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Converging evidence has implicated abnormalities of 
dopamine neurotransmission to the pathology of attention 
deficit hyperactivity disorder (ADHD). Several genetic 
association studies have been published, but so far, no DNA 
variants have been unequivocally demonstrated as 
contributing to ADHD susceptibility. Four dopamine 
related gene loci have been implicated, however: DAT1, 
DRD4, DBH, and DRD5. Each of these may influence the 
liability of ADHD to a small degree. Notably, all are involved 
in signal transduction at the neuronal synapse. In this 
article, we investigate as candidate genes for ADHD, DNA 
polymorphisms at dopamine receptors, the dopamine 
transporter, and genes known to be involved in dopamine 
synthesis and metabolism. In a recent article, we confirmed 
the previously reported association of DAT1 (480bp allele) 
with ADHD and identified polymorphisms at two 
additional loci showing preferential transmission to ADHD 

children of alleles at DRD5 (148bp allele) and at DBH 
(allele 2, Taq I polymorphism). Increased transmission of the 
4bp deletion in the untranslated exon 1 of the DOPA 
decarboxylase gene was also observed but was of marginal 
significance. Nonsignificant trends of association were 
found for TH (allele 2) and DRD2 (Ser-311). No preferential 
transmission of alleles to ADHD children was observed for 
polymorphisms at DRD1, DRD2 (

 

Taq

 

 I), DRD3, DRD4, 
and COMT. Analyzing the data by sex of transmitting 
parent showed significant preferential paternal transmission 
of alleles at TH (allele 2) and a nonsignificant trend for 
paternal transmission for DRD2 (Ser-311). We attempt to 
put these findings together with what is known of the function 
of the particular proteins, and suggest working hypotheses.
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Attention Deficit Hyperactivity Disorder (ADHD) is
a common condition of childhood affecting 3–6% of
school age children worldwide (Barkley 1990), with males
being affected three times more than females (Anderson
et al. 1987; Baumgartel et al. 1995). Its core clinical features
include excessive motor activity, impaired attention, and
impulsivity. ADHD causes marked educational, social,
and family difficulties for sufferers and their relatives.
The condition is of early onset (usually before age 7)
and tends to persist throughout childhood. Moreover,
approximately 30–60% of children with ADHD have
persisting psychopathology in adulthood (Gittelman et
al. 1985; Weiss and Hechtman 1986; Barkley 1990;
Swanson et al. 1998a). The exact etiology of ADHD is
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unknown, but a substantial genetic element exists. This
has been demonstrated by family (Biederman et al. 1990,
1992; Faraone et al., 1992, 1994), twin (Thapar et al. 1995;
Silberg et al. 1996; Levy et al. 1997), and adoption stud-
ies (Alberts-Corush et al. 1986; Cadoret and Stewart
1991). The heritability (h

 

2

 

) of ADHD has been estimated
to be .50–.98 (Gjone et al. 1996; Levy et al. 1997). The ex-
act mode of transmission remains unknown. Segrega-
tion analyses (Morrison and Steward 1974; Deutsch et
al. 1990, Faraone et al. 1992, Hess et al. 1995) have pro-
posed models of inheritance from major gene effects
through oligogenic to polygenic and multifactorial
models, but the differences in statistical “fit” between
multifactorial genetic models and single gene inherit-
ance is modest. The multifactorial concept is consistent
with ADHD’s high population prevalence (2–7%), high
concordance in monozygotic twins (68–81%), but mod-
est recurrence risks to first-degree relatives.

Dysregulation in catecholamine neurotransmission
is implicated in the pathophysiology of ADHD (Faraone
and Biederman 2002). The dopaminergic neurotransmit-
ter system has been most extensively studied. This arti-
cle will focus mainly on its role in the etiology of
ADHD. Evidence to support dopaminergic dysfunction
in ADHD derives from three research areas: the neurop-
harmacology of stimulant medication (Zametkin and
Rapoport 1987; Amara and Kuhar 1993), the behavior
and biochemistry of animal models (Giros et al. 1996;
Gainetdinov et al. 1999, Jaber et al. 1999, Russell 2000),
and neuroimaging studies in ADHD adults (Dougherty et
al. 1999, Krause et al. 2000, and Faraone and Biederman
2002). For this reason, many molecular genetic studies
have focused on dopamine system genes.

The gene encoding the dopamine transporter, DAT1,
was the initial candidate gene studied. This gene is of
particular interest, as the transporter is the principal tar-
get for methylphenidate and other psychostimulant
medication used to treat patients with ADHD (Volkow
et al. 1998; Seeman and Madras 1998). Cook et al. (1995)
reported an association between the 480bp DAT1 allele,
one of the common alleles of a 40bp repeat situated in the
3

 

�

 

 untranslated region of the DAT1 gene which maps to
5p15.3 and ADHD. Since then, this finding has been rep-
licated by our group (Gill et al. 1997; Daly et al. 1999),
Waldman et al. (1998), and Curran et al. (2001) (in a UK
sample), but not by others (Asherson et al. 1998; Palmer
et al. 1999; Holmes et al. 2000; and Roman et al. 2001).

DRD4, the gene encoding the dopamine D4 receptor,
has also attracted interest as a candidate gene. Studies
by Benjamin et al. (1996) and Ebstein et al. (1996) have
suggested an association between this gene and the per-
sonality trait of novelty seeking, a behavior also seen in
ADHD. The dopamine D4 receptor mediates the
postsynaptic action of dopamine. Furthermore, the 7 re-
peat allele of DRD4 mediates a blunted response to
dopamine (Ashgari et al. 1995). To date, there have

been 16 studies examining for association between the 7
repeat DRD4 polymorphism and ADHD, with positive
results in many (LaHoste et al. 1996; Swanson et al. 1998b;
Smalley et al. 1998; Rowe et al. 1998; Faraone et al. 1999;
Muglia et al. 2000; Holmes et al. 2000; Sunohara et al. 2000;
Tahir et al. 2000a; Mill et al. 2001), but not all (Castellanos
et al. 1998; Comings et al. 1999; Eisenberg et al. 2000; Hawi
et al. 2000a; Kotler et al. 2000; Todd et al. 2001) studies.
A recent meta-analysis of DRD4 by Faraone et al. 2001
supported an overall association (albeit small) between
DRD4 and ADHD. Case-control studies were more
strongly significant (OR

 

�

 

1.9, 

 

p

 

 

 

�

 

 .00000008) than family-
based studies (OR

 

�

 

1.4, 

 

p

 

 

 

�

 

 .02).
Other dopamine receptor genes have also been in-

vestigated as candidate genes in ADHD. We (Daly et al.
1999) reported association between the 148bp DRD5 allele
and ADHD, using a family-based study design. Barr et al.
(2000a) also reported this association (

 

p

 

 

 

�

 

 .05), and Tahir
et al. (2000a) found significant evidence of association
between this polymorphism and a group of ADHD chil-
dren who were methylphenidate responders. More re-
cently, Payton et al. (2001) found a trend of association
between the 148bp DRD5 allele and ADHD children.

Less is known about the role of the remaining dopa-
mine receptor genes as potential susceptibility loci.
Comings et al. (1991) found the A1 allele of the 

 

Taq

 

I
polymorphism of the D2 receptor gene to be more prev-
alent in patients with ADHD, compared with controls.
Work by Rowe et al. (1999), however, did not show link-
age or association between DRD2 and ADHD. Barr et al.
(2000b) found no association between two DRD3 poly-
morphisms (located at exon I and intron 5) and ADHD.

Other studies have focused on genes involved in reg-
ulation of dopamine synthesis and metabolism. Eisen-
berg et al. (1999) reported association between a high-
activity related Catechol-O-Methyltransferase (COMT)
allele and ADHD. Three groups refuted this finding
(Barr et al. 1999; Hawi et al. 2000b; Tahir et al. 2000b),
and Eisenberg’s group also failed to replicate the origi-
nal finding (Manor et al. 2000). We (Daly et al. 1999) re-
ported association at the A2 allele of the 

 

Taq

 

I polymor-
phism of the gene (DBH) encoding the Dopamine Beta
Hydroxylase enzyme. Interestingly, Comings et al. (1996)
suggested that the DBH gene might have additive effects
with DAT1 and DRD2 in a sample of Tourette syndrome
patients with ADHD symptoms.

Other dopamine-related genes include tyrosine hy-
droxylase, dopa decarboxylase, and the monoamine
oxidase genes on the X-chromosome. The tyrosine hy-
droxylase enzyme is the rate-limiting step in the synthesis
of catecholamines, and for this reason the gene (TH) has
been postulated as a candidate gene for ADHD and other
neuropsychiatric disorders. Barr et al. (2000c) found no
biased transmission of polymorphisms at the TH gene in a
haplotype analysis of linkage between DRD4 and ADHD.
DOPA decarboxylase is an enzyme involved in the syn-
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thesis of dopamine, noradrenaline, and serotonin. Func-
tional imaging studies have shown altered DOPA de-
carboxylase activity in the midbrain of children with
ADHD and in prefrontal areas in ADHD adults (Ernst
et al. 1998; Ernst et al. 1999). There has been no pub-
lished data, however, regarding the potential role of the
DOPA gene as a susceptibility locus in ADHD. A Chinese
study (Jiang et al. 2000) reported an association with the
DXS7 locus on the X chromosome, a microsatellite marker
closely linked to monoamine oxidase (MAO) genes that
encode enzymes metabolising dopamine and other neuro-
transmitters. Subsequently, the same group (Jiang et al.
2001) found evidence for association between the MAO-A
gene and ADHD. Our group (Lowe et al. 2001), however,
found no evidence of linkage or association between
ADHD and the DXS7 locus in an Irish sample.

Another candidate gene potentially related to dopa-
mine transmission is the gene for the synaptic vesicle
docking fusion protein, synaptosomal-associated pro-
tein of 25 kDa (SNAP-25). This gene has also been impli-
cated in the etiology of ADHD based on the mouse mu-
tant strain coloboma (Wilson 2000). Mutations within
the gene may affect the functions of synaptic vesicle fu-
sion and neurotransmitter release. Recent studies by Barr
et al. (2000d) and (Hawi et al. 2001) reported evidence
for association with this gene but with different alleles in
each sample.

Despite compelling evidence of a genetic basis for
ADHD, and findings of association replicated across sev-
eral studies, the findings in ADHD are, to date, not de-
finitive. If, as hypothesized, ADHD is a complex genetic
disorder, with many susceptibility genes each of small
effect (Suarez et al. 1998; Tannock 1998; Faraone and
Biederman, in press), the pattern of results seen to date
is to be expected. We will return to this in the Discus-
sion section. It may be possible at this stage to examine
the likely functional effects, if any, of the reported asso-
ciations and consider how they might influence the bi-
ology of the dopaminergic system. Thus, we ask if the
reported associations relate to each other functionally
and point to a particular dopaminergic hypothesis.
Agreement between the biological hypotheses and the
genetic evidence increases the veracity of both.

In this article, we present an overview of our associa-
tion study of dopamine system gene polymorphisms in
ADHD. We will examine our findings and recent litera-
ture in this area and ask if the evidence supports a
dopaminergic hypothesis in ADHD and if so, the likely
nature of that hypothesis.

 

MATERIALS AND METHODS

 

One hundred and eighteen ADHD cases were recruited
from child psychiatric clinics and schools in West
County, Dublin, and from the Hyperactive and Atten-

tion Deficit Children’s Support Group of Ireland. In-
formed consent was obtained from all participants and
patient confidentiality was maintained. The age range
of the probands was between 4 and 14 years, with
males accounting for 85%. The families were 98% ethni-
cally Irish. Approximately 80% of the children in this
study with ADHD also met diagnostic criteria for other
disorders such as Oppositional Defiant Disorder and
Conduct Disorder. Details of diagnosis and clinical cri-
teria can be found in Daly et al. (1999). Briefly, consen-
sus diagnoses were made according to DSM-IV ADHD
or UADD, either with or without comorbidity. These
diagnoses were based on all available clinical informa-
tion and the rating scales described below. The rating
scales used were (1) the Child Behavior Checklist
(CBCL), a widely based behavioral symptom measure,
and the records of child behavior problems and social
competencies as reported by parents; (2) the Connors
Parents and Teachers Rating Scales, 48-item parent and
39-item teacher rating scales; (3) the Comprehensive
Teachers Rating Scale (ACTeRS) which includes 24
items relevant to classroom behavior. The 25-item
Wender-Utah rating scale (WURS) (Ward et al. 1993)
was applied to all parents. This rating scale seeks retro-
spectively to make a diagnosis of ADHD during child-
hood. A cut-off score of 36 or higher is 96% sensitive
and 96% specific for adults with ADHD as children
(Ward et al. 1993). Familiality, for the purposes of the
present study, was defined as the presence of one or
more parents with a score on the WURS of 

 

�

 

36.

 

DNA Amplification

 

DNA was extracted either from buccal cells as described
in Gill et al. (1997) or from EDTA blood using the standard
phenol chloroform procedure. PCR Primers sequence and
amplification conditions used in this study are listed in
Table 1. DAT1 and DRD4 alleles were detected using
silver staining as described in Gill et al. (1997) and Hawi
et al. (2000a). All genotypes were scored independently
by two investigators who were blind to the identity of the
sample or family relationships.

 

Statistics

 

In this study, we used a family based design to avoid
any potential population stratification. In this method,
which seeks to detect departure from Mendel’s first law,
the nontransmitted parental alleles are used as “controls”
for comparison with transmitted parental alleles. For the
Transmission Disequilibrium Test (Spielman and Ewens,
1996), alleles from heterozygous parents were identified
as transmitted or not transmitted and tabulated. The 

 

�

 

2

 

test was used to assess the significance of the resulting ta-
bles, and odds ratios were calculated. Significance levels
are presented without correction for multiple testing. For
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comparison with our previous work (Gill et al. 1997; Daly
et al. 1999), we calculated the haplotype-based haplotype
relative risk (HHRR) statistic (Terwilliger and Ott 1992).

Further exploratory analyses were conducted by ex-
amining transmission of risk alleles by gender of trans-
mitting parent and by family history. A transmission
variable was created, coded 1 or 0 for transmission and
nontransmission, respectively, of the risk allele from a
heterozygous parent. This enabled exploration of the
relationship between allelic transmission and the cate-
gorical variables of sex of transmitting parent and pres-
ence or absence of family history.

 

RESULTS

 

The associated alleles of dopamine and dopamine-related
gene polymorphisms, their respective odds ratios and
significance tests, and the numbers of alleles transmitted
or not transmitted are presented in Tables 2 and 3. Signifi-
cant preferential transmission of DAT1 (480bp, 10 repeat
VNTR allele) (TDT 

 

�

 

2

 

 

 

�

 

4.57, 

 

p

 

 

 

�

 

 .042) (HHRR 

 

�

 

2

 

 

 

�

 

7.5, 

 

p

 

 

 

�

 

.0062), DBH (allele 2, 

 

Taq

 

I) (TDT 

 

�

 

2

 

�

 

 7.05, 

 

p

 

 

 

�

 

 .01)(HHRR

 

�

 

2

 

�

 

9.0, 

 

p

 

 

 

�

 

 .0027), and DRD5 (148bp dinucleotide repeat)
(TDT 

 

�

 

2

 

�

 

7.35, 

 

p

 

 

 

�

 

 .0088) (HHRR 

 

�

 

2

 

�

 

16.36, 

 

p

 

 

 

�

 

 .000052)
were observed as previously reported. An increased
frequency of transmission of DOPA-decarboxylase allele 1
was also observed which was of marginal statistical sig-
nificance (TDT 

 

�

 

2

 

 

 

�

 

4.67, 

 

p

 

 

 

�

 

 .043). The DRD2 Ser-311
and TH (allele 2) polymorphisms showed trends for as-
sociation (TDT 

 

�

 

2

 

 

 

�

 

1.67, 

 

p

 

 

 

�

 

 .3) and (TDT 

 

�

 

2

 

 

 

�

 

1.23, 

 

p

 

 

 

�

 

.331), respectively. Analyses of DRD1, DRD3, DRD4,
and COMT showed no significant differences between
transmitted and non-transmitted alleles.

For alleles displaying association with ADHD, we then
assessed whether there was a difference in the preferential
transmission of risk alleles according to sex of transmit-
ting parent or family history. We observed (in HHRR
analyses) that for DAT1, DBH, and DRD2 (Ser-311), the
transmission of the associated alleles appeared stronger
when at least one of the parents was respectively diag-
nosed as ADHD. For DAT1, the relative risk in family
history positive cases (FH

 

�

 

) was 1.50 compared with 1.33
in the family history negative cases (FH-). For DBH, the

 

Table 1.

 

PCR Primer Sequence and Amplification Conditions

 

Marker Sequence Conditions

 

DAT1 5

 

�

 

TGTGGTGTAGGGAACGGCCTGAG3

 

�

 

5

 

�

 

CTTCCTGGAGGTCACGGCTCAAGG3

 

�

 

Gill et al. 1997

DBH 5

 

�

 

CTGTATTTGGAACTTGGCATC3

 

�

 

5

 

�

 

AGGCATTTTACTACCCAGAGG3

 

�

 

Daly et al. 1999

DRD1 5

 

�

 

CTCTCGAAAGGAAGCCAAGA3

 

�

 

5

 

�

 

CGGCTCCGAAACGTTGAG3

 

�

 

Cichon et al. 1996

DRD2(

 

Taq

 

I poly) 5

 

�

 

GGCTTAGAACCACCCAGAGT3

 

�

 

5

 

�

 

AGAGCAGTCAGGCTGGACAC3

 

�

 

30 cycles at 95

 

�

 

C for 60 S, 64

 

�

 

C 
for 60 S and 72

 

�

 

C for 60 S
DRD2(Ser-Cys) 5

 

�

 

ACCAGCTGACTCTCCCCGACCGGT3
5

 

�

 

GGAAGGACATGGCAGGGAATGGGAC3

 

�

 

Spurlock et al. 1998

DRD3 5

 

�

 

GCT CTATCTCCAACTCTCACA3

 

�

 

5

 

�

 

AAGTCTACTACACTCCAGGAT3

 

�

 

Hawi et al. 1998

DRD4 5

 

�

 

 GCG ACTACG TGG TCTACT CG 3

 

�

 

5

 

�

 

 AGG ACC CTC ATG GCC TTG 3

 

�

 

Hawi et al. 2000a

DRD5 5

 

�CGTGTATGATCCCTGCAG3�
5�GCTCATGAGAAGAATGGAGTG3�

Daly et al. 1999

COMT 5� ACTGTGGCTACTCAGCTGTG 3�
5� CCTTTTTCCAGGTCTGACAA 3�

Hawi et al. 2000b

TH 5�GGCAAATAGGGGGCAAAA3�
5�GGCTTCCGAGTGCAGGTC3�

30 cycles at 92�C for 30 S, 56�C 
for 30 S and 72�C for 30 S

DOPA 5�GAGGGATGCTGCTCAGTAAA 3�
5�ATCCAGAGAGCTGGACGC 3�

Speight et al. 2000

Table 2. Dopamine and Dopamine-Related Gene 
Polymorphisms in ADHD (HHRR)

Marker Associated allele RR OR �2 p

DAT1 480bp 1.4 1.88 7.5 0.0062
DBH Allele 2 (Taq1 poly) 1.38 1.87 9.0 0.0027
DRD1 Allele 2 1.06 1.1 0.21 0.64
DRD2 Taq1 poly 1.2 1.5 1.8 0.18
DRD2 Ser-Cys 1.5 2.05 1.74 0.18
DRD3 Allele 1 1.07 1.15 0.34 0.56
DRD4 7-repeat 1.07 1.15 0.28 0.58
DRD5 148bp 1.57 2.52 16.36 0.000052
COMT Allele 2 1.06 1.12 0.29 0.59
TH Allele 2 1.1 1.21 0.89 0.34
DOPA Allele 1 1.24 1.52 2.7 0.1

Associated allele(s) are those showing excess transmission. RR� relative 
risk; OR� odds ratio.
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FH� RR was 1.55 and the FH- RR was 1.26. For DRD2
(Ser-311), the FH� RR was 2.32 and the FH- RR was 1.
Formal statistical testing of transmissions according to
family history (Table 4) showed, however, a trend for
greater transmission of DBH to FH� cases than FH- cases
(�2 � 1.56, p � .307) but no evidence of preferential
transmission of DAT1 (�2 � 0.807, p � .49) or DRD2 to
FH� cases compared with FH-cases (Table 4). TH also
displayed a trend for greater transmission of the associ-
ated allele to FH� cases compared with FH- cases (�2 �
2.14, p � .27). We also observed (in HHRR analyses) that
transmission of the associated allele for DAT1 appeared
to be stronger for fathers than for mothers (RR 1.73 and
1.33, respectively). For DBH and DRD5, the excess
transmission of associated alleles appeared to be dis-
tributed equally between parents. For TH and DRD2,
analysis by sex of parent also appeared to be stronger
for fathers [TH: (RR�1.47 for fathers, RR� 0.86 for moth-
ers); DRD2: (RR�4.15 for fathers, RR� 0.83 for moth-
ers)]. Formal statistical comparison of transmissions

from fathers versus mothers (Table 5) revealed signifi-
cant preferential transmission from fathers of TH (allele
2) (�2 �5.89, p � .015), and marginally significant trans-
mission from fathers of DRD2 (Ser-311) (�2 �3.26, p �
.07). There was, however, no evidence of preferential
transmission of DAT1 (480bp allele) from fathers to ADHD
children (�2 �0.701, p � .403).

DISCUSSION

We analyzed polymorphisms at the dopamine transporter
gene (DAT1), dopamine receptors DRD1–DRD5, dopa-
mine 	 hydroxylase (DBH), Catechol-O-methyltransferase
(COMT), tyrosine hydroxylase (TH), and DOPA-decar-
boxylase (DOPA) for possible association with ADHD
in Irish nuclear families. We previously (Gill et al. 1997)
confirmed a reported association at DAT1 (10 repeat al-
lele) (Cook et al. 1995) and mapped two new suscepti-
bility loci at DRD5 (148bp allele) and at DBH (allele 2,
Taq I) (Daly et al. 1999). In addition to these findings, an
increased transmission of allele 1 at DOPA (4bp inser-
tion in the first untranslated exon) was observed but at
a marginal level of significance. The DRD2 Ser311 allele
also showed a nonsignificant trend of association with
ADHD. Analyses by sex of transmitting parent indicate
that, in our sample, the association of TH and to a lesser
extent DRD2 (Ser-311) with ADHD is largely caused by
the transmission of the paternal allele to the cases, sug-
gesting the possibility of imprinting at these loci.

Integrating Our Results with Existing Work

Combining our findings with other studies suggests
that DAT1 and DRD4 show the strongest evidence for
association. Initial findings from studies examining
DRD5 (Daly et al. 1999; Barr et al. 2000a; Tahir et al.
2000a; Payton et al. 2001) and DBH (Comings et al.
1996; Daly et al. 1999) are promising but require further
replication. The interesting trends identified for DRD2
and DOPA have yet to be tested in other samples. Our
finding of biased transmission for TH contradicts the neg-
ative findings of Barr et al. 2000(c). More studies are re-
quired to investigate the role of TH as a candidate gene in
ADHD. We found no evidence of association for DRD1,
DRD3, or COMT. Together with previous predominantly
negative findings, we conclude that these genes are un-
likely to play a major role in the pathophysiology of
ADHD.

Our findings for TH and DRD2 in relation to parent
of origin are interesting and suggest the possibility of
imprinting in the inheritance of ADHD. The TH gene
has been isolated and mapped to chromosome 11p15.5
(Craig et al. 1986; Moss et al. 1986). This region contains
at least seven imprinted genes (Lee et al. 1999) which is
intriguing, as imprinted genes tend to cluster. Also, the 5�

Table 3. Dopamine and Dopamine-Related Gene 
Polymorphisms in ADHD (TDT)

Marker Associated allele OR �2 p T NT

DAT1 480bp 1.63 4.57 0.042 49 30
DBH Allele 2 (Taq1 poly) 1.88 7.05 0.01 49 26
DRD1 Allele 2 1.13 0.25 0.708 34 30
DRD2 Taq1 poly 1.31 0.68 0.511 21 16
DRD2 Ser-Cys 2.00 1.67 0.301 10 5
DRD3 Allele 1 1.07 0.07 0.893 29 27
DRD4 7-repeat 1.17 0.31 0.677 28 24
DRD5 148bp 1.79 7.35 0.0088 59 33
COMT Allele 2 1.21 0.67 0.482 40 33
TH Allele 2 1.36 1.23 0.331 30 22
DOPA Allele 1 2.00 4.67 0.043 28 14

Associated allele(s) are those showing excess transmission. OR� odds
ratio; T� transmitted alleles; NT� nontransmitted alleles.

Table 4. TDT Analysis of Transmissions by Presence of 
Family History

Marker 
Associated

allele

FH� FH�

�2 p OR (95% CI)T NT T NT

DAT1 480bp 16 5 12 7 0.807 0.494 1.87 (0.47-7.35)
DBH Allele 2 13 4 19 9 1.56 0.307 2.44 (0.59-10.04)
DRD1 Allele 2 14 9 7 8 0.741 0.509 1.78 (0.48-6.62)
DRD2 Allele 2 5 7 9 4 1.924 0.238 0.32 (0.06-1.64)
DRD2 Ser-Cys 3 2 2 1 0.036 1.00 0.75 (0.04-14.97)
DRD3 Allele 1 11 9 7 7 0.083 1.00 1.22 (0.31-4.80)
DRD4 7-repeat 11 5 6 6 1.011 0.441 2.20 (0.47-10.35)
DRD5 148bp 19 7 19 8 0.048 1.00 1.14 (0.35- 3.78)
TH Allele 2 9 6 5 10 2.14 0.27 3.0 (0.68-13.31)
DOPA Allele 1 10 4 7 4 0.172 1.00 1.43 (0.26-7.74)
COMT Allele 2 8 11 13 5 3.42 0.10 0.28 (0.07-1.11)

Associated alleles are those showing excess transmission. T� trans-
mitted; NT� nontransmitted; OR� odds ratio; FH� � family history
positive; FH
 � family history negative.
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flanking region of the TH gene is known to be methylated
(Okuse et al. 1997), methylation being a putative process
involved in imprinting. In addition, DRD2 also maps to
chromosome 11 (11q22–23) (Grandy et al. 1989), a region
containing the imprinted PGL gene is known to cause
hereditary paragangliomas in humans (van Schothorst
et al. 1996). To date, few others have examined their data
by sex of transmitting parent and, therefore, the findings
are speculative and require replication. Tahir et al. (2000a)
found no association between parent of origin and trans-
mission of DRD4 (7-repeat variant) and DRD5 (148bp
variant), the latter in agreement with our data. The same
study found no evidence of association between DRD4
and DRD5 and family history. In our study, for DBH and
TH, transmission of the associated alleles was stronger
for families with at least one parent who was retrospec-
tively diagnosed as having ADHD using a score on the
WURS � 36. This data, although nonsignificant, suggests
that variations at these loci may confer risk, particularly
for a familial subtype of ADHD. As with the data sug-
gesting imprinting, our data relating to family history
and our findings on DBH and TH require replication.

In contrast with other studies, we found no associa-
tion between the 7-repeat DRD4 allele and ADHD in
our sample. As with the data published for the DAT1
gene, there are a number of possible reasons for appar-
ent inconsistency of results. Small sample size limits
power in individual studies. Negative findings from
such studies may result in publication bias. Differences
in methodological assessment of ADHD cases, referral
bias, IQ, degree of comorbidity, environmental factors
(e.g., socio-economic group) and ethnic variation in
study populations may be further reasons for inconsis-
tent findings. Another likely reason for conflicting re-
sults is etiological heterogeneity. Difficulties in defining
the phenotype in ADHD have been highlighted
(Thapar et al. 1999; Todd 2000). A major question is

whether ADHD is a categorical disorder or might be
better described in terms of dimensions of inattention
and hyperactivity. A further question is the likely etio-
logical model, genetic or otherwise, of comorbid condi-
tions such as conduct disorder and depression. Another
possible factor in the pattern of conflicting results is the
fact that the “associated” genes in all studies to date
confer genetic susceptibility to ADHD with small rela-
tive risks/odds ratios (typically in the region 1.5–2). In-
dividual studies have insufficient power, therefore, to
detect minor gene effects, and careful meta-analysis of
all available data will be required. This strategy has
proven to be informative in the case of the 7-repeat
DRD4 variant. Faraone et al. (2001) concluded that in a
meta-analysis of 22 studies, a small but highly signifi-
cant association exists at DRD4. Future directions for
molecular genetic studies in ADHD include increasing
sample size and power by collaboration, coordinating
usage of data collection instruments to allow for com-
parison between research groups, the use of meta-analysis,
and a move toward better characterization of the ADHD
phenotype.

Evidence Supporting a Dopamine Hypothesis 
in ADHD and the Contribution of Molecular 
Genetic Studies

To date, the evidence supporting the role of dopa-
mine in the pathophysiology of ADHD comes from
studies in wide-ranging areas. Key findings from these
studies are summarized below. Stimulant medication
such as methylphenidate, which effectively treat ADHD
symptoms, are known to inhibit the dopamine trans-
porter (Amara and Kuhar 1993), block the reuptake of
dopamine and noradrenaline into the presynaptic neu-
ron, and increase the release of these monoamines into
the extraneuronal space (Elia et al. 1990). The mecha-

Table 5. TDT Analysis of Paternal and Maternal Transmissions

Marker
Associated

allele

Paternal
transmissions

Maternal
transmissions

�2 p OR (95% CI)T NT T NT

DAT1 480bp 25 11 16 11 0.701 0.403 1.56 (0.55–4.44)

DBH Allele 2 19 9 25 12 0.001 0.980 1.01 (0.36–2.90)
DRD1 Allele 2 11 10 13 10 0.076 0.78 0.85 (0.26–2.78)
DRD2 Allele 2 10 8 7 4 0.183 0.67 0.71 (0.15–3.33)
DRD2 Ser-Cys 7 1 2 3 3.26 0.07 10.5 (0.67–165.11)
DRD3 Allele 1 10 9 12 11 0.001 0.976 1.02 (0.30–3.44)
DRD4 7-repeat 9 11 13 7 1.59 0.207 0.44 (0.12–1.57)
DRD5 148bp 30 15 29 18 0.246 0.620 1.24 (0.53–2.92)
TH Allele 2 20 7 10 15 5.89 0.015 4.29 (1.32–13.88)
DOPA Allele 1 12 4 15 9 0.676 0.411 1.8 (0.44–7.31)
COMT Allele 2 19 12 16 16 0.809 0.368 1.58 (0.58–4.31)

Associated alleles are those showing excess transmission. T� transmitted; NT� nontransmitted; OR� odds
ratio.
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nism of action of methylphenidate is consistent with a
hypodopaminergic hypothesis of ADHD. Brain lesions
in mice (Garfinkel and Wender 1989) and monkeys
(Schneider and Roeltgen 1993) that create behaviors
similar to those seen in ADHD implicate dopaminergic
pathways. The spontaneously hypertensive rat (SHR)
has also been used as an animal model of ADHD be-
cause of the SHR’s locomotor hyperactivity and im-
paired discriminative performance. Studies on the SHR
implicate dopaminergic and noradrenergic systems
(Russell et al. 1995; de Villiers et al. 1995; Papa et al.
1998; King et al. 2000) but do not support a simple the-
ory of altered dopamine neurotransmission in ADHD.
Structural brain imaging studies have shown abnormal-
ities in the frontal lobe and subcortical structures (glo-
bus pallidus, caudate, corpus callosum), regions known
to be rich in dopamine neurotransmission and impor-
tant in the control of attention and response to organi-
zation (Lou et al. 1990; Zametkin et al. 1990; Rubia et al.
1997). The most consistent findings from functional
neuroimaging studies in humans are hypoactivity of
frontal cortex and subcortical structures, usually on the
right side (Faraone and Biederman, in press). Recently,
Dougherty et al. (1999) investigated dopamine trans-
porter density in vivo and found a 70% increase in
ADHD adults compared with healthy controls. This
finding also lends support to a functional hypodopam-
inergic hypothesis of ADHD.

The Contribution of Molecular Genetic Studies to a 
Dopamine Hypothesis for ADHD

It is clearly important to attempt to investigate the rela-
tionship between genotype, dopamine neurotransmis-
sion, and behaviors observed in ADHD. It appears,
however, that no unitary theory of dopamine transmis-
sion in ADHD is yet plausible based on current evi-
dence. With regard to DAT1, its protein, the dopamine
transporter, is the site of action of methylphenidate and
other related medications. Blocking the transporter con-
sequently increases the amount of extracellular dopam-
ine in the neuronal synapse and possibly increases the
inhibitory influence of frontal cortical activity on sub-
cortical structures. It has been recently suggested that
the 480bp DAT1 (10 repeat allele) allele may be associ-
ated with a hyperactive dopamine transporter (Swan-
son et al. 2000). A functional brain imaging study
(Heinz et al. 2000) demonstrated that abstinent alcohol-
ics heterozygous for the 10 repeat DAT1 allele had less
(22%) putamen dopamine transporter availability com-
pared with those who were homozygous. As the 10 re-
peat allele is considered to be the high-risk allele in
ADHD, it is possible that individuals with this allele
have increased transporter density, which may lead to a
depletion of dopamine from critical synaptic regions.
This hypothesis received further support from a recent

neuroimaging study that demonstrated increased bind-
ing of a specific dopamine transporter ligand in the stri-
atal regions in adult patients with ADHD compared
with normal controls (Krause et al. 2000). What is not
yet known is whether the stronger signal represents
stronger binding of the ligand to the transporter or a
larger number of transporter molecules. As the 10 re-
peat (480bp) DAT1 allele maps to the 3� untranslated re-
gion of the gene, it is itself unlikely to change the struc-
ture or function of the dopamine transporter protein.
Two recent studies suggest, however, that certain vari-
ants of the 40bp DAT1 VNTR can function as transcrip-
tional regulators. Michaelhaugh et al. (2001) found that
the 9 repeat DAT1 allele enhanced transcription in
dopamine neurons in neonatal rat midbrain and in an
immortalized dopaminergic cell line. Fuke et al. (2001)
showed that the 10 repeat DAT1 allele had the greatest
positive effect on gene expression in human DNA using
the luciferase reporter system. Thus, the 3� UTR VNTR
of DAT1 may have direct functional relevance in the
control of the expression of the gene or in the stability
of its mRNA. Alternatively, the observed association
may indicate linkage disequilibrium with another vari-
ant at the coding or the regulatory regions of DAT1 or
closely mapped locus. Barr et al. (2001) found signifi-
cant evidence for biased transmission of a haplotype
containing the DAT1 480bp allele, and polymorphisms
at intron 9 and exon 9 of the DAT1 gene. Further analy-
sis of the DAT1 gene is necessary to identify other pos-
sible variants within the gene that contribute to the in-
creased susceptibility to ADHD. The role of DAT1 in
animal models of ADHD has also been examined. Ani-
mal studies have shown that DAT1 knockout mice have
increased extracellular dopamine but reduced striatal
dopamine and tyrosine hydroxylase activity (Jaber et al.
1999) and may suggest that feedback mechanisms lead to
reduced striatal dopamine. This is particularly interesting
as DAT1 knockout mice have hyperactivity as part of
their phenotype (Giros et al. 1996; Gainetdinov et al. 1999),
and neuroimaging studies suggest frontostriatal dysfunc-
tion in ADHD patients (reviewed by Tannock 1998). Over-
all, the evidence for DAT1 suggests relative hypodopam-
inergic transmission in critical areas such as the striatum
and the possible influence of excess dopamine neurotrans-
mission from higher cortical areas.

Biological evidence supporting the possible role of
other genes in a dopaminergic theory of ADHD is less
than that for DAT1. The functional relevance of the 7 re-
peat allele at DRD4, another important candidate gene,
is unclear but may encode a D4 receptor that is subsen-
sitive to dopamine (Ashgari et al. 1995). Thus, the 7 re-
peat DRD4 allele may contribute to reduced dopamine
transmission in ADHD and fit in with the hypodopam-
inergic hypothesis described above for DAT1.

The DBH gene is a quantitative trait locus for DBH
enzyme activity. The Taq 1 polymorphism tested in this
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study is known to be in significant linkage disequilib-
rium (Daly et al. 1999) with polymorphisms (in promoter
and exon 2 regions) associated with reduced DBH enzyme
activity (Cubells et al. 1998). In experimental animals with
decreased serum DBH, reduced conversion of dopamine
to noradrenaline lessens negative feedback on tyrosine hy-
droxylase (Anden et al. 1973; Axelrod and Weinshilboum
1972). The net result is excessive production of dopamine
in these animals who are observed to display hyperactiv-
ity, aggression, self-stimulation, and stereotypic move-
ments (Randrup and Scheel-Kruger 1996). The limited evi-
dence presented for the DBH gene therefore suggests
hyperdopaminergic transmission in ADHD, in contrast
with the evidence above for DAT1 and DRD4.

The 148bp DRD5 polymorphism maps outside the
coding region of the DRD5 gene (Sherrington et al.
1993), and therefore it is unlikely to alter DRD5 protein
structure, or receptor binding and signaling. The func-
tional relevance of DRD5 to dopamine neurotransmission
in ADHD is, to date, unknown.

Functional brain imaging studies (Ernst et al. 1998;
Ernst et al. 1999) have reported increased DOPA decar-
boxylase activity in the midbrains of ADHD children and
decreased activity in prefrontal regions in ADHD adults.
The authors hypothesized that the increased subcortical
activity was the primary abnormality. Its origin may have
been functional (e.g., upregulation of DOPA decarboxy-
lase secondary to midbrain dopaminergic deficit) or struc-
tural (e.g., increased number of synapses caused by an
adaptive response to dopaminergic imbalance). The au-
thors hypothesized that the reduced prefrontal DOPA de-
carboxylase activity was secondary and resulted from an
interaction of the primary midbrain dopamine deficit with
the processes of neural maturation and adaptation. Thus,
we can speculate that the evidence for the DOPA gene
also contributes to a hypodopaminergic theory in ADHD.

Absence of the DRD2 gene in mice leads to signifi-
cantly reduced spontaneous movements, suggesting that
DRD2 plays a role in the regulation of activity levels (Baik
et al. 1995; Comings et al. 1991). Mice without DRD2
genes also show decreased striatal dopamine transporter
functioning (Dickinson et al. 1999). In contrast, DRD1 and
DRD3 knockout mice demonstrate hyperactivity as part
of their phenotype. The biological and genetic data for the
role of these genes in ADHD is uncertain.

As stated previously, a definitive theory of dopamine
neurotransmission in ADHD is not yet possible. Overall
evidence from genetic studies indicates that the candi-
date genes receiving most support are DAT1 and
DRD4. DBH, DRD5, and TH are other genes that may
also cause susceptibility to the disorder. The evidence
we have presented for DAT1 supports a theory of de-
creased dopamine neurotransmission in ADHD. In par-
ticular, findings from a number of neuroimaging and
animal studies (Heinz et al. 2000; Krause et al. 2000;
Jaber et al. 1999; Tannock et al. 1998) suggest that hy-

podopaminergic function in the striatum may be involved
in mediating the symptoms and neurocognitive abnor-
malities displayed in ADHD. There are fewer studies
examining the role of the other genes, and their contri-
bution to the neurobiology of ADHD is unclear. The ev-
idence presented for DRD4 and DOPA may also support
a theory of reduced dopamine transmission. Conversely,
animal studies of DBH suggest a possible role in increas-
ing dopamine transmission in ADHD. There is insufficient
evidence regarding the functional role of DRD5 in ADHD.
Animal studies of other receptor genes such as DRD1,
DRD2, and DRD3 may indicate their role in activity reg-
ulation. Overall, it could be speculated that biochemical
pathways are likely to be complicated with multiple
feedback and protective mechanisms (as suggested by
animal studies), and that dopamine deficit and excess,
individually or in combination, may contribute to ADHD
depending on the dopamine receptor and the brain region
affected (Castellanos 1997 and Swanson et al. 1998c).

It is undoubtedly too simplistic to assume that the ge-
netic etiology of ADHD is caused by abnormal dopam-
ine transmission alone. Indeed, there is considerable evi-
dence implicating other neurotransmitter systems in
ADHD, in particular noradrenergic and serotoninergic
systems. It is beyond the scope of this article to discuss
their contribution. Also, as the heritability (h2) of ADHD
is less than 1.0, it is likely that environmental factors also
play a role in the causation and outcome of ADHD.

Exciting new directions in this field of research are
emerging, for example, the move toward dissection of
the ADHD phenotype in quantitative-trait based stud-
ies and also, the preliminary findings regarding parent
of origin effects for DRD2 and TH as described in this
article. The combination of small gene effects and mod-
est sample sizes will make it unlikely that genetic asso-
ciation methods alone will prove causation. Despite the
lack of a single unified hypothesis in ADHD, which
combines existing evidence for susceptibility DNA vari-
ants with known or proposed biological function, it will
remain important to continue to integrate findings from
all sources. Such work should enable us to further our
understanding of this complex and challenging disorder.
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