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Inverted-U–Shaped Dopamine Actions on Human
Working Memory and Cognitive Control
Roshan Cools and Mark D’Esposito

Brain dopamine (DA) has long been implicated in cognitive control processes, including working memory. However, the precise role of DA
in cognition is not well-understood, partly because there is large variability in the response to dopaminergic drugs both across different
behaviors and across different individuals. We review evidence from a series of studies with experimental animals, healthy humans, and
patients with Parkinson’s disease, which highlight two important factors that contribute to this large variability. First, the existence of an
optimum DA level for cognitive function implicates the need to take into account baseline levels of DA when isolating the effects of DA.
Second, cognitive control is a multifactorial phenomenon, requiring a dynamic balance between cognitive stability and cognitive flexibility.
These distinct components might implicate the prefrontal cortex and the striatum, respectively. Manipulating DA will thus have paradoxical

consequences for distinct cognitive control processes, depending on distinct basal or optimal levels of DA in different brain regions.
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T he neurotransmitter dopamine (DA) is well-known to play an
important role in complex cognitive functions such as work-
ing memory and cognitive control. These somewhat ill-de-

ned terms generally refer to the functionally opposing computa-
ions of: 1) “on-line” stabilization of task-relevant representations,
nd 2) flexible updating of those representations in response to
ovel information (1–3). Such working memory and cognitive con-

rol functions are critically important for a wide range of cognitive
bilities such as reasoning, language comprehension, planning,
nd spatial processing and have been associated most commonly
ith the prefrontal cortex (PFC) (4 –7).

The PFC contains a large number of DA receptors (8 –10) and is
ighly sensitive to its dopaminergic environment, which is not sur-
rising, given diffuse ascending inputs from midbrain dopaminer-
ic neurons (11). The anatomical distribution of brainstem DA pro-

ections provides a logical basis for proposing a role for DA in
orking memory and cognitive control (for reviews, see [12–15]).

he mesocortical and mesolimbic dopaminergic systems originate
n the ventral tegmental area (VTA) of the midbrain and project to
he PFC; anterior cingulate cortex; anterior temporal structures
uch as the amygdala, hippocampus, and entorhinal cortex; and the
asal forebrain (16). Although DA in medial temporal structures
lso plays a role in modulating human cognition, in particular long-
erm memory (17), we here focus on the role of DA in frontostriatal
rocessing, including working memory and cognitive control, not

east because there is a clear anterior/posterior gradient in the brain
or the concentration of DA, which is highest in the PFC (18). Thus,
he anatomical distribution of the dopaminergic system suggests
hat it should have a greater influence on anterior than on posterior
rain structures.

Consistent with this anatomy, a landmark study in 1979 by Bro-
oski et al. (19) revealed that DA depletion in the PFC of monkeys
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aused severe impairment on a now classic test of working mem-
ry, the delayed response task. This working memory impairment
as as severe as that in monkeys with complete ablations of the PFC

nd was not observed in monkeys in which other neurotransmit-
ers, such as serotonin, were depleted. Furthermore, DA receptor
gonists administered to these same monkeys reversed their work-

ng memory impairment (19,20). Subsequent work with both ani-
als and humans substantiated the necessity of DA for working
emory (21–25) as well as other cognitive functions such as future

lanning and cognitive flexibility (26 –28). For example, administra-
ion of DA receptor agonists like bromocriptine and pergolide to
ealthy young volunteers improved performance on working
emory tasks (24,29 –33). In these studies, drug effects were func-

ionally selective, because they did not alter other abilities such as
ensorimotor function. In keeping with these findings, administra-
ion of the D2 receptor antagonist sulpiride, which blocks DA recep-
or stimulation, impaired performance on several tasks sensitive to
FC function (34). Again, these effects could not be accounted for
y nonspecific changes, such as generalized sedative or motoric

nfluences of the drug.
However, recent progress has revealed that the relationship

etween brain DA and task performance is highly complex. The
ffects of dopaminergic drugs often seem paradoxical, because
oth improvements as well as impairments are observed. These
aradoxical effects are observed across different individuals who
erform the same task or within the same individual across different

asks (35–37). Elucidating the factors that determine this large vari-
bility in drug effects and characterizing the nature of the complex
elationship between task performance and DA is the focus of the
resent review.

The importance of answering this question stems from two
acts. First, DA is of fundamental importance to the etiology of a

ide variety of neurobehavioral disorders, such as Parkinson’s dis-
ase (PD), attention deficit hyperactivity disorder, schizophrenia,
nd drug addiction. Deficits in working memory and cognitive con-
rol are core to these disorders, which are associated with cognitive
nflexibility, impulsivity, and/or compulsivity. Moreover, DA drugs
re used widely in the treatment of a variety of brain disorders and
o a lesser extent in the treatment of psychostimulant addiction.
lthough it should be important to understand the cognitive ef-

ects of any drug that is commonly prescribed, it is especially impor-
ant in the case of drugs used to treat disorders with cognitive
eficits. In addition, even acute and/or mild stress and fatigue can

ead the mind to be inflexible or unfocused. Accumulating evidence
rom research with monkeys has revealed that the catecholamines

DA and noradrenaline [NA]) play an important role in these normal
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states (12). Thus, a better understanding of DA function will ad-
vance not only the treatment development for and understanding
of the abnormal mind but also that of the usually adaptive but at
times inflexible unfocused healthy mind. The high concentration of
DA receptors in the PFC and strongly connected structures gives us
a leverage point for studying normal and disordered brain function.
Different dopaminergic agents provide different selectivity profiles,
on the basis of their actions on different DA receptors, and it will be
valuable to understand both the behavioral and neural effects of
these drugs.

Second, the questions we raise are motivated at a theoretical
level by basic questions about the neurobiological basis of higher
cognitive function. How does DA contribute to higher cognitive
functions like working memory and cognitive control? Which brain
areas mediate these contributions? Which cognitive functions are
served by dopaminergic pathways and the cortical regions they
innervate?

Here we review two methodological approaches to studying the
effects of DA on human cognition—administration of DA receptor
agents to healthy subjects and controlled withdrawal of dopami-
nergic medication in patients with PD.

Individual Differences in DA Action

Findings from psychopharmacological studies with human vol-
unteers indicate that the effects of dopaminergic drug administra-
tion depend on baseline levels of performance (29,32,38 – 41). For
example, we first observed in 1997 that the effects of bromocriptine
on PFC function are not the same for all subjects but interact with
the baseline working memory abilities of the subject (29). The drug
improved cognition in subjects with lower baseline working mem-
ory abilities in the “undrugged” state while worsening cognition in
those with higher baseline working memory capacity. Since report-
ing this initial finding, a series of studies have replicated this obser-
vation that administration of dopaminergic drugs to humans can
have diametrically opposite effects on cognition, depending on
working memory capacity (often measured with the listening span
test (42,43). These effects have been observed on tasks of set shift-
ing (29,44,45), working memory updating (40,44) and working
memory retrieval (38). Thus, it seems that effects of dopaminergic
drugs on cognitive function can, at least partly, be predicted from
the initial state of the individual (Figure 1). An important clinical
implication is that, although low levels of performance due to psy-
chopathology are likely to be remedied by drug therapy with ago-
nists, conversely, the same drugs might worsen already-optimized
performance.

The insight that drug effects can be baseline-dependent stems
from as early as the 1950s, when Wilder (46) first observed that (the
intensity and direction of) drug effects on blood pressure and pulse
rate depend on the pre-experimental level of the function tested
(“Law of Initial Value”). Discoveries that methamphetamine in pi-
geons reduced high rates of responding but increased low rates of
responding led to the notion that drug effects on motor activity can
also be predicted partly from the initial state of the system (47,48).
More recent evidence from work with experimental animals con-
curs with the aforementioned reviewed evidence from work with
healthy volunteers, indicating that similar baseline-dependency ex-
ists for the effects of dopaminergic drugs on cognitive functions
(see, for example [49,50]). For example, it was demonstrated that
infusion of a DA receptor agonist enhanced performance on an
attention task in rats with poor performance in the “undrugged”
state but not in rats with good performance. Conversely, infusion of
a DA receptor antagonist impaired performance only in rats with

high (but not low) baseline performance levels (49). (

www.sobp.org/journal
ariability in Basal DA Levels in the PFC of Nonhuman
nimals

What might be the origin of these performance-dependent ef-
ects of dopaminergic drug administration? Accumulating evi-
ence from research with mice, rats, and monkeys indicates that it

ikely reflects variability in baseline levels of DA, specifically in the
FC (51–55). For instance, Phillips et al. (56) have shown in rats that
oor performance on a difficult (working) memory task (with a long
elay) was accompanied by low DA levels in the PFC, whereas good
erformance on an easy task (with a shorter delay) was accompa-
ied by high DA levels in the PFC. Interestingly, performance on the
ifficult task was improved by administration of a DA D1 receptor
gonist, whereas good performance on the easy task was impaired
50) (see also Chudasama and Robbins [57]). Similar results have
een found in monkeys. In fact, baseline-dependent effects of DA
ere first observed by Arnsten and Goldman-Rakic (52) in monkeys
erforming working memory tasks. For example, in 1994, Arnsten et
l. (20) demonstrated that administration of a D1 receptor antago-
ist impaired performance of young monkeys but not aged mon-
eys with presumed DA depletion. In contrast, a D1 receptor ago-
ist improved performance in aged monkeys but not in young
onkeys. Furthermore, stress-induced working memory deficits
ere ameliorated by pretreatment with DA receptor antagonists.

his finding suggests that excessive DA release in the PFC during
tress led to the observed working memory deficits (52). Indeed, a
umber of animal studies have now shown that either too little

23,58) or too much (53,59) D1 receptor activity in the PFC impairs
erformance on working memory tasks. There are some subtle
ifferences in the nature of these deficits, with random responding

esulting from too little but perseverative or overly persistent re-
ponding resulting from too much D1 receptor stimulation

igure 1. The relationship between cognitive performance and dopamine
DA) levels follows an “Inverted-U–shaped” function, where both too lit-
le and too much DA impairs performance. How likely it is that a drug will
ause beneficial or detrimental effects depends partly on basal DA levels. A
ingle � curve is insufficient to predict performance: some tasks benefit
rom increasing DA (green), although performance on other tasks is dis-
upted by increasing DA (red). The black arrow represents the DA-enhanc-
ng effect of a hypothetical drug, leading to a beneficial effect on task A (red)
ut a detrimental effect on task B (green). Reproduced, with permission

rom Cools and Robbins (13).
50,53,60).
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The central role of the PFC in DA function is also supported by
data collected at the cellular level. With a technique of iontopho-
retic application of drugs onto single neurons in awake, behaving
monkeys, Williams and Goldman-Rakic (61) demonstrated that the
effect of a D1 receptor antagonist on delay period activity was
dose-dependent and highly selective for PFC neurons with memory
fields for particular locations. Cellular mechanisms underlying
these effects of DA receptor stimulation have been proposed, on
the basis of in vitro recordings, to include: 1) increased impact of the
N-methyl-D-aspartate (NMDA) component of excitatory synaptic
input onto PFC neurons, thought to be essential for the mainte-
nance of current PFC activity (62); 2) reduced calcium currents,
which convey information from dendrites to cell bodies of pyrami-
dal PFC neurons (63); and 3) increased excitability of inhibitory
�-aminobutyric acid (GABA)-ergic interneurons, thereby hypothet-
ically attenuating the strength of further excitatory input (64).
These cellular mechanisms might lead to an increased signal-to-
noise ratio, and a “quelling” of activity in all but the most strongly
active cell assemblies. This would result in a single strengthened
working memory representation resistant to subsequent inputs.
With supra-optimal receptor stimulation, this “quelling” of activity
would take on excessive forms, thus leading to a blocking of all new
input to the PFC, corresponding with perseverative responding and
severe working memory impairment. These ideas are quite similar
to a more abstract proposal from approximately 20 years ago, ac-
cording to which DA induced changes in the gain of neuronal
input/output functions (65).

Recent in vitro recordings have suggested a mechanism by
which DA might induce changes in the gain of neuronal input/
output in an “Inverted-U” shaped manner (66). This study revealed
DA effects with patch-clamp recordings in cocultures of the PFC
and the VTA (66). Administration of exogenous DA to these cultures
altered PFC activity in a DA concentration-dependent fashion. Thus,
in VTA-containing cultures (which possessed a tonic DA level and
where stimulation of the VTA evoked DA transients within the PFC),
high DA concentrations reduced spontaneous network activity (i.e.,
up-states) and diminished excitatory synaptic inputs evoked during
the down-state. Conversely, low DA concentrations had no effect
on spontaneous network activity in these VTA-containing cultures,
but selectively increased the efficiency of a train of excitatory syn-
aptic inputs to evoke spikes during the up-state. Critically, when
background DA was eliminated, spontaneous network activity (i.e.,
up-states) could be enhanced by low concentrations of DA. These
findings highlight the importance of considering how DA can mod-
ulate the input and output of individual neurons but also the effects
of these neurons embedded in an active network.

The biophysical mechanisms underlying the supra-optimal ef-
fect of DA receptor stimulation are not known. According to one
hypothesis, excitatory NMDA effects might dominate at lower stim-
ulation levels, whereas inhibitory GABAA effects might dominate at

igher DA activation levels (67). An abolition of calcium currents
ith supra-optimal levels of DA receptor stimulation (63) might

lead to perseveration, for example due to a lack of new input to the
PFC necessary to update currently active representations.

The hypothesis that excessive D1 receptor stimulation in the
PFC blocks new input concurs with neurophysiological data from
monkeys (68). In this study monkeys engaged in an oculomotor
delayed response task, while spatially tuned delay-related activity
was measured in terms of the difference between firing to preferred
and nonpreferred directions. An inverted-U–shaped response to
D1 receptor stimulation was observed in terms of spatial tuning,
but this was a consequence of suppression of delay-related activity

in both low and high doses. It was only after the high dose that firing e
as suppressed in both preferred as well as nonpreferred direc-
ions. Thus, whereas low levels of D1 receptor stimulation improved
orking memory tuning by suppressing only task-irrelevant repre-

entations, high levels of D1 receptor stimulation impaired working
emory tuning by suppressing delay-related firing for both rele-

ant as well as irrelevant representations. Like the human studies,
his study revealed that these effects depended on the baseline
tate of the unit, in this case the neuron: iontophoresis of a low-dose
1 receptor agonist on weakly tuned cells unmasked spatial activity
y suppressing only noisy task-irrelevant activity, whereas spatial

uning was less improved or even worsened in strongly tuned cells.
ontophoretic pharmacology revealed that these suppressive ef-
ects of D1 receptor stimulation depended on the second-messen-
er cyclic adenosine monophosphate (cAMP) signaling pathway. It
ight be noted that this in vivo study did not find any evidence for

he excitatory actions of D1 receptor stimulation on PFC activity,
eported by in vitro studies (see preceding text). One possibility is
hat these excitatory actions of the D1 receptor, detected in vitro,
re already fully engaged by endogenous DA in vivo. Thus, the
pparent discrepancy between the in vitro slice studies and the in
ivo recordings from cognitively engaged monkeys is that the py-
amidal cell recurrent excitation is absent in the former but pre-
ominating in the latter. In any case, the finding that DA-induced

mprovements of spatial tuning are accompanied by suppressive
ffects on PFC activity concurs with the general observation from
uman functional imaging studies that working memory improve-
ent after DA-enhancing drug administration is accompanied by

eductions in PFC activity (40,69 –71).

aseline-Dependent Mechanisms of DA Action in
umans

So far we have seen that dopaminergic drug effects in nonhu-
an animals vary as a function of baseline levels of DA in the PFC. Is

here evidence for similar baseline dependency of dopaminergic
rug effects in humans? One source of such evidence comes from
tudies of drug effects that take into account genetic differences
etween individuals (see for review [72]).

One of the best-studied polymorphisms is the Val158 Met poly-
orphism in the catechol-O-methyltransferase (COMT) gene. Cate-

hol-O-methyltransferase is an enzyme that breaks down DA re-
eased into the synaptic gap between two neurons and is thought
o have a much greater influence on DA levels in the PFC than in the
triatum (73–75). This regional specificity derives from the observa-
ion that DA transporters are less abundant in the PFC than in the
triatum, so that DA metabolism in the PFC would depend more
eadily on enzymatic degradation by COMT than on transport and
euptake by the DA transporter. Relatively little COMT activity
ould imply more DA in the synapse (and more action at DA recep-

ors on the receiving neuron), whereas relatively greater COMT
ctivity would imply less DA in the synapse. In the general popula-
ion there are two common variants of the gene determining COMT
evels. Individuals with the Val-allele have relatively high COMT
ctivity and presumably low baseline DA; conversely, individuals
ith the Met-allele have relatively low COMT activity and presum-

bly high baseline DA. Consistent with these assumptions are find-
ngs that individuals with the Met-allele (high DA) perform signifi-
antly better on tasks requiring cognitive control and working
emory than those with the Val variant (77–78). For example, Egan

t al. (76) have shown that the high-DA Met subjects make fewer
rrors on the Wisconsin Card Sorting Test (WCST), a task tradition-
lly associated with the PFC, (79) than low-DA Val subjects. How-

ver, more recent studies have shown that, as is the case with

www.sobp.org/journal
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dopaminergic drugs, there is no overall effect of the COMT poly-
morphism on cognition (80). Rather effects depend on the particu-
lar task demands under study (72,81) and associated neural system,
with computations associated specifically with the PFC, such as the
ability to stabilize task-relevant representations and to protect
them from intervening information, being particularly sensitive
(82,83). Given such functional and regional specificity, it is not sur-
prising that inconsistent results are revealed by studies of complex
neuropsychological task (e.g., WCST) performance, which depends
on a multitude of processes and brain regions (80). In contrast to
this inconsistency, differences in PFC activity during cognitive con-
trol and working memory tasks between Val and Met participants
seem relatively robust. Specifically, the high-DA Met individuals
often show lower levels of PFC activity, suggestive of more efficient
processing, than the low-DA Val individuals (71,84).

Critically, it is this PFC activity of Val individuals during cognitive
ontrol and working memory tasks that is attenuated with dextro-
mphetamine—a stimulant that increases DA levels (71)— or tolca-
one—a COMT inhibitor—to more closely resemble that of their
et peers (85,86). Conversely, in line with the “Inverted-U“–shaped

unction hypothesis, exactly the same drugs increased PFC activity
n Met participants. Similar contrasting effects of dopaminergic
rug administration have been observed as a function of the Taq1A
olymorphism (87), which has been reported to be associated with

altered DA receptor density (88), presumably via indirect linkage
with DRD2 polymorphisms (89). Accordingly, these genetic studies
suggest that, as in the case of nonhuman animals, dopaminergic
drug effects in humans also depend on baseline levels of DA.

These genetic studies, however, do not provide direct evidence
for the hypothesis that performance-dependent effects of dopami-
nergic drugs reflect baseline levels of DA. Thus, there is no definitive
evidence that Val-carriers have lower baseline levels of DA in the
PFC, and the functionality of the Taq1A polymorphism is controver-
sial. Direct measurements of DA transmission in humans can be
made only with neurochemical positron emission tomography
(PET), although most applications of this method are limited to
visualizing striatal DA, not being optimized for detecting DA levels
in the PFC. We have recently employed this technique with the
radiotracer 6-[18F] fluoro-L-m-tyrosine (FMT) to quantify individual
differences in the degree to which DA is synthesized in the termi-
nals of midbrain DA neurons. In this study, subjects with high and
low working memory capacity underwent an FMT PET scan (Figure
2). Intriguingly, subjects with low working memory capacity had
significantly lower DA synthesis capacity in the striatum than sub-
jects with high working memory capacity (90). This finding was seen
also in older individuals (91), in whom striatal DA synthesis capacity
predicted not only working memory capacity but also PFC activity
during working memory performance. Therefore, these data pro-
vided the first direct evidence in support of the hypothesis that the
dependency of dopaminergic drug effects on baseline working
memory capacity reflects differential baseline levels of DA function.
Even more direct evidence for this hypothesis came from the find-
ing that the effects of the DA receptor agonist bromocriptine could
also be predicted from baseline levels of DA synthesis capacity in
the striatum (92). Specifically, we found that healthy young individ-
uals with low DA synthesis (and working memory) capacity bene-
fited from bromocriptine, whereas subjects with high DA synthesis
(and working memory) capacity were impaired by the same drug.
Thus, individual variability in dopaminergic drug effects on human
cognition reflected individual variability in basal levels of DA.

These observations from human studies are remarkably consis-
tent with those reported in experimental animals, reviewed in the

preceding text. Indeed, the literature converges across species, r

www.sobp.org/journal
xcept for one noteworthy aspect: although animal work has high-
ighted the role of basal DA levels specifically in the PFC, human PET

ork has revealed an important role for basal DA in a different brain
egion (i.e., the striatum). A critical role for the striatum in DA func-
ion is not surprising, given that dopaminergic projections are
trongest and receptors most abundant in the striatum as well as
iven the existence of strong anatomical connections between the
FC and the striatum in so-called frontostriatal circuits (93).

Although it remains possible that PET measurements of striatal
A transmission are an index of DA levels in PFC (which cannot be
asily detected with PET imaging), the human PET work does raise
n alternative hypothesis. Specifically the baseline-dependent ef-
ects of DA on PFC function might reflect modulation of frontostria-
al connectivity, which varies as a function of basal DA levels in the
triatum rather than in the PFC. To test this hypothesis, we recently
nvestigated the effect of bromocriptine administration to healthy
ndividuals on functional interactions between the PFC and stria-
um (94). Re-analyzing an original dataset from Gibbs and
’Esposito (38), we found that, during the engagement of working
emory retrieval processes, bromocriptine increased frontostriatal

onnectivity in individuals with low working memory capacity, cor-
esponding with performance improvement. In contrast, individu-
ls with high working memory capacity exhibited a decrease in
rontostriatal connectivity after bromocriptine administration, cor-

igure 2. (A) The mean raw axial (magnetic resonance [MR] image coregis-
ered) whole-brain 6-[18F] fluoro-L-m-tyrosine positron emission tomogra-
hy Ki images from the low-span group (left panel) and from the high-span
roup (right panel) overlaid on a normalized MR image. Data represent
i-values. Right is right according to neurological conventions; (B) correla-
ion between working memory capacity (on the x axis: listening span) and
opamine synthesis capacity in the striatum (on the y axis: Ki values from the

eft caudate nucleus). Adapted, with permission, from Figures 1 and 2 from
ools et al. (90).
esponding with worsened performance. Such effects of bro-



F
r
a
fl
m
b
d
m
t
t

u
r
D

b
c
r
a
a
i
a
o
l
r
s
p
t
a
s
b
d
s
b
(
P
i
D
s
o
f
n
D
t
a
T
l
t
s
b
b
o
s
(
r
s
t
u
t
t
s
i
o
b
i
o
b
l
t
t
i

p

R. Cools and M. D’Esposito BIOL PSYCHIATRY 2011;xx:xxx e5
mocriptine might reflect direct action at the level of the striatum or,
alternatively, stimulation of D2 receptors on layer V cells in the PFC,
which project to the striatum.

The difference between animal and human studies in terms of
emphasis on basal levels of DA in the PFC versus the striatum might
reflect one or more of multiple factors. First, the only method avail-
able and used so far for studying human DA transmission directly is
PET, which is optimized for detecting signals in the striatum. Signals
in the PFC are generally weak for most applications. Second, human
studies have primarily investigated effects of DA drugs that have
the greatest affinity for the D2 receptor family, partly due to the lack
of D1-selective drugs available for human research. The D2 recep-
tors are more abundant in the striatum than in the PFC (95–98).

inally, human studies have employed cognitive paradigms that
equire different cognitive operations from those required for par-
digms employed in animal studies. For example, demands for the
exible updating of current goal representations (which might be
ore dependent on striatal function; see following) have generally

een higher in human cognitive paradigms than in animal para-
igms, the latter often focusing on the delay period of working
emory tests (but see [99,100]). The nature of the required cogni-

ive operation might determine the degree to which DA levels in
he striatum or in the PFC are predictive of drug effects.

Distinct Roles for Striatal and PFC DA

Traditionally, cognitive effects of DA are ascribed to modulation
of the PFC. However, recent theories as well as empiric data have
highlighted a complementary role for DA in the striatum in working
memory and cognitive control (101–106). Critically, studies in ani-
mals investigating the role of D1 receptors in the PFC have most
commonly focused on the delay period of delayed response tasks,
which requires the stabilization of an earlier presented stimulus
across a short delay (19,22,58,107). According to recent ideas, the
functional role of DA in the striatum might be qualitatively different
from that of DA in the PFC, extending beyond the persistent stabi-
lization of information. Specifically, striatal DA might rather be
more important for the ability to flexibly update those goal repre-
sentations when new information becomes available, for example,
as measured during the encoding and probe period of the delayed
response task. Empirical and computational work has indeed sug-
gested that such updating during the encoding and probe periods
of the delayed response task is not modulated by D1 receptor
stimulation in the PFC but rather by D2 receptor stimulation
(67,107,108). Consistent with the observation that there are rela-
tively few D2 receptors in the PFC, recent computational work has
emphasized the role of DA in the striatum in such updating of
current goal representations (101,109). The suggestion that the (DA
in the) striatum is well-suited to serve the gating mechanism that
updates goal representations in the PFC concords with a rapidly
growing body of data from functional neuroimaging and animal
studies on working memory (105,110 –113). Furthermore, it also
concurs with empiric data from human imaging and animal studies
showing (effects of DA D2 receptor manipulation on) striatal in-
volvement during set shifting (15,104,114 –119). For example, we
have recently shown with dynamic causal modeling of functional
magnetic resonance imaging (fMRI) data that activity in the stria-
tum regulates attentional set shifting by modulating (or “gating”)
connectivity between the PFC and task-relevant representations in
posterior cortex (114). Furthermore, genetic overexpression of stri-
atal D2 receptors (115) and abnormal increases in D2 receptor
activity in the rodent striatum causes a set shifting impairment

(116). Such abnormally increased D2 receptor activity might well g
nderlie the attenuation of striatal blood oxygen level dependent
esponses seen during set shifting in humans who are treated with
A-enhancing drugs (117,119).

An interesting observation is that updating and stabilization can
e conceptualized as representing functionally opposing pro-
esses. If we update too readily, then we are likely to get distracted,
endering our behavior unstable. Conversely, if our representations
re overly persistent or stable, then there is a danger of inflexibility
nd unresponsiveness to new information. A pure form of reciproc-

ty would imply that we need only a single mechanism that can be
djusted dynamically, depending on task demands. However, we
ften need to be both flexible and persistent at the same time, at

east at the global level. Thus, although we should be flexible in
esponse to task-relevant changes, we should be simultaneously
table as long as the changes are irrelevant. To resolve this apparent
aradox, it is more plausible to postulate two separate mechanisms

hat nevertheless work together. The need for two separate mech-
nisms is also illustrated by the observation that various disorders,
uch as attention-deficit/hyperactivity disorder, are accompanied
y a combination of inflexible as well as unstable behavior and
istractibility. Empirical data support the hypothesis that these two
eparate mechanisms might be subserved by DA in the striatum and
y DA in the PFC, respectively. For example, Roberts et al.

21,99,100,113) injected the neurotoxin 6-OHDA into the striatum or
FC of nonhuman primates and revealed that, although DA lesions

n the PFC led to improved flexibility (attentional set shifting) (99),
A lesions in the striatum actually impaired flexibility (attentional

et shifting) (113). Subsequent work showed that this modulation
f flexibility during attentional set shifting might have resulted

rom effects on performance during the preceding set-mainte-
ance stages of the task (100). Specifically, that study revealed that
A lesions in the PFC led to enhanced distractibility (poor atten-

ional set maintenance), although DA lesions in the striatum actu-
lly reduced distractibility (enhanced attentional set maintenance).
hus, the contrasting effects on set maintenance might well under-

ie the contrasting changes measured in the subsequent atten-
ional set shifting stages of the task. These opposing effects of
triatal and frontal DA lesions underline the possible competition
etween the PFC and the striatum (120) and suggest that a dynamic
alance between stabilization and flexible updating might depend
n precisely balanced DA transmission within the PFC and the
triatum respectively. These ideas concur with observations that DA
D1) receptor stimulation in the PFC promotes the stabilization of
epresentations by increasing distractor-resistance (108) and by
culpting or sharpening PFC networks (68,121). Conversely, DA in
he striatum might promote cognitive flexibility, by allowing the
pdating of newly relevant representations (2,102,122). The func-
ional opponency between stability and flexibility maps well onto
he neurochemical reciprocity between DA in the PFC and the
triatum: increases and decreases in PFC DA lead to decreases and
ncreases in striatal DA, respectively (78,120,123). One implication
f this model is that stability and flexibility trade off in the healthy
rain, where DA levels interact dynamically. Thus, optimal DA levels

n the PFC might be good for stability but bad for flexibility, whereas
ptimal DA levels in the striatum might be good for flexibility but
ad for stability. Note that, according to this model, supra-optimal

evels of DA in the PFC would potentiate stabilization to its extreme,
hus inducing perseveration, whereas supra-optimal levels of DA in
he striatum would potentiate flexible updating to its extreme, thus
nducing distractibility.

This working hypothesis is reminiscent of the dual-state theory
ut forward recently by Durstewitz and Seamans (60,67), which is

rounded in in vitro neurophysiology and biophysically realistic

www.sobp.org/journal
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computational modeling work. Prefrontal cortex networks can be,
according to this theory, either in a D1-dominated state—which is
characterized by a high-energy barrier favoring robust stabilization
of representations— or in a D2-dominated state—which is charac-
terized by a low-energy barrier favoring fast flexible switching be-
tween representations. Consistent with this proposal are findings
that D2 receptor agonists act in opposite ways to D1 receptor
agonists, at least in vitro, on NMDA and GABA currents, neuronal
excitability, as well as on cAMP production (67) with D2 receptor
stimulation inducing reduction in NMDA currents and GABAergic
inhibition. To cite Durstewitz and Seamans (67): in the D2-domi-
nated state, “the valleys of the energy landscape become so flat and
nearby that noise might easily push the system from one state into
the other.” According to the theory, this D2-state corresponds with
a state that facilitates flexible updating of goal representations in
response to new inputs and contrasts or even competes with a
D1-state that facilitates stabilization, eventually eliciting persevera-
tion due to excessive blockade of new input. Although it is clear that
D1 and D2 receptor action can be synergistic as well as antagonistic,
this hypothesis is corroborated by findings in humans that the DA
D2-receptor antagonist sulpiride (shown to modulate brain activity
in the striatum [124]) impaired performance on task switching but,
by contrast, improved performance on a delayed response task that
required the stabilization of representations in the face of task-
irrelevant distraction (35). In rodents, blockade of D2 receptors in
the PFC impaired set shifting, while leaving unaltered performance
on working memory tasks (125). In monkeys D2 receptor stimula-
tion in the PFC had no effect on delay-related firing but increased
response-related firing during the probe period of the delayed re-
sponse task (107). Together these data strengthen the hypothesis that

2 receptor stimulation in the PFC might subserve a different and
erhaps opponent subcomponent process than D1 receptor stimula-

ion (see also [125]). This alternative receptor-based theory is not nec-
ssarily inconsistent with our working hypothesis, according to which
A in the striatum and the PFC subserve the distinct roles of updating
nd stabilization, respectively. Indeed, D2 receptors are more abun-
ant in the striatum than in the PFC, which contains fewer D2 than D1

eceptors (95,96,126,127). Furthermore, D2 receptors are synthesized
y Layer V PFC neurons that project to striatum.

As stated in the preceding text, one implication of this model is
hat different functions require distinct levels of DA in different
rain regions: high DA levels in the PFC might be good for stabili-
ation but bad for flexible updating. Conversely, high DA levels in
he striatum might be good for flexible updating but bad for stabi-
ization. On the basis of this hypothesis, we might expect that
atural genetic variations affecting DA primarily in the PFC but not

n the striatum (e.g., between those of us with the Val and Met
ersions of the COMT gene) confer both behavioral costs as well as
ehavioral benefits (see also [72]). Indeed, Nolan et al. (128) ob-
erved that individuals who were homozygous for the Met poly-

orphism were better than Val individuals at sticking to task but
orse when flexible updating was needed. Two recent studies of

exible updating (task-switching and reversal learning) (129,130)
ave confirmed that individuals with the Met allele, who have re-
eatedly been shown to perform better on working memory tasks

hat require cognitive stabilization, also exhibit impaired perfor-
ance on tasks of flexible updating, compared with Val individuals.

hese data further strengthen the working hypothesis that in-
reases in DA might have paradoxical consequences for distinct
ognitive functions, reflecting functional specificity of the effects of
A in the PFC.

Consistent with this notion that distinct brain regions might

ediate different effects of DA are findings from a recent study that w

www.sobp.org/journal
emonstrated that DA receptor stimulation modulated the PFC or
he striatum depending on task demands (45). In this pharmacolog-
cal fMRI study, young healthy individuals were scanned on two
ccasions, once after administration of bromocriptine and once
fter placebo while performing a working memory task. In this task,
ubjects had to encode, maintain, and retrieve visual stimuli. Four
uch stimuli (two faces and two scenes) were presented during the
ncoding period, which was followed by a delay period during
hich subjects had to maintain the relevant stimuli in memory.
fter this initial delay period, another stimulus was presented,
hich subjects were instructed to ignore. This distractor was either
scrambled image (the nondistractor) or a novel face or scene (the

ongruent distractor). It was followed by a second delay, after
hich subjects were probed to respond with the right or left finger,
epending on whether the probe stimulus matched one of the two

ask-relevant encoding stimuli (Figure 3A). Critically, subjects were
nstructed on each trial to attend to either the faces or the scenes. If
he fixation cross was blue, they had to memorize the faces; if it was
reen, they had to memorize the scenes. The blue face trials and the
reen scene trials were randomized within blocks, enabling the
easurement of the flexible switching of attention between faces

nd scenes. The critical measure of flexible updating—which was
redicted to depend on striatal function—was the switch-cost,
hich was calculated by subtracting performance (error rates and

eaction times measured at probe) on nonswitch trials from that on
witch trials. The critical measure of stabilization—which was pre-
icted to depend on PFC function—was the distractor-cost, calcu-

ated by subtracting performance (measured at probe) after scram-
led nondistractors from that after congruent distractors. We had

wo predictions. First, bromocriptine would modulate PFC activity
uring cognitive stabilization (as a function of distractor-type) but
triatal activity during flexible updating (as a function of attention
witching). Second, we predicted that effects of bromocriptine
ould depend on baseline levels of DA. Bromocriptine would rem-

dy function of brain regions with low baseline levels of DA, while
etrimentally overdosing function of brain regions with already
ptimized baseline levels of DA.

To investigate individual differences in baseline levels of DA, we
ssessed drug effects separately in two groups of subjects that differed

n their baseline working memory capacity, as measured with the lis-
ening span test. The results were consistent with our hypotheses:
romocriptine modulated distinct brain regions, the striatum and the

ateral PFC, during flexible updating (switching) and stabilization (dis-
ractor-resistance), respectively (Figure 3B). Critically, these effects de-
ended on individual differences in working memory capacity. Specif-

cally, bromocriptine improved flexible updating in the low-span
ubjects but impaired flexible updating in the high-span subjects. Bro-

ocriptine significantly potentiated striatal activity during updating in
he low-span subjects, yet nonsignificantly attenuated striatal activity
uring updating in the high-span subjects. Thus, a drug-induced im-
rovement in updating was accompanied by a drug-induced potenti-
tion of striatal activity in the low-span subjects. Conversely, a drug-

nduced (nonsignificant) impairment in updating was accompanied
y a drug-induced (nonsignificant) attenuation of striatal activity in the
igh-span subjects. We also assessed updating-related activity in the

ateral PFC. As predicted, the lateral PFC was not modulated by bro-
ocriptine during updating. Importantly, lateral PFC activity was mod-

lated by bromocriptine during the delay period of the task when
istracting stimuli were present (i.e., during stabilization). Specifically,
FC activity was potentiated by bromocriptine in the low-span sub-

ects, while remaining unaltered in the high-span subjects. Similar ef-
ects were not observed in the striatum. Together, these data concur
ith the hypothesis that flexible updating and stabilization are medi-
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ated by dopaminergic modulation of the striatum and the PFC, respec-
tively. Furthermore, the effects of bromocriptine were not only region-
ally specific as a function of task demands but also baseline-
dependent, as illustrated by the opposite effects in high- and low-span
subjects.

It might be noted that this functional and regional specificity
of dopaminergic drug effects might also account for some ap-
parent discrepancy between effects of the relatively specific D2
receptor agonist bromocriptine and the mixed DA D1/D2 recep-
tor agonist pergolide. For example, we have previously revealed
that the relationship between baseline working memory capac-
ity and pergolide in young healthy volunteers (32,131) is oppo-
ite to the one described in the preceding text for bromocriptine.
hus, although low-span subjects benefited more from bro-
ocriptine than high-span subjects, we have also reported and

eplicated that the effect of a single dose of pergolide in young
ealthy subjects was more beneficial for subjects with greater

Figure 3. The effects of dopamine receptor stimulation depend on task dem
that provides a measure of flexible updating (cognitive switching during e
delay). Subjects memorized faces or scenes, depending on the color of the fix
A distractor was presented during a delay. Subjects were instructed to ignor
updating as a function of group (the group � drug interaction effect, whol
displayed on top] from the Montreal Neurological Institute high-resolution s
frontal cortex did not reach significance after correction for multiple compar
striatum and left prefrontal cortex (PFC) in low-span subjects only. *Statistica
during stabilization as a function of group (the group � drug interaction ef
distractor-related activity in the striatum and left PFC in low-span subjects on
from Cools et al. (45). BG, basal ganglia.
orking memory capacity (32,131). This apparent discrepancy t
etween the effects of pergolide and bromocriptine might well
e due to differential selectivity of the drugs for D1 and D2

eceptors, respectively, the resulting differential (frontal vs. stri-
tal) site of modulation and the differential performance mea-
ure. Thus, the effects of bromocriptine and their dependency
n span in the 1997 and 2007 studies were observed on tasks

equiring some form of flexible updating, implicating the stria-
um, and not for the delayed response tasks. Conversely, the
ffects of pergolide and their effects on span in the 2003 and
006 studies were restricted to the delayed response tasks, pre-
umably implicating primarily the PFC, and not extending to the
ask-switching paradigm (32,131). On the basis of known neuro-
hemical reciprocity and our observation that the listening span
orrelates positively with DA synthesis capacity in the striatum,
e might hypothesize that the relationship between listening

pan and drug effects is positive for PFC function (i.e., stabiliza-

nd neural site of modulation. (A) A delayed match-to-sample task was used
ing) as well as a measure of stabilization (distractor-resistance during the
cross. Subjects occasionally switched between encoding faces and scenes.

distractor. (B) Top panel: effects of bromocriptine on striatal activity during
in contrast values [� 25] are overlaid on four coronal slices [slice numbers
subject magnetic resonance image) (note that the effect in the dorsomedial
); bottom panel: effects of bromocriptine on updating-related activity in the
nificant at P � .05. (C) Top panel: effects of bromocriptine on frontal activity
ll contrast values � 25 shown); bottom panel: effects of bromocriptine on
tatistically significant at P � .05. Reproduced and adapted with permission,
ands a
ncod
ation

e this
e-bra
ingle
isons
lly sig
fect, a
ly. *S
ion) but negative for striatal function (i.e., flexible updating).

www.sobp.org/journal
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PD Studies Strengthen the Link Between DA and
Cognition

A different approach toward assessing the influence of DA on
cognitive function in humans is by testing patients with PD. Parkin-
son’s disease is a progressive, neurodegenerative movement disor-
der and characterized by a spatiotemporal progression of nigrostri-
atal and mesocortical DA depletion. In addition to deficits in motor
control, PD is also accompanied by significant cognitive impair-
ments even in the early stages of the disease. Central nervous
system levels of DA can be manipulated over short periods by
withdrawing the normal regimen of DA replacement drugs (i.e.,
levodopa), because the half-life of these drugs is relatively short.
Effects can be easily monitored by observing deterioration in the
motor status of the patient.

Many studies have obtained findings with this method by test-
ing PD patients on tasks thought to be sensitive to PFC dysfunction
(132). Superficially, the deficits seen in PD patients resemble those
observed in patients with PFC lesions, particularly when they are
not taking their normal dopaminergic medication. For example,
impairments are seen on the Tower of London planning task, spatial
working memory tests, and a test of attentional set-shifting
(37,69,133–140). The deficits on these tests of working memory and
cognitive control contrasted with their intact performance on tests
thought to implicate the medial temporal lobe, such as those of
long-term memory (134,141). This characteristic pattern of perfor-
mance suggested that the cognitive deficits seen in mild PD pa-
tients resemble that seen with patients with frontal lobe lesions
(135,142,143).

However, further work with more sophisticated cognitive para-
digms has demonstrated that, in fact, there are important differ-
ences between the cognitive sequelae of frontal lesions and those
of PD (144,145). Moreover, functional imaging studies with PD pa-
tients have revealed abnormal task-related signals not only in the
PFC but also in the striatum (119,146 –148). This is not surprising,
because in the early stages of the disease, DA depletion is relatively
restricted to the dorsal striatum (i.e., the putamen and the dorsal
caudate nucleus). It progresses to limbic and cortical structures
such as the nucleus accumbens and the PFC only in later stages of
the disease (149 –151). In fact, in clinically very mildly affected pa-
tients, DA function might even be upregulated in the PFC, as mea-
sured in vivo by [(18)F] dopa PET studies (152,153). This upregula-
tion might reflect compensatory processes and is consistent with a
reciprocal relationship between frontal and striatal DA as shown in
rats and monkeys (99,120). Because of this spatiotemporal progres-
sion of DA depletion, mild PD provides a good model for under-
standing the regionally selective and baseline-dependent role of
DA in distinct brain regions (e.g., the striatum versus the PFC).

In particular, PD might be predicted to be accompanied by an
inflexible state— due to low striatal DA levels—that is, however,
also abnormally stable— due to high frontal DA levels. Evidence for
the first part of this hypothesis, namely impairments in flexible
updating, is overwhelming. Set-shifting difficulties have been
shown on a variety of task ranging from WCST-like discrimination
learning tasks to more rapid task-switching paradigms (154 –157).
For example, with the latter paradigm, we have shown that mild PD
patients exhibited significantly enhanced switch costs, compared
with matched control subjects (136,158). Moreover, the deficit in
switching between task-sets was alleviated by administration of
dopaminergic medication (37,137). Notably, several studies have
revealed that these beneficial effects occur in the context of detri-
mental effects of the same medication in the same patients on

other cognitive tasks (37,137) and therefore cannot be accounted b

www.sobp.org/journal
or by global effects on motor symptoms, arousal, and/or motiva-
ion.

To test the second part of our hypothesis (i.e., that mild PD
atients exhibit paradoxically enhanced cognitive stabilization), we

nvestigated PD patients, once on and once off their normal dopa-
inergic medication on the delayed response task described in the

receding text (Figure 3A) (145). As expected, medication with-
rawal significantly worsened their movement symptoms. Intrigu-

ngly, there was also a significant difference between patients not
aking their medication and control subjects in terms of the distrac-
or-cost. Specifically, patients not taking medication exhibited par-
doxically reduced distractor-costs (i.e., enhanced stabilization),
ompared with control subjects, who responded more slowly after
congruent distractor than after a scrambled nondistractor. Thus,
hen they were not taking their medication, patients were less
istracted by the congruent distractor during the delay than con-

rol subjects. This pattern of performance of the patients in their
onmedicated state was particularly striking, given their signifi-
antly increased motor symptoms. Furthermore, the reduced dis-
ractor-cost was normalized when the same patients were tested
hile taking their normal dopaminergic medication, so that the
istractor-cost of the patients no longer differed from that of con-

rol subjects when they were receiving medication.
These data confirm that the DA-depleted state of PD is accom-

anied by changes in cognitive control. However, PD seems to
onfer either deficits or benefits, depending on the precise task
emands under study. Although they suffer enhanced switch-costs

i.e., impaired flexible updating), they also show reduced distracti-
ility (i.e., enhanced stabilization). We hypothesize— on the basis of

heir anatomical pattern of DA depletion, the fMRI data reviewed in
he preceding text (Figure 3), and the resemblance of the perfor-

ance pattern to that seen in monkeys with striatal DA lesions
100)—that the combination of poor flexibility and good stability in
D patients not taking medication reflects depletion of striatal DA
nd upregulation of DA in the PFC, respectively. An intriguing pos-
ibility is that the restoration of switch- and distractor-costs by
opaminergic medication reflects a normalization of the balance
etween frontal and striatal DA.

ummary

In summary, DA plays a critical role in cognitive control, which is
multifactorial phenomenon that requires a dynamic balance be-

ween flexible updating and cognitive stabilization. Understanding
he precise effects of DA on these subcomponent processes is not
traightforward, partly because the relationship between DA and
erformance is nonlinear and inverted-U–shaped, with both exces-
ive as well as insufficient levels impairing performance. In addition,
ffects of DA depend on the brain region that is targeted, with
odulation of one and the same brain region having paradoxical

onsequences for different subcomponent processes. Specifically,
e have put forward a working hypothesis that DA might act at the

triatum and the PFC to facilitate flexible updating and cognitive
tabilization, respectively. Although this hypothesis likely reflects
n oversimplified view of the complex effects of DA on working
emory and cognitive control (with different forms of flexible up-

ating implicating distinct neural and neurochemical systems), we
elieve that it provides a plausible starting point for further empir-

cal work.

A U-Shaped Function: Empirical Observation or Neural
echanism?

It should be noted that the observation that the relationship

etween DA and cognitive function is nonlinear and inverted-U–
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shaped, with both excessive as well as insufficient levels impairing
performance, is an empirical one and provides a descriptive rather
than a mechanistic account of the action of DA. We believe it is
necessary to highlight this observation and advocate the taking
into account of individual differences in baseline DA levels, either
by proxy via working memory capacity or genetic variation or pref-
erably via direct measurement of DA transmission with PET. It is
only when individual differences are taken into account that we can
begin to address the mechanisms of the action of DA on cognition.

What mechanisms might underlie these inverted-U–shaped ac-
tions of DA on cognition? Seamans, Yang, and Durstewitz (60,67) as
well as Arnsten (159) have already provided excellent reviews of the
cellular mechanisms of D1 (and D2) receptor action within the PFC
in relation to the effects of DA on working memory and cognitive
control. Yet, as reviewed in the preceding text, there is no direct
evidence that effects on human working memory also depend on
basal DA levels in the PFC. Instead, the literature has highlighted a
role for baseline DA levels in the striatum. The cellular mechanisms
of action of DA in the PFC are quite different from those in the
striatum, with a greater number of D2 receptors, more localized
effects, and faster kinetics (60). Accordingly, the proposal that, for
example, an abolition of calcium currents (63) or a suppression of
PFC activity (68) by excessive D1 receptor stimulation underlies
impaired PFC function cannot necessarily also explain the detri-
mental overdose effects of D2 receptor stimulation on striatal func-
tion. Unlike D1 receptors, D2 receptors can also be found on the
presynaptic element of the neuron releasing the transmitter, where
they serve as a self-regulatory autoreceptor. It is not unlikely that
self-regulatory mechanisms play a role in the striatum, where D2
receptors are more abundant than in the PFC. Thus, excessive DA
D2 receptor stimulation might activate these presynaptic autore-
ceptors and lead to paradoxical inhibition of firing, synthesis, or
release of DA, thus impairing performance that depends on post-
synaptic DA transmission. It is quite possible that such presynaptic
autoreceptors are more sensitive (and postsynaptic receptors less
sensitive) to increases in DA in those individuals with already opti-
mized levels of DA, precisely to ensure homeostasis. Conversely,
sensitivity of presynaptic autoreceptors might be reduced and sen-
sitivity of postsynaptic receptors might be enhanced in individuals
with insufficient levels of DA. Such a homeostatic arrangement
could explain the common finding that different individuals might
respond to a drug challenge in opposite ways, despite exhibiting
similar performance under placebo.

Other Systems
In future studies, a deeper understanding of the interaction of

DA with other neurotransmitters as well as neurohormonal systems
will be necessary.

For example strong evidence indicates that estrogen en-
hances DA activity by increasing DA synthesis, release, and turn-
over as well as by modifying basal firing rates of DA neurons via
membrane estrogen receptors (160). In a recent human fMRI
study, female subjects were preselected for COMT genotype and
scanned twice while performing a working memory task when
their estrogen levels were at their peak and trough during their
menstrual cycle. We found that estrogen levels modulated PFC
activity in a manner consistent with the DA effects we have
described previously (161). That is, Val genotype individuals in a
low estrogen state (lowest DA group) showed the greatest PFC
activity, followed by Val individuals in a high estrogen state, Met
genotype individuals in a low estrogen state, and finally, Met
individuals in a high estrogen state (highest DA group). Thus,

higher DA levels (e.g., high estrogen, Met genotype, or both) l
ere associated with lower PFC activation, although lower DA
evels (e.g., low estrogen, Val genotype, or both) were associated

ith greater PFC activation, in keeping with the effects of DA on
eural efficiency observed previously. Importantly, these neural
ffects were accompanied by significant differences in behav-

oral performance within individuals at different points. For ex-
mple, Val genotype individuals performed more poorly on the
orking memory task when they were in a low estrogen state

nd improved in a high estrogen state, and Met genotype indi-
iduals performed better in a low estrogen state and worsened

n a high estrogen state. These findings provide further support
or the inverted-U–shaped effects of DA on neural function and
ognition.

Extensive research indicates that working memory performance
epends not only on DA transmission. Noradrenaline (NA), acetyl-
holine (162), and glutamate (163) are also critical, the latter two
ossibly via modulation of attention and expectancy, respectively.

n the case of NA, for example, Arnsten et al. (121) have shown that
he ability of a network of neurons to maintain firing over a delay
eriod is weakened by cAMP-potassium channel signaling and
trengthened by noradrenergic �-2 receptor stimulation, which
nhibits cAMP-potassium channel signaling (as well as by other

olecular events that depolarize the spine [e.g., nicotinic �-7 re-
eptor stimulation]). Furthermore, Aston-Jones and Cohen (164)
ave invoked constructs similar to the “inverted-U–shaped” func-

ion for NA function, and like DA, NA enhances the signal-to-noise
atio of target systems. This is relevant for understanding effects of
A in PD, which also affects the noradrenergic system and where
-dopa enhances NA transmission as well as DA transmission. Nev-
rtheless, although the different neurotransmitter systems clearly

nteract to orchestrate integrated behavior, comparison of rela-
ively specific neurochemical manipulations on common cognitive
aradigms has revealed differential implication in distinct cognitive

unctions (28,121,165,166). Precisely how and why these systems
re different should be the primary aim of future work. Such future
ork will benefit from adoption of a cognitive mechanistic ap-
roach, by which issues of cognitive control and working memory
re placed on a common footing with other forms of behavioral
ontrol (e.g., reinforcement learning) (167). This is particularly per-
inent, given the implication of striatal DA in both cognitive control
nd working memory as well as reinforcement learning, and will
elp to further define the computational nature of the flexibility-
tability paradox.

onclusions

This review highlights the complex nature of the relationship
etween DA and cognitive control and summarizes the research

hat begins to elucidate the factors that contribute to this com-
lex relationship. We emphasize two factors. First, distinct opti-
um levels of DA exist for different cognitive functions. Second,

ognitive control is a multifactorial phenomenon, requiring a
ynamic balance between cognitive stability and cognitive flex-

bility. Current research is beginning to suggest that these dis-
inct components might implicate the PFC and the striatum,
espectively. Accordingly, high levels of DA receptor stimulation
n the PFC might be good for cognitive stability but bad for
ognitive flexibility, whereas high levels of DA in the striatum
ight be good for cognitive flexibility but bad for cognitive

tability. Manipulation of DA will thus have paradoxical cogni-
ive consequences, depending on the type of task component
nder study, the brain region that is implicated, and the baseline
evels of DA in that brain region.

www.sobp.org/journal
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