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The Neurobiological Basis of Attention-Deficit/Hyperactivity Disorder Amy F.T. Arnsten, PhD, Craig W. Berridge, PhD, and James T. McCracken, MD



ABSTRACT



FOCUS POINTS



Attention-deficit/hyperactivity disorder (ADHD) is a common childhood-



• The prefrontal cortex (PFC) regulates attention and behavior; lesions to the PFC induce a profile of poor sustained attention, distractibility, impulsivity, disorganization, and poor planning. • Functional and structural imaging studies of subjects with attention-deficit/hyperactivity disorder (ADHD) reveal differences in prefrontal cortical circuits and poor performance on PFC tasks. • PFC function is robustly moderated by catecholamines— high or low levels of norepinephrine-engaging postsynaptic α2A adrenoceptors and dopamine-engaging D1 receptors are associated with reduced function. • ADHD is highly heritable. Genetic studies suggest that several genes involved in catecholamine signaling may confer a portion of risk for ADHD, including some genes that have been associated with poor sustained attention and reduced executive functions. • Most pharmacologic treatments for ADHD influence catecholamine neurotransmission. Therapeutic doses of stimulants increase norepinephrine and dopamine in key cortical regions that are presumed to lead to improved PFC function.



onset neuropsychiatric disorder characterized by cardinal features of inattention, locomotor hyperactivity, and poor impulse control. Research indicates that ADHD is associated with alterations in the higher cortical circuits that mediate attention and behavioral control. Given the prominent role of the prefrontal association cortex in regulating cognition and behavior through its extensive connections to sensory and motor cortices as well as subcortical structures, impairments in prefrontal function are believed to underlie many of the behavioral features of ADHD. Prefrontal cortex is sensitively modulated by numerous neurotransmitters including catecholamines, and changes in levels of dopamine-1 and norepinephrine α2A-adrenoceptor stimulation are associated with prominent effects on prefrontal function. Effective treatments for ADHD (including stimulants, atomoxetine, and guanfacine) influence catecholamine signaling in the prefrontal cortex and are believed to ameliorate ADHD symptoms via their effects on improved prefrontal cortical regulation of attention and impulse control.



by inattention, poor impulse control, and hyperactivity. Recent advances in molecular and cognitive neuroscience are beginning to clarify how dysfunction in brain regions regulating higher-order processes may underlie many of the core features of ADHD. These prefrontal association regions regulate atten-



INTRODUCTION Attention-deficit/hyperactivity disorder (ADHD) is a prevalent childhood-onset neuropsychiatric disorder characterized
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tion, impulse control, and cognitive and behavioral responses to various situations and stimuli. In particular, the right prefrontal cortex (PFC), which is essential for inhibiting inappropriate impulses,1 demonstrates structural and functional differences in imaging studies of subjects with ADHD.2 It is well established that prefrontal cortical function is tightly influenced by catecholamines, including norepinephrine (NE) and dopamine (DA),3 with a prominent dose-response relationship. Awareness of the small, but perhaps significant, role of several purported catecholamine genes as risk alleles for ADHD, and initial demonstrations of reduced dopamine release from in vivo studies,3,4 have contributed to continued hypotheses of catecholamine dysfunction in ADHD. Furthermore, the role of catecholamine dysfunction has found additional support from the mechanism of many ADHD treatments, since most medications that effectively treat ADHD affect catecholamine transmission in the PFC.5 These treatments are viewed as enhancing prefrontal cortical regulation of attention and behavior, thereby ameliorating ADHD symptoms.5 Key elements of this increasingly cohesive story are reviewed here.



Temporal Association Cortices The temporal association cortices process visual and auditory information—the inferior regions are devoted to visual processing and the superior regions mediate auditory processing. Extensive research on the visual cortices has shown that the processing of visual stimuli proceeds as a “ventral stream” of information from the primary visual cortex in the occipital lobe through progressive levels of analyses by the inferior temporal cortices. Damage to the inferior temporal cortices in both hemispheres can result in agnosia, an inability to recognize and attach meaning to sensory information.9 Physiologic recordings of neuronal activity in monkeys support the importance of this cortical region in visual recognition, and distinct columns of neurons are devoted to specific stimulus features (eg, a face in profile versus a face in full view).12 Interestingly, repeated exposure to the same visual stimulus leads to gradual attenuation of the physiologic response such as seen with neuronal firing patterns,13 which may relate to the physiologic challenge of sustaining attention under conditions of low novelty or salience. Interference from nearby stimuli in the same visual field also



THE ASSOCIATION CORTICES CONTROL AND COORDINATE DIFFERENT ASPECTS OF ATTENTION



FIGURE 1



THE PREFRONTAL CORTEX EXERTS “TOP-DOWN” REGULATION OF ATTENTION AND BEHAVIOR



Characterizing the nature of impaired attention in ADHD has been a challenging problem for many years, in large part due to the varieties of attentional and cognitive processes impacted in ADHD, a lack of specificity in characterizing ADHD symptoms, and the difficulties inherent in isolating components of attention or cognitive control in experimental paradigms.6,7 The diagnostic term “inattention” can be confusing because it can describe several aspects of impaired attention. In the context of ADHD, inattention usually means inadequate regulation of attention—ADHD patients are easily distracted and find it hard to pay attention for long periods, and their attention is easily disrupted by stimuli that would not be bothersome to people without ADHD. However, inattention may also describe difficulty perceiving items or events that would normally demand attention (such as an oncoming car) even when there are no competing stimuli to draw attention away. This pattern of impairment implies an inability to properly allocate attentional resources. These different aspects of attention are mediated by distinct, but interconnected, regions of the association cortices (Figure 1). The temporal and parietal association cortices are responsible for so-called “bottom-up” attention processes, which are allocated based on the salience of the stimulus, eg, whether it is moving or brightly colored.8 In contrast, the prefrontal association cortices are responsible for so-called “top-down” attention, which is allocated based on relevance to a task at hand and internal goals.9-11 Primary Psychiatry
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The prefrontal cortex regulates attention and behavior. The prefrontal cortex inhibits processing of distracting stimuli and enhances processing of relevant stimuli through extensive projections to the sensory cortices. The right inferior prefrontal cortex is especially important for inhibiting inappropriate responses. These inhibitory abilities likely involve projections to the premotor and motor cortices, and subcortical structures such as the striatum and subthalamic nucleus, and cerebellar cortices by way of the pontine nuclei. These extensive projections allow the prefrontal cortex to orchestrate behavior and attention in a thoughtful manner. Arnsten AFT, Berridge CW, McCracken JT. Primary Psychiatry. Vol 16, No 7. 2009.
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diminishes processing of visual stimuli, perhaps reflecting the behavioral phenomenon of distraction.10 Although these two suppressive mechanisms arise from intrinsic properties of inferior temporal neurons, they can be overridden by inputs from the PFC via “top-down” projections that allow for directed selective attention of visual feature processing.



and to the cerebellum (by way of the pons).28 In humans, the right inferior PFC is particularly important for behavioral inhibition29; functional imaging studies reveal activity in the right inferior PFC when subjects successfully inhibit or stop movements.30 A fascinating recent study31 in normal subjects showed that weakened cortical function induced by transmagnetic stimulation over the right inferior PFC actually impaired the ability to inhibit prepotent motor responses. Not surprisingly, lesions to this area in humans lead to poor impulse control.29



Parietal Association Cortices A second “dorsal stream” of visual data proceeds from the primary visual cortex up into the parietal cortex, and is responsible for orienting attention in space and time.14 This pathway is devoted to analysis of movement,15 mapping spatial position,16 and allocating and orienting conscious attentional resources.17 In humans, the posterior right hemisphere of the parietal cortex allocates attention to parts of visual space, and lesions to this region result in contralateral neglect: the loss of awareness for the left side of visual space.9 Thus, this cortex contributes to the ability to “pay” attention. Interconnections between the temporal and parietal cortices permit the fusion of visual perceptions regarding position and features of a stimulus, providing a person with a cohesive, conscious experience.18,19 The temporal and parietal cortices also project information about visual features and spatial positions forward to the prefrontal cortices, which are the most highly evolved portions of the human brain.



THE PREFRONTAL CORTEX REQUIRES OPTIMAL LEVELS OF NOREPINEPHRINE AND DOPAMINE FOR PROPER FUNCTION As shown in Figure 2,5,32 NE and DA are important components of arousal systems that arise from the brainstem and project across the entire cortical mantle, including the prefrontal cortices.33 NE acts at α1, α2, and β adrenoceptors, with the highest affinity for α2 adrenoceptors. There are three subtypes of α2 adrenoceptors: α2A, α2B, and α2C.34 The most prominent DA receptors in the prefrontal cortices are the dopamine (D)1 receptor family, which includes D1 and D5 receptors. These receptors are very similar and there are currently no drugs that possess selective D1 versus D5 affinity (thus, in this review, D1 refers to both D1 and D5). A second DA receptor family, the D2 receptor family, includes the D2, D3, and D4 receptors. Importantly, the D4 receptor possesses greater non-specific roles in catecholaminergic neurotransmission, since both NE and DA have high binding affinity for this receptor.



Prefrontal Association Cortices The PFC regulates attention and thought through massive projections back to the temporal and parietal association cortices, ie, “top-down” attention.20 The PFC provides the ability to inhibit distractions and gate sensory inputs based on internal goals21,22; it also facilitates sustained attention (especially over long delays),23 and inhibits interference from irrelevant information.24 Taken together, these critical organizing and modulating functions subserved by the PFC make up what is referred to as “cognitive control.” Patients with prefrontal cortical lesions are easily distracted, have poor concentration and organization, have difficulty dividing or focusing attention, and are more vulnerable to disruption from interference, resembling many facets of the behavioral features of ADHD.25



Optimal Level of Norepinephrine and Dopamine The PFC requires an optimal level of NE and DA for proper function. Either too little (when we are drowsy) or too much (when we are stressed) markedly impairs prefrontal cortical regulation of behavior and thought (the so-called “inverted-U” dose-response relationship).35 Indeed, animal research has found that NE and DA depletion paradigms are associated with deficits of prefrontal cortical cognitive function as pronounced as removing the cortex itself.36 Given the non-linear nature of the NE/DA dose-response functions for the PFC, therapeutic strategies using agents modulating catecholaminergic regulation of cognition have evolved to consider achieving “optimal” NE and/or DA stimulation.



THE PREFRONTAL CORTEX IS KEY FOR BEHAVIORAL INHIBITION The PFC is also essential for regulating behavior; lesions in this region can induce locomotor hyperactivity and impulsive responses (eg, on go/no-go tasks).26,27 As shown schematically in Figure 1, the PFC is able to guide behavioral output via massive projections to the motor cortices, to basal ganglia structures (including the caudate and subthalamic nucleus), Primary Psychiatry
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Receptor Actions The beneficial effects of optimal levels of NE and DA release occur primarily through actions at α2A and D1 receptors, respectively. NE has its beneficial actions at α2A
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receptors that reside on prefrontal cortical neurons, postsynaptic to NE axons.37 Although previous research has emphasized the important role of presynaptic α2 receptors on NE neurons (which reduce NE cell firing and decrease NE release),38 it is now appreciated that there are massive numbers of postsynaptic α2A receptors as well,39 which are the sites of the enhancing effects of NE on prefrontal cortical function.37 Electron microscopic studies37,40 indicate that α2A and D1 receptors reside on separate dendritic spines on prefrontal cortical pyramidal cells, near synaptic inputs from other cortical cells. Stimulation of these receptors gates synaptic inputs to prefrontal neurons, with α2A adrenoceptor stimulation strengthening appropriate inputs, and D1 receptor stimulation weakening inappropriate inputs.35 Blockade of either the α2A or the D1 receptor dramatically impairs prefrontal cortical function.41,42 Recent studies43 in



humans indicate that catecholamines enable the right inferior PFC to carry out behavioral regulation. Consistent with this observation, blockade of α2 receptors in the monkey PFC induces a profile of locomotor hyperactivity,44 poor impulse control,45 and weakened working memory needed to overcome distractors.42 Thus, insufficient α2A receptor stimulation in PFC mimics the profile of ADHD. In contrast, α2A receptor stimulation with guanfacine enhances prefrontal activity and function.37,46,47 However, excessive release of the catecholamines NE and DA (eg, during stress) markedly impairs prefrontal cortical function.48 High levels of NE release impairs prefrontal function because NE begins to engage lower affinity α1 and β receptors,49,50 while high levels of DA release stimulates abnormally high numbers of D1 receptors.51 Excessive D1 or α1 receptor stimulation suppresses prefrontal cell firing.51,52



FIGURE 2



ADHD IS ASSOCIATED WITH IMPAIRED PREFRONTAL CORTICAL FUNCTION AND STRUCTURE



METHYLPHENIDATE INDUCES SIGNIFICANT INCREASES IN NOREPINEPHRINE AND DOPAMINE ACTIVITY IN THE PREFRONTAL CORTEX5,32



Structure/Function Studies Subjects with ADHD show deficits on tasks that depend on the PFC, including tests of cognitive control, such as working memory, sustained attention, and inhibitory control.29,53 Imaging studies of subjects with ADHD show small (≤5%) but consistently reduced volumes and reduced hemodynamic activation in response to challenges of the PFC2,54,55 that are particularly prominent on the right side, consistent with the important role of the right PFC in the regulation of behavior and attention.29 Reduced size also has been reported in brain regions that are components of prefrontal circuits, including the caudate and cerebellum.56 In addition, recent studies57,58 have reported disorganized white matter tracks emanating from PFC in subjects with ADHD, consistent with weaker prefrontal connectivity. In development, the PFC matures more slowly than less evolved brain regions, and there is preliminary evidence of slower prefrontal development in some subjects with ADHD.59 However clinically, ADHD is a lifelong disorder for many patients, and imaging studies continue to show evidence of atypical prefrontal function and reduced right prefrontal volume in adults with ADHD symptoms.60,61 The data described so far refer to patients with the combined subtype of ADHD, who have symptoms of both inattention and impulsivity/hyperactivity. There is some suggestion that a different neurobiologic basis may underlie the purely inattentive ADHD subtype. Research on the purely inattentive subtype of ADHD is in its early stages and may require evaluation tools that are better able to differentiate the



The prefrontal cortex receives noradrenergic inputs from the locus coeruleus in the pons, and dopaminergic inputs from the substantia nigra/ventral tegmental area complex in the midbrain. Administration of low, therapeutic doses of methylphenidate greatly increase NE and DA efflux in the rat PFC; note that NE release is much greater than DA release at doses that enhance prefrontal cognitive function.5 In contrast, these doses of methylphenidate have more subtle effects on subcortical (Subcort) catecholamine release,5 with only small increases in NE in the medial septal area and in DA in the nucleus accumbens core. The relatively small effects on DA in the nucleus accumbens likely explain why therapeutic doses of stimulants have little drug abuse liability and do not lead to sensitization in rodents.32 NE=norepinephrine; DA=dopamine; PFC=prefrontal cortex; D1=dopamine-1. Berridge CW, Devilbiss DM, Andrzejewski ME, et al. Methylphenidate preferentially increases catecholamine neurotransmission within the prefrontal cortex at low doses that enhance cognitive function. Biol Psychiatry. 2006;60(10):1111-1120. Adapted with permission from Elsevier. Copyright 2006. Arnsten AFT, Berridge CW, McCracken JT. Primary Psychiatry. Vol 16, No 7. 2009.
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aspects of attention that are mediated by the different association cortices. For example, the inattention rating scale from the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition,62 primarily assesses aspects of attention regulated by the PFC (distractibility, sustained attention) rather than those regulated by the temporal or parietal cortices. These issues may be very relevant to treatment, as the parietal and temporal association cortices are modulated differently than the prefrontal association cortices (eg, their functions are not improved by α2A-adrenoceptor stimulation).63



Stimulants Amphetamines and methylphenidate are highly effective in treating attentional problems and the hyperactive/impulsive symptoms associated with ADHD.72 Importantly, when administered at low and clinically relevant doses to normal human subjects, these drugs have cognition-enhancing and activity-reducing effects similar to the effects seen in ADHD patients.72,73 Thus, stimulant actions in ADHD are not paradoxical, as frequently presumed. Stimulants block the action of both catecholamine transporters, the NE transporter (NET), and the DA transporter (DAT). In the PFC, where DAT levels are low, the NET clears both NE and DA.74 Early biochemical studies of amphetamine and methylphenidate in rodents employed inappropriately high doses that increase locomotor activity, impair prefrontal cortical function, and have sensitizing effects on pathways involved with drug abuse. More recent studies5,32,75 using substantially lower and clinically relevant doses have demonstrated reduced locomotor activity and improved prefrontal cortical cognitive function in rats, similar to their effects in humans. The action of these therapeutic doses appears to be especially prominent in the PFC, where there is substantially increased NE and DA release. In contrast, the effect on catecholamine release is much less pronounced in subcortical or other cortical regions.5,32 As Figure 2 illustrates, therapeutic doses of stimulants increased NE release more than DA release in the rat PFC; it is therefore inaccurate to refer to these agents as simply dopaminergic.5 Consistent with dual actions on both NE and DA, the cognitive-enhancing effects of these agents in rodents are blocked by either NE α2 or D1 receptor antagonists.75 These data indicate that stimulants have their effects through stimulation of both NE α2 and D1 receptors.76 These results also provide supporting evidence for the assessment of low abuse potential of therapeutic doses of stimulants when properly administered.77 In contrast to the effects of low doses of stimulants, higher doses impair prefrontal cortical function in a way similar to that observed following uncontrollable stress,75 and are probably relevant to the cognitive inflexibility that can occur with excessive doses of stimulant medication.78 High doses of stimulants also increase dopamine levels in the nucleus accumbens, considered a key neurobiologic “pathway” underlying the process of reward and conditioning thought to lead to the potential for drug abuse.5,32 In normal young adult human subjects, imaging studies show that therapeutic doses of stimulants improve prefrontal cortical functions and enhance the efficiency of prefrontal cortical activity73; a similar but more pronounced profile is observed in subjects with ADHD.79-81 Taken together, these animal and human studies indicate that stimulant actions in ADHD are not paradoxical, but are instead more apparent in this patient population because of their impaired attentional processes and higher impulsivity/activity levels at baseline.72,82



Genetic Studies of ADHD ADHD is a highly heritable disorder, with estimates based on family and twin studies suggesting that risk attributable to genes may represent up to 60% to 70% of the overall risk for the disorder. Although many gene variants have been associated with increased risk of ADHD, to date the risk attributed to any one of the putative risk genes represents only a small fraction of the overall genetic liability.3 However, the putative risk genes are of interest with respect to treatment, as most involve genes encoding molecules involved in catecholamine signaling (eg, NE and DA receptors)64-67; NE and DA transporters64,65,68; and dopamine beta hydroxylase (DBH), the enzyme required for NE synthesis.65,69 For example, in one report, gene variants associated with differences in DBH activity are associated with reduced ability to regulate attention70 and with differences in executive functions.71 Such gene variants may be relevant to the mechanism of therapeutic benefit conferred by medications that affect or enhance NE actions at α2A adrenoceptors (see below). Nevertheless, many other putative risk genes involve genes unrelated to catecholamine synthesis and function, including some associations of gene variants of serotoninergic genes with ADHD risk.3 Despite some replications of association studies of ADHD for several risk genes, the contribution of any single gene to the development of ADHD symptoms appears to be small.



TREATMENTS FOR ADHD ENHANCE CATECHOLAMINE TRANSMISSION IN THE PREFRONTAL CORTEX Recent biochemical studies5 have revealed that therapeutic doses of both stimulant and nonstimulant medications potentiate catecholamine neurotransmission in the PFC. Speculation of the mechanisms of therapeutic benefit of these agents in ADHD includes the notion that treatment may optimize catecholamine neurotransmission in patients with genetically mediated differences in NE and DA pathways. Alternatively, they may optimize levels of catecholaminergic neurotransmission in a way that compensates for differences in PFC function not directly related to altered catecholaminergic tone. Primary Psychiatry
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with tics.97 Clonidine also has been associated with the problematic side effects of prominent sedation and hypotension.96 Although clonidine and guanfacine have not been directly compared “head to head” in regard to efficacy in treating ADHD symptoms, they have been directly compared in regard to hypotensive and sedative properties. Clonidine is ~10 times more potent in lowering blood pressure than guanfacine, and is much more sedating than guanfacine in both human subjects98 and monkeys.99 Clonidine is less selective than guanfacine. It has high affinity for the α2B- and α2C-adrenoceptor subtypes as well as the α2A adrenoceptor,100 and also has high affinity for imidazoline I1 receptors.101 In addition, clonidine is 10 times more potent than guanfacine with regard to activity at presynaptic α2A adrenoreceptors.88 Since stimulation of α2B- and α2C-adrenoceptor subtypes may contribute to sedation,102,103 the nonselective profile and pronounced presynaptic activity of clonidine probably underlie its powerful sedating effects, while its activity at brainstem imidazoline I1 receptors is thought to contribute to its marked hypotensive actions.101 In summary, the stimulants and atomoxetine appear to have their therapeutic effects through indirect stimulation of prefrontal α2A and D1 receptors, while guanfacine and clonidine likely enhance prefrontal cortical regulation of behavior through direct stimulation of postsynaptic α2A adrenoceptors on prefrontal neurons.



Nonstimulants Atomoxetine selectively blocks the NET. However, it is important to note that the NET transports both NE and DA in the PFC; thus, atomoxetine has been shown to increase the levels of both catecholamines in the rat PFC.83 Preliminary data indicate that moderate doses of atomoxetine, like methylphenidate, improve prefrontal functions based on their activity at both NE α2 and D1 receptors, whereas higher doses can impair prefrontal function in some animals (AFT Arnsten, unpublished data, 2008). In addition, recent studies84 have shown that therapeutic doses of atomoxetine can strengthen performance on measures of response inhibition in normal controls as well as in subjects with ADHD. The therapeutic effect of atomoxetine is consistent with the ability of desipramine, a tricyclic antidepressant with high selectivity for the NET, to reduce ADHD-related symptoms.85 Guanfacine mimics the beneficial effects of NE at postsynaptic α2A adrenoceptors in PFC, strengthening regulation of attention and behavior.37 Animal studies46,86,87 have shown that acute guanfacine administration improves a wide range of prefrontal functions via direct actions within the PFC. Guanfacine strengthens synaptic inputs onto prefrontal neurons and enhances prefrontal network connectivity, thus improving prefrontal cortical regulation of attention and behavior.37 The beneficial effects of systemically administered guanfacine on prefrontal cortical function are independent of the drug’s sedating actions,25 which probably involve all three α2-adrenoceptor subtypes as well as presynaptic α2A adrenoceptors on NE cell bodies and terminals.34 It should be noted that guanfacine has a lower affinity for the presynaptic α2A adrenoceptors than does clonidine,88 and this likely contributes to its reduced liability for sedative side effects. Clinically, guanfacine is currently prescribed off-label to both children and adults with ADHD, and has been shown in one large-scale, double-blind, placebo-controlled clinical trial89 of children with ADHD to improve ratings on an ADHD inattention and hyperactivity/impulsivity scale. Two other smaller, placebo-controlled trials90,91 suggest clinically relevant improvements in ratings of ADHD behaviors in adults with ADHD and in children with ADHD and comorbid chronic tic disorders. Clinical guidelines for ADHD treatment suggest that guanfacine and clonidine may be especially helpful in ADHD patients who cannot tolerate stimulant medications because of tics, or who may have prominent aggressive symptoms or drug abuse liability.90 As with stimulants, guanfacine can improve PFC-dependent behavior in normal subjects,92,93 but it is far more effective in individuals with impaired prefrontal abilities.25,93 In addition, treatment with guanfacine extended release (SPD503; Shire Development, Inc, Wayne, PA) has shown benefits in subjects who showed suboptimal response to stimulants.94,95 Clonidine is a nonselective α2-adrenoceptor agonist that can improve symptoms of ADHD96 and ADHD comorbid Primary Psychiatry
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CONCLUSION The PFC plays a crucial role in regulating attention and behavior. Differences in prefrontal cortical structure and function, including altered catecholamine transmission, likely contribute to the etiology of ADHD symptoms. The PFC requires optimal levels of catecholamines for proper function—moderate levels of NE-engaging postsynaptic α2A adrenoceptors and DA-stimulating D1 receptors. Effective treatments for ADHD may optimize catecholamine signaling in PFC; both stimulants and atomoxetine have their effects through indirect stimulation of NE α2 and D1 receptors, while guanfacine mimics NE actions at postsynaptic α2A adrenoceptors in PFC. All of these treatments improve prefrontal cortical regulation of attention and behavior, thus reducing ADHD symptoms. PP
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