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As candidate genes of attention—deficit/hyperactivity disorder
(ADHD), monoamine oxidase A (MAOA), and synaptophysin
(SYP) are both on the X chromosome, and have been suggested to
be associated with the predominantly inattentive subtype
(ADHD-I). The present study is to investigate the potential
gene—gene interaction (G x G) between rs5905859 of MAOA
and rs5906754 of SYP for ADHD in Chinese Han subjects.
For family-based association study, 177 female trios were in-
cluded. For case-control study, 1,462 probands and 807 normal
controls were recruited. The ADHD Rating Scale-IV (ADHD-RS-
IV) was used to evaluate ADHD symptoms. Pedigree-based
generalized multifactor dimensionality reduction (PGMDR)
for female ADHD trios indicated significant gene interaction
effect of rs5905859 and rs5906754. Generalized multifactor
dimensionality reduction (GMDR) indicated potential gene—
gene interplay on ADHD RS-IV scores in female ADHD-1. No
associations were observed in male subjects in case-control
analysis. In conclusion, our findings suggested that the interac-
tion of MAOA and SYP may be involved in the genetic mecha-
nism of ADHD-I subtype and predict ADHD symptoms.
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INTRODUCTION

Although there has been a rapid growth in exploration of the
etiology of attention-deficit/hyperactivity disorder (ADHD) in
the past decades, the complex mechanisms of ADHD remain poorly
understood. Genetic influences play an important role in the
neuropathology of ADHD, which is of a high heritability of
approximately 0.76 [Faraone and Mick, 2010]. The existed findings
from ADHD genetic studies are somewhat inconsistent and disap-
pointing. Candidate gene studies have targeted various pathways of
ADHD, including dopamine (DA), norepinephrine (NE), and
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serotonin (5-HT). However, the effect size of each risk variant is
small [Faraone et al., 2005]. Up to date, no genome-wide associa-
tion studies (GWAS) of ADHD have revealed any genetic variant
passed the statistical threshold for genome-wide significance [Neale
etal., 2008; Neale et al., 2010a, b; Yang et al., 2013]. However, some
important findings in GWAS implicated genes participated in
ADHD might be connected with process of neuronal plasticity
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such as cell adhesion, cell division, neuron migration and synaptic
plasticity [Yang et al., 2013].

There are higher rates of ADHD in males compared with females.
Boys tend to be more hyperactive [Adler et al., 2008], while girls are
usually more inattentive [Cuffe et al., 2005]. It has been hypothe-
sized that this sex difference might be related to genes on the X
chromosome, and our group have previously reported the associa-
tion between two genes on X chromosome with ADHD including
synaptophysin gene (SYP) and monoamine oxidase A (MAOA)
[Guan et al., 2009; Liu et al., 2013].

SYP is localized to chromosome Xp11.23-p11.22, and is critical
for the basic differentiation process of the neurons such as prolif-
eration, fiber outgrowth and the formation of synapses. Researchers
have suggested that the region of SYP may be associated with some
other genetic diseases such Norrie disease [Sims et al., 1992],
Wiskott—Aldrich syndrome [Cremin et al., 1993] as well as schizo-
phrenia [Shen et al., 2012]. Studies have supported SYP as a
candidate gene for ADHD. Two studies in Caucasians found
that rs2293945 and rs5906754 were associated with ADHD-com-
bined type (ADHD-C). Our group previously found that rs5906754
had a significant association with ADHD-inattentive subtype
(ADHD-I) (P=0.048) in a high density single-nucleotide poly-
morphism screen of 23 candidate genes [Guan et al., 2009]. Liu et al.
also found the assocaiton ofrs5906754 with ADHD-I (P=0.037) in
a larger sample, especially in male trios (P=0.015); while in case-
control studies, significant association was found for female ADHD
(P=0.022) [Liu et al., 2013].

MAOA maps to Xpl11.23. Animal and human studies have
revealed that MAOA gene may be related with externalizing behav-
iors, including impulsivity and aggression [Brunner et al., 1993;
Cases et al., 1995; Manuck et al., 2000; Lawson et al., 2003], which
are common symptoms in ADHD. With respect to gene poly-
morphisms, many studies have focused on the 30bp upstream
repeats (MAOA-uVNTR) which is a functional polymorphism in
the promoter region of MAOA. Researches supported that the
longer alleles (3.5R, 4R, and 5R) were more efficient in transcription
than the shorter alleles (2R and 3R) [Deckert et al., 1999]. Associa-
tion between this polymorphism and ADHD has been conflicting
[Manor et al., 2002; Lawson et al., 2003; Domschke et al., 2005; Xu
et al., 2007]. Brookes et al. found the association between SNPs of
MAOA and ADHD-C subtype [Brookes et al., 2006] . While in our
previous report, Guan et al. suggested an association between 12
SNPs of MAOA with ADHD, particularly with ADHD-I subtype
[Guan et al., 2009].

In summary, our previous studies have suggested that genetic
variations at SYP and MAOA may be associated with ADHD-I
subtype, we set out in this study to test the hypothesis that the
variants of SYP and MAOA would jointly affect the inattentiveness
in ADHD.

Clinical samples. A total of 1,462 ADHD cases were recruited
from child psychiatric clinics at the Peking University Sixth Hos-
pital/Institute of Mental Health. From all ADHD cases, there were
177 female probands who, along with their parents, constituted
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trios to be analyzed for the family-based study. This work was
approved by the Ethics Committee of Peking University Health
Science Center.

Eligible cases in the study met inclusion criteria as follows: (1) met
DSM-IV ADHD diagnostic, (2) age between 6 and 16 years, (3) had a
full-scale IQ > 70, and (4) both biological parents were of Chinese
Han descent. Individuals with major neurological disorders, a
diagnosis of schizophrenia, pervasive development disorder, epi-
lepsy, mental retardation, or other brain disorders were excluded.

Control samples. A total of 807 unaffected controls were
ascertained from healthy blood donors from the Blood Center of
Peking University First Hospital, healthy volunteers at our Insti-
tute, and local elementary schools. All were of Chinese Han descent.
The exclusion criteria for controls were ADHD, other major
psychiatric disorders, family history of psychosis, severe physical
diseases, and substance abuse (more details have been described in a
previous publication of our group [Guan et al., 2009]).

Assessments and diagnosis. A clinical diagnosis was conducted
by psychiatrists with the parents and their offspring together using
the Clinical Diagnostic Interview Scale (CDIS) [Barkley, 1998]. The
Chinese version of CDIS, which was translated by our group,
showed excellent sensitivity (97.2%) and specificity (100%)
[Yang et al., 2001; Yang et al., 2004]. The CDIS assessed the three
DSM-1V subtypes of ADHD, including ADHD inattentive type
(ADHD-I), ADHD hyperactive-impulsive type (ADHD-HI), and
ADHD combined type (ADHD-C).

ADHD symptoms were evaluated using ADHD Rating Scale-IV
(ADHD-RS-1V). It consisted of 18 items according to DSM-IV for
ADHD. Each symptom was scored on how often it occurred (i.e., if
“never” presented the symptom, rated as 0; if “occasionally,” 1;
“often,” 2; and “always,” 3. The score yielded by this instrument
ranges from 0 (symptoms “never” occur) to 54 (all symptoms
“always” occur) [Barkley et al., 2002].

SNP selection and genotyping. Previously, Liu et al. genotyped
three SNPs of SYP (rs5906754/rs3817678/rs2293945) with strong
linkage disequilibrium (LD) and rs5906754 indicated the smallest
P-value, which was also in Guan’s study [Guan et al., 2009; Liu et al.,
2013]. Liu and Guan both included four SNPs of MAOA
(rs5905859/rs3027400/rs2239448/rs1137070)  and  rs5905859
showed strong LD with another three SNPs and the smallest P-
value [Guan et al., 2009; Liu et al., 2011]. Therefore, to maintain a
proper power, given the relative small sample size and strong LD
between SNPs of MAOA and SYP [Carlson et al., 2004], we
judiciously chose these two sites. PCR conditions and quality
control of rs5905859 and rs5906754 were shown as the reference
[Liuetal.,2011; Liu etal., 2013]. The frequencies for rs5905859 and
rs5906754 were shown in Table 1.

Hardy—Weinberger equilibrium (HWE). We used the HAP-
LOVIEW version 4.0 to test HWE in females, and found no
departure from HWE for two SNPs (all P> 0.05) for our data.
Minor allele frequencies (MAFs) for two SNPs were 0.43 for
1rs5905859 and 0.36 for rs5906754, respectively.

Gene-gene interaction. Pedigree-based generalized multifac-
tor dimensionality reduction method (PGMDR) was used to
calculate the genetic interactions for family-based study [Lou
et al., 2008], while generalized multifactor dimensionality reduc-
tion (GMDR) was used for case-control study [Lou et al., 2007].
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ADHD, n (%) Control, n (%)
Male Female Total Male Female Total
rs5905859
AA 463 (38.1) 46 (18.7) 509 (34.8) 211 (41.6) 58 (19.3) 269 (33.3)
AC — 113 (45.9) 113 (7.7) — 142 (47.3) 142 (17.6)
cC 753 (61.9) 87 (35.4) 840 (57.5) 296 (58.4) 100 (33.3) 396 (49.1)
rs5906754
cC 777 (63.9) 113 (45.9) 890 (60.9) 329 (64.9) 119 (39.7) 448 (55.5)
CT — 114(46.3) 114 (7.8) — 144 (48.0) 144 (17.8)
1T 439 (36.1) 19 (7.7) 458 (31.3) 178 (35.1) 37 (12.3) 215 (26.6)

ADHD, attention-deficit/hyperactivity disorder.

PGMDR and GMDR are score-based, nonparametric and mod-
el-free to linear or logistic regression method to detect and charac-
terize nonlinear interactions among discrete genetic and
environmental attributes which allowed for adjustment of cova-
riates, handling of both continuous and dichotomous phenotypes
and patterns of missing data [Lou et al., 2007; Lou et al., 2008].

We explored gene-gene interaction on ADHD presence using
logistic regression score calculation, while linear score calculation
for ADHD symptoms. Then we repeated above analyses by sub-
group and gender. The significant interaction model was chosen
according to the threshold of cross validation consistency (CVC)
>8/10, prediction accuracy >50% and empirical P-value based on
1,000 permutation tests <0.05. Then we verified the significant
interaction model from GMDR by analyses of covariance
(ANCOVA) using SPSS 17.0.

All the samples in our study have been used for earlier publication
by Liu et al. [Liu et al., 2013] and 322 for [Guan et al. 2009]. To
reduce the noise of missing datain GMDR, we just included subjects
with complete genotype for both SNPs. In the present study, we
covered 150 (82.4%) ADHD cases and 172 (93.5%) controls in
Guan’s study [Guan et al., 2009], while 1,462 ADHD (80.2% of [Liu
et al. 2011] 86.9% of [Liu et al. 2013]) cases and 807 (84.3%)
controls in Liu’s research [Liu et al., 2011; Liu et al., 2013]. Many
ADHD children met diagnostic criteria for other disorders: 31.9%
had oppositional defiant disorder (ODD), 5.8% had conduct
disorder (CD), 15.2% had tic disorder (TD), and 37.3% had
learning disability (LD). Among these ADHD cases, there were
177 female probands who, along with their parents, constituted
trios to be analyzed for family-based study. Demographic features
of sample were shown in Tables II and III.

For X-chromosome genes, the current version of PGMDR is
unable to do gene—gene interaction analysis for males, so we only

analyzed in female ADHD trios. We firstly calculated the inter-
action effect of rs5905859 and rs5906745 on ADHD presence.
Secondly, to explore the interaction effect on ADHD symptoms,
we allowed age and ADHD subtype as covariates for adjustment
in PGMDR for female ADHD trios. To reduce the heterogeneity
caused by subtype, we further performed above analyses for three
subtypes separately.

In this two-locus model (rs5905859-1rs5906745), we found that
the interplay had an effect on the presence for female ADHD
(cross-validation consistency =10/10, prediction accuracy=
58.82%, P<0.001), but not for three subtypes. We did not
detect significant interactions on ADHD RS-IV total scores,
attentive scores or hyperactive/impulsive scores for each group
(Table IV).

Logistic regression was used to assess the genotype distribution
between ADHD or its three subtypes and controls. We transformed
genotype into dummy variables, allowing homozygotes of minor
allele as reference category. The results showed that there was no
different genotype distribution of each SNP after controlling for
potentially confounding factors including gender and age (Supple-
mentary Table SI, data for dummy variables weren’t shown, all
P> 0.05). When we conducted gender specific analyses by control-
ling for age, there was still no significant association for genotypes
but significant effect for age (data not shown).

Group N Age (years) (mean + SD)
ADHD 177 9.49+241
ADHD-| 105 9.79+2.32
ADHD-HI / 7.80+1.38
ADHD-C 65 9.17 +2.54

ADHD, attention-deficit/hyperactivity disorder.
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All Male Female
Group N Age (mean £ SD) N Age (mean + SD) N Age (mean + SD)
ADHD 1,462 10.15+2.63 1,216 10.22 +2.63 246 9.84 +2.58
ADHD-I 750 10.76 & 2.67 608 10.88 +2.68 142 10.23 £ 2.55
ADHD-HI 72 8.98 +2.48 64 9.18 +2.53 8 735+1.11
ADHD-C 640 9.58+241 544 9.59+2.39 96 9.47 £2.55
Control 807 11.49° 507 18.00° 300 10.02°

ADHD, attention-deficit/hyperactivity disorder.

“aThe age of the control group was not normally distributed so the statistic presented is the median.

Thus we explored gene—gene interaction on ADHD presence
adjusted for age and gender, and then analyzed by subtype and
gender by GMDR. We evaluated potential interplay on ADHD RS-
IV scores, allowing age, subtypes, and gender as covariates in ADHD
cases, and then analyzed by subtypes and gender (Fig. 1).

We found that the interplay had a significant effect on ADHD
RS-1V scores only in female ADHD-I (cross-validation consistency
=10/10, prediction accuracy =56.91%, P=10.036). We did not
find interactions either on the presence or on ADHD RS-IV scores
for ADHD, ADHD-HI, and ADHD-C group, even after sub-
grouped by gender (Table V). For ADHD-HI, only males were
analyzed because of the extremely small sample of females (n = 8).

According to the GMDR results, we divided female ADHD-I
samples into low- and high-risk genotype combination group.
When the subjects had AC genotypes of rs5905859 or TT of
1s5906754 or AA of rs5905859 combined with CT of rs5906754
(light gray boxes shown as Fig. 2), we put them into the low-risk
group, while others into the high-risk group. We carried on
ANCOVA using ADHD RS-IV scores as dependent variables,
age as covariate in female ADHD-I group. Compared to the
low-risk group, the high-risk group showed a trend for having

Group Measure Prediction accuracy (%)
Female ADHD Presence 58.82
Attention score 49.80
Hyperactive/impulsive score 40.96
Total score 41.13
Female ADHD-I Presence 59.07
Attention score 41.89
Hyperactive-impulsive score 44.34
Total score 31.40
Female ADHD-C Presence 57.26
Attention score 56.20
Hyperactive-impulsive score 46.25
Total score 34.91

ADHD, attention-deficit/hyperactivity disorder. Empirical P-value <0.05 was indicated in bold.

higher total symptom scores (27.88+£7.47 vs. 25.64+8.07,
P=10.089).

The main finding from our analyses was that gene-gene interaction
of MAOA 155905859 and SYP rs5906754 may be a risk factor for
ADHD and had influence on ADHD symptoms in Chinese Han
female samples.

In family-based analyses, the two-locus model was found to be
significantly associated with ADHD in female samples, while no
significant interactions were found for analyses in subtypes. Al-
though we failed to detect the association in case-control study, we
did find the interaction of rs5905859 and rs5906754 was associated
with ADHD symptoms measured by ADHD RS-1IV scores in female
ADHD-I. There was, a trend significant difference between high-
and low-risk group (27.88 4=7.47 vs. 25.64 £ 8.07, P=0.089), in
spite of the small sample size (n = 142). Guan et al. reported both
rs5906754 and rs5905859 were associated with ADHD-I in 83
ADHD-I samples and 184 controls [Guan et al., 2009]. Liu et al.
also found association of rs5906754 with ADHD-I in 570 trios, and

Cross-validation consistency P-value based on 1,000 permutations

10 <0.001
10 0.463
10 0.967
10 0.868
10 0.377
10 1.000
10 0.986
10 0.999
10 0.172
10 0.423
10 0.802
10 0.970
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FIG. 1. The rs5905859 x rs5906754 interaction showed a
significant association with ADHD presence (P < 0.001) in
female ADHD trios by PGMDR. In each cell, the left bar
represented a positive score, and the right bar a negative score.
High-risk cells were indicated by dark shading and low-risk cells
by light shading.

the association was also significant between female ADHD-I cases
(n=2865) and female controls (n = 240) [Liu et al., 2013]. Consis-
tent with our previous studies [Guan et al., 2009; Liu et al., 2013],
rs5906754 and rs5905859 may act as independent candidate genes
as well as components of gene—gene interaction in the etiology of
ADHD especially of inattentive subtype. The result provided evi-
dence for involvement of multiple gene variants of small effect size
in ADHD [Faraone et al., 2005].

We also noted the inconsistency between family-based and case-
control studies. In the family-based analyses, we found the interac-
tion was significantly associated with ADHD in females but not in
two subtypes (ADHD-I and ADHD-C); however, the significant
interaction was only found in ADHD-I subtype from case-control
analyses. The discrepancies in findings between family-based and
case-control studies, which have been reported previously [Liu
et al,, 2013], may attribute to population stratification or the
potential mismatch between case and control samples. Another
inconsistency was the interaction effect on particular subtype. In
our study, we found the interaction model was associated with
ADHD in general and ADHD-I, but no significant association with
ADHD-HI or ADHD-C subtypes. Our data implied the heteroge-
neity among three subtypes, which was pointed out by others that
there were both shared and unique genetic influences among
ADHD subtypes [Faraone et al., 1995; Carlson and Mann, 2000;
Nikolas and Burt, 2010; Shang et al., 2011; Asherson and Gurling,

2012]. It may be worthwhile to explore subtypes separately in
genetic studies of ADHD.

Another important finding of the current study was the differ-
ences between males and females. Despite we only analyzed in
females samples in family-based study, interaction model in case-
control study was found to be significantly associated with ADHD
in females only, but not males. We are interested in X chromosome
genes such as MAOA and SYP due to the biased ADHD prevalence
between boys and girls [Gaub and Carlson, 1997; Ford et al., 2003]
and their distinguished subtype distributions [Rhee et al., 1999;
Carlson and Mann, 2000]. As gender difference of ADHD has been
proposed from clinical, psychological, genetic, and animal studies,
these findings raised the possibility that expression of X-linked
genes might be associated with sex differences in vulnerability to
ADHD [Davies, 2014]. One possible mechanism was X-linked
genes might escape the process of X-inactivation [Davies, 2014].
Carrel et al. found about 15% of X-linked genes escaped inactiva-
tion, and these genes were found in different regions including
Xpll, where MAOA and SYP were located [Carrel and Willard,
2005]. It was assumed that MAOA expression might partially escape
X-inactivation in some tissues of human; however, the results of X-
chromosome inactivation were inconclusive and where or when it
escaped has not yet been identified [Trent and Davies, 2012]. Thus
we anticipated genetic variation of SYP and MAOA might be
involved in X-inactivation to some degree, and then showed gender
difference in ADHD genetic model. Another possible explanation
was that ADHD risk genes had sexually dimorphic effects, especially
genes such as MAOA, which is located on X-chromosome, can
directly affect sexual dimorphism independent of the influence of
sex hormones [Skuse, 2006; Biederman et al., 2008]. On the other
hand, hormones was proved to influence various serotonin func-
tions in humans and animals, and may play an important role in the
sex differences of psychiatric disorders such as autism (ASD)
[Knickmeyer and Baron-Cohen, 2006; Wu et al., 2009], schizo-
phrenia(SCZ), and mood disorders [Ozcan and Banoglu, 2003].
Studies suggested that disorders including autism and schizophre-
nia differed in incidence, symptomatology, and genetic mecha-
nisms between males and females [Klein and Corwin, 2002; Shors,
2002; Levy et al., 2011; Sanders et al., 2011]. Our result provided
promising insights into inconsistency between genders in ADHD
genetic model.

In previous studies, SYP and MAOA, as independent factors,
were reported to have an association with ADHD [Guan et al., 2009;
Liuetal., 2013]. To our knowledge, this is the first report of genetic
interaction between SYP and MAOA with ADHD and their pre-
diction effect on ADHD symptoms. Genetic epidemiology has
assembled convincing evidence that ADHD are substantially influ-
enced by genetic factors which is highly complex, polygenic, and
epistatic. For further exploration of biological function of interac-
tion, MAOA and SYP may share some kind of functional relation-
ship in neurotransmitters circulation. In pre-synaptic neurons,
neurotransmitter release involves two partially overlapping cycles,
the neurotransmitter cycle and the synaptic vesicles (SVs) cycle
[Fon and Edwards, 2001]. The neurotransmitter cycle involves
transmitter biosynthesis, storage, reuptake, and degradation. The
SVs cycle involves targeting vesicles to the nerve terminal where
docking, fusion, endocytosis, and recycling occur. MAO-A in the
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Group Measure Prediction accuracy (%)
ADHD Presence 4791
Attention score 47.65
Hyperactive-impulsive score 49.03
Total score 47.11
Male ADHD Presence 49.51
Attention score 52.20
Hyperactive-impulsive score 49.55
Total score 49.74
Female ADHD Presence 48.45
Attention score 45.72
Hyperactive-impulsive score 48.76
Total score 47.84
ADHD-I Presence 49.56
Attention score 50.11
Hyperactive-impulsive score 48.70
Total score 50.31
Male ADHD-I Presence 50.70
Attention score 50.76
Hyperactive-impulsive score 48.12
Total score 49.16
Female ADHD-I Presence 50.86
Attention score 50.64
Hyperactive-impulsive score 59.66
Total score 56.91
ADHD-HI Presence 47.87
Attention score 50.54
Hyperactive-impulsive score 53.94
Total score 53.46
Male ADHD-HI Presence 5141
Attention score 49.47
Hyperactive-impulsive score 53.67
Total score 52.33
ADHD-C Presence 47.35
Attention score 48.39
Hyperactive-impulsive score 4441
Total score 44.69
Male ADHD-C Presence 47.17¢
Attention score 48.86
Hyperactive-impulsive score 47.79
Total score 46.52
Female ADHD-C Presence 50.92
Attention score 55.08
Hyperactive-impulsive score 47.43
Total score 47.65

ADHD, attention-deficit/hyperactivity disorder. Empirical P-value <0.05 was indicated in bold.

mitochondria plays an important role in the metabolism of mono-
amine neurotransmitter [Shih et al., 1999], while SYP participates
in the formation of the synaptophysin/synaptobrevin (Syp/Syb,
also named Syp/VAMP2) complex, which is mutually exclusive
with the SNARE complex, and then potentially influences the
fusion process [Valtorta et al., 2004]. In addition, synaptophysin
is important to maintain the synaptic membrane integrity and
promote the biogenesis of SV by its cholesterol-binding function

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

Cross-validation consistency  P-value based on 1,000 permutations

10 0.797
10 0.818
10 0.681
10 0.888
10 0.72¢
10 0.126
10 0.495
10 0.495
10 0.610
10 0.810
10 0.525
10 0.641
10 0.556
10 0.435
10 0.689
10 0.496
10 0.406
10 0.297
10 0.839
10 0.558
10 0.329
10 0.516
10 0.100
10 0.036
10 0.597
10 0.500
10 0.139
10 0.160
10 0.296
10 0.604
10 0.170
10 0.255
10 0.788
10 0.782
10 0.976
10 0.979
10 0.734
10 0.628
10 0.696
10 0.825
10 0.352
10 0.115
10 0.619
10 0.625

[Thiele et al., 2000]. The role of these activities has remained
unclear; however, genetic variants of MAOA and SYP might affect
any of these steady steps and break balance in the concentration and
signaling of neurotransmitter, which have been suggested to con-
tribute to the development of ADHD [Scassellati et al., 2012].
There are several limitations needed to be acknowledged in our
study. First, we only chose two SNPs of MAOA and SYPbased on the
current literature, and they only provided limited coverage of the



GAO ET AL.

rs5905859
AC

CcC

CcC
<
H
N~
8 CT
2 139.9°1727
t ml
TT
66 ‘o

FIG. 2. The rs5905859 x rs5906754 interaction showed a
significant association with ADHD RS-IV scores (P = 0.036) in
female ADHD-I group after adjusted by age by GMDR. In each
cell, the left bar represented a positive score, and the right bar
a negative score. High-risk cells were indicated by dark shading
and low-risk cells by light shading.

entire genes. Further exploring the interaction using GWAS or
sequencing strategies may provide further understanding. Second,
it is still unknown how many subjects are required to get a proper
power for identifying gene—gene interactions in GMDR/PGMDR
[Ritchie et al., 2003; Motsinger and Ritchie, 2006] and we only
conducted analyses in females for family-based tests which was of
relatively small sample size. Third, one of our main findings is for
genetic interactions with female ADHD-I subtype in case-control
study, but the sample size of female ADHD-I group was relatively
small. This may be a common problem when we conduct analyses in
subgroups. Fourth, cases and controls were not well matched with
significant differences of gender and age. Although we have con-
trolled these two confounding factors, well-matched samples will be
better for future research to reduce the noise. In addition, the
interaction model by GMDR/PGMDR was a statistic model and the
biological significance remains unclear. Finally, we essentially used
the same set of cases-control (probands) in both the family-based
and case-control analyses, it would be more helpful to use another
independent case-control sample to test the findings from the
family-based analyses.

In conclusion, our study found a significant interaction effect of
MAOA and SYP on female ADHD from family-based analyses, and
the interaction model had an influence on ADHD symptoms in
female ADHD-I from case-control study. These findings provide
some evidence for multifactorial inheritance, subtype-specific, and
gender-specific in pathophysiology of ADHD.
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