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Abstract
The symptoms of attention-deficit/hyperactivity disorder (ADHD) involve impairments in
prefrontal cortical top-down regulation of attention and behavior. All current pharmacological
treatments for ADHD facilitate catecholamine transmission, and basic research suggests that these
compounds have prominent actions in the prefrontal cortex (PFC). The dorsolateral PFC is
especially sensitive to levels of norepinephrine and dopamine, whereby either too little or too
much markedly impairs PFC function. Recent physiological studies have shown that
norepinephrine strengthens PFC network connectivity and maintains persistent firing during a
working memory task through stimulation of postsynaptic α2A-adrenoceptors on PFC neurons.
Conversely, dopamine acts at D1 receptors to narrow spatial tuning, sculpting network inputs to
decrease noise (i.e., stabilization of the representation). The stimulant medications and
atomoxetine appear to enhance PFC function by indirectly increasing these catecholamine actions
through blockade of norepinephrine and/or dopamine transporters. In contrast, guanfacine mimics
the enhancing effects of norepinephrine at postsynaptic α2A-receptors in the PFC, strengthening
network connectivity. Stronger PFC regulation of attention, behavior, and emotion likely
contributes to the therapeutic effects of these medications for the treatment of ADHD.
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As described in this special issue, many of the symptoms of attention-deficit/hyperactivity
disorder (ADHD) are thought to arise from dysfunction of the prefrontal cortex (PFC) and
its connections with cortical and subcortical brain regions. Prefrontal cortex dysfunction
may arise from a wide variety of vulnerabilities, including a protracted developmental
period (more than 2 decades) that increases susceptibility to both environmental and genetic
insults (1). Prefrontal cortex networks are able to represent information in the absence of
bottom-up external stimulation, but this fragile process is tremendously dependent on the
correct neurochemical environment, whereby arousal pathways coordinate cognitive state
with environmental events. As there are built-in mechanisms to take PFC offline during
fatigue and stress, the PFC may be especially vulnerable to a wide variety of genetic insults
in the arousal pathways (2,3). Current data suggest that the lateral PFC regions regulating
attention and behavior are especially sensitive to the influence of norepinephrine (NE) and
dopamine (DA) (4–7). These findings may explain why all currently approved medications
for ADHD increase or mimic NE and/or DA signaling. The current review examines the
roles of NE and DA on dorsolateral PFC network physiology and function with focus on
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working memory circuits, as the anatomy and physiology have been most richly studied for
this cognitive domain. These studies have revealed that NE and DA have complementary
effects on the strength of PFC network connections, with NE strengthening connectivity via
α2A receptor stimulation and DA sculpting network inputs via D1 receptors. We are
currently learning about the second messenger signaling pathways underlying NE and DA
actions in PFC. This information may help us understand how genetic insults in signaling
pathways can alter the integrity of PFC function and lead to symptoms of ADHD.

Top-Down Regulation by Prefrontal Cortex
The PFC intelligently regulates our thoughts, actions, and emotions through extensive
connections with other brain regions, including projections to the association cortices for the
regulation of sensory processing (8) and extensive projections to the basal ganglia and
cerebellum for the regulation of motor, cognitive, and emotional responses (9) (Figure 1).
The PFC creates a mental sketch pad through networks of neurons that maintain information
in the absence of environmental stimulation (10). This process is sometimes referred to as
working memory: the ability to keep in mind an event that has just occurred or bring to mind
information from long-term storage and use this representational knowledge to regulate
behavior, thought, and emotion (11). The PFC is able to protect these fragile representations
from the interference of external or internal distractions and is key for inhibiting
inappropriate actions and promoting task-relevant operations (so-called top-down
regulation) (12–15). Prefrontal cortex operations allow the flexible regulation of behavior to
properly respond to a changing environment, e.g., the ability to shift attentional set to new
dimensions and to alter decision making as reward contingencies shift (16,17). The PFC also
monitors errors, giving us the insight that we are incorrect and need to shift strategies (18).
Important for ADHD symptoms, the PFC is needed for frustration tolerance, e.g., being able
to inhibit responding immediately for a small reward and instead waiting for a larger reward
(19,20). There are regional specializations for these functions, particularly within the large
human PFC, with dorsolateral PFC regions often involved in the regulation of attention and
the right inferior PFC being especially important for the inhibition of inappropriate
behaviors (21,22). All of these abilities depend on proper PFC neuronal network
connections, which are highly sensitive to their neurochemical environment.

The Key Role of Prefrontal Cortical Networks in Representational
Knowledge

The PFC is able to represent information that is not currently in the environment through
networks of pyramidal neurons that excite each other to maintain information in mind. The
circuitry underlying representational knowledge in PFC has been most intensively studied in
the visuospatial realm, in monkeys performing a spatial working memory task (Figure 2A).
In this task, the monkey has to maintain the memory of a precise spatial location over a
delay period before moving its eyes to the remembered location to receive a juice reward.
Each session consists of hundreds of trials, with the correct spatial position constantly
changing. Thus, the contents of working memory must be constantly updated. In monkeys,
visuospatial information is initially mapped by the parietal association cortices and fed
forward to the dorsolateral PFC surrounding the principal sulcus (Figure 2B). This region
contains neurons that represent visuospatial position during the delay period, an example of
which is shown in Figure 2C. This neuron fires to the spatial cue and maintains firing
throughout the delay period if the cue had been at 90° but not other spatial locations. Thus, it
provides a representation of the 90° location over the delay period when information is no
longer available in the environment. For this neuron, 90° is said to be its preferred direction,
while others are nonpreferred directions.
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The work of Goldman-Rakic (23) revealed the microcircuitry in PFC that underlies spatially
tuned, persistent firing during a spatial working memory task. Her work showed that layer
III pyramidal cells excite each other through connections on spines to maintain persistent
firing over the delay period (Figure 2D). Thus, a 90° neuron is excited by other 90° neurons,
through connections on spines (Figure 2E). This network activity is spatially tuned by
inhibitory gamma-aminobutyric acid (GABA)ergic interneurons (e.g., basket cells) through
lateral inhibition (Figure 2D), e.g., the 270° neurons activate interneurons to suppress the
firing of 90° neurons while remembering a 270° cue. Thus, the contents of working memory
are specific and informative. Computational models have predicted that the persistent
network firing during the delay period would require N-methyl-D-aspartate (NMDA)
receptor stimulation to provide slow, stable excitation (24), and recent physiological data
support this prediction (reviewed in [3]). Thus, insults to NMDA receptor signaling erode
working memory performance (e.g., [25]). Spatially tuned, persistent firing also depends on
the neurochemical environment, which powerfully regulates the strength of network
connections (3).

The Strength of Network Connections Is Rapidly Altered by the
Neurochemical Environment: Integrating Arousal and Cognition

The arousal pathways (e.g., norepinephrine, dopamine, acetylcholine, serotonin, histamine,
and orexins) all project to the PFC, and it is likely that all influence PFC function (26).
However, a long history of research on the catecholamines has advanced our knowledge of
these mechanisms in particular. This research began with the landmark discovery that
depletion of catecholamines from the dorsolateral PFC was as detrimental as ablation of the
cortical tissue itself (4). It is now known that both NE and DA have an inverted-U dose
effect on PFC function, whereby either too little (e.g., depletion or fatigue) or too much
(e.g., uncontrollable stress) impairs PFC function, while moderate levels of catecholamine
released when a subject is alert and interested strengthen and sculpt inputs to optimize PFC
function based on environmental demands.

The NE and DA neurons in the brainstem change their firing rate according to our arousal
state, as well as the relevance of events in the environment. Norepinephrine neurons in the
locus coeruleus are silent during rapid eye movement sleep and have low tonic firing during
slow wave sleep, moderate tonic firing and pronounced phasic firing to relevant stimuli
during nonstressed waking, and high tonic firing with dysregulated phasic firing during
stress (27). They fire to relevant stimuli during alert waking but can fire to distracters during
fatigue or stress (27). Dopamine neurons have not been followed as methodically with
regard to states of arousal but have been shown to fire related to prediction of reward (28).
However, recent studies suggest that a subset of midbrain DA neurons can increase their
firing to aversive stimuli (29), and these neurons may contribute to increased DA release in
the PFC during stress. Biochemical studies in rats have consistently shown that both DA and
NA release are increased in the medial PFC during acute stress exposure (30–32).

The levels of catecholamine release in PFC may rapidly alter the strength of PFC network
connections to coordinate cognitive state with physiological demands. We have proposed
that weakening of PFC network connections could conserve energy during states of fatigue
when energy is scarce (3), particularly as recurrent network excitation is an energy-intensive
operation (33). Conversely, high levels of catecholamine release during stress can rapidly
take PFC offline in response to danger, to switch control of behavior to more primitive brain
regions (e.g., amygdala, striatum) that mediate instinctive reactions. Under optimal arousal
conditions, phasic catecholamine release appears to regulate the strength and breadth of
network inputs in a manner that is essential to PFC cognitive function. Thus, precise
regulation of NE and DA is needed for appropriate PFC regulation.
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The Underappreciated Role of Norepinephrine
Although much of the previous research on ADHD and PFC has focused on DA
mechanisms, recent data indicate that NE mechanisms are just as important and may even
have more utility for the development of medications because of distinct NE actions at
adrenergic receptors. Norepinephrine has the highest affinity for α2 adrenergic receptors and
lower affinity for α1 and β receptors (34). Therefore, the type of receptor engaged may be
determined by the amount of NE release.

Data from studies of monkey dorsolateral PFC demonstrate an inverted-U dose-response:
moderate levels of NE released during alert, nonstressed waking improve working memory
performance by engaging postsynaptic, α2A receptors (35,36), whereas high levels of NE
released during stress impair PFC function via stimulation of lower affinity α1 (37) and β1
receptors (38). Norepinephrine α1 and β1 receptor stimulation can facilitate glucocorticoid
detrimental actions (39), suggesting a coordinated stress response. This inverted-U has been
seen at both the behavioral and cellular levels in dorsolateral PFC (40).

A variety of behavioral evidence indicates that NE stimulation of α2A receptors in
dorsolateral PFC is critical for working memory. Either depletion of NE (35) or blockade of
α2A receptors in PFC (36) impairs working memory performance in monkeys, suggesting
that endogenous NE plays a large role in strengthening working memory performance.
Conversely, stimulation of postsynaptic α2A receptors in dorsolateral PFC, e.g., with
guanfacine infusions directly into this region, improves working memory performance
(35,41–43). Systemic administration of α2A agonists to monkeys also improves
performance of tasks that depend on dorsolateral PFC, including spatial working memory
under distracting conditions (44,45). Systemic guanfacine administration in humans also can
improve dorsolateral PFC functions, such as working memory and planning ([46,47],
although Muller et al. [48]). Guanfacine has also been shown to improve working memory
performance in patients with epilepsy (47) and schizotypal disorder (49).

In contrast to α2A receptors, infusion of an α1 agonist directly into the dorsolateral PFC
impairs working memory performance (42). Blockade of α1 or β receptors in dorsolateral
PFC has no effect on working memory performance under basal conditions (36), suggesting
that these receptors are not sufficiently engaged under nonstress conditions when there are
moderate levels of NE release. Similar effects are observed with systemic administration of
α1 compounds. Systemic administration of an α1 agonist that crosses the blood brain barrier
also impairs working memory performance, while administration of an α1 antagonist, e.g.,
prazosin, can protect working memory performance during stress (37,50,51). These actions
may contribute to prazosin’s beneficial effects in treating posttraumatic stress disorder and
drug addiction (52–54).

Although high levels of α1 and β receptor stimulation impair working memory performance,
emerging data suggest they may improve other PFC cognitive operations. Recent studies in
rats indicate that stop signal performance in rats is mediated by β receptors (55) and
attentional set shifting may involve α1 receptors (7,56). It is interesting to consider that these
cognitive operations may be part of an orchestrated stress response. The stop signal task
requires stopping an ongoing movement (what Aron calls reactive inhibition, see his article
in this special issue [21]), and this may involve different circuits and mechanisms than the
more thoughtful forms of behavioral inhibition (what Aron calls proactive inhibitory control
[21]), e.g., as occurs in the go/no-go task. Similarly, facilitated shifting of attention may be
adaptive under stressful conditions. Thus, there may be a coordinated modulation of PFC
operations by NE α2A versus α1/β receptors based on their relevance to survival under safe
versus stressful arousal conditions.
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Electrophysiological recordings from PFC neurons in monkeys performing a working
memory task demonstrate a similar inverted-U dose-response as that seen in behavioral tasks
(Figure 3A) and have revealed some of the intracellular signaling pathways underlying NE
actions. Stimulation of α2A receptors increases delay-related firing of PFC neurons via
inhibition of cyclic adenosine mono-phosphate (cAMP) (57), while stimulation of α1
receptors decreases delay-related firing via activation of phosphatidylinositol protein kinase
C signaling (58). The latter finding may explain why lead poisoning can mimic the
symptoms of ADHD (59), as extremely low concentrations of lead activate protein kinase C
(60). Thus, environmental insults that disrupt proper PFC neuromodulation may have
powerful effects on cognitive control of attention, behavior, and emotion.

Physiological studies are beginning to reveal how α2A inhibition of cAMP signaling can
improve PFC function. Iontophoresis of an α2A agonist such as guanfacine onto PFC
neurons enhances neuronal firing during the delay period for the neurons’ preferred
direction (Figure 3A), while blockade of α2A receptors markedly reduces PFC neuronal
firing during the delay period (indeed, high doses can silence a neuron) (57,61). Stimulation
of α2A receptors strengthens firing for the neuron’s preferred direction by inhibiting cAMP
production, which, in turn, reduces cAMP opening of potassium channels, increasing the
efficacy of nearby synaptic inputs (Figure 2E). Support for this working model comes from
several lines of research. Multiple label immunoelectron microscopy has demonstrated α2A
receptors next to hyperpolarization-activated cyclic nucleotide-gated (HCN) channels on the
dendritic spines of pyramidal cells in the superficial layers of monkey dorsolateral PFC (57).
These channels increase their open probability in the presence of cAMP. Physiological
recordings have shown that guanfacine enhancement of delay-related firing for the neuron’s
preferred direction is mediated by inhibition of cAMP-HCN signaling, while increases in
cAMP-HCN channel signaling markedly weaken persistent neuronal firing (57). Similarly,
behavioral studies have shown that increased cAMP-HCN signaling weakens working
memory performance (57), while α2A receptor stimulation in PFC improves working
memory performance through inhibition of these pathways (43). Thus, the strong network
connections needed for working memory critically depend on α2A receptor stimulation.

Although the physiological studies of α2A receptor actions have been focused on spatial
working memory paradigms in dorsolateral PFC, behavioral data indicate that these
enhancing effects extend to other cognitive operations and additional subregions of the PFC
(summarized in Table 1). For example, infusions of guanfacine into the ventrolateral PFC—
a region altered in ADHD—improved response flexibility and conditional associative motor
learning in monkeys (62). Guanfacine has also been shown to improve performance of a task
that relies on orbital PFC, object reversal (63). Improvement on object reversal has also been
seen with drugs that block the NE(butnotDA)transporter (64).Asorbital circuits are
important for the control of aggression (65,22), guanfacine strengthening of orbital function
may underlie the reduced aggression observed in monkeys (66) and ADHD patients (67)
taking this medication.

Importantly, blockade of α2 receptors selectively within the monkey PFC can recreate many
of the key symptoms of ADHD. Iontophoresis of yohimbine onto dorsolateral PFC neurons
markedly suppresses PFC cell firing in monkeys (57,61). Infusions of yohimbine into this
same region induce locomotor hyperactivity (68), errors of commission on no-go trials in a
go/no-go task (69), and impaired working memory performance (36). These data suggest
that genetic insults that similarly weaken α2A receptor signaling may also impair PFC
regulation of attention and behavior.

Genetic studies of NE signaling have revealed some interesting relationships to ADHD (70).
For example, a polymorphism in the promoter region of the gene encoding for dopamine β
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hydroxylase leads to inadequate levels of dopamine β hydroxylase enzyme and reduced
levels of NE synthesis (71). This genetic insult is associated with ADHD (72–74) and has
been associated with features associated with ADHD, including poor sustained attention
(75), weaker impulse control (76), and impaired performance on PFC tests of executive
function (77). Genetic alterations in the α2A receptor also have been associated with ADHD
(73,78 – 80) and with impaired PFC executive function (81). Thus, NE stimulation of α2A
receptors is needed for strong PFC regulation in both animals and humans.

NE Mechanisms and ADHD Medications
All medications currently approved for the treatment of ADHD influence NE transmission
(Figure 2E), and all can improve at least some aspects of PFC function (82).A common
misconception is that methylphenidate is a selective DA transporter blocker, when in
actuality it blocks both NE and DA transporters. Indeed, methylphenidate has more potent
effects on NE than DA in the rat PFC (83) (84). Behavioral data in rats and monkeys
indicate that methylphenidate can improve working memory performance by indirectly
enhancing both NE α2A receptor and DA D1 receptor actions (40). Methylphenidate has
also been shown to improve working memory and stop signal performance in both normal
volunteers (85,86) and patients with ADHD (87–89). Methylphenidate also enhances PFC
physiological responses in rats (84).

Like methylphenidate, atomoxetine also blocks the NE transporter (Figure 2E), and as the
NE transporter clears both NE and DA in the PFC, this increases extracellular levels of both
catecholamines (90). Physiological recordings in monkeys show that an iontophoresis of an
optimal dose of atomoxetine can enhance PFC firing (Figure 3C), in part via increased NE
stimulation of α2 receptors (40). Atomoxetine also has D1 actions at the cellular level in
dorsolateral PFC (see below). However, higher doses of atomoxetine reduce dorsolateral
PFC firing during working memory (Figure 3C), which may contribute to the variability in
response to this medication. Atomoxetine has been shown to improve stop signal
performance in normal volunteers (91) (although, see [86]), as well as in patients with
ADHD (92). Importantly, atomoxetine (40 mg) has been shown to increase right inferior
PFC activity during performance of this task (93), a brain region often shown to be
underactive in patients with ADHD. However, a much higher dose of atomoxetine impaired
go/no-go performance (94). It is possible that atomoxetine’s effects on PFC functions will
be dose-related, with low doses producing moderate NE release that engages α2A receptors,
improving working memory and go/no-go performance (proactive inhibition), while higher
doses produce greater NE release that engages β receptors, improving stop signal reactive
inhibition. This hypothesis could be tested in future research.

In contrast to stimulants and atomoxetine, guanfacine directly mimics NE stimulation of
α2A receptors, as described above (Figure 2E). Guanfacine administration to children with
ADHD and tics improved performance of a Conners’ Continuous Performance Test task that
requires sustained attention, working memory, and behavioral inhibition (95). These data are
consistent with those in monkeys showing beneficial effects of α2A receptor stimulation on
a variety of PFC functions.

The Complex Roles of DA
It has long been appreciated that DA is essential to the working memory functions of the
PFC (4). New research is now revealing the contribution of DA to orbital PFC functions as
well, which appears to differ from serotonergic actions (96) (26). The current article focuses
on DA actions in dorsolateral PFC during spatial working memory, given this has been best
studied at the cellular level.

Arnsten Page 6

Biol Psychiatry. Author manuscript; available in PMC 2011 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



There are two families of DA receptors: the D1 (D1 or D5) and D2 (D2, D3, D4) families of
receptors. The D1 receptor family is found in both superficial and deep layers of monkey
dorsolateral PFC (97), while D2 receptors are focused in layer V (98). The D1 receptors are
concentrated on dendritic spines near network synapses (99), although likely in a separate
set of spines than those containing α2A receptors (100). In contrast, D5 receptors are found
near the cell body in sites where they can regulate calcium release from the endoplasmic
reticulum (101). The D2 receptors are found in a variety of subcellular localizations (102),
while D4 receptors are concentrated on GABAergic interneurons (103). It is important to
note that D4 receptors have exceptionally high affinity for NE and thus should be considered
a catecholamine receptor rather than a DA receptor (104). This review will focus on D1
receptor influences on PFC function, as these are best understood, with only a brief
discussion of D2 receptor influences. Please note that all currently availableD1drugs act at
both D1 and D5 receptors, and thus pharmacological studies do not differentiate these
mechanisms. Thus, they will be referred to here as D1/5 receptors as appropriate.

D1/5 Receptor Mechanisms
Dopamine has an inverted U-shaped influence on working memory abilities via actions at
the D1 receptor family in both animals (100) and humans (105). Cognitive studies in
animals have shown that either blockade of D1/5 receptors or excessive stimulation of D1/5
receptors in the PFC impairs spatial working memory (106–108). This inverted U-shaped
relationship can be observed at the cellular level (Figure 3B), where an optimal level of
D1/5 receptor stimulation enhances spatial tuning by suppressing delay-related firing to the
neurons’ nonpreferred directions (109). Iontophoresis of very high doses of D1/5 antagonists
on PFC neurons stop all neuronal firing (110) (not shown in Figure 3B), while more
moderate doses of a D1/5 antagonist induce noisy firing to both preferred and nonpreferred
directions (Figure 3B, left side). A modest dose of D1/5 agonist enhanced spatial tuning by
selectively inhibiting firing to nonpreferred directions (Figure 3B, top). Thus, DA and NE
have complementary roles: NE α2A receptor stimulation enhances network firing for shared,
preferred inputs (i.e., increasing signals [57]), whereas D1 receptor stimulation sculpts
neuronal firing by decreasing firing to nonpreferred inputs (i.e., decreasing noise [109]). In
contrast to moderate D1/5 receptor stimulation, high doses of D1/5 agonist suppress all
neuronal firing (Figure 3B, right side of curve). These actions likely contribute to impaired
working memory abilities during uncontrollable stress exposure, when high levels of DA are
released in PFC. The potential mechanisms underlying this inverted U are briefly discussed
below. For a more lengthy discussion, please see Arnsten et al. (100).

The marked loss of firing when high doses of D1/5 antagonist are applied to monkey PFC
neurons may arise from blockade of fundamental excitatory DA D1/5 actions. These actions
are likely saturated in the in vivo animal recordings and thus are best observed through in
vitro slice preparations of rat medial PFC. Early investigations showed D1/5-mediated
excitatory effects on prefrontal pyramidal cells (111). A more recent study showed that D1/5
receptor stimulation appears to increase the evoked excitability of pyramidal cells while
reducing spontaneous excitability by acting in concert on the persistent sodium current,
high-threshold dendritic calcium spikes, and a slowly inactivating potassium current (112).
The D1/5 agonists increased NMDA receptor-mediated synaptic currents while slightly
reducing α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor currents, leading
to enhancement of sustained excitatory postsynaptic potential trains (113). The D1/5
receptor agonists also appear to shift the activation curve of the persistent sodium current to
more hyperpolarized potentials, thus contributing further to signal-to-noise improvements
(114,115). Intracellular recordings from layer II/III PFC pyramidal neurons have shown that
D1/5 receptor stimulation may promote excitation by increasing the amplitude of excitatory
postsynaptic currents through calcium, protein kinase A, and calcium/calmodulin-dependent
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protein kinase II mechanisms (116). Thus, a variety of mechanisms may contribute to D1/5
excitatory actions.

Lower dose iontophoretic application of D1/5 receptor agonists and antagonists revealed
important sculpting actions that likely occur under normal physiological conditions. Thus, a
low dose of D1/5 antagonist produced noisy cell firing, while an optimal dose of D1/5
agonist enhanced spatial tuning by suppressing firing for only the nonpreferred directions
(Figure 3B, top of curve). These sculpting actions may contribute to the stabilization of
representations by preventing responses to distracting, irrelevant events (117, for a detailed
discussion of these actions in human subjects). The D1/5 sculpting actions resemble the
lateral inhibition observed with GABAergic interneurons (Figure 2D) and indeed may
involve D1/5 enhancing GABAergic actions (118,119). However, in vivo recordings in
monkeys showed only suppression of fast-spiking cells (presumed interneurons) following
D1/5 agonist application. This may be due to the predominant influence of pyramidal cell
network firing in the cognitively engaged monkey; thus, suppression of pyramidal cell firing
reduces excitatory drive on interneurons. The sculpting effects of D1/D5 agonists may also
involve engagement of presynaptic D1 receptors on network terminals, decreasing glutamate
release (120), as well as engagement of D1 receptors on spines, gating network inputs via
increased cAMP signaling (Figure 2F) (3,100,109). In this way, arousal state and the
predicted rewarding properties of events in the environment can sharpen neuronal tuning.
These D1 sculpting actions are beneficial for cognitive operations requiring a narrow range
of network inputs (e.g., spatial working memory for a small location in space) but are
harmful if a broader range of inputs is required (e.g., during attentional set shifting [121]).
Under optimal conditions, DA release may be dynamically regulated according to
momentary cognitive demands (for an extensive review, see [100]).

However, at high levels of D1 receptor stimulation, firing is suppressed for all directions,
and the neuron loses both its spatial tuning and its level of responsiveness (109) (Figure 3B).
Indeed, PFC neurons will sometimes stop firing altogether following higher dose D1 agonist
application. These suppressive actions are prevented by inhibition of cAMP-protein kinase
A signaling (109), consistent with the working model shown in Figure 2F. High levels of D1
suppressive actions likely occur with stress exposure but may also contribute to the feeling
of being a “zombie” (e.g., reports of empty thoughts) with an excessive dose of stimulant
medication.

We have hypothesized that D1 receptors may have a general role in gating network inputs to
PFC neurons, as schematically depicted in Figure 4. The D1 receptors on the spines of an
area 46 pyramidal cell may gate both nonpreferred spatial inputs from other neurons in area
46, as well as visuofeature inputs from area 45. According to this working model, D1
receptor stimulation in area 46 would be particularly detrimental when a neuron is trying to
maintain broad inputs, e.g., both spatial and feature information, in working memory. The
ability to dynamically regulate the width of network inputs according to the affective
significance of stimuli in the environment may have great relevance to survival, e.g.,
narrowing inputs on stimuli predicting reward, disconnecting PFC networks in response to a
threat. However, it is unlikely that a D1 agonist can mimic the dynamic range of
dopaminergic response needed to effectively coordinate cognition with arousal state, which
may limit the therapeutic utility of these agents.

D2 Receptor Mechanisms
The D2 receptors are less prevalent in monkey dorsolateral PFC and are concentrated on
layer V neurons, the layer that projects to striatum and the superior colliculus (98,122,123).
Iontophoresis of D2 drugs onto PFC neurons has no effect on delay cell firing during the
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delay period in a working memory task but has marked effects on response cell firing in
relationship to the eye movement response (124). Thus, D2 agonists increased the amplitude
and speeded the timing of response-related firing. Importantly, the D2 antagonist, raclopride,
decreased the amplitude and slowed the response-related firing, indicating that endogenous
DA stimulation of D2 receptors normally enhances response-related firing. These findings
are consistent with results from imaging studies, where the D2 agonist, bromocriptine, also
increases response-related blood oxygenation level-dependent signals in PFC (125). In
monkey physiology studies, the timing of the neuronal response is accurate enough to reveal
response neurons that fire in anticipation of the motor response (likely mediating the action),
as well as those that fire during the response. Firing during the motor response may be
involved in clearing the mental sketchpad for the next trial, an updating function (e.g., as
suggested by [126]). Neuronal firing during the saccadic motor response also may be
providing corollary discharge, the mental tag that informs the brain that an event is self-
initiated (127). The D2 drugs were observed to alter both early and late-firing response cells,
suggesting that D2 mechanisms may regulate the amplitude of PFC communication with
subcortical structures mediating motor responses, as well as pathways involved in updating
(126) or in corollary discharge. Disruptions in corollary discharge may contribute to
hallucinations (128), which can be a side effect of D2 medications (129). Thus, D2 agonists
likely remain suboptimal therapeutic agents for treating PFC dysfunction.

The microcircuitry contributing to response cell firing is less well understood than delay
cells, and it is not known if or how GABA interneurons influence the firing of response
cells. Research in rodent medial PFC has shown that D2 receptor stimulation can reduce
GABAergic inputs to pyramidal cells (130). It is not known if this mechanism contributes to
the increased firing of response cells following D2 agonist iontophoresis in primates and/or
whether it arises from direct D2 actions on pyramidal cells, e.g., D2-mediated increases in
excitatory transient receptor potential channel currents (131).

DA Mechanisms and ADHD Medications
Positron-emission tomography imaging studies have shown that therapeutic doses of
stimulant medications increase endogenous DA stimulation of D2 receptors in the striatum
(132) and are particularly effective under conditions when DA neurons would be activated,
i.e., in response to a salient stimulus (133). Unfortunately, positron-emission tomography
imaging is not able to detect DA interactions with receptors in the PFC, but biochemical
studies in rats suggest that methylphenidate is even more effective in increasing DA in PFC
than in striatal structures (83). Animal studies have also shown that the enhancing effects of
methylphenidate and atomoxetine on working memory performance involve D1/5 receptor
stimulation, as well as the NE α2 receptor actions described above. However, higher doses
of these agents impaired working memory, consistent with the D1 inverted-U response. The
impairment in PFC function with higher doses of stimulants observed in animals may also
impede cognitive flexibility in patients with ADHD (134). The physiological recordings
from monkeys described above also suggest that even lower, therapeutic doses of stimulants
may constrict creativity or other tasks that require broad network inputs through D1
narrowing of cortical network inputs. On the other hand, stimulants likely enhance
motivation and other striatal functions not engaged by NE medications (135). Thus, optimal
medication strategies depend on individual symptoms and needs.

Conclusions
There has been remarkable progress in our understanding of PFC circuits and their relevance
to ADHD. Studies of catecholamine actions on dorsolateral PFC microcircuitry have
revealed intricate and powerful mechanisms to regulate the strength of persistent neuronal
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firing and the degree of neuronal tuning. Given the complexity and precision of these
mechanisms, it is not surprising that problems with PFC regulation are prevalent in many
neuropsychiatric disorders. As NE and DA mediate the strength of PFC network
connections, they may be especially important in disorders where there are developmental
errors in connectivity. Insight into the intracellular mechanisms underlying catecholamine
actions in PFC may give rise to a deeper understanding of the etiology of ADHD and its
treatment.
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Figure 1.
Parallel basal ganglia and cerebellar loops for the control of behavior, thought, and emotion.
The pioneering work of Middleton and Strick (9) has revealed parallel pathways regulating
motor response, cognition, and emotion. One set of pathways projects from cortex through
striatal structures in the basal ganglia to focus back on prefrontal cortex for the selection and
planning of motor, cognitive, and emotional habits. A second set of pathways project
through the pontine nuclei to the cerebellum; indeed, the majority of the cerebellar cortex in
primates receives projections from nonmotor cortices. Please note that some prefrontal
cortex regions also project directly to the subthalamic nucleus for rapid stopping of
behavioral responses (not shown). Alterations in these pathways may often contribute to the
symptoms of attention-deficit/hyperactivity disorder. ASSOC, association; CTX, cortex;
GPe, globus pallidus external segment; GPi, globus pallidus internal segment; N.
ACCUMBENS, nucleus accumbens; SNr, substantia nigra pars reticulata; SubTHAL,
subthalamic nucleus.
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Figure 2.
Spatial working memory networks in the dorsolateral prefrontal cortex (PFC). (A) The
oculomotor delayed response task is a spatial working memory task that is used to probe the
physiological profiles of PFC neurons. The subject must remember the spatial position of
the most recent cue over a delay period of several seconds and then indicate that position
with a saccade to the memorized location. (B) The region of the monkey dorsolateral PFC
(Walker’s area 46) where neurons show persistent, spatially tuned firing during the
oculomotor delayed response task. (C) An example of a PFC neuron that shows persistent
firing during the delay period if the cue had occurred at 90° (the preferred direction for this
neuron) but not at other spatial locations. A nonpreferred direction opposite to the preferred
direction is also labeled for reference to Figure 3 in which only the preferred and one
nonpreferred direction are shown. Rasters show the firing of the neuron over seven trials at
each spatial position. (D) A schematic drawing of the PFC microcircuits underlying spatial
working memory as described by Goldman-Rakic (23). Layer III pyramidal cells (black)
receive highly processed spatial information from parietal association cortices (not shown).
Pyramidal cells with similar spatial characteristics engage in recurrent excitation to maintain
persistent activity over the delay period (note that the subcellular localization of these
excitatory connections is not currently known; they could be on the apical and/or basal
dendrites). Gamma-aminobutyric acidergic interneurons help to spatially tune neurons
through lateral inhibition; one of these is labeled as B (basket cell). Network synaptic inputs
from isodirectional inputs (neurons with the same tuning profile) are shown in red, while
inputs form cross-directional microcircuits (neurons with different tuning characteristics) are
shown in blue. (E) A working model of norepinephrine (NE) actions at α2A receptors on
PFC dendritic spines. Stimulation of α2A receptors inhibits cyclic adenosine
monophosphate signaling, which closes nearby potassium channels and strengthens the
efficacy of network connections onto the spine. The physiological data suggest that these
actions occur on spines receiving preferred network inputs (Wang et al. [57]). Many of the
drugs approved to treat attention-deficit/hyperactivity disorder block the NE transporter and
increase NE (and dopamine [DA]) availability, e.g., medications such as methylphenidate
and atomoxetine. In contrast, guanfacine mimics NE actions by directly stimulating the α2A
receptor. (F) Physiological studies in monkeys performing working memory tasks indicate
that an optimal level of DA D1 receptor stimulation weakens neuronal firing for
nonpreferred inputs, thus enhancing the spatial tuning of the neuron (Vijayraghavan et al.
[109]). Physiological recordings indicate that these sculpting actions involve increased
cyclic adenosine monophosphate signaling, likely via opening of potassium channels.
Stimulants such as methylphenidate block the DA transporter to increase DA availability;
blockade of the NE transporter similarly increases DA availability in the PFC (see text). AS,
arcuate sulcus; ATM, atomoxetine; B, basket cell; DA, dopamine; DAT, dopamine
transporter; GFC, guanfacine; K+, potassium; MPH, methylphenidate; NE, norepinephrine;
NET, norepinephrine transporter; ODR, oculomotor delayed response; PS, principal sulcus.
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Figure 3.
Catecholamine influences on prefrontal cortex (PFC) physiology and function. Both
norepinephrine (NE) and dopamine (DA) have inverted U-shaped influences on PFC
physiology and cognition, whereby either too little or too much of the neurotransmitter
impairs PFC function. There are increasing levels of catecholamine release according to
arousal state, with low levels during fatigue; phasic release under alert, nonstress conditions;
and high levels during uncontrollable stress exposure. These figures show examples of NE
and DA influences on the pattern of dorsolateral PFC neuronal firing in monkeys performing
the oculomotor delayed response spatial working memory task, as outlined in Figure 2. (A)
The NE inverted U. Inadequate α2A receptor stimulation because of iontophoresis of
yohimbine (15 nA) leads to weak neuronal firing (left). In contrast, iontophoresis of the α2A
agonist, guanfacine (5 nA), increases memory-related firing during the delay period for the
neuron’s preferred direction (top). With high levels of NE release during stress, NE engages
lower affinity α1 receptors. Stimulation of α1 receptors via iontophoresis of phenylephrine
(50 nA) reduces PFC neuronal firing (right). (B) The DA D1/5 inverted U. A neuron with
noisy neuronal firing to all spatial directions under control conditions is seen in this figure
(left). This noisy firing pattern can also be induced in a highly tuned neuron by
iontophoresis of a moderate dose of a D1/5 antagonist (not shown). Iontophoresis of an
optimal dose of the D1/5 agonist, SKF81297 (15 nA), to a noisy neuron selectively
decreases memory-related firing for the neuron’s nonpreferred directions, thus sharpening
spatial tuning (top). In contrast, high levels of D1 receptor stimulation (40 nA) reduce PFC
neuronal firing for all directions (right). (C) The inverted U observed with iontophoresis of
atomoxetine. A neuron with relatively low levels of memory-related firing under control
conditions (left) shows enhanced firing for the memory of the neuron’s preferred direction
with iontophoresis of a low dose of atomoxetine (5 nA; top). Iontophoresis of a higher dose
of atomoxetine (15 nA) suppresses neuronal firing, consistent with excessive NE and/or DA
release in PFC. NE, norepinephrine.
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Figure 4.
Working model of catecholamine regulation of cortical network inputs on spines. Schematic
diagram of prefrontal cortex (PFC) network inputs to a layer III PFC pyramidal cell in area
46, the brain region specialized for spatial working memory. The preferred spatial direction
for this neuron is 90°. The neuron receives extensive excitatory inputs from other 90°
neurons in area 46, from the same column as well as more distant columns. These network
inputs are strengthened by stimulation of α2A receptors on the spines receiving the preferred
inputs, shown in red. In contrast, network inputs from neurons with different spatial tuning,
e.g., 45°, are gated by dopamine D1 receptors, shown in blue. These sculpting actions
sharpen spatial tuning. We hypothesize that D1 receptors may also gate network inputs from
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other neurons with nonpreferred characteristics, e.g., synaptic inputs from neurons in area 45
that process visuofeature information such as faces. In this way, D1 may dynamically alter
the breadth of network inputs to a PFC pyramidal cell.
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Table 1

Alpha-2A Adrenergic Influences on Prefrontal Cortical Functions in Primates

Prefrontal Cortex Operation References

Working Memory

  Improve (36,46,47,49,136,137)

  No effect (48)

Attention Regulation

  Reduce distractibility (44,45)

  Improve sustained attention (95)

  Increase alerting (138)

Strengthen Behavioral Inhibition Cognitive:

  Stroop interference (139)

  No-go performance (69)

  Response flexibility (62,140)

  Emotional:

  Reward reversal (63)

High Order Associative Learning (62,140)

Planning and Organization (46)
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