Abstract

Objective: As multiple genes with small effect size are assumed to play a role in attention-
deficit/hyperactivity disorder (ADHD) disease etiology, considering multiple variants within the same
analysis likely increases the total explained phenotypic variance, thereby boosting the power of
genetic studies. We investigated whether pathway-based analysis could bring us closer to unraveling
the biology of ADHD.

Method: We describe pathway as a pre-defined gene selection based on a well-established database
or literature data. Common genetic variants in pathways involved in dopamine/noradrenaline and
serotonin neurotransmission and genes involved in neurite outgrowth were investigated in cases from
the International Multicentre ADHD Genetics (IMAGE) study. We performed multivariable analysis to
combine the effects of single genetic variants within the pathway genes. Phenotypes were DSM-1V
symptom counts for inattention and hyperactivity/impulsivity (n=871) and symptom severity measured
with the Conners Parent (n=930) and Teacher Rating Scales (n=916).

Results: Summing genetic effects of common genetic variants within the pathways showed significant
association with hyperactive/impulsive (Pempirica=0.007), but not inattentive symptoms (Pempirica=0-73).
Analysis of parent-rated Conners hyperactive/impulsive symptom scores validated this result
(Pempirica=0.0018). Teacher-rated Conners scores were not associated. Post-hoc analyses showed
significant contribution of all pathways to the hyperactive/impulsive symptom domain
(dopamine/noradrenaline pempiica=0.0004, serotonin Pempirica=0.0149, neurite outgrowth
Pempirica=0.0452).

Conclusion: The current analysis shows association between common variants in three genetic
pathways with the hyperactive/impulsive component of ADHD. This study demonstrates that pathway-
based association analyses, using quantitative measures of ADHD symptom domains may increase

the power of genetic analyses to identify biological risk factors involved in this disease.



Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a common neuropsychiatric disorder characterized
by developmentally inappropriate inattentiveness and/or increased impulsivity and hyperactivityl.
Although ADHD is highly heritable, with heritability estimates around 76%?, discovering genetic risk
variants has been challenging. A number of candidate genes have been associated, but altogether
explain only a small part of the heritability®, and so far, genome-wide association studies (GWASS)

have not yielded genome-wide significant findings®.

Difficulty in discovering genetic risk variants has been attributed to the fact that ADHD is clinically
heterogeneous®. Factor analyses of ADHD symptoms demonstrate that ADHD is indeed
multidimensional, with studies of teacher and parent ratings supporting a two-factor structure in
children® separating inattention and hyperactivity/impulsivity. The Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V) diagnostic criteria make sub-classifications, distinguishing an inattentive
clinical subtype (predominantly inattentive symptoms), a hyperactive/impulsive subtype (predominantly
hyperactive/impulsive symptoms) and a combined type ADHD (both inattentive symptoms as well as
hyperactive/impulsive symptoms)l. The two symptom domains of ADHD can be attributed, in part, to
different brain networks’ and twin studies show partial genetic overlap between inattentive and
hyperactive/impulsive symptoms, but also clear genetic specificityg. For these reasons, studying the
genetics of symptom domains separately might reduce phenotypic heterogeneity, increase the power

of genetic studies, and enable us to identify dimension-specific genetic risk variants.

Apart from the multidimensionality, additional challenges in discovering genetic risk variants in ADHD
are the small effect sizes of single common genetic variants and different genetic variants leading to
similar phenotypes®. As genome-wide genetic analyses aimed at identifying common risk variants,

mainly focused on investigating Single Nucleotide Polymorphisims (SNPs)***2

association, extremely
large samples are needed to achieve genome-wide significance®** and sample sizes in ADHD
research are still small compared to other disorders™. A recent study performing cross-disorder
GWAS using data from the Psychiatric Genomics Consortium of cases and controls for schizophrenia,
bipolar disorder, major depressive disorder, autism spectrum disorders and ADHD, showed a

significant polygenic component for ADHD, suggesting that searching for a combination of genetic

variants might be fruitful**. Considering the combined effect of multiple variants in the same analysis



might increase the explained phenotypic variance™, thereby boosting the power of genetic studies.
Therefore, we investigated whether pathway-based analyses considering multiple SNPs within the
same biological process, could bring us closer to unraveling the underlying genetic component of

ADHD.

Alterations in dopaminergic, noradrenergic and serotonergic neurotransmission have been

16,17 18,19

hypothesized to play a role in ADHD™™"". Medications used to treat ADHD affect these systems

and reduce behavioral symptoms®>?*

. Although serotonergic medications are not efficacious for
ADHD?, serotonin interacts with dopamine®®, therefore medication working on the dopamine system
might also alter serotonin signaling. Secondly, projection sites of these neurotransmitter systems
regulate cognitive processes, attention and motor behavior in ADHD, supported by structural and

functional imaging data®*?°

. Thirdly, although not achieving genome-wide significance, genetic
associations have been found for several candidate genes within these systemss. Finally, animal
studies show gene knock-out of catecholaminergic genes to cause ADHD-like behavior, altered
catecholamine release and symptom reduction in response to ADHD medication®’. In addition, another
biological process implicated in ADHD, mainly through genetic studies, is neurite outgrovvthg. Genes

involved in this process were found to be enriched in the top results of the five available GWASs of

ADHD?,

Prior studies investigated whether SNPs in the top results of individual analysis were overrepresented
in pre-determined gene/pathways lists , or if those genes formed a network of functionally interacting
proteinszg. Others selected variants based on candidate genes/pathways from literature*®’. However,
so far no studies have conducted a combined analysis of candidate genetic pathways allowing to

investigate if certain genetic pathways together are associated with disorder-specific phenotypes.

In the current study we used a case-only design to investigate whether pathway-based analyses of
dopamine, noradrenaline and serotonin neurotransmission and genes involved in neurite outgrowth
moderate the underlying behavioral components and severity of ADHD. Common genetic variants

within these pathways were included into the same analysis.

Method



Sample

The present study is part of the International Multicentre 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 aiming at identifying genes that
increase ADHD susceptibility. Participants were aged 5-17 years and of European Caucasian
descent, based on information on ethnicity and genetic data®(see Supplementary Figure S1).
Exclusion criteria included 1Q < 70, presence of autism, epilepsy, known neurological disorders and
any genetic or medical disorder associated with externalizing behaviors that might mimic ADHD.

Details of the sample have been described elsewhere®*°,

ADHD phenotyping

In short, a semistructured, standardized, investigator-based interview (Parental Account of Children’s
symptoms [PACS]36) and questionnaires (parent and teacher Conners long version rating scales?,
parent and teacher Strengths and Difficulties Questionnaires (SDQ)BB) were used to establish an
ADHD diagnosis in children previously clinically diagnosed with ADHD, see® for the standardized
algorithm that was applied to derive each of the 18 DSM-IV! symptoms. Symptom count was defined
by the number of symptoms per behavioral domain. Both symptom domains ranged from 0-9
symptoms. To investigate symptom severity a 4-point scale was used from the inattention and
hyperactivity/impulsivity subscales of the Conners Parent Rating Scale (CPRS-R)*® and the Conners

Teacher Rating Scale (CTRS-R)*.

Genotyping

Genome-wide genotyping of the IMAGE probands was performed as part of the GAIN study using the
Perlegen genotyping platform, described before’. To increase coverage, an imputation approach was
used with the Hapmap Il release 22 data set”®. The imputed data underwent quality control in which
SNPs with an imputation score < 0.3 and minor allele frequency < 0.05 were excluded. After this step
we had 2,182,904 SNPs across the genome. To avoid overestimation of our statistics, linkage
disequilibrium-pruned genotypes were used, using the “indep” command with an r* threshold of 0.8

(PLINK software™). After this step we had 299,296 SNPs.



In this work we describe pathway as a pre-defined gene selection based on a well-established genetic

database or literature data. Selection of dopamine(74 genes) and serotonin(32 genes) genetic

pathways was based on Ingenuity Pathway Analysis software (www.ingenuity.com). This is a well
established, frequently updated genetic database for pathway analysis. The information used in
Ingenuity to produce these pathways is extracted from the scientific literature, and includes genes,
drugs, biomarkers, chemicals, cellular and disease processes, and signaling and metabolic pathways.
For noradrenaline, only the receptors are defined in Ingenuity, no pathway has been defined yet.
Noradrenaline and dopamine share most of their synthesis-pathway as noradrenaline arises from the
hydroxylation of dopamine®®. Promiscuity has been found for transporters*® and receptors*’*® of both
noradrenalin and dopamine, probably due to the similarities in their chemical structure. By including
the noradrenaline receptors(8 genes) and transporter with the dopamine pathway, we aimed at
capturing the noradrenaline pathway as well. The dopamine/noradrenaline pathway contained 82
genes. Dopamine/noradrenaline and serotonin pathways overlap in 13 genes. The selection of the
neurite outgrowth genes was based on literature?®, including 45 genes from the top results of the five

GWAS studies available on ADHD.

SNPs within all genes as well as 25 kilo basepairs (kb) flanking regions (capturing regulatory

sequences) were selected.

Data Analysis

Association analysis to symptom counts was performed separately for hyperactive/impulsive
symptoms and inattentive symptoms. Symptom count distribution were normalized and standardized
using the Blom transformation (SPSS version 18).

SNP-by-SNP linear regression was performed using the “linear” command in PLINK with sex and age
as covariates. To decrease genetic heterogeneity, a combined analysis approach was applied using a
multivariable approach described earlier’®. By summing single SNP association statistics, the
observed summed statistic was created. To get a distribution on permuted summed statistics we ran
10,000 max(T) permutation tests using the “mperm” command, implemented in PLINK, for each SNP.
The association statistics of the observed and permuted data were saved using the “mperm-save-all”’
PLINK command and added to create a summed statistic per run for all SNPs at the same time. The

empirical p-value was determined as the number of times the observed summed statistic was smaller


http://www.ingenuity.com/

than the permuted summed statistic divided by the total number of permutations. Significance
threshold for the empirical p-values was set as 0.05 divided by the number of tests.

We carried out our analysis in two steps. In step 1, we analyzed the combined effect of the SNPs in
the three pathways on both inattentive and hyperactive/impulsive symptom counts . We then tested
the association of the combined pathways with symptom severity using parental and teacher Conners
scores. Post-hoc, we investigated potential effects of single pathways, genes and SNPs that might
drive the association(Figure 1). Overlapping genes were only considered once in the combined
analysis, but present in both separate analysis. For gene-wide association we used the analysis
program VEGAS®. VEGAS uses single SNP p-values to perform gene-based association tests.

Significance threshold was set to 0.05 divided by the number of genes tested.

Results

Table 1 shows the general characteristics of the studied sample.

--Table 1--

Selection of dopamine/noradrenaline, serotonin and neurite outgrowth genes yielded a total of 146
unigue genes (Table 2). The dopamine/noradrenaline and the serotonin pathways overlapped in 13
genes (251 SNPs). Four genes positioned on the X-chromosome (HTR2C, MAOA, MAOB and
PPP2R3B) were not included in the analysis, one gene was not captured by the array used
(PRKAR1B). The final data set contained 141 genes and 5,179 SNPs.

--Table 2--

Step 1: The combined pathway analysis for DSM-IV symptom counts showed a significant association
with hyperactive/impulsive symptoms (Pempiicat =0.007), but not with inattentive symptoms
(Pempirica=0.73) (Table 3). Single gene and single SNP analyses did not reveal significant associations
Step 2: Given the results of step 1, we tested symptom severity of hyperactivity/impulsivity derived
from the parental Conners scores with the three genetic pathways combined and observed a
significant association (Pempiica=0.0018). Post-hoc analyses showed that all pathways were
independently associated with the hyperactivity/impulsivity score (dopamine/noradrenaline
Pempirica=0.0004, serotonin Pempirica=0.0149, neurite outgrowth pempiica=0.0452) (Table 3). Single gene

and single SNP analysis did not reveal significant associations. For further information on single SNP
6



results please contact the corresponding author directly. The combined pathways were not associated
with hyperactive/impulsive scores on the teacher-rated Conners scale (Pempirica=0.75).

--Table 3—

Table 4 shows a small to moderate correlation between hyperactive/impulsive and inattentive
symptom counts. Hyperactive/impulsive symptom counts and Conners scores correlate moderately.

--Table 4—

Discussion

The current study is the first to show an association between dopamine/noradrenaline, serotonin
pathways and neurite outgrowth genes to the hyperactive/impulsive component of ADHD using
hypothesis-based pathway association analysis using a case-only design. No association to the
inattentive component was observed. Post-hoc analyses showed individual contribution of all three
pathways. Single genes or SNPs did not show significant association, suggesting that the observed
associations are the result of combined small effects of multiple genetic variants.

The concept of biological pathways has been investigated before in ADHD. Top results from GWAS
studies and rare variants were investigated for overrepresentation in certain genetic biological

pathways?*#

. Findings show overlap suggesting convergence of both rare and common variants in
the risk of ADHD. When Elia et al.* investigated rare variants only, they showed multiple genes
carrying these variants belonging to the metabotropic glutamate receptor gene family. Another
approach has been to use predefined genetic pathways as a starting point for gene/variant selection

35158 Oades et al.* selected genes that were related to serotonin function and applied a

and testing
family-based multivariate approach clustering the phenotypes, to increase their statistical power. The
current study extends previous approaches by including all variants in the studied pathways, by
investigating both ADHD symptom domains separately, and by increasing our power by joining single
SNP effects. Although IMAGE was part of these prior analysis (13 of the 45 neurite outgrowth genes
were based on the single SNP effects in the IMAGE study), these 13 genes do not drive our results
(see Supplementary Table S5).

Our results suggest a link between candidate genetic pathways and hyperactivity/impulsivity but not

with inattentiveness. Symptom domain-specific genetic associations have previously been reported.

Markunas et al.> identified association between the SLC9A9 gene and hyperactive/impulsive Conners
7



scores. Lasky-Su et al.*® found association between two variants within the dopamine receptor 4 gene
(DRD4) and ADHD symptoms which was driven by the inattentive symptoms only. In a previous
paper, using the IMAGE sample, Lasky-Su et al.” investigated domain-specific genetic associations
using GWAS and reported nominal associations for variants within candidate genes included here.
Also, in healthy twins, hyperactive/impulsive symptoms have been associated to variants within the
dopamine pathway56. Further, although the neurite outgrowth network has not yet been linked to
hyperactivity or impulsivity symptoms, it showed overrepresentation in the top results of a GWAS
study studying motor coordination problems in ADHD>’ and some neurite outgrowth genes studied

°8%% and CTNNA2%, have been associated to impulsivity.

here, in particular NOS1
One possible explanation of lack of association with inattention may be related to a higher degree of
phenotypic heterogeneity compared to hyperactivity/impulsivity. Therefore, the current sample might
not have enough power to detect genetic effects. However, as both symptom domains are highly
heritable (hyperactive/impulsive 88%, inattentive 79%)61 and standard deviations are similar (Table 1),
different phenotypic heterogeneity is not expected. Alternatively genetic mechanisms other than those
studied here might be involved in the inattention domain.

The current study analyzed symptom count and symptom severity. Both are part of the
hyperactive/impulsive domain, however, there is only moderate to small correlation between them.
Symptom counts have been created through a semi-structured diagnostic interview in combination
with few items from ADHD rating scales, whereas the symptom severity measures were rated by
parents or teachers. Therefore we expect them to capture different aspects of the disorder.

It should be noted that the selected pathways were associated with parental but not with teacher-rated

62-64

hyperactivity/impulsivity. Discrepancies between raters have been observed previously™ ™", with

correlations between mother and teacher ratings ranging from .23 to .49°>°°

and significant differences
in mean scores®. Low correlation values suggest them to capture different aspects of the disorder.
Linkage analysis for parent-rated and teacher-rated Conners scores also showed rater-specific
quantitative trait loci®”. Informant differences can be attributed to several factors, like different
standards and biases in reporting and scoring the symptoms“, or setting-specific behavior observed
only by one rater®®. Teacher ratings might be more prone to measurement error, as teachers need to

divide their attention over multiple children and observe each individual for a limited amount of time

while performing specific school-related activities. Parents might have more opportunities to observe



their child in multiple daily life settings, but can be biased depending on having another child with
similar behavior or not.

Our findings should be viewed in light of certain strengths and limitations. An important strength is the
combination of multiple genetic variants in a well-characterized ADHD sample accounting for small
effect sizes and genetic heterogeneity in ADHD. A limitation is that our sample shows reduced power
to find associations explaining 1% or less of the variance
(http://pngu.mgh.harvard.edu/~purcell/gpc/gtlassoc.html) therefore replication in an independent
sample is necessary. We were unable to define the direction of the effects, or whether directions were
different for the different genes/pathways studied, which we acknowledge to be a limitation.

For pathway and gene selection we took a conservative approach, only including genes selected
using a well-established database or literature. Pathway selection remains difficult as the currently
available databases are far from complete, therefore we feel they should be used as not more than a
starting point for pathway analyses. Therefore interesting genes might have been missed. As we only
included the most promising candidate pathways for ADHD, we might have missed others as new
candidates are still emerging™.

Given our case-only design, our results should be seen as moderating individual symptoms within the
disorder, but not necessarily contributing to ADHD susceptibility. To investigate if these pathways
increase the susceptibility to ADHD a case-control study should be performed. Also, it would be
interesting to validate the current analysis in samples with an equal gender distribution, adult ADHD
samples and population-based samples.

In conclusion, our results support the hypothesis that genes of the dopamine/noradrenaline and
serotonin neurotransmitter pathways as well as neurite outgrowth genes are involved in ADHD
through the hyperactive/impulsive component but not the inattentive one. The current study shows that
pathway-based association analyses in combination with more homogeneous phenotyping may

overcome power problems in association testing by taking into account allelic heterogeneity.



References

1.

10.

DSM-IV A. Diagnostic and statistical manual of mental disorders (4th ed.) American
Psychiatric Association. Washington DC. 1994.

Faraone SV, Perlis RH, Doyle AE, et al. Molecular genetics of attention-deficit/hyperactivity
disorder. Biological psychiatry. Jun 1 2005;57(11):1313-1323.

Gizer IR, Ficks C, Waldman ID. Candidate gene studies of ADHD: a meta-analytic review. Hum
Genet. Jul 2009;126(1):51-90.

Neale B, Medland S, Ripke S, et al. Meta-analysis of genome-wide association studies of
attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry. Sep
2010;49(9):884-897. Epub 2010 Aug 2011.

Faraone SV. Genetics of childhood disorders: XX. ADHD, Part 4: is ADHD genetically
heterogeneous? Journal of the American Academy of Child and Adolescent Psychiatry. Nov
2000;39(11):1455-1457.

Toplak ME, Sorge GB, Flora DB, et al. The hierarchical factor model of ADHD: invariant across
age and national groupings? J Child Psychol Psychiatry. Mar 2012;53(3):292-303.

Makris N, Biederman J, Monuteaux MC, Seidman LJ. Towards conceptualizing a neural
systems-based anatomy of attention-deficit/hyperactivity disorder. Dev Neurosci. 2009;31(1-
2):36-49.

Greven C, Rijsdijk F, Plomin R. A twin study of ADHD symptoms in early adolescence:
hyperactivity-impulsivity and inattentiveness show substantial genetic overlap but also
genetic specificity. J Abnorm Child Psychol. Feb 2011;39(2):265-275.

Franke B, Neale BM, Faraone SV. Genome-wide association studies in ADHD. Hum Genet. Jul
2009;126(1):13-50.

Lasky-Su J, Neale BM, Franke B, et al. Genome-wide association scan of quantitative traits for
attention deficit hyperactivity disorder identifies novel associations and confirms candidate

gene associations. American journal of medical genetics. Part B, Neuropsychiatric genetics :
10



11.

12.

13.

14.

15.

16.

17.

18.

19.

the official publication of the International Society of Psychiatric Genetics. Dec 5
2008;147B(8):1345-1354.

Neale BM, Medland S, Ripke S, et al. Case-control genome-wide association study of
attention-deficit/hyperactivity disorder. Journal of the American Academy of Child and
Adolescent Psychiatry. Sep 2010;49(9):906-920.

Mick E, Todorov A, Smalley S, et al. Family-based genome-wide association scan of attention-
deficit/hyperactivity disorder. Journal of the American Academy of Child and Adolescent
Psychiatry. Sep 2010;49(9):898-905 e893.

Psychiatric GCBDWG. Large-scale genome-wide association analysis of bipolar disorder
identifies a new susceptibility locus near ODZ4. Nature genetics. Oct 2011;43(10):977-983.
Cross-Disorder Group of the Psychiatric Genomics C, Smoller JW, Craddock N, et al.
Identification of risk loci with shared effects on five major psychiatric disorders: a genome-
wide analysis. Lancet. Apr 20 2013;381(9875):1371-1379.

Bralten J, Arias-Vasquez A, Makkinje R, et al. Association of the Alzheimer's gene SORL1 with
hippocampal volume in young, healthy adults. Am J Psychiatry. Oct 2011;168(10):1083-1089.
Epub 2011 Jul 1085.

Biederman J, Spencer T. Attention-deficit/hyperactivity disorder (ADHD) as a noradrenergic
disorder. Biological psychiatry. Nov 1 1999;46(9):1234-1242.

Staller JA, Faraone SV. Targeting the dopamine system in the treatment of attention-
deficit/hyperactivity disorder. Expert review of neurotherapeutics. Apr 2007;7(4):351-362.
Volkow ND, Fowler JS, Wang G, Ding Y, Gatley SJ. Mechanism of action of methylphenidate:
insights from PET imaging studies. Journal of attention disorders. 2002;6 Suppl 1:531-43.

Del Campo N, Chamberlain SR, Sahakian BJ, Robbins TW. The roles of dopamine and
noradrenaline in the pathophysiology and treatment of attention-deficit/hyperactivity

disorder. Biological psychiatry. Jun 15 2011;69(12):e145-157.

11



20.

21.

22.

23.

24.

25.

26.

27.

28.

Faraone SV, Buitelaar J. Comparing the efficacy of stimulants for ADHD in children and
adolescents using meta-analysis. European child & adolescent psychiatry. Apr
2010;19(4):353-364.

Faraone SV, Glatt SJ. A comparison of the efficacy of medications for adult attention-
deficit/hyperactivity disorder using meta-analysis of effect sizes. J Clin Psychiatry. Jun
2010;71(6):754-763.

Verbeeck W, Tuinier S, Bekkering GE. Antidepressants in the treatment of adult attention-
deficit hyperactivity disorder: a systematic review. Advances in therapy. Feb 2009;26(2):170-
184.

Oades RD. Dopamine-serotonin interactions in attention-deficit hyperactivity disorder
(ADHD). Progress in brain research. 2008;172:543-565.

Nakao T, Radua J, Rubia K, Mataix-Cols D. Gray matter volume abnormalities in ADHD: voxel-
based meta-analysis exploring the effects of age and stimulant medication. Am J Psychiatry.
Nov 2011;168(11):1154-1163.

Frodl T, Skokauskas N. Meta-analysis of structural MRI studies in children and adults with
attention deficit hyperactivity disorder indicates treatment effects. Acta psychiatrica
Scandinavica. Feb 2012;125(2):114-126.

Bush G, Valera EM, Seidman LJ. Functional neuroimaging of attention-deficit/hyperactivity
disorder: a review and suggested future directions. Biological psychiatry. Jun 1
2005;57(11):1273-1284.

Davids E, Zhang K, Tarazi Fl, Baldessarini RJ. Animal models of attention-deficit hyperactivity
disorder. Brain research. Brain research reviews. Apr 2003;42(1):1-21.

Poelmans G, Pauls D, Buitelaar J, Franke B. Integrated genome-wide association study
findings: identification of a neurodevelopmental network for attention deficit hyperactivity

disorder. Am J Psychiatry. Apr 2011;168(4):365-377. Epub 2011 Feb 2015.

12



29.

30.

31.

32.

33.

34.

35.

36.

Stergiakouli E, Hamshere M, Holmans P, et al. Investigating the contribution of common
genetic variants to the risk and pathogenesis of ADHD. Am J Psychiatry. Feb 2012;169(2):186-
194.

Oades RD, Lasky-Su J, Christiansen H, et al. The influence of serotonin- and other genes on
impulsive behavioral aggression and cognitive impulsivity in children with attention-
deficit/hyperactivity disorder (ADHD): Findings from a family-based association test (FBAT)
analysis. Behavioral and brain functions : BBF. 2008;4:48.

Brookes K, Xu X, Chen W, et al. The analysis of 51 genes in DSM-IV combined type attention
deficit hyperactivity disorder: association signals in DRD4, DAT1 and 16 other genes. Mol
Psychiatry. Oct 2006;11(10):934-953. Epub 2006 Aug 2008.

Muller UC, Asherson P, Banaschewski T, 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.

Muller UC, Asherson P, Banaschewski T, 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.

Asherson P, Zhou K, Anney RJ, et al. A high-density SNP linkage scan with 142 combined
subtype ADHD sib pairs identifies linkage regions on chromosomes 9 and 16. Molecular
psychiatry. May 2008;13(5):514-521.

Kuntsi J, Neale BM, Chen W, Faraone SV, Asherson P. The IMAGE project: methodological
issues for the molecular genetic analysis of ADHD. Behavioral and brain functions : BBF.
2006;2:27.

Taylor EA. Childhood hyperactivity. The British journal of psychiatry : the journal of mental

science. Nov 1986;149:562-573.

13



37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Conners C. Rating scales in attention-deficit/hyperactivity disorder: use in assessment and
treatment monitoring. J Clin Psychiatry. 1998;59(Suppl 7):24-30.

Goodman R. The Strengths and Difficulties Questionnaire: a research note. J Child Psychol
Psychiatry. Jul 1997;38(5):581-586.

Rommelse N, Oosterlaan J, Buitelaar J, Faraone S, Sergeant J. Time reproduction in children
with ADHD and their nonaffected siblings. J Am Acad Child Adolesc Psychiatry. May
2007,46(5):582-590.

Conners C, Sitarenios G, Parker J, Epstein J. The revised Conners' Parent Rating Scale (CPRS-
R): factor structure, reliability, and criterion validity. J Abnorm Child Psychol. Aug
1998;26(4):257-268.

Conners C, Sitarenios G, Parker J, Epstein J. Revision and restandardization of the Conners
Teacher Rating Scale (CTRS-R): factor structure, reliability, and criterion validity. J Abnorm
Child Psychol. Aug 1998;26(4):279-291.

Neale B, Lasky-Su J, Anney R, et al. Genome-wide association scan of attention deficit
hyperactivity disorder. Am J Med Genet B Neuropsychiatr Genet. Dec 5 2008;147B(8):1337-
1344,

Li Y, Willer C, Ding J, Scheet P, Abecasis G. MaCH: using sequence and genotype data to
estimate haplotypes and unobserved genotypes. Genet Epidemiol. Dec 2010;34(8):816-834.
Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet. Sep 2007;81(3):559-575. Epub 2007 Jul
2025.

Goldstein M. Inhibition of norepinephrine biosynthesis at the dopamine-beta-hydroxylation
stage. Pharmacological reviews. Mar 1966;18(1):77-82.

Carboni E, Tanda GL, Frau R, Di Chiara G. Blockade of the noradrenaline carrier increases

extracellular dopamine concentrations in the prefrontal cortex: evidence that dopamine is

14



47.

48.

49.

50.

51.

52.

53.

taken up in vivo by noradrenergic terminals. Journal of neurochemistry. Sep 1990;55(3):1067-
1070.

Cornil CA, Ball GF. Interplay among catecholamine systems: dopamine binds to alpha2-
adrenergic receptors in birds and mammals. The Journal of comparative neurology. Dec 10
2008;511(5):610-627.

Wedemeyer C, Goutman JD, Avale ME, Franchini LF, Rubinstein M, Calvo DJ. Functional
activation by central monoamines of human dopamine D(4) receptor polymorphic variants
coupled to GIRK channels in Xenopus oocytes. European journal of pharmacology. May 21
2007;562(3):165-173.

Liu JZ, McRae AF, Nyholt DR, et al. A versatile gene-based test for genome-wide association
studies. Am J Hum Genet. Jul 9 2010;87(1):139-145.

Elia J, Glessner JT, Wang K, et al. Genome-wide copy number variation study associates
metabotropic glutamate receptor gene networks with attention deficit hyperactivity
disorder. Nature genetics. Jan 2012;44(1):78-84.

Ribases M, Ramos-Quiroga JA, Hervas A, et al. Candidate system analysis in ADHD: evaluation
of nine genes involved in dopaminergic neurotransmission identifies association with DRD1.
The world journal of biological psychiatry : the official journal of the World Federation of
Societies of Biological Psychiatry. Apr 2012;13(4):281-292.

Chaste P, Clement N, Botros HG, et al. Genetic variations of the melatonin pathway in
patients with attention-deficit and hyperactivity disorders. Journal of pineal research. Nov
2011;51(4):394-399.

Ribases M, Ramos-Quiroga JA, Hervas A, et al. Exploration of 19 serotoninergic candidate
genes in adults and children with attention-deficit/hyperactivity disorder identifies

association for 5HT2A, DDC and MAOB. Molecular psychiatry. Jan 2009;14(1):71-85.

15



54.

55.

56.

57.

58.

59.

60.

Markunas CA, Quinn KS, Collins AL, et al. Genetic variants in SLC9A9 are associated with
measures of attention-deficit/hyperactivity disorder symptoms in families. Psychiatric
genetics. Apr 2010;20(2):73-81.

Lasky-Su J, Lange C, Biederman J, et al. Family-based association analysis of a statistically
derived quantitative traits for ADHD reveal an association in DRD4 with inattentive
symptoms in ADHD individuals. American journal of medical genetics. Part B,
Neuropsychiatric genetics : the official publication of the International Society of Psychiatric
Genetics. Jan 5 2008;147B(1):100-106.

Mill J, Xu X, Ronald A, et al. Quantitative trait locus analysis of candidate gene alleles
associated with attention deficit hyperactivity disorder (ADHD) in five genes: DRD4, DAT1,
DRD5, SNAP-25, and 5HT1B. American journal of medical genetics. Part B, Neuropsychiatric
genetics : the official publication of the International Society of Psychiatric Genetics. Feb 5
2005;133B(1):68-73.

Fliers EA, Vasquez AA, Poelmans G, et al. Genome-wide association study of motor
coordination problems in ADHD identifies genes for brain and muscle function. The world
journal of biological psychiatry : the official journal of the World Federation of Societies of
Biological Psychiatry. Mar 2012;13(3):211-222.

Reif A, Jacob C, Rujescu D, et al. Influence of functional variant of neuronal nitric oxide
synthase on impulsive behaviors in humans. Arch Gen Psychiatry. Jan 2009;66(1):41-50.
Hoogman M, Aarts E, Zwiers M, et al. Nitric oxide synthase genotype modulation of
impulsivity and ventral striatal activity in adult ADHD patients and healthy comparison
subjects. Am J Psychiatry. Oct 2011;168(10):1099-1106.

Terracciano A, Esko T, Sutin AR, et al. Meta-analysis of genome-wide association studies
identifies common variants in CTNNA2 associated with excitement-seeking. Translational

psychiatry. 2011;1:e49.

16



61.

62.

63.

64.

65.

66.

67.

68.

McLoughlin G, Ronald A, Kuntsi J, Asherson P, Plomin R. Genetic support for the dual nature
of attention deficit hyperactivity disorder: substantial genetic overlap between the
inattentive and hyperactive-impulsive components. J Abnorm Child Psychol. Dec
2007,35(6):999-1008.

Martin N, Scourfield J, McGuffin P. Observer effects and heritability of childhood attention-
deficit hyperactivity disorder symptoms. The British journal of psychiatry : the journal of
mental science. Mar 2002;180:260-265.

Hartman CA, Rhee SH, Willcutt EG, Pennington BF. Modeling rater disagreement for ADHD:
are parents or teachers biased? J Abnorm Child Psychol. Aug 2007;35(4):536-542.

De Los Reyes A, Kazdin AE. Informant discrepancies in the assessment of childhood
psychopathology: a critical review, theoretical framework, and recommendations for further
study. Psychological bulletin. Jul 2005;131(4):483-509.

Willcutt EG, Hartung CM, Lahey BB, Loney J, Pelham WE. Utility of behavior ratings by
examiners during assessments of preschool children with attention-deficit/hyperactivity
disorder. J Abnorm Child Psychol. Dec 1999;27(6):463-472.

Sollie H, Larsson B, Morch WT. Comparison of Mother, Father, and Teacher Reports of ADHD
Core Symptoms in a Sample of Child Psychiatric Outpatients. Journal of attention disorders.
Mar 21 2012.

Zhou K, Asherson P, Sham P, et al. Linkage to chromosome 1p36 for attention-
deficit/hyperactivity disorder traits in school and home settings. Biological psychiatry. Oct 1
2008;64(7):571-576.

Merwood A, Greven CU, Price TS, et al. Different heritabilities but shared etiological
influences for parent, teacher and self-ratings of ADHD symptoms: an adolescent twin study.

Psychological medicine. Jan 9 2013:1-12.

17



Tables

Table 1. Demographic characteristics of the studied individuals.

Value N
Mean years of age (SD) 10.83 (2.78) 930
% male 87 930
Median symptom count hyperactivity (SD) 8 (1.27) 871
Median symptom count inattentiveness (SD) 8 (1.04) 871
Median Conners’ parent hyperactive/impulsive (SD) 80 (10.15) 930
Median Conners’ teacher hyperactive/impulsive (SD) 69.5 (12.16) 916
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Table 2. Selection of genes.
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Table 3. Association results from the combined analysis of symptom counts and combined and
separate analysis of three genetic pathways with hyperactive/impulsive (HI) symptom severity

measured with the parent-rated Conners Scale (n=930).

N IA symptom HI symptom HI symptom
SNPs  counts counts severity p-value
Combined analysis 5179 0.73 0.007 0.0018
Dopamine/noradrenaline
1,163* - - 0.0004
pathway
Serotonin pathway 407° - - 0.0149
Neurite outgrowth genes 3,860 - - 0.0452

4251 SNPs were present in the serotonin pathway as well as in the dopamine/noradrenaline pathway.

Table 4. Correlation analyses between the studied phenotypes. Correlation coefficients are shown

with corresponding p-values in brackets.

Symptom

Symptom Conners parent
count

counts hyperactivity/
hyperactivity/

inattentiveness impulsivity
impulsivity

Symptom counts inattentiveness  .182 (<.001)

Conners parent
.254 (<.001) .087 (.008)
hyperactivity/impulsivity

Conners teacher
.386 (<.001) .111 (.001) .238 (<.001)
hyperactivity/impulsivity
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Figure legends

Figure 1 shows the different steps in our analysis. Analysis started by separating the inattentive and
hyperactive/impulsive symptom counts. As hyperactive/impulsive symptoms showed association, we
extended the analysis by investigating hyperactive/impulsive symptom severity using Conners’ scores.

At step 2 post-hoc analysis were performed to investigate the pathways separately.
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