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bstract

Attention-deficit hyperactivity disorder (ADHD) is a common neurobehavioral disorder defined by symptoms of developmentally inappropriate
nattention, impulsivity and hyperactivity. Behavioral genetic studies provide overwhelming evidence for a significant genetic role in the patho-
enesis of the disorder. Rodent models have proven extremely useful in helping understand more about the genetic basis of ADHD in humans.
number of well-characterized rodent models have been proposed, consisting of inbred strains, selected lines, genetic knockouts, and transgenic

nimals, which have been used to inform candidate gene studies in ADHD. In addition to providing information about the dysregulation of known

andidate genes, rodents are excellent tools for the identification of novel ADHD candidate genes. While not yet widely used to identify genes for
DHD-like behaviors in rodents, quantitative trait loci (QTL) mapping approaches using recombinant inbred strains, heterogeneous stock mice,

nd chemically mutated animals have the potential to revolutionize our understanding of the genetic basis of ADHD.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Attention-deficit hyperactivity disorder (ADHD) is a com-
on neurobehavioral disorder defined by symptoms of

evelopmentally inappropriate inattention, impulsivity and
yperactivity. It is estimated that between 3 and 6% of school age
hildren are diagnosed with ADHD, making it the most prevalent
sychiatric disorder of childhood. While the precise etiology of
DHD is yet to be ascertained, family (Barkley and Russell,
997), twin (Thapar, 2002) and adoption studies (Sprich et al.,
000) provide overwhelming evidence for a significant genetic
ole in the pathogenesis of the disorder. Heritability estimates
rom most of these studies suggest additive genetic variance to be
n the range of 60–90%, and a figure of 70% seems a reasonable
verage (Eaves et al., 1997). According to these data, ADHD is

ore heritable than depression (39% heritability), generalized

nxiety disorder (32% heritability), breast cancer (27% heri-
ability) and asthma (39% heritability) (Spencer et al., 2002). It
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s likely that susceptibility is mediated by the effect of numer-
us genes of small effect, interacting both epistatically and with
he environment. Whilst there has undoubtedly been progress in
dentifying the loci involved in ADHD, and replicated associa-
ions with polymorphisms in several genes now exist (Faraone et
l., 2005), we are still a considerable distance from fully under-
tanding the precise genetic causes of the disorder. Furthermore,
e need to understand the functional relevance of the associated
olymorphisms, and their neurobiological and behavioral con-
equences, before the goal of using genetics to inform novel
iagnostic and therapeutic strategies is fully realized.

Rodent models have proven extremely useful in helping
nderstand more about the genetic basis of ADHD in humans.

number of well-characterised rodent models have been pro-
osed, consisting of inbred strains, selected lines, genetic
nockouts, and transgenic animals. It is not the goal of this
eview to fully document the behavioral and neurobiological
haracteristics of these rodents—a number of excellent review
rticles have been published on this subject over the last couple of

ears (e.g. Davids et al., 2003; Russell et al., 2005; Sagvolden et
l., 2005). It is also not the aim of this article to detail the specific
ehavioral paradigms being applied to rodents to test aspects
f the ADHD phenotype; it is worth noting, however, that for
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enetic studies it is important that these tests reliably tap into
he same neurobiological circuits postulated to be dysfunctional
n the human disorder.

In this article, I will discuss how findings from rodents, in
articular mice, are guiding research into the genetic basis of
he clinical disorder. The utility of rodents in genetic studies
f complex disease has increased dramatically since the pub-
ication of the draft mouse genome in 2002 (Waterston et al.,
002) and the rat genome in 2004 (Gibbs et al., 2004). Two
eneral strategies exist to investigate the genetics of behav-
oral phenotypes in rodents, and both have informed candidate
ene studies in humans. First, because their genomes can be
anipulated in a way that the human genome cannot, rodents

an be used to investigate the function of specific known risk
enes via the generation of mutant inbred lines containing spe-
ific DNA sequence alterations (e.g. knockout, knockdown, and
ransgenic mice). Second, elaborate breeding strategies are pos-
ible in rodents meaning that quantitative studies utilizing the
aturally occurring genetic variation between and within strains
an be employed to systematically hunt for novel genes that
egulate aspects of ADHD-like behavior, nominating additional
andidate loci for investigation in humans. Furthermore, rodent
odels are ideal for investigating the role of gene–environment

nteractions via the controlled manipulation of the environment
n genetically identical individuals, and can also be used to
nvestigate the gene expression changes associated with ADHD

edication. While many of these studies are in their infancy,
dvances in mutagenic and gene-mapping technologies suggest
hat rodents will provide a valuable future tool in our efforts to
dentify specific genetic risk factors for ADHD.

. Single gene studies in mutant rodents: investigating
he function of ADHD candidate genes

Current aetiological theories postulate that ADHD is a highly
omplex disorder, caused in part by the action of numerous genes
f relatively small effect. Genetic studies of ADHD have pre-
ominantly taken a candidate gene approach—investigating the
elevance of biologically plausible loci, for which there is a
riori evidence to support a role in the aetiology of the dis-
rder. In this regard, the major focus to date has been on the
ole of genetic variation within genes involved in the regula-
ion of catecholaminergic neurotransmission, particularly the
opamine-system. Various lines of evidence support a role for
opamine in the aetiology of ADHD. Stimulant drugs are highly
ffective in alleviating the symptoms of ADHD in both chil-
ren (Konrad et al., 2004) and adults (Faraone et al., 2004).
he effect of these drugs is mediated principally by the block-
de of dopamine reuptake at the dopamine transporter (DAT),
ith a subsequent increase in synaptic dopamine. Neuroimag-

ng studies further implicate dopamine in the aetiology of the
isorder, with brain regions rich in dopaminergic innervations
howing structural abnormalities (Castellanos et al., 2003) and

ltered DAT density (Dougherty et al., 1999). Increasing evi-
ence also alludes to a role for serotonergic, glutaminergic and
oradrenergic systems in the development of ADHD (Oades,
002).
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Compared to the progress seen for other psychiatric disor-
ers, the candidate gene approach in ADHD has been relatively
uccessful, finding associations with a number of polymor-
hisms in various genes encoding neurotransmitter receptors,
etabolic enzymes, and the synaptosomal proteins that mediate

he vesicular release of neurotransmitters. A recent review and
eta-analysis of candidate gene polymorphisms in ADHD by
araone et al. (2005) identified variants in seven genes (DRD4,
RD5, DAT, DBH, 5-HTT, HTR1B, and SNAP-25) that show

he strongest evidence for association with ADHD, with repli-
ations of these findings observed in several studies. Knockout,
nockdown, and transgenic mutant rodent models have been
xtremely useful for understanding the biochemical, neuronal
nd behavioral processes regulated by the specific candidate
enes postulated to mediate susceptibility to ADHD (Table 1).
he behavioral and neurochemical phenotypes observed in these
nimals have clearly linked certain neurobiological systems to
he aetiology of the disorder. They have also given us insight
nto the many compensatory responses instigated in response
o the severe misregulation of specific neurochemical pathways
n order to maintain functional homeostasis in the brain. It is
orth noting, however, that whilst these genetically engineered

nimals are clearly ‘models of gene function’, they cannot be
abeled true ‘models of ADHD’. ADHD is a highly heteroge-
eous disorder caused by the action of numerous interacting
enes and environmental factors, synergistically influencing the
unction of intricate biological systems. Single-gene models pro-
ide evidence to link the function of specific genes to aspects
f the clinical disorder, but for a true genetic model of ADHD
e need to investigate strains with more subtle allelic variation

esulting in more quantitative changes to gene function.

.1. The dopamine transporter gene

One of the first dopamine-related genes to be nominated
s a candidate for ADHD was the dopamine transporter gene
DAT1), located on chromosome 5p15.3 (Cook et al., 1995). The
AT mediates uptake of dopamine into neurons, and is a major

arget for various pharmacologically active stimulants such as
ocaine and methylphenidate. Initial genetic association studies
ocused on a variable number tandem repeat (VNTR) polymor-
hism in the 3′-untranslated region (UTR) of DAT1. The VNTR
olymorphism consists of a 40 bp sequence that most frequently
ccurs as 9 or 10 tandem repeat units, although 3–11 repeats are
lso observed. The 10-repeat allele of this polymorphism has
een associated with ADHD in numerous studies, although sev-
ral non-replications have also been reported and a meta-analysis
eports significant heterogeneity between datasets (Curran et al.,
001). More recent studies have examined additional markers
cross the DAT1 gene, finding stronger evidence for an asso-
iation with multi-marker haplotypes containing the 10-repeat
NTR allele (Brookes et al., 2006; Feng et al., 2005b). The 10-

epeat allele has been associated with quantitative ADHD-trait

cores in general population samples (Cornish et al., 2005; Mill
t al., 2005a), suggesting it may act as a quantitative trait locus
QTL) influencing hyperactivity in the normal range above and
eyond its role as a risk for clinical ADHD. The mechanism
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Table 1
Selected rodent models that have been used to inform candidate gene studies in ADHD

Rodent Type Selected references Behavioral/neurobiological summary Genes implicated

Spontaneously
hypertensive rat
(SHR)

Selected line Sagvolden (2000); Russell et al.
(2005); Mill et al. (2005b)

Motor hyperactivity, increased impulsiveness
and deficient sustained attention. Sensitive to
immediate behavioral reinforcement. Responsive
to stimulant medication. Altered dopaminergic
and noradrenergic neurotransmission.

Dopaminergic and noradrenergic genes: altered
dopaminergic and noradrenergic neurotransmission
relative to WKY control animals suggests that
hyperactive phenotype may be influenced by genes in
these systems. DAT1: sequencing of dopaminergic loci
identified polymorphisms in the dopamine transporter
gene.

DAT-KO mouse Gene knockout Giros et al. (1996); Gainetdinov et
al. (1999)

Increases in spontaneous behavioral activity.
Prolonged dopamine persistence in synapse.
Hyperactivity alleviated by stimulant
medication. Severe developmental problems.

DAT1: total ablation of dopamine transporter gene
expression causes extreme hyperactivity. Serotonergic
and noradrenergic genes: paradoxical response to
stimulants implicates serotonergic and noradrenergic
system genes.

DAT-KD mouse Gene knockdown Zhuang et al. (2001) Dopamine transporter expression reduced to
10% of wild-type levels. Normal home cage
activity but hyperactivity and impaired response
habituation in novel environments. No
developmental problems.

DAT1: reduced dopamine transporter gene expression
leads to less severe behavioral phenotype than observed
in DAT-KO mice, suggesting DAT1 expression is linked
to hyperactivity.

Coloboma mouse Hemizygous
deletion

Hess et al. (1996); Jones and Hess
(2003); Bruno and Hess (2006)

Severe spontaneous hyperactivity that is reduced
after administration of certain stimulants.

SNAP-25: hemizygous for a deletion spanning the
Snap25 gene—reintroduction of SNAP-25 via a
transgene abolished hyperactive phenotype. ADRA2C:
noradrenalin levels in coloboma mice also linked to
hyperactivity, with the alpha(2C)-adrenergic receptor
(ADRA2C) particularly important.

D4-KO mouse Gene knockout Rubinstein et al. (1997); Avale et
al. (2004)

Less active than wild type controls in open-field
activity tests. Exhibit reduced exploration of
novel stimuli. Supersensitive to ethanol, cocaine,
and methamphetamine. Elevated dopamine
synthesis. Unlike wild-type mice, DRD4-KO
mice lesioned with 6-OHDA do not develop
hyperactivity.

DRD4: implicates DRD4 in the modulation of normal,
coordinated, and drug-stimulated motor behaviors.

6-Hydroxydopamine
(6-OHDA) lesioned
neonatal rat/mouse

Chemically lesioned
animal

Shaywitz et al. (1976); Avale et al.
(2004)

6-OHDA selectively damages catecholaminergic
neurons and produces hyperactivity that can be
alleviated with stimulant medication. In
DRD4-KO mice 6-OHDA lesioning does not
produce hyperactivity.

DRD4: suggests DRD4 is essential for the expression of
juvenile hyperactivity and impaired behavioral
inhibition in 6-OHDA lesioned animals.

Alpha4beta2 nicotinic
receptor KO mouse

Gene knockout Granon and Changeux (2006) Demonstrate ADHD-like symptoms, which are
alleviated by nicotinic agonists.

Nicotinic acetylcholine receptor subunit genes: lack of
functional receptor causes hyperactivity phenotype.

TR� mutant Transgenic mutant
mouse

Siesser et al. (2006) Show no thyroid abnormalities, but exhibit
numerous ADHD-like symptoms including
inattention, hyperactivity, and impulsivity.

TRβ: could explain comorbidity between ADHD and
resistance to thyroid hormone syndrome.
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ehind this association is not yet understood, although several
ines of evidence implicate variation in gene expression (Mill et
l., 2002a; VanNess et al., 2005).

The postulated role of DAT1 in ADHD is also supported
y brain imaging studies. Several in vivo analyses using single
hoton emission computed tomography (SPECT) demonstrate
ncreased DAT density in ADHD probands compared to con-
rols (Dougherty et al., 1999; Dresel et al., 2000), although such
ndings are not ubiquitous (van Dyck et al., 2002). Interest-

ngly, methylphenidate has been shown to normalize levels of
AT in the brain in adults with ADHD (Dresel et al., 2000).

n addition, several studies suggest there may be an associa-
ion between DAT1 genotype and DAT density (e.g. Heinz et
l., 2000; Jacobsen et al., 2000). Finally, the most thorough
nvestigation of methylphenidate response in relation to DAT1
enotype suggests that the 10-repeat allele is associated with
positive response to the drug (Kirley et al., 2003), as would

e expected if the density of the DAT to which methylphenidate
inds is increased in individuals with the 10-repeat allele. Again,
his finding is not ubiquitously replicated (Roman et al., 2002;

insberg and Comings, 1999) suggesting that the role of the
AT1 gene is complex, and likely to be mediated by other
olymorphisms in addition to the VNTR.

Several rodent models have been used to examine the role
f the DAT1 gene, and explore its putative relationship with the
DHD phenotype. The dopamine transporter knockout (DAT-
O) mouse shows dramatic increases in spontaneous behavioral
ctivity compared to wild-type mice (Giros et al., 1996). In
omozygous DAT-KO mice, dopamine persists for ∼100 times
onger in the synaptic space, demonstrating the importance of a
roperly functioning DAT in controlling dopamine flux. Inter-
stingly, a number of compensatory responses are observed in
hese animals including decreases in dopamine release and the
own-regulation of dopamine receptors, giving us insight into
ow dopaminergic homeostasis is maintained in the brain. A
otential limitation of DAT-KO mice is that they totally lack
he dopaminergic target for the psychostimulant drugs widely
sed as medication for ADHD, and thus, cannot be used to
nvestigate potential dopaminergic mechanisms in the treatment
f ADHD. Despite expressing no functional dopamine trans-
orter, it appears counter-intuitive that behavioral hyperactivity
n DAT-KO mice is still alleviated by the administration of
sychostimulants such as amphetamine, methylphenidate, and
ocaine (Gainetdinov et al., 1999). These experiments suggest
role for other systems, particularly the serotoninergic system,

n the pharmacological effects of these drugs. Noradrenaline
ay also be important, given that the behavioral response to

mphetamine and cocaine is mimicked by selective inhibitors
f the noradrenaline transporter (NET), but not of the DAT
Carboni et al., 2001). In this regard, perhaps the greatest insight
or genetic studies gained from the study of DAT-KO mice is
onfirmation that other neurotransmitter systems, in addition to
opamine, are likely to be important mediators of the hyperactive

henotype.

Completely knocking out the function of a gene is obviously
n extreme situation, unlikely to mimic effects seen in com-
on human behavioral disorders like ADHD. It is worth noting,
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herefore, that DAT-KO mice demonstrate a number of behav-
ors generally not seen in children with ADHD including growth
etardation, changes in reproductive behavior, and premature
eath (Bosse et al., 1997). In order to better model the variation
n gene function likely to occur in normal populations, Zhuang et
l. (2001) created a dopamine transporter knockdown (DAT-KD)
ouse strain in which expression of the dopamine transporter

s reduced to 10% of that observed in wild-type animals. Like
AT-KO mice, these animals appear to clear dopamine from the

ynapse at a much slower rate than observed in wild-type ani-
als, resulting in a significantly higher extracellular dopamine

oncentration. Unlike DAT-KO mice, however, they show no
pparent developmental defects. Behaviorally, DAT-KD animals
ave normal home-cage activity but display-marked hyperactiv-
ty and impaired response habituation in novel environments.

hilst both the DAT-KO and DAT-KD mice are highly infor-
ative about the function of the dopamine transporter gene,

either may be a realistic model of the changes in dopamine
ransporter expression observed in ADHD. As discussed above,
everal brain imaging studies suggest an increase in DAT den-
ity in the brains of human subjects with ADHD, and the ‘risk’
llele of the most-studied polymorphism in the DAT1 gene has
een widely linked to increased DAT expression (Madras et al.,
005).

.2. The SNAP-25 gene

SNAP-25 (synaptosomal-associated protein of 25 kDa) is a
resynaptic plasma membrane protein with an integral role in
ynaptic transmission. It forms a complex with syntaxin and
he synaptic vesicle proteins (synaptobrevin and synaptotagmin)
hat mediates the Ca2+-mediated exocytosis of neurotransmitter
rom the synaptic vesicle into the synaptic cleft. Expression stud-
es suggest that SNAP-25 is differentially expressed throughout
he brain, and present primarily in the neocortex, hippocam-
us, anterior thalamic nuclei, substantia nigra, and cerebellar
ranule cells (Oyler et al., 1989). During development, SNAP-
5 appears to be involved in synaptic plasticity and axonal
rowth (Osen-Sand et al., 1993), but in the mature nervous sys-
em expression is generally only seen in presynaptic terminals
Oyler et al., 1989). Several lines of evidence suggest a role for
NAP-25 in the genetic etiology of ADHD. Most notable is the
oloboma mouse mutant, which displays spontaneous hyper-
ctivity and is hemizygous for a deletion spanning this gene.
iven its function, it is postulated that variation in the SNAP-25
ene, located at chromosome 20p13, may mediate susceptibility
o ADHD by altering the release of dopamine and other neu-
otransmitters at the synapse. Several groups have reported an
ssociation between polymorphisms in SNAP-25 and clinical
DHD (Feng et al., 2005a; Mill et al., 2004), although to date

he precise causal variant has yet to be ascertained.
The coloboma mouse mutant was produced by neutron irradi-

tion and is only viable in the heterozygous form. It demonstrates

number of behavioral traits that resemble some of the deficits

een in ADHD, including severe spontaneous hyperactivity
Hess et al., 1996). In addition, hyperactivity in coloboma
ice is alleviated by low doses of amphetamine, although
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ethylphenidate does not have this ‘therapeutic’ effect. The
xtreme hyperactivity exhibited by these mice results from a
-cM deletion on mouse chromosome 2, in a region containing
he mouse SNAP-25 gene (Hess et al., 1992). The introduction
f a transgene containing a functional Snap-25 gene to counter-
ct this deletion returned the mice to normal levels of locomotor
ctivity. As with DAT-KO mice, neurobiological research on
oloboma mice suggests that the functional effects of the deleted
ene may be mediated by additional neurochemical pathways.
n particular, it appears that while brain dopamine utilization is
educed in coloboma mice, calcium-dependent norepinephrine
elease is significantly increased (Jones and Hess, 2003). Fur-
hermore, artificial depletion of noradrenalin in these animals
ignificantly reduces their locomotor hyperactivity. Recently,
t has also been demonstrated that the alpha (2C)-adrenergic
eceptor (ADRA2C) plays a role in mediating hyperactivity in
oloboma mice (Bruno and Hess, 2006), suggesting that this
ould be another good candidate gene for ADHD, although as
et there is little evidence to support an association (De Luca et
l., 2004).

.3. The dopamine D4 receptor gene (DRD4)

Perhaps the most consistent association finding in ADHD
enetics has been with the dopamine D4 receptor (DRD4) gene
ocated on chromosome 11p15.5. DRD4 was first cloned by
an Tol et al. (1991) and found to have high homology with
RD2 and DRD3. Its high affinity for the antipsychotic drug

lozapine means it has been one of the most widely studied
enes in neuropsychiatric genetics. DRD4 was first reported to
e associated with novelty seeking and impulsivity-two person-
lity traits that are known to be correlated with ADHD (Ebstein
t al., 1996; Benjamin et al., 1996). Most studies have investi-
ated a 48 base-pair VNTR polymorphism encoding a portion
f the third intracellular loop region of the transcribed protein
hat spans the nerve cell membrane and mediates interaction
ith secondary signaling proteins (Van Tol et al., 1992). The
umber of repeats ranges from 2 to 11, with a meta-analysis
emonstrating a strong association between the 7-repeat allele
nd ADHD (Faraone et al., 2005). Although the functional sig-
ificance of this polymorphism is yet to be fully ascertained,
vidence suggests that different D4 receptor variants may dis-
lay different pharmacological properties (Asghari et al., 1995).
here is some evidence that the 7-repeat allele acts to dull the

esponse of dopaminergic cells to dopamine, although these find-
ngs are not ubiquitously replicated (Kazmi et al., 2000; Watts et
l., 1999). Other polymorphisms in DRD4 have also been asso-
iated with ADHD, although the evidence for these findings is
ess conclusive (Faraone et al., 2005).

DRD4-knockout (D4-KO) mice have been used to exam-
ne the function of the gene, although they are rarely cited
s models of the ADHD phenotype. Behaviorally, these ani-
als appear less active than wild type controls in open-field
ctivity tests (Rubinstein et al., 1997). The mice are supersen-
itive to ethanol, cocaine, and methamphetamine, and appear to
how elevated dopamine synthesis. These observations suggest
hat DRD4 modulates normal, coordinated, and drug-stimulated

g
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otor behaviors, as well as the activity of nigrostriatal dopamine
eurons. Given that there is a clear link between ADHD and
ovelty-seeking, and there is evidence to suggest an associa-
ion of the 7-repeat DRD4 VNTR allele with both phenotypes,
nother interesting observation is that DRD4-KO mice exhibit
educed exploration of novel stimuli (Dulawa et al., 1999).

One of the first rodent models of ADHD was the 6-
ydroxydopamine (6-OHDA) lesioned neonatal rat. 6-OHDA
electively damages catecholaminergic neurons and produces
yperactivity that can be alleviated with stimulant medication.
nvestigations of the neurobiology of these rats first estab-
ished a role for dopamine and the nucleus accumbens in the
xpression of hyperactivity (Shaywitz et al., 1976). 6-OHDA
esioning is now being used in conjunction with gene knock-
ut technology to investigate the role of targeted gene mutations
n mediating the development ADHD-like phenotypes in mice
Avale et al., 2004). As is observed in rats, 6-OHDA lesioned
ice demonstrate hyperactivity that diminishes after puberty,

sychostimulant-induced hypoactivity and deficits in behavioral
nhibition. To determine whether DRD4 plays a role in these
ehavioral phenotypes, Avale et al. (2004) also performed 6-
HDA lesions in DRD4-KO mice. They found that although

triatal dopamine and tyrosine hydroxylase-positive midbrain
eurons were reduced to the same extent in both wild-type
nd D4-KO mice, the latter did not develop hyperactivity or
ehavioral inhibition deficits. Furthermore, a DRD4 antagonist
revented hyperactivity in wild-type mice following 6-OHDA-
esions. These results are interesting in that they suggest DRD4
s essential for the expression of juvenile hyperactivity and
mpaired behavioral inhibition in 6-OHDA lesioned mice, lend-
ng additional support to its’ postulated role in ADHD.

.4. Other ADHD candidate genes

Recently, mice with a deletion encompassing the beta-2 sub-
nit gene of the nicotinic receptor have been proposed as a
imple and reliable animal model for ADHD (Granon et al.,
003). It has been demonstrated that nicotinic agonists tar-
eting alpha-4 beta-2 nicotinic receptors alleviate ADHD-like
ymptoms in these mice (Granon and Changeux, 2006). Inter-
stingly, in the Spontaneously Hypertensive Rat (SHR), one of
he best behaviorally validated models of ADHD (see below),
lpha-4 beta-2 nicotinic acetylcholine receptor activation ame-
iorates impairment of spontaneous alternation behavior—one
f the ADHD-like symptoms observed in these animals (Ueno
t al., 2002). There have been limited studies looking at nicotinic
cetylcholine receptor subunit gene polymorphisms in ADHD,
nd so far no conclusions can be drawn (Kent et al., 2001).

ADHD is a common behavioral phenotype associated with
esistance to thyroid hormone (RTH) syndrome (Stein et al.,
995). RTH has been mapped to a mutation in the thyroid
eceptor beta (TR�) gene on chromosome 3. McDonald et al.
1998) created a mutant mouse line expressing a mutant TRbeta

ene. These transgenic mice show no thyroid abnormalities, but
xhibit numerous ADHD-like symptoms including inattention,
yperactivity, and impulsivity (Siesser et al., 2006). As in chil-
ren with ADHD, these behavioral phenotypes are not seen
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fter treatment with methylphenidate. While TR� gene poly-
orphisms have yet to be investigated in ADHD, these mutant
ice suggest that variation in this gene could play a role in the

tiology of the disorder.

.5. Limitations to the use of single-gene mutants

A major limitation in the use of mutant models to discover
enes that increase susceptibility to complex diseases is that
hey do not help in the hunt for novel candidate loci that cause
ndividual differences in traits such as hyperactivity. By defi-
ition they contain only one experimental change in otherwise
enetically identical animals, and these changes do not reflect
he genetic variation seen in normal outbred populations. As a
esult, the extreme phenotypes observed in mutant animals (both
iochemical and behavioral) are unlikely to ever occur natu-
ally, and have thus played little role in shaping the evolution
f common behavioral disorders like ADHD. These knockout,
nockdown, and transgenetic mutants are often touted as being
models of ADHD” simply because they show elevated loco-
otor activity. In fact, it is more accurate to describe them as
odels of ablated gene function. Such a single-gene approach

gnores the complexity of the genome—genes do not act in iso-
ation and we know ADHD is caused by numerous interacting
enetic and environmental factors.

Such an approach also ignores the complexity of the ADHD
henotype. ADHD is a highly heterogeneous disorder with
umerous etiological pathways, and is thus highly unlikely to
ave one unitary genetic cause. For example, we know there is
onsiderable variation in clinical features among children who
eet diagnostic criteria for the disorder (Nigg et al., 2005).
hildren diagnosed as having ADHD differ with regard to intel-

ectual functioning (Barkley and Russell, 1997), comorbidity
ith conduct disorder (Jensen et al., 1997), and therapeutic

esponse to stimulant drugs (McGough, 2005). This hetero-
eneity extends to long-term prognosis; some children’s ADHD
ymptoms remit during adolescence, whereas other children’s
ymptoms persist beyond adolescence (Barkley et al., 2002).
nterestingly, there is increasing empirical evidence that much
f this heterogeneity may be mediated by specific gene poly-
orphisms (Cornish et al., 2005; Mill et al., 2006).
Furthermore, single gene mutants, in whom the function of

gene is totally eliminated, are unrealistic models of the more
ubtle polymorphic variation observed in normal populations,
hich act to quantitatively alter gene expression or function.
hese animals harbor their mutations through the entire devel-
pmental process, and it is possible that the aberrant phenotypes
bserved in adulthood result not from the gene per se, but from
evelopmental defects or adaptations of the organism. In fact,
he process of entirely ‘knocking out’ the function of a gene often
roduces non-specific global physical and behavioral effects that
ave nothing to do with any known aspect of ADHD. DAT-KO
ice, for example, have severe developmental deficits, and the
oloboma mouse is virtually blind and demonstrates constant
ead-bobbing. Furthermore, these animal models often demon-
trate elevated locomotion in novel environments, but not in their
ome-cages (e.g. Zhuang et al., 2001). This is the opposite of the
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ymptoms seen in the human condition where childhood hyper-
ctivity is generally more pronounced in constant, unstimulating
ituations.

. Using rodent models to identify novel ADHD
andidate genes

In addition to providing information about the dysregulation
f known candidate genes, rodents are excellent tools for the
dentification of novel ADHD candidate genes. Unlike the study
f known candidate genes in single-gene mutants, where animals
re selected on the basis of recognized genetic abnormalities and
he goal is to identify the functions of that particular gene (i.e.
ene → phenotypes), gene hunting strategies generally select
nimals on the basis of behavior and aim to identify the genes
ediating phenotypic variance (i.e. phenotype → genes). In this

egard, accurate phenotyping and behavioral assessment of the
nimals used is of vital importance. The behavioral paradigms
mployed must tap into the neuropsychological pathways known
o be influencing aspects of the human ADHD phenotype. Sev-
ral approaches for gene mapping using rodents exist. One
ethod is to take validated models of the ADHD phenotype,

nd to compare these (behaviorally and genetically) with con-
rol animals that do not show ADHD-like behavior, to identify
egions of the genome that differ between the two strains. This
s analogous to gene association studies in human ADHD sam-
les, where the frequency of gene polymorphisms are compared
etween groups of affected and unaffected individuals. Another
ethod is to take a quantitative mapping approach, for example,

sing recombinant inbred (RI) strains, to identify regions of the
enome shared in common between animals displaying certain
ehavioral characteristics. This is more analogous to the whole-
enome genetic linkage studies that have been performed in
umans, examining the co-segregation of genetic markers with
DHD. A third approach that is gaining popularity, but has not
et been widely used in relation to the ADHD-phenotype, is the
utagenic screening of aberrant behavioral phenotypes in mice

sing N-ethyl-N-nitrosourea (ENU). These approaches to gene
apping in rodents provide geneticists with the means to iden-

ify novel loci that may have important influences on a behavior
f interest, but which would not be investigated a priori based
n what is known about the trait.

.1. The spontaneously hypertensive rat (SHR)—a
alidated rodent model of ADHD

Several criteria need to be met before an animal can be con-
idered to truly model a psychiatric disorder like ADHD: (i)
igh face validity, (ii) high construct validity, (iii) strong pre-
ictive validity and (iv) developmental relevance (Sagvolden
t al., 2005). The SHR is perhaps the most widely vali-
ated animal models of ADHD, meeting most of these criteria
Sagvolden et al., 2005). The SHR, selected from outbred Wis-

ar Kyoto (WKY) rats for high blood pressure (Okamoto and
oki, 1963), shows a number of behaviors that closely parallel

hose seen in children with ADHD including motor hyperac-
ivity, increased impulsiveness and deficient sustained attention
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Sagvolden, 2000; Sagvolden et al., 2005). Furthermore, like
hildren with ADHD, the SHR is more sensitive to immediate
ehavioral reinforcement and less sensitive to delayed rein-
orcement than non-hypertensive WKY control rats (Sagvolden,
000; Sagvolden et al., 2005). The behavioral and cognitive
eficits in the SHR are responsive to stimulants, including d-
mphetamine and d, l-methylphenidate (Sagvolden et al., 1992).
inally, several studies have shown that dopaminergic and nora-
renergic neurotransmission is altered in the SHR compared to
he WKY, strongly implicating these systems in the etiology
f ADHD (Russell, 2003; Russell et al., 1998, 2005) and sug-
esting that genes in these systems may be good candidate for
ediating the SHRs’ behavioral phenotypes. Recently Mill et al.

2005b) examined three candidate dopaminergic genes (Drd2,
rd4, and Dat1) in the SHR and WKY to identify between-strain

equence differences. No between-strain sequence differences
ere found in either Drd2 or Drd4, but several variations were

ound in the Dat1 gene. These included a synonymous single
ase change (T > C) within the coding sequence of exon 3, and
160 bp section of sequence immediately upstream of exon 3

resent in SHR but not WKY. It is plausible that DNA sequence
hanges in the Dat1 gene account for some of the behavioral
ifferences observed between the SHR and WKY strains. SHR
trains have been shown to exhibit elevated DAT expression in
esocortical projections (Viggiano et al., 2002; Watanabe et al.,

997), and the WKY strain, often used as a model for depression,
lso demonstrates an unusual DAT profile compared to non-
epressive control strains (Jiao et al., 2003). It is interesting that
hese findings are partially mirrored in studies on human psychi-
tric patients. Whilst individuals with ADHD have been shown
o exhibit increased DAT density in the brain (Dougherty et al.,
999), depressive patients were found to have overall decreased
evels of DAT (Meyer et al., 2001). Future work will focus on elu-
idating the functional effects of the observed polymorphisms,
nd investigating sequence changes in other genes.

.2. ADHD linkage scans

As discussed, most ADHD genetic studies have taken a
andidate-gene association-based approach. To date this tactic
as been relatively successful, with replicated findings in several
enes (Faraone et al., 2005). In contrast, only four independent
enome-wide linkage scans for ADHD have been published to
ate (Arcos-Burgos et al., 2004; Bakker et al., 2003; Hebebrand
t al., 2006; Ogdie et al., 2004). These studies have gener-
lly used an affected sib-pair approach, looking for evidence
f increased allele-sharing at specific markers in siblings con-
ordant for ADHD. Despite several chromosomal regions being
ighlighted across studies, including regions of chromosomes
p, 6q, 7p, 11q, 12q and 17p, the observed linkage patterns
re generally not consistent, and no genes accounting for the
bserved linkage peaks have yet been identified.
.3. ADHD category or continuum?

ADHD, as defined by operational criteria, is a dichoto-
ous trait making up a distinct diagnostic category (American
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sychiatric Association, 1994). Measures of activity, impulsiv-
ty and inattention, however, are continuously distributed in the
eneral population. Many studies have found an excellent corre-
pondence between quantitative measures of these traits and the
ategorical diagnosis of ADHD (e.g. Biederman et al., 1993;
oyle et al., 1997). These studies do not report any obvious
imodality separating ADHD children from non-ADHD chil-
ren and it has thus been argued that clinical ADHD should be
egarded as the extreme end of these quantitative traits rather
han as a discrete category (Levy et al., 1997). Most twin studies
xamine variations in symptom scores across the entire range
nd find them to be almost equally heritable when assessed by
arents or teachers. Several studies have employed the DeFries
nd Fulker extremes method of analysis (DeFries and Fulker,
988) and find that the genetic contribution to symptoms at
he upper end of the distribution is generally the same as for
he entire distribution (Thapar, 2002). The notion that heri-
ability is constant across the trait distribution has interesting
onsequences in terms of finding genes that influence ADHD
ymptom scores. A good test of this conclusion would be to
xamine whether specific genetic risk factors, known to have
role in clinical ADHD, correlate with continuous-ratings of
DHD symptoms in the general population. To date, few studies
ave investigated the role of ADHD candidate genes in causing
ariation in the normal distribution of underlying phenotypes,
lthough there is some emerging data to support a role of specific
DHD candidate genes in mediating quantitative trait scores

Cornish et al., 2005; Mill et al., 2005a).

.4. Using rodents to map QTLs

It has been recently proposed that QTL mapping strategies
ay increase our power to detect ADHD risk genes by linking

he categorical disorder to continuously distributed traits associ-
ted more closely with underlying genetic liability in the general
opulation. The use of rodents, particularly mice, to map the
TLs involved in complex behavioral disorders such as ADHD
ffers a viable alternative to linkage studies in humans. There
re several advantages of performing genome-wide QTL scans
n rodents compared to humans. In particular, it is possible to
ontrol numerous experimental parameters, including external
nvironmental factors, so that much ‘cleaner’ linkage peaks can
e generated. Furthermore, rodents are relatively inexpensive to
aintain, and easy to phenotype, allowing geneticists to dramat-

cally increase experimental sample sizes and more easily detect
enes of small effect.

Conventional QTL mapping approaches generally rely upon
ecombinant inbred (RI) mice strains. RI strains are produced
y crossing two inbred parental strains and repeatedly mating
he resulting siblings for >20 generations to ensure that they are
t least 99% inbred (Silver, 1995). A major strength of using RI
trains for the mapping of complex phenotypes is that, once cre-
ted, they only need to be genotyped once, but can be phenotyped

ndefinitely. For ‘noisy’ behavioral traits, the ability to repeat-
dly phenotype is invaluable. The BXD set of RI strains are the
ost widely utilized mice for QTL mapping. They were derived

y crossing C57BL/6J (B) and DBA/2J (D) and then inbreeding
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rogeny for over 21 generations. The BXD RI strains provide
powerful tool because of the large volume of genetic, behav-

oral, and biochemical data that are available for each strain.
any of the strains have been extensively phenotyped, and the

wo parental strains have been extensively sequenced. These
ice are known to differ at ∼1.8 million SNPs, making them

deal for QTL mapping. WebQTL (www.webqtl.org) is a freely
ccessible suite of databases and online analysis software that
ontains phenotype, genotype, and gene expression data for 99
XD RI strains (Chesler et al., 2004) allowing in silico analyses

o be easily performed.
Before rodents can be used for fine-scale QTL mapping, it

eeds to be shown that strain differences, assumed to be caused
y genetic differences, exist for the particular trait being studied.
n this regard, several groups have begun to test for differences
etween strains on a range of behavioral tests postulated to mea-
ure aspects of the ADHD phenotype. For example, Patel et al.
2006) assessed attentional performance in the 5-choice serial
eaction time task of C57BL/6 and DBA/2 mice, the progeni-
or strains for the BXD recombinant inbred panel. They found
hat both strains were able to perform the task, but they dif-
ered significantly in the levels of performance achieved. DBA/2
ice appeared to be less accurate, and to make more impulsive

esponses. It is known that the two strains differ markedly in
heir dopamine systems (Cabib et al., 2002), and it is likely that
hese differences are due to genetically determined neurobiolog-
cal processes. Furthermore, sequence analysis has shown that
BA/2 mice have a single-nucleotide polymorphism in their

ryptophan hydroxylase-2 gene that significantly lowers frontal
ortical and striatal serotonin levels (Zhang et al., 2004).

As discussed above, dysregulation in DAT expression is
ostulated to be one of the major neurobiological processes
n ADHD. Janowsky et al. (2001) examined DAT density in
57BL/6 and DBA/2 mice, along with 21 BXD RI strains and
ncovered significant strain differences. Following genotyping
nd QTL mapping, they uncovered a large effect QTL, account-
ng for over half of the genetic variation in DAT density, on

ouse chromosome 19. Interestingly, this region does not con-
ain the murine Dat1 gene, but spans an area containing the
roopiomelanocortin pseudogene, Pomc-ps1. This study pro-
ides an elegant example of how previously unknown modifier
oci, not directly linked to systems thought to be dysregu-
ated in ADHD, can be identified using powerful QTL mapping
pproaches in BXD mice strains.

QTL mapping for ADHD traits is not restricted to mice. As
escribed previously, the SHR is the best-validated rodent model
f ADHD. It has been previously shown that the hyperactivity in
hese animals is not genetically linked to the hypertensive pheno-
ype that they were originally selected for. From a WKY X SHR
ntercross Hendley et al. (1986) were able to produce two new
trains with isolated hypertension, the Wistar Kyoto Hyperten-
ive (WKHT) strain, and with isolated hyperactivity, the Wistar
yoto Hyperactive (WKHA) strain. Moisan et al. (1996) used a

KY X WKHA (distinct for their low and high activity scores

n a novel environment, respectively) intercross to map a QTL
n chromosome 8 linked to locomotor activity in a novel envi-
onment. This QTL has a fairly major effect, accounting for 29%

3

v
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f the variance in activity level. Ramos et al. (1998) studied a
ewis X SHR intercross and found two QTL linked to locomotor
ctivity in the centre of the open field, on chromosomes 4 and 7.
ormede et al. (2002) selected animals from this intercross on

he basis of genotype at these two loci, identifying a ‘high line’
n which rats have the alleles associated with increased hyper-
ctivity, and a ‘low line’ with the alleles associated with lower
ctivity levels. Interestingly, these two loci are also associated
ith performance on a behavioral inhibition task (Mormede et

l., 2002). Recently, Vendruscolo et al. (2006) demonstrated that
he QTL on chromosome 7 also modulates prepulse inhibition,
nother neuro-behavioral trait associated with ADHD, in these
nimals.

One potential limitation of traditional QTL mapping
pproaches is that the mapping resolution is coarse because
he chromosomes of the F2 animals have undergone very little
ecombination. Much finer resolution QTL mapping in rodents
an be achieved by using an outbred stock of animals for
hich the entire genealogy is known. An example of these are

he heterogeneous stock (HS) mice, a systematically outbred
tock established over 30 years ago from an eight-way cross of
57BL/6, BALB/c, RIII, AKR, DBA/2, I, A/J and C3H inbred
ouse strains (McClearn et al., 1970). As well as vastly increas-

ng the genetic variation amongst the experimental animals, such
tocks are also more representative of a general population in
erms of behavioral traits, with individual genetic differences

apping onto individual behavioral differences. If differences
n ADHD-like traits can be demonstrated in these animals then
hey should provide a valuable tool for QTL identification. Mill
t al. (2002b), for example, undertook a pilot study investigat-
ng home-cage activity in HS mice, and found reliable individual
ifferences in home-cage behavior, mapping strongly onto a sta-
le general activity factor. The aim is to use these measures in
o identify novel mouse activity QTLs that can inform future
uman studies.

Conventional QTL mapping, based on natural, polygenic
ariation between different trains of mice, is undoubtedly a pow-
rful tool for identifying loci associated with ADHD-like traits.
here are disadvantages to this approach, however, and the pro-
ess can be extremely laborious. Whilst the initial stages of QTL
apping have been made easy via the free availability of geno-

ype and phenotype data, considerable verification work needs to
e performed once a linkage peak is identified. Single QTLs have
o be genetically isolated into congenic strains and then mapped
ia genomic sequencing. Because a single QTL linkage peak can
ontain numerous genes, locating the precise functional variant
an be time consuming and costly. The problem of fine mapping
TLs in rodents is highlighted in a recent review by Flint et

l. (2005). While several thousand QTLs have been identified
n crosses between inbred strains of mice and rats over the last
ouple of decades, less than 1% have been actually characterized
t a molecular level.
.5. ENU mutagenesis screening

A powerful alternative to investigating natural, polygenic
ariation in rodents (e.g. via QTL mapping) is chemical muta-

http://www.webqtl.org/
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enesis (Nadeau and Frankel, 2000). N-Ethyl-N-nitrosourea
ENU) is a potent alkylating agent that acts as a powerful
utagen in mouse spermatogonial stem cells. The mutation

ate following ENU is very high affecting approximately 1
n 1000 gametes screened (Hitotsumachi et al., 1985). The
ffect of ENU is genome-wide and non-specific—all genomic
egions have an equal chance of acquiring a novel mutation.
ne of the strengths of ENU mutagenesis is that it can induce
any different types of alleles, thus, better representing the

ction of most human gene polymorphisms than the full loss-
f-function effects in knockout models. Several centers around
he world are performing systematic high-throughput pheno-
ype screens of these ENU-created mutant lines (Nolan et al.,
000). Many of the behavioral test batteries given to these ani-
als involve paradigms that approximate to endophenotypes

ssociated with human psychiatric disorders, and contain sev-
ral that can be used to assess ADHD-like behavior. Following
creening, the phenotype of interest is confirmed via inheritance
esting and the location of the mutant detected via the genera-
ion of a genetic backcross, positional cloning and sequencing.

any of these mutant animals are available to other researchers,
ith phenotype and genotype information readily available on
ublic databases (e.g. http://www.neuromice.org/). One of the
trengths of the ENU mutagenesis screening approach compared
o previous targeted gene disruption methods, is that no prior
ssumptions are made about the genes involved in any pathway,
o novel genes and pathways can be identified. The promise of
NU mutagenesis for the elucidation of genes involved in behav-

or has been widely recognized (Godinho and Nolan, 2006),
nd this method should provide a powerful tool for identifying
ovel candidate genes likely to be involved in the pathogenesis
f ADHD.

. Conclusions

There is undoubtedly a strong genetic component to the aeti-
logy of ADHD, and to date polymorphisms in several candidate
enes have been associated with the disorder. As with other com-
lex psychiatric disorders, rodent models have proven extremely
seful in helping understand more about the genetic basis of
DHD in humans. Single-gene mutant rodents have been invalu-

ble in elucidating the function of these loci, especially DAT1,
RD4, and SNAP-25, and informing us about the behavioral

onsequences of severely disrupting their expression. There are,
owever, limitations to these mutant rodent models. Specifically
hey ignore many of the phenotypic and polygenic complexities
f ADHD, and cannot be used to nominate novel candidate genes
or use in human studies. Furthermore, single gene mutants, in
hom the function of a gene is totally eliminated, are unrealis-

ic models of the more subtle polymorphic variation observed
n normal populations, which acts to quantitatively alter gene
xpression or function. In addition to providing information
bout the dysregulation of known candidate genes, rodents can

e excellent tools for the identification of novel ADHD can-
idate genes. While not yet widely used to map ADHD-like
ehavior in rodents, QTL mapping approaches using recombi-
ant inbred strains, heterogeneous stock mice, and ENU mutated

C

ethods 166 (2007) 294–305

nimals have the potential to revolutionize our understanding of
he genetic basis of ADHD.
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