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Abstract

We review the modulatory effects of the catecholamine neurotransmitters noradrenaline and
dopamine on prefrontal cortical function. The effects of pharmacologic manipulations of these
systems, sometimes in comparison with the indoleamine serotonin (5-HT), on performance on a
variety of tasks that tap working memory, attentional-set formation and shifting, reversal learning,
and response inhibition are compared in rodents, nonhuman primates, and humans using, in a
behavioral context, several techniques ranging from microiontophoresis and single-cell
electrophysiological recording to pharmacologic functional magnetic resonance imaging.
Dissociable effects of drugs and neurotoxins affecting these monoamine systems suggest new ways
of conceptualizing state-dependent fronto-executive functions, with implications for understanding
the molecular genetic basis of mental illness and its treatment.
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INTRODUCTION

Researchers still debate the nature of the so-called executive functions of the prefrontal cortex
(PFC), which have been defined as the set of control processes that serve to optimize
performance on complex cognitive tasks. These executive functions have been variously
suggested to be a flexible resource related to Spearman’s general intelligence (g) (Duncan et
al. 2000), working memory (Baddeley 1986, Goldman-Rakic 1987), cognitive control (Miller
& Cohen 2001), or a toolbox of dissociable mechanisms with some degree of neuroanatomical
localization within the prefrontal cortex (e.g., Aron et al. 2004, Robbins 1996). Moreover,
investigators are uncovering other features of executive function that include aspects of social
cognition, emotional regulation, memory retrieval, and a complex specification of functions
of the rostral PFC (Gilbert & Burgess 2008). This review does not attempt to resolve or refine
these issues. However, it does emphasize yet another mode of frontal functioning: its capacity
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for top-down regulatory control over the ascending modulatory systems of the reticular core
of the brain (e.g., Amat et al. 2005, Robbins 2005), and in turn, the powerful influences of
these neuromodulators on PFC functions. These projections, which include major ascending
monoamine [dopamine (DA), norepinephrine (NE), serotonin or 5-hydroxytryptamine (5-HT),
histamine, orexin, as well as acetylcholine], have systems that ramify widely to innervate
diverse forebrain regions, including the hippocampus, striatum, amygdala, and thalamus, as
well as the entire neocortex. These neuromodulatory systems likely adjust signal-to-noise ratios
in terminal domains to influence processing there that is presumably appropriate to the state
engendered by their conjoint activity (see Sarter et al. 2005 for an excellent review of this
approach in terms of the cholinergic coordination of cortical functions). Characterizing these
states remains as important a problem as the nature of fronto-executive processes themselves,
but they presumably include different levels of arousal. These different levels may reflect
fluctuations in the sleep-wake cycle, motivation, mood, and stress, which, while constituting
distinct processes, may have a common currency through PFC arousal. Although the extent to
which these systems are engaged by these different processes undoubtedly overlaps, with likely
interactions between them in forebrain terminal domains, they nevertheless have distinct roles
in chemical neuromodulation within the prefrontal cortex. We use the term neuromodulation
to mean the set of neurochemical processes that curtail or prolong, augment, or diminish effects
of fast signaling in neuronal networks, often conditional on the firing state of the postsynaptic
cell. From a neurocomputational perspective, we relate neuromodulation to parameters in
equations for artificial neural networks that slowly change the dynamics of the network.

In identifying recent research trends in this area, we have focused on a growing realization that
many of these neurotransmitter systems function in both phasic and tonic modes, with
considerable implications for understanding their specific functions at the level of the PFC.
Elucidation of secondary and tertiary messengers, including common intracellular cascades,
has contributed to a better understanding of interactions among the systems. The study of
genetic polymorphisms affecting the monoamines has opened up a new approach to studying
their role in the PFC, most notably in the case of the catecholamine-o-methyl-transferase
polymorphism (COMT). Moreover, the advance of pharmacological functional magnetic
resonance imaging (fMRI) and the promise of ligands suitable for evaluating cortical
monoaminergic function using positron emission tomography have also provided new
evidence. These advances, which have perhaps had greatest influence in human cognitive
neuroscience, have been paralleled by superior in vivo voltammetric methodologies for use in
experimental animals.

A general principle that has emerged in the past decade in considering the functions of the
chemical modulatory inputs to the PFC has been that of the Yerkes-Dodson, inverted U-shaped
function linking the efficiency of behavioral performance to the level of activity in the
ascending monoaminergic (mainly DA- and NE-ergic) systems. The inverted U dose response
has been demonstrated with pharmacological agents in both animals (e.g., Granon et al.
2000, Zahrt et al. 1997) and humans (Gibbs & D’Esposito 2006), and also in relationship to
COMT genotype. Thus, substitutions of methionine (met) for valine (val) weaken COMT
catabolic activity and shift the inverted U leftward both in normal human subjects and in
patients (Egan et al. 2001, Williams-Gray et al. 2007).

Further complications have related to heterogeneity of function within the PFC and the fact
that the Yerkes-Dodson relationships may posit different U-shaped functions depending on the
nature of the task; therefore, a level of monoaminegic function optimal for one may be sub- or
supraoptimal for another. The most obvious functional divisions are between orbitofrontal and
dorsolateral regions of the primate PFC, the former associated especially with emotional
decision-making and the latter with working memory. But these crude functional divisions are
now being fractionated further: The role of component subregions is slowly being elucidated,
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as is the conceivably top-down role of regions such as the anterior PFC, which highlights
potentially hierarchical or heterarchical modes of organization. The growing sophistication of
cognitive-behavioral and computational approaches to PFC function has also presented what
sometimes appear to be competing accounts of the contributions of the ascending modulatory
systems, which require resolution. What is increasingly evident is that PFC executive functions
must be considered in terms of a state dependency that is mainly provided by the chemical
modulatory systems. In simple terms, the executive process required to respond optimally to
stress (e.g., during a battle) may differ dramatically from those required to cope with
bereavement or to stay awake during a boring, though important, lecture.

CATECHOLAMINES ARE RELEASED IN PFC ACCORDING TO AROUSAL

STATE

The chemical arousal systems projecting to the PFC probably all affect fronto-executive
cognition via their modulatory effects. However, most of our detailed knowledge on patterns
of neuronal firing and terminal release in PFC has focused on the catecholamines. Release of
NE and DA is low during periods of drowsiness, moderate during conditions of alert interest,
and high during uncontrollable stress. Recordings from NE and DA cell bodies have shown
that under optimal, alert conditions, NE and DA neurons have relatively low levels of tonic
firing but fire to stimuli that are relevant and/or predict reward, respectively (Aston-Jones et
al. 2000, Berridge & Waterhouse 2003, Schultz 1998). Under conditions of psychological
stress, the amygdala also activates norepinephrine (NE) and DA cells at source and increases
catecholamine release in the PFC (Goldstein et al. 1996).

The orexin (hypocretin) neurons in the hypothalamus have key arousing effects needed for the
brain to enter the waking state (Saper et al. 2001). The excitatory orexins project to the NE cell
bodies of the locus coeruleus (Horvath et al. 1999) and to the thalamus and cortex, including
the PFC (Moore et al. 2001). In rats, orexins excite the same thalamocortical synapses in PFC
as does nicotine, and they improve attentional function (Lambe et al. 2005). The antinarcolepsy
drug, modafinil, may act via the orexin system and has improved PFC functions in human
subjects (Turner et al. 2003), suggesting that this will be an important area for future research.
Orexins appear to activate the subgroup of DA neurons in the ventral tegmental area that project
to the PFC and the nucleus accumbens shell (Vittoz et al. 2008), suggesting a highly specific
and coordinated arousal system.

Classical neurochemical evidence has indicated that medial PFC (mPFC) DA levels in the rat
may be affected in a protracted way, especially by aversive stimuli such as electric foot shock
(Thierry etal. 1976). Investigators have found similar results for a variety of stressors, including
handling, forced swimming, tail pinch, social defeat, conditioned aversive stimuli, and
pharmacological anxiogenesis (see review by Seamans & Robbins 2009). These increases can
be countermanded by chronic treatment with antidepressant drugs without affecting the
corticosteroid response per se, which suggests that they arise as emaotional (or arousing)
concomitants of stress rather than reflecting the stress itself (Dazzi et al. 2001).

Appetitive stimuli also enhance activity in the mesocortical DA system, although to a lesser
degree and for a more transient period than do aversive stimuli (see Seamans & Robbins
2009 for a review). Furthermore, such activity can be evoked in several types of cognitive
demand situations, including learning and extinction, (e.g., Feenstra et al. 2001), reversal
learning (van der Meulen etal. 2007), working memory (Phillips et al. 2004, Rossetti & Carboni
2005, Watanabe et al. 1997), sustained attention (Dalley et al. 2002) or attentional set-shifting
(Stefani & Moghaddam 2006), and intertemporal choice during reward discounting
(Winstanley et al. 2006). Without discussing any of these particular situations in detail, we can
make a few general points. First, many of these studies provided controls to show that the PFC
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DA activation could be over and above that provided by the passive receipt of food rewards,
suggesting indeed that the cognitive demands were key. Second, some of the individual
variation in PFC neurochemistry was consistent with mesocortical DA being associated with
specific traits (e.g., impulsivity; Dalley et al. 2002). Third, some evidence indicates differential
recruitment of PFC DA according to the sector of the PFC monitored; in the study by
Winstanley et al. (2006), DA in the orbital frontal cortex (OFC) was more associated with
choice of large delayed rewards than was mPFC DA (which contrasted with the regional pattern
of 5-HT activation). Finally, these data must be considered together with pharmacological
findings of effects, for example, of specific DA receptor agonists. An elegant integration was
achieved in the study by Phillips et al. (2004) on working memory in which knowledge of the
fluctuations in PFC DA in the delays imposed during a spatial working memory task for rats
enabled understanding of the contrasting effects of a D1 receptor agonist to improve, but also
to impair, memory as a function of the retention interval. Specifically, both the D1 agonist-
induced improvements in low baseline performance afforded by long delays and the deficits
in performance after brief delays (Floresco & Phillips 2001) could be related to relatively low
and high levels of PFC DA respectively at those retention intervals, as measured using in vivo
dialysis.

Differing levels of NE release engage qualitatively different noradrenergic receptors (Arnsten
2000). Moderate levels of NE release engage high affinity a2a-adrenergic receptors (a2a-ARs),
whereas higher levels of NE release during stress engage lower-affinity al-adrenoceptors
(a1-ARs) and B-adrenoceptors (B-ARS). As described below, these receptors have opposing
effects on PFC function: Stimulation of postsynaptic a2a-ARs improves, whereas stimulation
of o 1-ARs and (B1-ARs impairs, PFC function. Thus, arousal state can alter our cognitive
abilities through powerful catecholamine actions in PFC. A parallel situation exists with respect
to DA receptors; D1 and D2 receptors may be stimulated optimally at different levels of DA
presynaptic activity, which may improve some aspects of cognition and hinder others (see
below and reviews Floresco & Magyar 2006, Seamans & Robbins 2009).

MECHANISMS OF OPTIMAL REGULATION OF WORKING MEMORY IN PFC
BY CATECHOLAMINES

Brozoski et al. (1979) were the first to show that catecholamines are essential to dIPFC spatial
working memory function. Although this landmark study focused on DA actions, investigators
now agree that both NE and DA have essential, probably complementary, actions that affect
cognition in the PFC. Blockade of either NE a.2a-ARs or DA D1 receptors (D1-Rs) in the dIPFC
markedly impairs spatial working memory performance (Li & Mei 1994, Sawaguchi &
Goldman-Rakic 1991). Results from electrophysiological studies in monkeys performing
working memory tasks are consistent with these behavioral findings: Blockade of a2a-ARs
(Li et al. 1999) or D1-Rs (Sawaguchi & Goldman-Rakic 1994, Williams & Goldman-Rakic
1995) erodes the spatially tuned, persistent firing of dIPFC neurons. As described below and
in Figure 1, NE stimulation of postsynaptic a2a-ARs strengthens iso-directional networks (i.e.,
increases signals within the network), whereas optimal DA stimulation of D1-Rs weakens
network connections from contra-directional inputs (i.e., decreases noise within the network).
These gating actions likely occur in dendritic spines by regulating cAMP influences on HCN
channels (hyperpolarization-activated cyclic nucleotide gated cation channels, which pass the
h-current when in the open state).

HCN channels are localized on the heads and necks of dendritic spines near incoming synapses
in the superficial layers of monkey PFC, the layers that form the cortical-cortical networks
(Wang et al. 2007). When the HCN channels are opened in the presence of CAMP, nearby
synaptic inputs are shunted, likely owing to a reduction in membrane resistance. Thus,
activation of cAMP-HCN signaling weakens the network inputs onto that spine compartment.
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a2a-ARs are localized next to HCN channels on spines and are thus ideally positioned to
modulate the local concentration of cAMP near the channels via G; inhibition of cAMP
production. Electrophysiological studies have shown that a2a-AR stimulation increases
network firing for preferred directions, and this improvement can be reversed by manipulations
that increase or mimic cCAMP (Wang et al. 2007). Conversely, blockade of a2a-ARs induces
network collapse that can be rescued by blocking HCN channels. Similar results have been
observed at the behavioral level, where viral knockdown of HCN channels or pharmacological
blockade of these channels in the rat prelimbic PFC improves spatial working memory
performance (Ramos et al. 2005, Wang et al. 2007). These beneficial actions are reversed by
agents that increase cCAMP signaling at both the cellular and the behavioral levels.

Information cannot be represented in the PFC by a single neuron increasing its firing rate:
Neuronal activity must be spatially tuned and accurately timed to convey accurate
representations of spatial position. Spatial tuning of PFC networks is created by GABAergic
inhibition (Rao et al. 1999,2000) and DAD1-R stimulation (Vijayraghavan et al. 2007). D1-
Rs and a2a-ARs appear to be on different dendritic spines (C. Paspalas and A.F.T. Arnsten,
unpublished data), which suggests that they modulate different sets of network inputs. Optimal
D1-R stimulation tunes PFC microcircuits by suppressing cell responses to nonpreferred
stimuli [e.g., spatial directions for which the microcircuit is not tuned (Vijayraghavan et al.
2007)]. Conversely, blocking D1-R increases firing to nonpreferred inputs and makes the
neuron noisy or less tuned. D1-R stimulation may dynamically regulate the breadth of network
tuning on the basis of task demands (Vijayraghavan et al. 2007).

Catecholamines have additional actions in PFC, including fundamental excitatory effects
(Seamans et al. 2001, Young & Yang 2004) and traditional effects on neuroplasticity (Runyan
& Dash 2005). However, their very powerful effects on working memory are most evident in
PFC networks engaged in working memory operations.

EXCESSIVE CATECHOLAMINE RELEASE DURING STRESS IMPAIRS PFC
FUNCTION

In contrast to the essential effects of moderate levels of catecholamines, very high levels of
catecholamine release in the PFC during stress exposure markedly impair working memory
function through network collapse and suppression of PFC cell firing.

High levels of D1-R stimulation in the PFC suppress both preferred and nonpreferred inputs,
inducing network collapse (Vijayraghavan et al. 2007) and impairing working memory (Zahrt
etal. 1997). These detrimental actions occur through increased levels of cAMP (Vijayraghavan
et al. 2007), likely through opening of HCN channels (N.J. Gamo, M. Wang, and A.F.T.
Arnsten, unpublished observations). High levels of NE stimulation of f1-AR may also
contribute to excessive cAMP signaling and PFC cognitive dysfunction (Ramos et al. 2005).

High levels of NE released during stress impair working memory and neuronal firing by
stimulating a1l-ARs (Birnbaum et al. 2004). NE a1-AR stimulation impairs PFC function by
activating the phosphatidylinositol (P1) cascade, leading to intracellular Ca2* release and
activation of protein kinase C (Birnbaum et al. 2004). Ca2*-dependent kinases negatively
influence PFC cogpnitive functions. Activation of Ca*-calmodulin-dependent kinase 11 and
inhibition of the Ca%*-activated phosphatase, calcineurin, impair spatial working memory in
the rat prelimbic PFC (Runyan et al. 2005). These actions may be mediated, in part, by the
opening of small-conductance Ca2*-gated potassium channels (SK channels), which suppress
neuronal firing (Brennan et al. 2008, Hagenston et al. 2008). Protein kinase C is cooperatively
activated by Ca2* and DAG (diacyl glycerol). Activation of protein kinase C suppresses delay-
related firing of PFC neurons in monkeys performing a working memory task and impairs
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spatial working memory performance in both rats and monkeys (Birnbaum et al. 2004, Runyan
et al. 2005). Conversely, inhibition of protein kinase C signaling in PFC protects working
memory performance from the detrimental effects of stress. As described below, these findings
are of great relevance to mental illness because this pathway is the target of genetic insults as
well as of many medications used to treat bipolar disorder and schizophrenia (Manji & Lenox
1999).

TOP-DOWN PFC CONTROL OF MONOAMINE FUNCTION

PFC neurons project down to the NE, DA, and 5-HT cell bodies in the brain stem and likely
regulate optimal firing (Arnsten & Goldman-Rakic 1984, Jodo et al. 1998, Sara & Herve-
Minvielle 1995). This anatomical organization provides an intriguing opportunity for PFC to
recruit monoamine systems in specific circumstances; for example, in the case of Amat et al.
(2005), 5-HT neuron activity in the dorsal raphé was influenced by the perception of mPFC’s
instrumental control over environmental contingencies, thus enabling a coping strategy to
ameliorate the stress. Moreover, Giorgi et al. (2003) showed that tail pinch or pharmacological
stressors increased PFC DA levels of Roman high-avoidance but not low-avoidance rats,
implying that the rise in PFC DA levels may be related to the recruitment of a more effective
coping strategy rather than the stress response per se, suggesting that PFC DA is also recruited
in part to mediate the coping strategy.

ROLE OF CATECHOLAMINES IN COGNITIVE FLEXIBILITY AND INHIBITORY

CONTROL

Although the catecholamine systems modulate working memory mechanisms within the PFC,
they also play important roles in other executive functions, including attentional selection and
inhibitory response control. The noradrenergic system has been implicated in sustained
attention in its phasic mode and in distractibility in its tonic mode in nonhuman primates
performing a go/no-go visual attentional task (Aston-Jones & Cohen 2005). Single-unit
recordings of the locus coeruleus showed that optimal performance on a go/no-go visual target-
detection paradigm in rhesus monkeys was accompanied by phasic firing of the NE cells.
However, when performance was suboptimal for example as a result of anxiety or agitation,
the firing of the locus coeruleus cells was generally at a high tonic level. Aston-Jones & Cohen
(2005) speculated that this mode of firing is well suited to situations in which the animal
responds to novel stimuli or explores new contingencies. These findings are probably
consistent with those from rodents in analogous tests of sustained visual attention (a) following
6-OHDA-induced lesions of the dorsal ascending noradrenergic bundle to produce profound
cortical NE loss (see Robbins & Everitt 1995), (b) following lesions of NE terminals in the rat
neocortex using antidopamine B-hydroxylase saporin (Milstein et al. 2007), and (c) following
low-dose methylphenidate (Berridge et al. 2006).

Burgeoning evidence also indicates that the NE coeruleo-cortical projections are also
implicated in cognitive flexibility as required in set shifting, in which attention must be shifted
from one perceptual dimension to another (Birrell & Brown 2000, Dias et al. 1996). Converging
new evidence suggests a selective effect of prefrontal NE manipulations on attentional set
shifting. First, Lapiz & Morilak (2006) have shown that atipamezole, an a-2-adrenergic
autoreceptor antagonist, improves set shifting when injected systemically and that its effects
are blocked by mPFC infusions of a postsynaptic a-1 receptor antagonist, but not by mPFC
infusions of a B-1 or B-2 receptor antagonist. Lapiz et al. (2007) described a similar
improvement in set shifting following a regimen of subchronic treatment with the NE-reuptake
blocker desipramine, leading to an upregulation of mPFC NE (as confirmed with
microdialysis). Second, lesions ofthe dorsal noradrenergic bundle using 6-OHDA produce
substantial depletions of cortical NE and selectively impair set shifting (Tait et al. 2007).
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Moreover, selective lesions of noradrenergic terminals within the PFC using antidopamine -
hydroxylase saporin produced a selective impairment of extradimensional set shifting
(McGaughy et al. 2008), which was ameliorated by the selective norepinephrine reuptake
inhibitor, atomoxetine (Newman et al. 2008). The deficits induced by this drug in sham-
lesioned rats suggest once again the existence of an inverted U-shaped curve contributing to
the control of attentional set shifting, consistent with the findings of Aston-Jones & Cohen
(2005) and Arnsten and colleagues (Arnsten 2000) on working memory.

These effects of atomoxetine are intriguing in view of recent evidence that this drug enhances
stop-signal performance in the rat, a paradigm that specifically addresses inhibitory response
control and which depends on or-bitofrontal cortical substrates (see Eagle et al. 2008 for a
review). Specifically, atomoxetine dose-dependently hastened the reaction time for inhibiting
an initiated response without affecting the go reaction time (Robinson et al. 2008). Thus, doses
of atomoxetine that impair attentional set shifting in normal rats appear to improve stop-signal
performance (Newman et al. 2008). A similar effect of the nature of the task in fact permeates
the literature on PFC function. These effects of atomoxetine, which have some clinical
relevance, need to be shown definitively to depend on PFC NE, especially because the drug is
known to enhance PFC DA as well as NE, according to findings obtained from in vivo
microdialysis (Bymaster et al. 2002). However, the positive effects of atomoxetine on stop-
signal reaction time are not seen with systemic administration of the DA-reuptake inhibitor
GBR-12909 (Bari et al. 2009). Nevertheless, as in the case of working memory, we must
eventually address the relative and, indeed, differential contributions of the NE and DA systems
projecting to PFC in attentional performance.

Following findings from Granon et al. (2000), Chudasama & Robbins (2004) found that a D1-
R agonist infused into the mPFC produced improvements in an attentional component of a
combined sustained attention and memory paradigm that were at least as great as those
produced during the delay period that constituted the working memory component of the task.
Further insights have arisen from investigations of the effects of PFC DA depletion on the
development of an attentional set (Crofts et al. 2001, Robbins & Roberts 2007). Specifically,
PFC DA loss induced by local administration of 6-OHDA (also leading to lesser but
nevertheless substantial cortical NE loss) produced impairments in serial intradimensional set
shifting such that it produced no effect on learning of an initial visual compound discrimination
task based on shapes with superimposed irrelevant lines, but the capacity of the marmosets to
learn a dimensional rule over several subsequent discriminations (or intradimensional shifts)
was impaired. Additionally, the marmosets with PFC DA loss were impaired when they had
to resist distraction produced by introducing irrelevant cues and were sometimes even
facilitated at learning discriminations on the basis of the previously irrelevant stimulus
dimension (extradimensional shift). The authors suggested that the role of DA was congruent
with one of stabilizing representations (e.g., rules) within the PFC, consistent also with a
function in working memory in which representations must be maintained over time and resist
distractions and other forms of interference.

Hampshire & Owen (2006) recently showed that the PFC mediation of intra- and
extradimensional shifts depends on the ventrolateral and possibly dorsolateral regions of the
human PFC on the basis of fMRI evidence. This finding is consistent with earlier evidence
from the marmoset of a specific involvement of the lateral PFC in the mediation of
extradimensional shifting and of the orbitofrontal cortex in reversal learning, another aspect
of discrimination learning that requires cognitive flexibility (Dias et al. 1996). Further evidence
supports this type of anatomical dissociation in both rats (McAlonan & Brown 2003) and mice
(Bissonette et al. 2008), although the task used is based on odors and textures rather than on
different visual dimensions, and the rodent extradimensional shift is impaired by lesions of the

Annu Rev Neurosci. Author manuscript; available in PMC 2010 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Robbins and Arnsten

Page 8

mPFC not the lateral region, presumably as a consequence of homologies among these areas
between primates and rodents.

The possible role of DA in intradimensional set shifting in primates has been supported by a
recent pharmacological study of the effects of the COMT inhibitor tolcapone in humans: This
drug, which may enhance PFC DA function, improved intradimensional shift performance in
volunteers (Apud et al. 2007). However, a possible discrepancy must be resolved with studies
in rodents. First, tolcapone treatment in rats improved extradimensional rather than
intradimensional set shifting (Tunbridge et al. 2004). Second, using other types of tasks that
reflect cognitive flexibility, such as strategic shifts in response versus place learning, other
investigators have found that both DA D1-R and DA D2-R antagonists infused into the mPFC
impair cognitive flexibility (Floresco et al. 2006, Ragozzino 2007). Robbins & Roberts
(2007) have suggested that these differences may arise from the fact that the primate test
requires shifting between dimensions within a modality, whereas the rodent versions require
shifting between sensory modalities, possibly resulting in less interference at set formation
stages (i.e., intradimensional shifting). These considerations are pertinent to the considerable
evidence of deficits in set formation and shifting performance in patient groups such as
schizophrenia (e.g., Ceaser et al. 2008, Pantelis et al. 1999) and obsessive-compulsive disorder
(Chamberlain et al. 2006a).

The attentional-set-shifting findings are also relevant to other evidence that PFC DA depletions
can sometimes produce different effects compared with working memory functions (e.g.,
Collins et al. 1998). Recent evidence from Floresco et al. (2006) demonstrated no effect of
intra-mPFC infusions ofa D1 receptor agonist on attentional set shifting at doses that affect
working memory and continuous attentional performance in other studies (Chudasama &
Robbins 2004). By contrast, agents working at the D4 receptor did modulate set-shifting
performance. The DA D4 receptor antagonist L-7,45,870 improved and the DA D4 agonist
PD-1,68,077 impaired performance. An inverted U-shaped function focusing on the D1
receptor does not seem readily able to explain these findings. However, if one considers the
relative affinity of the different DA receptors at different levels of DA activity within the PFC,
this intriguing difference could perhaps be linked to a modified Yerkes-Dodson principle,
which links different degrees of monoaminergic modulation of the PFC optimally to the
performance of distinct behavioral functions within the PFC (Seamans & Robbins 2009).
Indeed, if D1 receptor stimulation shunts network inputs (Vijayraghavan et al. 2007), D1
receptor stimulation may be helpful only in contexts in which limiting or narrowing neuronal
inputs is useful (Arnsten et al. 2009).

Certain tasks requiring PFC involvement do not appear to require DA-ergic modulation at all.
This was first manifest in a self-ordered working memory task that is dramatically impaired
by excitotoxic lesions of the marmoset PFC, but not by PFC DA depletion using 6-OHDA
(Collins etal. 1998). An even more graphic example is that of visual reversal learning. Reversal
learning depends on the integrity of the OFC in both monkeys (e.g., Dias et al. 1996) and
rodents (e.g., Bissonette et al. 2008, Chudasama & Robbins 2003). Although attentional set
formation and shifting are affected by PFC DA loss, this is not true for reversal learning,
including serial reversal learning (Clarke et al. 2005, 2007; Roberts et al. 1994), even when
the DA loss is confined to OFC regions. This finding is theoretically significant because 5-HT
depletion in the OFC produces robust and substantial deficits in reversal learning (Clarke et
al. 2004, 2005, 2007). One cannot argue that DA depletion from the OFC is insufficient for
functional effects because a recent study has shown that depletion results in a major resistance
to extinction in an instrumental paradigm (Walker et al. 2008). Moreover, other evidence in
the rat indicates that DA in the OFC (or in the ventromedial PFC (Hitchcott et al. 2007)] is
implicated in decisional processes concerned with reward (Floresco & Magyar 2006, Kheramin
et al. 2004, Winstanley et al. 2006). Thus it appears likely that DA modulation subserves
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different functions (although perhaps through common mechanisms) in different sectors of the
PFC and that these differ from those of 5-HT and probably from NE and other neuromodulators.
Figure 2 summarizes some of the comparative evidence regarding the effects of monoamine

manipulation on different PFC tasks and is based largely on evidence from nonhuman primates.

ROLE OF MONOAMINES IN HUMAN FRONTO-EXECUTIVE PROCESSING

It has always been difficult to attribute effects ofmonoaminergic drugs or manipulations on
executive functioning to actions within the human PFC because such agents may act at other
sites, especially the striatum for agents affecting DA or 5-HT. This has been mitigated to some
extent by the use of neuroimaging techniques, which combine pharmacological treatments with
task-dependent activations of the blood-oxygen-level-dependent (BOLD) response, and also
by the discovery of genetic polymorphisms such as COMT, which have a degree of specificity
for PFC.

A notable recent study (Cools et al. 2007) has compared the effects of the D2 receptor agent
bromocriptine on different aspects of attention and working memory in the striatum as well as
in the PFC by observing the BOLD response in these regions during task performance in normal
volunteers. Bromocriptine improved the flexible up-dating (switching) of information in
subjects previously screened to exhibit high levels of impulsivity using the Barrett Impulsivity
Scale, but it impaired that of low-impulsive subjects. Bromocriptine modulated the striatum
during switching but not during distracting conditions of the working memory task. In contrast,
the lateral frontal cortex was affected during distraction but not during switching. These data
are consistent with another recent fMRI study (Dodds et al. 2008) on the effects of the indirect
DA and NE agonist methylphenidate. Using a probabilistic reversal learning procedure, the
study demonstrated that methylphenidate reduced the BOLD response in the ventral striatum
during response switching after negative feedback but modulated activity in the anterior
cingulate and ventrolateral PFC when subjects maintained their present response set, consistent
with the study by Crofts et al. (2001) in nonhuman primates. The effects of the catecholamine
manipulation contrasted with those produced by the tryptophan depletion technique, which
leads to transient reductions in central 5-HT on the same task. Thus, Evers et al. (2005) reported
that volunteers subjected to tryptophan depletion exhibited increased BOLD activation of a
dorsomedial region of the PFC specifically following negative feedback. This result is
consistent with the recent findings that the same treatment leads to a potentiation of punishment
prediction (Cools et al. 2008a) and that the dorsomedial PFC is especially sensitive to effects
of low tryptophan modulation (Evers et al. 2006, Talbot & Cooper 2006). However, we still
need careful interpretation about the possible role of 5-HT mechanisms in punishment
prediction (Cools et al. 2008b). Moreover, Rubia et al. (2005) found a significant reduction of
BOLD signal with tryptophan depletion in the right inferior and orbitofrontal cortex during a
go/no-go task.

Overall, these findings obviously need further investigation, but they are nonetheless consistent
with the hypothesis that the monoamines modulate different aspects of cognitive function, often
represented in distinct PFC regions, consistent with findings in the animal literature. They also
highlight the role of the monoaminergic innervations of the PFC in sometimes contrasting
cognitive processes: for example, working memory and attentional switching. These processes
can also be reconstrued in terms of catecholaminergic activity in the PFC helping to provide
stabilization and switching between different representations, for example of rules or objects,
that guide behavior (Durstewictz et al. 2000).

This conceptualization may be substantiated by considering the discovery of genetic
polymorphisms that appear to modulate catecholamine activity, especially in the PFC. Thus,
the val198/58met COMT polymorphism has been linked to respectively low (val-val) or high
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(met-met) PFC DA (Egan et al. 2001), although catecholamines in other regions are also likely
to be directly or indirectly affected. The finding of impaired working memory function in val-
val individuals is consistent with the classic inverted-U-shaped dogma (Egan et al. 2001) but
also with the view that the val-val phenotype may be associated with enhanced distractibility
and switching (Bilder et al. 2004). These authors also hypothesize that the met-met alleles
promote, in addition to elevated PFC DA, stable and persistent representations, a hypothesis
supported by the finding of enhanced learning but impaired reversal, relative to val-val
individuals (Nolan et al. 2004). This formulation is also consistent with the findings of Crofts
et al. (2001) in nonhuman primates and possibly with the findings of Dodds et al. (2008),
described above. However, Frank et al. (2007) found on a trial-to-trial basis during
discrimination learning that val/val homozygotes were less likely than met/met carriers to
switch responses after negative feedback, which appears inconsistent with the hypothesis of
Bilder et al. Clearly, further investigations are warranted to establish the significance of the
COMT polymorphism in terms of PFC function.

So far, relatively few studies have employed fMRI to examine PFC functions modulated by
NE. However, a recent investigation of the stop-signal performance task after atomoxetine in
humans has found that this selective noradrenergic reuptake inhibitor, consistent with its effect
selectively to speed stop signal reaction time in healthy volunteers (Chamberlain et al.
2006b), enhanced the activation in the right inferior frontal gyrus associated with stopping.
Furthermore, the activation associated with successful stopping was correlated with individual
plasma atomoxetine levels (Chamberlain et al. 2009). This result is consistent with previous
work in the rat (Blondeau & Dellu-Hagedorn 2007, Robinson et al. 2008) and in nonhuman
primates in go/no-go performance (Ma et al. 2003), thus presenting good evidence of
translatability across species. The key question remains whether the drug is exerting its
beneficial effect on SSRT via cortical NE and/or DA mechanisms (Bymaster et al. 2002).

IMPLICATIONS FOR TREATMENT OF EXECUTIVE DEFICITS IN
NEUROPSYCHIATRIC DISORDERS SUCH AS ADHD

The powerful beneficial effects of catecholamines on PFC function are highly relevant to the
etiology and treatment of attention deficit hyperactivity disorder (ADHD). ADHD is often
associated with genetic alterations in catecholamine signaling (Castellanos & Tannock 2002).
For example, a polymorphism in the enzyme that synthesizes NE-dopamine B hydroxylase
(DBH) leads to reduced NE synthesis, weaker sustained attention (Bellgrove et al. 2006),
impaired executive function (Kieling et al. 2007), and poor impulse control (Hess et al.
2008). Most effective treatments for ADHD, including the stimulants amphetamine and
methylphenidate, as well as the atypical agent atomoxetine, enhance catecholamine
transmission in PFC. Therapeutic doses of stimulants such as methylphenidate increase NE
(and to a lesser extent, DA) in the PFC, while producing lesser effects in sub-cortical regions
(Berridge et al. 2006). Atomoxetine increases both NE and DA actions in the PFC (Bymaster
et al. 2002) but has less effect on striatal DA. Therefore, it is of interest to compare the effects
of stimulants such as methylphenidate and nonstimulants such as atomoxetine. Although it is
clear that methylphenidate exerts therapeutic effects in both juvenile and adult ADHD (see
Chamberlain & Sahakian 2007), atomoxetine has been less studied to date (Faraone et al.
2005). However, some recent evidence supports a therapeutic effect on impulsivity using
objective tests in adult ADHD (Chamberlain et al. 2007).
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RELATIONSHIPS OF CATECHOLAMINE SIGNALING PATHWAYS TO THE
GENETICS OF MENTAL ILLNESS

DISC1

RGS4

DGKH

Recent genetic studies of mental illness have revealed alterations in genes encoding molecules
that contribute to glutamate signaling, cortical development, and notably for this article,
molecules that serve as brakes on the intracellular stress pathways activated by high levels of
monoamines (Owen et al. 2005). These include DISC1 (disrupted in schizophrenia 1), RGS4
(regulator of G-protein signaling 4), and DGK (DAG kinase) (Figure 3). Loss of function of
these inhibitory molecules may explain why patients with mental illness are so vulnerable to
stress e.g., (Hammen et al. 1992) and why pharmacological treatments that inhibit these
pathways are helpful in restoring function.

Several independent genetic association and linkage studies indicate that discl is a major
susceptibility gene for major mental illnesses, including schizophrenia, bipolar disorder, and
major depressive disorder (e.g., Blackwood & Muir 2004, Mackie et al. 2007). Translocations
within the gene lead to a loss of DISC1 function. DISC1 normally interacts with
phosphodiesterase 4B (PDE4B) to increase the hydrolysis of cCAMP under conditions of high
cAMP concentrations (Millar et al. 2005, 2007). Thus, impaired DISC1 function would likely
lead to overactivation of cAMP-HCN signaling and weakening of PFC network connections
(Wang et al. 2007). In this regard, alterations in DISC1 are associated with impairments in
cognitive function in both schizophrenia patients and healthy individuals (Blackwood & Muir
2004, Cannon et al. 2005). Furthermore, DISC1 alterations are also implicated in structural
changes to the PFC. DISCL1 regulates cortical development in animals (Hikida et al. 2007,
Ishizuka et al. 2006) and likely in patients with schizophrenia (Cannon et al. 2005).

RGS4 belongs to a family of regulatory molecules that act as GTPase activating proteins
(GAPs) that drive G, subunits into the inactive GDP-bound form, thereby decreasing their
activity. RGS4 inhibits Gq signaling (i.e., phosphotidyl inositol signaling), and sometimes Gi
signaling as well. In a nonbiased gene array study, RGS4 was the most consistently altered
transcript in the PFC of schizophrenia patients (Mirnics et al. 2001). A postmortem study found
significantly lower RGS4 mRNA and protein levels in the dIPFC of schizophrenia patients
compared with healthy controls (Erdely et al. 2006), and RGS4 SNPs predicted poorer
performance on clinical ratings scales in a recent study performed in a population of Han-
Chinese schizophrenia patients (Lane et al. 2008). Reduced RGS4 in the dIPFC would lead to
excessive protein kinase C signaling and impaired PFC cognitive function. These patients also
responded best to risperidone (Lane et al. 2008), which reduces PI signaling by blocking
extracellular receptors coupled to Gq (see below).

DGKH encodes the eta isoform of DGK. A genome-wide association study, which examined
more than550,000 genetic polymorphisms in independent samples, found that mutations in
DGKH are most robustly linked to bipolar disorder (Baum et al. 2008), and this finding has
now been replicated in a separate, large sample (Wellcome 2007). DGKs are a family of lipid
kinases that catalyze the conversion of DAG to phosphatidic acid, thereby leading to reductions
in DAG. DAG is a necessary co-factor for the activation of many isoforms of protein kinase
C. Thus, loss of DGKH activity would lead to increases in protein kinase C signaling. These
genetic findings are consistent with numerous lines of evidence linking dysregulation of the
protein kinase C signaling cascade to bipolar disorder, and particularly mania (Arnsten & Manji
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2008, Friedman et al. 1993, Maniji et al. 1999, Manji & Lenox 1999). Reduced DGK activity
through mutations in DGKH provides a potential mechanism for PKC dysregulation in bipolar
disorder.

Manji and colleagues were the first to recognize that protein kinase C pathways were overactive
in bipolar disorder and that treatments for this disorder (lithium, valproate) inhibit protein
kinase C signaling (Maniji et al. 1999, Manji & Lenox 1999). This hypothesis has been
confirmed by a proof-of-concept study in which high doses of tamoxifen, which inhibit protein
kinase C, were administered to patients with bipolar disorder (Yildiz et al. 2008, Zarate et al.
2007). Tamoxifen successfully reduced manic symptoms, encouraging the development of
other protein kinase C inhibitors. Atypical antipsychotics also target this pathway, blocking
the receptors that activate Gg-PI signaling: a-1-AR and 5HT2A receptors (Deutch et al.
1991). Reducing activity of this signaling pathway may ameliorate genetic and/or
environmental insults to intracellular stress pathways in the PFC.

In summary, the monoamine neuromodulators have marked effects on PFC function. These
influences likely contribute to the fluctuations in cognition and self-control in normal subjects,
and more dramatically in those with mental illness. The monoamines represent promising
means of modulating PFC dysfunction to ameliorate cognitive deficits in disorders such as
ADHD, bipolar disorder, and schizophrenia. Recent advances in understanding the molecular
concomitants of catecholamine receptor stimulation are leading to a new era of
psychopharmacology based in part on the use of agents affecting the downstream molecular
cascades associated with these receptors in a way that may be consistent with recent studies of
the genetic underpinning of these neuropsychiatric disorders.
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Glossary

Executive function the set of processes that help to optimize performance in
complex conditions requiring several components of
cognitive function

PFC prefrontal cortex

Working memory a form of short-term memory enabling the construction of
representations of the world and the guidance of action

DA dopamine

NE norepinephrine

5-HT serotonin

Set a predisposition to respond in a particular way or to exhibit a
form of bias toward a particular type of stimulus

COMT catecholamine-o-methyl-transferase

fMRI functional magnetic resonance imaging

mPFC medial PFC
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Reversal learning

Set-shifting

Temporal discounting of
reward (sometimes called
intertemporal choice)

OFC

AR

dIPFC

HCN channels

DAG

Response inhibition
(inhibitory response
control)

go/no-go (discrimination)

6-OHDA
Extradimensional shift

Stop-signal reaction time

Intradimensional shift

Set-formation
BOLD
ADHD
DISC1

RGS4

DGK
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when the stimuli stay the same but which are rewarded and
punished are swapped

an alteration of choice against the prevailing set

the temporal gradient of choice between a small immediate
reward (or punishment) and a large, delayed one

orbital frontal cortex
adrenergic receptor
dorsolateral prefrontal cortex

hyperpolarization-activated cyclic nucleotide gated cation
channels

diacyl glycerol

a hypothetical process that is recruited when ongoing
responding must be suppressed

when it is correct on go trials to respond and on no-go trials
to refrain from responding

6-hydroxydopamine

when the shifted response is from one perceptual dimension
or sensory modality to another

measured in a task enabling the time spent in stopping or
canceling an initiated motor response to be estimated

when the shifted response is from one set of exemplars to
another, in the same perceptual dimension or sensory modality

a product of learning that leads to a predisposition or set
blood-oxygen-level-dependent
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Figure 1.

The effects of NE and DA on the task-related firing of PFC neurons in a monkey performing
a working memory task. NE stimulation of a2a-AR increases firing during the delay period
for the preferred direction of the neuron (left panel), whereas DA stimulation of D1-R
suppresses firing for the nonpreferred directions of the neuron (right panel) compared with
control conditions. Thus, optimal levels of NE and DA have complementary enhancing effects
on PFC physiology during spatial working memory. Higher levels of D1-R stimulation
suppress all firing (not shown). Adapted from Wang et al. 2007 and Vijayraghavan et al.
2007.
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Figure 2.

a: Schematic summary of differential impact of ascending monoamine systems on different
tasks mediated by different sectors of the PFC. b: Speculative interpretation of underlying PFC
processes regionally differentially affected by monoamines. DR, dorsal raphé: 5-HT system;
LC, coeruleo-cortical NE system; SSRT, stop-signal reaction time task; VTA, mesocortical
DA system.
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Impaired PFC function during stress
Genetic associations with mental illness
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Schematic diagram illustrating some of the important intracellular signaling cascades activated
by high levels of catecholamine release in the PFC during stress exposure. Activation of these
pathways reduces PFC cell firing and impairs spatial working memory performance. Molecules
that are often genetically altered in mental illness are denoted in red; these substances normally
inhibit the stress pathways but are weakened by genetic alterations. Arrows, activate; T, inhibit.
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