Molecular Psychiatry (2002) 7, 718-725
© 2002 Nature Publishing Group Al rights reserved 1359-4184/02 $25.00

www.nature.com/mp

ORIGINAL RESEARCH ARTICLE

Serotonergic system and attention deficit hyperactivity
disorder (ADHD): a potential susceptibility locus at the
5-HT,s receptor gene in 273 nuclear families from a

multi-centre sample

Z Hawi', M Dring', A Kirley', D Foley', L Kent?, N Craddock?, P Asherson3, S Curran®, A Gould?,
S Richards®, D Lawson3, H Pay#, D Turic?, K Langley*, M Owen*, M O’Donovan®, A Thapar?,

M Fitzgerald' and M Gill’

'"Department of Genetics and Psychiatry, Trinity College, Dublin, Ireland; 2Department of Psychiatry, Division of
Neuroscience, University of Birmingham, Birmingham, UK; 3Social, Genetic, Developmental Psychiatry Research Centre,
Institute of Psychiatry, London, UK; *Department of Psychological Medicine, University of Wales, College of Medicine,

Cardiff, Wales, UK

Attention deficit hyperactivity disorder (ADHD) is a highly heritable and heterogeneous dis-
order, which usually becomes apparent during the first few years of childhood. Imbalance in
dopamine neurotransmission has been suggested as a factor predisposing to ADHD. How-
ever, evidence has suggested an interaction between dopamine and serotonin systems in the
pathophysiology of the disorder. Studies using selective agonists of the different 5-HT recep-
tors microinjected into selected brain structures have shown a positive modulating effect on
the functional activities of the mesotelencephalic dopaminergic system. This suggests that
some of the genetic predisposition to ADHD might be due to DNA variation at serotonin sys-
tem genes. In this study, we investigated polymorphisms in HTR,z and HTR,, (which encode
the serotonin receptors 5-HT,; and 5-HT,, respectively) in a European ADHD sample. Using
haplotype based haplotype relative risk (HHRR) and transmission disequilibrium test (TDT)
analyses, we observed significant preferential transmission of the allele 861G of the HTR,g in
the total sample (for HHRR; 2 = 7.4, P = 0.0065 and TDT; ()2 = 6.4, P = 0.014). Analysis of
HTR,, failed to reveal evidence of association or linkage between the His452Tyr polymorphism
and ADHD in the total sample. However, a significantly increased transmission of the allele
452His was observed in the Irish sample alone (x® = 4.9, P = 0.026). These preliminary data
suggest an important role for the serotonin system in the development of ADHD. Further
studies, preferentially including different ethnic groups are required to substantiate these

findings.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is a
highly heritable condition, which usually becomes
apparent during the first few years of childhood. The
central behavioural symptoms of inattention, impul-
siveness and hyperactivity often co-occur with other
behavioural conditions particularly conduct and oppo-
sitional defiant disorders. These disabilities lead to sig-
nificant repercussions such as aggression and other
anti-social behaviour, academic underachievement,
peer rejection and family dysfunction.® Several lines of
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evidence have implicated dopaminergic system genes
in the aetiology of neuropsychiatric and behavioural
conditions such as schizophrenia, depression, anxiety
and alcoholism.? Imbalance in dopamine neuro-
transmission has also been suggested as a factor predis-
posing to ADHD. Brain imaging studies have shown
abnormalities in the frontal lobe and subcortical struc-
tures such as the basal ganglia, regions known to be
rich in dopamine neurotransmission and important in
the control of attention and response to organisation.*™
Evidence of association between the dopamine trans-
porter gene (DAT1) and ADHD was first described by
Cook et al® and subsequently replicated by Gill et al,”
Waldman et al,® Curran et al° and extended by Daly et
al.*® However other studies have failed to replicate this
finding.""** More recently, Daly et al'® identified two
additional potential susceptibility loci at dopamine D5



receptor gene (DRD5) (148-bp allele of a dinucleotide
repeat located 18.5 kb to the coding sequence) and at
dopamine-B-hydroxylase (DBH) (allele 2, Taq I poly-
morphism at intron 5 of the gene). Several reports of
association between the 7-repeat allele in exon 3 of
dopamine D4 receptor gene (DRD4) and ADHD have
also been published.*®

Pharmacological evidence has also supported the
dopaminergic hypothesis for ADHD. Methylphenidate
and other psychostimulant medications (dex-
amphetamine and pemoline), are known to inhibit the
dopamine transporter'* and to ameliorate the symp-
toms of ADHD.**"*° In addition, dopamine transporter
knockout (DAT-KO) mice were found to produce a
phenotype that has similarities to human ADHD.*°

Although spontaneous locomotor activity was atten-
uated by dopamine in DAT1-deficient mice,** dopa-
mine is not the only factor that contributes to the hyp-
eractivity and learning difficulties in these animals.
Administration of methylphenidate, whose main mode
of action is thought to be inhibition of the dopamine
transporter, reverses the overactivity observed in DAT-
KO. Furthermore, fluoxetine (a selective serotonin
reuptake inhibitor) also attenuates the activity of the
DAT-KO mice, whereas it had no effect on wild type
animals. This action was mediated by increased extra-
cellular concentration of serotonin (5-HT) due to block-
ade of the serotonin transporter.?* In addition, when
the DAT1 knockout mice were treated with 5-hydroxy-
tryptophan or with the dietary 5-HT precursor (L-
tryptophan), hyperlocomotion was profoundly
reduced.?! This occurred in the absence of any change
in dopamine concentration suggesting that the sero-
tonergic system may be involved in the pathogenesis
of ADHD.

Studies using selective agonists of the different 5-HT
receptors, microinjected into selected brain structures
have shown a positive modulating effect of these sero-
tonergic systems on the functional activities of the
mesotelencephalic dopaminergic system. 5-HT,z is an
autoreceptor, which is found on presynaptic sero-
tonergic neurons and functions to modulate the release
of 5-HT. The receptor is also expressed in areas known
to be involved in motor control such as the striatum,
frontal cortex, medulla, hippocampus and pitu-
itary.??#® The 5-HT,y receptor has been implicated in
locomotor behaviour. Pharmacological studies using
the 5-HT, agonist RU24969 suggested that the acti-
vation of 5-HT,g receptors in mice leads to increased
anxiety and locomotion in these animals. The hyperlo-
comotion effect of this agonist was absent in the mouse
lacking the 5-HT g, indicating that this agonist effect is
mediated by this receptor.

The 5-HT,, receptor has also recently been impli-
cated in ADHD by linkage and association studies
using a 452Tyr polymorphism in the HTR,,.>* HTR, 5
maps to 13q14—q21 and is known to encode a protein
involved in signal transduction mediated via phospho-
inositol hydrolysis and intracellular Ca*" mobilization.
Furthermore, the hyperlocomotion induced by the
non-competitive NMDA antagonist (MK-801) in mice
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was attenuated by the nonselective 5-HT,, antagonist
ritanserine and by the 5-HT,, selective antagonist
MDL100907.?® Striatal administration of serotonergic
agonists causes inhibition of striatal neuronal firing
possibly by a decrease in synaptic dopamine. This
effect is thought to be mediated by the serotonin recep-
tor 5-HT,, and may result in the decreased release or
decreased synthesis of dopamine in the neuronal pro-
jections.

Based upon the above data, mutations or polymor-
phisms at either HTR,3 or HTR,, which affect the
structure or the expression of the these receptors have
been postulated to contribute to the development of
ADHD. In this investigation, we studied polymor-
phisms at the HTR,3 and HTR,, gene loci in a sample
of families ascertained at three centres in the UK and
in the Republic of Ireland.

Materials and methods

ADHD cases were recruited from child psychiatric clin-
ics and schools from three centres in the UK and one
in Ireland. Details of the clinical assessment procedure,
assignment of diagnosis and the clinical description of
each sample have been published previously in the
Irish by Daly et al;'° Welsh /Manchester in Holmes et
al,** London in Mill et al?® and Birmingham in Kent et
al.?” Briefly, for the three UK centres, consensus diag-
noses were made according to DSM-IV criteria for
ADHD using the Child and Adolescence Psychiatric
Assessment (CAPA),?® a semi-structured instrument.

DNA amplification

HTR,;

PCR amplification of the 548-bp region containing the
Hincll polymorphism was achieved as described by
Lappalainen et al* using the following pair of primers:
upstream, 5 GAA ACA GAC GCC CAA CAG GAC 3’
and downstream 5’ CCA GAA ACC GCG AAA GAA
GAT 3'. Cycling was for 30 rounds consisting of denat-
uration at 95°C for 30 s, annealing at 58°C for 30 s and
extension at 72°C for 30s. A first denaturing step at
95°C for 3.30 min and last extension step at 72°C for 7
min were also added. Depending on the quality of the
amplification, approximately 10 ul PCR product was
digested with 3 units of HinclII as recommended by the
manufacturers and separated on 2.5% agarose gels. The
presence of the HTR861G allele yielded two fragments
of 452 and 96 bp and the presence of HTR861C gave
three fragments of 310, 142 and 96 bp.

HTR,, His452Tyr

This polymorphism was amplified as described by
Ozaki’®® with forward primer 5° CAC ACA GCT CAC
CTT TTC ATT CA 3’ and reverse primer 5'AGT CTA
GCC AAC TTC AAA TGG 3’ to give a 155-bp product.
PCR cycling consisted of an initial denaturation of 3.3
min at 95°C, followed by 30 cycles of a 30 s denatur-
ation at 95°C, 30 s annealing at 60°C, and a 30 s exten-
sion at 72°C, and a final extension cycle at 72°C for 5
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min. The 155-bp amplified fragment of HTR,, His452-
Tyr (7 wl) was restricted with 1 U of BsmlI at 65°C for
4 h. The digests were electrophoresed on a 10% nonde-
naturing polyacrylamide gel at 120 V for 2.5-3 h. The
HTR,,/His452 allele gave two fragments of 95 and
60 bp, while the HTR,,/ 452Tyr allele yielded a single
uncut fragment.

Statistics

In this study we have used the haplotype based haplo-
type relative risk (HHRR) and transmission disequilib-
rium test (TDT) designs to avoid any potential popu-
lation stratification. In this method, the non-
transmitted parental alleles are used as ‘controls’ for
evaluating allele transmission in the case of HHRR. In
contrast, the TDT is a test of linkage and association
which only uses alleles transmitted from heterozygous
parents. The x* test was used to examine the signifi-
cance of the resulting tables.

Results

Allele frequencies for both markers did not show any
significant deviation from that expected according to
Hardy—Weinberg disequilibrium. Haplotype based
haplotype relative risk analysis performed on the trans-
mitted and non transmitted alleles for the marker
HTR,p is presented in Table 1. A significant preferen-
tial transmission of allele 861G was observed in the
total sample (x* = 7.4, P = 0.0065). This was also the
case for the Irish sample alone, which shows the most
significant preferential transmission of this allele to
ADHD cases (x* = 9.74, P = 0.0018). Increased trans-
mission of the same allele was also seen in the samples
from Wales/Manchester and Birmingham but this did
not reach statistical significance in either case. How-
ever, in the sample from London, the allele 861G was
less frequently transmitted to ADHD cases compared
to 861C. Transmission disequilibrium test (TDT) was
performed on the total sample (193 heterozygous
parents) and the data are presented in Table 2. The
result of the TDT analysis confirmed the previous

Table 1 HHRR analysis of HTR,5/G861C in 273 ADHD nuclear

analysis indicating the presence of linkage as well as
association between the HTR,5; and ADHD (x* = 6.4,
P =0.014). Once again, the Irish sample exhibited the
highest level of significance compared to the remainder
of the sample. Similarly, the Cardiff and Birmingham
samples showed a trend in the same direction. In con-
trast, the London sample showed a trend in the
opposite direction.

In addition, HHRR and TDT analyses of transmission
by parent of origin were conducted. The increased
transmission observed in the total sample was largely
due to the transmission of allele 861G of paternal ori-
gin to ADHD cases (Tables 3 and 4). Surprisingly, the
opposite trend of transmission observed in the sample
from the London group was reversed and excess trans-
mission of the allele 861G was observed though this
was not significant (Tables 3 and 4). Transmission from
maternal origin to ADHD cases was not significant in
the total sample (Tables 5 and 6) but was statistically
significant in the Irish sample alone.

HHRR analysis of the HTR,,/His452Tyr did not
show any preferential transmission in the total sample
(Table 7). However, considering each sample individu-
ally, we observed an increased preferential trans-
mission of the 452His allele in the Irish sample alone
(x* = 4.9, P = 0.026). This has also been confirmed by
TDT analysis (Table 8) suggesting the presence of link-
age as well as association between this marker and
ADHD (x* = 4.5, P = 0.052) in the Irish population. An
inconsistent pattern of transmissions was observed
with regard to other groups; while the Birmingham
sample showed a similar trend (preferential trans-
mission of 452His allele to ADHD cases) to that of the
Irish sample, Cardiff/Manchester and London samples
showed the opposite trend (Tables 7 and 8 ).

Discussion

In this study, we observed a significant preferential
transmission of allele 861G of the HTR, gene to ADHD
in a European sample of 273 nuclear families. HHRR
(x* = 7.4, P = 0.0065), and TDT (x* = 6.4, P = 0.014)

families

ADHD population Allele T NT X’ P RR (95% CI)

Ireland (n = 80) 861G 118 94 9.74 0.0018 1.57 (1.15-2.16)
861C 29 53

Wales/Manchester 861G 128 114 3.04 0.08 1.26 (0.96-1.65)

(n = 90) 861C 37 51

England/Birmingham 861G 63 59 0.93 0.33 1.29 (0.73-2.27)

(n = 48) 861C 8 12

England/London 861G 78 83 0.59 0.44 0.89 (0.67-1.19)

(n =55) 861C 31 26

Total 861G 387 350 7.4 0.0065 1.24 (1.05-1.45)
861C 105 142

T = transmitted, NT = not transmitted, RR = relative risk.
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Table 2 TDT analysis of HTR,5/G861C in 193 heterozygous parents
ADHD population Allele T NT X P OR
Ireland 861G 44 20 9.0 0.0037 2.2
861C 20 44
Wales/Manchester 861G 35 23 2.5 0.14 1.52
861C 23 35
England/Birmingham 861G 19 15 0.5 0.60 1.27
861C 15 19
England/London 861G 16 21
861C 21 16 0.68 0.51 0.76
Total 861G 114 79 6.4 0.014 1.44
861C 79 115

T = transmitted, NT = not transmitted, TDT = transmission disequilibrium test.

Table 3 HHRR analysis of HTR,3/G861C transmission of paternal origin to ADHD cases

ADHD population Allele T NT X P RR (95% CI)

Treland 861G 49 37 6.47 0.01 1.9 (1.07-8.3)
861C 9 21

Wales/Manchester 861G 55 46 2.78 0.095 1.4 (0.91-2.13)
861C 16 25

England/Birmingham 861G 24 22 0.37 0.54 1.22 (0.63-2.37)
861C 6 8

England/London 861G 39 37 0.23 0.62 1.13 (0.68-1.88)
861C 10 12

Total 861G 167 142 7.85 0.005 1.41 (1.09-1.83)
861C 41 66

T = transmitted, NT = not transmitted, RR = relative risk.

Table4 TDT analysis of HTR,3/G861C transmission of paternal origin to ADHD cases

ADHD population Allele T NT X P OR

Ireland 861G 16 6 4.5 0.052 2.67
861C 6 16

Wales/Manchester 861G 15 8 2.1 0.21 1.88
861C 8 15

England/Birmingham 861G 7 5 0.33 0.78 1.40
861C 5 7

England/London 861G 9 7 0.25 0.80 1.29
861C 7 9

Total 861G 47 26 6.04 0.018 1.80
861C 26 47

T = transmitted, NT = not transmitted, TDT = transmission disequilibrium test.

analyses both demonstrated the presence of association  linkage was strongest in the Irish sample; HHRR (y* =
as well as linkage between this marker and ADHD in 9.74, P=0.0018), TDT (x*=9.0, P=0.0037). In contrast
the total sample. Analysing the combined sample by to HTR,s, preferential transmission of the HTR,,/
population sample, the evidence for association and  452His allele was observed only in the Irish sample.
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Table 5 HHRR analysis of HTR,3/G861C transmission from maternal origin to ADHD cases

ADHD population Allele T NT X’ P RR (95% CI)

Ireland 861G 62 47 8.49 0.0035 1.99 (1.15-3.45)
861C 10 25

Wales/Manchester 861G 68 60 2.02 0.154 1.31 (0.78-3.59)
861C 17 25

England/Birmingham 861G 35 33 0.25 0.51 1.14 (0.67-1.96)
861C 9 11

England/London 861G 34 41
861C 16 9 2.51 0.10 1.41 (0.96-2.07)

Total 861G 199 181 3.51 0.061 1.23 (0.96-2.28)
861C 52 70

T = transmitted, NT = not transmitted, RR = relative risk.

Table 6 TDT analysis of HTR,5/G861C transmission from maternal origin to ADHD cases

ADHD population Allele T NT X’ P OR

Ireland 861G 19 6 6.76 0.014 2.67
861C 6 19

Wales/Manchester 861G 16 9 1.96 0.087 1.78
861C 9 16

England/Birmingham 861G 9 7 0.25 0.8 1.29
861C 7 9

England/London 861G 3 11
861C 11 3 5.79 0.057 3.67

Total 861G 47 33 2.45 0.14 1.42
861C 33 47

T = transmitted, NT = not transmitted, TDT = transmission disequilibrium test.

Table 7 HHRR analysis of HTR,,/His452Tyr in 274 ADHD nuclear families

ADHD population Allele T NT X P RR (95% CI)
Ireland (n = 82) 452Tyr 6 16

452His 142 132 4.91 0.026 1.9 (0.95-3.80)
Wales/Manchester 452Tyr 21 15
(n =89) 452His 140 146 1.13 0.29 1.19 (0.88-1.61)
England/Birmingham 452Tyr 5 9
(n =48) 452His 75 71 1.25 0.26 1.84 (0.70-2.96)
England/London 452Tyr 14 8
(n = 55) 452His 92 98 1.83 0.17 0.76 (0.54-1.08)
Total 452Tyr 46 48

452His 449 447 0.05 0.82 0.98 (0.79-1.21)

T = transmitted, NT = not transmitted, RR = relative risk.
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Table 8 TDT analysis of HTR,,/His452Tyr in 87 heterozygous parents

ADHD population Allele T NT be P OR
Ireland 452Tyr 6 16

452His 16 6 4.5 0.052 2.76
Wales/Manchester 452Tyr 18 11

452His 11 18 1.68 0.26 0.61
England/Birmingham 452Tyr 5 9

452His 9 5 1.14 0.42 1.8
England/London 452Tyr 15 7

452His 7 15 2.9 0.13 2.14
Total 452Tyr 44 43 0.01 1.0 0.98

452His 43 44

T = transmitted, NT = not transmitted, TDT = transmission disequilibrium test.

Taken together, clinical®® as well as molecular®
studies indicate that ADHD is a polygenic or oligogenic
disorder and that many genes (each of minor effect) are
likely to be involved in the development of ADHD.
Thus, the effect sizes at individual loci are likely to
be small (relative risk <2), and large samples will be
required to both detect and confirm linkage or associ-
ation. This multi-centre study involves 273 ADHD pro-
band-parent trios, the largest reported to date. This
sample has 80% power to detect a locus contributing
to ADHD with a relative risk of 3 or greater at a genome
wide significance of P<0.05.*> However, this analysis
assumes no enhanced prior probability at any parti-
cular locus.

A substantial body of evidence has supported the
involvement of the serotonergic system in the develop-
ment of ADHD. Mutant mice generated by homologous
recombination lacking the 5-HT,y are characterized by
aggressive behaviour and are found to be more impul-
sive than the wild type.”® No other phenotypic or
behavioural differences were observed compared to
wild type animals. However, when the 5-HT, agonist
RU24969 was administered to the wild-type mice,
locomotor activity was enhanced but the agonist had
no effect on the 5-HT,5-KO mice. This suggested that
the hyperlocomotor effect of the agonist RU24969 is
mediated by the action of the 5-HT,z. More recently,
Heisler and Tecott** observed that when mice bearing
a targeted mutation of the HT,: receptor gene were
treated with the non-specific serotonin receptor agonist
m-chlorophenylpiperazine (mCPP), this produced hyp-
eractivity in these animals. However, when the HT,¢
mutant mice were pre-treated with a 5-HT, antagonist
GR127935, the hyperlocomotion effect of mCPP was
blocked. This compound normally suppresses loco-
motion in the mouse. This suggests that the apparently
paradoxical hyperlocomotion effect of mCPP on the
mutant 5-HT,c mouse is mediated by the action of 5-
HT,5. When both receptor subtypes are activated by
mCPP, the locomotor suppression of 5-HT,: stimu-
lation predominates. However, when the 5-HT,¢ is
removed, the 5-HT, receptor-stimulating properties of

mCPP are unopposed and so lead to hyperactivity.**
This evidence indicates that the hyperlocomotion/
hyperactivity is mediated by 5-HT,3.

In support of our findings, Quist et al also report
preferential transmission of 5-HTR,5/861G in 115 Can-
adian families. Pooling the samples in a TDT test (the
present multi-centre sample plus the Canadian
sample), the moderate evidence of association and
linkage obtained from the European sample (x* = 6.4,
P =0.014) is strongly enhanced (x* = 9.3, P = 0.0028),
indicating the possible involvement of this locus in
predisposing to ADHD. It is unlikely that the 5-
HTR,3/G861C polymorphism would affect the net
charge or the three-dimensional structure of protein
since it does not result in amino acid change. It is
therefore likely that another functional variant within
the coding or regulatory sequence which is in linkage
disequilibrium with G861C might influence the devel-
opment of ADHD. A deletion involving the region
6q13—-15 (where HTR,z maps) was reported to cause
abnormal brain development, congenital abnormalities
and delayed development.®®

A possible parent of origin effect in the development
of psychiatric and complex disorders has not been fully
explored, but the preferential transmission of the
HTR,gz G861 from fathers to their ADHD offspring in
the current investigation may reflect the involvement
of genomic imprinting. Evidence of imprinting has
been reported on chromosome 6q27, a locus which
contributes to the development of IDDMS8.*® Imprinted
genes tend to cluster at certain chromosomal regions
but the HTR, gene maps to 6q13.22 However, it is poss-
ible that another imprinted region may exist at or near
the HTR,5 gene. Finally, these explanations are hypo-
thetical speculations and differences in the HT,; gene
expression between paternal and maternal alleles at the
G861C locus would be required to firmly implicate
genomic imprinting in the aetiology of ADHD.

The HTR,,/His452Tyr polymorphism maps to the C
terminal end of the mature 5-HT,, protein. Preliminary
evidence suggested that the 452Tyr form of the protein
may associate with desensitization of the 5-HT,,.?” The
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possible differences in the function of His452Tyr may
influence the balance of the serotonergic transmission
and consequently contribute to the development of
psychiatric disorders. Evidence of association between
HTR,,/ 452Tyr and ADHD was reported by Quist et
al.** The multi-centre sample investigated in this study
is double the size of the Canadian sample and has suf-
ficient power to detect an association or linkage with
similar magnitude to that reported by Quist et al. How-
ever, we observed no significant transmission of the
452Tyr in the total sample. On the contrary, a signifi-
cant association between the 452His and ADHD was
observed in the Irish sample alone. It is too early to
draw any conclusion from these conflicting results and
ADHD samples from different ethnic groups are
required to solve this discrepancy.

Finally, given the complexity of the serotonin recep-
tors, their linkage to second messenger, their neural
distribution and their interaction with other neuro-
transmitter systems, it is very important to conduct a
structural and functional analysis of the HTR,p to
assess the contribution of this gene to the development
of ADHD.

Acknowledgements

We would like to acknowledge the generous support
of the Health Research Board, Dublin, The Wellcome
Trust (ZH and AK), and the Hyperactive and Attention
Disorder (HAD) Group Ireland. The London group is
supported by the MRC. SC and LK are Wellcome Trust
Research Fellows. The Cardiff group is also supported
by Wellcome and Action Research. Thanks are also due
to Jane Holmes and Tracey Heyer who were involved
in the first wave of sample collection at Manchester.
We would also like to thank the families who partici-
pated in the study.

References

1 Tannock R. Attention deficit hyperactivity disorder: advances in
cognitive, neurobiological, and genetic research. J Child Psychol
Psychiat 1998; 39: 65-99.

Wong AH, Buckle CE, Van Tol HH. Polymorphisms in dopamine
receptors: what do they tell us? Eur ] Pharmacol 2000; 410: 183—
203.

Lou HG, Henriksen L, Bruhn P. Focal cerebral dysfunction in devel-
opmental learning disabilities. Lancet 1990; 335: 8—11.

4 Zametkin AJ, Nordahl TE, Gross M, King AC, Semple WE, Rumsey
] et al. Cerebral glucose metabolism in adults with hyperactivity
of childhood onset. N Engl ] Med 1990; 323: 1413-1415.

Rubia K, Overmeyer S, Taylor E, Bullmore E, Brammer M, Williams
S et al. Inhibitory control of hyperactive adolescents in fMRI. In:
Toga AW, Frackowiak RSJ, Mazziotta JC (eds). Neuroimage. Third
International Conference on Functional Mapping of the Human
Brain 1997 (May 19-23, Copenhagen, Denmark). Academic Press:
New York, 1997.

6 Cook EH, Stein MA, Krasowski MD, Cox NJ, Olkon DM, Kieffer JE
et al. Association of attention-deficit disorder and the dopamine
transporter gene. Am | Hum Genet 1995; 56: 993-998.

Gill M, Daly G, Heron S, Hawi Z, Fitzgerald M. Confirmation of
association between attention deficit hyperactivity disorder and a
dopamine transporter polymorphism. Mol Psychiatry 1997; 2:
311-313.

[\S]

w

(%2

~N

Molecular Psychiatry

=]

10

1

[N

12

13

14

15

16

1

N

18

19

20

2

=

22

23

24

25

26

27

28

Waldman ID, Rowe DC, Abramowitz A, Kozel ST, Mohr JH, Sher-
man SL et al. Association and linkage of the dopamine transporter
gene and attention-deficit hyperactivity disorder in children: het-
erogeneity owing to diagnostic subtype and severity. Am | Hum
Genet 1998; 63: 1767-1776.

Curran S, Mill J, Tahir E, Kent L, Richards S, Gould A et al. Associ-
ation study of a dopamine transporter polymorphism and attention
deficit hyperactivity disorder in UK and Turkish samples. Mol Psy-
chiatry 2001; 6: 425—428.

Daly G, Hawi Z, Fitzgerald M, Gill M. Mapping susceptibility loci
in attention deficit hyperactivity disorder: preferential trans-
mission of parental alleles at DAT1, DBH and DRD5 to affected
children. Mol Psychiatry 1999; 4: 192—196.

Palmer CG, Bailey JN, Ramsey C, Cantwell D, Sinsheimer JS,
Del’Homme M et al. No evidence of linkage or linkage disequilib-
rium between DAT1 and attention deficit hyperactivity disorder in
a large sample. Psychiatr Genet 1999; 9: 157—-160.

Holmes J, Payton A, Barrett JH, Hever T, Fitzpatrick H, Trumper
AL et al. 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 2000; 5:
523-530.

Faraone SV, Doyle AE, Mick E, Biederman J. Meta-analysis of the
association between the 7-repeat allele of the dopamine d(4) recep-
tor gene and attention deficit hyperactivity disorder. ] Am J Psy-
chiatry 2001; 158: 1052—1057.

Amara S, Kuhar M. Neurotransmitter transporters: recent progress.
Ann Rev Neurosci 1993; 16: 73—93.

Casat C, Pleasants D, Fleet ]. A double-blind trial of bupropion in
children with attention deficit disorder. Psychopharmacol Bull
1987; 23: 120-122.

Zametkin AJ, Rapoport JL. Neurobiology of attention deficit dis-
order with hyperactivity: where have we come in 50 years? | Am
Child Adolesc Psychiatry 1987; 26: 676-686.

Greenhill LL. Pharmacological treatment of attention deficit hyper-
activity disorder. Psychiatr Clin North Am 1992; 15: 1-27.
Hechtman L. Genetic and neurobiological aspects of attention defi-
cit hyperactivity disorder: a review. | Psychiatry Neurosci 1994; 19:
193-201.

Rapport M, Denney C, DuPaul G, Gardner M. Attention deficit dis-
order and methylphenidate: normalization rates, clinical effective-
ness, and response prediction in 76 children. ] Am Acad Child
Adolesc Psychiatry 1994; 33: 882—893.

Giros B, Jaber M, Jones S, Wightman R M, Caron M. Hyperlocomo-
tion and indifference to cocaine and amphetamine in mice lacking
the dopamine transporter. Nature 1996; 379: 606—612.
Gainetdinov RR, Wetsel WC, Jones SR, Levin ED, Jaber M, Caron
MG. Role of serotonin. in the paradoxical calming effect of psycho-
stimulants on hyperactivity. Science 1999; 283: 397—401.
Demchyshyn L, Sunahara RK, Miller K, Teitler M, Hoffman B]J,
Kennedy JL et al. A human serotonin 1D receptor variant (5SHT1D
beta) encoded by an intronless gene on chromosome 6. Proc Natl
Acad Sci USA 1992; 89: 5522—-5526.

Quist JF, Kennedy JL. Genetics of childhood disorders: XXIII,
ADHD, part 7: the serotonin system. ] Am Acad Child Adolesc Psy-
chiatry 2001; 40: 253—-256.

Quist JF, Barr CL, Schachar R, Roberts W, Malone M, Tannock R
et al. Evidence for the serotonin HTR2A receptor gene as a suscep-
tibility factor in attention deficit hyperactivity disorder (ADHD).
Mol Psychiatry 2000; 5: 537-541.

O’Neill MF, Hearon-Maxwell CL, Shaw G. 5-HT2 receptor antagon-
ism reduces hyperactivity induced by amphetamine, cocaine and
MK-801 but not D1 agonist C-APB. Pharm Biochem Behav 1999;
63: 237-243.

Mill J, Curran S, Kent L, Richards S, Gould A, Virdee V et al. Atten-
tion deficit hyperactivity (ADHD) and dopamine D4 receptor gene:
evidence for association but no linkage in a UK sample. Mol Psy-
chiatry 2001; 6: 440—444.

Kent L, Middle F, Hawi Z, Fitzgerald M, Gill M, Feehan C et al.
Nicotinic acetylcholine receptor4subunit gene polymorphism and
attention hyperactivity disorder. Psych Genet 2001; 11: 37—40.
Angold A, Costello E. A test-retest reliability study of child-
reported psychiatric symptoms and diagnoses using the Child and



29

30

31

32

33

Adolescent Psychiatric Assessment (CAPA-C). Psych Med 1995; 25:
755-762.

Lappalainen J, Dean M, Charbonneau L, Linnoila M, Goldman D.
Mapping of the serotonin 5-HT 1D beta autoreceptor gene on chro-
mosome 6 and direct analysis for sequence variants. Am | Med
Genet 1995; 60: 157-161.

Ozaki N, Rosenthal NE, Pesonen U, Lappalainen J, Feldman-Naim
S, Schwartz PJ et al. Two naturally occurring amino acid substi-
tutions of the 5-HT,, receptor: similar prevalence in patients with
seasonal affective disorder and controls. Biol Psychiatry 1996; 40:
1267-1272.

Faraone SV, Biederman J, Monuteaux MC. Toward guidelines for
pedigree selection in genetic studies of attention deficit hyperactiv-
ity disorder. Genet Epidemiol 2000; 18: 1-16.

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

Frederic S, Djamel Ait A, Andree D, Marianne L, Sylvie R, Louis

Serotonergic system and ADHD
Z Hawi et al

34

35

36

37

S et al. Enhanced aggressive behavior in mice lacking 5-HT, recep-
tor. Science 1994; 265: 1875—1881.

Heisler LK, Tecott LH. A paradoxical locomotor response in sero-
tonin 5-HT(2C) receptor mutant mice. /] Neurosci 2000; 20: RC71.
Rose NC, Menacker SJ, Schnur RE, Jackson L, McDonald-McGinn
DM, Stump T et al. Ocular albinism in a male with del (6)(q13-
q15): candidate region for autosomal recessive ocular albinism? Am
J Med Genet 1992; 42: 700-705.

Paterson AD, Naimark DM, Petronis A. The analysis of parental
origin of alleles may detect susceptibility loci for complex dis-
orders. Hum Hered 1999; 49: 197—204.

Ozaki N, Manji H, Lubierman V, Lu SJ, Lappalainen J, Rosenthal
NE et al. A naturally occurring amino acid substitution of the
human serotonin 5-HT,, receptor influences amplitude and timing
of intracellular calcium mobilization. | Neurochem 1997; 68:
2186—-2193.

725

Molecular Psychiatry



