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Attention deficit hyperactivity disorder (ADHD)
is a common, multifactorial disorder with signifi-
cant genetic contribution. Multiple candidate
genes have been studied in ADHD, including the
norepinephrine transporter (NET1) and dopa-
mine D1 receptor (DRD1). NET1 is implicated in
ADHD because of the efficacy of atomoxetine, a
selective noradrenergic reuptake inhibitor, in the
treatment of ADHD. DRD1 is primarily implicated
through mouse models of ADHD. DNA from 163
ADHD probands, 192 parents, and 129 healthy
controls was used to investigate possible associa-
tions between ADHD and polymorphisms in 12
previously studied candidate genes (5-HT1B, 5-
HT2A, 5-HT2C, ADRA2A, CHRNA4, COMT, DAT1,
DRD1, DRD4, DRD5, NET1, and SNAP-25). Ana-
lyses included case-control and family-based
methods, and dimensional measures of behavior,
cognition, and anatomic brain magnetic reso-
nance imaging (MRI). Of the 12 genes examined,
two showed a significant association with ADHD.
Transmission disequilibrium test (TDT) analysis
revealed significant association of two NET1
single nucleotide polymorphisms (SNPs) with
ADHD (P�0.009); case-control analysis revealed
significant association of two DRD1 SNPs with
ADHD (P�0.008). No behavioral, cognitive, or
brain MRI volume measurement significantly
differed across NET1 or DRD1 genotypes at an
alpha of 0.01. This study provides support for an
association between ADHD and polymorphisms
in both NET1 and DRD1; polymorphisms in ten
other candidate genes were not associated with
ADHD. Because family-based and case-control

methods gave divergent results, both should be
used in genetic studies of ADHD.
Published 2005 Wiley-Liss, Inc.{
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a child-
hood-onset disorder characterized by symptoms of inatten-
tion and/or hyperactivity-impulsivity [American Psychiatric
Association, 1994]. Estimates of the prevalence of the disorder
range from 1.7% to 21% [Acosta et al., 2004], though more
conservative estimates range from 5% to 10% [Scahill and
Schwab-Stone, 2000].Heritability estimates based on twinand
adoption studies average about 0.8 [Faraone and Biederman,
1998], suggesting that genetic factors play a large role in the
etiology of ADHD and giving rise to a host of genetic studies.

ADHD is a complex disorder whose genetic etiology likely
involves multiple genes of moderate effect [Smalley, 1997].
Accordingly, over 30 candidate genes have been studied in
ADHD [Bobb et al., 2004], yet the literature containsmore non-
replications than positive findings of association, suggesting
that multiple replications are necessary before credence is
given to association between any specific marker and ADHD.

As part of an ongoing study of the neurobiology of ADHD
[Castellanos et al., 2002], we screened a total of 12 previously
reported ADHD candidate genes, including 5-HT1B, 5-HT2A,
5-HT2C, ADRA2A, CHRNA4, COMT, DAT1, DRD1, DRD4
(published earlier, see Castellanos et al., 1998), DRD5,NET1,
and SNAP-25, in a sample of 163 probands, 192 parents, and
129 healthy controls. Because findings from family-based and
case-control based studies are sometimes divergent [Holmes
et al., 2000; Qian et al., 2003], we conducted both types of
analyses. We also included quantitative behavior and brain
magnetic resonance imaging (MRI) measures in our analyses.
Thiswas prompted by three lines of evidence: (a) a dimensional
approach may be more powerful than a categorical approach
for studying genetic associations in ADHD [Bobb et al., 2004];
(b) biological endophenotypes may relate more directly to gene
function [Weinberger, 1999; Skuse, 2001]; and (c) ADHD
probands (including those in this study) show morphological
brain abnormalities when compared to controls [Castellanos
et al., 2002; Durston, 2003]. Finally, given evidence that low
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intelligence quotient (IQ) and ADHDmay have shared genetic
influences [Kuntsi et al., 2004], we extended previous studies
by including analyses of cognitive measures.

MATERIALS AND METHODS

Participants

Children and adolescents with Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV)
[American Psychiatric Association, 1994] defined ADHD were
recruited locally and nationally. Fifty-three percent of the
probands were male, and most were Caucasian (75% Cauca-
sian, 12% African American, 10% Hispanic, 2% Asian, and 1%
other); their average age was 9.02� 2.22 years. Exclusion
criteria were a full-scale IQ below 80, evidence of medical or
neurological disorders from examination or history, or any
other primary Axis I psychiatric disorder. The majority (94%)
of probands were diagnosed with ADHD combined type, while
6% were diagnosed with primarily inattentive type. Sixty-six
percent participated in a 12 week NIMH study that included
school and therapy 5 days a week, as well as a double-blind
drug trial (see Sharp et al., 1999). Psychiatric diagnoses were
based on the Diagnostic Interview for Children and Adoles-
cents (DICA)-Child, Adolescent, and Parent versions, revised
[Reich, 2000]. Other measures included the Conners Parent
andTeacher Rating Scales [Werry et al., 1975], Child Behavior
Checklist, Teacher Report Form [Achenbach, 1991], Full
Scale Wechsler Intelligence Scale for Children, Third Edition
(WISC-III) [Wechsler, 1991], a computerized response in-
hibition task [Casey et al., 1993], and an anatomic brain MRI
scan (see Castellanos et al., 2002 for details). Whole blood was
drawn from all probands, and, when possible, first-degree
relatives. A total of 163 ADHD probands and 192 parents were
included in the analysis.

We also recruited healthy controls locally and nationally.
Of 129 controls, 57% were male, and most were Caucasian
(75% Caucasian, 15% African American, 4% Hispanic, 3%
Asian, and 2%other); their average agewas 15.99� 8.13 years.
Whole blood was drawn for genetic analysis, and participants
underwent an anatomic brainMRI scan (see Giedd et al., 1999
for details).

This study was conducted at the Child Psychiatry Branch of
the National Institute of Mental Health (NIMH) in Bethesda,
MD. The NIMH institutional review board approved the
protocol, and investigators obtained signed informed consents
and assents from the parents and minors, respectively.

Genotyping

We studied 20 polymorphisms from 12 genes; detailed poly-
morphism information is listed in Supplementary Table I (see
the online SupplementaryMaterial at http://www.interscience.
wiley.com/jpages/1552-4841/suppmat/index.html). Single nu-
cleotide polymorphism (SNP) genotyping with genomic DNA
extracted from immortalized lymphoblastoid cell lines was
performed using standardmethods (see Gornick et al., 2004 for
details). Microsatellite and variable number of tandem repeat
(VNTR) polymorphism reactions were performed in a 384-well
format in a total volume of 15 ml, with 5 ml of [2 ng/ml] genomic
DNA, 9 ml of TrueAlleleTM PCR Premix (Applied Biosystems,
Inc.,FosterCity,CA),and1ml of [5mM]pooledDAT1,DRD5,and
SNAP-25 primers (ordered from Qiagen, Inc., Valencia, CA). A
thermal cycler (PE 9700; Applied Biosystems) heated plates at
508C for 5 min; 35 cycles of 958C for 15 sec, 658C for 30 sec, and
728C for 30 sec; and 728C for 15 min. Next, 5 ml of the PCR
product, 0.26 ml of GeneScanTM 500-LIZTM size standard
(AppliedBiosystems),and7.74ml of formamideweretransferred
to 96-well plates, which were placed in the ABI PRISM1 3100-

Avant Genetic Analyzer (Applied Biosystems). Plates were
analyzed using GENOTYPER1 (Applied Biosystems) software.

Statistics

Wechecked forMendelianerrorswith theprogramPedcheck
[O’Connell and Weeks, 1998]. None of the SNPs deviated from
Hardy–Weinberg Equilibrium. We used the phase known
transmission disequilibrium test (TDT), where counts of allele
transmissions from heterozygous parents at each SNP locus
were analyzed with the TDTPHASE program version 2.37
[Dudbridge, 2003]. We also used the E–M algorithm in
TDTPHASE for unknown phase haplotype estimation. The
program COCAPHASE [Dudbridge, 2003] was used for case-
control comparisons. QTPHASE [Dudbridge, 2003] was used
for quantitative trait association analyses.

We investigated possible effects of genotype, and genotype
by diagnosis interaction, on 11 brain volume measures (total
cerebral volume [TCV], total gray matter, total white matter,
cerebellum, caudate, and white and gray components of the
frontal, parietal, and temporal lobes) for the four SNPs
that showed significant association with ADHD in our sample.
We first checked volume measures for normality and homo-
geneity of variance across diagnostic groups. Sex and age
differences across groups were checked with w2 and t tests,
respectively. We ran two sets of 44 separate analyses of
covariance (ANCOVAs): 11 separate analyses with each brain
volumemeasure as thedependent variable, repeatedwith each
of the four positive SNP genotypes (based on TDT and case-
control analyses) as independent variables. In the first set,
the genotypevariable had three categories (e.g.,G/Gvs.G/Avs.
A/A); in the second set, the genotype variable had two cate-
gories (e.g., G/G andG/A vs. A/A). For all SNPs,we grouped the
homozygous common allele genotype with the heterozygous
genotype, and compared that to the homozygous rare allele
genotype. The grouped genotypes were not significantly dif-
ferent from one another for any volume measurement in the
ADHD, normal control, or combined samples (data not shown).
Diagnosis was also included as an independent variable, and
age and TCV were included as covariates. Finally, given the
large number of tests, we chose an alpha of 0.01.

RESULTS

Case-Control and Family-Based Analyses

For DRD1, ADHD probands were more likely than controls
to have the C allele of rs4532 and the A allele of rs265981
(OR¼ 1.63, P¼ 0.006; and OR¼ 1.61, P¼ 0.008, respectively).
ForNET1, therewaspreferential transmission of theCallele of
rs998424 and the T allele of rs3785157 to ADHD probands
(relative risk¼ 1.96, P¼ 0.009; and relatively risk¼ 2.28,
P¼ 0.002, respectively). All other polymorphisms were non-
significant (seeTable I). To limit thenumber of tests, only these
four positive SNPs were included in subsequent cognitive,
behavioral, and brain MRI analyses.

Cognitive and Behavioral Measures

Because ethnic differences significantly correlated with 9
of the 23 cognitive and behavioral measures (data not shown),
we included only Caucasians in these analyses (n¼ 74 pro-
bands). The risk alleles of the NET1 SNPs rs998424 and
rs3785157 were associated with higher performance on the
similarities subtest of the WISC-III, and decreased hyperac-
tivity on the Conners Teachers Rating Scale, respectively
(P¼ 0.04); the risk alleles of the DRD1 SNPs rs4532 and
rs265981 were each associated with decreased reaction time
on the computerized response inhibition task (P¼ 0.02, and
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P¼ 0.03, respectively). However, none reached significance at
the chosen alpha level of 0.01; thus given the large number of
tests, we consider these results likely type I errors.

Anatomic Brain MRI Measures

There were complete genotype and MRI data for 114 ADHD
probands and 79 controls. While there were no significant sex
differences between controls and probands, controls were
significantly older thanprobands (mean difference¼ 1.4 years,
t¼ 2.9, P< 0.01); thus age was included as a covariate in all
ANCOVAs. TCV was also included as a covariate in all
ANCOVAs, given evidence of smaller overall brain volume in
ADHD probands versus controls [Castellanos et al., 2002].
Comparisons across genotype groups showed no significant
differences in any of the 11 brain volume measurements.
Further, no significant genotype by diagnosis effects were seen
(data not shown).

DISCUSSION

Based on a review of molecular genetic studies of ADHD
[Bobb et al., 2004], we tested 20 polymorphisms from 12 can-
didate genes in a sample of 163 probands and 129 controls; only
polymorphisms from NET1 and DRD1 were significant. While
our sample size does notmeet theoretical recommendations for
adequate power in association studies of genes of modest effect
[Risch and Merikangas, 1996], it is above the average family-
based and case-control sample sizes of the ADHD genetics
literature [Bobb et al., 2004]. Interestingly, the number of prior
published replications for candidate genes did not predict
which genes showed positive association with ADHD in our
sample, indicating that molecular genetic research in ADHD
should continue to investigate (and reinvestigate) a broad
spectrumof candidate genes, and supporting theheterogeneity
of this disorder.

Our findings provide the first replications of association for
both NET1 and DRD1 in ADHD. NET1 is involved in the
synaptic reuptake of norepinephrine (NE) [Schomig et al.,
1989], which is implicated in ADHD given its association with
attention, learning, and memory [Biederman and Spencer,
1999]. More specifically, tricyclic antidepressants and atomox-
etine, both of which have proven effective in treating ADHD,
target the reuptake of NE [Donnelly et al., 1986; Spencer et al.,
1998; Barr et al., 2002].

Indirect evidence that the dopamine (DA) system is involved
in ADHD comes primarily from the efficacy of stimulants in
treating the disorder. For example, methylphenidate inhibits
DA reuptake, thus increasing the amount and duration of DA
in the synapse [Amara and Kuhar, 1993]. Moreover, meta-
analyses have shown that other DA receptor genes (e.g.,DRD4
and DRD5) are part of the genetic etiology of ADHD [Faraone
et al., 1999; Lowe et al., 2004]. DRD1 is of interest given that
three separate strains of mice with D1A abnormalities show
ADHD-like behavior [Clifford et al., 1998; Karasinska et al.,
2000; Sagvolden, 2000; Viggiano et al., 2002]; andD1 receptors
are abundant in prefrontal cortex, which may be impaired in
ADHD [Hall et al., 1994; Arnsten, 2001; Castellanos, 2001].

Three groups have investigated an association between
NET1 and ADHD [Barr et al., 2002; McEvoy et al., 2002;
Knight et al., 2003; De Luca et al., 2004], with only one
reporting positive findings [Knight et al., 2003]. Knight et al.
with 180 cases and 334 controls, found significantly different
allele frequencies in six NET1 SNPs, including the two studied
here. Though, we found transmission distortion for rs998424
and rs3785157, we were not able to replicate allele frequency
differences between cases and controls, perhaps due to less
power given our smaller sample size.

Two groups have studied DRD1 and ADHD [Kirley et al.,
2002; Misener et al., 2004]. Misener et al. found a trend
towards overtransmission of the C and A alleles from rs4532
and rs265981, respectively; and significant overtransmission

TABLE I. Case-Control and Family-Based Analyses of NET1 and DRD1 in ADHD

Gene Polymorphism

Case-control (n¼163 cases, 129 controls)

Family-based (n¼ 82 triads, 28 dyads)Risk allele frequency
Odds
ratio P value

Risk allele
transmitted

Risk allele not
transmitted

Relative
risk P valueProbands Controls

NET1
(SLC6A2)

rs998424 0.69 0.70 0.98 0.91 43 22 1.96 0.009

rs3785157 0.70 0.71 1.03 0.87 41 18 2.28 0.002
DRD1 rs4532 0.39 0.28 1.63 0.006 38 31 1.23 0.40

rs265981 0.38 0.28 1.61 0.008 38 29 1.31 0.27
5-HT1B rs6296 0.74 0.70 1.06 0.22 29 24 1.21 0.49

rs6298 0.75 0.70 1.29 0.18 24 17 1.41 0.27
5-HT2A rs6313 0.61 0.60 1.04 0.82 44 42 1.05 0.83

rs6311 0.41 0.40 1.01 0.96 43 47 0.91 0.67
rs6314 0.11 0.09 1.19 0.49 9 14 0.64 0.30

5-HT2C rs6318 0.67 0.65 1.03 0.65 9 7 1.29 0.62
ADRA2A rs1800544 0.71 0.63 1.41 0.05 34 27 1.26 0.37
CHRNA4 rs6090384 0.91 0.90 1.23 0.47 11 10 1.10 0.83

rs2273505 0.91 0.90 1.12 0.71 13 8 1.63 0.27
rs2273506 0.08 0.07 1.12 0.72 13 8 1.63 0.27

COMT rs4680 0.52 0.47 1.11 0.27 48 46 1.04 0.84
DAT1 rs6347 0.28 0.23 1.22 0.17 22 30 0.73 0.27

VNTRa 0.27 0.25 1.12 0.47 20 12 0.16
DRD5 Microsatelliteb 0.45 0.46 0.93 0.91 28 27 0.89
SNAP-25 Microsatellitec 0.57 0.57 0.99 0.88 27 20 0.31

VNTR, variable number of tandem repeats.
aForty base pair VNTR, exon 15.
b(CA)n repeat, 5

0-untranslated region.
c(ATTT)n repeat, 5

0-untranslated region.
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of a four-SNP haplotype which included those two SNPs
[Misener et al., 2004]. While we were unable to replicate this
association using a family-based approach, we did find a
significantly higher frequency of the risk alleles in our cases as
compared to controls.

Other groups in psychiatric genetics have found discrepant
results using case-control and family-based methods [Holmes
et al., 2000; Roman et al., 2001; Chowdari et al., 2002]. One
possible explanation for our discrepancies is that the case-
control findings are spurious due to population stratification
[Roman et al., 2001]. Our cases and controls were matched for
sex and ethnicity; however, controls were significantly older
than probands (t¼ 10.47, P< 0.01). Even so, population
stratification due to a 7-year difference in age is unlikely.
Further, secondary case-control analyses of DRD1 SNPs using
onlyCaucasians revealed results similar to those fromprimary
analyses; though, consistent with a reduction in power due to a
25% decrease in sample size, the findings were less significant
(P¼ 0.07). Describing similarly divergent results from case-
control and family-based methods in a study of DRD4 and
ADHD, Holmes et al. discussed the possibility that the risk
allele may be more common in the probands excluded from
TDT but included for case-control analyses [Holmes et al.,
2000].Yet, as inHolmes et al., this is not the case in our sample.

Wedid not findany significant effects of our positive SNPs on
cognitive or behavioral measures. The putative advantage of
utilizing more subtle dimensional measures of ADHD over
categorical diagnosesmayhavebeenmitigatedby lowerpower,
given that we reduced our sample by 30% by limiting the
quantitative trait analyses to Caucasians only. While ADHD
and low IQ may have shared genetic origins [Kuntsi et al.,
2004], there is little evidence specifically implicating NET1 in
cognitive dysfunction, and only indirect evidence for DRD1. D1

receptors in monkey prefrontal cortex are involved in working
memory [Goldman-Rakic, 1998], yet both the digit span and
arithmetic WISC-III subtests, the best surrogates for working
memory in our cognitive assessment, did not significantly vary
across DRD1 genotypes. Finally, our ADHD sample had a
somewhat elevated IQ (mean full scale IQ¼ 109� 15) as com-
pared to other reports of ADHD cases [Crosbie and Schachar,
2001; Rucklidge and Tannock, 2001]; thus these genes may
affect IQ in ADHD samples with more typical cognitive levels.

Analyses of 11 anatomic brain MRI measures did not reveal
any significant differences across NET1 or DRD1 genotypes.
A preliminary analysis of cortical thickness using a method
developed at the Montreal Neurological Institute [MacDonald
et al., 2000; Kabani et al., 2001] found differences in right and
left superior parietal cortex across DRD1 genotypes, yet those
cortical areas were thicker in probands with the DRD1 alleles
associatedwithADHD.As this is opposite ofwhatwe expected,
given evidence of thinner cortex in ADHD probands versus
controls [Rapoport et al., unpublished data], this finding
may represent type I error. However, there is evidence for
increasedD1 receptor binding in the superior parietal cortex of
subjects with schizophrenia versus controls [Domyo et al.,
2001]; thus we plan to further investigate the role of DRD1 in
this cortical area using longitudinal brain MRI measures.

In summary, we present the first replication supporting
the previously described association between ADHD and
polymorphisms in NET1 and DRD1. Our findings are limited
in that each gene was replicated using a different study
design (family-based versus case-control) than was previously
reported; dimensional measures of ADHD were not signifi-
cantly associated with the risk alleles; and these data are not
corrected for multiple tests, as it is not yet clear how best to do
this. Moreover, we confined our analyses to only previously
reported polymorphisms; other polymorphisms from the
candidate genes reported here may have been associated with
the disorder. Given the results of the current study, along with

previous reports and credible evidence from neurobiological
and animalmodels, further studies of the association of ADHD
with candidate genes NET1 and DRD1 are warranted.

ACKNOWLEDGMENTS

We thank the children and families who participated in the
study.

REFERENCES

Achenbach TM. 1991. Integrative guide for the 1991 CBCL/4-18, YSR, and
TRF profiles. Burlington: University of Vermont Department of Psychiatry.

Acosta MT, Arcos-Burgos M, Muenke M. 2004. Attention deficit/hyper-
activity disorder (ADHD): Complex phenotype, simple genotype? Genet
Med 6:1–15.

Amara SG, Kuhar MJ. 1993. Neurotransmitter transporters: Recent
progress. Annu Rev Neurosci 16:73–93.

American Psychiatric Association. 1994. Diagnostic and statistical manual
of mental disorders. 4th edition.Washington, DC: American Psychiatric
Association.

Arnsten A. 2001. Dopaminergic and noradrenergic influences on cognitive
functions mediated by prefrontal cortex. In: Solanto MV, Arnsten AFT,
Castellanos FX, editors. Stimulant drugs and ADHD: Basic and clinical
neuroscience. New York: Oxford University Press, Inc. pp 185–208.

Barr CL, Wigg K, Malone M, Schachar R, Tannock R, Roberts W, Kennedy
JL. 1999. Linkage study of catechol-O-methyltransferase and attention-
deficit hyperactivity disorder. Am J Med Genet 88:710–713.

BarrCL,KroftJ,FengY,WiggK,RobertsW,MaloneM,IckowiczA,SchacharR,
Tannock R, Kennedy JL. 2002. The norepinephrine transporter gene and
attention-deficit hyperactivity disorder. Am JMed Genet 114:255–259.

Biederman J, Spencer T. 1999. Attention-deficit/hyperactivity disorder
(ADHD) as a noradrenergic disorder. Biol Psychiatry 46:1234–1242.

Bobb AJ, Castellanos FX, Addington AM, Rapoport JL. 2004. Molecular
genetic studies of ADHD: 1991 to 2004. Am J Med Genet (in press).

Casey BJ, Gordon CT, Mannheim GB, Rumsey JM. 1993. Dysfunctional
attention in autistic savants. J Clin Exp Neuropsychol 15:933–946.

Castellanos FX. 2001. Neuroimaging studies of ADHD. In: Solanto MV,
Arnsten AFT, Castellanos FX, editors. Stimulant drugs and ADHD:
Basic and clinical neuroscience. NY: Oxford University Press, Inc.
pp 243–258.

Castellanos FX, Lau E, Tayebi N, Lee P, Long RE, Giedd JN, Sharp W,
Marsh WL, Walter JM, Hamburger SD, Ginns EI, Rapoport JL,
Sidransky E. 1998. Lack of an association between a dopamine-4
receptor polymorphism and attention-deficit/hyperactivity disorder:
Genetic and brain morphometric analyses. Mol Psychiatry 3:431–434.

Castellanos FX, Lee PP, Sharp W, Jeffries NO, Greenstein DK, Clasen LS,
Blumenthal JD, James RS, Ebens CL, Walter JM, Zijdenbos A, Evans
AC, Giedd JN, Rapoport JL. 2002. Developmental trajectories of brain
volume abnormalities in children and adolescentswith attention-deficit/
hyperactivity disorder. JAMA 288:1740–1748.

Chowdari KV, Mirnics K, Semwal P, Wood J, Lawrence E, Bhatia T,
Deshpande SN, Thelma BK, Ferrell RE, Middleton FA, Devlin B, Levitt
P, Lewis DA,Nimgaonkar VL. 2002. Association and linkage analyses of
RGS4 polymorphisms in schizophrenia. HumMol Genet 11:1373–1380.

Clifford JJ, Tighe O, Croke DT, Sibley DR, Drago J, Waddington JL. 1998.
Topographical evaluation of the phenotype of spontaneous behaviour
in mice with targeted gene deletion of the D1A dopamine receptor:
Paradoxical elevation of grooming syntax. Neuropharmacology 37:
1595–1602.

Cook EH Jr, Stein MA, Krasowski MD, Cox NJ, Olkon DM, Kieffer JE,
Leventhal BL. 1995. Association of attention-deficit disorder and the
dopamine transporter gene. Am J Hum Genet 56:993–998.

Crosbie J, Schachar R. 2001. Deficient inhibition as a marker for familial
ADHD. Am J Psychiatry 158:1884–1890.

De Luca V, Muglia P, Jain U, Kennedy JL. 2004. No evidence of linkage or
association between the norepinephrine transporter (NET) gene MnlI
polymorphism and adult ADHD. Am J Med Genet 124B:38–40.

Domyo T, Kurumaji A, ToruM. 2001. An increase in [3H]SCH23390 binding
in the cerebral cortex of postmortem brains of chronic schizophrenics.
J Neural Transm 108:1475–1484.

Donnelly M, Zametkin AJ, Rapoport JL, Ismond DR, Weingartner H, Lane
E, Oliver J, Linnoila M, Potter WZ. 1986. Treatment of childhood

70 Bobb et al.



hyperactivity with desipramine: Plasma drug concentration, cardiovas-
cular effects, plasma, and urinary catecholamine levels, and clinical
response. Clin Pharmacol Ther 39:72–81.

Dudbridge F. 2003. Pedigree disequilibrium tests formultilocus haplotypes.
Genet Epidemiol 25:115–121.

Durston S. 2003. A review of the biological bases of ADHD: What have we
learned from imaging studies?MentRetardDevDisabilResRev9:184–195.

Faraone SV, Biederman J. 1998. Neurobiology of attention-deficit hyper-
activity disorder. Biol Psychiatry 44:951–958.

Faraone SV, Biederman J, Weiffenbach B, Keith T, Chu MP, Weaver A,
Spencer TJ,WilensTE, Frazier J,ClevesM, Sakai J. 1999.DopamineD4
gene 7-repeat allele and attention deficit hyperactivity disorder. Am J
Psychiatry 156:768–770.

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A,
Paus T, Evans AC, Rapoport JL. 1999. Brain development during
childhood and adolescence: A longitudinal MRI study. Nat Neurosci
2:861–863.

Goldman-Rakic PS. 1998. The cortical dopamine system: Role in memory
and cognition. Adv Pharmacol 42:707–711.

Gornick MC, Addington AM, Sporn A, Gogtay N, Greenstein D, Lenane M,
Gochman P, Ordonez A, Balkissoon R, Vakkalanka R, Weinberger DR,
Rapoport JL. 2004. Dysbindin (DTNBP1, 6p22.3) is associated with
childhood onset psychosis and endophenotypes measured by the
Premorbid Adjustment Scale (PAS). J Autism Dev Disord (in press).

Hall H, Sedvall G, Magnusson O, Kopp J, Halldin C, Farde L. 1994.
Distribution of D1- and D2-dopamine receptors, and dopamine and its
metabolites in the human brain. Neuropsychopharmacology 11:245–256.

Hawi Z, Dring M, Kirley A, Foley D, Kent L, Craddock N, Asherson P,
Curran S, Gould A, Richards S, Lawson D, Pay H, Turic D, Langley K,
Owen M, O’Donovan M, Thapar A, Fitzgerald M, Gill M. 2002.
Serotonergic system and attention deficit hyperactivity disorder
(ADHD): A potential susceptibility locus at the 5-HT(1B) receptor gene
in 273 nuclear families from a multi-centre sample. Mol Psychiatry
7:718–725.

Hawi Z, LoweN, Kirley A, Gruenhage F, NothenM, Greenwood T, Kelsoe J,
Fitzgerald M, Gill M. 2003. Linkage disequilibrium mapping at DAT1,
DRD5 and DBH narrows the search for ADHD susceptibility alleles at
these loci. Mol Psychiatry 8:299–308.

Holmes J, Payton A, Barrett JH, Hever T, Fitzpatrick H, Trumper AL,
Harrington R,McGuffin P, OwenM,OllierW,Worthington J, ThaparA.
2000. A family-based and case-control association study of the dopamine
D4 receptor gene and dopamine transporter gene in attention deficit
hyperactivity disorder. Mol Psychiatry 5:523–530.

Huang YY, Grailhe R, Arango V, Hen R, Mann JJ. 1999. Relationship of
psychopathology to the human serotonin1B genotype and receptor
binding kinetics in postmortembrain tissue.Neuropsychopharmacology
21:238–246.

JohannM,BobbeG,PutzhammerA,WodarzN. 2003.Comorbidity of alcohol
dependence with attention-deficit hyperactivity disorder: Differences in
phenotype with increased severity of the substance disorder, but not in
genotype (serotonin transporter and 5-hydroxytryptamine-2c receptor).
Alcohol Clin Exp Res 27:1527–1534.

Kabani N, Le Goualher G, MacDonald D, Evans AC. 2001. Measurement of
cortical thicknessusinganautomated3-Dalgorithm:Avalidation study.
Neuroimage 13:375–380.

Karasinska JM, George SR, El Ghundi M, Fletcher PJ, O’Dowd BF. 2000.
Modification of dopamine D(1) receptor knockout phenotype in mice
lacking both dopamine D(1) and D(3) receptors. Eur J Pharmacol
399:171–181.

Kirley A, Hawi Z, Daly G, McCarron M, Mullins C, Millar N, Waldman I,
Fitzgerald M, Gill M. 2002. Dopaminergic system genes in ADHD:
Toward a biological hypothesis. Neuropsychopharmacology 27:607–
619.

Knight J, XuX,BrookesK,Mill P, ShamE,TaylorE,AshersonP. 2003.DNA
pooling identifies association of the noradrenergic transporter gene
(NET1)withattention deficit hyperactivity disorder (ADHD).AmJHum
Genet 73:511.

Kuntsi J, Eley TC, Taylor A, Hughes C, Asherson P, Caspi A, Moffitt TE.
2004. Co-occurrence of ADHD and low IQ has genetic origins. Am JMed
Genet 124B:41–47.

Lowe N, Kirley A, Hawi Z, Sham P, Wickham H, Kratochvil CJ, Smith SD,
Lee SY, Levy F, Kent L, Middle F, Rohde LA, Roman T, Tahir E,
YazganY,AshersonP,Mill J, ThaparA, PaytonA,ToddRD,StephensT,
Ebstein RP, Manor I, Barr CL, Wigg KG, Sinke RJ, Buitelaar JK,

Smalley SL, Nelson SF, Biederman J, Faraone SV, Gill M. 2004. Joint
analysis of the DRD5 marker concludes association with attention-
deficit/hyperactivity disorder confined to the predominantly inattentive
and combined subtypes. Am J Hum Genet 74:348–356.

MacDonaldD,KabaniN,AvisD,EvansAC. 2000.Automated 3-D extraction
of inner and outer surfaces of cerebral cortex from MRI. Neuroimage
12:340–356.

McEvoy B, Hawi Z, Fitzgerald M, Gill M. 2002. No evidence of linkage or
association between the norepinephrine transporter (NET) gene poly-
morphisms and ADHD in the Irish population. Am J Med Genet
114:665–666.

Mill J,CurranS,KentL,GouldA,HuckettL,RichardsS,TaylorE,Asherson
P. 2002. Association study of a SNAP-25 microsatellite and attention
deficit hyperactivity disorder. Am J Med Genet 114:269–271.

Misener VL, Luca P, AzekeO, Crosbie J,Waldman I, TannockR, RobertsW,
MaloneM, SchacharR, Ickowicz A,Kennedy JL, BarrCL. 2004. Linkage
of the dopamine receptor D1 gene to attention-deficit/hyperactivity
disorder. Mol Psychiatry 9:500–509.

Nothen MM, Rietschel M, Erdmann J, Oberlander H, Moller HJ, Nober D,
ProppingP. 1995.Genetic variation of the5-HT2Areceptor and response
to clozapine. Lancet 346:908–909.

O’Connell JR, Weeks DE. 1998. PedCheck: A program for identification
of genotype incompatibilities in linkage analysis. Am J Hum Genet
63:259–266.

Qian Q, Wang Y, Zhou R, Li J, Wang B, Glatt S, Faraone SV. 2003. Family-
based and case-control association studies of catechol-O-methyltrans-
ferase in attention deficit hyperactivity disorder suggest genetic sexual
dimorphism. Am J Med Genet 118B:103–109.

Quist JF,BarrCL, SchacharR,RobertsW,MaloneM,TannockR,BasileVS,
Beitchman J, Kennedy JL. 2000. Evidence for the serotonin HTR2A
receptor gene as a susceptibility factor in attention deficit hyperactivity
disorder (ADHD). Mol Psychiatry 5:537–541.

Reich W. 2000. Diagnostic interview for children and adolescents (DICA).
J Am Acad Child Adolesc Psychiatry 39:59–66.

Risch N, Merikangas K. 1996. The future of genetic studies of complex
human diseases. Science 273:1516–1517.

Roman T, Schmitz M, Polanczyk G, Eizirik M, Rohde LA, Hutz MH. 2001.
Attention-deficit hyperactivity disorder: A study of associationwith both
the dopamine transporter gene and the dopamine D4 receptor gene.
Am J Med Genet 105:471–478.

Roman T, Schmitz M, Polanczyk GV, Eizirik M, Rohde LA, Hutz MH. 2003.
Is the alpha-2A adrenergic receptor gene (ADRA2A) associated with
attention-deficit/hyperactivity disorder?AmJMedGenet 120B: 116–120.

Rucklidge JJ, Tannock R. 2001. Psychiatric, psychosocial, and cognitive
functioning of female adolescents with ADHD. J AmAcad Child Adolesc
Psychiatry 40:530–540.

SagvoldenT. 2000. Behavioral validation of the spontaneously hypertensive
rat (SHR) as an animal model of attention-deficit/hyperactivity disorder
(AD/HD). Neurosci Biobehav Rev 24:31–39.

Scahill L, Schwab-Stone M. 2000. Epidemiology of ADHD in school-age
children. Child Adolesc Psychiatr Clin N Am 9:541–555, vii.

Schomig E, Fischer P, Schonfeld CL, Trendelenburg U. 1989. The extent
of neuronal re-uptake of 3H-noradrenaline in isolated vasa deferentia
and atria of the rat. Naunyn Schmiedebergs Arch Pharmacol 340:
502–508.

SharpWS, Walter JM, MarshWL, Ritchie GF, Hamburger SD, Castellanos
FX. 1999. ADHD in girls: Clinical comparability of a research sample.
J Am Acad Child Adolesc Psychiatry 38:40–47.

Skuse DH. 2001. Endophenotypes and child psychiatry. Br J Psychiatry
178:395–396.

Smalley SL. 1997. Genetic influences in childhood-onset psychiatric
disorders: Autism and attention-deficit/hyperactivity disorder. Am J
Hum Genet 60:1276–1282.

Spencer T, Biederman J, Wilens T, Prince J, Hatch M, Jones J, Harding M,
Faraone SV, Seidman L. 1998. Effectiveness and tolerability of
tomoxetine in adults with attention deficit hyperactivity disorder. Am
J Psychiatry 155:693–695.

Todd RD, Lobos EA, Sun LW, Neuman RJ. 2003. Mutational analysis of
the nicotinic acetylcholine receptor alpha 4 subunit gene in attention
deficit/hyperactivity disorder: Evidence for association of an intronic
polymorphism with attention problems. Mol Psychiatry 8:103–108.

Vandenbergh DJ, Thompson MD, Cook EH, Bendahhou E, Nguyen T,
Krasowski MD, Zarrabian D, Comings D, Sellers EM, Tyndale RF,

Candidate Genes Associated With ADHD 71



George SR, O’Dowd BF, Uhl GR. 2000. Human dopamine transporter
gene: Coding region conservation among normal, Tourette’s disorder,
alcohol dependence, and attention-deficit hyperactivity disorder popula-
tions. Mol Psychiatry 5:283–292.

Viggiano D, Vallone D,Welzl H, Sadile AG. 2002. The Naples high- and low-
excitability rats: Selective breeding, behavioral profile, morphometry,
and molecular biology of the mesocortical dopamine system. Behav
Genet 32:315–333.

Wechsler D. 1991. Wechsler intelligence scale for children. 3rd edition.
San Antonio: Psychological Corporation.

Weinberger DR. 1999. Schizophrenia: New phenes and new genes. Biol
Psychiatry 46:3–7.

Werry JS, Sprague RL, Cohen MN. 1975. Conners’ Teacher Rating Scale
for use in drug studies with children—an empirical study. J Abnorm
Child Psychol 3:217–229.

72 Bobb et al.


