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Abstract

Attention deficit hyperactivity disorder (ADHD) is a common, heritable neuropsychiatric disorder 

of unknown etiology. We performed a whole-genome copy number variation (CNV) study on 

1,013 cases with ADHD and 4,105 healthy children of European ancestry using 550,000 SNPs. 

We evaluated statistically significant findings in multiple independent cohorts, with a total of 

2,493 cases with ADHD and 9,222 controls of European ancestry, using matched platforms. CNVs 

affecting metabotropic glutamate receptor genes were enriched across all cohorts (P = 2.1 × 10−9). 

We saw GRM5 (encoding glutamate receptor, metabotropic 5) deletions in ten cases and one 

control (P = 1.36 × 10−6). We saw GRM7 deletions in six cases, and we saw GRM8 deletions in 

eight cases and no controls. GRM1 was duplicated in eight cases. We experimentally validated the 

observed variants using quantitative RT-PCR. A gene network analysis showed that genes 

interacting with the genes in the GRM family are enriched for CNVs in ~10% of the cases (P = 

4.38 × 10−10) after correction for occurrence in the controls. We identified rare recurrent CNVs 

affecting glutamatergic neurotransmission genes that were overrepresented in multiple ADHD 

cohorts.

ADHD is a common neuropsychiatric disorder with heritability estimates as high as 90% 

(refs. 1–3). Most neurodevelopmental disorders have been difficult to study by GWAS, apart 
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from some progress that has been made in autism4–6. A GWAS was performed on 958 

ADHD trios through the International Multicentre ADHD Genetics (IMAGE) study, but no 

locus reaching genome-wide significance was found7,8. However, a PBAT (see URLs) 

analysis of the quantitative measures showed nominal significance of SNPs tagging CDH13 

(rs6565113) and GFOD1 (rs552655)9. A SNP in linkage disequilibrium affecting CDH13 

has previously been reported in two independent ADHD GWAS10. Duplications of 

16p13.11 have also been shown to be associated with ADHD11. We previously reported 

CNV loci that we observed in the first 335 cases with ADHD that we recruited12. Although 

in that previous study, no CNV loci met the criteria for significance (P < 5 × 10−4), one 

family in the study had a GRM5 deletion that affected all three children with ADHD and 

was inherited from the mother, who also had ADHD.

Our discovery cohort included a total of 1,013 cases of European descent with ADHD 

recruited and genotyped at The Children’s Hospital of Philadelphia (CHOP) and was 

comprised of 664 cases without available parental information and 349 cases from trios with 

complete information (Supplementary Tables 1 and 2). We established a minimum inclusion 

intelligence quotient threshold of 70 to exclude individuals with intellectual disability13. The 

control group included 4,105 healthy children of European ancestry that were 6–18 years 

old, 32% of which were female and 68% of which were male. We screened medical records 

and parental- or self-reported questionnaires for individuals with developmental delays or 

special educational needs. For the replication, we used 624 samples from the IMAGE cohort 

that met quality control criteria: the PUWMa consortium contributed 864 cases with ADHD 

and 1,258 parents, and the IMAGE II consortium contributed 787 cases with ADHD and 

898 unrelated controls. We used an additional 128 cases from the US National Institute of 

Mental Health (NIMH) and 90 cases from the University of Utah for the replication. We 

genotyped the DNA samples on different platforms. To manage differences in CNV 

detection between the arrays, we used controls genotyped on platforms that matched the 

platforms used for the cases (Supplementary Table 3).

We used PennCNV (see URLs) to produce CNV calls for the cases and controls14. Ninety-

three percent of the subjects had 8–45 CNV calls after quality control filtering 

(Supplementary Fig. 1). We called four different copy number states: 3,172 homozygous 

deletions (copy number of 0), 27,810 hemizygous deletions (copy number of 1), 14,806 

hemizygous duplications (copy number of 3) and 581 homozygous duplications (copy 

number of 4). The raw data and the resulting CNV calls are shown in Supplementary Figure 

2. CNV calls spanned between 3 and 598 SNPs, with an average of 14 SNPs per CNV call 

and an average CNV size of 62 kb.

Ninety-three percent of controls also had 8–45 CNV calls (Supplementary Fig. 1). Among 

these CNV calls, we identified 4,471 homozygous deletions, 49,726 hemizygous deletions, 

27,032 hemizygous duplications and 1,480 homozygous duplications. These CNV calls 

spanned between 3 and 708 SNPs, with an average of 12.8 SNPs per CNV call and an 

URLs. PBAT, http://www.biostat.harvard.edu/~clange/default.htm; PennCNV, http://www.openbioinformatics.org/penncnv/; 
ParseCNV, http://parsecnv.sourceforge.net/; transformation into LRR and BAF values using PennCNV, http://
www.openbioinformatics.org/penncnv/penncnv_tutorial_affy_gw6.html.
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average CNV size of 53.6 kb. We also ran QuantiSNP15 to evaluate CNV calls that had a 

minimum of three SNPs on autosomes. We observed the same range of CNV calls (10–50 

calls) and a 58% average direct overlap concordance with the PennCNV calls.

We did not detect any genome-wide significant associations in our genotype GWAS 

analysis (Supplementary Note and Supplementary Tables 4–6). However, we replicated 

SNPs in GFOD1 in the families from the CHOP study using a transmission disequilibrium 

test (TDT) (the P values we found ranged from P = 8 × 10−4 to P = 1 × 10−2). The 

significance values we observed for previously reported ADHD SNPs10,16 are listed in 

Supplementary Table 7.

To identify CNVs associated with ADHD, we applied a segment-based approach for 

consecutive SNPs with more CNVs in cases than in controls4,14. The genomic span for 

consecutive SNPs delineates the shared CNV regions (CNVRs). In the CHOP cohort, we 

identified ten CNVRs that were present in multiple cases but not in controls and two CNVRs 

that had a higher frequency in cases than in controls (Table 1). We observed the previously 

reported duplication of 16p13.11 (ref. 11) in three cases and no controls (P = 0.013). To 

ensure CNV reliability, we experimentally validated all CNVRs using quantitative RT-PCR 

(qRT-PCR) (Supplementary Fig. 3). To rule out false negatives in the controls, we 

performed qRT-PCR on 908 controls across the GRM5 and GRM7 loci, which confirmed 

that no CNVs were present (Supplementary Fig. 4). In addition, significantly associated loci 

were called by both QuantiSNP and PennCNV and were absent in controls.

Replication of the significant findings, including the ten case-specific CNVs from the 

discovery cohort, showed that three CNVs were exclusive to cases from the IMAGE, 

PUWMa, IMAGE II, NIMH and University of Utah studies, notably GRM7 (P = 8.14 × 

10−5), GRM8 (P = 3.52 × 10−6) and NEGR1 (P = 3.91 × 10−4) (Table 1). We observed a 

deletion in GRM5 in ten cases with ADHD (10/3,506) and one control (1/13,327) (P = 1.36 

× 10−6) (Table 1). We observed a duplication in GRM1 in eight cases and two controls (P = 

1.05 × 10−4). The odds ratios for GRM5 and GRM1 were 38.12 (95% confidence interval, 5–

298) and 15.24 (95% confidence interval, 3–72), respectively (Table 1).

Thus, we identified four genes in multiple independent cohorts that belong to the 

metabotropic glutamate receptor gene family and are directly affected by CNVRs (combined 

P = 2.1 × 10−9) (Table 1 and Table 2). Several other CNV loci were enriched in cases with 

nominal significance (Table 1 and Table 2). In Figure 1, we show representative CNV 

deletions at the GRM5 locus (found in ten cases and one control) identified using the UCSC 

Genome Browser17. Experimental validation of the CNVs present in individuals from the 

IMAGE, PUWMa, IMAGE II, NIMH and University of Utah studies identified using qRT-

PCR and raw B allele frequency (BAF) and log R ratio (LRR) plots is shown in 

Supplementary Figures 5–7. We also detected GRM2 and GRM6 deletions in single cases 

with ADHD from the CHOP and IMAGE II studies, respectively, that were not present in 

controls. Referencing CNV-associated loci to their genotype, a TDT analysis revealed the 

strongest support for association of GRM7 to ADHD (P = 8.35 × 10−5) (Supplementary 

Table 8). We evaluated family based CNV statistics of transmission disequilibrium and de 

novo events in a subset of 311 families from the CHOP study and 422 families from the 
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IMAGE study (Table 3 and Supplementary Tables 9 and 10). We first verified trios by 

genotype inheritance. The Illumina CHOP data had a combined deletion and duplication de 

novo rate of 4.81%, with 16 deletion and 8 duplication CNVRs, and the Perlegen IMAGE 

data had a de novo rate of 7.43%, with 2 deletion and 5 duplication CNVRs. GRM5 

deletions were de novo in three cases (Table 1). We evaluated the association of 

homozygous deletion CNVs separately and found six loci with nominal significance, 

including a locus in AKNAD1 (Supplementary Table 11).

We hypothesized that genes interacting with GRM genes would collectively have more 

CNVs enriched in cases compared to controls. We identified 228 genes within two degrees 

of relation to GRM genes in the merged human interactome using Cytoscape Software18. We 

evaluated these genes in the CHOP cohort for enrichment in cases with ADHD (P < 0.05). 

We detected 67 genes interacting with GRM genes (not including the GRM genes 

themselves) enriched for CNVs in cases compared to 16 such genes in controls, showing a 

threefold enrichment of the GRM network CNVs in individuals with ADHD (P = 4.38 × 

10−10; Fig. 2a). We excluded large CNVs spanning multiple genes in the network to ensure 

that the network enrichment was not skewed. A GWAS analysis of GRM network genes did 

not result in a significant association (overall P = 0.142), confirming that the GWAS 

analysis did not capture association to CNVs. We then clustered the second degree GRM 

network to define interconnected modules of genes and scored the enrichment of gene 

ontology annotations (Fig. 2b).

GRMs are G-protein–coupled receptors involved in the modulation of excitatory synaptic 

transmission19. There are three receptor groups that are based on sequence homology, 

putative signal transduction mechanisms and pharmacologic properties20. GRM5 and GRM1 

are members of group 1 and are expressed in the basal ganglia and cerebellum21. These 

receptors activate phospholipase C and may have a role in addiction, anxiety and behavioral 

disorders22. GRM7 and GRM8 are members of group 3 and inhibit the cyclic AMP cascade. 

GRM7 has been linked to anxiety23 and is the most highly conserved GRM member across 

multiple species24.

Evidence for glutamatergic involvement in ADHD is emerging from diverse fields. 

Although association studies investigating GRM genes and transporters have reported mixed 

results25–28, a GWAS examining the methylphenidate response in children with ADHD 

found an association with a SNP in GRM7 (rs3792452)29. GRIN2A was found to be 

associated with ADHD in a linkage study25, and GRIN2B was also found to be associated 

with ADHD using a TDT30. Magnetic resonance spectroscopy showed an increased 

glutamatergic tone in the frontal and striatal brain of subjects with ADHD31–33 that 

normalized with stimulants and atomoxetine34. Mice in the ADHD Slc6a3 knockout model 

remain responsive to methylphenidate and lack the dopamine transporter35, and the 

hyperactivity that is increased by N-methyl-D-aspartic acid (NMDA) receptor blockers is 

suppressed by drugs that increase glutamatergic transmission36. Increased Slc6a3 and Drd4 

expression in the midbrain were reported in rats that had an increase of glutamate transporter 

in the striatum37, suggesting that decreases in dopamine alter glutamate signaling. GRIN2A 

disruption increased N-methyl D-aspartate and serotonin metabolism in the frontal cortex and 

striatum of mice and increased locomotor activity that had been reversed by dopamine or 
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serotonin receptor antagonists38. Dysregulated expression of glutamatergic pathway genes 

has been observed in spontaneously hypertensive rat models39–42 and in ADHD rat models 

with exposure to polychlorinated biphenyls41. Increased concentrations of glutamate were 

also reported in the neurometabolism of ADHD brains, which is consistent with altered 

glutamate transmission in ADHD33.

Apart from genes in the GRM family, we detected association at eight other loci, four of 

which directly affect genes (Table 1). DPP6 has been associated with amyotrophic lateral 

sclerosis in previous GWAS43,44, and CNVs have been associated with autism45. DPP6 and 

CTNNA2 were also implicated in a previous GWAS10. NLN is responsible for the metabolic 

inactivation of neural peptides, including neuropeptide Y, which has been implicated in 

ADHD46,47. SLC7A10 modulates glutamatergic synapse transmission. LARP7 is important 

for small nuclear ribonucleoprotein integrity. NEGR1 encodes the neural cell adhesion and 

growth molecule, which is associated with obesity48.

ADHD is phenotypically complex. In addition to ADHD, one of the three siblings with a 

deletion in GRM5 that we studied also had symptoms of social avoidance, one sibling had 

coexisting obsessive compulsive symptoms, and one sibling was free of comorbidity. 

Assessment of the mother of these three siblings using the adult ADHD self-report scale49 

indicated a likelihood of ADHD. In subjects with GRM7 CNVs, one had comorbid anxiety 

and another had coexisting oppositional defiant disorder. In subjects with GRM1 CNVs, one 

had comorbid minor depression that was considered secondary to the ADHD symptoms, two 

had oppositional defiant disorder and a third had obsessive compulsive symptoms. Subjects 

with GRM CNVs showed a truncated normal distribution of intelligence quotient and all had 

intelligence quotients above 75 (Supplementary Fig. 8). In the IMAGE cohort, two subjects 

with GRM CNVs had a comorbidity of conduct disorder and four had oppositional defiant 

disorder.

Evaluation of the genes interacting with GRM genes for CNV frequency in cases and 

controls allowed for the inclusion of marginally significant loci, given the prior knowledge 

of robust association of the GRM receptor gene family. Whereas most reported disease-

associated CNVs are rare (<1%), they have strong correlation to disease. For example, the 

GRM CNVs associated with ADHD confer large effect sizes (see the odds ratios in Table 1). 

Based on loci that are significant individually, 3.66% of the cases with ADHD have the 

newly discovered CNVs, and this number increases to 9.94% when genes interacting with 

GRM genes are included. Major hubs of the network include TNIK50, GNAQ51 and CALM1 

(ref. 52) (Fig. 2a). The network gene GRIK1 was previously associated with the hyperactive 

and impulsive symptoms of ADHD9.

Taken together, our CNV analysis shows that the GRM gene family and genes interacting 

with it are enriched for CNVs in individuals with ADHD. Several of these genes are crucial 

in the process of synaptic transmission, in neurogenesis and in neuronal processes that may 

be defective in ADHD. The observed GRM gene modules regulate RNA binding, processing 

and alternative splicing, which are processes known to influence brain-specific synaptic 

activity53,54. Abnormal brain connectivity has also been observed in developmental brain 

disorders with cognitive dysfunction, including ADHD55,56.
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In conclusion, using two-stage genome-wide association for high-resolution CNV detection, 

we identified 12 loci showing enrichment of CNVs in cases with ADHD compared to 

controls and successfully replicated four genes using independent datasets of cases with 

ADHD and healthy controls genotyped on matched case-control platforms. The four 

replicating genes belong to the metabotropic glutamate receptor gene family. Extended 

studies identified over 200 genes interacting with glutamate receptors that were collectively 

affected by CNVs, suggesting that up to 10% of individuals with ADHD may be enriched 

for GRM network variants. This GRM-interacting gene network defines a set of functional 

modules that, when affected by CNVs, may contribute to the pathogenesis of ADHD. 

Therefore, enrichment of CNVs in genes within this molecular system that are associated 

with ADHD has suggested new susceptibility mechanisms and is likely to spur assessment 

of additional variations, including single-base changes, and expression and functional assays 

to evaluate the biological effects of these CNVs. Future work will determine whether 

clinical studies using selective GRM agonists as a potential treatment for ADHD are 

warranted in individuals with ADHD and variants in GRM genes.

ONLINE METHODS

Illumina Infinium assay for CNV discovery

We performed high-throughput genome-wide SNP genotyping using the InfiniumII 

HumanHap550 BeadChip (Illumina) at the Center for Applied Genomics at the CHOP. The 

genotype data content together with the intensity data from the genotyping array provided 

high confidence for the CNV calls. A simultaneous analysis of intensity data and genotype 

data in the same experimental setting established a highly accurate definition for normal 

diploid states and any deviation thereof. To call CNVs, we used PennCNV and QuantiSNP. 

PennCNV combines multiple sources of information, including LRR and BAF, SNP 

spacing, trained Hidden Markov Models and the population frequency of the B allele to 

generate CNV calls. The replication case and control cohorts performed genome-wide SNP 

genotyping using the Perlegen 600K, Illumina 1M and Affymetrix 5.0 arrays. Raw X and Y 

values were log10 normalized and clustered to establish the BAF and LRR values using the 

PennCNV-Affy protocol (Online Methods and Supplementary Table 12).

CNV quality control

We calculated quality control measures on our HumanHap550 GWAS data based on 

statistical distributions to exclude DNA samples of poor quality and false-positive CNVs. 

The first quality control threshold used was the percentage of attempted SNPs that were 

successfully genotyped. Only samples with call rate >98% were included. The genome-wide 

intensity signal should have as little noise as possible. Only samples within the s.d. of the 

normalized intensity (LRR < 0.35) were included. All samples were required to be of 

European descent based on principle components analysis (Supplementary Fig. 9). 

Furthermore, case and control matching was insured by calculating a genomic inflation 

factor (which was 1.024) between groups. Wave artifacts roughly correlating with GC 

content resulting from hybridization bias of low full-length DNA quantity are known to 

interfere with the accurate inference of copy number variations57. Only samples where |GC 

base pair wave factor (GCWF)| < 0.05 were accepted. If the count of CNV calls made by 
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PennCNV exceeds 70 (Supplementary Fig. 1), the DNA quality is usually poor. Therefore, 

only samples with CNV call count <70 were included. One sample from any duplicate 

samples (such as those from monozygotic twins) was excluded. Supplementary Table 13 

lists the number of samples excluded using each quality control measure.

Statistical analysis of CNVs

The CNV frequency between cases and controls was evaluated at each SNP using a Fisher’s 

exact test. We only considered loci that were nominally significant between cases and 

controls (P < 0.05) when cases in the CHOP discovery cohort had the same variation, which 

was replicated in the IMAGE, PUWMa or IMAGE II studies, or loci that were not observed 

in any of the control subjects and were validated using an independent method. We reported 

statistical local minimums to narrow the association in reference to a region of nominal 

significance, including SNPs residing within 1 Mb of each other (Supplementary Fig. 10). 

The resulting nominally significant CNVRs were excluded if they met any of the following 

criteria: (i) residing on telomere- or centromere-proximal cytobands; (ii) located in a 

‘peninsula’ of common CNVs arising from variation in boundary truncation of CNV calling 

(Supplementary Fig. 11); (iii) genomic regions with extremes of GC content, which 

produces hybridization bias; or (iv) samples contributing to multiple CNVRs. See 

ParseCNV for details (see URLs). We statistically adjusted for the relatedness of cases using 

permutation (1,000×). Three lines of evidence were considered to establish statistical 

significance: independent replication with P < 0.05, permutation significance of the 

observations and no control-enriched significance. We used DAVID (Database for 

Annotation, Visualization and Integrated Discovery)58 to assess the significance of the 

functional annotation clustering of independently associated CNV results into InterPro 

categories.

Network analysis

We used Cytoscape software18 to identify 228 genes within two degrees of relation to eight 

GRM genes based on the merged human interactome. We clustered this network of genes 

into 17 distinct modular clusters based solely on network topology using the ClusterViz 

plugin for the software using the FAG-EC algorithm with default parameters. Component 

genes in each of the 17 modules were submitted to DAVID58 to assess the significance of 

functional enrichment using Homo sapiens Gene Ontology annotations.

CNV validation by qRT-PCR

Universal Probe Library (Roche) probes were selected using the ProbeFinder v2.41 software 

(Roche). qRT-PCR was performed on an ABI 7500 Real Time PCR Instrument or on an 

ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Each sample was 

analyzed in quadruplicate either in 25 µl of reaction mixture (250 nM probe, 900 nM of each 

primer, the Fast Start TaqMan Probe Master from Roche and 10 ng of genomic DNA) or in 

10 µl of reaction mixture (100 nM probe, 200 nM of each primer, 1× Platinum Quantitative 

PCR SuperMix-Uracil-DNA-Glycosylase with ROX from Invitrogen and 25 ng of genomic 

DNA). The results were evaluated using Sequence Detection Software v2.2.1 (Applied 

Biosystems). Further data analysis was performed using the ΔΔCT method. Reference genes, 
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chosen from COBL, GUSB and SNCA, were included based on the minimal coefficient of 

variation, and data was then normalized by setting a normal control to a value of 1.

PennCNV-Affy workflow adapted to Perlegen 600K data

CNV calling on Perlegen used a similar algorithm to the Illumina arrays but had additional 

preprocessing. To perform data normalization and signal extraction from the raw final report 

files generated in the genotyping experiments, we first reformatted data from dbGaP into the 

format produced by the following Affymetrix Power Tools: birdseed.calls.txt, 

birdseed.confidences.txt and quant-norm.pm-only.med-polish.expr.summary.txt 

(Supplementary Table 11). We calculated the log10 of the X and Y values provided in the 

sample-based report files. For each SNP marker, the allele-specific intensity for the AA, AB 

and BB genotypes on all genotyped samples was used to construct three canonical genotype 

clusters in the polar coordinates θ and R. Once canonical genotype clusters were 

constructed, signal intensity values for each SNP were transformed into LRR and BAF 

values. For details, see URLs.

To optimize the Hidden Markov Model, we used the reference file hh550.hmm and ran “-

train” in PennCNV in one batch of thirty samples with the lowest s.d. of the LRR value 

followed by two batches that included random representative samples. We also created a 

population B allele frequency definition file specifically adapted to the Perlegen data. This 

allowed for CNV calls to be made in 1,887 (642 cases and 1,245 parents) out of 2,789 

Perlegen 600K samples available. Although the global s.d. of the LRR value was below 0.2 

for the majority (84%) of the samples, the intensity data was noisy in regions of called 

CNVs and showed subpopulations of SNPs that were unable to differentiate the deletion 

signal, perhaps as a result of PCR saturation during lab processing. Nevertheless, deletion 

and duplication features were detected with confirmation of homozygote and AAB and ABB 

genotypes (Supplementary Figs. 6 and 7). Lastly, Perlegen CNV calls were screened for 

overlap with the 12 loci associated with ADHD based on the CHOP Illumina data. To 

ensure that each detected CNV was a true DNA feature, we validated each CNV using qRT-

PCR (Supplementary Fig. 5).

Permutation to adjust significance for relatedness

For the initial Fisher’s exact test, related individuals were not controlled for, as our primary 

objective was to detect CNVs in multiple samples regardless of relatedness. CNVRs passing 

this initial screen were scored for statistical significance based on a permuted P value, which 

permutes case and control labels randomly for all samples, with the condition that related 

individuals have same label. Based on the number of samples with the CNVR being 

calculated in randomly assigned ‘cases’ and ‘controls’, a Fisher’s exact test P value was 

assigned. The number of hypothetical scenarios with significance equal or greater to this P 

value provides the permuted P value, which corrects for relatedness. The Fisher’s exact test 

P value and the counts of cases and controls with each CNVR are provided in Table 1 for 

transparency.
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Study criteria for inclusion in IMAGE

The probands were required to have combined subtype ADHD, were children aged 6–17 

years (inclusive), had one or more sibling(s) in same age range, had both parents available or 

one parent and two or more siblings available to provide a DNA sample, an intelligence 

quotient above 70, were free of single-gene disorders associated with ADHD, were free of 

neurological disease and damage, were living at home with at least one biological parent and 

one full sibling and did not meet the criteria for autism or Asperger’s syndrome.

Study criteria for inclusion in IMAGE II

The probands were required to have ADHD according to the standards of the current 

diagnostic and statistical manual of mental health (DSM-IV-TR) and had a semi-structured 

diagnostic interview based on KSADS-PL or Kinder-DIPS, the Child Behavior Checklist, 

the Conners parent and teacher Scales or the German Teachers Report on children aged 6–

18 years. Probands also had an intelligence quotient above 70, a birth weight >2,000 g, no 

major medical events during their mother’s pregnancy and no drug abuse in their mother 

during pregnancy. They were also free of single-gene disorders known to be associated with 

ADHD and free of neurological disease and damage, and they did not meet the criteria for 

autism, Asperger’s syndrome, schizophrenia, bipolar disorder, primary major depressive 

episode, anxiety disorder or Tourette’s Syndrome.

Controls for IMAGE II

The control subjects used were drawn from Affymetrix 6.0 genotyped subjects from the 

NIMH genetics repository collected through the United States nationally representative 

survey panel. Participants were screened for psychosis and bipolar disorder. Control 

participants were not screened for ADHD. Control participants gave written consent for their 

biological materials to be used for medical research at the discretion of NIMH. Controls 

were genotyped using the Affymetrix 6.0 array at the Broad Institute National Center for 

Genotyping and Analysis. Genotype calls were made with the BIRDSEED program, a 

module of the BIRDSUITE package.
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This research was approved by the institutional review board of the Children’s Hospital of 

Philadelphia. The appropriate informed consent was obtained for all sample donors.
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Figure 1. 
A deletion directly affecting GRM5 that is exclusive to cases with ADHD and that was 

replicated in the IMAGE and PUWMa studies. Four hemizygous deletions in GRM5 in cases 

with ADHD from the CHOP study that were replicated by two deletions and three larger 

deletions found in the IMAGE study and one deletion found in the PUWMa study. The SNP 

coverage of the Illumina 550K, Perlegen 600K, Illumina 1M and Affymetrix 5.0 arrays is 

shown by vertical blue lines. M.Of.M.Cs., Massachusetts General Hospital offspring male 

case; W.Fa.M.Cn., Washington University father male control.
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Figure 2. 
GRM receptor gene interaction networks affected in ADHD. (a) GRM receptor genes are 

shown as large diamond-shaped nodes, and other genes within two degrees of interaction 

with GRM genes are shown as smaller circular nodes. Nodes are colored to represent the 

enrichment of the CNVs: dark red represents deletions enriched in cases, light red represents 

deletions enriched in controls, dark turquoise represents duplications enriched in cases, light 

turquoise represents duplications enriched in controls, and gray represents diploids that are 

devoid of CNVs. Thick blue dashed lines highlight edges that are connected to at least one 
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GRM gene, and thin gray lines represent all other gene interactions. Highly connected 

modules enriched for significant functional annotations are highlighted by blue shaded 

ellipses. Details on the gene-based CNV observations are included in Supplementary Table 

16, and the respective gene functional clusters are listed in Supplementary Table 17. (b) A 

schematic overview showing the interaction of GRM receptors affected in ADHD with 

modules of genes enriched for functional significance. GRM receptor genes are shown as 

diamonds colored either turquoise or red to represent duplications and deletions, 

respectively, that were enriched in cases. Boxes highlight the functional modules defined by 

the network of interacting genes (a) that are significantly enriched for Gene Ontology 

annotations. The functional modules describe significant functional annotations and are 

labeled with the cluster name and the number of component genes in parenthesis. Functional 

annotations that may be particularly pertinent to the underlying pathophysiology of ADHD 

are shown in bold. The edges of the network connect GRM receptor genes to functional 

modules: solid lines indicate membership of the GRM-interacting gene in the functional 

module, and dotted lines indicate a first-degree relationship between GRM receptor genes 

and at least one component gene of a functional module
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