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Abstract
Attention-Deficit/Hyperactivity Disorder (ADHD) is a common neuropsychiatric disorder with a
complex genetic background. DRD5, the gene encoding the dopamine receptor D5, was recently
confirmed as a candidate gene for ADHD in children through meta-analysis. In this study, we
aimed at studying the association of the ADHD-associated variable number tandem repeat
(VNTR) polymorphism upstream of DRD5 with adult ADHD. We compiled data from six sites of
the International Multicentre persistent ADHD CollaboraTion (IMpACT) and reached N=6979
(3344 cases and 3635 healthy participants), the largest sample investigated so far. We tested
the association of the common DRD5 alleles with categorically defined ADHD and with
inattentive and hyperactive/impulsive symptom counts. Our findings provide evidence that
none of the common DRD5 alleles are associated with ADHD risk or ADHD symptom counts in
adults.
& 2016 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a multi-
factorial neurodevelopmental disorder with an onset before
the age of 12 years. It is characterized by hyperactivity,
restlessness, impulsivity, and/or inattention (American
Psychiatric Association, 2013). In a considerable number of
patients, the disorder persists into adulthood, with a world-
wide prevalence of ADHD of 1–4% in adults (Simon et al.,
2009). Although ADHD is highly heritable in both children
and adults (Faraone et al., 2005), only a few genetic risk
factors have consistently been associated with ADHD risk,
and most variants investigated are related to genes in the
dopaminergic and serotonergic neurotransmission systems
(Gizer et al., 2009). The dopamine receptor D5 (DRD5) gene
is one of these; a variable number of tandem repeat
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polymorphism (VNTR) with a highly polymorphic dinucleo-
tide repeat located 18.5 kb upstream in the 50 region of the
gene produces multiple alleles, of which two have been
associated with ADHD. The association was first described in
1999 (Daly et al., 1999); since then, several studies
investigated the effect of the DRD5 VNTR on ADHD. A
previous meta-analysis, including 12 studies (approximately
2350 childhood cases and their parents), showed that the
148-bp allele is associated with increased ADHD risk, and
that the 136-bp confers reduced ADHD risk (n=4 studies)
(Wu et al., 2012). Mixed results for the role of the DRD5
VNTR in persistent ADHD have been reported previously
(Johansson et al., 2008; Squassina et al., 2008; Langley
et al., 2009; Carpentier et al., 2013). To clarify the
association of the DRD5 VNTR with ADHD in adulthood, we
performed a meta-analysis of case-control cohorts from six
sites (Brazil, Germany, The Netherlands, Norway, Spain, and
USA; n=6979) of the International Multicentre persistent
ADHD CollaboraTion (IMpACT, (Franke and Reif 2013)). We
tested the association of the DRD5 148-bp and 136-bp alleles
with categorically defined ADHD and also with inattentive
and hyperactive/impulsive symptom counts, separately.
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Subsequently, we performed exploratory analyses investi-
gating the effects of ten additional, frequent DRD5 alleles.

2. Experimental procedures

2.1. Subjects

Within the IMpACT consortium, all patients were evaluated
by experienced psychiatrists and diagnosed with persistent
ADHD according to DSM-IV (Diagnostic and Statistical Manual
for Mental Disorders) criteria. Ratings of ADHD symptom
counts were retrieved from clinical interviews, except for
the Dutch and Norwegian cohorts, where symptom counts
were derived from self-report questionnaires (see (Franke
et al., 2010) for detailed information on diagnostic assess-
ments). Participants were invited to provide whole blood or
saliva samples for genotyping. Studies were approved by
ethics committees of the participating institutions, and
written informed consent was obtained from all patients
and controls prior to the study.

2.2. Genetic data

Genotyping of the DRD5 (upstream VNTR) was performed in
all six above-mentioned IMpACT cohorts by Fragment Length
Analysis. The PCR reaction was performed on 30 ng genomic
DNA using 0.33 μM 50-fluorescently labeled (FAM, VIC, PET,
or NED) forward primer (50-GCTCATGAGAAGAATGGAGTG-30)
and reverse primer with PIG tail (50-CGTGTATGATCCCTG-
CAG-30) and 1� AmpliTaq Golds 360 Master Mix (Applied
Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands). The
cycling conditions for the polymerase chain reaction
initiated with 10 min at 95 1C, followed by 35 cycles of
30 s at 95 1C, 30 s at the optimized annealing temperature
(58 1C), and 1 min at 72 1C, then followed by a final step of
7 min at 72 1C. The product of the amplification was diluted
1:30 in H2O. 1 ml of this dilution, together with 9.7 ml
formamide and 0.3 ml Genescan-600 LIZ Size Standard
(Applied Biosystems) was analyzed on an automated capil-
lary sequencer (ABI3730 genetic analyzer, Applied Biosys-
tems) according to the protocol of the manufacturer. To
determine the length of the alleles, the results were
analyzed with Genemapper software version 4.0 (Applied
Figure 1 Distribution of DRD5 VNTR alleles across all IMpACT co
frequency (MAF) 41% are shown.
Biosystems). Output of the genotyping was the actual length
in base pairs per allele, which was re-coded into three
categories, i.e. homozygous of the reference allele, hetero-
zygous, or homozygous for the non-reference allele.

The frequency distribution of the DRD5 alleles (with a
frequency 41%) across the different cohorts is shown in
Figure 1. A total of 3344 adult ADHD patients (44.4% female,
average age=34.9 years [range 18–75]) and 3635 healthy
individuals (51.7% female, average age=39.1 years [range
18–92]) were available for the study. In all cohorts, allele
frequencies were in Hardy–Weinberg equilibrium (HWE,
P40.05); the smallest cohort (USA, n=147) showed non-
significant deviation from HWE (P=0.021, 12 DRD5 alleles
tested), which might be due to sampling variance in the
underpowered cohort.

2.3. Statistical analyses

Output of the genotyping was the actual length in base pairs
per allele, which was re-coded into three categories, i.e.
homozygous of the reference allele, heterozygous, or
homozygous for the non-reference allele. To prevent biases
due to ethnic discrepancies, calculations were performed in
each sample separately; subsequently, samples were sub-
jected to meta-analysis (see below). A trend test was used
to evaluate the ADHD risk conferred by carrying one of the
DRD5 allelic variants using logistic regression (additive
model) for each individual IMpACT cohort. Analyses of
symptom counts were performed separately for inattentive
and hyperactive/impulsive symptoms in cases only. For this
analysis, symptom count distributions were normalized and
standardized using the Blom transformation. Impact of
genotypes on inattentive and hyperactive/impulsive symp-
tom scores was determined with linear regression using
genotype dosages (additive model) as independent and the
trait of interest as dependent variable. Age and gender
were included as covariates in all analyses. Twelve alleles of
the DRD5 VNTR were selected for analysis (Figure 1) and all
data analyses were performed separately for each DRD5
allele using the Statistical Package for the Social Sciences
(SPSS) version 20.0 (IBM Corp. Released 2011, IBM SPSS
Statistics for Windows, Version 20.0 Armonk, NY: IBM Corp.).

All six cohorts were used to run a fixed effects meta-
analysis model using the “rma” command implemented in
horts included in the study. Only alleles with a minor allele
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the R package “metafor” v1.9–4 (Viechtbauer, 2010). As a
measure for effect size either the odds ratios (ORs) or betas
were calculated. Q-statistic and I2-metric were used to test
and discard heterogeneity. When no heterogeneity was
present, the pooled OR/beta was estimated using fixed
effects model. The results of the association tests are
indicated as pooled ORs/betas with the corresponding 95%
confidence intervals (CIs) of the allele-induced risk of
persistent ADHD or ADHD symptom counts.

2.4. Power analysis

Power analysis using the Genetic Power Calculator (GPC)
(Purcell et al., 2003) and previously reported effect esti-
mates showed that we had 64.1% power to detect effect
sizes similar to the ones reported previously (ORZ1.26 for
the 148-bp allele), 80% power to detect OR41.4, and 100%
power for effects of ORr0.58 (for the 136-bp allele) (Wu
et al., 2012). Also, our study had 90.1% power to detect
associations explaining Z0.5% of variance in ADHD symp-
tom counts.

3. Results

In total, 12 alleles of the DRD5 VNTR were selected for analysis
(Figure 1). Neither the 148-bp childhood ADHD risk allele nor the
136-bp childhood ADHD protective allele were associated with
ADHD risk in adults (OR=0.97, 95% CI 0.90–1.04, P=0.425 and
OR=0.92, 95% CI 0.73–1.15, P=0.464, respectively; Figure 2A). The
same was found in the analysis of the separate ADHD symptom
domains (NZ2415; P40.05, Figure 2B and C). An exploratory
analysis investigating the ten additional DRD5 alleles did not reveal
any significant association with ADHD risk or ADHD symptom counts
either (best p-value was P=0.07 for the 146-bp allele and ADHD
risk). Overall results did not change using a random-effects model.

4. Discussion

While evidence for an association of DRD5 VNTR alleles with
ADHD in children had been strengthened by meta-analysis
(Wu et al., 2012), we did not find similar effects in the
current meta-analysis of persistent ADHD in adults. These
differences are consistent with twin data that suggest the
risk alleles contributing to ADHD symptoms partly differ by
age (Chang et al., 2013; Pingault et al., 2015). Differential
association in childhood and adulthood has also been
reported for the dopamine transporter gene (DAT1/SLC6A3)
(Franke et al., 2010). The potential age-dependent effect of
DRD5 on ADHD could be further investigated in longitudinal
study designs. However, we cannot entirely exclude the
chance of a false negative finding for the 148-bp allele, for
which we had limited power of 64.1%. Notably, earlier
meta-analytic studies included fewer participants than ours
(e.g. the previous meta-analysis included around 2350
children with ADHD for analysis of the 148-bp allele, and
less than 1000 patients for analysis of the 136-bp allele (Wu
et al., 2012)), which could explain the discrepancy between
findings. Only three earlier studies investigating the asso-
ciation between the DRD5 VNTR and persistent ADHD have
been published (Johansson et al., 2008; Squassina et al.,
2008; Carpentier et al., 2013), and one additional study
used a childhood cohort that was followed-up for five years
(Langley et al., 2009). The results were inconsistent across
studies, with only two studies reporting some evidence of
positive association (Johansson et al., 2008; Langley et al.,
2009); one of those two was a subsample of the Norwegian
sample included in the current study, and the originally
reported association was no longer present in this larger
sample. In conclusion, based on the results of the current
meta-analysis, it seems unlikely that the DRD5 VNTR con-
tributes substantially, if at all, to ADHD persistence into
adulthood.
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Figure 2 (A) Forest plots showing the association analysis of the DRD5 148-bp and 136-bp alleles with ADHD risk. (B) Forest plots
showing the association analysis of the DRD5 148-bp and 136-bp alleles with ADHD inattentive symptom counts in patients with adult
ADHD. (C) Forest plots showing the association analysis of the DRD5 148-bp and 136-bp alleles with ADHD hyperactive/impulsive
symptom counts in patients with adult ADHD. For each, cohort the number of cases and controls is presented in brackets.
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