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of dopaminergic function in ADHD in relation to symptomatology, neurocognition, and 

cortical structure. Although converging evidence had implicated the dopamine system in 

the pathophysiology of ADHD, direct in vivo evidence pertaining to dopaminergic 

alterations in ADHD has been inconclusive. This is the first in vivo investigation to 

demonstrate an augmented amphetamine-induced striatal dopamine response in 

treatment-naïve adults with ADHD relative to healthy Controls.  

This research also makes a unique contribution to the literature by showing a 

quadratic association between the reactivity of the dopamine system to the amphetamine 

challenge and symptoms of hyperactivity. A linear association was found between 

dopamine responsivity and a measure of motor impulsivity – anticipatory saccades on the 

antisaccade task -- suggesting that dopaminergic transmission may be differentially 

related to different behavioral characteristics of ADHD. Finally, this research is the first 

to examine the relationship between dopamine neurotransmission and frontal cortical 

structure in ADHD. Our investigation shows that: 1) thickness of certain frontal cortical 

regions is related to striatal dopaminergic transmission and 2) the nature of this 

relationship is different in adults with ADHD versus healthy Controls.  
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ABSTRACT 

 

Converging evidence suggests a dysfunction in dopamine (DA) neurotransmission 

in attention deficit/hyperactivity disorder (ADHD).  For example, DA genes are 

implicated in the etiology of ADHD, and DA augmenting agents, such as 

methylphenidate (MPH) and dextroamphetamine (d-AMPH) produce significant 

symptom improvement.  In this dissertation, I examined the response of striatal DA to a 

d-AMPH challenge in treatment-naïve adults with ADHD and control participants, using 

positron emission tomography (PET) and the radioligand [
11

C]raclopride.  I also 

examined the relationship between DA response and symptomatology, neurocognitive 

function, and neuroanatomy.   

The ADHD group showed greater d-AMPH induced striatal DA responses than 

controls.  A quadratic U-shaped relationship was observed between the d-AMPH induced 

DA responses and self-reported hyperactivity across both groups, with the largest DA 

response in individuals reporting moderate levels of activity and smaller responses in 

both non-hyperactive and highly hyperactive individuals.  Compared to Controls, ADHD 

participants performed more poorly on tests of response inhibition, showing longer 

inhibitory reaction times on the stop signal reaction time task, a higher error rate on the 

antisaccade task, and a higher error rate on a version of the go/ no-go task. Inhibitory 

performance on one measure of the antisaccade task, anticipatory saccades, was linearly 

related to DA release. Frontal cortical thickness did not differ significantly between 

ADHD and control participants.  Cortical thickness was linearly related to striatal DA 

response but the direction of the association was opposite in the two groups. In the 

control group, thicker cortex was associated with smaller d-AMPH-induced DA increases 

while in the ADHD group thicker cortex was associated with larger d-AMPH-induced 

DA increases.  

The findings are consistent with a model of ADHD proposing abnormally low 

striatal DA tone coupled with an exaggerated phasic DA release (Grace, 2001).  The 

greater d-AMPH induced increases in extracellular DA in the ADHD group likely reflect 

the exaggerated phasic component. Stimulant medications might acutely increase DA 
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tone and diminish phasic reactivity. Since the most severely hyperactive patients had 

lower DA responses, the quadratic association may reflect a more rapid increase in DA 

tone accompanied by a down-modulation of phasic reactivity, effects that would be 

consistent with reports of the greatest clinical response to stimulants in the most 

symptomatic patients (Robbins & Sahakian, 1979; Buitelaar et al, 1995).  The 

performance on neuropsychological tests is consistent with previous reports (Nigg, 2005) 

suggesting an important neurocognitive deficit in the area of inhibitory function. The 

divergent associations of frontal cortical thickness and d-AMPH induced DA release in 

the two groups may reflect differences in cortical developmental trajectories in Controls 

and ADHD participants (Shaw et al. 2007) or differences in cortico-striatal connectivity 

between the two groups. 
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RÉSUMÉ 

 

Plusieurs données semblent suggérer qu’un dérèglement du système 

dopaminergique pourrait être présent dans le trouble déficitaire d’attention avec 

hyperactivité (TDAH). Par exemple, les gènes liés au système dopaminergique sont 

impliqués dans l'étiologie du TDAH et des agents qui augmentent la neurotransmission 

dopaminergique, tels que le méthylphénidate (MPH) et la dextroamphétamine (d-

AMPH), améliorent les symptômes du trouble.  Dans la présente thèse, j'ai examiné la 

réactivité du système dopaminergique à une dose de d-AMPH chez des adultes présentant 

un TDAH et n’ayant jamais reçu de traitement comparé à un groupe témoin.  J’ai 

également examiné la relation entre la réactivité du système dopaminergique et la 

symptomatologie, la fonction neurocognitive et la neuroanatomie. 

Le groupe TDAH a montré une plus grande augmentation de la réactivité du 

système de neurotransmission dopaminergique que le groupe témoin après une dose de d-

AMPH.  Une relation quadratique a pu être observée entre les réponses dopaminergiques 

induites par d-AMPH et les symptômes d’hyperactivité auto-rapportés dans les deux 

groupes.  Les sujets déclarant des niveaux modérés d'activité avaient la plus grande 

réponse dopaminergique, tandis que les sujets non hyperactifs et les sujets très 

hyperactifs avaient la réponse moins prononcée.  Les participants présentant un TDAH 

ont obtenu des performances moindres que ceux du groupe témoin dans les taches 

d’inhibition d’une réponse motrice, y compris la tâche de “signal-arret” (stop-signal), la 

tâche « antisaccade », et la tâche «go/ no-go». Il y avait une relation linéaire entre un 

aspect de la performance au niveau de l’inhibition – saccades anticipatifs – et la réactivité 

dopaminergique à d-AMPH.  L'épaisseur du cortex frontal ne différait pas 

significativement entre les participants TDAH et le groupe témoin.  Il y avait une relation 

linéaire entre l'épaisseur du cortex frontal et la réactivité du système dopaminergique, 

mais la direction de cette association était opposée dans les deux groupes.  Dans le 

groupe témoin, une plus grande épaisseur du cortex frontal était associée à une réponse 

dopaminergique moins prononcée, tandis que dans le groupe TDAH, une plus grande 

épaisseur du cortex frontal était associée à une réponse dopaminergique plus prononcée.   
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Les résultats sont cohérents avec le modèle proposant que le tonus dopaminergique dans 

le striatum soit diminué et que la libération phasique de la dopamine soit amplifiée chez 

les individus présentant un TDAH (Grace, 2001).  L’administration aiguë des 

médicaments stimulants pourrait augmenter le tonus dopaminergique et diminuer la 

libération phasique de la dopamine. Étant donné que les patients les plus hyperactifs 

avaient la réponse dopaminergique moins prononcée à d-AMPH, la relation quadratique 

peut refléter une amplification plus rapide du tonus dopaminergique accompagnée par 

une diminution de réactivité phasique du système.  Ces effets sont concordants avec les 

études ayant démontré une meilleure réponse clinique aux stimulants chez des patients les 

plus symptomatiques (Robbins & Sahakian, 1979; Buitelaar et al, 1995).  De plus, les 

résultats des tests neuropsychologiques sont compatibles avec les études précédentes 

(Nigg, 2005), suggérant un déficit neurocognitif important au niveau de l’inhibition. Le 

fait que l’association entre l’épaisseur du cortex frontal et la réactivité du système 

dopaminergique soit inverse dans les deux groupes pourrait indiquer des différences dans 

les trajectoires de développement cortical chez les participants présentant un TDAH 

comparé aux participants témoins ou des différences dans la connectivité cortico-striatale 

entre les deux groupes. 
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PREFACE 

Attention Deficit Hyperactivity Disorder (ADHD) is a common childhood 

psychiatric disorder that often persists into adolescence and adulthood (Cherkasova, 

Ponde, & Hechtman, In Press).  It is characterized by age-inappropriate symptoms of 

inattention, hyperactivity and impulsivity and is believed to have both genetic and 

environmental causes (Faraone & Biederman, 1998).  Converging evidence from both 

clinical and preclinical research has implicated the dopamine system in the 

pathophysiology of ADHD.  However, the nature of the putative dopaminergic 

dysfunction remains poorly understood. 

The present dissertation examines dopaminergic function in ADHD in relation to 

symptomatology, personality, neurocognitive function, cortical structure, and genotypic 

variation.  I begin this dissertation by providing an overview of ADHD and of the 

dopamine system, and by reviewing the various lines of evidence suggesting dopamine 

system involvement in the pathophysiology of ADHD and underlying the hypotheses of 

the present research (Chapter 1).  In Chapter 2, I describe the methodology of the present 

research. In Chapter 3, I present the findings of this research mainly pertaining to 

symptomatology, personality, neurocognitive function, striatal dopaminergic function, 

cortical structure, and genotypic variation (Chapter 3).  I also explore the relationship 

between striatal dopaminergic function and symptomatology, personality, neurocognitive 

performance, cortical structure and genotypic variation.  In Chapter 4, I interpret and 

discuss the findings in the in the context of the available knowledge in the field.  Finally, 

in Chapter 5, I discuss the limitations of the present research, and suggest future 

directions for further investigation. 
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1.1 Attention Deficit Hyperactivity Disorder 

1.1.1. Epidemiology and Clincal Presentation 

Attention deficit hyperactivity disorder (ADHD) is the most commonly diagnosed 

disorder of childhood with a worldwide prevalence of 3-10% depending on the criteria 

used (Burd, Klug, Coumbe, & Kerbeshian, 2003; Faraone, Sergeant, Gillberg, & 

Biederman, 2003; Ford, Goodman, & Meltzer, 2003).  It is characterized by age-

inappropriate symptoms of inattention, hyperactivity, impulsivity, and motor restlessness 

(APA, 1994) and is highly heritable with approximately 76% of the phenotypic variance 

accounted for by genetic factors (Faraone et al., 2005a).  The Diagnostic and Statistical 

Manual of Mental Disorders, fourth edition (DSM-IV) recognizes three ADHD subtypes: 

the predominantly inattentive subtype requires at least 6/9 inattention symptoms; the 

predominantly hyperactive-impulsive subtype requires 6/9 hyperactivity-impulsivity 

symptoms; and the combined subtype requires both the inattentive and the hyperactive-

impulsive criteria to be met.  The predominantly hyperactive-impulsive subtype without 

inattention rarely presents in clinical practice.   

Although ADHD is a disorder with a childhood onset, symptoms often persist into 

adolescence and adulthood (Weiss, Hechtman, Milroy, & Perlman, 1985), with about 4% 

of the adult population meeting the DSM-IV diagnostic criteria (Faraone, Biederman, & 

Mick, 2006; Kessler et al., 2006; Murphy & Barkley, 1996).  While symptoms of 

hyperactivity tend to decline with age, symptoms of inattention show greater persistence 

(Biederman, Mick, & Faraone, 2000; Brown & Gammon, 1995; Hart, Lahey, Loeber, 

Applegate, & Frick, 1995; Millstein, Wilens, Biederman, & Spencer, 1997).  The 
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diagnosis of ADHD in childhood is associated with academic underachievement, 

problems with discipline, repeated grades, placement in special classes, poor social 

relationships, and psychiatric comorbidities (Wender, 1987).  In adulthood, ADHD is 

associated with lower rates of professional employment, more frequent job changes and 

more difficulties at work, lower socioeconomic status, higher rates of separation and 

divorce, more traffic violations and accidents, more convictions and incarcerations, and 

higher rates of psychiatric comorbidity, most notably with mood, anxiety, substance use, 

and conduct/ antisocial personality disorders (Barkley, Murphy, & Fischer, 2008; 

Biederman et al., 1993; Biederman et al.; Faraone et al., 2003; Mannuzza, Klein, Bessler, 

Malloy, & LaPadula, 1993; Mannuzza, Klein, Bessler, Malloy, & LaPadula, 1998; 

Murphy, Barkley, & Bush, 2002; Weiss, 1993). 

 

1.1.2 Neuropsychological Profile and Models 

Neuropsychological studies suggest that ADHD is characterized by deficits in a 

wide range of neurocognitive domains, including executive functions, arousal, motivation 

and reward processing, temporal information processing, memory, motor control, 

language processing, and response distribution properties (Nigg; Nigg, 2005).  Meta-

analyses have suggested that the most pronounced deficits lie in the domains of working 

memory, response inhibition, arousal, interference suppression, set shifting, and planning 

(Nigg, 2005), while the domain of visuospatial functions appears to be relatively intact 

(Huang-Pollock, Nigg, & Carr, 2005; Pennington & Ozonoff).  Although the majority of 

these studies have been conducted in children, the available data in adults concur with the 

above findings (Hervey, Epstein, & Curry, 2004). The major neuropsychological models 
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have emphasized disturbances in 1) executive functions; 2) motivation and reward 

processing; 3) self-regulation; and 4) interplay between state factors (e.g. activation and 

arousal), attention, and executive functions (Barkley, 1997; Douglas, 1983; Sergeant, 

Oosterlaan, & Van der Meere, 1999; Sonuga-Barke, 2003).   

Models emphasizing executive functions, or higher order cognitive processes that 

bring behavior under volitional control (Logan, 2004), are supported by an extensive 

literature demonstrating performance deficits in ADHD on tasks that tap executive 

functions such as inhibition, working memory, set shifting, and planning (Willcutt, 

Doyle, Nigg, Faraone, & Pennington, 2005).   According to recent meta-analyses, 

performance on tasks of inhibition and spatial working memory is associated with the 

largest effect sizes (d = .61 – 1.14) (Nigg, 2005).  Executive function deficits are believed 

to result from an underlying dysfunction of the fronto-striato-thalamic circuitry, linking 

the prefrontal cortex and the dorsal striatum (Alexander & Crutcher, 1990).  This view is 

supported by the resemblance of ADHD symptomatology to symptoms observed in 

patients with frontal lobe lesions (Chudasama & Robbins, 2006; Mattes, 1980), as well as 

by an extensive body of structural and functional neuroimaging literature (reviewed 

below). 

 According to the model emphasizing a disruption of reward processing 

mechanisms (Sagvolden & Sergeant, 1998; Sonuga-Barke, 2005), the core dysfunction in 

ADHD is a reduced behavioral sensitivity to future rewards and faster decline in the 

subjective value of rewards as they become more distant.  This framework is supported 

by reports of hypersensitivity to delays and difficulty waiting for desired outcomes:  

children with ADHD prefer smaller immediate gains over larger delayed ones (Kuntsi, 
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Oosterlaan, & Stevenson, 2001; Neef, Bicard, & Endo, 2001; Schweitzer & Sulzer-

Azaroff, 1995; Sonuga-Barke, Williams, Hall, & Saxton, 1996; Tripp & Alsop, 2001).  

The reward processing disturbance in ADHD is believed to result from a dysfunction of 

the mesolimbic dopamine system and the associated circuitry linking the ventral striatum 

with ventromedial prefrontal and orbitofrontal regions (Sonuga-Barke, 2005).   

 The model postulating self-regulation as the central deficit in ADHD (Douglas, 

1983; Douglas, 1988) is based on the observation that performance on a variety of tasks 

(e.g. monitoring and reaction time, search, perceptual-motor, and memory tasks) varies in 

children with ADHD depending on testing conditions, such as task duration, complexity, 

and the amount of feedback provided (Douglas, 1988).  Deficits are most likely to be 

found under testing conditions where heavy demands are placed on self-regulation, with 

little external control, support, or motivation.   

The Cognitive-Energetic-Model of ADHD emphasizes overall efficiency of 

information processing, which is determined by the interplay among attentional 

processes, state or energetic factors (i.e. arousal, activation, and effort), and executive 

functions (Sergeant, 2005; Sergeant, Oosterlaan, & Van der Meere, 1999).  The model 

argues that deficits at all three levels can be found in ADHD, and that some of the most 

widely documented executive function deficits (e.g. inhibitory) could at least in part be 

secondary to energetic factors.  The model is supported by findings that children with 

ADHD have higher overall activity levels and altered sleep parameters (Corkum, 

Moldofsky, Hogg-Johnson, Humphries, & Tannock, 1999; Gruber, Sadeh, & Raviv, 

2000; Porrino et al., 1983), altered evoked potential parameters related to anticipation and 

preparation (Dimoska, Johnstone, Barry, & Clarke, 2003; Perchet, Revol, Fourneret, 
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Mauguiere, & Garcia-Larrea, 2001; Pliszka, Liotti, & Woldorff, 2000), performance 

deficits at slow rates of stimulus presentation (van der Meere, Vreeling, & Sergeant, 

1992), and reduced P300 amplitudes to cues and distracters (Banaschewski et al., 2003).  

All of these are suggestive of alterations in the activation/ arousal and attentional 

systems.  In addition to the frontro-striato-thalamic circuitry underlying the executive 

dysfunction, the cognitive-energetic model postulates involvement of the reticular 

formation, the amygdala, and the hippocampus.    

 

1.1.3 Structural Neuroanatomy 

Overall, structural imaging findings support a primary dysfunction of the 

frontostriatal circuitry in ADHD and point to the possibility of a delay in brain 

maturation, especially in the frontal regions.  The majority of volumetric studies have 

demonstrated reductions in the total cerebral volumes, total gray and white matter 

volumes, and intracranial volumes in children and adolescents with ADHD, particularly 

in the right hemisphere (Castellanos et al., 2001; Castellanos et al., 1996b; Castellanos et 

al., 2002; Filipek et al., 1997; Hill et al., 2003; Mostofsky, Cooper, Kates, Denckla, & 

Kaufmann, 2002).  Structural abnormalities in the frontal lobes have been widely 

documented (Seidman, Valera, & Makris, 2005), with many volumetric studies reporting 

prefrontal volume and cortical thickness reductions in children (Almeida et al.; Batty et 

al., 2010; Castellanos et al., 2001; Castellanos et al., 1996b; Castellanos et al., 2002; 

Durston et al., 2004; Filipek et al., 1997; Hill et al., 2003; Hynd, Semrud-Clikeman, 

Lorys, Novey, & Eliopulos, 1990; Kates et al., 2002; Makris et al., 2007; McAlonan et 

al., 2007; Monuteaux et al., 2008; Mostofsky, Cooper, Kates, Denckla, & Kaufmann, 
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2002; Overmeyer et al., 2001; Shaw et al., 2007a; Shaw et al., 2007b; Shaw et al., 2006b; 

Sowell et al., 2003b; Wang, Jiang, Cao, & Wang, 2007), as well as adults (Makris et al., 

2007; Seidman et al., 2006).  Furthermore, a study examining developmental trajectories 

of cortical thickness in children and adolescents with ADHD reported a delay in cortical 

maturation in ADHD, with the most prominent delay in the frontal regions (Shaw et al., 

2007a).   In these regions, children with ADHD attained maximal cortical thickness 

several years later than controls. 

Reductions in volumes of the caudate and the pallidum have also been reported by 

several labs and large scale studies (Aylward et al., 1996; Castellanos et al., 2001; 

Castellanos et al., 1994b; Castellanos et al., 1996b; Castellanos et al., 2002; Castellanos 

et al., 2003; Filipek et al., 1997; Hynd et al., 1993; Mataro, Garcia-Sanchez, Junque, 

Estevez-Gonzalez, & Pujol, 1997; Overmeyer et al., 2001; Semrud-Clikeman et al., 2000; 

Wang et al., 2007).  A number have reported a lack or a reversal of the normative left > 

right caudate volume asymmetry in subjects with ADHD (Castellanos et al., 1994b; Hynd 

et al., 1993; Semrud-Clikeman et al., 2000), and one has suggested normalization of 

caudate volumes in late adolescence (Castellanos et al., 2002).  A recent meta-analysis of 

the coordinates of gray matter differences between ADHD and controls identified the 

most consistent regional gray matter reduction in the right putamen/globus pallidus 

region (Ellison-Wright, Ellison-Wright, & Bullmore, 2008). 

 However, reports of alterations in structural neuroanatomy have not been limited 

to the frontostriatal circuitry.  Volumetric reductions have also been reported in other 

brain regions, most commonly the cerebellum (Berquin et al., 1998; Bussing, Grudnik, 

Mason, Wasiak, & Leonard, 2002; Castellanos et al., 2001; Castellanos et al., 1996b; 
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Durston et al., 2004; Hill et al., 2003; Mostofsky, Reiss, Lockhart, & Denckla, 1998), 

parietal lobes (Carmona et al., 2005; Castellanos et al., 2002; Filipek et al., 1997; Makris 

et al., 2007; McAlonan et al., 2007; Overmeyer et al., 2001; Wang et al., 2007), and the 

corpus callosum (Baumgardner et al., 1996; Giedd et al., 1994; Hill et al., 2003; Hynd et 

al., 1991; Lyoo et al., 1996; Semrud-Clikeman et al., 1994).   

 

1.1.4 Functional Neuroanatomy 

Findings of functional imaging studies have also been consistent with a primary 

dysfunction of the frontostriatal circuitry.  A number of studies looking at cerebral 

perfusion in the resting state have reported frontal (Amen & Carmichael, 1997; Kim, Lee, 

Shin, Cho, & Lee, 2002; Langleben, Austin, Krikorian, Ridlehuber, & Strauss, 2001; 

Lou, Henriksen, & Bruhn; Sieg, Gaffney, Preston, & Hellings, 1995) and / or striatal 

hypoperfusion (Lou et al., 1984; Lou, Henriksen, & Bruhn, 1990; Lou, Henriksen, Bruhn, 

Borner, & Bieber Nielson, 1989; Teicher et al., 2000) in ADHD participants. 

Administration of methylphenidate has been reported to increase perfusion in those 

regions (Kim, Lee, Cho, & Lee, 2001; Lou et al., 1984; Lou et al., 1989).  Studies 

examining brain function in ADHD during task performance have also produced 

evidence of hypofrontality (Booth et al., 2005; Bush et al., 1999; Durston et al., 2007; 

Durston, Mulder, Casey, Ziermans, & van Engeland, 2006; Epstein et al., 2007; Ernst et 

al., 1994; Mulder et al., 2008; Pliszka et al., 2006; Rubia et al., 2008; Rubia et al., 1999; 

Rubia, Smith, Brammer, Toone, & Taylor, 2005; Smith, Taylor, Brammer, Toone, & 

Rubia, 2006; Suskauer et al., 2008; Tamm, Menon, Ringel, & Reiss, 2004; Zametkin et 

al., 1993; Zametkin et al., 1990; Zang et al., 2005), with some also reporting evidence of 
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reduced striatal activity in ADHD relative to controls (Booth et al., 2005; Durston et al., 

2003; Epstein et al., 2007; Konrad, Neufang, Hanisch, Fink, & Herpertz-Dahlmann, 

2006; Rubia et al., 1999; Scheres, Milham, Knutson, & Castellanos, 2007; Shafritz, 

Marchione, Gore, Shaywitz, & Shaywitz, 2004; Ströhle et al., 2008; Vaidya et al., 1998; 

Vaidya et al., 2005; Vance et al., 2007).  It should be noted, however, that over 50% of 

these studies have used tasks tapping executive functions, such as response inhibition 

(e.g. the go/no-go task, the stop signal reaction time task), working memory (e.g. the n-

back task), and set-shifting (e.g the Stroop task), which are putatively subserved by the 

frontostriatal circuitry (Alexander, DeLong, & Strick, 1986).  Methylphenidate, the main 

treatment for ADHD, has been reported to increase task-related activation in fronto-

striato-thalamic circuitry.  Studies have reported significant increases in frontal (Bush et 

al., 2008; Epstein et al., 2007; Lee, Han, Lee, & Choi, 2010; Prehn-Kristensen et al., 

2011; Rubia et al., 2011a; Rubia, Halari, Mohammad, Taylor, & Brammer, 2011b; 

Vaidya et al., 1998), anterior cingulate (Bush et al., 2008) and striatal (Epstein et al., 

2007; Shafritz et al., 2004; Vaidya et al., 1998) activity in the context of tasks of response 

inhibition and attention in children and adults with ADHD.  Thus, the therapeutic effects 

of methylphenidate could be mediated by increasing activity in the frontostriatal circuitry.   

 Functional abnormalities are not limited to the frontrostriatal circuitry, and there 

is now accumulating evidence of functional alterations in other brain regions, such as the 

cerebellum and parietal regions, as well as in functional connectivity among brain regions 

(reviewed in Cherkasova & Hechtman, 2009). 
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1.1.5 Molecular genetics 

ADHD is a highly heritable disorder.  Risk for ADHD is two- to eight-fold higher 

in first-degree relatives of ADHD probands than in the general population (Faraone, 

2000).  Biological relatives of children with ADHD or hyperactivity are more likely to 

present with hyperactivity compared to adoptive relatives (Cantwell, 1975; Morrison & 

Stewart, 1973; Sprich, Biederman, Crawford, Mundy, & Faraone, 2000).  A review of 20 

twin studies reported a mean heritability estimate of 76% (Faraone et al., 2005b), 

suggesting that ADHD is among the most heritable psychiatric disorders.   

 Genome-wide linkage scans have produced inconclusive results, perhaps 

reflecting a low likelihood that vulnerability to ADHD is conferred by genes of 

moderately large effect (Faraone & Mick, 2010).  However, association studies have 

reported consistent associations with a number of candidate monoamine genes.   

Genes encoding dopamine receptors and transporters have attracted most 

attention, and many studies have reported evidence of significant associations between 

ADHD and dopamine genes.  Meta-analyses found significant associations of ADHD 

with the 7-repeat allele polymorphism of 48-base pairs (bp) variable number of tandem 

repeats (VNTR) on the exon III of the DA receptor 4 (DRD4) gene (Faraone, Doyle, 

Mick, & Biederman, 2001; Li, Sham, Owen, & He, 2006; Smith, 2010), with the most 

recent meta-analysis reporting the  odds ratio (OR) of 1.33 (Smith, 2010).   The larger 

effect sizes were associated with a larger proportion of ADHD combined type in the 

sample (Smith, 2010).  In vitro studies have suggested that this allele produced blunted 

responses of the D4 receptor to DA (Asghari et al., 1995; Van Tol et al., 1992).  

Significant associations have also been reported in two meta-analyses between ADHD 
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and the 148-bp microsatellite marker of the DA receptor 5 (DRD5) gene (ORs 1.2 

and1.3) (Li et al., 2006; Lowe et al., 2004, but see Mill et al., 2005), as well as with two 

other microsatellite markers and a single nucleotide polymorphism (SNP) in the 3’ 

untranslated region (UTR) within the DRD5 gene (Faraone & Mick, 2010).  Relevant to 

DA catabolism, some studies have found significant associations with the 10-repeat allele 

3’untranslated region VNTR of the dopamine transporter (DAT) SLC6A3 gene, although 

meta-analyses report either a weak association or no association (Faraone & Mick, 2010; 

Li et al., 2006; Yang et al., 2007). The inconsistencies may indicate that this allele is in 

partial linkage disequilibrium with another marker of ADHD, rather than directly 

conferring vulnerability for the disorder.   The VNTR occurs at a non-coding site and is 

thought to affect DAT expression, rather than the amino acid sequence: the density of 

DAT binding sites for the 10-repeat polymorphism was found elevated by about 50% 

over the 9-repeat polymorphism (VanNess, Owens, & Kilts, 2005), which would be 

expected to increase synaptic DA clearance.  Allelic variation in the DAT SLC6A3 gene 

has also been linked with response to stimulants, with subjects homozygous for the 9-

repeat allele showing a diminished response (Joober et al., 2006; Lott, Kim, Cook, & de 

Wit, 2004; Stein et al., 2005). Notably, elimination of the SLC6A3 gene in mice can 

produce hyperactive and impulsive behavior, which is reduced by stimulants 

(Gainetdinov et al., 1999b; Giros, Jaber, Jones, Wightman, & Caron, 1996).   

Significant associations have also been reported between ADHD and serotonergic 

genes.  An association with a SNP (861G>C) on the serotonin 1B receptor gene has been 

found, suggesting an over transmission of the G861C allele (OR = 1.35) in ADHD 

(Smoller et al., 2006).  An association has also been reported with a 44-bp 
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insertion/deletion polymorphism in the promoter region of the serotonin transporter gene 

(SLC6A4), suggesting an over transmission of the long allele in ADHD (pooled OR = 

1.31) (Cadoret et al., 2003; Kent et al., 2002; Manor et al., 2001; Retz, Thome, Blocher, 

Baader, & Rösler, 2002; Seeger, Schloss, & Schmidt, 2001), which leads to more 

transcription of the gene, resulting in higher 5HT uptake and therefore decreased 5HT 

neurotransmission (Lesch et al., 1996). 

In addition to monoamine candidate genes, significant associations have been 

reported with polymorphisms of a gene on chromosome 20p12 encoding the 

synaptosomal associated protein (SNAP25) involved in regulation of neurotransmitter 

release. SNAP25 is known to be deficient in coloboma mice – an animal model of 

ADHD.  A meta-analysis reported an OR of 1.19 (Faraone et al., 2005b).    

However, despite the reported associations between ADHD and monoamine gene 

polymorphisms, the effects of these on monoamine function in vivo remain unknown.   

 

1.2 Neurotransmission in ADHD 

Converging evidence implicates dopamine neurotransmission in the 

pathophysiology of ADHD, although contributions of other neurotransmitter systems 

have also been proposed (see below).  The DA system plays an important role in a range 

of behaviors relevant to the ADHD symptomatology and neurocognitive profile.  These 

include initiation of motor activity which is dependent on the nigrostrial dopamine 

system (Barbeau, Murphy, & Sourkes, 1961; Carlsson, 2001; Lanska, 2010); sensitivity 

to reward and goal-directed behaviour, dependent on DA transmission in the mesolimbic 

system (Berridge & Robinson, 1998; Phillips, Pfaus, & Blaha, 1991; Stewart, 1983; 
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Wise, 2004); and executive functions, such as working memory, which have been linked 

to mesocortical DA transmission (Brozoski, Brown, Rosvold, & Goldman, 1979; 

Goldman-Rakic, 1995; Seamans & Yang, 2004).   Although attention and arousal are 

usually considered to primarily depend on norepinephrine (NE) transmission (Aston-

Jones, Rajkowski, & Cohen, 1999; Sara & Segal, 1991), DA in the cortex and striatum 

may play a significant role in the ability of environmental stimuli to sustain interest 

(Kapur, 2003; Seamans & Yang, 2004; Stewart, de Wit, & Eikelboom, 1984; Volkow et 

al., 2004).  In addition, as reviewed above, molecular genetic studies have implicated DA 

genes in the aetiology of ADHD (Faraone & Mick, 2010).   

Evidence that more directly implicates the DA system in the pathophysiology of 

ADHD and is reviewed below includes: the clinical efficacy of stimulant medications 

such as methylphenidate and amphetamine (Spencer et al., 1996), which increase the 

extracellular levels of monoamines, especially DA and NE (Solanto, 1998); animal 

models of ADHD implicating altered DAergic function; and, most informatively, in-vivo 

imaging findings in individuals with ADHD demonstrating DA system alterations.   

     

1.2.1 Overview of the Dopamine System 

1.2.1.1 Neuroanatomy of ascending DA pathways. There are three major 

ascending DA projection pathways in the mammalian brain, the nigrostriatal, the 

mesolimbic, and the mesocortical (Björklund & Dunnett, 2007).  These arise from three 

cytoarchitectonic groups in the midbrain – A8 cells in the retrorubral area, A9 cells in the 

substantia nigra (SN) pars compacta, and A10 cells in the ventral tegmental area (VTA). 

Although the origin cells of these pathways are intermixed in the SN-VTA complex 
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(areas A8, A9, and A10) (Björklund & Dunnett, 2007), the three pathways are 

anatomically and functionally distinct, with their projections largely confined to their 

respective targets: striatum for the nigrostriatal pathway; ventromedial striatum 

(including the nucleus accumbens), limbic regions, and the prefrontal cortex for the 

mesolimbic pathway; and the cortical mantle for the mesocortical pathway (Bentivoglio 

& Morelli, 2005).   

Based on their connectivity and morphological features, neurons in areas A8, A9, 

and A10 can be separated into dorsal and ventral tiers.  The dorsal tier is composed of 

calbindin (calcium-binding protein) positive cells in the dorsal aspects of the SN and 

VTA, as well as cells in A8, innervating the ventral striatum, limbic, and cortical areas, as 

well as the matrix compartment of the dorsal striatum (Bentivoglio & Morelli, 2005; 

Gerfen, Herkenham, & Thibault, 1987; Lynd-Balta & Haber, 1994a).  These cells express 

low levels of the dopamine transporter (DAT).  The ventral tier contains calbindin 

negative cells in ventral aspects of SN and VTA, which innervate mostly the patch 

compartment of the dorsal striatum and have high expression levels for DAT and D2 

receptor mRNA (Bentivoglio & Morelli, 2005; Gerfen et al., 1987; Lynd-Balta & Haber, 

1994a; Prensa & Parent, 2001).  Many of these cells also extend prominent dendrites 

ventrally to the SN pars reticulata (Gerfen et al., 1987).   

In addition to the three major ascending pathways, the midbrain DA neurons also 

project to downstream targets containing basal ganglia output neurons.  These include 

external and internal segments of the globus pallidus, parts of the ventral pallidum, the 

subthalamic nucleus, and the SN pars reticulata (Hassani, François, Yelnik, & Féger, 
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1997; Lavoie, Smith, & Parent, 1989; Lindvall & Björklund, 1979; Smith, Lavoie, 

Dumas, & Parent, 1989).  

 

1.2.1.2 Functional topography of striatal projections.  Striatal cortical and 

thalamic inputs and downstream outputs are topographically and functionally organized, 

forming cortico–basal ganglia–thalamo–cortical loops.   

Striatal neurons receive topographically and functionally organized inputs from 

the cortex and thalamus, based on which the striatum has been subdivided into limbic, 

associative and sensorimotor subcompartments (Haber, 2010; Haber & McFarland, 1999; 

Middleton & Strick, 2002). Inputs from ventromedial cortical regions terminate in the 

ventromedial striatum, and inputs from dorsolateral cortical regions terminating in the 

dorsolateral striatum.  Frontal regions mediating motivation, reward, and affect 

regulation, such as the orbitofrontal cortex (OFC), the ventromedial prefrontal cortex 

(vmPFC) and the dorsal anterior cingulate cortex (dACC), project to the ventral striatum, 

including the nucleus accumbens (NAc) and the ventromedial aspects of caudate and 

putamen (Haber, 2010).  Ventral striatum also receives prominent projections from the 

amygdala and the hippocampus (Friedman, Aggleton, & Saunders, 2002; Fudge, 

Kunishio, Walsh, Richard, & Haber, 2002).  The dorsolateral prefrontal cortex (DLPFC) 

mediating executive functions projects to the head of the caudate and the precommissural 

dorsal putamen, with few terminals in the post-commissural putamen (Haber, 2010).  

Rostral premotor areas project to both caudate and putamen, bridging the two with a 

continuous projection, while motor and somatosensory cortical areas send 

somatotopically organized projections to the post-commissural putamen (Aldridge, 
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Anderson, & Murphy, 1980; Flaherty & Graybiel, 1994; Kimura, 1986).  Thalamo-

striatal projections are organized in a similar topographic manner, such that functionally 

associated thalamic and cortical areas terminate in the same striatal regions (Haber, 

Fudge, & McFarland, 2000).   

Striatal projections to downstream output targets in the pallidal complex and the 

SN pars reticulata are also topographically organized reflecting functional organization of 

the striatum described above (Haber, Lynd, Klein, & Groenewegen, 1990; Hedreen & 

Delong, 1991; Lynd-Balta & Haber, 1994b).  This topography continues to be evident in 

the projections from the pallidal complex and the SN pars reticulata to the thalamic 

output nuclei, and from the thalamic nuclei back to the limbic, associative control, and 

sensorimotor control cortical areas, completing the loops (Ilinsky, Jouandet, & Goldman-

Rakic, 1985; Kuo & Carpenter, 1973; Middleton & Strick, 2002; Strick, 1976).   

Despite their roughly parallel topographical organization, however, these 

functional loops are not segregated and have points of convergence, enabling information 

transfer across functional domains.  In the striatum, there is convergence between inputs 

from limbic and cognitive control cortical areas rostrally, as well as between inputs from 

cognitive and motor areas more caudally, which has been proposed to enable learning and 

adaptation/ modification of behavioral responses (Haber, 2010).   

Midbrain DA neurons’ afferent inputs from and projections to the striatum also 

follow a similar, but reverse topographic organization, forming striato-nigro-striatal 

loops. Striatal projections terminate in both the dorsal and the ventral midbrain DA cell 

tiers with an inverse dorso-ventral topography, such that with ventral striatum (as well as 

the extended amygdala) projects to the dorsal tier and the dorsal aspect of the ventral tier, 
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the associative striatum projects to the dorsal aspect of the ventral tier (central and ventral 

parts of the densocellular region of SN pars compacta), and the sensorimotor striatum 

projects to the ventral aspect of the ventral tier (cell columns of SN pars compacta), as 

well as to SN pars reticulata (Haber, 2010).  Projections from the limbic and associative 

aspects are widely distributed over their general projection areas, while projections from 

the sensorimotor sub-region have a more restricted field.  The ascending nigrostriatal 

projections also exhibit an inverse dorso-ventral topography.  However, the descending 

and ascending limbs of these loops are not completely reciprocal and differ in 

proportional distribution of projections to and from different functional domains of the 

striatum.  While the ventral striatum projects widely to the SN-VTA complex, with 

terminal fields in both the dorsal tier and the dorsal aspect of the ventral tier, it receives 

relatively limited midbrain input.  Conversely, the dorsolateral striatum projects to a 

limited region, but receives inputs from a wide range of dopamine cells (Haber et al., 

2000).  The proportional differences between inputs and outputs of the stiato-nigro-

striatal projection system, coupled with their topography, result in an organization where, 

for each striatal sub-region there is a reciprocal connection with the midbrain (with 

overlapping inputs and outputs), which is flanked ventrally and dorsally by non-

reciprocal connections (Haber, 2010).  This system of both reciprocal and non-reciprocal 

connections creates a feedforward organization, which allows for information transfer 

from the limbic through the associative to the sensorimotor striatum, possibly providing a 

mechanism by which motivation and cognition can influence motor behavioral responses, 

enabling learning and adaptation of behavior (Haber, 2010; Haber et al., 2000) (Figure 1). 
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Figure 1-1.  Schematic illustrating the organization of the midbrain dopamine cells and 

their projections to regions of the striatum: S = shell of the nucleus accumbens; VTA = 

ventral tegmental area; SNc= substantia nigra pars compacta; SNr = substantia nigra pars 

reticulata.  Striatal regions are color coded to represent the cortical inputs they receive: 

red = limbic; green = associative; blue = motor; OMPFC = orbital and medial prefrontal 

cortex; DL=PFC = dorsolateral prefrontal cortex.  (Adapted from Haber et al 2000, 

Figure 12). 

 

1.2.1.3 Presynaptic DA function and firing modes.  DA is a catecholamine 

synthesized both in the cytosol and the presynaptic terminals of DA neurons through 

conversion of L-tyrosine to L-3-(3, 4-dihydroxy-o-phenylalanine) (DOPA) by tyrosine 

hydroxylase (TH) and subsequent conversion of DOPA to DA by aromatic acid 

decarboxylase.  Tyrosine hydroxylase is allosterically regulated by a number of 

influences, such as impulse flow, levels of cyclic AMP and intracellular calcium, and 
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non-vesicular DA concentrations, and is the rate limiting enzyme in DA synthesis.  

Following synthesis, vesicular DA is packaged into synaptic vesicles by the vesicular 

monoamine transporter.  Local increases in calcium concentration can trigger fusion of 

the vesicle with the cell membrane and release of DA into the synaptic space.   

 DA neurons fire in two modes: tonic single spike firing mode and phasic burst 

firing mode.  Tonic firing is slow (3-8 Hz) and irregular spontaneous baseline spike 

activity, driven by pacemaker-like membrane currents of the neuron (Grace & Bunney, 

1984b).  Tonic firing underlines the baseline tonic concentration of DA, which is 10-20 

nM in the striatum (Keefe, Zigmond, & Abercrombie, 1992) and orders of magnitude 

lower in the prefrontal cortex and limbic regions (Garris & Wightman, 1994; Ihalainen, 

Riekkinen Jr, & Feenstra, 1999).  Spontaneous DA neuron firing is under powerful 

GABAergic inhibition, with only about half of DA neurons showing spontaneous activity 

(Grace & Bunney, 1979).  However, cortical glutamatergic inputs promote tonic firing by 

stimulating presynaptic glutamate receptors on the terminals of DA neurons (Grace, 

1991).  Burst spike firing that is associated with behaviorally relevant stimuli, such as 

presentation of unexpected rewards or sensory signals predicting such rewards, causes a 

transient phasic DA release bringing the synaptic DA concentration into 100 nM to μM 

range in the striatum (Grace & Bunney, 1984a).  The rapid but transient increases in 

levels of synaptic DA occurring during phasic firing are believed to activate post-synaptic 

DA receptors (Grace, 1991).   

 In subcortical structures, extracellular DA is inactivated after release by a number 

of mechanisms.  It can be metabolized within the synapse by catechol-O-methyl 

transferase (COMT), which produces the metabolite 3-methoxytyramine. It can also be 
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transported back into the presynaptic terminal by the dopamine transporter (DAT).  

Intracellular DA is then metabolized by monoamine oxidase (MAO) into 3,4-dihydroxy-

O-phenylacetic acid (DOPAC) and can be further catabolized by COMT producing 

homovanillic acid (HVA).  DA remaining in the extracellular space can stimulate 

presynaptic D2 autoreceptors, which can lead to homeostatic changes, such as decrease in 

DA synthesis by inhibition of TH and decrease of impulse flow and phasic firing by 

activation of K
+
 channels.  Presynaptic DA function is similar in the PFC, with the main 

difference being the lower density of DAT and its and extrasynaptic location (Sesack, 

Hawrylak, Matus, Guido, & Levey, 1998).  Hence, reuptake by DAT can only be 

activated when extracellular DA levels are extremely high.  Thus synaptic DA in the PFC 

is either metabolized by COMT or might also be taken up by the NE transporter (NET) 

(Carboni, Tanda, Frau, & Di Chiara, 1990; Yamamoto & Novotney, 1998). 

 

1.2.1.4 Postsynaptic DA targets.  DA receptors are G protein-coupled receptors 

categorized into two subgroups: D1-like and D2-like receptors.  This classification is 

based on the receptors’ differential response to agonists by either increasing or inhibiting 

the activity of the enzyme adenylate cyclase, which generates the intracellular second 

messenger cyclic adenosine monophosphate (cAMP) (Kebabian & Greengard, 1971). 

The D1-like receptors (D1 and D5) couple primarily to the Gs family of G proteins (Gs 

and Golf) and activate adenylate cyclase and cAMP protein kinases.  The D2-like 

receptors (D2, D3, and D4) couple primarily to Gi/o family of G proteins and inhibit 

adenylate cyclase.  D2 receptors activate K+ channels and have both hetero and auto 

receptor functions.   
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D1 receptors are expressed in many brain regions receiving DAergic innervation, 

with the highest amount of D1 receptor mRNA found in the striatum, the olfactory 

tubercle, NAc, the medial prefrontal cortex, and limbic regions, including the piriform 

and entorhinal cortices, the amygdala, the anterior cingulate and the insula.  D1 receptors 

are sparsely distributed in the SN on non-DA containing interneurons and on nerve 

terminals from other brain regions (Mansour et al., 1992).  D5 receptors are also 

expressed in multiple brain regions, including the SN, NAc, hypothalamus, striatum, 

cerebral cortex, and olfactory tubercule (Khan et al., 2000).  They are particularly 

abundant in the limbic regions.  

D2 receptors are found throughout the brain and within all thee major DA 

signaling pathways, with the highest levels of D2 receptor mRNA found within the 

striatum, the nucleus accumbens, and the olfactory tubercle (Bouthenet et al., 1991).  

Somewhat lower levels of D2 mRNA have been found in the prefrontal and entorhinal 

cortices, amygdala, VTA, hippocampus, hypothalamus, and SN pars compacta 

(Bouthenet et al., 1991; Meador-Woodruff et al., 1989; Weiner et al., 1991).  D2 

receptors have been localized more specifically to the GABAergic medium spiny neurons 

in the striatum and dendrites and the soma in the SN pars compacta (Levey et al., 1993).  

D2 receptors are primarily localized intracellularly in the brain and may be trafficked to 

the plasma membrane if necessary (Prou et al., 2001).   

D3 receptor expression is roughly 10-fold lower than D2 expression but has a 20 

fold higher affinity for DA.  The highest levels of expression of the D3 receptor are found 

in the islands of calleja and the olfactory bulb, and moderate levels are found in the NAc, 

vestibulocerebellum, and the SN, with relatively little D3 expression in the caudate and 
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putamen (Bancroft, Morgan, Flietstra, & Levant, 1998; Bouthenet et al., 1991; Levant, 

Grigoriadis, & DeSouza, 1992; Lévesque et al., 1992; Ricci, Vega, Mammola, & 

Amenta, 1995).  At least some D3 receptors likely function as presynaptic autoreceptors 

(Shafer & Levant, 1998).   

D4 receptors in the brain are most abundant in the prefrontal cortex, amygdala, 

hippocampus, hypothalamus and pituitary, and are sparse in the basal ganglia (Meador-

Woodruff et al., 1996).  D4 receptors are present in GABA-producing pyramidal and 

non-pyramidal neurons in the cortex (mainly layer V) and the hippocampus (Mrzljak et 

al., 1996).  D4-receptor positive neurons in the thalamus, globus pallidus, and SN pars 

reticulata are also GABA-ergic.   

In the human brain, postmortem studies and in-vivo binding studies with PET 

have reported high D1-type and D2-type receptor densities in caudate and putamen, with 

somewhat lower densities in the nucleus accumbens (Camus, Javoy-Agid, Dubois, & 

Scatton, 1986; Hall, Farde, & Sedvall, 1988).  D1 and D2 receptors were found to be 

considerably less abundant in cortical and limbic regions, with D1 receptor density 

substantially higher than D2 receptor density in those regions (Camus et al., 1986; Hall et 

al., 1988; Hall et al., 1994) (Figure 2).  
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Figure 1-2: Regional distribution of D1 and D2 type receptors in the human brain 

(Adapted from Hall et al 1994, Figure 1.) 
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1.2.2 Psychostimulants: Neurochemical Mechanisms and Behavioral Effects 

Nearly 200 reports have demonstrated the therapeutic efficacy of 

psychostimulants for treatment of ADHD, with 70% of patients in clinical trials 

experiencing significant improvements in inattentiveness and hyperactivity/impulsivity 

(Spencer et al., 1996).  The two most widely prescribed psychostimulants, 

methylphenidate (MPH) and dextroamphetamine (d-AMPH), are believed to confer their 

therapeutic effects by increasing extracellular levels of monoamines.    

Neuropharmacology: MPH increases extracellular concentrations of DA and NE by 

binding to the DA and NE transporters (DAT and NET) and blocking catecholamine 

reuptake (Cooper, 2003).  Since MPH does not directly cause catecholamine release, its 

action is dependent on spike activity and calcium.   

D-AMPH increases extracellular concentrations of DA, NE, and serotonin (5-

HT), and its pharmacology is considerably more complex.  D-AMPH can enter 

monoamine cells both through lipophilic diffusion (Mack & Bonisch, 1979) and through 

active transport by DAT and NET (but not by the 5-HT transporter) (Heal, Cheetham, & 

Smith, 2009; Zaczek, Culp, & De Souza, 1991). Once inside the cell, it displaces 

monoamines from newly synthesized and vesicular storage pools (Floor & Meng, 1996; 

Sulzer & Rayport, 1990) and induces DA overflow into the synaptic cleft by facilitating 

outward exchange diffusion and triggering channel-like monoamine release (Sulzer, 

Sonders, Poulsen, & Galli, 2005).  This reverse transport is spike activity-independent. 

D-AMPH also delays the clearance of catecholamines from the synaptic cleft as it 

transiently occupies DAT and NET during its transport into the presynaptic terminal as 

substrate (Heal, Smith, Kulkarni, & Rowley, 2008).  D-AMPH also enhances DAergic 
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transmission through a number of additional mechanisms: suppression of metabotropic 

glutamate receptor (mGluR) mediated DA neuron inhibition, thus increasing DA neuron 

burst firing (Paladini, Fiorillo, Morikawa, & Williams, 2001); enhancement of DA 

synthesis through its effects on tyrosine hydroxylase activity (Costa, Groppetti, & 

Naimzada, 1972; Kuczenski, 1975); inhibition of monoamine oxidase (Sulzer et al., 

2005);  and acute reduction of cell surface DAT expression (Saunders et al., 2000).     

Notably, stimulant-induced increases in extracellular DA resulting from blockade 

and reversal of the DA transporter promote activation of the D2 presynaptic 

autoreceptors, which in turn leads to a decrease in DA cell firing (Bunney, Walters, Roth, 

& Aghajanian, 1973; Shi, Pun, Smith, & Bunney, 2000). Decreased excitability of DA 

neurons has been reported following systemic intravenous administration 0.25 to 2 mg/kg 

of amphetamine (Groves, Fenster, Tepper, Nakamura, & Young, 1981).  Stimulants have 

also been found to cause inhibition of spontaneous firing rate in LC, which is likely 

mediated by stimulation α-2 NE autoreceptors (Devilbiss & Berridge, 2006; Graham & 

Aghajanian, 1971; Lacroix & Ferron, 1988). 

The effects of stimulants on monoamine transmission are largely dependent on 

the dose administered and the brain region considered.  In vivo microdialysis studies in 

rodents have demonstrated that stimulants dose-dependently increase the extracellular 

levels of DA and NE throughout the brain when administered at higher than standard 

therapeutic doses for humans (Carboni, Imperato, Perezzani, & Di Chiara, 1989; Florin, 

Kuczenski, & Segal, 1994; Kuczenski & Segal, 1989; Kuczenski, Segal, & Aizenstein, 

1991; Kuczenski & Segal, 1997; Maisonneuve, Keller, & Glick, 1990; Robinson & 

Camp, 1990; Sharp, Zetterström, Ljungberg, & Ungerstedt, 1987; Zetterstrom, Sharp, 
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Marsden, & Ungerstedt, 1983).   D-AMPH also releases 5-HT in the striatum (Kuczenski 

& Segal, 1997).  However, doses of MPH that yield clinically significant plasma levels 

(similar to those in human patients: 8-40 ng/mL) have been found to produce minimal 

subcortical DA efflux, with more pronounced effects on NE (Kuczenski & Segal, 2001, 

2002).  Furthermore, some evidence suggests that clinically significant MPH doses 

preferentially induce catecholamine release in the PFC, producing smaller effects in 

subcortical areas (Berridge et al., 2006).  In vivo radioligand PET imaging studies in non-

human primates and humans using stimulant drug challenges in human therapeutic ranges 

have reliably produced data consistent with DA increases in the striatum (Boileau et al., 

2006; Boileau et al., 2007; Drevets et al., 2001; Laruelle, 2000; Leyton et al., 2002; 

Martinez et al., 2003; Narendran et al., 2010; Oswald et al., 2005; Schneier et al., 2009; 

Volkow, Wang, Fowler, & Ding, 2005a; Volkow, Fowler, Wang, Ding, & Gatley, 2002a; 

Volkow et al., 2007b; Volkow et al., 2001; Volkow et al., 2003) and more recently in the 

extrastriatal regions including the PFC (Cropley et al., 2008; Mukherjee, Christian, 

Narayanan, Shi, & Collins, 2005; Narendran et al., 2009; Riccardi et al., 2006a; Riccardi 

et al., 2011; Slifstein et al., 2010; Slifstein et al., 2004).  Notably, although microdialysis 

studies in rodents have reported about 3-fold greater increases in extracellular DA levels 

following d-AMPH compared to MPH (Kuczenski & Segal, 1992; Kuczenski & Segal, 

1997), PET imaging studies in both humans and animals (Schiffer et al., 2006) find the 

two drugs to generate similar decreases in D2 receptor availability.  Given that changes in 

radioligand binding might primarily reflect stimulant-induced changes in synaptic DA 

levels, whereas microdialysis captures changes in extracellular DA levels (Laruelle, 

2000), the disparity between microdialysis and PET radioligand studies could potentially 
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reflect differences in neuopharmacological mechanisms of the two stimulants. D-AMPH 

may cause substantial increases in extracellular and synaptic DA, since it induces reverse 

DA transport (in addition to DAT blockade), and much of the DAT is located 

perisynaptically (Caron & Gainetdinov, 2010).  MPH, in contrast, likely affects primarily 

synaptic DA since it only blocks the DAT, and extracellular DA increases would only 

reflect passive diffusion from the synapse.  

 

1.2.2.1 Acute behavioral and cognitive effects.  In both experimental animals 

and humans, stimulants increase locomotion at moderate doses and induce motor 

stereotypy at higher doses (≥ 5 mg/kg) (Beninger, 1983; Finn, Iuvone, & Holtzman, 

1990; Stromberg & Svensson, 1975).  Facilitation of locomotor activity is primarily 

attributable to post-synaptic stimulation of mesolimbic DA neurons, whereas stereotypy 

is mediated by the nigrostriatal system (Le Moal, 1996). However, a biphasic effect of 

stimulants on locomotion has occasionally been observed  both in hyperactive animals 

(Davis, 1957; Helmeste & Seeman, 1982; Luthman, Fredriksson, Lewander, Jonsson, & 

Archer, 1989; Myers, Musty, & Hendley, 1982) and in normal animals with oral drug 

administration (Kuczenski & Segal, 2002), with low doses reducing locomotion and 

higher doses increasing locomotion.  Likewise, in humans, low doses of stimulants (e.g. 

0.2 - 0.6 mg/kg for d-AMPH and 0.3 - 0.6 mg/kg of MPH) reduce locomotor activity and 

distractibility and high doses (or overdosing) produce symptoms of excessive central 

nervous system excitation (Kuczenski & Segal, 2002; Rapoport et al., 1978; Seeman & 

Madras, 2002).   
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The observation that low doses of stimulants reduce locomotor activity has been 

explained by their differential effects on tonic levels versus phasic rise in extracellular 

DA.  Studies using in vivo and in vitro amperometry have suggested that low doses of 

stimulants increase the tonic levels of extracellular DA substantially more than they 

increase phasic release (Seeman & Madras, 2002).  This preferential potentiation of DA 

tone by low stimulant doses has been attributed to a greater activating effect of stimulant-

induced extracellular DA increases on the presynaptic D2 autoreceptors than the 

postsynaptic D2 receptors (Grace, 2001).  This is likely due to the greater sensitivity of 

the presynaptic autoreceptors to DA (Skirboll, Grace, & Bunney, 1979).  As mentioned 

earlier, activation of presynaptic D2 autoreceptors by tonic DA down-regulates phasic 

DA release (Bunney et al., 1973; Shi et al., 2000).  In fact, low stimulant concentrations 

have been shown to decrease electrically evoked DA release in striatal slices (Kamal, 

Arbilla, Galzin, & Langer, 1983).  Moderate and high stimulant doses, on the other hand, 

might cause an overall pronounced elevation of both tonic and phasic DA levels, 

overriding the D2 autoreceptor-mediated inhibition of phasic DA release and resulting in 

a widespread stimulation of the post-synaptic DA receptors (Seeman & Madras, 2002).  

The D2 autoreceptor-mediated decrease in phasic DA release in response to the elevation 

of extracellular DA tone has been proposed to be the mechanism through which low 

stimulant doses reduce hyperactivity in ADHD (Grace, 2001; Seeman & Madras, 2002). 

 Stimulants have rewarding properties.  Both d-AMPH and MPH and are self-

administered by animals and maintain responding in conditioned reinforcement 

paradigms (Kollins, MacDonald, & Rush, 2001).    In humans, amphetamines are well 

known to have a high abuse potential.  While epidemiological data on methylphenidate 



Chapter 1: Introduction 

30 

abuse are sparse, a substantial recent rise in the recreational use of MPH among teenagers 

has been documented (Klein-Schwartz & McGrath, 2003).  Further, some studies have 

reported self-administration of MPH by humans in experimental paradigms (Kollins et 

al., 2001) and others have noted subjective reports of hedonic effects of the drug (Volkow 

et al., 1996b).  The reinforcing properties of stimulants are mediated by the mesolimbic 

DA pathway (Di Chiara & Imperato, 1988; Kuczenski & Segal, 1989), which plays a role 

in signaling rewards, and coding incentive value (Berridge & Robinson, 1998; Burk & 

Mair, 2001; Koob, 1996; Wade, de Wit, & Richards, 2000).  While there is currently no 

compelling evidence that stimulant treatment confers a risk for substance abuse in 

individuals with ADHD (Wilens, Faraone, Biederman, & Gunawardene, 2003), the 

ability of stimulants to increase incentive salience of relevant stimuli may contribute to 

their therapeutic effects by facilitating goal-directed behavior and reducing distractibility. 

 Stimulants also affect cognition.  Research in rodents suggests that stimulants 

have biphasic effects on cognitive functions, such as attention, learning and memory, 

with low doses enhancing and higher doses impairing performance (Arnsten & Dudley, 

2005; Berridge et al., 2006; Grilly & Gowans, 1988; Grilly, Gowans, McCann, & 

Grogan, 1989; Grilly & Simon, 1994; Haycock, Buskirk, & Gold, 1977; Katz, 1988; 

Ljungberg & Enquist, 1987; McGaughy & Sarter, 1995; Sara & Deweer, 1982).  

Although evidence has been equivocal, in healthy humans, therapeutic stimulant doses 

have been reported to enhance cognitive function in the areas of learning and working 

memory (Husain & Mehta, 2011; Smith & Farah, 2011).  In individuals with ADHD, 

stimulant medications have been found to enhance executive functions, memory, 

attention, and processing speed (Kempton et al., 1999; Mehta, Sahakian, & Robbins, 
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2001; Riordan et al., 1999).  Some studies have reported that the same dose of stimulants 

enhances cognitive performance in individuals with low baseline performance and 

putatively low prefrontal DA levels, while impairing performance in individuals with 

high baseline performance and putatively high prefrontal DA levels (Allman et al., 2010; 

Husain & Mehta, 2011; Mattay et al., 2000; Mattay et al., 2003).   Since these higher 

order cognitive functions are largely dependent on the PFC (Chudasama & Robbins, 

2006), the biphasic effects of stimulants are consistent with an inverted U relationship 

between cognitive performance and catecholamine levels in the PFC (Husain & Mehta, 

2011; Seamans & Yang, 2004). Performance is optimal at moderate and impaired at both 

insufficient and excessive prefrontal catecholamine levels.   Hence, stimulants would be 

expected to produce cognitive enhancements particularly in populations with low 

baseline levels of prefrontal catecholamines, such as Parkinson’s disease and possibly 

ADHD.   

 

1.2.3 Animal Models 

Animal models have been a useful tool in the study of the pathophysiology of 

ADHD, as they allow for a direct investigation of the underlying neuropathological 

alterations through invasive manipulations and measurement techniques.  Existing 

models are either genetic, from naturally occurring or artificially produced mutations, or 

created using an insult to the central nervous system early in development.  These models 

generally implicate monoaminergic (in particular dopaminergic) systems, with some 

implicating DA system hypofunction, but others suggesting DA hyperfunction.  There are 

also models in which dopamine system abnormalities have not been documented, such as 
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mice lacking the gene encoding the β-2 subunit of the nicotinic receptor, rats prenatally 

exposed to ethanol and nicotine, rats exposed to polychlorinated biphenyls around 

puberty, rats with developmental cerebellar stunting, and acallosal mice (Russell, 2011; 

Sontag, Tucha, Walitza, & Lange, 2010). 

 Probably the most extensively studied hypodopaminergic model of ADHD is the 

spontaneously hypertensive rat (SHR) (Sagvolden et al., 1992b), developed by inbreeding 

Wistar-Kyoto (WKY) rats to select for hypertension.  Compared to the normotensive 

WKY rats, the SHR shows high levels of spontaneous activity in free-exploration open 

fields (Sagvolden, Hendley, & Knardahl, 1992a) and hyperactivity under the conditions 

of infrequent reinforcements (Sagvolden, 2000; Sagvolden, Johansen, Aase, & Russell, 

2005).  The SHR also has difficulty acquiring operant tasks, responds excessively under a 

fixed-interval/ extinction schedule, and shows increased sensitivity to immediate and 

reduced sensitivity to delayed reinforcements (Bull, Reavill, Hagan, Overend, & Jones, 

2000; Sagvolden, 2000).  The behavioral and cognitive abnormalities of the SHR are 

ameliorated by stimulants (Myers et al., 1982; Sagvolden et al., 1992b), though not in all 

behavioral paradigms (van den Bergh et al., 2006).  Compared to WKY, the SHR has 

increased DA tone in the nucleus accumbens but decreased DA tone in the caudate, 

decreased electrically-evoked and MPH-evoked striatal and prefrontal DA release, 

increased number of DAT sites in the caudate-putamen, a higher density of post-synaptic 

D1 receptors, and decreased molecular indices of post-synaptic transmission (Carey et al., 

1998; de Villiers et al., 1995; Papa, Sellitti, & Sadile, 2000; Russell, de Villiers, 

Sagvolden, Lamm, & Taljaard, 1998; Russell, Sagvolden, & Johansen, 2005; Watanabe 

et al., 1997).  However, NE concentrations are increased in a number of brain regions, 
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including locus coeruleus, substantia nigra, and PFC (de Villiers et al., 1995).    One of 

the criticisms of the SHR as a model is the questionable validity of the WKY as the 

control strain: WKY rats are less active compared to other rat strains and perform less 

well on a number of behavioral tasks (Bull et al., 2000; van den Bergh et al., 2006).   

Another hypodopaminergic model is the coloboma mutant mouse, which has a 

hemizygous deletion of a segment on the chromosome 2q, including a gene that encodes 

the SNAP25 protein.  SNAP25 regulates membrane trafficking, is required for the release 

of neurotransmitters and involved in the translocation of proteins (e.g. NMDA receptor 

subunits) to the post-synaptic cell membrane.  Compared to wild types, the coloboma 

mice show increased impulsivity, impaired inhibition in a delayed reinforcement task, 

neuerodevelopmental delays, and spontaneous hyperactivity, which is reduced by low 

doses of d-amphetamine, but not by MPH (Bruno et al., 2007; Hess, Collins, & Wilson, 

1996; Wilson, 2000).  The depolarization-induced DA release is greatly reduced in the 

dorsal, but not the ventral striatum of the coloboma mice, and midbrain postsynaptic D2 

receptors are upregulated (Jones, Williams, & Hess, 2001; Raber et al., 1997), consistent 

with the DA system hypofunction.  The coloboma mice also show increased NE 

concentrations in the striatum, and NE depletion reduces hyperactivity, but not 

impulsivity (Bruno et al., 2007; Jones et al., 2001).  Glutamate release form cortical 

synaptosomes is reduced (Raber et al., 1997).  The main limitations of this model are the 

lack of expected reduction in hyperactivity with MPH and insufficient evidence of 

cognitive deficits mimicking those observed in ADHD, such as sustained attention 

(Gainetdinov, 2010; Sontag et al., 2010). 
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Direct insults to the DA system have also been shown to result in ADHD-like 

phenotypes.  Juvenile rats with neonatal 6-hydroxydopamine (6-OHDA) lesions, which 

result in a selective removal of DA projections to the forebrain, show spontaneous 

hyperactivity, most prominent in pre-adolescence (Erinoff, MacPhail, Heller, & Seiden, 

1979; Luthman, Bassen, Fredriksson, & Archer, 1997; Luthman et al., 1989; Shaywitz, 

Yager, & Klopper, 1976b), as well as deficits in learning and memory (Archer et al., 

1988; Luthman et al., 1997).  Neither impulsivity nor sustained attention deficits have 

been reported, which has been cited as a limitation of this model (Sontag et al., 2010).  

Both hyperactivity and cognitive deficits are reduced by low doses of stimulants (Davids, 

Zhang, Kula, Tarazi, & Baldessarini, 2002; Luthman et al., 1989; Shaywitz, Klopper, 

Yager, & Gordon, 1976a; Shaywitz et al., 1976b; Wool et al., 1987), though those effects 

may be mediated by the release of NE or serotonin (Davids et al., 2002).  It should be 

noted, however, that along with chronic dopaminergic hypofunction (Luthman et al., 

1989), 6-OHDA lesions in rats have been found to result acutely in a hyperdopaminergic 

state in the striatum and NAc, with increased DA turnover and upregulation of DAT and 

DA binding sites (Pycock, Kerwin, & Carter, 1980).  Long term neuroadaptive changes 

consistent with DA function upregulation have also been seen, such as the ability of the 

remaining neurons to maintain relatively high extracellular DA concentrations given their 

scarcity (Castaneda, Whishaw, Lermer, & Robinson, 1990) and reduced density of D2 

autoreceptors and DAT (Joyce, Frohna, & Neal-Beliveau, 1996).  The neuroadaptive 

changes are not limited to the DA system: 5HT hyperinnervation of the striatum has also 

been observed (Descarries, Soghomonian, Garcia, Doucet, & Bruno, 1992; Kostrzewa, 



Chapter 1: Introduction 

35 

Reader, & Descarries, 1998; Luthman, Brodin, Sundstrom, & Wiehager, 1990; 

Stachowiak, Bruno, Snyder, Stricker, & Zigmond, 1984).   

Monkeys exposed to low doses of the dopamine neurotoxin 1-methyl-4-phenyl 

1,2,3,6-tetrahydropyridine (MPTP) are a non-human primate model of ADHD 

implicating DA hypofunction.  These monkeys show attentional and executive function 

deficits mimicking those seen in ADHD in the absence of substantial motor dysfunction, 

making this model more appropriate for predominantly inattentive subtype (Decamp & 

Schneider, 2004; Roeltgen & Schneider, 1991, 1994).  These monkeys display cognitive 

impairments similar to those seen with frontal lesions, as well as with ADHD patients, 

such as working memory deficits, deficits in maintenance of a response set and in shifting 

of attentional sets, difficulties focusing and sustaining attention, deficits in motor 

planning and preparation, and time estimation deficits (Decamp & Schneider, 2004; 

Roeltgen & Schneider, 1991, 1994).  However, it is unknown how cognitive deficits in 

this model respond to stimulants. 

 The most studied hyperdopaminergic model of ADHD is the DAT knockout 

mouse (DAT-KO).  The genetically engineered DAT-KO mice lack functional DAT and 

show marked spontaneous hyperactivity and impaired learning and memory, compared to 

wild types (Gainetdinov & Caron, 2000, 2001).  Striatal extracellular DA levels in the 

DAT-KO mice are elevated 5-fold, but electrically-stimulated DA release is decreased 

(Gainetdinov, Jones, & Caron, 1999a).  Postsynaptic D1 and D2 receptors are 

downregulated approximately 50% (Gainetdinov et al., 1999a).  High doses of stimulants 

have been shown to reduce hyperactivity, but given that stimulants do not alter levels of 

extracellular DA in these mice, this behavioral effect appears to be serotonergically rather 
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than dopaminergically mediated (Gainetdinov et al., 1999b).  DAT-KO mice have been 

criticized as a model because they show abnormalities not found in ADHD, such as 

growth retardation and premature death (Gainetdinov et al., 1999a; Giros et al., 1996).  

DAT knockdown mice, expressing 10% of the wild-type DAT, do not show the growth 

retardation phenotype, but do display hyperactivity in novel environments (Zhuang et al., 

2001).  However, they also display sequential stereotypy, which has been argued to make 

them a more suitable model of Tourette’s or obsessive compulsive disorder than for 

ADHD (Berridge, Aldridge, Houchard, & Zhuang, 2005). 

 Another hypodopaminergic model is the Naples High Excitability (NHE) rat. The 

NHE is a genetic model characterized by hyperexcitability in response to novelty and 

deficits in visuospatial attention (Aspide, Gironi Carnevale, Sergeant, & Sadile, 1998; 

Papa et al., 2000), as well as hyperfunctioning of the mesocorticolimbic DA system 

(Aspide et al., 1998; Papa et al., 2000; Viggiano, Grammatikopoulos, & Sadile, 2002).  

Compared to wild type controls, NHE have larger DA neurons in the VTA and higher 

levels of tyrosine hydroxylase in the VTA and substantia nigra, as well as increased DAT 

and decreased D1 receptor density in the PFC (Viggiano et al., 2002; Viggiano & Sadile, 

2000).  The limitations of this model include the lack of data on behavioral impulsivity 

and on the effect of stimulants on the reported deficits (Sontag et al., 2010).  

 Finally, male transgenic mice expressing a human mutant thyroid hormone 

receptor are another animal model with a hyperfunctioning DA system, showing 

increased striatal DA turnover (Siesser, Zhao, Miller, Cheng, & McDonald, 2006).  This 

thyroid receptor mutation might lead to DA system abnormalities because thyroid 

hormone regulates the development of this and other neurotransmitter systems (Siesser et 
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al., 2006).  These mice have slow reaction times in an operant task, hyperactivity in 

familiar environments, impaired extinction, and inability to delay responses (Siesser et 

al., 2006).  The hyperactivity is reduced by methylphenidate (Siesser et al., 2006).  The 

main criticism of this model is the lack of evidence for the role for the thyroid system in 

ADHD.  However, many children with elevated levels of thyroid stimulating hormone 

display symptoms of ADHD (Burd et al., 2003; Sontag et al., 2010). 

 

1.2.4 In-Vivo Investigations of DA Transmission in ADHD 

The most direct approach to investigating the DA system in the pathophysiology of 

ADHD is the in-vivo imaging investigation of the dopamine system in individuals with 

ADHD.   

 

1.2.4.1 DA synthesis and metabolism. Studies of DA synthesis in ADHD have 

yielded inconsistent findings.  An [18F]fluorodopa PET study reported evidence of 

higher uptake (indicating more synthesis) in the midbrain of children with ADHD 

(Ernst et al., 1999), while another [18F]fluorodopa study reported reduced 

prefrontal uptake in adults (Ernst, Zametkin, Matochik, Jons, & Cohen, 1998). A 

study in adolescents using L-[11C]-DOPA suggested decreased uptake throughout the 

brain, especially in the midbrain (Forssberg, Fernell, Waters, Waters, & Tedroff, 2006).  

This inconsistency might reflect differences in ligand properties and sample 

characteristics, such as age and the amount of stimulant treatment history.   

Studies of cerebral DA metabolism have focused on cerebrospinal fluid (CSF) 

levels of homovanillic acid (HVA) (a major catecholamine metabolite) and have not 

yielded compelling evidence of altered HVA levels in ADHD. Three studies reported no 
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patient-control differences (Cohen, Caparulo, Shaywitz, & Bowers, 1977; Reimherr, 

Wender, Ebert, & Wood, 1984; Shetty & Chase, 1976) and one suggested lower HVA 

levels in children with minimal brain dysfunction (Shaywitz, Cohen, & Bowers, 1977), 

although methodological issues caution against drawing firm conclusions from these 

earlier studies.  Two studies reported positive correlations between hyperactivity levels 

and CSF HVA (Castellanos et al., 1994a; Castellanos et al., 1996a), and in one higher 

HVA concentrations predicted a superior treatment response to stimulants (Castellanos et 

al., 1996a).  Notably, decrease in CSF HVA correlated with symptom improvement on d-

AMPH (Shetty & Chase, 1976).   

 

1.2.4.2 Dopamine transporter.  Investigations of striatal DA transporter density 

in ADHD using PET and single photon emission computed tomography (SPECT) have 

yielded mixed findings, with some studies reporting elevated DAT levels in ADHD 

participants (Cheon et al., 2003; Dougherty et al., 1999; Dresel et al., 2000; Krause, 

Dresel, Krause, Kung, & Tatsch, 2000; Larisch et al., 2006; Spencer et al., 2005), others 

reporting decreased DAT levels (Hesse, Ballaschke, Barthel, & Sabri, 2009; Volkow et 

al., 2007a; Volkow et al., 2010), and yet others reporting no group differences (Jucaite, 

Fernell, Halldin, Forssberg, & Farde, 2005; Van Dyck et al., 2002).   Although there are 

differences across studies in terms of radioligands used and sample characteristics, such 

as the age group of participants, characteristics of the control group (some studies used 

convenience control samples), and the amount of previous stimulant treatment history 

and the duration of stimulant wash-out, these differences are not systematically related to 

the direction of findings.  The two largest studies in treatment-naïve adults from the same 
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group both reported decreased [
11

C]cocaine binding to DAT in ADHD participants, 

although in different striatal sub-regions (Volkow et al., 2007a; Volkow et al., 2010).    

The earlier study reported decreased binding in the caudate of ADHD participants, which 

was significantly correlated with self-reported symptoms of inattention.  However, the 

direction of that association was opposite to that of the group difference, with greater 

inattention associated with more binding (Volkow et al., 2007a).  The later study reported 

decreased DAT binding in the ventral striatum of ADHD participants, with more severe 

inattention symptoms predicting less binding (Volkow et al., 2009).   Thus within studies 

and within labs, direction of difference in DAT binding is inconsistent. 

 

1.2.4.3. D2/ D3 receptor occupancy.  A number of studies have examined striatal 

D2 receptor availability in ADHD.  Because DRD2 occupancy reflects competition 

between the radioligand and endogenous DA for the D2 receptors (explained later), 

altered DRD2 availability in ADHD could reflect either an alteration in D2 receptor 

density, an alteration in endogenous DA levels, or a combination of both.  Studies of 

DRD2 availability in ADHD have produced inconsistent findings.  Two earlier studies 

reported increased DRD2 availability: one reported higher DRD2 binding in children 

with ADHD compared to that previously reported in young healthy adults (Ilgin et al., 

2001); the other showed a positive association between DRD2 availability and cognitive 

measures of inattention in adolescents with a history of perinatal cerebral ischaemia 

suffering from attention deficit (Lou et al., 2004).   However, two recent large studies 

reported decreased D2 receptor availability in adults with ADHD in the left caudate 

(Volkow et al., 2007b), as well as in the ventral striatum and the midbrain (Volkow et al., 
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2009).  The disagreement in the direction of findings may be due to differences in age 

groups studied, as well as the lack of adequate control groups in the two earlier studies.     

 

1.2.4.4 Stimulant-induced DA response.  Measurement of stimulant-induced 

change in radioligand binding has been used to estimate changes in concentration of 

endogenous extracellular DA in response to the stimulant (explained later).  To date, two 

PET studies, both using [
11

C]raclopride, have examined stimulant-induced change in D2 

receptor availability in ADHD, and have reported conflicting findings.  A study of 9 

stimulant treatment naïve adolescents with ADHD reported a significant association 

between MPH-induced decreases in [
11

C]raclopride binding and scores on a cognitive 

measure of inattention and impulsivity, with the higher inattention and impulsivity 

indices predicting greater MPH-induced increases in endogenous DA (Rosa-Neto et al., 

2005).  However, a subsequent larger study reported a blunted MPH-induced DA 

response in 19 stimulant treatment naïve adults with ADHD compared to 24 controls, 

with more severe symptoms of inattention predicting smaller MPH-induced changes in 

[
11

C]raclopride binding in ADHD participants (Volkow et al., 2007b).  Thus, the data on 

the response of the striatal DA to a stimulant challenge in ADHD are inconsistent. 

 

1.2.5 Models of DA Neurotransmission in ADHD  

Models of DAergic transmission in ADHD have been proposed in an attempt to 

elucidate the nature of DAergic alterations.  Probably the most comprehensive model of 

DA transmission in ADHD is the model proposed by Grace (Grace, 2001), which 

postulates that ADHD is characterized by low striatal dopaminergic tone, coupled with an 

augmented phasic DA release.  According to this model, striatal DAergic tone is reduced 
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in ADHD due to insufficient glutamatergic stimulation by the PFC of the striatal DA 

neurons.  The low DA tone is proposed to result in an insufficient stimulation of D2 

somatodendritic and terminal autoreceptors, which in turn leads to a reduced inhibition of 

DA synthesis, DA neuronal spike activity, and spike-dependent DA release.   Stimulants 

are proposed to exert their therapeutic effects by elevating the DA tone.  In the absence of 

a stimulant, the DA released into the synapse during spike bursts is cleared from the 

synaptic cleft by the DAT before any substantial amount can escape into the 

extrasynaptic space.  The blockade and/ or reversal of the transporter by stimulants 

allows the DA released during spike firing to escape into the extracellular space and 

stimulate the D2 autoreceptors.  Since DA produces a proportionately greater response in 

the more sensitive D2 autoreceptors than in postsynaptic D2 receptors (Skirboll et al., 

1979), low doses of stimulants are proposed to have a more pronounced effects on DA 

tone than on the phasic DA release.  Although there is an initial peak in phasic firing 

following stimulant administration, the phasic firing is proposed to be subsequently 

down-modulated by the stimulation of D2 autoreceptors due to the overflow of the 

extracellular DA.   

While Grace’s model postulates a subcortical locus of DAergic dysfunction in 

ADHD, others have focused on catecholaminergic function at the level of the PFC.  One 

such model maintains that ADHD symptoms, result from insufficient stimulation of α2A–

adrenoreceptors and D1 receptors in the PFC (Arnsten, 2006).   This model finds support 

in non-human primate findings that blockade of these receptors produces a behavioral 

profile similar to ADHD, including locomotor hyperactivity, impulsivity, and working 

memory deficits.  It is also in agreement with evidence pointing to PFC dysfunction in 
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ADHD (reviewed earlier).  Stimulants are proposed to exert their therapeutic effects by 

indirectly increasing endogenous stimulation of the α2A–adrenoreceptors and D1 

receptors receptors in the PFC, thus improving prefrontal regulation of behaviour and 

attention. 

 Another model of DA dysfunction in ADHD (Volkow, Wang, Fowler, & Ding, 

2005b) postulates abnormally low levels of extracellular DA, without making a 

distinction between tonic and phasic DA or specifying the locus of the dysfunction in the 

brain.  It suggests the abnormally low levels of extracellular DA result in lower 

subjective salience of relevant events, leading to inattention and distractibility.  

Stimulants are proposed to exert their therapeutic effects by amplifying DA responses to 

salient events and thus improving attention to relevant stimuli and decreasing 

distractibility.  This model finds indirect support in the data from PET imaging studies of 

the striatal DA system showing methylphenidate-induced decreases in radioligand 

binding (suggestive of increases in the levels of extracellular DA) when the drug is 

coupled with salient but not with neutral stimuli (Volkow et al., 2004; Volkow et al., 

2002a). 

  

1.2.6 Other Neurotransmitter Systems 

Although the role of the DA system in the pathophysiology of ADHD has 

received the most attention, other neurotransmitter systems may also be involved.  The 

fact that stimulants interact with the NE transporter in much the same way that they 

interact with the DAT, suggests the possibility of noradrenergic involvement.  This is 

further supported by the clinical efficacy of ‘non-stimulant’ medications, such as 
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atomoxetine, which shows preferential activity at the NET (Solanto, 1998; Viggiano, 

Ruocco, Arcieri, & Sadile, 2004).  In addition, as mentioned earlier, alterations to 

prefrontal noradrenergic transmission in animal models can result in cognitive and 

behavioral impairments mimicking those in ADHD (Arnsten, 2006; Arnsten & Dudley, 

2005).  Glutamatergic transmission and interactions between the DA and glutamate 

systems might also play an important role, because DA is known to modulate 

glutamatergic transmission and vice versa, and there is extensive neuroanatomical 

connectivity between DA and glutamate neurons, including convergence in the midbrain, 

the cortex, and the striatum (Sesack & Grace, 2010).  Studies investigating glutamate 

metabolites in ADHD using magnetic resonance spectroscopy (MRS) have reported 

alterations in levels of glutamate metabolites in children and adults with ADHD, although 

the findings have not been entirely consistent (Perlov et al., 2009).    

 

1.3 In Vivo Measurement of Dopaminergic Transmission in Humans 

In vivo neuroreceptor imaging with PET and SPECT provides a non-invasive 

method of measuring fluctuations in synaptic concentrations of neurotransmitters in the 

human brain.  PET imaging with [
11

C]raclopride, the radiotracer used in the present 

thesis, is a well established method of measuring changes in synaptic DA concentrations 

consequent to pharmacological or behavioral challenges (for review see Laruelle, 2000). 

 

[
11

C]raclopride is created by synthetically attaching an unstable neutron deficient 

isotope of carbon, which undergoes nuclear decay through positron emission, to 

molecules of raclopride.  Raclopride is a substituted benzamide and a high affinity D2/D3 

receptor antagonist.  Due to its low nanomolar receptor affinity and fast dissociation rate, 
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raclopride is sensitive to competition from endogenous DA for D2/D3 receptors (Köhler, 

Hall, Ögren, & Gawell, 1985; Seeman, Guan, & Niznik, 1989). The competition model 

assumes that changes in levels of endogenous DA are translated into changes in the 

occupancy of D2/D3 receptors by [
11

C]raclopride or its binding potential (BP) (Laruelle, 

2000; Seeman et al., 1989).  Consistent with the competition model, simultaneous in vivo 

microdialysis and PET experiments in non-human primates have demonstrated a linear 

relationship between microdialysis measurements of DA release and PET measurements 

of decreases in tracer BP in response to a d-AMPH challenge (Breier et al., 1997; 

Laruelle et al., 1997).   Each percent decrease in [
11

C]raclopride BP was estimated to 

correspond to a 44% increase in extracellular DA, with a 0.2 mg/kg dose of d-AMPH and 

to a 64% DA increase with a 0.4 mg/kg dose of d-AMPH (Breier et al., 1997).  Thus, 

large increases in extracellular DA (400% - 1500%) are associated with relatively small 

decreases in radiotracer binding (10% - 38%) (Laruelle, 2000). Pharmacological 

challenges that increase DA through mechanisms including DAT blockade result in much 

larger DA increases measured by microdialysis than challenges that increase DA without 

affecting DAT (e.g. nicotine).  Yet, both types of challenges result in similar changes in 

[
11

C]raclopride BP (Breier et al., 1997; Freedman, Rock, Roberts, Cornblatt, & 

Erlenmeyer-Kimling, 1998; Tsukada et al., 1999). It is proposed that challenge-induced 

changes in [
11

C]raclopride BP primarily reflect synaptic, rather than extrasynaptic DA 

increases (Laruelle, 2000).  This is based on observed discrepancies across 

pharmacological challenges in their ability to affect (primarily extrasynaptic) 

microdialysis versus PET [
11

C]raclopride measurements of changes in endogenous DA. 
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Consistent with the competition model, reductions in [
11

C]raclopride BP relative 

to baseline have been reliably demonstrated in response to pharmacological challenges 

know to elevate extracellular DA, such as d-AMPH, methylphenidate, cocaine, nicotine, 

and ketamine (Barrett, Boileau, Okker, Pihl, & Dagher, 2004; Boileau et al., 2003; Breier 

et al., 1998; Breier et al., 1997; Cox et al., 2009; Leyton et al., 2002; Schlaepfer, 

Pearlson, Wong, Marenco, & Dannals, 1997; Volkow et al., 2005b; Volkow et al., 1994).  

Decreases in [
11

C]raclopride BP have also been observed with behavioral manipulations 

expected to result in DA release, such as experimental stress challenge, monitory reward 

tasks, playing a video game, and feeding (Koepp et al., 1998; Pruessner, Champagne, 

Meaney, & Dagher, 2004; Small, Jones-Gotman, & Dagher, 2003; Zald et al., 2004). 

Conversely, increases in [
11

C]raclopride binding have been observed following dopamine 

depletion using reserpine and an acute phenylalanine/tyrosine depletion procedure  

(Ginovart, Farde, Halldin, & Swahn, 1997; Leyton et al., 2004).  

Nonetheless, the available data are not entirely consistent with the competition 

model since challenge-induced changes in BP are not completely accounted for by 

changes in levels of endogenous DA.  For example, decreases in [
11

C]raclopride in 

response to challenges have not been observed to exceed 50% (Laruelle, 2000).  This 

ceiling effect has been explained by invoking the affinity state configuration of D2/D3 

receptors.  D2/D3 receptors exist in high and low affinity states for agonists, with 

approximately 50% of the receptors contributing to each state in vitro (George et al., 

1985; Richfield, Penney, & Young, 1989; Seeman & Grigoriadis, 1987; Sibley, De Lean, 

& Creese, 1982; Zahniser & Molinoff).  While the antagonist raclopride binds with equal 

affinity to the D2/D3 receptors in both their high and low affinity states, DA only binds 
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to high affinity receptors, which limits the competition model to only the high affinity 

DA receptors.  Furthermore, the observed linear relationship between d-AMPH-induced 

changes in extracellular DA levels and the [
11

C]raclopride (described above) is not 

reliably present within individual subjects (Breier et al., 1997).  This suggests that 

changes in [
11

C]raclopride binding might not solely reflect changes in levels of 

extracellular DA, or that both measurement methods are associated with a substantial 

amount of noise.  One potential factor contributing variance to changes in radiotracer 

binding to D2/D3 receptors is G-protein-coupled receptor internalization in the presence 

of a DA receptor agonist (Vickery & von Zastrow, 1999).  Endocytosis in response to DA 

release following a challenge can decrease the availability of externalized receptors and 

has been found to contribute to d-AMPH-induced decreases in [
11

C]raclopride binding 

(Sun, Ginovart, Ko, Seeman, & Kapur, 2003). 

 

1.4 Hypotheses 

 

The primary purpose of the present thesis was to investigate striatal DA function 

in treatment-naïve adults with ADHD using the [
11

C]raclopride PET method with a d-

AMPH challenge.  Based on the most comprehensive model to date of DA transmission 

in ADHD (Grace, 2001), we expected to find evidence of augmented synaptic DA release 

(proposed to result from low DA tone) in ADHD participants relative to healthy controls 

following the d-AMPH challenge. Given that phasic DA release results in synaptic DA 

levels that are orders of magnitude higher than DA tone, we expected that the augmented 

phasic DA release in the ADHD group would be reflected in larger decreases in 

[
11

C]raclopride BP than would be seen in healthy controls.  Given that cardinal symptoms 
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of ADHD represent abnormal levels of functioning in domains where there is much inter-

individual variability in both those with ADHD and controls (such as activity levels, 

impulsivity, and attention), we also hypothesized that levels of ADHD symptomatology 

would be related to the magnitude of changes in [
11

C]raclopride BP, with higher 

symptom levels predicting greater decreases in BP.   

Since a wealth of both direct and indirect evidence points to the PFC as a 

significant locus of dysfunction in ADHD, our secondary purpose was to relate striatal 

DA transmission to indices of frontal function and integrity.  We administered a 

neurocognitive battery consisting of tasks that are sensitive to both the prefrontal function 

and DAergic transmission.  We expected that ADHD participants would perform more 

poorly than controls on this neurocognitive battery, and that performance on 

neurocognitive tasks producing impairments in ADHD participants would be associated 

with d-AMPH-induced changes in [
11

C]raclopride BP, with poorer performance 

predicting larger decreases in BP.  We hypothesized that performance on tasks of 

working memory, set shifting, and planning, which is primarily mediated by regions of 

the dorsolateral prefrontal cortex, would be mainly associated with DA function in the 

associative striatum to which dorsolateral prefrontal cortex projects (Fuster, 1999; Haber, 

2010; Lichter & Cummings, 2001).  We expected the effects of rewards and punishments 

on performance, mediated by the ventrolateral PFC, to be preferentially associated with 

DA function in the ventral (limbic) striatum (Fellows, 2007; Haber, 2010; Lichter & 

Cummings, 2001).  According to a recent account of the neural bases of inhibitory 

function, response inhibition emerges as a result of representation and maintenance of 

abstract information by distributed prefrontal substrates involved in the task at hand 
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(Munakata et al., 2011).  One of our inhibitory tasks, the stop signal paradigm, has been 

found to engage ventrolateral and dorsomedial prefrontal cortex (Aron et al., 2003; Aron 

& Poldrak, 2006; Aron, 2007), whereas the other inhibitory task, the antisaccade, 

activates the dorsolateral prefrontal cortex, anterior cingulate, and the precentral gyrus 

[Everling & Fischer,1998; Munoz & Everling, 2004; Hutton & Ettinger, 2006; Polli et al., 

2005).  Because these regions project to the limbic, associative and sensorimotor 

striatum, we hypothesized that performance on our inhibitory tasks would be associated 

with DA release in the striatum generally.  

In addition, given the multitude of ascending and descending projections between 

the frontal cortex and the striatum, involving the DA system, and a wealth of evidence 

suggesting that the frontal cortex modulates striatal DA release (Jackson, Frost, & 

Moghaddam, 2001; Karreman & Moghaddam, 1996; Kolachana, Saunders, & 

Weinberger, 1995; Murase, Grenhoff, Chouvet, Gonon, & Svensson, 1993; Taber & 

Fibiger, 1995; You, Tzschentke, Brodin, & Wise, 1998), we performed an exploratory 

analysis of the relationship between prefrontal cortical thickness and d-AMPH-induced 

change in striatal [
11

C]raclopride BP.  Cortical thickness has been considered an index of 

functional integrity of the cortex, with thicker cortex in healthy adults typically 

associated with better cognitive performance (Dickerson et al., 2008; Hartberg et al., 

2010; Narr et al., 2007; Walhovd et al., 2006; Westlye, Grydeland, Walhovd, & Fjell, 

2011).  Given that disturbances of the frontal cortex have been found to result in elevated 

measures of subcortical DA transmission (Bertolino et al., 2000; Jaskiw et al., 1990; 

Meyer-Lindenberg et al., 2002; Pycock et al., 1980), we hypothesized that thinner frontal 

cortex would be associated with more pronounced d-AMPH-induced striatal DA release.  
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Because of reported alterations in frontal cortical function and development in ADHD 

(reviewed earlier), we also expected that the relationship between frontal cortical 

thickness and DA release may differ as a function of group. 

Finally, we hypothesized that the magnitude of d-AMPH-induced change in 

[
11

C]raclopride BP would be related to the DAT gene polymorphisms, such that  

participants carrying the 10 repeat VNTR allele variant of the DAT1 gene would show 

greater  d-AMPH-induced changes in striatal [
11

C]raclopride BP (Joober et al., 2006; Lott 

et al., 2004; Stein et al., 2005).   
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2.1 Participants 

Thirty adult males (ADHD n=15, Control n=15) completed the study and were 

included in the analyses. Four additional participants completed the study but could not 

be included, one control due to a structural anomaly found in his striatum, and three 

others (1 control) due to excessive movement artifact or improper positioning in the 

scanner. Two people who began the study could not complete it due to equipment failure. 

The ages of the ADHD participants ranged from 18-43 (M = 29.87, SD = 8.65) and for 

the controls from 18-42 (M = 24.87, SD = 7.28).  The ADHD participants were recruited 

through ADHD clinics in the Montréal area, as well as through community 

advertisements.  The diagnosis of ADHD, as evidenced by the presence of at least 6 of 9 

inattention symptoms (with or without 6 of 9 hyperactivity/ impulsivity symptoms) since 

childhood, was ascertained by one of three psychiatrists of the participating clinics.  

Healthy controls were recruited through community advertisements.  Participants were 

excluded from the study for: any current or past DSM-IV axis I disorder other than 

ADHD and a history of a single mild major depressive episode (present in 2 of 15 ADHD 

participants).  Additional exclusion criteria were: first degree family history of substance 

dependence; current use of psychotropic medications; Beck Depression Inventory Score 

> 13, estimated IQ < 80; neurological disorders (e.g. Tourette’s); head injury with loss of 

consciousness > 5 minutes; history of cardiovascular or any other physical disorder that 

might be aggravated by participation in the study or might complicate interpretation of 

the results; and a positive urine toxicology screen (cocaine, opiates, phencyclidine, 

barbiturates, benzodiazepines, ∆
9
-tetrahydrocannabinol, amphetamines) as ascertained by 

the Triage Drugs of Abuse urine test device (Biosite Inc, San Diego).  In addition, control 
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participants were excluded for a history of ADHD in a first-degree relative.   Fourteen of 

the 15 ADHD participants were naïve to stimulant treatment, and one had received a 6-

month methylphenidate trial 2 years prior to his participation.  All ADHD and control 

participants were free of stimulant exposure for at least 24 months prior to their 

participation; lifetime stimulant exposure did not exceed 2 uses for any of the participants 

except the one who underwent the methylphenidate trial (Table 1).  All participants gave 

written informed consent prior to their enrollment in the study. 

 

 Controls (n = 15) ADHD (n = 15) 
5 Combined/ 10  Inattentive 

N p 

Age 24.87 ± 7.29 29.87 ± 8.65 15, 15 .17 

Handedness (# right-handed) 15 13 15, 15 .54 

Estimated Full Scale IQ  
(WAIS-R, WAIS-III) 

116.83 ± 16.07 107.13 ± 12.78 13, 15 .06 

Father’s SES (Hollingshead, 1958) 2.85 ± 1.17 2.93 ± 1.22 14, 15 .85 

Years of Education 17.4 ± 3.58 16.20 ± 3.63  15, 15 .23 

CAARS (t-scores)     

Inattention/ Memory Problems 43.77 ± 7.41 74.00 ± 10.49 13, 15 < .0001* 

Hyperactivity/ Restlessness 43.76 ± 6.08 62.27 ± 12.93 13, 15 < .0005* 

Impulsivity/ Emotional Lability 42.92 ± 9.42 58.53 ± 11.28 13, 15 < .0005* 

Problems with Self-Concept 43.08 ± 5.89 63.07 ± 7.64 13, 15 < .0005* 

DSM-IV Inattention 48.73 ± 12.49 84.4 ± 8.73 13, 15 < .0005* 

DSM-IV Hyperactivity 44.69 ± 8.54 68.13 ± 14.48 13, 15 < .0005* 

DSM-IV Total 46.69 ± 11.64 81.47 ± 10.30 13, 15 < .0005* 

ADHD Index 42.00 ± 8.45 66.86 ± 8.74 13, 15 < .0005* 

BDI at intake 1.57 ± 2.17 6.04 ± 3.86 14, 14 <.0005* 

Drug exposure history      

Stimulants (# lifetime uses) .07 ± .26 12.33 ± 46.39 15, 15 .33 

Marijuana (# lifetime uses) 20.20 ± 34.72 49.27 ± 90.07 15, 15 .94 

Nicotine (# lifetime uses) 1747.36 ± 4117 1729.43 ± 5347.18 14, 14 .45 

Table 2-1.  Sample characteristics.  

 

2.2 Procedure 

2.2.1 Screening 

Participants’ eligibility for the study was determined using the Structured Clinical 

Interview for DSM-IV Axis I disorders (SCID I; (First, Spitzer, Gibbon, & Williams, 

1996)), supplemented with a semi-structured family history interview.  The Beck 

Depression Inventory (BDI) (Beck & Steer, 1987) was used in addition to the SCID I to 
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ascertain current level of any subclinincal depressive symptomatology.  For 21 

participants (10 ADHD and 11 controls), the IQ was estimated using a 7-subtest version 

of the Wechsler Adult Intelligence Scale – III (WAIS-III) validated for use in a 

neuropsychological populations (Pilgrim, Meyers, Bayless, & Whetstone, 1999).  For the 

remaining participants, the IQ was estimated using a 4-subtest version of the Wechsler 

Adult Intelligence Scale – Revised (WAIS-R) (Reynolds, Willson, & Clark, 1983).  In 

addition, all participants underwent a comprehensive physical examination, including 

blood analysis and EKG, in order to screen for any physical contraindication to 

participation in the study.   

 

2.2.2 Diagnostic Procedure for Adult ADHD 

The diagnosis of adult ADHD was made based on a clinical interview and 

questionnaires (see below) completed by the participant along with two informants, one 

of whom knew the participant well in childhood (e.g. a parent or a older sibling), and 

another who was close to the participant at the time of the study (e.g., a spouse or a 

significant other).  ADHD symptoms in childhood were measured using self-report and 

informant versions of the Barkley’s Childhood Symptom Scale (Barkley & Murphy, 

1998), an 18-item retrospective measure of DSM-IV ADHD symptoms during the ages of 

5 to 12 years, and a well-validated 25-item subset of the 61-item Wender Utah Rating 

Scale (WURS) (Ward, Wender, & Reimherr, 1993), which is a retrospective measure of 

childhood ADHD symptoms in adults.  Current ADHD symptoms were measured using 

the Barkley’s Current Symptom Scale (Barkley & Murphy, 1998), an 18-item measure of 

DSM-IV ADHD symptoms within the past 6 months, and the Conners Adult ADHD 
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Rating Scale (CAARS) Long Version (Conners, Erhart, & Sparrow, 1999), which is a 66-

item measure of ADHD symptoms in adults with age- and sex-specific norms and the 

following symptom domains: inattention & memory problems, hyperactivity/restlessness, 

impulsivity/emotional lability, and problems with self-concept.  Both measures of adult 

symptoms were completed by the participant and an informant.   Because the CAARS 

provides a normative view of ADHD and related symptoms, this questionnaire was also 

completed by the control participants for the purposes of between-group comparison and 

correlation with amphetamine-induced DA response. 

 

2.2.3 Neurocognitive Testing 

Participants completed a battery of neurocognitive tests for the purpose of 

characterizing the neurocognitive profile of the ADHD sample and to evaluate 

performance in relation to amphetamine-induced DA release. The testing was carried out 

a minimum of 24h from the time of either PET scan (to avoid possible effects of 

stimulant administration during the scan) using computerized and written neurocognitive 

tests. With the exception of the antisaccade task (see task description for information on 

the apparatus), all computerized tasks were administered using a Toshiba Satellite A70 

laptop with a 15-inch screen. Each participant was seated comfortably in a quiet room 

with an investigator who explained and administered the tasks. The cognitive testing 

session lasted approximately 2.5 hours, with a break in the middle.  The battery (detailed 

below) consisted of tasks assessing inhibitory function, reactivity to reward and 

punishment, working memory, cognitive flexibility, planning and problem-solving, and 

motor hyperactivity. 
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2.2.3.1 Stop-Signal Reaction Time Task.  The stop-signal paradigm (Logan, 

Cowan, & Davis, 1984; Williams, Ponesse, Schachar, Logan, & Tannock, 1999) assesses 

inhibitory control by measuring the time required to stop a planned response, i.e. stop 

signal reaction time (SSRT). Go signal reaction times and within-subject reaction time 

variability on this task have been suggested to reflect attentional functioning, such as 

freedom from distractibility (Castellanos & Tannock, 2002).  The SSRT task involves 

two concurrent components: the Go component and the Stop component.  The Go 

component is a choice reaction time task, which requires participants to respond as 

quickly as possible (with a left- or right-mouse button press) to the on-screen presentation 

of an X or O. On 25% of the trials, the stop-signal (a tone) instructs the participant to 

withhold the response.  The participant’s success in withholding the response is posited to 

depend on the latency of the inhibitory response to the stop-signal relative to the reaction 

time to the go-signal (Logan et al., 1984).   The delay between the onset of the go 

stimulus and the stop signal is varied with an algorithm that tracks the participant’s 

responses to ensure that the participant successfully inhibits responses of 50% of Stop 

trials.  This approach is thought to control for between-subject variations in reaction time 

(Logan, 1994). The Stop-Signal task consisted of eight blocks of 32 trials each preceded 

by 2 practice blocks. 

A recent meta-analytic review of 33 studies found longer Go signal reaction 

times, longer SSRTs and higher RT variability in children and adults with ADHD 

compared to matched controls (Lijffijt, Kenemans, Verbaten, & van Engeland, 2005).  

MPH has been reported to improve SSRT, without significantly affecting Go RT, in both 
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children (DeVito et al., 2009; Konrad, Gunther, Hanisch, & Herpertz-Dahlmann, 2004; 

Lijffijt et al., 2006) and adults with ADHD (Aron, Dowson, Sahakian, & Robbins, 2003).  

 

2.2.3.2 Antisaccade.  The antisaccade task (Hallett, 1978) is an oculomotor task 

that measures inhibitory control.  Saccades (or quick shifts of gaze) to suddenly 

appearing visual targets in the periphery are considered reflexive (Leigh & Kennard, 

2004).  The antisaccade task requires the participant to inhibit a reflexive saccade to the 

peripheral target and instead generate a saccade to its mirror location in the opposite 

hemifield – an antisaccade (Figure 3).  An antisaccade error, or a reflexive saccade 

towards the target, is the measure of inhibitory failure. In addition, the antisaccade task 

provides a measure of voluntary oculomotor control, since it requires a voluntary eye 

movement to an approximate location without the benefit of a visual target.  This 

volitional component is associated with increased response latencies compared to 

reflexive saccades (i.e. prosaccades) (Everling & Fischer, 1998).   
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Figure 2-1. 

Schematic of the antisaccade task.  The red square represents the target (not to scale).  

The white arrow depicts the required eye movement. 

 

Participants completed two prosaccade (PS) and two antisaccade (AS) blocks of 

30 trials each, preceded by one practice block of each task.  Blocks were presented in 

palindromic order (PS-AS-AS-PS, or AS-PS-PS-AS), counterbalanced across participants 

in each group.  Stimuli were identical for prosaccades and antisaccades; only the 

instructions differed.  Each trial began with a central fixation target (a red square 

subtending 0.5° x 0.5° of visual angle) presented for a period of 1 to 2 seconds (generated 

randomly for each trial).  The offset of the central fixation coincided with the 

presentation of an identical peripheral target at 12° left or right of centre (direction 

pseudorandomized across trials within each block), which remained on for 1000 ms.  

Participants were seated at 57 cm from a 17-inch ViewSonic LCD monitor 

running at 60 Hz, on which the stimuli were presented. Eye movements were monitored 

using the Eyelink II high-speed (500 Hz) infrared pupil tracker (SR Research, Osgoode, 

PROSACCADE ANTISACCADE 

1 – 2 sec 

1 sec 
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ON).  Recordings were made from the dominant eye. Prior to each block, a three-point 

calibration was performed.   

Higher antisaccade error rates, as well as higher rates of anticipatory saccades, 

have been consistently reported in children (Goto et al., 2010; Karatekin, 2006; Klein, 

Raschke, & Brandenbusch, 2003; Loe, Feldman, Yasui, & Luna, 2009; Mostofsky, 

Lasker, Cutting, Denckla, & Zee, 2001; Munoz, Armstrong, Hampton, & Moore, 2003; 

O'Driscoll et al., 2005) and adults with ADHD (Carr, Nigg, & Henderson, 2006; Feifel, 

Farber, Clementz, Perry, & Anllo-Vento, 2004; Munoz et al., 2003; Nigg, Butler, Huang-

Pollock, & Henderson, 2002a).  In addition some studies have reported increased 

antisaccade latencies in both children (Karatekin, 2006; Klein, Fischer, Fischer, & 

Hartnegg, 2002; Mostofsky et al., 2001; Munoz et al., 2003) and adults with ADHD (Carr 

et al., 2006; Munoz et al., 2003).   Similar findings have been reported in Parkinson’s 

disease, a population with low DA levels (Amador, Hood, Schiess, Izor, & Sereno, 2006; 

Briand, Strallow, Hening, Poizner, & Sereno, 1999; Chan, Armstrong, Pari, Riopelle, & 

Munoz, 2005). Pharmacological manipulations that increase the levels of DA have been 

reported to affect antisaccade performance (Allman et al., 2010; Duka & Lupp, 1997). 

 

2.2.3.3 Go/No-Go discrimination learning.  The computerized Go/No-Go 

Discrimination Learning task (Iaboni, Douglas, & Baker, 1995) measures the effects of 

reward and punishment on the ability to inhibit responding.  

In each block of this task, participants were presented with eight two-digit 

numbers in a random order over 80 trials (10 times each).  Half of these numbers were 

“active” stimuli, requiring a mouse button press response, while the other half were 
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“passive” stimuli requiring a lack of response. Participants were not informed which 

stimuli were “active” and which were “passive”, but were instructed to learn this by trial 

and error using the feedback. The task included four blocks with different sets of stimuli 

in each block. There were four different feedback conditions that crossed active and 

passive responses with feedback for correct and incorrect responses in a 2 x 2 design.  In 

the Reward-Punishment (Active Feedback) condition, only active responses (mouse 

clicks) received feedback: correct mouse click responses to active stimuli were rewarded 

(win 10 cents), and incorrect mouse clicks to passive stimuli (commission errors) were 

punished (lose 10 cents). Feedback was not provided when the active response was 

withheld.  In the Reward-Reward (Correct Feedback) condition, correct responses to 

active stimuli and correct non-responses to passive stimuli were rewarded; there was no 

punishment for incorrectly responding or incorrectly withholding response.  In the 

Punishment-Punishment condition (Incorrect Feedback), incorrectly withholding a 

response to an active stimulus was punished and incorrectly responding to passive stimuli 

was punished.  As correct behavior was not rewarded, participants could only lose 

money. Finally, in the Punishment-Reward condition (Passive Feedback), participants 

received feedback only on trials in which they withheld responses.  They were rewarded 

for correct withholding and punished for incorrect withholding of responses but received 

no feedback on trials in which they made an active response, even when the active 

response was correct.  Each condition included a pretreatment phase of 12 unscored 

trials, during which the participants could learn by trial and error which stimuli were 

“active” and which were “passive”.  
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Commission errors on the Go/No-Go Discrimination Learning task are a measure 

of disinhibition. Omission errors could reflect deficits in attending to or encoding the 

stimuli or in maintaining them in working memory, or a response bias toward passivity in 

the face of uncertainty.  Boys with ADHD have been found to make more commission 

errors than controls irrespective of the condition (Iaboni et al., 1995).  Populations that 

are considered disinhibited, such as psychopaths, extraverts and those with Cluster B 

personality disorders, have been found to make more commission errors than controls in 

the Reward-Punishment (Active Feedback) and Punishment-Reward (Passive Feedback) 

conditions, but not in the Reward-Reward (Correct Feedback) or Punishment-Punishment 

(Incorrect Feedback) conditions (Leyton et al., 2001; Newman, 1987; Newman & 

Kosson, 1986; Newman, Patterson, Howland, & Nichols, 1990; Newman, Widom, & 

Nathan, 1985; Patterson, Kosson, & Newman, 1987), which may reflect tendency to 

respond to rewards combined with a difficulty withholding responding to learn a task.  

Acute phenylalanine/tyrosine depletion, which lowers resting striatal DA levels (Leyton 

et al., 2004) has been reported to increase commission errors in the conditions where 

correct active responses were rewarded (Reward-Punishment and Reward-Reward) 

(Leyton et al., 2007).   

 

2.2.3.4 Concrete and Abstract computerized self-ordered working memory 

tasks.  These tasks are computer analogs of the 12-item self-ordered pointing tasks 

developed by Petrides & Milner (1982) (Petrides & Milner, 1982) to assess the planning 

and monitoring aspects of working memory.   
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Participants are presented with 12 consecutive arrays of the same 12 stimuli, but 

the position of each stimulus varies from one array to the next.   The participant’s task is 

to select a stimulus in each array that the participant has not yet selected in any of the 

previous arrays (each stimulus is to only be selected once). In the “concrete” version of 

the task the stimuli are easily-recognized objects, such as a bus or a light-bulb, whereas in 

the “abstract” version of the task, the stimuli are abstract images that cannot not easily be 

given verbal descriptors.   The participants were not permitted to select the same stimulus 

position on consecutive trials in order to prevent use of a spatial strategy and were asked 

to refrain from rehearsing aloud as they completed the tasks.   

Meta-analytic studies of neurocognitive functions in ADHD vs. controls have 

found spatial working memory to be associated with some of the highest effect sizes 

(Nigg, 2005), and visual-spatial working memory deficits have been proposed as an 

endophenotype for ADHD (Castellanos & Tannock, 2002).   Visual-spatial working 

memory has been demonstrated to be sensitive to DA modulation in fronto-striatal 

circuits (Mattay et al., 2000; Mattay et al., 2002; Sawaguchi & Goldman-Rakic, 1991; 

Williams & Goldman-Rakic, 1995). 

 

2.2.3.5 Trail-making test.  The trail-making test (Reitan, 1958) is a measure of 

cognitive flexibility.   

The task has two components. In part A, participants are required to quickly trace 

a path connecting a series of consecutive numbers (one to twenty-five) positioned 

randomly on a page.  In part B, participants are required to trace a path alternating 

between 12 numbers and 12 letters, in the ascending order (i.e. 1, A 2, B etc.).  Both A 



Chapter 2: Methods 

62 

and B tap into spatial scanning ability and visuomotor speed.  Part B adds the 

requirement to rapidly shift mental sets.  Participants were instructed to connect the 

numbers (and letters) using a continuous line, and their performance was timed with a 

stopwatch.  Prior to starting the task, the participants were given 8-item practice versions 

of parts A and B to ensure that they understood the task.   

Children and adults with ADHD have been found to have longer completion times 

on Trail B than controls, with meta-analytic studies reporting moderate effect sizes 

(Hervey et al., 2004; Nigg, 2005).  Performance on Trail B has also been reported to 

correlate with a measure of striatal DA synthesis (Vernaleken et al., 2007).   

 

2.2.3.6 Tower of Hanoi.  The Tower of Hanoi (TOH) is a task assessing problem-

solving ability and planning (Shallice, 1982). Participants are presented with three 

equally distanced pegs of the same length. On one of these pegs, five rings are stacked in 

order of decreasing size. The participant’s task is to transfer this stack to another peg, one 

ring at a time, in as few moves as possible, and never placing a larger ring on top of a 

smaller one.  The participants completed the computerized version of the TOH task 

(Davis & Keller, 1998), using the computer mouse to move the rings.  They were first 

administered a single three-ring trial as practice, followed by two five-ring trials 

consecutively. They were instructed to complete the tasks in as few moves as possible 

and were not given a time limit. 

Children and adults with ADHD have been shown to perform more poorly than 

controls on the Tower of Hanoi task, as well as on the Tower of London task which is 

similar (Hervey et al., 2004; Nigg, 2005; Willcutt et al., 2005).  Performance on Tower of 
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Hanoi and Tower of London tasks has been reported to correlate with striatal D2 and 

DAT binding in healthy controls and in people with the genotype for Huntington’s 

disease, which is characterized by striatal atrophy (Backman, Robins-Wahlin, Lundin, 

Ginovart, & Farde, 1997; Lawrence et al., 1998). 

 

2.2.3.7 Motor hyperactivity.  Motor hyperactivity is a prominent feature of two 

of the three subtypes of ADHD. We used actimetry as an objective measurement of 

motor activity levels to complement self and informant ratings of hyperactivity.  An 

actiwatch AW-L (Mini Mitter, Bend, Oregon), which is a small device with an internal 

accelerometer, was worn by each participant for a period of 48 hrs, including sleep, on 

the non-dominant ankle.  Sampling was obtained every two minutes.  A number of 

studies using activity monitors have provided objective evidence of increased motor 

activity levels in children (Dane, Schachar, & Tannock, 2000; Halperin, Matier, Bedi, 

Sharma, & Newcorn, 1992; Halperin et al., 1993; Porrino et al., 1983; Teicher, 1995; 

Tryon, 1993; Wood, Asherson, Rijsdijk, & Kuntsi, 2009) and adults with ADHD 

(Boonstra et al., 2007) relative to controls.  In children, actimitry measures have been 

found to correlate significantly with parent and teacher ratings of hyperactivity 

(Reichenbach, Halperin, Sharma, & Newcorn, 1992).  Actimetry has also been used to 

demonstrate reduction in motor activity following stimulant treatment (Boonstra et al., 

2007; Borcherding, Keysor, Cooper, & Rapoport, 1989; Donnelly et al., 1989; Porrino et 

al., 1983; Teicher, 1995; Uebel et al., 2010).  Individual differences in motor activity in 

ADHD adults have been reported to correlate with [
11

C]raclopride binding in the caudate 

(Jucaite et al., 2005).   
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2.2.3.8 Verbal fluency. Verbal fluency is a task that requires participants to 

generate words starting with a given letter (phonetic fluency) or belonging to a certain 

semantic category (semantic fluency).  This task taps into several cognitive processes, 

such as working memory, self-monitoring, and cognitive flexibility (Rosen & Engle, 

1997; Schwartz, Baldo, Graves, & Brugger, 2003; Troyer, Moscovitch, Winocur, 

Alexander, & Stuss, 1998).  Phonetic fluency has been found to rely primarily on the 

frontal-subcortical circuits, whereas semantic fluency has been suggested to be place 

greater demands on temporal lobe, although it also relies on frontal function (Baldo, 

Schwartz, Wilkins, & Dronkers, 2006; Gourovitch et al., 2000; Henry & Crawford, 2004; 

Tröster, Woods, & Fields, 2003).  A meta-analysis of earlier studies in the literature using 

this task in ADHD found the effect size to be small (Pennington & Ozonoff, 1996); 

however, a number of more recent studies have reported significant deficits primarily in 

phonetic verbal fluency in children with ADHD (Geurts, Verté, Oosterlaan, Roeyers, & 

Sergeant, 2004; Hurks et al., 2004; Koziol & Stout, 1991; Marzocchi et al., 2008; Scheres 

et al., 2004; Tripp, Ryan, & Peace, 2002).  With the inconsistency in results and the small 

sample size in the present study, no deficits on this task were anticipated.  Thus this 

measure was included primarily as a task to control for non-specific factors, such as non-

compliance or lack of effort.   

 To assess verbal fluency, an adaptation of the Controlled Word Association Task 

was used (Geurts et al., 2004).  In the phonetic fluency task, participants were asked to 

generate as many words as possible within one minute starting with the letters K and M.  

They were instructed to avoid word repetitions and different forms of the same word (e.g. 
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man and men).  In the semantic fluency task, the participants were asked to generate as 

many words as possible within one minute in the categories animals and food, avoiding 

word repetitions.   

 

2.2.4 Personality Assessment 

Participants completed the following personality questionnaires: the 

Tridimensional Personality Questionnaire (TPQ) (Cloninger, 1987; Cloninger, Przybeck, 

& Svrakic, 1991); the Revised NEO Personality Inventory (NEO-PI-R) (Costa & 

McCrae, 1992); and the Barratt Impulsivity Scale (BIS-11) (Patton, Stanford, & Barratt, 

1995).  

The TPQ measures three personality dimensions, Novelty Seeking, Harm 

Avoidance, and Reward Dependence, each comprising four subscales.  These dimensions 

have been proposed to be related to neurotransmission, with Novelty Seeking related to 

dopamine, Harm Avoidance to serotonin and Reward Dependence to norepinephrine 

(Cloninger, 1987). The Novelty Seeking scale includes the following subscales: 1) 

Exploratory Excitability; 2) Impulsiveness; 3) Extravagance; 4) Disorderliness.  The 

Exploratory Excitability and Impulsivity subscales have been found to correlate with 

individual differences in amphetamine- and alcohol-induced changes in [
11

C]raclopride 

binding in limbic striatum (Boileau et al., 2003; Leyton et al., 2002).  Individuals with 

ADHD have been reported to have higher novelty seeking scores than controls 

(Anckarsater et al., 2006; Downey, Stelson, Pomerleau, & Giordani, 1997; Jacob et al., 

2007; Tillman et al., 2003).   They have also been reported to have higher scores on the 

Harm Avoidance scale (Anckarsater et al., 2006; Downey et al., 1997; Jacob et al., 2007; 
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Nigg, 2006), which is comprised of the following subscales: 1) Exploratory Worry; 2) 

Fear of Uncertainty; 3) Shyness with Strangers; 4) Fatigability and Asthenia.  Reward 

Dependence, as operationalized by the TPQ, appears to be unrelated to ADHD 

(Anckarsater et al., 2006; Downey et al., 1997; Jacob et al., 2007; Tillman et al., 2003).   

From the NEO, the most relevant personality dimension was Extraversion. 

Extraversion is considered a human homologue of behavioral approach in animals, which 

has been associated with mesolimbic DA transmission  (Depue & Collins, 1999; Depue, 

Luciana, Arbisi, Collins, & Leon, 1994). Extraversion has been reported to predict the 

magnitude of activation in the mesolimbic circuitry in response to a gambling task 

(Cohen, Young, Baek, Kessler, & Ranganath, 2005), suggesting that extraversion may be 

related to DA transmission in humans as well.  Findings have been inconsistent regarding 

extraversion in ADHD, with some reporting higher (Braaten & Rosén, 1997) and others 

reporting lower extraversion in adults with ADHD than controls (Jacob et al., 2007), and 

yet others reporting no significant differences (Nigg et al., 2002b; Ranseen, Campbell, & 

Baer, 1998).  With regard to other factors of the NEO, adults with ADHD were found to 

have higher neuroticism (Jacob et al., 2007; Miller, Miller, Newcorn, & Halperin, 2008; 

Nigg et al., 2002b; Ranseen et al., 1998) and lower conscientiouness (Jacob et al., 2007; 

Miller et al., 2008; Nigg et al., 2002b; Ranseen et al., 1998), agreeableness (Miller et al., 

2008; Nigg et al., 2002b), and openness to experience scores (Jacob et al., 2007) 

compared to controls.   

The BIS-11 has three subscales, Attentional Impulsivity (lack of focus on the task 

at hand), Motor Impulsivity (acting without thinking), and Non-Planning (orientation 

toward the present rather than the future).   Impulsivity is a prominent feature of two of 
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the subtypes of ADHD, and scores on all subscales of the BIS-11 are higher in adults 

with ADHD, e.g. (Malloy-Diniz, Fuentes, Leite , Correa, & Bechara, 2007).  BIS-11 total 

scores have been shown to correlate with striatal D2/ D3 receptor availability (Lee et al., 

2009) and amphetamine-induced DA release (Buckholtz et al., 2010).   

 

2.2.5 Genotyping 

To investigate the potential associations between genetic variation, 

symptomatology, personality, and dopamine release, we collected blood samples to 

genotype allelic variation of the potentially relevant genes.  For the SLC6A3 gene that 

codes for the DAT1, we examined the VNTR polymorphism of the 3΄ untranslated region 

(UTR), as well as two common single nucleotide polymorphisms (SNPs) in the exon 9 

(rs6347), and the intron 9 (rs8179029) reported to be in linkage disequilibrium with 

DAT1 3΄ UTR VNTR (Greenwood et al., 2002).  Although consistent associations with 

ADHD have not been found for the 3΄ UTR VNTR (Faraone & Mick, 2010), this 

polymorphism has been reported to affect expression of the DAT1 gene (Fuke et al., 

2001), and predict striatal DAT density (Brody et al., 2006; Heinz et al., 2000; Jacobsen 

et al.), as well as reward- and smoking- related activation in the striatum (Brody et al., 

2006; Dreher, Kohn, Kolachana, Weinberger, & Berman; Franklin et al., 2009).  In 

addition, allelic variation in the DAT SLC6A3 gene has been found to be associated with 

response to stimulants, with subjects homozygous for the 9-repeat allele showing a 

diminished response (Joober et al., 2006; Lott et al., 2004; Stein et al., 2005).  We also 

examined the polymorphisms of the exon III 48-bp VNTR of the DRD4, since 

associations have been reported between the 7-repeat allele polymorphism and ADHD, 
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for review see (Faraone & Mick, 2010), and in vitro studies have found that the 7-repeat 

allele polymorphism is associated with a blunted a blunted response to DA in the DRD4 

(Asghari et al., 1995; Van Tol et al., 1992).  Associations between the 7-repeat allele 

polymorphism and individual differences in novelty seeking and exploratory behavior 

have been reported, albeit inconsistently (Schinka, Letsch, & Crawford, 2002) and were 

examined here.  Finally, we examined the catechol O-methyltransferase (COMT) 

Val
108/158

Met polymorphism (rs4680), where valine to methionine substitution results in 

higher enzymatic activity (lower synaptic DA).  COMT is a major enzyme in prefrontal 

synaptic dopamine catabolism, and may impact DAergic transmission downstream of the 

prefrontal cortex (PFC) (Brody et al., 2006; Drabant et al., 2006; Dreher et al., 2009).   

 

2.2.6 Neuroimaging 

2.2.6.1 Positron Emission Tomography.   

2.2.6.1.1 Acquisition. Participants received two PET scans at least 3 days apart 

between 13:00h and 17:00h on a Siemens ECAT HR+ PET scanner (CTI/Siemens, 

Knoxville, Tennessee) with lead septa removed (63-slice coverage, with a maximum 

resolution 4.2-mm, full width half maximum (FWHM) in center of field of view).  

Participants were asked to fast and to abstain from caffeine and smoking for 4 hours 

before each PET session. Toxicology screening was performed prior to all other 

procedures.  Sixty minutes prior to tracer injection, an oral dose of 0.3 mg/kg of d-AMPH 

or placebo (lactose) was administered double-blind and in random order.  Approximately 

15 minutes before tracer injection, the participant was positioned inside the scanner, and 

a catheter was inserted into his antecubital vein for tracer injection and collection of 
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blood samples. Attenuation correction was performed using a 12-minute 
68

Ga 

transmission scan immediately prior to tracer injection. The emission scan was started 

simultaneously with the injection of approximately 7 mCi of [
11

C]raclopride as an i.v. 

bolus.  Emission data were acquired for 60 minutes in 26 time frames of progressively 

longer duration.  Vital signs were monitored and blood samples for plasma amphetamine 

analysis collected at baseline (prior to drug/ placebo administration), and then at various 

points throughout the scan (see Figure 4 for the timeline).   

 
 

 

 

Figure 2-2: Timeline of the PET scans 

 

2.2.6.1.2 Kinetic modeling of tracer distribution.  Quantification of changes in 

radiotracer binding to D2/D3 receptors requires the use of a bio-mathematical kinetic 

model of tracer distribution in the brain.  Such models rely on a theoretical framework of 

tissue compartments, usually a plasma compartment, an intracerebral compartment where 

the tracer is free and non-specifically bound, and a compartment where the tracer is 

specifically bound (receptor compartment), assuming that the tracer concentration is 

homogenous within each compartment at all times.  According to the kinetic model used 
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in the present thesis, [
11

C]raclopride BP (or equilibrium volume of distribution in the 

bound compartment) can be expressed as d
Df

t
D KNKfB 12max , where maxB  is the total 

concentration of D2/D3 binding sites, 2f the free fraction of radioligand in tissue, t
DK the 

equilibrium dissociation constant of the radioligand, fN the concentration of free DA in 

tissue, and d
DK the equilibrium dissociation constant of DA at the D2/D3 receptor (Gunn, 

Lammertsma, Hume, & Cunningham, 1997; Lammertsma & Hume, 1996). 

Radiotracer binding to D2/D3 receptors was quantified using a compartmental 

kinetic model, which requires an input function that can be derived from either arterial 

blood or from a reference tissue with a negligible number of binding sites.  This allowed 

us to circumvent the use of arterial cannulation.  The simplified reference-tissue model 

(SRTM) used here is a robust and well-documented reference tissue method for the 

estimation of the [
11

C]raclopride binding to D2/D3 receptors following a bolus tracer 

injection (Lammertsma & Hume, 1996). 

2.2.6.2 Magnetic Resonance Imaging. High resolution (1 mm) T1-weighted 

magnetic resonance images (MRI) were obtained for all participants on a 1.5-Tesla 

Siemens scanner, using gradient echo pulse sequence (repetition time = 22 ms, echo time 

= 9.2 ms, flip angle = 30°, and matrix 256 X 256) for co-registration to the PET images, 

as well as cortical thickness analyses.  

2.2.6.3 Self-Report Scales. Subjective responses to d-AMPH were assessed using 

three self-report instruments at baseline and various points throughout the scan (see 

Figure 2 for timeline).  The three instruments used were: 1) Visual Analogue Scales 

(VAS) including 10 items (rush, high, euphoria, excited, anxious, energetic, mind-racing, 

alert, drug liking, and drug wanting); 2) the bipolar Profile of Mood States (POMS), 
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which comprises 6 scales (Elated – Depressed, Composed – Anxious, Agreeable – 

Hostile, Confident – Unsure, Energetic – Tired, and Clearheaded – Confused) and is 

highly sensitive to non-clinical changes in mood states (Lorr, McNair, & Fisher, 1982; 

McNair, Lorr, & Droppleman, 1988) and; 3) the Addiction Research Center Inventory 

(ARCI), a measure of subjective effects of different classes of drugs, including 

amphetamines, with items based on solicited responses of former addicts under the 

influence of those drugs (Haertzen, Hill, & Belleville, 1963). 

 

2.3. Analyses 

2.3.1. Image Analysis 

2.3.1.1 Positron Emission Tomography. For the purpose of co-registration with 

PET images, MR volumes were corrected for image intensity non-uniformity (Sled, 

Zijdenbos, & Evans, 1998) and linearly and non-linearly transformed into standardized 

stereotaxic space (Talairach & Tournoux, 1988) using automated feature-matching to the 

MNI305 template (Collins & Evans, 1997; Collins, Neelin, Peters, & Evans, 1994).  The 

PET images were reconstructed using a 6-mm full-width half-maximum Hanning filter.  

To correct for possible motion artifacts, PET frames were realigned with an algorithm 

using cross-correlation similarity criteria for the determination of inter-frame motion 

parameters and emission-transmission mismatch for each frame (Costes et al., 2009).  

The dynamic radioactivity PET data were averaged across the time dimension and then 

co-registered to the participant’s MRI (Evans et al., 1992).   Parametric images were 

generated by calculating [
11

C]raclopride binding potential values (BPND=BAvail/KD; BPND 

= binding potential non-displaceable, BAvail = density of available receptors) at each voxel 
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using a simplified reference tissue compartmental model (SRTM) with cerebellum as the 

reference tissue with a very low density of D2/D3 receptors (Gunn et al., 1997; 

Lammertsma & Hume, 1996).  This method assumes that non-specific [
11

C]raclopride 

binding is equivalent in the striatum and the reference region. A voxel-wise statistical 

mapping method using the SRTM model was then utilized to determine the t-statistic 

associated with the difference in [
11

C]raclopride BP between the d-AMPH and the 

placebo conditions. This method applies nonlinear least squares theory on the scan’s 

dynamic information to estimate the parameters of the kinetic model (SRTM) and uses 

the residuals to calculate associated variance (Aston et al., 2000). Clusters of statistically 

significant change are identified by thresholding the t-map at a value of t ≥ 3.8, which 

corresponds to p < 0.05 corrected for multiple comparisons and a search volume of the 

striatum (Aston et al., 2000; Worsley et al., 1996).  

A region of interest (ROI) analysis was performed to examine amphetamine-

induced changes in [
11

C]raclopride binding in five striatal subregions based on the 

functional organization of limbic, associative, and sensory motor sub-compartments 

proposed by Laruelle, Haber and colleagues (Haber & McFarland, 1999; Martinez et al., 

2003; Mawlawi et al., 2001): ventral striatum (limbic striatum), pre-commissural dorsal 

caudate (anterior caudate / associative striatum), pre-commissural dorsal putamen 

(anterior putamen / associative striatum), post-commissural caudate (posterior caudate / 

associative striatum), and post-commissural putamen (posterior putamen / sensory motor 

putamen) (Figure 2-3).  
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Figure 2-3: Striatal ROIs based on Mawlawi et al (2001) and Martinez et al (2003). 

 

 To define the ROIs, each participant’s MRI was automatically classified into 

tissue type (gray matter, white matter, cerebrospinal fluid (CSF) (Collins & Evans, 1997) 

and segmented into anatomical brain structures including ventral striatum, caudate, and 

putamen (Collins, Peters, & Evans, 1995). Caudate and putamen were then manually 

divided into anterior and posterior aspects.  The resulting five ROIs were visually 

inspected and manually adjusted, if necessary, to match the participant’s individual 

neuroanatomy.  Mean [
11

C]raclopride BPND values were then extracted from each 

anatomical ROI for each scan.  BP values uncorrected for partial volume effects (PVE) 

were used because: 1) partial volume effects are most pronounced for structures with 

much smaller volumes than those of caudate and putamen (< 2 x FWHM of the PET 
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scanner) (Labbe, Froment, Kennedy, Ashburner, & Cinotti, 1996; Rousset, Ma, & Evans, 

1998); and 2) given that the BP values were extracted from identical ROIs in both the d-

AMPH and the placebo conditions, PVE were expected to be the same for both 

conditions and not bias our measures of d-AMPH-induced change in BP.  Further, we did 

not expect PVE to introduce a significant bias into our between-group comparison of 

baseline BP values, because voxel-based morphometry showed no differences in the 

volumes of the striatal structures in our two groups (see below), suggesting that any 

differences in BP could not be attributed to structural brain changes, such as atrophy 

(Labbe et al., 1996; Meltzer, Leal, Mayberg, Wagner, & Frost, 1990) in one group. 

 

2.3.1.2 Voxel Based Morphometry. Because reductions in striatal volumes and 

abnormalities in caudate volume asymmetry have been reported in subjects with ADHD 

(Castellanos et al., 1996b; Castellanos et al., 2002; Castellanos et al., 2003; Filipek et al., 

1997; Giedd et al., 1994; Hynd et al., 1993; Overmeyer et al., 2001; Semrud-Clikeman et 

al., 1994; Wang et al., 2007), and could constitute a source of bias in the analysis of 

[
11

C]raclopride binding, voxel based morphometry (VBM) was used to investigate the 

possibility of group differences in striatal volumes.    

The MRIs were processed using the CIVET pipeline (Ad-Dab'bagh et al., 2006; 

Zijdenbos, Forghani, & Evans, 2002), comprising the following stages: native MRIs were 

first corrected for intensity non-uniformity (Sled et al., 1998) and transformed into 

standardized stereotaxic space (MNI ICBM-152 non-linear 6
th

 generation template with a 

9-parameter linear registration) (Collins et al., 1994; Mazziotta, Toga, Evans, Fox, & 

Lancaster, 1995); the corrected and transformed volumes were then classified into white 
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matter, gray matter, CSF, and background, using an artificial neural network classifier 

(Tohka, Zijdenbos, & Evans, 2004; Zijdenbos, Forghani, & Evans, 1998); binary 

volumes consisting of gray matter voxels were then extracted from classified images, 

smoothed using a 8-mm FWHM smoothing kernel to convert the binary data into 

continuous data (with the signal at each voxel weighted according to the signal in 

neighboring voxels, reflecting the density of gray matter within the smoothing kernel).  

The subsequent statistical analysis focused on the volumes of caudate and putamen 

defined on an averaged MR image.     

 

2.3.1.3 Cortical thickness. After processing the MRIs with CIVET pipeline (Ad-

Dab'bagh et al., 2006; Zijdenbos et al., 2002), cortical surfaces were produced using the 

Constrained Laplacian Anatomic Segmentation Using Proximities (CLASP) surface 

extraction procedure (Kim et al., 2005; MacDonald, Kabani, Avis, & Evans, 2000).  This 

process generates a triangulated mesh at the interface of gray matter (cortex) and white 

matter and then expands the mesh outwards toward the pial surface.  Cortical thickness 

was measured in native space (by applying to the surface mesh an inverse of the linear 

transformation matrix of the native volume into the stereotaxic space) as the distance 

between corresponding vertices on the inner and outer surfaces of the mesh across 40,962 

sets of vertices in each hemisphere (Ad-Dab'bagh et al., 2005; Lerch & Evans, 2005).  

The cortical thickness values were then smoothed using a diffusion-smoothing kernel of 

20 mm FWHM that preserves cortical topology (Chung & Taylor, 2004; Chung et al., 

2001).   
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2.3.2 Plasma Amphetamine Analysis 

Plasma was isolated through centrifugation.  Amphetamine was derivatized under 

basic conditions using pentafluorobenzenesulfonyl chloride (PFBSC).  For 11 of the 

participants (5 ADHD and 6 controls), the derivatives were analyzed with electron-

capture gas chromatography (Asghar, Baker, Rauw, & Silverstone, 2002).  For the other 

19 participants (10 ADHD and 9 controls), the derivatives were analyzed using gas 

chromatography/ mass spectrometry–negative ion chemical ionization detection, since 

electron-capture gas chromatography was not possible due to interference peaks from 

plastic containers used to store the plasma.   

 

2.3.3 Genotyping Analysis 

A 30 ml blood sample (two 8.5 ml ACD tubes and two 7.0 ml EDTA tubes), was 

collected from each participant by a nurse at the same time as blood samples were 

collected for the routine physical exam.  The genotyping was carried out in the 

Neurogenetic laboratory of the Douglas General Hospital Research Center, according to 

previously published methods (Joober et al., 2000).  Briefly, polymerase chain reaction 

(PCR) with polymorphism- and allele-specific sets of primers was used, followed by gel 

electrophoresis and visualization of reaction products agarose gels (ethidium bromide). 

Allele calling was made by two independent technicians blind to group membership. 

Conflicts in allele calling were resolved by the laboratory director (RJ), who was also 

blind to group membership or by reanalyzing the sample in question.   
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2.3.4 Eye Movement Analysis 

Eye movements were analyzed with a semi-automated custom analysis software package 

(SR Research, Osgoode, ON) and verified by visual inspection.  Saccades were identified 

using velocity (> 22°/ sec) and acceleration (> 4,000°/ sec
2
) criteria. Trials were 

discarded if a blink or a saccade greater than 0.5
o
 occurred in the 100 ms prior to fixation 

offset or if gaze was more than 2
o
 off the fixation target in the same period. The trial’s 

first saccade > 2
o
 in amplitude with a latency >80ms was analyzed.  Saccades of ≤80ms 

were classified as anticipatory and excluded from the analysis; this cut-off was 

determined by viewing latency distributions for correct and misdirected prosaccades 

(Munoz et al., 2003).  Latency values > 3 SD from each participant’s own mean were 

excluded.   

 

2.3.5 Actimetry 

The actimetry analyses were conducted using the Actiware analysis software (Mitter, 

Bend, Oregon).  The average number of activity counts per minute was used as the 

measure of overall motor activity over the 48-hour period.  In addition, waking and sleep 

activity levels were examined separately, since higher levels on nocturnal activity have 

been reported in children and adults with ADHD (Cortese, Konofal, Yateman, Mouren, & 

Lecendreux, 2006; Konofal, Lecendreux, Bouvard, & Mouren-Simeoni, 2001; Philipsen 

et al., 2005).    Sleep onset and offset were determined using the wake threshold of ≥ 40 

activity counts per 2-minute epoch over 5 consecutive epochs.  Activity variables 

examined for sleep and wake periods included overall activity levels, total duration of 
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sleep and wake periods, and sleep mobility index (i.e. percentage of sleep periods within 

which there are 1 or more activity counts) used as an index of sleep quality, particularly 

in clinical populations (Kooij, Middelkoop, van Gils, & Buitelaar, 2001).  Four 

participants removed their actiwatches 6, 12, 120, and 310 minutes prior to the 

completion of the 48 hours. For those participants, average overall activity levels and 

average waking activity levels were calculated using the available data.  Sleep onsets of 

two ADHD participants were not detected by the software.  Both of these individuals 

showed consistent activity throughout the 48-hour period.  Their data were removed from 

sleep and wake period analyses, but were maintained in the analysis of the overall 

activity.  Four participants showed zero activity throughout their sleep intervals.  Since 

these participants were unable to confirm that they had not removed the actiwatches 

during sleep, their data were excluded from both sleep and overall activity analyses. 

 

2.3.6 Statistical Analyses 

 For all statistical analyses, extreme values outside 3 standard deviations of the 

mean for a given variable, which constituted < 0.5% of all values, were Winsorized 

(replaced by the value of their nearest neighbor) (Dixon & Yuen, 1974).  The majority of 

statistical analyses (detailed below) were carried out using parametric tests. When 

variables deviated from normality, transformations were applied to normalize the data, 

and subsequent analyses were conducted on the transformed data.  In some cases, 

normality assumptions were violated for a minority of variables in a task with many 

conditions.  In this case, because parametric tests allow more elegant consideration of 

factors and because ANOVAs are robust to violation of normality (Howell, 2010; 
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Rasmussen, 1987), parametric analyses were applied.  When non-normally distributed 

data constituted the majority of the data for a task, and transformations did not normalize 

the distribution, the analyses were conducted with non-parametric tests.  Analyses of 

variance were followed up with post hoc Bonferroni tests. 

 

 2.3.6.1 ADHD symptom scores. ADHD symptoms as measured by the CAARS, 

were analyzed using a 2-way mixed ANOVA, with Group as the between-subjects factor 

and Scale of the CAARS as the within-subjects factor. 

 

 2.3.6.2 Personality and neurocognitive performance.  Data were analyzed with 

2-way mixed ANOVAs with Group (ADHD vs. controls) as the between-subjects factor 

and Condition (e.g. subscale or task version) as the within subjects factor.     

 

2.3.6.3 Blood pressure, heart rate, amphetamine plasma levels. Changes in 

these measures in response to d-AMPH were analyzed with three-way, Group x Drug x 

Time Point mixed ANOVAs with Group as a between-subjects factor and Drug 

(amphetamine vs. placebo) and Time Point (i.e. baseline, transmission, tracer injection, 

mid-scan, end of scan) as within-subjects factors.  For between-group comparisons of the 

peak plasma levels of amphetamine on the amphetamine day, independent t-tests of the 

square root transformed values were used.  

 

2.3.6.4 Subjective response to amphetamine. The POMS data were normally 

distributed with the exception of the Agreeable-Hostile scale. Thus, the POMS data were 
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analyzed with a four-way, Group x Drug Order x Drug x Time Point mixed ANOVAs.  

The data on the Agreeable-Hostile scale could not be normalized with a transformation so 

untransformed data were analyzed with Group x Drug Order Drug x Time Point 

ANOVA, and the results were verified using pairwise non-parametric tests.  For the 6 

mood dimensions, the alpha level was set at p = .008, keeping the family-wise error rate 

at .05; trends at the uncorrected alpha level of p < .05 were also explored.  In addition, 

area under the curve (AUC) values were calculated for POMS scores on the placebo and 

d-AMPH days using the following formula:  

 (Pruessner, Kirschbaum, Meinlschmid, & Hellhammer, 

2003).   

The difference values between d-AMPH and placebo AUCs were used in a regression 

analysis of subjective rating change in relation to individual differences in d-AMPH-

induced change in binding (see below). 

Given the number of points at which the VAS measurements were taken, VAS 

data were analyzed as AUC values on the placebo and amphetamine days (Pruessner et 

al., 2003).  Since placebo VAS AUC values deviated from normality on four of the 

dimensions, a square root transformation was applied to all the VAS AUC values.  The 

transformed values were analyzed with a four-way Group x Drug Order x Drug x VAS 

Scale mixed ANOVA.  The placebo AUC value on the Rush scale could not be 

normalized with the transformation. Therefore, the results of the ANOVA on this scale 

were confirmed with pairwise non-parametric tests.   

For the ARCI, analyses were conducted on change scores, calculated as the 

difference between baseline and post scan ratings on the d-AMPH and placebo days.  
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These data were analyzed with a two-way mixed ANOVA with Group as the between-

subjects factor and Drug (d-AMPH vs. placebo) as the within-subjects factor.   

 

 2.3.6.5 Amphetamine-induced DA release and D2/ D3 Binding Potential (BP). 

d-AMPH-induced changes in [
11

C]raclopride BP were analyzed in two ways. First, 

parametric mapping was conducted using the Simplified Reference Tissue 

Compartmental model, and t-maps were generated using values of t ≥ 3.8 (p < 0.05 

corrected for multiple comparisons). Second, d-AMP-induced changes in BP values 

extracted from the three a priori striatal ROIs were calculated as % decrease in BP 

following d-AMP relative to placebo (% ∆ BP).  These percent change values were 

normalized with a square root transformation and analyzed with a four-way Group x 

Drug Order x ROI x Hemisphere mixed ANOVA with Group and Drug Order (d-AMPH 

first vs. placebo first) as the between subjects factors and ROI and Hemisphere as within-

subjects factors.  Group differences in baseline D2/D3 binding were also explored by 

analyzing BP values on the placebo day in the three a-priori ROIs using separate 

univariate ANOVAs.   

 

2.3.6.6 Symptoms, personality, and neurocognitive performance in relation to 

% ∆ BP.  The relationship between individual differences in d-AMP-induced change in 

[
11

C]raclopride BP (% ∆ BP) and ADHD symptom scores, as well as between % ∆ BP 

and neurocognitive performance on measures where significant group differences were 

detected, were analyzed using linear regression analyses and curve fitting.  For 
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questionnaire scales comprised of multiple subscales, stepwise regression analyses were 

used to account for multiple comparisons (Darlington, 1968; Howell, 2010).   

2.3.6.7 Subjective responses to amphetamine in relation to in relation to % ∆ 

BP.   The relationship between subjective responses to the drug (i.e. d-AMPH induced 

changes in the VAS and the POMS) were analyzed in a stepwise regression analysis with 

% ∆ BP as the dependent variable.   

 

2.3.6.8 Voxel Based Morphometry.  Statistical analyses of the VBM data were 

conducted using the SurfStat (http://www.math.mcgill.ca/keith/surfstat/) toolbox for 

Matlab.  Statistical maps of differences in striatal gray matter density between controls 

and ADHD participants were obtained using a general linear model containing a Group 

main effect term.  The presence of significant peaks at p < 0.05 in the statistical maps was 

assessed by a method based on 3D Gaussian random-field theory, which corrects for 

multiple comparisons for the search volume (Worsley et al., 1996). 

 

2.3.6.9 Cortical thickness. Cortical thickness analyses were conducted using the 

SurfStat toolbox for Matlab.  In all vertex-wise analyses, random-field theory for non-

isotropic images was used to detect significant clusters (Worsley, Andermann, Koulis, 

MacDonald, & Evans, 1999), which limited the chance of reporting a false positive to be 

< 0.05.  A linear model containing a Group main effect term was used for the vertex-wise 

analysis of group difference (controls vs. ADHD) in cortical thickness.  The relationship 

between cortical thickness and % ∆ BP in each of the three striatal ROIs was first 

analyzed by fitting a fixed-effects regression model predicting cortical thickness at each 

http://www.math.mcgill.ca/keith/surfstat/
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vertex from % ∆ BP collapsing across groups.  Subsequently, the Group main effect term 

and the Group x % ∆ BP interaction term were entered into the model to predict cortical 

thickness.  Intake BDI was added to the model as a covariate because BDI scores were 

found to be correlated with % ∆BP in the ADHD group and because the ADHD and 

control groups differed in their BDI scores at intake (described below). The relationship 

between cortical thickness and % change in BP was compared between groups by testing 

the significance of the Group x % change in BP interaction term.  If the interaction term 

was significant, meaning that the regression slopes differed significantly between groups, 

the relationship between cortical thickness and % Change in BP was examined separately 

within each group.  Cortical thickness analyses included only frontal cortex because: 1) 

dopamine system cortical projections are primarily to frontal regions (Haber, 2010); 2) 

findings of cortical thinning in ADHD have been focused in the frontal cortex ((Almeida 

et al.; Batty et al., 2010; Makris et al., 2007; Monuteaux et al., 2008; Shaw et al., 2007b; 

Shaw et al., 2006b) although parietal thinning has also been reported (Makris et al., 2007; 

Shaw et al., 2006b)); and 3) developmental trajectories suggest a lag specifically in 

frontal cortical development in ADHD (Shaw et al., 2007a).   

 

2.3.6.10 Genotype in relation to symptomatology and % ∆ BP. The 

relationship between DAT1, DRD4, and COMT genotypes and ADHD symptomatology 

as measured by the eight scales of the CAARS was analyzed with a two-way mixed 

ANOVA with Genotype as the between-subjects factor and CAARS Scale as the within-

subjects factor.  Based on some previous reports (Benjamin et al., 1996; Ebstein & 

Belmaker, 1997; Ebstein et al., 1996; Okuyama et al., 2000; Strobel, Wehr, Michel, & 

Brocke, 1999), but see also (Kluger, Siegfried, & Ebstein, 2002; Schinka et al., 2002) we 
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hypothesized associations between the 7-repeat allele polymorphism of the DRD4 exon 

III 48-base pairs VNTR and scores on the Novelty Seeking scale of the TPQ and the BIS-

11. The effects of genotypes on % ∆ BP were analyzed using a two-way mixed ANOVA 

with Genotype as the between-subjects factor and ROI as the within-subjects factor. 
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3.1 Sample Characteristics 

The ADHD group did not differ significantly from Controls on any of the 

demographic variables, with the exception of the estimated IQ being marginally higher in 

the control group compared to the ADHD group (p = .06)(Table 1).  IQ tends to be lower 

in individuals with ADHD than controls (Bridgett & Walker, 2006; Frazier, Demaree, & 

Youngstrom, 2004), with the difference reflecting either true population differences 

(Dennis et al., 2009; Kuntsi, Andreou, Ma, Borger, & van der Meere, 2005) or negative 

effects of symptoms on performance (form example the effects of working memory 

deficits on Digit Span and Arithmetic performance) (Nigg, 2005).  Thus, correcting for 

differences in IQ in ADHD is controversial (Seidman, 2006), since it involves 

eliminating variance attributable to the independent variable of interest (i.e. the illness), 

or variance shared by the independent and dependent variables (i.e. IQ and symptoms of 

the illness).  Neither of these are correct uses of covariance (Miller & Chapman, 2001). 

Here, the analyses were conducted without covarying for the trend level difference in IQ.  

As expected, the ADHD group had significantly higher scores on all scales of the 

CAARS relative to the controls (ps < .0005).  In addition, although no participant was 

clinically depressed, the ADHD BDI scores at intake were higher than those of Controls 

(ps < .0005). 

 

3.2 Personality 

Scores on the TPQ, the NEO, and the BIS-11 personality questionnaires are given 

in Table 2.  Scores on the TPQ were analyzed with separate two-way Group x Subscale 

repeated measures ANOVAs for each scale: Novelty Seeking, Harm Avoidance, and 
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Reward Dependence.  The ANOVAs revealed a significant main effect of Group for the 

Harm Avoidance scale (F (1, 27) = 10.45, p = .02), with higher scores in the ADHD group, 

and no group differences in Novelty Seeking or Reward Dependence.  Since the total 

scores on the Harm Avoidance scale deviated from normality, a confirmatory Mann-

Whitney U test was performed, which also yielded significantly higher scores in the 

ADHD group than controls (U = 53.00, p = .02).  For the NEO, a significant Group x 

Subscale interaction emerged (F(4 ,21) = 9.45; p < .0005), indicating the expected finding 

of higher Neuroticism (p = .001) and lower Conscientiousness (p = .001) in the ADHD 

group.   Finally, a main effect of Group (F(1, 26) = 21.64; p < .0005) on the BIS-11 scores 

indicated, as expected, higher impulsivity scores in the ADHD group across all three 

subscales.    

 Controls (n = 15) ADHD (n = 15) 
5 Combined/ 10  Inattentive 

N p 

TPQ     

Novelty Seeking 18.40 ± 4.67 20.68 ± 6.75 15, 14 .30 

Exploratory Excitability 5.87 ± 1.88 6.07 ± 1.90 15, 14 .77 

Impulsiveness 3.00 ± 1.77 3.90 ± 2.43 15, 14 .27 

Extravagance 4.07 ±1.79 4.50 ± 2.21 15, 14 .57 

Disorderliness 5.47 ± 1.41 6.21 ± 2.22 15, 14 .29 

Harm Avoidance 7.27 ± 4.33 12.11 ± 6.46 15, 14 .02* 

Exploratory Anxiety 2.20 ± 1.66 3.39 ± 2.24 15, 14 .11 

Fear of Uncertainty 2.20 ± 1.61 2.86 ± 2.35 15, 14 .38 

Shyness with Strangers 1.33 ± 1.23 2.86 ± 2.03 15, 14 .02* 

Fatigability 1.53 ± 1.41 3.00 ± 2.66 15, 14 .07 

Reward Dependence 18.8 ± 4.52 17.86 ± 4.87 15, 14 .60 

Sentimentality 3.33 ± 1.40 3.71 ± 1.14 15, 14 .43 

Persistence 5.60 ± 2.03 4.54 ± 2.61 15, 14 .23 

Attachment 7.20 ± 2.18 6.29 ± 2.81 15, 14 .34 

Dependence 2.67 ±1.23 3.32 ± 1.17 15, 14 .16 

NEO     

Neuroticism 13.62 ± 6.70 23.85 ± 7.73 13, 13 .001* 

Extraversion 30.62 ± 4.25 28.54 ± 5.51 13, 13 .29 

Openness to experience 29.69 ± 2.93 29.46 ± 7.18 13, 13 .92 

Agreeableness 31.00 ± 5.18 30.38 ± 6.90 13, 13 .80 

Conscientiousness 33.23 ± 6.04 20.31 ± 10.27 13, 13 .001* 

BIS-11 62.60 ± 11.01 81.42 ± 10.39 14, 14 < .0005* 

Attentional Impulsivity 15.07 ± 2.52 23.21 ± 2.49 14, 14 < .0005* 

Motor Impulsivity 23.69 ± 5.17 28.21 ± 5.58 14, 14 .04* 

Non-Planning Impulsivity 23.84 ± 4.79 29.99 ± 4.53 14, 14 .002* 

Table 3-1: Personality.  The p-values are derived from parametric analyses. 
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3.3 Neurocognitive Performance 

3.3.1 Stop Signal Reaction Time Task  

To normalize the data, a square root transformation was applied to both the stop-

signal and the go reaction times.  The transformed RTs were analyzed using a two-way 

mixed ANOVA with Group as the between-subjects factor and RT type (Go RT vs. Stop 

Signal RT) as the within-subjects factor.  The ANOVA revealed a significant Group x RT 

type interaction (F(1, 24) = 5.83, p = .02).  The interaction was driven by the fact that the 

ADHD group had longer stop-signal RTs than controls (t (24) = 3.0;p = .008)  but did not 

differ on Go RTs (see Figure 3-1). 

 
Figure 3-1: Stop Signal Reaction Time Task performance.  The ADHD group had 

significantly longer SSRTs than the control group (p-value based on t-test).  The groups 

did not differ in Go signal RTs (Group x RT type, p=.02).  The figure uses untransformed 

scores.  

 

 

 

 

Stop Signal Reaction Time Task

100

150

200

250

300

350

400

450

500

550

Go RT SSRT

R
T

 (
m

s
)

CRTLS

ADHD
* 

* p = .008 



Chapter 3: Results 

89 

3.3.2 Antisaccade  

To examine group differences in inhibitory function, the antisaccade error rate 

and the proportion of anticipatory saccades (with latency ≤ 80ms) across pro- and 

antisaccade trials were analyzed using independent samples t-tests (repeated measures 

ANOVAs could not be applied due to inhomogeneity of variance).  The % error and % 

anticipations data deviated from normality, so a square root transformation was applied.  

Relative to Controls, the ADHD participants made significantly more antisaccade errors 

(t (19) = 2.36; p = .03) and significantly more anticipatory responses (t (19) = 2.67; p = .02) 

(see Figure 3-2).  As expected, errors on prosaccade trials were rare (M = 0.1%, SD = 

.44), and did not differ across the two groups (t (19) = 1.00; p = .35). For prosaccade and 

antisaccade latencies, a two-way mixed ANOVA with Saccade Type as the within-

subjects factor and Group as the between-subjects factor revealed the expected main 

effect of Saccade Type (F(1,17) = 129.78; p < .0005); antisaccades had longer latencies 

than prosaccades, but there was no main effect of  Group nor interaction of Group with 

other variables (ps > .1). 
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Figure 3-2: Antisaccade Performance. Antisaccade error rate and proportion of 

anticipatory saccades is higher in the ADHD group compared to controls (p values in 

figures are based on t-tests).  The figure uses untransformed data. 

 

3.3.3 Go/No-Go Discrimination Learning  

A two-way repeated measures ANOVA on overall response rate with Group as 

the between-subjects factor and Condition (Reward-Punishment, Reward-Reward, 

Punishment-Punishment, and Punishment-Reward) as the within-subjects factor revealed 

a trend-level Group x Condition interaction (F(3,22) = 2.29; p = .09), suggesting higher 

overall response rate in ADHD relative to the Control participants in the Punishment-

Punishment (Incorrect Feedback) condition (p = .07).  This finding parallels a previous 

report of a higher response rate on this task in children with ADHD than controls (Iaboni 

et al., 1995). The percentage of omission errors deviated from normality in the Reward-

Reward (Correct Feedback), Punishment-Punishment (Incorrect Feedback), and 

Punishment-Reward (Passive Feedback) conditions. Normalization could not be achieved 

by applying transformations so the untransformed % error data were analyzed with a 

three-way mixed ANOVA with Group as the between-subjects factor and Condition and 
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Error Type (commission vs. omission) as within-subjects factors.  Significant results 

were verified with pairwise Mann-Whitney U tests.  

The ADHD group made more errors than Controls across all conditions (Group: 

F(1,23) = 4.25; p = .05 ) . Across all conditions, errors of commission were more frequent 

than errors of omission (Error Type: F(1,23) = 28.82; p < .0005).  There was also a 

significant main effect of Condition (F(3,21) = 6.58; p = .001), driven by the fact that the 

the Reward-Punishment (Active Feedback) and the Punishment-Reward (Passive 

Feedback) conditions generated significantly more errors than the other two conditions 

both of which provided consistent reward or consistent punishment for correct responses 

or errors, regardless of whether the response was active or passive. In addition, there was 

a trend-level Group x Condition x Error Type interaction (F(3,21) = 2.46; p = .08). This 

reflected the fact that the groups tended to be similar in terms of the difference between 

commission and omission errors in each of the 4 conditions.  However, the difference 

between the rate of commission and omission errors differed between groups in the 

Punishment-Reward (Passive Feedback) (see Figure 3-3) with the Controls continuing to 

show more commission than omission errors, and the AHD group showing more 

omission than commission errors.  The difference between omission and commission 

errors between the groups was significant in comparisons of the Punishment Reward 

(Passive Feedback) condition to both the Punishment-Punishment (Incorrect Feedback) 

and Reward-Reward (Correct Feedback) conditions (PR vs. PP: t(19.87) = 2.66, p = .02; PR 

vs. RR: t(20.13) = 2.48, p =.02).  Post hoc analyses showed that the ADHD group made 

significantly more omission errors than Controls in the Punishment-Reward (Passive 

Feedback) condition (t(24 ) = 2.86  p = .009) (Figure 3-3).   Mann Whitney U tests 
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confirmed the significant Group difference in the % omission errors in the Punishment-

Reward (Passive Feedback) condition (U = 30.50; p = .008). The groups did not differ in 

omission errors in the Reward-Reward (Correct Feedback) and Punishment-Punishment 

(Incorrect Feedback) conditions (ps > .12).  

 
Figure 3-3: Go/ No-Go Discrimination Learning task performance.  RPc = Reward-

Punishment commission errors; RPo = Reward-Punishment omission errors; RRc = 

Reward-Reward commission errors; RRo = Reward-Reward omission errors; PPc = 

Punishment-Punishment commission errors; PPo = Punishment-Punishment omission 

errors; PRc = Punishment-Reward commission errors; PRo = Punishment-Reward 

omission errors. 

 

Learning curves on the Go/No-Go Discrimination Learning task have been 

reported to differ between ADHD and control children, with the ADHD children making 

more commission errors on later trials (Iaboni et al., 1995).  To examine the learning 

curves of the ADHD vs. Control participants, the 92 total trials in each condition were 

subdivided into five bins, one containing the 12 practice trials, and the other four 

containing 20 consecutive test trials each (Figure 3-4).  Since the binned % error data 

deviated from normality and could not be normalized by applying a transformation, we 

could not compare the groups on change in % error across trial bins using a mixed 
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ANOVA approach.  Therefore, we compared the slopes of the learning curves (change in 

error rate across trial bins) between the two groups.  Visual inspection of the learning 

curves (Figure 3-4) suggested that these curves likely represent either a linear or an 

exponential decrease in error rate over trial bins.  The comparison of the correlation 

coefficients for the two types of fit using each participant’s data suggested that that the 

linear and the exponential fits described the data equally well.  (The exponential fit was 

determined by applying a linear trend to the log-transformed % error data.)  We therefore 

used the slopes of the linear fits, that is, regression slopes predicting untransformed error 

rate from trial bin, for comparison of the learning curves between groups.   Some 

individuals made no errors in some conditions, making a learning slope impossible to 

calculate.  To prevent the loss of data points from other conditions, we did not analyze 

the slopes with a mixed ANOVA to prevent the loss of data points from other conditions.   

Instead, we compared the slopes between groups for each error type and each condition 

using independent samples t-tests (the slopes were normally distributed, so parametric 

tests were appropriate).  The t-tests revealed that the slope of decrease in commission 

errors on the Punishment-Reward (Passive Feedback) condition was significantly steeper 

for Controls than for the ADHD participants (t(17.6) = 3.02; p = .008).  No other 

differences were significant.  
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Figure 3-4: Learning curves of ADHD participants vs. controls on the Go/No-Go Discrimination leaning task. Commission errors are 

represented as solid lines, and omission errors are represented as dotted lines.
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3.3.4 Concrete and Abstract Computerized Self-Ordered Working Memory Tasks  

The data on these tasks could not be normalized with transformations, so pairwise 

non-parametric tests were used to compare the groups in each condition.  The ADHD 

group tended to make more errors than Controls in the abstract version of the task but this 

was not sugnificant (Mann Whitney U = 52.00; p = .09).  No other differences were 

observed. 

 

3.3.5 Verbal Fluency 

A two-way mixed ANOVA with Group as the between-subjects factor and 

Fluency Type (phonetic and semantic) as the within-subjects factor revealed a significant 

main effect of Fluency Type (F(1,18) = 398.6; p < .0005) with more words generated in the 

semantic condition.  ADHD participants tended to generate fewer words in both 

conditions (Group: F(1,18) = 4.29 p = .053 ). 

 

3.3.6 Trails A and B  

A square root transformation was applied to normalize both Trails A and Trails B 

data.  A two-way mixed ANOVA with Group as the between-subjects factor and Trails 

Type (Trails A vs. Trails B) as the within-subjects factor revealed the expected main 

effect of Trails Type (F(1,24) = 77.01; p < .0005 ), with Trails B taking longer to complete.  

The ADHD group took non-significantly longer to complete the task (main effect of 

Group: F(1,24) = 2.84; p = .1).  No other effects approached significance (all p>.1).  
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3.3.7 Tower of Hanoi  

A square root transformation was applied to the trials-to-completion data.  A two-

way repeated measures ANOVAs with Group as the between-subjects factor and Trial 

(trial 1 vs. trial 2) as the within-subjects factor revealed no significant main effects or 

interactions (ps > .17). 

 

3.3.8 Motor Hyperactivity:   

Overall activity level, waking activity level, sleep duration, sleep activity level, 

and sleep mobility index were analyzed using independent samples t-tests comparing the 

ADHD group vs. controls.  The alpha level was set at .01 to keep the family wise error 

rate at .05. Groups were not significantly different on any of the measures (ps > .1) (Table 

3-2).   

 
 Controls ADHD N 

Total Activity Level 322.59 ± 128.02 400.97± 150.75 8/12 

Waking Activity Level 512.82 ± 167.86 675.87 ± 381.74 11/12 

Sleep Duration 1126.5 ± 279.98 962.54 ± 141.65 11/12 

Sleeping Activity Level 13.93 ± 9.13 21.54 ± 20.02 9/11 

Sleep Mobility Index 32.78 ± 10.70 35.09 ± 11.29 9/11 

Table 3-2: Actimetry parameters for Control and ADHD participants. 

 

 3.4 Blood Pressure, Heart Rate, and Plasma Amphetamine Levels 

For blood pressure, heart rate and amphetamine levels, there were no significant 

main effects of Group and no interaction of Group with other variables. 

For systolic blood pressure, there was significant main effect of Drug (F(1,24) = 

57.27; p < .0005), a significant main effect of Time Point (F(4,21) = 26.86 ; < .0005), and a 

Significant Drug x Time Point interaction (F(4,21) = 32.64; < .0005).  The pattern of 

findings was similar for diastolic blood pressure with a significant main effect of Drug 
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(F(1,24) = 26.92; p < .0005), a significant main effect of Time Point (F(4,21) = 3.04; p = .05), 

and a Significant Drug x Time Point interaction (F(4,21) = 15.17; p < .0005).  Increases in 

systolic blood pressure were evident on the amphetamine day, but not on the placebo day. 

The difference between baseline and subsequent time points was already significantly 

higher on the amphetamine day 1 hour after drug administration (i.e. at the time of tracer 

administration).  It remained significantly higher at all the subsequent time points (ps ≤ 

.03).  Increases in diastolic blood pressure between baseline and subsequent time points 

on the amphetamine day compared to the placebo day were evident starting mid-scan (ps 

< .0005) and remained significant at all subsequent time points (see Figure 3-5).   

For heart rate, there was a significant main effect of Drug (F(1,24) = 5.01; p = .04), 

and a significant main effect of Time Point (F(4,21) = 10.97 ; < .0005).  Overall, heart rate 

was higher on the amphetamine day relative to placebo.  Heart rate was also higher at 

baseline than at subsequent time points (ps ≤ .002).  The effect of Group was at trend 

level (F(1,24) = 3.68; p = .07), suggesting that the ADHD participants had marginally 

higher heart rates than Controls (Controls: 60.83 ± 4.87; ADHD: 66.96 ± 10.65).  
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Figure 3-5: Blood pressure and heart rate.  The placebo condition is represented using 

empty symbols and dotted lines, and the amphetamine condition is represented using 

filled symbols and solid lines. 

 

Peak plasma amphetamine levels did not differ between the ADHD group (M = 

15.16; SD = 13.72) and Controls (M = 14.66; SD = 12.35) (t(27) = .10;  p =.92). 

  

3.5 Subjective Response to Amphetamine 

 For the POMS, two Control participants’ data were missing at one of the four 

time points on all the scales.  To avoid the loss of these participants from the ANOVA, 
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mean substitution was used.  Analyses excluding those two participants yielded the same 

pattern of results as those using substitution. 

In the POMS analyses, there was a trend for a Group x Drug interaction on the 

Confident-Unsure scale ((1,24) = 4.25; p < .05); that was at trend level after Bonferroni 

correction.  This result was driven by the fact that ADHD participants felt significantly 

more confident on d-AMPH relative to placebo (p = .006), while Controls did not. Group 

did not affect other scales as a main effect nor in interaction with other variables. Three 

of the POMS scales showed main effects of Drug qualified by a significant Drug by Time 

Point Interaction, indicating that the change between baseline and subsequent time points 

was larger on the amphetamine day than on the placebo day (Interaction: Elated-

Depressed scale (F(3,81) = 9.26; p < .0005); Energetic-Tired (F(3,81) = 15.00; p < .0005) 

Agreeable-Hostile (F(3,81) = 7.96; p < .0005).  Both groups felt significantly more Elated 

and Energetic on d-AMPH than placebo at the time of tracer administration, mid-scan, 

and immediately post-scan (ps ≤ .04). Both groups also felt more Agreeable on d-AMPH 

mid-scan and immediately post-scan (ps ≤ .009) than on placebo, which was confirmed 

with the Wilcoxon Signed Ranks test (ps ≤ .01).  For the Composed-Anxious scale, there 

was a significant Drug x Time Point x Drug Order interaction (F(2.45, 66) = 4.84; p = .007), 

indicating that participants felt significantly more composed at baseline on the placebo 

day when placebo was given on the second scan (p = .03) (Figure 3-6).   



Chapter 3: Results 

100 

 

Figure 3-6: Profile of Mood States.  The placebo day is represented using open symbols and dotted lines; the amphetamine day is 

represented using filled symbols and solid lines.  Asterisks indicate significant differences between drug and placebo at the indicated 

time point
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 For the VAS AUC values, there was a significant main effect of Drug (F(1,25) =  

11.86; p = .002), qualified by a significant Drug x VAS Scale interaction (F(5.92, 148.02) =  

14.07; p = .04), indicating that AUCs were larger on the d-AMPH than the placebo day 

across all VAS scales (ps < .05), except the Anxiety scale (p = .93). This indicated greater 

increases from baseline in ratings of activating and pleasurable effects of the drug on the 

d-AMPH day.  The Wilcoxon Signed Ranks test confirmed the effect of Drug on the 

Rush scale, which deviated from normality (Z = -3.10; p = .002) (Figure 3-7).  There was 

also a trend for a three-way Group x Drug x VAS scale interaction (F (5.9,148.1) = 1.9; p = 

.08), suggesting that positive subjective effects of the drug were evident on more VAS 

scales for ADHD participants than Controls.  Both Controls and ADHD participants 

reported feeling more High (Controls: p = .05; ADHD: p = .04), Energetic (Controls: p = 

.02; ADHD: p = .01), and Alert (Controls: p = .006; ADHD: p = .003) on the drug than 

placebo.  However, ADHD participants also reported feeling more Excited (p= .01), as 

well as more drug liking (p = .003) and drug wanting (p = .008) on the drug than placebo, 

which Controls did not report (ps > .1).  On the other hand, Controls reported feeling 

more Rush (p = .02) on drug than placebo, which ADHD participants did not report (p > 

.1).   
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Figure 3-7: Visual Analogue Scales.  Area Under the Curve on placebo and d-AMPH 

days.  Red symbols represent ADHD, and blue symbols represent controls. 
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  For the ARCI, both groups showed a greater change from baseline in subjective 

experience of amphetamine on d-AMPH than on placebo (Drug: F(3,26) = 30.40; p < .0005 

(Figure 3-8).   There was no effect of Group (p > .1). 
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Figure 3-8.ARCI.  Change from baseline in Amphetamine rating on the ARCI on placebo 

and d-AMPH days. 

 

3.6 d-AMPH-Induced Change in D2/D3 Binding 

3.6.1 Voxel-Wise t-Maps  

For the Control group, the voxel-wise analysis revealed a significant decrease in 

[
11

C]raclopride binding between d-AMPH and placebo only in the right post-commissural 

putamen (peak: t = 4.31; x = 30.6, y = -7.7, z = 1.8).  For the ADHD group, a significant 

decrease in [
11

C]raclopride binding was detected in the post-commissural putamen 

bilaterally (peak: t = 6.72; x = -27.9, y = -8.8, z = 2.2), in the pre-commissural caudate 
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bilaterally (peak: t = 5.32; x = -16.1, y = 14.2, z = 1.6), and in the right ventral striatum 

(peak: t = 4.62; x = 18.3, y = 14.0, z = -5.9)(Figure 3-9).   

 

 

Figure 3-9.  Voxel-wise t-maps showing d-AMPH-induced reductions in [
11

C]raclopride 

binding in pre-commissural caudate, ventral striatum, and pos-commissural putamen in 

the ADHD and controls groups. 
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3.6.2 The ROI Analysis  

The d-AMPH-induced %∆BP in the Limbic, Associative, and Sensorimotor 

striatal ROIs for the ADHD and Control groups are given in Table 3-3.  The d-AMPH-

induced %∆BP was significantly correlated with BDI scores at intake in the ADHD 

group (r = .56; p = .04), but not in the Control group (r = .06; p = .85).  Since the intake 

BDI scores in ADHD participants were significantly higher than Controls and also 

predicted d-AMPH-induced % ∆BP, intake BDI was entered as a covariate in the 3-way 

Group x ROI x Hemisphere ANOVA on the % ∆BP.  One ADHD and one Control 

participant were missing BDI scores at intake; their missing values were replaced by the 

mean of their respective groups to prevent the loss of those participants from the 

ANOVA.  (The ANOVA excluding those participants produced the same results.)   

 Consistent with the voxel-wise analysis, the ANOVA on the ROI data revealed a 

significant main effect of Group (F(1,25) = 5.98; p = .02), indicating that amphetamine 

produced a more pronounced decrease in [
11

C]raclopride binding in the ADHD group 

than Controls across the three ROIs.  The group difference was significant in the 

sensorimotor ROI (p = .004) and at trend level in the Limbic (p = .07) and Associative (p 

= .07) ROIs (see Figure 3-10).  The ANOVA also revealed a 3-way Group x Region x 

Drug Order interaction (F(2,25) = 5.50; p = .02), indicating that in the limbic ROI, the more 

pronounced decrease in BP in the ADHD group than Controls was only evident if the 

placebo scan took place first (ADHD vs. Controls (placebo first): F(1,25) = 5.76; p = .02), 

but not when the drug scan took place first (p > .1).  In addition, there was a significant 

Region x Hemisphere x Drug Order interaction (F(1,50) = 4.93; p = .03), driven by the fact 

that in the Associative ROI, there was a significant left > right asymmetry in d-AMPH-
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induced decrease in binding only when placebo was given first (Left > Right: F(1,25) = 4.8   

p = .04), but not when d-AMPH was given first (p > .1). 

  Limbic Associative Sensorimotor 

  Left Right Left Right Left Right 

CTRLS -5.88 ± 10.90 -6.30 ± 10.06 -3.21 ± 10.83 -4.41 ± 10.22 -3.09 ± 10.22 -3.86 ± 9.65 

ADHD -10.14 ± 11.02 -11.63 ± 11.41 -5.96 ± 11.16 -6.91 ± 11.44 -10.06 ± 11.80 -10.40 ± 12.42  

Table 3-3: d-AMPH-induced % decrease in [
11

C]raclopride binding in the Limbic, Associative, 

and Sensorimotor ROIs. 

 

 

Figure 3-10.  ROI analysis: d-AMPH-induced % decrease in [
11

C]raclopride binding in 

the ADHD vs. Controls.   A represents original data, and B represents standardized 

residuals of the % change in BP, with the effect of intake BDI removed.  The p values 

indicate the significance of the between-group differences in % change in BP in each 

region and are based on BP values extracted from the three ROIs drawn on MRIs. 
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3.7 Baseline D2/D3 Binding 

 Stimulant-induced changes in levels of extracellular dopamine at baseline have 

been postulated to be linked to baseline DA levels (Grace, 2001).  A number of previous 

studies have reported alterations in baseline binding in ADHD (Ilgin et al., 2001; Lou et 

al., 2004; Volkow et al., 2007b; Volkow et al., 2009).  Given the significant group 

difference in the ∆BP, the possibility of a group difference in baseline [
11

C]raclopride 

binding in the three striatal ROIs was also examined.  First, we tested the association 

between baseline binding and age, as these variables have previously been reported to be 

correlated (Ichise et al., 1998; Rinne, Lönnberg, & Marjamäki, 1990; Volkow et al., 

1996a). As expected, baseline binding was negatively correlated with age across all 

striatal ROIs (r = -.60; p <.0005) (see Figure 3-11).      
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Figure 3-11.  The relationship between baseline [
11

C]raclopride binding and age. 

 

Thus, in group comparisons of the baseline BP values in each ROI, Age was entered as a 

covariate. Significantly higher [
11

C]raclopride binding in the sensorimotor ROI was 

found in the ADHD group than Controls (F(1,27) = 4.11; p = .05).  There were no group 

differences in baseline binding in the other two ROIs (ps ≥ .13) (Figure  3-12). 
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Figure 3-12. Baseline binding in Limbic Striatum, Associative Striatum and Sensorimotor 

Striatum in the ADHD group vs. controls: A represents original data, and B represents 

standardized residuals of baseline BP, with the effect of age removed. 

 

3.8 Personality, Symptoms, and Neurocognition in relation to % ∆BP 

 Regression analyses were used to examine the relationship between % ∆BP in the 

three striatal ROIs and symptoms of inattention and hyperactivity as measured by the E 
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(DSM-IV Symptoms of Inattention) and the F (DSM-IV Symptoms of Hyperactivity) 

scales of the CAARS.  A Bonferroni correction for multiple comparisons yielded an 

alpha level of p = .008.  Significant quadratic associations were observed between 

hyperactivity scores and % ∆BP in the sensorimotor (r = .57; p = .008), and in the 

associative (r = .57; p = .007) ROIs across both groups.  The largest changes in 

[
11

C]raclopride binding were observed in individuals reporting moderate levels of 

activity; smaller changes were found in non-hyperactive and highly hyperactive 

individuals (see Figure 3-13). 
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Figure 3-13.  Quadratic U-shaped associations between symptoms of hyperactivity and d-

AMPH-induced % ∆BP in the sensorimotor and associative ROIs.  Square root 

transformed values for % change in BP are used, with higher values indicating greater 

decreases in [
11

C]raclopride binding. 

   

Potential associations were explored between % ∆BP and personality variables 

that have been linked to dopaminergic function, i.e. the Novelty Seeking scale on the 

TPQ, Extraversion on the NEO, and the BIS-11 scores.   No significant associations were 

found between these personality measures and % ∆BP (ps > .1).   

Finally, the relationship was examined between % ∆BP and performance on the 

neurocognitive tasks that best differentiated the ADHD group and the controls, i.e. the 

Stop Signal paradigm and the Antisaccade task (% antisaccade errors and % anticipatory 

saccades).  A Bonferroni correction for multiple comparisons (3 neurocognitive measures 

x 3 ROIs) resulted in the alpha level of p = .005.  Significant linear associations were 

observed between the proportion of anticipatory saccades and % ∆BP in the limbic (r = 
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.59; p = .005) and the sensorimotor (r = .62; p = .003) ROIs across both groups, with 

greater % change in BP associated with a greater proportion of anticipatory saccades 

(Figure 3-14). However, visual inspection of the scatter plot (Figure 3-14) revealed that 

one data point had an extreme value on % ∆BP. To ensure that the results were not being 

driven by this extreme value, we re-ran the analysis using a non-parametric correlation 

(Spearman’s Rho).  The associations between the proportion of anticipatory saccades and 

% ∆BP in the limbic (ρ = .45; p = .04) and the sensorimotor (ρ = .52; p = .02) ROIs 

remained, indicating that the extreme value did not account for the associations.  There 

was no significant relationship between % ∆BP and antisaccade error rate or SSRT. 
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Figure 3-14.  Associations between proportion of anticipatory saccades on the 

antisaccade task and d-AMPH-induced % ∆BP in the limbic and sensorimotor ROIs.  

Square root transformed values for % ∆BP are used, with higher values indicating greater 

decreases in [
11

C]raclopride binding. 

 

3.9 Subjective Response to d-AMPH in Relation to d-AMPH-Induced %∆BP 

The relationship between individual differences in % ∆BP and subjective 

response to amphetamine on the scales that showed significant drug-induced changes 

were examined using stepwise regression analyses.  No significant associations were 

observed between % ∆BP and subjective response to d-AMPH as measured by the VAS 

or the ARCI (ps > .05).  On the POMS, greater d-AMPH-induced increases in feeling 

energetic predicted larger % ∆BP in the sensorimotor ROI (r = .40; p = .03) (Figure 3-

15). 
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Figure 3-15.  Association between self-reported feeling energetic (vs. tired) subsequent to 

d-AMPH administration and d-AMPH-induced % ∆BP in the sensorimotor ROI.  Square 

root transformed values for % ∆BP are used, with higher values indicating greater 

decreases in [
11

C]raclopride binding.  Higher AUC difference values indicate more 

pronounced increases in feeling energetic on the d-AMPH scan. 

 

3.10 Voxel Based Morphometry 

The VBM analysis did not reveal any significant differences in caudate or 

putamen gray matter density between the ADHD and Control groups (p > .1). 

 

3.11 Cortical Thickness 

A vertex-wise analysis of group differences in frontal cortical thickness did not 

reveal any significant differences between the ADHD group and Controls.  Diagnostics 
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on the initial regression analyses looking at the relationship between cortical thickness 

and % ∆BP (using both the untransformed and the square root transformed data), 

indicated that one data point in the ADHD group and one data point in the Control group 

had a large influence on the regression slopes (leverage values: ≥ .2; Standardized DF 

Betas:  ≥ .35), in both cases due to a large % ∆BP.  Hence the data were reanalyzed using 

the Winsorized values for these two participants (Dixon & Yuen, 1974; Tukey, 1962), 

and the results reported below are based on the Winsorized data. Once the values for 

these two participants were Winsorized, data were normally distributed. The Group by % 

∆BP interaction term was significant for the association between % ∆BP in the 

sensorimotor striatum and cortical thickness throughout most of the frontal regions, 

predominantly in the right hemisphere. These included the following five clusters:  right 

medial superior frontal gyrus (x = 6, y = 34, z = 49) (t > 3.54; p  < .001); right middle 

frontal gyrus (x = 36, y = 52, z = 22) (t > 4.1; p  < .001); left dorsal premotor cortex (x = -

17, y = 4, z = 69) (t = 4.44; p < .001); right precentral sulcus (x = 31, y = -10, z = 63) (t > 

3.68; p < .001); and right gyrus rectus (x = 1, y = 42, z = -25) (t > 3.71; p  < .001). These 

interactions suggest a different relationship between cortical thickness and % ∆BP in 

Controls than the ADHD group.  Although this was not initially hypothesized, dissimilar 

associations between gray matter volume/ thickness and cognitive function have been 

previously observed in clinical populations versus controls (Duarte et al., 2006; Hartberg 

et al., 2010) and interpreted as evidence of disrupted structure-function relationships in 

patients.  We therefore explored the relationship between cortical thickness and DAergic 

function in each group.   
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For the Controls, thicker cortex in a cluster in the right middle frontal gyrus (x = 

36, y = 52, z = 21) was associated with smaller % ∆BP (t > 4.26; p < .001).  Conversely, 

in the ADHD group, thicker cortex in this cluster was associated with larger %∆BP (r = 

.62; p = .01), though this association did not reach significance in the within group 

vertex-wise analysis, which corrects for the number of vertices in the frontal volume.  For 

the ADHD group, thicker cortex in clusters in the right medial superior frontal gyrus (x = 

6, y = 35, z = 46), the left dorsal premotor cortex (x = -15, y = 5, z = 68), and the right 

gyrus rectus (x = 1, y = 42, z = -25), was associated with greater % ∆BP (t > 3.68; p < 

.001) (Figure 3-16).  In Controls, there were trends for thicker cortex in these regions to 

be associated with smaller % ∆BP, though these associations did not reach significance in 

the vertex-wise analyses (right medial superior frontal gyrus: r = .45; p = .09; left dorsal 

premotor cortex: r = .45; p = .09; right gyrus rectus: r = .54; p = .04). In the right 

precentral sulcus, associations of cortical thickness with % ∆BP did not reach 

significance in vertex-wise regressions in either group.  However, in line with the above 

findings, thicker cortex in this region was associated with smaller % ∆BP in Controls (r = 

.66; p = .007) and with larger % ∆BP in ADHD participants (r = .56; p = .03).   

Similar relationships were observed between cortical thickness and % ∆BP in the 

associative striatum.  The Group by % ∆BP interaction term was significant in a cluster in 

the left central sulcus (x = -36, y = -25, z = 62) (t > 3.84; p < .001).  In the Control group, 

thicker cortex in this region was associated with smaller % ∆BP (r = .47; p = .08), 

whereas in the ADHD group the direction of the association was opposite (r = .844; p < 

.0005), although vertex-wise regressions in each group did not reach significance in this 

specific locus.   
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Figure 3-16.  (A) P-maps show clusters of significant associations between %∆ BP in Sensorimotor 

striatum and frontal cortical thickness for Controls and ADHD participants; scatter plots show associations 

between %∆ BP in Sensorimotor striatum and thickness in the right medial superior frontal gyrus (x = 6, y 

= 35, z = 46).   (B) P-maps show clusters of significant associations between %∆ BP in Associative 

striatum and frontal cortical thickness for Controls and ADHD participants; scatter plots show associations 

between %∆ BP in Associative striatum and thickness in the left central sulcus (x = -36, y = -25, z = 62).   
 

3.12 Genotyping 

The distribution of the DAT1, DRD4, and COMT genotypes in the ADHD and 

Control groups are given in Appendix 1.  Across the groups, there was a non-significant 

trend for carriers of the 7-repeat allele of the 48-babse pairs DRD4 VNTR to have higher 

ADHD symptom scores than the non-carriers (main effect of Genotype: F(1,22) = 3.05; p = 

.1).  In addition, 7-repeat allele carriers had higher impulsivity scores across all subscales 

of the BIS-11 (main effect of Genotype: F(1,22) = 6.64, p = .02) and marginally higher 

Novelty Seeking scores on the TPQ (main effect of Genotype: F(1,22) = 3.83, p = .06), 

consistent with some previous reports (Faraone & Mick, 2010; Schinka et al., 2002).   
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 There were no significant effects of DRD4, DAT1, or COMT genotypes on d-

AMPH-induced change in binding (ps > .1).  
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 Converging evidence from various lines of research has strongly implicated the 

dopamine system in the pathophysiology of ADHD.  However, studies directly 

examining dopamine transmission in ADHD have yielded inconsistent findings, and the 

nature of the putative dopaminergic alterations remains poorly understood.  The present 

dissertation examined the response of the dopamine system to a d-AMPH challenge in 

treatment-naïve adults with ADHD and control participants and considered the dopamine 

response in relation to symptomatology, neurocognitive function, subjective responses to 

the drug, neuroanatomy, and genotypic variation.    

The ADHD group showed greater striatal d-AMPH induced [
11

C]raclopride 

binding (% ∆BP) than Controls, suggesting greater release of endogenous dopamine. This 

group difference was most pronounced in the sensorimotor region of interest. As 

expected, the ADHD participants also had significantly higher symptom scores, as well 

as higher self-reported impulsivity on personality measures, and performed more poorly 

on neurocognitive tasks tapping response inhibition. 

Individual differences in d-AMPH induced % ∆BP varied with ADHD 

symptomatology and inhibitory function. There was a quadratic U-shaped association 

between the d-AMPH induced % ∆BP in sensorimotor and associative ROIs and CAARS 

hyperactivity scores across both groups, with the largest % ∆BP in individuals reporting 

moderate levels of activity and smaller responses in both non-hyperactive and highly 

hyperactive individuals.  Linear relationships were observed between d-AMPH induced 

% ∆BP and proportion of anticipatory saccades on the antisaccade task.  Finally, there 

were significant linear associations between frontal cortical thickness and % ∆BP in 

associative and sensorimotor ROIs; however the direction of the association was opposite 



Chapter 4: Discussion 

121 

in the two groups.  In the control group, thicker cortex predicted smaller d-AMPH 

induced % ∆BP, in the ADHD group the relationship was reversed, with greater cortical 

thickness predicting greater d-AMPH induced % ∆BP. 

The present investigation is the first to examine d-AMPH induced % ∆BP in 

treatment naïve ADHD adults.  A previous study examined methylphenidate-induced 

dopamine response in this population. It is also the first to examine the relationship 

between neurocognitive performance, cortical thickness, genotype and d-AMPH induced 

% ∆BP. Thus, the present investigation bridges the neuroimaging literature on frontal 

abnormalities in ADHD and the neuroreceptor imaging studies suggesting alterations at 

the level of the striatal dopamine function.   

 

4.1 Demographics and Symptom Scores and Previous Drug Exposure 

The ADHD and the control groups were well-matched in terms of demographic 

characteristics, including age, years of education, and father’s socio-economic status.  

There was a trend for ADHD participants to have lower estimated Full Scale IQs than 

controls, which is in line with previous findings (Bridgett & Walker, 2006; Frazier et al., 

2004).  The ADHD group consisted of 10 participants with the Inattentive and 5 

participants with the Combined subtype, which is consistent with the reports of greater 

persistence of inattention than hyperactivity symptoms into adulthood (Brown & 

Gammon, 1995; Hart et al., 1995; Millstein et al., 1997).  As expected, the ADHD 

participants had significantly higher symptom scores as measured by the CAARS.   

 Participants were free of any current or past psychopathology (other than ADHD), 

with the exception of two ADHD participants who had a history of a single mild major 
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depressive episode.  Given the high rates of comorbidity of adult ADHD with other forms 

of psychopathology (Biederman et al., 2006; Cumyn, French, & Hechtman, 2009; 

Mannuzza et al., 1993; Weiss, 1993), our non-comorbid ADHD sample may not be 

considered highly representative.  However, lack of comorbidities allowed us to eliminate 

potential confounding influences of comorbid psychopathology on brain function and 

attribute the observed group differences to ADHD.  

Participants had very low levels of lifetime stimulant drug exposure, with no 

stimulant exposure within two years prior to participation.  The ADHD participants were 

naïve to pharmacological treatment, except for one subject who underwent a month-long 

methylphenidate trial two years previously.  The low levels of prior stimulant exposure in 

our participants allowed us to minimize the likelihood of observing sensitized stimulant-

induced dopamine responses, which can result from repeated stimulant exposure in both 

animals and humans (Boileau et al., 2006; Leyton, 2007).   Furthermore, both groups had 

very low levels of previous exposure to other drugs of abuse, which can increase 

extracellular DA levels in the striatum (Di Chiara et al., 2004; Di Chiara & Imperato, 

1988), and could also have lasting influences in dopamine system function with repeated 

use.     

 

4.2 Personality and Neurocognitive Performance 

The ADHD group demonstrated personality profile characteristics consistent with 

those previously reported in the literature.  Relative to Controls, the ADHD participants 

reported higher levels of impulsivity on the BIS-11.  The ADHD group also reported 

lower Conscientiousness, higher Neuroticism, and higher Harm Avoidance relative to 
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Controls, which has been documented previously (Anckarsater et al., 2006; Downey et 

al., 1997; Jacob et al., 2007; Nigg, 2006; Nigg et al., 2002b; Ranseen et al., 1998).  

Deficits in maintaining task focus and concentration, characteristic of ADHD, may be 

reflected in low Conscientiousness. On the other hand, higher emotional lability, negative 

emotionality, and difficulty coping with stress (Shea & Fisher, 1996; Wender, 1995) may 

be reflected in higher Neuroticism, as well as in higher Harm Avoidance scores (this 

scale includes such items as “I often have to stop what I am doing because I start 

worrying about what might go wrong” and “I need much extra rest, support, or 

reassurance to recover from minor illnesses or stress”).  Although previous studies also 

reported higher Novelty Seeking scores in ADHD participants than Controls (Anckarsater 

et al., 2006; Downey et al., 1997; Jacob et al., 2007; Tillman et al., 2003), we did not find 

this in our sample.  This was likely due to the higher Novelty Seeking scores in our 

control group (18.4 ± 4.67), than has been reported in normative data (13.0 ± 4.9) 

(Cloninger et al., 1991).  Controls with higher levels of Novelty Seeking may be more 

likely to volunteer for research involving administration of a stimulant drug and a 

radiolabeled compound. 

 The neurocognitive profile of our ADHD sample was consistent with a deficit in 

response inhibition: significant group differences were found in the SSRT and the 

proportion of reflexive directional errors and anticipatory saccades on the antisaccade 

task.  The learning curves of the ADHD group vs. Controls on the Go/No-go 

Discrimination Learning Task were also consistent with an inhibitory deficit.  Unlike 

Controls, the ADHD participants did not to show a reduction in commission errors over 

trials on the Punishment-Reward (Passive Feedback) version of the task, where correct 
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non-responses were rewarded, which suggests a failure to learn to withhold responses.   

Our finding of an inhibitory deficit is consistent with meta-analytic findings reporting 

some of the largest effect sizes for response inhibition (Nigg, 2005; Willcutt et al., 2005). 

They are also in line with a model postulating response inhibition as a core 

neuropsychological deficit in ADHD (Barkley, 1997).  Trend-level group differences 

were also detected on tasks of visual working memory (Self-Ordered Working Memory 

Tasks), verbal fluency, and visuomotor speed and set shifting (Tails A and B), as well as 

IQ.  Deficits on tasks assessing these functions have also been demonstrated repeatedly in 

ADHD, although they tended to yield somewhat smaller effect sizes in meta-analyses 

than inhibition (Nigg, 2005; Willcutt et al., 2005).  The trend level findings are likely 

attributable to our relatively small sample size; these effect sizes (d = .52 - .8) would 

require samples sizes of > 26 participants in each group to detect significant differences 

at p < .05, with a power of .8 (Cohen, 1988).   

  

4.3 Genotypes 

The low sample size does not permit any firm conclusions regarding our 

genotyping data. However, the trend for the carriers of the 7-repeat allele of the 48-base 

pairs DRD4 VNTR to have higher ADHD symptom scores, as well as higher impulsivity 

and novelty seeking is consistent with much of the previous literature (Faraone & Mick, 

2010; Schinka et al., 2002).  No significant effects of genotype on the d-AMPH induced 

% ∆BP was observed; this could reflect a true absence of association or could be 

attributable to the small sample size, considering that most of the genes we examined 

have more than two polymorphisms.   
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4.4 d-AMPH-Induced Change in [
11

C]Raclopride Binding 

The ADHD group showed a more pronounced % ∆BP than Controls, which 

suggests greater d-AMPH-induced increases in levels of endogenous DA in ADHD 

participants (Laruelle, 2000).  Assuming that the displacement of [
11

C]raclopride 

primarily reflects changes in synaptic, rather than extrasynaptic DA concentrations 

(Laruelle, 2000), d-AMPH-induced changes in BP should primarily reflect the synaptic 

DA influx from phasic bust firing, which cannot be cleared by the DAT (the primary 

clearing mechanism) due to interference from d-AMPH.  (Due to the perisynaptic 

location of the DAT, the reverse transport function of d-AMPH would primarily result in 

a rise in extrasynaptic, rather than synaptic DA concentrations (Caron & Gainetdinov, 

2010).)  Although the [
11

C]raclopride PET method does not distinguish between changes 

in binding due to tonic vs. phasic DA levels, given that phasic DA effluxes are orders of 

magnitude higher than tonic DA concentrations, phasically released synaptic DA might 

contribute most of the ∆BP signal.  Hence, the finding of greater decreases in 

[
11

C]raclopride binding in the ADHD group could be interpreted as evidence of  

augmented phasic DA release. Such an interpretation would be in line with Grace’s 

model of ADHD which postulates augmented phasic DA release ensuing from 

abnormally low striatal DA tone (Grace, 2001).  According to Grace’s model, the 

blockade and transport reversal by d-AMPH by stimulants at therapeutic doses would 

increase DA tone; this has the downstream effect of stimulating D2 autoreceptors and 

attenuating phasic DA efflux (Grace, 2001; Seeman & Madras, 2002).  
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We found that ∆BP in limbic and sensorimotor ROIs was linearly related to the 

proportion of anticipatory saccades on the antisaccade task – a behavioral measure of 

impulsivity – with those generating more anticipations having greater ∆BP in response to 

d-AMPH. DA levels in the striatum might modulate the activity of output neurons in the 

superior colliculus via effects on D1 receptors (Hikosaka, Takikawa, & Kawagoe, 2000).  

Stimulation of striatal D1 receptors causes inhibition of the substantia nigra pars 

reticulata, which weakens its tonic inhibition of the superior colliculus, making saccades 

more likely to occur.  Thus, higher DA levels in the striatum would result in weaker 

inhibition of saccades.  The fact that similar associations were not observed between ∆BP 

and antisaccade errors or SSRT was not predicted, and thus any explanation is necessarily 

speculative.  However, it is possible that anticipatory errors could reflect different 

cognitive processes than those involved in antisaccade directional errors.  While 

antisaccade errors tap the ability to inhibit a prepotent response, anticipatory errors are 

made when no peripheral target is present and thus might index other functions 

implicated in ADHD, such as delay aversion (Sonuga-Barke, 2002). Sonuga-Barke’s dual 

pathway model of ADHD proposes that inhibitory errors are related to the mesocortical 

branch of the DA system, while the delay aversion symptoms are linked to mesolimbic 

DA circuitry subserving reward processing.  That antisaccade inhibitory errors are 

dissociable from the processes involved in anticipations is supported by an empirical 

study of the factor structure of the antisaccade task, which found anticipations to load on 

a different factor than antisaccade errors (Klein, 2001).   

The relationship between hyperactivity levels and d-AMPH induced change in 

[
11

C]raclopride binding was quadratic rather than linear, with a tendency toward a more 
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attenuated DA response in highly than in moderately hyperactive individuals. This 

finding could reflect a more rapid down-modulation of phasic DA release in the highly 

hyperactive individuals, resulting from a more pronounced augmentation in DA tone in 

these participants.  Grace’s (2001) model predicts stronger therapeutic effects of 

stimulants in those with more severe symptoms than in those with less severe symptoms 

by the means of a greater/ more rapid augmentation of DA tone and attenuation of phasic 

release. This hypothesized association is consistent with reports of the greatest clinical 

response to stimulants in patients with the most severe ADHD symptoms and with rate-

dependency of behavioral effects of stimulants, where stimulant-induced changes in the 

rate of responding are negatively associated with the baseline rate of responding 

(Buitelaar, Van der Gaag, Swaab-Barneveld, & Kuiper, 1995; Robbins & Sahakian, 

1979), as well as with reports of the greatest clinical response to stimulants in patients 

with the most severe ADHD symptoms (Buitelaar et al., 1995; Robbins & Sahakian, 

1979). Findings supporting an inverted U relationship between behavioral function and 

DA levels are abundant for the PFC (Goldman-Rakic, Muly, & Williams, 2000; Robbins, 

2000; Seamans & Yang, 2004), and have recently been reported for some striatal 

measures: for example, smaller MPH-induced [
11

C]raclopride displacements of 

endogenous DA were associated with improved reversal learning performance, whereas 

larger displacements were associated with impaired performance, and the opposite 

relationship was reported for spatial working memory (Clatworthy et al., 2009). The type 

of relationship between DAergic transmission and cognitive measures, linear vs. 

quadratic, may vary with linear effects reported for some measures and quadratic for 

others (Allman et al., 2010).  Differing relationships are consistent with the notion that 
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for a given individual, a given level of DA transmission may be associated with different 

levels of performance on different motor and cognitive functions (Cools, 2006; Robbins 

& Arnsten, 2009).  The finding here that symptoms of hyperactivity/impulsivity were 

quadratically related to ∆BP and proportion of anticipatory saccades were linearly related 

are less surprising given that the correlation between these two variables was low, 

suggesting they measure independent constructs.  

 The larger ∆BP in ADHD participants than Controls could have resulted from an 

increased DAT density in ADHD participants (Cheon et al., 2003; Dougherty et al., 1999; 

Dresel et al., 2000; Krause et al., 2000; Larisch et al., 2006; Spencer et al., 2005).  The 

interference of d-AMPH with DA reuptake would be expected to result in greater net 

increases in levels of synaptic DA in individuals with higher DAT density.  This 

mechanism of producing greater increases in synaptic DA levels could be complementary 

to augmented phasic DA release, since DAT downregulation and upregulation can occur 

under the conditions of low and high DA activity, respectively (reviewed in (Zahniser & 

Doolen, 2001)).  Hence, an augmented phasic DA release in ADHD participants would 

also be expected to produce a concomitant DAT upregulation.  Treatment with 

stimulants, putatively causing a down-modulation of the phasic DA release, has been 

found to result in a downregulation of surface DAT levels in ADHD participants (Vles et 

al., 2003).  Thus, our finding of a grearter d-AMPH induced ∆BP could reflect either and 

augmented phasic DA release or an increased DAT density in ADHD participants, or 

both.  The method does not allow us to differentiate among these possibilities. 

 The larger d-AMPH induced ∆BP in ADHD participants than controls was only 

observed in the limbic ROI only when the d-AMPH scan occurred after the placebo scan.  
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For Controls, but not ADHD participants, ∆BP was greater when the d-AMPH scan took 

place first.  The larger ∆BP in Controls who received the drug scan first can be 

understood in terms of the effects of novelty on DA.   Responses to novelty are thought to 

be mediated by the mesolimbic DA system (Hooks, Jones, Smith, Neill, & Justice, 1991; 

Marinelli & White, 2000; Piazza, Deminiere, Le Moal, & Simon, 1989; Pierce, Crawford, 

Nonneman, Mattingly, & Bardo, 1990). When the first scan was drug, BP would have 

reflected the combined effects on DA of both d-AMPH and the novelty of the scanner 

environment. When the placebo scan took place first, novelty of the scanner environment 

would have had the opposite effect on ∆BP due to novelty-induced DA increases 

occurring on the placebo scan.   Unlike in the Controls, order had no effect on ∆BP in the 

ADHD group.  The fact that the between group differences in the limbic region were 

significant only when the drug was received in the second scan suggests that Controls 

showed greater habituation to the scanner environment between the first and second scans 

(so BP reflected only the effects of drug); ADHD participants did not show this effect, 

possibly due to the higher levels of neuroticism in this group or to the aversive nature of 

the requirement to stay still in the scanner.   

An alternative explanation could be that the Controls experienced a negative 

prediction error on the placebo scan when it took place after the drug scan.  Since the 

majority of participants were stimulant naïve and blind to whether they were receiving 

dug or placebo, Control participants may have developed an implicit expectancy, after 

experiencing the drug on the first scan, of having a similar subjective experience on the 

subsequent scan.  Midbrain DA neurons are hypothesized to encode reward prediction 

error by increasing firing in response to an expected reward and reducing firing in 
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response to a lack of an expected reward (Bayer & Glimcher, 2005; Glimcher, 2011; 

Schultz, Dayan, & Montague, 1997).  Not experiencing subjective effects of the drug on 

the second (placebo) scan may have led the Controls to experience a negative prediction 

error (omission of an expected reward).  The ADHD participants may not have developed 

this expectancy, which could point to an alteration in expectancy learning mechanisms, 

consistent with previous findings of altered neural correlates and behavioral measures of 

anticipation and prediction (Elbaz, 2000; O'Driscoll et al., 2005; Perchet et al., 2001; 

Pliszka et al., 2000).   

 The finding of greater ∆BP in the ADHD group than Controls is in agreement 

with a previous finding that higher scores on a behavioral measure of inattention and 

impulsivity were associated with greater MPH-induced DA responses in the ventral 

striatum in adolescents with ADHD (Rosa-Neto et al., 2005).  The magnitude of MPH-

induced ∆BP in the ADHD participants reported by that study (12 %) was within a 

standard deviation to that observed in our ADHD sample (10 %).  However, our results 

are not consistent with a previous report of a blunted MPH-induced DA response in the 

caudate of adults with ADHD compared to healthy controls (Volkow et al., 2007b).  This 

discrepancy could potentially be attributed to differences in the participant sample and 

the study design, as well as to the differences in the route of drug administration. All of 

our participants were male, whereas the study by Volkow et al. (2007) included males 

and females, with more females in the ADHD than Control group (ADHD: 52.6% 

women; Controls: 25% women).  Given previous reports suggesting a less pronounced 

stimulant-induced striatal DA response in females than males (Munro et al., 2006; 

Riccardi et al., 2006b), their finding of a blunted MPH-induced DA response in ADHD 
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participants may be partly attributable to the higher proportion of women in the ADHD 

group.  In addition, despite a large proportion of women in their sample, Volkow et al. do 

not report controlling for the phase of the menstrual cycle in their female participants.  

Given that sex steroids such as estradiol and progesterone affect DA transmission 

(Becker & Cha, 1989; Lévesque & Di Paolo, 1988; Pasqualini, Olivier, Guibert, Frain, & 

Leviel, 1995), as well as and subjective, sympathetic, and DAergic responses to 

stimulants (Becker, 1990a; Becker, 1990b; Evans & Foltin, 2005; Justice & de Wit, 2000; 

Lile, Kendall, Babalonis, Martin, & Kelly, 2007; Sofuoglu, Dudish-Poulsen, Nelson, 

Pentel, & Hatsukami, 1999), uncontrolled differences in menstrual cycle phase between 

placebo and drug could have affected their Volkow et al. results.   

Another possible explanation for the difference between our findings and the 

Volkow et al. findings relates to previous drug exposure. While drug abuse and 

dependence were exclusion criteria in the Volkow et al. study, participants’ lifetime 

recreational drug exposure (including stimulants) is not reported.  Recent findings by our 

group suggest that the greater amounts of life-time recreational drug use in non-addicted 

individuals are associated with less pronounced d-AMPH-induced reductions in BP 

(Casey et al., Submitted).  ADHD participants are likely to have had more previous 

recreational drug use than Controls, given that abuse rates are higher in ADHD 

(Sobanski, 2006), and more previous cumulative clinical exposure to stimulants (which is 

not reported in the study), either of which could have contributed to the blunted DAergic 

response.   
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4.5 Frontal Cortical Thickness in Relation to d-AMPH-Induced ∆BP 

We found significant linear associations between frontal cortical thickness and % 

∆ BP in sensorimotor and associative ROIs.  However, the direction of the association 

was opposite in ADHD participants and Controls.  In the control group thicker cortex 

predicted smaller d-AMPH induced ∆BP, an association also observed in a different 

sample of control participants from another study by our group (Casey et al. in 

preparation).  In the ADHD group, however, the relationship was reversed, with greater 

cortical thickness predicting greater d-AMPH induced ∆BP. 

Studies in animals have provided convincing evidence that the frontal cortex 

modulates striatal DAergic transmission.  PFC lesions have been found to enhance DA-

mediated behaviours, such as amphetamine-induced hyper-locomotion and stereotypy 

(Adler, 1961; Jaskiw et al., 1990; Lynch, Ballantine Ii, & Campbell, 1971), and to result 

in elevated measures of subcortical DA transmission (Jaskiw et al., 1990; Pycock et al., 

1980), suggesting that PFC might exert inhibitory influences on subcortical DA function.  

Likewise, there is evidence from clinical studies in humans that PFC dysfunction is 

associated with augmented striatal 6-flurodopa uptake and d-AMPH-induced reductions 

in [
11

C]raclopride BP (Bertolino et al., 2000; Meyer-Lindenberg et al., 2002).  Studies 

examining the effects of frontal stimulation on levels of striatal DA have shown that 

while chemical and high frequency (60-200 Hz) electrical stimulation produces increases 

in burst activity of midbrain DA neurons and striatal DA release (Karreman & 

Moghaddam, 1996; Murase et al., 1993; Nieoullon, Cheramy, & Glowinski, 1978; Taber 

& Fibiger, 1995; Taber & Fibiger, 1993; You et al., 1998), stimulation at frequencies 

naturally occurring during cognitive tasks (10 Hz) can inhibit striatal DA release (Jackson 
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et al., 2001).  High frequency repetitive transcranial magnetic stimulation (rTMS) of 

prefrontal and motor regions in humans and non-human primates was also found to 

induce striatal DA release as measured by [
11

C]raclopride PET (Ohnishi et al., 2004; 

Strafella, Paus, Barrett, & Dagher, 2001; Strafella, Paus, Fraraccio, & Dagher, 2003).  

Although these findings have been viewed as evidence of excitation of striatal DA 

transmission by frontal glutamatergic afferents, they could also be interpreted as resulting 

from interference with the inhibitory influence of frontal regions over subcortical DA, as 

high frequency rTMS has been reported to disrupt prefrontal functions, such as inhibition 

of over-learned responses (Jahanshahi et al., 1998; Knoch et al., 2006).   

In Controls, given a negative association between frontal cortical thickness and 

the magnitude of d-AMPH induced DA responses, thicker frontal cortex could be 

postulated to provide a more powerful inhibitory influence over striatal DA function, 

resulting in more attenuated DAergic responses to the drug.  The mechanism of inhibitory 

regulation of striatal DA function could involve glutamatergic projections from the PFC 

to the striatal medium spiny GABAergic neurons, which in turn project to and could 

inhibit the firing of the midbrain DA neurons (Doherty & Gratton, 1997; Morari, 

O'Connor, Ungerstedt, Bianchi, & Fuxe, 1996; Sesack & Pickel, 1992).  Alternatively, it 

could involve glutamatergic projections from the PFC directly to the midbrain 

GABAergic neurons leading to the inhibition of midbrain DA neurons (Carr & Sesack, 

2000; Morari et al., 1996).  Indeed, disruption of glutamatergic transmission with 

ketamine in humans lead to an augmentation of d-AMPH-induced DA release as 

measured by [
123

I]IBZM PET (Kegeles et al., 2000).   
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In ADHD participants, the direction of this association was reversed, with thicker 

cortex predicting more pronounced DA responses.  Clearly this suggests there may be a 

different functional significance of frontal cortical thickness in ADHD participants as a 

group.  Divergent associations between gray matter volume and thickness and cognitive 

function have been previously reported in clinical populations versus healthy controls 

(Duarte et al., 2006; Hartberg et al., 2010) and in different age groups of healthy adults 

(Gautam, Cherbuin, Sachdev, Wen, & Anstey, 2011).  The relationship between brain 

structure and function is complex.   For example, although many studies have found that 

larger gray matter volume and thickness of prefrontal regions were associated with better 

cognitive performance (Chee et al., 2009; Fjell et al., 2006; Gautam et al., 2011; 

Gunning-Dixon & Raz, 2003; Hartberg et al., 2010; Head, Kennedy, Rodrigue, & Raz, 

2009; Head, Rodrigue, Kennedy, & Raz, 2008; Milad et al., 2005; Narr et al., 2007; Raz, 

Gunning-Dixon, Head, Dupuis, & Acker, 1998; Raz et al., 2008; Sowell et al., 2004; 

Walhovd et al., 2006; Westlye et al., 2011), others have found negative associations 

between prefrontal volume and cognitive performance in older adults (Duarte et al., 2006; 

Elderkin-Thompson, Ballmaier, Hellemann, Pham, & Kumar, 2008; Gautam et al., 2011; 

Salat, Kaye, & Janowsky, 2002; Van Petten et al., 2004).  While positive structure-

function relationships have been usually explained in terms of the ‘bigger is better’ 

hypothesis, the negative relationships have been explained in terms of inadequate pruning 

(Chantome et al., 1999; Foster et al., 1999; Gautam et al., 2011), which (along with 

myelination) likely contributes to normal thinning of the frontal cortical grey matter 

during adolescence and early adulthood (Hensch, 2004; Huttenlocher & Dabholkar, 1997; 

Toga, Thompson, & Sowell, 2006).  This thinning is preceded by initial thickening in 
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childhood and followed by stabilization in later adulthood (Shaw et al., 2006a; Shaw et 

al., 2008; Sowell et al., 2003a; Sowell et al., 2004).  Trajectories of cortical development 

characterized by more rapid cortical thinning in the frontal regions in adolescence were 

found to be associated with higher intelligence scores (Shaw et al., 2006a).  Likewise, 

frontal cortical thickness in adolescents was found to correlate inversely with executive 

function performance (Tamnes et al., 2010), as well as with task-related activations in the 

same regions (Lu et al., 2009), consistent with adolescent cortical thinning supporting 

cognitive development.   

Trajectories of frontal cortical development in ADHD children have been found 

to lag behind those of typically developing controls (Shaw et al., 2007a). Typically 

developing children attained peak thickness in the middle, superior, and medial prefrontal 

cortex up to 5 years earlier than children with ADHD.  The rate of adolescent cortical 

thinning was also slower for youths with ADHD, with more severe symptom scores 

predicting slower rates of thinning (Shaw et al., 2011).  Notably, regions of association 

between cortical thickness and striatal DA responses in our data are contained within the 

more extensive frontal regions marked by a developmental delay in Shaw’s et al (2007) 

ADHD participants.  They also overlap with the regions whose thinning associated with 

symptom scores (Shaw et al., 2011).  Because of the limited age range examined, that 

study was unable to investigate cortical developmental trajectories of the two groups at 

the stage where adolescent cortical thinning levels off and gives way to adult stabilization 

of cortical dimensions.  However, the authors predicted that attainment of the static adult 

phase of cortical development would be delayed in those with ADHD (Shaw et al., 

2007a).  If this prediction is accurate, within a group of ADHD adults, thinner cortex may 
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be associated with more significant delays in cortical development.  Thus, thicker cortex 

among ADHD participants may signify a less mature cortex with insufficient pruning and 

hence less effective inhibitory regulation of subcortical DA function explaining the 

direction of the association in our data.   

Alternatively, the opposite relationships between cortical thickness and d-AMPH-

induced DA responses in the ADHD participants and Controls could reflect different 

aspects of fronto-striatal connectivity.   Since anatomical architecture exists that could 

support both excitatory and inhibitory influences of the PFC on striatal DAergic function, 

it is possible that the excitatory and inhibitory frontal influences are differentially 

apparent in the two groups.  Specifically, prefrontal glutamatergic afferents to 

GABAergic striatal and midbrain neurons likely inhibit DA firing (Carr & Sesack, 2000; 

Sesack & Grace, 2010; Sesack & Pickel, 1992), but those that synapse directly on the 

DAergic midbrain neurons (Carr & Sesack, 2000; Sesack & Carr, 2002; Sesack & Pickel, 

1992) likely excite DA neuron burst firing (Sesack & Carr, 2002).  Prefrontal 

glutamatergic afferents also synapse on to the dendritic spines of striatal medium spiny 

neurons in close proximity to DA neuron terminals (Bouyer, Park, Joh, & Pickel, 1984; 

Sesack & Pickel, 1992), and application of glutamate to striatum promotes dopamine 

release (Cheramy, Romo, Godeheu, Baruch, & Glowinski, 1986; Keefe et al., 1992; 

Leviel, Gobert, & Guibert, 1990).  Thus, negative association between cortical thickness 

and DA responses in Controls could preferentially reflect the inhibitory influences via 

afferents to striatal and midbrain GABAergic neurons, whereas the positive association in 

ADHD participants could preferentially reflect the excitatory influences via afferents to 

DAergic neurons.   
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 Unlike, previous studies in adults (Almeida et al.; Makris et al., 2007) we did not 

find significant cortical thinning in frontal regions of our ADHD group relative to 

Controls, nor did we find thickening of any area in motor cortex as reported by Shaw and 

colleagues (2007). However, previous studies were larger making them more powerful to 

detect between group differences (Cohen, 1988).  In addition, these studies included 

participants with psychiatric comorbidities, which may have resulted in more 

pathological ADHD samples. 
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A number of limitations need to be considered in interpreting the finding of the 

present study.  Probably the most the most significant of the limitations is the relatively 

small d-AMPH-induced decreases in [
11

C]raclopride binding observed in our control 

group.  Oral administrations of d-AMPH typically result in ≈10% decreases in BP 

(Boileau et al., 2006; Boileau et al., 2007; Clatworthy et al., 2009; Leyton et al., 2002; 

Narendran et al., 2010; Volkow et al., 2004; Volkow et al., 2007b; Volkow et al., 2001; 

Volkow et al., 2002b), which is higher than the ≈ 4.5% ∆BP across the 3 ROIs in our 

Controls, though our ∆BP is within or sometimes slightly beyond 1 standard deviation of 

the mean in the other studies (Table 5-1).  However, our Control participants 

demonstrated both significant cardiovascular and subjective responses to the drug, and 

these were similar in magnitude to those observed in ADHD participants.  As well, the 

plasma amphetamine levels were nearly identical in the two groups.  Thus, the relatively 

small ∆BP in the controls is somewhat at odds with the other effects of the drug in the 

same individuals.  

As can be seen from Table 5-1, there is considerable variability in stimulant-

induced reductions in [
11

C]raclopride BP values across studies, with some studies 

reporting ∆BP values almost twice as high as others.  Although the ∆BP values in our 

Controls are at the low end of this distribution, values in this range are not 

unprecedented.  An earlier study from our group using an identical protocol (Leyton et 

al., 2002) found a significant 11% d-AMPH-induced BP reduction in the ventral striatum 

of healthy adult males (with no significant BP decreases in other ROIs).  Our ∆BP values 

of 6% in the ventral striatum are within one standard deviation of the mean of Leyton et 

al. (2002).  Another study found that a lower dose of MPH (~.2mg/kg) did not produce 
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significant BP decreases on its own, but did so only when combined with a task requiring 

solving mathematical problems for a potential reward (Volkow et al., 2004).   

The variability in ∆BP values across studies is not surprising given the substantial 

individual differences in stimulant-induced ∆BPs within studies with both oral and 

intravenous stimulant administrations (Table 5-1).  Such inter-individual variability in 

[
11

C]raclopride BP responses to stimulants is likely in large part due to individual 

differences in the characteristics of the striatal DA system and metabolic function.   

However, some of the variability may be also related to methodological factors.  

The [
11

C]raclopride PET method does not provide a direct measurement of 

endogenous DA levels in the striatum, and the competition model (described in the 

Introduction) does not fully describe the relationship between benzamide ligand binding 

and endogenous DA levels (Ginovart, 2005; Laruelle, 2000).  Indeed, as mentioned 

earlier, the observed linear relationship between d-AMPH-induced changes in 

extracellular DA levels and tracer BP is not reliably present within individual subjects 

(Breier et al., 1997). 
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Study N 

CTRLS 

Challenge Dose Mode ∆BP Controls 

Volkow et al, 1994 15 MPH 0.5mg/kg IV -23 15% 

Volkow et al, 1997 23 MPH 0.5mg/kg IV -21 13% 

Wang et al, 1999 7 MPH 0.5mg/kg IV -18 9% 

Volkow et al, 1999a 
 

7 MPH 0.5mg/kg IV -18 ± 9% 
-13 ± 9% 

Volkow et al, 1999b 

 

14 MPH .25mg/kg 

.5mg/kg 

IV ~ 20% 

Volkow et al, 2001 11 MPH 0.8±0.11 

mg/kg 

oral -20 ± 12% 

Volkow et al, 2002 10 MPH 60 mg  
(~ 

.8mg/kg) 

oral -16 ± 8% 

Volkow et al, 2003 14 MPH .5mg/kg 
.25mg/kg 

IV -22±9% 
-20±4% 

Volkow et al, 2004 16 MPH 20 mg 

~.2mg/kg 

oral Ns change 

Volkow et al, 2007 19 MPH .5mg/kg oral Caudate: -14% 
Putamen: - 23% 

Clatworthy et al, 2009 10 MPH 60 mg  

(~ 

.8mg/kg) 

oral 

 

VS: -15 %; 
AC:-3%; PC:-12% 
AP:-9%; PP:-22% 

Breier et al, 1997 12 d-Amph 0.2mg/kg IV -15.5  6% 

Drevets et al, 2001 7 d-Amph .3 mg/kg IV Striatum: -11 ± 7% 
VS: -15 ± 11% 

DC:-4±8%; Mid Caud:-11±12% 
DP: -10 ± 10%; VP: -14 ± 10% 

Martinez et al, 2003 14 d-Amph .3 mg/kg IV Limbic: −15 ± 12% 
SM: −16 ± 10% 
Assoc: −8 ± 7% 

Oswald et al, 2005 16 d-Amph .3 mg/kg IV (L)VS  -11±5 %; (R)VS  -9 ± 6 % 
(L)DP -17±5 %; (R)DP -17 ±5% 
(L)DC  -5±5 %; (R)DC  -4 ± 3 % 

Oswald et al, 2006 43 d-Amph .3 mg/kg IV AP: -13 ± 6; PP: -20 ± 7 
AC: -7 ± 6 ; PC: -10 ± 7 

VS: -12 ± 6 

Schneier et al, 2009 13 d-Amph .3mg/kg IV Limbic : -13.06 ±7.04 
Assoc: -5.15 ±4.61 
SM : -15.78 ± 6.21 

Leyton et al, 2002 8 d-Amph .3 mg/kg oral VS: -10.7 ± 9.5% 

Cardenas et al, 2004 12 d-Amph .3mg/kg IV VS: 13 ± 5% 

Boileau et al, 2006 10 d-Amph .3 mg/kg oral VS:−17.7%±9% 
DPP:−7.3%±3% 

Boileau et al, 2007 9 d-Amph .3 mg/kg oral VS: -22.24 ±18% 
DPP:-11.48±10% 
DP: -11.42 ±7% 

Narendran et al, 2010 10 d-Amph .5 mg/kg oral VS: -9.7±4.4 
Caud: -8.4 ± 4.2 
Put: -14.7 ± 4.8 

Cherkasova et al 15 d-Amph .3 mg/kg oral Limbic: -6.09 ± 10.45% 
Assoc: -3.81 ± 10.5% 

SM: -3.5 ± 9.5% 

Table 5-1.  Methylphenidate (MPH) and d-amphetamine (d-Amph)-induced ∆BP in healthy controls.  VS = 

ventral striatum; AC = anterior caudate; PC = posterior caudate; AP = anterior putamen; PP = posterior 

putamen; DC = dorsal caudate; DP = dorsal putamen; DPP = dorsal posterior putamen;VP = ventral 

putamen; SM = sensorimotor; Asscoc = Associative; (L) = left; (R) = right 
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Other factors besides changes in endogenous DA levels have been proposed to 

contribute to changes in [
11

C]raclopride BP.  One such factor, as mentioned earlier, is 

affinity state configuration of D2/D3 receptors, as raclopride binds to DA receptors in 

both affinity states, while dopamine only binds to receptors in the high affinity state 

(George et al., 1985; Richfield et al., 1989; Seeman & Grigoriadis, 1987; Sibley et al., 

1982; Zahniser & Molinoff, 1978). DA receptors can convert between states of high and 

low affinity (Sibley et al., 1982), which could also contribute noise to the observed ∆BP 

values.  Another potential factor contributing to variability in ∆BP values could be is G-

protein-coupled receptor internalization in the presence of a DA receptor agonist (Sun et 

al., 2003; Vickery & von Zastrow, 1999), which makes a subset of receptors unavailable 

for binding. 

A important methodological limitation of the present study is that measurement of 

specific activity of [
11

C]raclopride was not possible for all participants on all scans due to 

technical constraints.  Specific activity refers to radioactive yield of the radioligand per 

unit of mass.  While the radioactivity level of the tracer delivered to a given participant 

was always measured, the total mass of the ligand over which the radioisotope was 

distributed was not determined for the majority of the scans.  On the minority of scans 

where measurement of specific activity was taken, the specific activity values were in the 

desired range (injected mass 2.7 - 4μg or 0.02 - 0.06 μg/kg). Values reported in previous 

studies injected masses of around 2μg (Martinez et al., 2003; Narendran et al., 2010; 

Volkow et al., 1994; Volkow et al., 2007b; Volkow et al., 1999).  Thus in the scans for 

which data were available, the specific activity is in the desired range. 
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The absence of measurement of the effect of the drug on neurocognitive function 

in our participants limited our ability to examine the functional significance of the DA 

system’s response to the drug challenge.  It may have been informative to investigate 

whether the magnitude of d-AMPH-induced decreases in BP was associated with changes 

in neurocognitive performance with the same drug dose. However, the cognitive battery 

in our study included tasks with large practice effects, such as the Trails A and B, the 

Tower of Hanoi, and the Antisaccade task (Beglinger et al., 2005; Ettinger et al., 2003; 

Ronnlund, Lovden, & Nilsson, 2008), which could confound the findings with repeated 

battery administrations.  However, future studies could address this question using tasks 

that are relatively unsusceptible to practice effects, such as the SSRT (Logan et al., 1984). 

 Certain characteristics of our participant sample also limit our conclusions.  We 

excluded participants with psychiatric comorbidities to ensure homogeneity and purity of 

our sample and maximize the likelihood of the observed findings being attributable to 

ADHD.  However, comorbidities are a rule rather than an exception in adults with 

ADHD: 65 - 85 % of ADHD adults suffer from at least one additional comorbid disorder 

(Sobanski, 2006).  Thus, our recruitment strategy may have resulted in an unusually well-

adapted and high-functioning group of ADHD participants.  This may render it difficult 

to generalize our finding to the majority of adults with ADHD who have psychiatric 

comorbidities.  However, the inclusions of participants with comorbidities requires 

statistical controls that are not efficient given the wide variety of possible comorbidities.  

Our sample was also exclusively male.  Future studies should examine amphetamine-

induced dopamine responses in female ADHD participants.  Finally, our sample 

comprised ADHD participants with the predominantly inattentive subtype and those with 
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the combined subtype, and our sample size did not permit separate analyses for each 

subtype.  It is currently debated in the field whether ADHD subtypes are best 

conceptualized as components of a unitary construct or as diagnostically distinct 

categories, representing different sets of problems and different neural substrates 

(Diamond, 2005).  Future studies on the effects of subtype on d-AMPH-induced DA 

release in ADHD could shed additional light on this issue.  

 One important area for future studies to examine is frontal dopaminergic function 

in ADHD.  A wealth of both direct and indirect evidence points to the PFC as a 

significant locus of dysfunction in ADHD (see Introduction).  Yet no studies to date have 

looked at prefrontal dopaminergic transmission in ADHD.  A new high affinity D2/D3 

receptror radioligand [
18

F]fallypride has been recently successfully used to image D2/D3 

receptor availability in extrastriatal regions both at baseline and with an amphetamine 

challenge (Mukherjee et al., 2002; Mukherjee et al., 2005; Riccardi et al., 2008; Riccardi 

et al., 2006a).  Further, since stimulation of D1 receptors has been found especially 

important for executive functions such as working memory (Goldman-Rakic et al., 2000; 

Seamans & Yang, 2004), [
18

F]fallypride could in the future be used in conjunction with 

D1 receptor ligands, such as SKF 82957, SCH 23390 to measure prefrontal DA function 

in ADHD. 
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Appendix 1. Distribution of DAT1, DRD4, and COMT genotypes across the ADHD and 

the control groups. 

 

  Polymorphism Controls ADHD 

  10/10 60% 50% 

DAT 3' UTR VNTR 9/10 30% 42.86% 

  9/9 10% 0% 

  8/9 0% 7.14% 

DAT1 Exon 9 SNP  AA 50% 64.29% 

(rs6347) AG 37.50% 35.71% 

 GG 12.50% 0% 

DAT1 Intron 9 SNP  AA 70% 78.57% 

(rs8179029) AG 30% 21.43% 

 2/2 0% 7.14% 

  2/4 20% 28.57% 

DRD4 exon III 48-  4/4 60% 35.71% 

bp VNTR 4/6 10% 0% 

  4/7 10% 28.57% 

 val/val 10% 14.29% 

COMT val/met val/met 30% 42.86% 

  met/met 60% 42.86% 

 


