5 min and allowed to filter
through cellulose acetate membranes. Membranes were then
processed for immunoblotting with anti-Ube3a, anti-Arc, and
anti-huntingtin antibodies. Nitrocellulose membrane was
placed at the bottom of the cellulose acetate membrane, which
was also immunoblotted with the abovementioned antibodies
to check equal loading of the samples.
Primary Cortical Culture—Postnatal day 1 mice were anes-

thetized by hypothermia on ice. The cortex was isolated and
dissociated in 1� ice-cold Hanks’ balanced salt solution con-
taining 0.25% trypsin, 0.3% glucose, and 1.2 units/ml DNase at
30 °C for 7 min. After centrifugation, the cell pellet was washed
and resuspended in serum-containing DMEM. Cells were
plated onto chamber slides coated with poly-D-lysine. After
24 h, the medium was changed, and cells were grown in Neu-
robasal medium supplemented with 2 mM glutamine, 0.3% glu-
cose, and 2% B-27 supplement. One-half of the medium was
then replaced with supplemented Neurobasal medium every 2
days. After 4 days of incubation, cortical neurons were trans-
fected with the pIND-tNhtt-150Q-EGFP plasmid using Lipo-
fectamine LTX transfection reagent and processed for immu-
nofluorescence staining using antibodies against Ube3a, Arc,
and GluR1. In another experiment, cortical neuronal cultures
isolated from wild-type and maternal Ube3a-deficient mice
were immunostained with anti-Ube3a, anti-Arc, and anti-
GluR1 antibodies.
Statistical Analysis—Statistical analysis was performed using

SigmaStat software. Values are expressed as means � S.D.
Intergroup comparisons were performed by Student’s two-
tailed t test. p � 0.05 was considered statistical significant.

RESULTS

Recruitment of Ube3a into Nuclear Aggregates of Mutant
Huntingtin in R6/2 Transgenic Mouse Brain—We reported
previously that the ubiquitin ligase Ube3a selectively promotes
proteasomal degradation of cellularmisfolded proteins, includ-
ing expanded polyglutamine proteins and mutant �-synuclein
(22–24). We have also shown that Ube3a strongly co-localizes
with the misfolded mutant disease proteins (22). We further
attempted to study the possible role ofUbe3a in the clearance of
mutant huntingtin and HD pathogenesis using the R6/2 mouse
model. First, we analyzed the localization of Ube3a in hunting-
tin aggregates in different regions of R6/2mouse brain. In wild-
type mice, Ube3a was widely expressed in the cortex, hip-
pocampus, striatum, and cerebellum and was localized in the
nucleus and neuronal processes (Fig. 1). However, in R6/2mice,
Ube3a was strongly recruited to the mutant huntingtin nuclear

aggregates present in cortical, hippocampal, and striatal neu-
rons as well as in cerebellar Purkinje cells (Fig. 1A). Double
immunofluorescence staining studies using anti-ubiquitin and
anti-Ube3a antibodies indicated that �80–90% of the ubiqui-
tin-positive nuclear aggregates were also positive for Ube3a
(Fig. 1B). Because Ube3a was recruited to the nuclear aggre-
gates in HDmouse brain, we next compared its soluble pool in
wild-type and transgenic mouse brains by immunoblot analy-
sis. As shown in Fig. 2 (A and B), the soluble levels of Ube3a
were significantly reduced in the cortex, striatum, and cerebel-
lum of R6/2 mouse brain compared with age-matched wild-
type mouse brain. The mRNA level of Ube3a was unaltered in
different brain regions of wild-type and R6/2mice (Fig. 2,C and
D). The numbers of NeuN-stained cells were similar in wild-
type and R6/2mouse brains, indicating the absence of neuronal
loss in R6/2 mice at 12 weeks of age (data not shown). These
results indicate that the decrease in the protein levels of Ube3a
in R6/2 transgenic mice could be due the redistribution of
Ube3a into aggregates. The filter trap assay also demonstrated
the presence of Ube3a in insoluble fractions in R6/2 mouse
brain (Fig. 2E). Ube3a was barely detectable in insoluble frac-
tions from wild-type mouse brain. Interestingly, we also
noticed that Arc, one of the recently identified substrates of
Ube3a, also appeared in insoluble fractions in the filter trap
assay (Fig. 2E).
Altered Function of Arc in R6/2 Mouse Brain—The data pre-

sented in Figs. 1 and 2 indicate that Ube3a function might be
compromised in R6/2 transgenic mouse brain. In addition to
possible quality control ligase function, Ube3a also plays an
important role in regulating synaptic plasticity. A recent report
demonstrated that Ube3a modulates synaptic function by reg-

FIGURE 1. Recruitment of Ube3a into huntingtin nuclear aggregates. A,
representative immunohistochemical staining of Ube3a in different brain
regions of wild-type and R6/2 mice. Brain sections (20-�m thickness) col-
lected from 10 –12-week-old mice were used for staining. B, double immuno-
fluorescence staining of Ube3a and ubiquitin in the hippocampal region of
R6/2 mouse brain. Scale bars � 10 �m. Arrows indicate the localization of
Ube3a in nuclear aggregates.
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ulating the levels of Arc, a synaptic protein involved in AMPA
receptor internalization and implicated in synaptic plasticity
(27). Because Arc is a substrate of Ube3a and appears in insol-
uble factions along with Ube3a in R6/2 mouse brain, we
checked for possible alterations of the levels of Arc in R6/2
mouse brain. Immunohistochemical staining of Arc indicated
that this protein was localized in the nucleus as well as in neu-
ronal processes in wild-typemouse brain. In R6/2mouse brain,
Arcwas strongly localizedwith the nuclear aggregates (Fig. 3A).
Interestingly, the neuritic Arc levels in R6/2 mouse brain were
clearly increased compared with those in wild-type mouse
brain (Fig. 3A). However, the total level of Arc in R6/2 mouse
brain was not significantly altered compared with that in
the wild-type control (Fig. 3B). We next analyzed the levels of
Arc and Ube3a in synaptosomal fractions isolated from wild-
type and R6/2 mouse brains. As shown in Fig. 4, the synapto-
somal level of Arc was significantly increased in R6/2 mouse
brain compared with that in the wild-type control. The synap-

tosomal fraction of R6/2 mouse brain also showed decreased
levels of Ube3a and GluR1 compared with the control.
Increased accumulation of ubiquitinated Arc was also detected
in the synaptosomal fraction of R6/2 mouse brain (Fig. 4C).
These data indicate that the synaptic Arc might be increased in
R6/2 mouse brain, although extrasynaptic Arc associated with
nuclear aggregates. We further checked the expression and
localization of Arc in the cellular model of HD, where exon 1 of
wild-type huntingtin and that of mutant huntingtin were stably
and inducibly expressed as GFP fusions in mouse Neuro-2a
cells. These cell lines were named HD16Q and HD150Q. The
cell lines were induced with 1 �M ponasterone A to express the
wild-type and mutant proteins and then subjected to immuno-
fluorescence staining using anti-Arc antibody. As expected,
Arc was co-localized with mutant huntingtin aggregates in
HD150Q cells (Fig. 5A). In HD16Q cells, Arc was diffusely
stained both in the cytoplasm and nucleus (Fig. 5A). Interest-
ingly, the level of Arc was significantly increased in HD150Q

FIGURE 2. Protein level of Ube3a is significantly reduced in different brain regions of R6/2 mice. A, immunoblot analysis of the levels of Ube3a in the
cortices, striatums, and cerebellums of wild-type and R6/2 mice (10 –12 weeks of age). B, the band intensities of Ube3a collected from five different mice in each
group were quantitated using NIH ImageJ analysis software and normalized against �-tubulin. *, p � 0.01 in comparison with wild-type mice. C and D, brain
samples (cortex and cerebellum) were collected from wild-type and R6/2 mice and processed for semiquantitative RT-PCR (C) and quantitative real-time
RT-PCR (D). R6/2 mouse cortex and cerebellum did not exhibit any significant decrease in Ube3a mRNA levels compared with wild-type mouse cortex and
cerebellum (p � 0.2). Values are means � S.D. (n � 4). E, the total brain lysates collected from wild-type and R6/2 mice were subjected to filter trap assay on
cellulose acetate membrane and blotted with anti-huntingtin (Htt), anti-Ube3a, and anti-Arc antibodies. Nitrocellulose membrane was placed at the bottom of
the cellulose acetate membrane in the filter trap assay and probed with the abovementioned antibodies to monitor the equal loading of the samples. The
negative control (NC) was developed without primary antibody.
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cells compared with HD16Q cells (Fig. 5B). The uninduced
HD150Q cells also showed increased levels of Arc compared
with the uninduced HD16Q cells, which could be due to the
basal expression of the 150Q protein without induction. The
increased level of Arc in HD150Q cells could be due to protea-
somal dysfunction as well as reduced levels of Ube3a, which we
have reported previously (22, 34).
Down-regulation of AMPA Receptors and Synaptic Proteins—

Arc is known to be involved in the internalization and down-
regulation of the AMPA subtype of glutamate receptors (37,
38). Because the levels of synaptic Arc are increased along with
decreases in GluR1 in R6/2 transgenic mouse brain, we further
analyzed the expression levels of GluR1 and GluR2 (classes of
AMPA receptors). We observed a significant decrease in the
expression levels ofGluR1 andGluR2 in R6/2mouse cortex and
hippocampus (Fig. 6). Previous reports also demonstrated the
decreased ligand binding of AMPA receptors and reduced
AMPA currents in R6/2 mouse brain. All of these data indicate
that AMPA receptor function is altered in R6/2 mouse brain.
We also compared the expression and localization of various
pre- and postsynaptic proteins in wild-type and transgenic
mouse brains because maternal Ube3a-deficient mice demon-
strate decreased dendritic spines and synaptic proteins (30, 39).
Fig. 7 shows the significant decrease in the expression of syn-
apsin (presynaptic protein) and PSD95 (postsynaptic protein)
in the cortex, hippocampus, and cerebellum of R6/2 mouse
brain. However, the level of another synaptic protein, synapto-
physin, was unaffected in R6/2 mouse brain, indicating altera-
tion of specific types of synaptic proteins in R6/2 mouse brain.

The functional relationship among Ube3a, Arc, and GluR in
mutant huntingtin-expressing cells was further studied in
mouse primary cortical neuronal culture upon transient trans-
fection with the mutant huntingtin plasmid. As shown in Fig.
8A, mutant huntingtin-expressing cells exhibited significantly
reduced numbers of neuronal processes. Ube3a was localized
with mutant huntingtin aggregates, and its staining was signif-
icantly reduced in the cell soma and neuronal processes. Arc
also co-localized with mutant huntingtin aggregates, and its
neuritic level was increased. In untransfected cortical neurons,
GluR1 punctawere clearly visible in the neuronal processes, but
were drastically reduced inmutant huntingtin-expressing cells.
We performed immunofluorescence staining of Arc andGluR1
in cultured primary cortical neurons isolated from wild-type
and maternal Ube3a-deficient mouse brains. Maternal Ube3a-
deficientmice show a complete absence of Ube3a expression in
neurons because of paternal-specific imprinting (33).We found
that primary cortical neurons isolated from maternal Ube3a-
deficient mice showed clear increases in Arc immunostaining
and decreases in GluR1 puncta compared with wild-type corti-
cal neurons (Fig. 8B). Similar findings have been reported pre-
viously (27). Altogether, our data suggest that the partial loss of
function of Ube3a might be associated with abnormal synaptic
function in HD transgenic mouse brain.

DISCUSSION

The data presented in this study indicate that a defective
function of the ubiquitin ligase Ube3a not only can increase the
aggregate burden but can also lead to cognitive and motor def-

FIGURE 3. R6/2 mouse brain exhibits altered levels and localization of Arc. A, representative immunohistochemical staining of Arc in the cortices, hip-
pocampuses, and cerebellums of wild-type and R6/2 mouse brains (12 weeks old). Scale bar � 10 �m. Arrows indicate the localization of Arc in nuclear
aggregates, and arrowheads point to neuritic Arc (increased levels in R6/2 brain). B, immunoblot analysis of Arc in different brain regions of wild-type and R6/2
mice (6 and 12 weeks old).
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icits observed in a transgenicmousemodel of HD.We reported
previously that Ube3a promotes proteasomal degradation of
misfoldedmutant huntingtin and that overexpression of Ube3a
suppresses mutant huntingtin aggregation and mutant hun-
tingtin-induced cellular toxicity (22). Here, we have demon-
strated the strong recruitment of Ube3a into the mutant hun-
tingtin nuclear aggregates in the brains of HD transgenic mice,
and as a consequence, the soluble pool of Ube3a decreases. The
recruitment of Ube3a into the huntingtin aggregates could be
an adaptive response of the cell to handle misfolded and aggre-
gated huntingtin, and association of Ube3a with the aggregates
over time could result in its partial loss of function. The ineffi-
cient clearance of mutant huntingtin or its aggregates would
worsen the situation over time (10, 34).

Apart from its quality control ligase activity, Ube3a also plays
an important role in synaptic function and experience-depen-
dent synaptic plasticity (27–29). Interestingly, loss of function
of maternally inherited Ube3a causes Angelman syndrome,
which is characterized by severe cognitive and motor deficits
(25, 26). Maternal Ube3a-deficient mice also exhibit deficits in
learning and memory as well as motor function (33, 40). These
mice also exhibit a significantly reduced number of dendritic
spines and defects in hippocampal long-term potentiation (30,
33). Ube3a is widely expressed in the cerebral cortex, hip-
pocampus, striatum, and cerebellar Purkinje cells and is pre-
dominantly localized in the nucleus and synapses (30, 41).
Because theHD transgenicmice also display deficits in learning
and memory and defects in hippocampal and cortical plasticity
(13, 16, 18–20), it is conceivable that the widespread loss of
function ofUbe3a inHD transgenicmouse brain could contrib-
ute to cognitive as well as motor dysfunction.
Recently, Ube3a has been shown to play a crucial role in

regulating synaptic plasticity through the ubiquitination and
subsequent proteasomal degradation of Arc, a synaptic protein
that promotes endocytosis of AMPA subtypes of glutamate
receptors (27). Overexpression of Arc in primary cultured hip-
pocampal neurons not only down-regulates the surface expres-
sion of AMPA receptors through increased endocytosis but
also significantly decreases the total AMPA receptor protein
levels (37).Ube3a knock-outmice demonstrate few synaptically
expressed AMPA receptors (27). We have noticed increased

FIGURE 4. Analysis of levels of Ube3a, Arc, and GluR1 in synaptosomal
fractions. A, representative immunoblot of Ube3a, Arc, GluR1, and synapto-
physin in the synaptosomal preparations obtained from wild-type and R6/2
mouse (12 weeks old) total brain. B, quantification of the band intensities of
Arc, Ube3a and GluR1 shown in A. *, p � 0.01 in comparison with wild-type
mice (n � 3). C, co-immunoprecipitation (IP) of Arc in the synaptosomal prep-
aration. Blots were probed with anti-Arc and anti-ubiquitin antibodies. IB,
immunoblot; IgGH, IgG heavy chain.

FIGURE 5. A, localization of Arc with mutant huntingtin aggregates in HD150Q
cells. HD16Q and HD150Q cells were plated onto 2-well tissue culture cham-
ber slides and induced with 1 �M ponasterone A for 48 h. Cells were then
processed for immunofluorescence staining using anti-Arc antibody. Rhod-
amine-conjugated secondary antibody was used to detect Arc. Arrows indi-
cate the localization of Arc in the huntingtin aggregates. Scale bar � 20 �m. B,
Arc levels are increased in HD150Q cells. HD16Q and HD150Q cells were left
uninduced or induced with ponasterone A for 48 h, and the cell lysates were
made and subjected to immunoblot analysis using antibodies against Arc,
Ube3a, GAPDH, and GFP (to detect 16Q and 150Q proteins).
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levels of synaptic Arc in the cortical and hippocampal neurons
of HD transgenic mice compared with age-matched controls,
which could be due to decreased levels of Ube3a. The protea-
somal dysfunction at the synaptic level reported previously (42)
could also lead to increased levels of synaptic Arc. In fact, our

observations of increased accumulation of ubiquitinated Arc in
the synaptosomal fraction could be due to inhibition of protea-
somal function at the synapses. Our findings also indicate that
Arc could be ubiquitinated not only by Ube3a but also by other
ubiquitin ligase. Presently, we do not know the implication of the

FIGURE 6. Expression of GluR1 and GluR2 is decreased in R6/2 mouse brain. A and B, representative immunohistochemical staining of GluR1 and GluR2 in
the cortices and hippocampuses of wild-type and R6/2 mice. Scale bars � 10 �m. C, immunoblot analysis of GluR1 and GluR2 in the cortex and hippocampal
(Hippo) regions of wild-type and R6/2 mouse brains (10 –12 weeks old). D and E, GluR1 and GluR2 blots obtained from four different mice in each group were
quantitated using NIH ImageJ analysis software and normalized against �-tubulin. *, p � 0.05 in comparison with wild-type mice.

FIGURE 7. Decreased levels of synapsin-1 and PSD95 in R6/2 mouse brain. A, immunoblot analysis of PSD95, synapsin-1, synaptophysin, and �-tubulin in
cortices, striatums, and cerebellums of wild-type and R6/2 mice. B and C, the band intensities of PSD95 and synapsin-1, respectively, collected from four
different mice in each group were quantitated using NIH ImageJ analysis software and normalized against �-tubulin. *, p � 0.01 in comparison with wild-type
mice. D, representative immunohistochemical staining of PSD95 and synapsin-1 in the hippocampuses of wild-type and R6/2 mice. Scale bar � 10 �m.
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association of extrasynaptic Arc with the huntingtin aggregates.
HDmouse brain shows a significant decrease in ligand binding to
AMPA receptors compared with wild-type mouse brain, and the
cortical pyramidal neurons of R6/2mice exhibit decreasedAMPA
receptor-mediated current (43–45). Furthermore, ampakine
treatment slows the disease progression in R6/2 mice (46, 47).
These findings, along with our data, indicate that there is a signif-
icant loss of the AMPA subtypes of glutamate receptors in R6/2
mousecorticalorhippocampalneurons,whichcouldbedue to the
increased levels of Arc. Thus, partial loss of function of Ube3a in
R6/2mouse brain could lead to down-regulation of AMPA recep-
tors, leading to theabnormalities in synaptic functionand synaptic
plasticity. Abnormal synaptic function could also result in
decreased levels of dendritic spines and alteration of synaptic pro-
teins. In addition to abnormalities in AMPA receptors, ample evi-
dence also suggests disruptedNMDAreceptor function in various
HD mouse models (13). In conclusion, our study provides evi-
dence that there is a significant decrease in the levels of Ube3a in
different brain regions ofHD transgenicmice and thatUbe3a dys-
functionmight be associatedwith increased aggregate burden and
abnormal synaptic function.
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