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Abstract

Background: Attention deficit hyperactivity disorder (ADHD) is a common and highly heritable
disorder of childhood characterized by inattention, hyperactivity and impulsivity. Molecular genetic
and pharmacological studies suggest the involvement of the dopaminergic, serotonergic and
noradrenergic neurotransmitter systems in the pathogenesis of ADHD. Monoamine oxidase A
(MAO-A) encodes an enzyme that degrades biogenic amines, including neurotransmitters such as
norepinephrine, dopamine and serotonin. In this study we examined a 30 bp promoter variable
number tandem repeat (VNTR) and a functional G/T single nucleotide polymorphism (SNP) at
position 941 in exon 8 (941 G/T) of MAO-A for association with ADHD in a Taiwanese sample of

212 ADHD probands.

Methods: Within-family transmission disequilibrium test (TDT) was used to analyse association of

MAO-A polymorphisms with ADHD in a Taiwanese population.

Results: A nominally significant association was found between the G-allele of 941G/T in MAO-A
and ADHD (TDT: P = 0.034. OR = |.57). Haplotype analysis identified increased transmission of a
haplotype consisting of the 3-repeat allele of the promoter VNTR and the G-allele of the 941G/T
SNP (P = 0.045) to ADHD cases which the strong association with the G-allele drove.

Conclusion: These findings suggest the importance of the 941 G/T MAO-A polymorphism in the
development of ADHD in the Taiwanese population. These results replicate previously published

findings in a Caucasian sample.

Background in several genes involved in regulation of the dopamine,
Attention deficit hyperactivity disorder (ADHD) is one of ~ and related neurotransmitter pathways are reported to be

the most common childhood behavioural disorders char-  associated with ADHD [2,3].
acterised by inattention, hyperactivity and impulsivity.

Current estimates show that 3%-6% of school age chil- Monoamine oxidase A (MAO-A) is located on the X-chro-
dren have a diagnosis of ADHD [1]. Polymorphic variants =~ mosome (Xp11.23-11.4) and is comprised of 15 exons.
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MAO-A degrades biogenic amines such as dopamine and
serotonin, providing control of the level of these neuro-
transmitters in the central nervous system. MAO-A knock-
out mice have elevated brain levels of serotonin,
norepinephrine and dopamine and manifest aggressive
behaviour [4]. Caspi et al. [5] reported that maltreated
children with a genotype conferring high levels of MAO-A
expression were less likely to develop antisocial problems.

Eklund et al. [6] found that low MAO activity and high tri-
iodothyronine (T3) level were significantly associated
with violent offenders with an early behavioural risk pat-
tern. They further reported that attention difficulties were
associated with low MAO activity. Low levels of platelet
MAO activity were reported to be associated with atten-
tion and impulsivity in boys with ADHD [7].

MAO-A has previously been proposed as a potential sus-
ceptibility gene for ADHD and investigated in several
association studies, with both positive and negative
reports. The short 3-repeat allele of a 30 bp variable
number tandem repeat (VNTR) polymorphism located
1.2 kb upstream of the MAO-A coding sequence was
reported to be associated with aggression and impulsivity
[8]. This finding was subsequently replicated in a sub-
group of patients with ADHD and co-morbid conduct dis-
order [9]. There have however been discrepant results
with a report that the longer 4-repeat allele was associated
with ADHD [10], a finding that was not replicated in the
study from Lawson et al. [9] and a further study from
Domschke et al. [11].

Another polymorphism in MAO-A (941G/T), an Fnu4HI
G/T polymorphism at position 941 of the protein coding
sequence was reported to be associated with high (G-
allele) and low (T-allele) MAO-A activity [12]. The high
activity G-allele was reported to be associated with ADHD
in an Irish sample (2= 5.1, P = 0.03. OR = 1.70) and sig-
nificantly increased transmission of a haplotype consist-
ing of the 3-repeat allele of the promoter VNTR, the 6-
repeat allele of a CA microsatellite and the G-allele of the
941G/T to ADHD probands was also reported in [11]. No
association with 941G/T SNP was found in the study from
Lawson et al. [9].

To provide further clarification of the reported associa-
tions in MAO-A we have investigated the two MAO-A
markers reported to be associated with ADHD in the pre-
vious studies using a sample of 212 ADHD families ascer-
tained in Taiwan.

Methods

The Taiwanese sample consisted of 212 children with
ADHD diagnosed between the ages of 5-15 years. Both
parents were available for 114 families, only the mother
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for 59 families and only the father for 39 families. ADHD
cases were ascertained from Child Psychiatric Clinics in
the Chang Gung Memorial Hospital in Taipei area, Tai-
wan. A diagnosis of ADHD was made according to DSM-
IV criteria following completion of a standard maternal
interview (kiddie-SADS, Kaufman et al.,, [13]) and com-
pletion of parent and teacher Conner's revised rating
scales [14]. In all 78% had the combined subtype and
22% the inattentive subtype of ADHD. With regard to co-
morbidity, 4% had Tourettes syndrome and 4% opposi-
tional defiant disorder. Autism cases were excluded from
the study. No other neurological or behavioural disorders
were identified. Eighty-nine percent of the sample was
male. The subjects gave their written informed consent,
and the study was approved by the Institutional Review
Board, Chang Gung Memorial Hospital, Taiwan (Refer-
ence number: 94-471).

The MAO-A 30 bp-promoter VNTR was genotyped using
the method described in Deckert et al. [15]. As in previous
studies [10,9,11] the alleles of the MAO-A 30 bp VNTR
were grouped into two classes (short allele: 2, 3; long
allele: 3.5, 4 and 5) for the analysis based on the func-
tional roles that the longer alleles are more active than
allele 3 [15]. The 941G/T polymorphism was genotyped
using Fnu4HI restriction enzyme following the protocol
in Domschke et al. [11].

Family genotype data were analysed using the transmis-
sion disequilibrium test (TDT) implemented in
UNPHASED [16]. Since MAO-A is X-linked gene, geno-
type data from fathers was only used in the analysis of
female ADHD probands. Genotype information from
both parents in female probands, and from mother alone
in male probands was used to analyse linkage disequilib-
rium (LD).

Results

The allele frequency of the two markers was estimated
from the probands' mothers. For MAO-A 30 bp VNTR the
most common alleles are the 3 and 4 repeats accounting
for 98% of all alleles. The 2, 3.5 and 5 repeats are all rare.
For MAO-A 941 G/T polymorphism the G-allele fre-
quency is 58% and the T-allele frequency is 42%. TDT
analysis (Table 1) showed a significant increase in trans-
mission of the G-allele of 941G/T SNP (x2=4.48, P =
0.034, OR = 1.57). In contrast, although the 3-repeat
allele of the 30 bp VNTR was over-transmitted to affected
offspring, this association was not significant in this sam-
ple (x2=2.42,P=0.120, OR = 1.3). We also looked at 4%
of the ADHD cases which showed oppositional defiant
disorder in our samples. The results revealed that the 4%
cases did not drive the nominal association (for 941 G/T
SNP: 42 =3.0, P=0.08; for 30 bp VNTR: 32= 1.0, P=0.31).
Due to the differences in the prevalence of ADHD
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Table I: TDT Analysis of MAO-A Markers
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30 bp VNTR 941 G/IT
Allele Allele
2R 3R 4R 5R Short (2R, 3R) Long (4R, 5R) G T
Transmitted 2 52 38 | 54 39 55 35
Non-transmitted 0 40 53 0 39 54 35 55

%2 (P-value)

2.42, 1df (0.120)

4.48, 1df (0.034)

between females and males the sex specific analysis was
conducted. In our study 89% of the sample was male. We
found that the sex specific analysis for 941G/T SNP did
not affect the association results very much (y2=4.1, P =
0.04 in male samples; y2= 0.33, P = 0.56 in female sam-
ples). No significant association was found in 30 bp VNTR
marker in the sex specific analysis.

Moderate LD was observed between the two MAO-A
markers (D' = 0.62, R?2 = 0.60). Analysis of transmission
ratios for the common haplotypes of these two alleles
revealed a significantly increased transmission of the 3-
repeat allele of the 30 bp VNTR and the G-allele of the 941
G/T SNP to ADHD cases (3-G haplotype; x2 = 4.00, P =
0.045, OR = 1.25) and decreased transmission of the com-
mon alternative 4-T haplotype (2= 3.92, P = 0.048).

An alternative haplotype analysis program, WHAP [17]
was used to test the contribution of the individual markers
to the haplotype association. WHAP allows the user to
drop one or more markers to test whether they contribute
significantly to the haplotype association. The results of
this analysis showed that the 30 bp VNTR could be
dropped and did not make a significant contribution to
the haplotype association. In contrast the 941G/T marker
made a significant contribution to the haplotype associa-
tion (dropping the 941G/T, P = 0.97).

Discussion

In the present study, we set out to investigate previously
reported findings of association between two genetic var-
iants of the MAO-A gene in a sample of ADHD probands
from Taiwan. We found a significant over-transmission of
the G-allele of MAO-A 941G/T SNP to ADHD cases. Our
finding replicates the results of a recent study conducted
by Domschke et al. [11] who found that the more active
G-allele of 941G/T SNP was associated with ADHD in an
Irish ADHD sample (P = 0.03). In addition, Domschke et
al. [11] also found a significantly increased transmission
of a haplotype containing the 3-repeat allele, the 6-repeat
allele of the CA microsatellite and the G-allele of the
941G/T SNP to ADHD cases (P = 0.01). In this study we

did not genotype CA microsatellite in intron 2 in MAO-A
gene, but haplotype analysis of the two markers revealed
increased transmission of a haplotype consisting of the 3-
repeat allele of the promoter VNTR and the G-allele of the
941G/T SNP to ADHD cases, which was driven by the
stronger G allele association.

The association fits with general theories for ADHD. The
G-allele of the 941G/T SNP is associated with increased
activity of MAO-A and will therefore lead to increased
rates of degradation of dopamine and other monoamine
neurotransmitters [12]. These data are therefore consist-
ent with an overall hypo-dopaminergic hypothesis for
ADHD and previous association findings reported within
the ADHD literature. Thus, the 7-repeat allele of DRD4 is
thought to be associated with blunted receptor response
to dopamine stimulation, and the 10-repeat allele of the
dopamine transporter gene is thought to be associated
with increased expression of the transporter protein, both
hypothesised to result in an overall decrease in availability
of or response to dopamine [2].

Conclusion

In the present study, we investigated the two MAO-A
markers reported to be associated with ADHD in the pre-
vious studies using a Taiwanese ADHD sample. The find-
ings of this study suggest that the more active MAO-A
941G allele may be a risk factor in the development of
ADHD. Due to inconsistencies that remain in the litera-
ture and relatively few published data on the two MAO-A
polymorphisms investigated in this study, further associa-
tion studies are needed to confirm or refute these findings.
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MAO-A - monoamine oxidase A, ADHD - attention defi-
cit hyperactivity disorder, TDT - transmission disequilib-
rium test, VNTR - variable number tandem repeat, SNP -
single nucleotide polymorphism.
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