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Angelman syndrome (AS) is a neurogenetic disorder caused by loss of maternal UBE3A expression or
mutation-induced dysfunction of its protein product, the E3 ubiquitin–protein ligase, UBE3A. In humans and
rodents, UBE3A/Ube3a transcript is maternally imprinted in several brain regions, but the distribution of
native UBE3A/Ube3a1 protein expression has not been comprehensively examined. To address this, we
systematically evaluated Ube3a expression in the brain and peripheral tissues of wild-type (WT) and Ube3a
maternal knockout mice (AS mice). Immunoblot and immunohistochemical analyses revealed a marked loss
of Ube3a protein in hippocampus, hypothalamus, olfactory bulb, cerebral cortex, striatum, thalamus,
midbrain, and cerebellum in AS mice relative to WT littermates. Also, Ube3a expression in heart and liver of
AS mice showed greater than the predicted 50% reduction relative to WT mice. Co-localization studies
showed Ube3a expression to be primarily neuronal in all brain regions and present in GABAergic
interneurons as well as principal neurons. These findings suggest that neuronal function throughout the
brain is compromised in AS.
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Introduction

Angelman syndrome (AS) is a neurogenetic disorder associated
with profound intellectual disability, severe language impairment,
movement and balance disorder, epilepsy, and a unique behavioral
profile with frequent laughter and smiling (Williams et al., 2006). AS
results from a deficiency of functional UBE3A (also known as E6-
associated protein or E6-AP), an E3 ubiquitin ligase encoded by the
UBE3A gene. UBE3A is an imprinted gene, (Knoll et al., 1989; Kishino et
al., 1997; Matsuura et al., 1997; Sutcliffe et al., 1997), and most
commonly, AS results from maternal deletions of varying size that
include the UBE3A gene. Less common causes of AS are UBE3A
mutations, uniparental paternal disomy (UPD), and imprinting center
mutations (Laan et al., 1999; Williams et al., 2006). Although several
Ube3a ubiquitination substrates have been described, none have been
definitively linked to the pathogenesis of Angelman syndrome
(Huibregtse et al., 1991; Kuhne and Banks, 1998; Nuber et al., 1998;
Kumar et al., 1999; Reiter et al., 2006; Greer et al., 2010).

The first AS mouse model developed had partial UPD spanning the
region including Ube3a on mouse chromosome 7, the region homolo-
gous to human chromosome 15 (Cattanach et al., 1997). In situ
hybridization studies in these mice showed that Ube3a expression
was undetectable in the hippocampus and cerebellar Purkinje neurons,
suggesting predominant maternal expression in these regions. In other
regions including the cerebral cortex,Ube3a expressionwasmoderately
reduced, while in regions such as the anterior commissure and optic
chiasm,expressionwas indistinguishable fromwild-type (WT)controls,
suggesting biallelic Ube3a expression (Albrecht et al., 1997). A
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subsequent AS mouse model was generated by an insertional
mutation of exon II of the Ube3a gene passed through the maternal
germline of Ube3a, a null mutation leading to loss of Ube3a expression.
Based on in situ hybridization studies in these mice, monoallelic
maternal Ube3a expression was proposed for only the hippocampus
and cerebellar Purkinje neurons, while biallelic expression was
demonstrated in the piriform cortex and suggested for other brain
regions (Jiang et al., 1998). Another AS mouse model was generated by
deletion of part of exon 15 and all of exon 16, amodification predicted to
inactivate Ube3a ligase function (Miura et al., 2002). These mouse
models were shown to recapitulate many of the phenotypic features of
AS, including motor dysfunction, increased seizure susceptibility, and
hippocampal-dependent learning and memory deficits (Jiang et al.,
1998; Miura et al., 2002; Van Woerden et al., 2007).

Based on these models, AS research has focused mainly on the
hippocampus and cerebellum, where Ube3a deficiency was thought to
be the most pronounced. However, recent work using a YFP-Ube3a
fusion protein reporter mouse demonstrated that maternal predom-
inant expression of Ube3a may not be restricted to the hippocampus,
cerebellum, and olfactory bulbs, as paternal YFP reporter expression
was shown to be weakly detected in temporal cortex, and reported to
have similar expression in other brain areas including thalamus
(Dindot et al., 2008). Moreover, Yashiro et al. (2009) recently used
immunohistochemistry and immunoblotting to show that there is
minimal cortical expression of Ube3a in AS mice, indicating that
Ube3a is nearly exclusively expressed from thematernal chromosome
in WT mice throughout the cortex.

These results underscore a need for a more comprehensive
understanding of Ube3a protein expression patterns to help direct
future research into the pathogenesis and treatment of AS. Therefore,
we compared Ube3a expression in the CNS and peripheral tissues of
WT rodents and AS mice by immunoblotting and immunohistochem-
istry. We demonstrate that Ube3a expression is nearly exclusively
maternal derived in all brain regions and is expressed in both
principal neurons and GABAergic interneurons.

Materials and methods

Mice and tissue preparation

All mice were maintained on C57/SV-129 mixed background. WT
males (Ube3aM+/P+) were bred with AS females (Ube3aM−/P+)
to generateWT and AS littermates. PCR analysis (described previously
by Jiang et al., 1998) was performed on ear punches to genotype the
offspring. Male and female mice were used in this analysis.

Brain tissuewas prepared by decapitation and rapid removal of the
brain onto ice. The appropriate brain regions were rapidly dissected
and snap frozen on dry ice. The time from decapitation to freezing of
the brain regions was less than 3 min. Peripheral tissues (heart, liver,
and kidney) were also removed and snap frozen on dry ice. Tissue was
stored at −80 °C until use.

Western blot analysis

Tissues were homogenized in Kontes glass or Wheaton Teflon
tissue grinders in a 2% sodium dodecyl sulfate (SDS) buffer containing
10 µg/ml leupeptin and 1 µg/ml pepstatin. A BCA protein assay was
run on the homogenates which were then diluted to a final
concentration of 0.7–1 mg/ml. Samples were heated at 60 °C for
10 min and fractionated on SDS-polyacrylamide gel electrophoresis
(PAGE). Proteins were transferred in 1× CAPS buffer onto nitrocel-
lulose membranes. Membranes were stained with Ponceau-S and
digitally scanned in order to compare total protein levels in each lane
by densitometric scanning of the 50–116 kDa molecular weight range
using ImageJ. Membranes were then blocked in 5% milk in Tris-
Buffered Solution with Tween-20 (TTBS) at 4 °C overnight. Mem-
branes were then incubated with primary antibody, anti-mouse Ube3a
(E6-AP) (Sigma-Aldrich clone 330 Cat#E8655) diluted 1:1000, anti-
rabbit Ube3a (E6-AP) (Bethyl labs Cat# A300-352A) diluted 1:1000,
anti-mouse β-actin (Santa Cruz Biotechnologies Cat#SC-47778) diluted
at1:2000, in5%milk in TTBSovernight at 4 °C.Membraneswerewashed
4× 10 min in TTBS, incubated with secondary antibody (goat anti-
mouse IgG1-HRP (Santa Cruz Biotechnologies Cat#SC-2969) diluted
1:5000 or 1:3000) in 5% milk in TTBS for 1.5 h, washed 4× 10 min in
TTBS, and developed using Western Lighting Enhanced Luminol
Reagent-Plus (Plus-ECL). X-ray films exposed in a linear range were
quantified using ImageJ for densitometric analysis as described
previously (Brown et al., 2005). Western blot signals were then
normalized for variations in total protein loading in the corresponding
lane, as quantified from Ponceau-S stained membranes (see above),
thereby avoiding potential problems associated with quantifying a
single protein for use as a loading control. For example, levels of β-actin
varied approximately 2-fold in total tissue homogenates of micro-
dissected brain regions (Supplementary Fig. 4).

Immunohistochemistry/immunocytochemistry

For immunohistochemistry, animals were deeply anesthetized and
transcardially perfused with 0.1 M PBS (pH 7.4) followed by 4%
paraformaldehyde in PBS. Brains were removed and postfixed
overnight, cryoprotected, and 40 μm coronal sections cut through
the neuraxis.

Free-floating sections were washed in 50 mM Tris-buffered saline
(TBS, pH 7.4) and then incubated for 20 min in 10 mM sodium citrate
(pH 6.0) containing 0.05% Triton X-100 at 75–80 °F. Sections were
then processed for immunoperoxidase staining as previously de-
scribed (Bubser and Deutch, 1999). Primary antibodies used include
the mouse anti-Ube3a (E6-AP) (1:2000; Sigma-Aldrich clone 330),
rabbit anti-parvalbumin (1:10,000; Swant), rabbit anti-calbindin
(1:10,000; Swant), rabbit anti-calretinin (1:10,000; Swant), and
rabbit anti-GFAP (1:2000; Chemicon).

For immunocytochemistry, primary hippocampal cultures were
prepared from PND 0-1 Sprague–Dawley rat pups. Briefly, brains were
removed and placed in ice-cold modified Hank's balanced salt
solution (HBSS). Hippocampi were dissected, cut into 3 mm cubes
and incubated with 0.05% trypsin–EDTA in HBSS for 30 min at 37 °C.
After trypsin treatment, tissue blocks were triturated with HBSS with
10% horse serum, and dissociated cells were plated onto polyor-
nithene coated plates or coverslips. The culture medium contained
500 ml Neurobasal, 10 ml B27, 0.5 mM L-glutamine, and 25 µM
penicillin/streptomycin. 4 μM AraC was added two times in the first
week to reduce glial cell proliferation and cultures weremaintained in
a 5% CO2 incubator for 2–3 weeks. For immunostaining, cells were
washed with cold PBS, and fixed in 3.7% formaldehyde, then blocked
with 8% bovine serum albumin in PBS. Primary antibodies used
were rabbit anti-PSD-95 diluted 1:500 (Invitrogen), mouse anti-
Ube3a (E6-AP) diluted 1:1000 (Sigma-Aldrich clone 330), rabbit anti-
Ube3a diluted 1:500 (Bethyl), and rabbit anti-synapsin diluted 1:1000
(Chemicon). Anti-rabbit or anti-mouse fluorescent secondary anti-
bodies were used (Molecular Probes). Labeled cells were imaged
using a Zeiss 510 confocal microscope. For overlay analysis, dendrites
from 10 neurons in 5 separate cultures were examined using
MetaMorph software (Molecular Devices).

Subcellular fractionation

Hippocampal tissue was homogenized in Homogenization buffer
(150 mM KCl, 50 mM Tris–HCl pH 7.5, mM DTT, 0.2 mM PMSF,
1 mM benzamidine, 1 µM pepstatin, 10 µg/ml leupeptin, and 1 µM
microcystin-LR) using Wheaton Teflon or Kontes glass tissue grinders
at 4 °C. Total homogenate was rocked for 30 min at 4 °C and spun
down at 100,000×g for 1 h yielding an S1 fraction (soluble cytosolic
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protein pool) and a P1 pellet (insoluble fraction). P1 was resuspended
in Homogenization buffer containing 1% (v/v) Triton X-100 using a
Kontes, rounded tip cone pestle and rocked for 30 min at 4 °C. The
homogenate was then spun down at 9000×g for 10 min at 4 °C
yielding an S2 fraction (membrane-associated protein pool) and a P2
pellet (Triton insoluble fraction). The P2 was sonicated at 4 °C in
Homogenization buffer containing 1% (v/v) Triton X-100 and 1% (w/v)
sodium deoxycholate and rocked for 30 min at 4 °C. The homogenate
was spun down at 9000×g for 10 min at 4 °C yielding an S3 fraction
(PSD-associated fraction) and a P3 pellet (Triton/Deoxycholate-
insoluble fraction).

Statistics

Statistical comparisons were made by unpaired Student's t-test,
one-sample t-test, or one-way ANOVA followed by Tukey's post test,
as appropriate.

Results

Ube3a protein expression is markedly reduced throughout the brain of
AS mice

In order to probe for Ube3a protein levels in brain and peripheral
tissues we first tested the specificity of two commercial antibodies to
Ube3a. Using a mouse monoclonal Ube3a antibody (Sigma-Aldrich
clone 330) we detected bands of the appropriate molecular weight for
Ube3a, approximately 100 kDa in WT forebrain homogenate (Fig. 1A,
lane 1). Depending on electrophoresis conditions (e.g., the acrylamide
concentration), up to three bands of Ube3a-immunoreactive protein
Fig. 1. Ube3a expression in brain is dramatically reduced in AS mice. A. Western blot analysi
and UBE3A knockout (M−/P−) mice shows a loss of Ube3a protein in AS mice compare
Overexposure of the Western blot (bottom blot in A) reveals low levels of specific Ube3a sta
(M−/P−) mice. Arrows correspond to specific Ube3a staining that is not seen in M−/P−
hypothalamus, thalamus, cortex, cerebellum, midbrain, and olfactory bulbs reveals an e
Supplementary Fig. 3). C. Relative Ube3a expression across brain regions ofWTmice quantifie
the highest expression in the cortex, thalamus, and olfactory bulbs with lowest expression
could be resolved. These bands are specific for Ube3a as they were not
detected in forebrain homogenates from the biallelic Ube3a knockout
(M−/P−) mouse (Fig. 1A, lane 4). Comparison of whole forebrain
extracts from WT, paternal deficient (M+/P−), AS (M−/P+), and
biallelic knockout (M−/P−) animals revealed a marked loss of
Ube3a protein expression fromAS compared toWT andM−/P+mice,
yet very low levels of Ube3a expression inASmicewere clearly evident
with longer exposures (Fig. 1A). In addition, we tested a Ube3a rabbit
polyclonal antibody (Bethyl A300–352A)which also detectedmultiple
closely migrating bands at approximately 100 kDa; however, this
antibody was not as sensitive for Ube3a and also detected additional
non-specific bands inwhole forebrain and other tissueswhen tested in
the biallelicUbe3a knockout (M−/P−)mice (Supplementary Fig. 1A).
For these reasons, we chose to use the Sigma Ube3a antibody for all
subsequent experiments.

As the original studies suggested that UBE3A transcript expres-
sion was imprinted in only a few brain regions (Albrecht et al., 1997;
Jiang et al., 1998), it was surprising that whole forebrains from AS
mice appeared to contain such a low total level of Ube3a protein
when compared to WT forebrains. In order to more precisely com-
pare Ube3a protein levels in tissue samples, semi-quantitative
western blotting methods were developed to detect Ube3a, based
onmethods established for other antigens (Brown et al., 2005, 2008).
Pilot studies demonstrated that staining of nitrocellulosemembranes
with Ponceau-S allowed for linear normalization for total protein
loading across a N10-fold range (Supplementary Fig. 2A/B). Thus,
normalization ofWestern blot signals to Ponceau-S staining intensity
is an effective correction for variations in protein loading and elec-
trophoretic transfer (typically b2-fold variation between samples).
Under optimized conditions, the chemiluminscence detection of
s of total forebrain homogenates from WT (M+/P+), AS (M−/P+), UBE3A M+/P−,
d to that of WT and AS mice when probing with the Sigma-Aldrich Ube3a antibody.
ining in AS mice, as compared with the complete loss of expression in Ube3a knockout
mice. B. Western blot analysis of total brain homogenates from hippocampus, striatum,
stimated 90% loss of Ube3a expression in AS mice compared to WT mice (also see
d fromWestern blots in panel A, by normalizing to Ponceau-S total protein stain, shows
in the striatum. Animals: WT N=3, AS N=4.
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Ube3a Western blot signals on X-ray films was also linear over at
least a 4-fold range (Supplementary Fig. 2B). Ube3a protein levels in
total homogenates of micro-dissected brain regions from WT and AS
littermate mice were then compared. Ube3a is expressed throughout
the brain of WT mice with a statistically significant 2.5-fold variation
in the total levels between regions (one-way ANOVA, P=0.0017),
with highest relative expression in cortex, thalamus, and olfactory
bulbs (Figs. 1B, C). A post-hoc Tukey's multiple comparison test
showed Ube3a expression in striatum was lower than in the
thalamus (2.2-fold; Pb0.05), cortex (2.2-fold; Pb0.05), and olfactory
bulbs (2.5-fold, Pb0.01). Ube3a expression was also lower in the
hypothalamus (1.7-fold; Pb0.05) and the cerebellum (1.9-fold;
Pb0.05) when compared to the olfactory bulbs.

In comparison, there was a marked reduction of Ube3a expression
in all brain regions assayed from AS mice (Fig. 1B). Longer exposures
of the Western blots revealed very low levels of Ube3a in all brain
regions of the AS mice (Supplementary Fig. 3); we estimate Ube3a
levels to be reduced by N90% compared to WT animals in all brain
regions. Similarly, Ube3a expression was detected in whole forebrain
extracts from AS mice upon longer exposures (Fig. 1A, bottom panel).

Immunohistochemical studies were performed to evaluate the
extent and cell-type specificity of Ube3a expression throughout the
brain. Using the same Sigma-Aldrich mouse monoclonal antibody, we
observed Ube3a staining in WT mice across all brain regions.
Strikingly, there was no detectable specific staining in brain tissue
from AS mice (Fig. 2). In WT brain tissue, the hippocampal Ube3a-like
immunoreactivity (Ube3a-li) was seen in cells in the dentate gyrus
and pyramidal cell layers, as well as in cells scattered throughout the
stratum moleculare in a pattern typical of interneuron staining
(Fig. 3A). The relative intensity of Ube3a-li cellular staining varied
somewhat across brain areas, suggesting that different neuronal
subpopulations may express the protein to varying degrees. For
instance, cells in the central and medial nuclei of the amygdala
showed higher intensity staining than cells in the basolateral nucleus
(Fig. 3F), and cells in the substantia nigra pars compacta stained more
intensely than cells in the pars reticulata (Fig. 3G). Moreover, specific
Ube3a-li cellular staining was absent in all brain regions of slices
prepared from AS mice (Figs. 2 and 3B).
Fig. 2. Ube3a-like immunoreactivity (Ube3a-li) is absent throughout the brain in AS mice
Ube3a-li is seen in cells throughout the brain of WT mice (left), while no specific Ube3a-li i
250 µm for the magnified panels below.
Ube3a is expressed in both principal and interneurons

The pattern of Ube3a-li in hippocampus was suggestive of ex-
pression in interneurons, so we co-stained with parvalbumin (PV)
and calretinin (CR), markers of different interneuron types. Ube3a-li
was expressed in the majority of PV-li neocortical interneurons
(Fig. 4A), as well as in brain regions where PV marks projection
neurons, including the reticular nucleus of the thalamus (Fig. 4C) and
globus pallidus. In addition, CR-li and Ube3a-li colocalized to
interneurons in the hippocampus (Fig. 4B), and in the majority of
CR-li interneurons in the neocortex. To confirm the cell-type
specificity of Ube3a expression, brain sections were co-stained with
Ube3a and glial fibrillary acidic protein (GFAP), a glial cell marker.
Ube3a-li was not observed in GFAP-positive cells, consistent with
neuronal expression (Fig. 4D). Under these experimental conditions,
Ube3a-li was only detected in cell nuclei with no clear cytoplasmic
staining observed (Figs. 4A–D).

Subcellular Ube3a expression profile

To evaluate the subcellular distribution of Ube3a expression more
systematically, we performed additional immunocytochemical and
subcellular fractionation studies. Initially, we performed immunocy-
tochemical analysis in cultured rat hippocampal neurons. Ube3a-li
was most intense in the nucleus, but was also seen throughout the
soma and dendrites (Fig. 5A). To evaluate Ube3a synaptic expression,
cultured neurons were co-stained with synapsin or PSD-95 anti-
bodies. The dendritic Ube3a-li partially overlapped with staining for
synapsin, a presynaptic protein, and PSD-95, a postsynaptic protein.
This pattern is suggestive for Ube3a expression both presynaptically
and postsynaptically (Fig. 5B).

To further examine the subcellular localization of Ube3a, subcel-
lular fractions were isolated from WT mice. Our protocol yields an S1
fraction (soluble protein pool), S2 fraction (membrane-associated
protein pool), S3 fraction (postsynaptic density (PSD)-associated
pool), and a P3 pellet (insoluble fraction). Equal amounts of protein
from each fractionwere loaded into a 7.5% acrylamide gel for SDS-PAGE
andWestern blot analysis. Themajority of Ube3awas detected in the S1
. Coronal sections through cortex, hippocampus, thalamus, and brainstem are shown.
s detected in the AS mouse brain (right). Scale bars are 2000 µm for the top panels and



Fig. 3. Distribution of Ube3a-like immunoreactivity (Ube3a-li) in the mouse brain. A. Dense Ube3a-li neurons are seen in the pyramidal cell layer and in scattered cells of the stratum
oriens of the dorsal hippocampus from a WT mouse. B. No Ube3a-li elements are present in the dorsal hippocampus of the AS mouse. C. Ube3a-li cells are seen throughout
the thalamus, with particularly dense staining seen in the cells of the paraventricular thalamic nucleus. D. In the somatosensory and other cortices, Ube3a-li cells can be seen in layers
II-VI. E. Ube3a-li cells are seen through the dorsal striatum. F. Ube3a-li marks cells of the amygdala complex, with prominent staining seen in the central and especially medial nuclei,
and what appears to be a somewhat lower density of cells in basolateral nucleus. G. Cells immunoreactive for Ube3a are present it the dorsal pons and overlying cerebellar cortex; in
the pons, Ube3a-li cells can be seen in the locus ceruleus, parabrachial nucleus, and dorsal tegmental nucleus. H. Densely packed Ube3a-li cells in the substantia nigra and medially
contiguous ventral tegmental nucleus are present, with fewer Ube3a-li cells seen in the pars reticulata. Scale bars are 500 µm C and 200 µm (F–H); the scale bar in G also applies to
panels A, B, D, and E.
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(soluble) pool where it co-fractionated with the cytosolic protein
GAPDH. Lower levels of Ube3a co-fractionated with the IP3R, a marker
for the endoplasmic reticulum, in the S2 (membrane-associated) pool
(Fig. 6). Ube3awas also detected in the S3 (PSD-associated) pool and P3
(insoluble) fraction, where the majority of PSD-95 fractionates (Fig. 6).
These data are consistentwith a broaddistribution of Ube3a throughout
the cell, but with highest abundance in the soluble pool.
Maternal bias for Ube3a protein expression in peripheral tissues

Little is known about Ube3a expression in the periphery, or
whether lack of peripheral maternal expression could contribute to
associated symptoms in AS. To evaluate peripheral Ube3a expression,
we compared Ube3a protein levels in total homogenates from heart,
liver, and kidney of WT and AS mice. Ube3a was readily detected in



Fig. 4. Ube3a-li is present in interneurons but not astrocytes. A. In the neocortex some parvalbumin(PV)-li interneurons (brown) exhibiting nuclear labeling for Ube3a-li (arrow) are
seen next to cells that are express only Ube3a-li (black) or parvalbumin (arrowhead) but not Ube3a. B. A calretinin-li cell expressing Ube3a-li (arrow) is seen dorsal to a dense band
of Ube3a-li positive hippocampal dentate granule cells. C. In the thalamic reticular nucleus the great majority of cells show both PV- and Ube3a-li (arrow). D. Astrocytes, which
express the GFAP-li (brown), do not express Ube3a-li (seen in black IR nuclei) in the hippocampus. Scale bars are 25 µm in panel C and 10 µm in panel D; and the scale bar in panel D
applies also to panels A and B.
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WT tissues via Western blot (Fig. 7), but levels in heart, liver, and
kidney were reduced by 73±14%, 68±7%, and 64±18% respectively,
relative to levels in WT tissues. If maternal and paternal alleles of a
gene are expressed with equal efficiency, heterozygous knockout
animals typically express ∼50% of the WT protein levels. Therefore,
we also testedwhether total tissue levels in ASmicewere significantly
lower than the predicted 50% of WT levels. A one-sample t-test
revealed that reductions in Ube3a expression levels in AS heart
(P=0.006) and AS liver (P=0.01) were significantly greater than 50%
of the WT. However, in kidney there was only a trend for the loss of
Ube3a expression to be significantly greater than 50% of the WT
(P=0.21).

Discussion

We determined the Ube3a protein expression pattern inWT and AS
mice using Western blot and immunohistochemical analysis. We
initially tested two commercially available antibodies for specificity to
Ube3a and chose to use the Sigma-Aldrich Ube3a (E6-AP) antibody,
because the Bethyl Ube3a antibody detected proteins in a similar
molecularweight range even in thebiallelicUbe3aknockout (M−/P−)
mouse. Nevertheless, we detected doublet or triplet banding patterns in
several tissues probed with the Sigma antibody. Since the Ube3a gene
encodes three different protein isoforms due to alternative splicing of
5′ exons (Yamamoto et al., 1997), the three bands detected by
immunoblotting may represent Ube3a protein isoforms. In addition,
post-translational modifications may contribute to the detection of
multiple protein variants.
Until recently, it was widely accepted that Ube3a was maternally
imprinted predominantly in hippocampus, cerebellum, and olfactory
bulbs based on in situ hybridization data (Albrecht et al., 1997; Jiang
et al., 1998). We have shown through immunoblotting and immuno-
histochemistry that maternal predominant Ube3a protein expression
is not limited to these regions but instead occurs throughout the brain.
These results highlight the importance of evaluating protein expres-
sion changes in addition to transcript levels. Our observations are
consistent with previous RT-PCR results in human brain samples,
where UBE3A transcript was expressed uniformly across the brain in
controls, and was reduced to 10% of control levels in frontal cortex
from AS brain (Rougeulle et al., 1997). Our data also validate recently
reported observations made using an Ube3a-YFP reporter mouse in
which selective expression of the maternally derived Ube3a-YFP
transgene was not limited to hippocampus, cerebellum, and olfactory
bulbs (Dindot et al., 2008). We note that imprinted Ube3a protein
expression throughout the neocortex was also recently reported in
AS mice (Yashiro et al., 2009). We significantly extend these findings
by examining native Ube3a protein throughout all cortical and
subcortical regions.

These results are perhaps not surprising given the phenotypic
features in Angelman syndrome individuals. Movement and gait
disorders suggest involvement off basal ganglia circuitry (Beckung
et al., 2004), whereas EEG abnormalities, generalized seizure types,
and sleep disturbances suggest dysfunction in thalamocortical circuits
(Lossie et al., 2001; Miano et al., 2004; Colas et al., 2005). The marked
impairment of expressive speech is consistent with impaired
perisylvian cortical circuit development (Cattani et al., 2005). Taken



Fig. 5. Subcellular Ube3a expression pattern in hippocampal neuron cultures. Ube3a is ubiquitously expressed throughout rat hippocampal neurons, with themost intense staining levels
in the nucleus, but alsowith prominent staining in the cytoplasmand dendrites. A. Ube3a-li partially co-localizeswith the presynapticmarker synapsin. B. Ube3a-li and PSD-95-li partially
co-localize in dendrites of rat hippocampal neurons. Regions of co-localization are depicted in yellow. Scale bars are 20 µm for upper panels and 5 µm for lower panels.
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together, this suggests that Ube3a plays a fundamental role in most
neurons and neuronal circuits. One such Ube3a role may be in the
experience-dependent maturation of synapses and circuits as was
demonstrated in the mouse visual cortex (Yashiro et al., 2009).

Using immunohistochemical and immunocytochemical techni-
ques we showed that the Ube3a protein is expressed in both
glutamatergic (e.g., cortical pyramidal neurons) and GABAergic
interneurons (e.g., PV- and CR-immunoreactive interneurons). The
expression of Ube3a in GABAergic interneurons, particularly in PV
neurons in the reticular nucleus of the thalamus is intriguing. EEG
abnormalities in Angelman patients almost invariably include
paroxysms of rhythmic diffuse high amplitude slowing. These
patterns are highly suggestive of thalamocortical dysregulation for
Fig. 6. Ube3a localizes to multiple subcellular fractions. Subcellular fractionation and
Western blot analysis of hippocampal homogenates shows Ube3a co-fractionates
strongly with the cytoplasmic protein, GAPDH. Ube3a is co-fractionated to a lesser
extent with the endoplasmic reticulum associated protein, IP3R (membrane-associated
fraction), and with PSD-95 (postsynaptic density-associated fractions).
which GABAergic interneurons in the thalamusmay play a critical role
(Huguenard and McCormick, 2007).

We showed that Ube3a is broadly distributed within cells,
suggesting multiple functional roles. The immunohistochemical data
indicated primarily nuclear staining, and it has been proposed that
Ube3a plays an important role as a transcription factor (Ramamoorthy
and Nawaz, 2008). A more detailed analysis using cultured hippocam-
pal neurons showed that while the highest intensity staining is nuclear,
Ube3a is expressed throughout neurons, with prominent staining in the
somaanddendrites. Differences in the relative detection of extranuclear
pools of Ube3a in cultured neurons and in brain slices may reflect
procedural differences between these analyses, such as fixation
conditions or the use of different secondary antibodies coupled to
fluorescent probes for direct visualization or to biotin for amplified
colorimetric detection using streptavidin–peroxidase. Alternatively, the
antibody epitope in extranuclear pools of Ube3a in brain slices from
adult animals may be shielded by association with other proteins that
are expressed at lower levels in the neuronal cultures. However,
Western blotting of subcellular fractionation detected smaller amounts
of Ube3a in membrane-associated and postsynaptic density-associated
fractions, consistentwith the stainingof culturedneurons. Similar toour
results, Dindot and colleagues recently showed that the transgenic
Ube3a-YFP reporter protein co-localizes with both presynaptic and
postsynaptic markers (Dindot et al, 2008). Thus, the pool of synaptic
Ube3a might affect local synaptic protein degradation to modulate
intracellular processes that play key roles in synaptic plasticity (Weeber
et al., 2003; vanWoerden et al., 2007; Greer et al., 2010). It will also be
important to see if Ube3a subcellular localization changes in response to
neuronal activity.

Heterozygote animals typically express most genes/proteins at
50% of WT levels if both alleles are equally active. We found that
Ube3a is substantially expressed in several peripheral tissues in WT
mice, but that the levels are reduced by 64–73% in the heterozygous



Fig. 7. Ube3a expression in peripheral tissues is decreased in ASmice. Western blot analysis of total homogenates from heart, liver, and kidney ofWT and AS mice demonstrates that
Ube3a is expressed in these peripheral tissues. Quantification ofWestern blots (top row) were normalized to the Ponceau-S total protein stain and set as a percentage ofWT (graphs
belowWestern blots). Ube3a expression levels in heart, liver and kidney of AS mice are reduced by≈70% compared to corresponding tissues fromWTmice. Animals: WT N=3, AS
N=4.
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(M−/P+) AS mice, significantly lower than the predicted 50%
expression level. We also note that there is still a very low level of
Ube3a protein expression in all brain regions tested from AS mice.
This is consistent with the finding that AS mice and biallelic Ube3a
knockout mice have separable phenotypes based on behavioral
testing (Heck et al., 2008). Earlier studies showed biallelic human
UBE3A expression in heart and kidney, as well as in lymphocytes and
fibroblast cultures, but did not quantitatively address the extent of
UBE3A loss in peripheral tissues in AS (Nakao et al., 1994; Rougeulle
et al., 1997; Vu and Hoffman, 1997). However, a more recent study
found preferential UBE3A transcript expression from the maternal
allele in human fibroblasts (Herzing et al, 2002). While the clinical
significance of reduced Ube3a protein expression in peripheral tissues
of AS mice is unclear, AS individuals frequently have disturbances in
gastrointestinal function (Laan et al., 1999; Williams et al., 2006).
Thus, it will be important to learn if UBE3A deficiency in peripheral
tissues is linked to these adverse symptoms.

Determining mechanisms involved in Ube3a imprinting has been
critical in the understanding of AS (Chamberlain and Brannan, 2001;
Herzing et al., 2002; Tsai et al., 2002; Le Meur et al., 2005; Regha et al.,
2006; Horsthemke and Wagstaff 2008; Ideraabdullah et al., 2008;
Koerner et al., 2009). Taken together, the present data indicate that
Ube3a expression from the paternal chromosome is suppressed to
varying degrees in different tissues. There are at least two possible
explanations of these data. First, genomic modification(s) that give
rise to imprinting provide for graded levels of expression rather than
an “all or none” effect. Second, since the tissues sampled contain
multiple cell types, paternal Ube3a expression could be completely
suppressed in some cells, but not affected in others. Our immunohis-
tochemical studies of the CNS provide no evidence of a limited
number of cells expressing normal levels of Ube3a in the AS mice
(Figs. 2 and 3). Moreover, heart and liver contain a preponderance of
myocytes and hepatocytes, respectively, andmore limited numbers of
other cell types. Thus, we favor the idea that genomic imprinting can
result in graded expression from one allele, apparently in a cell-
dependent manner. It will be important to compare mechanisms for
gene silencing in neurons and peripheral tissues, particularly with
respect to the roles of changes in chromatin conformation and the
Ube3a antisense transcript. In addition, the degree of paternal Ube3a
expression should be closely examined for changes across develop-
ment and in response to activity. This could be readily done using the
Ube3a-YFP mouse developed by Dindot et al. (2008). Such studies
may suggest approaches to activate UBE3A expression from the
paternal chromosome in the brain of AS patients to compensate for
the loss of maternal expression.

In summary, we have shown that there is global and strong
suppression of Ube3a protein expression in the brain of the AS mouse.
This provides a foundation for future studies to examine how deficits
in Ube3a expression underlie the diverse symptoms of AS that include
movement disorders, refractory generalized epilepsy, severe expres-
sive language impairment, and sleep disturbances that almost
certainly involve circuits outside of the hippocampus and cerebellum.
Moreover, developing treatments for AS should include consideration
of the potential role of peripheral Ube3a deficits and determining
means of compensating for the loss of Ube3a throughout the brain.
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