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Abstract

We have shown altered expression of gamma-aminobutyric acid A (GABA,) and gamma-
aminobutyric acid B (GABAg) receptors in the brains of subjects with autism. In the current study,
we sought to verify our western blotting data for GABBRL1 via qRT-PCR and to expand our previous
work to measure mMRNA and protein levels of 3 GABAa subunits previously associated with autism
(GABRa4; GABRa5; GABRp1). Three GABA receptor subunits demonstrated mRNA and protein
level concordance in superior frontal cortex (GABRo4, GABRa5, GABRp1) and one demonstrated
concordance in cerebellum (GABBR1). These results provide further evidence of impairment of
GABAergic signaling in autism.
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Autism is a debilitating disorder that is characterized by a number of behavioral deficits,
including ritualized or stereotyped behaviors, impairment of social interactions, and
deficiencies in communication (APA, 1994). Gamma-aminobutyric acid (GABA) is
responsible for the majority of inhibitory neurotransmission in the brain and there are few, if
any, areas in the brain that are not affected by GABA. However, it has only been relatively
recently that postmortem studies have begun to suggest a role for the GABAergic system in
autism. Changes in levels of glutamic acid decarboxylase (GAD), the rate limiting enzyme that
is responsible for conversion of glutamate to GABA, and GABA and GABAg receptor
subunits in autistic brain and blood have been observed (Blatt et al., 2001; Dhossche et al.,
2002; Fatemi et al., 2002, 2009a,b; Yip et al., 2007).
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Binding of GABA to its receptors - GABA, GABAR, and GABA - transduces signals
underlying various inhibitory transmissions in the brain. There are over 19 individual
GABA, receptor subunits (Brandon et al., 2000; Ma et al., 2005; Olsen et al., 2008), two
GABAGp subunits (Jones et al., 1998), and two GABA( subunits (Qian and Ripps, 2009).
GABA receptor subunits have been localized to multiple chromosomes (Table 1), and there
are several GABA receptor gene clusters at various loci (Table 1). Duplications, deletions, and
inversions at the 15q11-g13 locus, which includes genes for three GABAA receptors (Table 1;
GABRa5, GABRf3 and GABRY3), occur in 1-4% of autistic patients (Schroer et al., 1998),
and single nucleotide polymorphisms (SNPs) for these genes have been associated with autism
(McCauley etal., 2004; Samaco et al., 2005; Ashley Koch et al., 2006; Kim et al., 2006; Hogart
et al., 2007, 2009), suggesting a role for these genes in the pathology of autism.

Our laboratory has recently demonstrated significant reductions in protein levels for selected
GABA, receptor subunits, and were the first group to show significant reductions of
GABAg receptor subunits in brains of subjects with autism (Fatemi et al., 2009a,b). Here, we
extend our previous investigations of the GABAergic system in autism to verify our western
blotting results for GABBRL1 via gRT-PCR and measure the expression of mMRNA and protein
for three GABA receptor subunits that have been associated with autism (GABRa4,
GABRa5, GABRfL1) in parietal cortex (Brodmann's area 40 (BA40)), superior frontal cortex
(BA\9), and cerebellum of subjects with autism and matched controls. Based on our previous
work, we hypothesized that there would be a reduction in mMRNA and protein expression of
GABA receptor subunits in all three brain regions.

Tissue Preparation

qRT-PCR

All experimental procedures were approved by the Institutional Review Board of the University
of Minnesota School of Medicine. Postmortem blocks of BA40, BA9, and cerebella (lobar
origin unknown) were obtained from the Autism Research Foundation and various brain banks
(NICHD Brain and Tissue Bank for Developmental Disorders; TARF; the Harvard Brain
Tissue Resource Center, which is supported in part by PHS grant number R24 MH068855; the
Brain Endowment Bank, which is funded in part by the National Parkinson Foundation, Inc.,
Miami, Florida; and the Autism Tissue Program). The tissue samples (Table 2) were prepared
as described previously (Fatemi et al., 2009a,b).

For this gene expression study, a two-step RT-PCR method was used to quantify RNA, because
we wanted to store cDNA for later use so as to obtain greater consistency in experimental
parameters. Also, empirically, it has been shown that there is close to one-to-one conversion
of RNA to cDNA using most commercial reverse transcription reagents, and hence, we could
circumvent quantifying cDNA which requires a cumbersome preparatory/cleaning process
with rather limited sample availability. The RNA was quality checked and quantified by UV
spectrophotometry and capillary electrophoresis using the Agilent Bioanalyzer 2100.
Approximately 2 ug of total RNA from each sample was used to generate high fidelity cDNA
using random hexamer primers and the High Capacity cDNA Synthesis Kit (Applied
Biosystems, Foster City CA) following the manufacturer's protocol. After 1:10 dilution, 20 ng
of cDNA was used in a 20 ul reaction including TagMan Universal PCR Master Mix (Applied
Biosystems) and the indicated inventoried TagMan Gene Expression Assays. Inventoried
TagMan assays contain optimized concentrations of oligonucleotide primers and fluorescently
labeled TagMan probes (FAM, MGB) with sequence compositions designed for consistent
amplification efficiency across assays under universal thermal cycling conditions. Specific
assays were also selected for consistency in amplicon size. Tissue from cerebellum (N=9
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control; N=4 autistic), BA40 (N=5 control; N=5 autistic), and BA9 (N=5 control; N=4 autistic)
were used. All reactions were performed in triplicate per experiment and each experiment was
replicated three times with GAPDH and B-actin as endogenous controls. Values from beta-
actin and GAPDH were averaged together as the endogenous controls. The real-time RT-PCR
amplifications were run on a 7900HT Real Time PCR System (Applied Biosystems). Universal
thermal cycling conditions were as follows: 10 min at 95°C, 40 cycles of denaturation at 95°
C for 15 sec, and annealing and extension at 60°C for 1 min. Data were collected at every
temperature phase during each cycle. Raw data were analyzed using the Sequence Detection
Software RQ Manager (ABI, Foster City, CA) while relative quantitation using the comparative
threshold cycle (Cy method) was performed in Bioconductor using the ABgPCR package in
Microsoft Excel (ABI Technote#2: Relative Gene Expression Quantitation). Calculations were
done assuming that 1 delta Ct equals a 2-fold difference in expression. Significance values
were determined using unpaired t-tests.

The probe IDs used were: 1) GABRa4: Hs00608034_m1; 2) GABRau5: Hs00181291-m1; 3)
GABRp1: Hs00181306_m1;4) GABBR1: Hs00559488_m1; 5) B-actin: Hs99999903_m1;and
6) GAPDH: Hs99999905_m1.

SDS-PAGE and Western Blotting

Tissue samples from cerebellum (N=11 control, N=7 autistic), BA9 (N=3 control; N=4-5
autistic), and BA40 (N=5-6 control, N=4-8 autistic) were prepared and SDS PAGE and western
blotting performed as described previously (Fatemi et al., 2009a,b). The primary antibodies
used were: anti-GABA receptor alpha 4 (GABRa4) (AB5459, Chemicon (Temecula, CA),
1:1,000), anti-GABAA receptor alpha 5 (GABRa5) (ab10098, Abcam Inc. (Cambridge, MA),
1:1,000), anti-GABAA, receptor beta 1 (GABRp1) (AB9680, Chemicon (Temecula, CA),
1:1,000), anti-f actin (A5441, Sigma Aldrich (St. Louis, MO), 1:5,000). Secondary antibodies
used were A9169 (Sigma Aldrich, goat anti-rabbit 1gG 1:80,000) and A9044 (Sigma Aldrich,
rabbit anti-mouse IgG 1:80,000). The molecular weights of approximately 64 kDa
(GABRa4), 58 kDa and 55 kDa (GABRB1), 52 kDa (GABRa5), and 42 kDa (B actin)
immunoreactive bands were quantified with background subtraction. Results obtained are
based on at least two independent experiments.

Statistical Analysis

Results

Statistical analysis of protein data was performed as previously described (Fatemi et al.,
2009a,b). We investigated the potential confounding effect of postmortem interval by
examining group differences with postmortem interval as a covariate. We similarly examined
effects of ethnicity, age, seizure, and anti-convulsant use.

GABA Receptor Protein Levels in BA9, BA40 and Cerebellum of Subjects with Autism

All western-blotting experiments were normalized against -actin and are shown as ratios of
the various GABA receptor subunits to B-actin. In BA9 from subjects with autism, there was
a 31% reduction in GABRa4 protein (p<0.0086), a 50% reduction in GABRa5 protein
(p<0.035), a 52% reduction in GABR1 58 kDa protein (p<0.012), and a 53% reduction in
GABRp1 55 kDa protein (p<0.014) (Figure 1, Table 3). We have previously found a significant
70% reduction in GABBR1 protein in BA9 (Fatemi et al., 2009b) (Figure 1, Table 3).

In BA40, Western blotting experiments revealed a significant 51% reduction in protein for
GABRo5 (p<0.01; Figure 1, Table 3). Our laboratory has previously found a significant 71%
reduction in GABBR1 protein in BA40 (Fatemi et al., 2009b) (Figure 1,Table 3). GABBR1
protein was also significantly reduced by 67% in cerebella of subjects with autism when
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compared with controls (Fatemi et al., 2009b) (Figure 1, Table 3). We measured protein levels
of B-Actinin BA9, BA40, and cerebellum and found slight, non-significant changes in subjects
with autism (8.5%, 11%, and 0.5%, respectively; Table 3).

Demographic Factors and Effects of Confounds

Mean age was measured and no significant differences were found between subjects with
autism and matched controls in BA9, BA40, and cerebellum (Table 3). Gender ratios varied
from 10 men to 1 woman in controls to 6 men to 1 woman in subjects with autism (Table 3).
A comparison of subjects on race (African-American vs. Caucasian) found no significant
difference on GABA receptors. We also examined the effect on anti-convulsant use and found
no significant differences on GABA receptors. Seven out of nine subjects with autism were
comorbid with seizure disorder (Table 2). A second analysis was performed comparing protein
levels of GABBR1 (Fatemi et al., 2009b), GABRa4, GABRa5, GABR1 in subjects with
autism comorbid with seizure disorder vs. controls. There was no confounding effect of seizure
or postmortem interval on levels of GABA receptors of interest. We also conducted a series
of ANCOVA's with postmortem interval as the covariate. There was no confounding effect of
postmortem interval on levels of GABA receptors of interest.

MRNA Expression for GABRa4, GABRa5, GABRB1, and GABBR1

All qRT-PCR experiments were normalized against both -actin and GAPDH and these values
were averaged. In BA9 of subjects with autism there were significant reductions in mRNA for
GABRa4 (p<0.00062), GABRa5 (p<0.0024), and GABRP1 (p<0.0099), verifying our western
blotting results for these receptors, while there was no significant change for GABBRL1 (Table
4). In BA40 there was a significant increase in mRNA for GABBR1 (p<0.016) (Table 4). In
cerebella of subjects with autism there was a significant downregulation of mRNA for
GABBR1 (p<0.0044), verifying our western blotting results (Table 4). In contrast, there were
significant increases in mMRNAs for GABRa4 (p<0.029), GABRo5 (p<0.002), and GABRp1
(p<0.003) (Table 4).

Discussion

In the current study we have demonstrated reduced GABRa4, GABRa5, GABR1 proteins in
BA9 and reduced GABRa5 protein in BA40 of subjects with autism when compared with age
and PMI matched controls. We have previously demonstrated reduced GABBRL protein in all
three brain regions from subjects with autism (Fatemi et al., 2009b). These reductions were
specific for the GABA subunits as there were no significant differences in p-actin in the three
brain regions between subjects with autism and matched control subjects. Moreover, the
reduction in GABRa4, GABRa5, GABRp1 proteins in BA9 was accompanied by a similar
reduction in their mRNA levels. Similarly, in cerebellum there was a similar reduction in
mRNA for GABBRL.

The GABA receptors that show concordant results are of particular interest since altered
expression has been demonstrated at two levels (i.e. reduction of MRNA and protein). The
reduction is likely to affect GABA receptor kinetics resulting in dysfunctional GABAergic
transmission. Discordant results between protein and mRNA (i.e. increased mRNA and
reduced protein or vice versa) may result from multiple ways: 1) microRNA (miRNA) may
regulate specific GABA receptor genes preventing translation, however, this does not appear
to be the case here; 2) epigenetics — one or more regulatory genes may affect the chromatin
structure of a given gene effectively silencing its expression; 3) post-translational modification
through phosphorylation or glycosylation may lead to altered trafficking; 4) improper folding
may lead to endoplasmic reticulum retention and ultimately degradation of the receptor
intracellularly; 5) however, the most likely scenario at play here is that chronic receptor protein
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downregulation, as seen for GABBR1 in BA40 cerebellum, may lead to a compensatory
upregulation of its respective mRNA. Further study is required to investigate these possibilities.

GABRuob5, one of the three GABA receptors clustered at the 15g11.2-q13 locus displayed
concordance for mRNA and protein data in BA9 (Tables 3 and 4). Individual single nucleotide
polymorphisms (SNPs) across GABRa5 have been found to be nominally associated with
autism (McCauley et al., 2004). However, a recent report found no association between
GABRob5 and autism in a Japanese population sample (Tochigi et al., 2007). Our results
establish further evidence of a connection between GABRa5 and autism.

Genetic evidence suggests an association of GABRa4 and GABRB1 with autism and,
moreover, these two genes may interact to increase risk of autism (Ma et al., 2005; Collins et
al., 2006). Ma et al. (2005) identified SNPs for GABRa4 and GABRp2 using a family-based
study for allelic association with autism. Genotypic and haplotypic association analysis
identified SNPs for GABRa2, GABRa4, and GABRp2 associated with autism (Ma et al.,
2005). Extended multifactor-dimensionality reduction analysis revealed a gene-gene effect
involving GABRa4 and GABRB1 which positively associated with autism (Ma et al., 2005).
A further study provided further evidence of GABRoa4 as a risk for autism in Caucasians and
African Americans and the joint involvement of GABRa4 and GABRp1 was again found for
Caucasians (Collins et al., 2006). Further evidence of an association of GABRo4 and autism
was reported recently in a case study of an autistic patient with a mosaic of chromosome 4p
who had three signals for GABRa4, GABRYy1, and GABRa2, as measured by fluorescence in
situ hybridization (Kakinuma et al., 2008). We observed that both mMRNA and protein levels
for both GABRa4 and GABRp1 were reduced in BA9 of subjects with autism compared with
controls further supporting the role of these genes for autism.

Our laboratory is the first to demonstrate changes in GABBR1 and GABBR2 in brains of
subjects with autism (Fatemi et al., 2009b). GABBRL has been linked to other disorders
including temporal lobe epilepsy (Princivalle et al., 2003), obsessive compulsive disorder (Zai
etal., 2005a), and schizophrenia (Zai et al., 2005b). We have now verified our western blotting
data for GABBR1 in cerebellum via gRT-PCR. The reduction in GABBR1 may increase the
liability to seizure disorder, which is more common in subjects with autism when compared
to the general population (Tuchman and Rapin, 2002).

Aside from autism, changes in the GABA receptors examined in the current study may be
associated with other neuropsychiatric and neurodevelopmental disorders. While there has
been no established relationship between GABRo4 and schizophrenia, a polymorphism of
GABRo4 has been associated with development of neuroleptic-induced tardive dyskinesia
(Inada et al., 2008). GABRo5 levels in hippocampi of mice have been associated modulation
of prepulse inhibition (Hauser et al., 2005), which is disturbed in subjects with schizophrenia
and autism. A week positive association between a polymorphism of GABBR1 (A-7265G)
and schizophrenia has been established (Zai et al., 20054, b). This relationship was also
observed using a convergent functional genomic approach (Le-Niculescu et al., 2007).
However, there has not been any postmortem analysis of protein or mMRNA levels for these
receptors in schizophrenia. There hasn't been a connection established between any of the
GABA receptors examined in the current study with Fragile X syndrome. Deletion of the 11.2-
q13 region of chromosome 15, where the GABRo5 gene is located, has been associated with
a more severe clinical picture of Angelman Syndrome (Borgatti et al., 2003). However, this is
likely due to the presence of ubiquitin protein ligase E3A (UBE3A) in this region (Matsuura
et al., 1997). Of these three disorders, further investigation of the GABAergic system in
schizophrenia warrants further study. While autism and schizophrenia are two very different
disorders, multiple proteins are similarly altered in both disorders including GABAergic
proteins glutamic acid decarboxylase 65/67 (Fatemi et al., 2002, 2005). Postmortem studies of
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GABRa4, GABRa5, GABRf1, and GABBRL1 in subjects with schizophrenia could be a logical
next step in examining GABAergic dysfunction in both disorders.

In conclusion, our results have demonstrated concordance between protein and mRNA for
GABRa4, GABRa5, GABRp1 in BA9 and GABBRL1 in cerebella of subjects with autism,
suggesting widespread GABAergic dysfunction. Altered expression of GABA receptor
subunits and GAD65/67 may lead to the impairment of the excitatory/inhibitory balance in the
brain, resulting in various cognitive impairments associated with autism and the presence of
seizure disorder.
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Figure 1.

Representative samples of GABRo4 (64 kDa), GABRa5 (52 kDa), GABRp1 (58 kDa and 55
kDa), GABBR1 (108 kDa), and B-Actin (42 kDa) in BA9, BA40, and cerebellum of subjects
with autism (A) and matched controls (C). Note: Images for GABBRL protein levels are
reprinted with kind permission from Springer Science+Business Media: Cerebellum,
Expression of GABA(B) Receptors Is Altered in Brains of Subjects with Autism, volume 8,
2009, page 67, Fatemi SH, Folsom TD, Reutiman TJ, Thuras PD, Figure 1.
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Table 1

Chromosomal Locations of GABA Receptor Subunit Genes and Clusters

Chromosomal location

GABA receptor subunit(s)

1p36.3
4q13-p12
4pl4-ql2
5031.1-935
5032-933
5034-935
6914-g21
6p21.3
9g22.1
15q11.2-q13
15¢031.1-g33.1
Xq28

GABRS
GABRa2, GABRB1
GABRa4
GABRa6
GABRn
GABRa1, GABRB2
GABRp2
GABBR1
GABBR2
GABRa5, GABRB3, GABRY3
GABRy2
GABRu3, GABRe, GABRO

Chromosomal location obtained from Online Mendelian Inheritance in Man (OMIM) database.
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Table 3
Western Blotting Results for Selected GABA Receptor Genes and p-Actin in BA9, BA40, and Cerebellum

BA9 Control Autistic Change P
GABRa4 / B-Actin 0.058 £0.007 0.040+0.004 |31% 0.0086
GABRa5 / B-Actin 0.576 £0.040 0.288+0.176 | 50%  0.035

GABRp1/p-Actin (58 kDa)  0.198 £0.05 0.095+0.021 | 52% 0.012
GABRp1/p-Actin (55 kDa) 0.213+0.058 0.100£0.021 | 53% 0.014

GABBRY/ p-Actinl 0.076 £0.023 0.023+0.024 | 70%  0.021
B-Actin 30.4+1.38 27.8+2.85 1 8.5% ns
Age = SD (years) 26.0 £5.29 23.8+5.29 1 8.4% ns
PMI + SD (years) 20 £4.0 17.7+715 | 11% ns
Gender 3M:0F 4AM:1F - -
BA40 Control Autistic Change P
GABRo4 / g-Actin 0.195+0.039 0.230+0.045 118% ns

GABRa5 / B-Actin 0.439+0.118 0.217+0.024 | 51% 0.01

GABRp1/B-Actin (58 kDa) 0278 +0.213 0213+0.139 | 23% ns
GABRPL/pB-Actin (55 kDa) 0.315+0.112 0270+0.049 | 14% ns

GABBR1/ p-Actin’ 0.078+0.049 0.023+0.026 |71%  0.019
B-Actin 156 +1.16 13.9+2.14 111% ns
Age £ SD (years) 23.6 +5.03 22.8+3.59 1 3.4% ns
PMI + SD (years) 18.4 +6.02 16.6+2.82 | 9.8% ns
Gender 5M:0F 3M:1F - --
Cerebellum Control Autistic Change P
GABRo4 / g-Actin 0.066 £0.021 0.054+0.015 | 18% ns
GABRa5 / g-Actin 0.387+0.194 0.436+0.152 113% ns

GABRp1/B-Actin (58 kDa) 0.216 £0.038 0.195+0.035 |[97%  ns
GABRp1/B-Actin (55 kDa) 0.444£0.106 0425+0.129 | 43%  ns

GABBR1/ p-Actin’ 00510019 0017+0.006 |67%  0.0049
B-Actin 20.0+1.43 20.1+2.21 1 0.5% ns
Age = SD (years) 26.36 +10.63 24.86+4.67 |57% ns
PMI + SD (years) 18.0+598  16.16+6.81  |1.8% ns
Gender 10M:1F 6M:1F - -

Values for GABBRL1 are reprinted with kind permission from Springer Science+Business Media: Cerebellum, Expression of GABA(B) Receptors
Is Altered in Brains of Subjects with Autism, volume 8, 2009, page 67, Fatemi SH, Folsom TD, Reutiman TJ, Thuras PD, Table 2. ns, not significant
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mMRNA Levels for GABRo4, GABRa5, GABRp1, and GABBRL1 in Brains of Subjects with Autism

Table 4

Area Gene GOl relative to averaged normalizers2 P
BA9 GABRo4 -2.12 0.00062
GABRa5 -3.36 0.0024
GABRp1 -1.11 0.0099
GABBR1 -0.27 ns
BA40 GABRo4 -0.28 ns
GABRab 0.16 ns
GABRp1 -0.008 ns
GABBR1 0.378 0.016
Cerebellum  GABRo4 1.55 0.029
GABRa5 4.48 0.002
GABRp1 0.86 0.003
GABBR1 -0.33 0.0044
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a . . . . .
Genes of interest were normalized against both beta actin and GAPDH, and the values were averaged and expressed as Log2(FC). ns, not significant
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