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Abstract

Neuropsychological and imaging studies indicate that attention deficit hyperactivity disorder
(ADHD) is associated with alterations in prefrontal cortex (PFC) and its connections to striatum and
cerebellum. Research in animals, in combination with observations of patients with cortical lesions,
has shown that the PFC is critical for the regulation of behavior, attention, and affect using
representational knowledge. The PFC is important for sustaining attention over a delay, inhibiting
distraction, and dividing attention, while more posterior cortical areas are essential for perception
and the allocation of attentional resources. The PFC in the right hemisphere is especially important
for behavioral inhibition. Lesions to the PFC produce a profile of distractibility, forgetfulness,
impulsivity, poor planning, and locomotor hyperactivity. The PFC is very sensitive to its
neurochemical environment, and either too little (drowsiness) or too much (stress) catecholamine
release in PFC weakens cognitive control of behavior and attention. Recent electrophysiological
studies in animals suggest that norepinephrine enhances “signals” through postsynaptic a2A
adrenoceptors in PFC, while dopamine decreases “noise” through modest levels of D1 receptor
stimulation. a2A-Adrenoceptor stimulation strengthens the functional connectivity of PFC networks,
while blockade of a2 receptors in the monkey PFC recreates the symptoms of ADHD, resulting in
impaired working memory, increased impulsivity, and locomotor hyperactivity. Genetic alterations
in catecholamine pathways may contribute to dysregulation of PFC circuits in this disorder.
Medications may have many of their therapeutic effects by optimizing stimulation of a2A
adrenoceptors and D1 receptors in the PFC, thus strengthening PFC regulation of behavior and
attention.
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Introduction

The hallmark symptoms of attention deficit hyperactivity disorder (ADHD)—impaired
behavioral inhibition, increased motor activity, and inattention—arise from disruptions in
circuits regulating attention and action. Findings from imaging studies of ADHD indicate
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volumetric differences in prefrontal cortex (PFC), cerebellum, and possibly striatum (reviewed
by Giedd1), consistent with the role of these regions in the cognitive operations that are
impaired in ADHD patients. The PFC is of central relevance to the neuronal pathways of
ADHD, as the PFC has extensive connections to sensory and motor cortices, as well as to the
cerebellum and basal ganglia. Furthermore, in animals, the cardinal symptoms of ADHD are
produced by lesions to the PFC, particularly, the right PFC.2 Catecholamines exert powerful
effects on the local circuits of the PFC and associated cognitive operations in animals. The
most effective treatments for ADHD enhance catecholamine actions, and recent research
indicates that genetic changes in catecholamine pathways are associated with ADHD
symptomology. The following chapter briefly reviews the anatomy and function of the higher
association cortices relevant to ADHD, the connections of these cortical areas to the basal
ganglia and cerebellum, and the powerful modulation of PFC circuits by dopamine (DA) and
norepinephrine (NE).

The Functional Contributions of Higher Association Cortices

Association cortices make distinct contributions to our attentional experience. For example,
the inferior temporal cortex processes sensory features and can focus resources on a particular
detail, for example, the color red; the posterior parietal association cortex allocates attentional
resources, allowing us to orient attention in time and space. The PFC receives inputs from these
and other sensory association areas, and thus is well-positioned to inhibit processing of
irrelevant stimuli and to regulate attention, that is, to be sustained, divided, or coordinated over
a period of time via local and distal or reciprocal connections. These intricately interconnected
cortical areas3 create both feedforward and feedback loops* that together create a unified
attentional experience. The PFC is a critical area of such integration and plays a prominent role
in regulating movement and inhibiting inappropriate behavioral responses. The following is a
brief review of these cortical systems.

Inferior Temporal Cortex

The inferior temporal cortex is specialized for processing visual features, determining “what”
things are based on their color and shape. (In contrast, the superior temporal cortex processes
auditory information, performing both featural and spatial analysis. This work has proceeded
more recently,5 and thus will not be discussed in this review). Processing of a visual stimulus
by inferior temporal neurons can either be diminished or enhanced, depending on sensory
conditions and internal directions from regions such as the PFC or parietal association area
(reviewed in Refs. 6 and 7). Neuronal activity is increased by salient or novel stimuli, but
repeated experience with the same visual stimulus leads to decreased firing.6 This habituation
may account for the boredom of repetition, for example, in a school setting. Processing of
visual stimuli is also diminished by interference from nearby stimuli in the same visual field.
6 Suppression of neuronal firing can result from intrinsic properties of inferior temporal
neurons. Firing properties of inferior temporal neurons are also modulated by afferents arising
in the PFC or parietal association cortex. These “top-down” projections can override the
intrinsic habituation of inferior temporal neuronal firing, and thus allow for sustained, directed
selective attention of visual feature processing.

Posterior Parietal Association Cortex

The posterior parietal association cortex (PAC) is specialized for the analysis of movement
and spatial relationships, for analyzing quantity and constructing spatial maps, and for orienting
attention in time and space.8 Lesions to the right PAC can result in contralateral neglect: the
loss of perception for the left side of visual space. The symptoms of contralateral neglect may
present as inattention; that is, the inability to allocate sufficient resources to stimuli for adequate
perception. Indeed, the PAC is critical to conscious attention, and is considered to be
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particularly relevant to the act of “paying attention.”9 Recordings from parietal neurons in
monkeys are consistent with a role in the allocation of attention, including covert shifts of
attention.10 Neurons in area 7a also appear to create world-referenced maps of visual space,
11 and they project this information to the PFC, which uses this information to guide behavior
during spatial working-memory tasks (see below).

Prefrontal Cortex

Findings from lesion studies are consistent with the role of the PFC in coordinating, controlling,
and executing cognitive and emotional processes, which allow for the regulation of impulses,
language, attention, decision-making, and error correction. These “executive” functions
require representational knowledge, that is, working memory, to guide overt responses
(movement), covert responses (attention), and to inhibit inappropriate responding. The
ventromedial PFC performs these same functions in the affective realm. Electrophysiological
studies in monkeys have illuminated the cellular basis of representation knowledge. Single-
unit recording studies have shown that PFC neurons are able to hold modality-specific
information “on-line” over a delay and use this represented information to guide behavior in
the absence of environmental cues.12 Importantly, PFC neurons can maintain delay-related
firing in the presence of distracting stimuli, protecting performance from interference. 13
Delay-related firing also serves as the basis for behavioral inhibition, that is, the ability to
suppress a prepotent response.14 The electrophysiological and cognitive operations of the PFC
are greatly influenced by the neurochemical environment of the PFC. The dorsolateral PFC is
particularly sensitive to the catecholamines DA and NE. The consequences of insufficient or
excessive catecholamine release in the PFC, and the relevance of altered catecholamine
regulation to ADHD, are discussed in a later section of this chapter. Disruptions to the intrinsic
circuits that underlie working memory can impact the processing of information arriving at the
PFC from *“bottom-up” sources, including the inferior temporal cortex and PAC. Impairments
in delay-related firing or working memory can also affect the execution of “top-down”
commands to modulate subsequent processing, and compromise processes inherent to attention
and inhibition.

The PFC has particular relevance to ADHD, as imaging studies indicate that ADHD patients
often have smaller PFC volume, particularly on the right side.2>=17 Lesions of the PFC produce
symptoms similar to ADHD, for example, impairment in tasks of behavioral inhibition,
working memory, and reward reversal.18=20 |jke ADHD patients, patients with PFC lesions
are easily distracted, have poor concentration and organization, are more vulnerable to
disruption from proactive interference, and can be impulsive, and may have difficulty
controlling overt behaviors, especially when the lesions involve the right hemisphere.?1 PFC
lesions impair the ability to sustain attention, particularly over a delay, and reduce the ability
to gate sensory input.2? Deficits in divided and focused attention have been associated with
lesions in the left, superior PFC.23 PFC lesions similarly impair attentional function in monkeys
and rats, rendering animals more vulnerable to distraction or other types of interference, and
impairing attentional regulation on set-shifting tasks.242°

Cortical Projections to Basal Ganglia and Cerebellum

Imaging studies have reported reduced volume of the caudate nucleus, and particularly parts
of the cerebellum in ADHD.26—28 The association cortices project down to both the basal
ganglia and cerebellum in a series of parallel, closed-loop circuits.2? The PFC, parietal, and
temporal association cortices all project to the caudate nucleus as part of the “cognitive circuit”
through the basal ganglia, which in turn projects back to the PFC and premotor cortices.
Similarly, the PFC and parietal association cortices project to the cerebellum by way of the
pontine nuclei, and the cerebellum in turn projects back to the association cortices by way of
dentate projections to thalamus. Although the basal ganglia and cerebellum have long been
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known to be important for the regulation of movement, their role in higher cognitive function
is just beginning to be researched. If these structures influence cognition in a manner similar
to their influences on movement, the basal ganglia may be important for the planning, selection,
initiation, and execution of thoughts, while the cerebellum may serve as a “biological
gyroscope,” correcting cognitive function on a faster timescale. Recent data show that
cerebellar circuits interact with basal ganglia circuits via projections through the intralaminar
thalamic nuclei to the striatum.30 The functioning of all of these circuits is intricately modulated
by the arousal systems.

Modulation of Cortical Circuits

Many arousal systems project to the cortical mantle, including the ascending monoamine
systems, acetylcholine neurons from the basal forebrain, and the more recently discovered
orexins. The present chapter focuses on DA and NE actions in PFC, as these actions have been
studied most extensively. Limited research suggests that NE may enhance “signal/noise”
processing in posterior cortices via actions at p and a1-adrenoceptors, and possibly impair them
via a2-adrenoceptors.31733 There has been more extensive research on catecholamine
influences on PFC, initiated by the landmark findings of Brozoski et al., who showed that
catecholamine depletion in PFC is as destructive as ablation of the tissue itself.3# The following
is a brief summary of this work (for more detailed reviews, see Refs. 35 and 36).

Both DA and NE exhibit an inverted U influence on PFC cognitive functions, where either too
little or too much impairs PFC function (FIG. 1). The studies of Aston-Jones have shown that
NE cells of the locus coeruleus fire according to levels of arousal, with low levels of both tonic
and phasic firing under drowsy conditions, moderate tonic firing and clear phasic firing in
response to relevant stimuli when animals are alert, and high tonic firing and poor phasic firing
when animals are stressed (see Aston-Jones, this volume). Similarly, DA cells in the midbrain
fire phasic responses related to the expectation of reward.3” Thus, the patterns of catecholamine
release in PFC are directly related to arousal state and environmental conditions.

Norepinephrine

NE acts at three general families of adrenoceptors: al, a2, and f(1,2,3). NE has distinct actions
at these receptors, with modest levels of NE improving PFC function through actions at
postsynaptic a2A receptors, while high levels of NE, such as are released during stress,
impairing working memory through actions at al and B1 receptors.

a2A Adrenoceptor-Enhancing Actions—NE improves both behavioral and cellular
measures of working memory (reviewed in Ref. 36) through actions at postsynaptic38:39 a2A
receptors40 on PFC dendritic spines. The a2A agonist, guanfacine, improves working memory,
attention regulation, conditional associations, behavioral inhibition, and/or planning in rodents,
40,41 monkeys,42~45 and humans.46 Electrophysiological studies have shown that a2A
receptor stimulation increases delay-related firing,%’ the cellular measure of working memory
and behavioral inhibition, that depends on recurrent activity in PFC networks. These enhancing
effects are mediated through Gi-mediated suppression of cAMP intracellular signaling. cAMP
opens hyperpolarization-activated cyclic nucleotide-gated cation channels (HCN channels)
that are localized on PFC dendritic spines, often on the spine necks where they are ideally
situated to gate synaptic inputs onto the spine.*® When the HCN channels open, membrane
resistance lowers, and inputs to the spine are shunted. Conversely, a2A receptors inhibit cAMP,
closing nearby HCN channels and allowing the network to connect.48 Thus, a2A-receptor
stimulation increases delay-related firing for the preferred direction, that is, it increases
“signals,” likely by strengthening network connectivity with neurons that have similar stimulus
characteristics (schematically illustrated in FIG. 2). Conversely, blocking a2 receptors in PFC
with yohimbine markedly reduces delay-related cell firing,47 and impairs working
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memory49 as well as impulse control.50 Yohimbine infusions into PFC have also been shown
to induce locomotor hyperactivity.5! Thus, insufficient o2-receptor stimulation in monkey PFC
can recreate the profile of ADHD. In this regard it is of interest that ADHD has been associated
with genetic alterations in dopamine beta hydroxylase (DBH), the enzyme that synthesizes NE.
It is possible that weaker DBH would lead to insufficient endogenous stimulation of a2A
receptors in PFC, resulting in a profile similar to yohimbine-treated monkeys. Stimulant or
a2A-agonist medications might correct this condition. Guanfacine is currently used for treating
ADHD, %2754 especially in patients who cannot take stimulants, for example, those with tics
or at risk of drug abuse.

al-Adrenoceptor Actions—High levels of NE release (e.g., during stress) impair PFC
function through actions at a1 receptors.55 The Gg-coupled al receptor activates the
phosphotidyl inositol intracellular signaling cascade, leading to the activation of protein kinase
C.55 Agonists such as phenylephrine (similar to Sudafed), impair working memory when
infused into the PFC in rats56 or monkeys. 44 Similar effects are observed at the cellular level,
where al-receptor stimulation suppresses delay-related neuronal firing.55 Conversely, al
antagonists such as urapidil and prazosin prevent stress-induced PFC impairment.57:%8 The
protein kinase C inhibitor, chelerythrine, also protects PFC function at the behavioral and
cellular levels.55 Based on this research in animals, prazosin is being successfully used to treat
patients with posttraumatic stress disorder, including veterans returning from the Iraq war.59
Interestingly, most effective antipsychotic medications, including the “atypical” neuroleptics,
have potent al blocking properties, and overactivity of the protein kinase C signaling pathway
has been associated with mania60 and possibly schizophrenia.81 Indeed, the recent publication
of the bipolar genome showed that mutations in the gene-encoding diacylglycerol (DAG)
kinase is linked with bipolar disorder. DAG kinase normally metabolizes DAG, which is a
necessary cofactor for activation of protein kinase C.82 These mechanisms may be particularly
relevant to children with symptoms resembling ADHD that worsen with stimulant treatment,
and are found to have childhood bipolar disorder.63

B-Adrenoceptor Actions—Recent studies suggest that stimulation of p1 adrenoceptors
impairs PFC function.%4 Thus, systemic or local application of the p1 antagonist, betaxolol,
improved working memory in rats and monkeys. However, this treatment appeared to be
associated with serious pancreatic side effects, and thus may not be appropriate for human use.

There are two families of DA receptors: the D1 (D1 and D5) and D2 (D2, D3, and D4) receptor
families. (It should be noted that NE has very high affinity for D4 receptors,®° and thus should
really be considered a catecholamine receptor rather than a DA receptor.) Currently, there are
no pharmacological agents that distinguish D1 from D5 receptors; thus, these receptors are
discussed as one entity. As there is little information on D3-receptor actions in PFC at this
time, this receptor is not reviewed.

D1-Receptor Actions—The PFC has a bilaminar distribution of D1 receptors in both upper
and lower layers.%8 The D1 subtype is especially focused on spines, while the D5 subtype is
found more on shafts of pyramidal neurons. In vitro recordings from PFC slices have revealed
many important influences of D1 receptors on mechanisms governing the excitability of PFC
neurons (see, e.g., Refs. 68770). In vivo studies of both cognitive performance and neuronal
firing have shown that stimulation of D1-like receptors in the PFC produces an inverted U-
shaped dose-response influence on the working memory and attention regulation processes of
the PFC.71:72 Similar to NE, modest levels of D1 receptor stimulation are essential to PFC
function, while high levels of DA release, for example, during exposure to stress, impair
working memory. Thus, high doses of D1 agonist impair working-memory performance. This
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inverted U has been observed in mice,”3 rats,74 monkeys, 75 and humans.76 A similar inverted
U has been described at the cellular level,”” where moderate levels of D1-receptor stimulation
suppress neuronal processing of irrelevant information (i.e., reduce “noise”), by sharpening
tuning and rendering PFC firing more selective. These D1 actions arise from increased cCAMP
production,’” and preliminary data suggest that D1 may shunt inputs onto spines by opening
HCN channels (schematically depicted in FIG. 2). In contrast to the enhancing effects of
moderate levels, high levels of D1 receptor stimulation reduce the relevant signals as well as
noise, thus producing a nonspecific suppression of cell firing.”” High levels of D1-receptor
stimulation also impair PFC cognitive function and produce a per-severative profile of
responding.”® These impairing effects are reversed by inhibiting cAMP actions at the
behavioral and cellular levels.””

Human experiments also note an inverted U, with the more D1-like compounds being most
effective in improving working memory.78 Genetic studies in humans indicate similar results.
76 Substitutions of methionine for valine in the DA catalytic enzyme, COMT, results in weaker
enzyme activity, and thus more DA. Under basal conditions, subjects with this substitution
have better working memory and more efficient PFC activation than those with the native
enzyme.’® However, following amphetamine and/or stress exposure, those with the methionine
substitutions become markedly impaired (presumably due to excessive DA stimulation), while
those with the native enzyme show improved PFC cognitive performance (presumably due to
more optimal DA levels).’®

D2-Receptor Actions—There has been much less research on the influence of D2-receptor
stimulation on PFC function. D2 receptors are concentrated on neurons in layer 5 (the output
layer that projects to striatum), and overall show lower levels of binding than the D1-receptor
family.56 Early studies showed that blockade of D2 receptors in the PFC of monkeys
performing a working-memory task had no effect on performance.79 However, this task had
ceiling effects, and studies in rats suggest that excessive D2-receptor stimulation impairs
working memory abilities.80 Recent electrophysiological studies have shown that D2-receptor
stimulation increases the response-related firing of PFC neurons in monkeys performing a
working-memory task,81 consistent with the localization of these receptors on cells projecting
to areas guiding movement. Some of the response-related firing appears to be a form of
corollary discharge, informing the brain that a response has taken place. Accumulating
evidence indicates that alterations in corollary discharge contribute to auditory hallucinations
in schizophrenia.82 As D2-receptor blockade plays a key role in antipsychotic medications,
these findings may have special relevance to schizophrenia.

D4-Receptor Actions—D4 receptors are concentrated on GABAergic interneurons, 83 and
appear to inhibit GABA transmission via Gi-mediated reduction of CAMP signaling.84 Weaker
D4-receptor actions thus lead to excessive GABA transmission and suppression of pyramidal
cell firing (Ref. 84; Wang and Arnsten, unpublished data). ADHD is associated with the
increased incidence of the 7 repeat polymorphism of the D4 receptor, which weakens D4
receptor efficacy.85:86 Thus, the basic physiology in animals would suggest that subjects with
this polymorphism would have insufficient D4 inhibition of GABA, and thus insufficient PFC
pyramidal cell firing. Stimulant medication may increase endogenous DA (and NE) stimulation
of D4 receptors, thus normalizing GABAergic inhibition. However, there is also some evidence
from basic physiological studies that D4 receptors can inhibit pyramidal cells,84 so the actions
of these receptors are not entirely straightforward.

The PFC appears to thrive under conditions of moderate catecholamine release, when NE
a2A-receptor stimulation increases “signals,” and optimal DA D1-receptor stimulation
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decreases “noise.” In contrast, PFC working-memory functions are impaired under conditions
of high catecholamine release that engage a1 and 3 receptors, and excessive D1-receptor
stimulation. These neurochemical needs are opposite to those of sensory cortex and subcortical
structures such as the amygdala.8” Thus, catecholamines may act as a chemical switch, turning
on PFC during normal waking, and turning it off during drowsiness or stress. In contrast, high
levels of catecholamines may turn on more primitive brain structures such as the amygdala for
more automatic control of behavior under conditions of danger.88

Relevance to Genetic Alterations in Attention Deficit Hyperactive Disorder

A large number of studies have found that ADHD symptoms are often associated with
alterations in genes involved with catecholamine transmission.89 Original research focused on
associations with genes involved with DA transmission, and found associations with the DA
D1, D4, and D5 receptors82:99-92 and the DA transporter. 90 More recent research has also
found associations of ADHD with NE genes, including the synthetic enzyme for NE, DBH,
90,93 the NE transporter,92:94 and the a2A receptor,95=98 which is the site of NE’s beneficial
actions in the PFC. Thus, suboptimal catecholamine regulation of PFC may contribute to
impaired regulation of attention and behavior in patients with ADHD.

Pharmacological Treatments for Attention Deficit Hyperactive Disorder
Optimize Catecholamine Actions in Prefrontal Cortex

Medications for the treatment of ADHD all enhance catecholamine transmission. Drugs such
as amphetamine and methylphenidate act to enhance the release and/or inhibit the reuptake of
both DA and NE. Methylphenidate can improve PFC working-memory function and enhance
the efficiency of PFC activation in patients with ADHD as well as in healthy adults.100,101
Recent studies in rats show that low, oral doses of methylphenidate, which reduce locomotor
activity and produce plasma levels similar to therapeutic doses in humans,192 increase NE and
DA release in PFC103 and improve performance of working-memory and attention tasks
dependent on the PFC.103:104 The cognitive enhancing effects of methylphenidate in rodents
depend on DA D1- and NE a2A-receptor stimulation. 194 Although methylphenidate is often
(falsely) referred to as a selective DA drug, NE is increased more than DA in the PFC.103
Similarly, atomoxetine increases both NE and DA in the PFC.105 It is likely that both DA and
NE actions contribute to the therapeutic effects of stimulants in patients with ADHD. However,
excessive doses of stimulant medication may produce cognitive inflexibility through excessive
al-, p1-, and D1-receptor stimulation.

Environmental Factors Can Impair Prefrontal Cortex Function and Mimic the
Effects of Attention Deficit Hyperactive Disorder

Attention deficit hyperactive disorder is the default diagnosis for children with attention and
behavior problems; neurobiological studies demonstrating the great sensitivity of the PFC to
its neurochemical environment may explain why so many conditions can mimic this disorder.
PFC regulation of attention and behavior requires an optimal catecholamine environment.
Thus, either fatigue (insufficient catecholamines) or stress (excessive catecholamines) may
produce changes in attention and behavioral regulation that resemble ADHD symptoms
resulting from genetic alterations. This may be particularly problematic in children exposed to
stressors such as families experiencing divorce, illness, or death, or to social stressors at school.
These common environmental factors may also contribute to aggressive or oppositional
behaviors that can arise from inadequate ventral PFC regulation of emotion. If the stressors
have not been identified, children may be thought to have ADHD and be treated inappropriately
with stimulant medications that worsen the condition.
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In summary, catecholamines have powerful influences on the brain circuits, and genetic studies
have often linked alterations in catecholamine genes with ADHD. Medications that optimize
catecholamine transmission may normalize the function of these circuits and ameliorate ADHD
symptomology.
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FIGURE 1.

Catecholamines have an inverted U influence on prefrontal cortex (PFC) function, whereby
either too little or too much norepinephrine (NE) or dopamine (DA) impairs PFC cognitive
abilities. Since the PFC is essential for attention regulation, optimal catecholamine actions in
PFC are needed for focused, organized attention. Poor concentration and distractibility are
common symptoms of weakened PFC function.
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FIGURE 2.

Aworking model of how catecholamines may gate inputs onto prefrontal cortex (PFC) neurons.
Electrophysiological and anatomical data suggest that norepinephrine (NE) acts at a2A-
adrenoceptors on dendritic spines to enhance connectivity with inputs from other neurons with
shared characteristics, and thus increase the “signal” of that neuron. For example, a neuron
spatial tuned for 90° needs to connect with other 90° neurons in order to generate network
firing to represent this spatial location in the absence of environmental stimulation. a2A-
Adrenoceptors increase this connectivity with other members of the network by inhibiting
CcAMP production in the dendritic spine, thus closing nearby hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, increasing membrane resistance and strengthening inputs
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onto the spine.® In contrast, D1 receptors on separate spines appear to gate out inputs from
neurons with dissimilar properties (e.g., 45°), thus decreasing “noise.”77 This appears to be
accomplished, at least in part, by increasing the production of cAMP within the spine, opening
HCN channels, and shunting inputs onto that spine. This may occur in a dynamic fashion, to
narrow or broaden the tuning of the neuron according to task demands.
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