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ABSTRACT
The neurodevelopmental disorder Angelman syndrome is most frequently caused
by deletion of the maternally-derived chromosome 15q11-q13 region, which includes not

ip
t

only the causative UBE3A gene, but also the -5-GABAA receptor subunit gene

cr

cluster. GABAergic dysfunction has been hypothesized to contribute to the occurrence of
epilepsy and cognitive and behavioral impairments in this condition. In the present study,

us

analysis of GABAA receptor subunit expression and pharmacology was performed in
cerebral cortex from four subjects with Angelman syndrome and compared to that from

an

control tissue. The membrane fraction of frozen postmortem neocortical tissue was

M

isolated and subjected to quantitative Western blot analysis. The ratios of / and 5/1
subunit protein expression in Angelman syndrome cortex were significantly decreased

d

when compared with controls. An additional membrane fraction was injected into

te

Xenopus oocytes, resulting in incorporation of the brain membrane vesicles with their
associated receptors into the oocyte cellular membrane. Two-electrode voltage clamp

Ac
ce
p

analysis of GABAA receptor currents was then performed. Studies of GABAA receptor
pharmacology in Angelman syndrome cortex revealed increased current enhancement by
the 1-selective benzodiazepine site agonist zolpidem and by the barbiturate
phenobarbital, while sensitivity to current inhibition by zinc was decreased. GABAA
receptor affinity and modulation by neurosteroids were unchanged. This shift in GABAA
receptor subunit expression and pharmacology in Angelman syndrome is consistent with
impaired extrasynaptic but intact to augmented synaptic cortical GABAergic inhibition,
which could contribute to the epileptic, behavioral, and cognitive phenotypes of the
disorder.
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INTRODUCTION
Angelman syndrome is a severe neurodevelopmental disorder consisting of
microcephaly, mental retardation, speech impairment, ataxia, epilepsy, and an apparently

ip
t

happy and excitable demeanor [34]. The cause of the condition is the loss of expression

of the maternal copy of the imprinted gene UBE3A (ubiquitin protein ligase E3A), either

cr

through deletion of the maternally-inherited chromosome 15q11-13 region (70%),

us

paternal uniparental disomy (2-5%), an imprinting defect (5%), or UBE3A mutation (510%) [18]. Epilepsy is extraordinarily common in Angelman syndrome, developing in up

an

to 90% of those with the condition [24, 31].

The GABAA receptor is a ligand-gated heteropentameric chloride channel whose

M

activation causes membrane hyperpolarization and decreased neuronal excitability. In

d

addition to the traditional "phasic" form of fast inhibition mediated by synaptic GABAA

te

receptors, primarily of the 12 composition in cortex, "tonic" GABAA currents also
serve to regulate neuronal excitability. The tonic GABAA current is a continuous

Ac
ce
p

inhibitory current mediated by high-affinity, extrasynaptic receptors that are activated by
ambient levels of GABA, and in the neocortex is expected to be mediated primarily by
receptors of the 5and 4 subunit compositions [7].
The potential involvement of GABAA receptors in the pathogenesis of epilepsy in

Angelman syndrome has been suggested by multiple factors. First, the most common
cause of Angelman syndrome, deletion of the maternally-inherited chromosome 15q1113 region containing the imprinted UBE3A gene, also results in deletion of the nonimprinted GABAA 3, 5, and 3 subunit genes [18]. Second, multiple studies have
demonstrated that individuals with Angelman syndrome due to 15q11-13 deletion have
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more severe epilepsy than those with uniparental disomy, imprinting defects, or UBE3A
mutations, all of which would be expected to spare the GABAA subunit genes [20]. A
final line of evidence has come from studies of GABAA 3 subunit knockout mice, which

ip
t

demonstrate high voltage EEG slowing and spontaneous myoclonic and clonic seizures

cr

[5, 9].

Despite the hypothesized dysfunction of the GABAergic inhibitory system in

us

Angelman syndrome, very few studies have been done in human brain tissue to directly
address this question. A postmortem study revealed unchanged GABA levels in the

an

cerebral cortex of an individual with Angelman syndrome as compared with control

M

tissues [15]. Analysis of GABAA benzodiazepine receptor binding by positron emission
tomography scanning of individuals with Angelman syndrome has produced divergent

d

results, indicating either decreased [11, 22] or increased [1] binding levels. Finally, a

te

decrease in GABAA 3 subunit mRNA and protein expression in Angelman cortex has
been reported, although expression of other GABAA receptor subunits and functional

Ac
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p

consequences of this reduction were not determined [10, 29]. In the present study, we
analyzed protein expression levels of several critical GABAA receptor subunits in human
Angelman syndrome and control cortex, and then assessed the pharmacologic properties
associated with the detected alterations. To do this, we utilized a unique experimental
paradigm that allows electrophysiological analysis of ion channels derived from frozen
postmortem tissues.

MATERIALS AND METHODS

4
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Western Blot Analysis
Rabbit polyclonal antibodies against GABAA receptor subunits  and 3 were
obtained from Novus Biologicals, rabbit polyclonal antibodies against the 2 subunit

ip
t

were from Abcam, and mouse monoclonal 1 subunit antibody was from Millipore.

cr

Other details regarding these antibodies are provided in Supplemental Table 1. Frozen

cortical tissue specimens (100-200 mg) were processed to isolate the membrane fraction

us

and subjected to Western blot analysis as detailed in [14]. Infrared fluorescence was used

an

for signal detection and quantitation (Odyssey Infrared Imaging System, LI-COR

Oocyte preparation and injection

M

Biosciences).

d

Membrane isolation from an additional portion (50-300 mg) of each frozen

te

cortical specimen was performed using the method of [19], with modifications, as

Ac
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p

detailed in [13]. Xenopus laevis oocyte collection and injection procedures were as
described previously [13].

Electrophysiology

Injected oocytes (1-3 days after injection) were placed in a recording chamber and

bathed in oocyte Ringer’s solution containing (in mM) NaCl 82.5, KCl 2.5, CaCl2 2.5,
MgCl2 1, and Hepes 5 (pH 7.4). Two-electrode voltage-clamp recordings were made at
room temperature using electrodes with a resistance of 0.5 – 2.5 M filled with 3 mM
KCl. Oocyte membrane potential was held at –80 mV. Solutions were applied using a
gravity-driven, valve-controlled perfusion system.

5
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Data analysis
Graphing and curve-fitting were carried out using Excel (Microsoft) and

ip
t

OriginPro 8 software (OriginLab Corporation). Statistical analysis was performed using

cr

OriginPro 8 and InStat (GraphPad Software).

us

RESULTS

an

Cortical specimens

Frozen postmortem human cortical tissue was acquired from the NICHD Brain

M

and Tissue Bank for Developmental Disorders at the University of Maryland. Although

d

there are many limitations inherent to the use of postmortem tissue, in this and our

te

previous studies [14], GABAA receptor subunit protein expression and pharmacologic
properties were not correlated with postmortem interval (data not shown). Four samples
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p

were obtained from individuals with Angelman syndrome and were analyzed along with
four age-matched control specimens obtained from individuals with non-neurologic
causes of death. Supplemental Table 2 lists basic clinical details for each specimen. All
Angelman syndrome patients were noted to have epilepsy and cognitive impairment.
Chromosome 15q11-q13 deletion was identified in Angelman Cases 1, 3, and 4; genetic
information was not available for Case 2. Medications at time of death were available for
Case 1 (clorazepate) and Case 2 (topiramate and clonazepam) only.

GABAA receptor subunit expression in Angelman syndrome

6
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The expression levels of several GABAA receptor subunits were analyzed by
quantitative Western blotting of cortical membranes isolated from the Angelman and
control autopsy specimens. Selected for analysis were the  and 5 subunits, which

ip
t

contribute to cortical extrasynaptic 532 GABAA receptors [3, 21] and are deleted from
the maternal 15q11-q13 region along with the UBE3A gene in the majority of Angelman

cr

syndrome cases. Also analyzed were the  and 1 subunits, which contribute to cortical

us

synaptic GABAA receptors, most of which are of the 122 composition [3, 21].

an

Expression of the  subunit, which is also usually heterozygously deleted in Angelman
cases, was not assessed as this subunit is present at extremely low levels in human cortex

M

[23]. As shown in a representative Western blot (Fig. 1A) and graphs summarizing
subunit expression levels relative to -tubulin (Fig. 1B), expression of the  subunit was

d

not substantially altered in the cortical specimens obtained from the individuals with

te

Angelman syndrome as compared with the controls. In contrast, expression of the 
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p

subunit was markedly elevated. Alpha5 subunit expression was reduced in the Angelman
syndrome samples, while levels of the 1 subunit were unchanged. As a result of these
alterations, the ratio of  to subunit expression, as well as the ratio of 5 to 1, was
significantly reduced in Angelman syndrome cortex as compared with age-matched
control cortex (Fig. 1C). This indicates a relative deficit in expression of protein subunits
that make up cortical extrasynaptic 532 GABAA receptors in Angelman syndrome as
compared with the subunits that compose cortical synaptic 122 GABAA receptors.

GABAA receptor pharmacology in Angelman syndrome
The alterations of cortical GABAA receptor subunit expression in Angelman

7
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syndrome detected above predict several pharmacologic changes. To investigate this, we
utilized the technique of injection of brain cellular membrane preparations into the
Xenopus oocyte, which results in the “microtransplantation” of human GABAA receptors

ip
t

in their native configuration into the oocyte plasma membrane [19]. With this method,
the appearance of receptor currents does not depend on mRNA translation, but instead

cr

arises from incorporation into the oocyte membrane of the injected membrane vesicles

us

harboring native receptors. This allows analysis by standard two-electrode voltage clamp
electrophysiology. The advantages and limitations of this technique are discussed in

an

detail elsewhere [13]. Of particular note, absolute current amplitudes measured using this
method do not accurately reflect those present in the source tissue; rather, this technique

M

is ideal for determining relative receptor responses to pharmacologic manipulations [19].

d

GABA dose-response curves were generated from oocytes expressing receptors

te

from control and Angelman syndrome cortex (Fig. 2A). Although there was a trend
towards higher GABAA receptor affinity in the Angelman specimens, the differences in

Ac
ce
p

half-maximal effective GABA concentration (EC50) did not reach statistical significance
(Control = 96.4  10.4 M, Angelman = 69.0  7.8 M, P > 0.05). We next assessed
responses to exogenous and endogenous agents known to modulate GABAA currents.
Zolpidem is a benzodiazepine-site agonist with selectivity for 122 receptors that is
used clinically in the treatment of insomnia. In contrast, diazepam is a non-selective
benzodiazepine used in the treatment of seizures and anxiety which acts equally on
122 and 532 receptors. GABAA current enhancement by zolpidem was significantly
increased in Angelman syndrome cortex as compared with controls (Fig. 2B,C), while
enhancement by diazepam was equivalent (Fig. 2D). GABAA receptor current is directly

8
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inhibited by endogenous zinc, which acts with low affinity on synaptic 122 receptors
and with higher affinity on extrasynaptic 532 receptors [4]. The degree of GABAA
receptor current inhibition by zinc was significantly less in Angelman syndrome cortex

ip
t

than in control cortex (Fig. 3A,B). These pharmacologic findings are consistent with a

cr

relative predominance of synaptic 122 receptors over extrasynaptic 532 receptors in
Angelman syndrome, as suggested by the protein expression studies above.

us

We next analyzed responses to the barbiturate phenobarbital and the endogenous

an

neurosteroid 5-pregnan-3-ol-20-one (53), both of which enhance GABAA receptor
currents and function as anticonvulsant and sedative agents. Based on studies of

M

recombinant receptors, these agents should act with similar efficacy on synaptic 122
and extrasynaptic 532 combinations [2, 32]. Interestingly, current augmentation by

d

phenobarbital was substantially larger in Angelman syndrome cortex as compared with

te

control cortex (Fig. 3C,D). In contrast, there was no difference in the degree of GABAA

Ac
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p

current potentiation by the neurosteroid 53 (Supplemental Figure 1). Unfortunately,
none of the currently available GABAA receptor agonists or antagonists are able to
discriminate between 2 and 3-subunit containing receptors [8], so the relative
prevalence of these subtypes could not be directly assessed pharmacologically.

DISCUSSION

The present study represents the first to systematically analyze GABAA receptor
subunit expression and pharmacology in human Angelman syndrome cortex. This is
despite the frequently stated hypothesis that reduced GABAA receptor function is a
prominent mechanism contributing to the development of epilepsy and cognitive

9
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impairment in the disorder. Our study has demonstrated that GABAA / and 5/1
subunit expression ratios are decreased in Angelman syndrome cortex as compared with
age-matched control cortex. These reductions predict relative impairment of inhibition by

ip
t

extrasynaptic GABAA 532 receptors, but unchanged to increased inhibitory function

cr

by synaptic GABAA 122 receptors. These alterations in subunit expression patterns

were accompanied by changes in receptor pharmacology, with increased efficacy of the

us

1-selective benzodiazepine site agonist zolpidem, and decreased efficacy of zinc, which

an

acts preferentially on 532 as compared with 122 receptors. GABAA current
enhancement by phenobarbital, which acts equally on all receptor subunit combinations,

M

was substantially increased, while that of the neurosteroid 53 was unchanged.
Based on the heterozygous deletion of chromosome 15q11-q13, including the

d

non-imprinted GABAA 3-5-3 gene cluster, one would predict a 50% reduction in 3

te

expression and no change in 2, which is located on chromosome 5q in a cluster with the
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p

6 -1-2 subunit genes. Instead, what we found was a marked increase in 2 expression
with no significant change in 3 expression. We feel the most likely explanation for this
finding is that expression of both 2 and 3 subunits have been reported to be elevated in
temporal lobe epilepsy patients, possibly as a consequence of repeated seizures [25]. In
Angelman syndrome patients, this would predominantly be manifested as 2 elevation,
given underlying deficits in 3 expression. Other possible explanations include effects of
antiepileptic drugs [27] or compensatory overexpression of 2 during development in the
setting of relative 3 deficiency, similar to that observed in 1 subunit knockout mice
[16].
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The demonstrated alterations in Angelman syndrome patients would be predicted
to have complex clinical effects, due to the divergent functions of - and -containing
GABAA receptors in the brain. Receptors containing  subunits seem to be primarily

ip
t

responsible for mediation of the anesthetic effects of GABAA receptor agonists, while

cr

those containing  subunits mediate the sedative effects of these agents [28]. The

anticonvulsant effects of non-selective GABAA agonists are mediated by both - and -

us

containing receptors [6]. This would predict that administration of non-selective GABAA

an

agonists to individuals with Angelman syndrome would have reduced anesthetic effects
but unchanged to enhanced sedative and anticonvulsant effects. In keeping with this

M

hypothesis, benzodiazepine medications are among the most commonly prescribed to
individuals with Angelman syndrome and epilepsy, and are found to be efficacious and

d

well-tolerated [31]. In addition, our results suggest that those affected by Angelman

te

syndrome may be more sensitive to GABAergic agents used to treat insomnia. It is
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interesting to consider the clinical implications of our results for phenobarbital, which
demonstrated considerably increased current enhancement in Angelman syndrome cortex
as compared with control cortex. Phenobarbital is commonly prescribed for the
management of epilepsy in Angelman syndrome, although reports have indicated limited
effectiveness in monotherapy [31, 33]. In addition, phenobarbital exhibits an adverse side
effect profile including lethargy, which individuals with Angelman syndrome may be
more sensitive to given our findings.
Comparison of our results to those found in GABAA 3 homozygous or
heterozygous knockout mice, a purported model of Angelman syndrome, reveals both
similarities and areas of divergence. The heterozygous condition would be expected to be
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more analogous to the human disorder. Homozygous 3 knockout mice exhibited
significantly reduced GABAA and benzodiazepine receptor binding, markedly decreased
current amplitudes, and unchanged to increased GABA affinity, while heterozygotes had

ip
t

unchanged to slightly decreased GABAA and benzodiazepine receptor binding,

cr

unchanged to minor decreases in current amplitudes, and no change in GABA affinity

[12, 17, 30]. Our current study on human Angelman cortex also identified no change in

us

GABA affinity or modulation by the benzodiazepine diazepam. Studies in cultured
cortical neurons from homozygous 3 knockout mice revealed no change in 1 subunit

M

found in the present study using human tissue.

an

expression and increased current potentiation by zolpidem [26], similar to what we have

In conclusion, our studies of GABAA receptor subunit expression and

d

pharmacology in Angelman syndrome reveal alterations that predict impairment of

te

cortical extrasynaptic, but unchanged to enhanced synaptic, GABAergic activity. While
these changes are unlikely to explain the development of epilepsy and

Ac
ce
p

neurodevelopmental impairments in this disorder, they may modify their characteristics
and responsiveness to GABAergic medications.

12

Page 12 of 20

Legends to Figures
Figure 1. GABAA receptor subunit expression is altered in Angelman syndrome cortex.
A) Representative Western blot demonstrating GABAA receptor subunit , , 5, and

ip
t

1 protein expression in control and Angelman syndrome cortical specimens. Antibody

cr

staining of -tubulin is shown as a control for protein loading. B) Fluorescence intensities
for the receptor subunits normalized to the intensity of -tubulin. Each connected pair of

us

squares represents the average normalized band intensities from a single blot, while the
asterisks represent the average of all blots performed. C) Graph depicting the ratios of the

an

fluorescence intensities of the / subunits and of the 5/1 subunits in Angelman

M

syndrome cortex normalized to the ratios measured in control specimens on the same
blot. Average values determined from five (/) or four (5/1) separate blots + SEM

te

d

are shown. *P < 0.05 versus corresponding control, one sample t-test.
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p

Figure 2. GABAA current enhancement by zolpidem is increased in oocytes
incorporating GABAA receptors from individuals with Angelman syndrome, while
GABA affinity and current enhancement by diazepam are unchanged. A) Dose-response
curves illustrating current produced by increasing GABA concentrations. Each point
represents the average current ± SEM normalized to that produced by 1000 M GABA.
B) Representative traces from an oocyte incorporating receptors from a Control
individual and an individual with Angelman syndrome showing current generated by 30
M GABA in the absence and presence of 100 nM zolpidem. The traces obtained in the
presence of GABA alone are equivalently scaled to allow direct comparisons of the
degree of modulation by the agents of interest. C) Enhancement of GABAA receptor

13
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currents by 10-100 nM zolpidem in control and Angelman syndrome specimens. D)
Enhancement of GABAA receptor currents by 100-1000 nM diazepam. In this and all
subsequent figures results were obtained from four Control and four Angelman syndrome

ip
t

specimens (at least 4 injected oocytes analyzed per specimen). *P < 0.05 versus

cr

corresponding Control, two-way repeated measures ANOVA with Tukey post-tests.

us

Figure 3. GABAA current inhibition by zinc is reduced in oocytes incorporating GABAA
receptors from individuals with Angelman syndrome, while enhancement by

an

phenobarbital is increased. A) Representative traces showing current generated by 100
M GABA in the absence and presence of 100 M ZnCl2. B) Inhibition of GABAA

M

receptor currents by 1-100 M ZnCl2 in Control and Angelman syndrome specimens. C)

d

Representative traces showing current generated by 30 M GABA in the absence and

te

presence of 1 mM phenobarbital. D) Enhancement of GABAA receptor currents by 30-
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p

1000 M phenobarbital in Control and Angelman syndrome specimens. *P < 0.05 versus
corresponding Control.

14

Page 14 of 20

REFERENCES

4

5

8

9

10

11

ip
t

cr

Ac
ce
p

7

te

d

6

us

3

an

2

Asahina, N., Shiga, T., Egawa, K., Shiraishi, H., Kohsaka, S. and Saitoh, S.,
[(11)C]flumazenil positron emission tomography analyses of brain gammaaminobutyric acid type A receptors in Angelman syndrome, J Pediatr, 152 (2008)
546-9, 549 e1-3.
Belelli, D., Casula, A., Ling, A. and Lambert, J.J., The influence of subunit
composition on the interaction of neurosteroids with GABA(A) receptors,
Neuropharmacology, 43 (2002) 651-61.
Benke, D., Fritschy, J.M., Trzeciak, A., Bannwarth, W. and Mohler, H.,
Distribution, prevalence, and drug binding profile of gamma-aminobutyric acid
type A receptor subtypes differing in the beta-subunit variant, J Biol Chem, 269
(1994) 27100-7.
Burgard, E.C., Tietz, E.I., Neelands, T.R. and Macdonald, R.L., Properties of
recombinant gamma-aminobutyric acid A receptor isoforms containing the alpha
5 subunit subtype, Mol Pharmacol, 50 (1996) 119-27.
DeLorey, T.M., Handforth, A., Anagnostaras, S.G., Homanics, G.E., Minassian,
B.A., Asatourian, A., Fanselow, M.S., Delgado-Escueta, A., Ellison, G.D. and
Olsen, R.W., Mice lacking the beta3 subunit of the GABAA receptor have the
epilepsy phenotype and many of the behavioral characteristics of Angelman
syndrome, J Neurosci, 18 (1998) 8505-14.
Fradley, R.L., Guscott, M.R., Bull, S., Hallett, D.J., Goodacre, S.C., Wafford,
K.A., Garrett, E.M., Newman, R.J., O'Meara, G.F., Whiting, P.J., Rosahl, T.W.,
Dawson, G.R., Reynolds, D.S. and Atack, J.R., Differential contribution of
GABA(A) receptor subtypes to the anticonvulsant efficacy of benzodiazepine site
ligands, J Psychopharmacol, 21 (2007) 384-91.
Glykys, J. and Mody, I., Activation of GABAA receptors: views from outside the
synaptic cleft, Neuron, 56 (2007) 763-70.
Hadingham, K.L., Wingrove, P.B., Wafford, K.A., Bain, C., Kemp, J.A., Palmer,
K.J., Wilson, A.W., Wilcox, A.S., Sikela, J.M., Ragan, C.I. and et al., Role of the
beta subunit in determining the pharmacology of human gamma-aminobutyric
acid type A receptors, Mol Pharmacol, 44 (1993) 1211-8.
Handforth, A., Delorey, T.M., Homanics, G.E. and Olsen, R.W., Pharmacologic
evidence for abnormal thalamocortical functioning in GABA receptor beta3
subunit-deficient mice, a model of Angelman syndrome, Epilepsia, 46 (2005)
1860-70.
Hogart, A., Nagarajan, R.P., Patzel, K.A., Yasui, D.H. and Lasalle, J.M., 15q1113 GABAA receptor genes are normally biallelically expressed in brain yet are
subject to epigenetic dysregulation in autism-spectrum disorders, Hum Mol
Genet, 16 (2007) 691-703.
Holopainen, I.E., Metsahonkala, E.L., Kokkonen, H., Parkkola, R.K., Manner,
T.E., Nagren, K. and Korpi, E.R., Decreased binding of [11C]flumazenil in
Angelman syndrome patients with GABA(A) receptor beta3 subunit deletions,
Ann Neurol, 49 (2001) 110-3.

M

1

15

Page 15 of 20

16

17

18
19

22

23

24
25

26

ip
t

Ac
ce
p

21

te

d

20

cr

15

us

14

an

13

Homanics, G.E., DeLorey, T.M., Firestone, L.L., Quinlan, J.J., Handforth, A.,
Harrison, N.L., Krasowski, M.D., Rick, C.E., Korpi, E.R., Makela, R., Brilliant,
M.H., Hagiwara, N., Ferguson, C., Snyder, K. and Olsen, R.W., Mice devoid of
gamma-aminobutyrate type A receptor beta3 subunit have epilepsy, cleft palate,
and hypersensitive behavior, Proc Natl Acad Sci U S A, 94 (1997) 4143-8.
Jansen, L.A., Peugh, L.D. and Ojemann, J.G., GABA(A) receptor properties in
catastrophic infantile epilepsy, Epilepsy Res, 81 (2008) 188-97.
Jansen, L.A., Peugh, L.D., Roden, W.H. and Ojemann, J.G., Impaired maturation
of cortical GABA receptor expression in pediatric epilepsy, Epilepsia, in press.
Jay, V., Becker, L.E., Chan, F.W. and Perry, T.L., Sr., Puppet-like syndrome of
Angelman: a pathologic and neurochemical study, Neurology, 41 (1991) 416-22.
Kralic, J.E., Korpi, E.R., O'Buckley, T.K., Homanics, G.E. and Morrow, A.L.,
Molecular and pharmacological characterization of GABA(A) receptor alpha1
subunit knockout mice, J Pharmacol Exp Ther, 302 (2002) 1037-45.
Krasowski, M.D., Rick, C.E., Harrison, N.L., Firestone, L.L. and Homanics, G.E.,
A deficit of functional GABA(A) receptors in neurons of beta 3 subunit knockout
mice, Neurosci Lett, 240 (1998) 81-4.
Lalande, M. and Calciano, M.A., Molecular epigenetics of Angelman syndrome,
Cell Mol Life Sci, 64 (2007) 947-60.
Miledi, R., Eusebi, F., Martinez-Torres, A., Palma, E. and Trettel, F., Expression
of functional neurotransmitter receptors in Xenopus oocytes after injection of
human brain membranes, Proc Natl Acad Sci U S A, 99 (2002) 13238-42.
Minassian, B.A., DeLorey, T.M., Olsen, R.W., Philippart, M., Bronstein, Y.,
Zhang, Q., Guerrini, R., Van Ness, P., Livet, M.O. and Delgado-Escueta, A.V.,
Angelman syndrome: correlations between epilepsy phenotypes and genotypes,
Ann Neurol, 43 (1998) 485-93.
Mohler, H., Fritschy, J.M., Crestani, F., Hensch, T. and Rudolph, U., Specific
GABA(A) circuits in brain development and therapy, Biochem Pharmacol, 68
(2004) 1685-90.
Odano, I., Anezaki, T., Ohkubo, M., Yonekura, Y., Onishi, Y., Inuzuka, T.,
Takahashi, M. and Tsuji, S., Decrease in benzodiazepine receptor binding in a
patient with Angelman syndrome detected by iodine-123 iomazenil and singlephoton emission tomography, Eur J Nucl Med, 23 (1996) 598-604.
Palma, E., Spinelli, G., Torchia, G., Martinez-Torres, A., Ragozzino, D., Miledi,
R. and Eusebi, F., Abnormal GABAA receptors from the human epileptic
hippocampal subiculum microtransplanted to Xenopus oocytes, Proc Natl Acad
Sci U S A, 102 (2005) 2514-8.
Pelc, K., Boyd, S.G., Cheron, G. and Dan, B., Epilepsy in Angelman syndrome,
Seizure, 17 (2008) 211-7.
Pirker, S., Schwarzer, C., Czech, T., Baumgartner, C., Pockberger, H., Maier, H.,
Hauer, B., Sieghart, W., Furtinger, S. and Sperk, G., Increased expression of
GABA(A) receptor beta-subunits in the hippocampus of patients with temporal
lobe epilepsy, J Neuropathol Exp Neurol, 62 (2003) 820-34.
Ramadan, E., Fu, Z., Losi, G., Homanics, G.E., Neale, J.H. and Vicini, S.,
GABA(A) receptor beta3 subunit deletion decreases alpha2/3 subunits and IPSC
duration, J Neurophysiol, 89 (2003) 128-34.

M

12

16

Page 16 of 20

31

32

ip
t

Ac
ce
p

34

te

d

33

cr

30

us

29

an

28

Raol, Y.H., Zhang, G., Budreck, E.C. and Brooks-Kayal, A.R., Long-term effects
of diazepam and phenobarbital treatment during development on GABA
receptors, transporters and glutamic acid decarboxylase, Neuroscience, 132
(2005) 399-407.
Reynolds, D.S., Rosahl, T.W., Cirone, J., O'Meara, G.F., Haythornthwaite, A.,
Newman, R.J., Myers, J., Sur, C., Howell, O., Rutter, A.R., Atack, J., Macaulay,
A.J., Hadingham, K.L., Hutson, P.H., Belelli, D., Lambert, J.J., Dawson, G.R.,
McKernan, R., Whiting, P.J. and Wafford, K.A., Sedation and anesthesia
mediated by distinct GABA(A) receptor isoforms, J Neurosci, 23 (2003) 8608-17.
Samaco, R.C., Hogart, A. and LaSalle, J.M., Epigenetic overlap in autismspectrum neurodevelopmental disorders: MECP2 deficiency causes reduced
expression of UBE3A and GABRB3, Hum Mol Genet, 14 (2005) 483-92.
Sinkkonen, S.T., Homanics, G.E. and Korpi, E.R., Mouse models of Angelman
syndrome, a neurodevelopmental disorder, display different brain regional
GABA(A) receptor alterations, Neurosci Lett, 340 (2003) 205-8.
Thibert, R.L., Conant, K.D., Braun, E.K., Bruno, P., Said, R.R., Nespeca, M.P.
and Thiele, E.A., Epilepsy in Angelman syndrome: a questionnaire-based
assessment of the natural history and current treatment options, Epilepsia, 50
(2009) 2369-76.
Thompson, S.A., Whiting, P.J. and Wafford, K.A., Barbiturate interactions at the
human GABAA receptor: dependence on receptor subunit combination, Br J
Pharmacol, 117 (1996) 521-527.
Valente, K.D., Koiffmann, C.P., Fridman, C., Varella, M., Kok, F., Andrade, J.Q.,
Grossmann, R.M. and Marques-Dias, M.J., Epilepsy in patients with angelman
syndrome caused by deletion of the chromosome 15q11-13, Arch Neurol, 63
(2006) 122-8.
Williams, C.A., Beaudet, A.L., Clayton-Smith, J., Knoll, J.H., Kyllerman, M.,
Laan, L.A., Magenis, R.E., Moncla, A., Schinzel, A.A., Summers, J.A. and
Wagstaff, J., Angelman syndrome 2005: updated consensus for diagnostic
criteria, Am J Med Genet A, 140 (2006) 413-8.

M

27

17

Page 17 of 20

Ac
ce
p

te

d

M

an

us

cr

ip
t

Figure 1

Page 18 of 20

Ac

ce

pt

ed

M

an

us

cr

i

Figure 2

Page 19 of 20

Ac

ce

pt

ed

M

an

us

cr

i

Figure 3

Page 20 of 20

