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Glutamatergic and GABAergic gene sets in
attention-deficit/hyperactivity disorder: association
to overlapping traits in ADHD and autism
J Naaijen1, J Bralten2, G Poelmans2, The IMAGE consortium6, JC Glennon1, B Franke2,3,4 and JK Buitelaar1,5

Attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorders (ASD) often co-occur. Both are highly heritable;
however, it has been difficult to discover genetic risk variants. Glutamate and GABA are main excitatory and inhibitory
neurotransmitters in the brain; their balance is essential for proper brain development and functioning. In this study we
investigated the role of glutamate and GABA genetics in ADHD severity, autism symptom severity and inhibitory performance,
based on gene set analysis, an approach to investigate multiple genetic variants simultaneously. Common variants within
glutamatergic and GABAergic genes were investigated using the MAGMA software in an ADHD case-only sample (n= 931), in which
we assessed ASD symptoms and response inhibition on a Stop task. Gene set analysis for ADHD symptom severity, divided into
inattention and hyperactivity/impulsivity symptoms, autism symptom severity and inhibition were performed using principal
component regression analyses. Subsequently, gene-wide association analyses were performed. The glutamate gene set showed an
association with severity of hyperactivity/impulsivity (P= 0.009), which was robust to correcting for genome-wide association levels.
The GABA gene set showed nominally significant association with inhibition (P= 0.04), but this did not survive correction for
multiple comparisons. None of single gene or single variant associations was significant on their own. By analyzing multiple genetic
variants within candidate gene sets together, we were able to find genetic associations supporting the involvement of excitatory
and inhibitory neurotransmitter systems in ADHD and ASD symptom severity in ADHD.

Translational Psychiatry (2017) 7, e999; doi:10.1038/tp.2016.273; published online 10 January 2017

INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most
common neurodevelopmental disorders, characterized by age-
inappropriate inattentiveness and/or increased hyperactivity and
impulsivity.1 ADHD is often accompanied by comorbidities, one of
them being autism spectrum disorder (ASD). ASD is defined by
impaired communication and social interaction as well as
repetitive and restricted behaviors and interests.1 ADHD and
ASD frequently co-occur, with the presence of ADHD within ASD
ranging from 30 to 80%, whereas the presence of ASD in ADHD is
estimated at 20–50%.2,3 Both disorders are highly heritable, with
estimates of 90% for ASD and ~ 76% for ADHD.4–6 In addition,
~ 50–70% of the contributing genetic factors are overlapping
between ADHD and ASD,7 but also see Lee et al.8 Despite their
high heritability, finding genetic risk variants for both disorders
has been challenging so far. Several candidate genes have been
associated with ADHD and ASD symptoms,9–12 but genome-wide
association studies have not yielded many genome-wide sig-
nificance findings.11–13 ADHD and ASD are very heterogeneous
and polygenic disorders, which may explain the difficulties in
identifying the underlying genetic factors.14,15 One characteristic
that ADHD and ASD have in common is impairments in behavioral

inhibition;16 for review see Wang et al.13 This overlapping trait in
both disorders is linked to deficits in frontostriatal brain areas.
Studying an overlapping trait in ADHD and ASD may complement
the search for genetic variants involved in the disorders
themselves.17

Glutamate is the most abundant excitatory neurotransmitter in
the human brain and is involved in many neuronal functions
including synaptic transmission, neuronal migration, excitability,
plasticity and long-term potentiation.18 Because of these wide-
ranging functions, altered glutamatergic neurotransmission has
been implicated in many different nervous system processes.19

Gamma-aminobutyric acid (GABA), on the other hand, is the most
abundant inhibitory neurotransmitter of the human brain involved
in long-range signaling responsible for inhibition of behavior. Both
neurotransmitters are involved in frontostriatal signaling, related
to the dysfunctions in inhibition seen in ADHD and ASD.20,21

The balance between glutamate and GABA is essential for
proper brain development and functioning in these frontostriatal
circuits.22,23 The pathophysiology of ASD has been proposed to be
characterized by a glutamate–GABA imbalance.24 Abnormalities in
the expression of glutamate transporters, GABA-A and GABA-B
receptors have been shown in post-mortem brains of patients.25,26
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In addition, clinical trials of glutamate receptor antagonists and
GABA receptor agonists in Fragile X syndrome, which has many
characteristics in common with ASD, have shown improvement of
social impairments.27 In ADHD, an imbalance in glutamate and
GABA signaling has not been reported before. Magnetic reason-
ance spectroscopy studies investigating GABA and glutamate in
ADHD have, however, shown decreased prefrontal GABA levels in
children, whereas in another study increased glutamatergic levels
were found in comparable prefrontal brain areas.28,29 A recent
study showed a role for GABA in impulsivity and response
inhibition.30 In addition, BOLD activity during response inhibition
has been related to striatal glutamate levels, mediating the effect
of dopamine synthesis on inhibition.31

Genes encoding glutamate and GABA receptors and
transporters are candidate genes for several neuropsychiatric
disorders,32–34 including ADHD and ASD. Deficits in inhibition can
be linked to frontostriatal deficits in glutamate and GABA levels,
which is consistent with findings in ADHD and ASD showing
altered glutamate and GABA signaling.35 Genetic associations
have been found for several candidate genes within the
glutamatergic system. For instance, associations have been found
for variation in the GRIN2B gene with both inattention and
hyperactivity symptoms in ADHD,36 and both GRIN2A and GRIN2B
have been associated with ASD.37 A genome-wide study
investigating rare variants found over-representation of variants
belonging to the metabotropic glutamate receptor genes in
several ADHD cohorts.38 GABA transporter subtype 1 (GAT1) gene
knockout mice have been shown to have decreased attention and
increased impulsive behavior, relating this gene to ADHD
symptomatology and difficulties in inhibiting impulses.39 In
addition, mutations in the GABA-A receptor subunit-encoding
genes GABRQ and GABRA3 have been found in two different
families with ASD.40

Both ADHD and ASD are polygenic, with multiple genetic
variants with small effects assumed to have a role in a major part
of the patient population. Identifying single genetic variants with a
small effect size can be challenging. Considering multiple genetic
variants within the same analysis can potentially increase the total
explained phenotypic variance and thereby boost the power of a
genetic study. Earlier studies on cognitive disorders focusing on
multiple variants within the same gene or within candidate
genetic pathways already showed potential for this approach.41–43

In addition, top findings within genome-wide association studies
of psychiatric disorders have been found to converge on common
underlying biological processes, suggesting that multiple genetic
variants within interacting sets of genes are involved in the
etiology of psychiatric disorders.11,12,44,45

In the present study we explored, whether genes for glutamate
and GABA neurotransmission are associated with ADHD and ASD
traits. This was investigated by looking at the two symptom
dimensions hyperactivity/impulsivity and inattention of ADHD. In
addition, because of the evidence of a genetic overlap between
ADHD and ASD and the glutamate–GABA imbalance hypothesis,
we also investigated whether these neurotransmission gene sets
moderate symptoms of ASD within an ADHD case-only sample.
We used quantitative measures of ADHD and ASD symptom
severity to characterize the disorders in terms of continuous
distributions.46 Such an approach may help to better take into
account the heterogeneity of the disorders as well as the extent of
overlap between them.14,47 Complementary, because of the
common deficit of inhibitory control in ADHD and ASD and
because of its regulation by frontostriatal glutamatergic and
GABAergic signaling, we also investigated in a subsample whether
the genes for glutamate and GABA neurotransmission are
involved in inhibitory control. We made use of the stop-signal
reaction time (SSRT) of a behavioral response inhibition task,
which is related to excitatory and inhibitory signaling in the
frontostriatal circuit. We investigated multiple genetic variants

within glutamatergic and GABAergic genes simultaneously using a
gene-set approach with the MAGMA software. Subsequently, we
investigated gene-wide associations within this data set.

MATERIALS AND METHODS
Sample
The present study is part of the International Multi-center ADHD Genetics
(IMAGE) study, an international collaborative study in seven European
countries (Belgium, Germany, Ireland, Spain, Switzerland, the Netherlands
and the United Kingdom) and Israel.48,49 The IMAGE study was designed to
identify genes that increase ADHD susceptibility. Participants were 5–17
years old and of European Caucasian descent. Exclusion criteria included
an IQ below 70, the presence of a classical autism diagnosis, epilepsy,
known neurological disorders and any genetic or medical disorder
associated with externalizing behaviors that might mimic ADHD. Details
of the IMAGE sample have been described elsewhere.50

ADHD symptom severity
A semi-structured, standardized, investigator-based interview (Parental
Account of Children’s Symptoms51) and questionnaires (parent and
teacher Conners’ long-version rating scales52 and parent and teacher
strengths and difficulties questionnaires53) were used to establish an
ADHD diagnosis in children who were clinically diagnosed previously (see
Rommelse et al.54) for the standardized algorithm that was applied to
derive the DSM-IV symptoms). To investigate symptom severity, a 4-point
scale was used for the questions of the subscales for inattention and
hyperactivity/impulsivity of the Conners parent rating scale. Severity was
defined as the summed value of the questions per subscale.

Autism symptom severity
Autism spectrum symptoms were determined by administration of the
Social Communication Questionnaire55 filled in by the parents. This
validated questionnaire consists of 40 yes/no items determining autistic
symptom severity based on the following domains: (i) reciprocal social
interaction, (ii) communication and (iii) restricted, repetitive and stereo-
typed interests and patterns of behavior. Here, the score (ranging from 0 to
39) was used as a continuous measure of autism symptom severity. As a
DSM-IV diagnosis of autistic disorder or Asperger syndrome was an
exclusion criterion for the IMAGE study (see Sample), the autism symptoms
could not exceed the threshold for clinical diagnosis.

Inhibition
Response inhibition was measured using a Stop task in which participants
are required to withhold their response to a stop signal as opposed to the
more frequently occurring go-trials. This task was part of a larger
neuropsychological assessment battery used in the Dutch part of the
IMAGE study.20 The latency of the stop process, the SSRT, is a reliable
measure of inhibition, which has shown group differences between ASD
and ADHD cases compared with controls, whereas unaffected siblings
showed an intermediate pattern and SSRT correlates between siblings.20

Genotyping
Genome-wide genotyping of the IMAGE probands was performed as part
of the Genetics Association Information Network study using the Perlegen
genotyping platform, described previously.56 An imputation approach was
used with the Hapmap II release 22 data set.57 The imputed data
underwent quality control, in which SNPs with an imputation score lower
than 0.5 and minor allele frequency lower than 0.01 were excluded. After
this step, 2 182 904 SNPs across the genome were retained, excluding the
X-chromosome.
Selection of the glutamate (48 genes) and GABA (36 genes) gene sets

was based on Ingenuity Pathway Analysis software (http://www.ingenuity.
com). This is a frequently updated genetic database for genetic pathway
analysis. Ingenuity generates these ‘canonical’ pathways based on
experimental evidence from the scientific literature and many other
sources, including gene expression and gene annotation databases to
assign genes to different groups and categories of functionally related
genes. We selected genes that are known to have a distinct role in either
glutamate or GABA signaling (see Supplementary Tables S1 and S2 and
Supplementary Figures S1 and S2 for an overview of genes from the
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Ingenuity Pathway Analysis, their functions and which of those were
included in the analysis). SNPs in all selected genes were selected from the
quality-controlled genome-wide data set. As evidence suggests that
genetic variants surrounding a gene can influence gene expression, we
extracted a second set of SNPs based on the selected genes plus a 100
kilobase pair (kb) upstream and downstream flanking region.58–61 Analyses
were performed for the SNPs within all genes only (no flanking) and for the
SNPs within the genes plus the 100 kb flanking region. In addition, we
investigated association with genes encoding glutamate/GABA receptors
and transporters only because of their most central role in neurotransmit-
ter signaling.62 In this way, we wanted to check whether our results are
mainly driven by these genes.

Data analysis
Association analysis to symptom severity was performed separately for
hyperactivity/impulsivity symptoms and inattention symptoms (n=931)
and for autism symptoms (n=922). Post hoc to the analysis of association
to symptoms, in a subsample (n= 162; see Table 1) we also performed
association analysis of behavioral inhibition with the glutamate and the
GABA gene sets to investigate potential association of these gene sets with
a common trait in ADHD and ASD. All phenotypic variables were
normalized using Blom transformation (SPSS 20; SPSS, Chicago, IL, USA).
Gender and age were included as covariates.
Associations were assessed using MAGMA software (Multi-marker

Analysis of GenoMic Annotation, http://ctglab.nl/software/magma
(ref. 63)). To account for linkage disequilibrium within our data, we used
a principal components (PCs) regression model, which projects the SNP
matrix for a gene on PCs and then prunes out PCs with too small
eigenvalues. By default only 0.1% of the variance in the SNP data matrix is
pruned away. The remaining PCs are then used as predictors for the
phenotype in a linear regression model to calculate a gene-wide P-value.
Subsequently, we tested whether the genes in the gene set were jointly

associated with the phenotype. This analysis may include a self-contained
test, examining association of the set with the phenotype under a null
hypothesis of no effect. However, the more valid competitive test
examines whether a certain gene set of interest is more strongly
associated with a phenotype than all other genes in the genome,
correcting for gene size and density. In the competitive test, the effect of

the gene set is compared with the background signal of all genes that are
not in your gene set. Here, we only report the results of the
competitive tests.
Initial testing considered gene-set associations with the phenotypes'

inattention severity, hyperactivity/impulsivity severity and autistic symp-
tom severity. The association to inhibition was performed post hoc in a
subsample because of availability of behavioral data only for a small group.
In addition, gene-wide and single SNP associations were considered.

Because of the correlations between the phenotypic variables, corrections
for multiple comparisons were based on the effective number of tests
calculated by using the eigenvalues of the correlation matrix. Taking the
correlations into account, our number of effective tests was 2.5. For the
gene sets, a P-value of o0.01 was considered statistically significant
(Pcorrected = 0.05/#gene-sets/#effective tests). For gene-wide association, a
P-value of 0.0003 was considered statistically significant (Pcorrected = 0.05/
#genes/#effective tests).

RESULTS
Table 1 lists the general characteristics of the sample. Moderate
correlations were found between the two symptom domains of
ADHD (0.506, Po0.01) and weak correlations were found
between hyperactivity/impulsivity symptom severity and autism
symptom severity (0.077, Po0.05). No significant correlation was
observed between inattention and autism symptom severity
(−0.006, P= 0.86). Similarly, no significant correlations were found
between any of the clinical ADHD or autism symptom scores and
the SSRT (r =− 0.008 to 0.094, all P-values 40.1).
The selection of glutamate and GABA genes yielded a total of

84 genes (Table 2). Four genes positioned on the X-chromosome
(GRIA3 in the glutamate set, GABRA3, GABRE, GABRQ in the GABA
set) were not included in the analysis because of unavailability of
the X-chromosome variation in this sample. Dependent on
whether flanking regions were included, the glutamatergic gene
set included 42 (no SNPs in CALML5, GRIN1, GRINA, GRM2 and
SLC7A7) or 47 genes, consisting of 9287 and 15 466 SNPs,
respectively. For GABA, the gene set without a flanking region
consisted of 30 genes and 3047 SNPs (not captured were
GABARAP, GABRD and SLC32A21), whereas for the 100 kb condition
the set consisted of 33 genes (7534 SNPs). See Supplementary
Tables S1 and S2 for SNPs per gene.

Glutamate
The glutamate set showed association with hyperactivity/impul-
sivity symptom severity, as shown in Table 3. The significant
competitive test (P= 0.009) shows that the association with the
glutamate gene set was stronger compared with genes that were
not in the gene set, which also survived correction for multiple
comparisons. No significant associations were found for autism
symptom severity and inattention symptom severity (P= 0.176
and P= 0.144, respectively).
Single-gene analyses did not show any significant associations

(Supplementary Table S5 shows the list of included genes in both

Table 1. Demographic characteristics of the study sample

Value N

Age: y, m (s.d.) 10.9 (2.8) 946
Male: % 87.5% 946
Conners parent hyperactive/impulsive T-
scores: mean, median (s.d.)

78,67; 80
(10,67)

931

Conners parent inattentive T-scores: mean,
median (s.d.)

71.08; 71 (9.62) 931

Social Communications Questionnaire total
scores: mean, median (s.d.)

8.33; 8 (6.11) 922

Stop-signal reaction time in milliseconds:
mean, median (s.d.)

299.23; 280.08
(92.54)

162

Abbreviations: m,month; y, year.

Table 2. Glutamatergic and GABAergic genes selected for analysis

Glutamate genes GABA genes

CALM1 GRIA4 GRIK5 GRIN3B GRM5 PICK1 SLC1A2 ABAT GABRA1 GABRB2 GABRP GPHN UBQLN1
CALML5a GRID1 GRIN1a GRINAa GRM6 SLC17A1 SLC1A3 ALDH5A1 GABRA2 GABRB3 GABRQb NSF
CAMK4 GRID2 GRIN2A GRIP1 GRM7 SLC17A2 SLC1A4 ALDH9A1 GABRA3b GABRDa GABRR1 SLC32A1a

GLS GRIK1 GRIN2B GRM1 GRM8 SLC17A6 SLC1A6 DNM1 GABRA4 GABREb GABRR2 SLC6A1
GRIA1 GRIK2 GRIN2C GRM2a HOMER1 SLC17A7a SLC1A7 GABARAPa GABRA5 GABRG1 GABRR3 SLC6A11
GRIA2 GRIK3 GRIN2D GRM3 HOMER2 SLC17A8 SLC38A1 GABBR1 GABRA6 GABRG2 GAD1 SLC6A12
GRIA3b GRIK4 GRIN3A GRM4 HOMER3 SLC1A1 GABBR2 GABRB1 GABRG3 GAD2 SLC6A13

Abbreviations: GABA, gamma-aminobutyric acid; SNP, single-nucleotide polymorphism. aNo SNPs for analysis when no flanking region was used. bGene
positioned on the X-chromosome.
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gene sets and their associated P-values). In addition, no
associations were found at the single variant level (data not
shown).
The more specific association analyses that included only genes

encoding for glutamate receptors and transporters showed trend-
significant association with hyperactivity/impulsivity symptom
severity (P= 0.044). See also the Supplementary Table S6.

GABA
The GABA gene set was not significantly associated with any of
the symptom dimensions. Single-gene analyses also did not show
any significant associations (Supplementary Table S5 shows the
list of included genes in both gene sets and their association P-
values). In addition, no associations were found at the single
variant level (data not shown). Table 3 summarizes the results.
Although nonsignificant when no flanking region was used,
nominally significant associations were found with inhibition in
the analysis including the 100 kb flanking region (P= 0.04);
however, this did not survive correction for multiple comparisons.
The more specific association analyses that included only genes
encoding for GABA receptors and transporters also did not
demonstrate any significant associations. See also the
Supplementary Table S6.

DISCUSSION
The present study investigated the combined effects of multiple
genetic variants from glutamate and GABA gene sets with ADHD
and ASD traits. The glutamate gene set was associated with
hyperactivity/impulsivity symptom severity, which was robust
when comparing with the rest of the genome. Although a
nonsignificant competitive test could reflect a lack in power, our
results indicate that GABA is not more associated with ADHD or
ASD symptoms than random gene sets. GABA was, however,
nominally significantly associated with inhibition. Single genes did
not show significant association, suggesting that the results are
because of the combined effect of genetic variants across
several genes.
To the best of our knowledge, this is the first study to

understand the combined effects of glutamate and GABA genes
on ADHD and ASD quantitative traits. Previous investigations of
other traits, which included multiple variants in one analysis, have

been mainly performed based only on so-called self-contained
tests. Recent research suggests that such tests might harbor the
risk of type I errors because in polygenic phenotypes one will
probably never find any association. MAGMA allows performance
of competitive testing, in which it can be investigated whether the
observed association is likely to be more specific to this gene set
(a significant test) or whether its association to other genes or sets
is equally possible (a nonsignificant test) by comparing it to the
effect of genes that are not part of your gene set in the entire
genome. A significant competitive test emphasizes the association
to be specific for the tested gene set, whereas a nonsignificant
test indicates that a part of the polygenic nature of the trait was
captured. Self-contained tests do not take into account the overall
level of association across the genome, the gene size (the number
of principal components or SNPs) and the gene density.
Competitive testing therefore has more merits.
The strongest finding in the current study was for the

association of glutamate signaling-linked genetic variation with
hyperactivity/impulsivity symptoms. This finding is in accordance
with results from studies showing increased glutamate release
from the prefrontal cortex of the spontaneously hypertensive rat,
an animal model showing ADHD-like hyperactive behavior.64–66

Furthermore, glutamate has been related to self-reported
impulsivity in other disorders67 and to impulsive behavior in
healthy adolescents.68 Previous work in the same sample showed
that the hyperactivity/impulsivity domain of ADHD was also
associated with candidate genetic pathways involved in dopa-
mine/norepinephrine and serotonin signaling,41 suggesting that
several genetic mechanisms contribute to hyperactivity/impulsiv-
ity symptoms in ADHD cases.
In our study, we investigated the genetic underpinnings of

autism symptom severity in an ADHD-only sample. ASD itself has
been linked to glutamate and GABA by the excitatory/inhibitory
imbalance hypothesis.24 Our results thus provide an interesting
hypothesis for further investigating the underlying mechanism of
the overlap between ADHD and ASD. Although symptoms coexist
across ADHD and ASD, only weak correlations were found
between hyperactivity/impulsivity symptom severity and ASD
symptoms, and no correlations were found between inattention
and ASD symptoms. The associations found in the current study
could, therefore, not be related to the mere correlation between
the studied phenotypes.
A previous study indicated excitatory/inhibitory gene expres-

sion to be disturbed in ASD, suggesting reduction of the
expression of inhibitory genes to be more pronounced compared
with genes related to excitation and that the imbalance was
mainly due to GABA disturbances.69 In the present study, GABA
was nominally significantly related to inhibition, which may reflect
a disturbance of these inhibitory factors. Our finding was,
however, limited by the small sample size used and needs
replication in an independent data set before any conclusions can
be drawn.
The current results support the hypothesis that glutamate and

possibly also GABA are associated with ADHD and ASD traits.
Unfortunately, current gene-set association analysis cannot reveal
the direction of the observed effects, or whether the directions for
the gene sets differ, which makes the interpretation of the
findings in this study more difficult in terms of the imbalance
theory for GABA and glutamate. In future studies, it would be
interesting to add information on the neural mechanisms under-
lying inhibition by using imaging studies focusing on the
frontostriatal circuitry.
Our findings should be viewed in light of certain strengths and

limitations. An important strength of the current study is the
combination of multiple genetic variants, which enables us to
better take into account the small effect sizes for single variants
and genetic heterogeneity. A second strength is the use of a
competitive test that tests association of the selected gene set

Table 3. Association result P-values for the discovery and post hoc
tests

Competitive

0 kb 100 kb

Glutamate
Autism symptom severity 0.176 0.873
Hyperactivity/impulsivity severity 0.009 0.263
Inattention severity 0.144 0.566
Inhibition (SSRT) 0.037 0.345

GABA
Autism symptom severity 0.465 0.769
Hyperactivity/impulsivity severity 0.473 0.618
Inattention severity 0.827 0.434
Inhibition (SSRT) 0.178 0.040

Abbreviations: GABA, gamma-aminobutyric acid; SSRT, stop-signal
reaction time. Bold marking indicates significance after correction for
multiple comparisons (Meff-corrected, adjusted P-value= 0.01); italics show
nominally significant associations.
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against the background signal of other genes. Gene-set selection
is, however, limited by the fact that the currently available
databases are still incomplete and/or not sufficiently annotated.
For the current study, we took the approach of only including
genes that could be selected by using the canonical pathway
database from Ingenuity. Other approaches would have been
selection based on literature on glutamatergic and GABAergic
genes with a possible role in ADHD, or using proteomic studies,70

both of which have their drawbacks as well. Therefore, with our
approach, we may have missed genes that are involved in
glutamatergic and/or GABAergic signaling; however, we are
confident that the genes that we included are directly involved
in glutamate/GABA signaling.
As the studied sample consisted of ADHD patients only, the

current results should not be viewed as related to disorder risk
either for ADHD or ASD. To this end, a case–control study should
first be performed. In addition, a diagnosis of autistic disorder or
Asperger disorder was an exclusion criterion in the IMAGE study.
We could therefore not directly compare overlapping genetic
underpinnings, but could only investigate the presence of autism
behavior within the ADHD sample. It would be interesting for the
future to replicate these findings in an ASD sample and to include
patients with ASD with comorbid ADHD. Lastly, differences in
results occurred based on the flanking region we used. Although
inclusion of the 100 kb flanking regions of selected genes did not
seem to lead to more explained variance in most cases, the
difference between using the flanking region and not using it
should be highlighted. The gene sets without the flanking region
capture the SNPs in the genes, whereas in the gene sets with the
100 kb flanking region there were 4487 and 6179 extra SNPs
present in the GABA and glutamate set, respectively, which are
not part of the gene itself (see Supplementary Tables S3 and S4 for
number of SNPs per gene). In addition to including regulatory
regions important for gene activity,58–61 this flanking region may
also include neighboring genes that may dilute effects of variants
in the selected genes. We therefore reported both approaches in
the current manuscript.
In conclusion, the current study supports the hypothesis that

genes involved in glutamate neurotransmission are involved in
ADHD as they were associated to hyperactivity/impulsivity
severity. An overlapping trait between ADHD and ASD, altered
response inhibition, may show an association with GABA;
however, additional research is necessary to clarify this. In
addition the present study shows that studying the aggregated
effect of multiple genetic variants may overcome power problems
in genetic association testing.

CONFLICT OF INTEREST
JK Buitelaar has been a consultant to/member of the advisory board of and/or
speaker for Janssen-Cilag BV, Eli Lilly, Bristol-Myer Squibb, Shering Plough, UCB, Shire,
Novartis and Servier. He is not an employee of any of these companies, nor a stock
shareholder of any of these companies. He has no other financial or material support,
including expert testimony, patents, royalties. B Franke received a speaker fee from
Merz. P Asherson has served as a consultant for Janssen-Cilag, Eli Lilly, Shire, Novartis
and Continuum. He has received educational or research grants from and has spoken
at sponsored talks from Shire, Vifor, Janssen-Cilag, Eli Lilly and Qbech. T Banaschewski
has served in an advisory or consultancy role for Bristol Myers-Sqibb, Develco
Pharma, Eli Lilly, Medice, Novartis, Shire and Viro-Pharma. He has received conference
attendance support and conference support or received speaker’s fee by Eli Lilly,
Janssen McNeil, Medice, Novartis and Shire. He has been involved in clinical trials
conducted by Eli Lilly and Shire. The present work is unrelated to the grants and
relationships noted earlier. RD Oades has received research funding and conference
attendance support from UCB, Janssen-Cilag and Shire. Dr Rothenberger has served
on the advisory boards and speakers’ bureaus for Eli Lilly, Shire, Medice and Novartis.
He has received research support from Shire, the German Research Society and
Schwaabe and travel support from Shire. He has received an educational grant from
Shire and has served as a consultant to UCB/Shire and Eli Lilly. Dr Seargeant has
served on the advisory board of Shire. He has received support for conference
attendance from Eli Lilly, Vifor and Shire. Dr Sonuga-Barke in the past 3 years has

received financial support from Shire for research projects, advisory board
membership, consultancy, public speaking and conference travel and financial
support from Janssen-Cilag and Medice for public speaking. Dr Steinhausen has
served as an advisor and speaker for the following pharmaceutical companies:
Janssen-Cilag, Eli Lilly, Novartis, Medice, Shire and UCB. More than 3 years ago, he
also received unrestricted grants for postgraduate training courses or conferences
and research from Janssen-Cilag, Eli Lilly, Novartis, Medice and Swedish Orphan
International. Dr Faraone has received consulting income and/or research support
from Akili Interactive Labs, Alcobra, VAYA Pharma and SynapDx and research support
from the National Institutes of Health. His institution is seeking a patent for the use of
sodium-hydrogen exchange inhibitors in the treatment of ADHD. In previous years,
he received consulting fees, served on advisory boards or participated in continuing
medical education programs sponsored by Shire, Otsuka, McNeil, Janssen, Novartis,
Pfizer and Eli Lilly. Dr Faraone receives royalties from books published by Guilford
Press (Straight Talk about Your Child’s Mental Health) and Oxford University Press
(Schizophrenia: The Facts). The remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS
The IMAGE project is a multi-site, international effort. Funding support for the IMAGE
project was provided by NIH grants R01MH62873 and R01MH081803 to SV Faraone
and the genotyping of samples was provided through the Genetic Association
Information Network (GAIN). The data set used for the analyses described in this
manuscript was obtained from the database of Genotypes and Phenotypes (dbGaP)
found at http://www.ncbi.nlm.nih.gov/gap through dbGaP accession number
#20726-2. Samples and associated phenotype data for the IMAGE Project were
provided by the IMAGE consortium. The research leading to these results has
additionally received funding from the European Community’s Seventh Framework
Programme (FP7/2007–2013) TACTICS under grant agreement no. 278948, and the
Innovative Medicines Initiative Joint Undertaking under grant agreement number
115300 (EU-AIMS), resources of which are composed of financial contribution from
the European Union's Seventh Framework Programme (FP7/2007–2013) and the
European Federation of Pharmaceutical Industries and Associations (EFPIA)
companies' in kind contribution.

THE IMAGE CONSORTIUM
Stephen Faraone1, Philip Asherson2, Tobias Banaschewski3, Jan
Buitelaar4, Barbara Franke5, Richard P Ebstein6, Michael Gill7, Ana
Miranda8, Robert D Oades9, Herbert Roeyers10, Aribert
Rothenberger11, Joseph Sergeant12, Edmund Sonuga-Barke13,
Richard Anney14, Fernando Mulas15 and Hans-Christoph
Steinhausen16.
State University, New York1, King’s College London, Medical

Research Council Social Genetic Developmental and Psychiatry
Centre, Institute of Psychiatry2, Central Institute of Mental Health,
Medical Faculty Mannheim, University of Heidelberg, Mannheim,
Germany3, Radboud University Medical Centre, Donders Institute
for Brain, Cognition and Behavior; Karakter Child and Adolescent
Psychiatry University Center, Nijmegen4, Radboud University
Medical Centre, Donders Institute for Brain, Cognition and
Behaviour5, National University of Singapore6, Trinity College
Dublin, Trinity Centre for Health Sciences and St James’s Hospital,
Dublin, Ireland7, University of Valencia, Valencia, Spain8, University
of Duisburg-Essen, Clinic for Child and Adolescent Psychiatry and
Psychotherapy, Essen, Germany9, Ghent University, Ghent,
Belgium10, University of Gottingen, Gottingen, Germany11, Vrije
Universiteit Amsterdam, Amsterdam, the Netherlands12, University
of Southampton, Developmental Brain-Behaviour Laboratory,
Southampton, UK; Ghent University, Ghent, Belgium13, Depart-
ment of Psychiatry, Trinity Centre for Health Sciences, St James’s
Hospital, Dublin, Ireland14, Department of Developmental and
Educational Psychology, University of Valencia, Valencia, Spain15

and University of Zurich, Zurich, Switzerland; Aalborg Psychiatric
University Hospital, Aalborg, Denmark, and the University of Basel,
Basel, Switzerland16.

REFERENCES
1 American Psychiatric Association. Diagnostic Criteria from DSM-IV-TR. American

Psychiatric Association: Washington, DC, USA, 2000, 370.

Glutamatergic and GABAergic gene sets in ADHD
J Naaijen et al

5

Translational Psychiatry (2017), 1 – 7



2 Rommelse NNJ, Franke B, Geurts HM, Hartman Ca, Buitelaar JK. Shared heritability
of attention-deficit/hyperactivity disorder and autism spectrum disorder. Eur Child
Adolesc Psychiatry 2010;19:281–295.

3 Ronald A, Simonoff E, Kuntsi J, Asherson P, Plomin R. Evidence for overlapping
genetic influences on autistic and ADHD behaviours in a community twin sample.
J Child Psychol Psychiatry Allied Discip 2008; 49: 535–542.

4 Gaugler T, Klei L, Sanders SJ, Bodea CA, Goldberg AP, Lee AB et al. Most genetic
risk for autism resides with common variation. Nat Genet 2014; 46: 881–885.

5 Pamplona Fa, Pandolfo P, Savoldi R, Prediger RDS, Takahashi RN. Environmental
enrichment improves cognitive deficits in spontaneously hypertensive rats (SHR):
relevance for attention deficit/hyperactivity disorder (ADHD). Prog Neuropsycho-
pharmacol Biol Psychiatry 2009; 33: 1153–1160.

6 Van Steijn DJ, Richards JS, Oerlemans AM, De Ruiter SW, Van Aken MaG, Franke B
et al. The co-occurrence of autism spectrum disorder and attention-deficit/
hyperactivity disorder symptoms in parents of children with ASD or ASD
with ADHD. J Child Psychol Psychiatry Allied Discip 2012; 53: 954–963.

7 Lichtenstein P, Carlström E, Råstam M, Gillberg C, Anckarsäter H. The genetics of
autism spectrum disorders and related neuropsychiatric disorders in childhood.
Am J Psychiatry 2010; 167: 1357–1363.

8 Lee SH, Ripke S, Neale BM, Faraone SV, Purcell SM, Perlis RH et al. Genetic rela-
tionship between five psychiatric disorders estimated from genome-wide SNPs.
Nat Genet 2013; 45: 984–994.

9 Gizer IR, Ficks C, Waldman ID. Candidate gene studies of ADHD: a meta-
analytic review. Hum Genet 2009; 126: 51–90.

10 Chiocchetti AG, Bour HS, Freitag CM. Glutamatergic candidate genes in autism
spectrum disorder: an overview. J Neural Transm 2014; 121: 1–26.

11 Poelmans G, Pauls DL, Buitelaar JK, Franke B. Integrated genome-wide association
study findings: identification of a neurodevelopmental network for attention
deficit hyperactivity disorder. Am J Psychiatry 2011; 168: 365–377.

12 Poelmans G, Franke B, Pauls DL, Glennon JC, Buitelaar JKAKAPs integrate genetic
findings for autism spectrum disordersTransl Psychiatry 2013; 3: e270.

13 Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams BS et al. Common
genetic variants on 5p14.1 associate with autism spectrum disorders. Nature 2009;
459: 528–533.

14 Rommelse NNJ, Geurts HM, Franke B, Buitelaar JK, Hartman CA. A review on
cognitive and brain endophenotypes that may be common in ASD and ADHD
and facilitate the search for pleiotropic genes. Neurosci Biobehav Rev 2011; 35:
1363–1396.

15 Cross-Disorder Group of the Psychiatric Genomics C. Identification of risk loci with
shared effects on five major psychiatric disorders: a genome-wide analysis. Lancet
2013; 381: 1371–1379.

16 Chantiluke K, Barrett N, Giampietro V, Santosh P, Brammer M, Simmons A et al.
Inverse fluoxetine effects on inhibitory brain activation in non-comorbid boys
with ADHD and with ASD. Psychopharmacology 2015; 232: 2071–2082.

17 Glahn DC, Knowles EEM, Mckay DR, Sprooten E, Raventos H, Blangero J et al.
Arguments for the sake of endophenotypes: examining common misconceptions
about the use of endophenotypes in psychiatric genetics. Am J Med Genet 2014;
165: 122–130.

18 Pittenger C, Bloch MH, Williams K. Glutamate abnormalities in obsessive com-
pulsive disorder: neurobiology, pathophysiology, and treatment. Pharmacol Ther
2011; 132: 314–332.

19 Nakanishi S, Nakajima Y, Masu M, Nakahara K, Watanabe D, Yamaguchi S et al.
Glutamate receptors: brain function and signal transduction. Brain Res Brain Res
Rev 1998; 26: 230–235.

20 Rommelse NN, Altink ME, Oosterlaan J, Buschgens CJ, Buitelaar J, Sergeant JA.
Support for an independent familial segregation of executive and intelligence
endophenotypes in ADHD families. Psychol Med 2008; 38: 1595–1606.

21 Thakkar KN, Polli FE, Joseph RM, Tuch DS, Hadjikhani N, Barton JJ et al. Response
monitoring, repetitive behaviour and anterior cingulate abnormalities in autism
spectrum disorders (ASD). Brain 2008; 131(Pt 9): 2464–2478.

22 Wu C, Sun D. GABA receptors in brain development, function, and injury. Metab
Brain Dis 2014; 30: 367–379.

23 Keunen K, van Elburg RM, van Bel F, Benders MJ. Impact of nutrition on brain
development and its neuroprotective implications following preterm birth.
Pediatr Res 2015; 77: 148–155.

24 Fatemi SH. The hyperglutamatergic hypothesis of autism. Prog Neuropsycho-
pharmacol Biol Psychiatry 2008; 32: 911.

25 Fatemi SH, Reutiman TJ, Folsom TD, Thuras PD. GABAA receptor downregulation
in brains of subjects with autism. J Autism Dev Disord 2009; 39: 223–230.

26 Fatemi SH, Folsom TD, Reutiman TJ, Thuras PD. Expression of GABAB receptors is
altered in brains of subjects with autism. Cerebellum 2009; 8: 64–69.

27 Berry-Kravis EM, Hessl D, Rathmell B, Zarevics P, Cherubini M, Walton-Bowen K
et al. Effects of STX209 (arbaclofen) on neurobehavioral function in children and
adults with fragile X syndrome: a randomized, controlled, phase 2 trial. Sci Transl
Med 2012; 4152ra127.

28 Edden RAE, Crocetti D, Zhu H, Gilbert DL, Mostofsky SH. Reduced GABA con-
centration in attention-deficit/hyperactivity disorder. 2013; 69: 750–753.

29 MacMaster FP, Carrey N, Sparkes S, Kusumakar V. Proton spectroscopy in
medication-free pediatric attention-deficit/hyperactivity disorder. Biol Psychiatry
2003; 53: 184–187.

30 Silveri MM, Sneider JT, Crowley DJ, Covell MJ, Acharya D, Rosso IM et al. Frontal
lobe ??-aminobutyric acid levels during adolescence: associations with impulsivity
and response inhibition. Biol Psychiatry 2013; 74: 296–304.

31 Lorenz RC, Gleich T, Buchert R, Schlagenhauf F, Kuhn S, Gallinat J. Interactions
between glutamate, dopamine, and the neuronal signature of response inhibition
in the human striatum. Hum Brain Mapp 2015; 36: 4031–4040.

32 Purkayastha P, Malapati A, Yogeeswari P, Sriram D. A review on GABA/glutamate
pathway for therapeutic intervention of ASD and ADHD. Curr Med Chem 2015; 22:
1850–1859.

33 Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological
insights from 108 schizophrenia-associated genetic loci. Nature 2014; 511:
421–427.

34 Williams NM, Bowen T, Spurlock G, Norton N, Williams HJ, Hoogendoorn B et al.
Determination of the genomic structure and mutation screening in schizophrenic
individuals for five subunits of the N-methyl-D-aspartate glutamate receptor. Mol
Psychiatry 2002; 7: 508–514.

35 Naaijen J, Lythgoe DJ, Amiri H, Buitelaar JK, Glennon JC. Fronto-striatal gluta-
matergic compounds in compulsive and impulsive syndromes: a review of
magnetic resonance spectroscopy studies. Neurosci Biobehav Rev 2015; 52: 74–88.

36 Dorval KM, Wigg KG, Crosbie J, Tannock R, Kennedy JL, Ickowicz A et al. Asso-
ciation of the glutamate receptor subunit gene GRIN2B with attention-deficit/
hyperactivity disorder. Genes, Brain Behav 2007; 6: 444–452.

37 Yoo HJ, Cho IH, Park M, Yang SY, Kim SA. Family based association of GRIN2A and
GRIN2B with Korean autism spectrum disorders. Neurosci Lett 2012; 512: 89–93.

38 Elia J, Glessner JT, Wang K, Takahashi N, Shtir CJ, Hadley D et al. Genome-wide
copy number variation study associates metabotropic glutamate receptor gene
networks with attention deficit hyperactivity disorder. Nat Genet 2012; 44: 78–84.

39 Yang P, Cai G, Cai Y, Fei J, Liu G. Gamma aminobutyric acid transporter subtype 1
gene knockout mice: a new model for attention deficit/hyperactivity disorder.
Acta Biochim Biophys Sin 2013; 45: 578–585.

40 Piton A, Jouan L, Rochefort D, Dobrzeniecka S, Lachapelle K, Dion PA et al. Analysis
of the effects of rare variants on splicing identifies alterations in GABAA receptor
genes in autism spectrum disorder individuals. Eur J Hum Genet 2013; 21: 749–756.

41 Bralten J, Franke B, Waldman I, Rommelse N, Hartman C, Asherson P et al. Can-
didate genetic pathways for attention-deficit/hyperactivity disorder (ADHD) show
association to hyperactive/impulsive symptoms in children with ADHD. J Am Acad
Child Adolesc Psychiatry 2013; 52: 11.

42 Bralten J, Arias-Vasquez A, Makkinje R, Veltman JA, Brunner HG, Fernandez G et al.
Association of the Alzheimer’s gene SORL1 with hippocampal volume in young,
healthy adults. Am J Psychiatry 2011; 168: 1083–1089.

43 Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM et al.
Rare structural variants disrupt multiple genes in neurodevelopmental pathways
in schizophrenia. Science 2008; 320: 539–543.

44 Stergiakouli E, Thapar A. Fitting the pieces together: current research on the
genetic basis of attention-deficit/hyperactivity disorder (ADHD). Neuropsychiatr
Dis Treat 2010; 6: 551–560.

45 Yang L, Neale BM, Liu L, Lee SH, Wray NR, Ji N et al. Polygenic transmission and
complex neuro developmental network for attention deficit hyperactivity dis-
order: genome-wide association study of both common and rare variants. Am J
Med Genet 2013; 162: 419–430.

46 Chabernaud C, Mennes M, Kelly C, Nooner K, Di Martino A, Castellanos FX et al.
Dimensional brain-behavior relationships in children with attention-deficit/
hyperactivity disorder. Biol Psychiatry 2012; 71: 434–442.

47 Castellanos FX, Tannock R. Neuroscience of attention-deficit/hyperactivity dis-
order: the search for endophenotypes. Nat Rev Neurosci 2002; 3: 617–628.

48 Müller UC, Asherson P, Banaschewski T, Buitelaar JK, Ebstein RP, Eisenberg J et al.
The impact of study design and diagnostic approach in a large multi-centre ADHD
study: Part 2: Dimensional measures of psychopathology and intelligence. BMC
Psychiatry 2011; 11: 55.

49 Müller UC, Asherson P, Banaschewski T, Buitelaar JK, Ebstein RP, Eisenberg J et al.
The impact of study design and diagnostic approach in a large multi-centre ADHD
study. Part 1: ADHD symptom patterns. BMC Psychiatry 2011; 11: 54.

50 Brookes k, Faraone SV. The analysis of 51 genes in DSM-IV combined type\nat-
tention deficit hyperactivity disorder: association\nsignals in DRD4, DAT1 and 16
other genes\n. Mol Psychiatry 2006; 11: 934–953.

51 Taylor EA. Childhood hyperactivity. Br J Psychiatry 1986; 149: 562–573.
52 Conners CK. Rating scales in attention-deficit/hyperactivity disorder: use in

assessment and treatment monitoring. J Clin Psychiatry 1998; 59: 24–30.
53 Goodman R. The Strengths and Difficulties Questionnaire: a research note. J Child

Psychol Psychiatry 1997; 38: 581–586.

Glutamatergic and GABAergic gene sets in ADHD
J Naaijen et al

6

Translational Psychiatry (2017), 1 – 7



54 Rommelse NN, Oosterlaan J, Buitelaar J, Faraone SV, Sergeant JA. Time repro-
duction in children with ADHD and their nonaffected siblings. J Am Acad Child
Adolesc Psychiatry 2007; 46: 582–590.

55 Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, Dilavore PC et al. The autism
diagnostic observation schedule – generic : a standard measure of social and
communication deficits associated with the spectrum of autism. J Autism Dev
Disord 2000; 30: 205–223.

56 Neale BM, Lasky-Su J, Anney R, Franke B, Zhou K, Maller JB et al. Genome-wide
association scan of attention deficit hyperactivity disorder. Am J Med Genet B
2008; 147B: 1337–1344.

57 Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and genotype
data to estimate haplotypes and unobserved genotypes. Genet Epidemiol 2010;
34: 816–834.

58 Gherman A, Wang R, Avramopoulos D. Orientation, distance, regulation and
function of neighbouring genes. Hum Genomics 2009; 3: 143–156.

59 Pickrell JK, Marioni JC, Pai AA, Degner JF, Engelhardt BE, Nkadori E et al. Under-
standing mechanisms underlying human gene expression variation with RNA
sequencing. Nature 2010; 464: 768–772.

60 Veyrieras JB, Kudaravalli S, Kim SY, Dermitzakis ET, Gilad Y, Stephens M et al. High-
resolution mapping of expression-QTLs yields insight into human gene regula-
tion. PLoS Genet 2008; 4: 10.

61 Nicolae DL, Gamazon E, Zhang W, Duan S, Eileen Dolan M, Cox NJ. Trait-associated
SNPs are more likely to be eQTLs: annotation to enhance discovery from GWAS.
PLoS Genet 2010; 6: 4.

62 Galvan a, Kuwajima M, Smith Y. Glutamate and GABA receptors and transporters
in the basal ganglia: What does their subsynaptic localization reveal about their
function? Neuroscience 2006; 143: 351–375.

63 de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-set
analysis of GWAS data. PLoS Comput Biol 2015; 11: e1004219.

64 Miller EM, Pomerleau F, Huettl P, Gerhardt Ga, Glaser PE. a. Aberrant glutamate
signaling in the prefrontal cortex and striatum of the spontaneously hypertensive

rat model of attention-deficit/hyperactivity disorder. Psychopharmacology 2014;
231: 3019–3029.

65 Russell VA. Overview of animal models of attention deficit hyperactivity
disorder (ADHD). Curr Protoc Neurosci 2011; Chapter 9: Unit9.35.

66 Burton CL, Fletcher PJ. Age and sex differences in impulsive action in rats: the role
of dopamine and glutamate. Behav Brain Res 2012; 230: 21–33.

67 Hoerst M, Weber-Fahr W, Tunc-Skarka N, Ruf M, Bohus M, Schmahl C et al. Cor-
relation of glutamate levels in the anterior cingulate cortex with self-reported
impulsivity in patients with borderline personality disorder and healthy controls.
Arch Gen Psychiatry 2010; 67: 946–954.

68 Gleich T, Lorenz RC, Pohland L, Raufelder D, Deserno L, Beck A et al. Frontal
glutamate and reward processing in adolescence and adulthood. Brain Struct
Funct 2014; 220: 3087–3099.

69 van de Lagemaat LN, Nijhof B, Bosch DGM, Kohansal-Nodehi M, Keerthikumar S,
Heimel JA. Age-related decreased inhibitory vs. excitatory gene expression in the
adult autistic brain. Front Neurosci 2014; 8: 1–9.

70 Kirov G, Pocklington AJ, Holmans P, Ivanov D, Ikeda M, Ruderfer D et al. De novo
CNV analysis implicates specific abnormalities of postsynaptic signalling com-
plexes in the pathogenesis of schizophrenia. Mol Psychiatry 2012; 17: 142–153.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2017

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Glutamatergic and GABAergic gene sets in ADHD
J Naaijen et al

7

Translational Psychiatry (2017), 1 – 7

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Glutamatergic and GABAergic gene sets in attention-deficit/hyperactivity disorder: association to overlapping traits in ADHD and�autism
	Introduction
	Materials and methods
	Sample
	ADHD symptom severity
	Autism symptom severity
	Inhibition
	Genotyping
	Data analysis

	Results
	Glutamate

	Table 1 Demographic characteristics of the study sample
	Table 2 Glutamatergic and GABAergic genes selected for analysis
	GABA

	Discussion
	Table 3 Association result P-values for the discovery and post hoc tests
	The IMAGE project is a multi-site, international effort. Funding support for the IMAGE project was provided by NIH grants R01MH62873 and R01MH081803 to SV Faraone and the genotyping of samples was provided through the Genetic Association Information Netwo
	The IMAGE project is a multi-site, international effort. Funding support for the IMAGE project was provided by NIH grants R01MH62873 and R01MH081803 to SV Faraone and the genotyping of samples was provided through the Genetic Association Information Netwo
	ACKNOWLEDGEMENTS
	The IMAGE consortium
	REFERENCES




