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The search for genetic factors predisposing to Attention Deficit Hyperactivity Disorder (ADHD)
has focused on genes that regulate dopaminergic pathways such as dopamine receptors and
enzymes that regulate levels of dopamine in the synapse. There have been several reports of
association between ADHD and polymorphic variants within or near DRD4, DRD5, DAT1, DBH
and COMT. In this study we set out to investigate specific alleles of DRD4 and DRD5, pre-
viously reported to be associated with ADHD, in a sample of Turkish children with DSM-IV
ADHD children, as well as their relation to methylphenidate response and dimensional meas-
ures of symptom domains. One hundred and four independent trios and seven dyads were
analysed using the transmission disequilibrium test (TDT). We found increased transmission
of the DRD4 7-repeat allele (DRD4*7) (TDT x2 = 2.79, P = 0.047). Given that we were testing
specific a priori hypotheses regarding the associated alleles, we have used one-tailed P-
values throughout. There was evidence of an interaction with methlyphenidate (MPH)
response and analysis of the sample excluding non-responders revealed more significant evi-
dence for the association (TDT x2 = 4.48, P = 0.017). We also detected a trend for linkage and
association in the DRD5 polymorphism (TDT x2 = 2.38, P = 0.06). Similar findings were
obtained in relation to MPH response as analysis of MPH responders alone gave rise to a
more significant association than that of the group as a whole (TDT x2 = 4.9, P = 0.013). t-Test
and logistic regression TDT analyses of DRD4*7 transmission with respect to dimensional
rating scales of hyperactivity and impulsivity showed an inverse relation suggesting that in
this sample DRD4*7 is associated with a lower level of ADHD symptomatology. While this may
be due to stratification along a dimension of severity such that severe cases belong to a more
extreme group with other specific genetic and environmental causes, similar to the model for
low cognitive ability, it is more likely the result of a chance selection bias in this sample.
Molecular Psychiatry (2000) 5, 396–404.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is a
common neuropsychiatric disorder with onset in early
childhood. It affects 2–5% of school age children and
boys two or three times more frequently than girls. The
disorder is characterised by pervasive inattention,
overactivity and impulsivity and leads to significant
behavioural, social and educational impairments
which frequently persist into adult life.1,2 In recent
years there has been considerable progress in our
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understanding of the disorder and the importance of
genetic factors. ADHD is known to aggregate within
families3–6 and twin studies examining the relative
importance of genetic and environmental influences
have consistently shown it to be amongst the most
highly heritable behaviours in childhood, with herita-
bility (h2) in the order of 80–90%.4–10 The mode of
transmission is unknown, although in keeping with
other behavioral and complex disorders, genetic influ-
ences are likely to involve the coaction and interaction
of a few or many genes, each having only a minor effect
on their own.

To date, several genes involved in the regulation of
dopamine and monoamine neurotransmission have
been implicated in the aetiology of hyperactivity. The
focus on the dopamine system stems from the well-
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characterised response of hyperactivity to stimulants
such as methylphenidate.11–14 Animal studies have
found that amphetamine reversible hyperactivity can
be produced by a variety of models such as knockout of
the dopamine transporter gene15 and chemical lesions
including depletion of cerebral noradrenaline.16 Alter-
ations in delayed alternation learning, a key animal
model for attention deficit, have been related to density
of dopamine D1-type receptors.17 The response to
stimulants has led to the predominant hypothesis that
the dopamine system may be underactive
(hypodopaminergic) in children with ADHD. However,
evidence that methylphenidate may in fact reduce
dopamine outflow through downstream inhibition by
serotonin pathways15 is consistent with a hyperdopa-
minergic theory for ADHD.

In this study we focus on two dopamine receptor
genes, the D4 receptor gene (DRD4) and the D5 receptor
gene (DRD5) that have been reported to be associated
with ADHD. First, association between the 7-repeat
allele of a VNTR within the coding region of DRD4
(DRD4*7) and ADHD has been studied by several
groups. La Hoste et al18 were the first to report an
increased frequency of DRD4*7 (22% vs 9%) in a clini-
cal sample of ADHD children compared to controls.
They noted that children with DRD4*7 had higher
DISC scores compared to those without it, suggesting
a possible relationship with clinical severity. These
findings were subsequently replicated in a further sam-
ple of cases with a refined ADHD phenotype that
included the combined ADHD subtype, positive drug
response and no significant comorbidity,19 similar
to the ICD-10 definition of hyperkinetic disorder
(HKD) and hyperkinetic disorder/conduct disorder
(HKD/CD).20 Rowe et al21 reported on a clinical sample
who received questionnaire-based diagnoses of ADHD
derived from a parental rating scale for DSM-IV symp-
toms (The Emory Diagnostic Rating Scale). They found
an increased frequency of DRD4*7 in both the ADHD-
combined subtype (x2 = 5.9, P , 0.01) and ADHD-inat-
tentive subtype (x2 = 4.6, P , 0.05) compared to con-
trols. Further support for these findings come from the
results of two other studies; a clinical sample of DSM-
III-R or DSM-IV diagnosed ADHD children22 and a sam-
ple of ADHD children whose parents were diagnosed
with adult ADHD.23 A few studies have failed to detect
this association, but this may be due to a combination
of small sample size, different ascertainment pro-
cedures and genetic heterogeneity.24–26 DRD4*7 has
also been reported to be associated with the trait of
novelty-seeking,27,28 a personality trait whose profile
includes components of ADHD such as impulsiveness
and high activity levels. However further studies on
novelty seeking have so far resulted in contradictory
findings (reviewed in Paterson et al).29

Second, Daly and colleagues30 reported association
between ADHD and the dopamine D5 receptor gene
(P = 0.00005). The DRD5 association was found with
the 151-bp allele (DRD5*151) of a microsatellite marker
that was isolated from a cosmid clone containing
DRD5.
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In addition to these findings, genetic studies of the
dopamine transporter (DAT1) reported an association
between a variable number tandem repeat (VNTR)
polymorphism in the 39 untranslated region of the gene
and DSM-III-R diagnosed ADHD and undifferentiated
attention deficit disorder (UADD).31 Two further inde-
pendent studies reported similar results with
DAT1,32,33 although others have failed to find evidence
for this association.30,34,35 More recently Daly and col-
leagues30 replicated their earlier findings on DAT1 and
also reported association between ADHD and dopa-
mine-b-hydroxylase (P = 0.0072).

Dopamine receptors belong to the group of G-protein
coupled receptors that have seven transmembrane
domains. The dopamine D5 and D1 receptors both
belong to the group of D1-like dopamine receptors,
which stimulate the production of adenylate cyclase
via G-protein coupling, thereby activating cyclic AMP
(c-AMP) dependent protein kinases. Dopamine has a
10-fold higher affinity for DRD5 than DRD1.36 The
function of DRD5 is not well understood but there
appear to be differences of expression and pharmaco-
logical characteristics from DRD1.

The D4 receptor has structural and pharmacological
characteristics, which are similar to the D2-type group
of dopamine receptors that includes D2, D3 and D4.
It is mostly expressed in dopamine-rich areas with a
restricted distribution pattern in limbic areas, suggest-
ing a role in human cognitive, emotional and
behavioral function. DRD4, situated on chromosome
11p15.5, is highly polymorphic and contains DRD4*7,
which is the 7-repeat of a 48-base pair VNTR within
the third exon of the gene. This region codes for the
third cytoplasmic loop, which is the region responsible
for G-protein coupling. Moreover, there is some evi-
dence that DRD4*7 mediates a blunted response to
agonists due to increased inhibition of cyclic AMP.
DRD4*7 has further been shown to respond differently
to dopamine antagonists and agonists than the shorter
repeat forms in both physiological and pharmacologi-
cal experiments.37,38

In this study we set out to investigate the relation-
ship between the specific alleles of DRD4 and DRD5
that had previously been reported to be associated with
ADHD, in a sample of Turkish children with DSM-IV
ADHD. We have performed simple within-family tests
of association and linkage between the ADHD and the
specific alleles implicated in these studies and
explored their relationship to methylphenidate
response and dimensional measures of hyperactivity.

Subjects and methods

Clinical sample
The sample of children with ADHD and their biological
parents used in this study was ascertained at Marmara
University Medical School, Department of Psychiatry,
Development and Neuropsychiatry Research Unit,
Istanbul. Probands were identified from a child
behavioural/neuropsychiatric clinic and given a
research assessment if they were thought to have a
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diagnosis of ADHD. Biological parents of children who
fulfilled criteria for inclusion in this study were also
asked to participate. Written informed consent was
obtained from parents and the ethical approval of the
study was obtained from the Marmara University Ethi-
cal Committee.

A definite diagnosis of ADHD and comorbid con-
ditions was established and confirmed by two experi-
enced child psychiatrists following a semi-structured
interview with the Kidi-schedule for affective dis-
orders and schizophrenia (K-SADS)39 with the parents
and the child. Each case was assessed and an initial
diagnosis given by one psychiatrist (YY) who is certi-
fied in child and adolescent psychiatry and has sig-
nificant clinical and research experience in ADHD and
related disorders. Two other child psychiatrists with
similar experience, blind to the original diagnosis,
went through the clinical data and made a best esti-
mate diagnosis. This process was a part of a phenom-
enological study where major diagnostic domains were
Tourette’s syndrome, obsessive-compulsive disorder,
pervasive developmental disorder, bipolar disorder,
ADHD and other developmental neuropsychiatric dis-
orders. The diagnostic interreliability for ADHD and
comorbidities was 100% for all cases. Pervasiveness of
hyperactivity symptoms was confirmed from teacher
reports. Exclusion criteria were physical/neurological
abnormalities (eg head trauma, seizure, Fragile X), IQ
score less than 80, a personal or family history of psy-
chiatric or developmental disorders except for tics,
Tourette’s syndrome, oppositional defiant disorder
(ODD), conduct disorder (CD), depression and anxiety.
Children with reported peri-natal difficulties such as
premature birth, eclampsia/perieclampsia, neonatal
seizures, intensive care unit hospitalisation in the first
week following delivery, and those that scored above 2
on a perinatal distress scale of 1–5, were also excluded.

Several rating scales were used to provide dimen-
sional measures of symptom domains and to provide
comparability with data from other groups. These
included a DSM-IV item checklist, Connors parent and
teacher rating scales40 and the Child Behavioral
Checklist (CBCL) with the associated Teacher Report
Form (TRF).41 These measures were found to be nor-
mally distributed in this sample, apart from CBCL
antisociality score. Family and medical/perinatal/
developmental histories were obtained from the par-
ents (see Table 1).

Response to methylphenidate (MPH) was defined as
at least 50% improvement in the number of symptoms
(clinical severity) and associated impairment following
a titration procedure over 12 weeks. The titration pro-
cedure was an on-off MPH various doses design
(beginning with 0.3 mg kg−1 per dose) titrating up to
clinical response, employed as part of our routine
clinical practice as suggested by the MTA study.42 This
procedure includes reports from school and home as
well as observational measures at the office. MPH
response has been defined similar to the response
requirement in Swanson et al19 and others’ narrow
phenotype (ie response to MPH and lack of serious

comorbidities). There is a possibility that this approach
may have misclassified some responders as non-
responders, however, with the titration strategy used
in routine clinical practice as well as the MTA study,
this possibility is minimized.

One hundred and eleven unrelated children with a
clinical diagnosis of ADHD were fully assessed and
received a diagnosis of the combined subtype of ADHD
under DSM-IV criteria (Diagnostic and Statistical Man-
ual of Mental Disorders. APA, 1994). Blood samples for
DNA extraction were obtained from these probands
and both of their biological parents (proband parent
trios), except in seven cases where only one parent was
available (proband-parent dyads). Mendelian segre-
gation has been verified by genotyping six markers,
including three highly polymorphic simple sequence
repeats (SSRs) to date. A single family was identified
with non-paternity, which has been removed from the
dataset. The mean age of probands was 9.4 (SD = 2.4)
years, and 86% were male. Ninety per cent of probands
were treated with methylphenidate (MPH) and 79%
classified as MPH responders. Comorbid diagnoses
were made for Tourette’s syndrome and/or tics
(TS/tics) in 34%, conduct disorder and oppositional
defiant disorder (CD/ODD) in 25% and anxiety/
depression in 8% of probands. Family history of ADHD
(having at least one other first-degree relative with
ADHD) was present in 37% of cases.

DNA analysis
High molecular weight DNA was extracted from per-
ipheral venous blood collected in EDTA tubes. DNA
was isolated using a standard phenol chloroform pro-
cedure or a Rapid DNA Extraction Kit developed in the
host laboratory, prior to re-suspension and storage in
TE buffer (10 mM Tris HCl, 1 mM EDTA). Genotyping
followed standard polymerase chain reaction (PCR)
methods and allele assignments were checked by two
individuals.

The DRD4 48-base pair repeat polymorphism was
genotyped following the protocol described by Lichter
et al43 and modified by the addition of 7-Deaza-dGTP
(Boehringer Mannheim, Germany) at a final concen-
tration of 0.2 mM and 10% dimethyl sulfoxide
(DMSO). AmpliTaq Gold (Perkin-Elmer/Applied Bio-
systems, USA) was used instead of standard Taq Poly-
merase. The PCR reaction was performed on a PTC-225
Peltier Thermal Cycler (MJ Research, USA) with heated
lid. Following denaturation at 95°C for 9 min, 40 cycles
of amplification were performed at 93°C for 1 min,
55°C for 1 min, 72°C for 1 min, followed by a final 72°C
for 10 min. PCR products were electrophoresed on 3%
Agarose gel (Multi Agarose, Advanced Biotechnolog-
ies, UK), and visualised by ethidium bromide staining
under UV illumination.

The DRD5 (CT)n dinucleotide repeat was amplified
with a fluorescently tagged forward primer (59 CGT
CTA TGA TCC CTG CAG 39) and the reverse primer
(59 GCT CAT GAG AAG AAT GGA GTG 39) in a 2 mM
Mg2+ reaction mix.30 Following denaturation, a touch
down cycle of 94°C for 30 s, Ta (annealing temperature)
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for 30 s, 72°C for 30 s for 28 cycles was used to amplify
the region. Ta began at 56°C and was reduced by 0.50°C
every three cycles until a Ta of 51°C was reached. Reac-
tion products were separated on an Applied Biosys-
tems (ABI) 377 sequencer and analysed using
GENESCAN and GENOTYPER software.

Statistical analysis
Analyses of linkage and association were performed
using the Transmission Disequilibrium test (TDT).44,45

The TDT tests the deviation from equal transmission
of alleles from heterozygous parents to their affected
offspring and is therefore a robust test of linkage in the
presence of association. For both DRD4 and DRD5 we
restricted our analyses to allele-specific directional
hypotheses since associated alleles have been reported
previously. We have therefore reported one-tailed sig-
nificance levels. We also performed Extention of Trans-
mission Disequilibrium analysis (ETDT)46 to check
whether there were other alleles that might be con-
sidered as risk alleles.

Exploratory analyses were performed using the Stud-
ent’s t-test and a logistic regression extension of the
TDT described by Waldman, Robinson and Rhee.47 For
both these approaches a transmission variable was cre-
ated, coded 1 or 0 for transmission and non-trans-
mission respectively, of the risk allele from a hetero-
zygous parent. This variable is used to define categories
for the t-test and becomes the dependent variable in
the logistic regression TDT. This enables exploration
of the relationship between allelic transmission and
one or more continuous or categorical explanatory vari-
ables. Here we explore the relationship with dimen-
sional ratings of ADHD, MPH response, comorbid con-
ditions, sex of proband, sex of the heterozygous parent
who is transmitting the risk allele, and family history.

Table 1 Clinical ratings scales used in this study to comp-
lement interview data for reaching diagnoses, provide dimen-
sional ratings of symptom domain and provide measures of
clinical severity

Measurement Mean (SD) Range

DSM-IV total 36.6 (8.2) 13–56
DSM-IV inattention 16.5 (4.5) 4–26
DSM-IV hyperactivity 10.8 (3.4) 2–18
DSM-IV impulsivity 9.3 (2.8) 2–15
Conners family sum 45.7 (13.6) 21–77
Conners family inattention 9.1 (3.3) 1–20
Conners family hyperactivity 29 (9.7) 6–48
Conners teacher sum 3 (1.6) 1–8
Conners teacher inattention 15.1 (5) 1–27
Conners teacher hyperactivity 17.3 (6.4) 1–31
CBCL internalising 62.4 (9.8) 39–82
CBCL externalising 66.1 (8.9) 35–840
CBCL total 67.7 (7.4) 45–82
TRF 70.1 (25.4) 5–149
CGI I 4.7 (.8) 3–6
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Results

Analysis of the DRD4 repeat polymorphism
The results of the TDT analyses of DRD4*7 are shown
in Tables 2–4. Out of 29 parents heterozygous for
DRD4*7, 19 7-repeat alleles were transmitted to their
affected offspring vs 10 non-transmitted (x2 = 2.79,
df = 1, one-tailed P = 0.047). Inclusion of dyads in the
TDT test may falsely inflate the transmission rate
where the offspring and both parents are hetero-
zygous.48 In this analysis we included three dyads
where we knew the transmission status from the avail-
able parent. If it is assumed that all three parents of
unknown genotype are heterozygous for DRD4*7, then
the strength of association decreases (19 vs 13,
x2 = 1.125, df = 1, one-tailed P = 0.144). We estimated
the relative risk for the combined subtype of ADHD to
be 1.29 (95% CI: 1.09–1.73) and the odds ratio to be
1.77 (95% CI: 1.01–3.35) in the total sample (Table 5).

We then tested for a relationship between DRD4*7
transmission and MPH response using logistic
regression TDT. Despite the small number of MPH non-
responders in the sample this revealed a significant
interaction (P = 0.049), suggesting that excess trans-
mission of the DRD4*7 allele was more likely among
MPH responders than non-responders. We sub-
sequently repeated the TDT analysis after removing
MPH non-responders from the sample and found a
stronger association with DRD4*7 transmission than in
the total sample (x2 = 4.48, df = 1, one-tailed P = 0.017).
Under the assumption that unknown parental geno-
types from the three remaining dyads are all hetero-
zygous for DRD4*7, the strength of association is
decreased (x2 = 2.13, df = 1, one-tailed P = 0.07).

Having found evidence in support of the association
between the combined subtype of ADHD and DRD4*7,
we went on to search for differences between probands
with and without the DRD4*7, by comparing mean
scores on parent and teacher rating scales (Table 6).
This was possible using the t-test since the variables
we examined were all normally distributed in our sam-
ple. For these analyses we made no adjustment for
multiple testing since the intention was to explore the
data in the hope of deriving novel hypotheses. As a
result, interpretation of these results must be treated
with caution. Significant differences were found for the
DSM-IV total (P = 0.03), DSM-IV impulsivity (P = 0.01),
and CBCL internalising (P = 0.01) scores. Other rating
scales showed similar but non-significant trends in the
same direction. These differences are in the opposite
direction to that hypothesised, so that the children pos-
sessing DRD4*7 have lower symptom counts than
those without DRD4*7.

Logistic regression TDT analysis of the DSM-IV rat-
ing scale gave similar results with an inverse relation-
ship between DRD4*7 and DSM scores. Significant
inverse relationships were found with the average of
the total DSM score (P = 0.002) and DSM impulsivity
scores (P = 0.008) and trends with the average of the
DSM hyperactivity scores (P = 0.068), the DSM hyper-
activity scores (P = 0.08) and the DSM total (P = 0.059)
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Table 2 TDT results for DRD4*7 and DRD5*151 in the total sample and in MPH responders only

DRD4*7 DRD5*151

All subjects MPH responders only All subjects MPH responders only
(26 trios, 3 dyads) (24 trios, 3 dyads) (57 trios) (52 trios)

Transmitted 19 19 42 42
Non-transmitted 10 8 29 24
x2 2.79 4.48 2.38 4.90
P one-tailed 0.047 0.017 0.061 0.013

Table 3 Transmission tests for individual alleles in DRD4 in the whole dataset using the ETDT program

Transmissions for DRD4 individual alleles

DRD4*2 DRD4*3 DRD4*4 DRD4*5 DRD4*6 DRD4*7 DRD4*8
(325 bp) (373 bp) (421 bp) (469 bp) (517 bp) (565 bp) (613 bp)

Transmitted 7 6 32 0 1 19 1
Not transmitted 6 12 27 1 6 10 2
x2 0.07 2 0.42 1 3.57 2.79 0.33
P values NS NS NS NS 0.05 0.047 NS

Table 4 Transmission tests for individual alleles in DRD5 in the whole dataset using the ETDT program

Transmissions for DRD5 individual alleles

DRD5*1 DRD5*2 DRD5*3 DRD5*4 DRD5*5 DRD5*6
(136 bp) (138 bp) (140 bp) (143 bp) (145 bp) (147 bp)

Transmitted 2 5 11 7 9 10
Not transmitted 3 9 17 14 5 4
x2 0.2 1.1 1.2 2.3 1.1 2.5
P values NS NS NS NS NS NS

DRD5*8 DRD5*9 DRD5*10 DRD5*11 DRD5*12 DRD5*13
(151 bp) (153 bp) (155 bp) (157 bp) (159 bp) (161 bp)

Transmitted 42 20 17 3 1 1
Not transmitted 29 22 15 3 2 0
x2 2.38 0.001 0.001 0 0.3 1
P values 0.06 NS NS NS NS NS

Table 5 Odds ratio for DRD*7 and DRD5*151 in the total
sample and among MPH responders alone

Odds ratio (95% CI)

DRD4*7 DRD5*151

All subjects 1.77 (1.10–3.35) 1.28 (1.07–1.97)
MPH responders 1.81 (1.10–3.31) 1.47 (1.07–2.32)
only

scores. When we examined comorbidity ratings, we
found that CD/ODD was negatively related to the prob-
ability of DRD4*7 transmission (P = 0.035). We also
found a significant relationship with anxiety/
depression scores on the CBCL, such that probands
without DRD4*7 were found to be more anxious and
depressed than those possessing a copy of DRD4*7
(P = 0.008). Finally, there was no relationship with the
sex of heterozygous parents transmitting DRD4*7 or
family history, but there was a significant sex differ-
ence (P = 0.008) such that DRD4*7 was preferentially
transmitted for girls (6 vs 0) but not for boys (10 vs 10).
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Table 6 Mean differences on behavioral rating scales between ADHD probands that have transmitted or not transmitted the
DRD4*7 allele from their parents

Clinical scores Means t-test* df P values SE difference
DRD4*7 transmitted

(DRD4*7 not
transmitted)

CGI 1 5.0 (4.6) 0.967 24 0.343 0.3
CBCL total T 69.6 (63.3) 1.988 24 0.58 3.1
CBCL internalising T 66.2 (56.7) 2.751 24 0.011 3.4
CBCL externalising T 68.3 (62.5) 1.431 24 0.165 4
DSM-IV total 38.8 (31.3) 2.195 24 0.038 3.3
DSM-IV hyperactivity 10.8 (8.3) 1.692 24 0.1 1.4
DSM-IV attention deficiency 17.5 (15.6) 0.966 24 0.344 1.8
DSM-IV impulsivity 10.5 (7.3) 2.684 24 0.013 1.6

Analysis of the DRD5 polymorphism
The results of the TDT analyses for DRD5*151 are
shown in Tables 2–4. Out of 71 parents heterozygous
for DRD5*151, derived from 57 trios, there was excess
transmission of DRD5*151 (42 vs 29, x2 = 2.38, df = 1,
one-tailed P = 0.061), which was not significant. As
with the DRD4 polymorphism we found a significant
interaction with MPH response (P = 0.035). TDT analy-
sis of 52 trios in which the probands were all MPH
responders gave rise to a more significant result than in
the total sample (42 vs 24, x2 = 4.90, df = 1, one-tailed
P = 0.013). The odds ratios are listed in Table 5. Further
analyses with the t-test and logistic regression failed to
find any relationship between transmission of the
DRD5*151 and symptom scales, comorbid conditions,
sex of transmitting parent, sex of proband or family
history.

Discussion

The aim of this study was to examine a sample of Turk-
ish children with the combined subtype of ADHD for
associations with DRD4*7 and DRD5*151, both
reported in previous studies to be associated with an
increased risk for ADHD. Using the TDT, we found
suggestive evidence for DRD4*7 and a trend for DRD5*
151 in the sample overall and more significant evi-
dence for both, when only probands who were known
to be responsive to MPH were considered. Further
analyses designed to search for possible relationships
between clinical variables and transmission of either
allele found an inverse relationship between measures
of clinical severity across several rating scales and sub-
scales of hyperactive and impulsive behaviour with
DRD4*7, but not with DRD5*151. Transmission of
DRD4*7 was also negatively related to ratings of con-
duct disorder/oppositional defiant disorder and to
anxiety/depression. Finally, DRD4*7 showed excess
transmission to ADHD females but not males in this
sample. These exploratory tests must be treated with
caution, since the results fall below conventional sig-
nificance levels when the number of different tests
employed is taken into account.
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The main findings are therefore supportive of the
previously reported associations with DRD4*7 and
DRD5*151, although they do not provide definitive evi-
dence. The size of the effects is small and the sample
size we have employed is not large. We have quoted
one-tailed P-values, which are appropriate since we set
out to test specific directional hypotheses based on pre-
vious findings. We considered whether to quote P-
values adjusted for the number of markers we have
tested to date, but rejected this on two counts. First,
we plan many more extensive tests of association in
this sample, so that a reasonable adjustment would
take into account many thousands of loci. If we employ
a genome-wide significance level as suggested by
Rhisch and Merikangas49 (alpha level of 5 × 10−8), then
clearly we fall well below any significant level. Second,
it is not clear what an appropriate adjustment should
be for low prior odds of association. This may be high,
since there are plausible biological explanations for the
involvement of both dopamine receptor genes and pre-
vious reports of associations with ADHD. Of these
DRD4 is the most studied and there are now a total of
six reports (including this one) that support the associ-
ation with DRD4*7. Although there are some published
and unpublished reports from groups that do not find
this association, none of these are able to exclude the
association due to limited sample size and the possi-
bility of phenotypic heterogeneity resulting from dif-
ferences in the ascertainment and assessment of clini-
cal samples.

Additionally, presence of a locus in the same cyto-
genic band as DRD4 (11p15.5) exhibiting transmission
ratio distortion (INS/IGF2)50 raises the possibility of
spurious findings due to linkage disequilibrium
between the two loci. However a previous significantly
positive study employing case control design of DRD4
and ADHD18 suggests an argument against it.

The general level of consensus for the DRD4*7
association is unusual for molecular genetic studies of
psychiatric disorders, where reported candidate gene
associations have been followed by a majority of nega-
tive reports and only a few supporting reports. This has
been well documented for schizophrenia where large
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meta-analyses have been required to confirm, but not
yet firmly establish, associations with variants of the
D3 dopamine receptor and the serotonin 5HT2a recep-
tor genes.51 The main explanation for this is the very
low odds ratios, in the order of 1.2, that have been esti-
mated from these data, so that very large sample sizes
are required to establish such findings. In contrast, the
consistency of the DRD4 findings in ADHD are very
encouraging, reflecting the higher odds ratios (1.7 in
this study). The association with DRD5*151 remains
more speculative.

One of the key issues that genetic studies of ADHD
hope to address is the question of phenotypic and
aetiological heterogeneity and it is therefore worth
speculating on these issues. For example, heterogen-
eity may be reflected in the pattern of positive associ-
ation findings reported to date, where some groups that
report the association with DRD4*7 do not report
association with (DAT1) and vice versa. The data
reported here may also demonstrate the importance of
heterogeneity since both the DRD4*7 and DRD5*151
associations are stronger among MPH responsive pro-
bands. DRD4*7 also shows an inverse relationship
with anxiety and depression symptoms, which is inter-
esting since some authors suggest that MPH response
is much lower among ADHD probands comorbid for
internalising disorders.52 The relationship with MPH
response in this sample may have two possible causes
that are interesting. First, functional variation of the D4
receptor may give rise to different MPH response rates
among ADHD probands. Second, MPH response may
be a key feature of core ADHD, similar to the ICD-10
definition of hyperkinetic disorder (HKD); hyperactiv-
ity co-morbid with anxiety and depression (and less
likely to respond to MPH) is considered to have an
independent set of aetiologies.52 A possible relation-
ship with HKD has already been suggested by the find-
ings of Swanson et al19 who demonstrated the associ-
ation of DRD4*7 in a sample with the combined
subtype of ADHD and no significant comorbidity. On
the other hand this may be merely a chance finding,
since several groups have reported association between
DRD4*7 and broadly defined ADHD (see below).

The finding of an inverse relationship between
DRD4*7 and clinical severity, measured as the score
on several rating scales for ADHD and disruptive child
behaviour, is less easy to explain. The direction of this
relationship is unexpected and is not supported by pre-
vious investigators who find evidence for increased
severity among probands with DRD4*7. A speculative
possibility is that hyperactivity is continuously distrib-
uted in the population, with DRD4*7 associated with
high scores on dimensional ratings. ADHD associated
with very extreme scores may however be made up of
a number of other specific genetic and environmental
causes. This model is comparable to the situation with
cognitive ability. The relationship of DRD4*7 with
dimensional ratings of hyperactivity has not been well
studied since most groups have used full clinical
assessments to select ADHD diagnosed probands.
Some support for this hypothesis comes from the posi-

tive report of Rowe and colleagues21 using maternally
rated DSM-IV criteria checklists to derive ADHD categ-
ories. When the authors performed tests with dimen-
sional scores they found association and linkage with
inattentive symptoms but not hyperactive-impulsive
symptoms. In addition, Castellanos et al26 who studied
a group of very severe ADHD cases, defined by willing-
ness of parents to allow their children to leave regular
school to enter a research day program for 3 months,
failed to find any support for the DRD4*7 association.

On the other hand, a more likely explanation for
these data, is a simple bias in the analysis of behavioral
rating scales, since excess transmission of DRD4*7 is
found only among girls with ADHD and not among
boys in this sample. Due to the small sample size and
relatively low number of girls this may have occurred
by chance. Since boys are more likely than girls to
score high on behavioral measures, there is an apparent
association between DRD4*7 and low severity ratings.

Finally, there is the issue of power and the size of
effect for both DRD4*7 and DRD5*151. For both poly-
morphisms we tested a single directional hypothesis
with a specific allele, and as a result were able to gain
additional power by the use of one-tailed tests of sig-
nificance. The odds ratio (OR) for DRD4*7 = 1.77 (1.10–
3.35), which is comparable with those from other stud-
ies: OR = 2.07 from Swanson et al,19 OR = 1.99 from
Rowe et al,21 OR = 3.2 from La Hoste et al18 and
OR = 1.73 from Smalley et al.22 The OR for DRD5*151
in this study is 1.28 when all subjects are considered
and 1.47 when only MPH responders are considered,
which is lower than the original OR = 2.52 from Daly
et al.30

Cumulative data from independent studies suggest
strongly that functional variation of the dopamine D4
receptor, probably the dopamine transporter and per-
haps the dopamine D5 receptor influence risk for
ADHD. The next stage is to explore the strength of
these associations and their phenotypic boundaries.
Further molecular analyses will now be required to
confirm the functional role of the DRD4 repeat poly-
morphism demonstrated by Asgahri and colleagues37

and move towards genetic animal models of DRD4
variants, which may be required to fully understand
the mechanisms involved in ADHD pathogenesis. For
both DRD5 and DAT1 it is not yet clear which, if any,
genetic variants are functional. While the repeat poly-
morphism in the 39 untranslated region of DAT1
remains a candidate, the microsatellite repeat for DRD5
is unlikely to be functional and significant variation
has yet to be detected despite extensive studies of the
coding regions and initial studies of regulatory
regions.53,54
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