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Abstract
During the past 15 years, an impressive amount of genetic information has become available in the
research field of psychiatry, particularly as it relates to attention-deficit/hyperactivity disorder
(ADHD). However, the classical clinical approach to ADHD has minimally affected and not
significantly been improved by this genetic revolution. It is difficult to predict how long it will
take for genetic findings to alter the way clinicians treat patients with ADHD. New medications or
treatment protocols may take years to become routine clinical practice. However, when taken
together, recent successes in genomics, pharmacogenomics, and genetic epidemiology have the
potential (1) to prevent comorbid consequences of ADHD, (2) to individualize therapies for
patients with ADHD, and (3) to define new epidemiological policies to aid with the impact of
ADHD on society. Here, we present an overview of how genetic research may affect and improve
the quality of life of patients with ADHD: as an example, we use the discovery of LPHN3, a new
gene in which variants have recently been shown to be associated with ADHD.
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Human genetics and genomic medicine in today’s world
The field of human genetics, particularly medical genetics and genomic medicine, has
become one of the most active, successful, and exciting areas of research in modern
medicine. Just as astrophysicists have the Hubble Space Telescope to study astronomy and
the Large Hadron Collider to investigate the laws of physics, geneticists now have
technology to better understand fundamental aspects of inheritance and human development.
This has been used to understand variation of some relatively complex phenotypes (Cadieu
et al. 2009), this technology will help to define the many “bricks” we will need to
understand and build human complex phenotypes, human behavior being one of them.

Several milestones in the field of genetics are particularly relevant: (1) the completion of the
sequencing of the human genome through the Human Genome Project in 2001, the
availability of further human genome reference sequences in 2003 (Lander et al. 2001), and
the publication of many other genome sequences of several individuals ascertained from
diverse populations (Ledford 2010); (2) the completion of the HapMap project to identify
genetic similarities and differences between people, with the latest generation HapMap
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including more than 3.1 million single nucleotide polymorphisms (SNPs) (Manolio and
Collins 2009) and a summary database that can explain the remaining ungenotyped
variations of the human genome; (3) the discovery of new technologies and methodologies,
largely based on advances in nanotechnology, that have greatly reduced the required time
and cost of genotyping millions of variants in thousands of individuals; (4) the availability
of hundreds of publicly accessible databanks that contain information such as genome
sequences, maps, and intra- and interspecies genomic variations; (5) the ability to define
potential functionally important variations, such as by characterizing the entire human
exome in a small number of individuals to define mutational causes of Mendelian disorders
(Choi et al. 2009; Ng et al. 2009); and (6) the ability to perform more refined phenotypic
descriptions, whether normal or abnormal, using advance technology, such as magnetic
resonance imaging (MRI) in the context of psychiatric conditions (Wong et al. 2008; Kieling
et al. 2008).

All of these landmark developments have made the identification of genetic susceptibilities
to highly prevalent diseases and complex traits possible, such as type 2 diabetes, various
types of cancers, heart disease, Crohn’s disease, bipolar disorder (Manolio et al. 2007;
Collins and Manolio 2007), and many others. However, definition of these genomic variants
largely implies that a proxy functional variant is the real cause of either the disease or the
complex trait. Therefore, a detailed dissection of these associated genomic regions by means
of further genetic sequencing and/or functional studies would provide crucial knowledge
regarding the physiological causes and potentially effective treatments and methods of
prevention of many common diseases (Wong et al. 2008; Manolio et al. 2009).

Attention-deficit/hyperactivity disorder (ADHD)
ADHD, the most common behavioral disorder of childhood, affects 8–12% of children
worldwide (Spencer et al. 2007; Arcos-Burgos and Acosta 2007). The disorder is defined as
a persistent syndrome characterized by inattention, excessive motor activity, and
impulsivity. Affected individuals are at increased risk for poor educational achievement, low
income, underemployment, legal difficulties, and impaired social relationships (Spencer et
al. 2007; Arcos-Burgos and Acosta 2007). A conservative cost estimate, based on an ADHD
prevalence of 5%, established that the cost attributable to ADHD in the United States alone
is approximately $42.5 billion per year (Lee et al. 2007). Although ADHD does occur as an
isolated disorder in a minority of individuals, it is usually comorbid with other behavioral
and emotional disorders, such as oppositional defiant disorder (ODD), conduct disorder
(CD), and substance abuse (Jain et al. 2007; Palacio et al. 2004).

ADHD and genetic causes
Even though it is clear that there are multiple environmental risk factors significantly related
to the development of ADHD, there is now overwhelming evidence that genetics can help
explain most of the variability in terms of susceptibility to ADHD (Pineda et al. 2007; Gizer
et al. 2009; Waldman and Gizer 2006). Twin studies, adoption studies, and epidemiological
studies including relative risk estimates and segregation analyses have demonstrated that
there is a significantly great genetic contribution to ADHD when compared to
environmental factors (Biederman et al. 1992; Maher et al. 1999; Lopera et al. 1999; van
den Oord et al. 1994; Reiersen et al. 2008; Rasmussen et al. 2002; Neuman et al. 2001;
Willcutt et al. 1999).

In fact, several of these studies have estimated that the heritability of ADHD is around 70%,
a strikingly high figure when compared to the heritability estimates for many other complex
disorders such as diabetes, non-syndromic facial clefting, and dementia (Manolio et al.
2009; Marazita et al. 1983, 1984, 1986). This high heritability, as estimated by several
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complex segregation analyses, is in complete agreement with a model based upon major
gene effects. This strongly suggests an oligogenic model, a scenario in which a small and
finite number of genes of moderate, but not necessarily equal, effects are involved
(Schliekelman and Slatkin 2002). This is in contrast to a multifactorial threshold model
(Elston and Yelverton 1975; Stricker et al. 1995; Iyengar et al. 2004), which incorporates an
infinite number of genes with small and equal effects, plus the presence of an environmental
trigger. The detection of these quasi-Mendelian, moderate-effect factors has compelled
many groups, including our own, to design genetic epidemiology-based protocols to dissect
these loci, or chromosomal positions thought to include the genes at play. Such protocols
aim to link a disorder to a specific locus, with the power of detection dependent on the
relative risk attributable to that locus. The power to detect linkage deteriorates quickly as the
number of loci increases (Faraone et al. 2000; Guo and Elston 2000; Risch 1990a, b, c, d).

Family-based versus case–control designs: association and/or linkage of
ADHD to candidate genes and genomic regions

The substantial amount of genetic-epidemiological data prompted a large number of studies
aimed at linking gene variants with ADHD. Family-based and case–control-based designs
were then used to investigate the presence of linkage and/or association of ADHD to either
candidate genes or genomic regions. Risch et al. have reviewed the pros and cons of using
families that cluster a high number of relatives with ADHD, compared to using ADHD cases
and controls ascertained from populations (Risch and Merikangas 1993; Risch and Teng
1998; Risch and Zhang 1995). In summary, although case–control-based studies have a
higher statistical power and are easier in terms of recruiting cases, family-based studies
avoid the problem of genetic stratification and genetic heterogeneity (Arcos-Burgos et al.
2002).

Following studies similar to those mentioned earlier, either genetic variants or genomic
regions were found to be in association and/or linkage with ADHD. Impressive meta-
analytical overviews have been performed, and several of these findings showed replication
(Gizer et al. 2009; Faraone and Mick 2010; Coghill and Banaschewski 2009; Smith et al.
2009). A summary of several of these genes significantly associated and/or linked to ADHD
by meta-analyses is presented in Table 1. As far as we are aware, three genome-wide
association studies (GWAS) reports disclosed nominal associations. But none of them
reached significance after correcting by multiple testing (Lesch et al. 2008; Elia et al. 2009;
Franke et al. 2009).

LPHN3, a gene recently described to have a high potential for the
prevention and treatment of ADHD

For almost 20 years, one of the authors (M.A.B.) has studied highly prevalent conditions
(including Alzheimer’s disease, idiopathic epilepsy, autoimmune disorders, and several
psychiatric conditions) by collecting extended and multigenerational pedigrees, ascertained
from a population exhibiting features of a genetic isolate (Acosta et al. 2004; Arcos-Burgos
and Muenke 2002). This population, commonly known as the Paisa Community of
Colombia, inhabits the Northeastern region of Colombia, South America, predominantly in
the State of Antioquia. A complete demographic description has been presented elsewhere
(Arcos-Burgos and Muenke 2002).

In order to identify behavioral vulnerability genes, particularly those related to ADHD, a
genetic-epidemiological protocol was established over 10 years ago between the Human
Development Section of the Medical Genetics Branch, National Human Genome Research
Institute, National Institutes of Health in Bethesda, MD, USA and the University of
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Antioquia in Medellin, Colombia. Goal of this collaboration was to recruit and study
extended and multigenerational families from this Paisa genetic isolate. Our study sample
initially included one large multigenerational family and several ADHD nuclear families.
After observing the recruited families, we found that ADHD was highly comorbid with
other disruptive behaviors (Palacio et al. 2004; Arcos-Burgos et al. 2002). We also
performed a genome-wide scan that demonstrated significant genetic linkage of ADHD to
several regions located on chromosomes 4q, 5q, 8q, 11q, and 17p (Arcos-Burgos and Acosta
2007; Arcos-Burgos et al. 2004a, b).

In particular, the region located on chromosome 4q provided a combined LOD score = 4.44
(Jain et al. 2007; Arcos-Burgos et al. 2004, 2010), with the presence of several families with
nominal values of linkage to the same area (Fig. 1). The application of fine mapping to these
linked families sharpened the linkage signal and revealed new meiotic recombination events
in individuals with ADHD, which further narrowed the minimal critical region with the gene
to ~20 Mb (Arcos-Burgos et al. 2010). Fine-scale genetic association, with a resolution of
~68 kb, a third of the minimum distance able to provide full coverage in the Paisa
population (Carvajal-Carmona et al. 2003; Service et al. 2006), was conducted in both
nuclear and large multigenerational families from the Paisa genetic isolate. Areas of interest
included those that were gene-rich or that included potential candidate genes, were covered
at a higher density (Arcos-Burgos et al. 2010). An empirical linkage disequilibrium map,
built from control individuals, demonstrated full coverage of the entire region and excluded
the presence of uncovered gaps (Fig. 2) (Arcos-Burgos et al. 2010). A pedigree
disequilibrium test (PDT) (Martin et al. 2000) and haplotype-based cladistic analysis
(Durrant and Morris 2005; Durrant et al. 2004) were performed. A significant area of
association with ADHD was then defined by the single nucleotide polymorphic (SNP)
markers rs1901223 and rs1355368 (P = 3.1 × 10−3, marker based; P = 2.7 × 10−5, haplotype
based) (Fig. 2) (Arcos-Burgos et al. 2010).

The region of association was located at 62.4–62.7 Mb (UCSC coordinates) on 4q within
exons 4 through 19 of latrophilin3 (LPHN3) (Arcos-Burgos et al. 2010). Latrophilin3 is a
member of the latrophilin (LPHN) subfamily of G-protein-coupled receptors (GPCRs).
Latrophilins have seven transmembrane regions as well as long N-terminal extracellular
sequences containing a 19-amino acid signal peptide (GPCR proteolytic site, GPS domain),
and a serine/threonine-rich glycosylation region (Sugita et al. 1998; Ichtchenko et al. 1998).
Latrophilins1 and 2 serve as receptors for alpha-latrotoxin, a component of the venom of the
black widow spider (Latrodectus mactans). Alpha-latrotoxin interacts with neuronal GPCRs
to stimulate exocytosis of GABA-containing presynaptic vesicles (Lelianova et al. 1997;
Matsushita et al. 1999; Mee et al. 2004; Linets’ka et al. 2002). GABA is an inhibitory
neurotransmitter. This suggests a possible role of latrophilin3 in ADHD, the most brain-
specific latrophilin (Sugita et al. 1998; Ichtchenko et al. 1998). In fact, other GPCRs, such as
DRD4 and DRD5, have been associated directly with ADHD (Gizer et al. 2009; Arcos-
Burgos et al. 2010).

Once the study of Paisa families identified a specific region of the LPHN3 gene that was
associated with symptoms of ADHD, fine mapping of this region was performed. This
allowed to precisely pinpoint potential variants in the DNA code that may alter the gene’s
function. In order to validate these findings, we pursued the replication of the study in
additional samples from Colombia, Germany, Norway, Spain, and two U.S. populations.
The results of these meta-analyses performed in thousands of individuals showed evidence
for a significant homogeneous genetic effect for three of the top associated markers inside of
the LPHN3 gene (Arcos-Burgos et al. 2010).
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Combined efforts of this collaboration revealed potentially functional sequences within the
LPHN3 gene that may be considered targets by future studies on the field. This study is not
only a critical step to a better understanding of ADHD but it also offers a clear example of
how multidisciplinary groups can interact to dissect causes of human disease (Arcos-Burgos
et al. 2010).

In addition to the genetic studies, we also carried out pathologic studies of brain tissue
specimens as well as brain imaging studies. This showed that a key LPHN3 variant of
interest is expressed in brain regions related to attention and activity. Most importantly, the
same variant associated with ADHD susceptibility was also associated with the response to
stimulant medication (Arcos-Burgos et al. 2010).

Predicting the impact of genetics on ADHD attributable risk
These specific findings are important because they may open a new window of hope for the
prevention and treatment of ADHD. However, the findings have been difficult to
incorporate into the clinical assessment of patients and the design of population assessment
policies by epidemiologists and geneticists. These findings are difficult to interpret because
both genetic and phenotypic heterogeneity increases as quickly as new genes associated with
ADHD are discovered. Furthermore, the potential presence of non-linear interactions
between genes is insufficiently explored, since the number of interactive epistatic models
increases exponentially as a function of the number of loci (Slatkin 2008, 2009).

As we described elsewhere (Arcos-Burgos et al. 2010), the interpretation of these
association findings must be placed in the context of its potential impact for the clinical and
epidemiological practice and caution must be the rule. We used the population attributable
risk (PAR) as a measure of epidemiological impact, which provides a figure at a glance
about the consequences (prevalence and outcome) of an association between an exposure
factor (in this particular case, the LPHN3 common variant conferring susceptibility) and a
disease (ADHD) at the population level (Arcos-Burgos et al. 2010). Specifically, the PAR
defines the proportion of ADHD cases that could be treated if it were possible to control for
the effects of the exposure factor (genetic variant) conferring susceptibility to ADHD. The
PAR is a function of the relative risk and the probability of exposure (Pe) given that a person
has the disease. Family-based samples provide an odds ratio (OR) instead of relative risk.
However, for a highly prevalent disorder, such as ADHD, the OR is not a good estimator of
relative risk, discussed in the original manuscript (Arcos-Burgos et al. 2010). We calculated
the PAR% for marker rs65511665 (located in the LPHN3 gene) with the case–control-based
sample from Norway, as proposed by Hildebrandt et al. (2006). Thus far, the PAR% for the
marker rs6551665 in the Norway sample was 8.99 (95% CI = 3.90–14.12). This means that
controlling the effect of the LPHN3 common variant conferring susceptibility to ADHD
would result in a reduction of ~9% in the ADHD prevalence in the Norwegian population
(Arcos-Burgos et al. 2010). Here, we want to emphasize that only replications of this
epidemiological finding would determine how important it might be. In the past, we have
seen to many statements like this in psychiatric genetics thus far, which all turned out to be
exaggerated.

Conclusion
We predict that a better knowledge of how genes interact to produce complex phenotypes
will help to further our understanding of the ADHD behavioral spectrum and variation in
treatment response.
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Glossary of terms

Complex
phenotype
(disorder)

This term attempts to define those phenotypes (an observable
characteristic or trait) where genetic effects have been
demonstrated to play a role in their causality but where inheritance
does not fit patterns of classical Mendelian segregation (the
discrete transmission described by Mendel in which a change in
one gene leads to a specific disorder). Environmental effects are
also assumed to play a role in the genesis of these complex
phenotypes.

Exome This refers to the 1% of the human genome that is most
functionally relevant and most likely to cause observable
phenotypes. Comprised of short segments of DNA called exons
that code for proteins, the exome provides the genetic blueprint.

Heritability This includes the proportion of observed variation in a particular
trait (ADHD in our case) that can be attributed to inherited genetic
factors, in contrast to environmental factors.

Major gene effects This defines genetic variation in accordance with Mendelian
models of segregation, (i.e., dominant, codominant, recessive),
unlike those models anchored in a multifactorial framework.

Complex
segregation
analysis

This is heuristic genetic-epidemiological test outlined by a unified
framework that contrasts models combining Mendelian,
multifactorial, and random effects.

Oligogenic model This pertains to hereditary characteristics produced by one or only
a few genes.

Multifactorial
threshold model

This model assumes that (Cadieu et al. 2009) many factors (hence,
the term multifactorial) contribute to a disorder; (Lander et al.
2001) the effect of each single factor is small but the effects add to
each other; and Ledford (2010) once the additive effects of the
factors pass some critical value (the threshold), one becomes
affected with the disorder.

Genetic
epidemiology

As outlined by Newton E. Morton, this is a new discipline that
incorporates methods found in genetics, epidemiology, and
population genetics.

Genetic
stratification

This is the hidden process of micro-differentiation, as determined
by changes of the genotype frequencies that human populations
suffer because of absence of migration.

Genetic
heterogeneity

This occurs when a specific phenotype can be produced by
alterations in independent genes.

Genome-wide
association study
(GWAS)

This is an analysis of allelic association for genes throughout a
genome.

Genetic linkage This describes a biological phenomenon for which two loci (areas)
lie near each other on a chromosome and are therefore likely to be
inherited together.
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LOD score
(logarithm of the
odds)

This is a statistical estimate of the genetic linkage between two
loci. LOD implies “to the base 10”. For example, a LOD score of
three means the odds are a thousand to one in favor of genetic
linkage.

Pedigree
disequilibrium test
(PDT)

This is a method of analyses for which genetic linkage and
association between two loci is tested in pedigrees.
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Fig. 1.
Linkage of ADHD to 4q13.2. Screening of 18 extended multigenerational families from the
Paisa community of Colombia showed significant linkage of ADHD to chromosome 4q13.2,
with a nominal region between markers D4S3248 and D4S1647
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Fig. 2.
Location of the haplotype in LD to ADHD. The susceptibility haplotype encompasses exons
4–19 of LPHN3 and contains important functional domains and variable splicing sites for
isoforms of the gene
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