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A Tribute to Terje Sagvolden (Feb 12, 1945

to Jan 12, 2011)

We dedicate this edited volume on Attention-Deficit Hyperactivity Disorder

(ADHD) to Terje Sagvolden, a highly accomplished neuroscientist of international

repute, a wonderful caring man, a kind considerate friend, and an inspiring

researcher. His seminal work was to demonstrate the relevance of a specific animal

model, the Spontaneously Hypertensive Rat, for human ADHD, which he describes

in a chapter in this volume, completed shortly before his sudden death. As a

founding member of the European Network for Hyperkinetic Disorder (Eunethy-

dis), he emphasized with legendary enthusiasm, the importance of reinforcement

and learning as a major focus for human ADHD research. Terje worked tirelessly

and passionately to forge links between basic and clinical researchers from different

disciplines, across different countries, to better understand the neurobiology of

ADHD. He leaves a rich legacy of ideas to be pursued by the next generation of

ADHD researchers, some of whom are represented in this volume.
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Preface

As one in the series of Current Topics in Behavioral Neuroscience, this book draws
together the latest developments in both preclinical and clinical research of atten-

tion-deficit hyperactivity disorder (ADHD). We have tried to highlight the science

that is common to both, as well as the chasms that separate them. This appraisal is

timely in view of the forthcoming publication of DSM-5 in 2013, which aims to

update the diagnostic criteria for ADHD, based on its current neuroscientific

understanding.

ADHD has a worldwide incidence of about 5% in children but it is not a benign

disorder found only in the young, as was once believed. As the opening chapter of

this book makes clear, ADHD persists into adulthood in more than half of the cases.

These patients often experience serious comorbidity, such as substance misuse

(especially alcohol), anxiety and emotional lability; bipolar disorder and criminali-

ty. Any one of these problems can ruin social function, employability, and quality

of life, and they all illustrate why it is so important that we find ways of under-

standing the neurobiology of this disorder and develop effective treatment

approaches.

There is an obvious and justifiable emphasis on the latest research that points to

ADHD as a neurodevelopmental disorder involving alterations in prefrontal brain

regions, but the role of other brain regions, such as those coupled to the periphery, is

covered too. At last, there is real progress in understanding the consequences of

disrupting these complex feed-back and feed-forward loops and their functional

connections with forebrain neuronal circuits.

After that, the theme of the chapters switches to comorbid problems, especially

drug misuse and obesity. It is not at all obvious why these debilitating conditions

are so prominent with ADHD, compared with other psychiatric disorders, but that

anomaly must give clues to their underlying neurobiology. More clues are emerging

from genetic studies, which are gradually identifying candidates that are more

certain, or more common, than others. However, as is now evident, all these factors

can be confounded by the impact of early life experience on gene expression and

factors that govern brain development, including those that determine gender.

vii



As in other fields, the development of an animal model of ADHD is seen as an

essential step in translational research. Validating these animal models, even as

mere drug screens, is a constant and challenging process. Several mouse contenders

are reviewed here but whether a strain of mouse will ever be developed that

replicates the benchmark rodent model of ADHD, the Spontaneously Hypertensive

Rat (SHR), remains to be seen.

Apart from the SHR, which has been studied in exceptional detail, there is a

striking dearth of preclinical research of ADHD compared with other CNS dis-

orders. That could well explain why, despite the prevalence of ADHD, only five

drugs are licensed to treat ADHD in the USA – and only three of these are available

in the UK. Yet, given that even the first-line treatments for ADHD (psychostimu-

lants) are ineffective in about 20–25% of cases, there is a pressing need for new

approaches to pharmacotherapy of ADHD, particularly in adults, based on a strong

scientific rationale.

The last chapter offers a novel framework in which to view the various accounts

and explanations of ADHD presented herein and in the broader ADHD literature. It

presents an updated version of the theoretical framework initially presented by

Peter Killeen at the international multidisciplinary research group led by Terje

Sagvolden at the Centre for Advanced Studies at the Norwegian Academy for

Science and Letters (2004–2005). This ‘‘think-tank’’ on ADHD acted as a catalyst

in generating new ideas and new lines of international collaborative research

between basic and clinical scientists and the establishment of the journal Behavior-
al and Brain Functions, of which Terje was Editor-in-Chief.
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Abstract Attention-deficit hyperactivity disorder (ADHD) is one of the most

common neuropsychiatric disorders with childhood onset, having a chronic course

associated with high dysfunction and morbidity throughout life. Despite significant

advances in our understanding of the neurobiological underpinnings of the disorder,

diagnosis of ADHD remains strictly clinical and is based on behavioral symptoms

of inattention, impulsivity, and hyperactivity. In this chapter, we review the diag-

nostic process and current controversies in the diagnosis of ADHD, discuss the

clinical presentation of the disorder across the lifespan, and examine the patterns of

comorbidity and the longitudinal predictors of outcomes. We conclude by pointing

out some of the challenges that need to be addressed in future classifications

systems to improve the characterization and validity of the diagnosis of ADHD.
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Abbreviations

ADHD Attention-deficit hyperactivity disorder

APA American Psychiatric Association

CD Conduct disorder

DSM Diagnostic and Statistical Manual (of Mental Disorders)

ICD International Classification of Diseases

ODD Oppositional defiant disorder

1 Introduction

Attention-deficit hyperactivity disorder (ADHD) is characterized by pervasive and

impairing symptoms of inattention, hyperactivity, and impulsivity, being one of the

most common neuropsychiatric disorders with childhood onset. As one of the most

extensively investigated disorders in medicine (Goldman et al. 1998), ADHD is

considered a multifactorial developmental neuropsychiatric disorder, based on

genetic predisposition and neurobiological dysregulation. Epidemiological data

indicate a worldwide prevalence of 5.29% among individuals under the age of 18

(Polanczyk et al. 2007), and a recent meta-analysis documented a 2.5% prevalence

in adults (Simon et al. 2009).

Although previously thought to remit before or during adolescence, long-term

follow-up studies of children and retrospective studies of adults with ADHD have

shown that the disorder often persists into adulthood (Biederman et al. 2010).

ADHD may be associated with a number of comorbid psychiatric disorders,

including oppositional defiant disorder (ODD), conduct disorder (CD), learning

disabilities, substance use disorder, and mood and anxiety disorders. It is usually

accompanied by impaired academic and social skills, leading to significant emo-

tional distress for both patients and families.

In each developmental stage, ADHD is associatedwith various negative outcomes,

which may be exacerbated by the presence of comorbid disorders. Overall, ADHD-

related problems include the following: (for children) greater risk of poor school

performance and low academic achievement, grade retention, school suspensions

and expulsions; (for adolescents) poor peer and family relations, school drop-out,

aggression, conduct problems and delinquency, early substance experimentation and

abuse; (for adults) driving accidents and speeding violations, difficulties in social

relationships, marriage, and employment (Biederman et al. 2010; Fischer et al. 2007;

Kessler et al. 2006; Nijmeijer et al. 2008). Thus, impairments go beyond the indivi-

dual’s own attainments to affect the various domains of home life, occupational

functioning, dealings in the community, marital or dating relationships, money

management, leisure and recreational activities (Barkley and Murphy 2010a).

Here, we review the current knowledge on diagnostic criteria and clinical

presentation of ADHD in children, adolescents, and adults exploring changes

in symptomatology across the lifespan. We also examine the comorbidities most

2 R. Kieling and L.A. Rohde



frequently associated with ADHD and discuss their impact on the prognosis of child

and adult patients.

2 Diagnostic Criteria

The current version of the Diagnostic and Statistical Manual of Mental Disorders –

DSM-IV–TR (American Psychiatric Association 2000) lists 18 symptoms of

ADHD (Table 1). DSM-IV criteria specify two dimensions of symptoms, namely

Table 1 DSM-IV-TR diagnostic criteria for ADHD

A. Either (1) or (2):

Inattention
1. Six (or more) of the following symptoms of inattention have persisted for at least 6 months to a

degree that is maladaptive and inconsistent with developmental level:

(a) Often fails to give close attention to details or makes careless mistakes in schoolwork, work,

or other activities

(b) Often has difficulty sustaining attention in tasks or play activities

(c) Often does not seem to listen when spoken to directly

(d) Often does not follow through on instructions and fails to finish schoolwork, chores, or duties

in the workplace (not due to oppositional behavior or failure to understand instructions)

(e) Often has difficulty organizing tasks and activities

(f) Often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort

(such as schoolwork or homework)

(g) Often loses things necessary for tasks or activities (e.g., toys, school assignments, pencils,

books, or tools)

(h) Is often easily distracted by extraneous stimuli

(i) Is often forgetful in daily activities

2. Six (or more) of the following symptoms of hyperactivity–impulsivity have persisted for at least
6 months to a degree that is maladaptive and inconsistent with developmental level:

Hyperactivity
(a) Often fidgets with hands or feet or squirms in seat

(b) Often leaves seat in classroom or in other situations in which remaining seated is expected

(c) Often runs about or climbs excessively in situations in which it is inappropriate (in

adolescents or adults, may be limited to subjective feelings of restlessness)

(d) Often has difficulty playing or engaging in leisure activities quietly

(e) Is often “on the go” or often acts as if “driven by a motor”

(f) Often talks excessively

Impulsivity
(g) Often blurts out answers before questions have been completed

(h) Often has difficulty awaiting turn

(i) Often interrupts or intrudes on others (e.g., butts into conversations or games)

B. Some hyperactive–impulsive or inattentive symptoms that caused impairment were present

before age 7 years

C. Some impairment from the symptoms is present in two or more settings [e.g., at school (or

work) and at home]

D. There must be clear evidence of clinically significant impairment in social, academic, or

occupational functioning

E. The symptoms do not occur exclusively during the course of a pervasive developmental

disorder, schizophrenia, or other psychotic disorder and are not better accounted for by another

mental disorder (e.g., mood disorder, anxiety disorder, dissociative disorder, or a personality

disorder)
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inattention and hyperactivity/impulsivity, which define three subtypes of the disor-

der: predominantly hyperactive–impulsive type, predominantly inattentive type,

and combined type. The diagnosis is based on the presence of at least six symptoms

of inattention and/or six symptoms of hyperactivity/impulsivity (American Psychi-

atric Association 2000). The International Classification of Diseases, tenth revision

(ICD-10) (WHO 1993) uses a different nomenclature – hyperkinetic disorder – and

requires the presence of symptoms in both dimensions (at least six of inattention,

three of hyperactivity, and one of impulsivity), but lists similar operational criteria

for the disorder.

The full diagnosis of ADHD currently requires four additional criteria: symp-

toms causing impairment must be present before the age of 7 years; they need to be

observed in two or more settings (i.e., home, school, workplace); they must cause

significant impairment in social, academic, or occupational functioning; they do not

occur exclusively during the course of autism, schizophrenia, or other psychotic

disorder; and they are not better accounted for by another mental disorder (e.g.,

mood disorder, anxiety disorder, dissociative disorder, or personality disorder)

(American Psychiatric Association 2000).

Thus, ADHD is diagnosed by clinical history, using diagnostic criteria to check

for the presence of characteristic symptoms, lasting for at least 6 months and

observed in two or more settings. Evaluation for ADHD should consist of clinical

interviews with the patient and parents/family members, obtaining information

about the patient’s school/work functioning, evaluation for comorbid psychiatric

disorders, and review of medical, social, and family histories (Pliszka et al. 2007).

The clinician should make a detailed interview to check for the presence of each of

the 18 ADHD symptoms listed in DSM-IV. For each symptom, emphasis should be

given to determine its presence, duration, severity, and frequency. In addition to

having the required number of symptoms, each occurring more often than not, they

must show a stable, chronic course (oscillating symptoms with asymptomatic

periods are not characteristic of ADHD), and with onset of symptoms during

childhood. The level of impairment and the settings in which it occurs must also

be assessed. DSM-IV requires impairment in at least two settings (home, school, or

job) to meet the criteria for the disorder, but the clinical consensus is that severe

impairment in one setting warrants treatment (Parens and Johnston 2009).

Attention deficits are particularly observed when individuals with ADHD are

assigned boring, tedious, or repetitive tasks, especially when lacking intrinsic

appeal. Also, inattentive symptoms increase while working on tasks that exceed

the individual’s cognitive processing abilities (e.g., that require fast processing

speed or place high demands on working memory) (Kofler et al. 2010). Poor

sustained attention or sustained effort to complete tasks often results in difficulty

following through on instructions and organizing tasks; being easily distracted;

shifting from one unfinished activity to another; and failing to give close attention

to details or avoiding careless mistakes (American Psychiatric Association 2000).

Hyperactivity can be observed in behaviors such as fidgeting with hands or feet,

squirming in seat, leaving seat in situations in which remaining seated is expected,

and acting as if driven by a motor. Notably, some of the currently listed diagnostic
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criteria for hyperactivity seem to apply mainly for children (such as running about

or climbing excessively, for example). In adults with ADHD, the gross motor

overactivity seen in children is believed to switch toward a greater difficulty with

fidgeting and a more subjective sense of restlessness (Asherson et al. 2007).

It should be underscored that inattention, hyperactivity, and impulsivity as

isolated symptoms may result from problems in relationships with parents and/or

colleagues and friends, inappropriate educational systems, or inadequate work

environments. Thus, symptoms of hyperactivity or impulsivity with no effect on

the individual’s daily activities may result from different functioning or tempera-

ment styles other than a psychiatric disorder. Likewise, symptoms that occur only at

home, or only at school or work, should warn clinicians of the possibility that

inattention, hyperactivity, or impulsivity may reflect a chaotic marital or family

situation or negative school experiences. Therefore, for the diagnosis of ADHD it is

always necessary to contextualize the symptoms in the patient’s history (Rohde and

Halpern 2004).

In the assessment of children, because many patients with ADHD show aca-

demic impairment, it is important to ask specific questions about school perfor-

mance. Clinicians should verify the patient’s academic or intellectual progress,

keeping in mind the possibility of a concurrent learning disorder. Although parents

are thought to be the best information sources for the diagnosis of ADHD, because

children and adolescents tend to underreport symptoms, teacher report is recom-

mended as a complement to parent information in the assessment (Frazier and

Youngstrom 2006). Parent reports about symptoms at school moderately correlate

with teacher ratings (Sayal and Goodman 2009) and are influenced by the child’s

behavior at both home and school as well as parental mental health (Sayal and

Taylor 2005). Several difficulties may arise in combining data across informants

and measures. It is important to note that we still lack adequate models regarding

how discrepant information across informants is best integrated into the diagnostic

decision-making process (Sowerby and Tripp 2009). Rating scales, symptom

inventories, and neuropsychological batteries – although not diagnostic – may

help to provide additional evidence for both the disorder and comorbid conditions

(e.g., Conners Rating Scales; Swanson, Nolan, and Pelham version IV scale,

SNAP-IV; Child Behavior Checklist; Vanderbilt ADHD Diagnostic Parent and

Teacher Scales).

3 Controversial Issues in the Diagnosis

Over the last decade, an enormous amount of new data has been published suggest-

ing that ADHD is best conceptualized as a neurobiological disorder (Kieling et al.

2008). The increasingly sophisticated tools of modern research in genetics, molec-

ular biology, neuropharmacology, and neuroimaging have significantly advanced

our understanding of the biological underpinnings of ADHD. Although much

debate exists as to whether it would be worth including any molecular genetic,
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neuropsychologic, neurophysiologic, or neuroimaging marker in future diagnostic

classification systems for ADHD, currently no biological marker is deemed ready

due to low sensitivity and specificity (Rohde 2008). Thus, it is important to reiterate

that the diagnostic process for ADHD is essentially clinical.

Another key point for future diagnostic systems involves the age-of-onset

criterion. The increased recognition of ADHD as a life-long disorder is now

challenging the onset criterion of before 7 years, as problems with retrospective

recall make the age-of-onset criterion particularly problematic for the adult popu-

lation. Prospective and retrospective data indicate that only half of adults assessed

for ADHD symptoms report their presence by the age of 7 (Kieling et al. 2010).

However, it should be emphasized that, although the specific age requirement is

under debate, it remains unquestionable that the diagnosis of adult ADHD requires

evidence of childhood onset of several symptoms.

The validity of the subtypes has also recently been put to test. In a comprehen-

sive literature review and meta-analysis of 431 studies, strong evidence was found

for the symptom dimensions (hyperactivity/impulsivity and inattention), but find-

ings in regard to subtypes were more nuanced (Willcutt et al. submitted). The

authors reported that the hyperactive subtype is markedly understudied and only

validated in young children. The combined type is more strongly associated with

externalizing disorders and aspects of social impairment, whereas the inattentive

subtype is more strongly associated with shy and passive social behavior. More-

over, longitudinal data indicate that all three subtypes are highly unstable, with

some individuals shifting between them from year to year.

Diagnosis of ADHD in females is also an issue of debate. Studies in children

consistently suggest that the prevalence of ADHD is higher in boys than in girls,

with male/female ratios varying from 3:1 to 9:1, depending on the origin of the

sample (Polanczyk and Rohde 2007). In a systematic review and meta-regression,

the pooled ADHD prevalence was 2.45 times higher for boys than for girls (only

non-referred samples were included) (Polanczyk et al. 2007), and recent evidence

suggests that the male/female ratio remains relatively stable across the lifetime

(Ramtekkar et al. 2010).

The lower prevalence of ADHD in females may be the result of higher liability

toward ADHD in boys than girls, the expression of different genes for ADHD in

boys versus girls or, alternatively, more noticeable symptoms in males, who tend to

have higher levels of disruptive behaviors. Taken together, these issues suggest a

possible barrier to diagnosis and treatment of ADHD in girls, either because the

condition goes unrecognized or because it is not seen as severe enough to warrant

intervention. Most studies suggest that the clinical symptoms of ADHD vary little

as a function of gender, except for the intensity of symptoms, with girls being less

symptomatic than boys, particularly regarding hyperactivity and externalizing

behaviors, although impulsivity levels appear comparable (Graetz et al. 2005;

Newcorn et al. 2001).

In the following sections, we explore in detail the clinical presentation and

correlates of ADHD across the lifespan. We discuss the most prevalent patterns

of comorbidity with ADHD in children, adolescents, and adults; examine the
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correlates and longitudinal predictors of outcomes; and conclude by summarizing

research findings and discussing the relevance of a diagnosis of ADHD.

4 ADHD in Preschool Children

Although the majority of ADHD referrals are for school-age children, early evalu-

ation is critical. Behavioral, social, familial, and academic difficulties have been

reported in preschool children with ADHD. Reports of parents and clinicians

support the existence of a relation between preschool behavioral difficulty and

later adjustment problems in school-age children (Spira and Fischel 2005).

Highly deviant behavior at a very young age may be observed in children with

ADHD, expressed by poor concentration, overactivity, restlessness, disobedience,

poor social relations, and antisocial behavior. Aberrant maternal–child interactions

are seen in preschool children with ADHD and may contribute to the persistence of

these disruptive behaviors (DuPaul et al. 2001). In addition to core symptoms of

ADHD, multiple developmental delays, including sensory, motor, language, and

intellectual functioning deficits, are often found in these children (Yochman et al.

2006). Thus, even as early as the preschool period, young children with ADHD are

multiply handicapped and often exhibit sensorimotor difficulties, leading to higher

rates of utilization of remedial services, such as speech and language, occupational,

and physical therapy, and they are more likely to be placed in special education

programs (Marks et al. 2009).

Preschool children with ADHD, despite their significant younger age, show

striking similarities to school-age ADHD children, both in terms of impairment

and psychiatric comorbidity. A study by Wilens et al. (2002) showed that these

children already had prominent school, social, and overall dysfunction at the same

level of the older, school-age group. Mood disorders occurred in approximately half

of both age groups with ADHD, with a trend to higher rates of comorbid bipolar

disorders in the preschool children (Wilens et al. 2002). In a large study with 303

preschoolers diagnosed with ADHD, 69.6% experienced comorbid disorders, with

ODD, communication disorders, and anxiety disorders being the most common

(Posner et al. 2007).

It has been hypothesized that difficult mother–child interactions and family

stress can interfere with the acquisition of appropriate means of coping with the

initially problematic behavior of these children, thereby preventing the decline of

symptoms (Chi and Hinshaw 2002). Parents of 3–5-year-old children with ADHD

experience greater stress, are more likely to display negative behavior toward their

children, and cope less adaptively than parents of non-ADHD children (DuPaul

et al. 2001). Moreover, mothers of preschool-age children with ADHD were found

to report more symptoms of depression and a reduced sense of parental competence

(Byrne et al. 1998).

In the 2–5-year-old range, the core symptoms of ADHD are often seen in daily

activities; the level of impairment is often difficult to assess, and behaviors are less
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likely to be considered developmentally inappropriate (Connor 2002; Greenhill

et al. 2008). Research shows that activity level, as well as squirming, is not a

reliable phenotype to distinguish between preschoolers with and without ADHD

(DuPaul et al. 2001). Similarly, up to 40% of children exhibit inattention problems

by the age of 4 years, which are of concern to their parents and preschool teachers

(Greenhill et al. 2008), without necessarily having ADHD.

A pattern of inability to cooperate and be productive in the preschool setting is

often described in preschoolers with ADHD. Young children with ADHD exhibit

more noncompliant and inappropriate behavior, particularly during task situations,

and are less socially skilled than their normally developing classmates (McGoey

et al. 2002). They typically demonstrate difficulty modulating their behavior in

response to different situational demands and function best in highly structured

environments (Fabiano et al. 2009).

The clinical diagnosis of ADHD in preschool children is challenging, and the

validity of the diagnosis in the preschool years has often been questioned (Greenhill

et al. 2008; Posner et al. 2007). The absence of developmentally appropriate

assessment protocols has contributed to an understandable reluctance to diagnose

ADHD in preschoolers. The combined type and the hyperactive/impulsive type are

the most common but, as pointed earlier, children rarely remain in the hyperactive

classification over time; rather, they most often shift to combined type in later years

(Lahey et al. 2005). Moreover, the changing pattern of ADHD across ages means

that, even among those children whose symptoms are frequent and severe enough to

warrant a diagnosis of ADHD in the preschool years, only 48% will have this same

diagnosis by later childhood or adolescence (Connor 2002). Nevertheless, as

hyperactive–impulsive symptoms are quite common in preschoolers, for the pur-

pose of early identification, inattentive behavior at an early age may be indicative of

psychopathology (Smidts and Oosterlaan 2007).

5 ADHD in School-Age Children

Most school-age children with ADHD have significant difficulties with academic

performance and/or peer relationships (American Psychiatric Association 2000).

These academic, social, and behavioral problems tend to vary according to subtype,

with relatively independent areas of impairment for each diagnostic group. Chil-

dren in the combined subtype are significantly more impaired than the other two

subtypes on measures, such as global impairment, overall social functioning, and

tendency to be disliked by peers, whereas inattentive and hyperactive children do

not differ on measures of these domains (Willcutt et al. submitted). Both combined

type and inattentive individuals with ADHD are significantly more impaired than

those presenting with only hyperactivity on measures of academic functioning and

are more likely to be ignored by peers (Gaub and Carlson 1997).

Upon school entry, children with ADHD are likely to lag behind in basic

math concepts, pre-reading skills, and fine motor abilities (DuPaul et al. 2001).
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Approximately 30% of children with ADHD have a learning disability, and a

large majority underachieve academically (DuPaul and Stoner 2003). These

academic difficulties cut across academic subject domains, including both

reading and math, and occur despite average or above average IQ estimates

(Biederman et al. 1996). Moreover, children with ADHD are more likely to be

expelled, suspended, or repeat a grade, compared with controls (Loe and

Feldman 2007). They also have a greater chance of obtaining a lower-level

diploma and failing to graduate from secondary school (Galera et al. 2009).

Several studies have shown that the poor academic outcomes seen in these

children are the result of ADHD itself and not the associated comorbid disorders

(Daley and Birchwood 2010): both neuropsychological and performance deficits

are thought to underlie the low scholastic outcome associated with the disorder.

Thus, neuropsychological impairments typically seen in ADHD patients, such as

poor motor inhibition and planning, may contribute to early intellectual problems,

which may subsequently be exacerbated by disruptive behavior or other comorbid

conditions (Hinshaw 2003). Academic difficulties may also be secondary to inherent

problems these children have with engagement in classroom activities, failure to

follow through on instructions, and to complete assigned tasks and tests (DuPaul

and Stoner 2003).

In addition to the academic problems, school-age children with ADHD, particu-

larly those with the combined or hyperactive–impulsive subtypes, typically show

behavioral issues that interfere with their relationships at school and at home. Social

impairments and difficulty with peer relations are often described as difficulty in

attaining and keeping friends, resolving conflicts, and managing anger and frustra-

tion (Nijmeijer et al. 2008). Moreover, children with ADHD are often rejected by

peers even after only brief interactions; have fewer friends than their non-ADHD

peers; tend to choose other ADHD youths as playmates; and have difficulty

regulating their emotions and sustaining associative play (Bagwell et al. 2001).

Dysfunctional behavior seen in ADHD children also includes excessive talkative-

ness, noisiness, noncompliance, and physical aggression toward peers.

Finally, as a result of impaired social relationships and school performance, the

development of low self-esteem is of particular concern in this age group. The

persistent inability to concentrate, multiple failures, disapproval, and demoralization

may all contribute to self-esteem issues. Furthermore, poor self-esteem is thought to

be a mediating factor of future adverse outcomes, such as depression, deviant peer

choices, and substance abuse in children with ADHD (Bussing et al. 2000).

6 ADHD in Adolescents

The majority of children diagnosed with ADHD while in elementary school con-

tinue to have significant manifestations of the disorder throughout adolescence.

Persistence rates vary in different studies, according to how persistence is defined

(Faraone et al. 2006). Yet, regardless of definition, ADHD seems to lessen with
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age, as studies show that salient features of ADHD change during adolescence.

Hyperactivity, especially, although still present, becomes much less visible during

this age period (Ramtekkar et al. 2010).

As the cognitive demands increase during middle and high school, academic

problems that might have been less problematic, or effectively managed during

elementary school, may become a significant issue in adolescence (Bussing et al.

2010). Additionally, peer problems, such as fewer close friendships and greater

peer rejection, become more evident as social interactions assume greater relevance

during teenage years (Bagwell et al. 2001).

Adolescents with ADHD are often emotionally immature and tend to feel more

comfortable interacting with younger children. Affect is poorly regulated, and they

often display both negative and positive responses in excess for the situation,

becoming easily frustrated, with sudden outbursts of anger and irritability (Barkley

and Fischer 2010). In extreme, these symptoms may be a manifestation of comorbid

ODD and CD.

Approximately 50% of youngsters with ADHD also meet diagnostic criteria for

ODD and/or CD, adding significant impairment to the clinical picture (Kutcher

et al. 2004). ODD is defined as a pattern of negativistic, hostile, and defiant

behaviors, with persistent and developmentally inappropriate levels of irritability

and oppositionality (American Psychiatric Association 2000). The combination of

ODD symptoms with those of ADHD is associated with greater than normal

conflicts, anger, poor communication, unreasonable beliefs, and negative interac-

tive styles often seen in ADHD adolescents (Edwards et al. 2001). CD is character-

ized by persistent antisocial behaviors that include acts of aggression, destruction of

property, deceitfulness, theft, and rule violation. CD is more common among

adolescents and more prevalent among boys than girls (Biederman et al. 2008).

Childhood ODD is significantly associated with adolescent CD (Whitinger et al.

2007) and roughly two-thirds of all adolescents with CD also have ADHD (Kutcher

et al. 2004).

Both comorbidities predict the persistence of ADHD into adulthood and mediate

the risk for the development of other problems, such as substance use, antisocial

personality disorder, and major depression (Biederman et al. 2008; Daviss 2008;

Fischer and Barkley 2003). Several studies have demonstrated that adolescents with

ADHD are at risk for early initiation of cigarette smoking (Huizink et al. 2009) and

illicit drug use (Langley et al. 2010). ADHD has also been associated with higher

levels of alcohol, tobacco, and illicit drug use compared to controls (Molina and

Pelham 2003; Szobot and Bukstein 2008). There is also a greater likelihood to

transition from an alcohol use disorder to a drug use disorder and to continue to

abuse substances (Biederman et al. 1998; Wilson and Levin 2001), particularly

when there is an association between conduct and attentional problems (Fergusson

et al. 2007).

Although the use of stimulants in young children has generated considerable

controversy, an extensive review found no evidence that stimulant treatment

of children with ADHD leads to an increased risk for substance experimentation,

use, dependence, or abuse by adulthood (Barkley et al. 2003). Moreover, there
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is evidence of an age-related benefit for stimulant treatment – the later the treat-

ment, the greater the chances of developing substance use disorder (Mannuzza

et al. 2008).

7 ADHD in Adults

Longitudinal studies have shown that ADHD persists into adulthood in approxi-

mately 65% of cases (Barkley et al. 2002; Faraone et al. 2006), with differences in

remission rates being attributed both to the different definitions of ADHD and to the

natural history of the disorder. Although they may no longer meet the full symptom

criteria, young adults with a history of lifetime ADHD maintain higher levels of

ADHD symptoms compared with the general population (Ramtekkar et al. 2010).

Childhood ADHD severity and childhood treatment are thought to significantly

predict persistence (Kessler et al. 2006).

ADHD remains a highly comorbid disorder in adults. The National Comorbidity

Survey Replication found that 38.3% of adults with ADHD had a comorbid mood

disorder; 47.1% had a comorbid anxiety disorder; 15.2% had a substance use

disorder; and 19.6% had other impulse-control disorders (Kessler et al. 2006). In

fact, impulsive emotions are strikingly evident in ADHD, including impatience,

low frustration tolerance, hot-temperedness, quickness to anger or volatility, irrita-

bility, and a general propensity for being easily emotionally excitable. In this sense,

Barkley has argued that emotional impulsiveness should be explicitly included in

the conceptualization of ADHD, as it explains the high comorbidity of the ADHD

with other psychiatric disorders, particularly with ODD. Furthermore, it may better

account for the various social, occupational, and familial impairments that are not

as easily explained by the two traditional dimensions of inattention and hyperactiv-

ity/impulsivity (Barkley and Fischer 2010).

Overall, symptoms of ADHD in adults tend to be more heterogeneous and subtle

than in children or adolescents. In adults, the hyperactivity observed as children

may translate into constant activity, overscheduling, or choosing a busy job.

Similarly, impulsivity may manifest through problems such as ending relationships

prematurely, quitting jobs, being unwilling to wait in line, or losing temper with a

child. Inattention in adults may be seen in dialogical situations, in tasks that require

organization and sustained attention over time, as well as in difficulties with time

management and memory. Impairments of executive functioning clinically trans-

lated as procrastination, among others, are extremely frequent in adults with the

disorder. Other adult variants of these symptoms include being a workaholic,

feeling uncomfortable sitting through meetings, and driving impulsively (Weiss

and Weiss 2004).

Not surprisingly, several negative driving outcomes have been reported for

young adults with ADHD, including more traffic citations, citations for speeding,

involvement in crashes, and license suspensions (Barkley and Cox 2007; Kieling

et al. in press). In terms of social functioning, investigations of the relationship
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difficulties of adults with ADHD show that they have significantly higher rates of

marital dissatisfaction and discord, higher divorce rates, and parenting difficulties

(Barkley and Fischer 2010; Eakin et al. 2004). Work-related problems also nega-

tively affect the long-term outcome of the disorder, as adults with ADHD are found

more often to perform poorly, quit, or to have been fired from jobs; have a history of

poorer educational performance; achieve significantly less formal training; and

have lower-ranking occupational positions than controls (Barkley and Murphy

2010b; Stein 2008).

8 Future Perspectives

Several issues clearly need to be addressed through more extensive investigation to

improve characterization and, ultimately, the validity of the ADHD diagnosis in

future classifications systems. Some of the aspects that deserve special attention are

refining diagnostic criteria for ADHD in adults, possibly with the inclusion of new

criteria, such as impulsivity items; making DSM and ICD classification for ADHD

more alike; proposing a way to integrate different information sources (teachers,

parents, family members, friends, and coworkers); and excluding the age of onset of

impairment criteria, considered one of the most fragile DSM criterion for ADHD,

with low validity and reliability (Rohde 2008).

9 Conclusion

Work to date has established ADHD as a valid disorder in children and adults.

Research clearly shows that childhood ADHD tends to continue in adulthood,

causing significant impairment in educational, social, and occupational contexts

throughout life. As it becomes increasingly recognized that this is a fairly common,

impairing, but treatable disorder, it is important to emphasize that diagnosis and

subsequent treatment may not only provide significant relief to patients and

families, but also reduce social costs associated with unemployment, criminality,

smoking, substance abuse, and driving accidents.
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that anomalous basal ganglia development plays an important role in early manifes-

tation of ADHD; however, widespread cerebellar and cortical delays are also

observed and are associated with the behavioral (cognitive, motor, oculomotor)

phenotype in children with ADHD. These motor and “executive” control systems

appear to develop in parallel, such that both systems display a similar protracted

developmental trajectory, with periods of rapid growth in elementary years and

continued maturation into young adulthood. Development of each system is depen-

dent on the functional integrity and maturation of related brain regions, suggesting

a shared neural circuitry that includes frontostriatal systems and the cerebellum (i.e.,

those identified as anomalous in studies of volumetry in ADHD). Motor and oculo-

motor paradigms provide unique opportunities to examine executive control pro-

cesses that exist at the interface between movement and cognition in children with

ADHD, also linking cognition and neurological development. The observed pattern

of volumetric differences, together with the known parallel development of motor

and executive control systems, appears to predict motor and oculomotor anomalies in

ADHD, which are highly relevant, yet commonly overlooked in clinical settings.

Keywords Attention � Childhood � Executive function � MRI � Saccade �
Sensorimotor � Volume

Abbreviations

ADHD Attention-deficit/hyperactivity disorder

aMRI Anatomic (MRI)

DAMP Deficits in attention motor control, and perception

DAT Dopamine transporter

DCD Developmental coordination disorder

DRD1/DRD4 Dopamine receptor (D1 or D4 subtype)

LDDMM Large deformation diffeomorphic metric mapping

MABC Motor Assessment Battery for Children

MFNA Motor Function Neurological Assessment (MFNU)

MGS Memory-guided saccades

MRI Magnetic resonance imaging

ODD Oppositional defiant disorder

SMC Supplementary motor complex

TMS Transcranial magnetic stimulation

1 Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder

involving motor intentional systems that are mediated in part by frontostriatal and

fronto-cerebellar circuitry (Durston et al. 2010). These neuroanatomic anomalies
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(delays), observed in children with ADHD, set the stage for deficits in motor and

oculomotor coordination and speed, which, when carefully assessed, are ubiquitous

to the disorder and contribute to persistent cognitive and academic dysfunction.

Children with ADHD commonly exhibit deficits in controlled behavior including

difficulties with inhibition, delay aversion, and temporal processing (Sonuga-Barke

and Halperin 2010) that are supported by a distributed neural network with cortical

and subcortical components, including the frontal cortex and its striatal–thalamic–

cerebellar connections (Durston et al. 2003, 2010) – those identified as most

anomalous in ADHD. Indeed, current neurological models of frontal lobe structure

and function have their basis in a well-described series of at least five parallel

frontal–subcortical circuits (Lichter and Cummings 2001), of which two are related

to motor function, originating in skeletomotor and oculomotor regions of the

cortex. The other three, originating in dorsolateral prefrontal, orbitofrontal, and

anterior cingulate regions, are thought to be crucial in cognitive (“executive”) and

socioemotional control. Frontal projections to the basal ganglia and cerebellum

form a series of frontal–striatal–thalamo–frontal and frontal cerebello (dentato)-

frontal circuits (Krause et al. 2000). These circuits link specific regions of the

frontal lobes to subcortical structures, supply modality-specific mechanisms for

interaction with the environment, and provide the framework for understanding the

neurobiological substrate of ADHD.

2 Volumetry in ADHD

The use of quantitative neuroimaging (volumetry) for studying whole brain, as

well as regional development in children with ADHD, is now over 20 years old.

Compared with the earliest volumetric investigations, researchers now benefit from

the availability of MRI scanners with higher field strength (up to 7.0 Tesla) and

increased computational power that has enabled the development of more sophisti-

cated analytic methods (Castellanos and Proal 2009). These newer methodologies

now allow for the examination of morphology, as well as volume, including thick-

ness of various regions of the cortical mantle, shape analysis of surface changes,

and higher resolution of imagery – thereby allowing better demarcation of gray

matter, white matter, and cerebrospinal fluid in measurement.

2.1 Frontostriatal Anomalies in ADHD

Among children with ADHD, the early structural MRI evidence showed consistent

reductions in total cerebral volume (3–8%) compared to typically developing

children without ADHD (Hill et al. 2003). It soon became clear that the conver-

gence of findings revealed robust abnormalities in frontostriatal systems, including

reduced size of the left caudate (Hynd et al. 1993), right caudate (Castellanos et al.

1994), right globus pallidus (Castellanos et al. 1996), and smaller left globus
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pallidus (Aylward et al. 1996). Decreased size of frontal regions was also

a consistent early finding in ADHD, including bilateral frontal volumes (Hynd

et al. 1990), right anterior frontal volumes (Castellanos et al. 1996), right anterior

superior white matter (Filipek et al. 1997), and right dorsolateral prefrontal cortex

(Hill et al. 2003). Children with ADHD were also found to have decreased area of

the rostral body corpus callosum relative to controls (Baumgardner et al. 1996).

Early anatomic MRI (aMRI) studies of the cerebral cortex in ADHD relied on

a volumetric approach, in which gray and white matter volumes were measured

within parcellated subregions, initially defined by callosal landmarks (Castellanos

et al. 1996; Filipek et al. 1997). Multiple aMRI studies of ADHD have continued to

reveal abnormalities in frontal areas (Castellanos et al. 2000, 2002; Hesslinger et al.

2002; Kates et al. 2002; Mostofsky et al. 2002). More recently, investigators have

used cortical landmarks to define functionally relevant lobar (frontal, parietal,

temporal, occipital) and sublobar (e.g., prefrontal, premotor, anterior cingulate)

regions. These studies have revealed decreased volumes in both prefrontal and

premotor regions (Kates et al. 2002; Mostofsky et al. 2002). Subcortical anomalies

in children with ADHD also continue to be identified, and include: the caudate

nucleus (Mataro et al. 1997), putamen (Wellington et al. 2006), globus pallidus

(Basser and Pierpaoli 1996), and cerebellum (Castellanos et al. 1996; Berquin et al.

1998; Mostofsky et al. 1998). There is an emerging convergence of findings

suggesting ADHD-related reductions in medial prefrontal and anterior and posterior

cingulate and precuneus (Castellanos and Proal 2009).

At the cerebral cortical level, the decreased volume of several frontal (Castellanos

et al. 1996; Filipek et al. 1997; Hesslinger et al. 2002; Mostofsky et al. 2002) regions

suggests that abnormalities are not localized to a specific area: rather, they appear

widespread throughout the brain, including superior prefrontal cortex, reduced

midsaggital area of the cerebellar vermis, and smaller splenium of the corpus

callosum (Hill et al. 2003). Among school-aged children with ADHD (but not

controls), prefrontal volume (especially right superior prefrontal) predicted perfor-

mance on measures of sustained attention (Hill et al. 2003).

One of the challenges to MRI studies of ADHD is the presence of comorbidities

that complicate the interpretation of anatomic findings, particularly among diag-

nostic groups for whom pathological increases in regional brain volume may mask

the ADHD-related reductions. Further, there have been few studies that carefully

contrast the neuroanatomic anomalies associated with ADHD with those of

other childhood disorders that present with anomalous brain development while

controlling for comorbidities. For example, while children with ADHD and autism

spectrum disorders (ASD) both show regional reductions in cortical development,

those with ASD show atypical increases (compared to controls) in gray matter

volume in the right supramarginal gyrus (Brieber et al. 2007) and in frontal white

matter (Mostofsky et al. 2007). Further, in studies in which oppositional defiant

disorder (ODD) and conduct disorder (CD) comorbidities are taken into account,

there are more widespread regions of reduced cerebral volume in children with

ADHD, suggesting that these comorbidities may serve to mask some of the

volumetric reductions, compared with samples of children with “pure” ADHD
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(Sasayama et al. 2010). The same pattern is observed in children with “pure” Tourette

syndrome (TS), for whom disproportionate increases in frontal white matter and

rostral corpus callosum volume were observed (compared to controls) – a pattern that

contrasted with that observed in children with “pure” ADHD, in whom reductions

in these regions were observed, and in children with comorbid TS and ADHD,

in whom no differences with controls were observed in these regions (Fredericksen

et al. 2002).

The few meta-analyses of volumetry in ADHD have highlighted frontal anomalies

as well as other cortical and subcortical anomalies, including differences in total

right and left cerebral volume, cerebellar regions, splenium of the corpus callosum

(Valera et al. 2006), and gray matter reduction in right putamen/globus pallidus

(Ellison-Wright et al. 2008). However, these meta-analyses highlighted the fact that

females have been underrepresented in the ADHD neuroimaging literature (Valera

et al. 2006). Many of these early studies reported findings on ADHD samples that

were predominantly (or exclusively) male, and so conclusions could not be drawn

about female-specific anomalies in ADHD. In what may be the only volumetric

study specific to girls with ADHD, Castellanos (Castellanos et al. 2001) reported

ADHD-related reductions in left caudate and posterior–inferior cerebellar vermis,

with equivocal frontal lobe findings. Because this study was completed separately

from earlier studies of boys with ADHD, the authors remarked: “conclusions about

sex differences in ADHD must remain tentative until verified in contemporaneously

collected and analyzed longitudinal scans” (p 293).

More recently, Mahone et al. (2009b) examined functionally defined (and manu-

ally delineated) frontal lobe subdivisions in contemporaneously recruited samples of

boys and girls with and without ADHD. Compared to age-matched controls, children

with ADHD showed reduced tissue volumes involving prefrontal and premotor

regions, with largest volume reductions (in both boys and girls) observed in the

supplementary motor complex (SMC). Further, girls (but not boys) with ADHD

showed reduced lateral premotor cortex and increased primary motor cortex volumes.

Across groups, however, reduced SMC volume was associated with ADHD symptom

severity, suggesting dysfunction in circuits important for motor response selection

and inhibition (Mahone et al. 2009b).

2.2 Caudate Anomalies in ADHD

Although early empirical evidence highlighted anomalous frontal brain develop-

ment in ADHD (Castellanos et al. 1996; Mostofsky et al. 2002; Casey et al. 1997;

Durston et al. 2004), more recent research has argued that other brain regions

(particularly subcortical) may provide answers to the early neurobiological

unfolding of ADHD (Valera et al. 2006; Halperin and Schulz 2006). For example,

among children with early prefrontal lesions, functional impairment often does not

manifest until later childhood (Anderson et al. 1999) and then tends to get worse

upon entry into adolescence (Denckla and Cutting 2004). In contrast, symptoms of
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ADHD are almost always evident during the preschool years (Barkley 2006), and

the severity of symptoms (most notably hyperactive/impulsive symptoms) tends to

diminish with age (Hinshaw et al. 2006). This pattern has led some researchers to

hypothesize that the prefrontal cortex may be more involved in recovery from

ADHD, rather than the cause of the disorder, and that early disruption to other

regions, notably the basal ganglia, may be involved in the early development of

ADHD (Halperin and Schulz 2006; Soliva et al. 2010), perhaps through underuse of

these brain regions, or via poor neural connectivity, giving rise to later delays in the

development of cortical volumes (Shaw et al. 2006).

The preceding hypothesis has considerable appeal in explaining the parallel

development of regional brain volumes and unfolding of patterns of executive

and motor dysfunction in ADHD. The basal ganglia serve as the nexus through

which prefrontal, premotor, and motor signals inhibit competing motor programs

and disinhibit intended behaviors (Mink 1996; Nachev et al. 2008). In particular,

the number of cells that project from the basal ganglia to the supplementary motor

cortex (a region critical for response control, which is reduced in ADHD (Mahone

et al. 2009b; Ranta et al. 2009) is three to four times the number that project from

the cerebellum, suggesting a critical early link between basal ganglia development

and response control (Akkal et al. 2007).

Consistent with the hypothesis of early basal ganglia dysfunction is a recent

meta-analysis in which the right caudate was among the most frequently assessed

and showed the largest ADHD-related reductions, compared to controls (Valera

et al. 2006). Further, longitudinal studies of animal models of ADHD (using

spontaneously hypertensive rats) highlight the importance of early striatal

reductions that stabilize by 6 weeks of age (human equivalent ¼ 7–9 years)

(Hsu et al. 2010). Similarly, a longitudinal study of children with ADHD suggests

that normalization of reduced caudate volume occurs by puberty (Castellanos et al.

2002). Thus, the developmental trajectory of caudate anomalies in ADHD appears

to parallel the pattern of development of hyperactive–impulsive symptoms

(Biederman et al. 2000), such that early caudate reduction is associated with

increased symptoms that tend to resolve with accelerated growth (normalization

in volume) by adolescence. For example, Carmona and colleagues reported bilat-

eral reductions in the volume of the ventral striatum that correlated with maternal

ratings of hyperactivity (Carmona et al. 2009).

Indeed, investigations in humans continue to highlight the importance of early

caudate anomalies in children with ADHD. In a study of nine monozygotic twin

pairs, discordant for ADHD, Castellanos et al. reported that the affected children

had smaller total caudate volumes (Castellanos et al. 2003). There is also

accumulating evidence that atypical caudate asymmetry in ADHD may be an

important biomarker in the development of the disorder. For example, among

boys with ADHD, there is evidence of reversed asymmetry of the head of the

caudate, such that the ADHD group had a smaller volume of left caudate head,

while controls had a smaller volume of right caudate head (Semrud-Clikeman et al.

2000). Similarly, among boys with ADHD in residential treatment, reversed

caudate asymmetry (right > left) was observed, compared to the more typical
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(left > right) asymmetry that was present in controls and no group differences

observed for putamen volumes (Wellington et al. 2006). Other investigators have

observed that atypical caudate asymmetry is a strong predictor of ADHD

symptoms, such that a greater degree of right > left asymmetry predicted inatten-

tion symptoms, but not hyperactive/impulsive symptoms (Schrimsher et al. 2002).

This pattern of asymmetry may hold promise as a biomarker specific to ADHD,

especially among boys. Soliva and colleagues examined patterns of asymmetry of

caudate volumes in ADHD in 39 children with ADHD (35 boys). They found that a

ratio of right caudate volume to total bilateral caudate volume of 0.48 or lower had

95% specificity in predicting ADHD diagnosis (versus typically developing

controls) (Soliva et al. 2010).

To identify early patterns of brain anomalies in ADHD, Mahone and colleagues

used volumetric imaging to study 26 preschoolers, aged 4–5 years, who presented

with and without symptoms of ADHD. After controlling for total cerebral volume,

total caudate (but not frontal lobe) volumes were reduced in the ADHD group.

Further, across groups, reduced caudate (but not frontal lobe) volume was associated

with increased parent ratings of hyperactive/impulsive symptoms. These preliminary

findings suggest that early anomalous caudate (perhaps more than frontal lobe)

development is associated with early onset of ADHD symptoms (Mahone

et al. 2011).

2.3 Cerebellar Anomalies in ADHD

The cerebellum is among the most vulnerable regions to early insult (Volpe 1995)

and, like the basal ganglia, may influence the cognitive operations normally thought

to be subserved by the frontal lobes (Middleton and Strick 2001), especially given

the prevalence of children with ADHDwho have motor control problems (Diamond

2000; Pitcher et al. 2003). While phylogenetically older regions (e.g., basal ganglia)

mature earlier than newer regions (e.g., cortex), the cerebellum may also continue

to develop into the 20s, a finding that has implications for how cerebellar matura-

tion may relate to the symptom onset and developmental change in ADHD,

especially because the cerebellum appears less influenced by genetics and more

sensitive to environmental variables (Durston et al. 2010; Fassbender and

Schweitzer 2006; Lantieri et al. 2010; Tiemeier et al. 2010).

Indeed, one of the most consistent findings in ADHD brain imaging studies is a

decrease in posterior inferior cerebellar vermis (lobes VIII–X) volume (Hill et al.

2003; Castellanos et al. 1996, 2002; Berquin et al. 1998; Mostofsky et al. 1998;

Valera et al. 2006; Castellanos et al. 2001; Durston et al. 2004; Bussing et al. 2002).

However, unlike the pattern observed in basal ganglia reductions in ADHD,

longitudinal studies suggest that volumetric reductions in posterior inferior cere-

bellar vermis tend to persist over time; they also remain associated with ADHD

symptom severity over time (Castellanos et al. 2002). Furthermore, in a study that

included unaffected siblings, total cerebral and prefrontal volumes were reduced
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(compared to controls) in boys with ADHD and their unaffected siblings. Right

cerebellar volume was the only measure reduced in the ADHD group but not in the

unaffected siblings (Durston et al. 2004), suggesting that the cerebellum may play

an important role in the pathophysiology of ADHD that is more associated with

environmental (rather than genetic) influences. Anomalies in fronto-cerebellar

circuitry are thus also considered key to the development of ADHD, given the

efferent outputs from the cerebellum to both the frontal cortex and the basal ganglia

(Durston et al. 2010), and the links between anomalous cerebellar development and

deficits in motor response control (Suskauer et al. 2008), motor timing (Van Meel

et al. 2005), classical conditioning (Chess and Green 2008), and oculomotor control

(Voogd et al. 2010).

2.4 Nonfrontal Cortical Anomalies in ADHD

Although the evidence from individual studies and meta-analyses has pointed

to frontostriatal regions as being anomalous (reduced) in ADHD, there is also

substantial evidence of structural anomalies outside frontostriatal circuitry

(Cherkasova and Hechtman 2009) including reductions in cortical temporal lobes

(Castellanos et al. 2002; Sowell et al. 2003; Carmona et al. 2005), parietal lobes

(Filipek et al. 1997; Castellanos et al. 2002; Carmona et al. 2005), and occipital

lobes (Filipek et al. 1997; Castellanos et al. 2002; Durston et al. 2004). Reductions

in medial temporal volumes, as well as striatal and anterior cingulate volumes, are

correlated with performance on measures of response inhibition (i.e., stop-signal

reaction time) in boys with ADHD (McAlonan et al. 2009). Using voxel-based

morphometry, regions that are reduced in ADHD include bilateral temporal poles,

occipital cortex, and left amygdala. These regions were even greater when analyses

controlled for the presence of oppositional defiant disorder (ODD) (Sasayama et al.

2010). Among boys with ADHD (n ¼ 19), decreased callosal thickness was

identified in anterior and posterior corpus callosum regions, with the largest reduc-

tion observed in isthmus region (which projects to parietal cortex and may be

critical for sustaining attentional control) (Luders et al. 2009).

2.5 Cortical Morphology in ADHD

While development of the human nervous system begins 2–3 weeks after concep-

tion (Black et al. 1990) and continues at least into early adulthood, the trajectory of

development is nonlinear and progresses in a region-specific manner that coincides

with functional maturation (Halperin and Schulz 2006; Gogtay et al. 2004). By age

2 years, the brain is approximately 80% of its adult size (Giedd et al. 1999). Synapse

formation (Huttenlocher and Dabholkar 1997) and myelination (Kinney et al. 1988)

proceed rapidly up to age 2 years, followed by a relative plateau phase, during
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which neurons begin to form complex dendritic trees (Mrzljak et al. 1990). Maxi-

mum synaptic density (i.e., synaptic overproduction) is observed at age 3 months

in the primary auditory cortex and at age 15 months in the prefrontal cortex

(Huttenlocher and Dabholkar 1997). After age 5 years, brain development is

marked by continued neuronal growth, pruning, and cortical organization. Onset

of puberty accelerates the experience-dependent pruning of inefficient synapses

(Gogtay et al. 2004) and eventually reduces synaptic density to 60% of maximum

(Huttenlocher and Dabholkar 1997). Longitudinal studies suggest that cortical gray

matter maturation progresses from primary sensorimotor areas and spreads rostrally

over the frontal cortex and caudally and laterally over the parietal, occipital, and

finally to the temporal cortex (Halperin and Schulz 2006; Gogtay et al. 2004; Giedd

et al. 1999). Prominent volumetric reduction of frontal and parietal cortices occurs

during adolescence and is considered to be attributable to synaptic pruning or, more

likely, the combination of synaptic pruning and increasing myelination (Sowell

et al. 2004). Regionally specific, protracted, age-related changes in white matter

have been also been described. For example, myelination of optic radiations and

occipital white matter begins 1–2 months before birth and extends to frontal lobes

by 9 months postnatal age (Marsh et al. 2008; Paus et al. 2001); cortical myelination

also follows a posterior-to-anterior direction, with sensory pathways myelinating

first, followed by motor pathways, and finally by association areas (Huttenlocher

and Dabholkar 1997). In normal development, this dynamic pattern of myelination

and associated cortical volume reduction is associated with improvement in cogni-

tive performance; timing of peak cortical volume is considered to be a marker for

maturation (Shaw et al. 2007a). Conversely, patterns of pathological pruning may

contribute to the genesis of psychiatric disorders (Marsh et al. 2008; Kotrla

and Weinberger 2000) and can contribute to onset and progression of ADHD

symptoms, delayed cortical maturation and worse clinical outcome (Sowell et al.

2003; Marsh et al. 2008; Shaw et al. 2007a, b).

While school-aged children with ADHD show widespread decreases in cortical

volume, the precise morphologic contributions to these reductions are less clear.

For example, decreased cortical volume in ADHD can potentially represent a

“thinning” of the cortex or a decrease in the total surface area of the cortex, or

a combination of both. As such, the study of volumetry in ADHD has begun to

emphasize cortical morphology (including thickness and surface area), as well as

patterns of cortical folding and shape (Wolosin et al. 2009). In this context, cortical

thickness refers to linear distance from the gray/white boundary to the pial surface

(Fischl and Dale 2000), and thinning refers to a reduction in this distance compared

to controls (or a reduction over time, compared to one’s own cortical thickness).

Sowell and colleagues were among the first to examine cortical morphology

in children with ADHD. They identified reduced surface area in inferior portions of

dorsal prefrontal cortices bilaterally (Brodmann areas 44, 45, 46), with reductions

correlated with symptoms of hyperactivity (Sowell et al. 2003). Similarly, among

medication-naı̈ve children and adults with ADHD, reduced cortical thickness in the

right superior frontal gyrus was predictive of ADHD symptom severity (Almeida

et al. 2010). In a series of large-scale studies, Shaw et al. found that children with
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ADHD had a mean thinning of cortex of 0.09 mm globally. The greatest reduction

was in medial/superior prefrontal and precentral regions, and the reduction in

medial prefrontal cortex was associated with worse clinical outcomes (Shaw et al.

2007a, b). Narr and colleagues also reported ADHD-related cortical thinning over

large areas of frontal, temporal, parietal, and occipital association cortices and

aspects of motor cortex (although not within the primary sensory regions) (Narr

et al. 2009). Conversely, Wolosin (Wolosin et al. 2009) found reduced volume and

surface area (but not thickness) in all four lobes bilaterally in children with ADHD.

2.6 Longitudinal Volumetric Studies of ADHD

Critical insights into the development of ADHD have emerged from longitudinal

studies investigating trajectories of development in children. Castellanos et al.

(2002) reported growth curves highlighting the different developmental trajectories

of regional brain volumes. For most regions of interest, the growth curves of

children with ADHD (relative to controls) were parallel, but on a lower track.

More recently, Shaw et al. (Shaw et al. 2007a; Shaw 2010) reported a series of

longitudinal studies of children with ADHD using measures of cortical thickness

(i.e., distance between the pial surface and white/gray boundary in the cortex). They

found that children with ADHD showed delay in cortical maturation (i.e., age of

attaining peak thickness) throughout the cerebrum. The most prominent area of

delay was the lateral prefrontal cortex, with “delay” approaching 5 years in middle

prefrontal cortex in children with ADHD. In a follow-up longitudinal study,

the same authors demonstrated that this delay in cortical thinning, especially in

prefrontal and premotor cortex, was associated with both the severity of ADHD

symptoms and the categorical presence of the disorder itself (Shaw 2010).

In a separate longitudinal study of cerebellar development and clinical outcome,

Mackie et al. (2007) examined MRI scans from 36 children with ADHD and found

a progressive loss of volume (compared to controls) in the superior cerebellar

vermis. Moreover, those in the ADHD group who had worse clinical outcome

had more rapid loss of inferior cerebellar lobes bilaterally, compared with controls

or children with ADHD with better outcome. Different longitudinal patterns

of change with regard to cortical asymmetry have also been identified in ADHD

(Shaw et al. 2009a). For example, in children with ADHD, the (earlier developing)

posterior components of cortical asymmetry were observed to be intact, whereas the

(later developing) prefrontal components were lost, suggesting a developmental

disruption in the prefrontal function in ADHD (Shaw and Rabin 2009).

While most longitudinal studies of ADHD have shown delayed patterns

of development throughout the cortex, Shaw et al. (Shaw 2010) also reported that

the primary motor cortex showed earlier maturation (i.e., age of attaining peak

thickness) in children with ADHD. One hypothesis for this pattern may be that

early, excessive motor activity among young children with ADHD activates (and

thus facilitates) connections within the primary motor cortex. In other words, the
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development of connections in primary motor cortex outpaces the development of

connections in other frontal regions that function to restrict motor hyperactivity.

The result of this pattern of uneven functional maturation of the frontal cortex gives

rise to hyperactivity and deficits in response control in children with ADHD.

2.7 Shape Analysis Applied to ADHD

Shape analysis represents an emerging, powerful computational method that enables

more detailed definition of local surface changes, based on the degree to which

a structure has to be warped to meet a template (Shaw 2010). Several studies have

begun to specify more precisely the localization of ADHD-related abnormalities

using shape analysis that allows for detection of anomalies beyond regional volume.

For example, Plessen et al. investigated the morphology of regional hippocampal

volumes in 51 children and adolescents (aged 6–18) with combined subtype ADHD.

They found that the head of the hippocampus was enlarged in children with ADHD,

with enlargement related to ADHD symptom severity (albeit weakly) (Plessen et al.

2006).

More recently, Qiu et al. used large deformation diffeomorphic metric mapping

(LDDMM) to examine ADHD-related differences in basal ganglia shapes in 47

children with ADHD and 66 controls, aged 8–12 years. While boys with ADHD

showed smaller overall basal ganglia volumes compared with control boys,

LDDMM analysis identified markedly different basal ganglia shapes in boys with

ADHD (compared with control boys), including bilateral volume compression in

the caudate head and body, anterior putamen, left anterior globus pallidus, and right

ventral putamen, but volume expansion in posterior putamen. In contrast, no basal

ganglia volume or shape differences were revealed in girls with ADHD, compared

with control girls in this age range (Qiu et al. 2009).

2.8 Treatment with Stimulant Medication and Volumetry

While themajority of volumetry research in ADHD has emphasized group differences

without characterization of medication use, interest has risen in the effects of

stimulant medication treatment on brain volumes. Current research findings suggest

that the reductions or delays in brain development among children with ADHD do

not appear to be a result of chronic stimulant medication treatment (Schnoebelen

et al. 2010). In fact, the preponderance of evidence suggests a protective or even

“normalizing” effect of stimulants on brain development in ADHD (Shaw et al.

2009b). Castellanos et al. demonstrated that, among children with ADHD, those

treated with stimulants did not differ from controls in white matter volumes, whereas

in medication-naı̈ve children with ADHD, white matter volume was reduced com-

pared to controls (Castellanos et al. 2002). More recently, stimulant-related
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“normalization” has been reported for children with ADHD in right anterior

cingulate and bilateral caudate volumes (i.e., volumes closer to controls compared

to those untreated children with ADHD) (Pliszka et al. 2006), and for cross-

sectional area of posterior interior cerebellar vermis (Bledsoe et al. 2009). In a

similar investigation, Sobel et al. examined basal ganglia surface morphology and

the effects of stimulant medication treatment in children with ADHD. Among

medication-naı̈ve participants, there were volume reductions in putamen that

were primarily driven by inward deformations of structures, including those nuclei

within the putamen that are components of limbic, sensorimotor, and associative

pathways. In contrast, those treated with stimulants had outward deviations

of putamen nuclei, suggesting that stimulants may affect, and perhaps facilitate,

development of basal ganglia morphology in ADHD (Sobel et al. 2010) in a manner

that serves to ameliorate ADHD-related deficits in executive and motor control.

Admittedly, comparison of treated versus nontreated children with ADHD is

complicated, in part because it is possible that groups may have differed in some

systematic way before onset of treatment. For instance, those with more severe and

pervasive symptomatology or with comorbidity may opt for stimulant treatment.

Nevertheless, in this context, it is even more impressive that those treated with

stimulants show greater “normalization” than those not treated.

2.9 Genes, ADHD, and Volumetry

ADHD is one of the most heritable childhood neuropsychiatric disorders.

Polymorphisms within the dopamine transporter genotype (DAT) and dopamine

D4 receptor (DRD4) gene have been frequently implicated in its pathogenesis

(Shaw et al. 2007b). As such, investigators have begun to link anatomic MRI

with investigation of genetic differences hypothesized to be associated with

ADHD. For example, Shook et al. (2010) examined the association between

ADHD symptoms and the volume of the head of caudate. This striatal structure

has a high dopamine transporter (DAT) expression that is important for inhibitory

function and differs in children with ADHD. Overall caudate volumes were smaller

in children who were carriers of two copies of the 10-repeat DAT allele than those

with one copy, suggesting that altered caudate development, associated with

10-repeat homozygosity of DAT1, may contribute susceptibility to ADHD

(Shook et al). In a related study, Shaw et al. (2007b) examined the effects of the

7-repeat microsatellite in the DRD4 gene on clinical outcome and cortical devel-

opment in ADHD. Possession of the DRD4 7-repeat allele was associated with a

thinner right orbitofrontal/inferior prefrontal and posterior parietal cortex, with

overlap in regions found to be thinner in children with ADHD (compared with

controls). Participants with ADHD carrying the DRD4 7-repeat allele had a better

clinical outcome and a distinct trajectory of cortical development, with this group

showing normalization of the right parietal cortical region, which is important for

the development of attentional control. By contrast, there were no effects of the
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DRD1 or DAT1 polymorphisms on clinical outcome or cortical development,

suggesting that the DRD4 7-repeat allele confers a protective effect on volumetric

changes and ADHD symptoms. While not a volumetric MRI study, Lantieri et al.

(2010) examined the top single-nucleotide proteins (SNPs) that had been identified

in a genome-wide association study of ADHD (Neale et al. 2008) using an inde-

pendent cohort. The two SNPs identified as significant (XKR4 in 8q12.1, and

FAM190A in 4q22.1) were both located in genes coding for uncharacterized

proteins expressed most prominently in the cerebellum, a region that has shown

robust decreases in children with ADHD (Valera et al. 2006).

2.10 Summary: Volumetry in ADHD

The preponderance of evidence to date highlights widespread “delays” in gray and

white matter development that are associated with onset and progression of ADHD

symptomatology and do not appear to be associated with chronic stimulant medi-

cation use. To the contrary, treatment with stimulants appears to have a protective,

or even “normalizing,” effect on brain development in children with ADHD. From

a developmental perspective, anomalous basal ganglia development (especially

involving the caudate) may play an important role in the early onset of ADHD,

while atypical cerebellar development (potentially associated with environmental

influences) may be linked with the persistence of symptoms over time. These

anatomic anomalies provide the underlying neural substrate for ADHD-related

behavioral deficits in motor and executive control, particularly during the elemen-

tary school years. In particular, the parallel development of motor and executive

control systems suggests a shared neural circuitry that includes frontostriatal

systems and the cerebellum (i.e., those identified as anomalous in ADHD), and

thus the study of neuroanatomic development in ADHD is inextricably linked with

the study of motor and response control skills.

Nevertheless, despite the proliferation of studies, conclusions from existing

literature have been complicated by reliance on cross-sectional designs, samples

including largely (or exclusively) males, differences related to medication treatment

history, and inconsistencies in samples due to comorbidities and ADHD subtypes.

The future of volumetric-imaging ADHD is likely to involve more emphasis on

shape analysis, genes, and greater attempts to link volumetric imaging developmen-

tally with emergence of (and recovery from) symptoms. Emerging methodologies

may also enable investigators to differentiate ADHD subtypes according to empiri-

cally supported neuropsychological differences, such as the triple pathway model

(inhibitory control, delay aversion, temporal processing) proposed by Sonuga-

Barke (Sonuga-Barke and Halperin 2010), or linking these functions more directly

to neural circuitry, such as defining a “dorsal fronto-striatal” (cognitive control),

“orbitofronto-striatal” (reward processing), or “fronto-cerebellar” (timing) subtypes

(Durston et al. 2010 ).
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3 Motor Functions in ADHD

When carefully assessed, motor skill deficits are ubiquitous in children with ADHD,

likely as a function of the known anomalous development of frontostriatal-cerebellar

circuitry associated with the disorder. Unfortunately, the presence of poor motor

skills in ADHD is associated with slow and effortful completion of routine tasks, and

can increase attentional demands on other processes, such as working memory,

thereby creating a bottleneck. Those with ADHD are often left to trade accuracy

for speed (Klimkeit et al. 2004), or use more controlled attentional resources

to maintain what should be otherwise automatic postural control (Roebers and

Kauer 2009), thereby creating an even greater state of “inattention,” or otherwise

exacerbating other skill deficits.

Historically, motor assessment in children has been used to delineate behavioral

development patterns that distinguish clinical groups, and to examine the effects of

treatment – especially medication. Cognitive and emotional control, however, can

be considered “mental” neighbors of motor control, as their respective circuitries

are organized in proximity to circuits supporting motor systems. In fact, motor and

executive control systems appear to develop in parallel. Both systems display

a similar protracted developmental trajectory, with periods of rapid growth in

elementary years and continued maturation into young adulthood (Diamond

2000). Furthermore, development of each system is dependent on the functional

integrity and maturation of related brain regions, suggesting a shared neural cir-

cuitry that includes frontostriatal systems and the cerebellum (i.e., those identified

as anomalous via volumetry) (Diamond 2000; Pennington and Ozonoff 1996; Rubia

et al. 2001). Age and sex are also important mediating factors that need to be

considered in motor examination with children (Denckla 1974).

Because the systems that support motor and higher order “cognitive” control

both have protracted periods of development, they are vulnerable to disruption via

a variety of etiologies – which is likely why so many children with neurodeve-

lopmental disorders (such as ADHD) present with both motor and executive

dysfunction. For example, among 5–6-year-old children, motor behavior was

associated with executive control (i.e., performance on a Stroop task) as well as

with severity of externalizing behaviors (Livesey et al. 2006). A strong association

between attention and motor coordination in 7-year-old children has also been

identified (Piek et al. 2004). Moreover, deficits in either executive or motor control

systems frequently present with coexisting deficits in the other: for example,

approximately half of the children with ADHD demonstrate problems with motor

coordination (Pitcher et al. 2003; Carte et al. 1996; Denckla and Rudel 1978;

Kadesjo and Gillberg 1998; Steger et al. 2001), while approximately half of the

children with developmental coordination disorder (DCD) manifest problems

with attention (Kaplan et al. 1998), although the presence of both ADHD and

DCD is associated with greater risk for poor psychosocial outcome than ADHD

alone (Rasmussen and Gillberg 2000). In Sweden, the overlap between attention

and motor control has long been recognized and is characterized as part of the
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syndrome of deficits in attention, motor control, and perception (DAMP) (Gillberg

et al. 1992). Additionally, prominent theories of ADHD, such as the cognitive-

energetic model of information processing, link motor behavior to executive

control (Sergeant 2000). Thus, assessment of motor function can be critical to

understanding both the biological substrates and cognitive phenotypes associated

with ADHD (Denckla 2005).

3.1 Subtle Signs and ADHD

A variety of standardized tests of motor function (speed, coordination, strength)

with published normative data are available for school-aged children. Beyond these

commercially available tests, careful clinical assessment of basic motor function in

children can reveal subtle motor dysfunction. Such neurological subtle signs

include overflow (also called “associated” or “extraneous”) movements, involuntary
movements (i.e., limb tremor, odd posturing, choreiform), and dysrhythmia. These
subtle signs can be reliably assessed (Gustafsson et al. 2010; Stray et al. 2009a) and

can serve as markers for inefficiency in neighboring parallel brain systems that are

important for control of cognition and behavior. It is common to observe subtle

signs in typically developing younger children (Largo et al. 2001). However, there

is evidence that persistence of subtle signs into later childhood can be a marker for

atypical neurological function – often associated with disorders such as ADHD

(Morris et al. 2001; Mostofsky et al. 2003; Cole et al. 2008). In fact (before the

institution of the ADHD diagnosis in DSM-III), motor exam results (including

speed, overflow, dysrhythmia) correctly classified 89% of boys who scored highly

for the “hyperactivity” syndrome (Denckla and Rudel 1978). Similarly, early

research in dyslexia typically did not screen for, or measure, ADHD symptoms in

their dyslexic samples. When directly screened, children with dyslexia without
attention problems performed better than children with dyslexia with attention

problems on five of six rapid movements. The screened dyslexic group also had

fewer signs of dysrhythmia or overflow than the unscreened group (Denckla et al.

1985). Although subtle signs can be important biomarkers, they can be variable and

their presence alone should be neither considered diagnostic nor the sole basis for

explaining complex behavioral and neurological disorders (Touwen and Sporrel

1979; Touwen 1987) such as ADHD.

3.2 Overflow

Overflow is defined as comovement of body parts not specifically needed to

efficiently complete a task. As typically developing children mature, they manifest

fewer overflow movements (Largo et al. 2003). The presence of age-inappropriate
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overflow may reflect immaturity of cortical systems involved with automatic

inhibition (Mostofsky et al. 2003). In particular, observed overflow after 10 years

of age may be a strong indicator of developmental dysfunction (Denckla and

Rudel 1978). Motor-skill development, particularly the developmental pattern of

asymmetries in left-, versus right-, sided performance, may be a marker for matu-

ration of the corpus callosum or for the different rates of development of the

cerebral hemispheres – known to be anomalous in ADHD (Roeder et al. 2008).

Among overflow movements, the most studied are mirror movements (i.e.,

synkinesis), which refers to involuntary movements that accompany voluntary

movements on the contralateral side of the body. The presence of mirror overflow

movements in adolescents and adults in disorders of both the motor cortex and the

corpus callosum suggests that the ability to perform unilateral fine motor movements

is dependent upon intact interhemispheric and corticospinal connections (Nass 1985;

Knyazeva et al. 1997; Meyer et al. 1998). The supplementary motor complex (SMC)

(and in particular the pre-SMC) has dense callosal and interhemispheric connectivity,

arguing for a role in voluntary and involuntary movements. In particular, the SMC

may have a role in suppressing default movements (Addamo et al. 2007). Mirror

overflowmay also be due to abnormally active ipsilateral corticospinal tract (reflecting

more severe early neurodevelopmental abnormalities), as well as bilaterally active

corticospinal tracts, which may occur in normal individuals under conditions

of fatigue (Hoy et al. 2007). Mirror overflow movements appear to develop in

a U-shaped relationship with age, decreasing rapidly during childhood (suggesting

increased inhibition), then increasing with age in late adulthood (suggesting age-

related loss of inhibition with aging) (Koerte et al. 2010). Thus, when cortical

inhibitory and excitatory systems are immature, overflow movements in children are

at their peak. As these cortical systems mature, overflowmovements are more difficult

to elicit and their presence into adolescence is thought to be associated with delayed

cortical maturation (Cole et al. 2008).

As a disorder involving delay in development of brain systems supporting

motor inhibition (Shaw 2010), overflow movements may represent important

neurobehavioral markers in ADHD, especially as they appear to have linear

associations with ADHD symptoms in early years. For example, in 5–6-year-old

children, qualitative aspects of motor problems (subtle signs/overflow) as well as

dynamic balance and manual dexterity were predictive of ADHD symptoms

18 months later, but not predictive of symptoms of oppositional defiant disorder

or conduct disorder (Kroes et al. 2002). In a separate cohort, subtle signs at age

4–6 years were significant predictors of ADHD symptoms, in both low birth weight

and normal birth weight children (Sato et al. 2004).

Among school-aged children, there also appears to be an association between

motor overflow and performance on tasks of attentional control (Waber et al. 1985),

as well as effortful motor response inhibition (Mostofsky et al. 2003; Cole et al.

2008). Children aged 5–11 years, with more evidence of minor neuromotor dys-

function, perform more poorly in school and have more signs of attention deficit

(Batstra et al. 2003). Conversely, reduction in overflow movements appears to

parallel reduction in ADHD symptomatology. In a large sample of children aged
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7–14, controls and girls with ADHD showed steady age-related reduction of

overflow and dysrhythmia, whereas boys with ADHD had little improvement in

these signs through age 14 years (Cole et al. 2008).

3.3 Approaches to Motor Assessment in ADHD

Motor deficits may represent an important endophenotype in ADHD. For example,

on a computerized tracking task, both children with ADHD and their unaffected

siblings expressed deficits, relative to controls (Rommelse et al. 2007). Motor-

control difficulties also have specificity for ADHD, compared with other disorders.

Among children with Tourette syndrome, for example, those with ADHD have

motor slowing, whereas those with Tourette syndrome alone (without ADHD) do

not (Schuerholz et al. 1997). Poor motor coordination has been associated with

oppositional defiant disorder, but not with conduct disorder (Martin et al. 2010).

Iranian boys with ADHD showed deficits (relative to controls) on eight of nine fine

motor tasks (cutting, threading buttons, grooved pegboard), despite showing no

differences in IQ (Lavasani and Stagnitti 2010). Motor problems in ADHD are

readily observed when performing nonautomated (Carte et al. 1996) or skilled

movements (e.g., Grooved Pegboard) more than when performing simple repetitive

movements (finger tapping) (Meyer and Sagvolden 2006).

Caregiver ratings of motor skills are also important diagnostically. Parents and

teachers rate motor skill problems in as many as one-third of children with ADHD

(Fliers et al. 2008), although children with ADHD, who show deficits on perfor-

mance-based tests of motor control, do not tend to rate themselves as having motor

problems (Fliers et al. 2010). In a large study of 7–19-year-old children, those with

parent ratings of ADHD and motor coordination problems were also rated as having

elevated levels of autistic symptoms (Reiersen et al. 2008).

Given their effects on dopamine transmission throughout the brain, stimulant

medications can improve not only attentional control but also motor control.

For example, unmedicated boys with ADHD showed deficits in postural control

(measured via motion analysis of head stability), characterized by increased low

levels of baseline head movement, punctuated by higher-amplitude spikes. Follow-

ing administration of methylphenidate, however, both the baseline and spike

amplitudes of the ADHD group were suppressed to levels at or below that of

controls (Ohashi et al. 2010). Similarly, treatment with stimulant medication

improved handwriting (Flapper et al. 2006) and overall motor performance in

children with ADHD and/or DCD on the Motor Assessment Battery for Children

(MABC) (Flapper et al. 2006; Bart et al. 2010) and the Motor Function Neurologi-

cal Assessment (MFNU) (Stray et al. 2009b), although balance was not improved

by stimulants (Bart et al. 2006). Other studies similarly found that larger motor

skills (as measured by the Test of Gross Motor Development-2) were less affected

by stimulant medication treatment (Harvey et al. 2007).

ADHD: Volumetry, Motor, and Oculomotor Functions 33



3.4 Summary: Motor Skills in ADHD

The preponderance of evidence from structural imaging studies of ADHD suggests

anomalous and/or delayed development of brain systems that are critical to the

development of motor skills, including prefrontal and premotor cortex, corpus

callosum, basal ganglia, and cerebellar vermis. When carefully assessed, children

with ADHD manifest a variety of deficits in motor skills, with co-occurrence of

developmental coordination disorder in nearly 50%. These motor skill weaknesses

contribute to slowed processing speed, poor automatization of skills, and ineffi-

ciency of task completion. Improvements in motor speed and coordination, and

reductions in “abnormal-for-age” subtle signs among children with ADHD appear

to occur in parallel with the (delayed) development of cortical brain systems

supporting motor control. This process of “normalization” of motor functioning

occurs earlier in girls with ADHD than in boys with ADHD. While stimulant

medication may help with both attention and motor control, treatment plans

for children with ADHD (especially boys) should carefully consider the (likely)

coexisting motor deficits and plan for intervention and accommodations

accordingly.

4 Oculomotor Functions and ADHD

Motor skill deficits are ubiquitous in children with ADHD, likely as a function

of the anomalous development of frontostriatal-cerebellar circuitry associated with

the disorder. Like the motor system, the oculomotor system is highly relevant in

children with ADHD and includes a widely distributed network, incorporating

regions of the cerebral cortex as well as the basal ganglia, thalamus, cerebellum,

superior colliculus, and brainstem reticular formation. Oculomotor paradigms can

provide unique opportunities to examine executive control processes that exist

at the interface between movement and cognition (Leigh and Zee 2006). These

paradigms can complement other diagnostic and exploratory studies, because they

afford a degree of quantification about information processing and timing not found

in methods such as MRI or neuropsychological testing. This is because it is virtually

impossible to operationalize visual attention without documenting “looking,”

which means “where the eyes are fixed” (Lasker et al. 2007). As such, oculomotor

paradigms may offer a more precise means of assessing components of visual

attention that link cognition and neurological development.

The oculomotor system includes a widely distributed network with regions in

the cerebral cortex (frontal eye fields, posterior parietal cortex, supplementary eye

fields, presupplementary motor area, dorsolateral prefrontal cortex), as well as the

basal ganglia, thalamus, cerebellum, superior colliculus, and brainstem reticular

formation (Munoz and Everling 2004). Frontal regions project to the superior

colliculus, where cortical and subcortical signals converge and are integrated
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(Munoz and Everling 2004). Within the frontal cortex, the frontal eye fields have a

critical role in voluntary saccades (Schall 1997). The supplementary eye fields are

important for sequencing of saccades and error monitoring (Stuphorn et al. 2000).

The DLPFC is involved in spatial working memory and in suppressing reflexive

saccades (Pierrot-Deseilligny et al. 1991). These frontal cortical oculomotor

regions also project directly and indirectly to the caudate nucleus (Hikosaka et al.

2000), and directly to the paramedian pontine reticular formation, which provides

input to the saccadic premotor circuit. Both projections support the initiation and

suppression of visual saccades (Munoz and Everling 2004). Of importance is the

observation that the same regions involved in oculomotor control are also those

in which anomalous or delayed development is observed in children with ADHD.

Not surprisingly, children with ADHD are found to have deficits (inefficiency) in

both the initiation and suppression of controlled eye movements. These oculomotor

deficits in ADHD are associated with slowed processing speed, poor automaticity

of skills, and more effortful processing on routine tasks.

4.1 Experimental Assessment of Eye Movements
and Oculomotor Control

Two types of oculomotor skills are examined under experimental conditions: those

involving fixation of the eyes and those involving movement of the eyes. Fixation
paradigms require the individual tomaintain fixation on a stimulus – often in the face

of varying types of distracters. Visual fixation paradigms are associated with activa-

tion of premotor, prefrontal, and striatal structures (Paus 1991; Brown et al. 2007;

Curtis and Connolly 2008) and, as a result, can be useful in examining oculomotor

persistence in ADHD, particularly as poor postural stability of head (Ohashi et al.

2010) is likely to have deleterious effect on eye fixation and oculomotor control.

Experimental examination of eye movements also involves assessment of

saccades, which are fast eye movements made by the oculomotor system. Their

purpose is to bring some part of the visual field onto the fovea where it can be seen

and acted upon. Saccades are usually classified into various categories depending

on what initiates them. Reflexive saccades are usually involuntary and can be

triggered by a novel stimulus in the immediate environment. The saccade is usually

accompanied by a quick head move in order to bring the eyes quickly on target. In

laboratory assessments, reflexive saccade can be approximated by asking

individuals to immediately move their eyes to a target light as soon as it comes

on (usually with the head movement constrained). In contrast, volitional saccades
are those eye movements that are made with intent, thus invoking greater executive

control demand (so that the eyes go where the individual wishes).

Included within the category of volitional saccades are: delayed saccades,

memory-guided saccades, antisaccades, anticipatory saccades, and predictive

saccades. Delayed saccades are those saccades that are initiated some time after
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a target is perceived. The individual knows the target, but is required to inhibit

responding until an external signal is given to respond. Memory-guided saccades

are made some time after the stimulus has disappeared and the individual looks

toward his/her last seen position. The antisaccade is a saccade that is made in the

opposite direction of a presenting target, requiring inhibition of a prepotent or

reflexive response. Anticipatory saccades are those eye movements made with the

idea that a stimulus will occur sometime in the future, but without the knowledge of

where or when it will occur. Predictive saccades are made to a regularly occurring

target and have the distinction of being elicited before the stimulus has occurred.

Unlike anticipatory saccades, which can occur any time before the stimulus is

presented, predictive saccades occur as a specific response to the repetitiveness of

the stimulus.

The types of variables obtained in oculomotor paradigms tend to capture three

important components of executive control: response preparation (saccade latency
and variability), response inhibition (antisaccade directional errors; anticipatory

errors, go/no-go commission errors), and working memory (memory-guided

saccade accuracy). Interpretation of saccades in children should take into account

age-related change (Munoz et al. 1998; Fukushima et al. 2000), whereby saccadic

performance improves rapidly during early childhood and then stabilizes after

adolescence, with inhibition and response latency stabilizing at age 14 and 15,

respectively, and spatial working memory stabilizing latest (age 19) (Luna et al.

2004). Frontal and parietal cortex and anterior cingulate appear to be involved in

a “state of preparedness” for oculomotor tasks. Increased intraindividual variability

(observable on oculomotor tasks) has been linked with frontal circuits important

for motor response selection and inhibition, particularly those involving the rostral

supplementary motor complex (pre-SMC) (Mostofsky and Simmonds 2008).

4.2 Assessment of Oculomotor Skills in ADHD

Studies examining oculomotor skills have contributed to the understanding of the

neurobiological basis of ADHD. In general, they have supported the “motor inten-

tional deficit” hypotheses, with ADHD groups demonstrating robust abnormalities

related to response inhibition (i.e., increased commission errors on antisaccade and

go/no-go tasks; greater anticipatory errors) and response preparation (i.e., increased

response latency and intraindividual variability). Oculomotor deficits in smooth

pursuit eye movements (Castellanos et al. 2000) and working memory have been

found less consistently in studies of ADHD (Mahone et al. 2009a).

4.2.1 Response Preparation

Children with ADHD have longer and more variable response latency on even the

most basic “reflexive” prosaccade tasks (Mostofsky et al. 2001) although, in a later

study with a larger sample, the impairment was observed in girls (but not boys) with
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ADHD (Mahone et al. 2009a). Goto (Goto et al. 2010) also found increased

response latency on prosaccade and antisaccade tasks in children with ADHD,

but only among younger age groups (6–8 years); similar deficits were not observed

among older children with ADHD. There is also emerging evidence that (like motor

skills) oculomotor skills may represent an important endophenotype for ADHD.

Van der Stigchel (Van der Stigchel et al. 2007) found that boys with ADHD and

their unaffected brothers had slower oculomotor responses across tasks than

controls. Across groups, oculomotor response latency correlated with a dimensional

rating of ADHD inattentive symptoms, such that greater symptoms were associated

with increased response latency.

4.2.2 Response Inhibition

Increased response inhibition errors on oculomotor tasks have been a robust and

consistent finding across different studies and paradigms, including children

(Mostofsky et al. 2001; Goto et al. 2010; Mahone et al. 2009a) and adults

with ADHD (Armstrong and Munoz 2003; Nigg et al. 2002). Compared to typically

developing controls, children with ADHD show increased commission errors, more

intrusion errors on go/no-go tasks (Ross et al. 1994), and a higher proportion of

anticipatory and directional errors than controls (Goto et al. 2010; Hanisch et al.

2006). Similar results are obtained among samples comprising primarily boys

(Mostofsky et al. 2001) and those with exclusively girls (Castellanos et al. 2000). In

the study of only girls, those with ADHDmade twice as many commission errors and

three times as many intrusion errors on a go/no-go task than controls (Castellanos

et al. 2000), while smooth pursuit performance was equivalent across groups.

Increased inhibition and anticipatory errors have also been observed on

antisaccade and delays tasks (Van der Stigchel et al. 2007), with the proportion of

intrusive saccades correlating with ADHD symptom severity. Mahone et al.

(2009a) found that both boys and girls with ADHD (aged 8–12 years) had increased

inhibitory errors (i.e., commissions on antisaccade and go/no-go tasks; anticipatory

errors on memory-guided saccades). Among older children (aged 11–14), those

with ADHD combined (but not inattentive) subtype had increased antisaccade

errors (relative to male controls) but showed significant improvement in these

errors following treatment with methylphenidate (O’Driscoll et al. 2005).

4.2.3 Working Memory

ADHD groups (especially those with predominantly or exclusively male samples)

have shown inconsistent deficits in the accuracy of memory-guided saccades

(MGS), which are thought to assess spatial working memory (Mostofsky et al.

2001; Ross et al. 1994). In one study that included only girls, there was a strong

trend (p ¼ 0.07) for reduced MGS accuracy (Castellanos et al. 2000) and, in a

mixed sample, children with ADHD (aged 8–13) had poorer resistance to peripheral

distracters (fixation), inhibition on antisaccades, and poorer spatial working
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memory (memory-guided saccades), compared to controls (Loe et al. 2009). How-

ever, in a more recent study including a sample of boys and girls with ADHD,

matched on subtype, neither boys nor girls with ADHD (as a group) were deficient

on the MGS task relative to controls although, across sexes, those with inattentive

subtype were deficient on the MGS task (Mahone et al. 2009a).

4.3 Summary: Oculomotor Functions in ADHD

Models of frontal lobe structure and function describe at least five parallel frontal-

subcortical circuits (Alexander et al. 1986). The most posterior are related to motor

and oculomotor function (originating in skeletomotor and oculomotor regions of

the cortex); the more anterior are thought to be crucial in control of higher-order

behavior (e.g., cognitive “executive” and socioemotional control). These regions have

been identified as anomalous in volumetry. Studies examining oculomotor skills have

contributed to the understanding of the neurobiological basis of ADHD, particularly

given the utility of oculomotor paradigms to examine the “interface” between motor

skills and cognition in ADHD and other neurodevelopmental disorders.

5 Conclusions

ADHD is a disorder involving delayed, anomalous development of the cerebral

cortex and subcortical regions, including the basal ganglia (particularly the caudate

nucleus), corpus callosum, and cerebellum. From a developmental perspective,

brain systems affected in ADHD, including the cortex, subcortical white matter,

basal ganglia, and cerebellum, share a pattern of reciprocal influence (“crossed

trophic effect”), such that early injury to subcortical structures impairs not only

the cerebral cortical development but also the development of the more remote-

developing cerebellum, and vice versa. It remains unclear, however, whether

behaviors associated with emergence of ADHD are associated with anomalous

development of the basal ganglia and/or cerebellum, with subsequent reduction in

growth of the cerebral cortex, or vice versa. Volumetric MRI studies of younger

children suggest that structures of the basal ganglia, which mature earlier than the

cerebellum and cortex, may play a crucial role in the early development of the

disorder. Nevertheless, it is clear that when the “normal” timing and trajectory of

brain development is altered and that behavioral and cognitive symptoms can

persist, even after the brain has “caught up” with regard to size and shape.

While the preponderance of volumetric imaging studies of childhood ADHD

highlight anomalous development of frontostriatal regions (especially prefrontal

and premotor cortex and caudate) and cerebellar vermis, there have been incon-

sistencies in the findings as a result of reliance on cross-sectional studies, samples

with disproportionate numbers of boys, inconsistent screening for comorbidities,
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and different parcellation protocols. More recent research is taking advantage of

advanced computational methods to assess more closely the shape and morphology

of regions of interest, providing insights beyond those obtained through examina-

tion of volumes alone.

The developmental brain anomalies observed in ADHD occur in parallel with

developmental anomalies (delays) in motor and oculomotor development. This is

not surprising, given the overlap between the brain systems associated with the

behavioral symptoms of ADHD and those systems involved in the development

of motor and oculomotor control. While motor skill deficits are not presently

considered part of the DSM-IV ADHD diagnostic criteria, motor skill deficits

commonly co-occur and are often overlooked in assessment and treatment of

children with ADHD. Many teachers, however, report that children with ADHD,

particularly boys, can be clumsy or have poor handwriting. While these could be

by-products of hyperactivity, closer examination shows that children with ADHD

often have trouble coordinating motor skills of all types. Thus, as children with

ADHD progress through school, increasing demands that include more and more

writing can contribute to fatigue, difficulty with sustained performance, less than

optimal alertness, and frustration. All these issues can contribute to impressions

of increased “distractibility” and to marked difficulties under the demands for

simultaneous writing and listening. Similarly, just as children with ADHD have

difficulty with arm, finger, and leg movements, they are also slower and less precise

when making eye movements. These findings add to the evidence that children with

ADHD need more time to complete tasks. Perhaps more importantly, the results

suggest that children with ADHD are likely working much harder than their peers

whenever they manage to keep pace with others. Thus, they are far more likely to

experience fatigue (cognitive, physical) that could adversely affect their availability

for learning. Thus, the research findings from volumetric imaging, motor, and

oculomotor assessment, suggest that those working with children with ADHD

should consider the impact of these neurobiological factors that contribute to

increased cognitive load, including demands for multitasking, speeded perfor-

mance, and simultaneous writing and listening – all of which can adversely affect

a variety of life functions.
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Abstract Structural and functional imaging studies in subjects with attention

deficit hyperactivity disorder (ADHD) are reviewed with the goal of gleaning

information about neurodevelopmental abnormalities characterizing the disorder.

Structural imaging studies, particularly those with longitudinal designs, suggest that

brain maturation is delayed by a few years in ADHD. However, a maturational

delay model alone is incomplete: alternate courses are suggested by differences

associated with phenotypic factors, such as symptom remission/persistence and

exposure to stimulant treatment. Findings from functional imaging studies point to

multiple loci of abnormalities that are not limited to frontal–striatal circuitry, which

is important for executive and motivational function, but also include parietal,
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temporal and motor cortices, and the cerebellum. However, a definitive conclusion

about maturational delays or alternate trajectories cannot be drawn from this work

as activation patterns are influenced by task-specific factors that may induce

variable performance levels and strategies across development. In addition, no

studies have implemented cross-sectional or longitudinal designs, without which

the developmental origin of differences in activation cannot be inferred. Thus,

current task-evoked functional imaging provides information about dynamic or

state-dependent differences rather than fixed or trait-related differences. In the

future, task-free functional imaging holds promise for revealing neurodevelop-

mental information that is minimally influenced by performance/strategic differ-

ences. Further, studies using longitudinal designs that identify sources of

phenotypic heterogeneity in brain maturation and characterize the relationship

between brain function and underlying structural properties are needed to provide

a comprehensive view of neurodevelopmental abnormalities in ADHD.

Keywords ADHD � Brain development � Functional magnetic resonance imaging �
Magnetic resonance imaging � Neuroimaging

Abbreviations

ADHD Attention Deficit/Hyperactivity Disorder

DSM-IV Diagnostic and Statistical Manual for Mental Disorders – 4th Edition

DTI Diffusion tensor imaging

EEG Electroencephalography

FA Fractional anisotropy

fMRI Functional magnetic resonance imaging

MEG Magnetoencephalography

MRI Magnetic resonance imaging

1 Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is a childhood disorder of devel-

opmental origin that persists into adulthood, with deleterious effects on educational

and vocational achievement, and social adaptation at each developmental stage.

Symptoms of the disorder first become apparent in preschool years and persist into

adulthood in approximately 60% of the cases (Biederman et al. 1996; Weiss and

Hechtman 1993). Current diagnostic criteria require that symptoms appear prior to

the age of 7 years and are expressed in at least two settings for at least 6 months
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(American Psychiatric Association 2000). A primary challenge for developmental

cognitive neuroscience is to characterize the neurodevelopmental origins and

course of the disorder.

Broadly, the developmental progression of symptoms parallels the emergence of

control processes mediated by the maturation of the prefrontal cortex. Thus, age-

inappropriate levels of hyperactivity/impulsivity and inattention in ADHD children

could reflect a maturational course that is atypical or typical but delayed. The primary

source of evidence supporting the neurodevelopmental basis ofADHDhas come from

the application of noninvasive brain imaging methods. Magnetic resonance imaging

(MRI) visualizes differences in tissue types, without ionizing radiation, to provide

estimates of morphological volume, cortical thickness, and fiber architecture. Further,

functional MRI (fMRI) visualizes differences in properties of blood oxygenation to

provide estimates of involvement of brain structures during cognitive activity (termed

“activation”) and of temporal synchrony across regions (termed “functional connec-

tivity”). Other methods with poorer spatial resolution but superior temporal resolution

relative to MRI, such as scalp-recordings of voltage (electroencephalography, EEG)

or magnetic field (magnetoencephalography, MEG) changes produced by electric

currents associated with neural activity, have been used in ADHD. This work has

been reviewed elsewhere (Barry et al. 2003a, b). This chapter parses the structural and

functional MRI findings with the goal of evaluating the amount of support for a model

of ADHD as delayed or aberrant brain maturation, or both.

A major shortcoming of the current application of MRI methods in ADHD is that

they cannot disambiguate whether observed structural and functional brain differ-

ences are causal or reflect a consequence of the disorder. This shortcoming could be

addressed by imaging in infancy and determining which brain differences persist in

children who are subsequently diagnosed with ADHD. Currently, no study has used

such a design.

2 Structural Imaging in ADHD

Structural imaging measures of the brain include volumetric measurements of gray or

white matter of the whole brain (including or excluding the cerebellum) and its lobes,

and fine-grained measures, such as cortical thickness or the density of gray matter

acquired from individual voxels in the brain or across the cortical surface. Typical

development comprises an overall increase in gray matter volume prior to puberty

followed by reductions in adolescence (Giedd et al. 1999). Further, these changes are

regionally diverse such that the peak volumewas attained at 12 years in the frontal and

parietal lobes, at 16 years in the temporal lobes and, even later, at 20 years in the

occipital lobes.Whitematter volume continued to increase linearly from4 to 22 years.

The gray matter volumetric findings parallel the time-course of neuronal maturation

(i.e., synapse proliferation followed by pruning) reported by postmortem histological

studies of normal development. Fine-grained measures indicate that primary

visual and sensorimotor regions mature first, followed by other cortical regions in a
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back-to-front sequence (e.g., parietal before frontal), with higher-order association

cortices such as the superior temporal cortex maturing last (Gogtay et al. 2004). Gray

matter measures are thought to reflect glial, vascular, and neuronal architecture, with

age-related changes reflecting maturational changes in synaptic density; these neuro-

nal processes cannot be measured directly in the living brain at present. Further, the

optimal volume or thickness/gray matter density for a certain age is not known and so

interpretation of findings in ADHD children has to be in relative terms, as departures

from typical development, rather than in absolute terms.

2.1 Key Findings

ADHD as a delay in brain maturation is supported primarily by structural brain

imaging studies that have constructed growth trajectories using a mixed cross-

sectional and longitudinal design with large samples ranging in age from 5 to

18 years. Volumes of each lobe, of gray and white matter within each lobe, and

overall cerebral and cerebellar volume were approximately 4% smaller in ADHD

relative to control subjects, despite controlling for differences in exposure to

stimulant medication, vocabulary scores, and height (Castellanos et al. 2002).

Differences were also observed in the overall thickness of the cortical mantle

(Shaw et al. 2007). In both ADHD and control groups, peak cortical thickness

was attained earlier in sensory cortices than in association cortices. However,

control children attained peak thickness earlier, between 7 and 8 years, relative to

ADHD children who attained it later, between 10 and 11 years. This evidence

suggested a similar course of the sequence of regional development in the ADHD

and control subjects but with cortical maturation delayed by a few years in ADHD.

More evidence in support of widespread volumetric reductions in ADHD subjects

comes from cross-sectional studies comparing ADHD and control subjects in smaller

samples than in the above studies [see reviews (Seidman et al. 2005; Shaw and Rabin

2009)]. While there are many mixed findings in this body of work, the majority

indicated that volumes were reduced in ADHD subjects relative to age-matched

controls. The loci of the reported reductions are in multimodal association cortices

such as the frontal lobes and its subregions, premotor cortex, posterior cingulate,

anterior and medial temporal lobes, cerebellar lobules, and basal ganglia structures

(caudate, globus pallidus, putamen, ventral striatum). One study reported larger

inferior parietal and posterior temporal regions in ADHD adolescents than in controls

(Sowell et al. 2003). Mixed findings across studies likely reflect differences in the

composition of samples in ages, subtypes, medication history, and size. Specifically

for basal ganglia structures, in addition to volumetric reductions, surface shape

showed differences such that some regions were compressed while others had bulges

(Qiu et al. 2009). Further probing into the locations of these surface deformations

suggests that they included portions of basal ganglia structures that connect with

premotor, oculomotor, and association areas of prefrontal cortices that are known to

be smaller in ADHD.
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Findings of some longitudinal studies also provide evidence for an altered

maturational course in ADHD in selected brain regions. These findings come

from the same studies discussed above. First, volumetric growth trajectories for

the caudate converged across age such that ADHD children had smaller volumes

relative to controls in childhood. However, these differences did not persist into

adolescence as caudate volumes decreased with age in both groups (Castellanos

et al. 2002). Thus, it appears that the caudate has a less rapid reduction in volume

across age in ADHD children than in typical development. Volumetric reductions

in typical development are thought to reflect the process of synapse pruning and,

thus, this finding suggests an altered time course of that process in the caudate in

ADHD. Second, development of hemispheric asymmetry differed selectively in the

frontal cortex in ADHD subjects. Cortical thickness increased in right orbital and

inferior frontal lobes and left occipital cortex in adolescence during typical

development; ADHD children, in contrast, showed increased thickness in the

occipital but not frontal cortices (Shaw et al. 2009a). Third, while the cortical

mantle was thinner overall in ADHD subjects, some specific regions showed more

pronounced differences including superior, medial, and precentral gyri in the

frontal lobes (Shaw et al. 2006). A thinner cortical mantle, overall or in specific

regions, cannot be interpreted as accelerated synaptic pruning as gray matter

density reflects a variety of processes (glia, vasculature), which cannot be resolved

with current imaging methods. Differences relative to control children can only be

interpreted as an alteration of maturational processes. Therefore, these findings

suggest that frontal–striatal and occipital regions show altered maturational courses

in ADHD relative to typical development.

Alterations of brain maturation in ADHD are associated with phenotypic indi-

vidual differences such as clinical outcome and exposure to stimulant treatment.

ADHD children whose symptoms persisted into adolescence had thinner medial

prefrontal cortex at an average age of 8.7 years compared to both ADHD children

whose symptoms remitted and to controls (Shaw et al. 2006). Further, the thickness

of the right parietal cortex was reduced through childhood in ADHD children

relative to controls; however, this difference disappeared in adolescence for

ADHD children whose symptoms resolved with increasing age. Cortical maturation

between 12.5 and 16.4 years was influenced by exposure to stimulant medication

such that unmedicated children showed greater cortical thinning than age-matched

control children (Shaw et al. 2009b). Further, comparison between medicated and

unmedicated ADHD children showed that the right motor cortex, left ventrolateral

prefrontal cortex, and right parietooccipital cortex were thinner in unmedicated

ADHD children; clinical outcome did not differ between the two groups. Thus,

ADHD children who were not medicated between 12.5 and 16.4 years showed more

rapid cortical thinning. A “thinner” cortical mantle relative to control children

reflects reduced amounts of glial, neuronal, vascular, and synaptic processes that

comprise the cortex, and is interpreted as reflecting less cortical maturation.

Together, these results suggest that frontal–parietal cortical maturation in ADHD

children differed depending upon the status of symptom expression and exposure to

stimulant treatment.
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In addition to the gray matter findings discussed earlier, white matter is affected in

ADHD [see review (D’Agati et al. 2010). Although a reduction in overall whitematter

volume has been reported inADHDchildrenwhen studied using both longitudinal and

cross-sectional designs, there are only two studies that examined the integrity of white

matter using diffusion tensor imaging (DTI), which providesmicrostructural informa-

tion sensitive to myelination, axonal thickness, and the axis of fiber direction. DTI

measures the diffusion of water, which diffuses 3–7 times faster along fiber tracts than

perpendicular to the tracts (Basser and Pierpaoli 1996; Pierpaoli and Basser 1996). It

provides an index of this directional coherence of water diffusion (fractional anisot-

ropy: “FA”), with higher FA values reflecting tracts with thicker, more myelinated,

andmore consistently organized fibers; currently, nomethods are available tomeasure

these properties separately. In a study comparing 7- to 11-year-old ADHD children

with age-matched controls, FA was reduced in ADHD children anteriorly in right

premotor and striatal regions, as well as posteriorly in parieto–occipital and cerebellar

areas (Ashtari et al. 2005). In a study examining specific fiber tracts, adults with

ADHD had reduced FA relative to controls, specifically of the cingulum bundle and

superior fasciculus, which are medial and lateral tracts, respectively, that connect the

frontal and parietal lobes (Makris et al. 2008). While there are no data on the

developmental course of white matter microstructure in ADHD, these cross-sectional

studies suggest that anterior and posterior white matter and connecting tracts are less

mature in ADHD. Less mature white matter tracts are thought to slow down neural

conduction, thereby reducing the processing efficiency of functions subserved by

regions connected by those tracts.

The largest band of white matter fibers in the brain, the corpus callosum, which

connects the left and right hemispheres, has been the focus of a large volume of studies.

Across studies, childrenwithADHDhad reduced volume of the splenium, the posterior

corpus callosum that connects bilateral parieto–temporal cortices [see meta-analysis

(Valera et al. 2007)]. Further, another meta-analysis reported that boys with ADHD

also showed reductions in the volume of the rostral portion of the corpus callosum

(Hutchinson et al. 2008). Both these findings, differences in anterior and posterior

portions, were confirmed in a study that used a finer-grained approach for dividing the

corpus callosum (100 segments versus 5 in past work) (Luders et al. 2009). However,

the anterior differences did not persist after controlling for brain volume and conditions

that are often comorbid with ADHD (e.g., oppositional defiant disorder). The corpus

callosum is important for efficient communication between the two hemispheres, and

reduced volume of those fibers ought to affect the efficiency of interhemispheric

communication, and therefore, cognitive functions that depend upon bilateral collabo-

ration. Indeed, the volume of the rostral portionwas positively associatedwith the speed

of response control in boys with ADHD (McNally et al. 2010). Findings in posterior

portions may influence contributions of parietal–temporal cortices to attentional func-

tion. Specifically, in an EEG study, right-hemispheric contributions over inferior

parietal cortex were increased in ADHD adults during the performance of a task that

required sustained attention (Hale et al. 2010). However, reduced right parietal function

has also been suggested by behavioral studies showing a rightward bias in spatial

attention (similar to that in visual neglect) in ADHD children (Sheppard et al. 1999).
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2.2 Conclusion

The current body of structural imaging findings in ADHD provides evidence for a

global maturational delay based on reduced gray and white matter volumes and

cortical thickness in ADHD relative to controls through childhood and adolescence.

However, there is also evidence for altered maturational courses of selected regions

such as the caudate nucleus and frontal cortical mantle, relative to typical develop-

ment. The frontal cortex and caudate form a network that is important for behavior

requiring executive control, an area of impairment in ADHD.

There are individual differences in cortical maturational trajectories of frontal

and parietal cortices depending upon whether symptoms persist into adolescence

and whether they are treated with stimulant medication. ADHD children with

remitted or treated symptoms did not differ from controls in adolescence. Those

whose symptoms persisted into adolescence had a thinner cortical mantle in medial

prefrontal cortex in childhood and in parietal cortex in adolescence. Further, those

who discontinued stimulant medication during adolescence had thinner frontal,

motor, and parietal–occipital cortices relative to medicated children, despite similar

clinical outcome. Thus, maturational courses were influenced by symptom status as

well as stimulus medication exposure. While the direction of the influence (i.e.,

whether gray matter differences caused symptoms to persist or vice versa) cannot

be determined based on these data, these findings point to the dynamic nature of

brain maturation. They also have important implications for formulating neurode-

velopmental models of ADHD by suggesting that there is likely to be high hetero-

geneity in the nature of maturational differences, whether delayed or aberrant, or

both, in ADHD relative to typical development depending upon symptom expres-

sion and treatment choices. Specifically, an early maturational delay could resolve

or continue through development, depending upon environmental and genetic

factors that shape the child’s behavioral experience, as well as brain structure and

function. As those factors vary across individuals, maturational courses are likely to

be heterogeneous across ADHD children.

3 Functional Imaging in ADHD

Knowledge about developmental functional characteristics of the brain in ADHD is

based upon cross-sectional studies: no study has used longitudinal or mixed designs

that are needed to characterize growth trajectories of functional activation in

ADHD. Further, no cross-sectional studies have compared ADHD children of

different ages. Functional imaging studies fall into three classes based upon sample

ages, preadolescent (7–13 years), mixed children and adolescents (7–18 years), and

adults. The majority of studies has focused primarily on males. One principled way

to parse these findings is in terms of neural networks that subserve a functional

domain that is affected in ADHD [see recent reviews (Makris et al. 2009; Vaidya
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and Stollstorff 2008)]. If activation is reduced/increased in one or more regions in

ADHD relative to control children, it is interpreted as reflecting reduced/greater

engagement of that region, which mediates cognitive processes involved in perfor-

mance of the task at hand.

3.1 Executive Function: Frontal–Striatal–Cerebellar Circuitry

Executive function, the ability to control attention and action in the service of goals,

has been the focus of the bulk of functional imaging work in ADHD subjects. It

has been probed using tasks that draw upon component processes such as response

inhibition, interference suppression, and working memory. These processes, to

varying degrees, draw upon a circuit comprising regions in the frontal cortex (e.g.,

lateral prefrontal, premotor, anterior cingulate), dorsal striatum (e.g., caudate), and the

cerebellum via thalamic projections (see: Fig. 1). Striatal activation has been evoked,

using Go/No-go and Stop Signal Response Inhibition tasks in children (Durston et al.

2003;Vaidya et al. 1998, 2005) and adolescents (Rubia et al. 1999) and has been found

to be consistently reduced in ADHD [confirmed by meta-analysis (Dickstein et al.

2006)]. Further, lateral inferior frontal regions associated with inhibitory control also

showed reduced activation inADHDchildren (Durston et al. 2003;Vaidya et al. 2005)

and adolescents (Rubia et al. 1999, 2005). Studies of inhibitory control in ADHD

adults using a Stroop task showed reduced dorsal anterior cingulate activation (Bush

et al. 1999). Further, a study of working memory function using a mental rotation task

found reduced activation in multiple frontal regions in ADHD adolescents (Silk et al.

2005). Together, these findings showing reduced activation in ADHD subjects indi-

cate less engagement of regions mediating inhibitory and working memory processes.

In contrast, ADHD adolescents had greater activation of inferior frontal and anterior

Fig. 1 Regions depicted in the figure show consistent differences in activation across studies in

ADHD. Yellow depicts a circuit important for executive function and blue depicts a circuit

important for motivational function
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cingulate cortex during inhibitory control (Schulz et al. 2004), suggesting greater

engagement of regions mediating inhibitory processes.

In addition to frontal–striatal differences, cerebellar activation was reduced in

ADHD children, particularly during executive tasks relying on temporal processing

(Durston et al. 2007). Thus, the bulk of the findings, which are from children and

adults, indicate that ADHD is associated with reduced activation of frontal cortex

and associated striatal and cerebellar structures during tasks drawing upon execu-

tive function.

Subject and performance-related factors influence the nature of frontal involve-

ment in some studies. Inferior frontal activation was greater in ADHD and control

children with better interference control (Vaidya et al. 2005), suggesting that poor

inhibitory functioning is associated with inadequate inferior frontal engagement.

However, studies with ADHD adolescents suggested the opposite: that is poor

inhibitory function was associated with greater frontal engagement. Specifically,

higher frontal activation was associated with lower inhibitory performance in

adolescents with ADHD (Schulz et al. 2005a) and in adolescents with persisting

symptoms and worse performance relative to those with remitted symptoms and

better performance (Schulz et al. 2005b). With just a handful of studies, it cannot be

discerned whether these mixed findings reflect age (children versus adolescents) or

task differences (Flanker interference versus stimulus and response conflict) or

both. Furthermore, as these findings are correlational, it is not possible to determine

the direction of the relationship between activation and performance levels.

3.2 Reward-Related Decision Making: Mesolimbic Circuitry

In light of behavioral findings documenting atypical sensitivity to rewards in ADHD

children (Luman et al. 2005), functional imaging of motivational function in ADHD

has targeted reward-related brain circuitry using decision-making and choice tasks

that manipulate reward contingencies. Reward processing in the brain has been

primarily associated with mesolimbic dopaminergic projections encompassing ven-

tromedial prefrontal cortex, anterior cingulate gyrus, ventral striatal nuclei, amygdala,

and hippocampus (see: Fig. 1). During reward anticipation, ventral striatum was less

activated in adolescents (Scheres et al. 2006) and adults (Strohle et al. 2008) with

ADHD relative to controls. Further, the orbitofrontal cortex was also less activated in

ADHD adults (Strohle et al. 2008). In another study in adults using a gambling task,

activation was reduced in the hippocampus but increased in the anterior cingulate in

ADHD relative to controls (Ernst et al. 2003). These regions, ventral striatum,

hippocampus, and orbitofrontal cortex, are important for encoding the salience of a

stimulus and evaluating it in the context of making decisions. Reduced activation of

these regions suggests that these processes may be evoked to a lesser degree or less

efficiently inADHD than in control subjects. As these studies did not include children,

it is impossible to evaluate neurodevelopmental differences in activation during

motivational function in ADHD.
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3.3 Visual–Spatial Attention: Parietal–Temporal Regions

Parietal–temporal involvement is apparent during executive function tasks that draw

upon visual–spatial processes in working memory and inhibitory control. It is also

evident during attention tasks such as selective attention to visual space and involun-

tary attention to auditory/visual oddballs. Spatial working memory tasks showed

reduced activation of right inferior parietal cortex in ADHD children (Vance et al.

2007) and superior parietal and temporal regions in ADHD adolescents (Silk et al.

2005); medial parietal regions were more activated in ADHD adolescents than con-

trols. Parietal cortices contribute to spatial representations associated with working

memory and their reduced involvement parallels observations in the frontal lobes.

Greater medial parietal activation is thought to reflect increased attentional resources

necessary to perform difficult tasks such as spatial working memory.

Studies using the oddball involuntary attention task showed reduced activation

in bilateral and medial–parietal cortex (Tamm et al. 2006), bilateral superior

temporal gyri and posterior cingulate (Rubia et al. 2007) and parahippocampal

gyrus and amygdala (Stevens et al. 2007) in adolescents with ADHD. Further,

selective attention tasks also showed reduced activation of the right superior

parietal cortex in ADHD children (Booth et al. 2005) and left posterior middle

temporal gyrus in ADHD adolescents (Shafritz et al. 2004). Thus, reduced posterior

engagement during both voluntary and involuntary attentional tasks in ADHD

suggests a general reduction of attentional resources in ADHD.

In contrast to these reports of reductions in ADHD, a variety of inhibitory tasks

showed increased activation of parietal or temporal regions on tasks that typically

do not engage those regions in controls (Durston et al. 2003; Rubia et al. 1999;

Schweitzer et al. 2000; Vaidya et al. 2005); these findings extend to all three ages

(children, adolescents, and adults). This increased activation of posterior regions

that are normally not engaged by these inhibitory tasks has been interpreted as

reflecting compensatory strategies, which may or may not be effective in maintain-

ing performance.

3.4 Motor-Execution: Motor-Premotor Regions

Children with ADHD often show subtle motor signs such as more variable trial-to-

trial response latencies (Leth-Steensen et al. 2000) and motor overflow (Denckla

and Rudel 1978) suggesting immature motor circuitry. Indeed, evidence supporting

immaturity comes from a transcranial magnetic stimulation study showing reduced

neural inhibition in the corticospinal tract in ADHD children (Moll et al. 2000).

Motor immaturity is deleterious for executive functioning as greater motor over-

flow is associated with reduced response inhibition performance (Mostofsky et al.

2003). During self-paced finger-to-thumb movements, ADHD children showed

reduced activation in contralateral motor cortex and right superior parietal cortex,
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relative to control children, despite similar levels of performance (Mostofsky et al.

2006). Such lower level motor abnormalities in ADHD are likely to contribute to

higher-order executive function deficits reviewed earlier.

3.5 Conclusion

The review above indicates that functional activation differences between ADHD

and control subjects are quite widespread. They include frontal-striatal-cerebellar

networks, which are important for the integrity of executive function, a core domain

of dysfunction in ADHD. In addition, limbic-frontal networks that are important for

mediating motivational function and parietal-temporal networks that are important

for mediating attentional function also show atypicalities in ADHD. Finally, differ-

ences between ADHD and control children also extend to lower level functions

such as motor execution.

In the absence of studies with longitudinal or cross-sectional designs that enable

evaluation of maturational courses, it is difficult to draw definitive conclusions about

whether the observed functional activation differences in ADHD suggest delayed or

aberrant development. Nevertheless, a tentative conclusion can be attempted in light

of what is known about typical functional development. The largest body of develop-

mental fMRI studies to date has focused on executive control processes, such as

working memory and inhibitory control [see recent reviews (Bunge andWright 2007;

Luna et al. 2010)]. These findings indicate that greater prefrontal, parietal, and striatal

involvement with age supports age-related improvements in executive control. Such

age-related increases have also been observed for visual–spatial attentional function

(Rubia et al. 2010). However, there are discontinuities such that in some studies

adolescents showed greater prefrontal activation than adults despite similar levels of

performance (Luna et al. 2001).

In studies that controlled for performance differences by visualizing activation

associated only with correct performance, younger children showed greater pre-

frontal cortical engagement than adolescents or adults (Velanova et al. 2008). Thus,

both reduced and increased activation signifies immaturity but yields different

interpretation when considered in the context of differences in performance levels.

Specifically, reduced activation accompanied by lower performance reflects pro-

cessing capacity limitations, whereas greater activation paralleled by similar per-

formance reflects more effortful processing. In findings from ADHD subjects,

children tend to show reduced performance relative to controls, whereas adoles-

cents and adults perform similarly to controls. Therefore, the observed pattern of

reduced activation in ADHD children and greater activation in adolescents or adults

relative to age-matched controls suggests capacity limitations and increased effort,

respectively. Both patterns of differences are consistent with immature functional

engagement and, furthermore, support a model of delayed maturation in ADHD as

the engaged regions are the same as those in control subjects.
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In drawing further conclusions about functional engagement in ADHD, it is

important to note that, in typical development, fMRI studies also reveal a mixed

regional pattern of reductions and increases in activation for the function at hand.

For example, during response inhibition, age-related increases were observed in

medial frontal gyrus and decreases in inferior frontal gyrus from 8 to 20 years

(Tamm et al. 2002). These findings were interpreted as reflecting age-related

improvements of inhibitory processing mediated by medial frontal gyrus and

reduced effort mediated by inferior frontal gyrus. An alternate interpretation is

that increases/decreases may be associated with specific strategies that draw differ-

entially upon the two regions. Thus, the interpretation of regional group differences

is not straightforward even in typical development.

In light of the above developmental fMRI findings, it would be simplistic to

interpret the mixed pattern of differences between ADHD and control subjects as

either developmental delay or aberrant maturation. While the structural findings

suggest a developmental lag in brain maturation in ADHD, the maturational course

is likely moderated by phenotypic factors affecting symptom progression. Further,

in terms of functional engagement, performance effort and strategies strongly

influence the observed differences. Performance is moderated by extrinsic (e.g.,

situational/contextual factors – with or without time pressure) and intrinsic (e.g.,

reward, interest) factors, making it difficult to predict what the developmentally

appropriate pattern or level of activation is for a function at hand.

4 Resting-State Imaging in ADHD

One dependent measure that is minimally influenced by performance-related fac-

tors is functional connectivity during the resting state. A large body of evidence

supports the view that when one is not engaged in task-specified cognition (termed

resting-state), neural activity of different regions fluctuates spontaneously at slow

rates (<0.1 Hz) (Biswal et al. 2010). These fluctuations are synchronized across

regions forming distinct networks that are termed intrinsic connectivity networks.

Most importantly, these intrinsic networks are spatially similar to those identified in

task-evoked cognitive states (Smith et al. 2009). Task-evoked networks include a

frontoparietal network that is observed during tasks of executive function, an

insular-cingulate network evoked during monitoring and maintaining task sets,

auditory and visual networks evoked by sensory tasks, and a medial prefrontal–

posterior cingulate network evoked by self-referential cognition (termed the

default-mode network). These same networks can be delineated when subjects

are resting and not engaged in an experimenter-directed task. In fMRI studies of

task states, most of these networks are activated when subjects are engaged in tasks

directing attention to external stimuli, whereas the default-mode network is deac-

tivated during those tasks. The consensus among researchers is that these networks

form a fundamental functional organization of the brain, as it is independent of the

subjects’ current cognitive state.
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4.1 Key Findings

Findings from intrinsic connectivity studies comparing ADHD adults and children

to controls reveal atypicalities in specific networks, as well as the interrelationships

across networks. First, functional connectivity among regions involved in executive

control, such as frontal cortex, striatum, and cerebellum, was weaker in children

with ADHD (Cao et al. 2006): amplitude reduced in some regions (right inferior

frontal, left sensorimotor, and cerebellum) but increased in others (right anterior

cingulate and brainstem) (Zang et al. 2007). Many of these regions are the same

ones implicated by task-evoked studies discussed earlier. Thus, evidence from

resting-state studies complements that from task-based studies by showing altered

communication between the same regions that were atypically activated in ADHD.

Second, studies of the default-mode network suggest that the posterior cingulate

cortex is an important site of functional abnormality in ADHD. It was weakly

connected functionally to other nodes within the network [e.g., medial prefrontal

(Uddin et al. 2008)], but strongly connected to nodes of other networks [e.g., dorsal

anterior cingulate cortex (Castellanos et al. 2008)]. This pattern of weak default-

mode within-network connectivity and strong across-network connectivity was also

observed in an EEG study with ADHD children (Helps et al. 2010). This pattern is

thought to signify deficits in sustaining a task-oriented set due to intrusions from the

default-mode network, which have been observed during attention lapses [e.g.,

mind-wandering (Mason et al. 2007)]. Thus, default-mode network abnormalities

revealed by resting-state studies of ADHD provide new knowledge about ADHD.

4.2 Conclusion

Findings of fMRI studies of the resting-state in adults and children diagnosed with

ADHD reveal atypical functional connectivity across regions, which is independent of

task-directed cognitive activity. They suggest that disruptions of network-level tem-

poral properties, specifically associated with the default-mode network, comprising

medial prefrontal and posterior cingulate cortices, play an important role in attentional

dysfunction in ADHD. Currently, these findings do not provide developmental infor-

mation about ADHD as most studies are of adults. The findings, however, are

important in opening up a new area for future neurodevelopmental investigations

of ADHD.

5 Future Directions

Future studies ought to address at least five significant gaps in current research.

First, current studies do not control adequately for comorbid conditions. Further,

very few studies include an adequate number of females to examine sex differences.
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As a result, the extent to which observed brain differences reflect ADHD, comor-

bidity, or general psychopathology cannot be discerned. Thus, studies including

relatively homogenous samples balanced for gender are needed. Second, similar to

studies of structural brain development in ADHD, functional imaging studies

implementing longitudinal designs are needed. Imaging the same children at

different ages is necessary to determine the stability of activation and the differ-

ences in performance between ADHD and controls at different developmental

stages. Further, such within-subjects designs enable visualization of age-related

performance improvement and its concomitant activation changes within the same

children, regardless of absolute differences between ADHD and controls. Such data

are important to reveal the neural signatures of developmental change in ADHD

that are not confounded by differences in levels of performance relative to typical

development. Third, it is important to investigate heterogeneity in brain develop-

ment in ADHD. Currently, sources of heterogeneity in ADHD, such as symptom

severity, treatment (e.g., stimulants versus nonstimulants), outcome in adolescence

(e.g., symptom persistence versus remission) are controlled in the design of fMRI

studies by including as homogenous a group as possible. However, as illustrated in

findings from Schulz et al. (2005b), it is necessary to manipulate these as indepen-

dent variables to reveal how phenotypic factors are associated with structural and

functional development in ADHD. Fourth, there are few studies of motivational

function in ADHD. Studies including tasks that parse apart executive components

of evaluation/decision making from encoding of incentive/reward information are

needed to reveal abnormalities that are not confounded by known executive deficits

in ADHD. Finally, how structural and functional abnormalities relate to one another

is relatively unknown in ADHD. More insight about the sources of functional

atypicalities in ADHD can be gained by characterizing how they relate to underly-

ing white matter structural properties within and across functional networks. Simi-

larly, studies that elucidate how regional differences in cortical thickness impact

upon activation or deactivation of regions during task states are important in the

interpretation of functional atypicalities in ADHD.

The last 15 years have produced a wealth of information about brain development

in ADHD. This forms a solid foundation for the next generation of studies with

multimodal imaging methods and targeted experimental designs that will allow

definitive conclusions about the developmental neuropathology underlying ADHD.
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Abstract Intraindividual variability (IIV) – reflecting short-term (within-session),

within-person fluctuations in behavioral performance – and, specifically, reaction

time (RT) variability, is strongly linked with attention-deficit hyperactivity disorder

(ADHD) both at the phenotypic and genetic levels. Phenotypic case–control

comparisons show a consistent and robust association between ADHD and RT

variability across a broad range of cognitive tasks, samples, and age ranges (from

childhood to adulthood). The association does not appear to be a nonspecific effect

mediated by lower general cognitive ability. The finding from quantitative genetic
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studies of the shared genetic etiology between ADHD and RT variability is

similarly robust, replicating across tasks, samples, and definitions of ADHD.

Molecular genetic studies have produced intriguing initial findings: increasing

sample sizes and replications across datasets remain priorities for future efforts.

While the field has come a long way from considering increased RT variability in

ADHD as the “noise” or “error” that we need to reduce in our data, the investigation

of the causal pathways is only beginning. The neural basis of IIV is being

investigated, with initial data pointing to a crucial role of fronto-striatal systems

in controlling behavioral consistency. Several theories have been put forward to

account for the observed IIV in ADHD, including accounts of arousal regulation,

temporal processing and the “default-mode network.” For the wider implications of

the IIV phenomenon to be fully realized, we need to learn further about the

underlying processes, their developmental context, and about shared and unique

causal pathways across disorders where high RT variability is observed.

Keywords Attention-deficit hyperactivity disorder � Intraindividual variability �
Reaction time variability

Abbreviations

BA Brodman area

CPT Continuous performance test

CV Coefficient of variation

DAT Dopamine transporter

DMN Default-mode network

EEG Electro-encephalography

FEF Frontal eye fields

fMRI Functional magnetic resonance imaging

GWAS Genome wide association study

IIV Intraindividual variability

MEG Magneto-encephalography

MFFT Matching familiar figures test

MPH Methylphenidate

ODD Oppositional Defiant Disorder

PET Positron emission tomography

PFC Prefrontal cortex: dl (dorsolateral), dm (dorsomedial), vl (ventrolateral)

RT Reaction time

SMA Supplementary motor area

SSRT Stop signal reaction time

TB1 Traumatic brain injury

TMT Trail making test

TOVA Test of variables of attention

WAIS Wechsler Adult Intelligence Scale

68 J. Kuntsi and C. Klein



1 Introduction

Recent years have witnessed the transformation of the scientific investigation of

intraindividual variability (IIV) [reflecting the short-term (within-session), within-

person fluctuations in behavioral performance – and, specifically, reaction time

(RT) variability in attention-deficit hyperactivity disorder (ADHD)] from a some-

what “oddball” topic to a hot one. Objectively, this rise in interest can be measured

in the steep increase in published articles on this topic. Insightful early comments

on the possible importance of RT variability in ADHD can be traced back to at least

the 1970s (Firestone and Douglas 1975); yet, the topic was largely ignored by most

investigators in the field until relatively recently. An influential review by

Castellanos and Tannock, published in Nature Reviews Neuroscience in 2002,

contributed to an emerging shift in the level of interest in the topic, by highlighting

that response variability is the one ubiquitous finding in ADHD research across a
variety of speeded RT tasks, laboratories and cultures (p. 624). The increased

interest in the topic has opened up a discussion on whether a better understanding

of IIV can help us learn more about the causal pathways in ADHD, as well as,

potentially, the high rates of comorbidity between ADHD and several other

disorders.

Here, we first review the evidence on the phenotypic and genetic association of

RT variability with ADHD. We next review the evidence on its neural basis and

consider theoretical approaches to the phenomenon and the nosological specificity

issue: that is, whether increased RT variability can be observed in several disorders

or is specific to ADHD.

2 Measurement of Variability

Increased IIV has been reported in ADHD for a wide range of behaviors, including

classroom observational measures: e.g., attention and interference (Abikoff et al.

1977; Rapport et al. 2009), actigraph-based measures of activity (Wood et al. 2009),

infrared motion analysis (Ohashi et al. 2010), motor timing (Rommelse et al. 2008),

tapping responses (Ben-Pazi et al. 2006), and mood (reviewed in Skirrow et al.

2009). In the ADHD literature, IIV most commonly refers to RT variability.

Reflecting this emphasis, this review focuses on variability in RTs. We comment

on IIV in other aspects of performance only when relevant for the interpretation of

RT variability.

In the vast majority of ADHD studies, intraindividual reaction time variability

has been defined as the intraindividual standard deviation of RTs (referred to as

“RT variability” in this review). While results obtained with this simple index are

strong (see below), additional parameters have been derived to help identify the

nature of the variability in ADHD. RT distributions are typically skewed and include
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an “ex-Gaussian” increased density of slow responses that could be explained

by recurrent lapses of attention, for example. To cope with skewed RT distri-

butions, an ex-Gaussian approach has been suggested (e.g., Heathcote et al. 2004;

Leth-Steensen et al. 2000). This approach assumes that RT distributions represent

the superposition (convolution) of a normal (Gaussian) and an exponential

(ex-Gaussian) distribution and thus model the different parameters of these com-

ponents separately. The output comprises three different parameters: m and

s quantify the arithmetic mean and the standard deviation of the Gaussian part of

the RT distribution (corresponding to the arithmetic mean and standard deviation

of the Gaussian RT distribution, respectively), while t models the mean of the

exponential component. According to these models, the expectancy value of RT

corresponds to m + t and the variance of RT equals s2 + t2 (Heathcote et al. 2004).
While Gaussian and ex-Gaussian estimates of RT variability are conceptually

different, statistically they may turn out to be highly redundant (Schmiedek et al.

2007). Also, results from the study of Leth-Steensen et al. (2000) suggest that, RT

variability, or t discriminate between patients with ADHD and controls equally

well, and better than either m or s.
Another RT variability parameter is the coefficient of variation (CV ¼ standard

deviation of RT/mean RT), which controls for possible level (mean) differences.

Alternatively, the mean can be taken into account when quantifying RT variability

as well as differences between clinical groups in RTV using Analysis of Covariance

(ANCOVA): By statistically leveling group differences in mean RT, only those

group differences in RT variability are analyzed that cannot be explained already by

group differences in mean RT. An empirical investigation of the links between

mean differences and variability in RTs can be worthwhile. Nevertheless, we do not

recommend an exclusive focus on RT variability parameters that control for mean

RT in ADHD research because: (a) evidence suggests a shared etiology for

increased mean RT and RT variability in ADHD; and (b) it has been argued that

RTV is more fundamental than mean RT and the latter measure thus secondary

to the former (Jensen 1992). Hence, indices such as CV may control, in part, for

what one aims to study (Klein et al. 2006; Wood et al. 2010b; Kuntsi et al. 2010).

Further measures of RT variability include the consecutive variance (Con; sqrt

(S(RTi � RTi+1)
2/(n � 2)); i ¼ trial number, n ¼ number of trials, sqrt ¼ square

root), quantifying the amount of moment-to-moment fluctuations (Klein et al.

2006), inter-quartile distances, and the range (although this last-mentioned param-

eter is not recommended because it is based on two data points only).

A conceptually different approach that offers a more precise characterization of

the nature of RT variability focuses on the temporal structure of what can be

considered a (reaction) time series. The Fourier analysis (Luck 2005) reconstructs

the temporal signal as a superposition of sine waves of different frequencies and

different strengths (power).

Using this technique, Gilden (2001) discovered a frequency characteristic of

human RTs, which has a feature in common with a great number of diverse physical

and biological systems: the so-called pink or 1/f noise (Fig. 1a). In 1/f noise, the
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power of the noise varies inversely with its frequency: relatively slow oscillations of

high amplitude are convolved with relatively fast oscillations with low amplitude.

Figure 1b displays the RT time series of an individual with ADHD. The similarity

of this RT series with the pink noise seems obvious. In addition to the convolution

of slow and fast frequencies, the RT series of the individual with ADHD seems

to contain a linear trend suggesting that RT becomes longer with increasing

trial number (for instance, due to time-on-task effects) and non-systematic RT

spikes.

Di Martino et al. (2008) used another technique to investigate the temporal

structure of the RT series of individuals with ADHD and controls: the “continuous

wavelet transform” with Morlet wavelets. Wavelets are frequency “templates” that

can be matched with a time series to extract the temporal course of the amplitude of

specific frequency components. Di Martino et al. (2008) focused on slow

oscillations because: (a) such oscillations have been found in basal ganglia neurons

of awake, locally anesthetized rats and could be selectively modulated by dopami-

nergic medication; and (b) the brain’s putative “default mode” network, proposed to

underlie attention problems in ADHD (see Sect. 5 below), oscillates at such

frequencies. Indeed, Di Martino and colleagues did find increased power in a

slow-frequency band centered around 0.044 Hz that significantly separated

participants with ADHD from typically developing children.

To summarize, RT series contain different types of IIV. RT variability is

certainly sensitive to all of them, and it has proven useful to discover the extraordi-

nary consistency of the phenomenon of increased RT variability in ADHD. Never-

theless, more specific parameters can help identify the nature of the variability in

this disorder. With these methodological premises in mind, we next review the

strength of the association of RT variability and ADHD.

1/ f2

1/ f

brown noise
lo

g 
po

w
er

lo
g 

po
w

er
lo

g 
po

w
er

log frequency

white noise

a b

1/f or pink noise

1/ f0
ADHD

normal

250
500
750

1000
1250
1500
1750
2000

0
250
500
750

1000
1250
1500
1750

0

2000

Trial number

R
T

(m
s)

Fig. 1 1/f noise and a reaction time series of an individual with ADHD. (a) From Gilden (2001);

(b) from Gilden and Hancock (2007)
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3 The Strength of the Association

3.1 Phenotypic Association

Most cognitive tests that have been used in the ADHD literature require speeded

responses and, as such, produce RT series that can be analyzed with respect to

distribution statistics or temporal structure. With only a few exceptions, as yet, the

analysis of the distribution statistics dominates the literature.

Among the most frequently used cognitive tests to study ADHD are the contin-

uous performance test (CPT; Rosvold et al. 1956) and the go/no-go task (see: Aron

and Poldrack 2005; Kerns et al. 2001; Schulz et al. 2004; Shue and Douglas 1992;

Trommer et al. 1988). These two tasks “mirror” each other in that during the CPT,

responding to “go” stimuli is unlikely and withholding responses to “no-go” stimuli

is likely; in the go/no-go task, by contrast, responding to a go stimulus is likely and

withholding responses to “no-go” stimuli is unlikely. The critical experimental

variable in the CPT is therefore the proportion of go trials, since the smaller the

likelihood of response inhibition, the greater the amount of response preparation

and, hence, the more difficult is response inhibition. In the ADHD literature,

the probability of go/no-go response inhibitions typically varies between about

25% and 50% of the trials, whereas the proportion of responses during the CPT

is around 15%.

As reviewed in Klein et al. (2006), and reflecting the limited interest of earlier

ADHD research in RT variability, less than 50% of the CPT studies derived RT

variability as a measure from the CPT data at all. Of these, however, almost all

reported increased variability in patients with ADHD. The two studies that did not

report such an effect (Mahone et al. 2002; Mirsky et al. 1999) included an unusually

dissimilar gender composition in the clinical groups. Importantly, several studies

have shown that groups of participants with ADHD exhibited increased RT

variability along with normal mean RT, suggesting that increased RT variability

is not a consequence of, or secondary to, overall RT slowing. Similarly for the

go/no-go task, RT variability has been reported in only some of the studies. Rubia

et al. (2001), for instance, using a go/no-go task with 30% response inhibitions,

reported increased RT variability in hyperactive children compared to typical

controls, but not in psychiatric controls with disruptive behaviors. Increased

RT variability was also reported by Mahone et al. (2002) for the TOVA-V, a

go/no-go task with visual stimuli. [Additional questions that we have addressed

in our research using go/no-go tasks are reviewed separately below (Klein et al.

2006; Kuntsi et al. 2009; Kuntsi et al. 2010; Uebel et al. 2010)].

Another popular task in ADHD research is the “stop task” (Logan and Cowan

1984) used in particular to test the behavioral disinhibition hypothesis of ADHD

(Barkley 1997). RT variability was determined in most of the stop task studies we

previously systematically reviewed (see Klein et al. 2006). Replicating findings

obtained with the CPT, test statistics were in most cases larger for RT variability

than mean RT. Only Daugherty et al. (1993) reported nonsignificant results for both
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mean RT and RT variability. Six studies reported slower and more variable

responses in individuals with ADHD (Dimoska et al. 2003; Kuntsi et al. 2001;

Oosterlaan and Sergeant 1995, 1998; Schachar et al. 1993; Scheres et al. 2001).

Three studies administered two different tests (e.g., stop task and Conners’ CPT;

Purvis and Tannock 2000), and reported RT differences for only one of them,

but differences in RT variability for both tasks (Purvis and Tannock 2000;

Rubia et al. 1998; Schachar et al. 1993). Finally, eight studies reported no change

in mean RT, but differences in RT variability (Jennings et al. 1997; McInerney

and Kerns 2003; Nigg 1999; Pliszka et al. 2000; Rucklidge and Tannock 2002;

Schachar and Logan 1990; Stevens et al. 2002; Willcutt et al. 2005). In two-thirds

of the direct comparisons, test statistics for RT variability were again larger than

those reported for stop signal reaction time (SSRT, the key inhibition index that

measures the speed of the inhibition process); in the remaining comparisons, they

were as often similar as they were smaller. This result is noteworthy, as Willcutt

et al. (2005) had shown, in a large meta-analysis of 83 studies that had administered

executive function tasks to a group with ADHD and another without ADHD

(overall 6,700 participants tested), that the SSRT is among the best discriminators

in ADHD-control comparisons. In a more recent study, Luman et al. (2009)

measured RT variability in children with ADHD, children with ADHD and ODD,

and typically developing controls. On the stop task, increased RT variability was

found in the two clinical groups that, in terms of effect sizes, clearly surpassed the

hypothesized slowing of SSRT by a factor of 3.2. Similarly, the group effect sizes in

RT variability exceeded group effect sizes in median RT by a factor of 3.1.

Abnormally variable responding has been reported in ADHD across a variety of

tasks, including selective attention (van der Meere and Sergeant 1988) and cancel-

lation tasks (van der Meere et al. 1991), the Matching Familiar Figures Test

(MFFT; Hopkins et al. 1979), pre-warned RT tasks (Cohen and Douglas 1972;

Leth-Steensen et al. 2000), and the Stroop test (Leung and Connolly 1996; Hopkins

et al. 1979). More recently, Oades and Christiansen (2008) used a Trail Making

Test (TMT) and an RT task that involved cognitive switching between the identity

or the number of figures, administering it to participants with ADHD, their siblings,

and unrelated controls aged about 11 years. While participants with ADHD

responded generally more variably than siblings or controls, the increase in RT

variability during the switch, as compared to the no-switch condition, was greater in

the patient group, even after controlling for level differences using the coefficient of

variation.

Given the wide range of paradigms that report the high sensitivity of increased

RT variability to ADHD, the questions arise whether IIV reflects a unitary

phenomenon and whether other deficiencies may be secondary to the increased

variability. These questions were addressed in our psychometric study that was

based on data from 57 individuals with ADHD and 53 age- and gender-matched

control participants who were assessed on the CPT, the stop task, the go/no-go

task, as well as the 0-back and 1-back tasks (Klein et al. 2006). In support of the

unitary construct hypothesis of increased RT variability in ADHD, a single

principal component explained up to 67% of the interindividual differences in
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IIV. Group comparisons revealed by far the strongest effect sizes for measures of

dispersion (standard deviation, coefficient of variation, consecutive variance),

followed by measures of central tendency and commission errors. Controlling

statistically for RT variability, using ANCOVA, considerably reduced group

differences in the other measures while, conversely, controlling groups for

differences in mean RT or errors only slightly reduced the group differences in

RT variability.

This pattern of differential associations with ADHD has recently been confirmed

and extended in our analyses of data on the go/no-go task, a four-choice RT task

(the “fast” task), and a choice-delay task from an international collaborative sample

of 1,265 participants (ADHD probands, their siblings, and controls) aged from 6 to

18. The phenotypic correlation with ADHD was 0.39 for RT variability, 0.36

for mean RT, 0.22 for omission errors, 0.19 for commission errors, and �0.10 for

a measure of choice impulsivity (Kuntsi et al. 2010). The findings on the etiological

relationships between the variables, including analyses relevant to the “unitary

construct” hypothesis, are reported in Sect. 3.2.

We have also reported an association with high RT variability for the continuum

of ADHD symptoms in a population twin sample. In our analyses on go/no-go and

fast data from 1,156 children, at a mean age of 8 years, we observed the association

both for continuous ADHD symptom scores in the total sample and for in-group

comparisons between children representing the top-scoring 5% on an ADHD

composite score and the rest of the sample (Kuntsi et al. 2009).

An important topic in psychiatric research is the stability of a candidate marker

variable in relation to the (potentially changing) clinical symptoms. Regarding IIV,

this topic has been addressed by investigations of the early segment of childhood

development. Increases in RT variability have been reported for children at risk for

developing ADHD as young as 3–6 years of age, as shown by Berwid et al. (2005)

for the parameter RT-SD derived from a combined CPT/go/no-go task. While the

observed increases in mean RT in high-risk, as opposed to low-risk individuals,

diminished with increasing age, the RT variability increases were independent of

the participants’ ages. This result suggests that increased IIV in ADHD is more

robust to developmental changes than mean RT increases.

IIV has also been investigated in relation to the outcome of ADHD. Within

this context and given the heterogeneity of adult ADHD outcomes, a clinically

important topic is the distinction of “core” and persistent, as opposed to more

“peripheral” and transient deficits that parallel the fluctuation and, possibly, recov-

ery of symptoms. This leads to the question as to whether it is possible to predict

persistence of ADHD symptoms through adolescence by deficits observed in

childhood. Following this reasoning, Halperin et al. (2008) examined longitudinally

the predictive validity of neuropsychological functioning in childhood for

symptoms in late adolescence, using samples of 98 adolescents/young adults

aged 18 years who had obtained an ADHD diagnosis as children and underwent

neuropsychological examination at that time. The group was subdivided, based on

the follow-up status, into those with persistent (N ¼ 44), those with remitted

ADHD symptoms (N ¼ 29), and those who did not meet the criteria for persistence
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or remission. Analyses compared the whole clinical group and the two subgroups of

remitted or persistent participants with ADHD with a sample of 85 typically

developing controls (who were tested only as adolescents/young adults) on WAIS

index scores, CPT, and Stroop parameters, as well as actigraph measures. Most

interestingly, while the subgroup of “ADHD persisters” differed from controls in

CPT hits, false alarms, d0, and RT variability (but not mean RT), the subgroup of

“ADHD remitters” differed from controls only in CPT RT variability (effect size d
(ES): 0.57), Stroop word reading (ES: 0.55), and ankle actigraph activity (ES: 0.50).

Based on these findings, Halperin et al. (2008) suggested that state regulatory

mechanisms are likely to reflect a “core” underlying process in ADHD. The

presence of increased IIV in ADHD remitters suggests that IIV is more trait-like

than the symptoms of the disorder themselves.

Overall, the studies reviewed here indicate that ADHD shows a consistent and

robust association with high RT variability across a broad range of cognitive tasks,

samples, and age ranges (from childhood to adulthood). Future research should aim

to establish further the extent to which this association varies with task demands

and with the persistence versus remittance of symptoms.

Despite the strong evidence, as reviewed above, for the link between ADHD and

increased RT variability, the association is significantly reduced or even disappears

under certain conditions. In the population twin sample of 1,156 children, increased

RT variability was no longer observed in the high ADHD symptom group in a fast

task condition with rewards and a faster presentation rate of stimuli (1/s), and the

association was also significantly reduced in a go/no-go task rewarded condition

(Kuntsi et al. 2009). Similar comparisons within the fast task conditions and within

the go/no-go task conditions in the large international collaborative sample

indicated that RT variability decreased significantly more in the ADHD than

control group from a baseline condition to a condition with rewards (with or

without a faster event rate), although not quite to the level of the control group

(Andreou et al. 2007; Uebel et al. 2010; see also Scheres et al. 2001). The joint

effects of presentation rate and rewards suggest that “energetic” deficits are

involved in increased IIV in ADHD.

3.2 Genetic Association

The strong phenotypic association between ADHD and RT variability raises the

question of the extent to which genetic versus environmental factors account for

this association. Given the high heritability for ADHD [recent estimates average at

76% (Faraone et al. 2005) and at 62% (Wood et al. 2010a)], much interest has

focused on exploring possible shared genetic pathways. Quantitative genetic stud-

ies using twin and sibling designs can estimate the extent of shared genetic

or familial influences on two (or more) phenotypes, such as ADHD and RT

variability. Twin studies have the advantage over sibling designs in which “famil-

ial” influences can be separated into “genetic” and “shared environmental” (as well
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as “individual-specific environmental”) influences. An advantage of sibling designs

is that clinical samples of participants with ADHD diagnoses are easier to obtain,

and, as such, the generalization of findings obtained in population-based twin

samples to clinical ADHD samples can be investigated. It is the combined knowl-

edge obtained across twin and sibling studies that can best inform us on the

etiological pathways in ADHD.

The first suggestion of strong shared genetic influences on ADHD and RT

variability came from our initial, small-scale twin study in 2001, where RT data

were obtained from the stop task (Kuntsi and Stevenson 2001). A subsequent

larger-scale family study of ADHD probands, siblings, and parents provided partial

replication of this finding in indicating increased RT variability in both the ADHD

probands and their mothers (Nigg et al. 2004). Focusing on dizygotic twin pairs,

discordant for ADHD, and control twin pairs, Bidwell et al. (2007) reported

increased RT variability on the stop task in the ADHD probands and their unaf-

fected co-twins.

Further strong evidence for shared familial influences on ADHD and RT

variability has emerged from the large collaborative study of a clinical sample of

ADHD proband (combined subtype)-sibling pairs and control sibling pairs

(Andreou et al. 2007; Uebel et al. 2010; Kuntsi et al. 2010). In model-fitting

analyses of go/no-go and fast task data, we obtained a familial correlation with

ADHD of 0.74 for RT variability, indicating that 74% of the familial influences on

ADHD were shared with those on RT variability (Kuntsi et al. 2010). The familial

correlation was also high (0.61) for mean RT, but noticeably lower for the other

variables (0.48 for omission errors and 0.45 for commission errors). Further, a

multivariate familial factor analysis across the different cognitive variables

indicated a main RT familial factor, reflecting 85% of the familial variance of

ADHD, which captured all familial influences on RT variability and 98% of those

on mean RT (Kuntsi et al. 2010). RT variability and mean RT were indistinguish-

able at the familial level, with a familial correlation of 0.91. Initial analyses, where

the two RT variability variables from the go/no-go and fast tasks were considered

individually, had also indicated a high familial correlation (0.75) between them,

suggesting that they measure largely the same underlying liability (Kuntsi et al.

2010). This supports the conclusion from previous phenotypic analyses that RT

variability across several tasks (under baseline/unrewarded conditions) reflects a

unitary construct (Klein et al. 2006). In further analyses, we also demonstrated how

the association between ADHD and RT variability is largely independent (87%) of

any contribution from etiological factors shared with IQ (Wood et al. 2011). This

suggests that lower IQ does not account for the association between high RT

variability and ADHD.

Key findings on the etiology of the ADHD-RT variability association from the

clinical sibling-pair study closely match those obtained in the population twin

sample of 1,314 children, using the same tasks. First, we obtained genetic

correlations with ADHD symptoms scores of 0.68 for go/no-go task RT variability

and 0.64 for fast task RT variability, indicating a similarly strong association

(Wood et al. 2010b). Second, the genetic correlation across the two RT variability
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variables was also moderately high at 0.61. Third, we obtained a genetic correlation

of 0.86 between mean RT and RT variability (Wood et al. 2010b), replicating

the finding of shared etiology between mean RT and RT variability. Fourth, as in

the clinical sample, the association between ADHD symptom scores and RT

variability was largely independent (94%) of any contribution from etiological

factors shared with IQ (Wood et al. 2010b). The comparability of the findings

across the population twin sample and the clinical sibling-pair sample suggests

that the familial covariance is largely genetic and supports the conceptualization of

ADHD as the extreme of a continuously distributed trait.

Kebir et al. (2009) recently systematically reviewed the results of genetic studies

investigating associations between putative susceptibility genes for ADHD and

various neuropsychological traits relevant for the disorder, including RT

variability. The genes that had attracted the largest number of studies were the

dopamine-4 receptor gene (DRD4) and the dopamine transporter (DAT1). The CPT

and derived tasks were the most commonly used cognitive measures. The most

consistent result for DRD4 overall was, unexpectedly, the association between the

absence of the 7-repeat risk allele and high RT variability. This finding was

observed within ADHD samples only. For DAT1, the most replicated cognitive

marker associated with the 10-repeat homozygosity was also high RT variability

(conflicting results were obtained for commission and omission errors). Another

approach is offered by genome-wide association studies (GWASs), which enable

a hypothesis-free analysis of the entire genome, with power to detect genetic

variants of small effect size. This approach is now being applied to RT variability

data from an international ADHD collaboration.

Overall, the finding from quantitative genetic studies of the shared genetic

etiology between ADHD and RT variability is robust, replicating across tasks,

samples, and definitions of ADHD (diagnosis versus continuum of symptoms).

Molecular genetic studies have produced intriguing initial findings; increasing

sample sizes and replications across datasets remain priorities for future efforts.

4 Neural Basis

The empirical evidence that speaks to the question of the neural basis of IIV can be

divided into three areas: anatomical, physiological, and pharmacological. Most of

these findings have been obtained in studies on adults. Given the major develop-

mental changes in brain structure and function that take place during childhood and

adolescence (Klein and Feige 2005; Luciano 2010; Luna et al. 2008), the cited

results are primarily relevant for an understanding of IIV as a (neuropsychological)

construct. To what extent the reported findings also hold for typically and non-

typically developing children and adolescents remains to be determined.

Regarding the anatomical evidence, among the clearest findings to point to the

crucial role of frontal lobe regions for performance stability is the study of Stuss

et al. (2003). Using an RT task that varied in complexity, the authors showed that

Intraindividual Variability in ADHD and Its Implications for Research of Causal Links 77



lesions of the left or right dorsolateral PFC or the superior medial frontal lobes, but

not inferior medial frontal or non-frontal lesions, increased RT variability. The

auto-correlative structure of the RT series (i.e., the correlation of the RT in a given

trial with the next, next but one, etc., RTs) and, here in particular, the correlation of

the RT of subsequent trials (lag-1 auto-correlation) were not altered. The effects of

traumatic brain injury (TBI) on different measures of IIV were investigated by

Stuss et al. (1994) using RT tasks of different complexities and during two testing

sessions 1 week apart. As increases in IIV could be the consequence of any kind of

brain damage, the investigation of TBI patients with different etiologies is suited to

provide conjecture or refutation of this assumption. TBI patients tended to respond

generally more variably, particularly during the complex as compared to the simple

tasks. This task difference was absent in controls. Patients and controls, however,

did not differ in terms of linear RT trends or trial-to-trial RT auto-correlations. The

overall weak effects of TBI on different aspects of IIV suggest that not all kinds of

brain damage increase IIV. This result is hence not well suited to support the claim

that IIV is “nonspecific.”

When reviewing the physiological evidence, it is important to bear in mind that

RT and its variation is measured with millisecond precision. Unlike anatomical

evidence from lesion studies, which is able to identify brain regions that are crucial
for a given function, physiological evidence is able to identify brain regions that are

involved in a given function. Whether this involvement is crucial or of functional

significance needs to be determined by examining brain–behavior relationships.

Here, two approaches have been chosen: intraindividual and interindividual corre-

lation analyses. Intraindividual correlations may establish that certain brain regions

are, for instance, more (or less) activated preceding fast (or slow) RTs. Interindi-

vidual correlations may show that those who are, say, less variable in their

responses are able to activate certain brain regions more (or less) than those who

are more variable. Obviously, both approaches can be combined to investigate

interindividual differences in intraindividual brain–behavior coupling.

Another important issue is the time scale. The precision of measuring RTs

and their fluctuations has implications for the research design and data analysis:

whether the temporal resolution of the physiological technique offers a

corresponding temporal resolution or not. If not, the amplitude, but not the latency,

of the brain response can be correlated with the latency of the behavioral reaction.

Current brain-physiological techniques can be roughly grouped into those

with excellent spatial and less convincing temporal resolution (such as functional

magnetic resonance imaging (fMRI) or positron emission tomography (PET))

and those with excellent temporal and less favorable spatial resolution (such as

electro-encephalography (EEG) or magneto-encephalography (MEG)) While

the combinations of different techniques (e.g., MEG with fMRI and MRI; or EEG

with MEG; or EEG with fMRI and MRI) to combine strengths and limit method-

immanent weaknesses is becoming “state of the art,” to our knowledge, no such

method combinations have been used as yet to investigate the neural basis of IIV,

whether in ADHD or in other populations.
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The first group of techniques was chosen for the first direct examination of the

neural correlates of IIV by Bellgrove et al. (2004). This study used an event-related

fMRI design to investigate, in 42 healthy individuals, the brain-metabolic correlates

of IIV, here assessed with intraindividual coefficient of variation, during a go/no-go

task. During this task, the letters X and Y were presented in alternating order and

subjects were required to respond to each of these letters. No-go stimuli were

defined as an interruption of this alternation (e.g., X Y X X, with the fourth letter

being the interruption). Greater behavioral variability (assessed with the individual

coefficient of variation) was correlated behaviorally with poorer inhibitory perfor-

mance and brain metabolically with increased brain activation during successful

response inhibition in several brain regions, including left pre-central (BA 44/6,

r ¼ 0.72), right inferior frontal (BA 9, r ¼ 0.44), bilateral middle frontal (BA 46,

0.42 � r � 0.52), right inferior parietal (BA 40, r ¼ 0.35), and thalamic

(r ¼ 0.34) regions. As these regions overlap substantially with those involved in

response inhibition, Bellgrove and colleagues suggest that more variable

individuals activate inhibitory networks more strongly because of a greater require-

ment for top-down executive control.

While the above studies focused on adult individuals, Simmonds et al. (2007)

investigated the brain-metabolic correlates of RT variability in 30 healthy children

aged 8–12 years using a go/no-go task. Go-trial activation in the anterior cerebel-

lum and no-go-trial activation in the anterior supplementary motor area, the post-

central gyrus, the anterior cerebellum, and the inferior parietal lobule correlated

with greater stability of RT, whereas higher RT variability correlated with greater

prefrontal cortex and caudate activation. The latter correlation was interpreted as

effortful information processing in tasks with minimal cognitive demands underly-

ing increases in IIV. As the intraindividual coefficient of variation (ICV) was used

as the measure of variability, the results can be considered as independent of the

individual level of response speed.

Further insight into the neural underpinnings of IIV that are more specific to

ADHD has been produced by Rubia et al. (2007). These authors administered an

oddball task (e.g., Verleger 1988; Klein et al. 2000) to 17 medication-naı̈ve

participants with ADHD, aged 13 years, and 18 typically developing controls,

aged 14 years (the two groups being comparable with respect to estimated IQ).

While participants with ADHD and controls did not differ significantly in mean RT

or the mean oddball effect (the increase in RT following the rare oddball stimuli),

participants with ADHD responded more variably after standard stimuli and

showed greater variability of the oddball effect on RT. During the rare oddball

trials, as compared to the frequent standard trials, controls exhibited greater activa-

tion than participants with ADHD in several regions including the bilateral superior

temporal gyrus and insula, as well as the left middle temporal gyrus, left inferior

parietal lobe, tight posterior cingulate gyrus, caudate, putamen, and thalamus.

For the two groups, different patterns of brain–behavior correlations emerged.

In controls, the CV correlated negatively with activation increases during oddball,

as compared to standard trials, in the left superior temporal lobe and insula, right

inferior prefrontal and superior temporal lobe, and cerebellar vermis. By contrast, in
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participants with ADHD, CV correlated negatively with activation in the caudate,

putamen, thalamus, left superior temporal lobe, and right cerebellum. These results

suggest that different brain-metabolic correlates of IIV favor temporal-lobe atten-

tion allocation versus striato-thalamic output control in typically developing

adolescents and adolescents with ADHD, respectively.

Another relatively recent proposal is that increased RT variability might

arise from inadequate suppression during task performance of the “default-mode

network” (DMN; Raichle and Snyder 2007; Sonuga-Barke and Castellanos 2007).

The DMN concept arose from the observation that certain areas of the brain, which

are not activated during resting states, decrease their activation in the transition

from a resting state to a (variety of) task conditions (Raichle and Snyder 2007).

These networks have been found to be anti-correlated with networks that are

activated during tasks, the “task-positive” networks (Fox et al. 2005). This means

that the task-negative network is deactivated while the task-positive network is

active, and vice versa. It has been postulated that these brain-intrinsic, resting state

fluctuations continue during the execution of a task and produce IIV (Fox et al.

2006). This might explain why both RT series and spontaneous BOLD fluctuations

exhibit the 1/f frequency distribution discussed in Sect. 2 (Fox et al. 2006). However,

the failure to suppress default mode activity is associated with lapses of attention

(Weissman et al. 2006), In a recent fMRI study, Kelly et al. (2008) investigated IIV

from the angle of the “default mode” network theory in 26 healthy adults who were

examined during rest and while performing an Eriksson Flanker Task. The authors

identified a “default mode” network (including ventromedial PFC, posterior cingu-

late, precuneus, anterior temporal cortex, and lateral parietal cortex) and a “task-

positive” network (including the dorsolateral prefrontal cortex (dlPFC), ventrolateral

PFC (vlPFC), dorsomedial PFC (dmPFC), bilateral insula, premotor cortex, poste-

rior and lateral parietal cortex, occipito-temporal cortex, and cerebellum).

Individuals differed in the strength of the negative relationship between fluctuations

in activation in these two networks, and, most importantly, the stronger this negative

correlation, the less variable the RTs during the Flanker task. This result suggests

that consistency of performance requires the stable suppression of the resting state

“default mode” to activate the task-relevant functional systems of the brain.

Regarding the pharmacological evidence, some evidence points to a link

between IIV and the dopaminergic system. MacDonald et al. (2009) studied D2

receptor binding with PET in 16 healthy adults. RT variability in two different tasks

was inversely related to D2 receptor binding in the anterior cingulate (�0.38 � r
� �0.48), the hippocampus (�0.36 � r � �0.35), and the orbitofrontal cortex

(�0.31 � r � �0.35), but not the striatum (r � �0.12). These findings suggest the

involvement of extrastriatal dopaminergic neurotransmission in the modulation of

IIV in different cognitive tasks. The effects of methylphenidate (MPH), known

to interact directly with the dopamine transporter (DAT; Krause et al., 2003),

on IIV were investigated by DeVito et al. (2009) in 21 patients with ADHD, aged

7–13 years, using a double-blind, placebo-controlled crossover design of a single

dose of placebo or methylphenidate. In keeping with the literature, RT variability

for go-trials was greater in the ADHD than control group and discriminated the two
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groups better (d ¼ 1.53) than did median go-RT (d ¼ 1.0) or SSRT (d ¼ 1.28).

MPH reduced both RT variability (d ¼ 1.1) and SSRT (d ¼ 1.54). Reduced RT

variability under methylphenidate has been reported in other studies (e.g., Heiser

et al. 2004; Teicher et al. 2004), but was not replicated by Johnson et al. (2008b)

when comparing participants with ADHD who were medication-naive at initial

testing and after 6 weeks of treatment. However, methylphenidate did reduce the

degree of fast moment-to-moment variability (faster than 0.0772 Hz) (Johnson et al.

2008b). A study by Lee et al. (2009) suggests that not only is RT variability reduced

by MPH, but it may also predict ADHD patients’ response (ADHD symptoms, and

global clinical outcome) to methylphenidate because nonresponders were more

variable at pre-methylphenidate baseline testing than responders. MacDonald

et al. (2009), using PET in 16 healthy adults, found that RT variability in two

different tasks was inversely related to D2 receptor binding in the anterior cingulate

(�0.38 � r � �0.48), the hippocampus (�0.36 � r � �0.35), and the

orbitofrontal cortex (�0.31 � r � �0.35), but not the striatum (r � �0.12).

These findings suggest the involvement of extrastriatal dopaminergic neurotrans-

mission in the modulation of IIV in different cognitive tasks.

A link between IIV and the GABA system was made by Pouget et al. (2009).

These authors injected a GABAA-receptor antagonist or a GABAA-receptor agonist

into the dorsolateral prefrontal cortex (dlPFC) of two monkeys performing a pro-

saccade task. While the agonist, muscimol, had no effect on RT variability and did

not alter the auto-correlational structure of the RT series, the antagonist,

bicuculline, resulted in the increased occurrence of slow or very slow responses

and reduced RT auto-correlations up to lag 6.1 These focal pharmacological

perturbations occurred in a task with minimal cognitive load; further, they were

specific to the dlPFC and could not be found after injection of GABAA agonists or

antagonists into the pre-SMA or FEF.

The investigation of the neural underpinnings of IIV is undoubtedly in its

infancy. Nevertheless, several exciting and promising research reports have been

published that seem to converge in pointing to a crucial role of fronto-striatal

systems in controlling behavioral consistency.

5 Theories

The “State Regulation” model, which is based on the Cognitive-Energetic Model of

Sanders (Sanders 1983), proposes a key role for a nonoptimal energetic state in

causing apparent cognitive impairments, such as high RT variability, in ADHD

1To analyze the temporal structure of reaction time series, reaction time series can be correlated

with themselves (auto-correlations) by correlating a given RT with the next RT (lag 1), next-but-

one RT (lag 2), and so on. A significant auto-correlation of lag 6 means that there is a relationship

between the RT of a given trial and the RT six trials later.
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(Sergeant 2005; van der Meere 2002). The model incorporates three energetic

pools – activation, arousal, and effort – as well as a cortical “executive” system.

The key proposal of the model is, as van der Meere (2002) writes, that: the engine is
intact (i.e. the basic information processing capacity is intact), but there is a pro-
blem with the petrol supply (i.e the utilization of the cognitive capacity depends
on state factors such as incentives, event rate and presence/absence of the experi-
menter) (p. 189). This model is in theoretical agreement with a recent model that

explains inconsistent and inefficient performance, including RT variability, with

deficiencies in the continuous energy supply (through glial cells) that is required,

particularly during fact or complex information processing tasks (Russell et al.

2006).

According to the “Dynamic Developmental” theory of ADHD, altered motiva-

tional processes, in particular processes of reinforcement and extinction, leading to

a failure to acquire complete and functional sequences of behavior, form the core of

increased behavioral variability (Sagvolden et al. 2005). This model assumes that a

hypo-functional dopaminergic neural system impairs the formation of stimulus–

behavior response associations.

Other more recent models of ADHD incorporate aspects influenced by the State

Regulation model, within a more complex two-process model. As reviewed in

Sect. 3.1, Halperin and colleagues (Halperin and Schulz 2006; Halperin et al.

2008) investigated IIV in ADHD from a developmental perspective. The model

proposes that RT variability reflects poor state regulation, perceptual sensitivity,

and/or weak arousal mechanisms. The model makes a distinction between two

neurocognitive processes: the proposed subcortical dysfunction, reflected in RT

variability and linked with the etiology of ADHD, and prefrontally mediated

executive control, linked with persistence or desistence of ADHD during adoles-

cence. The developmental prediction is that the degree of recovery from ADHD

symptoms is determined by the extent to which executive control, which develops

throughout childhood and adolescence, can compensate for the more primary and

enduring subcortical deficits. As reviewed in Sect. 3.1 above, a longitudinal inves-

tigation provided data consistent with the model: high RT variability was observed

in both ADHD persisters and ADHD remitters, whereas compromised accuracy was

observed in ADHD persisters, only (Halperin et al. 2008).

Another recent two-process model of ADHD that incorporates the RT variability

findings is the Arousal-Attention model of Johnson, O’Connell, and colleagues

(Johnson et al. 2007; O’Connell et al. 2008, 2009). This model, influenced by

Posner (Posner and Petersen 1990), Paus (Paus et al. 1997), and Robertson

(Robertson et al. 1998), suggests a distinction between bottom-up influences,

from subcortical arousal structures, and top-down cortical control of the sustained

attention system. Hence, the model distinguishes between two influences. The

bottom-up vigilance decrement is reflected in continuous response control measures

such as slow-frequency RT variability and linked to gradual decreases in arousal.

The fluctuations in top-down control of attention over very brief time periods are

reflected for example in commission errors on the sustained attention to response

task (SART). Medication response and genotype effects were different for slow-
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versus fast-frequency RT variability, leading Johnson and colleagues (Johnson

et al. 2008a, 2008b ) to propose that while slow-frequency RT variability is likely

to reflect arousal processes, fast-frequency RT variability may reflect top-down

control.

The proposal in the Developmental (Halperin and Schulz 2006; Halperin et al.

2008) and Arousal-Attention (Johnson et al. 2007; O’Connell et al. 2008, 2009)

models that the increased (slow) RT variability in ADHD relates to arousal regula-

tion has obtained support from studies using electrophysiological (Loo and Smalley

2008) and skin conductance (O’Connell et al. 2008) measures. In the study from

O’Connell et al. (2008), block-by-block increases in RT variability were

accompanied by gradual decreases in arousal, suggesting a vigilance decrement.

Further, the findings (discussed in Sect. 3a above) that RT variability in ADHD is

not stable but shows greater than expected improvements under specific task

manipulations, such as incentives or the presentation rate of stimuli, are also

consistent with this proposal. The model of two familial factors that emerged

from the multivariate factor analysis on the large collaborative sample (Kuntsi

et al. 2010) – an “RT” factor, incorporating RT variability and accounting for 85%

of the familial influences on ADHD, and an “error” factor, accounting for 12.5% of

the familial influences on ADHD – is also potentially consistent with either the

Developmental or the Arousal-Attention models. As such, we proposed that the first

(RT) factor may represent arousal regulation and the second familial factor (errors)

may represent brief reductions in the top-down control of sustained attention,

leading to secondary inhibition deficits. The links from the model of two familial

factors to the developmental predictions remain to be explicitly tested in future

research.

The “Default Mode” account (see Sect. 4) has also been used to explain

increased IIV in ADHD. Sonuga-Barke and Castellanos (2007) put forward the

“default mode interference hypothesis,” which states that spontaneous, low-fre-

quency default mode activity persists into, or re-emerges, during states of active

task processing and interferes with task performance. In this sense, ADHD can be

hypothesized to reflect a “Default Mode Deficit Disorder.” The previously cited

results of Di Martino et al. (2008) are in accordance with this hypothesis. Also

compatible is the hypothesis that increased IIV in ADHD reflects a unitary, cross-

task generalizing construct (Klein et al. 2006; Wood et al. 2011; Kuntsi et al. 2010).

Finally, temporal processing deficits have been suggested to underlie increased

IIV in ADHD (Castellanos and Tannock 2002). According to this scheme, deficits

in the precise temporal representations might give rise to increased RT variability:

for example, due to recurrent attentional lapses. The postulated link between

temporal processing and RT variability seems intuitively plausible, and perfor-

mance in time reproduction tasks and CPT RT variability have been reported to be

correlated by r ¼ 0.59 (Kerns et al. 2001). In Kerns and colleagues’ study, how-

ever, group effect sizes for RT variability (1.10) were somewhat larger than those

for time reproduction (0.97). Further, fluctuations in attentional performance could

offer an alternative explanation for deficits in temporal processing tasks.
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In summary, several models could account for the strong association between

increased RT variability and ADHD. It is also possible that different models explain

different elements of the same phenomena (e.g., the default-mode network versus

arousal regulation models). Future progress in understanding the causal pathways

will depend, in part, on the further development of models that incorporate explicit,

a priori, testable hypotheses (Johnson et al. 2009). In this light, examples include

the predictions from arousal regulation models on the effects of, for example,

rewards on RT variability and on the association between fluctuations in arousal

and simultaneous fluctuations in RT variability. We have come a long way from

considering increased RT variability in ADHD as the “noise” or “error” that we

need to reduce in our data – yet the investigation of the causal pathways is only

beginning.

6 Nosological Specificity

The question of whether increased IIV is nosologically specific to ADHD can be

answered only with reference to an (operational) definition of the variability. If we

take RT variability as our measure of variability, the answer is clearly “no,” because

high RT variability has been reported for various conditions, including bipolar

disorder (Bora et al. 2006; Brotman et al. 2009), schizophrenia (Kaiser et al. 2008;

Schwartz et al. 1989; Schwartz et al. 1991; van den Bosch et al. 1996; Vinogradov

et al. 1998), Parkinson’s disease (Camicioli et al. 2008), and autism (Geurts et al.

2008).

Space restrictions do not allow a comprehensive review of the literature here, but

we summarize a few selected studies that highlight some of the key issues. As

ADHD frequently co-occurs with several of the other disorders, an initial question

that needs to be tackled is whether the increased RT variability in another disorder

is due to co-occurring ADHD symptoms. This was addressed in two studies

focusing on ADHD and autism, but with conflicting results. Johnson et al. (2007)

found increased RT variability in ADHD participants without autism but not in

individuals with autism who did not have comorbid ADHD but Geurts et al. (2008)

reported the opposite pattern. Geurts et al. (2008) also reported increased RT

variability in an ADHD-autism comorbid group [such a group was not included

in the Johnson et al. (2007) study]. It is not clear at this point what could explain the

contrasting findings. The negative finding from Geurts et al. (2008) is inconsistent

with several other studies too, as autism is frequently an exclusion criterion in

ADHD studies (e.g., Kuntsi et al. 2010). ADHD often also co-occurs with bipolar

disorder (reviewed in Skirrow et al. 2009). An initial study suggests that the high

RT variability observed in bipolar disorder is not explained by co-occurring ADHD

symptoms (Brotman et al. 2009), but evidence is as yet limited.

Where high RT variability is observed in another disorder, in the absence of co-

occurring ADHD symptoms, the question arises as to whether they share the same

underlying mechanisms. For co-occurring disorders or behavioral traits, genetic
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designs, such as twin studies, enable an initial investigation of the extent of shared

genetic or environmental influences on the two (or more) disorders or traits. As

such, behavior genetic studies allow investigation of both shared and independent

etiological pathways between co-occurring disorders or traits. For example, twin

studies suggest both shared and unique genetic influences on autism and ADHD

behaviors (e.g., Ronald et al. 2008). To study the causes of the high RT variability at

the level of cognitive or brain processes, tight experimental designs are required

that enable one to test a specific hypothesis. We can address questions such as: do

we observe a similar improvement in RT variability under rewarded conditions

in another disorder, as we do in ADHD? Further, the detailed analysis methods

that move beyond the consideration of RT variability (discussed in Sect. 2), as well

as new methods for analyzing for example EEG variability data, offer promise for

future cross-disorder investigations.

The nosological specificity issue is of course not unique to the observation of

high RT variability. For example, various “executive function” impairments are

observed in ADHD and many other disorders. Overall, the fascinating issues

surrounding cross-disorder comparisons and investigations of both shared and

unique causal pathways are undoubtedly one of the key directions for future

research on IIV.

7 Conclusions and Implications for Research and Intervention

The strength of the phenotypic and genetic association of RT variability with

ADHD, when ideally measured (under baseline conditions), is impressive. The

association does not appear to be a nonspecific effect mediated by lower general

cognitive ability. We are on a steep learning curve with regard to the neuroanatomi-

cal and neurophysiological correlates underlying this association, and further theo-

retical models are being refined and tested. While we are only at the beginning in

trying to understanding the causal pathways, the initial data, models, and methods

being developed lead us to predict considerable progress in the coming years.

Recent models, such as the Developmental and Arousal-Attention models, which

incorporate RT variability together with a second proposed underlying process,

offer one solution to the conundrum of the “bigger picture”: how to incorporate

the findings on RT variability with the findings on other cognitive impairments in

ADHD.

What will be the wider implications of research on IIV in ADHD? We wish to

emphasize three issues here. First, indices of IIV have potential as biomarkers. This

could lead to their use as objective measures within clinical settings, and improve

predictions of clinical outcomes and appropriate targeting of clinical services.

Second, cross-disorder comparisons on RT variability will lead to a better under-

standing of the underlying cognitive and brain mechanisms: this is essential for

improved diagnosis and treatment. Third, research that investigates the association

between RT variability and ADHD within a developmental context has potentially
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further implications for intervention. Our understanding of the processes that lead

to remission versus persistence of ADHD in adolescence and adulthood is very

limited. The model of Halperin and colleagues (Halperin and Schulz 2006; Halperin

et al. 2008) provides one possible developmental framework. They propose a

compensatory process, whereby it is the extent to which executive control can

compensate for primary and enduring subcortical deficits (reflected in RT

variability), which determines the degree of recovery from ADHD symptoms.

The identification of such possible compensatory processes and interactions could

lead to novel treatments that aim to simulate the development of the compensatory

processes and thereby diminish clinical impairment.
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Abstract The hypothalamic–pituitary–adrenocortical axis plays a critical role in

mediating the physiological response to the imposition of stress. There are theoreti-

cal reasons to expect reduced basal cortisol secretion and cortisol hyporeactivity in

hyperactive/impulsive or combined type attention-deficit hyperactivity disorder

(ADHD). Early studies reported profound abnormalities in the diurnal rhythm of

cortisol secretion or the cortisol response to stress in children with severe or

persistent ADHD. However, subsequent work using larger samples or improved

methods has not provided convincing evidence for changes in basal cortisol secre-

tion in non-comorbid forms of ADHD. In contrast, children with ADHD and
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comorbid oppositional defiant disorder show lower basal cortisol concentrations

and a blunted cortisol awakening response. With respect to cortisol reactivity to

stress in ADHD, recent evidence has been mixed, with some studies reporting

normal cortisol responses and others showing blunted cortisol responses in non-

comorbid ADHD. Again, it appears important to consider whether comorbid dis-

orders are present, because children with ADHD and comorbid disruptive behavior

disorders exhibit blunted cortisol responses, whereas those with comorbid anxiety

disorders show enhanced cortisol responses to stress. Longitudinal studies are

required to investigate whether abnormalities in cortisol secretion play a causal

role in the etiology of ADHD and related disruptive behavior disorders.

Keywords ADHD � Cortisol �Disruptive behavior disorder �Neuroendocrinology �
Stress

Abbreviations

ACTH Adrenocorticotropic hormone

AVP Arginine vasopressin

BAS Behavioral activation system

BIS Behavioral inhibition system

CAR Cortisol awakening response

CBG Cortisol-binding globulin

CD Conduct disorder

CRH Corticotropin-releasing hormone

DBD Disruptive behavior disorders

HPA Hypothalamic–pituitary–adrenal (axis)

ODD Oppositional defiant disorder

PVN Paraventricular nucleus

SCID Structured clinical interview for DSM-IV

TSST-C Trier social stress test for children

1 Introduction

This chapter will consider the relationship between attention-deficit hyperactivity

disorder (ADHD) and the hypothalamic–pituitary–adrenocortical (HPA) axis, a

critical physiological system that mediates responses to stress. Stress can be defined

as the imposition or perception of an environmental change or challenge, which

could be positive or negative in valence but, in either case, requires an adaptive
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response by the organism (Herman and Cullinan 1997). The secretion of glucocor-

ticoid hormones, principally cortisol in humans, is a key component of this adaptive

response that alerts the organism to environmental or physiological changes and

promotes the recovery of homeostasis. Dysregulation of HPA axis responses

can have a detrimental effect on health and well being. For example, prolonged

hypersecretion of glucocorticoids can impair psychological functioning and dam-

age vulnerable brain structures, such as the hippocampus (Herbert et al. 2006).

Although not a consistent observation, major depressive disorder is frequently

associated with glucocorticoid hypersecretion, together with deficits in the negative

feedback mechanisms that normally terminate HPA axis activity (Burke et al. 2005;

Holsboer 2000).

Conversely, insufficient cortisol secretion may be harmful to health and psycho-

logical functioning (Heim et al. 2000a). Such a deficit has been linked with a

compromised immune system and increased risk for physical illnesses (e.g., arthri-

tis) and psychiatric disorders (e.g., chronic fatigue syndrome, post-traumatic stress

disorder) (Cleare 2003; Yehuda et al. 2005; Yehuda et al. 1995). The main objective

of this chapter is to review evidence linking ADHD with abnormalities in HPA axis

activity and to explain what this can tell us about the pathophysiology of the

disorder. Comorbid disorders will also be considered because they may moderate

the relationship between ADHD and HPA axis dysfunction. The chapter will end

with a discussion of gaps in our knowledge base and offer a number of recommen-

dations for future research in this area.

2 The Hypothalamic–Pituitary–Adrenocortical Axis

Information about stressors in the environment is relayed from limbic brain regions,

such as the amygdala and prefrontal cortex, to the paraventricular nucleus (PVN) of

the hypothalamus. A population of neurons in this latter region responds to stress by

releasing adrenocorticotropic hormone (ACTH) secretagogues, such as corticotro-

pin-releasing hormone (CRH) and arginine vasopressin (AVP), into the pituitary

portal circulation. CRH and AVP interact with receptors on corticotropic cells of

the anterior pituitary to cause secretion of ACTH into the bloodstream. ACTH

subsequently binds with receptors in the adrenal cortex to induce synthesis and

secretion of cortisol.

Cortisol targets many organs and tissues and has effects on metabolism, such as

promoting glycolysis. It also crosses the blood–brain barrier to act centrally and to

regulate HPA axis activity by activating negative feedback mechanisms: effec-

tively, cortisol inhibits its own production. Through its actions at glucocorticoid

(GR) and mineralocorticoid (MR) receptors, particularly those expressed in limbic

structures (such as the amygdala and hippocampus), cortisol is capable of modulat-

ing a range of psychological processes relating to learning and memory

(de Quervain et al. 2009; Roozendaal 2000). CRH also plays a role in coordinating

the adaptive response to stress through its effects on central structures such as the
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amygdala (Kalin et al. 1989; Kalin and Takahashi 1990; Swiergiel et al. 1993).

CRH has anxiogenic properties, promoting vigilance and context-dependent motor

responses, such as fight, flight, or freezing. All of these peptide- and steroid-based

effects facilitate adaptive responses to stress in the short-term and help the organism

to maintain or recover homeostasis.

As well as functioning as an alarm system at times of environmental challenge,

the HPA axis exhibits a marked diurnal (or circadian) rhythm in humans. Cortisol

secretion is highest in the morning, at the start of the activity cycle, and lowest

immediately before or during sleep (Deuschle et al. 1997; Netherton et al. 2004;

Rosmalen et al. 2005; Weber et al. 2000). Superimposed upon the early part of the

rhythm is a characteristic increase in cortisol secretion within 1 h of waking (Clow

et al. 2004; Pruessner et al. 1997): the cortisol awakening response (CAR). The

suprachiasmatic nucleus of the hypothalamus is implicated in the initiation of the

CAR (Clow et al. 2004, 2010), but different mechanisms may regulate the CAR

relative to other components of the cortisol diurnal rhythm. In addition, genetic

influences appear to be greater on cortisol concentrations measured in the morning,

compared to the evening (Bartels et al. 2003; Wust et al. 2000). Of interest, the CAR

may be less pronounced, or even absent, in childhood (Freitag et al. 2009; O’Connor

et al. 2005), whereas many studies have observed an intact CAR in healthy adoles-

cent populations (Fairchild et al. 2008; Oskis et al. 2009; Rosmalen et al. 2005).

3 What Is the Theoretical Basis for Investigating the

Relationship Between ADHD and HPA Axis Abnormalities?

Gray (1982) proposed the existence of three interrelated neuropsychological sys-

tems subserving, respectively: fight or flight, reward sensitivity (mediated by the

“behavioral activation system” or BAS), and punishment sensitivity (mediated by

the “behavioral inhibition system” or BIS). According to this model, individuals

differ in terms of the relative activity of these systems: some are particularly prone

to seek out rewards (high BAS), while others are strongly motivated to avoid

punishing stimuli (high BIS). Individuals with psychopathological conditions may

represent the extreme end of the spectrum on either of these continua (e.g., anxiety

disorders may be the result of excessive BIS activity) or a functional imbalance

between these systems. Gray argued that the BIS responds to conditioned stimuli

(signals) for punishment and nonreward so as to induce passive avoidance and

extinction of behavior. BIS output causes the cessation of ongoing behaviors,

focuses the organism’s attention on environmental cues, and increases nonspecific

physiological arousal (the most relevant feature for the present chapter).

Gray originally argued that the functions of the BIS were mediated by the septo-

hippocampal system and its connections to the prefrontal cortex. Following early

suggestions by Quay (1997) and Barkley (1997), a great deal of work in the field has

been directed at trying to understand ADHD as a consequence of functional
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impairment of the BIS. Such impairment is argued to give rise to the hyperactive/

impulsive symptoms of ADHD as well as neurocognitive impairments in visual and

verbal working memory, emotion regulation, and motor fluency (Barkley 1997). As

implied by its hypothetical role in increasing arousal levels, an underactive BIS

may lead to reduced cortisol levels both at baseline, and particularly under condi-

tions of psychological challenge, in ADHD. It is critical to distinguish between

cortisol levels measured under resting conditions (referred to as ‘basal’ cortisol)

and cortisol measures under psychological or physical stress (referred to as ‘cortisol

reactivity’ or ‘cortisol responses to stress’). Given that impaired BIS activity is

suggested to be relatively specific to the combined or predominantly hyperactive/

impulsive types of ADHD (Barkley 1997; Quay 1997), one prediction arising from

this theory is that abnormalities in HPA axis activity should be observed in these

two subtypes but not in the predominantly inattentive type of ADHD.

4 Basal Cortisol Secretion in ADHD and Related Disorders

This review of empirical findings will start by considering studies that have

investigated basal or resting cortisol levels in ADHD.

An early study measured the diurnal rhythm of cortisol secretion in a group

of 30 children with ADHD, comparing their results with those of a control group

of adults and a psychiatric control group (21 children with autism). Saliva samples

were collected at 2-h intervals in the morning. Further samples were obtained

in the afternoon and evening to characterize the diurnal profile. Absolute cortisol

levels were not reported and so it is not possible to tell whether ADHD was

associated with abnormally low or high levels relative to the other groups.

Nevertheless, the authors found that a majority (57%) of the children with

ADHD failed to show a normal diurnal rhythm, whereas only 20% of the autistic

subjects and 10% of the adult controls exhibited abnormalities in diurnal rhythm

(Kaneko et al. 1993). When the results for the ADHD group were subdivided

in terms of severity of hyperactivity, dysregulation of the cortisol rhythm was

more common in those with moderate-to-severe hyperactivity, relative to those

with mild hyperactivity.

The authors also used the Dexamethasone Suppression Test, which involves

giving subjects a synthetic glucocorticoid in the evening and then measuring

plasma cortisol concentrations the following morning. Due to the negative feedback

effects of glucocorticoid administration on HPA axis activity, most subjects show

suppression of cortisol secretion in the morning after dexamethasone administra-

tion. Kaneko et al. (1993) found that cortisol nonsuppression was significantly more

common in the children with ADHD, relative to adult controls, implying that HPA

axis negative feedback mechanisms function less effectively in ADHD. Again,

HPA axis abnormalities were more common in those with severe hyperactivity:

78% of subjects in this subgroup showed cortisol nonsuppression, compared with

only 20% of the mild hyperactivity ADHD subgroup.
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Although these results are certainly interesting, the authors’ failure to report

absolute cortisol concentrations makes this study difficult to interpret. It would have

been preferable to include a group of healthy children, rather than using adult

controls. There were also differences in terms of procedure between the adults

and the children, with adults taking a higher dose of dexamethasone closer in time

to the morning cortisol assessment, and sex differences between the clinical and

control groups. It is unclear whether ADHD participants were assessed for comor-

bid disorders that could have impacted upon HPA axis activity, such as disruptive

behavior disorders (DBDs), anxiety, or depression. Finally, the absence of a normal

cortisol diurnal rhythm has not been replicated in subsequent studies (see below),

and it seems unlikely that such marked disturbances in the pattern of cortisol

secretion are characteristic of most individuals with ADHD.

A study that compared patients with ADHD and comorbid oppositional defiant

disorder (ODD; n ¼ 32) and healthy control subjects (n ¼ 25) found lower basal

cortisol levels in the ADHD plus ODD group (Kariyawasam et al. 2002). A post hoc

examination of the effects of psychostimulant administration showed that reduc-

tions in cortisol concentration were specific to the ADHD plus ODD subjects who

were not taking methylphenidate or amphetamine: this finding implies that psy-

chostimulants increase cortisol secretion. It would have been helpful to have

included a non-comorbid ADHD group to determine whether it was ADHD or

ODD that was driving these results and to provide further data on the effects of

psychostimulants. Another limitation of this study is that cortisol concentration was

measured at a single time-point only, which may have occurred at a different point

in the diurnal rhythm of the two groups (although all samples were collected in the

afternoon). An observation of consistently lower levels across the diurnal cycle

would have been more convincing.

Methodological improvements in cortisol assessment were implemented in a

small-scale study of 18 children with ADHD and 71 healthy controls that found

normal waking cortisol levels and an intact CAR in the ADHD group, overall

(Blomqvist et al. 2007). However, a post hoc comparison of 13 participants with

high levels of hyperactivity/impulsivity ADHD symptoms and the healthy control

group showed that the hyperactive ADHD subgroup (who met criteria for combined

type ADHD) did not show a rise in cortisol levels in the 30 min after waking. This

finding is broadly consistent with the results described above showing that HPA

axis function is more aberrant in subjects with moderate-to-severe forms of hyper-

activity. Limitations of this study included the use of a small ADHD group,

the apparent lack of assessment for comorbid psychiatric illnesses, and lack of

matching for gender.

A recent study that also used up-to-date saliva collection methodology found a

normal CAR in children with ADHD alone or ADHD plus conduct disorder (CD),

but a reduced CAR in those with ADHD and comorbid ODD (Freitag et al. 2009).

This finding appeared to be driven by a general reduction in cortisol secretion in the

latter group, rather than a specific effect on the awakening response, since they

showed lower cortisol levels both at waking and þ30 min after waking. This

observation of a blunted CAR, specifically in those with ADHD plus comorbid
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ODD, illustrates the importance of collecting information about comorbid disor-

ders, a point which will be discussed in more detail below. The study also showed

that increases in cortisol concentrations, from waking to þ30 min postawakening,

were smaller in participants who had experienced higher levels of psychosocial

adversity.

A large (n ¼ 1,768) general population study assessing the CAR and evening

cortisol levels in preadolescent children found only a weak (positive) association

between self-reported ADHD symptoms and evening cortisol (Sondeijker et al.

2007). There was no relationship between cortisol concentrations and parent-

reported ADHD symptoms, arguably a more meaningful and reliable measure of

psychopathology than self-reported symptoms. Moreover, the magnitude of the

CAR was not related to symptoms of ODD or CD. One possibility is that these

null findings reflect the limited variance in externalizing symptomatology that

occurs in general population samples: the situation may have differed if a clinical

sample had been used. However, given the statistical power provided by such a

large sample, the most parsimonious interpretation of these results is that ADHD

symptoms are not associated with clinically significant changes in basal cortisol
secretion, except perhaps in extreme samples.

This conclusion is further reinforced by a recent study that characterized the

diurnal profile of cortisol secretion in 28 adults with ADHD (mainly the combined

type) and 28 healthy control subjects. Saliva samples were collected directly after

waking and þ30 min postawakening to assess the CAR. Further samples were

obtained at 1700 and 2300 h to provide information about the diurnal rhythm. The

results showed almost identical cortisol diurnal profiles in the ADHD and control

groups (Hirvikoski et al. 2009), with both groups exhibiting a pronounced cortisol

rhythm and a normal CAR. However, this study was limited by a high incidence of

comorbid disorders in the ADHD group, with many participants meeting current or

past criteria for major depressive disorder, generalized anxiety disorder, or border-

line personality disorder.

In addition to research focusing specifically on aspects of basal cortisol

secretion, such as the diurnal cortisol rhythm or the CAR, a large number of

studies have reported data relevant to the issue of altered basal cortisol secre-

tion in ADHD. These experiments assessed prestress or baseline cortisol levels

before stress induction (and therefore under relatively controlled conditions).

The majority of these earlier experiments found no differences between ADHD

participants and healthy controls in baseline cortisol levels (Blomqvist et al.

2007; Hirvikoski et al. 2009; Lackschewitz et al. 2008; Luby et al. 2003;

Randazzo et al. 2008; Snoek et al. 2004). An exception was a study that

observed slightly lower prestress cortisol levels in children with combined

type ADHD (van West et al. 2009).

To summarize these results: although a number of early studies provided evi-

dence for reduced or dysregulated basal cortisol in ADHD (particularly in its

persistent form or when it involves severe hyperactivity), the methodologically

strongest or largest studies have not demonstrated abnormalities in basal cortisol

secretion. Furthermore, studies that collected data on cortisol secretion before stress
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induction largely failed to show alterations in prestress cortisol levels in ADHD,

regardless of subtype. While the literature does provide tentative evidence that

combined type ADHD, or particularly ADHD with comorbid ODD, may be asso-

ciated with slightly lower basal cortisol levels, or a blunted CAR, it is unclear

whether these reductions are of clinical or prognostic significance. In addition,

some of the studies purporting to have measured “basal” cortisol may have inad-

vertently assessed stress-induced cortisol levels, particularly if they only obtained

one saliva sample in a setting that was novel to the child (e.g., a laboratory or a

psychiatric clinic). It is partly for this reason that most current studies of basal

cortisol secretion typically involve collecting multiple samples across the day while

the participants are going about their normal routines (i.e., in naturalistic condi-

tions). In the next section, studies that assessed cortisol reactivity during stress in

ADHD will be reviewed and evaluated.

5 Is ADHD Associated with Cortisol Hyporeactivity?

An early study reported that children with persistent ADHD were characterized by

reduced cortisol reactivity during performance of a neuropsychological test battery,

relative to those who showed a remission of their ADHD (King et al. 1998).

Baseline cortisol levels before neurocognitive testing were also slightly lower in

the group with persistent ADHD compared to those who would subsequently remit.

Limitations of this study included a small sample size, the lack of a matched control

group, and incomplete characterization of participants. In addition, only one posts-

tress saliva sample was obtained, leaving open the possibility that the groups

differed in the latency of their stress response. From what we now know about

factors determining whether a cortisol response occurs (see below), it is surprising

that such large increases in cortisol were seen in the nonpersistent ADHD group

when performing a battery of neurocognitive tasks. In fact, the children with

nonpersistent ADHD may have been the group showing an abnormal pattern of

cortisol reactivity, rather than the group with persistent ADHD.

Another study used separation from the caregiver and a play task, involving

induction of mild frustration, as separate psychosocial stressors, in a cohort of

preschool children. Although the focus of the study was major depressive disor-

der, it is relevant to the current review because a psychiatric control group of

children with ADHD or ODD was included, together with a healthy control group.

No differences were found between subjects with ADHD or ODD and healthy

controls in salivary cortisol responses to caregiver separation (cortisol went down

in both groups). Cortisol increased in both groups following performance of the

frustrating task (Luby et al. 2003). In contrast, the depressed group showed a weak

increase in cortisol during caregiver separation and a further increase during the

frustration task.

Cortisol levels were also assessed on three consecutive evenings: analysis of

these data revealed no group differences in evening basal cortisol. As will be
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discussed in a later section, it is not ideal to collapse across the diagnoses of ADHD

and ODD and, as such, the results of this study are difficult to interpret. However,

they do not provide evidence for disrupted HPA axis activity in either of these

externalizing disorders because their pattern of reactivity was similar to that of

healthy controls. A further limitation of the study was that participants were given a

snack by the experimenters up to 30 min before baseline cortisol assessment. This

may have increased cortisol levels and made it difficult to demonstrate effects of

caregiver separation, since “prestress” levels were already relatively high. Never-

theless, work of this nature is important because little is known about associations

between cortisol secretion and ADHD or ODD in younger age groups.

More recently, researchers have used standardized psychosocial stressors, such

as the Trier Social Stress Test (TSST), to assess cortisol reactivity in clinical

groups. This test involves giving a public speech in front of audience, and typically

also a video camera, to induce the feeling of being socially evaluated (Kirschbaum

et al. 1993). The advantage of using standardized tests of this kind is that the results

can be compared to those generated by other research groups, and the stressor is

more likely to be effective than those generated on an ad hoc basis. Relevant to this

point, many everyday experiences that might be considered stressful do not appear

to elicit cortisol responses in the majority of children or adolescents (Gunnar et al.

2009). For example, discussing conflictual topics with parents did not elicit

increased cortisol secretion in a majority of healthy adolescents (Klimes-Dougan

et al. 2001). In addition, even in children who report high levels of dental anxiety,

cortisol levels typically did not increase during dental examinations (Blomqvist

et al. 2007).

A recent meta-analytic review of 208 studies of stress reactivity in adults found

that, to elicit cortisol or ACTH increases, stressors must threaten the individual’s

goals (Dickerson and Kemeny 2004). These might include not only the goal of

physical self-preservation but also the goal of preserving the “social self.” Thus,

tasks that threaten the social self, such as being socially evaluated while giving a

speech in front of a panel of judges, reliably increase HPA axis activity. Tasks that

require intense mental effort but which do not involve threat to the social self, such

as challenging neurocognitive tasks or mental arithmetic, were far less effective in

provoking cortisol responses. The meta-analysis also found that uncontrollability

and unpredictability were important components of effective stressors and, that

these factors acted synergistically to enhance the effects of threatening the indivi-

dual’s central goals (Dickerson and Kemeny 2004). The TSST encompasses many

of these elements, including social evaluation, achievement stress, and loss of

control, and thus represents an effective psychological stressor in its original format

or in the version modified for children (Foley and Kirschbaum 2010).

The question of whether patterns of cortisol reactivity differ between ADHD

subtypes was addressed in a study that compared children with predominantly

inattentive versus combined types of ADHD (van West et al. 2009). They used

the modified Trier Social Stress Test for Children (TSST-C) to induce psychologi-

cal stress in their participants. Children with combined type ADHD showed blunted

cortisol responses during the test, relative to control subjects and those with
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predominantly inattentive type ADHD, whereas the latter two groups did not differ.

Baseline cortisol levels were also slightly lower in children with combined type

ADHD compared to healthy controls. These results therefore support the distinction

made in the DSM-IV between predominantly inattentive and combined types of

ADHD, and the suggestions that these forms of ADHD constitute qualitatively

distinct and unrelated disorders (Barkley 1997; Diamond 2005). They are also in

line with theoretical proposals described in an earlier section, which hold that

attenuated cortisol responses are a consequence of an underactive BIS. As noted

above, this underactivity is suggested to be specific to predominantly hyperactive/

impulsive or combined types of ADHD.

One point of note is that although ADHD subjects with comorbid disorders

were excluded from the study, the combined type ADHD group had significantly

higher scores on the delinquency and aggression subscales of the Teacher Report

Form and Child Behavior Checklist compared to the other two groups: this

subthreshold externalizing comorbidity could have influenced the results. In

addition, it seems likely that many of the subjects are at high risk for developing

CD/ODD in the future, even though they did not meet full DSM-IV criteria at the

time of assessment at age 6–12 years. Although the authors were not able to

recruit a predominantly hyperactive/impulsive type ADHD group, which would

have provided stronger evidence for a link between cortisol hyporeactivity and

the hyperactive/impulsive cluster of ADHD symptoms, this study had several

strengths, including the use of a standardized stressor; a comprehensive psychiat-

ric assessment; a reasonably large sample size; and group matching for age,

gender, socioeconomic status, and IQ.

Another study that investigated cortisol reactivity to the TSST-C, specifically in

children with predominantly inattentive type ADHD, reported blunted cortisol

responses to stress. This pattern was observed in subjects meeting diagnostic

criteria for ADHD, relative to both healthy controls and those with subthreshold

levels of predominantly inattentive type ADHD symptoms (Randazzo et al. 2008).

These findings are clearly at variance with those reported above by van West et al.

(2009), showing normal stress reactivity to the TSST-C in children with predomi-

nantly inattentive type ADHD. Of possible relevance in this respect is that the

sample size used in the Randazzo et al. (2008) study was small: only seven

participants met full criteria for predominantly inattentive type ADHD.

A recent study examined cortisol and cardiovascular responses to psychological

stress in adults with ADHD compared to control subjects (Lackschewitz et al.

2008). Although cardiovascular responses were blunted during stress in the

ADHD group, there were no group differences in cortisol reactivity. There was,

however, a trend toward lower cortisol levels at baseline and throughout the

procedure in the ADHD group. Interestingly, the ADHD participants reported

experiencing greater subjective stress than control subjects, suggesting a discrep-

ancy between emotional and physiological components of the stress response.

A potential limitation of this study was that one-third of the ADHD subjects had

comorbid depression/anxiety disorders, which may enhance cortisol responses.

In addition, although all ADHD subjects were assessed for current comorbid
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psychiatric disorders, using the structured clinical interview for DSM-IV (SCID), it

is unclear whether they were screened for, or met, lifetime criteria for DBDs such as

ODD or CD. This could be problematic because cortisol hyporeactivity may be a

trait abnormality even in subjects with remission of DBD symptoms.

Snoek et al. (2004) assessed cortisol reactivity in children with ADHD alone,

ADHD plus comorbid ODD, or ODD alone to examine whether reduced cortisol

reactivity was specific to DBD, such as ODD or CD, or whether this pattern

extended to externalizing disorders in general. Compared with healthy controls,

children with ODD alone, or ADHD plus ODD, showed blunted cortisol responses,

whereas those with ADHD alone exhibited a normal pattern of cortisol reactivity.

Group differences were evident only under stressful conditions: there were no

differences in baseline cortisol in the early afternoon. These data indicate that

cortisol reactivity is normal in non-comorbid ADHD, but reactivity may be blunted

in individuals with a comorbid DBD.

This study had a number of limitations, including relatively high rates of

comorbid anxiety disorder in all three clinical groups. Also, many of the subjects

with ADHD or ADHD plus ODD were taking methylphenidate on the day of

testing. However, it is worth noting that chronic use of psychostimulant medication

is reported to have no detectable effects on serum cortisol levels (Weizman et al.

1987). Furthermore, the presence of comorbid anxiety disorders should have

affected all three clinical groups to an equal extent. Thus, neither of these factors

appears to be a plausible explanation for differences between the “ADHD alone”

and the ODD groups.

Further evidence that comorbid disorders may play an important role in influen-

cing cortisol reactivity comes from a large study of clinic-referred ADHD patients

who underwent venipuncture to provide blood samples for genotyping (Hastings

et al. 2009). This relatively naturalistic stressor appeared effective in eliciting

cortisol responses, and the researchers subsequently examined whether comorbid

anxiety or DBD influenced stress reactivity. They hypothesized that these condi-

tions would have opposing effects on cortisol secretion. They also investigated

whether there were differences in cortisol reactivity between ADHD subtypes. As

predicted, children with ADHD and a comorbid anxiety disorder displayed larger

cortisol responses, whereas those with ADHD and comorbid DBD showed blunted

cortisol responses to stress. Children with ADHD alone and those with ADHD and

comorbid anxiety plus DBD formed intermediate groups between those with either

internalizing or externalizing comorbidity, only. Unfortunately, this study did not

include a healthy control group; hence, it is unclear whether the children with pure

ADHD exhibited a normal or a blunted cortisol response relative to those without

any psychiatric disorder. The results of the analyses comparing ADHD subtypes did

not reveal differences in baseline or stress-induced cortisol. However, the effect of

DBD comorbidity on cortisol reactivity appeared to differ according to ADHD

subtype: there were no differences between combined type ADHD without DBD

and combined type ADHD with DBD, whereas comorbid DBD led to lower cortisol

reactivity in those with predominantly inattentive or predominantly hyperactive–

impulsive types of ADHD.
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In summary, findings on cortisol reactivity in ADHD have been mixed, with

several studies providing convincing evidence for blunted cortisol responses to

psychosocial stress in ADHD (particularly combined type ADHD), but a similar

number of experiments revealing normal patterns of cortisol reactivity in ADHD.

In fact, studies using almost identical methodology and clinical samples with the

same presenting diagnosis (e.g., predominantly inattentive type ADHD) have

reported entirely conflicting results (cf., Randazzo et al. 2008; vanWest et al. 2009).

One way of reconciling some of these discrepancies may be to consider the

prevalence of comorbid DBD symptoms or diagnoses in the ADHD participants,

since ODD and CD have repeatedly been shown to be associated with cortisol

hyporeactivity during psychosocial stress (Fairchild et al. 2008; Popma et al. 2006;

van Goozen et al. 1998, 2000). The importance of assessing for comorbid DBDs in

patients with ADHD is shown most clearly in studies that have explicitly compared

subjects with ADHD alone, versus those with ADHD and comorbid ODD or ODD

alone. Cortisol responses were normal in those with pure ADHD but blunted in

subjects with ODD (with or without ADHD) (Snoek et al. 2004). This position is

broadly supported by a study explicitly investigating the impact of comorbid

internalizing and externalizing disorders on cortisol reactivity in ADHD (Hastings

et al. 2009), which found that subjects with ADHD and comorbid DBD showed

weaker cortisol responses to stress than those with pure ADHD. The authors also

found that subjects with ADHD and comorbid anxiety disorders displayed larger

cortisol responses during stress than those with ADHD alone. Thus, in general,

cortisol reactivity is increased in individuals with internalizing disorders and

reduced in those with externalizing disorders such as ODD and CD. When these

forms of comorbidity occur together, they appear to cancel each other out in terms

of their effects on cortisol reactivity.

6 Recommendations for Future Research on HPA Activity

in ADHD and Related Disorders

6.1 Assess Cortisol in Relation to Waking Time

A key point of this review has been that the HPA axis is a dynamic system that not

only responds to psychological and physical stress but also exhibits a marked

diurnal rhythm and a CAR close to the start of the activity cycle. As a consequence,

in studies of basal cortisol secretion in psychiatric disorders, it is critical to assess

cortisol levels in relation to the waking time of the individual being assessed. This is

particularly important when morning cortisol levels are being measured because

subtle group differences in waking time could create the erroneous impression that

there are group differences in cortisol secretion (when, in fact, the CAR is simply

occurring at a different time in the clinical group). Thus, measuring cortisol levels

at waking and þ30 min after waking and recording the time of awakening are
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strongly advised. As well as increasing the validity and reliability of group com-

parisons of morning cortisol secretion, assessment of the CAR means that research-

ers obtain a sensitive measure of physiological reactivity. Additional measurements

at þ45 and þ60 min are desirable since they permit enhanced characterization of

the latency and profile of the CAR and may provide information about efficacy of

negative feedback mechanisms. However, it is also important to use protocols that

most participants can implement in their everyday lives and to consider that it may

not be practical to collect these extra morning samples when studying young

children. Furthermore, because afternoon and evening cortisol levels may be

more readily influenced by the effects of psychopathology, subjective mood states,

and environmental factors, it is advisable to collect additional samples during these

periods to enable characterization of the diurnal cortisol profile. Finally, wherever

feasible, cortisol levels should be assessed across two or more days to assess

reliability and stability of group differences in cortisol secretion or dysregulation

of the cortisol diurnal profile.

6.2 Advantages of Assessing Cortisol Levels in Saliva

Undergoing venipuncture can be stressful (Hastings et al. 2009), and so measuring

cortisol levels in saliva rather than serum is usually preferable because it avoids this

confound. In addition, salivary cortisol is a better measure of biologically available

(so-called free) cortisol levels: much of the cortisol measured in serum is bound to

cortisol-binding globulin (CBG) and unable to act at corticosteroid receptors.

A further advantage is that most participants regard provision of saliva samples

as more acceptable than giving blood samples. Thus, researchers maximize the

number of individuals willing to take part in their studies by adopting the former

method. Clearly, if cortisol is being measured under naturalistic conditions (i.e., in

the participants’ homes), then obtaining saliva is the only practical method of doing

this. Electronic devices can be used to monitor subject compliance with saliva

collection protocols (Broderick et al. 2004), but this may not be economically

feasible in large population-level studies. An alternative approach is to ask partici-

pants to record their saliva collection times in a “diary”; they can also use this to

make a note of potential confounds that may influence cortisol levels, such as taking

exercise, using caffeinated drinks, or smoking cigarettes before saliva collection.

6.3 Appropriate Conditions, Ethical Issues, and Sample Sizes
in Psychoneuroendocrine Research

Several studies have shown that the incremental increase in cortisol levels during

stress is broadly similar whether the stressor is applied in the morning or in the

afternoon (Kudielka et al. 2004). Nevertheless, it is recommended that researchers
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restrict their testing to a set period in the day (e.g., mid- to late-afternoon). This

should improve detection of increases in cortisol levels following stress and provide

other advantages, such as making group differences in baseline levels more

interpretable. As noted above, the use of a standardized stressor and acclimatiza-

tion to the laboratory setting are also highly desirable in terms of achieving

increases in cortisol levels in most control participants. Many studies of stress

reactivity in children have failed to meet these criteria, largely due to the use of

weak psychological stressors (Gunnar et al. 2009). Of course, this issue has an

ethical dimension because researchers should not seek to induce intensely negative

emotional states and they have a duty to protect their participants – particularly

when working with children. However, to elicit measurable and robust cortisol

responses, it is necessary to temporarily threaten the individual’s “social self” by

making them feel as though they are being negatively socially evaluated and that

they have lost control of the situation in some way (Dickerson and Kemeny 2004).

In addition, the tests need to be adequately powered, and so sample sizes need to

be relatively large in stress reactivity research because there is considerable inter-

individual variability in cortisol responses to psychological stress. Even in typically

developing adolescents, when using a standardized stressor, cortisol levels may

drop in some individuals and rise by 400–500% in others. As a consequence, it is

difficult to demonstrate significant group differences if sample sizes are small.

7 What Do We Need to Know About the Relationship

Between ADHD and HPA Axis Activity?

Several important issues remain unresolved. First, does cortisol hyporeactivity

play a causal role in the etiology of either ADHD or common comorbid disorders

such as ODD, or are any changes in cortisol secretion a consequence of these

disorders? Related to this is another question: does cortisol hyporeactivity reflect

a state-like effect or does it represent a trait-like vulnerability factor that increases

risk for developing ADHD or ODD/CD in a probabilistic fashion? Furthermore, is

such a deficit present before development of the full ADHD syndrome or even

after remission of symptoms? Longitudinal studies are required to answer these

questions since, to date, almost all research in this area has been cross-sectional in

basis (i.e., the studies have made comparisons between cases and control subjects

at a specific point in time). Second, what neurobiological mechanisms are respon-

sible for the pattern of cortisol hyporeactivity observed in ADHD and related

externalizing disorders, such as ODD? For example, are there fundamental def-

icits in the hypothalamic–pituitary–adrenal axis (such as reduced pituitary size or

adrenal insensitivity to ACTH) in individuals with ADHD/ODD? Or, as seems

more likely, is there some impairment of “processive” aspects of the stress

response, mediated by dysfunction in limbic circuits that convey information

about stressors in the environment to the hypothalamus? Accordingly, it may be

106 G. Fairchild



informative to relate volumes in key brain structures that influence HPA axis

activity (such as amygdala and hippocampus) and patterns of cortisol secretion in

disorders such as ADHD.

Third, if individuals with ADHD, or related externalizing disorders, retain a

normal pattern of cortisol reactivity, does this act as a protective factor and is it

predictive of better outcomes? Preliminary findings in children with ODD suggest

that cortisol hyporeactivity during stress is a potential biomarker for a poor

response to psychological treatment (van de Wiel et al. 2004). This could be a

worthwhile issue to investigate in relation to psychological (or possibly pharmaco-

logical) treatments for ADHD.

Fourth, does cortisol hyporeactivity reflect a general deficit in physiological

arousal, or an adaptation to prenatal or early life stress, in those with ADHD?

Studies in animals and humans have demonstrated that prenatal stress can exert a

programming effect on the HPA axis (Glover et al. 2010; Lupien et al. 2009). For

example, fetal exposure to elevated glucocorticoid concentrations at certain

periods during gestation permanently alters HPA axis activity in rodents (Kapoor

et al. 2006). Although the evidence for similar programming effects in humans is

sparse, recent studies have reported elevated basal cortisol in children whose

mothers experienced prenatal anxiety late in pregnancy (Huizink et al. 2008;

O’Connor et al. 2005), although another study found the largest effects if prenatal

anxiety occurred early in gestation (Van den Bergh et al. 2008). In contrast to

these results, a study investigating the impact of adverse life events during

pregnancy upon cortisol secretion in offspring (tested in adulthood) found normal

basal cortisol secretion and exaggerated responses to the TSST in those exposed

to prenatal stress (Entringer et al. 2009). These findings, which provide suggestive

evidence for fetal programming of the HPA axis in humans, may be relevant,

given that prenatal anxiety also appears to act as a risk factor for the development

of ADHD symptoms and externalizing symptoms (O’Connor et al. 2003; Van den

Bergh and Marcoen 2004).

Since it is well established that environmental adversity is linked with ADHD

(Biederman et al. 2002), it may also be instructive to consider the consequences of

early life or chronic psychosocial adversity. Findings on the long-term impact of

early life stress and maltreatment on cortisol reactivity are mixed: some studies

show heightened cortisol responses in adult survivors of sexual abuse (Heim et al.

2000b), but others show blunted cortisol responses in victims of physical abuse and

maltreatment (Carpenter et al. 2007, 2009; Elzinga et al. 2008). In relation to the

consequences of chronic adversity, a number of studies have revealed hypocorti-

solism in healthy individuals living under conditions of ongoing stress, or patients

living with chronic pain or physical illness (Heim et al. 2000a). These studies

illustrate the potential importance of studying early experiences that may have a

programming effect on the HPA axis and measuring current exposure to everyday

stressors. This is because both factors may impact upon basal cortisol secretion

and cortisol reactivity. In addition, measuring these factors may enhance our

understanding of the mechanisms underlying alterations in HPA axis activity in

ADHD and related externalizing disorders such as ODD and CD.
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8 Conclusions

The HPA axis is a key physiological system, which mediates responses to stress and

also exhibits a diurnal rhythm and a response to awakening. There are theoretical

reasons to expect an association between hyperactive/impulsive forms of ADHD

and reduced cortisol secretion, particularly under conditions of stress. Although

early studies reported provocative results on cortisol secretion in ADHD, suggest-

ing marked dysregulation of the HPA axis, more recent work has provided little

convincing evidence for alterations in basal (resting) cortisol secretion in non-

comorbid forms of ADHD. Where ADHD occurs together with ODD, there may

be a moderate reduction in basal cortisol secretion or the magnitude of the CAR.

The results of studies assessing cortisol reactivity during stress in ADHD do not

show a consistent pattern, although blunted cortisol responses are more commonly

reported in combined type relative to predominantly inattentive type ADHD.

Again, the presence or absence of comorbid illnesses may be important, with

cortisol hyporeactivity typically observed in those with ADHD plus ODD or CD

and exaggerated cortisol responses seen in those with comorbid internalizing

disorders such as generalized anxiety disorder.

The vast majority of studies on basal cortisol secretion or cortisol reactivity in

ADHD have been cross-sectional in design and, as a consequence, little is known

about the prognostic value of measuring HPA axis activity. It is also not known

whether abnormalities in cortisol secretion play a causal role in the etiology

of ADHD, or are merely a consequence of living with ADHD [which may be

accompanied by higher levels of perceived stress in everyday life (Hirvikoski et al.

2009)]. Evidently, longitudinal research in this area is merited and may be highly

informative.
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Abstract Traits of inattention, impulsivity, and motor hyperactivity characterize

children diagnosed with attention-deficit/hyperactivity disorder (ADHD), whose

inhibitory control is reduced. In animal models, crucial developmental phases or

experimental transgenic conditions account for peculiarities, such as sensation-seeking

and risk-taking behaviors, and reproduce the beneficial effects of psychostimulants.

An “impulsive” behavioral profile appears to emerge more extremely in rats when
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forebrain dopamine (DA) systems undergo remodeling, as in adolescence, or with

experimental manipulation tapping onto the dopamine transporter (DAT). Ritalin®

(methylphenidate, MPH), a DAT-blocking drug, is prescribed for ADHD therapy but

is also widely abused by human adolescents. Administration of MPH during rats’

adolescence causes a long-term modulation of their self-control, in terms of reduced

intolerance to delay and diminished proneness for risk when reward is uncertain.

Exactly the opposite profile emerges when exogenous alteration of DAT levels

is achieved via lentiviral transfection. Both adolescent MPH exposure and

DAT-targeting transfection lead to enduring hyperfunction of dorsal striatum and

hypofunction of ventral striatum. Together with upregulation of prefronto-cortical

phospho-creatine, striatal upregulation of selected genes (like serotonin 7 receptor

gene) suggests that enhanced inhibitory control is generated by adolescent MPH

exposure. Operant tasks, which assess the balance between motivational drives and

inhibitory self-control, are thus useful for investigating reward-discounting processes

and their modulation by DAT-targeting tools. In summary, due to the complexity of

human studies, preclinical investigations of rodent models are necessary to understand

better both the neurobiology of ADHD-like symptoms’ etiology and the long-term

therapeutic safety of adolescent MPH exposure.

Keywords Delay-discounting � Long-term effects � Magnetic resonance �
Preclinical models � Psychostimulants � Rats

Abbreviations

5-HT 5-Hydroxytryptamine (serotonin)

5-HT7 5-Hydroxytryptamine (serotonin) receptor 7 (protein)

ADHD Attention-deficit/hyperactivity disorder

BOLD Blood-oxygen level-dependent

CBF Cerebral blood flow

CBV Cerebral blood volume

DA Dopamine

DAT Dopamine transporter

DBH Dopamine-b-hydroxylase
dStr Dorsal striatum

fMRI Functional magnetic resonance imaging

H-MRS Proton magnetic resonance spectroscopy

Htr7 5-Hydroxytryptamine (serotonin) receptor 7 (gene)

ID Intolerance-to-Delay (task)

mITI Mean inter-trial interval

MPH Methylphenidate

NAcc Nucleus accumbens

NET1 Norepinephrine transporter (for uptake 1 (neuronal))

PD Probabilistic-Delivery (task)
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PFC Prefrontal cortex

phMRI Pharmacological magnetic resonance imaging

pnd Postnatal day

RT Response time

RTT Response-time task

SERT Serotonin transporter

SNAP-25 Synaptosomal-associated peptide-25

SSRI Selective serotonin reuptake inhibitor

TO Timeout

1 Introduction

The traits of inattention, impulsivity, and motor hyperactivity are core characteristics

of attention-deficit/hyperactivity disorder (ADHD). Increased motor and exploratory

activity, aswell as a propensity for sensation-seeking, risk-taking, and other “extreme”

behaviors, appear to be even more pronounced in ADHD subjects when they become

adolescents: namely, at a developmental stage when inhibitory control is further

reduced (Chambers and Potenza 2003). As such, “risky business” is an additional,

characteristic complication of adolescents with ADHD (Fareri et al. 2008). Here, we

focus on the features of ADHD in adolescence, with a special emphasis on a possible

“meaning” for such a peculiar profile of symptoms or traits (see also the dedicated box

at the end of the chapter). Specifically, we sought tomodel (1) “origins” or etiology, as

studied by modern techniques such as lentiviral transfection in vivo, and (2) sequelae

or “consequences,” possibly linked with neurobehavioral adaptive responses elicited

by psychostimulant drugs.

In the first part of this chapter, we summarize literature that explores both the

behavioral features of human adolescence and the neurobiological peculiarities of

rodent models for adolescence (see Sects 2 and 3). In the second part of this chapter,

we review some preclinical work that highlights the need for epidemiological and

clinical investigations to help answer a crucial question: does psychostimulant

exposure affect the developmental trajectories in humans and, if so, to what extent?

Indeed, we report preclinical evidence of unease about the use of methylphenidate

(MPH), which is commonly prescribed (as Ritalin®) to treat ADHD (Scheffler et al.

2007). With the aim of analyzing the consequences of MPH consumption among

adolescents, we focus on the long-term consequences of juvenile exposure to MPH

in rodent models (see Sects 4 and 5).

Animal models have added value from a translational perspective because it is

possible to use approaches which are virtually impossible with humans. Thus, in

addition to the use of MPH, the same protein and gene which are targeted by this

drug can be reached via direct transgenetic approaches. Permanent interference

with gene and protein expression and function is possible nowadays using lentiviral

tools (Park 2007; Adriani et al. 2009, 2010a). In particular, these have been used to

investigate whether a lentiviral-mediated direct intervention of the dopamine
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transporter (DAT), the MPH target and site of action, leads to similar, persistent

neurobiological adaptations, when compared to adolescent MPH exposure. In both

cases, results included enduring changes in gene expression, together with

hypofunction of the nucleus accumbens (NAcc) and hyperfunction of dorsal stria-

tum (dStr). The profile of discounting behavior was, however, symmetrical if not

opposite. Here, we discuss brain processes which may explain the similarities and

discrepancies between these two models.

At the end of this chapter, we conclude with an in-depth presentation of

evolutionary perspectives on ADHD. Indeed, the “origins” of ADHD-like

symptoms or traits have also been studied from the point of view of evolutionary

biology, which considers questions such as: could these traits have, or have had, a

potentially adaptive value? Could they have been advantageous at any time or in

any environment? In this special focus box, we provide a short overview of the

contrasting evolutionary explanations that have been proposed. We consider the

adaptive value (if any) of having (or maintaining) a proportion of ADHD

individuals in the adolescent population, as assessed in the context of evolutionary

(or Darwinian) psychiatry.

2 Behavioral Features of ADHD and Adolescence

2.1 ADHD and the Use of MPH

ADHD is a chronic neurobehavioral disease, classically considered to be an execu-

tive dysfunction characterized by “poor” decision making. Selective impairment of

those cognitive processes, which evaluate pros and cons in terms of costs and

benefits of alternative possibilities, is thought to be especially relevant. ADHD

can also be viewed as a motivational dysfunction, arising from altered processing of

reward value by fronto-striatal circuits, and characterized by attempts to escape or

avoid any situation that requires waiting (or “wasting”) of time, such as: slow

gathering of information, withholding of impulses, or prolonged focusing of atten-

tion (Sagvolden et al. 1993; Puumala et al. 1996; Sadile et al. 1996). From this

perspective, ADHD may be a consequence of a psychological inability to give a

correct account of, and to represent mentally, reward that is not immediately

accessible. As such, reward that is delivered in the distant future, and requires

“patience” to be attained, is “discounted.” By contrast, reward that is (or gives an

impression of being) immediate, or available in the near future (by some “quick

action”), generates the motivation for its attainment. In both cases, the value of an

anticipated reward is often interpreted incorrectly (i.e., “discounted”) by ADHD

patients because of a greater impact of adverse factors, such as: effort needed to

obtain the reinforcer; time needed to complete such effort; waiting time required

before delivery of the reinforcer; as well as diminished concern about the potential

risk of unforeseen interference and/or negative unexpected outcomes.
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In the past two decades, the prescription and production rates of MPH have

increased dramatically. Notwithstanding this trend, there is concern that the rise in

therapeutic use of MPH might coincide with a rise in its nontherapeutic, nonmedi-

cal (mis)use. Intranasal MPH produces a euphoric sensation or “high” in humans

(Volkow and Swanson 2003), and rats readily self-administer this drug intrave-

nously (Collins et al. 1984; Fletcher et al. 2007; Botly et al. 2008). College students

and adolescents might be attracted to MPH for its attention-focusing, weight-loss,

or euphoric effects. Indeed, the majority of college students in the USA have

reported that the primary reason for its use was to improve academic performance

(Bogle and Smith 2009). In spite of the fact that MPH has little abuse potential,

especially if taken orally (as prescribed) (Volkow et al. 1999, 2002; Svetlov et al.

2007), the reinforcing effects of this compound depend upon the route of adminis-

tration and should not be neglected. The annual prevalence of illicit MPH use as a

recreational, performance-improving drug in the USA is 4% (predominantly intra-

nasal) and rising (Klein-Schwartz and McGrath 2003; McCabe et al. 2004). Despite

this evidence, the long-term effects of nonmedical, recreational MPH use and abuse

during adolescence are still unknown.

So far, there have been few systematic studies on the sequelae of such wide-

spread MPH misuse in human adolescents; few published investigations have

assessed why MPH is so widely consumed, for recreational purpose and not just

as a therapy for ADHD (Arria and Wish 2006; Wilens et al. 2008; Bogle and Smith

2009), and whether MPH may serve as a gateway to adult substance misuse

(Barkley et al. 2003; Hechtman and Greenfield 2003; Ptacek et al. 2009).

2.2 Adolescence and Its Modeling

Pharmacological pathways (and the psychotropic effects) of MPH are similar,

although not identical, to those targeted (and elicited) by amphetamine and cocaine.

All these compounds act mainly through the dopaminergic system, by blocking the

dopamine (DA) transporter (DAT), thereby increasing the extracellular concentra-

tion of DA in the terminal field of mesocorticolimbic neurons (Volkow et al. 2001,

2002). In line with this, a simple reason for psychostimulant use in human

adolescents is the age-related need of (and search for) any DA-releasing stimuli

(Laviola et al. 1999). The unique developmental profile of the brain dopaminergic

system, during the transition from childhood to adult life (Chambers and Potenza

2003; Brenhouse and Andersen 2011), may contribute to a higher sensitivity for

motivating stimuli and to the psychostimulant effects of abused drugs. In other

words, functional differences in the adolescent versus adult forebrain dopaminergic

systems (Teicher et al. 1995; Marco et al. 2011) appear to underlie a deviant over-

expression of behaviors that are particularly rewarding at this age (such as the

search for novel environments and/or social playmates; Andersen et al. 2000;

Kalsbeek et al. 1988; Laviola et al. 1999). Specific natural events, such as explo-

ration of novel environments (Rebec et al. 1997a,b), have been hypothesized to
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result in a greater DA release and hence to be particularly rewarding at this age,

when compared to adulthood (Laviola et al. 2003; Tirelli et al. 2003). Consistently,

lentiviral manipulation of the dopaminergic tone in adult animals does alter

novelty seeking and social approach, together with a reduction in anxiety and

increased propensity to risk (Adriani et al. 2009, 2010a). Interestingly, however,

an unbalanced and exaggerated version of the adolescent behavioral repertoire is

found in ADHD individuals, where affiliative and playful behaviors are relatively

less prevalent and there is a notable (perhaps excessive) drive for sensation-seeking

and risk-taking behavior (Nemoda et al. 2011).

During adolescence, dramatic hormonal and physical changes occur within the

brain, thus providing grounds for interactions with ADHD-like symptoms. Because of

a lower basal functionwithin themesolimbic dopaminergic system, adolescentsmight

experience reduced motivation (see also Spear 2000; Doremus-Fitzwater et al. 2010).

Such an age-dependent alteration could underlie motivational abnormality such as

“boredom” and “dissatisfaction,” which are often seen in human adolescents. Hence,

the search for salient stimuli is perhaps a strategy to satisfy a strong inner drive to

overcome such a “poorly stimulating” physiological condition (Nightingale and

Fischhoff 2002). Interestingly, in humans with ADHD or otherwise vulnerable per-

sonality, a general under-arousal is closely associated with emotional deficiency, thus

leading to exaggerated sensation-seeking behavior (Herpertz and Sass 2000).

Human adolescents are typically prone to taking risks, a reckless behavior, and

have, in general, a disinhibited conduct (Arnett 1992). According to Zuckerman

(1984), the sensation-seeking drive during adolescence is characterized by “the

continuing necessity to experiment with various, novel and complex sensations.”

This could justify the “curiosity” (and first approaches) toward psychoactive agents

(Wills et al. 1994). Indeed, hazardous behaviors include highly rewarding and

highly challenging activities, such as the search for and use of psychoactive

substances (Wills et al. 1999; Adriani and Laviola 2004; Schepis et al. 2008;

Doremus-Fitzwater et al. 2010). A prominent sensation-seeking drive at adoles-

cence may have adaptive benefits in the development of independence and survival

without parental protection. Actually, an adaptive role of an adolescent-like

phase during life has been proposed for hominid evolution (Lockwood et al.

2007). In this framework, increments in human lifespan were accompanied by an

extension of the adolescent phase that enabled a longer and protected period for the

exploration of new environments and social dynamics, thus allowing the emergence

of innovative behaviors.

The developmental stage of “adolescence” has been modeled in laboratory

rodents, for which this term covers the broad postnatal period from weaning

(usually, at postnatal day (“pnd”) 21) to young adulthood (set conventionally at

pnd 60). According to the literature, rodent adolescence can be divided into 3

phases: from pnd 28 to pnd 35, from pnd 35 to pnd 42, from pnd 42 to pnd 49.

These 3 phases have been proposed to model for 9–12, 12–15, 15–18 year-old

humans, respectively (Kellogg et al. 1998; Spear 2000; Laviola et al. 2003). As far

as the development of neurobiological pathways is concerned, adolescent rodents

display both enhanced reward-related and reduced anxiety-related profiles in
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response to novelty, leading to a novelty-prone behavioral profile. Furthermore,

adolescent rats and mice show increased social interactions, especially in the form

of playful and associative behaviors (Meaney and Stewart 1981; Panksepp 1981;

Terranova et al. 1993, 1998). In summary, some features of human adolescence can

be reproduced, at least to some extent, in animal models. These can be considered

as adequate and reliable, since both “face” and “construct” validity can be

demonstrated (see Spear 2000).

3 Dopaminergic Peculiarities in Rodent Models of Adolescence

3.1 Understanding Adolescence from a Neurobiological Basis

Developmental discontinuities in the brain have been hypothesized to explain the

neural bases of adolescent behavior. The human brain continues to develop during

adolescence (Paus et al. 1999; Sowell et al. 2003), and enhanced metabolism, as

measured by elevated blood and oxygen flow, is found in adolescent brains

(Chugani et al. 1987). Clinical studies with magnetic resonance imaging (MRI)

have shown robust decreases in grey matter density in several areas of brain growth

during the transitions between childhood, adolescence, and adulthood (De Bellis

et al. 2001; Sowell et al. 2001). More recently, MRI studies in humans (for a short

review specifically about ADHD, see Altabella et al. 2011) have indicated

continued white matter development throughout adolescence, predominantly in

the frontal part of the brain. These changes are likely to be the result of increases

in axonal caliber and/or increased myelination (Lebel et al. 2008). There are also

reports of continued microstructural changes in white matter during late adoles-

cence. Refinement of projection and association fibers, which lasts until early

adulthood, parallels an improvement in cognitive performance (Bava et al. 2010).

In summary, a gradual loss of synapses, together with a strengthening of surviving

synaptic connections, occurs during adolescence (Blakemore 2008; Casey et al.

2008; Giedd 2008; Schmithorst and Yuan 2010).

Remarkable remodeling of cortical and limbic circuits has been identified as a

biological hallmark of adolescence across mammalian species. A number of

circuits in the adolescent brain are established and refined through axonal over-

growth and plasticity. In teenagers, this is followed by a phase of dramatic pruning

(Chechik et al. 1999). Autoradiographic studies of adolescent, nonhuman primates

found overproduction and subsequent pruning of GABAergic, adrenergic, cholin-

ergic, serotonergic, and dopaminergic receptors in several forebrain areas (Lidow

et al. 1991). Peculiarities in the maturation of both DA and serotonin (5-HT)

neurotransmitter systems have also been reported among adolescent rodents, possi-

bly leading to discontinuities in mesolimbic and prefronto-cortical function

(Chambers and Potenza 2003).
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Acute effects, as well as long-term consequences, of psychostimulant drugs

during development have been evaluated in rats and mice. The impact of pharma-

cological manipulation on DA systems, which has been extensively studied using

adult animals, may be even greater during adolescence. This is because dopaminer-

gic systems undergo key maturational and remodeling processes during this devel-

opmental period, which include proliferation and maturation of axon terminals and

synapses (Stamford 1989; Teicher et al. 1995). A phase of massive overproduction

before pruning may characterize adolescent rats around 5–6 weeks of life, leading

to redundant structures and circuits that are functional only intermittently (Spear

and Brake 1983; Spear 2000; Brenhouse and Andersen 2011). Brain dopaminergic

receptors are similarly over-expressed before puberty, although pruning decreases

this receptor density to adult levels thereafter (for a review, see Teicher et al. 1995;

Brenhouse and Andersen 2011). Expression of D1 and D2 receptors within the

striatum peaks in adolescent rats between pnd 28 and 40 (Tarazi et al. 1998, 1999).

As far as the nigrostriatal system is concerned, a reduction in the basal rate of DA

release and a reduced pool of readily releasable dopamine have been reported in

adolescent rats (Stamford 1989). In the same study, adolescent rats also showed

higher uptake and lower release of dopamine when compared to adults. As a

consequence, at this age, there is a lower basal concentration of extracellular

dopamine in the striatum (Andersen and Gazzara 1993). These neurochemical

features of dopaminergic systems have implications for adolescent behavior

because of the well-known link between dopamine and motivation (Ikemoto and

Panksepp 1999; Salamone and Correa 2002; Berridge 2007). Indeed, several studies

have reported that the effects of MPH and other dopaminergic DA indirect agonists,

such as cocaine and amphetamine, differ in adolescent and adult rats and

mice (Spear and Brake 1983; Laviola et al. 1995; Bolanos et al. 1998; White and

Kalivas 1998).

3.2 Pharmacological Imaging of MPH in the Adolescent
Forebrain

Studies of mechanisms of MPH action have focused extensively on the limbic

cortico-striatal circuit, which processes emotional information and goal-directed

behavior (Alexander et al. 1990). In particular, diverse key nodes within this circuit

have been considered, including: the prefrontal cortex (PFC), the dorsal (dStr), and

the ventral (i.e., nucleus accumbens, NAcc) striatum as well as hippocampus and

thalamus. The NAcc receives information from PFC, hippocampus, and also

amygdala, and projects to motor output structures such as the globus pallidus and

also (indirectly) the medio-dorsal thalamus (Alexander et al. 1990). The PFC is

involved in resolution of conflicting decisions through planning, feedback regula-

tion, and inhibition of behavior (Dalley et al. 2004). The PFC is underactive when

poor decision making is expressed (Eshel et al. 2007) and is still immature at
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adolescence: therefore, it is likely to contribute for the proneness of adolescents to

risk-taking behaviors (Chambers et al. 2003).

We recently used pharmacological magnetic resonance imaging (phMRI) to

investigate the neurobiological substrates that could account for the different

effects of MPH in adult versus adolescent rats (for a short review on the characteri-

zation of ADHD performed with magnetic resonance techniques, see Altabella

et al. 2011). Acute administration of MPH in rats evoked changes in intensity of

blood-oxygen level-dependent (BOLD) signal in specific brain regions. The extent,

direction (positive or negative), and temporal profile of BOLD responses to MPH,

detected in a number of selected regions, were markedly different in adolescent and

adult rats (Canese et al. 2009). As expected for adult rats, acute MPH increased the

BOLD signal specifically in NAcc and PFC. Similarly, a recent study (Hewitt et al.

2005) reported a BOLD effect in the PFC and NAcc of adult male rats following

MPH administration. Previous literature on phMRI mainly describes a positive

BOLD signal in response to diverse psychostimulants, such as cocaine (Marota

et al. 2000; Febo et al. 2005) and amphetamine (Chen et al. 1997; Dixon et al.

2005), although there are some discrepant findings (Preece et al. 2007). In contrast,

we observed a generalized decrease in BOLD signal intensity in the adolescent

group after treatment with MPH. Once again, the temporal profile of BOLD

changes was similar for NAcc and PFC, with changes taking place soon after

MPH administration.

Reasons for a negative BOLD response and its implications regarding neural

activity are still poorly understood and controversial. In physiological terms, an

increase in oxygen consumption within the brain should be accompanied by a

compensatory increase in cerebral blood flow (CBF) and/or volume (CBV) to

maintain a regular oxygen supply. Some authors have associated negative BOLD

responses with local decreases in neuronal activity (Shmuel et al. 2006). These

results agree with those of Easton and coworkers who also found widespread

negative BOLD in the striatum of young adult rats (Easton et al. 2006, 2007)

treated with guanfacine or atomoxetine, two alternative drugs for ADHD therapy.

As with guanfacine and atomoxetine, MPH appears to have the ability to “turn

down” striatal activity in the immature brain of adolescent and young adult rats,

which may account for its beneficial modulatory role in the treatment of ADHD

(Levy and Swanson 2001).

On the other hand, a negative BOLD signal has also been reported as a conse-

quence of oxygen consumption without a feedback hemodynamic response (Rother

et al. 2002). In fact, time-resolved fMRI studies have shown an early decrease in

BOLD signal intensity followed by the well-known BOLD signal increase. The

latter is due to increased CBF and/or CBV as a consequence of an

overcompensating hemodynamic response (Frahm et al. 1996). Indeed, Harel

et al. (2002) demonstrated that brain areas with positive BOLD signals experience

an increase in CBV, while regions exhibiting a prolonged negative BOLD signal

undergo a decrease in CBV (Harel et al. 2002). A human study in a patient with

severely disturbed cerebral autoregulation (Rother et al. 2002) reported a negative

BOLD effect, which can be interpreted as local oxygen consumption in the absence
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of a feedback hemodynamic response. Similarly, the negative BOLD signal that we

have observed in adolescent rats (immediately after MPH administration) could be

interpreted as an increase in oxygen consumption that was not followed by a prompt

hemodynamic response. It could therefore be speculated that mechanisms for the

feedback reallocation of CBF, following neural activation, are still immature during

adolescence (Sicard and Duong 2005).

Alternatively, redistribution of CBF and/or CBV might not be sufficient to

overcome oxygen consumption if this activity-induced demand is excessive. Nega-

tive BOLD responses have been reported in human infants and may indicate

excessive oxygen consumption due to a developmental increase in synaptic density

(Muramoto et al. 2002). Similarly, one reason to justify an excessive neuronal

activity in MPH-treated adolescent rats may be found in maturational processes

occurring at this age. Indeed, during adolescence, brain maturation and refinement

include overproduction and selective elimination (pruning) of synapses, fibers and

cells (see Sect. 3.1). Waves of overproduction of neural structures, which can

justify a negative BOLD, might well occur in adolescent rodents and may parallel,

in terms of magnitude, the same events happening to human brains during infancy

(Sowell et al. 2003; Lenroot and Giedd 2006; Giedd 2008).

4 Discounting Processes in ADHD Modeling

Together with inattention and hyperactivity, impulsivity is a key symptom of

ADHD. The impulsive behavior can be defined in several ways. One of the most

widely adopted paradigms, the Intolerance-to-Delay (ID) task, assumes that impul-

sive subjects are intolerant to situations when reward is delayed: i.e., smaller,

immediate reinforcers are preferred to larger rewards that are available only after

a delay (Evenden and Ryan 1996; Evenden 1999). Alternatively, to probe individ-

ual (in)tolerance to frustration of anticipated reward, another proposed way is to

exploit reward uncertainty, instead of delay. Current investigations are exploring

the validity of a Probabilistic-Delivery (PD) task (Mobini et al. 2000; Adriani and

Laviola 2006), which involves a choice between a smaller and certain reinforcer

versus a larger but probabilistic one. Specifically, in this task, the large prize is

occasionally and randomly withheld by the feeding device, so that the experimental

subject faces a “loss.” The progressive accumulating “losses” over time clearly

have consequences for long-term payoff. Such a task also provides information

reflecting (in)ability to cope with nonregularly delivered reinforcement.

These two operant-behavior tasks share many characteristics. In terms of exper-

imental apparatus, both involve two alternative devices (e.g., levers or nose-poking

holes, where the animal can express its choice), and computer-controlled delivery

of reinforcers (e.g., food or liquids) that differ in size, time to delivery (delay) and

probability of actual delivery (uncertainty). Other important features of these tasks

are inherent to the trial/session schedule. For instance, the total number of choice

opportunities given to the subject may be fixed (i.e., the session ends after the last
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trial) and independent of total time needed to complete the task. Alternatively, the

total duration of the experimental session may be fixed (minutes, hours) and

thus independent of the total number of trials actually completed. In addition, a

timeout (TO) period, during which the devices are inactive, usually follows each

reward delivery.

Finally, the temporal schedule of trials may be “strict,” in which animals are

given just a short, signaled window to express their choice, and failure to do so

results in “omissions” (i.e., uncompleted trials). Alternatively, they are left to

express their next choice at any time (in this case, time before next response may

vary considerably among individuals). Importantly, both the ID and the PD are

“free-choice” tasks in which animals are not required to learn, or to pay attention to,

any signal that is intended to impose (or guide) their next choice. Conversely, as in

the case of response-time tasks (RTT), there would be “correct” trials versus

“errors” (and the task evaluates performance, not preference). As such, these two

ID and PD tasks measure individuals’ spontaneous preference for either of the

options, which is the main parameter denoting the subjective performance.

4.1 Self-Control Behavior Following Adolescent MPH

The behavior of adult rats exposed to MPH during adolescence is opposite to that of

adult rats whose DAT levels were manipulated via a lentiviral transfection. The

former (MPH rats) and the latter (DAT rats) appear to be characterized by reduced

(MPH rats) or increased (DAT rats) basal impulsivity in the ID task, respectively,

compared to control animals (Adriani et al. 2007). For MPH-pretreated rats, the

value assigned to the delayed reward was discounted much less, and hence great

enough to allow subjects to select this option more often, despite a progressive

increase in the waiting intervals. On the contrary, for DAT-transfected rats, the

value assigned to the delayed reward was discounted much more, and hence low

enough to allow subjects to select this option less often, because of a progressive

increase in the waiting intervals. Such interpretations agree with the well-known

therapeutic action of this drug in ADHD patients and with the putative role of DAT

alterations in ADHD etiology. However, other explanations are possible (from now

on, the two distinct models, MPH rats and DAT rats, are described together and

compared, the former out of brackets and the latter within brackets). First, MPH-

pretreatment (versus DAT transfection) might bias rats’ perception of magnitude,

thus over (versus under)-estimating the amount of a large reward, or vice versa

under (versus over)-estimating the value of the small reward. Since it is well known

that perception of reward-amount relies on the mesolimbic branch of the dopami-

nergic system (Salamone and Correa 2002; Berridge 2007), such a perceptive-bias

phenomenon would fit with under-activation of the ventral striatum (see Sect. 5.1).

Second, MPH-pretreated (but not DAT-transfected) rats may be biased in terms of

flexibility: i.e., there may be a rigid preference for one of the two devices. This

biased choice may be then attributed to a strong acquired preference for the large-
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reward device. This strategy (which develops before the introduction of delays)

may turn out to be hard to change, thereby imposing a state of relative behavioral

inflexibility. Such a predominant rigidity of newly developed strategies could fit

with overactivation of dorsal-striatal dopaminergic systems (see Sect. 5.1). A final

alternative is a bias in perception of time: i.e., the MPH-pretreated (versus DAT-

transfected) rats may be under (versus over)-estimating the time that has elapsed

during delay intervals. Obviously, such a bias would reduce (versus enhance) the

subjective impact of the longest delays and diminish (versus exacerbate) the

intolerance for waiting before reward delivery.

A different range of explanations shall be proposed to discuss findings from a PD

task, exploiting a reward-rarefaction paradigm. Note that a severe reward-uncertainty

challenge would probe willingness for risk-taking, as we proposed recently (Adriani

and Laviola 2006). First of all, under these probabilistic conditions, control rats

continued to choose the large reward (which was fivefold in size), despite the vast

majority of their nose-poking choices not triggering any food-pellet delivery (i.e., with

more than 80% of omitted deliveries): in other words, receiving a larger reward

eventually and instantly (a “rare-but binge” event) was consistently preferred. By

contrast, receiving a much smaller reward, but certainly and at a regular pace (i.e., one

nosepoke for one pellet), is clearly not attractive. This observation is consistent with

preference for “binge” reinforcement typically found in naive, food-restricted rats

(Hastjarjo et al 1990; Kaminski and Ator 2001). Notably, this choice strategy is

maintained in spite of adverse consequences on total foraging, i.e., despite a decreasing

payoff in the long-term (see Sect. 4.2).

Interestingly, rats with adolescent exposure to MPH displayed a marked reaction

when the frequency of large-reinforcement events was decreased, in which they

displayed an increase of nose-poking responses for the small, certain option.

Conversely, DAT-transfected rats continued to choose the large reward, even

under conditions of extreme rarefaction, when control rats eventually were forced

to shift toward the safer option. These enduring effects of adolescent MPH (versus

DAT transfection) can be explained by: (1) increased (versus decreased) “econom-

ical” efficiency; and/or (2) enhanced (versus impaired) behavioral “flexibility”

(Romani et al. 2010). In the first case, MPH-exposed (versus DAT-transfected)

rats might be able (versus unable) to perceive as accumulating the omitted rewards

(i.e., to “sum up” the “losses” across time) and/or estimate their adverse effects on

the total payoff. An implication of this hypothesis would be that rats acquire and

process this information, trial after trial across the session, and they behave

accordingly. A corollary is that control animals and, to an even larger extent,

DAT-transfected ones are attracted (and their choices merely driven) by the “uni-

tary” size of bulk wins (that are eventual, but rare). In the second case, performance

exhibited by MPH-pretreated (versus DAT-transfected) rats would imply enhanced

(versus reduced) flexibility of choice, namely a lower (versus greater) likelihood to

stick to behavioral strategies once they are established. Notably, however, neither

adolescent MPH exposure nor DAT-directed transgenesis can lead to opposite

consequences (i.e., inflexible patterns in one task and more flexible ones in the

other). Results obtained in these two models with either task may help to discard all

124 W. Adriani et al.



explanations based solely on flexibility levels. Reduced (versus increased) temporal

discounting and decreased (versus enhanced) attraction for “binge” reward thus

emerge as the most solid interpretations for MPH versus DAT rats, respectively.

Specifically, the MPH rats showed a twofold increase in choice level for a

delayed reinforcer and for a low-risk certain-payoff one, whereas the opposite

was true for DAT rats. From ID task data, MPH-pretreated (versus DAT-

transfected) animals may have discovered (versus ignored) the adaptive value

of waiting or, at least, to be able (versus unable) to inhibit the aversive reaction

that waiting instinctively generates. In other words, these rats seem to display

more (versus less) “patience” when facing the ever-increasing delay intervals.

Similarly, from PD task data, MPH (versus DAT) rats may present a more “smooth”

(versus “sharp”) strategy, with a clear (in)capacity to move away from the tempting

attractiveness of the risky option. Outcomes of such a strategy include: for MPH

rats, a useful dilution of the uncertainly rewarded periods; for DAT rats, a reduction

in the overall payoff in terms of increased loss. Interestingly, in both ID and PD

protocols, a “better” decision (leading to an “optimal” outcome) occurred in rats

exposed to MPH during adolescence (Adriani et al. 2006, 2007), while the opposite

was true for rats following DAT transfection (Adriani et al. 2009, 2010a). MPH

exposure during adolescence was able to generate more self-controlled adult rats in

either task (Fig. 1); lentiviral manipulation of DAT levels resulted in exacerbation

of both “impulsive aversion” and “temptation by risk.” In summary, the profiles

produced in rats by adolescent MPH administration versus DAT transgenesis can be

termed “more (versus less) efficient,” respectively.

4.2 Methodological Remarks on Discounting Tasks

We emphasize that these two tasks are tailored so that a choice shift toward small

reward versus a sustained preference for a large reward have two opposite

meanings. While the former denotes “impulsive aversion” in the ID task and the

latter denotes “temptation by risk” in the PD task, both appear as suboptimal

performance profiles, a notion that is particularly evident in the case of DAT rats.

It is worth noting once again that the profiles of preference, exhibited by MPH-

exposed rats, consistently shifted toward an optimal performance. However, in

terms of benefit, these profiles, although conceptually similar, took opposite

forms: an increase in large-reward preference in the ID task (Adriani et al. 2007)

versus a decrease in large-reward preference in the PD task (Adriani et al. 2006).

We recently formulated a theoretical framework to interpret the performance of

laboratory rats in these symmetrically tailored ID and PD tasks (Adriani and

Laviola 2006). A landmark in both protocols is the “indifferent” point: i.e., the

specific level (of delay or uncertainty) at which the animals can choose either option

freely with no effect on the overall economic convenience.
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In the PD task, if the ratio between the large and small rewards is fivefold then the

indifferent point is at “P” ¼ 20%. In the ID task, two consecutive reinforcers will

always be spaced by amean inter-trial interval (mITI), composed by the timeout (TO),

set by the experimenter, plus a further period of spontaneous waiting by the subjects

(termed response time, RT). Hence, when delays are introduced, the temporal outline

is an alternation of delays and mITIs. Any delay interval (activated by large-reward

choices) impedes the experimental animal from performing further choices. As an

Fig. 1 Comparison of Intolerance-to-Delay (ID) and Probabilistic-Delivery (PD) tasks in adult rats

following adolescentMPH administration. Rats were exposed during adolescence (pnd 30–46) with

MPH (2 mg/kg once daily) or saline, and were then tested at adulthood (pnd > 90). Animals were

placed in an operant cage with nose-poking as operandum, providing a choice between immediate

(ID task) and certain (PD task) delivery of a small reward versus delayed (ID task) or uncertain

(PD task) delivery of a large reward. Delay and probability are represented by their odds-equivalent

values (formulae: Odds ¼ Delay/mITI; Odds ¼ 1/p – 1, respectively) on X-axis. The indifferent
point is set at Odds ¼ 4 (i.e., at P ¼ 20% and at delay ¼ 100 s, respectively). Impulsivity (upward
triangles) from the ID task – mean choice (%) for the large but delayed reward (Adriani et al. 2007)

on Y-axis. The adolescent MPH exposure reduced the shift toward the small and immediate reward,

observed for delay > 45 s (i.e., at Odds > 1.8). Such increase of preference for the large but

delayed reward suggests a reduced intolerance to delay. *P < 0.05 when comparing MPH with

saline pretreatment. Risk proneness (downward triangles) from the PD task – mean choice (%) for

the large but uncertain reward (Adriani et al. 2006) on Y-axis. The adolescent MPH exposure

produced a flexible response for P < 15% (i.e., at Odds > 5.6), consisting of a more marked shift

toward the small and certain reward, that contrasted reinforcement rarefaction. Reprinted

(modified) from Adriani and Laviola (2006) (Open Access Source)
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alternative, the subject may prefer a series of small-reward choices that could be

spaced by the mITI alone. In a sense, many consecutive small-reward choices are

equivalent to a single long delay leading to large reward delivery. If the large reward is

fivefold compared to the small one, then the indifference point is when the delay

interval is fourfold greater than the mITI (Adriani et al. 2010b). In our laboratory, the

mITI is usually 25 s and the indifference point is therefore at delay ¼ 100 s. Once the

indifference point is established, the range of values providing worthy information is

easily recognized. In brief, to run a protocol providing useful information, any “inner

drive” of interest (e.g., delay-aversion, or risk-proneness) shall push animals into a

choice that necessarily leads to a suboptimal outcome. Self-control is then defined as

the ability to effect an optimal response (Stephens and Anderson 2001) by directing

choices onto the opposite operandum (nose-poking hole or lever to press). The

protocol must never load both instances (i.e., the inner drive and the optimal payoff)

on the same operandum because it would be impossible to discriminate whether any

preference for that operandum is due to payoff-detecting processes (“economical

efficiency”) or to the “inner drive” itself.

As illustrated in Fig. 1, the conflict between opposite reward options (large

versus small) differs in the two tasks. For the ID task, at least before the indifference

point (i.e., for delay < 100 s), the economical benefit unequivocally loads onto the

large reward option. In other words, to maximize the payoff, subjects should retain

a large-reward preference: delay aversion is here the “inner drive” that rules against

this benefit by generating a subjective temporal intolerance that discounts large/late

rewards. Conversely, for the PD task at “P” values beyond the indifference point

(i.e., 20% > P > 0%), economical benefit loads unequivocally onto the small

reward option. Thus, to maximize the payoff, subjects should be flexible enough

to abandon their large-reward preference: this requires a self-control effort to

overcome the “innate drive” that justifies its attractiveness.

Many factors act together to push animals toward a large reward, even though

this is delivered quite rarely. One factor is insensitivity to risk, whereby the subjects

perceive (as they should) neither uncertainty of the outcome (usually, a source of

aversion before choice) nor the punishment of “losses” (represented by randomly

and frequently omitted delivery of reward). Another factor is habit-induced rigidity,

under which the subject seems to behave according to a consolidated choice

strategy. Such form of inflexibility may be due to a failure of negative reinforce-

ment, namely a lack of feedback-reaction to the aversion and/or to the punishment

just described. A third factor is temptation to gamble, whereby the motivational

impact of the magnitude of the reward seems to monopolize the subject’s attention

over any other reward feature. It is possible that risk of punishment under uncer-

tainty becomes attractive as a secondary conditioned feature, and this is because the

“binge” reward may be generating a peak of positive reinforcement when eventu-

ally released by the feeding device and received by the subject. Whatever factor is

prevalent in PD tasks, the suboptimal preference for large, rarefied reward (namely,

the innate attraction for a “rare-but binge” event) is an index of “risk-proneness.”
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5 Consequences of Adolescent MPH Exposure

Over recent years, an increasing amount of data from animal models has provided

evidence for enduring neurobehavioral effects of adolescent MPH, both with

imposed- and self-administration (Burton et al. 2010). These persistent and

long-lasting consequences, which are still evident at adulthood, can be beneficial

for ADHD therapy, as is the case for the long-term modulation of self-control

abilities, described above (see Sect. 4.1).

However, there are also examples of detrimentalMPH-induced changes. Exposure

to MPH in adolescence modifies emotional and motivational responses later in life,

whereby MPH decreases sensitivity to rewarding stimuli (Brandon et al. 2001;

Andersen et al. 2002) and enhances emotionality as well as depressive-like symptoms

(Bolanos et al. 2003; Carlezon et al. 2003). First, exposure to MPH (at therapeutic

dosages, usually ranging 1–3 mg/kg/day during adolescence) rendered animals less

responsive to natural rewards (such as sucrose, novelty-induced activity and sex) when

compared with control animals (Bolanos et al. 2003; Ferguson and Boctor 2010). In

contrast, MPH-treated animals weremore stress-sensitive and displayed an increase in

fear- and anxiety-like responses (Britton et al. 2007; Vendruscolo et al. 2008) as well

as depressive-like effects in the forced-swim test (Carlezon et al. 2003).

Such neurobiological rearrangements, verified preclinically, again raise some

concern about the safety of MPH, although not in the case of prescription of

therapeutic doses to ADHD children. Rather, there should be more attention to

the extensive misuse by adolescents, arising from illicit (or off-label) access to this

psychostimulant (Marco et al. 2011).

5.1 Persistent Brain Metabolic Outcomes of Adolescent MPH

Based on the arguments for increased versus decreased self-control abilities (see

Sect. 4.1), a functional rearrangement within dopaminergic pathways would be

expected in rats, following either MPH exposure during adolescence versus trans-

genic alteration of DAT levels obtained through lentiviral-mediated transfection.

Such functional changes were investigated in key forebrain areas (Adriani et al.

2007). Among the magnetic resonance techniques (see Altabella et al. 2011 for a

short review), we have used proton magnetic resonance spectroscopy (1H-MRS) to

study in vivo levels of total creatine, a metabolite involved in bioenergetics. The

concentration of this key metabolite was proposed to be a specific index for the

functional activity of key forebrain areas (Adriani et al. 2007; Marco et al. 2011).

The total creatine signal comprises both creatine and phospho-creatine (an energy

reservoir). Specifically, a great deal of energy is used for brain signaling processes,

particularly Na+ transport to ensure maximal activity. The margin of safety between

generated and required energy is small (Ames 2000). Since phospho-creatine plays an

important role in maintaining high ATP levels, especially during acute energetic
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challenges (Gadian 1995), increased levels appear highly relevant for a good behav-

ioral performance. Thus, the supply of energy may impose an upper limit on the

activity of neurons in specific brain regions, thereby influencing the extent to which

that region will resist fatigue in challenging conditions. The bioenergetic capacity

of brain areas may therefore predict their contribution to processing of neural infor-

mation and hence to the final behavioral output.

In our hands, hyperfunction within the dStr and, conversely, hypofunction of the

NAcc were suggested in adult rats both exposed to adolescent MPH and transfected

with DAT-directed lentiviruses. The striatum has a critical role in habit formation

and behavioral flexibility (Ragozzino 2003; Yin et al. 2004; Balleine et al. 2007).

Enhanced function of the dorsal striatum (dStr) may enable both habit-driven

performance and the development of more flexible and innovative behavioral

strategies in response to an environmental challenge (i.e., delay of reward or its

uncertainty). Therefore, adult rats following a DAT-directed transgenesis may be

expressing a habit-prone phenotype (Adriani et al. 2009, 2010a). Conversely, rats

exposed to MPH during adolescence may ultimately be characterized by an

increased coping capacity (i.e., more accuracy and competence in challenging

situations; Marco et al. 2011).

On the other hand, the ventral striatum (i.e., NAcc) accounts for the affective

evaluation of outcomes and favors a feedback to redirect future choice. Intact

prefronto-cortical projections to the NAcc are a crucial part of the motivational

system, involved in “wanting” to reach a given goal. They are also pivotal for

behavioral flexibility, helping to overcome any obstacles toward completion of

required work (Cardinal et al. 2004; Christakou et al. 2004). More generally,

mesolimbic pathways projecting to the NAcc are a major determinant of the

maximal effort that is subjectively affordable (Salamone et al. 2005). In

the framework of ID and PD tasks, the physiological role of NAcc should be: (1)

to subserve attraction for reward according to its magnitude (primary value); (2) to

further sustain such attraction in spite of “losses” due to delivery omission (innate

drive for a “binge-although rare” reward); and (3) eventually to support delay-

induced aversion (innate drive for immediacy), at least when waiting times become

excessive (Sonuga-Barke 2005). In this light, a NAcc functional downregulation

was observed in adult rats if they were exposed to MPH during adolescence or

following DAT-directed transgenesis. In response to long delay intervals and to

strong uncertainty, depending on whether we consider MPH or DAT rats respec-

tively, a decreased activity of ventro-striatal dopaminergic pathways may reduce or

produce intolerant aversion to delay, and may facilitate or impede the subject to

direct less effort toward uncertain payoff. What is then a major determinant of the

behavior actually observed?

An upregulation of the phospho-creatine/creatine ratio has been reported in the

PFC following adolescent MPH administration but not in the case of lentiviral DAT

manipulation. This change (reflecting enhanced energy metabolism within this

brain region) may explain the opposite profiles observed in rats after adolescent

MPH versus DAT transfection, although a causal link between these factors cannot

be demonstrated. Increased PFC function may be responsible for tuning the
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functional activity within the NAcc and redirecting the role played by the dStr. This

notion seems in line with experimental evidence for separate functional roles of

PFC projections to these two target regions (Christakou et al. 2001, 2004; Rogers

et al. 2001). Specifically, the PFC-to-dorsal striatum (dStr) circuit subserves atten-

tion devoted to executive planning and to the selection of behavioral actions, while

the pathway from PFC-to-ventral striatum (NAcc) integrates and elaborates infor-

mation about the motivational consequences of each action’s outcome. These

findings may therefore suggest how prefronto-cortical areas buffer and redirect

subcortical activity, playing an apparently pivotal role to determine the final

behavioral profile in ID and PD tasks. Following an MPH-dependent rearrange-

ment, but not in the case of direct DAT manipulation (by transfection with lentiviral

tools), enhanced function of the PFC may: (1) favor a less steep devaluation of

incentive values (via a cognitive buffering of downregulated NAcc function) and

(2) permit the elaboration of flexible behavioral strategies (via an upregulated dStr

function), allowing better overall coping with uncertainty- and delay-induced

adverse contingencies. Conversely, the lack of such a role may explain detrimental

behavior: in rats whose DAT levels were altered due to lentiviral transfection, a

reduced NAcc function may (1) support a steep temporal discounting, and (2) favor

a more rigid, habit-based strategy thus explaining a suboptimal attraction for

“binge” reinforcement.

5.2 Consequences on Striatal Gene Expression of Adolescent
MPH Exposure

Repeated psychostimulant exposure causes stable changes in gene expression and

persistent alterations in dendritic morphology within the mesocorticolimbic DA

system, the main pathway of the brain reward circuitry (Self 2004; Wolf et al. 2004;

Canales 2005). Similar plastic changes also occur with MPH exposure. Consis-

tently, molecular evidence suggests that this is especially true if exposure occurs

during adolescence (Yano and Steiner 2007). The effects of acute and repeated

MPH treatment on molecules of neuronal signaling and neuroplasticity (including

transcription factors, neuropeptides, and components of second messenger

cascades) have been recently evaluated. Such molecular effects are comparable

with those produced by cocaine and amphetamine (Brandon et al. 2003; Brandon

and Steiner 2003; Shen and Choong 2006; Banerjee et al. 2009). Some differences

observed between MPH and cocaine/amphetamine treatment support the notion

that MPH produces fewer neuro-adaptations, and might provide a molecular basis

for the reduced addiction liability of MPH compared with cocaine and amphet-

amine and other psychostimulants (Yano and Steiner 2005, 2007).

By genome-wide expression profiling, some 700 genes show changes in their

striatal expression at the end of a 2-week adolescent MPH treatment. Among these,

five genes encode subtypes or subunits of neurotransmitter receptors (Grik2,
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Gabrg1, Gabrb3, Htr7, Adra1b). However, of these five genes, only transcripts for

the glutamate kainate-2 (Grik2 gene, the protein also known as GluR6 or KA2) and
the serotonin 7 receptor (Htr7 gene, the protein also known as 5-HT7) were still

found upregulated as an enduring sequela in adulthood (Adriani et al. 2006; Marco

et al. 2011). Hence, while most of the neurotransmission within basal ganglia is

transiently affected during the adolescent treatment, only some of these alterations

are enduring.

It is well established that the serotonergic 5-HT7 pathways play a role in timing

behavior and circadian rhythm (Morrissey et al. 1993; Wogar et al. 1993). In

addition, blockade of this receptor enhances synaptic serotonin release and trans-

mission, an effect similar to selective serotonin reuptake inhibitors (SSRIs)

(Guscott et al. 2005; Bonaventure et al. 2007). Thus, the notion that persistent

upregulation of Htr7 gene expression (as seen after chronic adolescent MPH)

parallels reduced behavioral impulsivity and a profile of reward insensitivity is

particularly intriguing. A key role of Htr7 gene/5-HT7 protein in behavioral

flexibility and/or reward-devaluation processes has been proposed recently (Leo

et al. 2009). Further experiments are needed to establish a causal role of Htr7/5-
HT7 expression and/or function in the behavioral phenotype, as observed in tests

for self-control and decision-making abilities.

6 Concluding Remarks and Future Perspectives

Despite having a neuropharmacological profile similar to that of amphetamine and

cocaine (Kallman and Isaac 1975; Patrick and Markowitz 1997; Challman and

Lipsky 2000), MPH (Ritalin®) is one of the most frequently prescribed drugs for the

treatment of ADHD (Levin and Kleber 1995; Accardo and Blondis 2001). MPH

therapy (in children and adolescents) is effective in the management of ADHD

symptoms, including cognitive impulsivity (Seeman and Madras 1998). However,

beyond medical administration in ADHD therapy, illicit use and possibly misuse of

Ritalin® by adolescents raise concerns for public health, because of its potential

long-term consequences. Preclinical data reviewed here also open new topics or

fields of investigation. For instance, given the identification of persistent over-

expression of the striatal Htr7 gene, and since this neural pathway is a functional

determinant of impulsive behavior (Leo et al. 2009), this gene and related brain

systems should be further investigated, possibly by means of selective pharmaco-

logical agonists, which are unfortunately not available yet. There is ground for

formulating working hypotheses about the role of this gene in ADHD etiology and,

alternatively, its use as a possible new target for innovative approaches in ADHD

therapy.

In conclusion, preclinical investigation is useful for providing insights into

phenomena (and mechanisms) that cannot easily be addressed in humans. The

use of adolescent rodents is worthy because of the opportunity to study the impact

of drugs on the immature brain, thus casting light into their potential for unwanted
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Special Focus Box: Evolutionary Perspectives on ADHD

ADHD: The Supposed Adaptive Advantages

Nowadays ADHD is recognized to be common in children of many different

races and societies worldwide. Differences in prevalence observed among

countries (e.g., 4–7% in the USA versus 1–3% in the EU) are due to cultural

reasons, with the impact of this disease being not always recognized by the

society as a whole, and/or to medical management, with diverse diagnostic

guidelines set by each nation’s medical community (Faraone et al. 2003).

We provide here a brief glance on evolutionary psychiatry and genetic

studies in relation to ADHD, trying to answer the following question: “Could

susceptibility to ADHD be the result of evolutionary forces that shaped

human behavior?” In the available scientific literature, conflicting answers

are reported, since different schools of thought propose contrasting evolu-

tionary explanations.

A popular hypothesis about the origins of ADHD, proposed by Hartmann

in 1993, suggests that it could be a form of adaptive behavior. This hypothe-

sis, known as the “Hunter–Farmer theory,” proposes ADHD as an evolved

trait that was advantageous to “hunters” in past environments, but then

became maladaptive within societies based on “farming” (Hartmann 2003).

Interestingly, Hartmann speculated that people with ADHD retained some of

the former “hunter” characteristics, but he himself stated: “It’s not hard

science, and was never intended to be.” Nonetheless, many researchers

have used the “Hunter–Farmer theory” as a working hypothesis for the origin

of ADHD and have proposed it to be an anachronistic behavioral trait (e.g.,

Jensen et al. 1997; Austin 1998; Arcos-Burgos and Acosta 2007). Specifi-

cally, Arcos-Burgos and Acosta (2007) noted that ADHD is a common

variant, rather than a rare one, among behavioral phenotypes, and that the

genetic variants conferring susceptibility to ADHD are even totally fixed in

some populations. During millions of years of human evolution, more fitness

(i.e., reproductive success and survival) might have been provided to those

people possessing ADHD behavioral traits through several selective

advantages: faster response to predators, best hunting performance, more

effective territorial defense and improvement of mobility and settling capac-

ity. The sudden change of human society in recent centuries has brought new

social needs, such as cognitive planning skills, design and manufacturing of

goods and attention to multiple stimuli. As a consequence, most frequently

the ADHD phenotype, with its inattentiveness and hyperactivity, is highly

maladaptive for contemporary social settings, for example in a school class-

room where hypoactivity and hyperattention are required (Arcos-Burgos and

Acosta 2007).

Genetic evidence gives a fundamental contribution to verification of

evolutionary explanations for ADHD. Work from several groups has led to

(continued)
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the identification of candidate genes and pathways strongly implicated in the

etiology of ADHD. These are primarily related to dopamine and serotonin

receptor subpopulations and transporters (Grady et al. 2003; Acosta et al.

2004; Bobb et al. 2005a; Faraone et al. 2005). Several genes, such as DAT,

DBH, DRD1, DRD2, DRD4, DRD5, SERT, HTR1B, NET1, and SNAP-25

(Bobb et al. 2005a,b; Brookes et al. 2006; Khan and Faraone 2006), have

allelic variants conferring susceptibility to ADHD. In particular, the DRD4

gene (that encodes the D4 receptor for dopamine) is likely to be involved in

impulsivity, reward anticipation, and addictive behavior. One variant of the

DRD4 gene, the seven repeat allele (DRD4/7R allele), is relatively recent (it

originated about 40,000 years ago during upper Paleolithic era), and has been

linked with greater food and drug-craving, novelty-seeking, and ADHD

symptoms. In particular, Ding et al. (2002) demonstrated that this genetic

variant has been subject to positive selection under selective pressure, mean-

ing that carriers of this allele displayed some selective advantage.

It is important to emphasize that the effects of different genetic variants

conferring susceptibility to ADHD have been studied almost exclusively in

industrialized countries. Little research has been carried out in nonindustrial,

subsistence environments, despite the fact that such environments may be

more similar to those where much of human genetic evolution has taken

place. In this perspective, a recent study of particular interest (Eisenberg et al.

2008) was conducted on men of the Ariaal (a community in northern Kenya,

chronically undernourished) who have two genetic polymorphisms of the

DRD4 gene: the 48 base pair (bp) repeat polymorphism (DRD4/48bp) and

the seven repeat minor allele (DRD4/7R allele). While men with the DRD4/

7R allele were better nourished in the nomadic population, they were less

well nourished in the population living in settled communities. Thus, the 7R

allele seemed to confer additional adaptive benefits in the nomadic, but was

maladaptive in sedentary conditions. Such an allele would favor: increased

impulsivity, novelty-seeking, aggression, violence, and/or hyperactivity

(Eisenberg et al. 2008). In ancient societies, individuals with those ADHD-

like traits might have been more proficient in tasks involving risk or

competition (i.e., war, hunting, or mating rituals), so that their hyperactively

phenotype may be seen as evolutionarily beneficial (Williams and Taylor

2006). However, the same behavioral tendencies of men with the DRD4/7R

allele might well be less suited for farming or selling goods at market among

humans in a settled community.

In a diametrically opposite perspective, others reported that ADHD has

probably no value for adaptation, and that no hunting conditions have existed

in which ADHD could have provided more fitness (i.e., survival or reproduc-

tive advantage). Goldstein and Barkley (1998) suggested that those who do

not suffer from ADHD clearly have an adaptive advantage across multiple

generations. In their view, ADHD symptoms reflect a weakness that impedes

the development of efficient self-regulation and self-control, and individuals

(continued)
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with these traits fall into the bottom tail of a normal curve (Goldstein and

Barkley 1998). The ability to wait, plan, and cooperate are primary elements

for an effective hunter. Greater hunting success and more opportunities to

reproduce could be the result of small enhancements in executive function,

so that hunting itself acted as an evolutionary force for the emergence of

executive function, rather than the other way round (Brody 2001). In an

evolutionary scale, ADHD phenotype should reduce, rather than increase, the

survival and reproductive advantage conveyed by executive functions and self-

regulation (Barkley 1985). Deficits in these domains should reflect impairment

in any environment and in any period (Brody 2001). This interpretation is

supported by observations of nonhuman primates, such as the chimpanzee

(Wrangham and Peterson 1996; Ghiglieri 1999) and current primitive human

cultures (Sagan 1977). During their patrols, chimpanzees maintain prolonged

silence and behave as a coordinated group. The most likely targets of these

patrols are individuals of other groups who are inattentive, impulsive/aggres-

sive, and therefore isolated from their group. In the wild, impulsive and

hyperactive behavior would probably have lethal consequences.
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enduring consequences. These types of studies may help to promote public aware-

ness about possible risks deriving from psychostimulants when they are illicitly

abused by adolescents. This is a delicate issue for which evidence-based informa-

tion is missing and too often ideology prevails.
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Abstract During the past two decades, there has been an increased recognition that

Attention Deficit Hyperactivity Disorder (ADHD) is overrepresented in treatment

and community populations of both adolescents and adults with substance use

disorders (SUDs). This chapter explores this relationship, including a review of

the prevalence of this comorbidity, ADHD and the risk for the development

of SUDs. Possible neurobiological underpinnings of the relationship are also

discussed. Because of the salience of the association between smoking (tobacco)

and ADHD, this topic is included in the discussion of substance use and SUDs.
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Abbreviations

APA American Psychiatric Association

AUD Alcohol use disorder

CBT Cognitive behavioral therapy

CD Conduct disorder

CPT Continuous performance test

DA Dopamine

DAT Dopamine transporter

DEA Drug Enforcement Agency

FDA Food and Drug Administration

MAO-A Monoamine Oxidase (A isoform)

MDA Multi-modal treatment study of ADHD (MTA)

MI/CBT Motivational interviewing/cognitive behavioral therapy

MPH Methamphetamine

OR Odds ratio

PET Positron emission tomography

SODAS Spheroidal oral drug absorption system

SPECT Single photon emission computerized tomography

SUD Substance abuse disorder

VNTR Variable-number tandem repeat

1 ADHD and SUD

1.1 Terminology

Problems pertaining to the use of alcohol or other psychoactive substances are often

combined under the generic term of “abuse” when there are three distinct concepts

to consider: abuse, misuse, and diversion. Abuse is a diagnostic term described by

the Diagnostic and Statistical Manual, Fourth Edition (DSM-IV), indicating recur-

rent use with problems relating to hazardous situations, legal difficulties, fulfillment

of major obligations, social or interpersonal problems (APA 2000). Abuse and

dependence are maladaptive patterns of drug use that produce clinically significant

impairment. Single use does not equal abuse. Misuse can be defined as use for a

purpose not consistent with medical guidelines (e.g., use of a medication not

prescribed for the individual using the medication, modifying the dose, use to

achieve euphoria and/or using with other nonprescribed psychoactive substances

(WHO 2010; Wilens et al. 2006). Diversion is the transfer of medication from the

individual for whom it was prescribed to one for whom it is not prescribed
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(Wilens et al. 2006). While abuse (or dependence) connotes pathology related to

substance use, diversion, and misuse do not. Individuals who meet DSM-IV abuse

or dependence criteria may divert or misuse.

1.2 Prevalence of ADHD-SUD Comorbidity

Past research has established that attention deficit hyperactivity disorder (ADHD) is

more prevalent in clinical and community populations of individuals with substance

use disorder (SUD: Wilens 2007). Adolescents and adults with ADHD are more

likely than those without ADHD to be diagnosed with a SUD (Biederman et al.

1995; Flory et al. 2003; Katusic et al. 2005; McGough et al. 2005). In a study of

adolescents, those with ADHD were 6.2 times more likely to have SUD (21.9%)

than were the matched controls (4.4%; Katusic et al. 2005). In adults with persistent

ADHD, the 47.0% prevalence of a comorbid SUD is significantly higher than the

38.0% rate in the matched controls (McGough et al. 2005).

Perhaps owing to referral bias, SUD treatment populations of adolescents and

adults are more likely to be diagnosed with ADHD than would be expected in

community samples (Carroll and Rounsaville 1993; Gordon et al. 2004). For

instance in a community sample, ADHD was reported in more than 1/3 of the

sample of those also diagnosed with a SUD, which is substantially higher than the

4.4% incidence rate of ADHD reported in the adult US population (Kessler et al.

2006). Also, in a report from 4,930 adolescents and 1,956 adults who were admitted

for substance abuse treatment in multisite studies, two thirds of this sample had a

co-occurring mental health problem in the year prior to treatment admission (Chan

et al. 2008). Approximately half of the adolescents under 15 years of age had

ADHD and about one third of adults met criteria for ADHD (Chan et al. 2008).

Moreover, in a general population study of subjects aged 18–44 years in ten

countries in the Americas, Europe, and the Middle East (n ¼ 11,422), 12.5% of

those diagnosed with ADHD reported a SUD and among those with a SUD, 11.1%

met ADHD screening criteria (Fayyad et al. 2007).

A considerable body of literature describes the comorbidity of ADHD with

alcohol use disorders (AUD), nicotine use and dependence, and other SUDs, with

the latter being accounted for mostly by cannabis-use disorders. For instance,

ADHD is associated with both earlier and more frequent alcohol relapses (Ercan

et al. 2003) and lower likelihood of cannabis-treatment completion in adolescents

(White et al. 2004). Also, individuals with ADHD show tobacco smoking rates that

are higher than in the general population and/or nondiagnosed controls among both

adults (41–42% versus 26% for ADHD and non-ADHD, respectively; Lambert and

Hartsough 1998; Pomerleau et al. 1995) and adolescents (19.0–46% versus 10–24%

for ADHD and non-ADHD, respectively; Lambert and Hartsough 1998; Milberger

et al. 1997a, b; Molina and Pelham 2003; Rohde et al. 2004). Kollins et al. (2005)

reported that ADHD symptoms, even at levels below the threshold required to make

a diagnosis, carry a risk for / increase the risk of smoking. These SUDs involve the
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most prevalent SUDs. Due to low prevalence of other SUDs, especially in commu-

nity studies, establishing a relationship between ADHD and these less-frequent

outcomes is difficult. Thus, this chapter deals specifically with alcohol, nicotine,

and other nonalcohol SUDs.

2 ADHD and the Risk for the Development of SUD

There is an increased risk of development of SUDs among those who have ADHD

in childhood, although in most studies the risk is partially, if not entirely, mediated

by the presence of conduct disorder (CD).

Several studies have reported ADHD as an independent risk factor for SUD,

even in the absence of other psychiatric comorbidity (Biederman et al. 1995;

Milberger et al. 1997b). Other factors may further increase the risk of SUD in

patients with ADHD. These factors include the presence of comorbid disruptive

behavior disorders (DBDs) (e.g., oppositional defiant disorder and CD; August

et al. 2006; Barkley et al. 1990; Biederman et al. 1997; Katusic et al. 2005;

Mannuzza et al. 1991; McGough et al. 2005) and comorbid bipolar disorder

(Biederman et al. 1997; Wilens et al. 1999). Among these characteristics, the

most consistently reported predictive factor has been comorbid CD, which in

most studies completely mediated the increased prevalence of SUD in individuals

with ADHD (Barkley et al. 1990; McGough et al. 2005). Some studies (Flory et al.

2003) have reported how comorbid ADHD and CD uniquely contribute to a more

severe form of SUD, which is characterized by an increased risk for dependence on

illicit drugs.

In a meta-analysis quantifying risk for development of SUDs for young children

diagnosed with ADHD, Charach et al. (2011) reported that children with ADHD are

at risk for developing AUD (OR ¼ 1.35) by early adulthood and for self-reported

nicotine use by middle adolescence (OR ¼ 2.36). Children with ADHD are also at

risk for nonalcohol drug use disorders as young adults (OR ¼ 3.48). These figures

represent unadjusted odds ratios as neither the presence of childhood conduct

problems nor the subsequent development of CD in adolescence is taken into

account. Most studies have reported risks for one or more of the three most common

specific substances: alcohol, tobacco, and cannabis. However, estimates of SUDs

in adulthood clearly identify that many individuals use more than one substance at

a time and may develop disorders to multiple substances without specificity.

Unfortunately, few studies provide estimates of combined psychoactive SUD or

the nonalcohol SUD. Although some of the published literature indicates that

childhood ADHD increases the risk of nonalcohol, nonnicotine psychoactive

SUDs, the available evidence does not yet confirm a strong relationship.

In another recent meta-analysis, Lee et al. (2011) examined longitudinal studies

that prospectively followed children with and without ADHD into adolescence or

adulthood. Children with ADHD were significantly more likely to have ever used

nicotine and other substances, but not alcohol. Children with ADHD were also
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more likely to develop SUD (i.e., abuse/dependence) for nicotine, alcohol, mari-

juana, cocaine, and other substances (i.e., unspecified). Children with ADHDwere at

least 1.5 times more likely to develop SUD across diverse forms of substances,

including nearly 3 times higher for nicotine dependence. Furthermore, empirical

tests of potentialmoderators for outcomeswith heterogeneity in effect-size estimates,

consisting of demographic ormethodological features that varied across studies, were

not significant. Few studies addressed ADHD and comorbid DBDs, thus preventing a

formal meta-analytic review. A summary of the results of these studies indicates that

comorbid DBD complicates inferences about the specificity of ADHD effects on

substance use outcomes. Overall, findings from previous studies of ADHD and

comorbid ODD/CD predicting substance use outcomes strongly suggest that the

relation between ADHD and substance outcomes in the literature, and potentially

in this meta-analysis, may be partially or fully accounted for by the comorbidity

between ADHD and ODD/CD, which is strongly related to substance outcomes.

Many of the studies involve clinical samples of ADHDyouth, whichmight lead to

a referral bias toward increased severity (i.e., the presence of comorbidity such as

SUDs). In the follow up of the Multi-Modal Treatment Study of ADHD (MTA),

MTA children had significantly higher rates of delinquency (27.1% versus 7.4%) and

substance use (17.4% versus 7.8%) relative to local normative comparison group at

36 months (Molina et al. 2007a). By 24 and 36 months, more days of prescribed

medication were associated with more serious delinquency but not substance use.

As part of the Pittsburgh ADHD Longitudinal Study (Molina et al. 2007b), 364

children diagnosed with ADHD were interviewed an average of 8 years after

diagnosis and index treatment, either as adolescents (11–17 years of age) or as

young adults (18–28 years of age). When compared with demographically similar

age-matched participants without ADHD, recruited as adolescents (n ¼ 120),

episodic heavy drinking (measured as >5 drinks per occasion), drunkenness,

DSM-IV AUD symptoms and DSM-IV AUD were elevated among 15- to 17-

year-old probands, but not among younger adolescents. Among young adults,

drinking quantity and AUD were elevated among probands with antisocial person-

ality disorder (ASPD).

Two large prospective studies reported discrepant results in examining the risk

for the development of SUDs in those having been diagnosed with ADHD as

children. A 25-year longitudinal study of a birth cohort of 1,265 New Zealand-

born children (Fergusson et al. 2007) examined the relationship between measures

of conduct and attentional problems obtained in middle childhood (7–9 years) and

adolescence (14–16 years) and measures of substance use, abuse, and dependence

from 18–25 years. Conduct problems in childhood and adolescence were generally

related to later substance use, abuse, and dependence even after controlling for

attentional problems and confounders. However, attentional problems were largely

unrelated to later substance use, abuse, and dependence. Any association between

early attentional problems and later substance use abuse and dependence was

largely mediated via the association between conduct and attentional problems.

In another large prospective study of 11-year-old twins (760 females and 752

males), dimensional and categorical measures of ADHD and CD were associated
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with subsequent initiation of tobacco, alcohol, and illicit drug use by 14 years of

age, as well as with onset of actual SUDs or pathologic use by 18 years of age

(Elkins et al. 2007). For boys and girls, hyperactivity/impulsivity predicted initia-

tion of all types of substance use, nicotine dependence and cannabis abuse/depen-

dence, even when controlling for CD at two time points. However, relationships

between inattention and substance outcomes disappeared when hyperactivity/

impulsivity and CD were controlled for, with the possible exception of nicotine

dependence. A categorical diagnosis of ADHD-predicted tobacco and illicit drug

use only. A diagnosis of CD between 11 and 14 years of age was a powerful

predictor of substance disorders by 18 years of age. The investigators concluded

that even a single symptom of ADHD or CD is associated with increased risk.

Using a community sample, another prospective study of 428 children, aged

12 years and free from any SUD at grade 7, were assessed over three consecutive

years, using a standardized psychiatric interview (Elkins et al. 2007). With the

outcome being the age of onset of a SUD, the most significant predictive factors

for the development of adolescent SUD included male gender, attention-deficit

hyperactivity disorder, CD, and sibling use of tobacco.

Failure in previous research to consistently observe relationships between

ADHD and substance use and abuse outcomes could be due to reliance on less-

sensitive categorical diagnoses rather than dimensional measures of ADHD

symptoms (e.g., impulsivity or inattention). Similarly, in a study of Brazilian

youth, 968 male adolescents (15–20 years of age) were screened for SUD in their

households (Szobot et al. 2007). Of the subjects who were screened as positive, 61

cases with a SUD were identified and compared with controls without a nonalcohol

or alcohol SUD, matched by age and proximity with the case’s household.

Adolescents with ADHD presented a higher risk for illicit SUD than youths without

ADHD, even after adjusting for potential confounders (e.g., CD, ethnicity, religion,

and estimated IQ). In the French GAZEL prospective study, 916 subjects aged 7–18

were recruited from the general population and surveyed in 1991 and 1999 (Galer

et al. 2008). In males, after controlling for CD, neither hyperactivity-inattention nor

inattention symptoms independently increased the liability to later substance use.

Age of onset and number of ADHD criteria may hold a clue to the level of risk

for the development of an SUD. Faraone et al. (2007a) compared four groups of

adults: (1) ADHD subjects who met all DSM-IV criteria for childhood onset

ADHD, (2) late-onset ADHD subjects who met all criteria except the age at onset

criterion, (3) subthreshold ADHD subjects who did not meet full symptom criteria,

and (4) non-ADHD subjects who did not meet any of the above criteria. Cigarette

and marijuana use was greater in all ADHD groups compared to non-ADHD

controls. The late onset and full ADHD groups were more likely to have endorsed

ever having a problem due to use of cigarettes, alcohol, or marijuana and reported

more problems resisting use of drugs or alcohol. The full ADHD group was more

likely than the other groups to have reported “getting high” as their reason for

using their preferred drug. Not surprisingly, adults with ADHD have elevated

rates of substance use and related impairment compared to those without the

diagnosis.
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3 Smoking and ADHD

Unlike the equivocal literature on the status of ADHD as an independent risk factor for

SUD, investigators have shown that ADHD is a specific, independent risk factor for

tobacco use in clinical and high-risk samples, after controlling for comorbid CD

(Molina and Pelham 2003; Milberger et al. 1997a, b). Individuals with ADHD report

earlier initiation of smoking than their peers without ADHD and are more likely to

progress from initiation to regular smoking (Milberger et al. 1997a;Molina and Pelham

2003; Rohde et al. 2004). In addition to higher rates of smoking, individuals with

ADHD seem to havemore difficulty quitting. One study reported that the percentage of

ever-smokers who quit smokingwas lower among adults with ADHD (29%) compared

to the general population (48.5%), suggesting that individuals with ADHDhave greater

difficulty quitting (Pomerleau et al. 1995). Another study reported that a history of

childhood ADHD was predictive of worse smoking cessation outcomes, even after

controlling for demographic, baseline smoking variables and depression symptoms.

Two studies of population-based samples have shown that levels of ADHD symptoms

predict nicotine use and dependence. Among current regular smokers, self-reported

numbers of both hyperactive–impulsive and inattentive ADHD symptoms predicted

the number of cigarettes smoked per day (Kollins et al. 2005).

In a population-based sample of over 15,000 young adults, Kollins et al. (2005)

identified a linear relationship between the number of retrospectively self-reported

ADHD symptoms and the lifetime risk of regular smoking and a negative associa-

tion between the number of ADHD symptoms and the age of onset of smoking. The

investigators also noted a positive association between the number of ADHD

symptoms and number of cigarettes smoked per day among current smokers.

McClernon et al. (2008a, b) assessed smoking withdrawal in a clinical sample of

adults diagnosed with ADHD, observing Group � Smoking Condition interactions

on several parameters of CPT performances. Finally, main effects or trends for

group differences were observed on several measures including self-reported con-

fusion and hostility, continuous performance test (CPT) reaction time variability,

CPT commission errors, and accuracy. Consistent with other studies, these results

indicate that smoking abstinence impaired both response inhibition [e.g., errors of

commission and measures of attentional control (Bekker et al. 2005; Hatsukami

et al. 1989; Powell et al. 2002; Zack et al. 2001)].

4 Dopamine and the SUD–ADHD Relationship

4.1 Neuropsychological Functioning

Evidence of impaired brain dopamine activity in individuals with ADHD (Volkow

and Swanson 2008) could explain why individuals with ADHD are at greater risk

for the abuse of drugs or use of tobacco/nicotine. Such psychoactive drugs acutely,
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but transiently, raise the concentration of extracellular dopamine in the brain and

could temporarily improve ADHD symptoms. In contrast, chronic drug abuse

decreases dopaminergic transmission in the brain (Volkow et al. 2007). Inasmuch

as dopamine modulates the activity of brain regions (including the prefrontal

cortex, striatum, hippocampus, and amygdala) implicated in ADHD symptoms

(i.e., attention, executive function, and impulsivity) chronic drug exposure in

ADHD individuals could exacerbate the symptoms of the disorder (Volkow and

Swanson 2003).

Individuals with ADHD and SUD commonly share poor insight as to the

magnitude of their deficits or resulting impairments (Barkley et al. 2002; Goldstein

et al. 2007, 2009a). Goldstein et al. (2009a) suggested that the discordance between

self-reported motivation and goal-driven behavior in individuals with cocaine

dependence is mirrored by brain-behavior dissociations in tasks of reward

processing, behavioral monitoring, and emotional suppression (Goldstein et al.

2009b). Correlations with neuropsychological performance support the notion

that neurocognitive dysfunction underlies such compromised self-awareness,

which is frequently mislabeled as “denial” (which assumes a priori knowledge
and intent to negate, or minimize, the severity of symptoms) (Rinn et al. 2002).

Many of these deficits are similar to those in ADHD. Reduced activity in the

anterior cingulate cortex, mostly affecting selective attention and inhibitory control

tasks, is a common observation in users of cocaine, heroin, alcohol, cannabis, and

other drugs (Garavan and Stout 2005).

The “switch” from voluntary drug use to habitual and progressively compulsive

drug use represents a transition at the neural level from prefrontal cortical to striatal

control over drug-seeking and drug-taking behaviors. There is also a progression

from ventral to more dorsal domains of the striatum, mediated at least in part by its

stratified dopaminergic innervation (Everitt et al. 2008). The dorsal anterior cingu-

late might be central to on-line cognitive control and consequential for the decision

making of drug users through adjustments in response options (including risky

options). The intensity of activation of the anterior cingulate cortex is predictive of

successful treatment outcome in alcoholics and methamphetamine users (Gr€usser
et al. 2004; Paulus et al. 2005) and can be improved by acute cocaine administration

(Garavan et al. 2008). This restorative effect is likely to be dose specific (Fillmore

et al. 2006) in cocaine users as illustrated in fMRI studies in cocaine users (Garavan

and Stout 2005).

Drug-seeking behavior is paralleled by an increase in dopamine release in the

dorsolateral striatum. Local infusion of dopamine receptor antagonists into this brain

region reduces such behavior. Miller and Cohen (2001) suggest that the lateral parts

of the dorsal striatum dominate the stimulus response instrumental process in which

drug-seeking behavior becomes a response habit, which is triggered and maintained

by drug-associated stimuli. The presentation of drug cues to cocaine-addicted

individuals both induces drug craving and activates the dorsal striatum. Further,

there is a reduction in dopamine D2 receptor density in abstinent alcoholics, cocaine,

heroin, and methamphetamine-addicted individuals (Volkow et al. 2003).

Drug addiction or compulsive drug seeking may be viewed as a maladaptive
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stimulus-response habit in which the ultimate goal of the behavior has been

devalued, perhaps through tolerance to the rewarding effects of the drug (Everitt

et al. 2008). Limited or compromised insight into the presence and/or severity of

addiction in drug-addicted individuals could partly be driven by this switch to an

automatic and habitual system, which might operate outside awareness: automatic

processes require less attention, effortful control, and conscious awareness (Miller

and Cohen 2001). The limited awareness may also enhance the influence of

automatized action schemata (Tiffany 1990) leading to uncontrollable drug-seeking

behaviors (especially during high-risk situations) (Rohsenow et al. 1994). Similar

deficits in metacognition are postulated for ADHD in adults (Barkley 2010).

Individuals with ADHD also often lack insight into their own behavior and, conse-

quently, underestimate their symptomatology as well as their competence in social

and academic functioning (positive attributional bias) (Barkley et al. 2002; Hoza

et al. 2004; Owens et al. 2007). It is possible that the “denial” noted in SUDs and the

poor insight noted in ADHD represent similar deficits.

4.2 Heritability

As previously mentioned, smoking (tobacco) provides a good model for the rela-

tionship between tobacco and other drug use and ADHD (see: Kollins et al. 2005).

Likely the result of decreased dopaminergic transmission in prefrontal cortex and

anterior cingulate after abstinence from nicotine (Powell et al. 2002), evidence

supports a central role for dopamine in modulating both response inhibition and

attentional control. For example, the therapeutic effects of the stimulant, methyl-

phenidate (MPH), which exerts its action by blocking the dopamine transporter

(DAT), particularly in striatal areas (Volkow et al. 1995, 2009a), then increases DA

signaling in corticostriatal circuits and improves attentional and inhibitory func-

tioning (Castellanos et al. 1996; Solanto 1998; Volkow et al. 2007, 2009a). The role

of dopamine in response inhibition is also supported by evidence that genes

associated with dopamine functioning (e.g., DRD4 and DAT) are associated with

differences in inhibitory control, even in healthy, non-ADHD individuals (Congdon

et al. 2007). Given evidence that nicotine withdrawal results in downregulation of

dopamine receptors (Hildebrand et al. 1998; Rahman et al. 2004), it stands to reason

that the mechanism through which response inhibition and attentional control were

disrupted in the Kollins et al.’s (2009) study was associated with abstinence-

induced changes in dopamine transmission. However, these results suggest that

nicotine withdrawal may result in even more pronounced disruptions in dopamine

functioning and subsequent behavioral performance for some tasks. This relative

difference may help explain why individuals with ADHD report greater difficulty in

quitting smoking compared to those without ADHD (Pomerleau et al. 1995).

ADHD and smoking are both highly heritable: genetic factors account for

60–80% and 56% of the two phenotypes, respectively (Faraone et al. 2005;

Li et al. 2004). Candidate gene studies have identified a number of similar genetic
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markers associated with both ADHD and smoking phenotypes, suggesting that

several common neurobiological mechanisms may give rise to this comorbidity

(Li et al. 2004; Maher et al. 2002; Munafo et al. 2004; Todd et al. 2005). The genetic

substrates of ADHD and smoking behavior appear to overlap considerably, with a

number of candidate genes, most notably DRD4 and DAT, exhibiting associations

with both ADHD and smoking phenotypes (Faraone et al. 2005;Munafo et al. 2004).

In addition, several studies have examined the relationship among genes, smoking,

and ADHD. One study examined interactions between gene and ADHD symptoms

and found effects for both DRD2 and, among females, MAO-A (McClernon et al.

2008a, b). This study also reported that carriers of the DRD2/ANKK1 Taq1 A2/A2
allele, with six or more hyperactivity–impulsivity symptoms, were almost twice as

likely to have a history of smoking as individuals carrying the A1 allele.

Genes regulating nicotinic receptor function are another group of potential

targets that point to potential genetic overlaps between ADHD and smoking

(McClernon and Kollins 2008; McClernon et al. 2008a, b). Results from studies

examining relationships between the CHRNA4 gene and ADHD have been mixed.

One study found an association between variation in this gene and a quantitative

phenotype of ADHD (Todd et al. 2003), three studies reported small associations

between the CHRNA4 gene and ADHD phenotypes (Brookes et al. 2006; Guan

et al. 2009; Lee et al. 2008), while another failed to identify any association

between the gene and ADHD (Ken et al. 2001).

Despite the considerable amount of descriptive work that has characterized

associations between ADHD and smoking, relatively little research has been

conducted. Kollins et al. (2009) proposed a model linking smoking and ADHD,

and speculated on the mechanisms underlying this common comorbidity. From a

neuropharmacological perspective, ADHD is hypothesized to result from aberrant

striatal dopaminergic systems that result in disrupted dopaminergic transmission in

corticostriatal circuits, which can give rise to the characteristic deficits in executive

functioning observed in ADHD patients. Individuals with ADHD are hypothesized

to have lower DA tone, which may amplify the phasic DA response stimulated by

nicotine. This, in turn, may enhance the reward salience of smoking in this popula-

tion. Deficits in attentional and inhibitory control functions are reduced by nicotine,

which negatively reinforces its continued use. Upon quitting, or attempting to quit,

smoking, individuals with ADHD experience greater withdrawal symptom severity

and greater disruption of inhibitory control, which increase the likelihood of relapse.

Finally, higher baseline levels of impulsivity and greater sensitivity to salient

reward-related cues may confound efforts to maintain smoking abstinence.

4.3 Genetics

Genetic studies have identified polymorphisms of several genes that govern expres-

sion of dopamine receptors (e.g., DRD4) or the dopamine transporter (DAT1) and
are associated with ADHD. Brain imaging studies have reported disrupted
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transmission in dopamine systems, which are involved in the core ADHD

symptoms of impulsivity and inattention. There is also increasing evidence for

both reward and motivation deficits, as related to dopamine system functioning, in

patients with ADHD. Using PET imaging, Volkow et al. (2009a) reported lower

DRD2/DRD3 receptor and DAT availability in the nucleus accumbens and mid-

brain in a group of adults with ADHD when compared to a control group. This

finding supports the hypothesis that the dopamine reward pathway is dysfunctional

in ADHD, particularly when DRD2/DRD3 receptor measures (e.g., binding den-

sity) in the nucleus accumbens are correlated with attentional measures. As a low

density of DRD2DR/D3 receptors in the nucleus accumbens has been associated

with the risk for SUDs, this may underlie the observed increase in prevalence of

SUD among those with ADHD.

Both DAT1 and DRD4 genes have been associated with SUDs. Guindalini et al.

(2006) demonstrated an association between cocaine dependence and a variable-

number tandem repeat (VNTR) allele in the gene encoding DAT1 (SLC6A3) (the

DAT). DRD4 VNTR polymorphism may contribute to cue-elicited craving in

heroin dependence (Shao et al. 2006). However, little is known about how genetics

affect brain response to MPH in subjects with ADHD/SUDs, despite the dopami-

nergic actions of drugs of abuse (Volkow et al. 2004) and despite findings from

epigenetic studies that drug exposure might influence gene expression (Renthal and

Nestler 2008). Szobot et al. (2008a) conducted a study using [Tc99m]TRODAT-1

and computed tomography (SPECT) before, and after three weeks of the stimulant

medication MPH-SODAS (Spheroidal Oral Drug Absorption System), document-

ing that MPH reduced DAT availability in adolescents with ADHD/SUDs (Szobot

et al. 2008a).

Szobot et al. (2011) then evaluated whether ADHD risk alleles at DRD4 and

DAT1 genes could predict the change in striatal DAT occupancy after treatment

with MPH in adolescents with ADHD/SUDs. Seventeen adolescents with ADHD/

SUDs underwent a single photon emission SPECT scan with [Tc99m]TRODAT-1 at

baseline and after three weeks on MPH. Caudate and putamen DAT binding were

measured and DAT changes were compared according to subjects’ genotype. The

investigators reported that the combination of both DRD4 7-repeat allele (7R) and

homozygosity for the DAT1 10-repeat allele (10/10) was associated with a reduced

DAT change. This was evident even after adjusting the results for potential

confounders. Thus, in patients with ADHD/SUDs, combined DRD4 7R and DAT1
10/10 could index MPH-reduced DAT occupancy.

The DAT, most densely expressed in the basal ganglia, is under the influence of

several adaptive factors. Psychoactive drugs can modify striatal DA transmission

and cause more prolonged changes in DAT regulation (Daws et al. 2002). Although

presence of DRD4-7 allele was associated with poorer clinical response to

stimulants in individuals with ADHD (Hamarman et al. 2004), little is known

about the associated brain imaging patterns. It was documented that subjects

without the DRD4-7 allele who smoked nicotine during the PET scan had a

greater smoking-induced DA release in the ventral caudate and nucleus accumbens

(Brody et al. 2006). Thus, although DRD4 locates mostly in the frontal cortex, this
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receptor seems to play an important role in striatal DA transmission, which can also

be measured by brain-imaging studies.

5 Does Treatment for ADHD Contribute to the Development

of SUDs?

5.1 Potential Mechanisms

ADHD is believed to be the result, in part, of aberrant dopamine function. In line

with this theory, psychostimulants may be effective in treating ADHD because they

increase extracellular dopamine concentration (Schiffer et al. 2006). MPH binds

with the DAT, whereas amphetamines trigger presynaptic dopamine release. These

increases in extracellular dopamine, following administration of a pyschostimulant,

contribute to the alerting effects in individuals with or without ADHD (Rapoport

et al. 1980; Volkow et al. 2002). Stimulants also increase central activation of

mesolimbic dopamine “reward” pathways in the nucleus accumbens, which is

an important common substrate of abuse potential in humans (Di Chiara and

Imperato 1988; Koob and Nestler 1997). As a result, products containing MPH or

a-methylphenethylamine (amphetamine) are classified as Schedule II controlled

substances by the Drug Enforcement Administration. Although the foregoing

review highlights the effects of acute psychostimulant treatment on dopamine

function, there may be important differences in how these drugs affect dopamine

transmission and other brain functions following chronic administration. A recent

review provides evidence that chronic amphetamine exposure, even at clinically

relevant doses, may result in considerable changes in brain morphology and

function (Advokat 2007).

Kollins et al. (2009) compared the reinforcing and subjective effects of oral

MPH in 33 adults (n ¼ 16 with ADHD; n ¼ 17 free from psychiatric diagnoses).

The subjects completed four pairs of experimental sessions, each of which included

a sampling session and a self-administration session. During sampling sessions,

subjects received in randomized order 0 (placebo), 20, 40, or 60 mg MPH. Both

groups showed robust effects of MPH on subjective endpoints. Main effects of

group were noted on subjective effects involving concentration and arousal. Thus,

compared to placebo, MPH produced reinforcing effects for the ADHD group and

not for the control group. Increases in stimulant-related subjective effects in non-

ADHD subjects were not associated with drug reinforcement. The reinforcing

effects of MPH, as measured by the experimental task, were higher in adults

diagnosed with ADHD compared to a group of nondiagnosed adults. Non-ADHD

subjects showed differences only for the subject-rated effects measures on

items generally assessing cognitive status (concentration) or affect/arousal. These

findings suggest that the reinforcing effects of MPH do not necessarily coincide

with the subjective effects of the drug. Since MPH increases DA neurotransmission
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at therapeutic doses, through blockade of the DAT, the drug may reinforce behavior

more strongly in patients with ADHD because it likely restores DA activity to more

normal levels. The lack of reinforcing effects of MPH in the non-ADHD individuals

is surprising given the well-established abuse potential of MPH (Kollins et al.

2001). However, several previous studies have failed to show that MPH functions

as a reinforcer under routine laboratory conditions (Chait 1994; Roehrs et al. 1999;

Stoops et al. 2005). In studies that have shown MPH to function as a reinforcer, it

often occurs under specific environmental conditions, such as sleep deprivation or

prior to a high-demand task (Roehrs et al. 1999; Stoops et al. 2005).

A number of neuropharmacologic mechanisms contribute to the observed

differences in abuse rates between oral stimulants that are used in the treatment

of ADHD and drugs of abuse. A key factor in determining abuse potential is

the ability of a compound to yield rapid absorption and increases in central

drug concentrations, enabling rapid increases in central synaptic dopamine

concentrations, followed by rapid clearance (Resnick et al. 1977, Volkow and

Swanson 2003). Whether or not a given psychostimulant yields a rapid on–off

effect is modulated by several factors, including route of administration, pharma-

cokinetic profile, and dose. Rapid effects are most likely achieved via intravenous,

intranasal, and inhaled routes of administration (Balster and Schuster 1973; Resnick

et al. 1977; Volkow et al. 1995). Route of administration is perhaps the most

important factor in modulating the timing and rate of increase in central dopami-

nergic transmission; both intravenous and intranasal administrations produce more

rapid increases in central dopamine concentrations than does oral administration.

Volkow et al. (1995) observed that oral and intravenous MPH produced comparable

changes in striatal dopamine concentration (i.e., “a high”): intravenous but not oral

MPH induced a euphoric response. This response appears directly related to

differences in the rate of dopamine changes, which were much faster with intrave-

nous administration of MPH (which peak after 6–10 min) compared with oral

administration (which peak after 60–90 min; Volkow and Swanson 2003). These

studies further show that the absolute concentration of extracellular dopamine is not

relevant to producing a high, although it may affect its intensity (Volkow et al.

1995; Volkow and Swanson 2003). Even when administered orally, both MPH and

amphetamine produce subjective and reinforcing effects suggestive of abuse poten-

tial (Kollins et al. 2001; Rush et al. 1998). The rate and timing of peak brain

concentration following administration of a drug also depends on its dose; a higher

dose will deliver more drug centrally per unit of time than will a lower dose, thus

producing the euphoria sought by abusers (Coetzee et al. 2002; Volkow and

Swanson 2003).

The drug formulation may also have an effect on abuse potential. To reduce the

need for multiple daily doses, a number of extended-release formulations of MPH

and amphetamine have been developed, characterized by a slower rise in plasma

concentrations over a longer duration. These should, theoretically, have a lower

potential for abuse (Volkow and Swanson 2003). Two studies evaluated this

hypothesis: both found lower subjective ratings of “likeability” or other subjective

ratings of “like drug,” “drug effects,” “high,” “good effects” in sustained-release
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stimulants when compared with immediate-release (Spencer et al. 2006; Kollins

et al. 1998). In a comparison of the subjective effects of immediate-release (40 mg)

MPH versus osmotic-release (90 mg) MPH in healthy volunteers, Spencer et al.

(2006) found that average peak drug concentrations in plasma and DAT blockade

were comparable for the two formulations, but that both were reached several hours

earlier with the immediate-release formulation. These studies support the notion

that both the overall dose and the rapidity of central dopamine changes are critical

in determining the abuse potential of a given drug. In two separate studies of adults

and children diagnosed with ADHD, orally administered MPH failed to produce the

characteristic increases in subjective ratings of abuse potential (e.g., “feel like

talking,” “energetic,” “heart beating fast”), despite patients’ preferences for oral

MPH over placebo (Fredericks and Kollins 2004; MacDonald and Kollins 2005).

These studies suggest that patient preferences for MPH may be related more to

ADHD symptom relief than to euphoria or other markers of abuse potential.

Based on the literature, the conditions under which stimulants are currently used

clinically (i.e., given to patients with ADHD in small oral doses or extended-release

preparations) make them potentially less liable to abuse than cocaine or metham-

phetamine, which typically are administered via intravenous or intranasal routes

and result in more rapid effects (Volkow 2006; Volkow and Swanson 2003).

5.2 Studies of Clinical Populations

Prospective observational studies have concluded that the long-established clinical

practice of using stimulant medication to treat young children with ADHD does not

affect the risk for substance abuse in adulthood (Volkow et al. 2008).

One study compared subgroups of children with ADHD who received treatment

with stimulants in childhood or adolescence with those who did not (Biederman

et al. 2008a, b; Wilens et al. 2008a, b, c). Another study evaluated the age when

stimulant treatment was initiated in childhood and its relationship to drug abuse in

adulthood (Volkow et al. 2008). This study also compared the prevalence of

substance abuse in persons with ADHD with a comparison group. Both studies

document high rates (up to 45%) of SUDs in their adult cohorts. These two studies

evaluated clinically referred samples, but medication status was not randomized,

making the findings vulnerable to referral bias. The samples were also small,

especially for the subgroup not treated with stimulants. Treatment with stimulants

was initiated (as usual) at an average age between 8 and 9 years, with most children

discontinuing treatment after an average of 2–6 years. Thus, most individuals were

probably exposed to stimulants for only a short time during childhood, and only a

few patients were exposed to stimulants during adolescence.

Preclinical studies have revealed that exposure to stimulant drugs during adoles-

cence, but not in childhood, increased sensitivity to the rewarding effects of

cocaine. As a consequence, prospective studies of larger samples of adolescents

treated with stimulant medications are necessary in order to evaluate more carefully
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the consequences of stimulant exposure during this developmental period (Volkow

et al. 2008). In the Mannuzza et al. study (2008), subjects with late initiation of

stimulant medication (ages 8–12) had greater substance abuse that was mediated by

an increase in ASPD in adulthood. The subgroup with early treatment (before the

age of 8) did not differ from comparison subjects in lifetime rates of nonalcohol

substance use (27% versus 29%, respectively). In a retrospective study from

Europe, two groups (n ¼ 17 and n ¼ 74) were defined on the basis of data from

archives at the Expert team for ADHD for Middle and Northern Norway. Treatment

with stimulants in childhood/youth contributed to alcohol abuse, substance abuse,

and criminality (Goksoyr and Nottestad 2008). In a retrospective study of 206

ADHD adults (n ¼ 79 late-onset ADHD, n ¼ 127 full ADHD) grouped by lifetime

history of ADHD treatment (no treatment, past treatment, current and past treat-

ment), there were no differences in the prevalence of cigarette smoking, alcohol, or

drug abuse or dependence, as well as no differences in 1-month prevalence of any

use or use more than 20 times (Faraone et al. 2007b). There were also no differences

in complications of drug or alcohol use across groups.

The presence of ADHD as a risk factor for the development of SUD and the high

prevalence of ADHD-SUD comorbidity prompts clinicians to consider treatment

of ADHD as an important element of intervention. Although long-term positive

outcomes, particularly as a result of medication, have not been established for these

interventions in these populations, the existing literature points to no increased risk

in attempting to do so.

6 Misuse of Psychostimulants and ADHD

Diversion and misuse are widespread, especially in high school and college

students. In a survey of junior/senior high school students in Canada (total survey

sample ¼ 13,549; 5.3% of whom were prescribed stimulants), 15% reported having

given away some of their medication, 7% having sold some of their medication, 4%

having experienced theft of their medication, and 3% having been forced to give up

some of their medication in the 12 months before the survey (Poulin 2001). In a

series of publications based on school-based surveys, McCabe et al. 2004, 2006)

reported that about 8% of non-ADHD students in middle school, high school, and

college engaged in nonmedical use of stimulants. A primary source for misuse is

apparently from prescriptions for medical use diverted by sale or other means.

Increased diversion may be related to the use of stimulant medications as “cognitive

enhancers” for the general population (i.e., those not diagnosed with ADHD:

Sahakian and Morein-Zamir 2007). In a study of adults (18–49 years of age) and

college students, a majority of the participants endorsed desire for increased

productivity (i.e., for cognitive enhancement) as the primary motivation for misuse.

Swanson and Volkow (2009) suggest that when stimulants are prescribed for

adolescents and adults who are seeking treatment for themselves, there may be a

higher rate of diversion for nonmedical use than for children whose parents are
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seeking treatment for them. Although performance enhancement appears to be the

primary reason for stimulant misuse and diversion among college students, over

40% of these students also reported using stimulants to get “high.” In another

survey of high school students, lifetime misuse rates ranged from 2.7% in 8th

graders to 5% in 12th graders and were decreased for students making higher

grades (McCabe et al. 2004).

7 Effects of Pharmacological Treatment on ADHD-SUD

Currently, there is modest empirical support for the use of pharmacotherapy with

only several randomized double-blind clinical trials in this population. These trials

in adults with cooccurring SUD-ADHD include trials of atomoxetine, MPH, and

bupropion. The three trials that included patients concurrently enrolled in outpatient

cognitive behavioral therapy (CBT) for SUD showed no differences between

medication (MPH or bupropion) and placebo for ADHD or SUD (Schubiner et al.

2002; Levin et al. 2006, 2007). In two published, controlled stimulant medication

trials for ADHD in adolescents with SUD, both found medication – pemoline

(Riggs et al. 2004) and MPH-SODAS (Szobot et al. 2008b) to be more efficacious

than placebo for ADHD in adolescents not in SUD treatment. Neither study

observed an impact on substance use. In a randomized double-blind placebo trial

of pemoline in adolescents with comorbid ADHD and SUD and of MPH in adult

cocaine abusers with ADHD, stimulant medication improved ADHD symptoms

but had little, if any, effect on substance use (Riggs et al. 2004) In a 12-week

randomized, control trial comparing bupropion, MPH, and placebo in 98

methadone-maintained adults with ADHD and cocaine dependence or abuse,

Levin et al. (2006) reported reduced ADHD symptoms in all three groups with no

differences in outcome between the groups. No reports of misuse or worsening of

cocaine use were noted among those randomized to cocaine.

In a recent randomized, double-blind trial of atomoxetine and placebo treatment

of 70 adolescents with ADHD and SUD, with both groups receiving motivational

interviewing/cognitive behavioral therapy (MI/CBT) for SUD, Thurstone et al.

(2010) reported no difference between the atomoxetine + MI/CBT and placebo +

MI/CBT groups in ADHD or SUD. The investigators propose that the MI/CBT and/

or a placebo effect may have contributed to a large treatment response in the

placebo group and obscured any differences between the atomoxetine and placebo

groups. In a recently completed double-blind placebo controlled study of osmotic

release oral system (OROS) MPH in over 300 adolescents, aged 14–18 with ADHD

and a nonopiate SUD, Riggs (2009) administered CBT treatment for SUD to all

subjects. Both groups improved on ADHD and SUD measures, although there were

no differences in adolescent report of ADHD symptoms or substance use (number

of days used in past month). However, the OROS MPH group had lower ADHD

scores than the placebo group on parent report. There were few significant adverse

events.
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Several nonstimulants offer additional options although the efficacy of these

agents has yet to be tested in controlled trials in adults. Atomoxetine is a noradren-

ergic reuptake inhibitor shown to be superior to placebo in the treatment of ADHD

in children, adolescents, and adults (Michelson et al. 2003). Due to the absence of

evidence regarding abuse potential (atomoxetine does not produce subjective

effects similar to MPH), atomoxetine is not listed as a scheduled drug by the

Drug Enforcement Agency (DEA) (Heil et al. 2002). In a recent study of adults

with DSM-IV diagnoses of ADHD and alcohol abuse and/or dependence, and who

were abstinent from alcohol at least 4 days (maximum 30 days) before study

randomization, subjects received atomoxetine (25–100 mg daily) or placebo for

12 weeks (Wilens et al. 2008a, b, c). ADHD symptoms were improved in the

atomoxetine cohort compared to placebo. Although no differences between treat-

ment groups occurred in time-to-relapse of heavy drinking, the cumulative heavy

drinking days were reduced 26% in atomoxetine-treated subjects versus placebo.

Bupropion is a noradrenergic and dopamine reuptake blocker with stimulant-like

effects that is in current use as an antidepressant (Davidson and Connor 1998).

Bupropion appears to have a low abuse potential on physiological measures com-

pared with dextroamphetamine (Griffith et al. 1983). The approval by the Food and

Drug Administration (FDA) for the use of bupropion for smoking cessation and its

efficacy in controlled clinical trials (Hurt et al. 1997) suggests the potential value of

this agent for addictive disorders, including patients with comorbid ADHD, comor-

bid depression, and/or smoking behavior.

Modafinal is marketed for the treatment of daytime sleepiness in narcolepsy and

is listed as a schedule IV agent by the DEA. Modafinil has stimulant effects on

specific areas of the brain, as well as an alerting effect that may ameliorate some of

the vegetative symptoms of cocaine withdrawal (Dackis et al. 2003). Dose-related

effects on inhibition in normal volunteers suggest a positive effect of modafinil in

reducing impulsive responding (Turner et al. 2004), an effect noted in a follow-up

study in patients with ADHD (Dackis et al. 2005). A double-blind, placebo-controlled

trial in 62 cocaine-dependent men andwomen reported increased cocaine abstinence

in the modafinil group (Rugino and Copley 2001). Trials in children and adolescents

with ADHD show improvement in ADHD symptoms for modafinil over placebo

while demonstrating its safety and tolerability in doses up to 425 mg/day

(Biederman et al. 2005). However, modafinil appears to block DATs and increase

extracellular dopamine in the human brain, including the nucleus accumbens, as do

other drugs with a high potential for dependence (Volkow et al. 2009a, b). Modafinil

also can function as a reinforcer and these reinforcing effects are influenced by

behavioral demands following drug administration, similar to those of other stimu-

lant drugs (Stoops et al. 2005). These results suggest a heightened awareness for

potential abuse of, and dependence on, modafinil in vulnerable populations.

Two recent studies examined the effect of therapeutic stimulant treatment for

smoking (tobacco) behavior in adults with ADHD. Gehricke et al. (2011) asked 15

smokers with ADHD to complete a continuous performance task (CPT) and a

smoking withdrawal questionnaire during the following four conditions: (1)

ADHD medication + cigarette smoking, (2) ADHD medication + overnight
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abstinence, (3) placebo + cigarette smoking, and (4) placebo + overnight absti-

nence. Medication consisted of the medication that the subjects had been taking

prior to the study and included one on OROS MPH, ten on amphetamines, and four

on atomoxetine. During the field monitoring phase, participants were asked to

provide salivary cotinine samples and complete electronic diaries about smoking,

smoking urge, ADHD symptoms, and stress in everyday life for two days on ADHD

medication and for two days on placebo. Results of the experimental phase showed

that ADHD medication improved task performance on the CPT and reduced with-

drawal during overnight abstinence. During the field monitoring phase, ADHD

medication reduced salivary cotinine levels compared to placebo. In addition, the

electronic diary revealed that ADHD medication improved difficulty with

concentrating during no smoking events and stress. These findings suggest that

ADHDmedicationmay be used to aid smoking withdrawal and cessation in smokers

with ADHD.

Winhusen et al. (2010) conducted a randomized, double-blind, placebo-controlled,

11-week trial with a 1-month follow-up in adults (aged 18–55 years) meeting DSM-

IV criteria for ADHD and interested in quitting smoking. The subjects were

randomly assigned to OROS-MPH titrated to 72 mg/d (n ¼ 127) or placebo

(n ¼ 128). All participants received brief weekly individual smoking cessation

counseling for 11 weeks and 21 mg/d nicotine patches starting on the smoking

quit day (day 27) through study week 11. Eighty percent of the subjects completed

the trial. Prolonged abstinence rates, 43.3% and 42.2%, for the OROS-MPH and

placebo groups, respectively, did not differ significantly. Relative to placebo,

OROS-MPH evidenced a greater reduction in DSM-IV ADHD-RS score

(P < 0.0001) and in cigarettes per day during the postquit phase (P ¼ 0.016).

Medication discontinuation did not differ significantly between treatments.

In summary, the literature is mixed, at best, and currently does not support

specific, aggressive treatment of ADHD in all SUD treatment populations (Wilens

et al. 2005). Clearly, there are significant limitations to the literature including use in

chronic populations, choice of agent and formulation, high levels of participant

dropout, and possibly inadequate duration of treatment. In adult populations, the

common existence of other psychiatric comorbidities such as mood and anxiety

disorders with both ADHD or SUDs may limit effectiveness of medications. The

relative absence of abuse orworsening of the SUD is reassuring. However, clinicians

can rarely show the same degree of monitoring and vigilance as researchers.

8 Guidelines for Management of Patients with Comorbid

ADHD-SUD

Among the challenges of managing patients with comorbid ADHD and SUD are:

screening/assessment for ADHD in SUD patients: making decisions (which to treat

first), compliance issues, and preventing abuse/diversion of prescribed agents.
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Among the factors leading to underdiagnosis are that clinicians do not ask about

ADHD and inability to recall symptoms prior to age 7. The presence of other

psychiatric disorders (e.g., hypomania, depression) may make the diagnosis of

ADHDmore difficult, depending on the clinician to recall symptoms when carrying

out an assessment, and not recognizing that symptoms may be fewer, less obvious,

or be compensated for in adolescents or adults.

Given the high prevalence of ADHD-SUD comorbidity, it is critical to consider

this comorbidity in the context of an assessment for either ADHD or SUD. For

optimal assessment, the clinician should collect detailed substance use history and

be particularly vigilant with high-risk groups (adolescents, family SUD history,

comorbid CD, or ASPD). Even if criteria for SUD are met, the clinician must be

able to differentiate independent symptoms/impairment resulting from ADHD

symptoms rather than those arising from the pharmacologic properties of illicit

drugs or alcohol, SUD-related problems, or other comorbid psychiatric disorders,

such as depression or anxiety. For a more definitive diagnosis, the clinician should

collect detailed information about ADHD in childhood, supported whenever possi-

ble by objective data sources, and evaluate ADHD symptoms independently of drug

effects.

Regarding the decision of which problem to treat first – ADHD or the SUD(s) –

the general rule is to administer the treatment that will have the most immediate

effect on outcome(s). This is almost always treatment for SUDs, although concur-

rent treatment is always possible. Once some stabilization in substance use is

achieved, additional attention to the diagnosis and treatment of ADHD can proceed.

In terms of the treatment options for comorbid ADHD and SUD, physicians

in the United States can select from stimulants and nonstimulants (stimulants

include short-, intermediate-, and long-acting MPH: e.g., OROS, bead, or patch

technology), d-MPH (in both short- and long-acting formulations), short- and long-

acting amphetamine and mixed salts amphetamine. Among the nonstimulants

are atomoxetine, guanfacine XR, modafanil, bupropion, venlafaxine, tricylic

antidepressants (e.g., imipramine, nortriptyline) and a2-adrenoceptor agonists

(clonidine, guanfacine). Only the stimulants, atomoxetine and guanfacine XR, are

approved by the FDA.

In selecting an appropriate agent for patients with comorbid ADHD and SUD,

there are a number of considerations. If stimulants are being considered, the

physician must determine if the patient is reliable, if there are family members or

close (nonsubstance-abusing) friends involved in the treatment plan, and if patient/

family has been adequately informed of potential risks involved in using stimulants.

Nonstimulant options should be strongly considered and are preferred in patients

with cocaine or stimulant-use disorders. The substance-use history of the patient is

also a critical consideration. While past use with an established period of abstinence

and/or ongoing SUD treatment prompts less concern, more recent use and/or

problems related to substance use, a history of stimulant or amphetamine abuse,

may preclude stimulant treatment.

As medication treatment alone is seldom sufficient to treat SUD in the patient

with comorbid ADHD and SUD, the clinician should utilize one or more of several
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evidence-based psychosocial interventions for SUD. These include: CBT, motiva-

tional interviewing (MI), contingency management, family therapy, and 12-step

(Minnesota Model) approaches (Galanter and Kleber 2008).

A staged approach to pharmacotherapy in patients with comorbid ADHD

and SUD, largely based on an assessment of the risk or severity of SUDs, may be

useful in making clinical decisions about pharmacotherapy for adolescents or adults

with ADHD and SUD (Wilens et al. 2005). Risk is determined by the history and

current level of alcohol or other illicit drug use. With increasing risk, the level

of substance use intervention also increases as the physician increases the monitor-

ing of drug use (including toxicology) and possible abuse or diversion of the

therapeutic agent.

For patients having SUD(s), there are a number of safety issues requiring

physician oversight and monitoring, including: overdose potential, the use of

prescribed medications with other stimulants, interaction with other nonstimulant

drugs, psychoeducation (to make users aware of contraindications and precautions),

and, in view of recent changes in ADHD medication package inserts, consideration

and screening for cardiovascular risk. The physician or clinician can monitor for

red flags, indicating a high suspicion for diversion or misuse, including evidence of:

continued abuse or dependence, medication-related emergencies, demands for

short or immediate-release stimulant compounds, repeated discordant pill counts,

lost prescriptions, continuously escalating doses, infrequent prescription use, car-

diovascular symptoms (e.g., palpitations, syncope, shortness of breath), and/or

symptoms of psychosis or mania. To manage or prevent problems related to

diversion or misuse when using medications with abuse potential, the physician

should carefully monitor compliance and apply necessary psychoeducation when-

ever possible.

9 Summary

ADHD and SUD are a common psychiatric comorbidity among both adults and

adolescents. While research has indentified ADHD as a risk factor for the develop-

ment of SUD and a potential important target for intervention in clinical

populations with SUD, future research needs to focus on elucidating the elements

of this risk, including the direct role of ADHD in increasing SUD risk, the

molecular basis and neuropsychological processes underlying risk, and the possible

differential response of individuals with ADHD to various substances of abuse.

Finally, despite equivocal results of ADHD-SUD intervention trials, future treat-

ment studies are needed across different ADHD intervention modalities

(medications and psychosocial), including different SUD clinical populations, and

in combination with specific SUD treatment modalities. Such treatment studies

should expand outcomes to include the effect of ADHD intervention on engage-

ment and completion of SUD treatment and to prevent SUD relapse.
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Abstract In this chapter, we consider the relevance of impulsivity as both a psycho-

logical construct and endophenotype underlying attention-deficit/hyperactivity

disorder (ADHD) and drug addiction. The case for executive dysfunction in ADHD

and drug addiction is critically reviewed in the context of dissociable cognitive

control processes mediated by the dorsolateral prefrontal cortex (DLPFC), the orbital

and ventral medial prefrontal cortex (VMPFC). We argue that such neuroanatomical

divisions within the prefrontal cortex are likely to account for the multidimensional

basis of impulsivity conceptually categorized in terms of “motoric” and “choice”

impulsivity. The relevance of this distinction for the etiology of ADHD and drug

addiction is integrated within a novel theoretical framework. This scheme embraces

animal learning theory to help explain the heterogeneity of impulse control disorders,

which are exemplified by ADHD as a vulnerability disorder for drug addiction.
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Abbreviations

5-CSRTT 5-Choice serial reaction time task
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ADHD Attention deficit hyperactivity disorder

CR Conditioned reinforcer
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DAT Dopamine transporter

DLPFC Dorsolateral prefrontal cortex
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R Response
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S Stimulus
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TMS Transcranial magnetic stimulation
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1 Linking ADHD, Impulsivity, and Drug Abuse:

A Neuropsychological Perspective

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodevelopmental

brain disorder that manifests early in life and is characterized by inattentiveness,

hyperactivity, and impulsivity (American Psychiatric Association 2000; Solanto
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et al. 2001; Castellanos and Tannock 2002). Despite increasing research interest in

ADHD, the neurobiological etiology of this brain disorder remains largely

unknown. Based on the strong clinical parallels between ADHD and frontal lobe

patients, ADHD has been conceptualized as a disorder of executive dysfunction

(Barkley 1997), specifically mediated by deficient behavioral inhibition. In contrast,

others have argued for alternative accounts, including an altered sensitivity to

reinforcement (Sonuga-Barke 2003). However, it remains unclear whether impaired

executive function in ADHD is a consequence of altered reinforcer sensitivity or

whether these seemingly divergent, causal mechanisms co-exist and thereby develop

simultaneously.

The psychological construct of impulsivity, which features prominently in

ADHD, can take many forms including intolerance to delayed gratification or an

inability to stop an already initiated motor response. Impulsivity has long been

associated with addiction and substance use disorders (reviewed by Verdejo-Garcı́a

et al. 2008), but in ways that are poorly understood. The origin of impulsivity in

addicted individuals (e.g., see Kirby and Petry 2004) is hypothesized to arise from

two, potentially interacting, mechanisms: either as a consequence of chronic drug

abuse, or as a preexisting behavioral trait that predisposes individuals to harmful

drug use (Perry and Carroll 2008). Indeed, interactions between predispositions

and drug exposure are believed to make an important contribution to deteriorating

behavioral outcomes (de Wit 2009). In this chapter, we review the available

evidence for “top-down” executive dysfunction in ADHD and drug addicts, alike,

and discuss the putative role of impulsivity phenotypes in the etiology of these

disorders. Finally, we highlight the challenge of explaining how environmental

variables can interact with predispositions to influence the emergence of complex

syndromes associated with impaired behavioral self-control.

2 Evidence for Executive Dysfunction in Drug Addiction

Executive functioning is an umbrella term used to define several components

of cognitive control that help optimize performance in complex task settings.

It includes distinct cognitive processes, such as: attentional selection, monitoring,

behavioral inhibition, task switching, planning, and decision making (Dalley et al.

2004; Fuster 2000; Miller 2000). Although there is no consensus on the taxonomy of

executive functions (Roberts et al. 1998), there is general agreement that the concept

of executive functions refers to several dissociable processes that can be fractionated

according to neuroanatomical divisions of the frontal cortex (Robbins 1996).

Chronic drug users display deficits in multiple tasks used to assess cognitive and

motor control. These deficits may increase the likelihood of seeking drugs and

impede the progression of rehabilitation programs (Rogers and Robbins 2001).

Neuropsychological tests suggest that chronic stimulant users show profound

deficits in tasks of visuomotor performance, attention, and verbal memory

(reviewed in Bolla et al. 1998; Rogers and Robbins 2001). For example, stimulant

abusers show a pattern of impairment, which is similar to that of patients with focal
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lesions of the orbitofrontal cortex (OFC) and is characterized by longer decision

times and risky choices (choices for the least probable outcome). Moreover, in

stimulant-dependent addicts, risky choice was correlated with years of abuse

(Rogers et al. 1999; but see Verdejo-Garcı́a et al. 2008). This pattern of choice

was mimicked by central serotonin (5-HT) depletion, suggesting that monoaminergic

dysfunction may underlie cognitive impairment in drug addicts (Rogers et al. 1999;

also see Verdejo-Garcı́a et al. 2008). A follow-up study found further evidence for

frontal-executive dysfunction in chronic stimulant and opiate abusers. This assess-

ment suggested a dissociation between amphetamine and opiate chronic users, with

the former showing an impairment in extradimensional attentional shifts and the

latter showing an impairment in intradimensional shifts, paralleled by learning

deficits and impairments in visuospatial tasks (Ornstein et al. 2000).

Deficits in executive functions in addicts are hypothesized to be caused by

alterations in a network that includes the prefrontal cortex (PFC), limbic system

(including the hippocampus and amygdala), basal ganglia (ventral and dorsal

striatum), and the thalamus (Everitt and Robbins 2005). This neural circuit can be

segregated into two clear interacting, apparently competitive systems: a “bottom-up”

system, reflecting the influence of environmental stimuli, which trigger cognitive

(i.e., cravings) and behavioral (i.e., motoric) responses, and a competing

“top-down” control system, which maintains online representations of long-term

goals. Deficits in “executive functions” in drug addicts could thus reflect heightened

responsiveness to environmental variables, or a lack of control exerted by the PFC

(Belin et al. 2009; Jentsch and Taylor 1999).

3 Dimensions of Impulsivity

Impulsivity is a complex, multidimensional psychological construct (Bari et al.

2011; Evenden 1999) involving a maladaptive tendency for fast, unplanned

behavior with little foresight on the consequences of such behavior (Moeller et al.

2001). Clearly, impulsivity can sometimes be advantageous but is more likely to

result in detrimental outcomes. As defined above, therefore, “impulsivity” is distinct

from “compulsivity”, which refers to a persistent tendency to behave in a repetitive,

habitualway despite the adverse consequences of such behavior (Fineberg et al. 2010).

This distinction is relevant to the emergence of drug addiction, specifically as the

endpoint of a series of transitions from impulsivity to compulsivity. At this point,

subjects no longer exert volitional control over drug intake but progressively come

to seek and take drugs compulsively, despite mounting adverse consequences

(Everitt and Robbins 2005).

Increasingly, impulsivity is categorized into two broad domains: impulsive
action and impulsive choice (Winstanley et al. 2006). The first has a clear motoric

component and is defined as an inability to withhold from making a response that

has already been initiated. A sensitive test of impulsive action is the stop-signal task

(SST) developed by Logan and collaborators (Logan 1994). In the SST, subjects are
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asked to respond as quickly as they can to a “go” signal, but to inhibit their response

when presented with a “stop” signal. The intervals between the onsets of the go and

stop signals are varied to allow an estimation of the “stop-signal reaction time”

(SSRT). SSRT is calculated (in milliseconds) by subtracting the mean Stop-signal

delay (the interval between the presentation of the Go signal and the Stop signal)

from the mean reaction time to the Go signal. In a rodent version of this task, rats or

mice are required to make a rapid lever press (R1) followed by a second response on

an alternative lever (R2) to obtain a reward (i.e., a sucrose pellet). In a small subset

of trials, a signal (the stop signal) is presented after the R1 has been made and

subjects are required to refrain from responding to receive a reward. In these

so-called stop trials, the signal is presented when R2 has already been initiated

and the rodents must withhold from responding (Eagle and Robbins 2003). In fact,

this task is a refined version of the conventional Go/no-Go task in which a stop

signal is presented after subjects have initiated a response to a “go” signal (Hester

and Garavan 2004).

The second category of impulsive behavior involves making a choice between

two responses presented simultaneously (R1 and R2). One of these choices is

followed by an immediate, small reward and the other by a delayed but larger

reward. In other words, subjects are presented with the opportunity to choose

between a small immediate reward and a larger delayed reward. Self-controlled

subjects choose the larger delayed reward and maximize total gains, whereas

impulsive subjects choose the small, immediate reward (Ainslie 1975).

The distinction between impulsive choice and impulsive action is important in the

context of executive functioning in ADHD and drug addiction because it provides

an opportunity to elucidate the underlying etiology and behavioral mechanisms of

such disorders. Implicit in this assumption is the notion that intermediate markers

(endophenotypes) can help identify distinct components of clinical syndromes that

are assumed to be polygenic in origin (Gottesman and Gould 2003). For example, the

distinction between diverse forms of impulsivity and their behavioral characterisation

can help to differentiate whether common manifestations of impulsivity are observed

in addiction, ADHD, and other disorders within the general category of impulse

control disorders (American Psychiatric Association 2000).

Previously, it has been shown that childhood ADHD is accompanied by steepened

reward discounting functions (Sonuga-Barke 1994; Sonuga-Barke et al. 1992).

However, this early research also showed that the ability to detect differences

between ADHD and control participants depended on the choice of parameters

used in the task. In particular, when the task was configured in such a way that

choosing the delayed reward would increase the total time to complete the task,

ADHD individuals opted for the immediate reward and thus showed steepened

delayed discounting functions. However, if the task was adjusted so that choosing

the immediate reward was followed by a longer waiting time until the next trial

was initiated, these differences disappeared (Sonuga-Barke et al. 1992). As a

consequence, the difference between ADHD individuals and controls normalized

when the choice of immediate reward did not decrease the total time taken to

complete the task. This finding led Sonuga-Barke (1994) to propose the Delay
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Aversion Hypothesis: namely, that ADHD individuals tend to opt for immediate

rewards because their perception of passage of time is longer and so is more

aversive than for control subjects. Williams (2010) recently extended this idea by

suggesting that such deficits reflect failures in the adjustment of the perception of

passage of time in ADHD individuals, which are hypothesized to reflect constant

changes in minor internal states (e.g., sleepiness, frustration).

Not only is impulsivity a defining characteristic of ADHD, but it is also prevalent

in drug addiction (Verdejo-Garcı́a et al. 2008). Choices made by addicted individuals

in real life resemble those made by impulsive subjects in choice impulsivity tasks.

Drug addicts display a tendency to choose immediate rewards (i.e., the pleasure

produced by a drug “high”) over the long-term benefits of a healthy life. These

choices eventually conflict with the subject’s everyday activities and have long-term

detrimental effects on the subject’s well-being. Studies using animal models, together

with functional brain imaging techniques, reveal several key regions that are com-

promised in drug addiction, including the PFC, OFC, and striatum (Everitt et al.

2008; Kalivas and O’Brien 2008; Koob and Volkow 2010; Nestler 2001). Dysfunc-

tion in such regions is likely to underlie poor decision-making and persistent

drug-seeking behavior in human addicts (Verdejo-Garcı́a et al. 2008).

4 Executive Dysfunction and ADHD Heterogeneity:

Beyond a Single “Core” Deficit

Executive dysfunction has been documented extensively in children with ADHD

(Barkley 1997; Castellanos et al. 2006; Lijffijt et al. 2005) and in drug addicts

(Bolla et al. 1998; Rogers and Robbins 2001). Findings in ADHD subjects led

Barkley (1997) to propose that deficient behavioral inhibition (i.e., motor impulsivity)

is a core deficit in individuals with ADHD. However, as mentioned above, ADHD

has also been associated with increased choice impulsivity, or an inability to wait

for delayed rewards, which has been linked with suboptimal reward processing

(Luman et al. 2010). This suggests that the neuropsychological profile of ADHD

may be more heterogeneous than previously thought, which challenges the assump-

tion of a single core deficit in ADHD (Castellanos et al. 2005, 2006; Sonuga-Barke

2003, 2005).

A major determinant for this change in direction was a comprehensive study in

which ADHD individuals and controls were tested in both choice and motor

impulsivity tasks (Solanto et al. 2001; see also Lambek et al. 2010). This study

found no association between motor and choice impulsivity in children with

ADHD, suggesting that the contribution of each deficit to ADHD diagnosis was

somewhat independent. This suggested that, consistent with diagnostic criteria,

clinical heterogeneity can obscure identification of putative markers that are key

to treating ADHD. This study thus reinforced the notion that dissociable domains of

ADHDmay help us to understand underlying neuropsychological processes that are

based on functionally specialized subregions of the frontal cortex. In fact, studies
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have replicated these findings (Lambek et al. 2010) and also revealed three dissoci-

able processes that account for ADHD: two are the forms of impulsivity described

above, and the third that is captured by timing deficits (Sonuga-Barke et al. 2010).

Castellanos et al. (2006) proposed that each of the main factors contributing to

ADHD symptomatology (i.e., inattention/hyperactivity and impulsivity) represent a

failure in executive functions related to sensory/motoric (i.e., “cold”) and emotional

(i.e., “hot”) processing, respectively. Thus, cortical regions implicated in abstract

and sensory cognitive processing (e.g., DLPFC) are considered “cold” regions,

whereas regions involved in emotional processing (orbital and medial prefrontal

cortex VMPFC) are deemed “hot” regions (Roiser et al. 2009). This taxonomy is

hypothesized to depend on cognitive sensory/motoric and limbic regions that

project differentially to the DLPFC and VMFC (see Fig. 1). Because ADHD

individuals display alterations in reward-learning related to impulsive-choice

(which reflects ventral striatum-VMPFC dysfunction) and also in motor impulsivity
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Fig. 1 Schematic depiction of hot (a, b) and cold (c, d) neural circuitry mediating emotional and

sensoriomotor processing, respectively. VTA ventral tegmental area, NAcb nucleus accumbens,

VMPFC ventromedial prefrontal cortex, Hipp hippocampus; Amyg amygdala, SN substantia nigra,

LC locus ceruleous, PUT putamen (dorsal striatum), StN subthalamic nucleus, IFG inferior frontal

gyrus, PreM premotor area, ACC anterior cingulate cortex
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(as assessed by the stop-signal task), it is likely that neurally dissociable regions of

the PFC are causally involved in distinct profiles of behavioral impairment in

ADHD. Performance on the stop signal task and delay-discounting tasks accurately

predicts 90% of ADHD cases but performance on each task alone predicts a much

lower proportion of clinical cases (Solanto et al. 2001; also see Lambek et al. 2010

for similar findings).

5 Neural Substrates of Impulsivity

The neural substrates of impulsivity involve a network of prefrontal, limbic, and

striatal regions. The striatum is crucial for both forms of impulsivity as it receives

dense projections from a number of limbic regions, such as the hippocampus,

amygdala, and PFC, which collectively have been implicated in impulsive behavior

(Cheung and Cardinal 2005; Dalley et al. 2008; Winstanley et al. 2004). The PFC

contains several distinct regions that are critically involved in: planning future

actions; deciding in situations of conflict; use of abstract rules, and the online

representation of relationships between stimuli beyond those simply defined by

the physical attributes of a particular stimulus (Dalley et al. 2004). It is therefore not

surprising that the PFC is implicated in choice and motor impulsivity, as measured

by delay-discounting and SSRTT, respectively. For example, increased activity

of prefrontal regions during delay-discounting is typically observed, which distin-

guishes between the VMPFC and the DLPFC. Thus, the VMPFC shows selective

activation when subjects choose immediate rewards, whereas the DLPFC is

activated when subjects make a choice that is independent of the delay (McClure

et al. 2004).

The functional imaging studies reviewed above suggest that PFC activity is

associated with impulsive behavior, but do not provide direct causal evidence that

this is the case. Causal evidence for a role of the PFC in choice impulsivity was

recently demonstrated with the use of transcranial magnetic stimulation (TMS;

Figner et al. 2010). In this experiment, subjects who received TMS of the DLPFC

(which has effects analogous to a temporary lesion) showed increased preference

for immediate rewards. This effect was not observed after the TMS had ceased or

following “sham” stimulation. Similarly, stopping capacity on the stop signal task

was impaired following TMS of the inferior frontal gyrus (IFG; Chambers et al.

2006), which is consistent with similar impairments observed in individuals with

lesions in the IFG (Aron et al. 2003).

There are many functional and anatomical homologies between ventral and

dorsal mPFC in the rat and the VMPFC and the DLPFC (respectively) in the

monkey (Vertes 2006). These provide an important foundation for integrating

findings from human and nonhuman animals concerning the relation between

neural substrates of executive dysfunctions and different forms of impulsive behav-

ior. In human imaging studies, choice for large, delayed rewards sometimes corre-

lates with activation of the VMPFC and sometimes with activation of the DLPFC
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(Daniel and Pollmann 2010). These two frontal regions are extreme endpoints of a

continuum linking hot and cold processing in the normal brain. Indeed, McClure

et al. (2004) found that these two systems control choice in a delayed-discounting

task. One of these was involved in choices for immediate rewards (the beta regions,

comprising the mOFC, medial prefrontal cortex, posterior cingulate cortex, and

ventral striatum). The second was involved in higher-order cognitive functions

responsible for choices that are independent of delay (the delta regions, comprising

lateral prefrontal regions, supplementary, and pre-motor regions). Of note, these

areas show opposite patterns of activation during choices for immediate and

delayed rewards, suggesting that these parallel circuits may be partly in competition

during choice.

The VMPFC also appears to have a prominent involvement in situations in

which there is a clear conflict between choices (i.e., large preference for delayed

reward or for the immediate reward) whereas dorsolateral regions of the PFC

control situations in which there is no clear preference for one of the alternatives:

for example, when a subject’s choices are close to indifference (Marco-Pallarés

et al. 2010). Thus, convergent evidence suggests that the DLPFC and VMPFC are

psychologically dissociable in humans in relation to impulse decision-making.

The general idea that a system related to emotional processing encodes choice

for imminent small rewards, while a second system for cognitive control allows

rational decisions about larger rewards, is supported by clinical evidence. Regions

strongly implicated in successful inhibition of motor impulsivity such as the IFG

are located in close proximity with delta (i.e., cognitive) regions (Eagle and Baunez

2010), whereas regions implicated in impulsive choice, such as the OFC, comprise

mainly beta regions (i.e., emotional processing). Both distinctions can predict

ADHD diagnosis and together they can account for much of the large variance in

the clinical population (Castellanos et al. 2006; Solanto et al. 2001). In studies using

rodents, lesions of the OFC impair successful performance in the stop signal task,

but lesions of the infralimbic (IL) cortex (which is situated more medial and

posterior to the OFC) do not (Eagle et al. 2008). In the 5-CSRTT, which measures

a form of impulsivity highly related to choice impulsivity (see below), lesions of the

IL cortex increase premature responses (impulsive behavior, whereas lesions of the

OFC increase perseverative responses, presumably related to compulsive lack of

control (Chudasama et al. 2003). Taken together, this evidence suggests that

fractionable components of the PFC control distinct processes related to choice

and motor impulsivity.

Additional support for the idea that a gradient of impulsivity can be delineated at

behavioral and neural levels stems from recent evidence in animal models of drug

addiction using controlled schedules of drug self-administration. Such studies

reveal a progressive gradient of neural dysfunction. Initially, this involves hot

(emotional) brain regions and gradually extends to include cold (sensory/motoric)

brain regions (DLPFC) after extended drug self-administration (Beveridge et al.

2008). In a recent review of the neural effects of chronic drug exposure, Beveridge

and colleagues concluded that “most consistent deficits in functional activity are

within ventromedial orbital and anterior cingulate cortices, regardless of task”
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(Beveridge et al. 2008, p 3260). In support of this view, monkeys exposed to 5 days,

3.3 months, or 1.2 years of cocaine self-administration showed a progressive

reduction in metabolic activity starting in the ventromedial orbital region and

eventually extending to include the DLPFC (Letchworth et al. 2001). Thus, initial

cocaine self-administration affects mainly the so-called “hot” cognitive systems,

whereas longer exposure to cocaine produces more pervasive effects on PFC

function, especially the DLPFC (Shackman et al. 2009). Consistent with this notion

are recent findings in rats showing that prolonged access to cocaine self-administration

impairs PFC-dependent cognitive functions such as working memory (Dalley et al.

2005), and findings in monkeys showing deficits in motor inhibition (measured in the

stop signal task) after chronic cocaine self-administration (Liu et al. 2009).

6 Modeling Vulnerability to Drug Addiction

Impulsive behavior and novelty-(sensation) seeking have long been associated with

drug addiction in humans, whether as a causal mechanism or as a consequence of

repeated episodes of drug taking (Verdejo-Garcı́a et al. 2008; Wills et al. 1994;

Zuckerman 1990). Increasing evidence suggests that certain personality traits,

including the seeking out of intense forms of sensation, novelty, and impulsivity

may predispose to drug abuse and addiction (Adams et al. 2003; Sher et al. 2000;

Verdejo-Garcı́a et al. 2008). Indeed recent work on prospective studies in adoles-

cents indicates that impulsivity may pre-date drug use and contribute to the

development of addiction (Nigg et al. 2006; Wong et al. 2006).

Consistent with a causal role of impulsivity in drug addiction, we have recently

shown that a naturally occurring form of impulsivity in rats predicts both the

escalation of intravenous cocaine self-administration (Dalley et al. 2007) and the

subsequent emergence of compulsive cocaine taking (Belin et al. 2008). Rats were

screened for impulsivity on the 5-CSRTT, which was defined by the number of

anticipatory responses made before the onset of a food-predictive, brief light

stimulus (Robbins 2002). In subsequent work, we have shown that the high

impulsivity phenotype is best described by a deficit in waiting for delayed rewards

(Robinson et al. 2009). Indeed, rats exhibiting high levels of impulsive choice for

food reinforcement also escalate their cocaine self-administration more readily than

do low impulsive rats (Anker et al. 2009; Perry et al. 2005).

One of the best studied animal models of novelty-(sensation) seeking is the high

responder rat, which displays high levels of locomotor activity in a novel environ-

ment compared with low responder rats. The high responder rat shows an increased

propensity to acquire stimulant self-administration, in particular when low doses

are infused (Piazza et al. 1989). However, it does not predict features of addiction

that resemble the behavior of addicts, such as compulsive cocaine-seeking (Belin

et al. 2008). In addition, high responder rats not only show lower choice-impulsivity

than low responder rats, but they also show increased motor impulsivity under a

schedule looking for a differential response to low rates of reinforcement (DRL;

Flagel et al. 2010). We suggest that this is equivalent to “cold” impulsivity. Rats
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bred for high levels of responsiveness to a novel environment (hereafter high

responder) also show an increased approach response to stimuli that predict food

rewards (sign tracking), rather than to the location of delivery of reward (goal

tracking). That is, rats are exposed to stimulus-food pairings in which the insertion

of a lever inside the chamber is the stimulus, and delivery of a food pellet the

reward. Although presses on the lever have no effect on the delivery of rewards, so-

called “sign trackers” increase their number of responses to the lever at the expense

of waiting in the food hopper for reward delivery (i.e., “goal-trackers”; Flagel et al.

2010). Sign-trackers have also been proposed as a putative model for addiction.

However, these rats do not acquire cocaine self-administration faster than rats that

tend to approach the location of the food (i.e., goal-trackers) (Robinson and Flagel

2009; Flagel et al. 2011).

In summary, subjects with preexisting high levels impulsivity as determined by

premature responses in the 5-CSRTT (Dalley et al. 2007; Diergaarde et al. 2008) or

choice impulsivity (Perry et al. 2005) seem to be particularly prone to escalate

cocaine or nicotine intake. In addition, high impulsive animals in the 5-CSRTT

(Dalley et al. 2007), which also behave impulsively in temporal discounting

(the critical measure of choice impulsivity; Robinson et al. 2009), are prone to

develop addiction-like patterns of behavior modeled on the criteria used in the

clinical diagnosis of substance abuse disorders (Belin et al. 2008). High responder

rats selected for their reactivity to novel environments and rats selected for their

tendencies to display Pavlovian approach responses (i.e., sign trackers) do not seem

to escalate faster self-administration of stimulants, but rather display increased

reinstatement of responding after presentations of the drug-predictive stimulus

(Saunders and Robinson 2010). This latter phenotypic characteristic is not unique

to sign trackers because high impulsive animals selected on the basis of their

premature responses, also show increased resumption of cocaine seeking after

punishment-induced abstinence (Economidou et al. 2009).

7 Impulsivity and Choice Behavior: A Psychological

Perspective

As discussed above, there are at least two dissociable psychological constructs of

impulsivity (choice and motor impulsivity) and each is governed by distinct

neuroanatomical networks (see: Fig. 1). Increased choice impulsivity for food

rewards predicts escalation of cocaine self-administration, as does impulsive

responding on the 5-CSRTT (Dalley et al. 2007; Diergaarde et al. 2008; Perry

and Carroll 2008). Given that drug self-administration initially affects ventral

regions of mPFC (Beveridge et al. 2008; Letchworth et al. 2001) and progressively

shifts toward more dorsal regions of the striatum and PFC with increasing drug

exposure, it has been hypothesized that drug addiction is a brain disorder that

progresses from ventral to dorsal frontostriatal brain regions (Porrino et al. 2007).

Thus, choice (or waiting) impulsivity may be an early marker or determinant of
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vulnerability to drug addiction, whereas motor impulsivity deficits observed in

addicts may be the end point in which the detrimental effects of chronic drug

exposure are better revealed.

Individuals with ADHD show profound differences in choice impulsivity rela-

tive to normal healthy controls and, under most circumstances, they opt for small,

immediate rewards. This may be a consequence of a failure to encode the magni-

tude of the larger reward (Sonuga-Barke et al. 1992). Reward encoding is mediated

by midbrain dopaminergic neurons that originate in the ventral tegmental area and

substantia nigra (VTA/SN) and project to the striatum, in particular to the nucleus

accumbens (NAcb). In humans, the involvement of the NAcb is reliably revealed

when real rewards (as opposed to abstract rewards) are employed. For example, a

recent study compared NAcb activation during performance of two feedback-based

tasks: one task used monetary rewards, the other used relevant feedback. NAcb

activation was higher during the anticipation of a monetary reward than task-related

(or cognitive) feedback (Daniel and Pollmann 2010). This suggests that ventral–

striatal activation (i.e., hot processing) is greater when the task involves biologi-

cally significant rewards (also see McClure et al. 2007). Moreover, these regions

may be disrupted in individuals with ADHD. Thus, a recent positron emission

tomography (PET) imaging study in 53 nonmedicated adults with ADHD found

that dopamine D2/3 receptors and dopamine transporter (DAT) availability are

reduced in the left midbrain and NAcb (Volkow et al. 2009). In addition, an fMRI

study showed decreased activation in the ventral striatum of adult ADHD indivi-

duals (relative to controls) during performance on a discounting task with monetary

rewards (Plichta et al. 2009). Taken together, these studies provide strong support

for the notion that altered reward sensitivity is a core deficit in ADHD individuals

and that altered dopamine transmission in the VTA-NAcb pathway contributes to

the altered responsiveness of ADHD subjects to biologically relevant rewards.

Altered reward sensitivity has also been proposed as a candidate mechanism in

drug addiction, specifically because drugs of abuse usurp dopaminergic (and other)

systems implicated in reward prediction error (Dalley and Everitt 2009; Stephens

et al. 2010). Deregulated dopaminergic inputs may contribute to an addict’s

failure to encode delayed rewards in favor of immediate pleasure. In addition,

some drugs of abuse (e.g., psychostimulants) increase dopaminergic transmission,

in part by compensating for the general reward deficits and sense of anhedonia often

experienced by addicts.

This failure to encode delayed rewards may be due to impaired encoding of

response-outcome associations (RD-O) during delayed reward, in which subjects

assess R-O associations relative to alternative stimuli (S) or responses (RI). Critical

to the present discussion is the functional role of these stimuli including the training

context, which have their own associations with the outcome (S-O; or RI-O). For

example, relative to immediate rewards, delayed rewards result in stronger context-

outcome (S-O) associations, but it is not entirely clear how this additional strength

of the context affects instrumental choice and performance (Cardinal et al. 2002).

That is, in free-operant procedures with only one response alternative (R), subjects

assess the causal relation of their responses and the outcome relative to all other
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stimuli (e.g., the context) that are present in the session. In a choice situation with

two response alternatives each followed by an immediate or delayed reward (RI and

RD, respectively), the causal relation of RD and the delayed O will be assessed in

relation to that of RI and the immediate O: context becomes a signal for availability

rather than a competing stimulus. For example, studies using instrumental condition-

ing have found opposite effects of contextual extinction during/after instrumental

free-operant training. Whereas context extinction decreases instrumental perfor-

mance when the outcome (O) is presented immediately after the response (Pearce

and Hall 1979), it increases responding when outcomes are delayed (Dickinson

et al. 1992; Reed and Reilly 1990). Self-administration of cocaine or heroin also

varies as a function of environmental cues in both addicts and rodents (Caprioli

et al. 2009): this supports the idea that different drugs of abuse interact with

contextual stimuli in different and sometimes opposite ways.

8 The Hippocampus, Environmental Stimuli,

and Delayed Rewards

The hippocampus projects extensively to the ventral striatum, in particular to the

shell subregion of the NAcb (Groenewegen et al. 1999), and is implicated in ADHD

(Plessen et al. 2006; Volkow et al. 2007). It is generally agreed that the NAcb shell

processes contextual information, whereas the NAcb core processes Pavlovian

cues, consistent with segregated neuroanatomical inputs from the hippocampus

and amygdala, respectively (Cardinal et al. 2002). Instrumental learning and choice

can be modulated by several factors, including the presence of Pavlovian stimuli

during training. However, in the absence of choice it is now becoming clear that

training contexts can both compete with, and facilitate, instrumental performance

depending on the training parameters (Reed and Reilly 1990; Pearce and Hall

1979). With immediate reinforcement, extinction of the context after instrumental

training reduces instrumental performance in a subsequent test, revealing that the

context facilitated instrumental action (Pearce and Hall 1979). With similar training

parameters, but delayed reinforcement, the opposite effect is found; context extinc-

tion after instrumental training increases instrumental performance (Reed and

Reilly 1990).

Lesions of the hippocampus produce a similar pattern of results. For example,

after hippocampal lesions, subjects learn more slowly about immediate reinforcement

but more quickly when reinforcement is delayed (Cheung and Cardinal 2005). Such

effects contrast with lesions of NAcb, which increase instrumental learning when

there is no delay between responding and reward, but retard learning when delays

are imposed (Cardinal and Cheung 2005). Thus, under immediate versus delayed
reward conditions, the context seems to exert opposite effects on instrumental

performance. Contextual competition and facilitation also depend on other para-

meters, such as the number of levers (response alternatives) present in the training

environment. In delayed, free-operant training with only one response alternative,
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subjects assess the R-O representation in relation to that between other stimuli,

such as the context (Fig. 2, right). In a choice situation with two response

alternatives each followed by an immediate or delayed reward (RI and RD,

respectively), RD is compared with a second RI rather than the training context

(Fig. 2, left). The fact that in the absence of choice the context seems to compete

under delayed reward conditions does not necessarily suggest that this is the only

role that the context exerts. In delayed reinforcement with choice between two

I D D

Delayed rewardChoice impulsivity

Hippocampus

Context competitionContext facilitation

I D D

Delayed rewardChoice impulsivity

Hippocampus

Context competitionContext facilitation

 

Fig. 2 Hypothetical functions of the hippocampus and the NAcb in coding the effects of context

on choice impulsivity and delayed reward (top). The context can either compete (right) or facilitate
(left) instrumental performance with delayed rewards. The NAcb mediates performance in both

situations, but the critical contribution of context can give rise to two opposing outcomes. When

the context bridges the response-outcome relation (left), subjects opt for the delayed reward and

thus display reduced impulsive choice. Hippocampal lesions (bottom), which reduce context

processing, induce impulsive choice (left). Conversely, in a single-lever situation involving

delayed rewards (top right), the context competes with R for control over behavior. In this

situation, absence of context processing increases responding for delayed rewards (bottom right)
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response alternatives, the context acts as a bridge between any given RD and the

delayed O, consistent with several reports suggesting that the hippocampus is

necessary for delayed (i.e., trace) conditioning (Shors 2004). This explains why,

in hippocampus-lesioned subjects, failing to bridge these two representations

impairs encoding for the delayed outcome and results in a shift in choice toward

the immediate reward (Cheung and Cardinal 2005). These results show that the

context can compete with, or facilitate, instrumental performance depending on

the number of response alternatives and on whether rewarding outcomes are

presented immediately or after a delay (Fig. 2).

Similarly, an issue that awaits clarification concerns the function of discrete

signals presented during the delay between the R and the O. This is relevant because

contextual stimuli are present during these intervals and influence choice, but the

exact function that allows contexts to bridge the delay between the R and the O is

obscured by long periods during the intervals between trials on which O is not

presented. These putative roles can be clarified with the use of discrete stimuli.

For example, due to associations with the outcome, contextual stimuli or discrete

signals present between the response and outcome may support instrumental

performance through a process called conditioned reinforcement, which depends

on dopamine function in the NAcb (Taylor and Robbins 1986). However, the

relationship between conditioned reinforcement processes and impulsivity, which

both depend on dopaminergic mechanisms (Dalley et al. 2007; van Gaalen et al.

2006), is unclear.

Because the symptoms of ADHD are relieved by drugs that augment dopamine

function (Solanto 2002), it is widely hypothesized that ADHD and impulsivity are

mediated by an insufficiency of dopamine function (Castellanos and Tannock 2002;

Solanto 2002; Volkow et al. 2007). Decreased DA transmission can explain steep-

ened delayed-discounting in ADHD subjects through two mechanisms. Low-tonic

dopaminergic transmission (Volkow et al. 2007) increases signal-to-noise ratios in

reward neural circuitry and makes external (distractor) stimuli more salient and

attention-grabbing (Sikstr€om and S€oderlund 2007), whereas increased attention to

nontarget stimuli is presumably mediated by increased phasic dopamine responses.

In a situation that imposes a choice between immediate and delayed rewards, this

explanation predicts steep delay-discounting functions due to a heightened phasic

dopamine response to the immediate reward, which competes with (i.e., over-

shadows) reinforcement produced by the delayed reward. Alternatively, ADHD

individuals may display impulsive discounting because interfering stimuli, during

the interval between the choice and the presentation of the reward, impair learning

about stimuli that guide response selection (Johansen et al. 2009). Both these

explanations predict that lesions of the NAcb should increase impulsive behavior,

either due to decreased signal-to-noise ratios or increased learning about stimuli

that guide response selection toward the immediate reward (Cardinal et al. 2001).

Although these two explanations seem compatible in principle, the second posits

that learning about distracting stimuli leads to ineffective learning about discrimi-

native stimuli (such as contextual cues), which are critical for choice behavior. This

account predicts that hippocampal lesions, which decrease processing of contextual
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stimuli (Holland and Bouton 1999), should increase impulsivity. This is because

contextual stimuli determine response selection and, in the absence of context

processing, preference for the immediate choice should be increased (Fig. 2). One

explanation for this lack of agreement may arise from the assumptions made

regarding the role of contextual information. For example, Johansen et al. (2009)

assume that the context and other stimuli influence choice in the same way as

discriminative stimuli: that is by signaling an R-O relation (Colwill and Rescorla

1990). This process is similar to Pavlovian-to-instrumental transfer (PIT), in which

stimuli that have previously been associated with the outcome increase instrumental

behavior. However, evidence suggests that differences between ADHD and control

participants tend to be observed when sessions are adjusted, depending on the choices

made; this culminates in relatively massed trials when subjects always choose the

immediate reward (Sonuga-Barke et al. 1992). Massed training increases the strength

of associations between contextual (i.e., environmental) stimuli and the outcome

because subjects experience the presentation of the outcome simultaneously with the

context. Therefore, the context is likely to compete with (i.e., overshadow) responses

when waiting intervals are relatively short. The question then is how to determine the

specific influence of the context in a choice situation, as each choice (immediate

versus delayed) has a different temporal relationship with the outcome.

Overall, the evidence summarized above suggests that environmental stimuli

can change instrumental conditioning with delayed reward and choice behavior

through at least two mechanisms; first by acting as discrete cues (which makes the

context akin to a conditioned reinforcer (CR), and, second, by signaling an R-O

association through its discriminative properties (a process analogous to Pavlovian-

to-instrumental transfer (PIT)). Unfortunately, little is known about the conditions

that favor the increase in instrumental performance observed in CR and PIT

procedures. In a recent study, Crombag et al. (2008) observed that brief stimuli

favor the development of CR but not PIT, whereas long stimuli favor robust PIT but

not CR. Although the mechanisms underlying this dissociation are not entirely

clear, it suggests that briefly exposed stimuli (i.e., comparable to a schedule with

massed trials) are more likely to become conditioned reinforcers and therefore

potentiate instrumental responding for delayed outcomes. This potentiation is likely

to occur when the outcome is delayed rather than presented immediately.

Using cocaine as an outcome, Di Ciano and Everitt (2003) reported that rela-

tively short stimuli that have been paired with self-administered drug can support

the acquisition of a new response (suggesting strong CR properties) but these

stimuli fail to invigorate instrumental behavior when presented noncontingently.

On the contrary, noncontingent presentation of discriminative stimuli of long

duration, which previously predicted drug availability, did invigorate responding

for cocaine under similar training conditions, suggesting that the ability of environ-

mental signals to support cocaine seeking is largely dependent on their duration

and predictive relationship with the primary reinforcer (O). Together, these data

indicate that stimulus duration (and trial spacing, in the case of contexts) determines

the reinforcing and invigorating properties of CSs associated with primary reinforcers.

Why this is the case is not entirely clear and is discussed next.

188 G.P. Urcelay and J.W. Dalley



One possibility is that CR and PIT engage different psychological processes,

each favored by the different training conditions. This would be consistent with

multiple neural dissociations underpinning CR and PIT (Corbit and Balleine 2005;

Corbit et al. 2007). For example, CR depends on the basolateral amygdala, whereas

some forms of PIT depend on the central amygdala (Cardinal et al. 2002). Regard-

less of this question, it is clear that both processes contribute to instrumental

reinforcement with delayed rewards, and that these differences may stem from

alternative roles of environmental information present during the interval between

R and O. Thus, it could be argued that conditioned reinforcement by contextual

stimuli may support responding for delayed rewards, and that ADHD individuals

fail to encode these aspects of contextual stimuli. This proposal is consistent with

differences in choice behavior between ADHD and control individuals (discussed

above). Specifically, when the intertrial interval was adjusted, based on the choice

outcome of each trial, control subjects showed preferential choice for the immediate

outcome, just like ADHD individuals (Sonuga-Barke et al. 1992).

In summary, our analysis suggests that contextual and discrete stimuli can

influence instrumental behavior and choice in at least two ways. First, by virtue

of their strong associations with primary reinforcers (O), brief stimuli can support

instrumental action by acting as a CR. Second, they can signal the availability of

delayed outcomes through its discriminative properties, a process which is favored

by long-lasting stimuli. A remaining issue, therefore, is how psychostimulant drugs,

such as d-amphetamine and methylphenidate, which are clinically efficacious

in ADHD (Solanto 2002), interact with these mechanisms. This was tested explic-

itly in a study by Cardinal et al. (2000) in groups of rats trained on a delayed-

discounting task, with or without a bridging signal between the choice phase and the

delivery of the food outcome. One group of rats received training in which the

house-light of the chamber was illuminated before choice, but was turned off after

the choice response (R) and remained off until the presentation of the delayed

reward (R-O). For a second group of animals, the house-light was illuminated

during the entire trial (including the interval between response and delayed reward).

A third group of animals received a light stimulus after a response had been made

until the outcome was delivered. The experimental design thus tests how different

stimuli presented during the interval between choice and outcome presentation

(continuous house-light, a discrete light stimulus, or no stimulus) influence delayed

discounting. It was observed that d-amphetamine increased impulsivity in the absence

of any stimulus between the response and outcome, but decreased impulsivity

when there was a cue presented between the response and outcome (i.e., discrete

light stimulus). These results strongly suggest that d-amphetamine potentiates the

conditioned reinforcing effects of the light cue thereby increasing choice for the

larger, delayed reward (Cardinal et al. 2000).

A similar dissociation was observed recently in rats selected for high versus low
baseline levels of delayed discounting (i.e., choice) impulsivity (Zeeb et al. 2010).

In high-impulsive rodents, presentation of a signal increased impulsive choice, but

the opposite result was observed in low-impulsive rodents. Moreover, inactivation

of the OFC increased impulsive choice in high impulsive rodents when no cue was
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presented, but decreased impulsive choice in low-impulsive rats when a cue was

presented between the response and outcome. In short, the signal facilitated

responding for the delayed reward in low-impulsive rats but decreased it in high-

impulsive rats. The OFC is postulated to play a role in processing reward-predictive,

Pavlovian cues (Schoenbaum et al. 2009). However, this does not explain why OFC

inactivation produced opposite effects, depending on baseline levels of impulsivity.

It is plausible to speculate that the role of the OFC depends on basal levels of DA

transmission, but the opposite interaction is not readily anticipated by current views

on the OFC function. These results challenge simple views on behavior and brain

function and suggest a need for an approach that considers sensitivity to basal

levels of stimulation from the environment. This is relevant for ADHD because

adequate stimulation by the environment (as is the case when the environment

is novel) decreases differences between ADHD individuals and controls (Abikoff

et al. 1996).

9 Linking Impulsivity, Executive Dysfunction, and Propensity

to Drug Addiction

In this chapter, we review evidence suggesting that environmental factors, such as

discrete signals and contexts, can have opposite effects on instrumental perfor-

mance and choice. Impulsive subjects either fail to use these signals, or use them in

a way that biases their responses toward immediate, smaller rewards. ADHD and

early stages of drug addiction are characterized by a lack of impulse control: this

depends on dysfunctional dopamine neurotransmission, which translates into

reward deficits at a psychological level. One question is how does this particular

form of impulsivity or endophenotype predispose subjects to drug addiction?

Addiction can be conceptualized as a series of transitions from recreational,

occasional drug exposure to habitual and, ultimately, compulsive drug use that is

immune to negative consequences (Everitt and Robbins 2005). Increased impulsivity

may decrease the age at first exposure, while increasing the incidence and amounts

of drug consumed. These two factors, in concert, may accelerate higher rates of

drug use in impulsive subjects (Rogers and Robbins 2001; de Wit 2009). However,

according to our present theoretical analysis, there is a second mechanism through

which impulsive endophenotypes may predispose to drug addiction. By failing

to encode delayed outcomes, and so preferentially choosing immediate, small

magnitude rewards, individuals with ADHD may be especially susceptible to the

development of habitual behavior. Habitual behavior is an automatic behavior that

is independent of the value of the goal (Dickinson 1985).

Recent unpublished experiments have begun to shed light on the potential link

between delayed reward and the transition to habits (Urcelay et al., unpublished

observation). In rodents trained to lever-press for food rewards, we have observed

that when rewards are delayed (20 s) instrumental behavior is less dependent on the

value of the outcome and so is more habitual. Moreover, long exposure to the
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training context (extinction) restores goal-dependent behavior in animals trained

with a 20 s delay between the R and the O. These findings suggest that the failure to

encode delayed goals may accelerate the transition to habitual behavior. It could be

argued that failure to encode reward value or magnitude predisposes to habitual

behavior and that this explains why endophenotypes, characterized by high impul-

sive choice are not only more prone to escalate during cocaine self-administration,

but also continue drug-seeking despite negative consequences (Belin et al. 2008;

Dalley et al. 2007; Diergaarde et al. 2008).

10 Conclusions

Although the present analysis of dual PFC control over striatal-based behaviors

may be an oversimplification, it is consistent with a dual-locus explanation of

ADHD (Castellanos et al. 2006) and also with deficits observed in drug addicts

(Verdejo-Garcı́a et al. 2008). The rodent literature we have reviewed also shows

parallels with the notion of “cool” and “hot” processing, suggesting continuity in an

analysis involving preclinical animal models and observations in clinical subgroups

(Solanto et al. 2001). Perhaps, the strength of this approach is that it ultimately

relies on detailed neuroanatomical studies that suggest gradients of projections

from different prefrontal and limbic regions to the basal ganglia (Haber 2003;

Voorn et al. 2004). Within this framework, “hot” and “cold” frontostriatal networks

provide a useful working model to explain the pattern of dysfunction in cocaine

addicts. Moreover, studies assessing the impact of vulnerable neural and behavioral

endophenotypes suggest that the regions first affected by cocaine exposure (ventral

network; hot) are also affected in impulsive subjects with no prior exposure to drugs

or ADHD medication. Thus, individuals exhibiting high levels of choice impulsiv-

ity may be especially prone to develop drug addiction. In contrast, high levels of

motor impulsivity (dorsal network; cold) may instead relate to the later stages of

drug addiction as a manifestation of the direct neurotoxic effects of chronic drug

exposure.

A major challenge for future research will be to elucidate the genetic basis

of choice impulsivity and determine how environmental influences (context, drug

exposure) interact and modify the transition from initial goal-directed drug use to

habitual and ultimately compulsive drug abuse. A second challenge is to refine

current behavioral protocols used in the laboratory to increase the accuracy of

clinical diagnosis (i.e., DSM5). The evidence summarized here highlights the

prevalence of different forms of impulsivity in both ADHD and addiction, thus

suggesting that impulsivity is critical in the identification of the diverse behavioral

patterns observed in these conditions.
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Abstract Although quite overlooked, increasing evidence points to a significant

association between attention-deficit/hyperactivity disorder (ADHD) and obesity.

Here, we present an updated systematic review and a critical discussion of studies

on the relationship between ADHD and obesity, with a particular emphasis on the

possible behavioral, neurobiological, and genetics underlying mechanisms.
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Available empirically based studies indicate that the prevalence of ADHD in

clinical samples of patients seeking treatment for their obesity is higher than that

in the general population. Moreover, although still limited, current evidence shows

that individuals with ADHD have higher-than-average body mass index z-scores
and/or significantly higher obesity rates compared with subjects without ADHD.

Three mechanisms underlying the association between ADHD and obesity have been

proposed: (1) obesity and/or factors associated with it (such as sleep-disordered

breathing and deficits in arousal/alertness) manifest as ADHD-like symptoms;

(2) ADHD and obesity share common genetics and neurobiological dysfunctions,

involving the dopaminergic and, possibly, other systems (e.g., brain-derived neuro-

tropic factor, melanocortin-4-receptor); and (3) impulsivity and inattention of ADHD

contribute to weight gain via dysregulated eating patterns. With regards to the

possible clinical implications, we suggest that it is noteworthy to screen for ADHD

in patients with obesity and to look for abnormal eating behaviors as possible

contributing factors of obesity in patients with ADHD. If further studies confirm a

causal relationship between ADHD and obesity, appropriate treatment of ADHDmay

improve eating patterns and, as a consequence, weight status of individuals with both

obesity and ADHD.

Keywords ADHD � Binge eating � BMI � Eating disorders � Obesity

Abbreviations

ADD Attention-deficit disorder

BDNF Brain-derived neurotropic factor

BMI-SDS Body mass index standard deviations scores

CAPA Child and Adolescent Psychiatric Assessment

CI Confidence interval

CPRS-R:S Conners Parent Rating Scale-Revised:Short version

DRD2 Dopamine D2 receptor

DRD4 Dopamine D4 receptor

EDS Excessive daytime sleepiness

MC4-R Melanocortin-4-receptor

NSCH National Survey of Children’s Health

OR Odds ratio

SAD Seasonal affective disorder

SDSC Sleep Disturbance Scale for Children

WURS-25 Wender Utah Rating Scale-25
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1 Introduction

Recent evidence suggests strong links between attention-deficit/hyperactivity dis-

order (ADHD) and obesity, although findings are not always consistent. A better

insight into this association is of relevance for two reasons. First, it may contribute

to the understanding of possible psychopathological and pathophysiological

mechanisms underlying both ADHD and obesity, at least in a subset of patients.

Second, it might have important implications for the management of patients with

both obesity and ADHD, suggesting common therapeutic strategies when these two

conditions coexist. This seems particularly noteworthy because of the high preva-

lence and the enormous personal, family, and social burden associated with both

obesity and ADHD.

Therefore, the aims of this chapter are to: (1) review the evidence for an associa-

tion between ADHD and obesity; (2) examine the behavioral and pathophysiologi-

cal mechanisms that have been proposed to underlie this potential association; and

(3) discuss the implications of this newly described potential comorbidity on the

clinical management of patients who present with both ADHD and obesity.

Before examining the relationship between ADHD and obesity, we introduce in

the following paragraph the definition of obesity and overweight that will be used

throughout this chapter. We refer to the definitions available in the World Health

Organization (WHO) website: http://www.who.int/en/. Overweight and obesity are

characterized by abnormal or excessive fat accumulation that may impair health.

Body mass index (BMI) is a simple index of weight-for-height that is commonly

used in classifying overweight and obesity in adult populations and individuals. It

is defined as the weight in kilograms divided by the square of the height in meters

(kg/m2). BMI provides the most useful population-level measure of overweight and

obesity, as it is the same for both sexes and for adults of all ages. However, it should

be considered as a rough guide because it may not correspond to the same degree of

fatness in different individuals. The WHO defines “overweight” as a BMI greater

than or equal to 25 kg/m2, and “obesity” as a BMI greater than or equal to 30. The

newWHO Child Growth Standards, launched in April 2006, include BMI charts for

infants and young children up to the age of 5. However, measuring overweight and

obesity in children aged 5–14 years is challenging because there is not a standard

definition of childhood obesity applied worldwide. WHO is currently developing an

international growth reference for school-age children and adolescents. Since BMI

does not adequately describe central adiposity, other indices of body fatness are

being explored. A recent study showed a significant correlation between BMI and

neck circumference in children; the best cutoff that identified high BMI in boys

ranged from 28.5 to 39.0 cm; corresponding values in girls ranged to 27.0–34.6 cm

(Nafiu et al. 2010). However, since this a recent proposal, no study assessing the

relationship between ADHD and obesity has used this index, which, therefore, will

not be taken into consideration in this chapter.
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2 Studies Assessing the Relationship Between

ADHD and Obesity

Our group published in 2008 a systematic review (Cortese et al. 2008a) of the

studies exploring the relationship between ADHD and obesity. We searched both

for studies assessing the prevalence of ADHD in obese subjects and for those

evaluating the weight status of subjects with ADHD. We included methodologi-

cally sound studies, published up to January 2007, conducted in children and in

adults with ADHD diagnosed according to formal criteria. Since drugs used for the

treatment of ADHD may have anorexigenic effects, we did not consider studies

examining weight status in treated patients with ADHD or studies which did not

control for the effect of ADHD medications. Since that review, an additional three

methodologically sound studies (where the diagnosis of ADHD was based on

formal criteria) have been published (Braet et al. 2007; Pagoto et al. 2009; Ptacek

et al. 2009). In the following section, we present and critically discuss the key

results from the studies included in our initial systematic review plus those from the

three new additional studies published after January 2007. We also present addi-

tional studies that, although do not meet the criteria for inclusion in the systematic

review, provide interesting insights on the relationship between ADHD symptoms

and obesity.

2.1 Studies Examining the Prevalence of ADHD in Obese
Subjects (Table 1)

We located five methodologically sound studies (Agranat-Meged et al. 2005; Altfas

2002; Braet et al. 2007; Erermis et al. 2004; Fleming et al. 2005) conducted in

clinical settings, and one survey (Mustillo et al. 2003) in the general population.

The five clinical studies were conducted, respectively, in a clinical sample of: 215

obese adults receiving obesity treatment in a clinic specialized in the prevention and

treatment of obesity (Altfas 2002); 30 obese adolescents (aged 12–16 years) seek-

ing treatment from a pediatric endocrinology outpatient clinic (Erermis et al. 2004);

26 children (aged 8–17 years) hospitalized in an eating disorder unit for the

treatment of their refractory morbid obesity (Agranat-Meged et al. 2005); 75

obese women (mean age: 40.4 years) consecutively referred to a medical obesity

clinic (Fleming et al. 2005); and in a clinical sample of 56 overweight children

versus 53 normal weight children (10–18 years) (Braet et al. 2007). All these

studies, except one (Braet et al. 2007), reported a significantly higher prevalence

of ADHD (diagnosed according to formal criteria) in obese patients than in

comparable controls or age-adapted reference values. As for the negative study

(Braet et al. 2007), we believe that its results cannot lead to a firm conclusion since
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neither the details of the interview nor the medication status of the patients was

reported.

However, the four positive studies also present some methodological limitations

that hamper a firm conclusion from their results, such as: the relatively small

sample sizes; the lack of a control group in some of them (Altfas 2002; Fleming

et al. 2005); and possible selection biases (e.g., the study by Fleming et al. was

conducted in a female sample (Fleming et al. 2005)). However, despite these

limitations, they all suggest that obese patients referred to obesity clinics may

present with higher than expected prevalence of ADHD.

By contrast, the only epidemiological study reported no association between

ADHD and obesity. This study (Mustillo et al. 2003) was conducted in a large

sample (991 youths aged 9–16 years) and was based on the state-of-the-art assess-

ment for psychiatric disorder in childhood (Child and Adolescent Psychiatric

Assessment, CAPA). However, given the epidemiological nature of the study and

the large sample size, it was difficult to obtain information from multiple sources, as

required for an appropriate diagnosis of ADHD. The discordance of the results

between the four clinical studies and the epidemiological survey may be due to

methodological issues. Indeed, clinical settings may favor a higher case-finding rate

because the opportunity to observe and assess behavior is greater than the methods

of epidemiological surveys.

In summary, current evidence points to higher than expected prevalence of

ADHD in clinical samples of obese patients seeking for treatment, while there are

no data supporting significantly higher prevalence of ADHD in the general popula-

tion of obese individuals.

2.2 Studies Assessing the Weight Status of Subjects with ADHD

In our systematic review, we located 12 studies (Anderson et al. 2006; Biederman

et al. 2003; Curtin et al. 2005; Faraone et al. 2005; Holtkamp et al. 2004;

Hubel et al. 2006; Lam and Yang 2007; Pagoto et al. 2009; Ptacek et al. 2009;

Spencer et al. 1996, 2006; Swanson et al. 2006) that examined the weight status of

children with ADHD. Eight of these studies (Biederman et al. 2003; Curtin et al.

2005; Faraone et al. 2005; Holtkamp et al. 2004; Ptacek et al. 2009; Spencer

et al. 1996, 2006; Swanson et al. 2006) were conducted in clinical settings, while

four (Anderson et al. 2006; Hubel et al. 2006; Lam and Yang 2007; Pagoto et al.

2009) examined the general population. These studies showed that children with

ADHD presented with higher-than-average body mass index standard deviations

scores (BMI-SDS). Interestingly, one of these studies (Ptacek et al. 2009), besides

BMI, used also other indices of body mass (percentage of body fat and abdominal

circumference): the authors found that these were significantly higher in ADHD

compared to controls.

Limitations of these 12 studies included a lack of control group (Curtin et al.

2005; Faraone et al. 2005; Holtkamp et al. 2004; Spencer et al. 2006; Swanson
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et al. 2006), selection biases (e.g., inclusion of males, but not females (Holtkamp

et al. 2004)), lack of control for the effect of comorbid psychiatric disorders, which

may have an impact on subjects’ BMI (Anderson et al. 2006; Lam and Yang 2007),

or retrospective diagnosis of adult ADHD (Pagoto et al. 2009). However, this last study

(Pagoto et al. 2009) is the only one that we were able to locate in adults. Interest-

ingly, in this study, adult ADHD remained associated with overweight (OR ¼
1.57; 95% CI ¼ 0.99, 2.70) and obesity (OR ¼ 1.69; 95% CI ¼ 1.01, 2.82)

when controlling for major depressive disorder. However, the association was no

longer statistically significant when controlling for binge-eating disorder in the past

12 months (1.41, 95% CI ¼ 0.76–2.53).

Although they did not rely on formal criteria for the diagnosis of ADHD (and,

therefore, they are not mentioned in Table 2), we believe it is interesting to mention

two additional studies that we located in our search. In the first, a large cohort of

46,707 subjects, aged 10–17 years, collected by the National Survey of Children’s

Health (NSCH-2003), the authors (Chen et al. 2010) reported that the prevalence of

obesity was 18.9% (95% CI: 18.7–19.0) in children with ADHD compared to

12.2% (95% CI: 11.5–13.0) in children without chronic diseases. Differences

in the prevalence of obesity in children with and without ADHD remained signifi-

cant after adjustment for age, sex, race/ethnicity, family income, family structure,

parental education, and region. Similarly, in the second study, another large cross-

sectional analysis of 62,887 children and adolescents, aged 5–17 years from the

2003–2004 National Survey of Children’s Health, the authors (Waring and Lapane

2008) found that children with ADHD, who were not currently using medication,

had about 1.5 times the odds of being overweight compared to non-ADHD children.

However, as we stated, the major limitation of both these studies was the lack of a

formal diagnosis of ADHD, since the assessment of the presence of ADHD was

based on the question: “Has a doctor or health professional ever told you [you suffer

from ADHD]?” Moreover, the authors did not control for the effect of medication

status and psychiatric comorbidity.

In summary, studies both in clinical and epidemiological samples showed that

individuals with ADHD have higher than average BMI-SDS and a higher preva-

lence of obesity compared to non-ADHD subjects. We note that, besides ADHD,

other psychological disorders such as depression, low-self esteem, and anxiety

have also been found to relate to obesity in children and adolescents (Zametkin

et al. 2004).

3 Behavioral and Neurobiological Mechanisms Underlying

the Association Between ADHD and Obesity

Since all the studies reviewed above (with the exception of one study, Mustillo et al.

(2003)) are cross-sectional, they do not enable an understanding of the causality

between ADHD and obesity.
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From a theoretical point of view, it is possible that: (1) obesity and/or factors

associated with obesity (such as sleep-disordered breathing (SDB)) lead to, or

manifest as, ADHD/ADHD symptoms; (2) ADHD and obesity are the expression

of a common biological dysfunction that manifests itself as both obesity and ADHD

in a subset of patients; (3) ADHD contributes to obesity. We discuss these

hypotheses in the following sections.

3.1 Obesity or Related Factors Manifest as ADHD

Two factors, potentially associated with obesity, have been proposed that might

manifest as ADHD or its symptoms: these are binge eating and excessive daytime

sleepiness.

3.1.1 Binge Eating

It is known that a subgroup of patients with obesity, especially those with severe

obesity (Hudson et al. 2006), presents with binge eating. One can hypothesize that

impulsivity associated with abnormal eating behavior in these patients contributes

to, or manifests itself as, impulsivity of ADHD. It is also possible that impulsivity

associated with abnormal eating behaviors fosters symptoms of inattention and

hyperactivity. It has been reported that patients with bulimic or abnormal eating

behaviors may present with repeated and impulsive interruptions of their activities

to get food; this behavior results in ADHD symptoms, such as disorganization,

inattention, and restlessness (Cortese et al. 2007a). Of note, a research group

(Rosval et al. 2006) reported higher rates of motor impulsiveness in patients with

bulimia nervosa and anorexia nervosa binge/purge subtype, in comparison to

anorexia nervosa, restricting subtype and normal eater control group. This finding

further confirms previous studies that linked binge-eating behaviors and behavioral

impulsivity (Engel et al. 2005; Nasser et al. 2004). However, other authors (Davis

et al. 2009) found evidence against the role of binge eating in explaining the

association between ADHD and obesity. After predicting that ADHD symptoms

would be more severe in the binge eaters compared to obese controls, using a

case–control design (binge eaters, n ¼ 60, versus non-binge eaters with normal

weight, n ¼ 61, and obese subjects, n ¼ 60) these authors, contrary to their predic-

tion, reported that symptoms of ADHD were elevated in obese adults, with and

without binge eating, but there was no difference between these two groups.

3.1.2 Excessive Daytime Sleepiness

Another hypothesis is based on the link between obesity, hypoarousal (manifested

as excessive daytime sleepiness, EDS), and ADHD symptoms. According to this
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theory, obesity may contribute to excessive daytime sleepiness which, in turn, could

lead to ADHD symptoms.

As for the link between EDS and ADHD, EDS, either due to SDB or independent

from it, may contribute to ADHD symptoms. According to the “hypoarousal

theory” of ADHD (Weinberg and Brumback 1990), subjects with ADHD behaviors

(or at least a subgroup of them) might be sleepier than controls and might use motor

hyperactivity and impulsivity as a strategy to stay awake and alert. In a recent meta-

analysis, we found evidence supporting this proposal: a higher prevalence of

excessive daytime sleepiness in children with ADHD versus controls (Cortese

et al. 2009). As for the link between obesity and EDS, several studies have reported

an association between obesity and SDB or other sleep disorders (Cortese et al.

2008b). These disorders may cause sleep fragmentation, leading to excessive

daytime sleepiness. Moreover, as reported in the review of the literature (Vgontzas

et al. 2006), recent evidence, based on subjective as well as objective measures,

indicates that obesity may be associated with EDS independently of SDB or any

other sleep disturbances. It has been suggested (Vgontzas et al. 2006) that, at least

in some obese patients, EDS may be related to a metabolic and/or circadian

abnormality associated with obesity rather than being a consequence of SDB or

other sleep disturbances. Interestingly, in a study by our group (Cortese et al.

2007b) using a subjective measure of sleepiness (a subscale of the Sleep Distur-

bance Scale for Children, SDSC) in a sample of 70 obese children (age range:

10–16 years), scores of excessive daytime sleepiness on the SDSC were associated

with symptoms of inattention, hyperactivity, and impulsivity on both the Conners

Parent Rating Scale-R:S and the ADHD-Rating Scale. Clearly, this finding needs to

be replicated in studies using objective (i.e., polysomnographic) measures of EDS

(hypoarousal).

3.2 ADHD and Obesity Share Common Biological Mechanisms

Another possibility is that obesity and ADHD are different expressions of common

underlying biological mechanisms or share common biological underpinnings, at

least in a subset of patients with both these conditions. Several biological processes

have been proposed, including: altered reinforcement mechanisms, brain-derived

neurotropic disorder, and melanocortin-4-receptor (MC4-R) deficiency.

3.2.1 Altered Reinforcement Mechanisms

The “reward deficiency syndrome” may play a significant role. This syndrome is

characterized by an insufficient dopamine-related natural reinforcement that leads to

the use of “unnatural” immediate rewards, such as: substance use, gambling, risk-taking,

and inappropriate eating. Several lines of evidence suggest that patients with ADHD

Obesity and ADHD: Clinical and Neurobiological Implications 209



may present with behaviors consistent with the “reward deficiency syndrome” (e.g.,

Blum et al. 1995; Heiligenstein and Keeling 1995). This syndrome has been reported

also in obese patients with abnormal eating behaviors (Comings and Blum 2000).

In a sample of women with seasonal affective disorder (SAD), the 7R allele of

DRD4 was associated with higher scores of childhood inattention on the WURS-25

and with higher maximal lifetime BMI. SAD is characterized by marked craving for

high-carbohydrate/high-fat foods, resulting in significant weight gain during depres-

sive episodes in the winter. A potential implication of the reward system in the

pathophysiology of the disorder has been suggested. It has been hypothesized

(Levitan et al. 2004) that childhood attention deficit and adult obesity could be the

expression of a common biological dysfunction of the 7R allele of DRD4 associated

with a dopamine dysfunction in prefrontal attentional areas and brain circuits

involved in the reward pathways. Alterations in the dopamine D2 receptor (DRD2)

(Bazar et al. 2006) and, to a lesser extent, DRD4 (Mitsuyasu et al. 2001; Tsai et al.

2004) have been associated with the above-mentioned “reward deficiency syn-

drome.” Dysfunctions of DRD2 and DRD4 have been found in obese patients (Poston

et al. 1998). Several studies suggest a role of altered DRD4 and DRD2 in ADHD as

well (although the alteration in DRD2 has not been replicated in all studies) (Noble

2003). Therefore, obese patients with abnormal eating behaviors and ADHD may

present with common genetically determined dysfunctions in the dopaminergic

system, in particular the dopaminergic circuits underlying reward mechanisms and

executive functions necessary for appropriate eating behaviors. However, these

hypotheses need to be tested in empirically based, methodologically sound studies.

3.2.2 Brain-Derived Neurotropic Factor

Another potential common biological mechanism involves alterations in the brain-

derived neurotropic factor (BDNF), a protein member of the family of growth

factors. It supports the survival of existing neurons and encourages the growth

and differentiation of new neurons and synapses. Preliminary evidence from animal

models points to a potential dysfunction of BDNF underlying both ADHD and

obesity (Kernie et al. 2000; Lyons et al. 1999). Although one research group

(Friedel et al. 2005) failed to find a large role of genetic variation of BDNF in

ADHD and obesity, another group (Gray et al. 2006) reported a functional loss of

one copy of the BDNF gene in an 8-year old with hyperphagia, severe obesity,

impaired cognitive function, and hyperactivity. Moreover, a recent study has

reported a significant association among 11p14.1 microdeletions (encompassing

the BDNF gene), ADHD, and obesity (Shinawi et al. 2011).

3.2.3 Melanocortin-4-Receptor Deficiency

MC4-R is a 332-amino acid protein encoded by a single exon gene localized on

chromosome 18q22 and is a key element in the hypothalamic control of food intake.
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MC4-R deficiency has been proposed recently (Agranat-Meged et al. 2008) and has

been reported to disrupt neuronal pathways that regulate hunger/satiety and results

in abnormal eating behaviors. The authors analyzed 29 subjects (19 males and 10

females) from 5 “proband nuclear families” with morbid obese children (BMI

percentile >97%), and found that the prevalence of ADHD was higher than

expected only in the groups carrying the homozygous or heterozygous mutation.

Recently, Albayrak et al. (2011) reported the case of a 2-year-old child heterozy-

gous for a non-conservative functionally relevant MC4-R mutation (Glu308Lys)

and who also showed severe ADHD.

Given the limited and, at least in part, inconsistent findings, the role of common

genetic mutations underlying shared neurobiological dysfunctions in ADHD and

obesity deserves further investigation.

3.3 ADHD Contributes to Obesity

Finally, behavioral and cognitive features of ADHD may play a significant role in

abnormal eating behaviors, which in turn lead to obesity. A study of 110 adult

healthy women (age range: 25–46 years) using structural equation modeling (Davis

et al. 2006) found that ADHD symptoms and impulsivity correlated with abnormal

eating behaviors, including binge eating and emotionally induced eating, which

were, in turn, positively associated with BMI. These results have been recently

replicated in males (Strimas et al. 2008). In our study, conducted in a clinical

sample of 99 severely obese adolescents (aged 12–17 years), we found that, after

controlling for potentially confounding depressive and anxiety symptoms, ADHD

symptoms were associated with bulimic behaviors (Cortese et al. 2007a). Bearing

in mind that loss of control and excessive food intake are important determiners of

weight gain, children and adolescents who report binge-eating symptoms gain more

weight over time than children and adolescents without such history (Lourenco

et al. 2008).

At present, it is not clear which dimension of ADHD (inattention, hyperactivity,

or impulsivity) is associated with abnormal eating behaviors. We speculated that

both impulsivity and inattention, but not hyperactivity, might lead or contribute to

abnormal eating behaviors (Cortese et al. 2007a). We detail this hypothesis in the

following sections.

3.3.1 Role of Impulsivity

It has been suggested (Davis et al. 2006) that both deficient inhibitory control and
delay aversion, which are an expression of the impulsivity component of ADHD,

may foster abnormal eating behaviors and, as a consequence, obesity. Deficient
inhibitory control manifests as poor planning and difficulty in monitoring one’s
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behavior effectively. This could lead to over-consumption when not hungry,

associated with a relative absence of concern for daily caloric intake. A strong

delay aversion could favor the tendency to eat high caloric, but readily available

“fast food,” in preference to less caloric content home-cooked meals, which take

longer to prepare. This may contribute to maintenance of a chronic positive energy

balance that culminates in obesity.

3.3.2 Role of Inattention

It is also possible that ADHD-related inattention and associated deficits in execu-

tive functions cause difficulties in adhering to a regular eating pattern and so favor

abnormal eating behaviors. It has been pointed out that patients with ADHDmay be

relatively inattentive to internal signs of hunger and satiety (Davis et al. 2006).

Therefore, they may forget about eating when they are engaged in interesting

activities but are more likely to eat when less stimulated.

Another hypothesis is that compulsive eating may be a compensatory mecha-

nism to cope frustration associated with attentional and organizational difficulties

(Schweickert et al. 1997). It is also possible that difficulties in initiating activities

linked to attentional and organizational problems contribute to decreased caloric

expenditure, leading to progressive weight gain (Levitan et al. 2004). Moreover, it

has been hypothesized that, since patients with ADHD are susceptible to commit-

ting more cognitive effort to take charge of standard mental tasks, it is likely that

this cognitive effort accentuates a proneness to an abnormally increased appetite,

and the consequent long-term weight gain (Riverin and Tremblay 2009). Finally,

other researchers (Waring and Lapane 2008) evoked the role of television, also.

Since children with ADHD claim to spend more time watching television, or

playing computer or video games to the detriment of exercising, this would

contribute to weight gain. However, one cannot exclude the possibility that all

the preceding hypotheses hold true, and that the effects on eating behavior may be

additive or interactive, at least in certain subjects.

4 Clinical Management of Patients with ADHD and Obesity

4.1 Screening for Both ADHD and Problematic Eating Behavior

From a clinical standpoint, the putative association between ADHD and obesity

suggests that it may be useful to screen for ADHD in patients with obesity and also

to look for abnormal eating behaviors, as possible contributing factors of obesity. It

has been pointed out that clinicians may overlook the need to screen for ADHD in

obese patients since “obese individuals are less mobile” and, as a consequence,

obesity may mask hyperactivity (Agranat-Meged et al. 2005). However, screening
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for ADHD in patients with obesity may be relevant since treatment of ADHD

might prevent this disorder from exacerbating the personal and social burden of

obesity. Conversely, binge eating and other abnormal eating behaviors, which are

generally poorly investigated in patients with ADHD, should be screened as well.

These abnormal eating behaviors could further compromise the quality of life of

ADHD patients and exacerbate their weight gain.

4.2 Therapeutic Strategies

If ADHD contributes to obesity, as hypothesized, then the treatment of ADHD

might be expected to prevent obesity. Several reports (Schweickert et al. 1997;

Sokol et al. 1999) have suggested that stimulants improve ADHD and restore

normal eating behaviors in patients with both conditions. According to some

authors (Surman et al. 2006), the treatment of ADHD-related impulsivity could

improve abnormal eating behaviors as well. Improvement in attention, leading to

more regular eating patterns, may also play a role.

A group of Canadian researchers (Levy et al. 2009) conducted an interesting

study in 78 obese patients with a lengthy history of failure to lose weight. After an

average of 466 days of continuous ADHD pharmacotherapy, weight loss in treated

patients was 15.05 kg, whereas nontreated patients gained weight (3.26 kg). The

authors noted the low attrition rate in pharmacologically treated patients and

observed that “with the advent of the salutary effects of medication on ADHD

symptoms, subjects spoke enthusiastically and in optimistic terms regarding their

future plans in life.” Moreover, “improvements in daytime energy, restlessness,

distractibility, working memory, impulsivity and mood were instrumental in their

successful execution of weight loss plans.” Of note, appetite suppression almost

vanished within 2 months. Therefore, it is unlikely that appetite suppression

explains the positive outcome in terms of weight control. Finally, subjects reported

feeling more alert and energized with treatment. As a consequence, it is likely

that this greater physical movement contributed to successful weight control.

These interesting clinical observations should be investigated systematically and

thoroughly in the future studies.

Indeed, all the above-mentioned studies on pharmacological treatments support

the hypothesis that ADHD and abnormal eating behaviors share common underly-

ing biological mechanisms. These could be the common target of ADHD

medications. Alternatively, ADHD medications could act on both the brain

pathways involved in ADHD and those that mediate abnormal eating behaviors.

Interestingly, a trial reported the efficacy of atomoxetine in weight reduction in

obese women (Gadde et al. 2006). The positive results of the trial suggested that this

ADHD treatment may act on the noradrenergic synapses in the medial and

paraventricular hypothalamus that are thought to play a major role in modulating

satiety and feeding behavior.
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These preliminary observations suggest that in patients with ADHD and abnor-

mal eating behaviors (associated with obesity), both conditions might improve

using the same class of agents.

5 Conclusions and Future Perspectives

Converging empirical evidence from recent literature points to a bidirectional

association between ADHD and obesity. Both clinical and nonclinical samples

indicate that subjects with ADHD have a higher BMI than average, as well as a

higher prevalence of obesity/overweight, compared to non-ADHD controls. On the

other hand, obese patients present with a higher prevalence of ADHD. To date,

there are no data supporting a higher prevalence of ADHD in obese persons,

seeking treatment in specialized clinics, from the general population. Evidently,

further epidemiological studies exploring the prevalence of ADHD in obese

subjects are needed.

Even if the association between ADHD and obesity holds true only in obese

patients who seek treatment in specialized clinics, it would still be noteworthy

because this is the group of patients with the highest mortality and morbidity risk

and the greatest need for effective treatment.

There are other areas of research that deserve further and deeper investigation.

First, the potential role of psychiatric comorbidities in explaining the higher

prevalence of obesity in ADHD patients should be better addressed in the future.

Second, all available studies are cross-sectional prospective and, therefore, they

cannot contribute to an understanding of causality: prospective, longitudinal stud-

ies, at present, are lacking but could lead to a better understanding of the causal

relationship between ADHD and obesity and shed light on the psychopathological

pathways linking the two conditions. Third, the exact neurobiological and

psychopathological mechanisms underlying the association deserve further explo-

ration. In particular, both family studies, examining the occurrence of ADHD and

obesity, and specific animal model studies (which, at present time, are lacking)

could advance our knowledge of any common genetic underpinnings. Fourth, only

one study (Levy et al. 2009) has assessed the effects of pharmacological treatment

of ADHD on weight control in obese patients: further research in this area is

warranted. Moreover, non-pharmacological treatment studies and multimodal

(pharmacological plus non-pharmacological) ADHD treatment strategies for these

patients are greatly needed to help us find more appropriate and effective therapeu-

tic strategies for their weight control.

In summary, clinical empirically based studies, epidemiological surveys

(both cross-sectional and prospective), genetic studies, animal model studies,

non-pharmacological treatment studies, and pharmacological trials should all

be encouraged since they would advance our knowledge in this field, allowing

for better management and quality of life for patients with both obesity and

ADHD.
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Abstract ADHD is one of the most common and impairing psychiatric conditions

affecting children today. Thus far, much of the phenomenological and neurobio-

logical research has emphasized the core symptoms of inattention, hyperactivity,

and impulsivity which are thought to be mediated by frontostriatal alterations.

However, increasing evidence suggests that ADHD involves emotional problems

in addition to cognitive impairments. Here, we review the neurobiology of face
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processing and suggest that face-processing alterations offer a window into the

emotional dysfunction often accompanying ADHD.

Keywords Adolescent � Attention deficit hyperactivity disorder (ADHD) � Child �
Emotion � Face processing

Abbreviations

ACC Anterior cingulate cortex

ADHD Attention-deficit hyperactivity disorder

ADS-CPT ADHD diagnostic system continuous performance task

ALE Activation likelihood estimation

BD Bipolar disorder

CD Conduct disorder

DANVA Diagnostic Analysis of Non-Verbal Accuracy

dlPFC Dorsolateral PFC

DSM-IV-TR Diagnostic and Statistical Manual 4th Edition Text Revision

ERP Event-related potential

FFA Fusiform face area

fMRI Functional magnetic resonance imaging

IAPS International Affective Picture Set

MEG Magnetoencephalography

MRI Magnetic resonance imaging

ODD Oppositional defiant disorder

PFC Prefrontal cortex

SMD Severe mood dysregulation

STS Superior temporal sulcus

vlPFC Ventrolateral prefrontal cortex

vmPFC Ventromedial prefrontal cortex

1 Introduction

Attention-deficit hyperactivity disorder (ADHD) is one of the most common and

impairing psychiatric disorders affecting children today. Between 6–9% of children

and adolescents struggle with ADHD (Polanczyk and Jensen 2008). Since 1980

(American Psychiatric Association 1980), the clinical entity now known as ADHD

has been defined in the Diagnostic and Statistical Manual (DSM) by cardinal

symptoms of inattention, hyperactivity, and impulsivity (American Psychiatric

Association 2000). However, increasing evidence suggests that, in addition to

cognitive impairments, ADHD also involves emotional problems in many cases.

By far most ADHD research has focused on the core symptoms of inattention,

hyperactivity, and impulsivity. This work has largely implicated frontostriatal

alterations in the pathophysiology of ADHD. Early cross-sectional neuroimaging
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studies suggested volumetric alterations between ADHD versus typically-developing

youths, including smaller striatal structures, alterations in typical cerebral asymmetry,

and volumetric decreases in other functionally related structures such as the cere-

bellar vermis (Castellanos et al. 1996, 2001). Decreases in total cerebral and

cerebellar volume, global cortical thickness {Shaw, 2006 3752 /id and reduced

volumes of specific frontostriatal structures tend to persist throughout childhood and

into young adulthood in ADHD (Castellanos et al. 2002). However, a recent analysis

of cortical thickness in the same cross-lag longitudinal structural magnetic resonance

imaging (MRI) data set emphasized the dramatic developmental lag in the trajectories

of increasing followed by decreasing cortical thickness in ADHD {Shaw, 2007}.

Using tasks that tap the classic features of ADHD, such as go/no-go tasks

to evaluate response inhibition, functional MRI (fMRI) studies have shown that

ADHD children have neural alterations in these same structures (Booth et al. 2005;

Dickstein et al. 2006; Pliszka et al. 2006). Such neural alterations have also been

shown in the first-degree relatives of ADHD children, suggesting that this may be

an endophenotype of ADHD (Durston et al. 2006).

Nevertheless, research has begun to support what many clinicians have long

suspected: that ADHD often involves emotional impairments in addition to cogni-

tive impairments (Castellanos et al. 2006). For example, Barkley et al. evaluated

the impact of emotional impulsiveness, defined by symptoms such as low frustra-

tion tolerance, impatience, quick to anger, hot-temperedness, irritability, and

easy emotional excitability, in ADHD children compared to typically-developing

controls followed into adulthood (Barkley and Fischer 2010). Those with ADHD

persisting into adulthood had more emotional impulsiveness than those with either

nonpersistent ADHD or controls. Moreover, emotional impulsivity contributed

additional variance in predicting impairments beyond ADHD diagnostic features,

including family, peer, relationship, financial, and driving problems. In another

study, Martel et al. demonstrated the relationship between ADHD symptoms of

hyperactivity/impulsivity and the temperamental dimension of reactive control, as

well as the relationship between inattention and temperament dysregulation (Martel

and Nigg 2006). Thus, there is a need for greater understanding of the brain and

behavior interactions underlying emotional processing in ADHD.

Accordingly, this chapter is focused on face processing in ADHD, since faces are

among the most important triggers of emotional responses, and are also the most

important means of communicating an emotional response to others. We first begin

with a brief review of facial stimuli as the most basic emotionally-evocative stimuli.

Second, we discuss the role of attention in face processing. Thirdly, we discuss what is

known about face processing in ADHD, as well as in related forms of psychopathol-

ogy and in typical development.We conclude by discussing future research directions.

2 Faces as Emotional Stimuli

From an affective neuroscience perspective, the human face is perhaps most the

important emotional stimulus in the human environment. From this perspective,

“emotion” is defined as “an evoked response to an environmental stimulus with
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motivational salience.” (Lang et al. 1998) In turn, “motivational salience” may be

defined along two orthogonal axes: “arousal” and “valence.” “Arousal” refers to the

amount of resources generated in response to an environmental stimulus. “Valence”

refers to whether the stimulus is appetitively rewarding, such that the organism will

devote energy to acquire it (“positively-valenced”), or aversive, such that the

organism will devote energy to avoid it (“negatively-valenced”) (Dickstein and

Leibenluft 2006) (Fig. 1).

Faces are a nonverbal means of conveying one’s emotional state to others

(Adolphs et al. 1996; Gobbini and Haxby 2007; LeDoux 2000). Much research

has focused on the appraisal and judgment of faces, with the neural response in

appraising or judging faces seeming to be hardwired. For example, infants exhibit

both gaze preference and increased gamma activity when tracking intact versus

inverted faces (Farroni et al. 2002; Goren et al. 1975; Grossmann et al. 2007;

Johnson et al. 1991). Furthermore, the neural response to familiar faces represents a

biological substrate of attachment, as studies have shown that mothers have greater

neural activation when looking at their own child versus a familiar but unrelated

child (Leibenluft et al. 2004). Similarly, adults have greater neural response to

familiar family members’ faces than to either familiar or famous people’s faces

(Gobbini et al. 2004).

At the most basic level, face processing is akin to the body’s response to other

visual stimuli. The steps include: (1) sensory input regarding the stimulus, (2)

categorizing its emotional salience (including arousal and valence), (3) initiating

Core System:
•  Fusiform gyrus (identification of invariant facial features;
    expertise/classification) 
•  Posterior Superior Temporal Sulcus (recognition of changeable
    facial features and emotional processing)

Top-down Cortical Modulation:
(1)  Dorsolateral Prefrontal Cortex (attentional control, working
        memory) 
(2)  Ventromedial Prefrontal Cortex (appraisal of emotional valence)

Additional input from:
(1)  Amygdala (emotional valence and arousal) 
(2)  Striatum (including putamen; reward system)

Fig. 1 Neural network implicated in face processing
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an emotional response, and (4) mediating higher-order cognitive processing and

cognitive controls (Cole et al. 2004; Nelson et al. 2005; Thompson 1994). In

particular, regarding faces, face processing begins with receipt of sensory informa-

tion and categorizing the face’s identity, relying primarily on invariant facial

features (e.g., eye color, face shape) and then encoding of the changeable aspects

of the face, including eye gaze and mouth position that convey its emotional

expression (Hoffman and Haxby 2000).

Face processing can be studied using many different techniques, including

variations in (a) stimuli, (b) what participants do, and (c) what outcome is being

measured. With respect to stimuli, studies can vary basic elements, such as age

(e.g., children, adolescents, or adults), gender, race, or emotion (e.g., angry, happy,

sad, or neutral). Stimuli can also be morphed, to allow gradations in any of these

elements (i.e., to have a series of 10 stimuli going from angry to sad), or masked, to

conceal the actual face from conscious processing. Similarly, researchers can vary

what participants do during an experiment, such as judging the emotion depicted

(either categorically [angry, sad] or dimensionally [how angry?]) or rating nonemo-

tional face elements (e.g., how big is someone’s mouth). Finally, numerous

outcomes can be measured, including accuracy of ratings or neural activity either

when rating faces or after the fact, during postparadigm memory experiments

(the latter to evaluate encoding of faces into memory, rather than just the initial

response).

3 Attention’s Role in Face Processing

With so many naturally occurring visual stimuli in our daily lives, how does the

mind regulate which stimuli to process (and when)? Thus the question: to what

extent is face processing automatic, requiring minimal attentional resources vs.

requiring extensive interplay from areas involved with mediating attention to visual

stimuli? Palermo and Rhodes suggest that for face processing in general to be

automatic, it must be (a) rapid, (b) nonconscious, (c) mandatory, and (d) capacity

free: i.e., requiring no attentional resources (Palermo and Rhodes 2007).

3.1 Speed of Face Processing

With respect to speed, event-related potential (ERP) studies have shown that frontal

regions can categorize faces in around 100 ms, whereas 200 ms are required to

categorize objects and words (Pegna et al. 2004). Moreover, people have a neural

bias toward identifying human faces in context, with studies showing that human

faces are detected 10 ms faster than animal faces when these stimuli are embedded

in natural scenes (Rousselet et al. 2003).
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Additionally, studies suggest that there is an initial frontal response reflecting

rapid detection of emotional expression, followed by subsequent higher-order

processing, including evaluation of emotional content by more distributed circuits.

For example, adults viewing fearful versus neutral faces had a sharp ERP peak at

~110–200 ms, followed by a broader response around 250 ms after the stimulus.

Moreover, with inverted faces, the sharp peak was delayed to 150 ms, with the

broader response ending at 700 ms (Eimer and Holmes 2002). Studies using a face-

matching task have shown that occipitotemporal activity at 100 ms correlated with

face categorization and at 170 ms correlated with correct face categorization and

identification (Carmel and Bentin 2002; Itier and Taylor 2004).

Lastly, while some studies have suggested that some facial emotions, such as

fear, may be processed more rapidly than others (LeDoux 2003), the evidence is

mixed (Batty and Taylor 2003). For example, Eimer and Holmes conducted an ERP

study using faces depicting anger, disgust, fear, happiness, sadness, surprise, and

neutral. Face stimuli were presented in pairs and participants had to decide if the

emotional expression displayed by the face pair was emotional or neutral. They

found an enhanced positivity across all six emotion types versus neutral starting at

100 ms after stimulus onset and sustained throughout the 1,000 ms recording

period, suggesting that this so-called “N170” (ERP activity that is prominent at

occipitotemporal recording sites at 170 ms) amplitude and latency were insensitive

to emotional face type (Eimer et al. 2003). Thus, in aggregate, the data support the

conclusion that the processing of facial stimuli is rapid.

3.2 Is Face Processing Unconscious?

With respect to unconscious processing, even those with acquired prosopagnosia, who

cannot consciously recognize previously familiar faces, demonstrate unconscious

recognition to familiar versus unfamiliar faces by exhibiting an altered skin conduc-

tance response (Bauer 1984; Tranel and Damasio 1985). Adults with right parietal

damage, resulting in visual neglect, do not perceive or respond to a stimulus placed in

the left visual field (opposite the lesion). However, “unseen” facial stimuli – i.e., those

placed in the affected visual field ipsilateral to this damage – depicting fear, result in

the same amygdala activation as stimuli placed in the right (unaffected) visual field

(Vuilleumier et al. 2002). Another way of studying unconscious perception of facial

stimuli is by rapidly masking the face stimuli so that they are not perceived con-

sciously. Using this approach, studies have shown that healthy adults without neuro-

logical lesions have similar facial muscle response to happy and angry faces when

these faces were presented either with or without masking as measured by facial

electromyography (Dimberg et al. 2000). A similar study showed that masked angry,

but not happy, faces can evoke a conditioned autonomic response (Ohman 1988).
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3.3 Is Face Processing Mandatory?

Palermo and Rhodes also suggested that automatic processes should be mandatory:

i.e., it would be impossible not to process faces, regardless of an individual’s

desires. Here, the data are more mixed. On the one hand, face processing may be

mandatory, as indicated by studies showing that participants had delayed recogni-

tion of line curvatures when the lines resembled facial silhouettes compared to

nonface curvatures (Suzuki and Cavanagh 1998). On the other hand, purposeful

attention can alter brain/behavior relationships during face processing. For exam-

ple, several studies have demonstrated greater fMRI neural activation and ERPs to

attended versus unattended faces (Downing et al. 2001; Eimer 2000; O’Craven

et al. 1999). Importantly, whether or not face processing is mandatory may vary

between brain regions. For example, dual-task studies in which attention is directed

away from faces, show that FFA response is reduced, but not eliminated, while the

amygdala’s response is maintained (Anderson and Phelps 2001; Vuilleumier et al.

2001; Williams et al. 2005).

3.4 Is Face Processing Capacity Free?

Finally, for face processing to be truly automatic, it should be capacity-free,

meaning it should occur without any disruption in processing efficiency even

when competing or distracting stimuli are present. This attribute can be tested

using visual search tasks, which require participants to identify target stimuli

amid a background of distractors, akin to the “Where’s Waldo” children’s books

(Handford 1987). Studies have shown that it is more efficient to identify angry faces

among a background of either neutral or happy faces, rather than the reverse (Fox

et al. 2000; Horstmann and Bauland 2006). However, these differences might

reflect low-level visual artifacts, rather than a biological predisposition to detect

certain emotional face types. This possibility emerges from a recent study showing

that even obliquely oriented lines were detected as efficiently as schematic faces

when they had upside down-curved lines (akin to a frown) versus right-side up (akin

to a smile) (Coelho et al. 2010).

Another recent study advanced the ecological validity of these visual search

tasks by using dynamic, i.e., moving facial stimuli. Angry dynamic faces were

efficiently detected versus dynamic friendly faces; yet, when controlling for the

degree of movement, there was no strong advantage of dynamic over static faces

(Horstmann and Ansorge 2009). Although these data suggest that even very crude

representations of facial emotions may be processed with minimal attentional

resources, others have shown significant interactions between stimulus valence

and attention. For example, Pessoa showed that attended versus unattended faces
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produced greater amygdala activation across all emotions (fear, happy, neutral),

whereas the neural response to unattended faces did not differ (Pessoa et al. 2002).

Thus, while face processing may be rapid and unconscious, it is only partially

mandatory or capacity-free. Therefore, face processing is not entirely automatic and

does involve a significant contribution of attention.

4 Attentional Face Processing: A Model

Taken as a whole, two attentional mechanisms are likely implicated in face

processing: one that involves top-down cortical regulation of competing stimuli

via selective attention, and a second subcortical circuit that semi-automatically

evaluates emotionally-evocative stimuli, including faces (Fig. 1) (Adolphs and

Spezio 2006; Gobbini and Haxby 2007; Palermo and Rhodes 2007).

At its core, face processing involves top-down interaction between cortical

structures including the fusiform gyrus (also known as the “fusiform face area”

[FFA]) (Kanwisher et al. 1997), inferior occipital gyri, and superior temporal sulcus

(STS) (Gobbini and Haxby 2007; Haxby et al. 2002). Whereas the fusiform and

inferior occipital gyri mediate identification of invariant facial features, the STS

mediates dynamic features required for recognition of particular individuals and

emotions (Adolphs et al. 2000; Haxby et al. 2002; Hoffman and Haxby 2000).

Moreover, much has been written about the fusiform’s potential functionally

specific role in recollection of biographical information about face identity

(Kanwisher et al. 1997). However, more recent data have shown that FFA is

involved when expertise is required to categorize and to classify items, including

nonface stimuli such as an ornithologist’s ability to recognize bird species (Bukach

et al. 2006; Gauthier et al. 2000). The prefrontal cortex (PFC) plays a role in

attentional mediation of this top-down circuit, from the dorsolateral PFC (dlPFC)

via its role in attentional set-shifting and working memory, and also from the

ventromedial PFC (vmPFC) via its role in appraising the emotional valence of

stimuli, such as faces (Rolls 2007; Vuilleumier and Pourtois 2007).

With respect to the subcortical circuit, the amygdala may play a role via its

connections to the vmPFC (Adolphs et al. 2002; Adolphs and Tranel 2004; Gorno-

Tempini et al. 2001). However, the data are mixed. On the one hand, some studies

suggest that the amygdala can respond to fearful faces independently of spatial

attention (Vuilleumier et al. 2001). Also, patients with neglect or extinction are

more likely to detect emotionally significant versus neutral pictures when presented

in the affected visual hemi-field (Vuilleumier and Schwartz 2001a, b). On the other

hand, the amygdala’s response to fearful or happy faces can be modulated by

attention (Pessoa et al. 2002). Moreover, others have shown that the amygdala

may not have a speed advantage over other brain regions in processing faces,

including fearful versus happy faces (Batty and Taylor 2003; Eimer et al. 2003;

Eimer and Holmes 2007). Thus, the amygdala is part of a subcortical circuit
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mediating face processing with a greater degree of automaticity than the cortical

route, although this is not fully independent of attention (Eimer and Holmes 2007).

Putting this all together, Fusar-Poli et al. recently conducted a novel activation

likelihood estimation (ALE) meta-analysis of 105 face-processing fMRI studies

involving 1,785 neural coordinates and 1,600 healthy control participants. They

found a main effect for faces independent of emotional valence consisting of

increased neural activation in several areas, including: (a) visual areas (fusiform

gyrus, inferior/middle occipital gyri, lingual gyri), (b) limbic areas (amygdala,

parahippocampal gyrus, posterior cingulate cortex), (c) parietal lobule, (d) middle

temporal gyrus and insula, (e) PFC (medial frontal gyrus), (f) putamen, and (g)

cerebellum (declive). They found a main effect of emotional valence, with happy,

fearful, and sad faces resulting in increased amygdala activation, whereas angry or

disgusted faces had no effect on the amygdala. With respect to attentional effects,

they demonstrated that explicit versus implicit face processing was associated with

increased neural activation in the amygdala bilaterally, right fusiform gyrus, cau-

date, and inferior occipital gyrus, and left declive, inferior and medial frontal gyri.

In contrast, implicit versus explicit face processing was associated with increased

activation of the right fusiform gyrus and insula as well as the left lingual and

postcentral gyri (Fusar-Poli et al. 2009).

5 Developmental Effects in Face Processing

Studies suggest that development plays an important role in the neurocircuitry

mediating face processing (Monk et al. 2003). For example, adolescents have

greater activation in paralimbic regions and less activation in the right vlPFC

than adults when attending to nonemotional aspects of faces, suggesting that adults

have greater neural modulation based on attentional demands. Additionally, when

judging the emotional content of faces, adolescents have decreased activation of the

right ACC compared to adults, suggesting the ongoing development of these

structures into adulthood (Passarotti et al. 2009). Studies have shown positive

correlations between age and attentional bias toward happy faces (Lindstrom

et al. 2009). In another study by Nelson et al., adolescents had greater activity in

the ACC when viewing subsequently remembered angry faces, and more activity in

the right temporal pole when viewing subsequently remembered fear faces than

adults. In contrast, adults had greater activity in the subgenual ACC, when viewing

subsequently remembered happy faces, and more activity in the right posterior

hippocampus when viewing subsequently remembered neutral faces (Nelson et al.

2003).

In sum, developmental differences in the brain/behavior relationships under-

lying face processing mirror those underlying other cognitive processes, providing

further proof that adolescents are not just little adults when it comes to how they

understand the most important of emotional stimuli: i.e., emotional faces.
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6 Face Processing in ADHD

Although most research on ADHD has focused on neurocognitive deficits in

prototypical domains, including attention, working memory, and executive func-

tion, only a few studies have evaluated emotional face processing. Given the dearth

of such studies, we review each below, in order to stimulate further research in this

area (see Table 1).

Table 1 Face processing studies of ADHD participants

Study Participants Task Key findings

Corbett and

Glidden

(2000)

7–12 yo ADHD vs HC

(N ¼ 37

per group)

Pictures of facial

affect (emotional

face identification)

ADHD children had mild/

moderate deficits in

perception of affect

Da Fonseca

et al. (2009)

Adolescents with

ADHD vs. HC

(N ¼ 27

per group)

Emotional face

identification task

and context task

ADHD less accurate in

emotional face

identification and in using

contextual information

Shin et al.

(2008)

6–10 yo boys with

ADHD (N ¼ 42)

vs. HC (N ¼ 27)

Emotion recognition

task-revised and

ADHD diagnostic

system continuous

performance task

No differences in recognition

of positive or negative

valenced emotional faces

but ADHD had lower

contextual understanding

Pelc et al.

(2006)

7–12 yo ADHD vs.

HC (N ¼ 30

per group)

Morphed face

emotional

recognition

ADHD participants made

more errors especially on

angry and sad faces

Blaskey et al.

(2008)

7–12 yo ADHD

combined type,

ADHD inattentive

type, subthreshold

ADHD, or HC

Chimeric face test and

stop signal task

No association between

ADHD and reactive

inhibition measures

Klimkeit et al.

(2003)

7–12 yo ADHD

(N ¼ 16) or HC

(N ¼ 52)

Face matching,

chimeric face task,

and grey scale task

ADHD participants did not

have expected right-ward

bias

Williams et al.

(2008)

Adolescents with

ADHD or HC

(N ¼ 51 of each)

Emotional face

recognition

ADHD participants had

altered ERP measures

(including P120 and

P300)

Yuill and Lyon

(2007)

5–11 yo ADHD boys

vs. HC (N ¼ 19

of each)

Matching emotional

faces to situations

and non-face task

ADHD participants had worse

performance

Kats-Gold et al.

(2007)

4th and 5th graders at

risk for ADHD by

ratings (N ¼ 50)

vs. HC (N ¼ 61)

Emotional face

recognition

At-risk for ADHD performed

worse

Rapport et al.

(2002)

Adults with ADHD vs.

HC (N ¼ 28 of

each)

DANVA and

recognition of

human faces vs.

animals

ADHD adults performed

worse on both tasks,

including DANVA child

faces

ADHD attention deficit hyperactivity disorder, HC typically-developing healthy control, YO years

old, DANVA diagnostic analysis of nonverbal accuracy, ERP event-related potential
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Corbett et al. administered the Pictures of Facial Affect task that required

7–12 year old participants with either ADHD or typical development (N ¼ 37

per group) to identify 21 slides depicting fundamental emotions (such as, anger,

disgust, fear, happiness, sadness, surprise, and neutral). Their primary analyses

showed that children with ADHD had mild-to-moderate deficits in perception of

affect, with data suggesting that attentional issues may be involved in problems

encoding stimulus properties (Corbett and Glidden 2000).

DaFonseca et al. evaluated emotional and contextual visual processing in

adolescents with ADHD and age-matched controls (N ¼ 27 per group). In the

first of two experiments, participants had to identify emotional faces. In the second,

participants had to utilize contextual information to recognize an emotion (e.g.,

identifying 26 adult faces and 16 child faces from French magazines as fear,

sadness, anger, or happiness) or detect which object was missing from a scene

(e.g., viewing a picture of a girl in a kitchen holding her hand near her mouth

covered by a white circle, with participants required to select from a tea kettle,

pitcher, or cup). Adolescents with ADHD were less accurate than controls at

identifying face emotional expressions and in using contextual information (Da

Fonseca et al. 2009). Taken as a whole, the authors suggest that this supports an

overall deficit in emotional processing in ADHD youths, extending beyond just

face-processing problems.

To evaluate the effect of attention on emotional face recognition, Shin et al.

evaluated 6–10-year-old boys with either ADHD (N ¼ 42) or controls without

psychopathology (N ¼ 27) using two computerized tasks. The Emotion Recogni-

tion Test-Revised required participants to recognize positive (happy and surprise)

and negative (anger, sad, disgust, and fear) emotions and to evaluate participant’s

ability to match facial expressions to cartoons depicting emotional contexts (e.g.,

happy face and picture of a birthday party). Their second task was the ADHD

Diagnostic System Continuous Performance Task (ADS-CPT) to evaluate attention

(Shin et al. 2008). While there was no between-group difference in recognition of

positive- or negatively-valenced emotional faces, ADHD participants had lower

contextual understanding scores than controls. Among ADHD participants, atten-

tion (as indexed by the ADS-CPT) was associated with the contextual understand-

ing score, suggesting that attention plays a role in ADHD participants’ impaired

ability to identify the contextual understanding of faces.

To evaluate the effect of emotional intensity on face processing, Pelc et al.

employed a morphed faces paradigm that incrementally attenuated the emotional

intensity of angry, sad, happy, and disgust faces. They found that 7–12 year olds

with ADHD hyperactive/impulsive type made more errors than controls (N ¼ 30 in

each group), with specific impairments in identifying angry and sad facial

expressions (Pelc et al. 2006). Furthermore, the ADHD group had significant

correlations between impaired emotional face recognition and interpersonal

problems that was most prominent for angry faces. The authors suggested that

this may offer an important new target for treatment to address emotional problems

associated with ADHD.
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Blaskey et al. explored the relationship between reactive (behavioral) inhibition

(thought to be a bottom-up automatic process) versus executive inhibition (thought

to be a top-down cognitive process) in ADHD (Blaskey et al. 2008). Reactive

inhibition was assessed using Sensation Seeking Scale ratings and performance on

the Chimeric Face Test, whereas executive inhibition was evaluated by Stop Signal

Task performance. For the Chimeric Face Test, stimuli were created from facial

images separated at the midline, with vertical halves represented different emotion

types: i.e., left side showing “happy” and right side showing “neutral.” Two mirror-

image chimeric faces were presented simultaneously, and participants had to

answer the question “which face is happier, left or right?” Data suggested that

there would be a left visual hemi-space bias in such judgments, with participants

selecting the left-sided stimulus in 65–75% of trials. Participants included children

ages 7–12 years with either ADHD combined type, ADHD inattentive type, non-

ADHD controls, or a subthreshold group who failed to meet full ADHD criteria. All

participants were medication free for a minimum of 48 h, for long-acting, and 24 h

for short-acting, stimulants. There was no association between ADHD and reactive

inhibition measures (including on the Chimeric Face Test). From this, the authors

concluded that both types of inhibition were involved in ADHD.

To test left-ward biases in ADHD, Klimkeit et al. administered three face

tasks to 7–12-year-olds with ADHD combined type (N ¼ 16) and controls without

psychopathology (N ¼ 52) (Klimkeit et al. 2003). They included a (1) face-

matching task, requiring participants to determine if a face composed of left–left

or right–right composites was most similar to the original photograph, (2) a

chimeric face task, requiring participants to identify whether a composite face

with the smile on the left or right looked happier, and (3) a gray scale task, requiring

participants to identify which of two rectangles (one with the dark end on the left

and the other with the dark end on the right) appeared darker. Control children had a

left-ward perceptual bias, indicated by choosing the left–left composite and the

happier chimera with the smile on the left, without leftward bias in the grey scale

task. ADHD participants did not demonstrate an expected rightward bias, per-

forming instead more like the controls. Post-hoc analyses did not reveal differences

between medicated (N ¼ 8) and unmedicated (N ¼ 8) ADHD participants. The

authors suggest that prior work showing perceptual asymmetry in ADHD children

may reflect confounding with motor responses or spatial processing that was absent

from their purely perceptual tasks.

Williams et al. tested the hypothesis that ADHD would be associated with

deficits in recognizing negative emotional expressions in adolescents with ADHD

(N ¼ 51) and healthy control (N ¼ 51) boys using event-related potentials (ERP)

while participants categorized faces as expressing fear, anger, sadness, disgust,

happiness, or neutral (Williams et al. 2008). ADHD participants were worse at

recognizing facial emotions. Also, ADHD participants had a reduced P120 response

(waveform occurring between 120–220 ms) at occipital sites during the early

perceptual analysis of emotional expression, and subsequent reduction and slowing

of the P300 response, an ERP amplitude found in temporal sites at 300–400 ms that

is associated with context processing. Stimulant medications normalized both
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emotion recognition and ERP findings. Thus, this study shows that face processing

may represent a biological marker of both ADHD that responds to treatment with

stimulant medications.

Yuill et al. found that 5–11 year old boys with ADHD performed poorly on a

task of matching emotional faces to situations compared with age-matched

controls (N ¼ 19 per group) and found it more difficult than a nonface task

(Yuill and Lyon 2007). A second experiment used a scaffolding procedure, to

discourage impulsive responding, by ensuring that each of six possible answers

was attended to prior to the participant answering. ADHD boys (N ¼ 17) per-

formed worse than a younger group of controls (N ¼ 13), who were selected in an

attempt to equalize overall performance based on the first experiment. The

authors suggest that this may have implications for why boys with ADHD have

peer-relationship problems.

To fully evaluate the possibility that aberrant face processing may represent a

behavioral intermediate phenotype for ADHD, face processing has been evaluated

in children at elevated risk for ADHD: e.g., first-degree relatives of those with

ADHD, or individuals with elevated clinical scores for ADHD symptoms but

without actually fully meeting criteria for having ADHD. In one such study,

Kats-Gold et al. found deficits in fourth and fifth grade boys at-risk for ADHD

based on their ADHD symptom scores. Specifically, this study found that those

identified as at-risk for ADHD (N ¼ 50) performed worse on a computerized

emotional face identification task than controls (N ¼ 61). Moreover, only in the

at-risk group did impaired face emotion identification correlate with social skills

and behavioral problems (Kats-Gold et al. 2007). This suggests that behavioral

disinhibition or executive function problems may not solely mediate emotional or

social-relationship problems in children with ADHD.

The literature on face processing in adults with ADHD is almost nonexistent.

The only exception found that adults with ADHD (N ¼ 28; age mean 36.3 years,

range 18–64 years) performed worse than controls (N ¼ 28; age mean 33.4 years)

on the child faces segment of the Diagnostic Analysis of Non-Verbal Accuracy

(DANVA) (Nowicki and Duke 1994). Moreover, adults with ADHD performed

worse than controls on a task of human faces versus animals using a computerized

tachistoscope, but this impairment was unrelated to gross perceptual processing,

basic face recognition abilities, or attentional aspects of face perception. This study

found that the intensity of experienced emotion moderated emotion recognition,

with controls’ emotional identification improved by experienced emotion, whereas

ADHD adults had the inverse relationship (Rapport et al. 2002).

Thus, current data support aberrant face processing as impaired in ADHD.

However, the brain/behavior interactions underlying this deficit remain unknown.

Moreover, we need studies that can clarify how development, gender, and treat-

ment play into these alterations. In addition, we need studies that can probe

the relationship between face processing and real-world measures of emotional

difficulty as well as core ADHD features of inattention, hyperactivity, and

impulsivity.
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7 Face Processing in Related Psychopathology: Bipolar

Disorder, Oppositional Defiant Disorder, Conduct Disorder

Face processing has been studied in disorders that are often comorbid with ADHD.

These include oppositional defiant disorder (ODD), conduct disorder (CD), bipolar

disorder (BD), and even autistic disorder.

Using InternationalAffective Picture Set (IAPS) images (standardized emotionally-

evocative pictures, such as of a plane crash), Krauel et al. found that ADHD

participants with comorbid ODD and CD (N ¼ 16) made more recollection errors

for neutral and positive images versus controls (N ¼ 25), whereas ADHD without

those comorbid conditions (N ¼ 14) performed worse than controls only for neutral

images (Krauel et al. 2009).

Cadesky used the DANVA to compare emotional face processing in children

with conduct problems alone, ADHD alone, conduct problems plus ADHD, and

controls. Using quantitative analyses, they found that children with conduct

problems or ADHD were less accurate at emotional face identification than con-

trols. With qualitative analyses, they found that participants with ADHD made

random errors, whereas those with conduct problems misinterpreted angry faces

(Cadesky et al. 2000). This supports the hypothesis that social problems result from

different mechanisms in those with either ADHD or conduct problems.

Given the clinical overlap between ADHD and BD, studies have begun to eval-

uate the brain/behavior interactions underlying face processing in these disorders.

Of note, these studies included not only BD, ADHD, and typically developing

controls but also children meeting Leibenluft et al.’s research criteria for “severe

mood dysregulation” (SMD), including functionally disabling course of chronic

irritability and ADHD-like symptoms of hyperarousal, (Leibenluft et al. 2003). The

first by Guyer et al. administered the DANVA to 252 youths ages 7–18 years old,

including those with BD, SMD, ADHD, anxiety and/or major depression, and

controls. They found that participants in the BD and SMD groups made signifi-

cantly more errors than the other three groups, but did not differ from one another

(Guyer et al. 2007). The second by Brotman et al. conducted an event-related fMRI

study to evaluate face processing in children and adolescents with BD, ADHD,

SMD, and typically-developing controls. They found that ADHD youth had signifi-

cantly greater left amygdala activity than the other three groups when rating their

fear of neutrally valenced faces, whereas youth with SMD had significantly less left

amygdala activity (Brotman et al. 2010).

Sinzig compared children with Autistic disorder (N ¼ 19), Autistic disorder plus

ADHD (N ¼ 21), ADHD alone (N ¼ 30), and controls (N ¼ 29) in their ability to

recognize facial emotions using the Frankfurt Test and Training of Social Affect,

which uses 50 face photographs and 40 eye-pair photographs depicting joy, sad-

ness, fear, anger, surprise, disgust, and neutral (Sinzig et al. 2008). Participants with

Autism plus ADHD and those with ADHD alone had worse performance than

either controls or those with Autism alone. Post-hoc analyses showed that ADHD

participants performed worse than controls on joy eye-pairs, whereas those with
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autism plus ADHD performed worse on surprise faces than controls. These finding

suggest that attentional problems should be considered in face processing studies in

autism spectrum disorders.

Thus, studies examining the specificity of face processing deficits in ADHD

participants versus those with related psychopathology are at an early stage. Further

work is necessary to examine important issues including developmental and

treatment effects on the brain/behavior interactions underlying face processing in

ADHD.

8 Conclusion

Face processing involves attentional circuits: both top-down cortical pathways and

subcortical relays involving the amygdala. Although inattention, distractibility,

and hyperactivity are considered the cardinal symptoms of ADHD, clinicians and

researchers alike are becoming increasingly aware of emotional impairments in

ADHD. Face-processing experiments are particularly apt for testing these issues.

Thus far, studies suggest that ADHD involves behavior and brain alterations in face

processing. However, more work is clearly needed, including work to probe the

impact of development, gender, and treatment, as well as correlations between face

processing, core ADHD symptoms, and real-world measures of emotional dysfunc-

tion. Efforts to improve our understanding of the brain/behavior alterations under-

lying emotional dysfunction in those with ADHD are likely to yield scientific and

clinical benefits.
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Abstract ADHD is a common and highly heritable disorder. Family, twin, and

adoption studies confirm a strong genetic influence in risk for ADHD and there has

been a great deal of interest in identifying the genetic factors involved. Quantitative

genetic studies find that genetic risk for ADHD is continuously distributed through-

out the population, that there are both shared and unique genetic influences on

inattention and hyperactivity-impulsivity, and that ADHD shares genetic risk

factors with commonly co-occurring clinical syndromes and traits. ADHD is

found at all ages and the underlying genetic architecture is similar across the

lifespan. In terms of specific genetic findings, there is consistent evidence of

monoamine neurotransmitter involvement with the best evidence coming from

genetic markers in or near the dopamine D4 and D5 receptor genes. Recent

genome-wide association studies have identified new association findings, includ-

ing genes involved in cell division, cell adhesion, neuronal migration, and neuronal

plasticity. However, as yet, none of these pass genome-wide levels of significance.

Finally, recent data confirm an important role for rare copy number variants,

including those that are found in schizophrenia and autism. Future work should

use genetic association data to determine the nature of the cognitive, neuronal and

cellular processes that mediate genetic risks on behaviour, and identify environ-

mental factors that interact with genetic risks for ADHD.

Keywords ADHD � Association studies � Copy number variants � Genes �
Heritability � Twin studies
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1 Introduction

ADHD is a common childhood onset disorder that affects around 5% of the childhood

population (Polanczyk et al. 2007). The disorder persists into adulthood in around two-

thirds of cases, either as the full-blown form or in partial remission, with impairment

from continued symptoms of the disorder (Faraone et al. 2006). ADHD is also

associated with a wide range of cognitive and functional deficits as well as neurodeve-

lopmental, psychiatric and behavioural comorbidities. The precise causes of ADHD

are not well understood although family, twin, and adoption studies define a condition

that is largely influenced by genetic factors. ADHD aggregates within families and

estimates from numerous twin studies indicate an average heritability (the proportion

of phenotypic variance explained by genetic factors) of around 76% (Faraone et al.

2005). As such, there has been a great deal of interest in identifying the genetic factors

underlying susceptibility for the disorder and understanding the ways inwhich genetic

factors influence ADHD and associated cognitive and behavioural symptoms,

syndromes and traits. While the finding of high heritability for ADHD has naturally

focused research on delineating themolecular mechanisms involved, it is unlikely that

genetic risk factors act independently of the environment. Genetically sensitive

designs are also required for a full understanding of the role of the environment and

the interplay between genetic and environmental risks.

Genetic studies of ADHD are relevant in two main ways. First, quantitative

genetic studies enable the investigation of the extent of genetic effects on ADHD

and the extent to which these are shared with associated cognitive impairments,

brain function deficits and co-occurring disorders and traits. This is important to our

understanding of the relationship between ADHD and associated behavioural and

cognitive functions. Secondly, molecular genetic studies enable the identification of

the specific genetic risk factors involved, allowing for a detailed understanding of

the underlying molecular and neurobiological processes that underlie the disorder.

Identifying specific risk alleles is an important step towards a complete understand-

ing of the aetiological processes involved in the development and persistence of

ADHD throughout the lifespan. Taken together these two main approaches provide

a better understanding of the aetiology of ADHD with the potential for improved

prediction of clinical outcomes and development of novel pharmacological and

non-pharmacological treatments

2 Quantitative Genetic Studies

Family, adoption and twin studies delineate a disorder that tends to run in families

with a risk to first degree relatives in the order of five- to tenfold the population

rate (Chen et al. 2008; Faraone et al. 2000). The proportion of phenotypic

variance explained by genetic factors (heritability) averages around 76% (Faraone

et al. 2005).
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Most information on the heritability of ADHD comes from population twin

studies that compare monozygotic twin pairs (MZ: identical twins), who share

100% of genetic variation, with dizygotic (DZ: non-identical twins) twin pairs,

who share on average 50% of genetic variation. The main assumption of twin studies

is that MZ and DZ twins have an equal exposure to environments that influence the

trait being studied: the so-called equal environment assumption (EEA). The EEA

has been directly tested by Kendler and colleagues for twin studies of psychiatric

disorders. Using a subset of twin pairs for whom perceived zygosity differed from

tested zygosity, they modelled perceived zygosity as a form of specific familial

environment and found that for five common psychiatric disorders there was no

influence of perceived zygosity status on twin similarity (Kendler et al. 1993),

supporting the validity of the EAA in twin studies of psychiatric disorders.

Twin studies of ADHD have mainly used continuous rating scale scores of

ADHD symptoms as reported by parents and teachers and found substantial

differences in the phenotypic correlation between MZ and DZ pairs, with MZ

twin correlations being twice, or more than twice, DZ correlations. Most studies

show little or no evidence for shared environmental influences, so that the general

conclusion has been that familial effects are entirely due to genetic factors, while

unique environmental effects, including measurement error and non-inherited epi-

genetic factors, explain non-familial effects on the clinical phenotype. For example,

in a recent meta-analysis and review there was no overall evidence for shared

environmental influences on ADHD, while there were for some other behavioural

phenotypes, including conduct disorder, oppositional defiant disorder, anxiety and

depression (Burt 2009). The finding that there are no shared environmental effects

on ADHD is important for the interpretation of family studies because we can infer

that familial influences that are shared between ADHD and other disorders or traits

are likely to result from shared genetic factors rather than the familial environment.

3 ADHD as a Quantitative Trait

Family and twin studies both support the concept of ADHD as representing the

extreme of one or more quantitative traits that show variation throughout the

population. There are several lines of evidence for this conclusion (Chen et al.

2008). First, twin studies that report on concordance rates for the diagnosis of

ADHD estimate similar high heritabilities to that estimated from the numerous

studies that report on correlations of ADHD symptoms in population twin samples

(Sherman et al. 1997). Secondly, twin studies that define ADHD dimensionally

have shown that the genetic contribution to ADHD operates across the continuum

and exerts similar influences to those acting on individuals with extreme ADHD

scores (Levy et al. 1997). Thirdly, environmental risk measures also correlate with

trait scores for ADHD: for example, the impact of food additives (Stevenson et al.

2010) and maternal smoking during pregnancy (Becker et al. 2008; Kahn et al.

2003). Fourthly, as we shall see, numerous studies report on the association of
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ADHD trait scores with other dimensional measures such as, reading ability,

conduct problems and cognitive performance, that are also reflected in ADHD

case-control differences.

These findings promoted an investigation of the relationship between DSM-IV

combined type ADHD and quantitative trait scores of ADHD among siblings.

Using a sample of 894 ADHD probands with a research diagnosis of combined

type ADHD and 1,135 of their siblings, who were unselected for ADHD, a sibling

correlation of 0.30 for teacher ratings and 0.21 for parents’ ratings was estimated,

which was comparable to the average DZ correlations estimated from review of the

twin literature (Chen et al. 2008). Furthermore, there was no evidence for bimodal-

ity in the sibling data. This study also estimated the sibling risk for combined type

ADHD to be about ninefold that of the general population rate. Overall, this study

leads to the conclusion that genetic liability for ADHD is distributed throughout the

population and is reasonably well measured using parent or teacher rated DSM-IV

rating scales.

From a clinical perspective, there is a clear implication that there is no natural

boundary between those with and without ADHD based on symptom count alone.

For this reason, the National Institute for Clinical Health and Excellence in their

recent review (NICE 2008) emphasized the importance of linking high levels of

symptoms to impairment when defining ADHD as a clinical disorder. However, for

aetiological investigations, both categorical and quantitative approaches to the

ADHD phenotype appear to be valid.

4 ADHD in Adults

Until recently, the evidence for familial effects on ADHD in adults came from

family and adoption studies, which reported rates of ADHD among the parents of

children with ADHD and rates of ADHD among the offspring of adults with

ADHD. Early reports found that adoptive parents of hyperactive children were

less likely than biological parents to have hyperactivity or associated disorders

(Cantwell 1972; Morrison and Stewart 1971). Subsequent studies confirmed these

findings (Alberts-Corush et al. 1986; Epstein et al. 2000; Sprich et al. 2000).

For example, Sprich and colleagues reported a rate of ADHD of 18% among the

biological parents of children with ADHD compared to 6% in adoptive parents and

3% in controls (Sprich et al. 2000). As expected, family studies also find differences

among the parents of children with and without ADHD (Curko Kera et al. 2004).

The study from Faraone and colleagues also found that parents of children with

ADHD were far more likely to have ADHD than control parents, particularly

among the parents of children who retained the diagnosis of ADHD into adoles-

cence at 4-year follow up (Faraone et al. 2000). Other studies investigated the rates

of ADHD among the relatives of adults with ADHD and found high familial risks.

For example, Biederman et al. reported 57% of the offspring of adults with ADHD
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(Biederman et al. 1995), while Manshadi et al. found 41% of the siblings of adults

with attention deficit disorder (ADD) had ADHD (Manshadi et al. 1983).

These studies appear to demonstrate that familial effects on ADHD are found

throughout the lifespan. Furthermore, the high rates of ADHD reported in some

family studies suggest that persistent forms of ADHD may be associated with a

greater familial loading than remitting forms of the disorder (Faraone 2004).

However, there is a discrepancy within the data that needs further investigation to

understand fully the familial influences on ADHD symptoms in adults. Where

family studies have used cross-sectional data, they have found that self-report for

current ADHD symptoms does not always show the expected familial effects, but

rather differences were found with informant report or on tests of cognitive

performance.

Adult twin studies that rely entirely on cross-section self-report data of ADHD

symptoms are consistent with the family studies by finding low familial risks and

heritabilities for self-report measures of ADHD symptoms. In a large Dutch adult

population twin study, estimates of heritability were in the region of 0.30

(Boomsma et al. 2010), which is close to the estimate of 0.35 reported in a similar

Swedish study (Larsson et al. unpublished data). There are several potential

explanations for this finding. First, self-rating for current level of ADHD symptoms

appears to be a poor index of genetic liability, since such low heritabilities are also

found when using self-rated data in adolescent twin samples (Ehringer et al. 2006;

Martin et al. 2002). Secondly, unreliability of self-ratings may contribute to the low

estimates; related to this, the use of self-ratings means that two raters are involved

in the evaluation of each twin pair, whereas traditional twin studies of ADHD in

children use the same parent or teacher to report on both members of a twin pair.

This is a potentially important cause of low heritability estimates, since we

observed such a rater effect in children when comparing the heritability estimated

from same teacher for both members of a twin pair (74%) versus different teachers

(46%) in a large twin sample of 12-year-olds (Merwood and Asherson, unpublished

data). Thirdly, adult-onset conditions may generate ADHD-like symptoms and

these would not be expected to share genetic effects with ADHD. A recent twin

study found that heritability for attention problems in 19–20 year olds was around

80% when self and parent data were combined, suggesting measurement error as

the main explanation for the lower heritabilities seen in the previous adult studies

that used self ratings alone (Larsson et al., unpublished data). Further work is

needed to fully understand the observed discrepancies in heritability and their

relationship to rater and developmental effects on the measures used.

5 ADHD, Inattention and Hyperactivity–Impulsivity

An important question that can be addressed by quantitative genetic approaches is

the aetiological relationship between inattention and hyperactivity–impulsivity.

Twin studies that have investigated this have found that these are partially separable
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measures with only partially overlapping genetic influences. While the correlation

between the two domains is largely accounted for by shared genetic effects, there

are additional significant unique genetic effects acting on each of the two domains

(McLoughlin et al. 2007). Furthermore, a similar pattern of findings was found for

ADHD in adults, despite low overall heritability of the self-rating scale scores

(Larsson et al. in review), indicating that the underlying genetic architecture of

ADHD is similar in children, adolescents and adults.

Twin data have also been used to investigate the DSM subtypes of ADHD and

comparison with empirically derived latent class analyses of DSM symptoms that

identify groups based on the clustering of symptoms. Such statistical approaches

found that most DSM-IV inattentive subtype cases belong to the combined type

latent class and make a clear separation from the purely inattentive subtype

with only one or two symptoms of hyperactivity–impulsivity; a distinction that

is reflected in the revised version of the DSM (www.dsm5.org). These findings

that use empirical approaches to define clinical subtypes also lend support

for the separation of the two symptom domains. The studies from Todd et al.

(2001) showed that latent class subtypes tended to co-segregate within twin pairs,

whereas this was not the case for the DSM-IV subtypes, with cross concordance

identified between the DSM-IV combined and inattentive subtypes. The DSM-IV

predominantly hyperactive–impulsive cases were, however, genetically distinct

(Todd et al. 2001).

Molecular genetic investigations of the two symptom domains are therefore

expected to identify genetic variants that confer unique, as well as shared, risks

and imply the existence of two or more molecular and neurobiological pathways. In

support of this general conclusion, we see differential relationships between each of

the two domains and comorbid traits. One example is reading disability (RD) and

inattention where the correlation between ADHD and RD was found to be largely

driven by genetic factors not shared with hyperactivity–impulsivity (Paloyelis et al.

2010). A contrasting example is a study of ADHD and oppositional behaviour that

found high phenotypic and genetic correlations with hyperactivity–impulsivity but

much lower with inattention (Wood et al. 2009). Since both the genetic and environ-

mental correlations between hyperactivity–impulsivity and oppositional behaviour

were around 95% in this study, the authors concluded that they represented the same

underlying liability and that this was distinct from the inattentive domain.

Twin studies have found that there are many other examples of overlapping

genetic influences between ADHD symptoms and co-occurring disorders and traits,

including autism spectrum disorder (Ronald et al. 2008), motor coordination

(Francks et al. 2003), conduct disorder (Thapar et al. 2001), and depression (Cole

et al. 2009). These studies have yet to investigate whether there are differential

effects between the inattentive and hyperactive–impulsive components of ADHD.

However, they clearly demonstrate the complexity of shared and unique genetic and

other aetiological influences among many mental health disorders and comorbid

traits. Further work is needed to understand fully the causal pathways involved. At a

basic level, longitudinal twin designs can further delineate the causal relationships

between ADHD and co-occurring traits, which include pleiotropic effects (multiple
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effects of individual sets of genes), mediating effects (brain functions or behaviours

that mediate genetic effects on ADHD) and risk models (one disorder leading to

another). Finally, some symptoms/traits traditionally regarded as separate from

ADHD, such as mood instability in adult ADHD, are being re-evaluated and may

be part of the core syndrome (Skirrow et al. 2009).

6 Cognitive Performance and Brain Function

Family and twin data have also addressed the phenotypic and aetiological

relationships between ADHD and cognitive performance and other measures of

brain function. Such approaches have been used to identify endophenotypes for

ADHD, which are measures of brain function that index genetic risk for a disorder.

The basic idea behind endophenotype research is that there are measurable brain

functions that are closer to molecular mechanisms and, as such, are likely to

represent simpler clues to genetic underpinnings than the disease syndrome itself

(Gottesman and Gould 2003). The distinction needs to be made from biological

markers, which is a more general term that can include state markers for the

disorder as well as trait markers for underlying liability.

Even where there is evidence for shared aetiological relationships between

measures of brain function and a disorder such as ADHD, it is necessary to further

clarify the distinction between pleiotropic effects and intermediate phenotypes

(Kendler and Neale 2010). Pleiotropy refers to the effects of genes on multiple

phenotypes, such as those that account for the association between ADHD and

neurodevelopmental disorders such as dyslexia and autism spectrum disorder.

These can be difficult to differentiate from “intermediate phenotypes” which,

according to the nomenclature recommended by Kendler and Neale, should be

reserved for the subgroup of “endophenotypes” that mediate genetic effects on

behaviour. Both endophenotypes and intermediate phenotypes can be used to map

some of the genes that increase risk for ADHD. However, only intermediate

phenotypes represent direct causal pathways from genes to ADHD, which could

therefore be targeted for treatment interventions of ADHD.

Key criteria when considering a measure as a putative endophenotype for

ADHD are association with the clinical disorder or correlation with the quantitative

trait; and shared genetic influences with the clinical disorder or quantitative trait.

The endophenotype must itself be heritable, although the size of heritability does

not provide information on the expected genetic effects at individual genetic loci.

Genetic correlation with ADHD is often inferred from family studies that show

significant deficits among the unaffected siblings of affected ADHD probands as

compared to healthy controls: the key test being whether the endophenotype

measure is significantly different in siblings of proband compared to controls.

Estimates of sibling familiality, which can be compared to concordance rates

or correlations between DZ twins, are best derived by comparing the means

among probands, with sibling and population controls unselected for phenotype
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(Andreou et al. 2007). Since family studies cannot separate out the effects of the

familial environment from genetic influences, it should not be assumed that any

observed familial effects are genetic in origin. Twin designs are far better, since

they decompose the familial genetic and environmental influences. However where

previous twin studies have found no familial environmental effects on both

phenotypes, as is the case for ADHD and most endophenotypes of ADHD, it is

reasonable to assume that only genetic and unique environmental factors play a role

in the ADHD-endophenotype familial association.

The family design has now been used extensively to nominate putative

endophenotypes for ADHD including cognitive-performance, electrophysiological

and brain neuroimagingmeasures. However, it is not clear what criteria can be applied

to pick out the most promising measures from family study data. One approach is to

take advantage of the power ofmultivariate (MV) genetic model fitting to consider the

phenotypic and genetic correlations between several putative endophenotype

measures, as well as estimating the extent to which the measures being studied share

genetic influences with ADHD. Furthermore, MV genetic methods can separate out

one or more factors marking distinct aetiological pathways.

Kuntsi and colleagues recently completed such analyses using a large ADHD

proband sibling pair sample collected as part of the International Multisite ADHD

Genetics (IMAGE) project, and control sibling pair sample, to study the

aetiological relationship of ADHD with cognitive performance measures (Kuntsi

et al. 2010). They were also able to compare the findings from the clinical sample

with data from a population twin sample that measured ADHD and included the

same measures of cognitive performance (Kuntsi and Klein 2011). The main

measures included in these analyses were reaction time mean and variability

derived from a speeded reaction-time task (the Fast Task) and a Go/NoGo task,

omission and commission on the Go/NoGo task, impulsive choice and delay

aversion, IQ and digit span forwards and backwards. Heritabilities for the main

cognitive performance variables were reported and found to be in the range of

50–60%, but this depended on the measure used and on whether theoretically

similar measures were combined together, which has the impact of reducing error

and increasing estimated heritability (Kuntsi et al. 2006b). These data highlight the

importance of using stable measures that are reliable over time (i.e., high test–retest

reliability) because “heritability” cannot be greater than retest reliability. The same

considerations would also impact on the power of the measures being used to map

individual genes so that, in general, it is thought better to combine several perfor-

mance measures to generate a more stable cognitive index, as for example in the

generation of IQ.

MV analysis was applied to the IMAGE and control sibling pair samples to

address the question of whether one or familial factors underlie the slow and

variable response times (RT), impaired response inhibition, sustained attention

and choice impulsivity that are associated with ADHD (Kuntsi et al. 2010). The

final model consisted of two familial factors. The larger factor, reflecting 85% of

the familial variance of ADHD, captured all familial influences on mean RT and RT

variability. The second, smaller factor, reflecting 13% of the familial variance of

Quantitative and Molecular Genetics of ADHD 247



ADHD, captured all familial influences on omission errors and 60% on commission

errors (Kuntsi et al. 2010). Further work from the same group, using the same

cognitive performance measures in a population twin sample, confirmed that the

two key familial cognitive factors associated with ADHD (RT factor and commis-

sion error factor) are influenced by distinct sets of genes with a very low and non-

significant genetic correlation for the two factors (Kuntsi et al. unpublished data).

Furthermore, the association between the two familial cognitive factors and ADHD

was largely independent of any contribution from the familial influences shared

between ADHD and IQ, whereas this was not the case for choice impulsivity where

50% of the overlap with ADHD could be accounted by familial variance underlying

IQ (Wood et al. 2010). These data suggest that lower IQ does not account for the

key cognitive impairments that show overlapping genetic influences with ADHD.

Overall, these data demonstrate the power of MV genetic approaches to dissect the

genetic influences and neurobiological measure associated with ADHD. Future

work should extend such analyses to additional phenotypes and further aim to

understand the core processes that underline the two main familial cognitive factors

identified to date.

7 Molecular Genetic Studies

7.1 Early Genetic Findings in ADHD

Molecular genetic studies on ADHD started with candidate gene association studies

in the mid-1990s with the first two reported associations between genetic variants in

the dopamine D4 receptor (DRD4) (LaHoste et al. 1996; Swanson et al. 1998) and

dopamine transporter (DAT1) genes (Cook et al. 1995). Subsequently, association

was reported with a microsatellite marker near to the dopamine D5 receptor gene

(DRD5) (Lowe et al. 2004a). Since then, there have been numerous replication

studies with relatively few independent replications. However, meta-analysis of

available data reported strong evidence for the association of dopamine system

genes, in particular with the 7-repeat allele of a variable number tandem repeat

(VNTR) polymorphism within DRD4 and a microsatellite which lies upstream of

DRD5. These two associations are significant because they are as yet the only

genetic association findings to reach genome-wide levels of significance in the

meta-analytic study of Li and colleagues (Li et al. 2006). This level of significance,

in the region of 5 � 10�8 (Dudbridge and Gusnanto 2008), is important because it

means that, in a systematic screen of the genome for association, these findings

would occur less than 5% of the time by chance alone. Conventional levels of

significance, such as 0.05, would be detected by chance every 20th selection of a

random independent genetic polymorphism, of which there are hundreds of

thousands across the genome. We can therefore be confident that these two findings

are truly associated with ADHD.
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7.2 The Dopamine Transporter Gene (DAT1/SLC6A3)

One of the most commonly cited associations with ADHD is with the 10-repeat allele

of a VNTR within the 30-intranslated region of DAT1. However, the evidence for this
association from meta-analytic studies is not yet convincing, with three negative

reports (Li et al. 2006; Maher et al. 2002; Purper-Ouakil et al. 2005) while three

others found onlyweak evidence of association (Faraone et al. 2005; Gizer et al. 2009;

Yang et al. 2007), far below the stringent criteria reached by DRD4 and DRD5.

Whether DAT1 is associated with ADHD therefore remains a contentious question.

Yet, there is evidence for heterogeneity across the datasets included in the meta-

analytic studies suggesting that there may be identifiable sources for differences in the

strength of the association across the various studies (Gizer et al. 2009; Li et al. 2006).

There are as yet insufficient studies to clarify which of the various sources of

heterogeneity could convincingly explain the meta-analytic findings for DAT1,

although potential sources of heterogeneity have been identified in the literature.

One potential source of error in the analysis of DAT1 comes from undetected

genotyping errors that cause apparent over transmission of commonalleleswhen using

the transmission disequilibrium test (TDT), a test of unequal transmission of alleles

from parents to their affected offspring. Mitchell and colleagues found that, in studies

reporting a positive association using the TDT, 87% identified an association with

alleles that were present at a frequency of>50% whereas, in case–control studies, the

proportion of common allele associations was 40% (Mitchell et al. 2003). This highly

significant difference could only be explained by systematic genotype error related to

themethod, especially with high-frequency alleles such as the DAT1 10-repeat, which

occurs on around 70% of chromosomes from people of European ancestry.

However, there are more interesting sources of heterogeneity for DAT1. First,

recent studies of ADHD in adults find evidence for association with the 9-repeat

rather than the more common 10-repeat allele, suggesting that the effects of DAT1

may differ depending on the developmental age; this indicates a role for DAT1 in

the modulation rather than aetiology of ADHD (Franke et al. 2008).

Secondly, the DAT1 VNTR interacts with measures of the pre-natal environment,

including maternal use of tobacco during pregnancy on oppositional and hyperactive-

impulsive symptoms (Becker et al. 2008;Kahn et al. 2003) andmaternal use of alcohol

during pregnancy (Brookes et al. 2006). Interestingly, recent research has shown that,

when genetic factors are controlled for in studies of the association between mothers

smoking during pregnancy and ADHD, the association appears to be mediated by

genetic factors, suggesting that the environmental measure may be correlated with

maternal genes (Thapar et al. 2009). This is an example of gene–environment correla-

tion and, in this case, indicates that the observed interactions with DAT1 may be

explained by gene–gene interactions, also known as epistatic interactions.

Thirdly, there is evidence that there may be an association of two or more

haplotypes of DAT1 with ADHD, indicating that more than one genetic variant is

likely to be involved. Further, the known VNTR may not be the primary functional

variant but may tag other genetic variants; and there appears to be more than one
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associated region with the gene (Asherson et al. 2007; Brookes et al. 2006, 2008).

Strength of the associationwould then depend on the relationships between the various

functional genetic variants involved, which may differ across sample populations.

Finally, there is evidence that the association with genetic variants across DAT1

may be specific to a subgroup of cases with ADHD alone, but is not seen among cases

of ADHDwith comorbid conduct disorder (Zhou et al. 2008a). This finding was more

convincing because the association with the subgroup of cases with ADHD without

conduct disorder was found in two entirely separate regions of the gene. Since these

two regions are not in linkage disequilibrium with each other (i.e. the findings are

uncorrelated), this implicates two independent functional genetic variants at the 30

and 50 ends of the gene. Evidence for genetic variants associated with ADHD in the 50

end, within or close to the promoter region, has also been reported by other groups

(Brookes et al. 2008; Friedel et al. 2007; Genro et al. 2007, 2008).

7.3 Other Candidate Gene Associations

There have now been numerous candidate gene association studies in ADHD and

these are best summarized in themost recent review andmeta-analysis fromGizer and

colleagues (Gizer et al. 2009). A summary of key findings from this study is listed in

Table 1. They conducted a systematic review of the association literature with the aim

of identifying the most consistent findings in ADHD research to date. They further

tested for heterogeneity across studies because other genes, like DAT1, might show

significant sources of variability due to identifiable moderating factors. Overall, they

concluded that the following genes were significantly associated with ADHD: DAT1

(dopamine transporter gene), DRD4 dopamine D4 receptor gene), DRD5 (dopamine

D5 receptor gene), 5HTT (serotonin transporter gene), HTR1B (serotonin 1B receptor

gene) and SNAP-25 (synaptosomal associated protein-25). In their analysis, none of

the reported meta-analytic findings passed more stringent genome-wide tests of

association, so there remains a level of uncertainty for each of the specific findings

reported in this study. In addition, they identified the following genes that showed

significant evidence of heterogeneity: DAT1, DRD4, DRD5, DBH (dopamine beta-

hydroxylase gene), ADRA2A (adrenergic 2A receptor gene), 5HTT, TPH2 (trypto-

phan hydroxylase 2 gene), MAOA (monoamine oxidase A gene) and SNAP-25. For

these later genes showing heterogeneity, future studies could usefully investigate the

potential moderating factors that lead to variability in effect size across studies.

Despite some significant progress from the candidate gene studies, an estimate

of the overall impact of the most replicated gene findings suggested that 3.3% of the

phenotypic variance for ADHD was explained by the additive effects of these

genes, accounting for 4.3% of the estimated average heritability of ADHD of

76% (Kuntsi et al. 2006a). In this analysis, the average odds ratios for the individual

genetic variants were taken from a previous meta-analysis (Faraone et al. 2005) and

found to be between 1.1 and 1.4, equivalent to 0.1% to 1.0% of the variance in

ADHD symptoms (Table 2). Further work is therefore needed to explain the rest of

the genetic influences on ADHD.
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7.4 Dopamine D4 Receptor Gene (DRD4)

In addition to the association with the 7-repeat allele, described above, other genetic

variants have been investigated within this gene. A family-based association analysis

of the DRD4 120-bp insertion/deletion promoter, 1.2 kb upstream of the transcrip-

tional start site, showed a significant association with ADHD in 372 ADHD cases and

their parents (McCracken et al. 2000). However, several studies have failed to

replicate these findings, including ameta-analysis of the data from this polymorphism,

which found no evidence for association (Gizer et al. 2009). The SNP (single nucleo-

tide polymorphism), rs1800955, located 521 base pairs upstream of the DRD4

transcriptional start site, has recently been found to show association with ADHD in

a Korean sample (P ¼ 0.01: Yang et al. 2008). Previous studies had not found

evidence for association with this polymorphism. However, meta-analysis of the

data (Barr et al. 2001; Kereszturi et al. 2007; Lowe et al. 2004b; Payton et al. 2001)

suggests that this polymorphism may have a role in ADHD (P ¼ 0.007: Gizer et al.

2009). Alleles of both of these upstream polymorphisms have been reported to alter

promoter activity (D’Souza et al. 2004; Okuyama et al. 1999).

7.5 The Tachykinin Receptor 1

Another gene strongly related to dopaminergic function in the prefrontal cortex is

the neurokinin (substance P-preferring) receptor (NK1R) also called the tachykinin

receptor 1 (TACR1). In a knockout mouse lacking the TACR1 gene (NK1R�/�),

mice were found to be hyperactive (Yan et al. 2010, 2011) and this was ameliorated

by psychostimulants (d-amphetamine and methylphenidate). The mice had reduced

Table 2 Summary of effect sizes for replicated candidate gene associations reported by Kuntsi

et al. (2006a), using data from Faraone et al. (2005). The percentage of the variance explained by

each risk allele has been estimated assuming a liability threshold risk model and additive genetic

effects. The total phenotypic variance explained sums to 3.2%, which is 4.2% of the additive

genetic effects if we using the average heritability estimate of 76% reported in Faraone et al.

(2005)

Gene Frequency

of risk

allele

Odds

ratio

95% confidence

interval

QTL effect

size (%

variance)

Number of families

to replicate with 80%

power and nominal

significance (0.05)

DRD4 0.12 1.16 1.03–1.31 0.1 3,196

DRD5 0.35 1.24 1.12–1.65 0.4 728

DAT1 0.73 1.13 1.03–1.24 0.1 2,748

DBH 0.50 1.33 1.11–1.59 0.7 391

SNAP25 0.50 1.19 1.03–1.38 0.3 1,043

SERT 0.06 1.31 1.09–1.59 0.6 466

HTR1B 0.71 1.44 1.14–1.83 1.0 315
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(>50%) spontaneous dopamine efflux in the prefrontal cortex and displayed lack of

the striatal dopamine response to d-amphetamine. These behavioural and neuro-

chemical abnormalities in NK1R�/�mice, together with their atypical response to

psychostimulants, are similar to clinical characteristics of ADHD in humans (Yan

et al. 2010). An allelic association study of 450 ADHD cases and 600 controls

found that four TACR1 SNPs previously associated with bipolar disorder and

alcoholism were also associated with ADHD (Yan et al. 2010). If confirmed,

TACR1 may turn out to be another dopamine-related gene that is more strongly

associated with an affective disorder subgroup of ADHD.

7.6 The Serotonin 1B Receptor Gene (HTR1B)

Evidence of significant genetic association of the 861G allele of HTR1B was shown

in 273 European families (P ¼ 0.007; Hawi et al. 2002), as well as in 115 Canadian

families (P ¼ 0.03; Quist et al. 2003). Similarly, paternal overtransmission of the

5-HTR1BG861 allele to offspring with the inattentive ADHD subtype was observed

in 12 multi-generational Centre d’Etude du Polymorphisme Humain (CEPH)

pedigrees, comprising 229 families of ADHD probands (Smoller et al. 2006).

A haplotype block, encompassing the gene, was associated with the inattentive

ADHD subtype. In addition, three polymorphisms in this block were nominally

associatedwith this subtype but did not remain significant after correction for multiple

testing (Smoller et al. 2006). Meta-analysis from nine studies yielded significant

evidence of association between ADHD and the HTR1B 861G allele (fixed effects

P ¼ 0.01) with no heterogeneity in study effect sizes (Gizer et al. 2009).

7.7 Serotonin Transporter Gene (SLC6A4/5-HTT)

A functional 44 bp deletion/insertion polymorphism in the promoter region of

SLC6A4 has been associated with depression and anxiety (Acosta et al. 2004; Lotrich

and Pollock 2004; Munafo et al. 2006; Schinka et al. 2004) and implicated in stress

sensitivity leading to phenotypes such as depression in adults and emotional problems

in children (Caspi et al. 2010; Sugden et al. 2010). The long promoter variant is

associated with more rapid reuptake of serotonin than the short allele (Lesch et al.

1996).Meta-analysis of ten TransmissionDisequilibriumTest (TDT) studies and nine

case-control and haplotype relative-risk studies shows a significant association with

the long allele and ADHD (fixed effects P ¼ 0.004, random effects P ¼ 0.010) with

significant heterogeneity across studies (P ¼ 0.00003; Gizer et al. 2009). Other

polymorphisms tested within this gene such as the 12-repeat of an intron 2 VNTR

and SNP markers were not associated with ADHD in the meta-analytic study.
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7.8 Synaptosomal-Associated Protein 25 Isoform Gene

The Synaptosomal-Associated Protein 25 (SNAP25) gene was suggested as a

candidate gene for ADHD based on the hyperactivity phenotype of the mouse

strain, Coloboma (Hess et al. 1995). SNAP-25 is interesting because it is involved

in a number of processes, including axonal growth, synaptic plasticity and the

vesicular release of neurotransmitters. Four polymorphisms in SNAP-25 were

significantly associated with ADHD in 186 Canadian families with 234 ADHD

children (P ¼ 0.04–0.005; Feng et al. 2005). However, these results were not

replicated in an independent sample of 99 families with 102 ADHD children

from southern California, possibly due to differences in selection criteria, ethnicity,

medication response and other clinical characteristics of the samples (Feng et al.

2005). Analysis of the DSM-IV subtypes in the Toronto sample indicated that the

differential results were not attributable to ADHD subtype. Quantitative trait

analyses of the dimensions of hyperactivity/impulsivity and inattention in the

Toronto sample found that both behavioural traits were associated with SNAP-25.

Subsequent investigations used several SNPs spanning the gene with 7 SNPs

included in four or more studies. Meta-analysis of four of these SNPs found that

only one (rs3746544) was significantly associated with ADHD across seven studies

with heterogeneity and sensitivity analyses indicting that significance did not

depend on any particular study (Gizer et al. 2009).

7.9 ADHD and Co-occurring Disorders

Another line of enquiry that has been applied to candidate gene studies is the search

for genes that might modify the developmental course of ADHD, or be associated

with the development of co-occurring behavioural phenotypes, such as conduct

problems or emotional reactivity. One behavioural phenotype that is being

investigated is the co-occurrence of ADHD with conduct problems and the later

development of conduct disorder and antisocial behaviour. Twin studies suggest

that conduct problems and ADHD share a common genetic aetiology and that

ADHD plus conduct problems appears to be a more severe subtype in terms of

genetic loading for ADHD as well as clinical severity (Thapar et al. 2001).

Evidence has now accumulated that a functional variant of the catechol-O-methyl

transferase gene (COMT) is associated with conduct disorder and antisocial

behaviour in children with ADHD, and therefore plays a role in developmental

outcomes associated with ADHD.

The COMT gene contains a functional SNP that results in a valine (val) to

methionine (met) mutation with altered enzymatic activity (Lotta et al. 1995). Since

the val variant catabolises dopamine at up to four times the met variant, resulting in

significantly lower synaptic dopamine in the prefrontal cortex, this polymorphism

was a good candidate for association with ADHD. However, meta-analysis of 16
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studies found no significant association between the COMT val/met polymorphism

and ADHD (Gizer et al. 2009). On the other hand, in a sample of 240 British

children with ADHD or hyperkinetic disorder, the COMT val/met variation was

associated with increased symptoms of conduct disorder, in addition to a significant

gene–environment interaction between the COMT polymorphism and birth weight

(Thapar et al. 2005). Subsequent studies using population samples replicated the

association of the COMT polymorphism with antisocial behaviour in groups of

children, with high levels of ADHD symptoms, but not in the rest of the population,

indicating that there is a gene-by-ADHD interaction on the risk for developing

conduct problems during development (Caspi et al. 2008). These findings demon-

strate the complexity of aetiological influences on human behaviour and confirm

the role of ADHD as a risk factor for development of conduct problems when

combined with exposure to other risk factors: in this case changes in dopamine

metabolism due to genetic variation of the COMT gene.

7.10 ADHD in Adults

One approach to understanding developmental changes in ADHD is the comparison

of association findings from ADHD in childhood with those from ADHD in adults.

The idea underlying this approach is that there will be some genes that are specific

to ADHD in adults and are closely related to processes that lead to persistence or

remission during the transition from childhood and adolescence into adulthood. For

example, Halperin and Schultz (Halperin and Schulz 2006) hypothesize a develop-

mental model that takes into account the two main familial cognitive “variability”

and “error” factors, identified by Kuntsi et al. (2010), and predicted by previous

cognitive models for ADHD, including the arousal-attention model (Johnson et al.

2009; O’Connell et al. 2008, 2009). In the Halperin developmental model (Halperin

and Schulz 2006; Halperin et al. 2008), RT variability is proposed to reflect poor state

regulation, perceptual sensitivity and/or weak arousal mechanisms. The model

proposes a distinction between two neurocognitive processes: (1) the proposed

subcortical dysfunction linked to the aetiology of ADHD and (2) prefrontal mediated

executive control, linked to persistence or desistence of ADHD during adolescence.

As such, one possible interpretation of the two familial cognitive factors is that the

first factor (RT) represents the core, enduring deficit and the second factor (errors)

represents prefrontally mediated executive control. The model predicts that the extent

to which executive control functions, which develop throughout childhood and

adolescence, can compensate for the more primary and enduring subcortical deficits,

can determine the degree of recovery from ADHD symptoms.

The involvement of two or more processes in the developmental outcomes of

ADHD suggests that an informative strategy will be the direct comparison of

childhood and adult ADHD samples, or comparison of persistent versus remitting

forms of ADHD. This will help to identify genes that have a stable influence on

ADHD throughout the lifespan as well as those that influence the recovery from, or
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persistence of, ADHD during adolescent and early adult life. Two studies that adopt

this approach investigated genetic associations with 19 genes involved in the regula-

tion of serotonin pathways (Ribases et al. 2009) and 10 genes that encode for

neurotrophins (Ribases et al. 2009). Using two clinical samples of adult and child

cases with ADHD, they found significant associations for SNPs with the dopamine

decarboxylase and serotonin 2A receptor genes in both the adult and childhoodADHD

samples, whereas there was evidence of association with the monoamine oxidase B

gene only in the adult sample. In the second study, they found evidence of association

for CNTFR (ciliary neurotrophic factor receptor gene) in both child and adult samples

and for NTF3 (Neurotrophin 3 gene) and NTRK2 (neurotrophic tyrosine kinase gene)

in the childhood samples, only. While these findings remain provisional until they

have been replicated in independent samples and the significance levels approach

genome-wide levels of significance, they represent an important approach to

identifying both stable and novel genetic risk factors at different stage of development.

8 Whole Genome Approaches

8.1 Linkage Studies

Linkage analysis is a method for identifying the presence of susceptibility genes for

genetic disorders within relatively large chromosomal regions (of up to forty

million bases of DNA) possibly containing thousands of genes. Although highly

successful in the identification of genes for numerous single gene (Mendelian)

disorders, linkage has been far less successful for complex disorders, where numer-

ous genes are involved. This is because the method lacks power under conditions of

high-genetic heterogeneity or where genetic effects are relatively small (Dawn

Teare and Barrett 2005). The success of linkage studies in psychiatric genetics

remains controversial because it has been difficult to replicate key findings and,

even when linkage has been identified, there are few examples of genes that have

been identified that account for linkage signals (Cichon et al. 2009).

Multiple putative linkage regions were identified in genome-wide linkage scans

of ADHD, but few of these passed genome-wide levels of significance or were ever

replicated in subsequent studies; they could therefore only be described as potential,

rather than confirmed, linkage regions (Acosta et al. 2004; Arcos-Burgos et al.

2004; Asherson et al. 2008; Bakker et al. 2003; Faraone et al. 2008; Fisher

et al. 2002; Hebebrand et al. 2006a; Loo et al. 2004; Ogdie et al. 2003; Romanos

et al. 2008; Smalley et al. 2002).

The data from seven available linkage studies were summarized by Zhou and

colleagues (Zhou et al. 2008b). They concluded that no chromosomal region had

been consistently identified across the studies and that the majority of findings were

unique to each study. They then went on to perform a meta-analysis to identify the

regions showing some consistency between the various findings and concluded that
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one region on chromosome 16, between 16q21 and 16q24, showed genome wide

significance and could therefore be considered as confirmed linkage region,

whereas ten other chromosomal regions on 5, 6, 7, 8, 9, 15, 16 and 17 showed

evidence suggesting linkage with ADHD. As we shall see, the 16q21–16q24 region

obtained further support from genome-wide association studies that had identified a

gene called CDH13 (Cadherin 13) that lies within this region, although it has yet to

be shown that genetic variation of this gene leads directly to the linkage signal.

Other regions, such as 5p13, which had been indicated as potential linkage regions

in two previous studies (Hebebrand et al. 2006b; Ogdie et al. 2004), and spans the

region containing the dopamine transporter gene (Friedel et al. 2007), were not

supported by the meta-analysis, although such regions might still be relevant to the

specific populations involved.

One gene that has been specifically identified following an initial linkage

strategy is the latrophilin 3 gene (LPHN3) (Arcos-Burgos et al. 2010; Ribases

et al. 2011). The original studies used large multigenerational families from the

genetically isolated Paisa population in Columbia. A genome linkage study of 16

families found significant linkage on chromosome 4q13 (Arcos-Burgos et al. 2004).

Fine mapping applied to nine of the families narrowed a critical region of around

20,000,000 base pairs. Subsequent studies identified a significant region of associ-

ation within exons 4 through to 19 of LPHN3 that was replicated in US, German,

Spanish and Norwegian samples, with an average odds ratio of around 1.2 (Arcos-

Burgos et al. 2010). Finally, a further study of 334 adults with ADHD and 334

controls from Spain found additional evidence for the association, indicating an

association between genetic variants of LPHN3 and ADHD throughout the lifespan

(Ribases et al. 2011). The role of LPHN3 is not well understood, but it is a G-protein

coupled receptor that is thought to be involved in neurotransmission and mainte-

nance of neuronal viability.

8.2 Genome-Wide Association

The main approach currently being taken to the identification of novel genes for

ADHD include genome-wide association studies, which have the potential to detect

entirely novel associations where there is no previous a priori hypothesis. Given
that we know so little about the function of the brain and how molecular processes

lead to ADHD, it makes sense for molecular genetic studies to focus efforts on

empirical approaches that systematically screen the entire genome for associations.

Genome-wide association studies (GWAS) take advantage of SNP arrays that

enable genotyping of genetically informative markers across the entire human

genome. Depending on the density of the arrays these may account for 80% or

more of common genetic variation. In ADHD genetic research, however, GWAS

have yet to establish confirmed novel associations, since no individual SNP has yet

to reach genome-wide levels of significance. The problem is that conventional levels

of significance in the region of 0.05 to 0.001 would be found by chance with SNPs
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throughout the genome, due the large number independent haplotypes (correlated

sequences of correlated genetic variation) across the genome. As discussed above, this

means that higher levels of significance, in the region of 5 � 10�8, are recommended

to adjust for the low prior odds of association (Dudbridge and Gusnanto 2008). This

has meant that, for most common complex disorders, 12,000 or more samples are

needed to identify reliably a few associated SNPs (much larger samples are needed to

detect appreciable numbers of common risk alleles) (Park et al. 2010) since, in nearly

all cases, only small genetic risks have been identified for specific risk alleles with

odds ratios in the region of 1.1–1.4 or less.

The first GWAS study of ADHD investigated 438,784 SNPs in 958 combined

type ADHD proband–parent trios. No genes of moderate to large effect were

identified (Neale et al. 2008) and no findings passed genome-wide levels of signifi-

cance. Although there were potentially interesting genes among the top 25 SNPs,

including the cannabinoid 1 receptor gene (CNR1), none of these has been replicated

in subsequent studies. However, when a set of 51 candidate genes was investigated,

there was significant evidence at the group level that positive association signals were

emerging from the selected SNPs, implicating mainly dopamine, noradrenaline and

serotonin neurotransmitter genes and providing further support from traditional sets

of candidate genes. Analysis using a quantitative approach in the same sample found

some degree of association in monoamine-related genes (SLC9A9, DDC, SNAP25,

SLC6A1, ADRB2, HTR1E, ADRA1A, DBH, BDNF, DRD2, TPH2, HTR2A,

SLC6A2, PER1, CHRNA4, COMPT and SYT1) (Lasky-Su et al. 2008). Similar

findings were subsequently reported in a study that combined genome-wide associa-

tion data from several studies, with a total sample size of 2,064 trios, 896 cases and

2,455 controls (Neale et al. 2010). As we can see from comparison with other

complex genetic disorders, including psychiatric syndromes, such as schizophrenia

and bipolar disorder (O’Donovan et al. 2009), the total number of samples analysed

in GWAS studies of ADHD to date remains relatively small and the disappointing

findings so far are, in fact, not unexpected. Further work is required to collate DNA

and obtain GWAS information onmuch larger sets of samples for significant progress

in the identification of common genetic variants associated with ADHD.

However, there are potentially novel findings that have emerged from the

GWAS studies of ADHD (reviewed in: Franke et al. 2009). Of particular interest

is the Cadherin 13 gene (CDH13) which was associated with ADHD in two out of

five GWAS studies completed to date (Lasky-Su et al. 2008; Lesch et al. 2008) and

lies within the only region that reached genome-wide significance in a meta-

analysis of linkage studies of ADHD (Zhou et al. 2008b). Cadherin 13 is a cell

adhesion protein (Patel et al. 2003) and also acts as a negative regulator of neural

cell growth (Takeuchi et al. 2000). In the IMAGE project sample, CDH13 reached

genome-wide levels of significance using a method that was designed to maximize

the power of the sample, by using quantitative phenotypes and a two-stage proce-

dure (Lasky-Su et al. 2008); but was also detected within the top 25 SNPs from

the more conventional TDT analysis of the same sample (Neale et al. 2008),

as well as an independent study from Germany that used a DNA-pooling

approach (Lesch et al. 2008). Furthermore, CDH13 is among the most consistent
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findings on a wide range of phenotypes related to drug abuse and dependence

(Uhl et al. 2008).

Other genes that emerged as potentially interesting include the glucose–fructose

oxidoreductase-domain containing 1 gene (GFOD1), which may be involved in

electron transport. A SNP in this gene was associated with inattentive symptoms

using the same quantitative approach that identified the association with CDH13

(Lasky-Su et al. 2008). In addition, there has also been replication of genetic associa-

tion findings between the brain expressed metalloprotease genes TLL1 and TLL2

genes with ADHD (Lasky-Su et al. 2008; Lesch et al. 2008). The genes HAS3,

SPOCK3, MAN2A2, GPC6, MMP24, KCNIP1, KCNIP4, and DPP10 all show some

level of association with ADHD in three studies (Lasky-Su et al. 2008; Lesch et al.

2008; Neale et al. 2008). Finally, in the GWAS study using pooled DNA from Lesch

and colleagues, none of the findings achieved genome-wide significance but several

genes expressed in the brain, which are of potential interest, were identified among

the top hits that are involved in neuronal plasticity, cell–cell communication and/or

adhesion (Lesch et al. 2008). These findings and other hints fromGWAS indicate that

genes involved in cell division, cell adhesion, neuronal migration and neuronal

plasticity may confer risk for ADHD (Franke et al. 2009; Lesch et al. 2008).

Overall, there is still a long way to go to delineate the specific genetic factors that

explain the high heritability of the disorder. However, this is a common phenome-

non in research of common disorders and several possible explanations for the so-

called “dark-matter” of (missing) heritability have been put forward: dark matter in

the sense that we know it exists, we can detect its influences, but simply cannot see

it (Manolio et al. 2009). Potential reasons include: numerous genes of small effect;

genetic heterogeneity with risk conferred by many different genes and variants

within genes; higher order interactions between genes and with environment; and

aetiological heterogeneity (Manolio et al. 2009). In addition, we do not yet under-

stand the contribution made to ADHD from rare copy number variants (CNVs) or

other types of rare genetic variation; although as we shall see, recent data suggest

that CNVs can exert moderate to large influences on risk for ADHD.

8.3 Copy Number Variants

Genome-wide SNP arrays can also be used to investigate copy number variants or

CNVs. These arise through non-allelic homologous recombination and are now

known to play an important role in the aetiology of psychiatric disorders including

autism and schizophrenia (Cichon et al. 2009). In ADHD, the evidence for

aetiologically significant CNVs has been accumulating. It is now clear that not

only do CNVs play a significant role in the overall risk for ADHD but also that the

regions involved appear to be shared with those that give rise to two neurodeve-

lopmental disorders, schizophrenia and autism (Williams et al. 2010).

There are a few studies that implicate CNVs in ADHD. Some represent reports

of individual cases, such as the example of a girl with ADHD, who has a de novo
600 kb deletion on a maternal copy of chromosome 16p11.2, encompassing
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CORO1A (coronin-1A, which is essential for T cell release from the thymus),

flanked by 146 kb segmental duplications (Shiow et al. 2009). Deletion, as well

as duplication, at the 16q11.2 locus has also been associated with autism spectrum

disorder and neurodevelopmental disorders (Ghebranious et al. 2007). One recent

study identified 222 structural variants in 335 children with ADHD and their

parents that were not detected in 2,026 unrelated healthy controls (Elia et al.

2009). Although no overall excess of deletions or insertions were found in the

ADHD cases, inherited rare CNVs were significantly enriched within genes that

had previously been implicated in autism, schizophrenia and Tourettes syndrome.

Some of these, such as GRM7, DPP6 and TACR3, have been nominally associated

with bipolar disorder in recent GWAS studies (Ferreira et al. 2008). The deletion in

the glutamate receptor gene (GRM5) was identified in an affected parent and three

affected offspring, who displayed problems with spatial orientation (Elia et al.

2009), a behavioural trait in the GRM5 knock-out mouse (Lu et al. 1997). The

CNV in GRM7 was present in an ADHD proband who presented with an anxiety

disorder. Additional genes disrupted by CNVs in ADHD that are also thought to be

involved in autism include AUTS2 and IMMP2L. Furthermore, other ADHD,

CNV-associated genes are implicated in learning, behaviour, synaptic transmission

and neuronal development. Four separate deletions were found in the protein

tyrosine phosphatase gene (PTPRD), a gene thought to play a role in restless leg

syndrome, which is a common symptom in ADHD (Elia et al. 2009). It is of note

that a CNV in the tachykinin receptor 3 (TACR3) gene was found to be associated

with ADHD.

The Williams et al. study (Williams et al. 2010), published in the Lancet,

received a considerable amount of publicity as the first major study that convinc-

ingly showed the impact of structural genetic variation on the overall risk for the

disorder. They analysed a group of 410 children with ADHD and 1,156 controls and

focused on a subset of large CNVs, greater than 500,000 base pairs that could be

accurately and confidently called. Overall, they found an increased burden of CNVs

in cases compared to controls (15.6% versus 7.5%: odds ratio ¼ 2.1); which was

particularly high in those with an IQ below 70 (42.4%: odds ratio ¼ 5.7) compared

with the group with higher IQs (12.5%; odds ratio ¼ 1.7). They further identified

chromosome 16p13.11 duplications as a particular risk factor, a finding that they

were able to replicate in a set of 825 ADHD cases and 35,243 controls from Iceland.

Finally, they confirmed the findings from the Elia study for a significant enrichment

of loci previously reported in schizophrenia and autism. Further work is needed to

clarify the extent to which CNVs associated with ADHD arise de novo or are

inherited and contribute to the overall heritability of the disorder.

8.4 Endophenotypes and Intermediate Phenotypes

Finally, the focus of much of the genetic research on ADHD has moved to the

identification of endophenotypes and intermediate phenotypes. The distinction

between the two was outlined by Kendler and Neale (2010) who clarify that
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intermediate phenotypes reflect neurobiological processes that mediate between

genes and behaviour, whereas endophenotypes also reflect the pleiotropic (multiple

outcome) effects of genes, which are genetically correlated with, but may not

mediate genetic effects on, behaviour. For example, it is hypothesized that the

overlap between ADHD and autism spectrum disorder reflects pleiotropic effects

(Ronald et al. 2010), whereas the overlap with cognitive performance measures,

such as reaction time variability and omission and commission errors, reflects

neurobiological processes that mediate between genes and behaviour (Kuntsi

et al. 2010). Here, we refer to endophenotypes as encompassing any measure of a

neurobiological process that shares genetic effects with ADHD, whereas we reserve

the term intermediate phenotype to those that specifically mediate genetic

associations with ADHD. The study of intermediate phenotypes is developing

rapidly and provides the exciting prospect of linking molecular and cellular pro-

cesses to neurobiological and psychological processes that underlie complex

behavioural disorders such as ADHD. However, as we shall discuss, tests of

mediation are required to differentiate intermediate form more general

endophenotype effects.

Whether the endophenotype approach will be successful in speeding up the

identification of susceptibility genes for ADHD depends critically on the size of

the genetic effects from individual genes and size of the samples for molecular

genetic analysis. There are a few examples from fMRI studies that indicate that at

least for some imaging phenotypes greater effect sizes exist. For example, the

association between the serotonin transporter promoter polymorphism

(5-HTTLPR) and amygdala activation is reported, from meta-analysis of available

data, to account for as much as 10% of the phenotypic variance (Munafo et al.

2008). Were such large genetic effects to be found for individual genetic variants

with other neurobiological phenotypes, then considerable progress would be

expected. However, it has been argued that, for many measures of biological

function, the genetic effects may be similar to behavioural phenotypes (Flint and

Munafo 2007) and it is not clear how often brain phenotypes will be more penetrant

than behavioural phenotypes. In general, current data point towards a few cases of

neuroimaging phenotypes showing large effects from individual genes but it cannot

be assumed that this will be the case for all neuroimaging phenotypes.

As mentioned above, genetic influences on ADHD appear to be indexed by

two main familial pathways (Kuntsi et al. 2010), so that intermediate phenotype

approaches could usefully focus on the processes that underlie these cognitive

performance impairments in ADHD. However, association studies, using cognitive

and other intermediate neurobiological phenotypes, have often used small samples

and assumed the existence of large genetic effects. As a consequence, these studies

risk repeating the mistakes learnt from years of human genetic studies that produced

multiple false positive findings. To some extent, the potential for misleading

findings is even greater with neurobiological phenotypes because of the numerous

potential phenotypes that can be derived from test procedures: different brain

regions; large number of voxels; methods of analysis and so on. Under these

circumstances, controlling the multiple test problem represents a considerable
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challenge. Although many reasonable hypotheses can link genes to patterns of

cognitive and brain function, it is not at all clear how these should be prioritized.

As such, the same stringent criteria of replication and genome-wide significance

levels remain the gold standard for confirming a positive association with neurobi-

ological and behavioural phenotypes (Castellanos et al. 2008). To take the next steps

in this exciting field of research, large samples (or multiple smaller samples that can

be combined together) with comparable neurobiological data will be required to have

the power for molecular genetic analysis.

Interestingly, the most replicated genetic association with cognitive performance

measures in ADHD is with the DRD4 7-repeat allele risk allele for ADHD (see:

(Kebir et al. 2009) for review). Among children with ADHD, the high-risk 7-repeat

allele is associated with normal cognitive impairment compared to controls, whereas

carrying non-risk alleles for ADHD show significant cognitive impairments. This

unexpected finding has also been found with the gene ZNF804A and schizophrenia

(Walters et al. 2010) where it was found that those with schizophrenia who do not

carry the ZNF804A risk allele show greater cognitive impairments, suggesting that

this pattern of findings may be common in neuropsychiatric disorders. These findings

suggest that some genes that increase risk for disorders, such as ADHD, may also be

important sources of heterogeneity among affected individuals; identifying groups

with high and low levels of cognitive impairments with distinct genetic or other

causal risk factors. This is an entirely different from the intermediate phenotype

model in which cognitive impairments are proposed to mediate genetic effects on

clinical phenotypes such as ADHD.

Other findings highlighted in the Kebir review (Kebir et al. 2009) include speed

of processing, set shifting and cognitive impulsiveness, which were impaired in

DRD4 7-repeat carriers; and four studies with conflicting findings for the 10-repeat

allele of DAT1 on commission and omission errors from CPT and similar tasks.

There was also some evidence for the association of reaction time variability with

the DAT1 10-repeat allele. In relation to other phenotypes, both the DAT1

10-repeat allele and the DRD4 7-repeat allele have been associated with structural,

functional and electrophysiological changes in the brain (Durston 2010; Loo et al.

2003). However, no clear pattern of findings has yet emerged. This is not surprising

given the limited number of studies reported to date, the small sample sizes

included in the reported studies, differences in the clinical samples used and

methods for obtaining brain-derived phenotypes. Further progress in this area is

expected to arise from the large datasets, such as a consortium project that is

currently completing genome-wide association studies with large datasets of struc-

tural brain imaging.

Finally, we should address the methods needed to establish the measures of

cognitive performance or neurobiological function that mediate genetic effects on

behaviour. One approach using genetic data is to test for mediation, using regres-

sion models, when a particular genetic variant has been found to be associated

with both the endophenotype and the clinical disorder. This approach was

recently adopted in a study of the association between the high activity, COMT
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genotype and the risk for developing antisocial behaviour in children with ADHD

(Langley et al. 2010). Using a longitudinal population study sample, they were able

to replicate the original observation, for the third time, making this one of the most

consistent findings in ADHD genetic research to date. The high-activity COMT

polymorphism was further associated with measures of executive function and

impaired social understanding. This enabled tests of mediation to be performed,

which found that controlling for executive function deficits in the analysis made no

difference to the size of the association between COMT and antisocial behaviour.

However, the strength of the association dropped when social understanding was

included in the model, suggesting a mediating role for social understanding but not

for executive function. Overall, these studies show the importance of testing for

mediating effects and the continued need to stick with the behavioural and clinical

phenotypes of primary interest. Both the study of clinical and neurobiological

measures are needed to determine the neurobiological processes involved in the

aetiology of ADHD and not just those that reflect the multiple outcomes of genetic

effects on brain structure and function.

9 Research Gaps and Future Prospects

Further work is needed to identify both common and rare genetic variants that

account for the heritability of ADHD, using large samples and, in the near future,

whole genome-sequencing technologies. Neurobiological research needs to focus

on measures that are genetically correlated with ADHD and use genetic association

data to determine the nature of the cognitive, neuronal and cellular processes that

mediate genetic risks on behaviour. Genetic studies of ADHD in adults are only just

beginning, but it is expected that some genetic factors will influence risk for

persistence and remission of the disorder during the transitional years from child-

hood to adulthood. Finally, further work is needed to identify environmental risks

that act in an additive or interactive way with genetic risks for ADHD.

Family, twin and adoption studies have had a major influence on the way that we

perceive ADHD and this, in turn, has influenced clinical decision making. We know

that the disorder is largely inherited and that the genetic influences account for

stability of ADHD over time. Furthermore, genetic studies have helped our under-

standing of the development of comorbid disorders. Future work will use genetic

data to identify aetiologically distinct sub-groups with the aim of improving the

prediction of clinical outcome and developing novel targeted-intervention

strategies to treat the disorder and prevent its progression into adulthood. These

are critical strategies because of the high personal and societal costs of ADHD

including education and employment problems, high accident rates and risk for the

development of anxiety, depression, drug and alcohol addiction and antisocial

behaviour associated with ADHD.

Quantitative and Molecular Genetics of ADHD 263



References

Acosta MT, Arcos-Burgos M, Muenke M (2004) Attention deficit/hyperactivity disorder (ADHD):

complex phenotype, simple genotype? Genet Med 6:1–15

Alberts-Corush J, Firestone P, Goodman JT (1986) Attention and impulsivity characteristics of the

biological and adoptive parents of hyperactive and normal control children. Am J Orthopsy-

chiatry 56:413–423

Andreou P, Neale BM, ChenW, ChristiansenH,Gabriels I, Heise A,Meidad S,Muller UC, Uebel H,

Banaschewski T, Manor I, Oades R, Roeyers H, Rothenberger A, Sham P, Steinhausen HC,

Asherson P, Kuntsi J (2007) Reaction time performance in ADHD: improvement under fast-

incentive condition and familial effects. Psychol Med 37:1703–1715

Arcos-Burgos M, Castellanos FX, Pineda D, Lopera F, Palacio JD, Palacio LG, Rapoport JL, Berg

K, Bailey-Wilson JE, Muenke M (2004) Attention-deficit/hyperactivity disorder in a popula-

tion isolate: linkage to loci at 4q13.2, 5q33.3, 11q22, and 17p11. Am J Hum Genet

75:998–1014

Arcos-Burgos M, Jain M, Acosta MT, Shively S, Stanescu H, Wallis D, Domene S, Velez JI,

Karkera JD, Balog J, Berg K, Kleta R, Gahl WA, Roessler E, Long R, Lie J, Pineda D,

Londono AC, Palacio JD, Arbelaez A, Lopera F, Elia J, Hakonarson H, Johansson S,

Knappskog PM, Haavik J, Ribases M, Cormand B, Bayes M, Casas M, Ramos-Quiroga JA,

Hervas A, Maher BS, Faraone SV, Seitz C, Freitag CM, Palmason H, Meyer J, Romanos M,

Walitza S, Hemminger U, Warnke A, Romanos J, Renner T, Jacob C, Lesch KP, Swanson J,

Vortmeyer A, Bailey-Wilson JE, Castellanos FX, Muenke M (2010) A common variant of

the latrophilin 3 gene, LPHN3, confers susceptibility to ADHD and predicts effectiveness of

stimulant medication. Mol Psychiatry 15:1053–1066

Asherson P, BrookesK, FrankeB,ChenW,GillM,EbsteinRP,Buitelaar J, BanaschewskiT, Sonuga-

Barke E, Eisenberg J, Manor I, Miranda A, Oades RD, Roeyers H, Rothenberger A, Sergeant J,

Steinhausen HC, Faraone SV (2007) Confirmation that a specific haplotype of the dopamine

transporter gene is associated with combined-type ADHD. Am J Psychiatry 164:674–677

Asherson P, ZhouK,AnneyRJ, FrankeB,Buitelaar J, EbsteinR,GillM,AltinkM,Arnold R,Boer F,

Brookes K, Buschgens C, Butler L, Cambell D, Chen W, Christiansen H, Feldman L,

Fleischman K, Fliers E, Howe-Forbes R, Goldfarb A, Heise A, Gabriels I, Johansson L,

Lubetzki I, Marco R, Medad S, Minderaa R, Mulas F, Muller U, Mulligan A, Neale B,

Rijsdijk F, Rabin K, Rommelse N, Sethna V, Sorohan J, Uebel H, Psychogiou L, Weeks A,

Barrett R, Xu X, Banaschewski T, Sonuga-Barke E, Eisenberg J,Manor I, Miranda A, Oades RD,

Roeyers H, Rothenberger A, Sergeant J, Steinhausen HC, Taylor E, Thompson M, Faraone SV

(2008) A high-density SNP linkage scan with 142 combined subtype ADHD sib pairs identifies

linkage regions on chromosomes 9 and 16. Mol Psychiatry 13:514–521

Bakker SC, van der Meulen EM, Buitelaar JK, Sandkuijl LA, Pauls DL, Monsuur AJ, van ’t Slot R,

Minderaa RB, Gunning WB, Pearson PL, Sinke RJ (2003) A whole-genome scan in 164 Dutch

sib pairs with attention-deficit/hyperactivity disorder: suggestive evidence for linkage on

chromosomes 7p and 15q. Am J Hum Genet 72:1251–1260

Barr CL, Feng Y, Wigg KG, Schachar R, Tannock R, Roberts W, Malone M, Kennedy JL (2001)

5’-untranslated region of the dopamine D4 receptor gene and attention-deficit hyperactivity

disorder. Am J Med Genet 105:84–90

Becker K, El-Faddagh M, Schmidt MH, Esser G, Laucht M (2008) Interaction of dopamine

transporter genotype with prenatal smoke exposure on ADHD symptoms. J Pediatr

152:263–269

Biederman J, Faraone SV, Mick E, Spencer T, Wilens T, Kiely K, Guite J, Ablon JS, Reed E,

Warburton R (1995) High risk for attention deficit hyperactivity disorder among children of

parents with childhood onset of the disorder: a pilot study. Am J Psychiatry 152:431–435

Boomsma DI, Saviouk V, Hottenga JJ, Distel MA, de Moor MH, Vink JM, Geels LM, van Beek

JH, Bartels M, de Geus EJ, Willemsen G (2010) Genetic epidemiology of attention deficit

hyperactivity disorder (ADHD index) in adults. PLoS One 5:e10621

264 P. Asherson and H. Gurling



Brookes KJ, Mill J, Guindalini C, Curran S, Xu X, Knight J, Chen CK, Huang YS, Sethna V,

Taylor E, Chen W, Breen G, Asherson P (2006) A common haplotype of the dopamine

transporter gene associated with attention-deficit/hyperactivity disorder and interacting with

maternal use of alcohol during pregnancy. Arch Gen Psychiatry 63:74–81

Brookes KJ, Xu X, Anney R, Franke B, Zhou K, Chen W, Banaschewski T, Buitelaar J,

Ebstein R, Eisenberg J, Gill M, Miranda A, Oades RD, Roeyers H, Rothenberger A,

Sergeant J, Sonuga-Barke E, Steinhausen HC, Taylor E, Faraone SV, Asherson P (2008)

Association of ADHD with genetic variants in the 5’-region of the dopamine transporter

gene: evidence for allelic heterogeneity. Am J Med Genet B Neuropsychiatr Genet

147B:1519–1523

Burt SA (2009) Rethinking environmental contributions to child and adolescent psychopathology:

a meta-analysis of shared environmental influences. Psychol Bull 135:608–637

Cantwell DP (1972) Psychiatric illness in the families of hyperactive children. Arch Gen Psychiatry

27:414–417

Caspi A, Langley K, Milne B, Moffitt TE, O’Donovan M, Owen MJ, Polo Tomas M, Poulton R,

Rutter M, Taylor A, Williams B, Thapar A (2008) A replicated molecular genetic basis for

subtyping antisocial behavior in children with attention-deficit/hyperactivity disorder. Arch

Gen Psychiatry 65:203–210

Caspi A, Hariri AR, Holmes A, Uher R, Moffitt TE (2010) Genetic sensitivity to the environment:

the case of the serotonin transporter gene and its implications for studying complex diseases

and traits. Am J Psychiatry 167:509–527

Castellanos FX, Margulies DS, Kelly C, Uddin LQ, Ghaffari M, Kirsch A, Shaw D, Shehzad Z, Di

Martino A, Biswal B, Sonuga-Barke EJ, Rotrosen J, Adler LA, Milham MP (2008) Cingulate-

precuneus interactions: a new locus of dysfunction in adult attention-deficit/hyperactivity

disorder. Biol Psychiatry 63:332–337

Chen W, Zhou K, Sham P, Franke B, Kuntsi J, Campbell D, Fleischman K, Knight J, Andreou P,

Arnold R, AltinkM, Boer F, Boholst MJ, Buschgens C, Butler L, Christiansen H, Fliers E, Howe-

Forbes R, Gabriels I, Heise A, Korn-Lubetzki I, Marco R, Medad S, Minderaa R, Muller UC,

Mulligan A, Psychogiou L, Rommelse N, Sethna V, Uebel H, McGuffin P, Plomin R,

Banaschewski T, Buitelaar J, Ebstein R, Eisenberg J, Gill M, Manor I, Miranda A, Mulas F,

Oades RD, Roeyers H, Rothenberger A, Sergeant J, Sonuga-Barke E, Steinhausen HC, Taylor E,

Thompson M, Faraone SV, Asherson P (2008) DSM-IV combined type ADHD shows familial

association with sibling trait scores: a sampling strategy for QTL linkage. Am J Med Genet B

Neuropsychiatr Genet 147B:1450–1460

Cichon S, Craddock N, Daly M, Faraone SV, Gejman PV, Kelsoe J, Lehner T, Levinson DF,

Moran A, Sklar P, Sullivan PF (2009) Genomewide association studies: history, rationale, and

prospects for psychiatric disorders. Am J Psychiatry 166:540–556

Cole J, Ball HA, Martin NC, Scourfield J, McGuffin P (2009) Genetic overlap between measures

of hyperactivity/inattention and mood in children and adolescents. J Am Acad Child Adolesc

Psychiatry 48:1094–1101

Cook EH Jr, Stein MA, Krasowski MD, Cox NJ, Olkon DM, Kieffer JE, Leventhal BL (1995)

Association of attention-deficit disorder and the dopamine transporter gene. Am J Hum Genet

56:993–998

Curko Kera EA, Marks DJ, Berwid OG, Santra A, Halperin JM (2004) Self-report and objective

measures of ADHD-related behaviors in parents of preschool children at risk for ADHD. CNS

Spectr 9:639–647

Dawn Teare M, Barrett JH (2005) Genetic linkage studies. Lancet 366:1036–1044

D’Souza UM, Russ C, Tahir E, Mill J, McGuffin P, Asherson PJ, Craig IW (2004) Functional

effects of a tandem duplication polymorphism in the 5’flanking region of the DRD4 gene. Biol

Psychiatry 56:691–697

Dudbridge F, Gusnanto A (2008) Estimation of significance thresholds for genomewide association

scans. Genet Epidemiol 32:227–234

Durston S (2010) Imaging genetics in ADHD. Neuroimage 53:832–838

Quantitative and Molecular Genetics of ADHD 265



Ehringer MA, Rhee SH, Young S, Corley R, Hewitt JK (2006) Genetic and environmental

contributions to common psychopathologies of childhood and adolescence: a study of twins

and their siblings. J Abnorm Child Psychol 34:1–17

Elia J, Gai X, Xie HM, Perin JC, Geiger E, Glessner JT, D’Arcy M, Deberardinis R, Frackelton E,

Kim C, Lantieri F, Muganga BM, Wang L, Takeda T, Rappaport EF, Grant SF, Berrettini W,

Devoto M, Shaikh TH, Hakonarson H, White PS (2009) Rare structural variants found in

attention-deficit hyperactivity disorder are preferentially associated with neurodevelopmental

genes. Mol Psychiatry 15:637–646

Epstein JN, Conners CK, Erhardt D, Arnold LE, Hechtman L, Hinshaw SP, Hoza B, Newcorn JH,

Swanson JM, Vitiello B (2000) Familial aggregation of ADHD characteristics. J Abnorm Child

Psychol 28:585–594

Faraone SV (2004) Genetics of adult attention-deficit/hyperactivity disorder. Psychiatr Clin North

Am 27:303–321

Faraone SV, Biederman J, Monuteaux MC (2000) Toward guidelines for pedigree selection in

genetic studies of attention deficit hyperactivity disorder. Genet Epidemiol 18:1–16

Faraone SV, Perlis RH, Doyle AE, Smoller JW, Goralnick JJ, Holmgren MA, Sklar P (2005)

Molecular genetics of attention-deficit/hyperactivity disorder. Biol Psychiatry 57:1313–1323

Faraone SV, Biederman J, Mick E (2006) The age-dependent decline of attention deficit hyperac-

tivity disorder: a meta-analysis of follow-up studies. Psychol Med 36:159–165

Faraone SV, Doyle AE, Lasky-Su J, Sklar PB, D’Angelo E, Gonzalez-Heydrich J, Kratochvil C,

Mick E, Klein K, Rezac AJ, Biederman J (2008) Linkage analysis of attention deficit hyperac-

tivity disorder. Am J Med Genet B Neuropsychiatr Genet 147B:1387–1391

Feng Y, Crosbie J, Wigg K, Pathare T, Ickowicz A, Schachar R, Tannock R, Roberts W, Malone M,

Swanson J, Kennedy JL, Barr CL (2005) The SNAP25 gene as a susceptibility gene contributing

to attention-deficit hyperactivity disorder. Mol Psychiatry 10(998–1005):973

Ferreira MA, O’Donovan MC, Meng YA, Jones IR, Ruderfer DM, Jones L, Fan J, Kirov G,

Perlis RH, Green EK, Smoller JW, Grozeva D, Stone J, Nikolov I, Chambert K, Hamshere ML,

Nimgaonkar VL, Moskvina V, Thase ME, Caesar S, Sachs GS, Franklin J, Gordon-Smith K,

Ardlie KG, Gabriel SB, Fraser C, Blumenstiel B, Defelice M, Breen G, Gill M, Morris DW,

Elkin A, Muir WJ, McGhee KA, Williamson R, MacIntyre DJ, MacLean AW, St CD,

Robinson M, Van Beck M, Pereira AC, Kandaswamy R, McQuillin A, Collier DA, Bass NJ,

Young AH, Lawrence J, Ferrier IN, Anjorin A, Farmer A, Curtis D, Scolnick EM, McGuffin P,

DalyMJ, Corvin AP, Holmans PA, Blackwood DH, Gurling HM, OwenMJ, Purcell SM, Sklar P,

Craddock N (2008) Collaborative genome-wide association analysis supports a role for ANK3

and CACNA1C in bipolar disorder. Nat Genet 40:1056–1058

Fisher SE, Francks C, McCracken JT, McGough JJ, Marlow AJ, MacPhie IL, Newbury DF,

Crawford LR, Palmer CG, Woodward JA, Del’Homme M, Cantwell DP, Nelson SF, Monaco

AP, Smalley SL (2002) A genomewide scan for loci involved in attention-deficit/hyperactivity

disorder. Am J Hum Genet 70:1183–1196

Flint J, Munafo MR (2007) The endophenotype concept in psychiatric genetics. Psychol Med

37:163–180

Francks C, Fisher SE, Marlow AJ, MacPhie IL, Taylor KE, Richardson AJ, Stein JF, Monaco AP

(2003) Familial and genetic effects on motor coordination, laterality, and reading-related

cognition. Am J Psychiatry 160:1970–1977

Franke B, Hoogman M, Arias Vasquez A, Heister JG, Savelkoul PJ, Naber M, Scheffer H,

Kiemeney LA, Kan CC, Kooij JJ, Buitelaar JK (2008) Association of the dopamine transporter

(SLC6A3/DAT1) gene 9–6 haplotype with adult ADHD. Am J Med Genet B Neuropsychiatr

Genet 147B:1576–1579

Franke B, Neale BM, Faraone SV (2009) Genome-wide association studies in ADHD. Hum Genet

126:13–50

Friedel S, Saar K, Sauer S, Dempfle A, Walitza S, Renner T, Romanos M, Freitag C, Seitz C,

Palmason H, Scherag A, Windemuth-Kieselbach C, Schimmelmann BG, Wewetzer C, Meyer J,

Warnke A, Lesch KP, Reinhardt R, Herpertz-Dahlmann B, Linder M, Hinney A, Remschmidt H,

266 P. Asherson and H. Gurling



Schafer H, Konrad K, Hubner N, Hebebrand J (2007) Association and linkage of allelic variants

of the dopamine transporter gene in ADHD. Mol Psychiatry 12:923–933

Genro JP, Zeni C, Polanczyk GV, Roman T, Rohde LA, Hutz MH (2007) A promoter polymor-

phism (�839 C > T) at the dopamine transporter gene is associated with attention deficit/

hyperactivity disorder in Brazilian children. Am J Med Genet B Neuropsychiatr Genet

144B:215–219

Genro JP, Polanczyk GV, Zeni C, Oliveira AS, Roman T, Rohde LA, Hutz MH (2008) A common

haplotype at the dopamine transporter gene 5’ region is associated with attention-deficit/

hyperactivity disorder. Am J Med Genet B Neuropsychiatr Genet 147B:1568–1575

Ghebranious N, Giampietro PF, Wesbrook FP, Rezkalla SH (2007) A novel microdeletion at

16p11.2 harbors candidate genes for aortic valve development, seizure disorder, and mild

mental retardation. Am J Med Genet A 143A:1462–1471

Gizer IR, Ficks C, Waldman ID (2009) Candidate gene studies of ADHD: a meta-analytic review.

Hum Genet 126:51–90

Gottesman II, Gould TD (2003) The endophenotype concept in psychiatry: etymology and

strategic intentions. Am J Psychiatry 160:636–645

Halperin JM, Schulz KP (2006) Revisiting the role of the prefrontal cortex in the pathophysiology

of attention-deficit/hyperactivity disorder. Psychol Bull 132:560–581

Halperin JM, Trampush JW, Miller CJ, Marks DJ, Newcorn JH (2008) Neuropsychological

outcome in adolescents/young adults with childhood ADHD: profiles of persisters, remitters

and controls. J Child Psychol Psychiatry 49:958–966

Hawi Z, Dring M, Kirley A, Foley D, Kent L, Craddock N, Asherson P, Curran S, Gould A,

Richards S, Lawson D, Pay H, Turic D, Langley K, Owen M, O’Donovan M, Thapar A,

Fitzgerald M, Gill M (2002) Serotonergic system and attention deficit hyperactivity disorder

(ADHD): a potential susceptibility locus at the 5-HT(1B) receptor gene in 273 nuclear families

from a multi-centre sample. Mol Psychiatry 7:718–725

Hebebrand J,DempfleA, SaarK,ThieleH,Herpertz-DahlmannB, LinderM,KieflH,RemschmidtH,

Hemminger U, Warnke A, Knolker U, Heiser P, Friedel S, Hinney A, Schafer H, Nurnberg P,

Konrad K (2006) A genome-wide scan for attention-deficit/hyperactivity disorder in 155 German

sib-pairs. Mol Psychiatry 11:196–205

Hess EJ, Rogan PK, Domoto M, Tinker DE, Ladda RL, Ramer JC (1995) Absence of linkage of

apparently single gene mediated ADHD with the human syntenic region of the mouse mutant

Coloboma. Am J Med Genet 60:573–579

Johnson KA, Wiersema JR, Kuntsi J (2009) What would Karl Popper say? Are current psycho-

logical theories of ADHD falsifiable? Behav Brain Funct 5:15

Kahn RS, Khoury J, Nichols WC, Lanphear BP (2003) Role of dopamine transporter genotype and

maternal prenatal smoking in childhood hyperactive-impulsive, inattentive, and oppositional

behaviors. J Pediatr 143:104–110

Kebir O, Tabbane K, Sengupta S, Joober R (2009) Candidate genes and neuropsychological

phenotypes in children with ADHD: review of association studies. J Psychiatry Neurosci

34:88–101

Kendler KS, Neale MC (2010) Endophenotype: a conceptual analysis. Mol Psychiatry 15:789–797

Kendler KS, Neale MC, Kessler RC, Heath AC, Eaves LJ (1993) A test of the equal-environment

assumption in twin studies of psychiatric illness. Behav Genet 23:21–27

Kereszturi E, Kiraly O, Csapo Z, Tarnok Z, Gadoros J, Sasvari-Szekely M, Nemoda Z (2007)

Association between the 120-bp duplication of the dopamine D4 receptor gene and attention

deficit hyperactivity disorder: genetic and molecular analyses. Am J Med Genet B

Neuropsychiatr Genet 144B:231–236

Kuntsi J, Neale BM, Chen W, Faraone SV, Asherson P (2006a) The IMAGE project: methodo-

logical issues for the molecular genetic analysis of ADHD. Behav Brain Funct 2:27

Kuntsi J, Rogers H, Swinard G, Borger N, van der Meere J, Rijsdijk F, Asherson P (2006b)

Reaction time, inhibition, working memory and ’delay aversion’ performance: genetic

influences and their interpretation. Psychol Med 36:1613–1624

Quantitative and Molecular Genetics of ADHD 267



Kuntsi J, WoodAC, Rijsdijk F, Johnson KA, Andreou P, Albrecht B, Arias-Vasquez A, Buitelaar JK,

McLoughlin G, Rommelse NN, Sergeant JA, Sonuga-Barke EJ, Uebel H, van der Meere JJ,

Banaschewski T, Gill M, Manor I, Miranda A, Mulas F, Oades RD, Roeyers H, Rothenberger A,

Steinhausen HC, Faraone SV, Asherson P (2010) Separation of cognitive impairments in

attention-deficit/hyperactivity disorder into 2 familial factors. Arch Gen Psychiatry

67:1159–1167

Kuntsi J, Klein C (2011) Intraindividual variability in ADHD and its implications for research of

causal links. Curr Topics Behav Neurosci. doi:10.1007/7854_2011_145

LaHoste GJ, Swanson JM, Wigal SB, Glabe C, Wigal T, King N, Kennedy JL (1996) Dopamine

D4 receptor gene polymorphism is associated with attention deficit hyperactivity disorder. Mol

Psychiatry 1:121–124

Langley K, Heron J, O’Donovan MC, Owen MJ, Thapar A (2010) Genotype link with extreme

antisocial behavior: the contribution of cognitive pathways. Arch Gen Psychiatry 67:1317–1323

Lasky-Su J, Neale BM, Franke B, Anney RJ, Zhou K, Maller JB, Vasquez AA, ChenW, Asherson P,

Buitelaar J, Banaschewski T, Ebstein R, Gill M, Miranda A, Mulas F, Oades RD, Roeyers H,

Rothenberger A, Sergeant J, Sonuga-Barke E, Steinhausen HC, Taylor E, Daly M, Laird N,

Lange C, Faraone SV (2008) Genome-wide association scan of quantitative traits for attention

deficit hyperactivity disorder identifies novel associations and confirms candidate gene

associations. Am J Med Genet B Neuropsychiatr Genet 147B:1345–1354

Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S, Benjamin J, Muller CR, Hamer DH,

Murphy DL (1996) Association of anxiety-related traits with a polymorphism in the serotonin

transporter gene regulatory region. Science 274:1527–1531

Lesch KP, Timmesfeld N, Renner TJ, Halperin R, Roser C, Nguyen TT, Craig DW, Romanos J,

HeineM,Meyer J, Freitag C,Warnke A, RomanosM, Schafer H,Walitza S, Reif A, Stephan DA,

Jacob C (2008) Molecular genetics of adult ADHD: converging evidence from genome-wide

association and extended pedigree linkage studies. J Neural Transm 115:1573–1585

Levy F, Hay DA, McStephen M, Wood C, Waldman I (1997) Attention-deficit hyperactivity

disorder: a category or a continuum? Genetic analysis of a large-scale twin study. J Am Acad

Child Adolesc Psychiatry 36:737–744

Li D, Sham PC, Owen MJ, He L (2006) Meta-analysis shows significant association between

dopamine system genes and attention deficit hyperactivity disorder (ADHD). Hum Mol Genet

15:2276–2284

Loo SK, Specter E, Smolen A, Hopfer C, Teale PD, Reite ML (2003) Functional effects of the

DAT1 polymorphism on EEG measures in ADHD. J Am Acad Child Adolesc Psychiatry

42:986–993

Loo SK, Fisher SE, Francks C, Ogdie MN, MacPhie IL, Yang M, McCracken JT, McGough JJ,

Nelson SF, Monaco AP, Smalley SL (2004) Genome-wide scan of reading ability in affected

sibling pairs with attention-deficit/hyperactivity disorder: unique and shared genetic effects.

Mol Psychiatry 9:485–493

Lotrich FE, Pollock BG (2004) Meta-analysis of serotonin transporter polymorphisms and affec-

tive disorders. Psychiatr Genet 14:121–129

Lotta T, Vidgren J, Tilgmann C, Ulmanen I, Melen K, Julkunen I, Taskinen J (1995) Kinetics of

human soluble and membrane-bound catechol O-methyltransferase: a revised mechanism and

description of the thermolabile variant of the enzyme. Biochemistry 34:4202–4210

Lowe N, Kirley A, Hawi Z, Sham P,WickhamH, Kratochvil CJ, Smith SD, Lee SY, Levy F, Kent L,

Middle F, Rohde LA, Roman T, Tahir E, Yazgan Y, Asherson P, Mill J, Thapar A, Payton A,

Todd RD, Stephens T, Ebstein RP, Manor I, Barr CL, Wigg KG, Sinke RJ, Buitelaar JK,

Smalley SL, Nelson SF, Biederman J, Faraone SV, Gill M (2004a) Joint analysis of the DRD5

marker concludes association with attention-deficit/hyperactivity disorder confined to the

predominantly inattentive and combined subtypes. Am J Hum Genet 74:348–356

Lowe N, Kirley A, Mullins C, Fitzgerald M, Gill M, Hawi Z (2004b) Multiple marker analysis at

the promoter region of the DRD4 gene and ADHD: evidence of linkage and association with

the SNP �616. Am J Med Genet B Neuropsychiatr Genet 131B:33–37

268 P. Asherson and H. Gurling



Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, Wojtowicz JM, Roder JC (1997) Mice lacking

metabotropic glutamate receptor 5 show impaired learning and reduced CA1 long-term

potentiation (LTP) but normal CA3 LTP. J Neurosci 17:5196–5205

Maher BS, Marazita ML, Ferrell RE, Vanyukov MM (2002) Dopamine system genes and attention

deficit hyperactivity disorder: a meta-analysis. Psychiatr Genet 12:207–215

Manolio TA, Collins FS, CoxNJ, Goldstein DB, Hindorff LA, Hunter DJ,McCarthyMI, Ramos EM,

Cardon LR, Chakravarti A, Cho JH, Guttmacher AE, Kong A, Kruglyak L,Mardis E, Rotimi CN,

Slatkin M, Valle D, Whittemore AS, Boehnke M, Clark AG, Eichler EE, Gibson G, Haines JL,

Mackay TF, McCarroll SA, Visscher PM (2009) Finding the missing heritability of complex

diseases. Nature 461:747–753

Manshadi M, Lippmann S, O’Daniel RG, Blackman A (1983) Alcohol abuse and attention deficit

disorder. J Clin Psychiatry 44:379–380

Martin N, Scourfield J, McGuffin P (2002) Observer effects and heritability of childhood attention-

deficit hyperactivity disorder symptoms. Br J Psychiatry 180:260–265

McCracken JT, Smalley SL,McGough JJ, CrawfordL,Del’HommeM,Cantor RM,LiuA,Nelson SF

(2000) Evidence for linkage of a tandem duplication polymorphism upstream of the dopamine D4

receptor gene (DRD4) with attention deficit hyperactivity disorder (ADHD). Mol Psychiatry

5:531–536

McLoughlin G, Ronald A, Kuntsi J, Asherson P, Plomin R (2007) Genetic support for the dual

nature of attention deficit hyperactivity disorder: substantial genetic overlap between the

inattentive and hyperactive-impulsive components. J Abnorm Child Psychol 35:999–1008

Mitchell AA, Cutler DJ, Chakravarti A (2003) Undetected genotyping errors cause apparent

overtransmission of common alleles in the transmission/disequilibrium test. Am J Hum

Genet 72:598–610

Morrison JR, Stewart MA (1971) A family study of the hyperactive child syndrome. Biol

Psychiatry 3:189–195

Munafo MR, Clark TG, Roberts KH, Johnstone EC (2006) Neuroticism mediates the association

of the serotonin transporter gene with lifetime major depression. Neuropsychobiology 53:1–8

Munafo MR, Brown SM, Hariri AR (2008) Serotonin transporter (5-HTTLPR) genotype and

amygdala activation: a meta-analysis. Biol Psychiatry 63:852–857

Neale BM, Lasky-Su J, Anney R, Franke B, Zhou K, Maller JB, Vasquez AA, Asherson P, ChenW,

Banaschewski T, Buitelaar J, Ebstein R, Gill M, Miranda A, Oades RD, Roeyers H,

Rothenberger A, Sergeant J, Steinhausen HC, Sonuga-Barke E, Mulas F, Taylor E, Laird N,

Lange C, Daly M, Faraone SV (2008) Genome-wide association scan of attention deficit

hyperactivity disorder. Am J Med Genet B Neuropsychiatr Genet 147B:1337–1344

Neale BM, Medland SE, Ripke S, Asherson P, Franke B, Lesch KP, Faraone SV, Nguyen TT,

Schafer H, Holmans P, Daly M, Steinhausen HC, Freitag C, Reif A, Renner TJ, Romanos M,

Romanos J, Walitza S, Warnke A, Meyer J, Palmason H, Buitelaar J, Vasquez AA, Lambregts-

Rommelse N, Gill M, Anney RJ, Langely K, O’Donovan M, Williams N, Owen M, Thapar A,

Kent L, Sergeant J, Roeyers H, Mick E, Biederman J, Doyle A, Smalley S, Loo S, Hakonarson H,

Elia J, TodorovA,MirandaA,Mulas F, Ebstein RP, Rothenberger A, Banaschewski T,Oades RD,

Sonuga-Barke E, McGough J, Nisenbaum L, Middleton F, Hu X, Nelson S (2010) Meta-analysis

of genome-wide association studies of attention-deficit/hyperactivity disorder. J Am Acad Child

Adolesc Psychiatry 49:884–897

NICE (2008) Attention deficit hyperactivity disorder: The NICE guideline on diagnosis and

managment of ADHD in children, young people and adults. The British Psychological Society

and The Royal College of Psychiatrists, London

O’Connell RG, Bellgrove MA, Dockree PM, Lau A, Fitzgerald M, Robertson IH (2008) Self-Alert

Training: volitional modulation of autonomic arousal improves sustained attention. Neuropsy-

chologia 46:1379–1390

O’Connell RG, Dockree PM, Bellgrove MA, Turin A, Ward S, Foxe JJ, Robertson IH (2009) Two

types of action error: electrophysiological evidence for separable inhibitory and sustained

attention neural mechanisms producing error on go/no-go tasks. J Cogn Neurosci 21:93–104

Quantitative and Molecular Genetics of ADHD 269



O’Donovan MC, Craddock NJ, OwenMJ (2009) Genetics of psychosis; insights from views across

the genome. Hum Genet 126:3–12

Ogdie MN, Macphie IL, Minassian SL, Yang M, Fisher SE, Francks C, Cantor RM, McCracken

JT, McGough JJ, Nelson SF, Monaco AP, Smalley SL (2003) A genomewide scan for

attention-deficit/hyperactivity disorder in an extended sample: suggestive linkage on 17p11.

Am J Hum Genet 72:1268–1279

Ogdie MN, Fisher SE, Yang M, Ishii J, Francks C, Loo SK, Cantor RM, McCracken JT, McGough

JJ, Smalley SL, Nelson SF (2004) Attention deficit hyperactivity disorder: fine mapping

supports linkage to 5p13, 6q12, 16p13, and 17p11. Am J Hum Genet 75:661–668

Okuyama Y, Ishiguro H, Toru M, Arinami T (1999) A genetic polymorphism in the promoter

region of DRD4 associated with expression and schizophrenia. Biochem Biophys Res

Commun 258:292–295

Paloyelis Y, Rijsdijk F, Wood AC, Asherson P, Kuntsi J (2010) The genetic association between

ADHD symptoms and reading difficulties: the role of inattentiveness and IQ. J Abnorm Child

Psychol 38:1083–1095

Park JH, Wacholder S, Gail MH, Peters U, Jacobs KB, Chanock SJ, Chatterjee N (2010) Estima-

tion of effect size distribution from genome-wide association studies and implications for

future discoveries. Nat Genet 42:570–575

Patel SD, Chen CP, Bahna F, Honig B, Shapiro L (2003) Cadherin-mediated cell-cell adhesion:

sticking together as a family. Curr Opin Struct Biol 13:690–698

Payton A, Holmes J, Barrett JH, Hever T, Fitzpatrick H, Trumper AL, Harrington R, McGuffin P,

O’Donovan M, Owen M, Ollier W, Worthington J, Thapar A (2001) Examining for association

between candidate gene polymorphisms in the dopamine pathway and attention-deficit hyper-

activity disorder: a family-based study. Am J Med Genet 105:464–470

Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde LA (2007) The worldwide preva-

lence of ADHD: a systematic review and metaregression analysis. Am J Psychiatry

164:942–948

Purper-Ouakil D, Wohl M, Mouren MC, Verpillat P, Ades J, Gorwood P (2005) Meta-analysis of

family-based association studies between the dopamine transporter gene and attention deficit

hyperactivity disorder. Psychiatr Genet 15:53–59

Quist JF, Barr CL, Schachar R, Roberts W, Malone M, Tannock R, Basile VS, Beitchman J,

Kennedy JL (2003) The serotonin 5-HT1B receptor gene and attention deficit hyperactivity

disorder. Mol Psychiatry 8:98–102

Ribases M, Ramos-Quiroga JA, Hervas A, Bosch R, Bielsa A, Gastaminza X, Artigas J,

Rodriguez-Ben S, Estivill X, Casas M, Cormand B, Bayes M (2009) Exploration of 19

serotoninergic candidate genes in adults and children with attention-deficit/

hyperactivity disorder identifies association for 5HT2A, DDC and MAOB. Mol Psychiatry

14:71–85

Ribases M, AntoniRamos-Quiroga J, Sanchez-MoraC,BoschR,RicharteV,Alvarez I,GastaminzaX,

Bielsa A, Arcos-Burgos M, Muenke M, Castellanos FX, Cormand B, Bayes M, Casas M (2011)

Contribution of latrophilin 3 (LPHN3) to the genetic susceptibility to ADHD in adulthood: a

replication study. Genes Brain Behav 10:149–157

Romanos M, Freitag C, Jacob C, Craig DW, Dempfle A, Nguyen TT, Halperin R, Walitza S,

Renner TJ, Seitz C, Romanos J, Palmason H, Reif A, Heine M, Windemuth-Kieselbach C,

Vogler C, Sigmund J, Warnke A, Schafer H, Meyer J, Stephan DA, Lesch KP (2008) Genome-

wide linkage analysis of ADHD using high-density SNP arrays: novel loci at 5q13.1 and

14q12. Mol Psychiatry 13:522–530

Ronald A, Simonoff E, Kuntsi J, Asherson P, Plomin R (2008) Evidence for overlapping genetic

influences on autistic and ADHD behaviours in a community twin sample. J Child Psychol

Psychiatry 49:535–542

Ronald A, Edelson LR, Asherson P, Saudino KJ (2010) Exploring the relationship between

autistic-like traits and ADHD behaviors in early childhood: findings from a community twin

study of 2-year-olds. J Abnorm Child Psychol 38:185–196

270 P. Asherson and H. Gurling



Schinka JA, Busch RM, Robichaux-Keene N (2004) A meta-analysis of the association between the

serotonin transporter gene polymorphism (5-HTTLPR) and trait anxiety.Mol Psychiatry 9:197–202

Sherman DK, McGue MK, Iacono WG (1997) Twin concordance for attention deficit hyperactiv-

ity disorder: a comparison of teachers’ and mothers’ reports. Am J Psychiatry 154:532–535

Shiow LR, Paris K, Akana MC, Cyster JG, Sorensen RU, Puck JM (2009) Severe combined

immunodeficiency (SCID) and attention deficit hyperactivity disorder (ADHD) associated with

a Coronin-1A mutation and a chromosome 16p11.2 deletion. Clin Immunol 131:24–30

Skirrow C, McLoughlin G, Kuntsi J, Asherson P (2009) Behavioral, neurocognitive and treatment

overlap between attention-deficit/hyperactivity disorder and mood instability. Expert Rev

Neurother 9:489–503

Smalley SL, Kustanovich V, Minassian SL, Stone JL, Ogdie MN, McGough JJ, McCracken JT,

MacPhie IL, Francks C, Fisher SE, Cantor RM, Monaco AP, Nelson SF (2002) Genetic linkage

of attention-deficit/hyperactivity disorder on chromosome 16p13, in a region implicated in

autism. Am J Hum Genet 71:959–963

Smoller JW, Biederman J, Arbeitman L, Doyle AE, Fagerness J, Perlis RH, Sklar P, Faraone SV

(2006) Association between the 5HT1B receptor gene (HTR1B) and the inattentive subtype of

ADHD. Biol Psychiatry 59:460–467

Sprich S, Biederman J, CrawfordMH,MundyE, Faraone SV (2000)Adoptive and biological families

of children and adolescents with ADHD. J Am Acad Child Adolesc Psychiatry 39:1432–1437

Stevenson J, Sonuga-Barke E,McCannD,GrimshawK, Parker KM, Rose-ZerilliMJ, Holloway JW,

Warner JO (2010) The role of histamine degradation gene polymorphisms in moderating the

effects of food additives on children’s ADHD symptoms. Am J Psychiatry 167:1108–1115

Sugden K, Arseneault L, Harrington H, Moffitt TE, Williams B, Caspi A (2010) Serotonin

transporter gene moderates the development of emotional problems among children following

bullying victimization. J Am Acad Child Adolesc Psychiatry 49:830–840

Swanson JM, Sunohara GA, Kennedy JL, Regino R, Fineberg E, Wigal T, Lerner M, Williams L,

LaHoste GJ, Wigal S (1998) Association of the dopamine receptor D4 (DRD4) gene with a

refined phenotype of attention deficit hyperactivity disorder (ADHD): a family-based

approach. Mol Psychiatry 3:38–41

Takeuchi T, Misaki A, Liang SB, Tachibana A, Hayashi N, Sonobe H, Ohtsuki Y (2000) Expression

of T-cadherin (CDH13, H-Cadherin) in human brain and its characteristics as a negative growth

regulator of epidermal growth factor in neuroblastoma cells. J Neurochem 74:1489–1497

Thapar A, Harrington R, McGuffin P (2001) Examining the comorbidity of ADHD-related

behaviours and conduct problems using a twin study design. Br J Psychiatry 179:224–229

Thapar A, Langley K, Fowler T, Rice F, Turic D, Whittinger N, Aggleton J, Van den Bree M,

Owen M, O’Donovan M (2005) Catechol O-methyltransferase gene variant and birth weight

predict early-onset antisocial behavior in children with attention-deficit/hyperactivity disorder.

Arch Gen Psychiatry 62:1275–1278

Thapar A, Rice F, Hay D, Boivin J, Langley K, van den Bree M, Rutter M, Harold G (2009)

Prenatal smoking might not cause attention-deficit/hyperactivity disorder: evidence from a

novel design. Biol Psychiatry 66:722–727

Todd RD, Rasmussen ER, Neuman RJ, Reich W, Hudziak JJ, Bucholz KK, Madden PA, Heath A

(2001) Familiality and heritability of subtypes of attention deficit hyperactivity disorder in a

population sample of adolescent female twins. Am J Psychiatry 158:1891–1898

Uhl GR, Drgon T, Liu QR, Johnson C, Walther D, Komiyama T, Harano M, Sekine Y, Inada T,

Ozaki N, Iyo M, Iwata N, Yamada M, Sora I, Chen CK, Liu HC, Ujike H, Lin SK (2008)

Genome-wide association for methamphetamine dependence: convergent results from

2 samples. Arch Gen Psychiatry 65:345–355

Walters JT, Corvin A,OwenMJ,WilliamsH,DragovicM,Quinn EM, Judge R, SmithDJ, NortonN,

Giegling I, HartmannAM,Moller HJ,Muglia P,MoskvinaV,Dwyer S, O’Donoghue T,Morar B,

Cooper M, Chandler D, Jablensky A, Gill M, Kaladjieva L, Morris DW, O’Donovan MC,

Rujescu D, Donohoe G (2010) Psychosis susceptibility gene ZNF804A and cognitive perfor-

mance in schizophrenia. Arch Gen Psychiatry 67:692–700

Quantitative and Molecular Genetics of ADHD 271



Williams NM, Zaharieva I, Martin A, Langley K, Mantripragada K, Fossdal R, Stefansson H,

Stefansson K, Magnusson P, Gudmundsson OO, Gustafsson O, Holmans P, Owen MJ,

O’Donovan M, Thapar A (2010) Rare chromosomal deletions and duplications in attention-

deficit hyperactivity disorder: a genome-wide analysis. Lancet 376:1401–1408

Wood AC, Rijsdijk F, Asherson P, Kuntsi J (2009) Hyperactive-impulsive symptom scores and

oppositional behaviours reflect alternate manifestations of a single liability. Behav Genet

39:447–460

Wood AC, Rijsdijk F, Johnson KA, Andreou P, Albrecht B, Arias-Vasquez A, Buitelaar JK,

McLoughlin G, Rommelse NN, Sergeant JA, Sonuga-Barke EJ, Uebel H, van der Meere JJ,

Banaschewski T, Gill M, Manor I, Miranda A, Mulas F, Oades RD, Roeyers H, Rothenberger A,

Steinhausen HC, Faraone SV, Asherson P, Kuntsi J (2011) The relationship between ADHD and

key cognitive phenotypes is not mediated by shared familial effects with IQ. Psychol Med

41(4):861–871

Yan TC, McQuillin A, Thapar A, Asherson P, Hunt SP, Stanford SC, Gurling H (2010) NK1

(TACR1) receptor gene ’knockout’ mouse phenotype predicts genetic association with ADHD.

J Psychopharmacol 24:27–38

Yan TC, Dudley JA, Weir RK, Grabowska EM, Pena-Oliver Y, Ripley TL, Hunt SP, Stephens DN,

Stanford SC (2011) Performance deficits of NK1 receptor knockout mice in the 5-choice serial

reaction-time task: effects of d-amphetamine, stress and time of day. PLoS One 6:e17586

Yang B, Chan RC, Jing J, Li T, Sham P, Chen RY (2007) A meta-analysis of association studies

between the 10-repeat allele of a VNTR polymorphism in the 3’-UTR of dopamine transporter

gene and attention deficit hyperactivity disorder. Am J Med Genet B Neuropsychiatr Genet

144B:541–550

Yang JW, Jang WS, Hong SD, Ji YI, Kim DH, Park J, Kim SW, Joung YS (2008) A case-control

association study of the polymorphism at the promoter region of the DRD4 gene in Korean

boys with attention deficit-hyperactivity disorder: evidence of association with the �521 C/T

SNP. Prog Neuropsychopharmacol Biol Psychiatry 32:243–248

Zhou K, Chen W, Buitelaar J, Banaschewski T, Oades RD, Franke B, Sonuga-Barke E, Ebstein R,

Eisenberg J, Gill M, Manor I, Miranda A, Mulas F, Roeyers H, Rothenberger A, Sergeant J,

Steinhausen HC, Lasky-Su J, Taylor E, Brookes KJ, Xu X, Neale BM, Rijsdijk F, Thompson M,

Asherson P, Faraone SV (2008a) Genetic heterogeneity in ADHD: DAT1 gene only affects

probands without CD. Am J Med Genet B Neuropsychiatr Genet 147B:1481–1487

Zhou K, Dempfle A, Arcos-Burgos M, Bakker SC, Banaschewski T, Biederman J, Buitelaar J,

Castellanos FX, Doyle A, Ebstein RP, Ekholm J, Forabosco P, Franke B, Freitag C, Friedel S,

Gill M, Hebebrand J, Hinney A, Jacob C, Lesch KP, Loo SK, Lopera F, McCracken JT,

McGough JJ, Meyer J, Mick E, Miranda A, Muenke M, Mulas F, Nelson SF, Nguyen TT,

Oades RD, Ogdie MN, Palacio JD, Pineda D, Reif A, Renner TJ, Roeyers H, Romanos M,

Rothenberger A, Schafer H, Sergeant J, Sinke RJ, Smalley SL, Sonuga-Barke E, Steinhausen HC,

van der Meulen E, Walitza S, Warnke A, Lewis CM, Faraone SV, Asherson P (2008b)

Meta-analysis of genome-wide linkage scans of attention deficit hyperactivity disorder. Am J

Med Genet B Neuropsychiatr Genet 147B:1392–1398

272 P. Asherson and H. Gurling



Rodent Models of ADHD

Xueliang Fan, Kristy J. Bruno, and Ellen J. Hess

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274

2 Neonatal 6-Hydroxydopamine-Lesioned Rat Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

2.1 Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

2.2 Monoaminergic Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

2.3 Therapeutic Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

3 Coloboma Mutant Mouse Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

3.1 Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

3.2 Monoaminergic Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

3.3 Therapeutic Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

4 Dopamine Transporter Knockout Mouse Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

4.1 Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

4.2 Monoaminergic Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

4.3 Therapeutic Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

5 Spontaneously Hypertensive Rat Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

5.1 Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

5.2 Monoaminergic Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

5.3 Therapeutic Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

6 Neurokinin 1 Receptor Knockout Mice (NK1�/�) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
6.1 Validity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

6.2 Monoaminergic Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

6.3 Therapeutic Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

7 What Have We Learned from Animal Models of ADHD? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

7.1 Animal Models of ADHD Exhibit Hyperdopaminergic Neurotransmission . . . . . . . . 288

7.2 Norepinephrine Transmission Plays a Dual Role in ADHD . . . . . . . . . . . . . . . . . . . . . . . . 290

7.3 Serotonin Transmission Plays an Inhibitory Role in ADHD . . . . . . . . . . . . . . . . . . . . . . . . 291

7.4 Dopamine and Serotonin Receptors Contribute to the Therapeutic Effects

of Psychostimulants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

X. Fan, K.J. Bruno, and E.J. Hess (*)

Departments of Pharmacology and Neurology, Emory University School of Medicine, Atlanta,

GA 30322, USA

e-mail: ejhess@emory.edu

C. Stanford and R. Tannock (eds.), Behavioral Neuroscience of Attention Deficit
Hyperactivity Disorder and Its Treatment, Current Topics in Behavioral Neurosciences 9,

DOI 10.1007/7854_2011_121, # Springer‐Verlag Berlin Heidelberg 2011,

published online 15 March 2011

273



Abstract The neonatal 6-OHDA-lesioned rat, coloboma mouse, DAT-KO mouse,

and spontaneously hypertensive rat (SHR) models all bear a phenotypic resemblance

to ADHD in that they express hyperactivity, inattention, and/or impulsivity. The

models also illustrate the heterogeneity of ADHD: the initial cause (chemical

depletion or genetic abnormality) of the ADHD-like behaviors is different for

each model. Neurochemical and behavioral studies of the models indicate aberra-

tions in monoaminergic neurotransmission. Hyperdopaminergic neurotransmission

is implicated in the abnormal behavior of all models. Norepinephrine has a dual

enhancing/inhibitory role in ADHD symptoms, and serotonin acts to inhibit abnor-

mal dopamine and norepinephrine signaling. It is unlikely that symptoms arise from

a single neurotransmitter dysfunction. Rather, studies of animal models of ADHD

suggest that symptoms develop through the complex interactions of monoaminergic

neurotransmitter systems.

Keywords 6-Hydroxydopamine norepinephrine � Animal models � Coloboma
mouse � Dopamine � Dopamine transporter knockout mouse � Serotonin � Sponta-
neously hypertensive rat

Abbreviations

5,7-DHT 5,7-Dihydroxytryptamine

6-OHDA 6-Hydroxydopamine

ADHD Attention-deficit hyperactivity disorder

DAT-KD Dopamine transporter knockdown

DAT-KO Dopamine transporter knockout

DSM-IV Diagnostic and Statistical Manual (Edition IV)

m-CPP m-Chlorophenylpiperazine
NET Norepinephrine transporter

SERT Serotonin transporter

SHR Spontaneously hypertensive rat

SNAP-25 Synaptosomal associated peptide (-25)

TH Tyrosine hydroxylase

WKY Wistar Kyoto (rat)

1 Introduction

By manipulating animal models of human diseases in the laboratory, researchers

can elucidate their pathogenesis, leading to disease prevention in humans, as well as

improvements in diagnosis and treatment. Because animal models play a vital role
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in the understanding of human diseases, it is important to characterize each model,

with a focus on recognizing its advantages and limitations.

What criteria make an animal model suitable for the study of a human disease?

A fundamental consideration for an animal model of ADHD is its phenotypic

resemblance to the human disease, termed “face validity”. Identifying face validity

has been the primary goal for establishing animal models of ADHD since the first

proposed animal model of ADHD: the 6-hydroxydopamine-lesioned rat (Shaywitz

et al. 1976a).

While ADHD is characterized by inattention, impulsivity, and hyperactivity,

the three symptoms do not affect all ADHD patients equally. In fact, DSM-IV

divides classification of ADHD patients into a Predominantly Inattentive type,

Predominantly Hyperactive-Impulsive type, and Combined type. The dichotomy

in the presentation of symptoms associated with ADHD in humans, combined with

the results of animal studies suggesting that inattention, impulsivity, and hyperac-

tivity may not share a common substrate (Sagvolden et al. 1998), strongly suggests

different neurobiological mechanisms underlying the three symptoms. Therefore,

in establishing the face validity of an animal model of ADHD, the model need not

exhibit all the behavioral symptoms of ADHD.

An animal model that has face validity for ADHD may meet other criteria that

make that model amenable to the study of ADHD. A model that exhibits a

behavioral response to pharmacological intervention that is similar to the

human disease response has predictive validity. The psychostimulants, methylpheni-

date and amphetamine, are used to treat ADHD. These drugs normally produce an

increase in motor activity but ameliorate symptoms in ADHD patients. Both drugs

increase synaptic dopamine and norepinephrine, but they do so through different

mechanisms. Amphetamine disrupts vesicular stores of dopamine and norepineph-

rine, causing reversal of the reuptake transporters and, consequently, efflux of

catecholamines (Sulzer et al. 1995). In contrast, the methylphenidate class of psy-

chostimulants (e.g., methylphenidate or cocaine) blocks reuptake (Butcher et al.

1991). The increase in extracellular dopamine induced by these drugs drives the

increase in locomotor activity in normosensitive animals, although both drugs also

increase extracellular norepinephrine. Animal models are essential for understanding

the therapeutic effects of these compounds in ADHD. In addition to psychostimu-

lants, norepinephrine reuptake inhibitors, such as atomoxetine, have been introduced

more recently to treat ADHD. An animal model of ADHD that shows a similar

reduction in expression of symptoms after administration of these drugs has “predic-

tive validity”. An animal model of ADHD achieves “etiological validity” when

the cause(s)—such as gene mutations or environmental toxins of the ADHD-like

behaviors—are the same as those in humans.

Based on their ability to fulfill one or more of these three criteria – face validity,

predictive validity, etiological validity – nearly ten animal models of ADHD have

emerged since the inception of the 6-hydroxydopamine (6-OHDA) rat model.

Because ADHD is a heterogeneous disorder associated with multiple genetic

abnormalities and multiple environmental risk factors, each of these animal models

is useful in deciphering the pathogenesis of ADHD.
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The four most extensively studied animal models of ADHD are the neonatal

6-hydroxydopamine-lesioned rat, the coloboma mutant mouse, the dopamine trans-

porter (DAT) knockout/down mouse, and the spontaneously hypertensive rat (SHR).

In this chapter, we discuss the behavioral and neurochemical features of each of these

models plus a promising new model, and we explore the features shared by the

models, which may reveal final common pathways in ADHD.

2 Neonatal 6-Hydroxydopamine-Lesioned Rat Model

2.1 Validity

Shaywitz and colleagues produced the neonatal 6-OHDA-lesioned rat model

of ADHD by selective chemical lesion of dopaminergic neurons in 5-day-old

rats. Ten to seventeen days after administration of 6-OHDA (to lesion the mid-

brain dopamine neurons) in combination with desmethylimipramine (to preserve

noradrenergic neurons), investigators observed hyperactivity. Subsequent studies

revealed that the timing of the lesion, in the context of rat development, and the

6-OHDA dose used to induce the chemical lesion influence the degree and duration

of hyperactivity, respectively (Erinoff et al. 1979; Miller et al. 1981). Later, others

reported not only hyperactivity in 6-OHDA-lesioned rats but also inattention (Oke

and Adams 1978; Archer et al. 1988). Therefore, the neonatal 6-OHDA-lesioned rat

has face validity as a model of ADHD.

Amphetamine and methylphenidate reduce hyperactivity of the neonatal 6-OHDA-

lesioned rat (Shaywitz et al. 1976b, 1978; Heffner and Seiden 1982; Luthman et al.

1989a; Archer et al. 2002). Because both drugs ameliorate the behavioral deficits, the

neonatal 6-OHDA-lesioned rat also has predictive validity as a model of ADHD.

2.2 Monoaminergic Regulation

2.2.1 Dopamine

Intracranial injection of 6-OHDA in neonatal rats causes extensive degeneration of

dopaminergic neurons. Consequently, in many dopamine-rich brain regions, such

as striatum, nucleus accumbens, and substantia nigra, there is a decrease in the

following: the number of dopaminergic neurons, the tissue concentration of dopamine

and its metabolites, dopamine transporter expression, activity and expression of

tyrosine hydroxylase, and Kþ-stimulated dopamine release and clearance (Shaywitz

et al. 1976a, b; Oke and Adams 1978; Miller et al. 1981; Castaneda et al. 1990;

Luthman et al. 1990a, 1993a, b, 1995; Herrera-Marschitz et al. 1994; Masuo et al.

2004; Dal Bo et al. 2008).
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The 6-OHDA-induced depletion of dopamine results in a compensatory increase

in basal dopamine efflux. Several investigators demonstrated that, despite the 95%

depletion of dopamine content in the striatum of 6-OHDA-treated rats, basal

extracellular dopamine as assessed by microdialysis is still 33–85% of the control

level (Castaneda et al. 1990; Loupe et al. 2002; Nowak et al. 2007). Likewise, the

basal extracellular dopamine level in the nucleus accumbens is not reduced,

although a ~75% loss in dopamine tissue content is observed in treated rats

(Ikegami et al. 2006). These compensatory effects may result from both increased

transmitter release from surviving neurons and a loss of transporter to clear the

extracellular dopamine. Overall, although total dopamine is reduced, these results

suggest that extracellular dopamine is increased at individual residual terminals.

Studies of D1- and D2-like dopamine receptor expression in the 6-OHDA-

lesioned rat model of ADHD have generated conflicting results, likely due to the

use of rats of different ages in different studies (Broaddus and Bennett 1990; Dewar

et al. 1990; Luthman et al. 1990b). However, behavioral studies have consistently

demonstrated both D1 and D2 dopamine receptor supersensitivity in response to

dopamine agonist challenge (Breese et al. 1985; Gong et al. 1993; Brus et al. 1994;

Bishop et al. 2005; Archer and Fredriksson 2007). Neonatal 6-OHDA-lesioned rats

are generally unresponsive to D1- and D2-like dopamine receptor antagonists

(Duncan et al. 1987; Johnson and Bruno 1990), whereas dopamine receptor antago-

nists induce immobility (catalepsy) in normosensitive rats. This lack of response to

antagonists is consistent with the supersensitive response to agonists, and it is likely a

compensatory response caused by gross dopamine depletion. Interestingly, specific

antagonism, or the absence, of D4 dopamine receptors, which are in the D2-like

dopamine receptor family, prevents hyperactivity in this model, suggesting that this

receptor is integral to the behavioral deficit (Zhang et al. 2002b; Avale et al. 2004a).

2.2.2 Norepinephrine

Because the norepinephrine reuptake inhibitor, desmethylimipramine, is used

before 6-OHDA injection, brain norepinephrine content is not dramatically altered

(Erinoff et al. 1979; Luthman et al. 1989b). Indeed, Luthman et al. (1989a, b)

demonstrated that lesioning the noradrenergic system does not contribute to the

locomotor hyperactivity. Future studies examining adrenergic receptor regulation

will be helpful for understanding the interaction among the monoamines in this

model.

2.2.3 Serotonin

Although dopamine neurotransmission is the primary target in the 6-OHDA-

lesioned rat model, this model also shows marked changes in serotonin neurotrans-

mission. In the striatum, there are increases in the following: tissue concentration

of serotonin and its metabolites, serotonin transporter density, the number of
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serotonin-containing neurons and fibers, and K+-stimulated serotonin release and

clearance (Stachowiak et al. 1984; Snyder et al. 1986; Bruno et al. 1987; Towle

et al. 1989; Luthman et al. 1990a, 1997; Molina-Holgado et al. 1994; Raison et al.

1995; Zhang et al. 2002a; Avale et al. 2004b). Despite serotonergic hyperinnerva-

tion, basal extracellular serotonin in the striatum is not altered in this model, likely

because serotonin clearance is also increased (Jackson and Abercrombie 1992;

Nowak et al. 2007). Indeed, blocking serotonin reuptake elicits greater extracellular

serotonin in the striatum of 6-OHDA-treated rats than in control rats (Jackson and

Abercrombie 1992).

An increase in the expression of 5-HT1 and 5-HT2 serotonin receptors occurs in

the striatum and in other areas of severe dopamine denervation (Radja et al. 1993;

Basura and Walker 1999). In fact, the changes in serotonin receptor expression and

neurochemistry impact the hyperactivity in this model: Kostrzewa et al. (1994)

found that elimination of serotonergic hyperinnervation, by administration of the

selective serotonergic toxin 5,7-DHT 10 weeks after 6-OHDA injection, augments

the hyperactivity of lesioned rats compared to 6-OHDA injection alone. Furthermore,

in these 6-OHDA/5,7-DHT-lesioned rats, administration of the 5-HT2 serotonin

receptor agonist, m-CPP (m-chlorophenylpiperazine), reduces their hyperactivity

(Kostrzewa et al. 1994; Brus et al. 2004), suggesting that serotonergic hyperinnerva-

tion inhibits hyperactivity, possibly through activation of 5-HT2 serotonin receptors.

In addition to the direct effect of serotonin transmission on locomotor activity

in the 6-OHDA model, serotonin also indirectly regulates dopamine-mediated

behaviors. 5-HT2A/2C serotonin receptor antagonists block D1 dopamine receptor

agonist-induced oral activity and locomotor hyperactivity (Gong et al. 1992;

Kostrzewa et al. 1993; Bishop et al. 2005). Furthermore, disruption of neonatal

6-OHDA-induced serotonergic hyperinnervation by 5,7-DHT eliminates supersen-

sitivity to both D1 and D2 dopamine receptor agonists (Brus et al. 1994, 1995),

suggesting that serotonergic hyperinnervation facilitates dopaminergic function.

2.3 Therapeutic Mechanisms

Monoaminergic drug challenges are useful in determining the direct impact of

receptor subtypes on behaviors and the indirect impact of receptor subtypes on

other neurotransmitter systems. They also help to determine the neurotransmitters

involved in the psychostimulant-mediated reduction in locomotor activity in the

6-OHDA model. Surprisingly, amphetamine does not augment dopamine efflux in

this model (Castaneda et al. 1990; Herrera-Marschitz et al. 1994; Nowak et al.

2007), despite the disproportionate sparing of extracellular dopamine concentra-

tions. That amphetamine does not increase dopamine efflux might be explained by

the loss of transporters. Consistent with this finding, Heffner and Seiden (1982)

found that the D2 dopamine receptor antagonist, spiroperidol, dose-dependently

reduced the amphetamine-induced increase in locomotor activity in control rats

but failed to block the amphetamine-induced reduction in locomotor activity in
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6-OHDA-treated rats. In contrast, the serotonin receptor antagonist, methysergide,

dose-dependently blocked the amphetamine-induced decrease in locomotor activity

in 6-OHDA-treated rats without affecting amphetamine-induced hyperactivity in

normal rats. Similar to amphetamine and methylphenidate, the selective norepi-

nephrine uptake inhibitors, desipramine and nisoxetine, and the serotonin uptake

inhibitors, fluoxetine and citalopram, reduced hyperactivity in this model. Con-

versely, the selective dopamine uptake inhibitors, GBR12909 and amfonelic acid,

did not influence hyperactivity (Davids et al. 2002). These experiments suggest

that the therapeutic effects of amphetamine and methylphenidate in this model may

be not through the dopamine system, but through norepinephrine and serotonin

transmission, instead.

3 Coloboma Mutant Mouse Model

3.1 Validity

The coloboma mouse has a ~2 cM deletion mutation that encompasses Snap25, a
gene that encodes SNAP-25 (Hess et al. 1994). SNAP-25 is a neuron-specific

protein that plays a key role in neurotransmitter release. The deletion mutation

causes spontaneous locomotor hyperactivity. Transgenic replacement of Snap25
ameliorates the hyperactivity of colobomamice, suggesting that this gene is central

to the phenotype (Hess et al. 1996). Further investigations of coloboma mice

revealed other behaviors that resemble ADHD.

Latent inhibition – a measure of a subject’s ability to attend to and adjust

behaviors for relevant and irrelevant stimuli – is a measure of attention in species

ranging from the mouse to the human. Both ADHD patients and coloboma mice

exhibit a disruption of latent inhibition, indicating inattention (Lubow and Josman

1993; Bruno et al. 2007).

Delayed reward paradigms can be used to assess impulsivity in humans and mice.

Such paradigms require subjects to choose between two rewards: an immediately

available but less desirable small reward or a delayed greater reward. Unlike control

littermates, colobomamice are unable to wait for the delayed greater reward, suggest-

ing impulsivity (Bruno et al. 2007). Behavioral characterization of colobomamice has

revealed all three signs of ADHD – hyperactivity, inattention, and impulsivity –

giving this model face validity as a model of ADHD (Bruno et al. 2007).

Coloboma mice exhibit a mixed response to psychostimulants. Amphetamine

reduces hyperactivity in coloboma mice, but the same doses increase locomotor

activity in normal mice. In contrast, methylphenidate increases locomotor activity

in both coloboma and normal mice (Hess et al. 1996). A differential response to

amphetamine versus methylphenidate is also observed in a subset of ADHD

patients (Elia et al. 1991; Efron et al. 1997). Genetic studies revealed similarities

between the coloboma mouse model and ADHD. Identification of the Snap25 gene
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defect in these mice provided a candidate gene for human linkage studies that

consistently demonstrate an association between SNAP25 and ADHD (Barr et al.

2000; Mill et al. 2002; Kustanovich et al. 2003). Therefore, in addition to

face validity, coloboma mice have predictive and etiological validity as a model

of ADHD.

3.2 Monoaminergic Regulation

3.2.1 Dopamine

Studies of the neurochemistry of coloboma mice revealed no changes in dopamine

concentrations of coloboma mice compared to wild-type mice (Jones et al. 2001a).

However, a study of transmitter release in vitro revealed that Kþ-evoked dopamine

release from synaptosomes is decreased in the dorsal striatum of coloboma mice,

relative to control mice (Raber et al. 1997). In contrast, basal extracellular dopa-

mine as assessed by microdialysis in the striatum of alert, freely moving coloboma
mice is nearly twice that of normal mice (Fan and Hess 2007). The discrepancy

between in vitro and in vivo measures of striatal dopamine release in coloboma
mice might be explained by the loss of feedback loops in vitro, where the direct

biochemical consequence of the SNAP-25 deficit would be reflected in synaptosomes

by a reduction in dopamine release. These release studies suggest that increased

dopamine efflux in colobomamice, compared to control mice, may play an important

role in their hyperactivity, just as increased dopaminergic tone causes hyperactivity in

normal rodents and humans.

Receptor agonists and antagonists have also been used to determine the role of

dopaminergic signaling in the coloboma mouse phenotype. Coloboma mice show

behavioral supersensitivity to a D2 dopamine receptor agonist challenge, whereby

colobomamice respond to the D2-like dopamine receptor agonist, quinpirole, with a

greater reduction in locomotor activity than control mice. In contrast, the coloboma
response to D2 dopamine receptor antagonist is attenuated. By creating coloboma
mice that lacked the D2, D3, or D4 dopamine receptor, Fan et al. (2010) discovered

that the D2 dopamine receptor subtype mediates the hyperactivity and elevates

extracellular dopamine concentration in coloboma mice. The contribution of

D3 and D4 dopamine receptors is minor, demonstrating that a single dopamine

receptor – the D2 dopamine receptor – plays a central role in the hyperactivity of

this model (Fan et al. 2010).

3.2.2 Norepinephrine

Coloboma mice show an increase in the tissue concentrations of norepinephrine in

the dorsal striatum and nucleus accumbens (Jones et al. 2001a; Jones and Hess

2003). Consistent with these findings, tyrosine hydroxylase (TH) mRNA levels are
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83% higher in the locus coeruleus of coloboma mice compared to control mice.

Furthermore, depletion of the excess tissue concentrations of norepinephrine, using

the selective noradrenergic neurotoxin DSP-4, reduces locomotor activity and

ameliorates inattention in coloboma mice, suggesting that norepinephrine plays

an important role in coloboma mouse behavior (Jones and Hess 2003; Bruno and

Hess 2006).

Because coloboma mice show abnormalities in norepinephrine neurotransmis-

sion, they were challenged with various adrenergic agents to determine the role of

adrenergic receptors in their hyperactivity. The nonselective a2-adrenergic receptor
antagonist, yohimbine, reduces locomotor activity in coloboma mice but not in

wild-type mice. This is consistent with the reduction in locomotor activity observed

after noradrenergic lesion and suggests that norepinephrine promotes hyperactivity

of coloboma mice. Further investigation revealed that the selective a2C-adrenergic
receptor antagonist, MK-912, but not the a2A-adrenergic receptor antagonist,

BRL44208, or the a2B-adrenergic receptor antagonist, ARC 239, dose-dependently

inhibits hyperactivity in coloboma mice without affecting wild-type mice (Bruno

and Hess 2006). These findings indicate that the a2C-adrenergic receptor mediates

hyperactivity in this model.

3.2.3 Serotonin

The contribution of serotonin to the coloboma mouse phenotype has not yet been

studied in detail. Tissue concentrations of serotonin are normal in coloboma mice

(Jones et al. 2001a). However, in vitro serotonin release is decreased in the dorsal

striatum of coloboma mice, relative to control mice (Raber et al. 1997), suggesting

that, like dopamine and norepinephrine, serotonin regulation is abnormal in these

mice.

3.3 Therapeutic Mechanisms

Amphetamine reduces locomotor activity, but enhances striatal dopamine overflow,

in coloboma mice. In fact, the magnitude of the increase in amphetamine-induced

dopamine efflux is higher in coloboma mice than in wild-type mice (Fan and Hess

2007). Blocking D2 dopamine receptors using the nonselective antagonists,

haloperidol and raclopride, or the D2 dopamine receptor-selective antagonist,

L-741,626, prevents the amphetamine-mediated reduction in hyperactivity. Impor-

tantly, amphetamine-induced dopamine efflux is unaffected by blocking D2 dopa-

mine receptors with haloperidol, suggesting that this is not a D2 dopamine

autoreceptor-mediated effect. Instead, it is likely that postsynaptic D2 dopamine

receptors are involved. D3 and D4 dopamine receptor-selective antagonists have no

effect on the amphetamine-induced reduction in locomotor activity in coloboma
mice (Fan et al. 2010). Likewise, blocking D1-like dopamine receptors with the
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antagonist, SCH23390, has no effect. It appears that the D2 dopamine receptor

subtype mediates both the hyperactivity and response to amphetamine, suggesting a

target for therapeutics in ADHD.

4 Dopamine Transporter Knockout Mouse Model

4.1 Validity

In 1996, Giros and colleagues reported hyperactivity in dopamine transporter knock-

out (DAT-KO) mice. These mice express no DAT and are three to five times more

active than control mice. Further studies demonstrated impaired learning ability and

memory as well as impulsivity in DAT-KO mice (Gainetdinov et al. 1999; Li

et al. 2010). As in ADHD patients, both methylphenidate and amphetamine reduce

hyperactivity of DAT-KOmice (Gainetdinov et al. 1999). Therefore, these mice have

face validity and predictive validity as a model of ADHD.

Mice that express low levels of DAT also exhibit hyperactivity. DAT knockdown

mice (DAT-KD), which express only 10% of the DAT typically produced by this

strain of mice, exhibit hyperactivity in a novel environment (Zhuang et al. 2001).

Amphetamine reduces hyperactivity of DAT-KD mice; so the DAT-KD model, like

the DAT-KO model, has face validity and predictive validity as a model of ADHD.

4.2 Monoaminergic Regulation

4.2.1 Dopamine

DAT-KO mice have reduced tyrosine hydroxylase (TH) mRNA expression, TH

protein expression, and TH-positive neurons (Giros et al. 1996; Sora et al. 1998;

Jaber et al. 1999). Consistent with decreased TH expression, dopamine content in the

caudate and striatum is only about 5% of that in wild types (Jones et al. 1998). These

results suggest a compensatory decrease in presynaptic dopamine transmission.

Because DAT-KO mice lack the dopamine reuptake transporter, synaptic dopa-

mine clearance is about 300-fold slower than in control mice. Extracellular dopamine

efflux in the striatum is increased by fivefold in homozygous DAT-KO mice and by

twofold in heterozygous DAT-KO mice compared to wild-type mice (Gainetdinov

et al. 1998; Jones et al. 1998). Despite the elevated dopamine in heterozygous mice,

locomotor activity is essentially normal, suggesting that gross changes in extracellu-

lar dopamine are necessary to produce the hyperactivity (Giros et al. 1996; Spielewoy

et al. 2000). Elevated basal dopamine efflux also occurs in the nucleus accumbens

(Carboni et al. 2001), but not in the frontal cortex (Shen et al. 2004).

D1 and D2 dopamine receptor mRNA levels are about 50% lower in DAT-KO

mice than in control mice (Giros et al. 1996; Jones et al. 1999). The reduction in D2
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dopamine receptor mRNA in the substantia nigra and VTA suggests that D2

dopamine autoreceptor function is attenuated. Indeed, Jones et al. (1999) found

that the dopamine autoreceptor, which provides inhibitory feedback to regulate

dopamine release and synthesis, is not functional in DAT-KOmice, which may also

contribute to elevated dopamine efflux in this model. While D1 and D2 dopamine

receptor mRNA levels are decreased, D3 dopamine receptor mRNA levels are

increased by 40–100% in multiple brain regions (Fauchey et al. 2000). It is difficult

to perform dopamine receptor agonist and antagonist behavioral challenges in

DAT-KO mice because the extraordinarily high levels of extracellular dopamine

compete with the drugs for binding to the receptor and so mask their effects.

However, in DAT-KD mice, where the extracellular dopamine concentration is

lower than in DAT-KO mice, D2 dopamine receptors are supersensitive: the D2

dopamine receptor agonist, quinpirole, and the mixed D1/D2 dopamine receptor

agonist, apomorphine, cause a greater decrease in locomotor activity of DAT-KD

mice than control mice (Zhuang et al. 2001).

4.2.2 Norepinephrine

Amphetamine increases dopamine efflux in the nucleus accumbens of DAT-KO

mice, despite the lack of dopamine reuptake transporters (Carboni et al. 2001;

Budygin et al. 2004). The selective norepinephrine transporter (NET) blocker,

reboxetine, but not the selective DAT blocker, GBR12909, also increases extracel-

lular dopamine in the nucleus accumbens (Carboni et al. 2001). These studies

suggest that the NET participates in the regulation of dopamine efflux in

DAT-KO mice in the nucleus accumbens, a brain region rich in noradrenergic

terminals. Therefore, it is possible that amphetamine acts through the NET in

DAT-KO mice to mediate extracellular dopamine.

4.2.3 Serotonin

Serotonin efflux is normal in the striatum, nucleus accumbens, and prefrontal cortex

of DAT-KO mice (Shen et al. 2004). However, 5-HT2A serotonin receptors may be

involved in the hyperactivity of DAT-KO mice: The 5-HT2A serotonin receptor

antagonist, M100907, blocks hyperactivity of DAT-KO mice but does not affect

activity of control mice (Barr et al. 2004).

4.3 Therapeutic Mechanisms

Although both methylphenidate and amphetamine reduce locomotor activity of

DAT-KO mice, extracellular striatal dopamine concentrations are not changed by

methylphenidate or amphetamine treatment; this is not surprising in light of the
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high basal extracellular dopamine concentration. The results suggest that psychos-

timulants modulate locomotor activity through a non-dopaminergic mechanism in

this model. The selective serotonin reuptake transporter (SERT) blocker, fluoxetine,

but not the NET blocker, nisoxetine, significantly reduces hyperactivity of DAT-KO

mice without affecting locomotor activity of wild-type mice. Furthermore, both

quipazine, a nonselective serotonin receptor agonist, and an increase in the endoge-

nous agonist serotonin through dietary manipulation also reduced hyperactivity in

DAT-KO mice (Gainetdinov et al. 1999). These data suggest that potentiating

serotonin neurotransmission reduces locomotor activity of DAT-KO mice, and that

the effects of psychostimulants may be mediated through serotonin neurotransmis-

sion, although selective serotonin reuptake inhibitors are not commonly used for the

treatment of ADHD.

5 Spontaneously Hypertensive Rat Model

5.1 Validity

The SHR model is the subject of a comprehensive analysis in Chap. 10 of this

volume. Information that will help the reader to compare and contrast the models is

included here. In the 1990s, Sagvolden and colleagues proposed the use of SHRs as

a model of ADHD because they are hyperactive (Wultz et al. 1990; Sagvolden et al.

1992) compared to the Wistar Kiyoto (WKY) control rat strain. Subsequent studies

demonstrated inattention and impulsivity in SHRs using a variety of behavioral

tests (Evenden and Meyerson 1999; De Bruin et al. 2003; Jentsch 2005; Bizot et al.

2007; Fox et al. 2008). Because SHRs exhibit hyperactivity, inattention, and

impulsivity, they have face validity as a model of ADHD. Drugs used clinically

to treat ADHD, including psychostimulants and guanfacine, an a2-adrenoceptor
agonist, also ameliorate the behavioral deficits in the SHR model, giving this model

predictive validity as a model of ADHD (Myers et al. 1982; Sagvolden 2006).

5.2 Monoaminergic Regulation

5.2.1 Dopamine

In SHRs, TH expression is reduced in the neostriatum and nucleus accumbens

(Akiyama et al. 1992), although striatal dopamine content and dopamine metabolites

do not differ between SHRs and control WKY rats (Fuller et al. 1983). Electrically

and/or K+-stimulated dopamine release is decreased in the caudate putamen, nucleus

accumbens, striatum, and frontal cortex of SHRs compared to WKY rats (Linthorst

et al. 1990; van den Buuse et al. 1991; de Villiers et al. 1995; Russell et al. 1998;

284 X. Fan et al.



Russell 2000; Yousfi-Alaoui et al. 2001). In parallel with the reduction in stimu-

lated release, dopamine uptake is decreased in the frontal cortex and striatum of

SHRs. While some studies find no differences in basal extracellular dopamine

concentration in SHRs compared to WKY rats across different ages (Kirouac and

Ganguly 1995; Ferguson et al. 2003), others report decreased basal extracellular

dopamine in the striatum, caudate nucleus, and nucleus accumbens in SHRs

compared to WKY rats at 8–9 weeks of age (Linthorst et al. 1991; Fujita et al.

2003). Along these same lines, both in vitro studies using slice preparations

and in vivo microdialysis studies suggest an increased influence of D2 dopamine

autoreceptor-mediated inhibition of dopamine release in SHRs compared to control

WKY rats (Linthorst et al. 1991; van den Buuse et al. 1991; Russell 2000).

However, one study examining perfused synaptosomes did not find any difference

in D2 dopamine receptor-mediated inhibition of dopamine release in SHRs versus
WKY rats (Yousfi-Alaoui et al. 2001). Overall, these studies suggest hypodopami-

nergic function in the SHR model.

The results of more recent studies, on the other hand, suggest an increase in

dopaminergic transmission. Because SHRs develop hypertension with age, a study

that was performed using 6-week-old hyperactive SHRs, which do not yet have

complications associated with hypertension, demonstrated increased dopamine

overflow in the shell of the nucleus accumbens in SHRs compared to control rats

(Carboni et al. 2003). Similarly, using more modern methods of microdialysis, Heal

et al. (2008) also found increased striatal dopamine overflow in SHRs compared to

control rats, although in these experiments the controls were Sprague Dawleys, not

WKY rats; so the results of these studies are not directly comparable to previous

experiments.

While some studies indicate no differences in D1 and D2 dopamine receptor

expression in SHRs compared to control WKY rats (Fuller et al. 1983; Van den

Buuse et al. 1992; Linthorst et al. 1993), many studies indicate upregulation of D1

and D2 dopamine receptors in several brain areas of SHRs, including the nucleus

accumbens, striatum, and frontal cortex (Chiu et al. 1982, 1984; Le Fur et al. 1983;

Lim et al. 1989; Kirouac and Ganguly 1993; Sadile 2000; Papa et al. 2002), again

suggesting an increase in dopaminergic tone.

Studies of the behavioral effects of D1 and D2 dopamine receptor agonists and

antagonists also indicate functional changes in dopamine receptors in SHRs. The

D2 dopamine receptor antagonists, haloperidol and sulpiride, had little effect on

SHRs but suppressed motor activity in WKY control rats. The reduced response to

D2 dopamine receptor antagonists suggests that D2 dopamine receptors are supersen-

sitive in SHRs (van den Buuse and de Jong 1989; Van den Buuse et al. 1992). In

contrast, low doses of D2 dopamine receptor agonists decreased locomotor activity

in both SHRs and WKY rats, but high doses of agonist increased locomotor activity

only in WKY rats (Fuller et al. 1983; Hynes et al. 1985). In these studies, the

stimulatory effect of D2 dopamine receptor activation on locomotor activity appears

to be attenuated in SHRs, but these results must be interpreted in the context of the

high baseline activity of SHRs: an increase in locomotor activity may be obscured

by a ceiling effect. In a study of grooming behavior in a novel environment,
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Linthorst et al. (1992) demonstrated that SHRs are less sensitive to D1 dopamine

receptor antagonist SCH23390 and more sensitive to D2 dopamine receptor

agonist quinpirole than WKY rats, suggesting both D1 and D2 dopamine receptor

supersensitivity.

5.2.2 Norepinephrine

Because hypertension in SHRs may also influence noradrenergic signaling, changes

in noradrenergic neurotransmission in SHRs must be interpreted cautiously in the

context of informing the underlying mechanisms of ADHD. In vitro, basal norepi-

nephrine release in the locus coeruleus is increased in SHRs compared to WKY rats

(de Villiers et al. 1995), but stimulus-evoked release does not differ between the

groups (Russell et al. 2000). Furthermore, inhibition of K+-evoked norepinephrine

release by a2-adrenergic receptor agonists is decreased, suggesting reduced auto-

receptor inhibitory feedback and, therefore, hypernoradrenergic function (Tsuda

et al. 1990; Russell 2002). Norepinephrine content is increased in lower brainstem,

midbrain, cerebellum, and striatum of SHRs at 6–8 weeks old (Howes et al. 1984;

Dawson et al. 1987). However, others found that norepinephrine reuptake is

increased (Myers et al. 1981), and in vivo norepinephrine efflux is decreased in

the frontal cortex (Heal et al. 2008) of SHRs compared to control rats, suggesting a

reduction in norepinephrine transmission.

Adrenergic receptor regulation is also altered in SHRs. a1-Adrenergic receptor

density is increased in the hypothalamus (Yamada et al. 1989). a2-Adrenergic
receptor binding is increased in the locus coeruleus (Luque et al. 1991) but

decreased in the medulla oblongata (Yamada et al. 1989). b-Adrenergic receptors

are decreased in the cortex (Myers et al. 1981) but increased in the cerebellum

(Jones et al. 1990). These changes in adrenoceptor expression may contribute to the

spontaneous hypertension or may be involved in ADHD-like symptoms exhibited

by SHRs. Overall, it is not clear whether norepinephrine transmission is hyper- or

hypofunctional in SHRs.

5.2.3 Serotonin

Serotonergic neurotransmission has not yet been the subject of focused experimen-

tation in SHRs. Although striatal serotonin content does not differ between SHRs

and WKY rats (Fuller et al. 1983), serotonin content is increased in frontal cortex,

cerebellum, midbrain, locus coeruleus, and hypothalamus (Dawson et al. 1987; de

Villiers et al. 1995), suggesting hyperfunctional serotonergic systems in some brain

areas of SHRs. Clearly, both noradrenergic and serotonergic regulations are altered

in the SHRs model, but the role of these changes in the hyperactivity, inattention,

and impulsivity of SHRs is as yet unclear.
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5.3 Therapeutic Mechanisms

Compared to effects of psychostimulants on extracellular dopamine in control

rats, both methlyphenidate and amphetamine greatly augment dopamine release

in SHRs (Carboni et al. 2003; Heal et al. 2008). However, little is known regarding

mechanism of action in this model.

6 Neurokinin 1 Receptor Knockout Mice (NK1�/�)

6.1 Validity

The NK1R�/� mouse is a promising new model that also implicates abnormal

monoaminergic regulation in ADHD-like behaviors. De Felipe et al. (1998)

produced null mutants for Tacr1, a gene that encodes the substance P-preferring

tachykinin receptor NK1, to explore substance P-mediated nociception. It was only

recently noted that these mice are hyperactive (Herpfer et al. 2005). Because this

model is relatively young, there are not yet assessments of impulsivity and inattention.

However, based on the hyperactivity alone, the NK1R�/�mice have face validity as

a model of ADHD. Both amphetamine and methylphenidate reduce the hyperactivity

of NK1R�/� mice (Yan et al. 2009), demonstrating predictive validity. Furthermore,

one study found an association between polymorphisms in or near the Tacr1 gene and
ADHD in humans (Yan et al. 2009). This initial study suggests etiologic validity,

although additional studies are needed to confirm the association.

6.2 Monoaminergic Regulation

6.2.1 Dopamine

Studies examining dopaminergic regulation in NK1R�/� mice using conventional

microdialysis demonstrated reduced dopamine efflux in prefrontal cortex of NK1R�/�

mice compared to wild-type mice but no difference in striatal dopamine efflux (Yan

et al. 2009). Additional experiments examining both presynaptic and postsynaptic

mechanisms will provide insight into overall dopaminergic tone.

6.2.2 Norepinephrine

An increase in extracellular norepinephrine is observed in the prefrontal cortex of

anesthetized NK1R�/� mice compared to control mice (Herpfer et al. 2005; Fisher

et al. 2007). Because the reuptake of norepinephrine is normal, it is likely that an
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increase in release accounts for the increase in extracellular norepinephrine. Indeed,

it appears that somodendritic a2A-adrenoceptors, which inhibit the firing rate of

locus ceruleus neurons, are desensitized in NK1R�/� mice, consistent with the idea

that the excess norepinephrine overflow is caused by an increase in release. It is not

yet clear whether the increase in extracellular norepinephrine contributes to the

hyperactivity of NK1R�/� mice.

6.2.3 Serotonin

An increase in the firing rate of serotonergic neurons in the dorsal raphe nucleus is

observed in anesthetized NK1R�/� mice (Santarelli et al. 2001). Additionally,

5-HT1A serotonin receptor mRNA, receptor density, and the ability of the 5-HT1A

serotonin receptor agonist ipsapirone to inhibit dorsal raphe neuronal firing rates are

reduced in NKR1�/� mice (Froger et al. 2001). 5-HT1A serotonin receptor desensi-

tization may contribute to the increase in dorsal raphe neuronal firing rates because

these receptors normally function to inhibit firing rates. Despite the increase in

activity, steady-state extracellular serotonin concentrations are unaffected. However,

blockade of serotonin reuptake causes a greater increase in extracellular serotonin in

NK1R�/� mice compared to control mice, suggesting that an increase in serotonin

release in NK1R�/� mice is neutralized by a concomitant increase in serotonin

reuptake (Froger et al. 2001).

6.3 Therapeutic Mechanisms

Although amphetamine reduces locomotor activity of NK1�/� mice, surprisingly

the usual increase in striatal extracellular dopamine in response to amphetamine is

abrogated. This appears to be a direct effect of the nullmutation because pretreatment of

normal mice with an NK1 receptor antagonist also abolishes the amphetamine-induced

increase in dopamine efflux (Yan et al. 2010). Because there is no dopaminergic

response to amphetamine, the mechanism underlying the amphetamine-induced

decrease in locomotor activity is unknown, although it is likely that this drug is

acting through other monoaminergic systems.

7 What Have We Learned from Animal Models of ADHD?

7.1 Animal Models of ADHD Exhibit Hyperdopaminergic
Neurotransmission

Because psychostimulants, which increase catecholamine neurotransmission, have

been the primary ADHD treatment for decades, clinicians and researchers
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conjectured that hypodopaminergic function is the neurobiological mechanism

underlying ADHD. However, a common finding from studies of animal models

of ADHD is hyperdopaminergic function (Table 1).

A neurochemical sign of hyperdopaminergic function is elevated dopamine

overflow. An increase in extracellular dopamine is observed in the dorsal striatum

and/or nucleus accumbens of coloboma mice, DAT-KO mice, and young SHRs

(Gainetdinov et al. 1998; Carboni et al. 2003; Fan and Hess 2007; Heal et al.

2008). Although an overall decrease in dopamine overflow is observed in neonatal

6-OHDA-lesioned rats (33–85% of control levels), the dopamine content in residual

dopaminergic terminals is likely to be higher than in control rats, considering that

more than 95% of dopamine terminals have degenerated (Castaneda et al. 1990;

Herrera-Marschitz et al. 1994; Loupe et al. 2002; Nowak et al. 2007). This dispro-

portionate decrease in dopamine efflux compared to terminal degeneration not only

reveals a profound compensation but also suggests hyperdopaminergic transmission

in attempt to maintain homeostasis in the residual dopamine terminals.

Changes in dopamine receptor expression are another indication of hyperdopa-

minergic function in animal models of ADHD. Dopamine receptor expression,

particularly the D2 dopamine receptor subtype, is increased in the 6-OHDA

model, SHR, and coloboma mouse model, but not in the DAT-KO model, which

exhibits extremely high dopamine efflux (Chiu et al. 1982, 1984; Le Fur et al. 1983;

Table 1 Dopamine transmission in rodent models of ADHD

6-OHDA-

lesioned rat

Spontaneously

hypertensive rat

Coloboma
mouse

DAT-KO mouse

Tissue dopamine

concentration

# " [Fc, Mb, Pons]

/ [Nac, St]

/ #

Electrically or K+-evoked

DA overflow/release

# # " #

Uptake/clearance # # 2 ND #
Extracellular DA in vivo # # [Nac, Vst, Cn]

/ [Rst, St]

" [St, Nac.s]

" "

Psychostimulant-induced

DA efflux

" " " "

D1 dopamine receptor

density

" [Cx]

# [Rns]

" ND # (mRNA)

D2 dopamine receptor

density

" " " (mRNA) #

D1 or D2 dopamine receptor

agonist-induced

behavioral response

" D1

" D2

" D1

" D2

" D2 " D2

# D2 (autoreceptor)

D1 or D2 dopamine receptor

antagonist-induced

immobility

# D1

# D2

# D1

# D2

# D2 # D2

Cn caudate nucleus, Cx cerebral cortex, Fc frontal cortex,Mbmiddle brain, Nac.s shell of nucleus
accumbens, Nac nucleus accumbens, Rns rostral neostriatum, St striatum, Rst rostral striatum,

Vst ventral striatum, " increase, # decrease, / unchanged, ND no data

For details, see text
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Lim et al. 1989; Broaddus and Bennett 1990; Dewar et al. 1990, 1997; Kirouac and

Ganguly 1993; Radja et al. 1993; Sadile 2000; Jones et al. 2001b).

Behavioral studies of animal models of ADHD are consistent with hyperdopa-

minergic function. For example, 6-OHDA-lesioned rats (Duncan et al. 1987;

Johnson and Bruno 1990), coloboma mice (Fan and Hess 2007), SHRs (van den

Buuse and de Jong 1989; Van den Buuse et al. 1992), and DAT-KOmice (Spielewoy

et al. 2000) exhibit a decreased response to dopamine antagonist-induced immobil-

ity, suggesting increased dopaminergic neurotransmission in these models (see

comments above). In addition, the 6-OHDA, coloboma, DAT-KO/KD, and SHR

models all show enhanced behavioral responses to dopamine agonists, indicating

dopamine receptor supersensitivity (Fuller et al. 1983; Breese et al. 1985; Hynes

et al. 1985; Giros et al. 1996; Archer and Fredriksson 2007; Fan and Hess 2007).

Considering that increasing dopamine neurotransmission in control animals

increases locomotor activity, it makes sense that persistent hyperdopaminergic

function in animal models of ADHD underlies hyperactivity.

7.2 Norepinephrine Transmission Plays a Dual Role in ADHD

While both dopamine and norepinephrine are known to regulate motor activity,

attention, learning, and cognition, dopamine has been the focus of ADHD research.

In the neonatal 6-OHDA-lesioned rat model, selective dopamine depletion is

achieved by pretreatment with desipramine, which protects noradrenergic nerves.

This model illustrates that dopamine depletion alone is sufficient to produce

ADHD-like behaviors such as hyperactivity and inattention (Shaywitz et al.

1976a, b; Miller et al. 1981; Stachowiak et al. 1984).

Behavioral studies using noradrenergic drugs on animal models indicate that

norepinephrine transmission does, indeed, affect ADHD symptoms, but the out-

comes are mixed. Enhancing norepinephrine transmission by blocking the NET

improves hyperactivity in neonatal 6-OHDA-lesioned rats and learning deficits in

SHRs (Davids et al. 2002; Moran-Gates et al. 2005; Liu et al. 2008). In contrast, an

increase in noradrenergic transmission is observed in both coloboma and NK1R�/�

mice (Herpfer et al. 2005; Fisher et al. 2007; Jones and Hess 2003). Guanfacine, an

a2-adrenoceptor agonist that decreases norepinephrine transmission through the

inhibitory feedback of autoreceptors, reduces hyperactivity in coloboma mice and

alleviates hyperactivity, inattention, and impulsivity in SHRs (Bruno and Hess 2006;

Sagvolden 2006), similar to its effects on ADHD patients. Furthermore, reducing

noradrenergic hyperinnervation in colobomamice or blocking a2C-adrenoceptors also
reduces the hyperactivity of colobomamice (Jones and Hess 2003; Bruno et al. 2007).

From these studies, one cannot infer a causal relationship between increasing/

decreasing norepinephrine neurotransmission and severity of ADHD symptoms.

Instead, these studies suggest that norepinephrine has dual effects on ADHD-like

behaviors. Depending on the adrenoceptor subtype and subsequent signal transduction

pathway that is activated, norepinephrine signaling can either enhance or ameliorate
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ADHD symptoms. The norepinephrine uptake inhibitor, atomoxetine, is effective

in treating some – but not all – ADHD patients (Garnock-Jones and Keating 2010).

The variable response of ADHD patients to atomoxetine may be due to increased

activation of both symptom-enhancing and symptom-alleviating adrenoceptor

subtypes.

7.3 Serotonin Transmission Plays an Inhibitory Role in ADHD

Currently no serotonergic medications are prescribed in the treatment of ADHD.

However, due to “cross-talk” between monoamines, involvement of serotonin in

ADHD cannot be excluded. Although the role of serotonin in impulsivity and

inattention has not been explored in animal models of ADHD, many studies have

examined the role of serotonin in hyperactivity. Some studies using animal models

of ADHD implicate serotonin in producing hyperactivity – either directly through

5-HT2A and 5-HT2C serotonin receptor subtypes, or indirectly by modulating

dopamine receptor-mediated hyperactivity (Kostrzewa et al. 1993; Barr et al.

2004; Bishop et al. 2004, 2005). In contrast, most studies using animal models of

ADHD suggest that serotonin acts to compensate for aberrant dopamine and/or

norepinephrine signaling. 6-OHDA-lesioned rats exhibit serotonergic hyperinner-

vation. In this model, elimination of serotonergic hyperinnervation by administra-

tion of the selective serotonergic toxin 5,7-DHT greatly potentiates hyperactivity

(Kostrzewa et al. 1994). In both the 6-OHDA-lesioned rat and DAT-KO mouse

models, an increase in serotonergic transmission via serotonin agonist m-CPP or

SERT blocker, fluoxetine, greatly reduces hyperactivity (Kostrzewa et al. 1994;

Gainetdinov et al. 1999; Brus et al. 2004). These studies indicate that serotonin

signaling acts to inhibit ADHD symptoms.

7.4 Dopamine and Serotonin Receptors Contribute
to the Therapeutic Effects of Psychostimulants

Animal models of ADHD have revealed that changes in all three monoaminergic

systems contribute to ADHD. How do psychostimulants modify these systems to

produce the improvements in hyperactivity, inattention, and impulsivity?

Studies of animal models indicate that activation of dopamine and serotonin

receptors mediates the therapeutic effects of stimulants on ADHD symptoms.

Blocking D2 dopamine receptors eliminates the calming effect of amphetamine on

coloboma mice (Fan et al. 2010), and blocking 5-HT2 serotonin receptors similarly

eliminates the therapeutic effects of amphetamine on 6-OHDA-lesioned rats (Heffner

and Seiden 1982). On the other hand, potentiating serotonin transmission mimics

the effects of psychostimulants in DAT-KO mice (Gainetdinov et al. 1999).
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From these studies, it is clear that animal models of ADHD hold great promise for

the identification of novel drug targets and therapeutics for the treatment of ADHD.

8 Summary

The neonatal 6-OHDA-lesioned rat, coloboma mouse, DAT-KO mouse, and SHR

models are at the forefront of ADHD research. These models all bear a phenotypic

resemblance to ADHD in that they express hyperactivity, inattention, and/or impul-

sivity. Compared to ADHD patients, these models also respond similarly to drug

challenge and/or have similar genetic polymorphisms. The models illustrate the

heterogeneity of ADHD in that they all express ADHD-like behaviors, yet

the initial cause (chemical depletion or genetic abnormality) of the behaviors is

different for each one.

Neurochemical and behavioral studies of the models indicate aberrations in mono-

aminergic neurotransmission compared to control animals. Together, they implicate

hyperdopaminergic neurotransmission in ADHD symptoms, suggest that norepineph-

rine has a dual enhancing/inhibitory regulatory role in ADHD symptoms, and indicate

that serotonin acts to inhibit abnormal dopamine and norepinephrine signaling. The

models have also helped to determine that psychostimulants act through specific

dopamine and serotonin receptors, which mediate the therapeutic effects in ADHD.

It is unlikely that symptoms arise from a single neurotransmitter dysfunction. Rather,

studies of animal models of ADHD suggest that symptoms develop through the

complex interactions of monoaminergic neurotransmitter systems.
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Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

2 Criteria for a Valid Animal Model of ADHD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

2.1 Behavioral Differences Among Strains of Rats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

2.2 Genetic Differences Among Strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

3 Applying Validity Criteria to Animal Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

3.1 WKY Heterogeneity: SHR/NCrl and WKY/NCrl

Versus WKY/NHsd Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

3.2 ADHD: Defining Features and Situational Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308

3.3 Age and Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

4 Implications for Understanding ADHD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

Abstract Showing that an animal is hyperactive is not sufficient for it to be

accepted as a model of ADHD. Based on behavioral, genetic, and neurobiological

data, the spontaneously hypertensive rat (SHR) obtained from Charles River,

Germany, (SHR/NCrl) is at present the best-validated animal model of ADHD.

One Wistar Kyoto substrain (WKY/NHsd), obtained from Harlan, UK, is its most

appropriate control. Another WKY substrain (WKY/NCrl) obtained from Charles

River, Germany, is inattentive, has distinctly different genetics and neurobiology,

and provides a promising model for the predominantly inattentive subtype of

ADHD (ADHD-I) if one wants to investigate categorical ADHD subtypes. In

this case, also, the WKY/NHsd substrain should be used as control. Although

Note. Strain nomenclature is based on the Rat Genome Database (Twigger et al. 2007; Rat

Genome Database 2008).

T. Sagvolden

Department of Physiology, Institute of Basic Medical Sciences, University of Oslo, NO-0317

Oslo, Norway

e-mail: terje.sagvolden@medisin.uio.no

E.B. Johansen (*)

Akershus University College, PO Box 423, 2001 Lillestrøm, Norway

e-mail: EspenBorga.Johansen@hiak.no

C. Stanford and R. Tannock (eds.), Behavioral Neuroscience of Attention Deficit
Hyperactivity Disorder and Its Treatment, Current Topics in Behavioral Neurosciences 9,

DOI 10.1007/7854_2011_126, # Springer‐Verlag Berlin Heidelberg 2011,

published online 13 April 2011

301



other rat strains may behave like WKY/NHsd rats, neurobiological results indicate

significant differences when compared to the WKY/NHsd substrain, making them

less suitable as controls for the SHR/NCrl. Thus, there are no obvious behavioral

differences among the various SHRs, but there are behavioral and neurobiological

differences among the WKY strains. The use of WKY/NCrl, outbred Wistar,

Sprague Dawley, or other rat strains as controls for SHR/NCrl may produce spurious

neurobiological effects and erroneous conclusions. Finally, model data yield support

to independent hyperactivity and inattention dimensions in ADHD behavior.

Keywords Animal models � Attention-deficit/hyperactivity disorder � Genetics �
Neuroanatomy � Neurophysiology � Validation

Abbreviations

ADHD Attention-deficit/hyperactivity disorder

ADHD-C Attention-deficit/hyperactivity disorder combined

subtype

ADHD-H Attention-deficit/hyperactivity disorder predomi-

nantly hyperactive-impulsive subtype

ADHD-I Attention-deficit/hyperactivity disorder predomi-

nantly inattentive subtype

DA/OlaHsd Inbred rats from Harlan, UK

IMAGE International multi-center ADHD gene (project)

LEW/NHsd Lewis rats from Harlan, UK

PVG/Mol Inbred hooded rats from Møllegaard Breeding

Centre, Denmark

RT-PCR Real-time polymerase chain reaction

SD/MolTac Outbred Sprague Dawley rats from Møllegaard

Breeding Centre, Denmark

SD/NTac (NTac:SD) Taconic Sprague Dawley rats

SHR Spontaneously hypertensive rat

SHR/N Inbred SHR from NIH

SHR/NCrl Inbred SHR from Charles River, Germany

SHR/NMol Inbred SHR from Møllegaard Breeding Centre,

Denmark

SNP Single nucleotide polymorphism

SSLP Simple sequence length polymorphisms

WH/HanTac

(also known as: HanTac:WH)

Outbred Wistar Hannover GALAS rats from

Taconic Europe

WHHA/Edh (now WKHA/N) Inbred rat from a cross between SHR and WKY

with selection for high spontaneous activity and

low systolic blood pressure at the University of

Vermont College of Medicine, USA
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WHHT/Edh (now WKHT/N) Inbred rat from a cross between SHR and WKY

with selection for normal spontaneous activity

and high systolic blood pressure at the University

of Vermont College of Medicine, USA

Wistar/Mol Outbred from Møllegaard Breeding Centre,

Denmark

WKY/N Inbred WKY from NIH, USA

WKY/NHsd Inbred WKY from Harlan Europe, UK

WKY/NicoCrlf Inbred WKY from Charles River, France

WKY/NMolTac

(also known as: WKY/NMol)

WKY from Møllegaard Breeding Centre,

Denmark

1 Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a developmental disorder where

all clinical criteria are behavioral. It is a heterogeneous disorder affecting about 5%

of children (Faraone and Mick 2010), and its prevalence is similar in different

cultures (Dwivedi and Banhatti 2005; Meyer et al. 2004; Rohde et al. 2005). The

heterogeneity may be sorted along two independent behavioral dimensions: inat-

tention and hyperactivity impulsiveness (Lahey and Willcutt 2010). DSM-IV

(American Psychiatric Association 2000) attempts to reduce the heterogeneity by

subdividing ADHD into three subtypes: the predominantly inattentive subtype

(ADHD-I); the predominantly hyperactive-impulsive subtype (ADHD-H); and the

combined subtype (ADHD-C). ADHD places the child at increased risk of school

failure, juvenile delinquency, criminality, substance abuse, and HIV/AIDS as a

consequence of sexual promiscuity and disregard for preventative measures (Barkley

et al. 2004; Molina et al. 2002; Kahn et al. 2002).

There have been many attempts to explain the origins of ADHD symptoms.

A learning-theory perspective is gaining ground for the case of ADHD-C. The

dynamic developmental theory of ADHD (Johansen et al. 2002, 2009; Sagvolden

et al. 2005a; Johnson et al. 2009; Sagvolden and Archer 1989) suggests that less

efficient dopamine-mediated reinforcement processes and deficient extinction of

previously reinforced behavior may explain behavioral changes that are often

described as either poor “executive functions” (Tannock 1998) or “response disin-

hibition” (Barkley 1997). This learning-theory perspective predicts specific neuro-

nal changes related to synaptic plasticity and long-term potentiation (LTP)

(Sagvolden et al. 2005a).

A reinforcer is not defined in terms of previous events, but defined in terms of the

behavioral changes that follow the reinforcer. For a reinforcer to alter behavior,

events need to occur within a limited time-frame, but the duration of this time-

frame also depends on attentional and memory variables. This is important both in

basic laboratory research, where it is often overlooked, and in analysis of ADHD,

which is associated with poor attention and memory (Martinussen et al. 2005;

Willcutt et al. 2005).
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Animal models are helpful in medical research (Sagvolden et al. 2009). There

are many putative animal models of ADHD (Roessner et al. 2010; Pardey et al.

2009; Sagvolden et al. 2009; Vendruscolo et al. 2009; Sanabria and Killeen 2008;

DasBanerjee et al. 2008; Heal et al. 2008; Kostrzewa et al. 2008). However, it is

important to emphasize that the DSM-IV definition of ADHD does not say “always

hyperactive.” Thus, although several molecular and genetic manipulations may

produce hyperactive animals (Vendruscolo et al. 2009; Ruocco et al. 2009;

Yan et al. 2009; Dalley et al. 2009; Kostrzewa et al. 2008), hyperactivity alone is

insufficient for the animal to qualify as a model of ADHD. It is important to

consider whether children with ADHD would be hyperactive in a similar test or

situation (Johansen et al. 2009).

This review concentrates on the best-validated animal model of ADHD: the

spontaneously hypertensive rat (SHR) obtained from Charles River, Germany

(SHR/NCrl) (Rat Genome Database 2008) (see the Abbreviations section) with

the Wistar Kyoto rat, obtained from Harlan, UK (WKY/NHsd), as the reference

strain in an animal model for ADHD-C. However, WKY rats obtained from Charles

River, Germany (WKY/NCrl), are a promising model for the predominantly inat-

tentive subtype of ADHD (ADHD-I) when the WKY/NHsd STRAIN is used as

control. Use of both substrains as models of ADHD is potentially interesting even if

ADHD is not regarded as separate subtypes, but as one disorder with the severity of

symptoms varying along two independent dimensions: inattentiveness and hyper-

activity impulsiveness.

2 Criteria for a Valid Animal Model of ADHD

Because the diagnosis of ADHD is based on behavior, the validation of animal

models must also be based on behavior. If valid animal models were to be found,

one would expect many of the same fundamental genetic and neurobiological

alterations to be common in the human and the animal case. Thus, an ADHD

animal model should mimic the fundamental behavioral characteristics of ADHD

(face validity), conform to a theoretical rationale (construct validity), and predict

correlates of ADHD in humans as regards behavior, genetics, and neuronal func-

tions not shown previously in clinical settings (predictive validity) (Sagvolden

2000; Sagvolden et al. 2009). Although a variety of rat and mouse strains exhibit

hyperactivity (Russell et al. 2005), few meet the complete set of criteria for model

validation.

2.1 Behavioral Differences Among Strains of Rats

The SHR displays the major symptoms of ADHD (inattention, hyperactivity, and

impulsivity) that, like ADHD, develop over time when reinforcers are infrequent
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(Li et al. 2007; van den Bergh et al. 2006; Sagvolden 2000; Johansen et al. 2005b;

Sagvolden et al. 1998, 2005b). As in children with ADHD (Sonuga-Barke et al.

1992), SHRs are more sensitive to delayed reinforcement (Johansen and Sagvolden

2005; Johansen et al. 2005b), consistent with a steepened delay-of-reinforcement

gradient found in SHR relative to controls (Johansen et al. 2007). This means that a

reinforcer has to be given immediately following the correct behavior to be efficient

in the SHR, while reinforcers could be delayed somewhat in controls and still affect

behavior. In addition, as in children with ADHD (Castellanos et al. 2005; Aase et al.

2006), there is increased intraindividual variability and variability in the individual

SHR’s behavior within the task, relative to controls (Perry et al. 2010a, b).

There is systematic overactivity, impulsiveness, and sustained attention deficit in

the SHRs obtained from: NIH (SHR/N), the Møllegaard Breeding Centre, Denmark

(SHR/NMol); Charles River, Italy (SHR/CrlIco); and Charles River, Germany

(SHR/NCrl). By contrast (to these SHRs) neither the hypertensive WHHT/Edh

nor the hyperactive WHHA/Edh substrains showed any systematic overactivity,

impulsiveness, or sustained attention deficit, although the WHHA/Edh does appear

to be overactive in fear-provoking open-field tests (Sagvolden et al. 2009).

The development of overactivity, impulsiveness, and sustained attention deficit

in the SHRs appear to be poorly correlated [see Fig. 2 in (Sagvolden et al. 2005b)].

Medication affects these behaviors differently in the SHR (Sagvolden 2006;

Sagvolden and Xu 2008). Thus, it may appear that inattention and overactivity-

impulsiveness are two independent behavioral dimensions in the SHR just as they

may be in children with ADHD (Lahey and Willcutt 2010).

Behaviorally, the WKY/NHsd, WKY/N, and the WKY/NMolTac are all

normal in which these WKY substrains may not differ behaviorally from either

WH/HanTac Wistar rats; SD/MolTac; SD/NTac Sprague Dawley rats; hooded

PVG/Mol rats; outbred Wistar/Mol rats; or the offspring of DA/OlaHsd females,

time-mated with LEW/NHsd Lewis males (Harlan, UK) (Sagvolden 2000; Sagvolden

et al. 2009). However, the WKY/NHsd substrain is the preferred control on the basis

of genetic and neurobiological considerations (see below).

2.2 Genetic Differences Among Strains

To investigate whether SHR/NCrl rats show changes in expression in systems

relevant to ADHD, we (DasBanerjee et al. 2008) have analyzed ADHD candidate

genes identified as a part of the International Multi-center ADHD Gene project

(IMAGE), and their biological neighbors (collectively referred to as IMAGE genes)

(Kuntsi et al. 2006). The IMAGE gene biological neighbors are defined as any gene

that was part of the same gene or protein family as an IMAGE gene, or has a well-

established direct relationship with an IMAGE gene.

The SHR/NCrl rats showed significant changes in a set of IMAGE genes: a

number of these genes are relevant for a learning-theory perspective of ADHD-C.

The dynamic developmental theory of ADHD (Johansen et al. 2009; Sagvolden
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et al. 2005a; Johnson et al. 2009; Sagvolden and Archer 1989) suggests that

defective interactions between dopamine and glutamate alter synaptic plasticity

and LTP. On a behavioral level, such a faulty interaction may give rise to less

efficient dopamine-mediated reinforcement processes and deficient extinction of

previously reinforced behavior, and these differences could explain both inattention

and overactivity-impulsiveness associated with ADHD (Sagvolden et al. 2005a).

Some of these genes showed decreased expression across tissues in ~65-day-old

SHR/NCrl rats compared with WKY/NHsd rats: these included the ionotropic gluta-

mate NMDA-binding protein (Grina), the NMDA-like 1A complex (Grinl1a); the
NR2D subunit (Grin2d); the AMPA receptor subunit GluR-3 (Gria3); the alpha

stimulating, olfactory-type guanine nucleotide-binding protein (Gnal/Golf); the nor-
epinephrine transporter NET (Slc6a2); calmodulin 3 (Calm3); calcium/calmodulin-

dependent protein kinases Camk1, Camk2a, and Camk2g); synaptotagmin III (Syt3);
and syntaxin-binding protein 1 (Stxbp1). Gnal (Golf) is coupled to the dopamine

receptor, DRD1, and plays a major role in excitatory dopamine transmission in the

striatum. Significant relationships have been observed between certain SNPs in Gnal
and symptoms of inattention and hyperactivity/impulsivity in ADHD children

(Laurin et al. 2008).

In contrast, other genes showed increased expression (mRNA) in the SHR/NCrl

rats compared to WKY/NHsd rats: these included the AMPA receptor subunit

Glu-R2 subunit (Gria2); the NMDA subunits NR1 and NR2C (Grin1 and

Grin2c); calcium/calmodulin-dependent protein kinase kinase 1 (Camkk1); cate-
chol-O-methyltransferase (Comt); the dopamine transporter DAT1 (Slc6a3); the
dopamine receptor D1 interacting protein (DRD1ip); the 5-hydroxytryptamine

(serotonin) receptor (Htr3b); the calmodulin-binding protein striatin (Strn);
syntaxin 11 (Stx11); syntaxin 17 (Stx17); nicotinic cholinergic alpha polypeptide

9 receptor (Chrna9); mu opioid receptor 1 (Oprm1); hairy and enhancer of split 6

(Hes6); and aquaporin 3 (Aqp3). A complete list of significantly altered genes is

available in DasBanerjee et al. (2008).

Based on blood samples, no between-strain differences in DNA were observed

for either the DRD2 or the DRD4 genes, suggesting that neither gene is likely to

mediate the behavioral differences between the WKY and SHR strains. In contrast,

WKY/SHR differences were observed in the third exon of DAT1. While these

mutations do not result in direct amino acid changes to the DAT protein, it is

possible that they mediate some other process that explains the differences in DAT

expression and function in the two strains (Mill et al. 2005).

The dopamine receptor (DRD1)-interacting protein (DRD1ip), calcyon, repre-
sents a brain-specific protein involved in DRD1/DRD5 receptor-mediated calcium

signaling. In our data, the SHR/NCrl had a twofold increase in expression of

calcyon mRNA compared with WKY/NHsd rats. This is in agreement with a recent

study that examined calcyon mRNA expression in the frontal-striatal circuitry of

3-, 5-, and 10-week-old SHR and WKY rats (Heijtz et al. 2007). Such a changed

expression of DRD1ip may indicate an underlying disruption of reinforcement

processes mediated by dopamine (Schultz 2010).
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A major function of dopaminergic transmission is to modulate fast, ionotropic

synaptic transmission mediated by the neurotransmitter glutamate. Thus, the

observed changes in gene expression for subunits of both AMPA and NMDA

glutamatergic receptors may profoundly affect neuronal function. Electrophysio-

logical studies revealed two potential consequences of such changes (Jensen et al.

2009). First, in male SHR/NCrl and WKY/NHsd rats, at postnatal day 28, the

AMPA receptor-mediated transmission at the CA3-to-CA1 synapses was reduced

in the stratum radiatum of the hippocampus. Second, the NMDAR containing

Grin2b (aka GluN2B) subunits contributed substantially to induction of LTP in

SHR/NCrl, but not in WKY/NHsd. In human ADHD, there is evidence for genetic

polymorphism of both Grin2a and Grin2b subunits of the NMDA receptor (Turic

et al. 2004; Dorval et al. 2007), which might mean that synaptic plasticity asso-

ciated with learning, reinforcement, and extinction may be altered in ADHD

individuals as well (Sagvolden et al. 2005a).

Human and animal data indicate that the mu opioid receptor 1 (Oprm1) is

associated with substance abuse disorders (Berrendero et al. 2002; Zhang et al.

2006). Individuals with ADHD show strong substance dependence (Faraone et al.

2007). Thus, it is possible that substance dependence in ADHD may be modulated

by Oprm1.

3 Applying Validity Criteria to Animal Research

A large number of studies support the use of SHR as the best animal model of

ADHD. However, there are also researchers who question the validity of the SHR/

NCrl model (Ferguson and Cada 2003; van den Bergh et al. 2006). This section

highlights a few important factors that may have contributed to some of the

inconsistencies in the literature regarding the value of SHR as an animal model

of ADHD.

3.1 WKY Heterogeneity: SHR/NCrl and WKY/NCrl
Versus WKY/NHsd Controls

From a genetic point of view, the best candidate for a control strain is the progenitor

strain of SHR/NCrl: i.e., the WKY. However, the various WKY substrains are not

equally suited to serve as controls due to genetic and behavioral differences. For

instance, genome-wide analyses show that the WKY/NCrl rats are more similar to

the SHR/NCrl than to the WKY/NHsd rats (Sagvolden et al. 2008). Behaviorally,

WKY/NCrl rats are more similar to the WKY/NHsd strain in some tasks, but are

more similar to SHR/NCrl in others. We will argue that the SHR/NCrl strain, with

the WKY/NHsd substrain acting as controls, is the best animal model of ADHD-C

Rat Models of ADHD 307



if this subtype really exists, or ADHD with individually highly variable dimensions

of inattention and overactivity (Perry et al. 2010a, b) in a dimensional view of

ADHD (Lahey and Willcutt 2010).

The newly described genetic and behavioral changes in theWKY/NCrl make this

a promising model of ADHD-I (Sagvolden et al. 2008) if subtypes of ADHD exist.

Both the WKY/NCrl and SHR/NCrl strains are inattentive relative to Sprague

Dawley and Wistar/HanTac controls strains. However, WKY/NCrl rats are neither

hyperactive nor impulsive, like the SHR/NCrl rat (Sagvolden et al. 2008). It is

conceivable; however, that inattention is a phenomenon by itself and not necessarily

associatedwith ADHD. Then, theWKY/NCrlmight not be amodel of ADHD, but of

some other disorder mainly associated with inattention.

Independent of whether or not the WKY/NCrl is a model of ADHD, the

heterogeneity between the WKY substrains makes it imperative that researchers

provide information about the substrain and breeder used in their studies to enable

empirical findings to be adequately evaluated by others.

3.2 ADHD: Defining Features and Situational Factors

One issue that might lead to disagreement regarding the validity of SHR/NCrl as an

animal model of ADHD is how findings are interpreted and extrapolated. A defining

feature of ADHD-C and of ADHD-H is hyperactivity. However, the DSM-IV

definition of ADHD does not say “always hyperactive,” but includes statements

like “have persisted for at least 6 months to a degree that is maladaptive and

inconsistent with the developmental level” or “present in more than two or more

settings.” Some animal researchers seem to assume that ADHD implies persistent

hyperactivity. Thus, if hyperactivity is not found in the animal model (in the

specific test used in the present study), it is not a valid model of ADHD. These

researchers fail to ask an additional, central question: “Are children with ADHD

always hyperactive?” The answer to that question is “no” based on findings

reported in the research literature, clinical experience, and reports from parents

and teachers.

As in people with ADHD, the degree of behavioral problems in SHR depends on

the task. Thus, the conclusion that a particular animal model is not valid for studies

of ADHD, based on results from one test, only, may simply be incorrect. This point

emphasizes the importance of good, reliable, translational tests that can be used in

the animal model as well as in children with ADHD to test the correspondence

between ADHD hyperactivity and hyperactivity in the animal model.

A second, related issue is the uncritical reliance on ADHD research literature

when designing animal model studies. Such studies may refer to findings that report

the presence of a particular behavioral change or cognitive deficit, which is then

investigated in the animal model. Researchers may sometimes conclude that the

results do not support continued use of an ADHD model, because a behavioral

change or cognitive deficit that has been reported in the ADHD literature is absent
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in the animal model. However, many behavioral measures and cognitive concepts

studied in ADHD, e.g., many aspects of “executive functions,” are not defining

features of the disorder. The literature on children diagnosed with ADHD is

inconsistent regarding most of these cognitive or behavioral measures. Further-

more, if a clinician observes a child with all the symptoms of ADHD, but without

the behavioral change or specific cognitive deficit in question, she or he would not

automatically conclude that this child does not have ADHD. Thus, categorical

conclusions on the validity of animal models based solely on one such measure

may be erroneous.

3.3 Age and Development

The lack of a positive response to medication is a final issue that sometimes is used

as an argument against the SHR/NCrl model of ADHD. As the greater majority of

patients with ADHD do respond positively, an animal model of ADHD should

do the same. However, a positive response to medication is not a defining feature of

ADHD: up to one in five children diagnosed with ADHD will similarly not respond

positively (Faraone and Buitelaar 2010).

Several studies find that psychostimulants improve symptoms of inattention,

hyperactivity, and impulsivity in SHR/NCrl (Sagvolden et al. 1992; Wultz et al.

1990; Myers et al. 1982; Sagvolden and Xu 2008). When some researchers do not

find ameliorating effects of medication in SHR/NCrl, it is important to consider

whether the behavioral measures are improved by medication in children with

ADHD. Furthermore, we may need to adopt a developmental perspective. The

effect of psychostimulant treatment in young and adolescent individuals may not be

the same as in adults; medication may interact with brain development and neuronal

pruning to produce its effects (Shaw et al. 2009; Bizot et al. 2007).

In this developmental perspective, we examined the expression of genes

involved in dopamine signaling and metabolism in the dorsal striatum and ventral

mesencephalon of SHR/NCrl and WKY/NCrl, as well as three reference control

strains (WKY/NHsd, WK/HanTac, and SD/NTac) using quantitative real-time

RT-PCR. In addition, we determined striatal dopamine transporter (DAT) density,

by ligand-binding assay, in the two ADHD-like strains at different developmental

stages and after methylphenidate treatment. In adult rats, the mRNA expression of

DAT and tyrosine hydroxylase was elevated in SHR/NCrl and WKY/NCrl rats

compared to control strains: differences in DAT and tyrosine hydroxylation expres-

sion between SHR/NCrl and WKY/NCrl rats were also evident. During normal

development, changes in striatal DAT densities occurred in both strains, with lower

densities in WKY/NCrl than SHR/NCrl after postnatal day 25. Two weeks of

methylphenidate treatment, during different developmental stages, was associated

with decreased striatal DAT density in both rat strains compared to the non-treated

rats with more pronounced effects followed by prepubertal treatment (Roessner

et al. 2010).
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Thus, use of old, hypertensive SHRs may potentially produce misleading results

when studying SHR/NCrl as an animal model of ADHD. Hypertension can have

deleterious effects on the brain function and produce spurious results. Studies of the

SHR/NCrl model should preferably use young, prehypertensive animals to avoid

this possible confound, although young adults with ADHD may be hypertensive as

well as obese (Fuemmeler et al. 2010).

4 Implications for Understanding ADHD

The dynamic developmental theory of ADHD (Johansen et al. 2005a; Sagvolden

et al. 2005a) suggests that reduced dopaminergic transmission changes fundamental

behavioral selection mechanisms. This arises from deficient reinforcement of

successful behavior, combined with deficient extinction (elimination) of unsuccess-

ful behavior. In SHR/NCrl, neurobiological evidence for such factors is found

both in the reduced dopamine efficacy (Sagvolden et al. 2009; Roessner et al.

2010) and in altered LTP in hippocampal slices (Jensen et al. 2009).

Such deficient selection mechanisms will slow the association (“chunking”) of

simple response units into longer, more elaborate chains of adaptive behavioral

elements that function as higher-order behavioral units (Miller 1956; Aase and

Sagvolden 2005; Aase et al. 2006; Perry et al. 2010a, b). Whenever behavioral units

are chunked together into a chain of responses that is emitted in this context, each

behavioral unit reliably precedes the next with high predictability. Consequently,

deficient or slowed chunking of behavior will increase intraindividual variability.

This is observed in children with ADHD and in the SHR (Aase and Sagvolden

2006; Johansen et al. 2009; Perry et al. 2010a, b).

5 Conclusions

There are no obvious behavioral differences among the various SHRs, but there are

behavioral and neurobiological differences among the WKY strains. Several strains

of rats may behave like WKY/NHsd rats; genetic studies indicate significant

differences between various “normal” strains. Thus, Sprague Dawley rats may be

a poor control for the SHR/NCrl, particularly in neurobiological studies. Given that

the Wistar WH/HanTac rats and WKY/NCrl deviate both genetically and behavior-

ally from the WKY/NHsd, the use of these strains as controls for SHRs may

produce spurious neurobiological differences. Thus, WKY/NHsd is the most appro-

priate control for SHR/NCrl. As a consequence, data may be misinterpreted if

researchers or readers do not pay attention to the strain or substrain that was used

in a study.

It is likely that lack of attention to such factors has led to erroneous conclusions

in studies involving the SHR, WKY, and other comparison strains, in model studies
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of ADHD. The SHR/NCrl is the best-validated animal model of ADHD. Genetic

and neurobiological data strengthen such a conclusion. Recent data suggest that the

WKY/NCrl is inattentive, but it is unclear whether this substrain can be used as a

model of ADHD.

The availability of validated ADHD animal models has substantial implications

for research. Unlike some disorders, such as schizophrenia or bipolar disorder (for

which there exist brain tissue resource centers), brain tissue is not available for

ADHD patients. Animal models provide a source of such tissue for studies of gene

expression, epigenetics, neuroanatomy, cellular neurophysiology, and other meth-

ods. Animal models of ADHD can also be used to search for ADHD genes using

linkage or association analysis and to search for gene–environment interactions

by exposing susceptible animals to environmental toxins (e.g., polychlorinated

biphenyls) suspected to be risk factors for ADHD (DasBanerjee et al. 2008; Holene

et al. 1998; Kuehn 2010). The SHR/NCrl is clearly useful for these.
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Abstract Epigenetics is the field of research that examines alterations in gene

expression caused by mechanisms other than changes in DNA sequence. ADHD is

highly heritable; however, epigenetics are considered relevant in potentially

explaining the variance not accounted for by genetic influence. In this chapter,

some of the well-known processes of epigenetics, such as chromosome organiza-

tion, DNA methylation, and effects of transcriptional factors are reviewed along

with studies examining the role of these processes in the pathophysiology of

ADHD. Potential epigenetic factors conferring risk for ADHD at various
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developmental stages, such as alcohol, tobacco, toxins, medications, and psychoso-

cial stressor are discussed. Animal studies investigating ADHD medications

and changes in CNS Gene/Protein Expression are also explored since they provide

insight into the neuronal pathways involved in ADHD pathophysiology.

The current limited data suggest that identification of the epigenetic processes

involved in ADHD is extremely important and may lead to potential interventions

that may be applied to modify the expression of deleterious, as well as protective,

genes.

Keywords ADHD � DNA methylation � Epigentics � Gene transcription �
Gene–environment

Abbreviations

ADHD Attention deficit hyperactivity disorder

alpha2A-AR a2A-Adrenoceptor
ApT Adenine-thymine base pair

CD Conduct disorder

CpG Cytosine-guanine base pair

CREB Cyclic nucleotide response element binding protein

DAT Dopamine transporter

DES Diethylstilbestrol

DZ Dizygotic

GATA-1 Erythroid transcription factor

GC Guanine-cytosine

hERG Human Ether-a-go-go

IEG Immediate early gene

IMAGE International Multicentre ADHD Genetics Project

MAOB Monoamine oxidase-B

MPH Methylphenidate

MSN-D10 Medium sized spiny neurons expressing dopamine D1 receptors

MZ Monozygotic

ODD Oppositional defiant disorder

VNTR Variable number tandem repeat

1 Introduction

Epigenetics is a rapidly growing field of research that examines alterations in gene

expression caused by mechanisms other than changes in DNA sequence. The

molecular basis of epigenetics involves activation or repression of certain genes

without changing the basic structure of the DNA. The most common example is the

transformation of a pluripotent cell line in the embryo that leads to differentiated
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cells such as muscle, bone, and neurons. These epigenetic changes are preserved

over cell division so that muscle cells continue to produce muscle cells and not bone

cells (reviewed by: (Li 2002; Robertson 2005; Tsankova et al. 2007; Feinberg

2008). Most epigenetic changes are limited to one individual over the course of

his/her lifetime, but if a mutation in the DNA has been caused, some epigenetic

changes are inherited from one generation to the next (Chandler 2007).

Although DNA serves as a library of genes, determining which genes are

expressed or silenced during different developmental stages falls under the

control of various epigenetic processes. Some of the processes that determine

whether genes are expressed or silenced are well known, such as DNA methyla-

tion (Robertson 2005) and transcription factors (Latchman 1997). Other, less

well-defined, epigenetic processes in humans include paramutation (one allele

can cause a heritable change in the expression of the homologous allele) (Hollick

et al. 1997) and bookmarking (the phenotype of a lineage of cells is maintained

such that a specific cell type continues to divide into the same cell type) (Sarge

and Park-Sarge 2005). The effects of environmental factors, including teratogens,

such as metals and air pollutants, and endocrine-disrupting chemicals, such as

diethylstilbestrol (DES), on the epigenetic processes of DNA methylation, histone

modifications, and microRNA are also being determined (Jirtle and Skinner

2007). Whether such modifications are transmitted transgenerationally in humans

remains to be determined (Baccarelli and Bollati 2009). In this chapter, we

review the general processes involved in epigenetics and explore their relevance

to ADHD.

2 General Processes Involved in Epigenetics

2.1 Chromosome Organization

Chromatin consists of DNA, histone proteins, and non-histone proteins. As depicted

in Figure 1, DNA is coiled around histone proteins that are organized in sets of eight

(nucleosome). When chromatin is condensed, it is inactive (heterochromatin) and

does not allow transcription of genes. Small groups of nucleosomes can open to an

active state (euchromatin) as a result of various mechanisms including methylation,

acetylation, phosphorylation, ubiquitylation, and SUMOylation (Berger 2007;

Feinberg 2008). Some chromatin, where histones and DNA are methylated and

bound to repressor proteins, are never accessible to transcription. Other portions of

chromatin are in “repressed” or “permissive states” to facilitate critical processes,

such as cell division, or to modulate the regulation of neural developmental

maturation.
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2.2 DNA Methylation

The DNA library is composed of over 3 billion base pairs, adenine-thymine (ApT)

and cytosine-guanine (CpT) bound by a phosphate. In about 2–7% of the CpG

dinucloetide pairs, the cytosine is methylated (mCpG) and this usually, but not

always (Wu et al. 2010), results in repression of transcription. In the past, it was

thought that CpG dinucleotides in the unmethylated state were clustered (referred to

as CpG islands) near transcription start sites (promoters) thus promoting gene

transcription. However, unbiased genome-wide analyses have shown that DNA

methylation is widespread across the euchromatic portion of mammalian genomes

and predominantly takes place in regions outside proximal promoters, including

intergenic regions and gene bodies. Wu and colleagues have shown that although

methylation of DNA sequences in promoters tends to be repressive, methylation

of DNA sequences beyond the promoters can actually promote gene expression

(Wu et al. 2010).

The most dramatic example of transcriptional repression is seen in females

where one of the X chromosomes is extensively methylated and rendered inactive

(Goto and Monk 1998). DNA methylation can also occur in the parental germ line.

A gene that is methylated in the female germ line, but not in the male germ line,

results in an organism where the paternal gene is expressed in the somatic cells,

whereas the maternal gene is silenced. The term used to describe a gene that

is marked in some way, so that it remembers which parent it came from, is

known as “imprinting” (Wood and Oakey 2006). During the development of

the gametes, this methylation imprint is erased and re-established during oogenesis

but not during spermatogenesis. The methylated genes inherited from one sex

can be unmethylated when it is passed onto the offspring of the opposite sex so

that these methylation imprints are re-set at each generation depending on the sex

of the organism (Reik et al. 2001).

Cancer was the first human disease shown to result from epigenetic activation

of tumor suppression and/or silencing of tumor-suppressor genes (Feinberg and
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Fig. 1 DNA is tightly wrapped around the nucleosome, composed of 8 histone proteins. Methyl-

ation of histone proteins results in repression while acetylation results in a permissive state that

facilitates gene expression. (Figure adapted from Tsankova et al. (2007))
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Tycko 2004). Some neuropsychiatric disorders that are examples of DNA methyla-

tion include Fragile X syndrome. This is caused by an abnormal expansion of CGG

repeats in the FMR1 gene that make it unstable. This results in methylation of DNA

and silencing of the gene that codes for the FMR protein leading to the most

common form of mental retardation, autistic behaviors, macrocephaly, long and

narrow face with large ears, macroorchidism, hypotonia (Levenson and Sweatt

2005; Lim et al. 2005) and ADHD (Baumgardner et al. 1995). In Rett Syndrome,

the loss of developmental milestones has been attributed to abnormal gene expres-

sion in the brain caused by a lack of a normal MeCP2 protein that recognizes

methylated DNA and helps to repress gene expression (Amir et al. 1999).

DNA methylation depends on dietary methionine and folate. Diets deficient in

methionine have been reported to lead to DNA hypomethylation and higher rates of

liver cancer in rats (Wilson et al. 1984). Hypomethylation of the agouti gene has

also been shown to affect coat color in mice (Waterland and Jirtle 2003).

2.3 Transcription Factors

As reviewed by Latchman, for a gene to be expressed, DNA needs to be transcribed

to RNA (Latchman 1997). The process, occurring in the nucleus of eukaryotic cells,

is mediated by positive and negative regulatory proteins that bind to specific regions

of the DNA and stimulate or inhibit transcription (Karin 1990). These groups of

proteins are called transcription factors. Basal transcription factors are proteins that

facilitate the proper alignment of RNA polymerase on the DNA template strand,

whereas special transcription factors, such as those involved in the regulation of

heat, light, and hormone inducible genes, bind to enhancers located in the vicinity

of a gene (Thomas and Chiang 2006).

3 Are Epigenetic Effects Relevant in ADHD?

Twin studies attempting to distinguish between genetic and environmental

influences in Attention Deficit Hyperactivity Disorder (ADHD) have reported

heritability ranging between 30 and 90% (Kuntsi et al. 2005; Price et al. 2005;

Saudino et al. 2005; Hay et al. 2007; Polderman et al. 2007; Derks et al. 2008; Mick

and Faraone 2008; Ouellet-Morin et al. 2008; Wood et al. 2008). Epigenetics,

therefore, would be relevant since the rest of the variance may be explained by

nonadditive genetic influences, such as dominant effects (Derks et al. 2008), as well

as shared and nonshared environmental influences (Hay et al. 2004, 2007; Larsson

et al. 2004; Kuntsi et al. 2005) that could result from epigenetic factors.

ADHD persists throughout the lifespan (Scahill and Schwab-Stone 2000;

Barkley et al. 2006). However, some of the clinical symptoms vary throughout

development. Twin studies indicate that hyperactive symptoms are more stable in
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early and middle childhood, whereas attention problems are more stable in late

childhood and adolescence (van der Valk et al. 1998, Larsson et al. 2004, Rietveld

et al. 2004, Hay et al. 2007). Both inattention and hyperactivity subscales have been

shown to be highly heritable and to substantially share genetic effects (McLoughlin

et al. 2007). Thus, the decrease in hyperactivity noted with aging could potentially

be due to epigenetic factors decreasing the expression of genes involved in activity

levels.

ADHD medications are known to affect neurotransmitter function in humans.

However, animal studies are pointing to epigenetic effects as well. In one study,

over 700 genes involved in the formation, maturation, and stability of neural

connections were elevated in the striatum of rats treated with methylphenidate

(Adriani et al. 2006b). ADHDmedications also change the expression of immediate

early genes (IEGs) and define brain areas potentially involved in ADHD (Lin et al.

1996; Yano and Steiner 2005b).

4 ADHD and Epigenetic Processes

The dopamine transporter gene (DAT; SLC6A3), the most extensively studied

candidate gene in ADHD, confers a small amount of risk for ADHD (Mick and

Faraone 2008). This may be because factors involved in its expression contribute to

the phenotypic variability. A recent report highlights features of this gene that

render it sensitive to epigenetic factors (Shumay et al. 2010). Some of these

features, summarized in Table 1, include the large number of variable number of

tandem repeats (VNTRs) that indicate a tendency for chromatin structure to remain

highly accessible to modifiers. High CpG density throughout the gene, especially in

its promoter sequence, as well as the several transcription factors, such as Sp1

which mediates hormone dependent gene activation, further increase this gene’s

vulnerability to epigenetic influences.

Furthermore, DAT mRNA expression has been reported to decrease with age

(Bannon and Whitty 1997) and in response to medication (Volkow et al. 2005),

environmental factors (Volkow et al. 2005), and pathogens (Wang et al. 2004).

Table 1 Major epigenetic processes and their potential role in SLC6A3 (ADHD risk gene)

expression

Chromosome

organization

Over 90 VNTRs in SLC6A3 gene body indicate tendency to open chromatin

structure and increase accessibility to modifiers (Shumay et al. 2010)

DNA methylation

SLC6A3 is Cytosine guanine base pair dense especially in its promoter

(Shumay et al. 2010)

Transcription

regulation

SLC6a3’s flanking sequences contain binding sites for GATA-1, CREB,

C-Myc, cis-acting regulatory elements. (Shumay et al. 2010)

322 J. Elia et al.



4.1 Imprinting

Whereas paternal and maternal genomic contributions may be equal, they are not

functionally equivalent. In the earliest studies of imprinting, maternal deficiency

and paternal duplication for the distal region of chromosome 2 resulted in hyperki-

netic mice whereas the opposite, maternal duplication/paternal deficiency, resulted

in hypokinetic mice (Cattanach and Kirk 1985).

In human studies, parental gender and parent-of-origin effects may play a role in

ADHD, conferring different quantitative or qualitative phenotypic manifestations.

Several family-based studies have reported paternal overtransmission to ADHD-

affected individuals of alleles at ADHD candidate genes, including HTR1B (Hawi

et al. 2002; Quist et al. 2003; Smoller et al. 2006), SNAP25 (Brophy et al. 2002;

Kustanovich et al. 2003; Mill et al. 2004), BDNF (Kent et al. 2005), DDC
(Hawi et al. 2001), SLC6A4 (Hawi et al. 2005; Banerjee et al. 2006) DRD4,
DRD5, SLC6A3, TPH2 (Hawi et al. 2005). Maternal overtransmission was reported

for GNAL (Laurin et al. 2008). Other studies, however, reported negative findings

(Kim et al. 2007; Laurin et al. 2007) including the recent International Multicentre

ADHD Genetics Project (IMAGE) study that tested 47 autosomal genes for

overall association as well as a gene-specific effect of the parent of origin (Anney

et al. 2008).

4.2 Gene–Environmental Interactions: Two-Hit Hypothesis

Animal studies have shown that malnutrition, maternal stress, infection, and toxic

compounds (lead, bisphenol) influence prenatal brain development in circuits

relevant to ADHD. For example, dopaminergic and serotonergic deficiencies

were reported in young adult rats exposed prenatally to bacterial lipopolysaccharide

(Wang et al. 2009). Low-dose prenatal and neonatal bisphenol exposure resulted in

deficits in development of synaptic plasticity in rat dorsal striatum (Zhou et al.

2009). Prenatal protein deprivation increased postpubertal behavioral response to

dopamine agonists (e.g., amphetamine) (Palmer et al. 2008). Hyperactivity and

alteration of the midbrain dopaminergic system were reported in the male offspring

of maternally stressed mice (Son et al. 2007). Serotonin depletion in pregnant rats

has been shown to result in decreased whole brain tissue 5-hydroxyindoleactic acid

and 5-hydroxytryptamine concentrations and increased locomotor activity in adult

offspring (Vataeva et al. 2007). In children, exposure to polychlorinated bisphenyls

(PCBs) (Eubig et al. 2010), lead (Cho et al. 2010; Eubig et al. 2010) and tobacco

(Cho et al. 2010) have been associated with ADHD symptoms.

Also of clinical importance is prenatal exposure to synthetic glucocorticoids

frequently used in the management of preterm labor. As reviewed by Kappor and

colleagues (Kapoor et al. 2008), synthetic glucocorticoids enter the fetal circula-

tion, especially in late gestation, and exert epigenetic effects by attenuating the fetal
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hypothalamic-pituitary-axis. Whereas these medications are effective in improving

lung maturation in the developing fetus, repeated antenatal exposure to synthetic

glucocorticoids has been associated with ADHD in children (French et al. 2004).

Overexpression of dopamine-related genes, including cyclin-dependent kinase

inhibitor 1C (Cdkn1c), known to be critical for dopaminergic neuronal develop-

ment, has also been reported in the offspring of mouse dams, which had been given

a diet deficient in proteins throughout pregnancy and lactation, versus a control

group that received adequate protein. In these animals, methylation of the promoter

region of Cdkn1c was decreased by half and Cdkn1c mRNA expression was

increased across brain regions in those animals that were hyperactive and had

altered reward processing (Vucetic et al. 2010). Embryonic growth retardation

and low birth weight have been shown in transgenic mice where Cdkn1c was

overexpressed (Andrews et al. 2007). This, or other epigenetic factors, may explain

the risk of lower birth weight associated with ADHD in monozygotic (MZ) birth

weight-discordant twin pairs (Sharp et al. 2003; Leff et al. 2004; Asbury et al. 2006;

Lehn et al. 2007) where the lighter twin from both the monozygotic (MZ) and

dizygotic (DZ) birth weight-discordant twins showed higher ADHD ratings

(Hultman et al. 2007).

In humans, maternal mutations in genes coding for enzymes involved in seroto-

nin synthesis have been reported to potentially confer risk for ADHD in their

offspring (Halmoy et al. 2010). In rat pups exposed to glucocuroticoids in

the perinatal period, the organization of midbrain dopaminergic populations was

permanently altered. Furthermore in males, the cytoarchitecture resembled that

of females (McArthur et al. 2007). These changes may result from changes in

neuroanatomy or neuronal or glial functions arising from epigenetic changes.
Maternal smoking during pregnancy has also been associated with ADHD in

some studies (Naeye and Peters 1984; Fried and Makin 1987; McIntosh et al. 1995;

Milberger et al. 1996, 1997; O’Callaghan et al. 1997; Mick et al. 2002; O’Connor

et al. 2002; Kotimaa et al. 2003; Thapar et al. 2003; Langley et al. 2005; Linnet

et al. 2005; Braun et al. 2006; Huizink and Mulder 2006; Neuman et al. 2007),

although to a lesser degree when genetic risk is controlled for (Knopik et al. 2006).

Comorbid conditions may play a role here since prenatal nicotine exposure has also

been associated with Oppositional Defiant Disorder (ODD) and Conduct Disorder

(CD: (Orlebeke et al. 1999; Day et al. 2000; Wakschlag et al. 2002; Maughan et al.

2004; Huizink and Mulder 2006). A longitudinal study that considered potential

overlapping factors and included low birth weight and normal birth weight children

found that prenatal maternal smoking was strongly linked to ODD and CD,

independent of birth weight, but not to ADHD. Only low birth weight was found

to be associated with ADHD in this study. Maternal smoking was also confounded

by maternal drug abuse and educational level (Nigg and Breslau 2007).

In a 2006 study (Brookes et al. 2006), in which 28.6% of mothers smoked

cigarettes (approximately 3 months during gestation) and 57.8% drank alcohol at

some time during pregnancy, a significant interaction was found for the 10/3

haplotype encompassing the SLC6A3 gene and maternal alcohol use, whereas no

interaction with genotype was observed for maternal smoking. Kahn and colleagues
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reported that children homozygous for the SLC6A3 VNTR 480/480 genotype and

also exposed to nicotine in utero had higher parental ratings on measures of

hyperactivity-impulsivity and oppositional behaviors (Kahn et al. 2003). In a

study of twin pairs, for the 24% of mothers who reported smoking during pregnancy

their offspring had higher incidence of ADHD symptoms than those not exposed to

prenatal nicotine. Risk for ADHD was greater in twins with the SLC6A3 440 allele

who were exposed to in utero nicotine than twins who had neither risk factor, while
no significant interaction was found for SLC6A3 480 allele carriers. The DRD4
7-repeat (Neuman et al. 2007) and CHRNA4 variants (Todd and Neuman 2007)

were also associated with higher ADHD risk for individuals with prenatal exposure,

although gestational age and birth weights were not accounted for in these studies.

No gene by environment interactions were detected for DRD4 7-repeat and prenatal
nicotine exposure in a large cohort of 539 ADHD-affected children and 407

nonaffected siblings who had participated in the IMAGE study (Altink et al. 2008).

Although gestational alcohol exposure has also been associated with ADHD

(Bhatara et al. 2006; Fryer et al. 2007), twin studies do not confirm this association

(Neuman et al. 2006). Offspring of female MZ and DZ twins, concordant or

discordant for alcohol use during pregnancy, had a higher risk of having ADHD

than controls (Knopik et al. 2006). A pilot study, reporting higher risk of ADHD

in children of parents with substance use disorder (alcohol and other substances),

did not control for CD or other comorbidities (Wilens et al. 2005). Studies have also

not taken into account maternal levels of alcohol dehydrogenase activity, which

may be important given that maternal absence of the alcohol dehydrogenase allele

(ADH1B*3) and prenatal alcohol exposure resulted in higher ADHD symptoms

in offspring (Jacobson et al. 2006).

Psychosocial adversity (measured as a composite of family adversity that

included overcrowding, marital discord, lack of social support) in adolescents

homozygous for the SLC6A3 480 allele resulted in greater ADHD symptoms than

in adolescents with other genotypes or with more favorable environments (Laucht

et al. 2007).

Epigenetic factors may also be relevant in ADHD comorbidity. By attenuating

the expression of a2A-adrenoceptors in neonatal rat brainstem, through antisense

technology and RNA interference, a decrease in anxiety-related behaviors and

increases in a2A-adrenoceptor densities in the hypothalamus of adult animals

have been reported (Shishkina et al. 2004).

Investigating gene–environment interactions is complicated by numerous

confounding effects. For example, use of tobacco by pregnant women is indepen-

dently linked to other factors that could potentially confer risk, such as lower birth

weight (Secker-Walker et al. 1997), stress (Rodriguez and Bohlin 2005), premature

rupture of membranes and placental abruption (Andres and Day 2000). Regular

smoking is also more prevalent in women alcoholics, who are also more likely to

smoke during pregnancy (Knopik et al. 2005, 2006).
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5 ADHD Medications and Gene Expression

The mechanism of action of ADHD medications is not well-understood (Heal et al.

2011). Most studies have focused on synaptic reuptake or release of neurotrans-

mitters (Swanson and Volkow 2002) but this may be only one mechanism. Admin-

istration of methylphenidate in adolescent rats has been reported to upregulate over

700 genes in the striatum involved in neural and synaptic plasticity. These included

three main groups: (1) genes involved in migration of immature neural/glial cells

and/or growth of new axons; (2) genes involved in axonal myelination and stabili-

zation of myelinating glia–axon contacts; and (3) genes involved in mature pro-

cesses such as intercellular junctions, neurotransmitter receptors and proteins

responsible for transport and anchoring (Adriani et al. 2006a, b) .

5.1 ADHD Meds and Gene/Protein Expression

As summarized in Table 2, methylphenidate has also been reported to increase

cortical gene expressions of Egr1 (Zif 268), a mammalian transcription factor

whose induction is associated with neuronal activity (Yano and Steiner 2005a),

and regulation of synaptobrevin II, a protein important for vesicular exocytosis

(Petersohn and Thiel 1996). Chronic methylphenidate administration increased

both the density of dendritic spines in MSN-D1 (medium sized spiny neurons

expressing dopamine D1 receptors) from the core and shell of the nucleus

accumbens and MSN-D2 (MSN expressing dopamine D2 receptors from the shell

of the nucleus accumbens). Expression of DFosB, which is implicated in the control

of the reward system in the brain and may play a role in drug addiction (Hope

1998), was increased by chronic methylphenidate administration only in MSN-D1

from all areas of the striatum.

Chronic d-amphetamine administration has been reported to increase synaptic

protein expression (spinophilin) in the striatum as well as in septum, hippocampus,

amygdala, and cingulate cortex (Boikess and Marshall 2008). Rats given an

escalating dose of d-amphetamine (1–8 mg/kg) for five weeks were found to have

upregulation of spinophilin and the vesicular glutamate transporter gene, VGLUT1,
in the thalamus, lateral hypothalamus, and habenula (Boikess et al. 2010).

d-Amphetamine treatment (>1 month) increased the length of dendrites, the den-

sity of dendritic spines, and the number of branched spines in the prefrontal cortex

and the nucleus accumbens (Robinson and Kolb 1997). Increased spine density

has also been reported in the striatum (Li et al. 2003). Acute administration of

d-amphetamine increased expression of Ras-GRF1 but not GRF2 in the striatum

and prefrontal cortex. No changes were seen in the hippocampus (Parelkar et al.

2009). D-Amphetamine administration also downregulates a GABA synthesizing

enzyme (GAD67 expression in the olfactory bulb of mouse deficient in monoamine

oxidase B (MAOB) (Yin et al. 2010) while in a separate study, the neurons
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activated by d-amphetamine in the ventral tegmental area were predominantly

GABAergic (Rotllant et al. 2010).

It is also important to note that acute and chronic administration as well as the

time of exposure during development may be important. As shown with methyl-

phenidate, exposure during adolescence resulted in upregulation of Grik2 (gene

encoding for a subunit of a kainite glutamate receptor known to mediate excitatory

neurotransmission and synaptic plasticity in brain) and Htr7 (cell receptor involved

in serotonergic neurotransmission) into adulthood (Adriani et al. 2006a). Clonidine,

an a2-adrenoceptor agonist, has been reported to increase the level of apoptotic

enzyme caspace-3MRNA expression in the brainstem of rats during fetal develop-

ment and after birth, but not in older pups, suggesting that it facilitates cell death in

the developing brain (Dygalo et al. 2004).

5.2 ADHD Medications and Immediate Early Genes

Animal studies investigating IEGs that are expressed in the brain, such as c-Fos and
homer 1a, are providing a window into brain areas activated by ADHD

medications. These IEGs are activated transiently and rapidly in response to a

wide variety of cellular stimuli including medications. As summarized in Table 2,

acute administration of methylphenidate and d-amphetamine has been shown to

increase expression of c-Fos the striatum (caudate-putamen), cortex (mediofrontal),

amygdala, lateral habenula, paraventricular nuclei of the hypothalamus, ventral

tegmental area, and raphe nuclei (Graybiel et al. 1990; Johansson et al. 1994; Dalia

andWallace 1995; Konradi et al. 1996; Lin et al. 1996; Badiani et al. 1998; Carr and

Kutchukhidze 2000; Day et al. 2001; Penner et al. 2002; Brandon and Steiner 2003;

Ostrander et al. 2003a, b; Trinh et al. 2003; Miyamoto et al. 2004; Yano and Steiner

2005b). These findings indicate that methylphenidate and d-amphetamine affect

transcription and synaptic plasticity of regulatory proteins in specific corticostriatal

circuits, such as those implicated in attentional functions. Methylphenidate has also

been reported to increase cortical gene expressions of Homer 1a (Yano and Steiner

2005a) and c-fos (Lin et al. 1996; Trinh et al. 2003). They also support dopaminer-

gic-enhancing activity for methylphenidate and d-amphetamine since the caudate

nucleus receives projections from mesencephalic dopaminergic neurons, with their

neurotransmission mediated by dopamine D1 and D2 receptors (Graybiel et al.

1990). Furthermore, the mediofrontal cortex is the target of the mesoneocorital

system originating from the dopaminergic ventral tegmental area of Tsai (VTA-

A10) (Swanson 1982). Treatment with methylphenidate resulted in a greater num-

ber of cortical cells expressing c-fos than did treatment with a bioequivalent dose of

d-amphetamine, suggesting that the dopaminergic mesoneocortical system may be

more sensitive to the former compound (Lin et al. 1996). In contrast, modafanil

induced c-Fos expression in neurons of the anterior hypothalamic nucleus and

adjacent suprachiasmatic borders suggesting that many areas may be involved in

maintaining alertness (Lin et al. 1996).
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5.3 ADHD Medications, Gene Expression, and Adverse Effects

Investigating gene expression is also being used as a tool better to understand

adverse effects of ADHD medications. An example is atomoxetine, which was

associated with mild but significant increases in heart rate and blood pressure and

mild QT prolongation (Wernicke et al. 2003). However, further studies have shown

that atomoxetine blocked hERG channels in a dose-dependent manner (Scherer

et al. 2009): hERG (human Ether-a-go-go related gene) encodes for the a subunit of

a potassium ion channel protein (Ikr) that mediates the repolarization current of the

cardiac action potential (Kiehn et al. 1999). Atomoxetine induced a prolonged

action potential in guinea pig cardiomyocytes – the prolongation was in the

plateau phase with only minor effects on phase 3 repolarization, suggesting

that the proarrhythmic potential is low. High atomoxetine concentrations also

resulted in a reduction of hERG expression but this did not occur at atomoxetine

concentrations within the therapeutic range (Scherer et al. 2009). This suggests

that there may be greater risk in subjects with overdoses, in those with slower

metabolism, due to 2D6 variants and impaired hepatic and renal clearance (Scherer

et al. 2009), or who are taking a combination of medications, as has been reported in

two case reports (Barker et al. 2004; Sawant and Daviss 2004).

5.4 Gene Expression and Potential Novel Pathways in ADHD

Gene expression studies with ADHD medications may also point to mechanisms of

action of ADHD medications not yet considered in ADHD. For example, in the

CNS, noradrenaline inhibits the production of inflammatory factors. Treatment with

atomoxetine may limit the CNS inflammatory activity, not directly, but indirectly

by increasing noradrenaline availability, which in turn suppresses expression of

inflammatory cytokines (O’Sullivan et al. 2009).

6 Summary

The role of epigenetics in normal development, health, and neuropsychiatric

diseases is clearly extremely important. Identifying the processes involved in

ADHD will allow the development of interventions that may be applied to modify

the expression of deleterious genes as well as protective genes. Some of the

tools being used to identify areas of methylation throughout the genome include

high-throughput array-based methylation analysis (Irizarry et al. 2008) as well as

methylated DNA immunoprecipitation (Weber et al. 2005). In the future, these

tools, as well as newer ones, applied to ADHD samples, may reveal areas of the

genome that have not yet been considered important in ADHD.
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Gene expression enhanced by ADHD medications are also providing a window

into the brain areas involved in ADHD, as seen by studies investigating IEGs.

Animal studies are also showing the importance of the length of time of exposure to

medications, as well as the stage of development. As yet, we do not have the tools

needed to identify neurons inhibited by these medications. Finally, gene expression

studies with ADHD medications may also point to neuronal pathways or

mechanisms not yet considered in ADHD.

References

Adriani W, Leo D, Greco D, Rea M, di Porzio U, Laviola G, Perrone-Capano C (2006a)

Methylphenidate administration to adolescent rats determines plastic changes on reward-

related behavior and striatal gene expression. Neuropsychopharmacology 31:1946–1956

Adriani W, Leo D, Guarino M, Natoli A, Di Consiglio E, De Angelis G, Traina E, Testai E,

Perrone-Capano C, Laviola G (2006b) Short-term effects of adolescent methylphenidate

exposure on brain striatal gene expression and sexual/endocrine parameters in male rats.

Ann N Y Acad Sci 1074:52–73

Altink ME, Arias-Vasquez A, Franke B, Slaats-Willemse DI, Buschgens CJ, Rommelse NN, Fliers

EA, Anney R, Brookes KJ, Chen W, Gill M, Mulligan A, Sonuga-Barke E, Thompson M,

Sergeant JA, Faraone SV, Asherson P, Buitelaar JK (2008) The dopamine receptor D4 7-repeat

allele and prenatal smoking in ADHD-affected children and their unaffected siblings: no gene-

environment interaction. J Child Psychol Psychiatry 49:1053–1060

Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY (1999) Rett syndrome is

caused by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat Genet

23:185–188

Andres RL, Day MC (2000) Perinatal complications associated with maternal tobacco use. Semin

Neonatol 5:231–241

Andrews SC, Wood MD, Tunster SJ, Barton SC, Surani MA, John RM (2007) Cdkn1c (p57Kip2)

is the major regulator of embryonic growth within its imprinted domain on mouse distal

chromosome 7. BMC Dev Biol 7:53

Anney RJ, Hawi Z, Sheehan K, Mulligan A, Pinto C, Brookes KJ, Xu X, Zhou K, Franke B,

Buitelaar J, Vermeulen SH, Banaschewski T, Sonuga-Barke E, Ebstein R, Manor I, Miranda A,

Mulas F, Oades RD, Roeyers H, Rommelse N, Rothenberger A, Sergeant J, Steinhausen HC,

Taylor E, Thompson M, Asherson P, Faraone SV, Gill M (2008) Parent of origin effects in

attention/deficit hyperactivity disorder (ADHD): analysis of data from the international multi-

center ADHD genetics (IMAGE) program. Am J Med Genet B Neuropsychiatr Genet

147B:1495–1500

Asbury K, Dunn JF, Plomin R (2006) Birthweight-discordance and differences in early parenting

relate to monozygotic twin differences in behaviour problems and academic achievement at

age 7. Dev Sci 9:F22–F31

Baccarelli A, Bollati V (2009) Epigenetics and environmental chemicals. Curr Opin Pediatr

21:243–251

Badiani A, Oates MM, Day HE, Watson SJ, Akil H, Robinson TE (1998) Amphetamine-induced

behavior, dopamine release, and c-fos mRNA expression: modulation by environmental

novelty. J Neurosci 18:10579–10593

Banerjee E, Sinha S, Chatterjee A, Gangopadhyay PK, Singh M, Nandagopal K (2006) A family-

based study of Indian subjects from Kolkata reveals allelic association of the serotonin

transporter intron-2 (STin2) polymorphism and attention-deficit-hyperactivity disorder

(ADHD). Am J Med Genet B Neuropsychiatr Genet 141B:361–366

332 J. Elia et al.



Bannon MJ, Whitty CJ (1997) Age-related and regional differences in dopamine transporter

mRNA expression in human midbrain. Neurology 48:969–977

Barker MJ, Benitez JG, Ternullo S, Juhl GA (2004) Acute oxcarbazepine and atomoxetine

overdose with quetiapine. Vet Hum Toxicol 46:130–132

Barkley RA, Fischer M, Smallish L, Fletcher K (2006) Young adult outcome of hyperactive

children: adaptive functioning in major life activities. J Am Acad Child Adolesc Psychiatry

45:192–202

Baumgardner TL, Reiss AL, Freund LS, Abrams MT (1995) Specification of the neurobehavioral

phenotype in males with fragile X syndrome. Pediatrics 95:744–752

Berger SL (2007) The complex language of chromatin regulation during transcription. Nature

447:407–412

Bhatara V, Loudenberg R, Ellis R (2006) Association of attention deficit hyperactivity disorder

and gestational alcohol exposure: an exploratory study. J Atten Disord 9:515–522

Boikess SR, Marshall JF (2008) A sensitizing d-amphetamine regimen induces long-lasting

spinophilin protein upregulation in the rat striatum and limbic forebrain. Eur J Neurosci

28:2099–2107

Boikess SR, O’Dell SJ, Marshall JF (2010) A sensitizing d-amphetamine dose regimen induces

long-lasting spinophilin and VGLUT1 protein upregulation in the rat diencephalon. Neurosci

Lett 469:49–54

Brandon CL, Steiner H (2003) Repeated methylphenidate treatment in adolescent rats alters gene

regulation in the striatum. Eur J Neurosci 18:1584–1592

Braun JM, Kahn RS, Froehlich T, Auinger P, Lanphear BP (2006) Exposures to environmental

toxicants and attention deficit hyperactivity disorder in U.S. children. Environ Health Perspect

114:1904–1909

Brookes KJ, Mill J, Guindalini C, Curran S, Xu X, Knight J, Chen CK, Huang YS, Sethna V,

Taylor E, Chen W, Breen G, Asherson P (2006) A common haplotype of the dopamine

transporter gene associated with attention-deficit/hyperactivity disorder and interacting with

maternal use of alcohol during pregnancy. Arch Gen Psychiatry 63:74–81

Brophy K, Hawi Z, Kirley A, Fitzgerald M, Gill M (2002) Synaptosomal-associated protein 25

(SNAP-25) and attention deficit hyperactivity disorder (ADHD): evidence of linkage and

association in the Irish population. Mol Psychiatry 7:913–917

Carr KD, Kutchukhidze N (2000) Chronic food restriction increases fos-like immunoreactivity

(FLI) induced in rat forebrain by intraventricular amphetamine. Brain Res 861:88–96

Cattanach BM, Kirk M (1985) Differential activity of maternally and paternally derived chromo-

some regions in mice. Nature 315:496–498

Chandler VL (2007) Paramutation: from maize to mice. Cell 128:641–645

Cho SC, Kim BN, Hong YC, Shin MS, Yoo HJ, Kim JW, Bhang SY, Cho IH, Kim HW (2010)

Effect of environmental exposure to lead and tobacco smoke on inattentive and hyperactive

symptoms and neurocognitive performance in children. J Child Psychol Psychiatry

51:1050–1057

Colussi-Mas J, Geisler S et al (2007) Activation of afferents to the ventral tegmental area in

response to acute amphetamine: a double-labelling study. Eur J Neurosci 26(4):1011–1025

Dalia A, Wallace LJ (1995) Amphetamine induction of c-fos in the nucleus accumbens is not

inhibited by glutamate antagonists. Brain Res 694:299–307

Day NL, Richardson GA, Goldschmidt L, Cornelius MD (2000) Effects of prenatal tobacco

exposure on preschoolers’ behavior. J Dev Behav Pediatr 21:180–188

Day HE, Badiani A, Uslaner JM, Oates MM, Vittoz NM, Robinson TE, Watson SJ Jr, Akil H

(2001) Environmental novelty differentially affects c-fos mRNA expression induced by

amphetamine or cocaine in subregions of the bed nucleus of the stria terminalis and amygdala.

J Neurosci 21:732–740

Derks EM, Hudziak JJ, Dolan CV, van Beijsterveldt TC, Verhulst FC, Boomsma DI (2008)

Genetic and environmental influences on the relation between attention problems and attention

deficit hyperactivity disorder. Behav Genet 38:11–23

Epigenetics: Genetics Versus Life Experiences 333



Dygalo NN, Bannova AV, Kalinina TS, Shishkina GT (2004) Clonidine increases caspase-3

mRNA level and DNA fragmentation in the developing rat brainstem. Brain Res Dev Brain

Res 152:225–231

Eubig PA, Aguiar A, Schantz SL (2010) Lead and PCBs as risk factors for attention deficit/

hyperactivity disorder. Environ Health Perspect 118:1654–1667

Feinberg AP (2008) Epigenetics at the epicenter of modern medicine. JAMA 299:1345–1350

Feinberg AP, Tycko B (2004) The history of cancer epigenetics. Nat Rev Cancer 4:143–153

French NP, Hagan R, Evans SF, Mullan A, Newnham JP (2004) Repeated antenatal

corticosteroids: effects on cerebral palsy and childhood behavior. Am J Obstet Gynecol

190:588–595

Fried PA, Makin JE (1987) Neonatal behavioural correlates of prenatal exposure to marihuana,

cigarettes and alcohol in a low risk population. Neurotoxicol Teratol 9:1–7

Fryer SL, McGee CL, Matt GE, Riley EP, Mattson SN (2007) Evaluation of psychopathological

conditions in children with heavy prenatal alcohol exposure. Pediatrics 119:e733–e741

Goto T, Monk M (1998) Regulation of X-chromosome inactivation in development in mice

and humans. Microbiol Mol Biol Rev 62:362–378

Graybiel AM, Moratalla R, Robertson HA (1990) Amphetamine and cocaine induce drug-specific

activation of the c-fos gene in striosome-matrix compartments and limbic subdivisions of

the striatum. Proc Natl Acad Sci U S A 87:6912–6916

Halmoy A, Johansson S, Winge I, McKinney JA, Knappskog PM, Haavik J (2010) Attention-

deficit/hyperactivity disorder symptoms in offspring of mothers with impaired serotonin

production. Arch Gen Psychiatry 67:1033–1043

Hawi Z, Foley D, Kirley A, McCarron M, Fitzgerald M, Gill M (2001) Dopa decarboxylase gene

polymorphisms and attention deficit hyperactivity disorder (ADHD): no evidence for associa-

tion in the Irish population. Mol Psychiatry 6:420–424

Hawi Z, Dring M, Kirley A, Foley D, Kent L, Craddock N, Asherson P, Curran S, Gould A,

Richards S, Lawson D, Pay H, Turic D, Langley K, Owen M, O’Donovan M, Thapar A,

Fitzgerald M, Gill M (2002) Serotonergic system and attention deficit hyperactivity disorder

(ADHD): a potential susceptibility locus at the 5-HT(1B) receptor gene in 273 nuclear families

from a multi-centre sample. Mol Psychiatry 7:718–725

Hawi Z, Segurado R, Conroy J, Sheehan K, Lowe N, Kirley A, Shields D, Fitzgerald M, Gallagher

L, Gill M (2005) Preferential transmission of paternal alleles at risk genes in attention-deficit/

hyperactivity disorder. Am J Hum Genet 77:958–965

Hay D, Bennett KS, McStephen M, Rooney R, Levy F (2004) Attention deficit-hyperactivity

disorder in twins: a developmental genetic analysis. Aust J Psychol 56:99–107

Hay DA, Bennett KS, Levy F, Sergeant J, Swanson J (2007) A twin study of attention-deficit/

hyperactivity disorder dimensions rated by the strengths and weaknesses of ADHD-symptoms

and normal-behavior (SWAN) scale. Biol Psychiatry 61:700–705

Heal DJ, Smith SL, Findling RL (2011) ADHD: Current and future therapeutics. Curr Topics

Behav Neurosci DOI 10.1007/7854_2011_125

Hollick JB, Dorweiler JE, Chandler VL (1997) Paramutation and related allelic interactions.

Trends Genet 13:302–308

Hope BT (1998) Cocaine and the AP-1 transcription factor complex. Ann N Y Acad Sci 844:1–6

Huizink AC, Mulder EJ (2006) Maternal smoking, drinking or cannabis use during pregnancy and

neurobehavioral and cognitive functioning in human offspring. Neurosci Biobehav Rev

30:24–41

Hultman CM, Torrang A, Tuvblad C, Cnattingius S, Larsson JO, Lichtenstein P (2007) Birth

weight and attention-deficit/hyperactivity symptoms in childhood and early adolescence: a

prospective Swedish twin study. J Am Acad Child Adolesc Psychiatry 46:370–377

Irizarry RA, Ladd-Acosta C, Carvalho B, Wu H, Brandenburg SA, Jeddeloh JA, Wen B, Feinberg

AP (2008) Comprehensive high-throughput arrays for relative methylation (CHARM).

Genome Res 18:780–790

334 J. Elia et al.



Jacobson SW, Carr LG, Croxford J, Sokol RJ, Li TK, Jacobson JL (2006) Protective effects of the

alcohol dehydrogenase-ADH1B allele in children exposed to alcohol during pregnancy.

J Pediatr 148:30–37

Jirtle RL, Skinner MK (2007) Environmental epigenomics and disease susceptibility. Nat Rev

Genet 8:253–262

Johansson B, Lindstrom K, Fredholm BB (1994) Differences in the regional and cellular localiza-

tion of c-fos messenger RNA induced by amphetamine, cocaine and caffeine in the rat.

Neuroscience 59:837–849

Kahn RS, Khoury J, Nichols WC, Lanphear BP (2003) Role of dopamine transporter genotype and

maternal prenatal smoking in childhood hyperactive-impulsive, inattentive, and oppositional

behaviors. J Pediatr 143:104–110

Kapoor A, Petropoulos S, Matthews SG (2008) Fetal programming of hypothalamic-pituitary-

adrenal (HPA) axis function and behavior by synthetic glucocorticoids. Brain Res Rev

57:586–595

Karin M (1990) Too many transcription factors: positive and negative interactions. New Biol

2:126–131

Kent L, Green E, Hawi Z, Kirley A, Dudbridge F, Lowe N, Raybould R, Langley K, Bray N,

Fitzgerald M, Owen MJ, O’Donovan MC, Gill M, Thapar A, Craddock N (2005) Association

of the paternally transmitted copy of common Valine allele of the Val66Met polymorphism of

the brain-derived neurotrophic factor (BDNF) gene with susceptibility to ADHD. Mol Psychi-

atry 10:939–943

Kiehn J, Lacerda AE, Brown AM (1999) Pathways of HERG inactivation. Am J Physiol 277:

H199–H210

Kim JW, Waldman ID, Faraone SV, Biederman J, Doyle AE, Purcell S, Arbeitman L,

Fagerness J, Sklar P, Smoller JW (2007) Investigation of parent-of-origin effects in ADHD

candidate genes. Am J Med Genet B Neuropsychiatr Genet 144B:776–780

Kim Y, Teylan MA, Baron M, Sands A, Nairn AC, Greengard P (2009) Methylphenidate-induced

dendritic spine formation and DeltaFosB expression in nucleus accumbens. Proc Natl Acad Sci

U S A 106:2915–2920

Knopik VS, Sparrow EP, Madden PA, Bucholz KK, Hudziak JJ, Reich W, Slutske WS, Grant JD,

McLaughlin TL, Todorov A, Todd RD, Heath AC (2005) Contributions of parental alcoholism,

prenatal substance exposure, and genetic transmission to child ADHD risk: a female twin

study. Psychol Med 35:625–635

Knopik VS, Heath AC, Jacob T, Slutske WS, Bucholz KK, Madden PA, Waldron M, Martin NG

(2006) Maternal alcohol use disorder and offspring ADHD: disentangling genetic and envi-

ronmental effects using a children-of-twins design. Psychol Med 36:1461–1471

Koda K, Ago Y, Cong Y, Kita Y, Takuma K, Matsuda T (2010) Effects of acute and chronic

administration of atomoxetine and methylphenidate on extracellular levels of noradrenaline,

dopamine and serotonin in the prefrontal cortex and striatum of mice. J Neurochem

114:259–270

Konradi C, Leveque JC, Hyman SE (1996) Amphetamine and dopamine-induced immediate

early gene expression in striatal neurons depends on postsynaptic NMDA receptors and

calcium. J Neurosci 16:4231–4239

Kotimaa AJ, Moilanen I, Taanila A, Ebeling H, Smalley SL, McGough JJ, Hartikainen AL,

Jarvelin MR (2003) Maternal smoking and hyperactivity in 8-year-old children. J Am Acad

Child Adolesc Psychiatry 42:826–833

Kuntsi J, Rijsdijk F, Ronald A, Asherson P, Plomin R (2005) Genetic influences on the stability

of attention-deficit/hyperactivity disorder symptoms from early to middle childhood. Biol

Psychiatry 57:647–654

Kustanovich V, Merriman B, McGough J, McCracken JT, Smalley SL, Nelson SF (2003) Biased

paternal transmission of SNAP-25 risk alleles in attention-deficit hyperactivity disorder.

Mol Psychiatry 8:309–315

Epigenetics: Genetics Versus Life Experiences 335



Langley K, Rice F, van den Bree MB, Thapar A (2005) Maternal smoking during pregnancy as an

environmental risk factor for attention deficit hyperactivity disorder behaviour. A review.

Minerva Pediatr 57:359–371

Larsson JO, Larsson H, Lichtenstein P (2004) Genetic and environmental contributions to stability

and change of ADHD symptoms between 8 and 13 years of age: a longitudinal twin study.

J Am Acad Child Adolesc Psychiatry 43:1267–1275

Latchman DS (1997) Transcription factors: an overview. Int J Biochem Cell Biol 29:1305–1312

Laucht M, Skowronek MH, Becker K, Schmidt MH, Esser G, Schulze TG, Rietschel M (2007)

Interacting effects of the dopamine transporter gene and psychosocial adversity on attention-

deficit/hyperactivity disorder symptoms among 15-year-olds from a high-risk community

sample. Arch Gen Psychiatry 64:585–590

Laurin N, Feng Y, Ickowicz A, Pathare T, Malone M, Tannock R, Schachar R, Kennedy JL,

Barr CL (2007) No preferential transmission of paternal alleles at risk genes in attention-deficit

hyperactivity disorder. Mol Psychiatry 12:226–229

Laurin N, Ickowicz A, Pathare T, Malone M, Tannock R, Schachar R, Kennedy JL, Barr CL

(2008) Investigation of the G protein subunit Galphaolf gene (GNAL) in attention deficit/

hyperactivity disorder. J Psychiatr Res 42:117–124

Leff S, Costigan TE, Power TJ (2004) Using participatory action research to develop a

playground-based prevention program. J Sch Psychol 42:3–21

Lehn H, Derks EM, Hudziak JJ, Heutink P, van Beijsterveldt TC, Boomsma DI (2007) Attention

problems and attention-deficit/hyperactivity disorder in discordant and concordant monozy-

gotic twins: evidence of environmental mediators. J Am Acad Child Adolesc Psychiatry

46:83–91

Levenson JM, Sweatt JD (2005) Epigenetic mechanisms in memory formation. Nat Rev Neurosci

6:108–118

Li E (2002) Chromatin modification and epigenetic reprogramming in mammalian development.

Nat Rev Genet 3:662–673

Li Y, Kolb B, Robinson TE (2003) The location of persistent amphetamine-induced changes in

the density of dendritic spines on medium spiny neurons in the nucleus accumbens and

caudate-putamen. Neuropsychopharmacology 28:1082–1085

Lillrank SM, Lipska BK, Bachus SE, Wood GK, Weinberger DR (1996) Amphetamine-induced

c-fos mRNA expression is altered in rats with neonatal ventral hippocampal damage. Synapse

23:292–301

Lim JH, Booker AB, Fallon JR (2005) Regulating fragile X gene transcription in the brain and

beyond. J Cell Physiol 205:170–175

Lin JS, Hou Y, Jouvet M (1996) Potential brain neuronal targets for amphetamine-, methylpheni-

date-, and modafinil-induced wakefulness, evidenced by c-fos immunocytochemistry in the

cat. Proc Natl Acad Sci U S A 93:14128–14133

Linnet KM, Wisborg K, Obel C, Secher NJ, Thomsen PH, Agerbo E, Henriksen TB (2005)

Smoking during pregnancy and the risk for hyperkinetic disorder in offspring. Pediatrics

116:462–467

Maughan B, Taylor A, Caspi A, Moffitt TE (2004) Prenatal smoking and early childhood

conduct problems: testing genetic and environmental explanations of the association. Arch

Gen Psychiatry 61:836–843

McArthur S, McHale E, Gillies GE (2007) The size and distribution of midbrain dopaminergic

populations are permanently altered by perinatal glucocorticoid exposure in a sex- region- and

time-specific manner. Neuropsychopharmacology 32:1462–1476

McIntosh DE, Mulkins RS, Dean RS (1995) Utilization of maternal perinatal risk indicators in the

differential diagnosis of ADHD and UADD children. Int J Neurosci 81:35–46

McLoughlin G, Ronald A, Kuntsi J, Asherson P, Plomin R (2007) Genetic support for the dual

nature of attention deficit hyperactivity disorder: substantial genetic overlap between the

inattentive and hyperactive-impulsive components. J Abnorm Child Psychol 35:999–1008

336 J. Elia et al.



Mick E, Faraone SV (2008) Genetics of attention deficit hyperactivity disorder. Child Adolesc

Psychiatr Clin N Am 17:261–284, vii-viii

Mick E, Biederman J, Faraone SV, Sayer J, Kleinman S (2002) Case-control study of attention-

deficit hyperactivity disorder and maternal smoking, alcohol use, and drug use during

pregnancy. J Am Acad Child Adolesc Psychiatry 41:378–385

Milberger S, Biederman J, Faraone SV, Chen L, Jones J (1996) Is maternal smoking during

pregnancy a risk factor for attention deficit hyperactivity disorder in children? Am J Psychiatry

153:1138–1142

Milberger S, Biederman J, Faraone SV, Chen L, Jones J (1997) Further evidence of an association

between attention-deficit/hyperactivity disorder and cigarette smoking. Findings from a high-

risk sample of siblings. Am J Addict 6:205–217

Mill J, Richards S, Knight J, Curran S, Taylor E, Asherson P (2004) Haplotype analysis of SNAP-

25 suggests a role in the aetiology of ADHD. Mol Psychiatry 9:801–810

Miyamoto S, Snouwaert JN, Koller BH, Moy SS, Lieberman JA, Duncan GE (2004)

Amphetamine-induced Fos is reduced in limbic cortical regions but not in the caudate

or accumbens in a genetic model of NMDA receptor hypofunction. Neuropsychophar-

macology 29:2180–2188

Naeye RL, Peters EC (1984) Mental development of children whose mothers smoked during

pregnancy. Obstet Gynecol 64:601–607

Neuman RJ, Lobos E et al (2006) Prenatal smoking exposure and dopaminergic genotypes interact

to cause a severe ADHD subtype. Biol Psychiatry

Neuman RJ, Lobos E, Reich W, Henderson CA, Sun LW, Todd RD (2007) Prenatal smoking

exposure and dopaminergic genotypes interact to cause a severe ADHD subtype. Biol Psychi-

atry 61:1320–1328

Nigg JT, Breslau N (2007) Prenatal smoking exposure, low birth weight, and disruptive behavior

disorders. J Am Acad Child Adolesc Psychiatry 46:362–369

O’Callaghan MJ, Williams GM, Andersen MJ, Bor W, Najman JM (1997) Obstetric and perinatal

factors as predictors of child behaviour at 5 years. J Paediatr Child Health 33:497–503

O’Connor TG, Heron J, Golding J, Beveridge M, Glover V (2002) Maternal antenatal anxiety and

children’s behavioural/emotional problems at 4 years. Report from the Avon Longitudinal

Study of Parents and Children. Br J Psychiatry 180:502–508

Orlebeke JF, Knol DL, Verhulst FC (1999) Child behavior problems increased by maternal

smoking during pregnancy. Arch Environ Health 54:15–19

Ostrander MM, Richtand NM, Hermann JP (2003a) Stress and amphetamine induce Fos expres-

sion in medial prefrontal cortex neurons containing glucocorticoid receptors. Brain Res

990:209–214

Ostrander MM, Badiani A, Day HE, Norton CS, Watson SJ, Akil H, Robinson TE (2003b)

Environmental context and drug history modulate amphetamine-induced c-fos mRNA expres-

sion in the basal ganglia, central extended amygdala, and associated limbic forebrain. Neuro-

science 120:551–571

O’Sullivan JB, Ryan KM, Curtin NM, Harkin A, Connor TJ (2009) Noradrenaline reuptake

inhibitors limit neuroinflammation in rat cortex following a systemic inflammatory challenge:

implications for depression and neurodegeneration. Int J Neuropsychopharmacol 12:687–699

Ouellet-Morin I, Wigg KG, Feng Y, Dionne G, Robaey P, Brendgen M, Vitaro F, Simard L,

Schachar R, Tremblay RE, Perusse D, Boivin M, Barr CL (2008) Association of the dopamine

transporter gene and ADHD symptoms in a Canadian population-based sample of same-age

twins. Am J Med Genet B Neuropsychiatr Genet 147B:1442–1449

Palmer AA, Brown AS, Keegan D, Siska LD, Susser E, Rotrosen J, Butler PD (2008) Prenatal

protein deprivation alters dopamine-mediated behaviors and dopaminergic and glutamatergic

receptor binding. Brain Res 1237:62–74

Parelkar NK, Jiang Q, Chu XP, Guo ML, Mao LM, Wang JQ (2009) Amphetamine alters Ras-

guanine nucleotide-releasing factor expression in the rat striatum in vivo. Eur J Pharmacol

619:50–56

Epigenetics: Genetics Versus Life Experiences 337



Penner MR, McFadyen MP, Pinaud R, Carrey N, Robertson HA, Brown RE (2002) Age-related

distribution of c-fos expression in the striatum of CD-1 mice after acute methylphenidate

administration. Brain Res Dev Brain Res 135:71–77

Petersohn D, Thiel G (1996) Role of zinc-finger proteins Sp1 and zif268/egr-1 in transcriptional

regulation of the human synaptobrevin II gene. Eur J Biochem 239:827–834

Polderman TJ, Derks EM, Hudziak JJ, Verhulst FC, Posthuma D, Boomsma DI (2007) Across the

continuum of attention skills: a twin study of the SWAN ADHD rating scale. J Child Psychol

Psychiatry 48:1080–1087

Price TS, Simonoff E, Asherson P, Curran S, Kuntsi J, Waldman I, Plomin R (2005) Continuity

and change in preschool ADHD symptoms: longitudinal genetic analysis with contrast effects.

Behav Genet 35:121–132

Quist JF, Barr CL, Schachar R, Roberts W, Malone M, Tannock R, Basile VS, Beitchman J,

Kennedy JL (2003) The serotonin 5-HT1B receptor gene and attention deficit hyperactivity

disorder. Mol Psychiatry 8:98–102

Reik W, Dean W, Walter J (2001) Epigenetic reprogramming in mammalian development.

Science 293:1089–1093

Rietveld MJ, Hudziak JJ, Bartels M, van Beijsterveldt CE, Boomsma DI (2004) Heritability of

attention problems in children: longitudinal results from a study of twins, age 3 to 12. J Child

Psychol Psychiatry 45:577–588

Robertson KD (2005) DNA methylation and human disease. Nat Rev Genet 6:597–610

Robinson TE, Kolb B (1997) Persistent structural modifications in nucleus accumbens and

prefrontal cortex neurons produced by previous experience with amphetamine. J Neurosci

17:8491–8497

Rodriguez A, Bohlin G (2005) Are maternal smoking and stress during pregnancy related to

ADHD symptoms in children? J Child Psychol Psychiatry 46:246–254

Rotllant D, Marquez C, Nadal R, Armario A (2010) The brain pattern of c-fos induction by two

doses of amphetamine suggests different brain processing pathways and minor contribution of

behavioural traits. Neuroscience 168:691–705

Sarge KD, Park-Sarge OK (2005) Gene bookmarking: keeping the pages open. Trends Biochem

Sci 30:605–610

Saudino KJ, Ronald A, Plomin R (2005) The etiology of behavior problems in 7-year-old twins:

substantial genetic influence and negligible shared environmental influence for parent ratings

and ratings by same and different teachers. J Abnorm Child Psychol 33:113–130

Sawant S, Daviss SR (2004) Seizures and prolonged QTc with atomoxetine overdose. Am J

Psychiatry 161:757

Scahill L, Schwab-Stone M (2000) Epidemiology of ADHD in school-age children. Child Adolesc

Psychiatr Clin N Am 9:541–555, vii

Scherer D, Hassel D, Bloehs R, Zitron E, von Lowenstern K, Seyler C, Thomas D, Konrad F,

Burgers HF, Seemann G, Rottbauer W, Katus HA, Karle CA, Scholz EP (2009) Selective

noradrenaline reuptake inhibitor atomoxetine directly blocks hERG currents. Br J Pharmacol

156:226–236

Secker-Walker RH, Vacek PM, Flynn BS, Mead PB (1997) Smoking in pregnancy, exhaled carbon

monoxide, and birth weight. Obstet Gynecol 89:648–653

Sharp WS, Gottesman RF, Greenstein DK, Ebens CL, Rapoport JL, Castellanos FX (2003)

Monozygotic twins discordant for attention-deficit/hyperactivity disorder: ascertainment and

clinical characteristics. J Am Acad Child Adolesc Psychiatry 42:93–97

Shishkina GT, Kalinina TS, Dygalo NN (2004) Attenuation of alpha2A-adrenergic receptor

expression in neonatal rat brain by RNA interference or antisense oligonucleotide reduced

anxiety in adulthood. Neuroscience 129:521–528

Shumay E, Fowler JS, Volkow ND (2010) Genomic features of the human dopamine transporter

gene and its potential epigenetic States: implications for phenotypic diversity. PLoS One 5:

e11067

338 J. Elia et al.



Smoller JW, Biederman J, Arbeitman L, Doyle AE, Fagerness J, Perlis RH, Sklar P, Faraone SV

(2006) Association between the 5HT1B receptor gene (HTR1B) and the inattentive subtype of

ADHD. Biol Psychiatry 59:460–467

Snyder-Keller AM (1991) Striatal c-fos induction by drugs and stress in neonatally dopamine-

depleted rats given nigral transplants: importance of NMDA activation and relevance to

sensitization phenomena. Exp Neurol 113:155–165

Son GH, Chung S, Geum D, Kang SS, Choi WS, Kim K, Choi S (2007) Hyperactivity and

alteration of the midbrain dopaminergic system in maternally stressed male mice offspring.

Biochem Biophys Res Commun 352:823–829

Swanson LW (1982) The projections of the ventral tegmental area and adjacent regions: a

combined fluorescent retrograde tracer and immunofluorescence study in the rat. Brain Res

Bull 9:321–353

Swanson JM, Volkow ND (2002) Pharmacokinetic and pharmacodynamic properties of

stimulants: implications for the design of new treatments for ADHD. Behav Brain Res

130:73–78

Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M, Thomas H, Harold G, Hay D (2003)

Maternal smoking during pregnancy and attention deficit hyperactivity disorder symptoms in

offspring. Am J Psychiatry 160:1985–1989

Thomas MC, Chiang CM (2006) The general transcription machinery and general cofactors. Crit

Rev Biochem Mol Biol 41:105–178

Todd RD, Neuman RJ (2007) Gene-environment interactions in the development of combined

type ADHD: evidence for a synapse-based model. Am J Med Genet B Neuropsychiatr Genet

144B:971–975

Trinh JV, Nehrenberg DL, Jacobsen JP, Caron MG, Wetsel WC (2003) Differential

psychostimulant-induced activation of neural circuits in dopamine transporter knockout and

wild type mice. Neuroscience 118:297–310

Tsankova N, Renthal W, Kumar A, Nestler EJ (2007) Epigenetic regulation in psychiatric

disorders. Nat Rev Neurosci 8:355–367

van der Valk JC, Verhulst FC, Neale MC, Boomsma DI (1998) Longitudinal genetic analysis of

problem behaviors in biologically related and unrelated adoptees. Behav Genet 28:365–380

Vataeva LA, Kudrin VS, Vershinina EA, Mosin VM, Tiul’kova EI, Otellin VA (2007) Behavioral

alteration in the adult rats prenatally exposed to para-chlorophenylalanine. Brain Res

1169:9–16

Volkow ND, Wang GJ, Fowler JS, Ding YS (2005) Imaging the effects of methylphenidate on

brain dopamine: new model on its therapeutic actions for attention-deficit/hyperactivity disor-

der. Biol Psychiatry 57:1410–1415

Vucetic Z, Totoki K, Schoch H, Whitaker KW, Hill-Smith T, Lucki I, Reyes TM (2010) Early life

protein restriction alters dopamine circuitry. Neuroscience 168:359–370

Wakschlag LS, Pickett KE, Cook E Jr, Benowitz NL, Leventhal BL (2002) Maternal smoking

during pregnancy and severe antisocial behavior in offspring: a review. Am J Public Health

92:966–974

Wang GJ, Chang L, Volkow ND, Telang F, Logan J, Ernst T, Fowler JS (2004) Decreased brain

dopaminergic transporters in HIV-associated dementia patients. Brain 127:2452–2458

Wang S, Yan JY, Lo YK, Carvey PM, Ling Z (2009) Dopaminergic and serotoninergic

deficiencies in young adult rats prenatally exposed to the bacterial lipopolysaccharide. Brain

Res 1265:196–204

Waterland RA, Jirtle RL (2003) Transposable elements: targets for early nutritional effects on

epigenetic gene regulation. Mol Cell Biol 23:5293–5300

Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, LamWL, Schubeler D (2005) Chromosome-

wide and promoter-specific analyses identify sites of differential DNA methylation in normal

and transformed human cells. Nat Genet 37:853–862

Epigenetics: Genetics Versus Life Experiences 339



Wernicke JF, Faries D, Girod D, Brown J, Gao H, Kelsey D, Quintana H, Lipetz R, Michelson D,

Heiligenstein J (2003) Cardiovascular effects of atomoxetine in children, adolescents, and

adults. Drug Saf 26:729–740

Wilens TE, Hahesy AL, Biederman J, Bredin E, Tanguay S, Kwon A, Faraone SV (2005) Influence

of parental SUD and ADHD on ADHD in their offspring: preliminary results from a pilot-

controlled family study. Am J Addict 14:179–187

Wilson MJ, Shivapurkar N, Poirier LA (1984) Hypomethylation of hepatic nuclear DNA in rats

fed with a carcinogenic methyl-deficient diet. Biochem J 218:987–990

Wood AJ, Oakey RJ (2006) Genomic imprinting in mammals: emerging themes and established

theories. PLoS Genet 2:e147

Wood AC, Rijsdijk F, Saudino KJ, Asherson P, Kuntsi J (2008) High heritability for a composite

index of children’s activity level measures. Behav Genet 38:266–276

Wu H, Coskun V, Tao J, Xie W, Ge W, Yoshikawa K, Li E, Zhang Y, Sun YE (2010) Dnmt3a-

dependent nonpromoter DNA methylation facilitates transcription of neurogenic genes. Sci-

ence 329:444–448

Yano M, Steiner H (2005a) Methylphenidate (Ritalin) induces Homer 1a and zif 268 expression in

specific corticostriatal circuits. Neuroscience 132:855–865

Yano M, Steiner H (2005b) Topography of methylphenidate (ritalin)-induced gene regulation in

the striatum: differential effects on c-fos, substance P and opioid peptides. Neuropsychophar-

macology 30:901–915

Yin HS, Chen K, Shih JC, Tien TW (2010) Down-regulated GABAergic expression in the

olfactory bulb layers of the mouse deficient in monoamine oxidase B and administered with

amphetamine. Cell Mol Neurobiol 30:511–519

Zhou R, Zhang Z, Zhu Y, Chen L, Sokabe M (2009) Deficits in development of synaptic plasticity

in rat dorsal striatum following prenatal and neonatal exposure to low-dose bisphenol

A. Neuroscience 159:161–171

340 J. Elia et al.



Sexual Differentiation of the Brain and ADHD:

What Is a Sex Difference in Prevalence

Telling Us?

Jaylyn Waddell and Margaret M. McCarthy

Contents

1 Hormone-Defined Critical Periods of Development and Pathology . . . . . . . . . . . . . . . . . . . . . . 342

2 The Hypothalamus: A Model of Many Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

3 Hormones, Neurogenesis, and Apoptosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348

4 Hormonal Modulation of Excitation Via Effects on GABA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 350

5 Hormonal Modulation of Excitation Via Effects on Dopamine . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

Abstract Sexual differentiation of the brain is a function of various processes that

prepare the organism for successful reproduction in adulthood. Release of gonadal

steroids during both the perinatal and the pubertal stages of development organizes

many sex differences, producing changes in brain excitability and morphology that

endure across the lifespan. To achieve these sexual dimorphisms, gonadal steroids

capitalize on a number of distinct mechanisms across brain regions. Comparison of

the developing male and female brain provides insight into the mechanisms through

which synaptic connections are made, and circuits are organized that mediate

sexually dimorphic behaviors. The prevalence of most psychiatric and neurological

disorders differ in males versus females, including disorders of attention, activity

and impulse control. While there is a strong male bias in incidence of attention

deficit and hyperactivity disorders, the source of that bias remains controversial.

By elucidating the biological underpinnings of male versus female brain develop-

ment, we gain a greater understanding of how hormones and genes do and do not

contribute to the differential vulnerability in one sex versus the other.
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Abbreviations

ARC Arcuate nucleus (of the hypothalamus)

AVPV Anteroventral periventricular nucleus of the hypothalamus

BNST Bed nucleus of the stria terminalis

COX-2 Cycloogenase-2

FSH Follicle-stimulating hormone

KCC2 K+–Cl� cotransporter

LH Luteinizing hormone

MAP Mitogen-activated protein (kinase)

NKCC1 Na+–K+–2Cl� cotransporter

POA Preoptic area

SDN Sexually dimorphic nucleus

SN Substantia nigra

SNB Spinal nucleus of the bulbocavernosus

VTA Ventral tegmental area

1 Hormone-Defined Critical Periods of Development

and Pathology

Three basic subtypes of Attention-Deficit/Hyperactivity Disorder (ADHD) describe

the two basic dimensions of the disorder: inattention and hyperactivity/impulsivity

(American Psychiatric Association 2000). The predominantly inattentive type of

ADHD is associated with academic impairment, and is the most common (American

Psychiatric Association 2000). The predominantly hyperactive/impulsive and com-

bined subtypes are strongly predictive of externalizing behaviors, characterized by

aggression and disruptive behavior (Graetz et al. 2001, 2005). In clinically referred

populations, males are estimated to suffer fromADHD2:1 to 9:1 compared to females

(Anderson et al. 1987; Bird et al. 1988). However, sampling of nonreferred popula-

tions suggests the incidence may not differ, but rather reflects lower clinical referrals

in females (Rucklidge 2010). More generally, pathologies including symptoms of

hypermobility, impulsivity, aggression, and disruptive behaviors are more common in

boys, thus increasing comorbidity of disruptive behavior disorders in males signifi-

cantly above that in females (Abikoff et al. 2002; Gaub and Carlson 1997; Rucklidge

2010). Overall, males are more likely to suffer from disorders that manifest early in

development, such as ADHD and learning disabilities (American Psychiatric Associ-

ation 2000), whereas females are more likely to develop mood disorders with a later

onset, such as depression (American Psychiatric Association 2000; see Martel et al.

2009 for review). Critical periods of gonadal steroid release correspond to this

divergence at the onset of psychiatric disorders in males and females. It is not possible
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to effectively separate biological variables from societal and cultural influences on

human brain development and behavior. Conversely, discerning the impact of experi-

ence and external influence on brain development in animal models is modestly

successful, at best, but biological variables are readily explored and provide insight

into the cellular basis for both variability and vulnerability.

Comparison of the developing male and female brain presents an opportunity to

assess potential mechanisms of developmental differences between the sexes. As

the brain prepares itself for successful reproduction, gonadal steroids can contribute

to pathology by increasing vulnerability, and exacerbating symptoms in males

earlier in development. ADHD is a complex developmental disorder characterized

by a high degree of heritability (Faraone et al. 2005). Despite the reported sex bias

in incidence, none of the genetic loci identified to date as potential contributors to

the disorder are located on the X or Y chromosome (Sharp et al. 2009). The genetic

contribution to ADHD is multifactorial, with each gene making small but signifi-

cant contributions to overall risk. The sex bias in prevalence suggests a point of

convergence of genetic and hormonal influences. Thus, high circulating concentra-

tions of gonadal steroids in the developing male may be an additional risk factor,

interacting with genetic predisposition.

Although controversial, Geschwind proposed that males are at a higher risk for

learning disabilities and hyperactivity because testosterone slows development of

the brain in early development, rendering males vulnerable to insult for longer

periods of time, allowing a wider range of behavioral outcomes (Geschwind and

Galaburda 1985; Morris et al. 2004). Consistent with this view, high levels of

testosterone in the perinatal period leads to increased neural lateralization, by

promoting cell death in the right hemisphere of the brain, and slowing develop-

ment of the left hemisphere (Geschwind and Galaburda 1985; Goodman 1991).

Functional brain imaging of ADHD-diagnosed children reveals reduced volume

of the right hemisphere as well as abnormalities of the corpus callosum (reviewed

in Seidman et al. 2005). Smaller brain volumes appear to be fixed in ADHD

patients across childhood and adolescence suggesting that genetic and early life

experiences that contribute to ADHD induce seemingly permanent changes in the

brain (Castellanos et al. 2002). Thus, enhanced lateralization of the brain may

render cognitive abilities less flexible and permit some of the paramount symp-

toms of ADHD, such as impulsivity. Indeed, adult females exhibit flexibility in

learning strategy in response to fluctuations in estrogens that is not evident in

males (Korol and Kolo 2002). This flexibility relies on the absence of perinatal

gonadal steroids. In humans, the menstrual cycle drives performance differences

in sexually dimorphic tasks, particularly those related to motor and spatial ability

(Hampson and Kimura 1998). Gender-specific patterns of lateralized activity have

been demonstrated in language processing tasks as well, with females exhibiting

greater hemispheric connectivity (Bitan et al. 2010). Although the relationship

between hemispheric connectivity and cognitive ability is not completely clear,

these results highlight sex differences in nonreproductive areas involved in

cognition (Bitan et al. 2010).
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Gonadal steroids define developmental sensitive periods of plasticity that

shape reproductive success in adulthood (e.g., Phoenix et al. 1959; Rhees

et al. 1990a, b). Organization of the male brain is achieved, in part, by two

critical periods of elevated testosterone. In rodents, testosterone surges during

the last few days of gestation in male fetuses and remains elevated until shortly

after birth (Fig. 1; Corbier et al. 1992; Weisz and Ward 1980). In humans,

testosterone is elevated in the fetus during the latter portion of the second

trimester and remains high for several months after birth but subsequently

declines to undetectable levels. During this hormonally defined sensitive win-

dow, testosterone, and its metabolites, estradiol and dihydrotestosterone (DHT),

evoke permanent changes in brain structure and function (Maclusky and Naftolin

1981; Phoenix et al. 1959). A second postnatal critical period for sexual differen-

tiation of the brain occurs in both sexes during the peripubertal phase. This is

characterized again by a surge in testosterone in the male and the onset of the

estrous (animal) or menstrual (human) cycle in the female (Schulz and Sisk 2006;

Schulz et al. 2004). At this time, social and mating behaviors are shaped by both

hormones and experience, refining further the neural circuitry involved in repro-

ductive success.

Most of our current understanding of sexual differentiation of the brain comes

from the study of animal models, especially laboratory rats and mice. Sex diffe-

rences in the brain are most robust and reliable in brain regions directly involved in

sex behavior, such as specific nuclei of the hypothalamus. These differences can be

volumetric, meaning a region is larger in one sex. Alternatively, or in addition to

volume differences, sex difference may be connective, such that the type or amount
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Fig. 1 Sexual differentiation of the brain is a consequence of sex differences in gonadal steroid

synthesis during both perinatal and peripubertal sensitive periods. In male rats, the production of

testicular androgens begins prenatally, around embryonic day 18, and defines the beginning of the

perinatal sensitive period. During this time, the female ovary is quiescent. Sex differences in brain

and behavior in adulthood are largely determined by the actions of steroids during the perinatal

period, with an additional organizational effect at puberty
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of synapses, or size of a particular projection, differs between males and females.

Sex differences are also found in the amount of neurochemicals, or neurotransmit-

ters, or the intrinsic excitability of particular classes of neurons (e.g., Nunez and

McCarthy 2007; Perrot-Sinal et al. 2003; Davis et al. 1999). In rodents, estradiol is

synthesized, by the enzyme aromatase cytochrome P450, from testicularly derived

androgens, and mediates many of the sex-specific brain differences that endure

through the lifespan (for review, see McCarthy 2008). Male rats castrated shortly

after birth exhibit adult sex behaviors characteristic of females following estrogen

and progesterone administration. If castration occurs later, after the first few days of

life, males do not exhibit female sex behaviors (Fig. 2). In parallel, females exposed

to high levels of testosterone or estrogen any time between late gestation and the first

10 days or so of life will not exhibit typical female sex behavior as adults. Instead,

the hormonally masculinized female exhibits male sex behaviors when treated with

testosterone in adulthood. Testosterone or estradiol exposure after this sensitive

developmental window does not change adult female sex behavior (Gerall et al.

1992; Weisz and Ward 1980). Thus, as outlined by Phoenix et al. (1959), gonadal

steroids act within critical windows of development to change the brain permanently

to support male or female sex behavior in adulthood.

castration

Male

Female

T E2
aromatase

Normal Male Sex Behavior

Normal Female Sex Behavior
No hormone

surge

testosterone

Fig. 2 Testosterone and its aromatized product, estradiol, in the perinatal period are necessary for

expression of masculine sex behavior in the adult. Testicularly derived steroids organize the

hypothalamus and other brain areas to support mounting of the female, intromission and ejacula-

tion in adulthood. The absence of androgens and estradiol is necessary for normal development of

the female brain. This absence of steroids is necessary for the sexually receptive posture in the

adult female, termed lordosis. Administration of exogenous testosterone to the neonatal female

induces masculinization of adult brain and behavior. Likewise, removal of male gonadal steroids

by castration in the neonatal male induces feminized sex behavior in the adult male
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2 The Hypothalamus: A Model of Many Mechanisms

The mechanisms by which the brain achieves both the male and the female patterns

of sex behavior are diverse. Many of these mechanisms are exemplified in the

developing hypothalamus (McCarthy 2008; Schwarz and McCarthy 2008). Within

the hypothalamus there are dissociable zones with distinct patterns of connectivity.

The periventricular zone of the hypothalamus is situated along the medial ventricu-

lar wall, where sensitivity to circulating peptides and gonadal steroids is maximal

and most direct (Simerly 2002). From this vantage point, the periventricular zone

regulates steroid secretion from the anterior pituitary and is characterized by dense,

internally reciprocal connections (Simerly and Swanson 1988; Simerly 2002). This

region is also connected to extrahypothalamic structures involved in olfaction,

pheromone processing, and social behavior (see Swanson and Petrovich 1998 for

review). The medial zone of the hypothalamus innervates the periventricular zone

and is reciprocally connected to limbic pathways (Canteras and Swanson 1992;

Risold and Swanson 1987). Through these diverse connections, the hypothalamus

integrates neuroendocrine responses to environmental cues and helps to guide

motivated behavior. The hypothalamus is critically involved in circuits that regulate

the response to stress and reward and is a critical mediator of sex behavior. It is

not surprising that this brain region is characterized by sexual dimorphisms in

morphology and connectivity.

The preoptic area (POA) lies just rostral to, and is closely associated with, the

hypothalamus. Neurons located here mediate both male and female specific beha-

viors that are critical for successful reproduction and rearing of offspring (Numan

and Numan 1995; Numan and Callahan 1980; Simerly 2002). In the male, the POA

is critical for copulatory behavior, including mounting, intromission, and ejacula-

tion (Christensen et al. 1977). In the adult female, this area supports maternal

behaviors, such as nest-building, pup retrieval and protection of offspring (for

review, see: Numan 2006). To support these sex-specific behaviors, the POA and

other subregions of the hypothalamus undergo critical periods of plasticity, driven

largely by exposure to gonadal steroids in the same manner as seen for the

hypothalamus and both regions are nexus points for the integration of social

behaviors that involve motivation and reward.

In rodents, aromatization of testosterone into estradiol initiates complex inter-

actions between cells to build the circuitry necessary for reproduction. The arcuate

nucleus (ARC) lies within the periventricular zone of the hypothalamus, where it

regulates release of the gonadotropin hormones, follicle-stimulating hormone

(FSH) and luteinizing hormone (LH), from the pituitary (Ojeda and Urbanski

1994; Simerly 2002). Astrocytes in the ARC of neonatal rats exhibit sexually

dimorphic morphology. Astrocytes provide metabolic substrates to neighboring

neurons and maintain homeostasis in the extrasynaptic space through regulation

of glutamate recycling (Brown and Ransom 2007; He and Sun 2007; Nave and

Trapp 2008). Beyond these roles, accruing evidence suggests that astrocytes secrete

trophic factors as well as neurotransmitters that shape the number and strength of
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neuronal synapses or spines (Barker and Ullian 2010; Christopherson et al. 2005;

Hamilton and Attwell 2010; Kozlov et al. 2006; Ullian et al. 2001). Dendritic spines

are the direct source of excitatory signals to neurons; differences in spine number

and shape determine electrical and chemical activity in the neuron (Hayashi and

Majewski 2005; Bourne and Harris 2008; Sorra and Harris 2000). The ARC of

neonatal male rats has more fully differentiated astrocytes, characterized by long,

thin processes and many branches (Mong et al. 1996). This sex difference is the

direct result of higher testosterone in developing males (Mong et al. 1996) and is

coupled with decreased neuronal spine density within the ARC (Mong et al. 1999,

2001). These data suggest that astrocytes participate in synaptic patterning by

guiding or blocking the path of neurites. Thus, modulation of astrocyte differentia-

tion affects circuit structure and activity. Sexual differentiation of such mechanisms

may contribute to sex differences in motivated behavior (e.g., Becker 2009).

Astrocyte morphology in the male POA is also more complex than in females.

Male astrocytes have more branches and longer primary processes and like other

subregions of the hypothalamus, astrocyte complexity can be masculinized by

estradiol, as can the higher density of dendritic spine synapses (Amateau and

McCarthy 2002). Estradiol enhances astrocyte complexity in the POA but it is

not known whether this is necessary for the action of estradiol on neuronal spines.

Estradiol increases neuronal spine density in the neonatal male POA through

upregulation of cyclooxygenase-2 (COX-2; Amateau and McCarthy 2002, 2004),

the rate-liming enzyme that converts arachidonic acid to prostaglandins (Brock

et al. 1999; Yang and Chen 2008). Prostaglandins mediate inflammation and fever,

but are also emerging as regulators of synaptic plasticity in both the developing and

the adult brain (Vidensky et al. 2003; Yang and Chen 2008).

A current working model proposes that estradiol acts first in neurons to increase

COX-2 concentration and activity, which increases PGE2 release from neurons to

act on neighboring astrocytes. This, in turn, increases glutamate release from

astrocytes and increases neuronal spine density (Bezzi et al. 1998; McCarthy

2008). Estradiol administration to neonatal females increases COX-2 and PGE2

levels to that of males in the developing POA, and is sufficient to enhance astrocyte

complexity and neuronal spine density (Amateau and McCarthy 2002, 2004).

Further, female pups, treated with PGE2 within the first few postnatal days, exhibit

male-typic sex behavior in adulthood. Likewise, inhibition of COX-2 in the neona-

tal male brain results in a profound disruption of sex behavior (Amateau and

McCarthy 2004). These results predict that males are more vulnerable to insult

from commonly used COX inhibitors (nonsteroidal anti-inflammatory drugs), such

as aspirin. In brain areas not directly involved in reproduction, such as the hippo-

campus, COX-2 also modulates excitatory glutamatergic transmission, although

estradiol does not appear to change COX-2 activity in the neonatal hippocampus

(Amateau and McCarthy 2004). Nevertheless, the action of COX-2 is modulated by

a number of stimuli, including seizures, brain injury and NMDA receptor activation

(Yang and Chen 2008), but the role of this ubiquitious signaling system in normal

brain development remains poorly understood.
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Estradiol establishes higher excitatory synapse density in the male mediobasal

hypothalamus through mechanisms that differ from those of the POA. Estradiol

increases dendrite length and the number of excitatory synapses in the mediobasal

hypothalamus via protein synthesis and protein synthesis-independent pathways

(Schwarz et al. 2008). In presynaptic neurons, estradiol increases glutamate release

which, in turn, activates MAP kinase pathways through NMDA and AMPA recep-

tors in the postsynaptic neuron. This sequence of pre- and postsynaptic modulation

of excitation induces a protein synthesis-dependent increase in spine number

(Schwarz et al. 2008). Direct pharmacological enhancement of glutamate transmis-

sion in the medial basal hypothalamus is sufficient to masculinize spine density.

Thus, estradiol establishes masculine levels of spines by modulating glutamate

release between neurons (Schwarz et al. 2008).

Administration of testosterone in the neonate also changes astrocyte and neuro-

nal sensitivity to gonadal steroids in the adult. The adult female hypothalamus

undergoes synaptic remodeling in response to changing estrogen levels across the

phases of the estrus cycle (Garcia-Segura et al. 1994a). The intact male or mascu-

linized female brain does not exhibit this plasticity in adulthood (Garcia-Segura

et al. 1994b). Thus, neonatal differentiation of ARC astrocytes by testosterone or

estradiol may suppress sensitivity to circulating hormones in the adult. Similar

changes in hormone sensitivity in the adult brain induced by neonatal testosterone

administration have been demonstrated in areas not directly involved in sex behav-

ior, such as the hippocampus (Garcia-Segura et al. 1998; Gould et al. 1990; Leranth

et al. 2003; MacLusky et al. 2006; Woolley and McEwen 1992). Administration of

estrogens does not change neuronal morphology in the male hippocampus, but can

increase neuronal spine density in the female hippocampus (MacLusky et al. 2006).

Thus, the perinatal period is a sensitive period during which gonadal steroids

determine sensitivity to the adult hormonal milieu demonstrating the impact

gonadal steroids have on the brain throughout the lifespan.

3 Hormones, Neurogenesis, and Apoptosis

Hormones can promote cell survival or cell death, depending on the brain region

and sex of the animal (Forger 2006). Testosterone and its metabolites inhibit cell

death in the perinatal POA, the bed nucleus of the stria terminalis (BNST) and the

spinal nucleus of the bulbocavernosus (SNB), all of which are larger in the

gonadally intact male (Arai et al. 1996; Breedlove and Arnold 1983; Gotsiridze

et al. 2007; Guillamon et al. 1988; Nordeen et al. 1985; Murakami and Arai 1989).

In the rat, sex differences in cell death contribute to sexual dimorphisms in brain

circuitry (Forger et al. 2004). The most striking example is the sexually dimorphic

nucleus (SDN) of the POA (Gorski et al. 1978). The male SDN is 3–5 times larger

than that of the female: this difference is driven by higher rates of cell death in

females, postnatally which are due to a lack of testosterone and its metabolite,

estradiol (Davis et al. 1996). In males, testosterone decreases cell death in the SDN,
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as well as other brain regions involved in sex behavior (Dodson and Gorski 1992;

Gotsiridze et al. 2007; Nordeen et al. 1985; Murakami and Arai 1989; Davis et al.

1996). Castration of male rats at birth causes a reduction in SDN size. Conversely,

administration of testosterone or estradiol increases SDN size in the newborn

female rat (Dohler et al. 1982; Gorski 1984).

In most areas that have been studied, gonadal steroids modulate cell death

through two proteins, Bcl2 and Bax (Forger et al. 2004; Holmes et al. 2009; Zup

and Forger 2002; Zup et al. 2003). The Bcl2 protein family regulates apoptotic

programs in many cell types (Merry and Korsmeyer 1997). Testosterone and its

metabolites can increase Bcl2, which inhibits the apoptotic action of Bax, which is a

second class of proteins in this family (Garcia-Segura et al. 1998; Pike 1999; Zup

and Forger 2002). Specific subpopulations of cells are vulnerable to cell death

during specific critical phases and the impact of exogenous hormone administration

depends on the brain region and sex of the animal. For instance, the anteroventral

periventricular nucleus of the hypothalamus (AVPV) contains a greater number of

dopaminergic neurons in females, which can be reduced to that in males by

administration of testosterone or estradiol (Simerly et al. 1985; Waters and Simerly

2009; Krishnan et al. 2009). Deletion of Bax eliminates volumetric sex differences

in the BNST and the AVPV (Forger et al. 2004).

Puberty is a second developmental period of brain organization that refines circuits

that have sexually differentiated during early neural development (Schulz et al. 2009).

During puberty, gonadal steroids profoundly shape social behaviors in both sexes

(Schulz and Sisk 2006). At this time, both testicular and ovarian steroids mediate the

addition of new cells in sexually dimorphic brain regions. The sexually dimorphic

pattern of cell genesis parallels that observed perinatally: new cells are added in the

brain regions of the sex that exhibits the larger volume in adulthood. Thus, more

proliferating cells are detected in the pubertal female AVPV and, likewise, more

proliferating cells are detected in the male SDN (Ahmed et al. 2006). The addition of

new cells during the prepubertal period has not been directly tied to behavior or

hormones but hormones during the pubertal transition further differentiate sexual

behavior, aggression, and territoriality (Schulz et al. 2004; Schulz and Sisk 2006).

Thus, gonadal steroids also define, in part, this sensitive period during which social

behavior is shaped to support reproductive success in adulthood.

In rats, a distinct period of rough and tumble play begins to emerge around 19

days of age and continues to develop and peak between 25 and 40 days of age

(Panksepp 1981). This play occurs at higher frequencies in male rats (Olioff and

Stewart 1978; Panksepp 1981; Pellis et al. 1994). A complex repertoire of defensive

and aggressive behaviors is shaped through social interaction. Deprivation of play

fighting produces long-lasting deficits in social behavior, and increases displays of

anxiety and aggression (Bell et al. 2010; Bock et al. 2008; Panksepp and Beatty

1980; van den Berg et al. 1999). This reflects a second critical period in plasticity,

during which overabundant synaptic connections are pruned as development of the

brain progresses (Zehr et al. 2006). The lack of permanence of some neural

connections is highlighted by experience-evoked changes, through which stabiliza-

tion of synapses and dendritic arborizations is refined (e.g., Rakic et al. 1986;
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Bock et al. 2005, 2008). In prefrontal cortical regions, which are extensively

connected to the limbic system, neuronal morphology is shaped by stress and social

isolation in the neonatal and adolescent rat (Helmeke et al. 2001; Ovtscharoff and

Braun 2001; Poeggel et al. 2003; Bock et al. 2005). Stressors experienced in early

development can be reversed or ameliorated through socialization during puberty

(Bock et al. 2008). Interestingly, many children diagnosed with ADHD experience

an amelioration of symptoms at puberty (Gittelman et al. 1985). This may relate to

the maturation of the frontal cortex which modulates response inhibition, impulsiv-

ity, and dopaminergic reward circuits (Bell et al. 2010; Bock et al. 2008).

4 Hormonal Modulation of Excitation Via Effects on GABA

Males are more vulnerable than females to disorders of excitability and movement,

such as epilepsy, Tourette’s syndrome, ADHD, and Parkinson’s disease (Haaxma

et al. 2007; McHugh and Delanty 2008; Shulman 2007). An additional contributing

variable to insult in males could be the enhanced neuronal excitation induced by

steroids and manifest through multiple systems as highlighted above. Processes that

lead to higher cellular excitation are inherently fraught with greater risk for

disruption, either by inadvertently triggering cell death programs, or over-exuber-

ant innervation and inappropriate pruning of extraneous synapses. Hormone-

mediated sex differences in the developmental maturation of neurons in brain

areas involved in cognition, movement, and motivation produce sex differences

in the timing of sensitive periods such that events can differentially alter excitation

between the sexes, in both direction and magnitude (Auger et al. 2001; Nunez and

McCarthy 2007; Galanopoulou 2006, 2008a, b; Perrot-Sinal et al. 2003).

Excitation in the developing brain is mediated through both GABAergic and

glutamatergic systems. In early cell development, GABA induces cell membrane

depolarization and is the primary excitatory neurotransmitter in immature neurons.

GABA also functions as a trophic factor, regulating neurite outgrowth and spine

formation (Cancedda et al. 2007; Cherubini et al. 1991; Owens and Kriegstein

2002; Pfeffer et al. 2009; Plotkin et al. 1997; Sipila et al. 2006; Spritzer 2006). As

cells mature, GABA gradually becomes inhibitory and glutamate emerges as the

primary excitatory neurotransmitter (e.g., Ben Ari et al. 1997; Tyzio et al. 1999).

Gonadal steroids play a complex role in this developmental progression. Here, we

discuss the mechanisms of this “developmental switch” and differences in its

developmental progression between the sexes. Across seemingly disparate brain

regions, males switch from depolarizing GABA to hyperpolarizing GABA more

slowly than females (Nunez and McCarthy 2007, 2008; Galanopoulou 2006, 2008a;

Kyrozis et al. 2006; Perrot-Sinal et al. 2003, 2007).

The developmental progression, from excitatory to inhibitory GABA, is driven by

the balance between two cation-chloride cotransporters: the Na+–K+–2Cl� cotran-

sporter, NKCC1, and the K+–Cl� cotransporter, KCC2 (Riviera et al. 1999). Males

have higher levels ofNKCC1 protein in the first week of life relative to females in both
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the hypothalamus and the hippocampus (Nunez and McCarthy 2007; Perrot-Sinal

et al. 2007). The sex difference in magnitude and duration of NKCC1 expression is

robust in early postnatal life, but dissipates by 2 weeks of age (Galanopoulou 2008a;

Nunez and McCarthy 2007; Perrot-Sinal et al. 2007). Sex differences in chloride

transporter expression correspond to robust GABA-mediated sex differences in mea-

sures of Ca2+-dependent cell excitability (Auger et al. 2001; Nunez and McCarthy

2008; Perrot-Sinal et al. 2003). Female hippocampal neurons exhibit desensitization to

GABA stimulation and so do not respond to a second exposure to the GABA-A

receptor agonist muscimol (Nunez and McCarthy 2008). This sex difference repre-

sents not only a difference in the magnitude of excitation, but also cellular adaption to

GABAergic excitation. Application of gonadal steroids can reverse this, suggesting

that androgens promote excitability in response to GABA by attenuating desensitiza-

tion (Nunez and McCarthy 2007, 2008). Estradiol similarly promotes depolarizing

responses to GABA by extending the duration of expression of NKCC1 in the

developing hippocampus (Fig. 3; Nunez and McCarthy 2007).

In the developing hippocampus, GABA-mediated excitation is critically

involved in the incorporation of new neurons into circuits, followed by promotion

of neurite outgrowth and synaptogenesis (Estrada et al. 2006; Ge et al. 2006). This

influence of GABA on cell maturation and incorporation into mature circuitry is

also important in adult hippocampal neurogenesis (Esposito et al. 2005; Tozuka

et al. 2005). The sequential contribution of GABA and glutamate corresponds to the
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Fig. 3 GABA is largely excitatory in the developing brain. This is due to a shift in the reversal

potential for Cl�. Administration of the GABA-A agonist, muscimol, opens Cl� channels, result-

ing in Cl� efflux and depolarization of the cell. This depolariziation is sufficient to activate

voltage-gated Ca2+ channels and allow influx of Ca2+. Gonadal steroids enhance the excitatory

actions of GABA in immature cells manifesting as increased Ca2+ entry, increased numbers of

cells exhibiting excitation in response to GABA-A agonists and extension of the developmental

expression of depolarizing GABA. Gonadal steroids increase the amount and activity of the

Na+–K+–Cl� cotransporter, NKCC1, possibly through its phosphorylation. Depolarizing action

of GABA is more protracted in the developing male brain relative to females, suggesting that the

absence of gonadal steroids allows this earlier switch in females
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development of the dendrite and increase in soma size (Tyzio et al. 1999; Demarque

et al. 2002). Perturbation of the temporal progression from GABA to glutamate-

mediated excitation can induce profound changes in cell morphology (Barbin et al.

1993; Cancedda et al. 2007). Depolarizing GABA may promote cell development

in synaptically silent, immature cells, through paracrine modulation of cell mor-

phology (Barbin et al. 1993; Demarque et al. 2002). Excitability in the developing

substantia nigra (SN) is similarly modulated by gonadal steroids (Galanopoulou

and Moshe 2003; Galanopoulou 2006). The SN plays an established role in seizure

control and movement (Giorgi et al. 2007; Iadarola and Gale 1992). Males are more

likely to suffer from both seizure and movement disorders, suggesting a sexual

dimorphism in this brain region (McHugh and Delanty 2008).

Developmental GABA responsivity in the SN is sexually dimorphic (Galanopoulou

2006; Kyrozis et al. 2006). For instance, 2 weeks after birth, the GABA-A agonist,

muscimol, has a proconvulsive effect when injected into the male rat SN, and

increases Ca2+ influx (Galanopoulou et al. 2003; Galanopoulou 2006; Sperber et al.

1987). The same treatment does not induce convulsions (i.e., seizures) or Ca2+ entry

in female rat pups of the same age (Galanopoulou 2006; Veliskova and Moshe

2001). This difference is dependent upon testicularly derived steroids (Veliskova

and Moshe 2001). As in the hippocampus, expression of KCC2 is slower to develop

in males than females (Galanopoulou et al. 2003). Both androgen and estrogen

receptor expression differ between the sexes, and also differ across development

within the SN (Ravizza et al. 2003). At birth, the male SN contains more androgen

and estrogen receptors, and this pattern reverses by the first day of life (Ravizza

et al. 2002, 2003). Administration of testosterone to females abolishes this sex

difference (Ravizza et al. 2003). Testosterone or DHT, a potent androgen receptor

agonist, upregulates KCC2 mRNA in both sexes, whereas estradiol downregulates

KCC2 mRNA in males, but not females (Galanopoulou andMoshe 2003; Galanopoulou

2006). This opposing effect of androgen relative to estradiol suggests a complex

steroid sensitivity that is dependent on the sex of the animal.

5 Hormonal Modulation of Excitation Via Effects on Dopamine

Gonadal steroids contribute to sex differences in dopaminergic circuits and transmis-

sion. These differences may be particularly relevant to sex differences in prevalence

of ADHD as dopamine-modulating drugs are most widely used to treat ADHD.

Because of their established role in reward, motivation, decision making and cogni-

tion, dopaminergic pathways and the prefrontal cortex have been the subject of

intense study in regard to the neurobiology of ADHD (e.g., Seidman et al. 2005).

Ascending dopaminergic projections from the ventral tegmental area (VTA), which

have a key role in reward pathways, guide motivated behaviors that differ between

the sexes, such as rearing of offspring (Becker 2009). These circuits are modulated by

gonadal steroids during both perinatal development and puberty. Exposure to steroids

at these critical phases of development induces sex differences in the effects of
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hormones in the adult (Kritzer 1997, 1998, 2003; Stewart and Rajabi 1994). In the

neonate, testicularly derived steroids are necessary for masculine neuronal architec-

ture and neuronal survival in both the VTA and the SN (Becker 2009). Projections

from these dopaminergic midbrain structures to prefrontal cortex and other associa-

tion cortices are sexually dimorphic (Kritzer and Cruetz 2008). Castration at birth

reduces catecholamine activity in the prefrontal cortex and cortical regions regulating

motor control and attention (Kritzer 1998; Stewart and Rajabi 1994). Furthermore,

removal of perinatal steroids through castration also produces hemispheric differ-

ences in dopamine projections to cortical circuits, suggesting that these pathways are

lateralized in a sex-specific manner (Kritzer 1998). The BNST, a sexually differen-

tiated area of the limbic system, sends excitatory projections to the VTA (Hines et al.

1992; Jalabert et al. 2009), which have been directly tied to impulsive behavior in

animal models of drug-seeking behavior (Aston-Jones and Harris 2004). Precisely

how gonadal steroids might contribute to sex differences in this projection remains

largely unexplored.

Sex differences have also been noted in the distribution and density of dopamine

receptors in the striatum, the nucleus accumbens, and the prefrontal cortex during

juvenile development in rats, with males exhibiting a much higher increase in

receptor expression during puberty than females (Andersen and Teicher 2000).

Symptoms of ADHD often attenuate during and after puberty, suggesting that

gonadal steroids may shape the disorder across development (Gittelman et al.

1985). As noted above, social experience during puberty can attenuate some

deleterious effects of early-life stress (Bock et al. 2008). It is possible that those

children receiving treatment, whether psychotherapeutic or pharmacological,

achieve healthy social interactions during this second critical window.

6 Conclusion

Although it is clear that perinatal exposure to testosterone and its metabolites

influence neural development through a myriad of mechanisms, the contribution

of steroids to sex differences in prevalence of pathology is not well understood.

ADHD is characterized by inattentiveness, impulsivity, and hyperactivity (American

Psychiatric Association 2000). If sex is a predictor of pathologies such as ADHD,

then we predict that aberrant developmental processes will occur during periods of

dynamic changes in exposure to gonadal steroids. In males, there is a perinatal

sensitive period of elevated androgens and estrogens that females do not experi-

ence, and this is a dynamic period for cell birth, death, differentiation, and synap-

togenesis. Puberty is a second period of dynamic steroid hormone profiles, with

females experiencing dramatic increases in estrogens and progesterone, which are

themselves dynamic due to the cyclical nature of female reproduction, while males

have a resurgence in androgen production which remains elevated throughout

adulthood. The onset of puberty, and its attendant hormonal changes, is considerably

earlier in females: as much as 5 years is normal in humans. This, combined with
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different maturation rates for distinct portions of the brain in males and females,

creates a complex and variable developing brain that is further influenced by

experience, environment, and behavioral expression itself. Understanding the rela-

tive contribution of each variable to normal brain development in males versus

females, and to then translate this into clinically meaningful predictors or indicators

of pathology, is a goal best achieved by studying each in isolation as well as an

integrated whole.
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Abstract The stimulants, amphetamine and methylphenidate, have long been the

mainstay of attention-deficit hyperactivity disorder (ADHD) therapy. They are

rapidly effective and are generally the first medications selected by physicians. In

the development of alternative pharmacological approaches, drug candidates have

been evaluated with a wide diversity of mechanisms. All of these developments

have contributed real progress in the field, but there is still much room for improve-

ment and unmet clinical need in ADHD pharmacotherapy. The availability of a

wide range of compounds with a high degree of specificity for individual mono-

amines (dopamine and noradrenaline) and/or different pharmacological mechan-

isms has refined our understanding of the essential elements for optimum

pharmacological effect in managing ADHD. In this chapter, we review the phar-

macology of the different classes of drug used to treat ADHD and provide a
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neurochemical rationale, predominantly from the use of in vivo microdialysis

experiments, to explain their relative efficacy and potential to elicit side effects.

In addition, we will consider how predictions based on results from animal models

translate into clinical outcomes. The treatment of ADHD is also described from the

perspective of the physician. Finally, the new research development for drugs to

treat ADHD is discussed.

Keywords a2-Adrenoceptor agonists �ADHD � Clinical experience �Microdialysis �
New treatments � Releasing agents � Reuptake inhibitors � Stimulants

Abbreviations

CNS Central nervous system

COMT Catechol-O-methyltransferase

DAT Dopamine reuptake transporter

HVA Homovanillic acid

MAO Monoamine oxidase

NET Norepinephrine reuptake transporter

PET Positron emission tomography

PFC Prefrontal cortex

SERT Serotonin reuptake transporter

SHR Spontaneously hypertensive rat

SSRI Selective serotonin reuptake inhibitor

XR Extended release

1 Introduction

It is more than 60 years since Bradley (1937) first used DL-amphetamine to treat the

psychiatric, behavioural and cognitive disorder that we now call attention-deficit

hyperactivity disorder (ADHD). This discovery was made purely by accident as the

original intention of the psychiatrist, Bradley, was to treat headaches in children

with learning and behavioural problems. These headaches resulted from the chil-

dren receiving a pneumoencephalogram that was used as part of the clinical

diagnosis. Since then, the stimulants, amphetamine and methylphenidate, have

become the pre-eminent class of drugs used to treat this disorder. The pharmaceu-

tical industry has created ever more sophisticated approaches to maximise their

therapeutic efficacy and minimise side effects. Much effort has also been expended

on research into new pharmacological approaches for ADHD treatment, particu-

larly with non-stimulant drugs: e.g. atomoxetine and guanfacine. A list of drugs

currently and formerly used to treat ADHD is shown in Table 1. From a comparison

of drugs approved in Europe versus the USA, it is apparent that many more agents
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are available in US formularies. In Europe, ADHD is predominantly managed using

DL-methylphenidate products or atomoxetine, with D-amphetamine restricted to the

treatment of refractory ADHD. In the USA, D-amphetamine-based products com-

prise a major portion of the market, along with various methylphenidate formula-

tions and more recently, guanfacine.

In this chapter, we will review the pharmacology of the different classes of drugs

used in ADHD and provide a neurochemical rationale to explain their relative

efficacy and potential to elicit side effects. In addition, we will consider how

predictions based on results from animal models translate into clinical outcomes.

The treatment of ADHD is also described from the perspective of the physician.

2 ADHD Drugs: A Translational Pharmacology Evaluation

Clinically effective ADHD drugs have highly defined pharmacological character-

istics. ADHD drugs can be sub-classified (Fig. 1) according to their mechanism of

action or neurotransmitter target(s). With the exception of the a2-adrenoceptor

Table 1 Current and former drugs used to treat ADHD

Generic drug name Trade names Approved for use

USA Europe

DL-Amphetaminea Benzedrine® � �
D-Amphetamine Dexedrine®

Dexedrine Spansules®b
P Pc

L-Amphetaminea Cydril � �
“Mixed-enantiomers/

mixed-salts”

amphetamine

(3:1 mixture of

D- and L-isomers)

Adderall®, Adderall XR®b P �

Lisdexamfetamine

(D-amphetamine

prodrug)

Vyvanse® P �

DL-Methylphenidatea

(erythro + threo

isomers)

Centedrine® � �

DL-threo-Methylphenidate Ritalin®, Ritalin SR®b, Metadate CD®b,

Concerta®b, Concerta XL®,

Equasym XL®, Medikinet XL®,

Daytrana®b

P P

D-threo-Methylphenidate Focalin®, Focalin XR®b P �
Atomoxetine Strattera® P P
Guanfacine Intuniv®b P �
Bupropiond Wellbutrin®, Wellbutrin SR®b � �
aProduct withdrawn
bExtended release formulation
cRefractory ADHD only
dNot approved as an ADHD treatment
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agonists, clonidine and guanfacine, all drug treatments for ADHD act indirectly to

potentiate and prolong the action of the catecholamines. They achieve this by

stimulating catecholamine release from presynaptic nerve terminals, inhibition of

monoamine (dopamine and noradrenaline) reuptake and/or inhibiting catabolism by

monoamine oxidase (MAO). Although it was originally considered that there was

little to differentiate between the pharmacodynamics of monoamine reuptake

inhibitors (e.g. atomoxetine) and releasing agents (e.g. amphetamine), the use of

in vivo techniques, such as intracerebral microdialysis, has revealed profound

differences in the functional consequences of these two mechanisms. Another

factor that contributed to a blurring of the distinction between monoamine reuptake

inhibitors and releasing agents in the ADHD field is the unique and enigmatic

pharmacology of the so-called “stimulant reuptake inhibitor”, methylphenidate.

Thus, although the stimulants are similar in terms of efficacy and side effect profiles

in patients, they are not necessarily interchangeable.

In the following sections, we describe results that have been predominantly

obtained using in vivo microdialysis. These illustrate how the pharmacological

effects of the different classes of drugs provide insights into their relative efficacy

and side effect profile in ADHD treatment. When describing the actions of drugs in

microdialysis experiments, the term “efflux” is often used to describe the net result

of two opposing active processes: i.e. increased extracellular neurotransmitter

concentration following impulse-dependent release, minus the decrease in concen-

tration mediated by transmitter reuptake and/or catabolism by MAO and catechol-

O-methyltransferase. The reuptake transporters that regulate synaptic monoamine

concentrations in the CNS are NET, DAT and SERT (for noradrenaline, dopamine

and serotonin, respectively). It is important to remember that neurotransmitter

concentrations in microdialysates are surrogate markers for changes in extracellular

neurotransmitter concentration. The recovery of monoamines using microdialysis

is only 10–20%, and as the sampling area of the microdialysis membrane (mm) is

huge compared with the size of monoaminergic neurones (mm), the technique

is incapable of estimating synaptic neurotransmitter concentrations.

Monoamine
reuptake inhibitors

Monoamine
releasing agents

Stimulant 
reuptake inhibitors 

Atomoxetine

Bupropion*

dl-Amphetamine

d-Amphetamine
Guanfacine

a
2
-Adrenoceptor

agonists

dl-threo-Methylphenidate

d-threo-Methylphenidate

*Not approved for the treatment of ADHD

Mechanism of action

Noradrenaline 
selective

Noradrenaline
+

Dopamine

Atomoxetine
Guanfacine

dl-threo-Methylphenidate
d-threo-Methylphenidate

dl-Amphetamine
d-Amphetamine

Bupropion

Dopamine selective

Neurotransmitter

ADHD drugs

Fig. 1 The classification of ADHD drugs by mechanism of action and neurotransmitter target
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2.1 The Amphetamines

Of the current generation of amphetamine formulations, it is the more potent

D-isomer that is used for ADHD treatment (Table 1); L-amphetamine (Cydril®)

disappeared from the formulary many years ago. Although each isomer of amphet-

amine enhances release of both catecholamines, D-amphetamine has a preferential

effect on dopamine efflux, whereas L-amphetamine has a more balanced action on

both dopamine and noradrenaline (Fig. 2). The difference in the catecholaminergic

profiles of D- and L-amphetamine has been exploited in the mixed-salts/mixed-

enantiomers amphetamine products, Adderall® and Adderall Extended-Release

(Adderall XR®).

The pharmacological actions of D- and L-amphetamine are complex with two or

three additive or synergistic mechanisms affecting synaptic monoamine concentra-

tions (Table 2). The primary therapeutic action of amphetamines is monoamine

release. Amphetamine is chemically and structurally related to dopamine and

noradrenaline and is a competitive substrate for NET and DAT. It is actively

transported into monoaminergic nerve terminals (Hurd and Ungerstedt 1989) and

induces impulse-independent release of cytosolic catecholamines (Sulzer and Rayport

1990). At moderate to high doses of amphetamine, displaced catecholamines are

expelled by reverse-transport into the synaptic cleft by a mechanism independent of

neuronal firing (Carboni et al. 1989). Since amphetamine’s isomers compete with

endogenous catecholamines for transport into presynaptic terminals via NET and

DAT, they delay synaptic neurotransmitter clearance. Metabolism of these neuro-

transmitters is also impeded by amphetamine’s isomers as they weakly inhibit

MAO by acting as competitive substrates (Mantle et al. 1976).

The combination of these pharmacological effects on the efflux of noradrenaline

and dopamine in the brain of freely moving spontaneously hypertensive rats (SHR)

is shown in Fig. 2 (Cheetham et al. 2007; Heal et al. 2009). There is an initial steep

rise in catecholamine outflow, peaking within 30 min. Increased dopamine and

noradrenaline efflux exceed 500%, even with low doses of D-amphetamine. Since

the releasing mechanism of high doses of D-amphetamine cannot be attenuated by

reducing neuronal firing rate or by autoreceptor control, the only determinant of its

magnitude of effect is the rate of entry into catecholaminergic terminals via NET

and DAT. That, in turn depends on the amount of amphetamine available for

transport. Thus, this lack of a dose-ceiling differentiates the amphetamines from

classical reuptake inhibitors such as atomoxetine and bupropion.

L-Amphetamine’s effects on noradrenaline and dopamine efflux in the brains of

SHR are powerful (Fig. 2), with peak increases of ~500% within 45 min of dosing.

Despite similarities with the pharmacodynamic profile of D-amphetamine, there

are important differences that are believed to be of clinical significance. First,

L-amphetamine is approximately threefold less potent than the D-isomer (Fig. 2)

and, second, at low doses (with greater clinical relevance), L-amphetamine increases

efflux of noradrenaline and dopamine to the same extent. The SHR has been

proposed as a model of ADHD (Sagvolden et al. 1992). However, qualitatively
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comparable pharmacodynamic effects have been demonstrated in normal rats: e.g.

for striatal dopamine efflux including D- and L-amphetamine (Kuczenski et al. 1995)

and for release of dopamine and noradrenaline in the prefrontal cortex (PFC;

Géranton et al. 2003; Pum et al. 2007). When D- and L-amphetamine doses are

increased beyond those relevant to therapeutic action (the experimental dose that can

reproduce clinically achievable/tolerable exposure), their pharmacological profiles

change radically. They become profoundly dopaminergic in character with peak

increases of dopamine efflux of 4,000–5,000% (D-amphetamine) and 3,000–4,000%

(L-amphetamine) (Cheetham et al. 2007; Heal et al. 2009). This aspect is unlikely to

be relevant to amphetamine’s therapeutic effects, but is almost certainly the reason

why it is abused as a psychostimulant.

The monoamine reuptake transporters do not display good substrate specificity.

As a consequence, amphetamine’s isomers can be sequestered by SERT and evoke

the release of serotonin (Heal et al. 1998). In terms of magnitude, its effect is

probably greater than those of the serotonin selective reuptake inhibitors (SSRIs)

and equivalent to the serotonin releasing agent, D-fenfluramine (Heal et al. 1998).

2.1.1 Clinical Profile of the Amphetamines and Accuracy of Predictions

Based on Preclinical Results

Based on their pharmacological profiles, D- and L-amphetamine were predicted to

be highly efficacious in the treatment of ADHD. This prediction has been confirmed

(Table 3) for D-amphetamine, L-amphetamine (Arnold et al. 1972), racemic

amphetamine (Gross 1976), Adderall (Pelham et al. 1999) and the D-amphetamine

prodrug, lisdexamfetamine (Vyvanse®) (Findling et al. 2008b).

It is generally accepted that there is no difference in the efficacy of the current

generation of amphetamine-based drugs and methylphenidate for ADHD treatment

Table 2 A summary of the mode of action of various drugs to treat ADHD

ADHD drug Pharmacological actions Catecholaminergic profile

D-Amphetamine NA þ DA release

NA þ DA reuptake inhibition

MAO inhibition

DA � NA

L-Amphetamine NA þ DA release

NA þ DA reuptake inhibition

MAO inhibition

NA ¼ DA

DL-Methylphenidate NA þ DA reuptake inhibition NA ¼ DA

D-Methylphenidate NA þ DA reuptake inhibition NA ¼ DA

Modafinil Enigmatic

DA reuptake inhibition

NA ¼ DA

Atomoxetine NA reuptake inhibition NA ¼ (DA)

Bupropion DA reuptake inhibition DA ¼ NA

Guanfacine a2A-Adrenoceptor agonist NA

Effects in parentheses are indirect actions

NA noradrenaline, DA dopamine, MAO monoamine oxidase

ADHD: Current and Future Therapeutics 367



T
a
b
le

3
A
su
m
m
ar
y
o
f
th
e
p
h
ar
m
ac
o
lo
g
ic
al

ch
ar
ac
te
ri
st
ic
s
o
f
v
ar
io
u
s
A
D
H
D

d
ru
g
s

D
ru
g

P
h
ar
m
ac
o
lo
g
ic
al

cl
as
s

N
eu
ro
tr
an
sm

it
te
r

ta
rg
et
sa

P
h
ar
m
ac
o
lo
g
ic
al

ch
ar
ac
te
ri
st
ic
s

P
sy
ch
o
st
im

u
la
n
t/

eu
p
h
o
ri
an
t

C
li
n
ic
al

ef
fi
ca
cy

(r
es
p
o
n
se

ra
te
)

S
it
e
o
f
ac
ti
o
n

T
im

e
o
f

p
ea
k
ef
fe
ct

E
ff
ec
t
si
ze

b
E
ff
ec
tb

D
o
p
am

in
e

N
o
ra
d
re
n
al
in
e

C
ei
li
n
g

D
u
ra
ti
o
n
b

D
-A

m
p
h
et
am

in
e

R
el
ea
si
n
g
ag
en
t

N
o
ra
d
re
n
al
in
e

D
o
p
am

in
e

5
-H

T

In
tr
an
eu
ro
n
al

E
x
tr
an
eu
ro
n
al

<
1
.0

h
>
1
0
0
0
%

>
5
0
0
%

N
o

2
.0
–
3
.0

h
Y
es

~
7
0
%

L
-A

m
p
h
et
am

in
e

R
el
ea
si
n
g
ag
en
t

N
o
ra
d
re
n
al
in
e

D
o
p
am

in
e

5
-H

T

In
tr
an
eu
ro
n
al

E
x
tr
an
eu
ro
n
al

<
1
.0

h
<
5
0
0
%

<
5
0
0
%

N
o

1
.0
–
2
.0

h
Y
es

N
D

D
L
-M

et
h
y
lp
h
en
id
at
e

D
-M

et
h
y
lp
h
en
id
at
e

R
eu
p
ta
k
e

in
h
ib
it
o
r

N
o
ra
d
re
n
al
in
e

D
o
p
am

in
e

(H
is
ta
m
in
e)

E
x
tr
an
eu
ro
n
al

<
1
.0

h
>
5
0
0
%

>
5
0
0
%

N
o

3
.0
–
4
.0

h
Y
es

~
7
0
%

A
to
m
o
x
et
in
e

R
eu
p
ta
k
e

in
h
ib
it
o
r

N
o
ra
d
re
n
al
in
e

(D
o
p
am

in
e

in
P
F
C
)

(H
is
ta
m
in
e)

E
x
tr
an
eu
ro
n
al

�1
.0

h
<
5
0
0
%

<
5
0
0
%

Y
es

>
4
.0

h
N
o

5
0
–
6
0
%

B
u
p
ro
p
io
n

R
eu
p
ta
k
e

in
h
ib
it
o
r

(N
o
ra
d
re
n
al
in
e)

D
o
p
am

in
e

E
x
tr
an
eu
ro
n
al

�1
.0

h
(P
F
C
)

<
1
.0

h
(S
T
R
)

<
5
0
0
%

<
5
0
0
%

Y
es

1
.0
–
2
.0

h
N
o

W
ea
k
/e
q
u
iv
o
ca
l

G
u
an
fa
ci
n
e

a 2
A
-A

g
o
n
is
t

N
o
ra
d
re
n
al
in
e

E
x
tr
an
eu
ro
n
al

<
1
.0

h
D
ec
re
as
e

(P
F
C
)c

D
ec
re
as
e

(P
F
C
)c

Y
es

N
D

N
o

5
0
–
6
0
%

d

M
o
d
afi
n
il

E
n
ig
m
at
ic

N
o
ra
d
re
n
al
in
e

D
o
p
am

in
e

(H
is
ta
m
in
e)

E
x
tr
an
eu
ro
n
al

>
1
.0

h
<
5
0
0
%

(P
F
C
)

<
5
0
0
%

(P
F
C
)

N
D

2
.0
–
3
.0

h
E
q
u
iv
o
ca
l

5
0
–
6
0
%

P
F
C
p
re
fr
o
n
ta
l
co
rt
ex
,
S
T
R
st
ri
at
u
m
,
N
D

n
o
t
d
et
er
m
in
ed

a
N
eu
ro
tr
an
sm

it
te
r
ta
rg
et
s.
M
o
n
o
am

in
es

in
p
ar
en
th
es
es

ar
e
in
d
ir
ec
t
ef
fe
ct
s

b
P
ar
am

et
er
s
d
et
er
m
in
ed

b
y
m
ic
ro
d
ia
ly
si
s
ex
p
er
im

en
ts
in

fr
ee
ly

m
o
v
in
g
ra
ts

c
E
ff
ec
t
p
re
d
ic
te
d
o
n
th
e
b
as
is
o
f
m
ic
ro
d
ia
ly
si
s
ex
p
er
im

en
ts
p
re
v
io
u
sl
y
p
er
fo
rm

ed
w
it
h
o
th
er

a 2
-a
d
re
n
o
ce
p
to
r
ag
o
n
is
ts
(I
h
al
ai
n
en

an
d
T
an
il
a
2
0
0
2
)

d
E
st
im

at
ed

fr
o
m

p
re
v
io
u
s
st
u
d
ie
s
(S
ca
h
il
l
et

al
.
2
0
0
1
)

368 D.J. Heal et al.



(Pelham et al. 1990). Head-to-head clinical trials comparing amphetamines and

non-stimulant drugs in the treatment of ADHD are relatively scarce. Wigal et al.

(2005) compared the efficacy of Adderall XR® against atomoxetine (Strattera®).

The former was maximally efficacious 2 h after dosing, while the peak effect for

atomoxetine was not observed for 7 h. When time-courses of peak efficacy were

compared over the dosing period, there was no difference between Adderall XR®

and atomoxetine. More recent clinical trials have described the superior efficacy of

Adderall XR® versus atomoxetine (Faraone et al. 2007). No trials were conducted

to compare the efficacy and safety of either bupropion or guanfacine versus

amphetamine-based drugs. However, responder rates of about 50–60% suggest

that they may be less efficacious than stimulant medications (Conners et al. 1996;

Scahill et al. 2001). In a long-term trial in which guanfacine XR was given alone

and in combination with stimulants, drop-outs through lack of efficacy were

considerably higher for the monotherapy (Sallee et al. 2009).

Since D-amphetamine was used as an appetite suppressant and is still used for the

treatment of narcolepsy, it is not surprising that anorexia, weight loss and insomnia

are common adverse events for all amphetamine-based medications (Findling et al.

2008b). Other adverse events include: nausea, vomiting, abdominal cramps,

increased blood pressure and heart rate, and possibly exacerbation of motor tics

(Findling et al. 2008a). The central actions of the amphetamines that produce these

side effects are also responsible for their efficacy in treating ADHD. Optimising

the dose is, therefore, the key to risk/benefit. In short, the greater efficacy of the

amphetamines in treating ADHD, compared with either classical reuptake inhibi-

tors (atomoxetine and bupropion) or the a2-adrenoceptor agonist (guanfacine), is
consistent with their faster and more powerful increase in extraneuronal catecho-

lamines (Table 3).

2.2 Methylphenidate

Methylphenidate has a piperidine chemical structure with two chiral centres that

give rise to four stereo-isomers: D-threo(2R-20R)-methylphenidate, L-threo(2S:20S)-
methylphenidate, D-erythro(2R:20S)-methylphenidate and L-erythro(2S:20R)-
methylphenidate. It was initially marketed in mixed form (CentedrinTM) until it

was discovered that the erythro-isomers were devoid of CNS activity. All currently

approved methylphenidate products are composed of either a 50:50 mixture of

D- and L-threo-methylphenidate or D-threo-methylphenidate. We refer to these drugs

as racemic, or DL-methylphenidate, and D-methylphenidate, respectively (Table 1).

In vitro, racemic methylphenidate is a moderately potent inhibitor of noradrena-

line and dopamine reuptake (Ki values ¼ 100–250 ZM; Andersen 1989), but not of

serotonin (Richelson and Pfenning 1984). The D-enantiomer is approximately

tenfold more potent as a catecholamine reuptake inhibitor in vitro than the

corresponding L-enantiomer (Ferris et al. 1972), indicating that the majority

of the pharmacological effect of the racemate is delivered by the D-isomer.
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At pharmacologically relevant concentrations, DL-methylphenidate does not inhibit

MAO (Sharman 1966).

Since methylphenidate has only a single pharmacological mechanism of action

and moderate potency as an inhibitor of noradrenaline or dopamine reuptake, it

would be predicted to produce only a modest and gradual enhancement of

catecholaminergic function in vivo. However, microdialysis experiments demon-

strate that this prediction is incorrect. The effects of DL-methylphenidate on

extraneuronal concentrations of dopamine and noradrenaline in rat brain are

shown in Fig. 2 (Cheetham et al. 2007; Heal et al. 2009). In the SHR brain,

DL-methylphenidate dose-dependently increased (>500%) the efflux of noradren-

aline and dopamine (Fig. 2). Its pharmacodynamics are similar to those of the

amphetamines, with peak effects occurring 30–45 min after dosing: larger doses

of DL-methylphenidate produce greater increases in catecholamine efflux (Fig. 2). In

contrast to the action of the amphetamines, where increased extraneuronal dopamine

returns to basal levels more rapidly than noradrenaline, sustained efflux of both

catecholamines occurs more than 3 h after administration of DL-methylphenidate. In

terms of magnitude, speed of onset and the lack of a dose-effect ceiling, the actions

of DL-methylphenidate are comparable to those of the amphetamines (Fig. 2).

Studies performed in normal, outbred rats have observed similar effects (Kuczenski

and Segal 1997). In microdialysis experiments performed in our laboratory,

the D-enantiomer was >10-fold more potent than the L-form and 10 mg/kg of

D-methylphenidate produced the same increased efflux of noradrenaline in PFC

and dopamine in striatum as a 20 mg/kg dose of the racemate (Heal et al. 2008).

The lack of SERT affinity for DL-methylphenidate in vitro (Richelson and

Pfenning 1984) is mirrored by a lack of effect on serotonin efflux in vivo (Kuczenski

and Segal 1997).

The pharmacodynamics of DL-methylphenidate on catecholamine efflux in the PFC

differentiate it from atomoxetine (Fig. 4). Not only is the atomoxetine-induced

increase in noradrenaline efflux considerably smaller, but there is also a ceiling for

its effect (Figs. 2 and 4). The profound difference between the pharmacological

profiles of methylphenidate and classical reuptake inhibitors (e.g. GBR 12909)

is emphasised when these drugs are investigated using reverse dialysis. Nomikos

et al. (1990) determined the effect of reverse dialysis of methylphenidate, GBR 12909

and D-amphetamine on the extracellular concentration of dopamine in striatum of

freely moving rats. DL-Methylphenidate and D-amphetamine evoked rapid, maximal

increases in dopamine efflux: the incremental increases were more exaggerated as the

drug concentrations increased. In contrast, GBR 12909 induced a plateau of dopamine

efflux more slowly and the amplitude of the increments diminished as the drug

concentration increased. Since reverse dialysis provides rapid access to the site of

pharmacological action, sub-optimal pharmacokinetics cannot explain thesemoderate

and gradual increases in monoamine efflux. An absolute requirement for intact

neuronal firing in the pharmacological actions of methylphenidate and the classical

reuptake inhibitors has been demonstrated in many studies (Nomikos et al. 1990).

Overall, the ability of DL-methylphenidate to evoke rapid and substantial

increases in dopamine efflux in striatum (Heal et al. 2008) and nucleus accumbens
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(Gerasimov et al. 2000) is not typical of the action of a classical reuptake inhibitor.

Heal (2008) postulated that methylphenidate and cocaine are allosteric modulators

of DAT and induce a firing-dependent reversal of dopamine transport. Hence, they

appear to act as “inverse agonists”, reversing the usual direction of dopamine

transport by DAT. This would explain the similarity between the profiles of

ADHD medications like methylphenidate and the amphetamines. Moreover, this

hypothesis for the mode of action of methylphenidate (Heal 2008) could explain

why it has powerful psychostimulant and reinforcing effects in humans (Smith and

Davis 1977), whereas classical dopamine reuptake inhibitors, such as bupropion, do

not (Miller and Griffiths 1983).

2.2.1 Clinical Profile of Methylphenidate and Accuracy of Predictions

Based on Preclinical Results

Clinical trials have shown no substantial difference between the efficacy of methyl-

phenidate and amphetamine-based medications (Efron et al. 1997a). Various for-

mulations of DL-methylphenidate were effective in both short- and long-term clinical

trials of ADHD (Barkley et al. 1991; Findling et al. 2008a). Consistent with a rapid

increase in catecholamine efflux in striatum and PFC, DL-methylphenidate is maxi-

mally efficacious within 2 h of oral administration (Quinn et al. 2004). Substantial

benefit is often seen within 1 week of treatment onset (Wolraich et al. 2001).

Since DL-methylphenidate and amphetamine-based drugs are equally effica-

cious, they are likely to be more effective than non-stimulant ADHD drugs. Thus,

osmotically released DL-methylphenidate (Concerta®) was more effective than

atomoxetine in several clinical trials (Newcorn et al. 2008). When bupropion was

compared with immediate-release, DL-methylphenidate, the stimulant was more

efficacious (Barrickman et al. 1995). No comparisons have yet been performed

on the efficacy and safety of DL-methylphenidate versus guanfacine.

The most common side effects of DL-methylphenidate are insomnia, anorexia,

emotional lability, changes in blood pressure/heart rate and gastrointestinal effects.

These occur to a similar extent for all formulations (Efron et al. 1997b). In a study

comparing DL-methylphenidate versus D-amphetamine in children, there were no

differences in frequency or severity of adverse events (Efron et al. 1997a, b).

The more potent enantiomer of racemic methylphenidate (D-methylphenidate) has

been developed as an ADHD medication (Focalin® and Focalin XR®). Part of the

rationale for this approach was to expand the therapeutic window of methylphenidate

in ADHD therapy. This argument is somewhat flawed by the fact that ~90% of the

efficacy and side effects of DL-methylphenidate are mediated by the more active

D-enantiomer. When D-methylphenidate and the racemate have been compared in

clinical trials, their efficacy and adverse event profiles are identical (Quinn et al. 2004).

When the clinical outcome results for D- and DL-methylphenidate are compared

with data obtained using in vivo microdialysis experiments, their relative efficacy

and the spectrum and severity of their side effects are consistent with their predicted

actions.
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2.2.2 Atomoxetine

Atomoxetine is a potent and selective noradrenaline reuptake inhibitor

approved in Europe and USA as a non-stimulant drug for the treatment of

ADHD. Since dopamine is often considered to be the more important mediator

in the treatment of ADHD, it is essential to understand how the unusual

catecholaminergic neuroanatomy in the PFC contributes to the pharmacological

actions of atomoxetine.

Compared with the nigrostriatal or mesolimbic systems, dopaminergic innervation

in the PFC is sparce. Themajor difference lies in the low density of DAT sites on PFC

dopaminergic neurones (Hitri et al. 1991). Clearance of dopamine via DAT in the

PFC is slow, allowing it to diffuse away from its site of release (Cass and Gerhardt

1995). Catecholamine reuptake transporters have relatively little substrate selectivity,

and a substantial proportion of dopamine is sequestered into noradrenergic terminals

via NET (Morón et al. 2002). The mechanism for dopamine reuptake and catabolism

in the PFC is illustrated in Fig. 3. These unusual, if not unique, characteristics of

dopamine regulation in the PFC play a major role in determining the catecholamin-

ergic profile of atomoxetine. Atomoxetine induces moderate and sustained increases

in extracellular concentrations of both noradrenaline and dopamine in the PFC of rats
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Fig. 3 Differences in dopamine reuptake and catabolism between the prefrontal cortex and

striatum. In the PFC, the number of DAT sites is low compared with other dopaminergic terminal

fields like the striatum. Most of the dopamine that is neuronally released in the PFC is sequestered

into noradrenergic neurones via NET sites. DOPAC dihydroxyphenylacetic acid, 3MT 3-methoxy-
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(Fig. 4). However, atomoxetine does not enhance dopamine efflux in the striatal or

mesolimbic terminal fields: regions where dopamine reuptake is by DAT. Compared

with the effects of methylphenidate or amphetamine (Fig. 2), the increases in
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Fig. 4 The effects of atomoxetine on catecholamine efflux in the brains of freely-moving rats

measured by intracerebral microdialysis. (a) The effect of atomoxetine on extracellular noradren-

aline in PFC of Sprague-Dawley rats. All doses of atomoxetine significantly different (P < 0.025)

from saline-treated controls throughout the 4-h experimental period according to Duncan’s post

hoc test (n ¼ 5–6 rats/group). Administration of atomoxetine or saline was at 0 hours. (b) The effect

of atomoxetine on extracellular dopamine levels in PFC (3 mg/kg i.p.), nucleus accumbens (3 mg/kg

i.p.) and striatum (10 mg/kg i.p.) of Sprague-Dawley rats (n ¼ 5–6). Atomoxetine significantly

increased extracellular dopamine concentrations throughout the 4-h period only in the PFC.

*P < 0.05 significantly different from saline treated controls according to Duncan’s post hoc test.

Data taken from Bymaster et al. (2002)
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noradrenaline and dopamine efflux evoked by atomoxetine are smaller, slower to

plateau and there is a dose ceiling (Fig. 4; Bymaster et al. 2002). This limit on

atomoxetine’s ability to increase extraneuronal noradrenaline and dopamine is typi-

cal of classical monoamine reuptake inhibitors. It is caused by progressive reduction

in neuronal firing and autoreceptor feedback inhibition that gradually counterba-

lances the reduced clearance of neurotransmitter.

Enhancement of catecholaminergic neurotransmission in the PFC is thought to

be fundamental for ADHD treatment. Due to the unusual neuroanatomy of PFC

catecholaminergic neurones, atomoxetine increases synaptic concentrations of nor-

adrenaline and dopamine. However, it is a highly selective noradrenaline reuptake

inhibitor and does not increase dopaminergic neurotransmission elsewhere (Fig. 4).

Due to this regional selectivity, atomoxetine is predicted to lack psychostimulant

side effects. On the negative side, dysregulation of the striato-cortical catechol-

amine system might have a role in the aetiology of ADHD (Durston 2003).

Therefore, this regional selectivity may partly account for its reduced efficacy

compared with the stimulants.

2.2.3 Clinical Profile of Atomoxetine and Accuracy of Predictions

Based on Preclinical Results

The efficacy of atomoxetine has been shown in a number of clinical trials (Kelsey

et al. 2004; Buitelaar et al. 2007). Both the inattentive and impulsive/hyperactive

aspects of the disorder respond to atomoxetine (Michelson et al. 2001). Its efficacy

was not influenced by co-morbid generalised anxiety disorder, depression, opposi-

tional defiant disorder, tics or Tourette’s syndrome. Although comparator trials

generally report that atomoxetine is less effective in treating ADHD than the

stimulants, there have been exceptions (Wang et al. 2007). No clinical trials have

compared atomoxetine against guanfacine or bupropion.

Adverse events with atomoxetine treatment include decreased appetite, abdomi-

nal pain, nausea/vomiting, somnolence, fatigue, dry mouth, loss of libido and

erectile dysfunction (Michelson et al. 2003). Overall, the incidence rates and sever-

ity of atomoxetine’s adverse events are similar to those of methylphenidate and the

amphetamines (Wigal et al. 2005). Drug-experienced volunteers reported some

similarities between the subjective effects of atomoxetine and the stimulants, but

its effects were mild in comparison (Jasinski et al. 2008), indicating that it has little

potential for recreational abuse. The reported increases of blood pressure and heart

rate (Michelson et al. 2001) are, in general, similar in magnitude to those observed

with amphetamine (Wigal et al. 2005) or methylphenidate (Newcorn et al. 2008).

Adjunctive therapy with DL-methylphenidate in atomoxetine partial responders

has been successful (Wilens et al. 2009), but this also increases the rates of

insomnia, irritability and loss of appetite (Hammerness et al. 2009). This combina-

tion therapy has not included amphetamine because blockade of NET by atomox-

etine prevents entry of amphetamine into presynaptic noradrenergic terminals

(Sofuoglu et al. 2009).
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The clinical profile of atomoxetine, therefore, fits well with predictions from

intracerebral microdialysis experiments in terms of its relative efficacy as an

ADHD therapy, its side effect profile and lack of abuse potential (Table 3).

2.3 Bupropion

Bupropion is a moderately selective, but weak, dopamine reuptake inhibitor devel-

oped as an atypical antidepressant (Wellbutrin®) and as an aid to smoking cessation

(Zyban®). It has been postulated that bupropion produces its effects by blocking

both dopamine and noradrenaline reuptake (Cooper et al. 1994). The potential

benefit of bupropion in the treatment of ADHD has been explored and it is used

off-label. Moreover, the clinical lessons that have been learned, together with

extensive knowledge of its pharmacology, provide useful insights for development

of new drugs.

In microdialysis experiments (Li et al. 2002), bupropion produced gradual

increases in extracellular noradrenaline (~300%) and dopamine (~250%) in

PFC of freely moving rats, 60–90 min post-dosing. It is highly probable that

noradrenaline reuptake inhibition plays a role in this outcome. First, because highly

selective dopamine reuptake inhibitors, e.g. GBR 12909, produce little increase in

dopamine and noradrenaline efflux in PFC (Pozzi et al. 1994). Second, bupropion

increases noradrenaline and dopamine efflux in brain areas that lack the unusual

catecholaminergic neuronal architecture of the PFC (Hasegawa et al. 2005), indi-

cating that this drug inhibits DAT and NET in vivo. Bupropion also enhances

extraneuronal concentration of dopamine in striatum and nucleus accumbens

(Sidhpura et al. 2007), although its maximum effect is small compared with

D-amphetamine (Nomikos et al. 1990).

These preclinical results indicate that bupropion has the appropriate pharma-

cology for ADHD treatment, but is predicted to be less efficacious than the

stimulants. On the other hand, these results also indicate that bupropion would

have a much lower potential for abuse than the psychostimulants.

2.3.1 Clinical Profile of Bupropion and Accuracy of Predictions Based

on Preclinical Results

In children, significant improvement in ADHD symptoms was found with bupro-

pion (Casat et al. 1987), although smaller than that seen with the stimulants. In a

more recent trial in adolescents, significant therapeutic benefit was not observed

(Daviss et al. 2001). In adults, Wilens et al. (2001, 2005) observed a moderate

improvement in subjects receiving bupropion. The adverse events that are fre-

quently reported with bupropion are typical of catecholamine reuptake inhibitors:

dry mouth, insomnia, chest pain, nausea, dizziness, constipation and irritability

(Conners et al. 1996).
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Clinical trials with drug-experienced and drug-naı̈ve volunteers investigated

whether bupropion has psychostimulant-like abuse potential. In Table 3, bupropion

produced no abuse signal across a wide range of doses, including those above the

therapeutic range (Miller and Griffiths 1983). The data demonstrate that bupropion

lacks psychostimulant and/or euphoriant potential, which is the predicted outcome,

based on the speed and magnitude of its action to increase synaptic dopamine

concentrations.

When viewed overall, the clinical outcomes for efficacy, side effects and abuse

liability fit well with predictions based on the results from the microdialysis

experiments (Table 3). The exception is the failure of bupropion to show only

low efficacy in children and none in adolescents with ADHD.

2.4 Guanfacine and Other a2-Adrenoceptor Agonists

In view of their sedative actions, the a2-adrenoceptor agonists were a logical choice
for the potential treatment of ADHD. Clonidine was the first drug in this class to be

used off-label, but more recently, interest has focused on guanfacine.

In humans, guanfacine has moderate affinity (Ki ¼ 50–146 ZM) for

a2A-adrenoceptor subtypes and has a 10- to 24-fold selectivity for a2A- versus

a2B-adrenoceptors/a2C-adrenoceptors (Uhlén et al. 1994). Based on the results

mainly from primate experiments, it was thought that therapeutic effects of the

a2-adrenoceptor agonists in ADHD were mediated by activation of postsynaptic

a2A-adrenoceptors in PFC (Arnsten 2006). Although evidence to support this

hypothesis is compelling, microdialysis experiments revealed that effects of the

a2-adrenoceptor agonists on catecholaminergic neuronal transmission in PFC

extend beyond postsynaptic a2A-adrenoceptor activation.
The unusual neuronal architecture of the PFC (Fig. 3) has profound implica-

tions for the actions of a2-adrenoceptor agonists on catecholaminergic function.

Several research groups have reported that noradrenaline and dopamine efflux

in this region is modulated by changes in a2-adrenergic function. Thus, non-

selective a2-adrenoceptor agonists, like clonidine, reduce the extracellular con-

centrations of noradrenaline and dopamine (Devoto et al. 2003). It is likely

that the reductions in neurotransmitter efflux result from the actions of these

agonists at a2A-adrenergic auto- and hetero-receptors on the catecholaminergic

nerve cell bodies and terminals. The overall effect of an a2-adrenoceptor
agonist in the PFC will be to enhance noradrenergic neurotransmission via

postsynaptic a2A-adrenoceptors, to attenuate signalling via other postsynaptic

adrenergic receptor subtypes, and to reduce dopaminergic neurotransmission.

Thus, the pharmacological profile of the a2-adrenoceptor agonists differs from

other ADHD drugs, which evoke broad spectrum increases in noradrenergic and

dopaminergic neurotransmission in the PFC.
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2.4.1 Clinical Profile of Guanfacine and Other a2-Adrenoceptor Agonists

and Accuracy of Predictions Based on Preclinical Results

In randomised, double-blind, placebo-controlled clinical trials, guanfacine was an

effective ADHD treatment (Scahill et al. 2001; Biederman et al. 2008a). These

trials were performed mainly in the combined hyperactive/impulsive-inattentive

ADHD subgroup. However, guanfacine was less efficacious in the minority of

subjects with the inattentive subtype of ADHD: response rates of 50–60% placed

it alongside other non-stimulant drugs in terms of relative efficacy.

Open-label trials to assess the long-term efficacy and safety of guanfacine XR

(Intuniv®) revealed drop-out rates >80% (Biederman et al. 2008b) with disconti-

nuations for lack of efficacy reported as 12.5% (Sallee et al. 2009). In the popula-

tion who completed 1 or 2 years in these trials, guanfacine maintained its efficacy.

Frequently reported adverse events with guanfacine include somnolence,

fatigue, sedation, upper abdominal pain, dry mouth, nausea and dizziness. These

are all consistent with the role of a2A-adrenoceptors in the induction of sedation, or
are similar to those observed with other noradrenergic drugs (Biederman et al.

2008a,b). Reductions in systolic and diastolic blood pressure and heart rate were

also found. Most changes were not clinically relevant, but serious episodes of

orthostatic hypotension and syncope have been reported in ~2% of subjects in

long-term trials. Weight gain has also been observed in a small number of subjects

(Biederman et al. 2008b).

The preclinical pharmacology of a2A-adrenoceptor agonists, including their

effects on cognitive function, sedation, regulation of blood pressure, and their

actions to reduce the efflux of catecholamines in the PFC, accurately predicts the

relative efficacy of these drugs in the treatment of ADHD and their adverse events.

2.5 Modafinil

Modafinil is approved as a treatment for narcolepsy and it also increases vigilance

and cognitive function. Modafinil did not complete clinical development as a

potential medication for ADHD. Nonetheless, it is used off-label and is an interest-

ing drug to explore in terms of its efficacy and side effect profile, and as a

mechanistic approach for the development of novel treatments for this disorder.

Modafinil’s pharmacology is poorly understood, but several putative mechan-

isms have been postulated to account for its therapeutic actions. This drug has low

affinity for DAT (~3–6 mm; Zolkowska et al. 2009) and no measurable affinity for

NET or SERT (Madras et al. 2006). However, in positron emission tomography

(PET) experiments, modafinil occupied a significant proportion of DAT and NET

sites in monkey striatum and thalamus (Madras et al. 2006; Andersen et al. 2010).

Moreover, its pharmacological effects were abolished or attenuated by agents

that decrease catecholaminergic, particularly a1-adrenoceptor-mediated, function

(Minzenberg and Carter 2008).
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Modafinil induces behavioural effects indicative of enhanced dopaminergic

neurotransmission: it increases motor activity in normal and Parkinsonian monkeys

(Jenner et al. 2000); partially generalises to a cocaine-like discriminative stimulus

in rodents and, at high doses, is reinforcing in monkeys and humans (Gold and

Balster 1996). Modafinil is an agonist of D2 receptors. The wake-promoting effects

of this drug are abolished in mice lacking DAT sites and D1/D2 receptors (Wisor

et al. 2001).

In microdialysis studies, modafinil increases extracellular dopamine in the

nucleus accumbens of rats (Murillo-Rodrı́guez et al. 2007), and striata of dogs

(Wisor et al. 2001) and monkeys (Andersen et al. 2010). In the PFC of rats, a

high dose increased extracellular dopamine, noradrenaline and serotonin that

was slow in onset (peak increase 60–120 min post-injection) and modest in

amplitude (de Saint Hilaire et al. 2001). In human PET studies, therapeutic doses

of modafinil occupied DAT sites and modestly increased dopamine efflux in striatum

(Volkow et al. 2009). In terms of its effects on CNS monoamines, the most powerful

action of modafinil was to increase extracellular serotonin (Ferraro et al. 2002).

However, this action is not predicted to contribute to modafinil’s potential benefit

in ADHD.

In summary, modafinil’s effects on cognition and vigilance, together with

evidence that it enhances central catecholaminergic function, provide a reasonable

rationale to suggest that this drug may be of benefit in the treatment of ADHD.

2.5.1 Clinical Profile of Modafinil and Accuracy of Predictions

Based on Preclinical Results

In clinical trials, modafinil improved ADHD symptoms (Biederman et al. 2005).

The efficacy of modafinil was robust, but relatively modest in magnitude.

The response rate was 40–50% with no clear difference between efficacy in

patients previously responsive to stimulants versus those were not, or who were

treatment-naive (Wigal et al. 2006).

Since no head-to-head comparison has been performed between modafinil and

any established stimulant ADHD medication, there is no firm information on its

relative efficacy. It is likely that modafinil would be less effective than the stimu-

lants. Modafinil improved ADHD symptoms within the first week of treatment, but

its maximum effect took 7–9 weeks. Reported side effects (insomnia, decreased

appetite, headache and weight loss; Wigal et al. 2006) are consistent with enhanced

dopaminergic and noradrenergic neurotransmission in the CNS.

Unlike the stimulants, modafinil increases vigilance without associated tolerance

or sensitisation (Bastuji and Jouvet 1988). In the UK, modafinil is not a Controlled

Drug as in other countries within Europe and the USA. Clinical studies in drug-

experienced volunteers have produced contradictory results. Jasinski (2000)

observed that modafinil produced a dose-dependent reporting of “drug liking”

and “high” in polydrug users that was not observed by Rush et al. (2002) in
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cocaine-experienced subjects. Recently, Volkow et al. (2009) reported that normal

subjects receiving similar doses of modafinil did not report any abuse- or drug-

related subjective effects. In these trials, modafinil lacked the profound psychos-

timulant properties of methylphenidate, amphetamine and cocaine (Jasinski

2000). Although modafinil has weak reinforcing effects, it can nonetheless give

rise to psychoactive effects typical of psychostimulant drugs. Taking all these

factors into account, modafinil appeared to be a promising approach in the search

for an ADHD drug with low potential for abuse. However, the FDA issued a non-

approvable letter for the use of modafinil to treat ADHD in 2006. This decision

was based on a single adverse reaction in clinical trials of a patient developing a

rash suggestive of Stevens–Johnson syndrome (a serious hypersensitivity reac-

tion affecting the skin and mucous membranes). Since then, the FDA has

excluded the use of modafinil in any paediatric indication and the development

of this drug for the treatment of ADHD has been discontinued, although it is still

used off-label.

The relative efficacy of modafinil in ADHD, its side effect profile and its low

level of abuse liability are generally consistent with its reported effects on cate-

cholamine efflux in microdialysis experiments. However, the increases of dopa-

mine and noradrenaline efflux are less profound and slower in onset than those

evoked by amphetamines or methylphenidate (Table 3; Fig. 2) and are consistent

with the prediction of low efficacy in reducing ADHD symptoms compared with

the stimulants. Increases in extraneuronal dopamine induced by modafanil are

modest and relatively slow in onset, which is consistent with modafinil’s reported

low level of abuse liability.

3 Clinical Experience with Drugs Used to Treat ADHD

When faced with a patient for whom a diagnosis of ADHD is being considered, a

key first step is a careful and thorough assessment. The differential diagnosis of the

symptoms by which ADHD is characterised is quite extensive. Many psychiatric

and general medical conditions, as well as non-pathological life conditions, can

cause a patient to express symptoms of ADHD. Presuming that the patient does

indeed have ADHD, options include non-pharmacological and pharmacological

interventions to address the impairments. Considering the potential benefits asso-

ciated with both forms of treatment, as well as their combination, discussions

between the clinician and patient, and, if appropriate, the patient’s family, are

pivotal. ADHD is a chronic condition and developing an effective therapeutic

relationship between the patient and provider can begin during the treatment

planning process. Experience suggests that patients and their families often do

not want the clinician to make treatment decisions for them. Rather, they want to

be educated about treatment options so that they can make the decision that they

feel meets their needs. However, there are times when patients and their guardians
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ask what the clinician would do. In this section, the treatment options and their

rationale will be discussed from the physician’s perspective.

Physicians recommend combined interventions for ADHD that include phar-

macological, environmental (educational/vocational) and behavioural compo-

nents. This is done in the hope not only of reducing symptoms, but also to

improve functioning and mastery of previously challenging undertakings.

A patient may ask for medication alone, wish to eschew medication or may not

wish to involve a patient’s school in drug administration. As a general rule, it

seems reasonable to accommodate a patient’s/guardian’s request, while also

monitoring treatment outcomes, and considering adding or removing forms of

intervention with time. Presuming that pharmacotherapy is chosen as a treatment

option, the first consideration is what medication(s) should be considered “first

line”. Despite the multiple treatment options, physicians generally recommend a

stimulant as the initial intervention. Although they are imperfect agents asso-

ciated with abuse liability and well-documented side effects, they are “first line”

pharmacotherapy. This is partly due to the volume of information available on

their efficacy and tolerability that has accumulated over many decades.

There are patients for whom stimulants might be problematic and inappropriate:

e.g. those with a history of substance abuse or Tourette’s disorder. Before choosing

between the stimulants in these patients, non-stimulant treatments will be con-

sidered: e.g. atomoxetine or guanfacine XR. Although there are no empirical

head-to-head data, physicians generally choose guanfacine for youths with tics, or

with particular difficulty with impulsivity and hyperactivity, but atomoxetine if

inattention or anxiety predominate. However, if pharmacotherapy is started with a

stimulant, the next question is whether or not this should be a methylphenidate- or

amphetamine-based preparation. Since the efficacy of these compounds is equiva-

lent across populations, the approach to the individual patient needs to be based on

other parameters. This might include eschewing a formulation that shares the same

active ingredient as a medication that the patient/family does not wish to adminis-

ter. As the lay public seems to be familiar with stimulant formulations, people may

have pre-existing concerns. These pre-conceived ideas may be due to, e.g., positive

or negative responses, or side effects that occurred in family or acquaintances. In

some instances, treatment availability and cost are key parameters. Once the class

of drug and its active ingredient is chosen, the next question is whether or not the

patient should start on a short- or longer-acting preparation. This decision is one

that is frequently driven by patient and family concerns. Although it generally

ameliorates with time, at the initiation of pharmacotherapy, caution about medica-

tion-related side effects may be substantial and there may be reluctance to take

longer-acting formulations. In order to minimise duration of medication exposure,

some patients may wish to start on short-acting preparations.

Medical advances over the past decade in the pharmacotherapy of ADHD have

made it easier for patients and prescribers to individualise care. However, all

available treatments are imperfect. Stimulants are still associated with periods of

time where their benefits “wear off”. Furthermore, some patients cannot tolerate, or

do not benefit from, pharmacotherapy with this class of drugs. Therefore, there is
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ample scope for drug development in ADHD. Some of the characteristics that

would be possessed by the “ideal” drug would include the following:

1. Safety, both acutely and with chronic use across the lifecycle

2. No abuse liability

3. Once-daily dosing, while providing 24 h of benefit

4. Optimal symptom reduction within 1 h of administration

5. Equally effective for inattentive as well as hyperactivity/impulsivity symptoms

6. Will not require sustained treatment over days/weeks in order for benefits to be

maximised

4 New Developments in the Field of Research into Drugs

to Treat ADHD and Future Directions

A review of drug candidates in the late-stage development for ADHD treatment

is dominated by the application of formulation technologies to existing drugs or

by “me too” pharmacology. Pharmaceutical companies have applied a range of formu-

lation technologies (bead formulations, slow-release matrices and transdermal patches)

to methylphenidate or amphetamine to produce novel, once-daily medications.

Drug candidates acting at various novel molecular targets have been evaluated to

determine their efficacy and safety as potential ADHD medications (Table 4).

Table 4 Compounds in development

Compound

number

Generic name Company Mode of action Development

status

Reuptake inhibitors
LY2216684 – Eli Lilly NA reuptake

inhibitor

PIII

SEP228432 – Sepracor Triple uptake

inhibitor

PI

DOV102677 – Dov Pharmaceuticals Triple uptake

inhibitor

D

GSK372475

(NS2359)

– GSK/NeuroSearch Triple uptake

inhibitor

D

– (R)-Sibutramine Sepracor Triple uptake

inhibitor

D

SPD473 – Shire Triple uptake

inhibitor

D

Nicotinic agents
ABT089 Pozanicline Abbott/NeuroSearch a4/b2 partial

agonist

PII

ABT894 Sofinicline Abbott/NeuroSearch a4/b2 agonist PII

AZD3480 – AstraZeneca/

Targacept

a4/b2 partial
agonist

PII

(continued)
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When predicting the likely efficacy and safety of new therapeutic approaches

in ADHD, the knowledge gained from existing drugs can be helpful. The pharma-

cological characteristics of the most effective drugs for treating ADHD, the stimu-

lants, are summarised below and in Table 3:

1. These drugs produce large and rapid increases in the synaptic concentration of

catecholamines in the PFC.

2. There is no obvious ceiling on the magnitude of their effect on catecholamine

efflux.

3. The most efficacious ADHD drugs also enhance dopaminergic neurotransmis-

sion in sub-cortical brain regions.

However, some caveats have to be taken into consideration. For example, lack of

information in the public domain indicates that drugs that are selective dopamine

releasing agents, or noradrenaline reuptake inhibitors with the pharmacological

characteristics of methylphenidate, have not been evaluated as potential ADHD

therapies. Hence, it is impossible to know whether sub-cortical dopamine efflux is a

critical component of maximal efficacy in an ADHD medication, or alternatively,

whether a drug with a selective noradrenergic mechanism that is as powerful as

methylphenidate or amphetamine could rival the efficacy of the stimulants.

In addition, it is important to remember that effective drugs have actions in multiple

symptom domains; reduction of hyperactivity, impulsivity and concomitant social

misconduct, while increasing vigilance, attention and cognitive performance.

Table 4 (continued)

Compound

number

Generic name Company Mode of action Development

status

AZD1446 – AstraZeneca/

Targacept

a4/b2 agonist PII

GTS21 – CoMentis a7 agonist PII

TC5619 – Targacept a7 agonist PII

– Lobeline Yaupon a7 agonist PII

Histaminergic agents
JNJ31001074 – J & J H3 antagonist PII

SAR110894 – Sanofi-Aventis H3 antagonist D

AMPA modulators
Org26576 – Merck AMPA modulator PII

CX717 – Cortex

pharmaceuticals

AMPA agonist D

SPD420 – Shire AMPA modulator D

Miscellaneous targets
NWP06 – NextWave

pharmaceuticals

Not disclosed PII

SPN811 – Sepracor Not disclosed PI

SPN812 – Sepracor Not disclosed PC

NSD867 – NeuroSearch Not disclosed PI

KP106 – KemPharm a1A/a2A agonist PI

PI phase I, PII phase II, PIII phase III, PC preclinical, D discontinued
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Any drug candidate that fails to provide benefit in all these areas may be valuable

only as an adjunctive therapy.

Several triple reuptake inhibitors have been taken into clinical development in

ADHD and some have potent dopamine reuptake inhibitor properties. Development

of four of them has been terminated; mostly for lack of sufficient efficacy indicating

that a non-selective monoamine reuptake inhibition profile is not appropriate for the

treatment of ADHD.

Once-daily formulations of other a2-adrenoceptor agonists apart from guanfa-

cine, e.g. clonidine, are now in late-stage development as alternative non-stimulant

treatments for ADHD.

Development of nicotinic receptor agonists is the approach that has received

the most attention in the search for new ADHD drugs. Partial and full agonists of the

a4/b2 and a7 receptor subtypes are undergoing clinical evaluation. The a4/b2 receptor
agonists, ABT418, ABT089 and ABT594, reduce distractibility and increase vigi-

lance and cognitive performance in rodents and primates (Buccafusco et al. 1995,

2007). Compounds of this type also increase dopamine, noradrenaline and 5-HT

turnover in whole-brain (Tani et al. 1997) and increase release of [3H]dopamine

from striatal synaptosomes (Sharples et al. 2000). In a placebo-controlled, crossover,

pilot trial in adult ADHD, Wilens et al. (1999) observed that the a4/b2 receptor

agonist, ABT418, produced moderate, but statistically significant, reductions in

several ADHD severity scales. ABT418 was more effective in the inattentive than

the hyperactive/impulsive subgroup, but of greater importance was the observation

that the efficacy of this compound diminished as the severity of the disorder

increased. More recently, Wilens et al. (2006) reported results for the a4/b2 receptor
partial agonist, ABT089, in adult ADHD. This compound produced statistically

significant reductions in ADHD severity scales, but the effects were small and not

dose-dependent. Therefore, based on the available data, nicotinic a4/b2 receptor

agonists are unlikely to provide a significant advance in ADHD pharmacotherapy.

Nicotinic a7 receptor agonists have also been shown to reduce distractibility and

improve cognitive function in animals (Buccafusco et al. 2007) and to modulate

catecholaminergic neurotransmission in vitro and in vivo (Kaiser and Wonnacott

2000). Various a7 receptor agonists are currently being evaluated in ADHD, but

there is no information in the public domain on their efficacy or safety.

Over the past few years, preclinical studies have shown that histamine H3 antago-

nists improve cognitive function (e.g. see review by Stocking and Letavic 2008).

JNJ31001074 (J&J) is a histamine H3 receptor antagonist that is currently in clinical

development for cognitive deficits in ADHD.With the caveat that no firm conclusions

can be based on a single discontinuation, the termination of another H3 receptor

antagonist, SAR110894 (Sanofi-Aventis), suggests that this pharmacological approach

may not be suitable for use in ADHD. This hypothesis is supported by preclinical

investigations indicating that H3 receptor antagonists are being targeted mainly at

cognitive dysfunction in schizophrenia andAlzheimer’s disease (Medhurst et al. 2007).

In the SHR, disturbances in glutamate, as well as dopamine and noradrenaline

function suggest a defect in brain areas required for reward associated learning and

memory (e.g. see review by Russell 2003). Lehola et al. (2004) reported an
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abnormality in the NMDA receptor of SHRs, which they suggested could contrib-

ute to their ADHD-related symptoms. These findings parallel a recent clinical

study. In adolescents with ADHD and normal comparators, proton magnetic reso-

nance spectroscopy was used to scan their brains before and after treatment with

methylphenidate XR. The preliminary findings indicated glutamatergic abnormal-

ities in adolescents with ADHD, which could be rectified with MPH treatment

(Hammerness et al. 2010). The AMPA receptor modulator, Org26576 (Merck), is

currently in Phase II clinical evaluation in ADHD. However, although no informa-

tion is available on this particular drug candidate, the termination of two other

AMPA receptor modulators (Table 4) suggests that compounds with this pharma-

cology may not be effective as ADHD treatments.

While some of the new approaches may be clinically efficacious, thereby offering

more choice to physicians, none appears to be equal to the stimulants.

The preclinical pharmacology of these drugs shows that their ability to enhance

catecholaminergic neurotransmission in vivo is at best moderate. These observa-

tions reinforce the view that the relative efficacy of ADHD drugs is strongly

associated with their ability to directly or indirectly enhance catecholaminergic

neurotransmission.

5 A Summary of the Current Status and Future Prospects

of Drug Therapy for ADHD

The introduction of the stimulants revolutionised the treatment of ADHD for a

number of reasons. These drugs are remarkably effective, and the percentage of

non-responders is low compared to drug therapy in many other psychiatric indica-

tions. Moreover, the rapid appearance of their benefits in ADHD treatment provides

an important early indicator of success or failure. For this reason, amphetamine or

methylphenidate formulations are generally the first selected by physicians.

Another advantage is that these drugs manipulate the function of the catechola-

mines and serotonin, probably the most widely studied and best understood of the

CNS neurotransmitters. The availability of a wide range of compounds with a high

degree of specificity for individual monoamines and/or different pharmacological

mechanisms has refined our understanding of the essential elements for optimum

pharmacological effect in managing the disorder. It has also provided valuable

information from which to construct hypotheses about the neuroanatomy and

neurotransmitter dysregulation that are causal in ADHD. The validity of these

hypotheses has been tested in clinical trials and confirmed by the success of some

new drugs and the failure of others.

The development of sustained-release preparation stimulants has expanded

treatment options for young patients with ADHD. Since ADHD is a psychiatric

and cognitive disorder characterised by inattentiveness, poor concentration, dis-

tractibility and impulsivity, subjects are unsuited to self-medication, particularly

with short-acting drugs that need to be administered two or three times daily at
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reasonably precise intervals. In circumventing the need for multiple-daily dosing,

formulation and prodrug strategies have played a critical role in improving the

pharmacotherapy of ADHD, and now there are multiple treatment options for every

type of medication. All of these developments have contributed real progress in the

field, but there is still much room for improvement and unmet clinical need in

ADHD pharmacotherapy.

In the search for alternative pharmacological approaches, drug candidates have

been evaluated with a wide diversity of mechanisms – many of which act as

modulators of catecholaminergic function in the CNS. Preliminary clinical data

indicate that some of these compounds are likely to be effective as ADHD drugs,

but none looks as if they will deliver comparable efficacy equal to the stimulants or

provide the breakthrough in efficacy and safety that is required. It may be too early

to be judgemental on the future prospects for the introduction of advantaged new

drugs for the treatment of ADHD. They may add significantly to the list of drugs

available to treat ADHD but, equally, it is also clear that the stimulants and other

catecholaminergic drugs are likely to be the mainstay of pharmacotherapy in this

disorder for many years to come.
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Abstract In addition to the symptoms singled out by the diagnostic criteria for

Attention-Deficit Hyperactivity Disorder (ADHD), a comprehensive definition

should inform us of the events that trigger ADHD in both its acute and chronic

manifestations; the neurobiology that underlies it; and the evolutionary forces that

have kept it in the germ line of our species. These factors are organized in terms of

Aristotle’s four kinds of “causes,” or explanations: formal, efficient, material, and

final. This framework systematizes the nosology, biology, psychology, and evolu-

tionary pressures that cause ADHD.

Keywords Causal framework � Decision theory � Function � Substrate � Triggers

Abbreviations
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DBD Disruptive Behavior Disorders Scale
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1 Introduction: The Causal Framework

Attention-Deficit Hyperactivity Disorder is a complex multidimensional syndrome,

characterized by its diagnosis, causes, biological substrates, and effects on indivi-

duals and society. These aspects are variously ordered and emphasized by theories

of the condition; but that literature is large and diffuse. This chapter is a response

to the call by Coghill and associates (Coghill et al. 2005) for an analysis that

crosses multiple levels, “integrating environmental and social processes of genetic

and neurobiological influence” (p. 105). It is an attempt to carry the torch passed

forward by Sagvolden and associates in their dynamic developmental theory of

ADHD (Sagvolden et al. 2005).

Millennia ago, Aristotle provided a generic framework for what constitutes a full

explanation; it remains a useful candidate structure for situating our knowledge

about ADHD. Aristotle noted four aspects of explanation (Ross 1936), which he
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called reasons or “becauses” (Hocutt 1974). (Modern appreciation of his framework

was undermined by the mistranslation of the keyword as “causes”; Santayana

1957). The thing to be understood – here, ADHD – is first defined; this is the lowest

layer of a formal description. Such a sketch gets us in the ballpark and facilitates

communication with nonexperts, but by itself is insufficient to understand a phe-

nomenon. The other [be]causes tell us about the action on the field: Its origins

(efficient causes) and its purposes (final causes); they characterize the material

machinery (balls and bats and bases) and its formal rules. No one kind of causal

analysis is sufficient for understanding a phenomenon, or even for a complete

definition. Events that are alike in some aspects – say, an individual who satisfies

DSM criteria for a disorder – may differ in etiology or underlying mechanism; not

all children who satisfy diagnostic criteria for ADHD have the same condition.

In this section, the four causes are reviewed in thumbnail and in the following

sections applied more explicitly to ADHD. Each of the four causes has a more

general, remote, ultimate layer, and a more detailed, immediate, proximate layer.

Formal causes are forms; things of similar structure that explicate the phenomenon.

Efficient causes are triggers that exist in the immediate or evolutionary context.

Material causes comprise structure and process within the organism. Final causes

involve selection by consequences: selection of incidences of behavior or of

organisms with certain traits.

1.1 Formal Causes

These are the analogs, metaphors, and models with which we describe phenomena,

and which permit us to communicate about them, to characterize, predict, and

control them. They can range from simple descriptions using English, to complex

ones using tensor calculus. The physicist’s favorite formal cause is a differential

equation. The chemist’s is a molecular model. The behaviorist’s is the three-term

contingency of stimulus, response, and reinforcer. Formal causes, at lower, proxi-

mate, levels of sophistication and detail, serve to define the phenomenon, to provide

the basic criteria with which we identify it; at higher, more general levels they are

attempts to explain the phenomenon. Facts and theories are parts of the Formal

domain, as they attempt at different levels of specificity to characterize the nature of

the phenomenon. Theories are subject to frequent revision, correction, or rejection;

facts change at a slower rate, as seen in the slower paced change of criteria in the

various editions of the DSM.

Models such as these, of fact and theory, do not dictate the other causes of the

processes they describe. Simple harmonic motion describes equally well the swing

of a pendulum or the vibration of a molecule. Different models capture different

aspects of a phenomenon, some at a molar level, and some at a more molecular

level – as seen throughout this book. Our sense of familiarity with the structure of

the model is transferred to the phenomenon with which it is put in correspondence
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and constitutes part of the process of “explanation.” As our understanding of the

subject advances, so also does our formulation of its formal causes.

Models need not be symbolic. Maquettes permit architects to experiment with

shapes of buildings, prototypes permit designers to trace streamlines of cars and

planes in wind tunnels. Animals are evolved structures that often have useful

correspondences with an object of enquiry. One of the first steps in the search

for a cure of a disease is to find an animal model of it. Such animal models are

alternative formal “becauses” – representations – of select aspects of the condition

(Killeen 1999). Some rat strains may be useful models of some, but not all, aspects

of ADHD (Fan et al. 2011; Russell et al. 2005; Sagvolden and Johansen 2011).

1.2 Efficient Causes

These are events that occur before a change of state and trigger it (sufficient

causes); or do not occur, and by their absence preclude it (necessary causes).

They are what most people think of as “causes.” Sufficient causes identify the

early parts of a stream of events that suffice to bring about the later parts.

A proximate sufficient cause of ADHD behavior is any one of the events that

causes a symptom associated with ADHD, such as the requirement to delay a

prepotent response while in turn taking or queuing. It refers to a trigger of the

current state of the organism; in this case, jumping ahead in line. Ultimate efficient
causes set up the machinery of the organism to be susceptible to the syndrome –

whose symptoms can then be triggered into action by the more proximate efficient

causes. It refers to longer-term, more molar trait variables (Nigg et al. 2002).

Necessary causes are a component of sufficient causes that are required for an

outcome, and which may be manipulated in therapeutic interventions. Therapies

may address proximate efficient causes with, for example, classroom interventions,

and ultimate causes with, for example, prenatal counseling.

1.3 Material Causes

These are the substrates, the underlying mechanisms. Neurobiological mechanisms

of ADHD, a pervasive theme of this book, exemplify material causes. Until we can

“open the hood” and look inside, we do not fully understand a phenomenon.

If modern automobile engines confound the observer, so much more does the

most complicated engine in the universe, the human brain (Uttal 2008). Several

authors in this volume describe the slow but real progress in characterizing the

state of the brain that underlies ADHD (e.g., Mahone et al. 2011; Vaidya 2011).

Therapies may address the proximate machinery by, for example, bolstering neu-

rohormonal concentrations where those are insufficient.
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1.4 Final Causes

The final cause of an entity or process is its raison d’etre – what it does that has

brought about or sustained its existence. Not all phenomena have final causes. A

biological feature may exist because of its function (i.e., what gave it a selective

advantage), or because it was associated with another function that increased

fitness. Some features derive from random drift, intensified by restricted breeding

populations; thus not all biological features can support genuine inferences to

function.

Final causes are not time-reversed efficient causes; they are not teleologies.

Explanations in terms of reinforcement or evolutionary fitness or laws of least

action are all valid explanations in terms of final causes. Whenever individuals seek

to understand a strange machine and ask: “What is it for?” they are requesting a

final cause. There may be many final causes for a phenomenon; proximate causes

may involve expectations, intentions, or the results of a history of reinforcement;

ultimate causes may involve evolutionary pressures. The aspects of ADHD that

keep it manifest at a high level in the population constitute an ultimate final cause of

the syndrome.

The four becauses have also been called theoretical, causal, reductive, and

functional explanations. No single type is definitive. To understand ADHD, we

must know something about the immediate stimuli that are necessary and sufficient

for its manifestation; the underlying physiological condition, its function, and how

best to talk about it – in toto, a comprehensive theory of ADHD. The relation of

these parts to the whole is shown in Fig. 1.

1.5 Recurrent Causes

Many phenomena are recurrent – they are parts of a system that they affect, and

whose output redounds to affect them: They are closed-loop systems. Aristotle

noted that a man may exercise for health, then, healthier, he exercises yet more,

and continues to strengthen. A thermostat’s function is to control temperature, it is

triggered by a change in temperature, its machinery may involve the warped

expansion of a bimetallic strip, and it is formally represented as a negative feedback
loop in linear systems theory. Closed-loop systems may stabilize their environment,

as above, or amplify instabilities in the case of positive feedback systems.

Aristotle’s fifth cause is familiar to any parent of ADHD children; the attempt

to damp overly rambunctious behavior (negative feedback), to reinforce on-target

behavior (positive feedback); or in the escalating stridency of maladaptive control

attempts (positive feedback driving interaction in a tragic spiral). It is represented in

Fig. 1 by recurrent arrows from final causes to state (reinforcement); and to trait

(selective advantage in turbulent environments), with the information transmitted

through the proximate and ultimate material substrates.
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2 The Formal Causes of ADHD

2.1 The Proximate Formal Causes of ADHD: What It Is

2.1.1 How the DSM Defines It

The DSM-IV uses five lettered criteria to define ADHD. Criterion A1 identifies 9

symptoms of inattention and, A2, 9 symptoms of impulsivity/hyperactivity; evi-

dence of persistent and maladaptive manifestations of at least 6 of the former or 6 of

Fig. 1 The causal framework that organizes the contributions of this volume. Each of Aristotle’s

four causes constitutes issues that must be addressed before a phenomenon is understood. The

inner set are proximate, or molecular causes; the outer set are ultimate, or molar causes. Exposition

begins with a simple definition or description, such as found in psychiatric manuals. These simple

models map criterial behaviors onto vernacular words and numbers. Triggers of ADHD symptoms

(states) are proximate efficient causes; triggers of the phenotype (trait) are ultimate efficient

causes. Necessary causes at each level are sought that, when removed, will lessen or remove the

syndrome or symptom. Material causes comprise the machinery that causes the symptom (proxi-

mate: neurophysiology) and syndrome (ultimate: genetic). The events that maintain the behavior,

such as immediate gratification, or the syndrome, such as enhanced fitness of the extended

phenotype, are the final causes. The recursive arrows show that such outcomes can modify the

system to change its sensitivity to correlated stimuli or responses; in the short term this is called

attention and learning, in the long term it is called Darwinian evolution. A general theory of

ADHD, towards which the chapters of this volume strive, constitutes the highest level of

formal cause
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the latter are required for “categorization.” Criteria B (age of onset) and C (symp-

tom presence in two or more settings) require temporal and contextual generality in

the symptoms; Criterion D (domains of impairment) requires that the symptoms

damage progress toward achievements valued by society; Criterion E (exclusionary

diagnoses) lists the diagnoses which trump ADHD in accounting for the symptoms.

They do so either because those symptoms ensemble are more crippling than

ADHD, such as major psychoses, or because they are better accounted for by

another mental disorder. Because of the substantial comorbidities associated with

all psychiatric syndromes, and because they often preclude diagnosing as “ADHD”

symptoms that otherwise satisfy the DSM, the prevalence of ADHD is greater than

suggested by its nominal prevalence rates of 5–8% of children and adolescents, and

2–4% adults (Polanczyk and Jensen 2008). Criterion B also causes an underesti-

mation of prevalence, and may reduce diagnostic accuracy by increasing false

negatives more than true negatives (Kieling et al. 2010). Barkley and associates

(Barkley et al. 2007, p. 128) note that half of their well-validated sample of adults

who satisfy the criteria for “ADHD” would be lost if the criterion of 7 years were

enforced. Whether or not those excluded have ADHD, other than by de jure
satisfying all the criteria except early onset, awaits a definition of ADHD that is

not so dependent on a list of symptoms.

Notably absent from this list, and from the DSM5 criteria, are material causes

and nonverbal measures. Also notable is the requirement of impairment in social

context; this justifiable “let-well-enough alone” decision biases evaluations of the

public cost of ADHD by omitting those individuals who have enough symptoms of

inattention or hyperactivity, but whose context or condition enables them to cope

with it or turn it to their advantage; or, for the “primarily inattentive type,” to simply

coast along under the radar. Inclusion of such subsets in the definition would

increase the number of individuals diagnosed by 1/3 (Gordon et al. 2006), while

decreasing the estimates of per capita cost to the individual and society. Gender,

ethnicity, and region add additional variance to purely symptom-based diagnosis

(Schneider and Eisenberg 2006).

2.1.2 Scientific Continua, Diagnostic Categories

It is important to distinguish between adhd and “ADHD”: the former refers to a

constellation of dimensional parameters, an as yet poorly identified phenotype

(Castellanos et al. 2005; Gottesman and Gould 2003; Kuntsi et al. 2005; Waldman

2005), that envelopes a region of a multidimensional character space. An indivi-

dual with adhd is a person who sometimes manifests symptoms satisfying the DSM
criteria for assigning the label “ADHD.” By contrast, “ADHD,” in quotes, is

the label for a subset of individuals who have passed the standard criteria – and

therefore are located in an extreme region of that space (but not so extreme that

comorbidities take diagnostic precedence; Hudziak et al. 1998; Levy et al. 1997).

The standard acronym, ADHD, is used when this distinction is not at issue.

Individuals with adhd are not labeled “ADHD” if they have any of the conditions
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listed in Section E of the DSM, or if their distribution and timing of symptoms are

not just so – five apiece in categories A1 and A2 are not as dispositive as six only in

either of the categories. Six of A1 or a half dozen of A2 does not define a threshold

at which a disease occurs: Mathematics and reading test scores decrease linearly

with the number of ADHD symptoms (Currie and Stabile 2006). Instead, they

prescribe a criterion for action at which the utility of psychosocial interventions,

special education, or pharmacotherapy crosses a cost/benefit line beyond which the

community is willing to expend resources and risk side effects (Matza et al. 2005;

Schlander 2010; Secnik et al. 2005). As we learn more about the causes of adhd,
and in particular the material causes of it, the correlation between the two categories

will improve. But there will always be political and economic aspects to both

the disorder (e.g., Muir and Zegarac 2001) and to the diagnosis and therapy, both

necessary to set rational thresholds for intervention. This distinction between what

we know and how we should act exemplifies the classic tai chi of science versus

policy (Killeen 2003).

2.1.3 Signal Detection Theory Reconciles Decisional Criteria

and Evidential Continua

How many symptoms should be required before categorization? As more are

included, the probability of a false positive (saying that a normal individual has

“ADHD”) decreases – but so too does the probability of a true positive (saying that

a person with adhd has “ADHD”). A good way to organize our thinking about this

trade-off is with Signal Detectability Theory (e.g., Swets 1973), an instantiation of

decision theory. Figure 2 is the foundation of the metaphor: Evidence for a policy is

arrayed on the x-axis. It could be the strength of a radar signal, the first principal

component of an EEG signal, or a weighted average of scores on inattentive and

hyperactivity tests. Above the axis are two hypothetical distributions, the one on the

left displaying the distribution of scores due to “noise” – here, the distribution

for normal individuals; the one on the right the distribution of evidence due to a

“signal” – here, the scores of individuals with adhd. A board stipulates when the

evidence is strong enough to pronounce “ADHD” by setting a criterion so that all

scores to the right qualify. This diagnostic model assumes the existence of two

populations, normal and adhd, yet it remains useful for the present case, where

psychiatric problems occur even when those symptoms are subthreshold for classi-

fication (e.g., Malmberg et al. 2011).

There are two ways that diagnoses can be correct: (a) a true positive, or hit,
whose probability is given by the area under the adhd distribution to the right of the
criterion; (b) a true negative, or correct rejection, whose probability is given by the
area under the normal distribution to the left of the criterion. There are two ways in
which decisions can be incorrect: (c) a false positive, or false alarm, whose

probability is given by the area under the normal distribution to the right of the

criterion; (d) a false negative, or miss, whose probability is given by the area under

the adhd distribution to the left of the criterion. Improving the power of the
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evidence with better tests can decrease these errors, moving the distributions

apart. Thereupon, the criterion should be placed where it maximizes benefits and

minimizes costs. If there are cheap effective therapies with few side effects, the

criterion should be placed to the left, to minimize misses. Think seat belts for

passengers in cars. If the therapy is expensive or may be more harmful than the

disease, the criterion should be placed far to the right. Think of Rofecoxib, a

nonsteroidal anti-inflammatory drug that was marketed to treat osteoarthritis and

which has now been withdrawn over safety concerns. In all decisions, the personal

and societal cost of a psychiatric label should be included in the location of the

criterion.

To show how the location of the criterion affects accuracy, a graph called a

Relative Operating Characteristic (ROC; formerly known as Receiver Operating

Characteristic; Beck and Shultz 1986; Jensen and Poulsen 1992; Swets et al. 2000)

displays the probability of a true positive against the probability of a false positive,

as the criterion is moved along the evidence axis. This is exemplified by the

research of Faraone et al. (1993), who compared the diagnostic efficiency of four

Fig. 2 The Signal Detection Theory model of diagnosis. The left curve describes the probability
that a normal individual will present evidence of “ADHD” of varying severity. The right curve is
the probability that an individual who in fact has the trait of adhd will present evidence of

“ADHD” of varying severity. The diagnostic criteria, working from the best evidence available,

parses these individuals into “Normal” and “ADHD.” The probability that that diagnosis is correct

for normals is the area under the left curve, to the left of the criterion. The area under that curve to
the right of the criterion gives the probability of a false positive, or false alarm. The probability that

the diagnosis is correct for those with adhd is the area under the right curve to the right of the

criterion. The area under that curve to the left of the criterion is a false negative, or miss. It is the

task of scientist to increase the separation of the curves relative to their variance (this is the effect

size, d, of a diagnosis), thus improving accuracy. It is the task of professional organizations to set

the criterion so as to maximize the benefit/cost ratio of the four outcomes. As the criterion is

moved from right to left, the probabilities of hits and false alarms increase, sweeping out a ROC,

shown in Figs. 3 and 4. This conventional model treats adhd as a taxon – that is, that it represents a
distinct population
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algorithms against psychiatric assessments: (a) Their preferred algorithm, a set of

3 clusters of questions, with a positive answer to any one of the questions in each of

the three clusters qualifying the individual; (b) the best 14 of the questions; or (c) all

21 of the questions. Figure 3 shows that these criteria all fall along the same ROC,
the power function H ¼ Fb, where F is the false alarm rate (1 – specificity), H the

hit rate (sensitivity), and b ¼ 0.028. That they fell along the same curve indicates

that none of the algorithms was more sensitive than the others; rather, they effected

more or less stringent criteria for categorization. The area under this curve (AUC;
1/(1 + b)), a criterion-free measure of accuracy, is an impressive 97%. The sensi-

tivity and selectivity of the DSM-III-R in field trials (dotted line Fig. 3; Spitzer and

Siegel 1990), falls below that of the other tests, yet delivers an excellent 91% area.

The high accuracy of these algorithms is due to the use of questions that,

explicitly or implicitly, form a part of the clinical judgments against which they

are validated. It is as much a measure of reliability as of validity. A completely

independent predictor of ADHD is provided by Meyer and Sagvolden (2006). They

measured the fine motor skills of 528 children diagnosed with the Disruptive

Fig. 3 The probability that a child would be correctly labeled “ADHD” is shown by the ordinate,

plotted as a function of the probability that they would be incorrectly categorized as the abscissae

(continuous curve; data from Faraone et al. 1993). The area under that curve measures the

accuracy of the diagnosis independent of the location of the criterion. Because three algorithms

fall along the same ROC, they do not differ in their accuracy, but provide more or less stringent

criteria for labeling. A similar ROC may be inferred from the performance of the DSM-III-R

(circle) in field settings (dotted line; Spitzer and Siegel 1990); the smaller area it subtends indicates

lesser accuracy in that context
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Behavior Disorders (DBD) scale (Pelham et al. 1992; Pillow et al. 1998). With the

average scores on their two motor coordination tasks as the evidence axis, varying

the criteria gives the ROC in Fig. 4., whose AUC is 0.72, impressive for a nonverbal

measure independent of the verbal responses used to categorize. Leth-Steensen

et al. (2000) have reported yet more impressive ROCs for nonverbal predictors

using characteristics of response latencies as their dependent variable. Others (e.g.,

Jacobi-Polishook et al. 2009; Kooistra et al. 2009) contribute to this literature.

Note that we are not predicting adhd with these data, but rather “ADHD” as

characterized by other scales, such as the DBD. Those scales are themselves

imperfect, limiting the accuracy of any scale validated against them. Improved

diagnosis is thus a bootstrap process, using established criteria to validate new

measures, which may eventually displace the traditional measures (Mota and

Schachar 2000). As much of the variance in the diagnosis of “ADHD” arises

from clinicians’ decisions regarding informants, instrumentation, and the method

for aggregating information across them as it does from the condition of the child.

In a comprehensive evaluation of the SNAP-IV criteria (Bussing et al. 2008) the

inter-rater reliability between parent and teacher ratings was less than 50%;

Wolraich et al. (2004) report parent–teacher inter-rater agreement kappas around

0.2. These mediocre levels of agreement underscore the potential utility of more

objective tests as part of the formal definition of “ADHD” (Ohashi et al. 2010).

Categorical criteria are necessary for treatment (e.g., Chen et al. 1994), but

restrict the information that is communicated by “ADHD” to less than 1 bit.

Conversely, the square root of the average motor scores of Meyer and Sagvolden’s

(2006) children, a “dimensional” measure, accounted for 75% of the variance in the

DBD scales. This is better than the agreement between different human raters, as

Fig. 4 The probability that a

child at the first, second, etc.

quintiles of average motor

coordination scores (circles)
would be correctly labeled

“ADHD” according to the

DBD scale, is shown by the

ordinate, plotted as a function

of the probability that they

would be incorrectly so

categorized. Data from

(Meyer and Sagvolden 2006)
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noted above. It is clear then that when studying the neurobiological aspects of any

syndrome, investigators must avail themselves of dimensional measures whenever

available, as they can make the difference between the discovery of significant

relations and mere trends (Bobb et al. 2006).

The area under the ROC curves (AUC) shown in Figs. 3 and 4 provides an index

of what we know about the character of the children from the task, independent of

where the diagnostic criterion is set. (When these are power functions with expo-

nent b, the area is simply 1/(1 + b); given a single point, it is ln(F)/(ln(F) + ln(H)),
where ln is the natural logarithm). This area is precisely equivalent to the probabil-

ity of replication – that is, the probability that an equal-powered replication attempt

will return supportive evidence (Irwin 2009; Killeen 2006). Such indices, rather

than categorical status which confounds criterion with detectability, are the

touchstones for evaluating both diagnostic and remedial tools; and for giving

policy experts an unbiased index of epidemiological and therapeutic impacts.

Decisions of how many symptoms to include, or how to aggregate scores from

different observers, will inevitably change the criterion, but may leave the informa-

tion available from the test – the AUC – relatively invariant (see, e.g., the top ROC

in Fig. 3). Using only the criteria that teachers AND parents agree upon, for

instance, will move the criterion to a more conservative position (rightward in

Fig. 2), shifting the allocation of subtypes and reducing the number diagnosed.

Using all symptoms that either parents OR teachers indicate moves the criterion

left, increasing the number categorized in general, and the number as “combined

types” in particular (Rowland et al. 2008; Valo and Tannock 2010). The child’s

condition has not changed, but by altering which symptoms, how many, or on

who’s say-so they count, the criterion has of necessity moved. The use of different

criteria in different countries is an important factor in the different national rates

of “ADHD” (Singh 2008). Once these issues of numbers and aggregations of

symptoms are recognized as criterial decisions, they can be formulated to optimize

benefits/costs of diagnoses.

2.2 The Ultimate Formal Causes of ADHD: Theories About It

Formal causes are the description of the form of a phenomenon; at the proximate

level its definition; at the ultimate level, everything we have to say about it that

characterizes its nature, origins, and effects. There are numerous theories of ADHD

that emphasize different aspects of the phenomenon. These may be broadly

categorized as formal/cognitive, material/biological, and efficient/environmental.

It is impossible to respect all the theories that have been promulgated to explain

ADHD in this section, but the following examples will give a sense of some of the

dominant approaches.
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2.2.1 Theories Emphasizing Cognition

There are many theories of normal psychological function that have been enlisted in

the attempt to understand ADHD. The referents or explanatory principles already

reside in the formal realm, and ADHD is characterized as a failure of one or more of

those hypothetical mechanisms.

One important theory of cognitive functions parses automatic processes from

control processes – the higher order, executive functions. Michael Posner is among

many who have developed this framework, (e.g., Fodor 1983; Posner and Petersen

1990). The executive of a company is not a specialist, but rather organizes,

emphasizes, invests resources, and plans for the future. It is these executive

functions – self-monitoring, attentional control, information updating, inhibitory

control – that are compromised in ADHD, so it should not be surprising that the

most impactful general theory of ADHD cites “executive function” in its title

(Barkley 1997). A subsequent meta-analysis (Willcutt et al. 2005) concluded that

the population of individuals with ADHD is associated with significant weaknesses

in several domains most closely associated with executive functions. But, whereas

such weaknesses may characterize the group, as many as half of ADHD children

may be free from significant executive dysfunction (Lambek et al. 2010; Loo et al.

2007). Such dysfunction therefore is not definitive of ADHD (Nigg et al. 2005).

The cognitive-energetics theory (e.g., Sergeant 2000, 2005) holds that in ADHD

there is insufficient activation to maintain functions on three levels – executive,

computational, and energetic state. Delay aversion theory (e.g., Solanto et al. 2001;

Sonuga-Barke et al. 2008) emphasizes one particular executive function, the ability

to tolerate delays.

The dynamic developmental theory (Sagvolden et al. 2005) argues that in

ADHD, a shorter delay-of-reinforcement gradient results in the accumulation of

responses that are selected by both scheduled and unscheduled reinforcers, and poor

development of extended sequences of responses (Aase and Sagvold’en 2005;

Johansen et al. 2009a, b). Dysfunctional extinction mechanisms will fail to prune

some inefficient responses occurring early in the chain. The poorer habits and

skills under poorer stimulus control will emerge as impulsivity, inattention, and

overactivity.

The advantage of face validity and familiarity that benefit these approaches is

balanced by the tenuousness of all current psychological theories of the mind on

which they are predicated. One of the reasons for the lack of definitive theories of

ADHD is that there are many routes to ADHD, making it impossible to accurately

characterize this heterogeneous disorder, defined by symptoms shared with other

disorders, with a single unified theoretical explanation, such as “inhibition failure”

or “executive dysfunction” (Nigg et al. 2005). Constructs such as “impulsivity” and

“excessive delay discounting” that we associate with ADHD may, as Williams

(2010) argues, be but higher-level summaries of lower-level states and traits, whose

various and shifting constellations give rise, in their heterogeneous way, to the

various manifestations of the syndrome.
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Another kind of formal “theory” of ADHD involves the proximate description,

the very definition of ADHD as a dysfunction. Some critics such as Szasz (2003)

have argued that ADHD was invented rather than discovered, and reflects a

medicalization of normal personality differences. Clarion voices have been raised

against this position (Timimi and Taylor 2004). Conversely, one might define

ADHD therapeutically, as the disorder that is mitigated by the administration of

stimulants. The DSM is primarily used to dictate therapies, and such functional

criteria could improve that utility. But such psychopharmacopragmatism would

thwart progress toward more fundamental understanding, would discourage the

invention of novel therapies, and would represent the worst case scenario of

medicalization of individual differences.

2.2.2 Theories Emphasizing Neurophysiology

The above examples of cognitive theories typically also reach down to the material

causes, the underlying neurophysiology (e.g., Sonuga-Barke 2003). Conversely, other

theories start from the material causes and reach up. Nigg and Casey (2005, p. 785),

for instance, emphasized the “joint operations of frontostriatal and frontocerebellar

neural loops in detecting and predicting what and when important events . . . will
occur and their interaction with frontoamygdala loops in assigning emotional signifi-

cance to these events.” They related dysfunctions in those circuits to the dysfunctions

in behavior that might follow.

The most frequently prescribed medication for children is methylphenidate

(MPH), a dopamine re-uptake inhibitor. It is therefore not surprising that a number

of dopaminergic theories of ADHD have arisen (Levy and Swanson 2001; Swanson

et al. 2000; Tripp and Wickens 2008), with most emphasizing the role of dopamine

in the reinforcement process.

Todd and Botteron (2001), suggested that ADHD may be viewed as cortical

energy-deficit syndrome caused by catecholamine-mediated hypofunctionality

of astrocyte glucose and glycogen metabolism. This suggestion was fostered

by Russell and associates (Russell et al. 2006), who hypothesized that ADHD

involves: (1) Impaired lactate production by astrocytes, providing insufficient

ATP to maintain ion gradients across neuronal and glial cell membranes; and (2)

impaired myelin synthesis making axons less efficient, and slowing responses. The

unmyelinated dopamine neurons are intrinsically less efficient, and thus especially

susceptible to slowed firing resulting from insufficient energy supply. These ener-

getics hypotheses complement the cognitive energetics theories mentioned above.

2.2.3 Theories Emphasizing Environment

Theories that emphasize efficient or final causes have received less attention in

the scientific literature than those based on other theories of cognition, or on

neurobiological dysfunction. There are many hypotheses that ADHD results from
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environmental toxins. Lead, organophosphate pesticides, and flame retardants have

been shown to trigger ADHD in susceptible individuals. But ADHD is approxi-

mately as common in countries where those toxins are, for now, less prevalent.

Presence or absence of particular ingredients in diets cannot account for the

majority of cases of ADHD. There have also been theories concerning the evolu-

tionary origins of ADHD, discussed in Sect. 4, and in Adriani et al. (2011).

3 The Efficient Causes of ADHD: Triggers of Syndrome

and Symptoms

A comprehensive theory of ADHD must encompass all four causes: its etiology,

neurobiology, and functional aspects, along with descriptive and theoretical

models. It is important to separate the causes of a particular symptom of ADHD

that occurs on a particular occasion from those events that created a child who is

liable to those and other symptoms, and which together cause him to be labeled

“ADHD.” The former are proximate efficient causes, and the later ultimate efficient
causes (see Fig. 1).

3.1 Ultimate Efficient Causes of ADHD: From Genotype
to Phenotype

Prenatal causal factors. The large heritability of ADHD (Asherson and Gurling

2011), and the identification of several genetic markers, suggests that ADHD

probands had always been at risk. Are there environmental factors that trigger the

genes or inhibit their action?Maternal smoking during pregnancy has been shown to

be associated with the emergence of ADHD (Langley et al. 2005; Sciberras et al.

2011). But there is a potential risk of too heavy a reliance on epidemiological

correlations. The association may be due to the higher prevalence of smoking in

mothers who have ADHD (Knopik et al. 2006; Lindblad and Hjern 2010), and the

associated lower birth weights of their children (Agrawal et al. 2010; Nigg and

Breslau 2007). Nonetheless, individuals with both genetic risk factors (dopamine

transporter or receptor polymorphisms) and prenatal exposure to tobacco are 3 to 9

times as likely to be subsequently diagnosed “ADHD” (Neuman et al. 2007). ADHD

is also associated with prenatal alcohol consumption (but that type of ADHD may

constitute a different endophenotype than nonalcohol-engendered ADHD: Burden

et al. 2010).

Maternal exposure to environmental toxins, such as lead (Froehlich et al. 2009),

organochlorines (Sagiv et al. 2010), and possibly cannabis (Huizink and Mulder

2006), increase the risk of ADHD. Because the risk factors tend to cluster and

interact, these correlations need to be treated with caution. Williams and Ross (2007)

The Four Causes of ADHD: A Framework 405



provide a useful overview of the prenatal toxins that play a causal role in psychiatric

disorder.

Perinatal factors such as birth trauma, anoxia, and prematurity have long been

recognized as causal factors for ADHD (Barry and Gill 2007; Doyle 2004).

Unfortunately, some of the very interventions aimed to mitigate such risks may

themselves cause ADHD (Kapoor et al. 2008). Threats continue through early life,

including factors that are situational – familial difficulties, unemployment, single

parent family, low SES, low education, poor neighborhoods, parental psycho-

pathologies – or functional – low parental responsivity, high and critical expressed

emotion, over or under stimulation, harsh or coercive disciplinary techniques,

and conflictual marital relationships. The role of stress is discussed in depth by

Fairchild in this volume. The possibility that these, or even more indirect triggers of

ADHD operate through epigenetic mechanisms (Mill and Petronis 2008), is con-

sidered by Elia in this volume. Kieling and associates provide a recent review

of the neurobiology of ADHD (Kieling et al. 2008) that adds important details to

this overview.

3.2 Proximate Efficient Causes of Episodes of ADHD Behavior

We may also ask what are the triggers of the particular behaviors that characterize
ADHD. Many characteristic symptoms of ADHD (e.g., fidgeting, out of seat, dif-

ficulty concentrating, distractibility) manifest in the following situations: where

there is little demand for active engagement, such as listening to a teacher’s

multiple or lengthy explanation of a new concept; which impose heavy demands

on working memory and other executive functions, such as writing a persuasive

argument or performing a series of mental computations (e.g., Kofler et al. 2010;

Lauth et al. 2006; Rapport et al. 2009); and which provide little reinforcement

(Pelham et al. 1986). Random stimuli, such as hallway noise, can trigger off-task

behavior in ADHD students (Carroll et al. 2006). Some symptoms are rooted in

poorly established habits under poor situational control. For instance, boys with

ADHD rely on inappropriate entry strategies (disruptive attention seeking) when

seeking to join in games with unfamiliar peers, which over time “turns off” the

peers who respond negatively and reject future interaction with these ADHD peers

(Ronk et al. 2011). Reinforcement strengthens preceding behavior regardless of

whether the parent or teacher deems the behavior correct or disruptive (Catania

1971, 2005).

It is a truism that it is impossible to do just one thing to a complicated system.

Treatments for some disorders often give rise to others (Whitaker 2010). This may

be the case also for ADHD, whether it is the mother treated for risk of prematurity,

or the child treated for asthma (Saricoban et al. 2011). Even inappropriate behav-

ioral interventions by well-intended but misguided caregivers or teachers may push

symptoms over the criteria for categorization.
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4 The Material Causes of ADHD: Its Substrates

4.1 Ultimate Material Cause: Genetics and Epigenetics

ADHD is highly heritable (~ 0.7–0.8, just under the values for height and IQ;

Bouchard 2004; Faraone and Mick 2010), and is polygenetic, with interactions

between gene and environment playing a central role in its manifestation (Kahn

et al. 2003). The most frequently investigated genes belong to the dopaminergic

neuromodulatory system (Gizer et al. 2009). Genome-wide association studies

(GWAS) enable the identification of ADHD genes in a hypothesis-free manner

(reviewed by Banaschewski et al. 2010; Franke et al. 2009). A surprising finding

of GWAS is the involvement of genes related to cell adhesion and cell migration,

such as cadherin, CDH13, in ADHD etiology. Genes involved in regulating synap-

tic excitability and neuronal plasticity are also implicated. Such findings may

explain the apparent immaturity, smaller brains, reduced IQ, and reinforcement

and extinction deficits associated with ADHD. This active area of research is

reviewed by Asherson and Gurling (2011).

4.2 Proximate Material Causes: Neurophysiology

The ultimate material causes – the genetic and epigenetic factors that shape

the brains of children that are later characterized as “ADHD” – set the anatomical

stage for the processes that occur later as those children interact with their

school and home environments. These neurophysiological substrates are the

proximate material causes of ADHD. Some areas of the brain (the right prefrontal

cortex, the basal ganglia, and the vermis of the cerebellum) are smaller in ADHD.

What is different about their function that cause the symptoms associated with

ADHD?

4.2.1 Sex, Cigarettes, and MAO

An unresolved mystery surrounding ADHD is its greater prevalence in boys

than girls. Some, but not all, of the difference in incidence can be attributed to

differential referral rates (see: Wadell and McCarthy in this volume; Heptinstall

and Taylor 2002). A fundamental difference between the sexes is the presence

of an extra X-chromosome in females. Although the redundant chromosome

is largely inhibited, some genetic expression occurs. One of the genes on the

X-chromosome that codes for monoamine oxidase (MAO; Chen et al. 1992;

Kochersperger et al. 1986; Levy et al. 1989) is not inhibited on its sister chromo-

some and could buffer transcription errors for females. In the case of a mutation

that destroys MAO type A (MAOA), the female carriers were unaffected but the
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males showed impulsive aggression and lowered IQ (Brunner et al. 1993). Fur-

thermore, genetic polymorphisms of MAOA are associated with the hyperactive–

impulsive type of ADHD, and with greater impulsivity scores, but only in males

(Liu et al. 2011).

MAO deactivates monoamines such as norepinephrine and dopamine; it is

competitively inhibited by amphetamine (Pliszka 2005), a classic treatment for

ADHD. Domschke and associates (Domschke et al. 2005; cf. Rommelse et al.

2008) found a significant association of a more active MAOA allele with ADHD;

this would depress vesicular stores and exocytotic release of dopamine and seroto-

nin, but the concentration of synaptic transmitter would be restored by reuptake

inhibitors such as MPH (Guimarães et al. 2009). In several small studies, MAO

inhibitors were shown to be as effective as amphetamine in reducing ADHD

symptoms with comparable or fewer side effects (Mohammadi et al. 2004;

Rubinstein et al. 2006; Trott et al. 1992; Zametkin et al. 1985). However, most of

these studies used orally administered l-deprenyl (selegiline), which is an irrevers-

ible inhibitor of the type B form of MAO. This is curious, given that irregularities

in MAOA are most closely associated with ADHD and that dopaminergic and

noradrenergic neurons contain primarily MAOA and should be unaffected by

B-inhibitors. There are several hypotheses as to why MAOB inhibitors were

efficacious: (a) glial cells, also responsible for the recycling of neurotransmitters,

are the major repository of MAOB in the brain (Perdan et al. 2009; Tipton 1973);

(b) selegiline inhibits the uptake of dopamine and noradrenaline into presynaptic

nerves and increases the turnover of dopamine (Bainbridge et al. 2008; Heinonen

and Lammintausta 1991); (c) and “An intriguing mechanism of action of MAOB

inhibition in ADHDmay lie in the increased level of beta-phenylethylamine, which

is assumed to act as an endogenous amphetamine.” (Bortolato et al. 2008).

Both isoenzymes of MAO may play a role in ADHD, contingent on environ-

mental factors. Individuals with ADHD typically have lower blood platelets levels

of MAO type B (Coccini et al. 2009; Kiive et al. 2007; Nedic et al. 2010); higher

levels, in association with anomalies in MAOA genes, exacerbate ADHD

symptoms (Wargelius et al. 2010). Kim-Cohen and associates found that boys

with the genotype conferring high MAOA activity (and therefore lower vesicular

stores of dopamine) had more ADHD symptoms than boys with low activity

genotype. But in children exposed to physical abuse, mental problems were pre-

valent, especially for those with the genotype conferring low MAOA activity

(Kim-Cohen et al. 2006). Thus, a role for MAO in the etiology of ADHD is certain,

and it is a role that is conditioned on the level of stress in the child’s environment.

Because females have a redundant copy of the X-chromosome, they are somewhat

buffered against polymorphisms of the MAO genes, and thus against some of the

symptoms of ADHD.

In light of the above analyses, it is interesting to note that tobacco contains

strong MAO inhibitors of both types (Killeen 2011). This may explain why

individuals with ADHD start smoking earlier and find it harder to quit than do

non-ADHD individuals (Bainbridge et al. 2008; Upadhyaya et al. 2002).
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4.2.2 Energetics

A number of other strands of evidence are converging on energy insufficiency as a

potential cause of ADHD. The BOLD response, which is the indicator of glucose

metabolism measured by fMRI, indicates decreased functionality of the superior

frontal, premotor, and somatosensory cortices in ADHD (Castellanos et al. 2001;

Paloyelis et al. 2007; Rubia et al. 1999; Vaidya et al. 2005; Yu-Feng et al. 2007).

It is notable that astrocytes mediate and modify this function (Carmignoto and

G€omez-Gonzalo 2010; Wang et al. 2009; Yu et al. 2010); the hypoenergetic res-

ponse may play a causal, as much as indexical, role in the hypofunctional behavior

associated with ADHD (Russell et al. 2006). Children with ADHD employ learning

and memorial strategies that involve less effort than normals (Egeland et al. 2010),

possibly out of necessity. This energetics hypothesis is consistent with the analysis

of the previous section, as MPH, amphetamine, and the MAOIs all increase the

levels of adrenaline in circulation. These higher levels, acting through adrenergic

receptors on astroglia, stimulate the glia to increase lactate production, speeding

the astrocyte–neuron lactate shuttle, and thereby increase the energy available to

the neurons.

Because ADHD is a polygenetic condition, with involvement of monoamine

receptors, transporters, and oxidizers, it is likely that some inauspicious alignment

of these factors, along with stressful pre- and postnatal environments, all play a role

in creating the brains of children with ADHD. The vicissitudes of brain develop-

ment may contribute to the character, extremity, and comorbidities of the individual

(Table 1).

5 Final Causes; What Is ADHD Good for?

Why do ADHDers still run among us? Dictionaries define pathology as a “deviation

from the normal structure and function that causes discomfort and behavioral

dysfunction.” The relative rarity of ADHD makes it a “deviation from the normal”;

“discomfort” is a personal evaluation, and may not always apply to ADHD;

“behavioral dysfunction” is guaranteed by the DSM-IV diagnostic criterion 2c

(“clear evidence of clinically significant impairment in social, academic, or occu-

pational functioning.”) By filtering out those who cope successfully with the other

symptoms of ADHD, diagnosis foreordains dysfunction. The significantly greater

presence of individuals with ADHD in emergency rooms, drug rehabilitation

clinics, compensatory education classes, and prisons (Klein and Mannuzza 1991;

Weiss et al. 1985) qualifies “ADHD” as a dysfunction in society’s eyes. Less-

dramatic forms of deviance, such as obesity, are also correlated with ADHD

(Cortese and Vincenzi 2011; Campbell and Eisenberg 2007; Pagoto et al. 2009).

Ability to communicate, a critical skill in the modern world, is impaired (Baird
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et al. 2000; Purvis and Tannock 1997). The costs attendant on ADHD have been

estimated to be in excess of 30 billion dollars in the United States in 2000

(Birnbaum et al. 2005). The benefits are not tallied.

These handicaps, and the compromised function they entail, constitute strong

evolutionary pressures that should have eliminated ADHD from the population

within a few score generations. But, like some other genetic traits (Masel and Siegal

2009), ADHD is surprisingly robust; its high heritability and worldwide distribution

attests that it cannot be explained solely by novel evolutionary forces such as

Table 1 Examples of the four causal types involved in ADHD

Proximate Ultimate

Formal causes

Descriptions, diagnostic criteria, simple

models

Clinical models (DSM, ICD)

• Symptomatological
• Decision theoretic
Category/taxon vs. dimension/continuum
Animal models

• Spontaneously hypertensive rat

Theories, molar accounts

• Cognitive theories
• Neurobiological theories
• Contextual theories

Efficient causes

Triggers of symptoms

• Inadequate reinforcement
• Processing demand overload (speed,

duration, complexity)
• Inadequate control of context (chaotic,

stressful, unpredictable)
• Boring environments
• Repeated tasks
• Imposed delays to action

Origins of syndrome

Prenatal

• Maternal smoking, alcohol
• Low birth weight, prematurity
• Exposure to environmental toxins – lead, PCPs
Perinatal

• Head injury
• Malnutrition
• Stressful environments

Material causes

Concurrent dynamic brain events

Neuromodulatory systems

• Dopaminergic deficit
• Noradrenergic deficit
• Monoamine oxidase hyperfunction
• Astrocyte hypofuntion

Static brain structure

Genetic differences

• Rare variants
• Alterations, mutations
Brain differences

• Regional volumes
• White matter
• Connectivity

Final causes

Immediate consequents of behavior

Negative reinforcement

• Escape from boredom
• Escape from mental fatigue
Positive reinforcement

• Approach novel stimuli
• Achieve goals more quickly
• Peer approval

Historic environmental consequents

of phenotype

Evolutionary advantages

• Alertness to novel stimuli
• Escape from local environments causing pre-

and peri-natal stress
• Founder effect in new environments
• Exploitation of opportunities
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industrial toxins or food additives. The factors which make ADHD a dysfunction

compromise the individual’s health, employment, and longevity, and therefore their

ability to see their children through to their own place in society. What are the

ultimate evolutionary factors that could have led to this syndrome? What are the

proximate factors that buffer the syndrome against regression to a healthier mean of

function?

5.1 Ultimate Function: Evolutionary Utility

One hypothesis of compensatory factors is found in the evolutionary history of

Homo sapiens. Response readiness is a character of ADHD – characterized by

readiness to move, seen in out-of-seat behavior; in the focus on actionable

outcomes seen in impulsiveness (Urcelay and Dalley 2011); in the unreadiness to

inhibit action in favor of contemplation, seen in attention dysfunction. These traits

may have played a positive role in environments that were unsafe or resource

scarce, quotidian conditions for our ancestors. If they did, they would have selected

for the phenotype of ADHD (Jensen et al. 1997). Fugacious attention is better

attuned to survival when every change in the environment could mean threat or

opportunity; “shoot first” may have left few opportunities for questioning later, but

has undeniable survival value in desperate environments.

Not all environments are so desperate, though, and impulsive behavior would

have disadvantaged an individual, even in early hominid groups, where cooperation

and communication were essential for survival (Hill and Hurtado 1996, 2009). It is

in such situations that epigenetics may play a crucial role in buffering the more

extreme aspects of a genetic suasion. Early experience interacts with genetic

variants to predispose different phenotypes (Bennett et al. 2002). Just as pathologies

of parents exacerbate those of the child (Hill et al. 1999; Maestripieri et al. 2006), a

safe affectionate environment can render normal those individuals who otherwise

would classify as deviant (Suomi 2006). A polymorphism in the serotonin trans-

porter gene, which is implicated among other genes in ADHD (Bobb et al. 2006;

Comings 2006), is associated with “deficits in early neurobehavioral functioning

and serotonin metabolism, extreme aggression, and excessive alcohol consumption

among monkeys who experienced insecure early attachment relationships, but not

in monkeys who developed secure attachment relationships with their mothers

during infancy.” (Suomi 2005). Genes that predispose externalizing behavior

could lead to antisocial tendencies in one context, drug or alcohol abuse in another,

risky sports and adventurous careers in a third. Gene-by-environment interactions

(Barry and Gill 2007; Kieling et al. 2008) and epigenetics (Elia et al. 2011) are

instruments by which nature hedges her bets.

In a fresh perspective on the evolutionary origins of ADHD, Williams and

Taylor (2006) parsed costs and benefits into those incurred by the individual, and

those incurred by his community. Some actions whose costs are largely borne by

the individual, such as adventurous exploitation of new sources of food, exploration
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of new territories and niches, and heroism in battle, benefit the family and commu-

nity. The potential benefits to kin of a few young men of action in the extended

family are obvious; it is kin selection. Williams and Taylor provided a simulation

that demonstrated the conditions under which such risky behavior would be

maintained in a population. How much of a bad thing for one might be good

for his community is a delicate and dynamic balance (Dall 2004), suggesting that

ADHD may be best thought of as an evolutionary stable strategy (Smith 1982). If

so, it opens the door to the use of powerful quantitative tools, such as the Price

Equation (Gardner 2008), to understand its population genetics. For further discus-

sion of the evolutionary costs and benefits of ADHD, see Adriani and Laviola (this

volume).

5.2 Proximate Function: Immediate Reinforcement

Klimkeit and Bradshaw (2007) provide a more nuanced treatment of relevance

to the proximate causes of the maintenance of ADHD. Industrialized countries

are higher in resources and lower in risk than were the ice ages. But this security

is of recent times; many of today’s population have grandparents who survived

calamitous exigencies of war or famine. Modern societies support many trades,

from linesmen, arborists, and high-steel workers to firemen and entrepreneurs,

in which risk takers have some advantage. Nigg and associates (Nigg et al.

2002) emphasize the continuity of many of the symptoms of ADHD with tradi-

tional personality measures. A diagnosis of ADHD has not interfered with the

success of many individuals in sports, entertainment, and business, and in

many cases has helped those careers. The dashing personality and risky sexual

practices of some individuals with ADHD may further increase their reproductive

fitness.

5.2.1 The Heterozygote Advantage

Because ADHD results from the additive effect of many genes, traits may be

selected independently, and each may be highly adaptive in moderation. Thus,

even with strong pressures against the most extreme forms of ADHD and its

comorbidities, there will always be pressure favoring energy, pleasure in novelty,

and readiness for action. There are many examples of heterozygote advantage, in

which a mixture of alleles has greater fitness than either the dominant or the

recessive types by themselves. This is one of the mechanisms that maintain

polymorphisms, and the rich diversity of human personalities they give rise to,

including the traits that characterize ADHD. The disabilities of the extremes are a

price for the excellence of the moderates.
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6 Recurrent Causes: How Feedback Exacerbates

or Meliorates the Syndrome and Symptoms

6.1 Ultimate Causes: the Baldwin Effect

As the genotype provides the score for the music of life, early experience informs

the conductor on how to interpret those inchoate notes. Stress in utero is a cause of

ADHD and, perhaps surprisingly, so also are developmental situations remote from

the construction of the genotype, such as dysfunctional families, low socioeco-

nomic status, poor personal economy, less schooling, and poorer occupational

stability (Sagvolden et al. 2005). Parents who raise children in such environments

are both cause and effect of those environments, and grace their children not only

with their genes but also with the differential realization of them as they are

switched on or off by the environment created or suffered by the parents. Daughters

of some nonhuman primates “tend to develop the same type of attachment relations

with their own offspring that they experienced with their mothers early in life; such

early experiences provide a possible nongenetic mechanism for transmitting these

patterns to subsequent generations.” (Suomi 2005, p. 216) This is an intergenera-

tional positive feedback loop, also seen in the intergenerational transmission of

infant abuse in monkeys (Maestripieri 2005; Maestripieri et al. 2006). The effects

are associated with long-term developmental alterations in neurotransmitters such

as serotonin, dopamine, and norepinephrine (Cirulli et al. 2009; Pryce et al. 2005;

Sagvolden et al. 2005). The bootstrapping nature of behavior and genetics, in which

differences in learning or attention create new niches for organisms, within which

those traits flourish, is called the Baldwin effect (Simpson 1953).

6.2 Proximate Causes: Reinforcement

A central problem of ADHD is positive feedback for the symptoms that character-

ize it. Lapses of attention are often reinforced by the discovery of more interesting

objects of attention; hyperactivity uncovers new vistas for kids bored by the

quotidian; inability to hold in mind the ultimate rewards of good behavior precludes

their being operative in the press of life. Eventually the teacher’s, principal’s, and

parent’s displeasure will be felt, but often too late to guide action in the heat of the

moment; and too remote to be remembered at the next opportunity.

The most prominent kind of proximate feedback is reinforcement, the

strengthening of the associations between an act and its positive (or punitive) con-

sequence. The reinforcement mechanisms that normally keep behavior on track

seem to be deficient in ADHD (Johansen et al. 2009a). All problems of self-control

involve difficulties in the control of current behavior by delayed consequences. But

for children with ADHD, those delayed consequences are at a special disadvantage

against immediate and easily realized diversions.
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7 Therapy: Controlling Causes

An advantage to using Fig. 1 to parse this amorphous field is that it alerts us to the

different kinds of intervention that may decrease the incidence of the condition

known as “ADHD.” Each of the causes offers unique opportunities for intervention,

some of which are discussed in detail by Heal et al. (2011).

7.1 Formal Causes: Redefinition

Each new edition of the diagnostic manuals continually adjusts who has “ADHD”

(Doyle 2004, provides a review, emphasizing the implications for adults with

ADHD). As seen in Fig. 3, the prevalence of the dysfunction covaries with the

various diagnostic tactics employed. Should reading and learning disabilities, or

other comorbidities be required as part of the criteria? If so, then prevalence goes

down. Should autistic spectrum disorder and other psychoses allow a co-diagnosis

of “ADHD”? If so, then prevalence goes up. Will there be more symptoms to select

from and fewer required in some populations? Prevalence goes up again, as there

are more paths over the criterion. Can symptoms be manifest at a later age and still

qualify? Then prevalence goes up yet again. The preceding questions are the focus

of discussion among those involved with revising diagnostic criteria of ADHD for

DSM5; in the end, we predict that the prevalence of “ADHD” will increase.

How to diagnose is fundamentally entangled with why we diagnose; if there are

effective therapies contingent on the correct diagnosis, then such diagnosis is

centrally important (Jensen et al. 2001). But medical therapies are often more

functional than strategic: “Take two of these every day and call me if you’re not

feeling better in a week.” If hypoactivity is hypothesized to be due to poor diet, diet

is consequently improved and activity returns, we have witnessed a successful

intervention. If hyperactivity is hypothesized to be due to “ADHD,” and parental

coaching, or Ritalin works, we have witnessed a successful intervention. But what if

such conventional treatments tame the behavior, but do nothing to improve other

outcomes, such as cognitive function (Currie and Stabile 2006)? Does that consti-

tute a successful intervention?

Diagnosis of “ADHD” may be counterproductive if it distracts attention from

hyperactive individuals who fall below diagnostic criteria. Consistent with more

recent analysis (Bussing et al. 2010), Currie and Stabile (2006) poignantly noted

that “children whose relatively low level of symptoms make them unlikely

candidates for diagnosis will suffer significant ill effects. . . . Efforts to find better

ways to teach the relatively small number of children diagnosed with ADHD could

have a large payoff in terms of improving the academic outcomes of many children

with milder symptoms. (p. 1114)” And, we would add, payoff in the teaching of

children with undetected learning disabilities; and in teaching parenting skills in

general.
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The issues with which our field must deal are hyperactivity and inattention and

learning disabilities; not “ADHD.” Attempts to find endophenotypes have, to date,

failed. Diagnostic criteria formulated in light of all associated costs and benefits for

classification are essential. But as Currie and Stabile (2006) showed, and Bussing

and associates reaffirmed (Bussing et al. 2010), the cost in human capital does not

start when those criteria are crossed; nor should our efforts to arrange environments

that minimize those costs, environments in which the appropriate characterization

of the behavior can change from dysfunctional to heterofunctional.

7.2 Efficient Causes: Context Modification

Because ADHD is highly heritable, young adults and their parents can make

informed choices among potential mates. Such long-term considerations are, of

course, rarely first in the minds of young adults in love. Therefore, good prenatal

care, minimal stress during pregnancy, and good child-rearing environments will

optimize the prognosis for the child by reducing the likelihood of expression of

the problematic genes. Chapters by Asherson and Gurling (2011), and by Elia

et al. (2011) remind us of the roles that both genetic and epigenetic factors play

in exacerbating or ameliorating this condition.

Interventions such as parent training and classroom-based interventions aim to

eliminate or minimize the triggers of ADHD symptoms in the home and school

contexts. For instance, most parent training programs aim to increase parental use

of explicit and positive contingencies to promote the child’s learning. The hope is

that the concomitant increase in socially desirable behavior will lead to improved

habit formation, better family- and peer-relationships, as well as improved aca-

demic functioning.

7.3 Material Causes: Brain Modification

Current pharmacotherapies use alternate means of enhancing monoaminergic

functions, in particular those of dopamine and noradrenaline (see Heal et al.

2011). Because ADHD is a polygenetic disorder, different physiological

dysfunctions may underlie different subsets of the afflicted population (Burden

et al. 2010; Comings et al. 2000), who may show differential benefit from different

therapeutic approaches (Kegel et al. 2011).

To the extent that an energetic dysfunction underlies the condition, there may be

means of re-energizing the weakened processes other than by increasing the

saturation of monoamines. If overactive MAO plays a role in ADHD, inhibitors

of MAO should ameliorate its symptoms, as they will slow the deamination of

MAO (Bortolato et al. 2008). Indeed, selegiline is just as effective as methylpheni-

date in treating the symptoms of ADHD (Akhondzadeh et al. 2003; Mohammadi

The Four Causes of ADHD: A Framework 415



et al. 2004), as is another MAO inhibitor, moclobemide (Trott et al. 1992). Whereas

the advantage of these drugs over more traditional pharmacotherapies is not

established, new MAOIs (Youdim and Weinstock 2004) and routes of administra-

tion (Azzaro et al. 2007) may lead to more effective pharmacotherapies. On the

other hand, nutritional approaches, such as restriction or supplementation of diets,

have unfortunately led to no definitive improvements (Rucklidge et al. 2009). It is

likely that different agents may work better for some individuals than others (Kegel

et al. 2011); careful experimentation with behavioral- and pharmacotherapies, in

concert with genetic analysis, will put a finer point on the varieties of ADHD and

their responsivity to different therapies (Taubert et al. 2011).

7.4 Final Causes: The Uses of ADHD

Ultimate final causes – the evolutionary pressures that made ADHD part of the

birthright of humanity – are beyond intervention. This is just as well, as the rapidly

evolving political/technological/ecological fronts we witness may soon throw a few

of our descendants back into conditions not dissimilar to those that birthed humanity.

To address the proximate final causes requires that we understand what gives

ADHDers a reproductive advantage – or at least parity. For instance, it might be

possible to target certain deleterious interactions between genes and environment,

in which low birth rate or perinatal stress activates genetic predispositions. How-

ever, this would require multinational collaboration and willingness to commit

the necessary resources to maternal and perinatal health, and to the mitigation of

environmental toxins.

Final causes are functional descriptions and focus our attentions on the

consequences of ADHD. Many of those consequences are in fact good. Finding

ways to channel affected youths into careers that put their abilities to best use, and

training them how to work around their deficits, will be to everyone’s immediate

advantage. Finding a place in our schools and work places and societies for

individuals with these dispositions is our challenge. Routine medicalization of the

condition is our failure.
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