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A genome scan was performed on 164 Dutch affected sib pairs (ASPs) with attention-deficit/hyperactivity disorder
(ADHD). All subjects were white and of Dutch descent and were phenotyped according to criteria set out in the
Diagnostic and Statistical Manual Of Mental Disorders, 4th edition. Initially, a narrow phenotype was defined, in
which all the sib pairs met the full ADHD criteria (117 ASPs). In a broad phenotype, additional sib pairs were
included, in which one child had an autistic-spectrum disorder but also met the full ADHD criteria (164 ASPs). A
set of 402 polymorphic microsatellite markers with an average intermarker distance of 10 cM was genotyped and
analyzed using the Mapmaker/sibs program. Regions with multipoint maximum likelihood scores (MLSs) >1.5 in
both phenotypes were fine mapped with additional markers. This genome scan indicated several regions of interest,
two of which showed suggestive evidence for linkage. The most promising chromosome region was located at 15q,
with an MLS of 3.54 under the broad phenotype definition. This region was previously implicated in reading
disability and autism. In addition, MLSs of 3.04 and 2.05 were found for chromosome regions 7p and 9q in the
narrow phenotype. Except for a region on chromosome 5, no overlap was found with regions mentioned in the

only other independent genome scan in ADHD reported to date.

Introduction

Attention-deficit/hyperactivity disorder (ADHD [MIM
143465]) is a highly heritable psychiatric disorder that
affects ~4%-5% of children in Western countries (Bui-
telaar 2002). The syndrome persists into adulthood in
about one-third of the cases (Spencer et al. 1998) and
affects ~0.5%-2% of adults (Buitelaar 2002).
According to the criteria of the Diagnostic and Sta-
tistical Manual Of Mental Disorders, 4th edition (DSM-
IV), a diagnosis of ADHD requires that a child meet
six of nine criteria for inattention (inattentive subtype),
six of nine criteria for hyperactivity/impulsivity (hyper-
active/impulsive subtype), or both (combined sub-
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type). Furthermore, the behavioral problems must have
started before the age of 7 years and must have persisted
for at least 6 mo in at least two different settings (e.g.,
school and home) (American Psychiatric Association
1994).

There is a substantial difference between the sexes in
the prevalence of childhood ADHD, with boys being
affected 3 times more often than girls in the general
population (Gaub and Carlson 1997) and 10 times more
often in clinical settings (Arnold 1996). In adults this
ratio becomes 2:1 in the general population (Biederman
1998). High levels of comorbidity with other psychiatric
disorders are common in both sexes (Angold et al.
1999). When viewed either categorically or on a con-
tinuous scale, ADHD has an estimated heritability of
75%-91% (Levy 1997). The relative risk for siblings
of affected children (\,) is increased approximately five-
fold (Biederman et al. 1992). On the basis of the relative
risk for first- (N = 5-8) and second-degree family mem-
bers (A = 2), a model of multiple genes interacting in
an additive manner was proposed elsewhere (Smalley
1997). Despite much research, the exact etiology of
ADHD has still not been clarified.

Because methylphenidate, the most widely prescribed
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drug for treating ADHD, mainly blocks the dopamine
transporter, most genetic research has focused on the
dopaminergic system. Several studies have found an as-
sociation with the seven-repeat allele of a 48-bp repeat
in the dopamine 4 receptor (DRD4) gene (Faraone et
al. 2001). Similar results were reported for the 10-repeat
allele of a 40-bp repeat in the dopamine transporter
(DATT1) gene (Cook et al. 1995; Gill et al. 1997; Wald-
man et al. 1998; Daly et al. 1999; Barr et al. 2001). A
number of studies have failed to replicate these findings,
possibly because of their small sample size or the fact
that ADHD is a genetically heterogeneous disorder (Pal-
mer et al. 1999; Holmes et al. 2000; Kotler et al. 2000;
Jorm et al. 2001; Roman et al. 2001).

The relative risk of developing ADHD for a carrier
of a DAT1 or DRD4 risk allele is ~1.3 and 1.4, re-
spectively (Faraone et al. 2001; Maher et al. 2002).
When the syndrome is viewed as the extreme of a con-
tinuous trait, these genes explain only 2%-3% of the
difference in symptom severity (Waldman et al. 1998;
Schmidt et al. 2001). Accordingly, it is assumed that
there are other, as-yet-unidentified genes that play a ma-
jor role in ADHD. It is possible that some of these genes
are involved in serotonergic and noradrenergic neuro-
transmission (Gainetdinov et al. 1999). Genomewide
linkage analysis provides a means of identifying chro-
mosome regions containing susceptibility genes, with-
out an a priori hypothesis about their function. In ad-
dition, studies involving affected sib pairs (ASPs) require
no assumptions about the mode of inheritance. Re-
cently, the results of the first whole-genome screen in
American ASPs were published (Fisher et al. 2002).
However, under a broad, as well as a narrow, definition
of the ADHD phenotype, no chromosomal regions were
found that were suggestive for linkage, according to
recently suggested criteria for the interpretation of link-
age results (Lander and Kruglyak 1995). In a follow-
up study in an extended sample, significant linkage was
found on chromosome 16p13, in a region already im-
plicated in autism (Smalley et al. 2002). It has been
suggested that ADHD and autistic-spectrum disorders,
which also have a high heritability (Bailey et al. 1995),
have common genetic factors (Luteijn et al. 2000; Smal-
ley et al. 2002). According to the DSM-IV classification,
an autistic-spectrum disorder rules out the diagnosis of
ADHD; however, a substantial number of patients with
ADHD have mild problems in social interactions and
communication that are rather similar to the symptoms
of autism. (Clark et al. 1999; Luteijn et al. 2000). A
subgroup of autistic children also showed high levels of
inattention, hyperactivity, and impulsivity (Jaselskis et
al. 1992; Aman and Langworthy 2000; Noterdaeme et
al. 2001).

The present article reports the results, using a broad
and a narrow phenotype, of a whole-genome scan in
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164 ASPs with ADHD who were white and of Dutch
descent. We detected three loci with MLSs of 3.54,
3.04, and 2.05 on chromosome regions 15q, 7p, and
9q, respectively.

Subjects and Methods

Ascertainment

The sample in the present study consists of 238 chil-
dren in 106 families, whose diagnoses were assigned
according to DSM-IV criteria. The families were re-
cruited from three academic child psychiatric outpatient
clinics, in Utrecht (n = 24), Groningen (z = 25), and
Amsterdam (n = 3). Other families (#z = 54) were re-
cruited through a patient organization and by placing
advertisements in journals and on the Internet. The Med-
ical Ethical Committee of the Utrecht University Medical
Center approved the study, and all parents gave written
informed consent.

Instruments and Procedures

The children and their parents were invited to partic-
ipate in extensive diagnostic evaluations that lasted ~1
d. After evaluation, ASPs were included in the study if
they met the following five criteria: (1) at least one mem-
ber of each ASP met all criteria for the DSM-IV-defined
combined, inattentive, or hyperactive/impulsive type of
ADHD; (2a) the other member of the ASP met the same
criteria, (2b) the other member met at least five of nine
DSM-IV criteria for inattention and/or five of nine
criteria for hyperactivity/impulsivity (“subthreshold”
ADHD), or (2¢) the other member met all DSM-IV cri-
teria for ADHD but had been found to have an autistic-
spectrum disorder, which excludes an ADHD diagnosis;
(3) both members were at least 3 years old but not >18
years old (in our sample of 238 children, 5% were <6
years of age); (4) for those with a history of educational
problems, only children with an estimated full-scale 1Q
>80 on the Wechsler Intelligence Scale for Children—
Revised or the Wechsler Preschool and Primary Scale
of Intelligence were included in the analysis (Wechsler
1967; Wechsler 1974); and (5) all four grandparents
were white and of Dutch descent, with the exception of
two families, each with two affected siblings, in which
one of the parents was not white.

Patients who had handicaps (e.g., deafness), other psy-
chiatric disorders (e.g., schizophrenia) or genetic syn-
dromes (e.g., fragile X syndrome) that could be related
to behavioral problems were excluded from the analysis.

Relationships between siblings were verified using the
program GRR (Abecasis et al. 2001). This resulted in
the identification of two half-sibs, who were also ex-
cluded. In two families with MZ twins and additional
affected siblings, one of the twins was excluded. In five
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Table 1
Number of ASPs by Phenotype
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BROAD PHENOTYPE

NARROW PHENOTYPE

No. oF CHILDREN No. of No. of No. of No. of No. of No. of

PER FAMILY Families ASPs? Children®  Families ASPs? Children®

2 85 85 (85) 170 62 62 (62) 124

3 17 51 (34) 51 9 27 (18) 27

4 3 18 (9) 12 3 18 (9) 12

5 1 10 (4) s 1 10 (4) s
Total 106 164 (132) 238 75 117 (93) 168

* Total number of ASPs, calculated in two different ways. In the unweighted (all pairs)
method, a family with # sibs contributes (n* — 7)/2 sib pairs. The number of independent sib
pairs, in which a family with 7 sibs contributes (z — 1) pairs, is shown in parentheses.

" Total number of children who make up the relevant sib pairs.

families these twins constituted the only sib pair, which
resulted in exclusion of the whole family.

Despite the fact that ADHD had been previously di-
agnosed by child psychiatrists or pediatricians in all chil-
dren in this analysis, the diagnosis was verified in clinical
interviews with the parents and the children. In addition,
for all the patients the DSM-IV version of the Diagnostic
Interview Schedule for Children (DISC) (Shaffer et al.
2000) was conducted with both parents by specially
trained graduate students in medicine or child psychol-
ogy. This instrument was also used to measure the pres-
ence of mood disorders, anxiety disorders (other than
simple phobias), oppositional defiant disorder (ODD)
and conduct disorder (CD). Finally, the Conners and
Childhood Behavior Checklist/Teacher Report Form
were collected from teachers and parents (Goyette et al.
1978; Achenbach and Ruffle 2000).

The final diagnosis of ADHD, which served as the
primary basis for inclusion in the study, was determined
using a best-estimate procedure (Leckman et al. 1982).
To this end, the results of the medical history, clinical
interview, DISC interview, information about social
skills, and the scores on the Conners and Childhood
Behavior Checklist/Teacher Report Form, as rated by the
parents and teachers, were summarized by E.M.V. into
a patient report (Goyette et al. 1978; Achenbach and
Ruffle 2000; Shaffer et al. 2000). This report was dis-
cussed in regular case reviews with an experienced child
psychiatrist (J.K.B.). The result was a consensus diag-
nosis. If a child showed severe social deficits, the pos-
sibility of an autistic-spectrum disorder was considered
after collecting additional information on his or her lan-
guage and social development and repertoire of activities
and interests.

A narrow phenotype of probands and siblings with
full ADHD symptoms according to the DSM-IV criteria
was defined. The sample comprised 117 ASPs, according
to an unweighted analysis that calculated all possible
pairs in families with more than two affected siblings.
In the same manner, a broad phenotype was defined,

comprising the narrow phenotype plus an additional 47
ASPs with a broad phenotype (i.e., one member had full
ADHD and the other met criteria 2b or 2¢ of the selec-
tion criteria). The broadly and narrowly defined samples
are described in table 1.

The mean age + SD of the children was 10 years =+
3. Their clinical characteristics are shown in table 2. The
parent with the highest educational level defined the so-
cioeconomic status of the family unit. The following

Table 2

Clinical Characteristics of Individual Children

NoO. (%) OF CHILDREN WITH

CHARACTERISTIC Narrow Phenotype  Broad Phenotype
Sex:

Male 167 (83.9) 30 (76.9

Female 32 (16.1) 9 (23.1)
Socioeconomic status:

I 0 0

i 50 (25.1) 3(7.6)

I 73 (36.7) 18 (46.2)

v 76 (38.2) 18 (46.2)
Comorbidity™:

Anxiety 27 (13.8) 10 (27.8)

Mood 15 (7.7) 2 (5.6)

ODD 82 (41.8) 9 (25.0)

CD 14 (7.1) 1(2.8)
Broad phenotype:

Subthreshold ADHD 13 (33.3)

PDD-NOS 18 (46.2)

Autism/Asperger 8 (20.5)
ADHD subtype:

Combined 170 (85.4)

Inattentive 25 (12.6)

Hyperactive/impulsive 4 (2.0)

Overall total 199 (83.6) 39 (16.4)

NOTE.—In contrast to table 1, in which sib pairs are the point of
reference, in this table the individual child is the point of reference.
Thus, a child with ADHD who has an autistic sibling is now counted
in the narrow phenotype. The total number of children in the narrow
phenotype therefore differs from that in table 1.

* In both narrow and broad phenotypes, comorbidity data from
three children are missing.



1254

classifications were used: I, no or uncompleted high
school; II, high school completed; III, some college
education; or IV, college completed. Children with an
autistic-spectrum disorder were divided into pervasive
developmental disorder not otherwise specified (PDD-
NOS) and autism/Asperger syndrome, according to the
DSM-1V criteria. PDD-NOS is generally viewed as a less
severe form of autism. Children with Asperger syn-
drome, unlike those with autism, have normal language
skills.

The DSM-IV criteria distinguish three subtypes of
ADHD: inattentive, hyperactive/impulsive, and com-
bined (American Psychiatric Association 1994). In ac-
cordance with the results of most other studies, the ma-
jority of children in the present study had the combined
subtype. In two families with both minor and adult sib-
lings with ADHD, the adult siblings were also included
in the analysis. Phenotypic characteristics of study sam-
ples were compared by means of a x> test.

Genotyping and Analysis

DNA was extracted from peripheral blood lympho-
cytes or buccal mucosa, using established procedures.
Samples obtained from buccal mucosa were purified
with an additional phenol extraction step. DNA con-
centration was measured with a spectrophotometer
(Tecan), and samples were diluted with distilled water
to a concentration of 15 ng/ul.

The Mammalian Genotyping Service of the Marsh-
field Medical Research Foundation performed the ge-
notyping for the initial screen. The marker set was based
on Marshfield Screening set 10 and consisted of 402
polymorphic microsatellite markers with an average
spacing of 10 cM and an average heterozygosity of 0.75.

In the second stage of the screen, chromosomal regions
were fine mapped with additional microsatellite markers
from the Marshfield database. Marker positions in these
regions were verified using the Ensembl, Celera, and De-
code (Kong et al. 2002) human sequence databases. Ei-
ther the forward or the reverse oligonucleotide primer
was labeled with 6-FAM, HEX, or NED fluorescent dyes
(Biolegio and Applied Biosystems). PCRs were per-
formed in a 10-ul volume containing 30 ng of template
DNA, 25 ng of each oligonucleotide primer, 0.2 mM
of each dNTP, and 0.4 U AmpliTag Gold (Applied
Biosystems), in 1 x PCR buffer IT with 2.5 mM MgCl,
(Applied Biosystems). DNA was initially denatured at
94°C for 7 min and was then subjected to 33 cycles of
94°C for 30's, 55°C for 30 s, and 72°C for 30 s, followed
by a final extension step of 30 min at 72°C. PCR prod-
ucts were diluted four times with distilled water, and 1
ul of diluted product was mixed with 4 ul of HiDi (Ap-
plied Biosystems) and 0.1 ul of GS-500 size standard
(Applied Biosystems) and was separated in POP6 poly-
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mer on an ABI 3700 capillary DNA sequencer (Applied
Biosystems).

Data were analyzed using Genescan 3.6 and Geno-
typer 3.5 for Windows NT (Applied Biosystems). Two
independent raters genotyped the additional markers
and checked results for inconsistency. If they disagreed,
the genotypes were classified as unknown. In the initial
screen, genotypes with a reported Marshfield quality
score <0.99 were also recoded as unknown.

Inheritance within families was verified using the Ped-
check program (O’Connell and Weeks 1998). If there
were inheritance errors, the complete family was ex-
cluded from the analysis for that marker. Allele fre-
quencies were calculated from the parental genotypes.

Data were analyzed using the Mapmaker/sibs pro-
gram (Kruglyak and Lander 1995). Maximum-likeli-
hood-scores (MLSs) were determined in single-point and
multipoint analyses and were calculated using the pos-
sible-triangle method (Holmans 1993), which makes no
assumptions about the mode of inheritance. Dominance
variance was allowed for in all analyses.

In multipoint analysis, MLSs were calculated at 10
intervals between two adjacent markers, with off-end
ranges of 10 cM at both ends of the chromosome. All
possible pairs within each family were used in the cal-
culations. In those regions with an MLS >2, data were
also analyzed by means of a weighted procedure. Ac-
cording to this method, all possible sib pair combina-
tions in families with more than two affected siblings
were taken into account but were weighted with a factor
(2/n), where n was the number of affected sibs in the
family. In the analysis of the X chromosome, the separate
LOD scores for sister-sister, sister-brother, and brother-
brother pairs were summed (Cordell et al. 1995).

CIs (95%) under linkage peaks were determined by
calculating, and determining the map position of the
point obtained by subtracting 1 from the maximum.
Locus-specific A, values were calculated by dividing the
observed Z, value at the point of the maximal MLS by
the expected value of 0.25 (Kruglyak and Lander 19935).
Overall information content of the markers was ob-
tained by calculating the average multipoint information
content for all markers, including the 10-cM off-end
scales. Exclusion mapping was performed for different
relative risks, using the “exclude” option in Mapmaker/
sibs (Kruglyak and Lander 1995).

Results

DNA was available from all the parents, except one
missing father. In the initial screen, all families were ge-
notyped using 402 polymorphic microsatellite markers
with an average intermarker spacing of 10 cM. Average
genotyping completeness was 97.3%, and the average
marker information content across the genome was
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0.72. The most promising regions on chromosomes 7,
9,10, and 15 were fine mapped with additional markers,
and genotyping in these areas was repeated for markers
from the initial screen. This resulted in a resolution finer
than 5 ¢M and a marker information content of 90%-—
95%. Multipoint MLSs for the broad and narrow phe-
notype groups are shown in figure 1. Table 3 summarizes
all the genomic regions with multipoint MLSs >1. Single-
point MLSs were in agreement with multipoint results
(data not shown).

On chromosome region 7p, the MLS was 3.04, with
a 95% CI of 16 cM (26.6 Mb). The estimated sibling
relative risk of this locus would be 1.19. The relative
risk of a locus on chromosome 15 was estimated to be
1.60 (with 1.32 being the lower limit of of the 95%
CI). Here, the MLS was 3.54, and the 95% CI was 18
cM (16 Mb).

Because one-fifth of the families in our sample had
more than two affected siblings, we investigated the
effect of weighting multiple sibships in the regions with
MLS >2. When this procedure was followed, the MLS
on chromosomes 15q and 7p decreased to 2.49 and
2.27, respectively, and the MLS on chromosome 9q in-
creased to 2.34. Exclusion mapping showed that the
existence of a locus with a relative risk of 1.5 could be
excluded only for 8.3% of the total genome. However,
53.9% and 87% of the genome could be excluded for
loci with relative risk values of 2 and 3, respectively.

Discussion

Our genome scan in 164 ASPs with ADHD has identified
regions on chromosomes 7p and 15q with maximum
MLSs of 3.04 and 3.54, respectively, which can be re-
garded as suggestive for linkage, according to the criteria
proposed by Lander and Kruglyak (1995). The study
was based on a narrow phenotype of sib pairs, in which
both children had ADHD according to the DSM-IV cri-
teria. An additional broad phenotype was distinguished,
in which the probands met the full ADHD criteria and
the siblings had subthreshold ADHD or had received a
diagnosis of an autistic-spectrum disorder and also met
the full criteria for ADHD. The results for the broad
and narrow phenotype groups were very similar. There
were no unique areas of linkage restricted to a single
phenotype. In most peak regions, MLSs were higher in
the analysis of the narrow phenotype, even though the
number of contributing sib pairs was reduced by almost
30%.

Following the method used in the first reported ge-
nome screen in ADHD (Fisher et al. 2002), we analyzed
the results of the present study with the use of all pos-
sible sib pairs in each family. Because pairs in families
with more than two affected siblings are not indepen-
dent, the resulting MLS may be inflated. On the other
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hand, assigning a lower weight to sib pairs from families
with more than two affected siblings is probably too
conservative (Daly and Lander 1996). Even in the
weighted analysis, the regions on chromosomes 15q and
7p can be classified as suggestive for linkage.

In their genome scan in an extended sample of 270
ASPs, Ogdie et al. (2003) identified regions with LOD
scores >1 on chromosomes 5p13, 6q14, 11q25, 16p13,
17p11, and 20q13. It is remarkable that, when their
data are compared with our results, none of these
regions coincide with the regions with LOD scores >1
in the present study, with exception of the 5p region,
which showed modest LOD scores in both studies. It is
not yet clear to what extent these differences are due
to spurious findings or to clinical or genetic heteroge-
neity. Our two groups of researchers are now investi-
gating the possibility of performing a combined analysis
of the two samples. However, such a study will require
a detailed comparison of marker sets, as well as phe-
notypic characteristics.

Several differences between our sample and the one
described by Ogdie et al. (2003) are apparent. First, the
Dutch sample was specifically selected for a homoge-
neous ethnic background. With two exceptions, families
were included only if all four grandparents of the ASPs
were white and of Dutch descent. Since there was rel-
atively little immigration to the Netherlands until the
second half of the 20th century, our sample is more
ethnically homogeneous than the American sib pair
sample, which included 20% nonwhite children. Other
differences are the sex ratio (17% girls in the Dutch
sample vs. 28% in the American sample; P = .01) and
the prevalence of the inattentive subtype of ADHD
(13% in the Dutch sample vs. 55% in the American
sample; P <.01).

Moreover, the Dutch sample is characterized by a
lower level of conduct disorder (6% vs. 15%; P <.01)
and a higher socioeconomic status (0% vs. 22% in the
lowest socioeconomic class; P <.01). Social insurance
and health care coverage levels in the Netherlands are
higher, and inner city problems are less pronounced than
in the United States. It is therefore possible that envi-
ronmental factors accounted for some of the differences
between the two studies; and, if we assume that there
are at least several genes involved, different—and as yet
partly unknown—environmental components could
have led to the identification of different gene sets. Ge-
netic linkage studies in a wide variety of complex dis-
orders have generally demonstrated a lack of replication
(Altmuller et al. 2001), and comparison of the genome
screens conducted in ADHD indicates that linkage stud-
ies in ADHD could face similar difficulties.

ADHD is associated not only with autistic features
but also with dyslexia and language disorders (Clark et
al. 1999; Cohen et al. 2000; Kovac et al. 2001; Willcutt
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Figure 1 Multipoint MLS for all chromosomes (Y-axis). MLS for the small phenotype are indicated with a solid line, and the dotted line
represents MLS for the broad phenotype. Genetic distance (in cM) with marker positions indicated by solid triangles (X-axis). Chromosome
numbers are listed in the upper right corner of each graph.
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Table 3
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Chromosome Regions with Multipoint Maximum Likelihood Scores >1

MuLTIPOINT MLS

CHROMOSOME LOCATION®

REGION MARKER (cM) Narrow Phenotype  Broad Phenotype
3q13.32 D3S2460 134.6 1.36 1.25
4p16.3 D4S3360 .0 1.78 1.62
Sp13.1 D5S2500 69.2 0.47 143
6q26 D6S305 166.4 1.19 0.66
7p13 D751818 69.6 3.04 2.09
9q33.3 D9S1825 136.5 2.05 1.68
10cen D10S1426 59.0 1.26 1.25
13q33.3 D13S796 93.5 191 1.25
15q15.1 GATAS0CO03 34.8 3.21 3.54

NOTE.—MLSs for both phenotypes are given, with the highest score underlined. The
marker closest to the maximum MLS is shown. Only those multipoint MLSs that were
supported by multiple markers in single-point analysis are listed.

* Locations correspond with the Marshfield genetic map, sex-averaged distances.

etal. 2002). It is interesting that, in both genome screens
performed to date, the chromosome regions of maxi-
mum linkage coincide with linkage regions found in
autism studies. In our study, the highest MLS was ob-
tained on chromosome 15q in the broad phenotype
group, which also included siblings with an autistic-
spectrum disorder. In autism, the chromosome region
15q11-13 has repeatedly been suggested to harbor dis-
ease-susceptibility genes. Autism was shown to coseg-
regate with different chromosomal abnormalities in this
region (Cook et al. 1997; Schroer et al. 1998; Wolpert
et al. 2000), and several authors have reported evidence
for linkage in this area (Philippe et al. 1999; Risch et
al. 1999; Collaborative Linkage Study of Autism 2001;
Gutknecht 2001; Shao et al. 2003). The highest MLS
in our study was located ~20 ¢cM distal to the region
most frequently reported, which falls just outside our
95% CI. One study, however, found the highest MLS
at marker D155118, which lies halfway between the
markers that gave the highest MLSs in our study (Phi-
lippe et al. 1999). This sample of autistic children had
a similar, mainly western European ethnic background.

The results of studies on the genetics of reading dis-
ability are also relevant for our findings in the 15q re-
gion. Two genome scans reported a susceptibility locus
for reading disability in areas that fall within the 95%
CI of our linkage peak on chromosome 15 (Grigorenko
et al. 1997; Nothen et al. 1999). Moreover, reading
disability was found to be associated with a three-
marker haplotype that also included marker D155994
(Morris et al. 2000). This marker had the highest single-
point LOD score (3.37) in our study and contributed
directly to the MLS peak. Interestingly, the findings in
reading disability prompted an association study with
markers in this region in families with ADHD. Signif-
icant association was found with marker D155146,
which is located 0.5 ¢cM from D155994 (Barr et al.

2002). Given these findings, we plan to collect detailed
information on the reading abilities of the participants
in our sample and to analyze the region on chromosome
15 in a further independent sample of families collected
for genetic studies of reading disability. The results
of the present study seem to lend further support to
the hypothesis that a chromosome 15q locus plays a
role in the etiology of genetically overlapping devel-
opmental disorders, including ADHD, autism and
reading disability.

Most of the well-known ADHD candidate genes, in-
cluding DAT1, DRD4, and DRDS, lay outside areas
with elevated LOD scores, a point also raised by Fisher
et al. (2002). It should be noted, however, that our study
had limited power to detect loci with a low locus-specific
relative risk. Recent meta-analyses suggest relative risk
values for DAT1, DRD4, and DRDS of 1.3, 1.4, and
1.6, respectively (Faraone et al. 2001; Maher et al.
2002). Although our study had a 97% power of finding
a LOD score of 2.6 for a locus with a relative risk of
2.0, the chances of finding a similar LOD score for loci
with a relative risk of 1.6 and 1.3 would have been
63% and 11%, respectively. Such loci were therefore
unlikely to be detected.

Two regions in the present study harbor previously
suggested ADHD candidate genes, both involved in
dopaminergic neurotransmission. Dopa decarboxylase
(DDC), also known as “aromatic L-amino acid decar-
boxylase,” is the enzyme that converts dopa into do-
pamine. Positron emission tomography showed an ac-
cumulation of ['*F] fluorodopa in the right midbrain
of children with ADHD, indicating an impaired func-
tion of DDC (Ernst et al. 1999). The gene is located
on chromosome region 7p13, within 600 kb of the
D752422 marker, which gave an MLS of 3.04 in the
present study. In an Irish population of patients with
ADHD, a haplotype consisting of the D752422 marker
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and a 4-bp deletion in exon 1 was transmitted more
often to affected offspring, although these results were
only marginally significant (Hawi et al. 2001). In the
present study, we found evidence of an increased marker
sharing in the DDC region relative to the ADHD phe-
notype. Taken together, these results indicate that the
involvement of DDC in the etiology of ADHD deserves
future investigation using fine-mapping techniques to
define possible regions of linkage disequilibrium.

Another enzyme in the dopamine pathway is dopa-
mine B-hydroxylase (DBH), which converts dopamine
to norepinephrine. The gene on chromosome region
9q34 is located within the MLS peak found in our study.
Several studies have reported an association between
restriction site polymorphisms in this gene and
ADHD (Daly et al. 1999; Roman et al. 2002; Wigg
et al. 2002). A relationship between low DBH activity
and symptoms of hyperactivity was reported several
years ago (Rogeness et al. 1989).

In conclusion, this whole-genome scan in ADHD has
located several susceptibility loci, two of which—on
chromosome regions 7p and 15g—are suggestive for
linkage. The chromosome 15 region is particularly in-
teresting, since it has been implicated in autism and
reading disability. These results may provide new di-
rections in the search for specific genetic determinants
of ADHD.
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