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A B S T R A C T

The co-morbidity between attention deficit hyperactivity disorder (ADHD) and substance abuse and

dependence disorders may have multiple causes and consequences. In this review, we will describe

neurobehavioral, genetic and animal model studies that support the notion that a common, genetically

determined failure of response inhibition function is an endophenotype for both disorders. Through an

impairment in the ability to cognitively control pre-potent behaviors, subjects can exhibit a collection of

ADHD-like traits (impulsivity and hyperactivity), as well as susceptibility for the initiation of drug taking

and its ultimate progression to an inflexible, uncontrollable form. At the neural level, dysfunction within

circuitry that includes the ventrolateral frontal and cingulate cortices, as well as in associated basal ganglia

zones, contributes to a common pattern of behavioral impairment, explaining aspects of co-morbidity.

Animal models of substance abuse/dependence and ADHD that exhibit deficits in response inhibition have

substantiated the role of this endophenotype in both disorders and their co-morbidity and should provide a

testing ground for interventions targeting it. New directions for research that will further explore this

hypothesis and begin to reveal the underlying biological mechanisms will be proposed.

� 2008 Elsevier Ltd. All rights reserved.
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1. Co-morbidity, ADHD and substance abuse disorders

As the evidence for the genetic influences on risk for major
mental disorders becomes increasingly clear, the search for
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quantitative trait indicators of specific risk-associated alleles is
underway. The sought-after traits are often conceptualized as
behavioral, cognitive or biological phenotypes that are ‘‘simpler’’
than multi-dimensional psychiatric disorders and that are,
consequently, determined by a simpler set of genetic mechanisms
than is the complex disorder phenotype. As a result, these traits are
potentially more fruitful candidates for gene discovery efforts
(Bearden and Freimer, 2006; Gottesman and Gould, 2003). In
addition, these ‘‘endophenotypes’’ would ideally be reliable
indicators of the brain dysfunction that represents risk for the
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Fig. 1. The relationships between ADHD and stimulant abuse are multi-fold. First,

impulsive traits and behaviors in ADHD are often treated with low, orally delivered

doses of stimulant drugs. At higher doses, or after alternative routes of

administration (e.g., intra-nasal administration of crushed tablets), euphoria and

reward can develop. Stimulant drugs, under these circumstances, can support

substance abuse behavior, which ultimately leads to further molecular adaptations

in the brain that exacerbate the deficits of response inhibition that the stimulant

drugs were prescribed to treat, in the first place.
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disorders, thereby enabling our understanding of the neural systems
affected by genetic risk factors. While putative endophenotypes for a
particular psychiatric disorder need not be directly related to
functional outcome in affected individuals, they often are (Green,
1996), making them of increased interest for treatment research.

While attempts to identify these traits have largely been
spurred by their potential for gene discovery, the identification of
endophenotypes has enabled our understanding of the increas-
ingly apparent co-morbidity between disorders, as well. As will be
discussed in depth in the sections that follow, certain quantitative
traits may be stable indicators of neural system-level dysfunction
that represents risk for multiple, partially overlapping disorders at
once, providing a mechanistic explanation for the apparent co-
morbidity. This review argues that this is true for two clearly
associated psychiatric disorders: substance abuse/dependence and
attention deficit/hyperactivity disorder (ADHD).

Taken individually, these two psychiatric conditions can have a
profound impact on the long-term functional capacities of an
individual. As both of these syndromes often appear first prior to full
adulthood, their consequences can be pervasive and life-long, by
altering the trajectory of an individual during the period of most
significant biological, behavioral and social development. What is
particularly concerning is that these two syndromes co-occur in
individuals at a rate much higher than that predicted by chance
alone; in other words, individuals are often ‘‘co-morbid’’, in that they
suffer from symptoms of both disorders at once (Gordon et al., 2004;
Wilens, 2004).

ADHD is an early-onset disorder that is behaviorally identified
by impulsive actions (trouble waiting turns and disruptive
behavior), hyperactivity (fidgety) and inattention (difficulty
focusing, distractibility, poor organizational skills and forgetful-
ness) (American-Psychiatric-Association, 1994). Other cognitive
impairments (poor working memory, executive function impair-
ments) are common in ADHD patients and may represent key
indicators of genetic liability to ADHD (Aron and Poldrack, 2005;
Barkley, 1997; Castellanos and Tannock, 2002; Doyle et al., 2005;
Nigg et al., 2004), although they are not diagnostic features. The
consequences of the constellation of symptoms and deficits are,
oftentimes, academic and/or occupational problems.

On the other hand, substance abuse involves the maladaptive,
non-medical use of illicit substances that leads to functional
impairments and/or to undue hazards or risks (‘‘driving under the
influence’’); additional physiological criteria (namely, the presence
of tolerance or withdrawal) differentiate substance dependence
from abuse (American-Psychiatric-Association, 1994). Concep-
tually, the critical factors that identify ‘‘drug addiction’’ include
pre-occupation with drug seeking and drug taking, despite
knowledge of the associated risks and despite repeated attempts
to stop and the functional consequences (socially, occupationally
and otherwise) of drug use.

Though the phenotypic manifestations of ADHD and substance
dependence seem considerably divergent (e.g., impulsive speech
and scholastic impairment versus drug tolerance and compulsive
drug seeking), substance abuse/dependence disorders and ADHD
are syndromes with long-recognized relationships (Fig. 1). First of
all, the addiction phenotype is a pervasive form of impulsive drug
seeking and drug taking behavior (Jentsch and Taylor, 1999;
Robinson and Berridge, 2003), indicating that it shares phenotypic
aspects with ADHD. Second, ADHD, when left untreated, is a
significant risk factor for the later development of substance abuse
or dependence (ADHD! substance abuse/dependence). Third,
individuals diagnosed with substance abuse/dependence often
exhibit symptomatic features of ADHD, and studies from animal
models (see Section 4.2) indicate that these effects could plausibly be
caused by drug intake (substance abuse! ADHD-like traits).
Finally, ADHD is often effectively treated with the very drugs that
support addictive behavior (e.g., stimulants), albeit at doses and via
routes of administration that do not typically produce the required
brain levels of the drug that support reward and abuse (Volkow and
Swanson, 2003).

The many aspects of the relationship between ADHD and
substance abuse have led to various neural and psychological
explanations that attempt to explain their apparent co-morbidity;
many proposals have focused on a common pattern of dysfunction
within circuitry associated with motivational and cognitive
processes. For example, several investigators have proposed that
ADHD can be characterized as a state of aberrant motivational and
reinforcement processes, enhanced sensitivity to delay, inability to
properly allocate and sustain attention, poor motor planning and
impaired executive functions, each resulting from hypofunctional
dopamine system (Sagvolden et al., 2001). Correspondingly, some
descriptive theories describe substance abuse/dependence dis-
orders as resulting from drug-induced dysregulation of systems
involved in reward and motivation (Koob and Le Moal, 1997;
Robinson and Berridge, 2000) and executive control over reward-
related behavior (Jentsch and Taylor, 1999). Therefore, while there
are clearly components of ADHD not shared with substance abuse
problems (and vice versa), there is considerable empirical support
for a partially overlapping set of problems with reward sensitivity,
motivation and cognitive control.

The sources of the co-morbidity between ADHD and substance
abuse/dependence are presently unknown. The thesis of this article
is that a common pattern of neural systems-level dysfunction,
stemming from partially overlapping genetic and neurochemical
determinants, leads to a characteristic impairment of cognitive
control over behavior; this failure of control leads to the signs and
symptoms of ADHD and represents a vulnerability factor for the
progression to substance abuse. In the next section, the presence of
common impulsivity-related phenotypes in these two disorders will
be discussed, and the systems-level dysfunction that relates to these
phenotypes in the two conditions will be reviewed.

2. Cognitive control deficits in ADHD and addiction

Cognitive control is a rubric that incorporates multiple
cognitive mechanisms that organisms use to effectively enable
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adaptive behavior (e.g., planning, updating representations of
goals, of attentional biases or of action; inhibitory control of pre-
potent responses; Miller and Cohen, 2001); individually, multiple
components of cognitive control are impaired in a variety of
psychiatric disorders, including ADHD and substance abuse/
dependence, and these effects will be described in more detail
here.

A lack of cognitive control over behavior is likely to directly
underpin the impulsive behavior that is a cardinal feature of ADHD
and substance abuse/dependence. In naturalistic settings, children
with ADHD exhibit difficulty suppressing situationally inappropri-
ate behavior, and it is the consequences of these control failures
that lead to the disruptive behaviors that characterize the disorder
and contribute to the scholastic deficits. Furthermore, addictive
disorders critically include a failure of effective, voluntary control
over reward-directed behavior (Jentsch and Taylor, 1999).

Because multiple dimensions of psychological dysfunction are
found in these disorders, it does not immediately follow that the
impulsive behavioral patterns in ADHD and substance abuse stem
from an empirically measurable lack of cognitive control; direct
investigation of this possibility, using laboratory measures, is
necessary. A variety of tests have been used to evaluate the ability
to stop or change responses in these clinical populations, and
together, these different experimental tasks have provided
convergent evidence for a substantial deficit in response inhibition
in ADHD and substance abuse. One dimension of cognitive control
that has been the focus of considerable study is response
inhibition. Response inhibition encompasses the ability to
adaptively suppress behavior when environmental contingencies
demand it. Laboratory measures of response inhibition normally
involve the establishment of a response that becomes the default
(‘‘pre-potent’’) response. Each of the empirically validated tasks
(see Table 1) incorporates situational requirements for inhibiting,
stopping, delaying or modifying the pre-potent response. The
nature of control exerted over the pre-potent response can vary
widely (e.g., stopping an ongoing behavior, inhibiting responding
when reward is no longer delivered, eliminating inappropriate or
excessive responding, or inhibiting responses to a previously
rewarded stimulus); additionally, the cognitive processes required
for control of the response may vary, as well (e.g., motor inhibition,
ability to bridge a delay, ability to shift responding to new stimuli,
ability to weigh magnitude of reward effectively). Importantly, the
measures are not suggested to index a singular, invariant
construct, but they do all appear to be procedures that allow
one to quantify aspects of neural systems dysfunction that occurs
in ADHD and substance abuse/dependence.

Using laboratory tests of response inhibition and cognitive
control, patients with ADHD have been shown to exhibit
difficulties with withholding, stopping or changing an established
response (Aron et al., 2003; Casey et al., 1997; Chamberlain et al.,
Table 1
Common tasks used for the assessment of cognitive control of behavior, including resp

Task Pre-potent response Ad

Reversal learning Rapid responding to a conditioned stimulus,

despite a change in conditional rules
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Delay discounting Emission of responses that produce

immediate feedback (reward)

M

Choice reaction time Anticipatory responses, made during

inter-trial intervals

W
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Extinction Continuing to emit conditional responses

despite outcome omission

Ce

Stop signal

reaction time

Rapid instrumental responding In

w

Go-No-Go Rapid instrumental responding W

re
2007; Clark et al., 2007; Itami and Uno, 2002; Kuntsi et al., 2005;
Schachar et al., 1995), and these effects are generally associated
with physiological dysfunction within a network that includes
inferior frontal cortical regions (Aron and Poldrack, 2005; Casey
et al., 1997; Clark et al., 2007; Itami and Uno, 2002). With respect to
addiction, deficits in response inhibition have been found in
patients diagnosed with drug abuse and dependence, particularly
those that abuse stimulants (Ersche et al., 2008; Fillmore and Rush,
2002, 2006; Monterosso et al., 2005). As in ADHD, anatomical and
physiological dysfunction within ventrolateral frontal cortex is
associated with these deficits (London et al., 2004; Thompson et al.,
2004), suggesting that a common neural adaptation within this
part of the brain likely mediates the deficiencies in inhibitory
control function in both disorders.

Neuroimaging studies have revealed a common pattern of brain
dysfunction that extends beyond anatomical and functional
abnormalities in ventrolateral prefrontal cortex. Molecular ima-
ging studies have demonstrated that both ADHD and substance-
dependent individuals have altered dopaminergic function and
production, particularly in striatal regions (Ernst et al., 1998; Heinz
et al., 2005; Ludolph et al., 2008; Martinez et al., 2007). Beyond
these dopaminergic alterations, both disorders show a consistent
pattern of lower gray matter density in prefrontal regions
(Matochik et al., 2003; Semrud-Clikeman et al., 2006) and striatal
areas (Castellanos et al., 1994; Jacobsen et al., 2001). Functional
imaging has also demonstrated hypoactivation of the anterior
cingulate when performing a response inhibition task in both
ADHD and substance dependent individuals (Hester and Garavan,
2004; Leland et al., 2008). Together, these data indicate a shared
neural dysfunction that may contribute to the common behavioral
deficits, indicative of a parallel neuronal pathway. Although the
relationship between these functional, anatomical and biochem-
ical alterations is not well understood, the fact that similarities
exist beyond the behavioral output substantiates the claim that a
shared neural pathway exists between ADHD and substance abuse.

Among neuropsychiatric disorders, ADHD is somewhat unique
in that the available pharmacological treatments, while not
without side effects, are remarkably effective at controlling
symptomatology (Arnsten, 2006b; Biederman et al., 2006).
Additionally, methylphenidate and atomoxetine lessen deficits
of inhibitory control in ADHD when given at therapeutically
effective doses (Aron et al., 2003; Chamberlain et al., 2007; Scheres
et al., 2003; Tannock et al., 1989). Pre-clinical studies have
provided clues as to the neurotransmitter systems that mediate its
effects on response inhibition measures. Methylphenidate and
amphetamine (both of which non-selectively increase monoamine
output in brain) have mixed effects on response inhibition tasks in
rats that vary depending upon dose, route of administration and
procedure (Cardinal et al., 2000; Cole and Robbins, 1987; Eagle
et al., 2007; Richards et al., 1999). On the other hand, atomoxetine,
onse inhibition
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Fig. 2. This hypothetical model graphically represents the concept that poor

response inhibition, mediated by genetically determined alterations in forebrain

catecholamine transmission, is a risk factor for both ADHD and substance abuse.

The abuse of illicit substances is also an environmental risk factor that produces

further adaptations in catecholamine systems, leading to increasing impairments in

response inhibition.
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a selective norepinephrine reuptake inhibitor, appears to con-
sistently improve response inhibition in a variety of pre-clinical
measures (Robinson et al., 2008; Seu et al., 2008). Selective
norepinephrine transporter inhibitors differ from traditional
stimulant treatments in that while stimulants increase extra-
cellular dopamine levels in the striatum, atomoxetine does not
(Bymaster et al., 2002). Notably, however, both stimulants and
atomoxetine increase dopamine and norepinephrine in prefrontal
regions (Berridge et al., 2006; Bymaster et al., 2002). These similar
prefrontal monoaminergic effects of different drug classes suggest
a critical role of prefrontal dopamine and norepinephrine in
regulating and recruiting the neural systems that are believed to be
critical for inhibiting behavior.

What is less clear, however, is the relationship between early,
effective treatment of symptoms of ADHD and later risk for
substance abuse disorders. Pre-clinical studies have suggested that
developmentally early treatment with stimulant medications used
to treat ADHD reduce sensitivity to addictive drugs in adulthood
(Andersen et al., 2002; Mague et al., 2005), but see also (Brandon
et al., 2003). These results are seemingly congruent with recent
prospective studies indicating that early methylphenidate treat-
ment in ADHD does not increase, and may actually decrease, risk
for substance use disorders (Biederman et al., 2008; Mannuzza
et al., 2008). Because of the potential reductions in substance abuse
risk associated with effective treatment of ADHD, it is of empirical
interest to further determine whether clinical improvement in
treated patients tracks along with effective modulation of the
deficits in response inhibition (Nigg et al., 2006); if that were the
case, it would strengthen support for the idea that the relationship
between ADHD and substance abuse depends upon an aberrant
response inhibition mechanism.

Virtually nothing is known about the pharmacological regula-
tion of response inhibition deficits in substance abuse. Theoreti-
cally, effective treatments for ADHD may be expected to
accomplish this effect; however, the abuse liability of methylphe-
nidate and amphetamine make them practically problematic in the
treatment of substance abuse. On the other hand, atomoxetine
lacks abuse liability (Michelson et al., 2003), but its effects on
response inhibition have not yet been evaluated and/or reported in
substance abuse. If effective at modulating these deficits in
substance-dependent persons, atomoxetine would represent an
important tool in determining whether agents that lessen response
inhibition deficits could be expected to enable voluntary cessation
of drug intake, as is hypothesized by earlier models (Jentsch and
Taylor, 1999).

What are the implications of this common pattern of
neurophysiological and response inhibition impairments in the
two disorders? Some of the potential relationships are exhibited
in Fig. 2. First, and most simplistically, the co-morbidity of the
two disorders may explain the concordance of neural and
behavioral phenotypes. Second, ADHD, and its corresponding
neural and behavioral traits, is a risk factor for addiction, leading
to an over-representation of ADHD-like phenotypes in stimu-
lant-dependent subjects. Third, chronic intake of psychostimu-
lants may directly change the function of the orbitofrontal cortex
in a manner that mimics neural and behavioral aspects of ADHD.
Studies in animal models are particularly helpful in disambig-
uating the directionality of these sorts of associations present in
clinical populations.

3. Genetic mechanisms and co-morbidity

The proposal that genetically determined variation in a set of
endophenotypes can represent a risk factor for multiple co-morbid
psychiatric disorders is best supported by the identification of a
common set of candidate risk genes that (1) are in association with
the presumed endophenotype and (2) are, consequently, in
association with both disorders. Of relevance to this review, there
are genetic mechanisms that satisfy these criteria for ADHD and
substance abuse/dependence, supporting the general view that
both are determined by a common endophenotype of poor
response inhibition.

An important, albeit limited effect-size, gene that has received
attention for its relationship to ADHD and substance abuse is DAT1
(Faraone et al., 2005), the gene that encodes the dopamine
transporter. A variable number tandem repeat polymorphism in
the 30-untranslated region of the gene has been repeatedly
associated with ADHD (Cornish et al., 2005; Gill et al., 1997; Lee
et al., 2007b; Roman et al., 2001; Swanson et al., 2000) and, more
recently, with cocaine abuse and inflexible smoking behavior
(Guindalini et al., 2006; Stapleton et al., 2007). Notably, because a
significant association between the DAT1 risk genotype and
response inhibition remains after controlling for degree of ADHD
symptoms (Cornish et al., 2005), the proximal effect of the risk
genotype may lie at the level of response inhibition, not disorder
severity. It therefore appears to be the case that certain genes
influencing risk for both ADHD and substance abuse behavior may
do so by mediating a common endophenotype of poor response
inhibition, consistent with the assertion that this behavioral
mechanism lies at the heart of the co-morbidity.

While further studies of this type are needed, it remains
possible that other candidate genes (e.g., DRD4; COMT) influencing
these disorders may exert their effects through a common set of
cognitive control-related constructs. The completion of large-scale
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phenomics studies in genotyped individuals (Bilder, 2008) may
further expose the critical relationships required to support this
hypothesis. Additionally, animal models that allow a more direct
analysis of neurochemical and behavioral mechanisms critical to
these disorders can functionally define these associations and
explain their mechanistic foundation. The following section deals
with the current state of knowledge regarding animal models
relevant to ADHD and addiction that illuminate the potential role
for response inhibition in both disorder phenotypes.

4. Inhibitory control deficits in animal models of ADHD or
substance abuse

4.1. Animal models of ADHD

Traditionally, animal models of ADHD have focused on hyper-
active phenotypes, but as the dimensionality of the clinical
syndrome has become more apparent, animal models have become,
correspondingly, more sophisticated. Presented here is the evidence
that deficits of response inhibition are a common feature of animal
models of ADHD, including those with etiological validity, suggest-
ing that poor cognitive control over behavior is a key mechanism
associated with the biological determinants of the disorder.

Among the variety of commonly used animal models for ADHD,
several exhibit phenotypes of relevance to response inhibition
which stem, in some cases, from determinants thought to influence
risk for ADHD in humans. Importantly, many of these models,
along with exhibiting classic ADHD-like symptoms such as
inattentiveness and hyperactivity, show deficits in response
inhibition. These models also help to specify the neurochemical
mechanisms directly underlying the phenotypes, and as will be
discussed below, many directly point toward disturbances in
catecholamine transmitter systems in the expression of impulsive
behavior.

Spontaneously hypertensive rats (SHR) are a selectively bred
line originating from normotensive Wistar–Kyoto (WKY) rats and
display many characteristics that resemble ADHD symptoms, such
as hyperactivity and inattention (Sagvolden, 2000). Though the
specific neurochemical abnormalities mediating behavioral phe-
notypes in the SHR model are unknown, these animals do show an
increase in norepinephrine release in the prefrontal cortex that
depends upon autoreceptor sub-sensitivity (Russell et al., 2000;
Russell and Wiggins, 2000); alterations in prefrontal cortical
noradrenergic tone have been implicated in the cognitive control
deficits in ADHD (Arnsten, 2006a). Moreover, genetic variation in
the gene encoding the dopamine transporter may play a role in the
hyperactive and impulsive behavior of SHR rats (Mill et al., 2005),
an effect notable due to the fact that variation in the dopamine
transporter gene associates with ADHD in humans (Faraone et al.,
2005).

Evidence for a deficit in response inhibition in SHR rats is
derived from multiple sources. For example, as compared with
WKY rats, SHRs exhibit persistence of responding on an extinction
(reward omission) schedule, suggesting that they have difficulty
inhibiting a conditioned response when task rules change
(Johansen and Sagvolden, 2004). In delayed reward tasks (that
measure the ability of subjects to choose larger, delayed rewards
rather than immediate, suboptimal rewards), SHR rats also exhibit
abnormal preferences for small, immediate rewards, as well as
more burst responding and a steeper delay-discounting curve
(Johansen et al., 2005). Delay gradients that are characterized by a
tendency to trade larger, delayed rewards for smaller, immediate
rewards, are consistent with poor response inhibition capability.

Dopamine transporter knockout and knockdown (DAT KO and
DAT KD) mice have also been investigated as a putative animal
model for ADHD. DAT KOs exhibit hyperactivity, especially in
response to a novel environment, and this hyperactivity is reduced
by systemic administration of stimulant drugs (Gainetdinov et al.,
1999), paralleling their effects in ADHD patients. Deficits in
response inhibition in DAT KOs are evident in the persistent
responding observed during extinction of food-reinforced operant
responses (Hironaka et al., 2004), as well as in increased
perseverative responding to previously visited arms in a win-shift
task (Gainetdinov et al., 1999). DAT KD mice, which have 10% of
wild-type DAT levels and lack several of the developmental
problems characteristic of DAT KOs (Zhuang et al., 2001), exhibit
normal instrumental conditioning but poorly extinguish a
previously established instrumental response (Yin et al., 2006).
These results indicate that animals with impaired dopamine
clearance exhibit deficits in adaptive inhibition of previously
established responses, independent of their associative learning
capacity.

Coloboma mice carry a semidominant deletion mutation within
the SNAP-25 gene which results in a 50% reduction of SNAP-25
expression, a protein critical for calcium-triggered exocytosis
(Hess et al., 1996). Poor response inhibition in the coloboma mouse
is indicated by delay discounting tasks: coloboma mice exhibit
reduced tolerance for delay compared to controls, indicating an
impulsive tendency to trade quality of reward for immediacy
(Bruno et al., 2007). This model and its associated phenotypes are
potentially of substantial relevance for ADHD because variation in
the gene encoding SNAP-25 associates with ADHD in humans
(Faraone et al., 2005). Moreover, this model links clearly with the
SHR and DAT genetic models because it similarly exhibits
dysregulation of basal ganglia catecholamine transmission (Jones
et al., 2001), a neurochemical abnormality that likely contribute
directly to its behavioral phenotypes.

Irrespective of the genetic determinants of each of these
models, they each support impairments of response inhibition as
being a key aspect to ADHD that likely relates directly to abnormal
catecholamine function in the prefrontal cortex and/or basal
ganglia. Ultimately, these models may be useful in further
disentangling the specific nature of the relationship between
genetic and neurochemical mechanisms that influence this
phenotypic dimension of ADHD.

While the above models have focused on putative models of the
disease-associated pathophysiology, the actions of effective
treatments for ADHD in otherwise ‘‘normal’’ animals also supports
the relevance of behavioral measures of response inhibition. Using
a number of tasks, it is now clear that effective ADHD treatments,
including methylphenidate, amphetamine and atomoxetine,
reduce impulsive behavior, probably by enhancing response
inhibition, in rodents (Blondeau and Dellu-Hagedorn, 2007; Eagle
et al., 2007; Navarra et al., 2008; Rivalan et al., 2007; Robinson
et al., 2008; Seu et al., 2008). Therefore, beyond an animal model of
ADHD pathophysiology, these important behavioral features of the
disorder can be used to generate phenotype models that are
helpful in understanding the neuropharmacology of effective
treatment. Further exploitation of this approach is of critical
importance.

4.2. Animal models of substance abuse

Animal models of substance abuse/dependence demonstrate
that deficits of response inhibition can be a direct consequence of
long-term exposure to illicit substances of abuse and are beginning
to help us understand the mechanistic basis of these deficits.
Conversely, response inhibition tasks have also been used to
predict future self-administration behavior in animals, suggesting
that naturally occurring poor response inhibition can alter the
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susceptibility to drug taking. The following section will explore
these relationships in more detail.

As discussed above, reversal learning tasks measure the ability
to adaptively change a conditioned response when task circum-
stances change, and this procedure has been used to detect
response inhibition deficits in models of drug dependence. Mice
treated chronically with an escalating dose exposure to ethanol
exhibit no difficulty with learning a simple spatial discrimination
task but require more trials to reach criterion when spatial
contingencies are serially reversed (Borde and Beracochea, 1999).
Similarly, studies in rats have revealed that chronic exposure to
cocaine or phencyclidine persistently impairs serial reversal
learning performance (Abdul-Monim et al., 2006; Calu et al.,
2007; Jentsch and Taylor, 2001; Schoenbaum et al., 2004). Of the
clearest relevance to humans, non-human primates trained on a 3-
choice object discrimination task and then chronically exposed to
cocaine have no problems with acquiring an object discrimination,
but when stimulus-reward contingencies are reversed, they
exhibit a selective increase in perseverative errors, an effect that
persists for at least one month after the last exposure to cocaine
(Jentsch et al., 2002).

Similar studies utilizing delayed reward tasks are in agreement
with the above results. The degree of response inhibition deficit is
measured by calculating an indifference point, which is defined as
the delay at which animals choose either option with equal
frequency. As compared to saline-treated controls, rats chronically
exposed to cocaine exhibit poor delay discounting (Paine et al.,
2003; Simon et al., 2007). Because treatment groups were
counterbalanced for locomotor activity, this finding suggests a
drug-induced deficit in response inhibition that cannot be
explained by non-specific differences in activity. Similarly, rats
exposed to cocaine prior to an odor discrimination task show
elevated discounting and sensitivity to the independent modula-
tion of reward delay and magnitude (Roesch et al., 2007). Steeper
delay discounting gradients have also been found after chronic
treatment with methamphetamine (Richards et al., 1999), and
nicotine increases preference for immediate, small rewards in a
dose-independent manner when chronically administered (Dal-
lery and Locey, 2005). Collectively, these studies indicate that
chronic exposure (voluntary or otherwise) in rats produces deficits
in reversal learning and performance in a delayed reward task in a
manner that suggests that the abuse of drugs leads directly to
response inhibition deficits. Although this helps to clarify one facet
of the relationship between addiction and response inhibition
deficits, it does not immediately preclude the possibility that
naturally occurring impairments in this domain of function
(including those attributable to ADHD) are risk factors for the
development of impulsive drug taking.

In fact, a variety of studies have found that several dimensions
of behavior related to response inhibition are predictive of future
patterns of drug self-administration behavior in rodents. This was
initially investigated by assessing locomotor response to a novel
environment and dividing rats into groups the exhibited greater
‘‘impulsive’’ exploratory behavior (high responders) versus those
that exhibited little (low responders). High-responding rats more
readily acquire amphetamine self-administration (Piazza et al.,
1989), though, interestingly, this self-administration behavior is
not predictive of response inhibition abilities as measured by a
fixed consecutive number task (Bardo et al., 2006). On the other
hand, self-administration behavior can also be predicted based
upon performance in delay discounting tasks. Animals exhibiting
the steepest delay discounting effects are more susceptible to
behavioral sensitization to repeated ethanol administration
(Mitchell et al., 2006) and self-administer more ethanol and
cocaine than their low impulsivity counterparts (Perry et al., 2005;
Poulos et al., 1995). Furthermore, impulsive delay discounting
performance predicts resistance to extinction and susceptibility to
conditioned-cue reinstatement in rats self-administering nicotine
(Diergaarde et al., 2008). Finally, anticipatory responding in a
choice reaction-time task, which also measures a simple form of
inhibitory control, predicts overall amounts of cocaine taking in
rats (Dalley et al., 2007), as well as acquisition of nicotine self-
administration behavior (Diergaarde et al., 2008).

4.3. Co-morbidity in animal models

Together, these studies clearly support the conclusion that
impulsive patterns of responding, probably related to poor
cognitive control over behavior, is predictive of drug taking
liability. In that sense, animal models have provided explicit
support for the plausibility of two theories relating ADHD-like
behavior to addiction (impulsivity causes addiction; addiction
causes impulsivity). Animal models can illuminate aspects of
addiction and ADHD, as well as the processes that may contribute
to their co-morbidity. As described above, examination of results
garnered from animal models of addiction and ADHD reveals
similarity in several phenotypic domains related to response
inhibition, including low delay discounting indifference points,
resistance to extinction, and perseverative responding.

Additionally, these models can further exhibit direct evidence
for ‘‘co-morbidity’’, although this issue has not been examined as
extensively. For example, the SHR rat model of ADHD has been
shown consume more ethanol than both their normotensive
counterparts and ethanol-preferring Lewis rats (Da Silva et al.,
2004, 2005; Khanna et al., 1990). It is possible that the common
endophenotype of poor response inhibition is a major contributor
to these overlapping phenotypic characteristics, providing an
explanation for high rates of co-morbidity in humans. Never-
theless, more work directly investigating whether animal models
exhibiting response inhibition deficits display addiction-like and
ADHD-like behaviors that are mutually predictive will assist in
determining how response inhibition plays a role in co-morbidity,
as well as expose the shared neural mechanisms that underlie it.

5. Future directions for research

Additional research is required in order to further define the
relationships between ADHD and substance abuse, to explore the
role for response inhibition deficits as a factor moderating this
relationship and to reveal the neural mechanisms of direct
relevance to the phenotypic association between these phenom-
ena. Statistical genetic methods can be used to precisely map the
inter-twin correlations in ADHD, substance abuse and response
inhibition phenotypes. If our hypothesis is correct, ADHD-like,
substance abuse-related and response inhibition phenotypes
should correlate across twins (i.e., that poor response inhibition
in one twin is correlated with ADHD or substance abuse in the
other twin); such a result would directly support a shared genetic
determination of the multiple phenotypic dimensions.

Neuroimaging studies are needed in order to specify the
molecular mechanisms that co-vary with individual variation in
response inhibition and to determine whether these biological
phenotypes will ultimately be useful as quantitative estimates of
genetic liability for ADHD and/or substance abuse or dependence.
For example, it is known that drug-dependent individuals show
lower D2 availability (Volkow et al., 2001), and cocaine self-
administration in non-human primates decreases D2 receptor
availability (Nader et al., 2006). A recent study in rats has
suggested that low ventral striatal D2/D3 receptor availability is a
predictor of disinhibited responding and susceptibility for drug
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taking (Dalley et al., 2007); remarkably, low nucleus accumbens
D2/D3 receptor availability predicts poor ability to cease an on-
going response, as measured by the stop signal reaction time task,
in humans (London et al., 2007). Furthermore, a recent pharma-
cological study directly tied low D2/D3 receptor function to
response inhibition, as measured by reversal learning, in monkeys
(Lee et al., 2007a). Therefore, it appears that alterations in D2
receptor levels may be linked to response inhibition in a manner
that confers risk to substance abuse/dependence, while chronic
exposure to drugs of abuse simultaneously encourages disin-
hibited responding via similar D2 mechanisms. Further investiga-
tion of modifications in monoamine signaling in brain in human
and animal subjects may expose additional mechanisms of
relevance to the association between response inhibition and
disorder phenotypes.

Finally, investigating the extent to which naturally occurring
variation in impulsivity is a risk factor for ADHD-like and
addiction-like traits, more work should focus on exploring the
consequences of this natural variation in animal models, rather
than focusing on altering the physiology of subjects to make them
useful for research purposes. Recent studies in rats, monkeys and
humans have shown that natural variation in impulsive respond-
ing is predictive of a range of cognitive control-related mechan-
isms, including working memory maintenance and updating
(Cools et al., 2007; Dellu-Hagedorn, 2006; James et al., 2007).
Animal models may be particularly useful in understanding the
genetic and neurochemical determinants of poor response
inhibition and its consequences; for instance, variation in the
DRD4 gene associates with impulsive behavior and associated
cognitive deficits (James et al., 2007), precisely as it may do in
humans (Lynn et al., 2005). The identification of animal models
with both genetic and phenotypic variations nearly identical to
that in humans suggests that there are new tools for understanding
the genomic determination of complex behavioral phenotypes in
humans.

Finally, a new frontier in biological research on drug abuse and
dependence must include concepts of susceptibility and risk for
the disorder. As the behavioral and genetic factors that influence
liability to impulsive drug taking are identified, these factors can be
incorporated into prevention strategies aimed at prolonging the
onset and lessening the impact of drug use on young people. Our
understanding of response inhibition-related phenotypes will
likely be crucial in this endeavor.
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