BOX 50.2

ATTENTION DEFICIT HYPERACTIVITY DISORDER

Do you pay attention to captivating yet irrelevant stimuli? Do you have trouble acting appropriately, fidgeting while listening to a lecture? Do you have difficulty planning and pursuing long-term goals? Do distractions knock you “off task”? When these not uncommon difficulties occur to a severe degree, they are symptoms of Attention Deficit Hyperactivity Disorder (ADHD), a disorder seen in children and adults. It is estimated that 3 to 5% of children have this disorder, with about half retaining problems into adulthood. The symptoms of ADHD involve dysfunction of the prefrontal cortex (PFC) and its cortical and subcortical connections. 

The criteria for diagnosis of ADHD include symptoms of “inattention” and “hyperactivity/impulsivity.” Patients can have either the combined type, or predominantly “inattentive” or predominantly “hyperactive/impulsive” types. Many of the symptoms for “inattention” used to diagnose ADHD relate to attentional abilities of the PFC—for example, difficulty sustaining attention or organizing, easily distracted and forgetful. Similarly, many of the symptoms of “hyperactivity/impulsivity” describe PFC deficits—for example, difficulty awaiting turn. The PFC controls attention via its projections to the parietal and temporal cortices (see Chapter 49), while it controls motor responses via its projections to the motor cortices and striatum. These circuits appear to be impaired in patients with ADHD. ADHD symptoms are especially evident in “boring” settings that require endogenous rather than exogenous regulation of behavior. For example, ADHD children can sit still and play video games for hours, but have trouble attending in school. ADHD patients have difficulty sustaining a behavior or thought over a delay. As described in this chapter, PFC cells exhibit sustained firing over a delay which regulates thought and behavioral output. 

Structural and functional imaging studies show consistent alterations in PFC-striatal-cerebellar circuits in ADHD patients. Volumetric measures have detected smaller right-sided PFC regions (the right side is most associated with attention, and the right inferior prefrontal cortex with behavioral inhibition; see Chapter 49). Changes in the size of the striatum also have been reported, and functional imaging studies have shown abnormal activity of both the PFC and striatum in ADHD patients performing tasks that require PFC inhibitory or attentional functions. Structural imaging studies also have shown consistent decreases in the size of the cerebellar vermis, a region that may exert regulatory influences on the noradrenergic (NE) cells of the locus coeruleus (LC) and the dopaminergic (DA) cells of the ventral tegmental area. These NE and DA cells in turn have profound influences on PFC-striatal circuitry (see following). Thus, a smaller vermis in ADHD patients may lead to impaired catecholamine inputs to PFC and striatum. Some evidence supports this idea: a neuroreceptor imaging study suggests there are reduced numbers of catecholamine terminals in the PFC of adults with ADHD. 

NE and DA have a critical influence on PFC-striatal circuits, and thus changes in these inputs can have tremendous import on PFC cognitive functions. The current chapter describes how DA has an important effect on PFC function, and the same is true for NE. NE cells fire when a stimulus is of interest to the animal, releasing NE in the PFC. NE stimulates post-synaptic α2A-adrenoceptors, enhancing delayrelated firing and strengthening regulation of behavior and attention. This is accomplished by α2A-adrenoceptor inhibition of cAMP production, resulting in the closure of HCN channels (Hyperpolarization-activated Cyclic Nucleotidegated cation channels). HCN channels are co-localized with α2A-adrenoceptors on the dendritic spines of PFC neurons in the superficial layers of PFC, especially on spine necks. Thus, α2A-adrenoceptors are ideally localized to control the neurochemical microenvironment around these channels. When cAMP builds up, HCN channels open, and synaptic inputs onto the spines are effectively shunted, thus functionally disconnecting PFC neuronal networks. In contrast,when α2A-adrenoceptor stimulation inhibits the production of cAMP, HCN channels are closed and the networks are able to connect to control attention and behavior. In contrast, very high levels of NE and DA, such as released during stressful conditions, can impair PFC function via excessive cAMP production (e.g., fromvery high levels of β1 and DAD1 receptor stimulation), and from activation of high levels of protein kinase C signaling initiated by NE α1-adrenoceptor stimulation. Thus, the PFC has to have just the right neurochemical conditions to function optimally. 

What causes ADHD? ADHD is highly heritable and has been linked with genetic alterations that interfere with NE or DA signaling. These linkages include the DA transporter; the D1, D5, and D4 receptors (the D4 receptor also has very high affinity for NE); the synthetic enzyme for NE (dopamine beta hydroxylase); and the α2A-adrenoceptor. Environmental factors may also lead to disruption of PFC-striatal circuits. For example, some kinds of infection may lead to autoantibodies that attack PFC-striatal circuits, and perinatal injury may impact these circuits. 

Medications for ADHD likely reduce symptoms of inattention and impulsivity by optimizing the neurochemical environment in the PFC and in the striatum. All effective treatments for ADHD interact with catecholamines: Stimulants such as Ritalin (methylphenidate) and Adderall (a mixture of amphetamines) increase NE and DA release and/or block catecholamine reuptake. Recent research in rats suggests that low, therapeutic doses of these compounds preferentially increase release in PFC and have a greater effect on the release of NE than DA. Consistent with these data, NE reuptake blockers are also used to treat ADHD (e.g., desipramine), including highly selective NE agents (atomoxetine, also known as Strattera). Drugs that mimic NE at α2A-adrenoceptors (e.g., guanfacine) are effective, especially in decreasing impulsivity and distractibility. Wellbutrin (also known as Zyban or bupropion) is a DA reuptake blocker that is used to treat ADHD. How do these medications actually work to ameliorate ADHD symptoms? There have been several ideas proposed: (1) the etiology of ADHD involves insufficient catecholamine innervation of PFC-striatal circuits, and drugs that increase catecholamine receptor stimulation correct this; (2) ADHD involves excessive catecholamine release, and low doses of these medications correct this by promoting negative feedback, decreasing phasic catecholamine release; or (3) catecholamines are normal in ADHD patients (e.g., it is simply that their cortex is immature or inflamed), and amplification of catecholamine mechanisms enhances PFC function and reduces symptoms. Support for this latter idea arises from the fact that normal individuals are improved by small doses of these medications as well, such as when college students sometimes take low doses of stimulants to focus on writing a paper. 

All of us experience PFC dysfunction as part of daily life, especially when we are tired or stressed. These effects are likely due to neurochemical changes—for example, in NE and DA—that have great impact on the functional integrity of the PFC. But for people with ADHD, dysfunction of the PFC is much more constant and often beyond their control. Perhaps it is this prevalence of PFC dysfunction in otherwise healthy individuals, and its association with stress, that lead to the dismissal of ADHD by some as not a real disorder. It is hoped that as we come to better understand the neurobiological bases of ADHD, we will gain a fuller perspective of ADHD and its symptoms.

Amy Arnsten
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